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Abstract:

Cancer has become a major threat to human health, and
its treatment is still hampered by challenges such as poor
drug targeting and significant toxic side effects. In recent
years, the acidic nature of the tumor microenvironment
(TME) has offered new avenues for tumor-targeted therapy,
and pH-responsive materials have garnered considerable
attention for their selective release capabilities. A variety of
pH-responsive drug delivery systems have been developed,
including polymeric micelles, hydrogels, liposomes, and
acid-labile chemical bond conjugation systems, designed to
ensure stability in the bloodstream and specific drug release
within the acidic TME. However, limitations remain, such
as insufficient spatiotemporal precision in drug release and
restricted delivery efficiency. This review systematically
summarizes the research advancements in pH-responsive
materials for tumor-targeted therapy, analyzes the acidic
basis of the TME and its implications for material design,
encompassing response mechanisms, commonly used
materials, structural designs, and multiple response
strategies. Furthermore, targeting mechanisms, controlled
release platforms, personalized designs, and theranostic
integration strategies in precision drug delivery are
discussed. A detailed overview of controllable degradation
is also presented, ranging from degradation mechanisms
to regulation strategies, highlighting the importance of
material metabolic safety in clinical translation. This study
provides a reference for the structural design and functional
integration of future pH-responsive intelligent materials.

Keywords: pH-responsive biomaterials; tumor microen-
vironment; controllable degradation.
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1. Introduction

Cancer has been a persistent and significant challenge in
global public health in recent years. Statistics show a con-
tinuous rise in the number of cancer patients worldwide
over the past decade, establishing it as a leading cause
of mortality and diminished quality of life [1]. It poses a
serious threat to human health and well-being, while also
exacerbating the economic strain on both society and fam-
ilies. Clinically, economic limitations and other factors
have confined mainstream cancer treatments to primarily
radiotherapy and chemotherapy. Common chemothera-
peutic agents, such as doxorubicin and paclitaxel, tend
to distribute non-specifically throughout the body upon
entering the bloodstream, with minimal amounts reaching
the tumor site. This results in limited therapeutic efficacy
and significant toxic side effects.

To address these issues, researchers have increasingly
focused on developing tumor-targeted drug delivery sys-
tems, with particular emphasis on exploring the response
mechanisms of the tumor microenvironment (TME). A
key characteristic of the TME is its acidic pH, largely
resulting from the ,,Warburg effect™ in tumor cell metab-
olism. This effect describes the preference of tumor cells
to metabolize glucose into lactic acid via glycolysis, even
under aerobic conditions, leading to a rapid accumulation
of H* ions and a localized acidic environment with a pH
of 6.5-6.8. Furthermore, abnormal angiogenesis and se-
vere hypoxia within tumor tissues impede the diffusion of
metabolic waste products like lactic acid into the circula-
tory system for removal, further intensifying acidification.
This characteristic not only fosters tumor cell proliferation
and invasion but also significantly impacts the distribu-
tion and activity of drugs within the body. Doxorubicin,
for instance, being a weakly basic drug, is susceptible to
protonation in acidic environments, hindering its ability
to penetrate the cancer cell membrane and enter the cell,
thereby reducing its effectiveness.

Therefore, the design of smart materials capable of re-
sponding to the acidic TME environment and being acti-
vated or releasing drugs at specific pH levels has emerged
as a key direction in precision therapy.

In recent years, a plethora of nanomedicine carriers based
on pH-responsive mechanisms have been developed, in-
cluding polymer micelles, liposomes, hydrogels, and sys-
tems conjugated with acid-sensitive chemical bonds [2].
These systems are engineered not only to maintain struc-
tural stability in the bloodstream, preventing premature
drug release, but also to rapidly disintegrate upon the local
tumor pH dropping to a threshold, thus achieving precise
drug release. This article will systematically review key
strategies and research progress regarding pH-responsive

materials in precise tumor delivery and controlled degra-
dation. It will begin with the characteristics of the TME,
explore the design, delivery, and degradation strategies of
related materials, and analyze the current challenges and
future development directions.

2. TME Features and Material Design

2.1 Acidity Characteristics and Metabolic Basis
of TME

The TME is a complex local ecosystem comprised of tu-
mor cells, immune cells, stromal cells, and signaling mol-
ecules. One of its most prominent physiological character-
istics is an acidic environment, which plays a critical role
in tumor growth, migration, and resistance to common
drugs. The Warburg effect accelerates the synthesis of
ATP and the production of essential biological substances
such as nucleotides and amino acids, thus enabling rapid
tumor cell proliferation. Furthermore, sparse and leaky
blood vessels, coupled with rapid tumor expansion, often
result in hypoxia within tumor tissues. Under hypoxic
conditions, hypoxia-inducible factor (HIF-1a) is stably
expressed within cells, and this expression activates the
transcription of a series of metabolic enzymes, including
glucose transporter proteins, lactate dehydrogenase A, and
pyruvate dehydrogenase kinase 1. The upregulation of
these enzymes further inhibits mitochondrial metabolism,
promoting glycolysis and lactic acid production, thereby
exacerbating the formation of an acidic microenviron-
ment. The acidic TME promotes tumor cell migration and
invasion by activating matrix metalloproteinases (MMPs)
and upregulating Vascular Endothelial Growth Factor. It
also affects the distribution and activity of chemothera-
peutic drugs [3].

Moreover, the disordered tumor vasculature reduces the
efficiency of oxygen and metabolic waste exchange, hin-
dering the effective diffusion of acidic metabolites, such
as lactic acid, into the circulatory system for normal clear-
ance [4]. Consequently, acidic substances accumulate in
tumor tissues in a continuous and gradient manner.

This results in a pH gradient within the tumor, typically
with the strongest acidity at the center, gradually increas-
ing towards the periphery. This spatial heterogeneity
necessitates precise spatiotemporal control over drug
release, posing a significant challenge in the design of
current delivery systems. Inefficient drug release to the
tumor center, and consequently, insufficient efficacy, are
potential consequences.

Beyond acidity, the TME also presents a highly reducing
environment, abnormal enzyme expression, and elevated
levels of reactive oxygen species (ROS). For instance,



glutathione (GSH) concentration in tumor cells often
reaches 2-10 mM, 10-100 times higher than in normal
tissues [5], suggesting the potential for designing GSH-re-
sponsive materials that exploit disulfide bond cleavage.
Furthermore, matrix metalloproteinases (MMPs) are high-
ly expressed in tumor tissues, with concentrations around
10-50 nM, compared to less than 5 nM in normal tissues
[6], enabling the design of enzyme-sensitive structures
that undergo cleavage. Elevated ROS levels further con-
tribute to cellular oxidative stress and signal transduction.
These characteristics create opportunities for designing
combined dual-responsive, or even multi-responsive sys-
tems, alongside pH sensitivity.

2.2 Design Strategies for pH-Responsive Mech-
anisms

Researchers have developed various pH-responsive drug
delivery systems to target the TME, capitalizing on the
characteristics mentioned above. These systems enable the
specific release of drugs at the tumor site while maintain-
ing stability in neutral or weakly alkaline environments,
particularly in the bloodstream. This ensures effective
drug delivery prior to precise tumor targeting. The design
of these systems hinges on incorporating structural units
that undergo physicochemical transformations in response
to subtle pH changes, such as structural disintegration,
surface charge reversal, and bond cleavage.

For example, functional groups like imidazole and tertia-
ry amines possess defined pKa values, allowing them to
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become protonated in mildly acidic conditions. This pro-
tonation can then induce a shift in the material’s surface
charge from negative to positive, as well as micelle disin-
tegration.

A representative example is poly(ethylene gly-
col)-block-poly(2-(diisopropylamino)ethyl methacrylate)
(PEG-b-PDPA), which has a pKa of approximately 6.3.
This polymer forms stable micelles at pH 7.4; however,
protonation and disintegration occur when the pH drops
below 6.5, resulting in drug release [7].

In addition, some designs incorporate acid-sensitive co-
valent bonds that spontaneously cleave in acidic environ-
ments, either to link drugs to carriers or to act as structural
backbones. Upon entering the acidic microenvironment
of tumors or endosomes, where the pH ranges from 5.0 to
6.0, the drug is rapidly released. For instance, researchers
have found that pullulan-doxorubicin conjugate (Pullu-
lan-DOX) hydrazone conjugates exhibit a release rate
of up to 70% within 24 hours at pH 6.5, while showing
almost no release at pH 7.4. Furthermore, by adjusting
the hydrophobic-hydrophilic balance or polymer chain
segment interactions, materials can be induced to undergo
structural rearrangement under different pH conditions,
leading to self-assembly or disassembly. For example,
stable micelles or nanoparticles can form at neutral pH,
whereas micelle disintegration occurs at acidic pH to
release the drug-loaded core. Table 1 presents existing
typical pH-responsive materials and their related response
mechanisms.

Table 1. Summary of pH-Responsive Material Types and Mechanisms

Chemical Bond
Material Type Response Mechanism | Representative Material Typeermca on Characteristics
Poly(ethyl lycol)-block-poly(di- Controlled d 1 , en-
Polymer Mi-|Protonation triggers|. oly(ethy enf': glycol)-block-poly(di ontrofied Crug re e?se en
. . . isopropylaminoethyl methacrylate) | — hanced cellular uptake in tumor
celles micelle disruption
(PEG-b-PDPA) cells
L. Acid induces hexag- | Cholesteryl hemisuccinate/dioleoyl- L. .
pH-Sensitive . ) Doxorubicin release efficiency
. onal/lamellar phase | phosphatidylethanolamine (CHEMS/ | — .
Liposomes . is increased to 60% [8]
transition DOPE)
. pH induces swelling/ ) . i
pH-Sensitive . Chitosan/B-glycerophosphate (Chi- Local sustained drug release,
shrinking or degrada- — . .
Hydrogels tion tosan/B-GP) reduced systemic toxicity [9]
Chemical Bond|Acid-labile bond|Pullulan-Doxorubicin conjugate (Pul- Rapid doxorubicin release, en-
. Hydrazone bond .
Conjugates cleavage lulan-DOX) hanced anti-tumor effect [10]
Hyal i id-paclitaxel hydra-
Chemical Bond|Acid-labile bond ya uI‘OIl.lC acid-pacittaxel aycra High stability, excellent con-
. zone conjugate system (HA-hydra- | Hydrazone bond
Conjugates cleavage trolled release performance
zone-PTX)
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Dynamic Cova-

lent Polymers
release

Structural rearrange- |pH-sensitive poly(e-caprolac-
ment enables drug|tone)-block-polyethylenimine copo-
lymer (pH-sensitive PCL-b-PEI)

Drug release is driven by
structural rearrangement, good

Styrene ester
yr controlled release performance

[11]

Hydrolyzable | Ester bonds hydrolyze

Polymers in acidic environments

acid) (PEG-PLA)

Poly(lactic-co-glycolic acid) (PLGA),
Poly(ethylene glycol)-poly(lactic

Common materials for con-
trolled release systems; dru

Ester bond Y &
release rate can be controlled

by structural modulation [12]

2.3 Multistage Responsive Systems

Given the heterogeneity of the TME and the complexity of
delivery pathways, researchers have developed multistage
responsive systems, such as pH and ROS dual-responsive
synergistic release mechanisms, and acid-sensitive and en-
zyme-sensitive dual control systems. pH- and enzyme-re-
sponsive chitosan carrier systems can release the first layer
of drug under the acidic conditions of the TME, followed
by the release of the second layer of delivery contents
under the action of tumor matrix metalloproteinases, thus
improving the spatial and temporal control accuracy and
penetration depth of the drug. The pH and ROS synergis-
tic response system combines an acidic environment with
ROS triggering mechanisms. For example, a two-stage
nanosystem can be designed to gradually unshield the
outer shell under the acidity of the TME and then further
release the drug in the presence of ROS, achieving deep
penetration into the tumor core region. The design of pH
and enzyme dual-responsive systems, such as MMPs-sen-
sitive carriers, allows for the release of the outer layer of
drug at acidic pH, followed by the release of the core un-
der the action of MMPs, achieving timed, multi-functional
release [13]. Certain Chitosan-grafted Matrix Metallopro-
teinase-sensitive nanoparticles loaded with Doxorubicin
(CS-g-MMPs@DOX) nanocapsules have significantly
prolonged the retention time of the drug in tumor tissues
and improved the therapeutic effect in mouse models.

2.4 Smart Hydrogels and Self-Healing Systems

Smart hydrogels are a class of three-dimensional poly-
mer network materials that undergo physical or chemical
property changes under external stimuli such as pH, tem-
perature, light, and electricity. In tumor therapy, pH-re-
sponsive hydrogels have emerged as an ideal platform
for local drug delivery due to their good biocompatibility,
injectability, in-situ gelation ability, and environmental
responsiveness.

In the TME, the network structure of hydrogels can under-
go volume expansion or contraction, or pore size adjust-
ment through acidic stimulation, thereby controlling the
drug release rate.

These responses primarily depend on weakly acidic or
weakly basic functional groups embedded within the
hydrogels, such as the previously mentioned carboxyl,
amine, and imidazole groups. The ionization state of
these groups at varying pH levels can alter the hydrogel’s
hydrophilicity or crosslinking density [14]. Common de-
sign approaches involve exploiting the charge-responsive
swelling of polycation/polyanion networks, constructing
dynamic network structures where crosslinking density is
pH-dependent, and incorporating acid-sensitive bonds to
create a degradable framework.

One frequently employed system is the chitosan/
B-glycerophosphate (B-GP) hydrogel system, as previous-
ly noted. Chitosan, a naturally occurring cationic polysac-
charide, exhibits excellent solubility and biodegradability
in acidic environments. Its combination with B-GP yields
a thermo/pH dual-responsive hydrogel system. This sys-
tem maintains structural integrity at a neutral pH of 7.4,
but undergoes rapid swelling and degradation at the pH of
tumor tissues, approximately 6.5. The swelling ratio can
increase from 30% to 85% within 24 hours, with a corre-
sponding increase of nearly 50% in drug release efficien-
cy, facilitating rapid local drug delivery. Moreover, its in-
jectability, suitability for local delivery, degradable carrier
properties, and synergistic therapeutic potential allow the
liquid material to form a gel in situ, making it well-suited
for filling postoperative tumor cavities. Systemic toxicity
is avoided, efficient targeting is achieved while minimiz-
ing residue, and integration with thermotherapy and pho-
todynamic therapy is possible to establish a multimodal
platform.

Recently, researchers have also investigated incorporat-
ing self-healing mechanisms into hydrogel designs. For
instance, Schiff bases, borate esters (reversible dynamic
covalent bonds), or non-covalent interactions like hydro-
gen bonds and hydrophobic forces can endow hydrogels
with a degree of structural self-healing capacity, potential-
ly enhancing their long-term stability and suitability for
repeated treatments.



3. Precision Delivery

Precise drug delivery systems are designed to achieve
highly selective accumulation of drugs at tumor sites and
release them at specific times and locations, thereby im-
proving therapeutic efficacy and reducing systemic toxic
side effects. In pH-responsive materials, the acidic envi-
ronment of the TME is exploited as a crucial switch to
trigger drug release. This, combined with active or passive
targeting mechanisms and controlled-release strategies,
enables precision delivery.

4.1 Active and Passive Targeting Mechanisms

A typical passive targeting mechanism relies on the en-
hanced permeability and retention (EPR) effect, the most
classic passive targeting mechanism in nanomedicine
delivery. The abnormal structure and high permeability of
tumor tissue capillaries, coupled with a lack of an effec-
tive lymphatic drainage system, cause nanoparticles to ac-
cumulate in tumor tissues, allowing nanoparticles smaller
than 200 nm to passively enter tumors via the EPR effect.
However, the EPR effect exhibits individual variability.
While it is very significant in mouse models, clinical
applications show large individual differences, and vari-
ations in tumor type and degree of vascularization lead
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to unstable targeting efficiency. Therefore, it is usually
employed as a foundational strategy in conjunction with
active targeting.

Active targeting mechanisms, conversely, enhance cell
uptake and selective accumulation by modifying the ma-
terial surface with ligands that recognize tumor cells and
bind to specific receptors. Researchers enhance the bind-
ing between nanomaterials and tumor cells by modifying
carrier surfaces with specific ligands. Typical ligand ap-
plications include small molecule folic acid, which targets
Folate Receptor 1 (FOLRI1)-overexpressing tumors; pep-
tides such as Arginine—Glycine—Aspartic acid (RGD) and
Trans-Activator of Transcription peptide (TAT), which
target integrins or enable transmembrane delivery; anti-
bodies such as Herceptin, which targets HER2-positive
breast cancer; and sugars such as hyaluronic acid (HA),
which recognize CD44 receptors and are suitable for vari-
ous solid tumors.

For instance, in the DA-TAT-PECL system, the outer
polymer shields TAT at pH 7.4. However, at the tumor pH
of approximately 6.5, the structure loosens, exposing TAT
to enhance cell uptake and facilitate precise intracellular
release [15]. Table 2 summarizes examples of material
applications targeting common tumors, along with their
corresponding ligands.

Table 2. Examples of Material Applications of Common Targeting Moieties and Their Ligands

Targeting Ligand Targeting Moiety Application Example
Herceptin HER?2 receptor (breast cancer) pH-responsive Her-PEG-PLGA system [16]
DA-modified TAT-grafted poly(ethyl ly-
Transmembrane peptide (promoting intra- modtite grafted poly(ethylene gly
TAT col)-poly(e-caprolactone) copolymer (DA-TAT-PECL)
cellular transport) . o . i
with unshielding activation under acidic pH [17]
FOLR1 t i li -
Folic acid (FA) ) receptor (ovarian cancer, liver can FA-PLGA nanoparticles for oral administration [18]
cer
Hyal i id-based 1 loading d bici
HA CD44 receptor (various solid tumors) (I;,:.lll\;(()}g;g;() nzileog::lla[nl(;ﬁe oading doxorubicin

In murine model studies, the distribution of free doxorubi-
cin and doxorubicin encapsulated in pH-responsive PLGA
nanoparticles (DOX@pH-PLGA) across various tissues
exhibited significant differences [20]. Results showed that
the concentration of DOX@pH-PLGA in tumor tissues
was significantly higher than that of free DOX, increasing
by 4.2-fold, which indicates its effective enrichment in the
tumor target area. Simultaneously, the DOX concentration
in heart tissue decreased significantly from 17.8 ng/mg
to 6.1 ng/mg, a 65.7% reduction, reflecting a significant
decrease in cardiotoxicity. These findings further validate
that pH-responsive nanodelivery systems can improve an-
ti-tumor efficacy while effectively reducing non-targeted

toxic side effects, highlighting their safety advantages in
precision drug delivery.

4.2 Time-Controlled and Sustained-Release
Systems

Researchers have designed pH-responsive materials as
controlled-release platforms to regulate release rates
through material structure. For example, drug diffusion
can be delayed by controlling factors such as particle size,
cross-linking degree, and hydrophobicity. The cleavage
rate of acid-sensitive chemical bonds can be regulated by
substituent modifications, such as replacing hydrazone
bonds with hydrazine bonds. Moreover, multi-stage re-
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lease can be achieved through the design of multi-layer
structures, such as core-shell carriers. These techniques
are widely used in post-operative anti-recurrence chemo-
therapy and sustained suppression of metastatic lesions.

In the treatment of various cancers, single high-dose ad-
ministration often leads to toxic reactions. By constructing
controlled-release systems, pH-responsive materials can
achieve sustained drug release in the tumor environment,
increasing local drug concentration and reducing the toxic
side effects caused by frequent administration. The main
regulatory methods include: larger particle sizes can de-
lay release; a high degree of cross-linking can slow down
material swelling and degradation; and adjusting the hy-
drophobicity/hydrophilicity balance can control drug dif-
fusion.

A representative system is DOX@PEG-PLA micelles,
which remain stable at pH 7.4 and achieve a “con-
trolled-release” profile with over 85% release in 72 hours
at pH 6.5.

4. Controllable Degradation

In the design of pH-responsive biomaterials, controllable
degradation is crucial not only for regulating drug release
but also for determining the in vivo metabolic behavior,
safety, and clinical translational potential of the materi-
als. Ideally, pH-responsive materials should degrade into
non-toxic, metabolizable, or excretable products within
the microenvironment or via systemic circulation after
drug delivery, thus preventing toxicity or immune re-
sponses caused by long-term carrier retention in vivo.

4.1 Degradation Mechanism, Regulation, and
Evaluation

A common mechanism involves degradation driven by
chemical bond cleavage, such as the acid-sensitive hy-
drazone, hydrazine, and acetal bonds mentioned earlier.
These bonds are prone to cleavage at pH < 6.8, leading
to the degradation of delivery materials. Alternatively,
pH-sensitive backbones, such as polymer backbones
containing B-ester and polyanhydride structures, can be
designed to undergo hydrolysis under acidic conditions,
achieving degradation. Delivery vehicles can then be
designed utilizing these safe degradation products. Fur-
thermore, enzymatic degradation is a widely employed
method, utilizing natural or semi-synthetic polysaccharide
materials like hyaluronic acid and chitosan, which can be
selectively degraded by MMPs overexpressed in the TME.
Researchers have also designed self-assembling, disinte-
grating materials where changes in pH disrupt the hydro-
phobic-hydrophilic balance of polymer micelles, causing
the micelle structure to collapse and release drugs, with

the micelle body also disintegrating and degrading. How-
ever, characterizing and evaluating degradation behavior
is essential during the design process, primarily through
in vitro simulated degradation experiments, product struc-
ture analysis, and molecular weight change assessment.
This involves monitoring particle size changes, residual
mass, and release curves in buffer solutions at different pH
values (e.g., 7.4, 6.8, and 5.0); analyzing the structure of
degradation products using mass spectrometry and nuclear
magnetic resonance; evaluating molecular weight changes
and release kinetics via GPC/HPLC; and finally, tracking
and monitoring in vivo degradation and clearance path-
ways in animals using fluorescent labeling to validate the
method’s feasibility.

4.2 Regulation Strategies for Degradation Rate

To accommodate diverse treatment regimens, research-
ers must tailor degradation rates to match drug release
cycles, patient metabolism, or local microenvironment
conditions. Achieving controllable degradation hinges
on precisely tuning degradation time and release kinetics
through molecular design. This can be accomplished by
adjusting molecular weight and cross-linking density:
generally, higher molecular weight and longer chain seg-
ments correlate with slower degradation, while increased
cross-linking hinders water penetration, reducing hydroly-
sis rates. The stability of acid-sensitive bonds can also be
manipulated, with substituent modifications altering their
pKa and cleavage kinetics to govern degradation speed.
Furthermore, block copolymer architectures, such as PCL-
b-PEI, can be employed, where the hydrophilic block
facilitates micelle disintegration and the hydrophobic
block governs the degradation rate. Different pH-respon-
sive materials degrade at markedly different rates in vivo,
highlighting their temporal control in drug release. For
instance, poly(lactic-co-glycolic acid) (PLGA) nanopar-
ticles degrade over approximately 45 days, making them
suitable for sustained drug release therapies. Conversely,
hydrazone bond conjugates degrade rapidly within 7 days
under acidic conditions, making them ideal for rapid drug
release in acidic microenvironments like tumors. Polyeth-
ylene glycol-poly(lactic acid) (PEG-PLA) micelles, with
a degradation time of around 15 days, offer a balance of
stability and responsiveness, suitable for intermediate-du-
ration drug delivery systems.

Beyond structural disintegration, controllable degradation
necessitates biocompatible byproducts. Ideally, pH-re-
sponsive materials should degrade into non-toxic products
that the body can metabolize or eliminate. Table 3 sum-
marizes common materials and their corresponding degra-
dation products.
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Table 3. Summary of Common Material Degradation Products

Material Degradation Products Metabolic Pathway and Safety

PLGA Lactic acid + Glycolic acid Lactic acid ansl glyco.lic acid are metabolized into CO: and H:0O via
the TCA cycle in the liver; FDA approved.

PEG-b-PDPA PEG + Amine fragments PEG is a widely used pharmaceutical excipient and exhibits a good

safety profile.

Pullulan-DOX hydrazone

. Glucose derivatives + DOX
conjugate

Pullulan is a natural, degradable polysaccharide with low immunoge-
nicity [21].

HA-NG carrier HA fragments + drug

The HA enzyme degrades HA into small molecules that are excreted
renally, making it suitable for a variety of solid tumors.

PLGA nanoparticle systems, for example, maintain their
structure due to slow hydrolysis at pH 7.4. However, at
pH 6.5, the polymer matrix disintegrates within 48 hours,
releasing over 90% of its contents, such as doxorubicin.
The final degradation products, lactic acid and glycolic
acid, can then enter the TCA cycle and the respiratory
chain, respectively, allowing for complete and non-toxic
metabolism. DOX conjugates linked by hydrazone bonds
exhibit stability above 90% at pH 6.5-7.4, which prevents
premature drug leakage in the bloodstream. Conversely,
within 48 hours at pH below 6.5, the cleavage rate of hy-
drazone bonds reaches as high as 80%, resulting in nearly
complete drug release.

As previously mentioned, the degradation process requires
personalized design based on the patient’s condition. For
instance, materials with slower degradation rates should
be selected for patients with impaired liver function or
elderly patients to reduce metabolic burden. Alternatively,
for rapid post-operative clearance therapies, a rapidly de-
grading system within 7 days, such as one utilizing hydra-
zone bonds, can be chosen.

5. Conclusion

This paper systematically reviews research on pH-re-
sponsive biomaterials in tumor-targeted delivery and con-
trolled degradation. Starting from the acidic characteris-
tics of the TME, it explores the strategies and mechanisms
employed by different materials and structures to respond
to complex microenvironments, covering aspects such as
drug carrier design, multi-stage responsive systems, con-
trolled release platforms, personalized diagnosis and treat-
ment, and degradation mechanisms. By analyzing the in
vivo behavior of various materials and their drug release
efficiency, the study reveals their significant potential in
enhancing targeting and reducing toxic side effects. This
work not only deepens the understanding of the relation-
ship between acidic TME and material response but also
demonstrates the application value of intelligent, biode-

gradable carriers in future precision medicine. Particularly
in achieving spatial-temporal release control and integrat-
ing multi-functional platforms for targeting, controlled
release, and imaging, it provides a valuable reference for
optimizing tumor treatment strategies.

However, this article is subject to certain limitations. For
instance, it insufficiently considers the TME variations
across different tumor types, and the biosafety and long-
term degradation behavior of some materials in clinical
applications require further validation. Future studies
could focus on better integrating individualized deliv-
ery strategies with precise pKa regulation, establishing
evaluation models that more closely mimic human tumor
physiology, and developing theranostic composite systems
with tunable release kinetics. These efforts would further
promote the clinical translation and application of pH-re-
sponsive materials.
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