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A B S T R A C T

Stimuli-responsive materials have attracted considerable interest in biomedical research, particularly for their 
ability to undergo structural and functional changes in response to environmental cues. Among these, pH- 
responsive polymeric systems offer a promising platform for developing smart drug delivery strategies due to 
the naturally occurring pH gradients present throughout the human body and within pathological microenvi
ronments. This review provides a comprehensive overview of the most recent advances in the field of pH- 
sensitive hydrogels and nanoparticles, including hybrid architectures that combine both systems to achieve 
synergistic functionalities. After a brief introduction to the chemical mechanisms governing pH-responsiveness, 
the discussion focuses on their relevance in biomedicine, supported by a detailed analysis of physiological and 
pathological pH heterogeneity. Selected case studies highlight the role of pH-responsive systems in key appli
cations such as drug and gene delivery, cancer and osteoarthritis therapy, wound healing, and soft robotics. 
Special attention is given to nanocomposite hydrogel systems that integrate pH-sensitive nanoparticles into 
hydrogel matrices, thereby enhancing drug loading capacity, spatial control, and responsiveness to complex 
environments. Altogether, this work aims to underline the versatility and clinical potential of pH-responsive 
polymeric systems and to encourage further interdisciplinary research towards personalized, efficient, and 
minimally invasive therapeutic solutions.

1. Introduction

In recent years, an increasing number of researchers have focused on 
stimuli-responsive materials due to their promising potential [1–3]. As 
Fig. 1 shows, stimuli-responsive polymer is a category of materials that 
can self-organize or experience phase transitions and morphological 
shifts when exposed to external stimuli which may be biological, phys
ical or chemical [4]. Also known as smart [5,6], intelligent [7], or 
stimuli-sensitive polymers [8], they can interact with a range of factors, 
such as changes in temperature, pH, presence of biomolecules, solvents, 
ionic strength, chemical agents, light, humidity, electrical, magnetic 
fields, and so on, in order to perform different functions [9,10].

In addition, based on the number of external triggers to which they 
respond, stimuli-responsive polymers can be further classified into 
single-responsive, dual-responsive, and multi-responsive systems [11,
12]. The first ones react to only one type of stimulus, while dual- and 
multi-responsive ones can respond to different stimuli, allowing the 
polymers to behave differently depending on changes of environmental 
conditions [13].

For these reasons these materials are widely used, not only for ap
plications in biomedicine [14,15], but also as wearables [16,17], sensors 
[18,19], actuators [20,21], electronics [21,22], and soft robotics [23,
24]. The main stimuli-responsive systems include polymer nano
particles, hydrogels, liposomes, micelles, dendrimers, microspheres, 
capsules, membranes, 3D printing scaffolds, and inorganic nanoparticles 
such as iron oxide, quantum dots, gold, or metal oxide frameworks [25]. 
In particular, pH responsive systems can react to pH variation by 
altering their structure and properties, including surface activity, chain 
conformation, solubility, and configuration, making them very useful in 
various applications [26]. Indeed, the field of pH-responsive polymers 
has become very interesting in the last few decades, thanks to synthetic 
methodologies, but also to potential applications of these materials for 
biomedicine, with a focus on cancer treatment, hypertension, cardio
vascular disease and peptic ulcers [27]. Among the most studied 
pH-responsive drug delivery systems, polymeric nanoparticles (NPs) and 
hydrogels represent two of the most prominent and complementary 
platforms. Polymeric NPs are typically engineered with a hydrophobic 
inner core capable of encapsulating small, poorly water-soluble drugs, 

* Corresponding author.
E-mail address: filippo.rossi@polimi.it (F. Rossi). 

Contents lists available at ScienceDirect

Materials Today Chemistry

journal homepage: www.journals.elsevier.com/materials-today-chemistry/

https://doi.org/10.1016/j.mtchem.2025.103063
Received 19 June 2025; Received in revised form 10 September 2025; Accepted 17 September 2025  

Materials Today Chemistry 49 (2025) 103063 

Available online 20 September 2025 
2468-5194/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2665-120X
https://orcid.org/0000-0003-2665-120X
mailto:filippo.rossi@polimi.it
www.sciencedirect.com/science/journal/24685194
https://www.journals.elsevier.com/materials-today-chemistry/
https://doi.org/10.1016/j.mtchem.2025.103063
https://doi.org/10.1016/j.mtchem.2025.103063
http://creativecommons.org/licenses/by/4.0/


while their hydrophilic outer shell ensures colloidal stability and pro
tection against degradation or immune recognition [28]. To maximize 
therapeutic efficacy and ensure predictable in vivo behavior, it is crucial 
to control both particle size and polydispersity index, as these parame
ters significantly influence biodistribution, cellular uptake, and clear
ance pathways [29]. For this reason, advanced and reproducible 
fabrication techniques such as microfluidics are increasingly employed 
to produce nanoparticles with uniform and tunable physicochemical 
characteristics [30]. On the other hand, pH-sensitive hydrogels, often 
derived from natural or synthetic polymers, offer high water content, 
mechanical tunability, and the ability to swell or shrink in response to 
pH changes, enabling site-specific release of therapeutic agents [31]. 
Notably, injectable hydrogels capable of in situ gelation have emerged 
as particularly attractive systems for localized and sustained drug de
livery due to their minimally invasive administration and depot-like 
behavior [32]. Traditionally NPs and hydrogels have been studied 
independently, each providing unique advantages depending on the 
physicochemical properties of the payload.

However, recent advances in biomaterials science have driven a 
convergence between these strategies, leading to the development of 
hybrid or nanocomposite systems, where pH-responsive nanoparticles 
are embedded within a hydrogel matrix [33]. These hybrid systems aim 
to synergize the molecular-level control of release kinetics provided by 
nanoparticles with the macroscopic structural and localization advan
tages of hydrogels [34].

The rationale behind this combination lies in the possibility of 
achieving a multi-modal release profile, where drugs with different 
molecular weights, hydrophobicity or biological targets can be simul
taneously or sequentially delivered (Fig. 2). Such systems are especially 
useful in complex therapeutic scenarios, such as cancer, where co- 
delivery of chemotherapeutic agents and biological drugs (e.g., mono
clonal antibodies) may be necessary to achieve optimal therapeutic 
outcomes [35]. Moreover, the pH-responsiveness of both the hydrogel 
network and the embedded nanoparticles allows for a finely tuned drug 
release triggered by the physiological or pathological pH gradients such 
as those encountered in the tumor microenvironment, inflammatory 
sites, or gastrointestinal tract [36]. For example, the work by Appel and 
coworkers, have demonstrated the potential of PLA-PEG-based nano
particles dispersed within hydroxypropyl methylcellulose hydrogels to 

achieve differential release kinetics for small molecules and macro
molecules, thus enabling the design of dual-delivery strategies [37].

Overall, the integration of pH-responsive nanoparticles into hydrogel 
matrices is paving the way for next-generation drug delivery systems. 
These hybrid platforms not only overcome the intrinsic limitations of 
each individual component, such as the poor accumulation and rapid 
clearance of nanoparticles or the limited drug-loading capacity of 
hydrogels, but also provide a versatile strategy to address the increasing 
complexity of therapeutic regimens. As combination therapies become 
more prominent in clinical practice, particularly in oncology and 
immunotherapy, such advanced delivery architectures are expected to 
play a crucial role in improving patient outcomes and minimizing sys
temic toxicity [38]. Beyond surveying materials and applications, this 
article advances a mechanism-centered framework that unifies 
ionization-controlled conformational switching, acid-labile cleavage 
and charge-conversion into a coherent map of structur
e–property–function relationships. The discussion is further coupled to 
translation-oriented aspects, including reproducibility, microfluidic 
fabrication, protein corona formation, buffering effects and a minimum 
reporting checklist, with the aim of enabling chemists and bioengineers 
to make predictive choices about monomers, architectures and assays. 
Particular emphasis is placed on hybrid systems in which nanoparticles 
and hydrogels are rationally integrated, where pH sensitivity is framed 
not only as an intrinsic property of individual components but as a 
central design principle for synergistic architectures. In contrast to 
previous surveys, this review therefore provides actionable guidance 
grounded in quantitative pKa and transition ranges for targeted com
partments, and highlights how pH responsiveness can hierarchically 
coordinate secondary triggers such as redox processes, enzymatic ac
tivity and temperature changes in complex microenvironments.

2. Types of pH-responsive polymers

pH-responsive polymers are a specific class of materials containing 
ionizable moieties that undergo conformational, solubility, or swelling 
transitions in response to environmental pH changes.

While they can be considered polyelectrolytes to some extent, not all 
polyelectrolytes are pH-responsive (for example, DNA is a poly
electrolyte but does not exhibit the functional pH-triggered behavior 

Fig. 1. Main types of stimuli for polymeric devices.

G. Nunziata et al.                                                                                                                                                                                                                               Materials Today Chemistry 49 (2025) 103063 

2 



exploited in drug delivery systems). [39]. Consequently, these materials 
react altering their structure and properties, including surface activity, 
chain architecture, conformation, solubility and configuration [40]. 
Example of acidic and basic functional groups are carboxylic, phosphate, 
tertiary amines and sulfonic groups, which after ionization or proton
ation can lead to polymer’s structural alteration [41,42]. pH-responsive 
polymers functionalized with acidic groups (polyanions) such as car
boxylic acid or methacrylic acid groups behave as anionic polymers as 
soon as they are deprotonated under basic conditions (high pH) [43]. On 
the other hand, polymers functionalized with basic groups (polycations) 
such as piperazines or pyridine derivates behave as cationic polymers as 
soon as they are protonated under acidic conditions (low pH) [44]. The 
value of pH at which polymer changes occur is called transition pH or 
critical pH and depends on the pKa value, also called as dissociation 
constant [45]. It is important to note that the reported pKa values of 
ionizable polymers should not be considered as fixed constants, as in the 
case of pure molecules. In polymeric chains, the apparent pKa can vary 

depending on multiple factors such as chain length, branching, and the 
presence of neighboring functional groups [46]. Moreover, the ioniza
tion of one monomeric unit can influence the dissociation of adjacent 
units, leading to cooperative effects and to a distribution of pKa values 
along the backbone [47]. For instance, Lunkad et al. used simulations 
validated by experiments in model polypeptides to show that longer 
chain lengths lead to greater deviations from ideal ionization behavior, 
indicative of cooperative effects among adjacent ionizable units [48]. 
Therefore, the pKa ranges reported in Table 1 must be interpreted as 
indicative values that capture this complexity, rather than as absolute 
constants. New generations of pH-responsive polymers have been 
developed where fine-tuning of molecular weight, charge density, and 
hydrophobicity produces highly cooperative ionization [49]. These 
so-called ultra-pH-sensitive (UPS) nanomaterials undergo sharp on/off 
transitions within very narrow windows (0.2–0.3 pH units), in contrast 
to the gradual behavior of classical systems [50].

This refinement is particularly relevant for biomedical applications, 

Fig. 2. Scheme of polymer-NPs composite system formation, codelivery mechanism and visual picture of the resulting material. Reprinted with permission from 
Elsevier [33].

Table 1 
Comparative overview of selected pH-responsive polymers (alginate, CMC, chitosan, HA, PAA, PMAA, PDMAEMA, PLL, PLH). For each polymer, the table reports the 
main pH-responsive group, typical pK_a values, quantitative release kinetics from representative drug delivery systems, therapeutic efficacy metrics, and biocom
patibility evidence, with references to peer-reviewed studies.

Polymer pH-sensitive group and 
pKa

Release kinetics (drug, % 
released pH, time)

Therapeutic efficacy Biocompatibility

Alginate Carboxylate (COO− ); 
pKa M~3.38, G~ 3.65 
[57].

Omeprazole: 
<20 % pH 1.2 vs 
>92 % pH 7.4 (24 h) 
[58].

Alginate–DOX micelles inhibited tumor ~12 % more vs free 
DOX (Hepa1-6, mice) [59]. Alginate hydrogels also enhance 
wound healing and local drug efficacy [60].

Excellent: near 100 % viability; 
FDA-approved, safe in vivo 
[61].

Carboxymethyl 
cellulose (CMC)

Carboxylate (COO− ); 
pKa ~4.3.

BSA: 
17.8 % pH 1.2 vs 
85.2 % pH 7.4 (2 h) [62].

CMC-Zn frameworks: IC50 ~19–23 μg/mL (colon/lung cancer 
cells). mucoadhesive property [63].

Safe excipient; >70 % cell 
viability; oral LD50 rat ~27 g/ 
kg [64].

Chitosan Amine –NH3+; pKa 

~6.5 [65].
Paclitaxel: stable pH 7.4 
vs 
rapid release pH 5–6 
[66].

PTX + siRNA chitosan carriers enhanced tumor inhibition [67]. Generally biocompatible; 
Chitosan systems show high 
viability [66].

Hyaluronic acid 
(HA)

Carboxylate (COO− ); 
pKa ~3.5 [68].

DOX: 
<35 % pH 7.4; vs 
~50 % pH 6.8; vs 
~80 % pH 5.5 (72 h) [69]

HA–DOX carriers lower IC50 in CD44+ tumor cells vs controls 
[68]. Intra-articular HA injections clinically improve joint 
function and reduce pain [70].

Excellent: natural ECM 
component; non-immunogenic 
[71].

Poly(acrylic acid) 
(PAA)

Carboxylate (COO− ); 
pKa ~4.25

Diclofenac: 
77 % pH 7.4 vs 
17 % pH 1.2 (12 h) [72].

Podophyllotoxin–PAA micelles more cytotoxic vs free drug 
(MCF-7/MDA-MB-231) [73].

Safe; minimal hemolysis vs free 
drugs; high viability [74].

Poly(methacrylic 
acid) (PMAA)

Carboxylate (COO− ); 
pKa ~4.8–5.4 [75].

FITC: 
20 % pH 7.4; vs 
% 78.2 % @pH 2.0 (48 h) 
[33].

HA–PMAA micelles showed improved tumor inhibition in acidic 
pH [76].

>95 % viability in HeLa cells 
with PMAA NPs [33].

PDMAEMA Amine –NH3+; pKa 

~7.0–7.5 [77].
DOX: 
~65 % pH 6.5 vs 
~21 % pH 7.4; 
24 [78].

Improved antitumor efficacy via proton sponge effect [79]. Blank NPs >90 % viability; safe 
in vivo [80].

Poly(L-lysine) (PLL) Amine –NH3+; pKa 

~10.5 [81].
Not strongly pH- 
triggered; complexes 
DNA/siRNA [82].

PEG-PLL nanoparticles inhibited tumors vs free plasmid [83]. High-MW PLL cytotoxic; 
PEGylated PLL biocompatible 
[84].

Poly(L-histidine) 
(PLH)

Imidazole; pKa 

~6.0–6.5 [85].
DOX: minimal release pH 
7.4; rapid release pH 5–6 
[86].

PLH-PLGA NPs effective against MDR cancer cells [86]. Low toxicity; >90 % viability in 
blank carriers; safe in vivo [87].
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since it enables polymers to remain completely stable at physiological 
pH (7.4) but to activate abruptly in the mildly acidic tumor extracellular 
matrix (pH 6.6–6.8) or in endo-lysosomal compartments (pH 5.0–6.0) 
[51]. Such sharp selectivity minimizes off-target leakage, enhances 
intracellular release, and provides a platform with clear advantages for 
cancer therapy, imaging, and controlled drug delivery. It represents the 
pH with equal concentration of the protonated and deprotonated groups 
and governs the material’s response under pH specific conditions [52]. 
For instance, poly (acrylic acid) (PAA) is characterized by a dissociation 
constant equal to 4.25 [53]. This means that at pH values above this 
threshold, the carboxylic group ionizes, leading to electrostatic repul
sion between the chains which can then interact with water causing 
swelling, while at acidic pH, the carboxylic groups are protonated 
resulting in a state of equilibrium [54]. For these reasons the choice of a 
specific material depends on the final application, taking into account 
the pH-dependent behavior of the selected material under the desired 
pH conditions [55]. pH-responsive polymers can be broadly classified 
into biopolymers, derived from biological sources, and synthetic poly
mers, which are man-made through chemical synthesis [56]. A 
comparative summary of the main properties of the pH-responsive 
polymers cited in this work is provided in Table 1. The most common 
types are reported in this paragraph.

2.1. pH-responsive biopolymers

Among the various classes of stimuli-responsive polymers, pH- 
responsive biopolymers have gained considerable attention due to 
their intrinsic biocompatibility, biodegradability, and structural di
versity [88–90]. Biopolymers are naturally derived macromolecules 
obtained from microorganisms, plants, and animals, and include poly
saccharides, proteins, and nucleic acids [91]. Furthermore, their natural 
origin often confers enhanced cellular compatibility and reduced 
immunogenicity compared to synthetic analogues, making them 
attractive candidates for the development of intelligent delivery plat
forms, injectable hydrogels, and nanocarrier systems [92]. Within this 
class, alginate, chitosan, carboxymethyl cellulose (CMC), and hyal
uronic acid represent some of the most extensively investigated bio
polymers, each exhibiting unique pH-responsive behaviors rooted in 
their distinct chemical functionalities [93–96]. Despite their shared 
responsiveness to pH changes, their mechanisms and behavior vary 
significantly due to their molecular structures and ionizable groups. 
Alginate and CMC are both anionic polysaccharides bearing carboxylic 
acid groups with pKa values typically between 3 and 4 [97]. This renders 
them largely uncharged in acidic environments, where protonation re
duces swelling and drug permeability, while at higher pH values, 
deprotonation triggers electrostatic repulsion between polymer chains, 
enhancing porosity and swelling [98]. These features are frequently 
exploited in oral drug delivery, where controlled release in the intestine 
is desired. In alginate-based systems, this transition can be finely tuned 
by the presence of divalent cations (e.g., Ca2+), forming ionically 
crosslinked gels whose swelling ratio and diffusion properties are 
pH-dependent [99]. Similarly, in CMC-based hydrogels crosslinked with 
fumaric acid, swelling was found to be minimal at low pH due to pro
tonated carboxylic groups, while significant expansion occurred under 
neutral or basic conditions, enabling pH-triggered drug release [100].

In contrast, chitosan that derived from chitin is a cationic poly
saccharide whose reactivity is governed by protonatable amino groups 
[101]. Under acidic pH, these amines become positively charged, 
enhancing solubility and electrostatic interaction with anionic drugs or 
polymers. This behavior complements that of alginate and CMC, 
allowing the design of complex multilayer or polyelectrolyte systems in 
which the interplay between anionic and cationic components de
termines release behavior. For instance, in alginate/chitosan-coated 
mesoporous silica nanoparticles, acidic pH led to increased release of 
doxorubicin (DOX) due to electrostatic repulsion between the proton
ated chitosan and positively charged drug, while weakening the 

alginate-DOX interaction [102]. This interplay between opposite 
charges is also central to the design of hybrid systems involving syn
thetic or temperature-responsive polymers [103]. At low pH, proton
ation reduced swelling, while under basic conditions, anionic alginate 
favored expansion and increased drug diffusion without altering the 
dual-responsive behaviors of the final copolymer. Hyaluronic acid 
shares structural similarities with alginate and CMC, as it is also an 
anionic polysaccharide with carboxyl groups (pKa ~3–4) but distin
guishes itself through its biological function as a key ECM component 
and its affinity for CD44 receptors, commonly overexpressed in cancer 
cells. This dual nature makes HA an attractive candidate for 
pH-responsive and targeted delivery [104]. In HA-based gels and mi
celles, acidic pH conditions, mimicking tumor or intracellular environ
ments, have been shown to accelerate drug release, either via disruption 
of acid-labile bonds or via changes in HA conformation and charge 
density [105,106]. Systems such as HA–g–poly(L-histidine) hydrogels or 
HA-functionalized gold nanoparticles have demonstrated this synergis
tic behavior, combining pH-sensitivity with active targeting [107,108]. 
Furthermore, HA-based carriers have been explored for transdermal 
insulin delivery, where their protective role under gastric conditions can 
delay release until neutral pH is reached [109]. Altogether, these poly
mers offer a diverse palette of pH-responsive behaviors: anionic systems 
like alginate, CMC, and HA exhibit minimal swelling in acidic media and 
expand under neutral or basic conditions, while cationic chitosan dis
plays the opposite trend [110].

Their complementarity enables the design of smart delivery plat
forms with finely tuned responses, capable of releasing their payload 
under specific biological conditions or through the interplay with other 
functional components.

2.2. Synthetic pH-responsive polymers

While natural pH-responsive polymers are widely employed due to 
their intrinsic biocompatibility and biodegradability, synthetic ana
logues offer a broader chemical diversity and tunability [111]. As 
already mentioned, these systems are often categorized based on the 
nature of their ionizable groups: polybasic polymers, which behave as 
polycations, and polyacidic polymers, which behave as polyanions. In 
the first group, synthetic examples include poly(L-lysine) (PLL), poly 
(ethylene imine) (PEI), and poly(N,N-dimethylaminoethyl methacry
late) (PDMAEMA), which contain amine moieties that become proton
ated at low pH, leading to electrostatic repulsion and polymer expansion 
[112]. Conversely, in polyacidic polymers such as poly(acrylic acid) 
(PAA), poly(methacrylic acid) (PMAA), and polysulfonamides, the car
boxylic groups are protonated under acidic conditions but deprotonate 
at higher pH, yielding charged polymer backbones that promote 
swelling due to intramolecular repulsion [113]. Furthermore, synthetic 
derivatives of polypeptides such as poly(aspartic acid) (PASA), poly 
(histidine) (PHIS), and poly(L-glutamic acid) (PGA) combine degrad
ability with pH-sensitivity, making them attractive platforms for 
biomedical use [114]. Among these, synthetic polypeptides and 
methacrylic-based polymers are particularly noteworthy for their 
well-defined chemical architectures and capacity to respond to pH shifts 
via ionization, conformational changes, or modulation of intermolecular 
interactions [115]. More in details, PLL is a cationic polypeptide 
featuring pendant primary amines with pKa around 9.7 [116]. These 
amine groups can undergo reversible protonation, conferring PLL with 
solubility and responsiveness in acidic to neutral pH ranges [117]. 
Owing to its biocompatibility and modifiability, PLL has been widely 
employed in the development of pH-responsive nanocarriers, particu
larly in gene delivery [118].

For instance, PLL can electrostatically complex with DNA or siRNA to 
form polyplexes, facilitating cellular uptake and, in some cases, endo
somal escape [119]. To enhance its efficacy, PLL has been conjugated 
with lytic peptides such as melittin, or with proton-sponge polymers like 
PEI, yielding hybrid systems that improve cytosolic delivery through 
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acid-triggered membrane destabilization [120,121]. The conjugation 
with shielding polymers like PEG has also enabled the creation of 
PEG-PLL nanocarriers functionalized with cleavable pH-sensitive moi
eties that activate lysis selectively under acidic conditions [122]. 
Furthermore, succinylated ε-polylysine, a derivative obtained by func
tionalizing the natural ε-polylysine extracted from Streptomyces albulus, 
has demonstrated compelling colon-targeted delivery [123]. In this 
prospective, a combined delivery system was developed by encapsu
lating drugs into mesoporous silica nanoparticles coated with succiny
lated polylysine and embedding them into a hydrogel film, achieving 
pH-responsive release and potent antibacterial activity [124]. The suc
cinylated coating ensures stability under gastric conditions while 
enabling targeted drug release in the mildly basic environment of the 
colon. This highlights how tailored modification of synthetic poly
peptides can be exploited to achieve site-specific delivery through pH 
gradients along the gastrointestinal tract. Complementary to PLL, poly 
(L-histidine) (PLH) is another synthetic polypeptide of increasing inter
est [125]. With imidazole side chains possessing a pKa value of 
approximately 6.0, PLH is especially sensitive to endosomal and tumoral 
pH environments [126]. In acidic conditions, the imidazole rings 
become protonated, leading to increased hydrophilicity and expansion 
or disassembly of nanostructures. This property not only allows 
PLH-based carriers to destabilize and release their cargo selectively in 
acidic compartments but also to act as proton-sponge systems, pro
moting endosomal escape [127]. Various block copolymers such as 
multidomain peptide hydrogels containing histidine have exhibited 
pH-dependent changes in size and antibody release behavior, enabling 
programmable responses to microenvironmental stimuli [128–130]. In 
addition to polypeptides, poly(methacrylic acid) (PMAA) and its co
polymers represent another prominent class of pH-responsive materials 
[33,131].

PMAA is an anionic polymer that undergoes deprotonation at basic 
pH, leading to chain expansion and water uptake, while protonation 
under acidic conditions induces collapse due to hydrogen bonding and 
hydrophobic interactions [132]. These transitions make PMAA an 
excellent building block for hydrogels and drug-loaded nanoparticles. In 
particular, when combined with poly(N-isopropylacrylamide) (PNI
PAM) dual-responsive systems can be engineered [133]. PNIPAm is a 
polymer known for its sharp phase transition near physiological tem
perature (~31.8 ◦C), where it undergoes a reversible shift from a hy
drated, swollen state to a collapsed, hydrophobic conformation [134]. 
Additional formulations, such as core–shell nanoparticles based on 
PLA-graft-P(NIPAm-co-MAA), have illustrated changes in opacity and 
solubility driven by pH-induced ionization of methacrylic units, thus 
providing visual confirmation of environmental responsiveness [135]. 
These hybrid hydrogels or nanogels exhibit synergistic behavior, where 
pH-induced swelling is coupled with temperature-driven phase transi
tions, allowing for precise control over drug release kinetics [136]. For 
example, hollow pH-responsive hydrogel system comprising mimosa 
seed mucilage, β-cyclodextrin and PMAA have shown significant 
swelling and deswelling transitions across a wide pH range (pH 2–12), 
with notable size reductions at neutral pH and expansion under alkaline 
conditions due to electrostatic repulsion [137]. When loaded with 
anticancer agents such as doxorubicin, these microspheres can release 
minimal drug amounts at physiological pH while exhibiting rapid and 
complete release at tumoral or lysosomal pH [76]. This 
pH-responsiveness is further modulated by salt concentration and tem
perature, making them versatile carriers for in vivo applications. Alto
gether, synthetic pH-responsive polymers, from polypeptides to 
methacrylate derivatives, provide a robust platform for the rational 
design of advanced delivery systems. Their tunable chemical function
alities, predictable pKa values, and capacity to respond to narrow pH 
windows enable their use in targeting specific biological compartments 
or disease-associated environments, offering both stability in systemic 
circulation and precision in triggered release.

3. Applications of pH-responsive systems

Furthermore, the application of pH-responsive materials in the 
biomedical field is particularly promising due to the naturally occurring 
pH gradients in the human body [138].

While the physiological pH of blood is tightly regulated around 7.4, 
local pH values can range widely, from highly acidic to slightly basic (pH 
1 to 8), depending on the tissue or biological fluid (Fig. 3) [139]. For 
example, in the gastrointestinal tract, the proton pump H+/K+-ATPase 
in the stomach epithelium actively secretes protons, resulting in a highly 
acidic gastric environment (pH 1–3.5) [140]. This contrasts with the 
gradual pH increase along the small intestine, where values shift to 
near-neutral or mildly basic (pH 7.2–7.5). Similarly, urine pH fluctuates 
between slightly acidic (pH 6.5–7.0) in the morning and more alkaline 
values (pH 7.5–8.0) following food intake [141]. The female reproduc
tive tract also displays distinct pH characteristics: in premenopausal 
women, the vaginal environment maintains an acidic pH (3.8–4.4), 
primarily due to the metabolic activity of Lactobacillus species that 
ferment glycogen into lactic acid [142]. After menopause, the vaginal 
pH tends to rise alongside increased susceptibility to infection.

The vulvar pH follows a similar trend, ranging from 5.0 to 5.5, and 
becomes more alkaline with aging and estrogen deficiency, impairing 
the local barrier function [143]. The skin surface (stratum corneum) is 
also slightly acidic, with values typically between pH 4.1 and 5.8 
depending on body region, contributing to antimicrobial defense and 
barrier integrity [144]. For instance, the forehead and eyelids exhibit 
lower pH values (around 4.4–4.6), while the chin can reach pH 5.6 
[145]. These physiologically relevant pH differences have been exten
sively exploited in the design of smart drug delivery systems, enabling 
site-specific and stimulus-responsive release of therapeutic agents. 
Notably, pH-responsive polymers have proven particularly advanta
geous in gene delivery applications, where they protect nucleic acids 
such as DNA and RNA from degradation in the acidic gastric environ
ment following oral administration, while facilitating controlled release 
at target sites. Additionally, intracellular organelles exhibit tightly 
regulated pH gradients that have been strategically exploited in the 
design of intelligent drug delivery systems [146,147]. Along the endo
cytic and secretory pathways, luminal acidification is progressively 
established, primarily through the action of vacuolar H+-ATPases in 
combination with ion exchangers such as 2Cl-/H+ and Na+/H+ or 
K+/H+ antiporters [148]. As endocytosed materials transit through 
these intracellular compartments, they are exposed to increasingly 
acidic conditions: early endosomes maintain a pH of approximately 6.3, 
which decreases to around 5.5 in late endosomes and reaches the lowest 
values in lysosomes, typically ranging from pH 4.5 to 4.7 [149]. Sub
sequently, the pH can rise again in recycling endosomes, which return to 
near-neutral conditions (pH 6.5). Other organelles, such as the Golgi 
apparatus, also present localized acidification, with pH values dropping 
to around 6 in the trans-Golgi network. These compartment-specific pH 
environments provide unique opportunities for the development of 
pH-responsive nanocarriers capable of achieving intracellular targeting, 
enhanced endosomal escape, or selective drug activation within 
diseased cells (Fig. 4) [150]. In particular, the acidic milieu of late 
endosomes and lysosomes has been widely leveraged to trigger payload 
release only after internalization, improving therapeutic precision and 
minimizing off-target effects.

Importantly, a significant pH difference also arises between healthy 
and pathological tissues such as cancer or osteoarthritis, and this feature 
has been increasingly exploited for targeted therapeutic strategies. In 
particular, the extracellular pH of solid tumors is consistently lower than 
that of normal tissues [151]. While physiological extracellular pH 
typically remains close to 7.4, tumor microenvironments often exhibit a 
mild to moderate acidity, with pH values ranging between 6.5 and 6.9, 
and in more extreme cases, such as in necrotic or poorly vascularized 
regions, pH can drop as low as 6.0 [152–154]. Experimental conditions 
such as combined hyperthermia (43 ◦C) and hyperglycemia have been 
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shown to further accentuate this acidification, bringing tumor pH down 
to 6.0–6.5 [155]. This phenomenon is largely attributed to the Warburg 
effect, a hallmark of cancer metabolism in which cells preferentially 
undergo glycolysis even in the presence of oxygen (aerobic glycolysis), 
rather than relying on oxidative phosphorylation [156]. This metabolic 
reprogramming leads to an overproduction of lactic acid and protons, 
which are actively exported out of the cell by membrane transporters to 
preserve intracellular pH stability [157].

As a result, the extracellular milieu becomes increasingly acidic. 
Osteoarthritis (OA) is a chronic, degenerative joint disease characterized 
by the progressive breakdown of articular cartilage, subchondral bone 
remodeling, and low-grade synovial inflammation, ultimately leading to 
joint pain, stiffness, and functional impairment [158]. As OA advances, 
the intensification of local inflammation leads to the release of 
numerous inflammatory mediators that modulate both immune activity 
and tissue repair mechanisms. This heightened cellular activity in
creases metabolic demand, resulting in local hypoxia. In response, 
chondrocytes adapt by favoring anaerobic glycolysis, a metabolic shift 
that generates significant amounts of lactic acid. The accumulation of 
lactic acid gradually lowers the pH of the synovial environment, 
contributing to acidification of the joint cavity [159]. Concurrently, 
inflammatory processes drive the breakdown of articular cartilage, 
leading to the upregulation of catabolic enzymes, notably matrix met
alloproteinases, which accelerate cartilage degradation. The resulting 

matrix fragments further amplify inflammation, establishing a feedback 
loop that intensifies joint damage. This pathological cascade alters the 
biochemical landscape of the synovial fluid. While in healthy joints the 
synovial pH is approximately 7.4, OA-associated inflammation can 
reduce it to a range of 6.6–7.2, and in severe cases, even to around 6.0 
[160–162].The resulting acidification mirrors that observed in rheu
matoid arthritis and solid tumor microenvironments in terms of H+

accumulation [163]. To counterbalance this acid stress, several molec
ular systems facilitate proton and metabolite transport: H+-ATPases, 
Na+/H+ exchangers, and monocarboxylate transporters assist in the 
efflux of H+ ions and lactic acid, while the exchange of anions like Cl−

and HCO3
− across chondrocyte membranes or organelles helps stabilize 

intra-articular pH [164,165]. This pathological acidification has become 
a critical design parameter for pH-responsive drug delivery systems, 
allowing for the preferential activation or release of therapeutics within 
the tumor or OA microenvironment, thereby enhancing selectivity and 
minimizing damage to healthy tissues. Given the several pH gradients 
present throughout the human body, intracellular compartments and 
pathological sites like tumors, pH-responsive polymer systems offer a 
powerful platform for developing advanced biomedical technologies.

These systems can undergo predictable physicochemical trans
formations in response to local pH changes, enabling spatial and tem
poral control over the release of therapeutic agents or functional 
responses. The following section presents the most relevant recent ap
plications of pH-responsive hydrogels and nanoparticles, including their 
use in drug and gene delivery, gastrointestinal protection of active 
compounds, soft robotics, and wound healing.

3.1. Drug delivery

Drug delivery is a prominent application of pH-responsive polymers, 
leveraging their ability to react to environmental pH changes to control 
the release of therapeutic agents. This strategy takes advantage of the 
polymers’ reversible structural transitions under different pH condi
tions, enabling precise modulation of drug release profiles. Numerous 
innovative studies, such as that by Gao and coworkers, have explored 
the use of pH-responsive polymers to develop advanced nanoparticle 
systems, hydrogels, or hybrid structures capable of finely tuning drug 
release in response to local pH variations [166–168]. Among the latest 
strategies for targeted intestinal delivery of drugs and probiotics, the 
development of hybrid systems that integrate hydrogel networks with 
nanoparticles has shown great promise in overcoming the physiological 
barriers of the gastrointestinal tract. A particular system was recently 
reported, in which Lactobacillus rhamnosus 76 was encapsulated in 
double emulsions bound within hydrogel beads based on sodium algi
nate and carboxymethyl chitosan, assembled in citric acid medium 

Fig. 3. The figure illustrates the different regions of the human body and their associated pH levels.

Fig. 4. Endosomal escape mediated by the Proton-Sponge Effect. Reprinted 
with permission from MDPI [150].
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[169]. The composite structure exhibited excellent thermal stability and 
pronounced pH responsiveness, enabling selective swelling and release 
of probiotics in response to environmental changes along the gastroin
testinal tract. This was particularly evident in in vitro simulated 
gastrointestinal experiments, which demonstrated that the gel matrix 
effectively restricted release under gastric conditions, with a survival 
rate of viable bacteria reaching 90.69 ± 0.04 %. Upon transition to 
simulated intestinal fluid, electrostatic repulsion induced by COO−

ionization triggered gradual disassembly of the gel structure, allowing 
controlled probiotic release. In vivo assessments corroborated the in 
vitro findings, with fluorescence imaging and bacterial quantification 
confirming the effective delivery and retention of probiotics in the colon 
up to 24 h post-administration. The increased abundance of Lactoba
cillus and Firmicutes in fecal samples further underscored the thera
peutic potential of the system in modulating gut microbiota 
composition. A notable example of the enhanced performance offered by 
nanocomposite hydrogel systems is provided by a recent study on a 
pH/magnetic dual-responsive Fe3O4 hemicellulose nanocomposite 
hydrogel [170]. This material, synthesized via in-situ graft polymeri
zation on hemicellulose, demonstrates superior pH sensitivity and 
biodegradability, making it highly suitable for drug delivery applica
tions. Compared to the only hydrogel systems, which already exhibit 
substantial swelling changes in response to pH variations, the incorpo
ration of Fe3O4 nanoparticles endows the system with additional func
tionalities such as magnetic responsiveness, improved control over drug 
release, and enhanced responsiveness to external stimuli (Fig. 5). 
Beyond the need to ensure intestinal targeting, in some cases it is also 
essential to enable the co-delivery of hydrophilic and hydrophobic 
compounds, especially when their simultaneous release may enhance 
bioactivity through synergistic effects. For instance, in the study by Zhao 
et al., a dual delivery strategy was implemented by encapsulating 
lycopene, hydrophobic, in the oil phase and riboflavin,hydrophilic, in 
the internal aqueous phase of a W/O/W emulsion [171]. This emulsion 
was further embedded in alginate-based matrices, designed to respond 
to both pH and temperature changes, allowing for the controlled release 
of both bioactives in the intestinal environment. This approach dem
onstrates how co-encapsulation systems can be tailored to improve the 
bioaccessibility and stability of multiple active ingredients 
simultaneously.

While single pH-responsive hydrogels can achieve efficient release in 
the intestinal environment due to their deprotonation-driven swelling, 

the addition of magnetic nanoparticles enables remote triggering and 
pulsatile release, thus extending the residence time at the target site. 
Acetylsalicylic acid and Theophylline were employed as model drugs to 
evaluate performance. The study demonstrated that under intestinal pH, 
the nanocomposite hydrogel achieved a cumulative drug release of 
about 90 % within 6 h, significantly outperforming release at gastric or 
highly basic pH values. Moreover, pH-switching experiments further 
confirmed the robustness and adaptability of the hydrogel network 
under dynamic conditions. In addition to enabling the delivery of hy
drophilic and hydrophobic compounds, microfluidic technology offers 
unique advantages for improving pH-responsiveness and enhancing in
testinal targeting. In a recent study, alginate-based hydrogel microcap
sules were prepared using coaxial microfluidic chips to encapsulate 
indomethacin, achieving excellent control over microsphere size and 
release kinetics [172].

The microspheres remained stable under acidic conditions (pH 1.2), 
showing negligible drug release in simulated gastric fluid, but under
went significant swelling and controlled drug release in simulated in
testinal fluid (pH 7.6). Thanks to the precise spatial confinement 
provided by microfluidics, it was possible to fabricate core–shell archi
tectures, in which the drug is physically entrapped within an inner 
compartment surrounded by a denser hydrogel barrier. Notably, these 
core–shell microcapsules exhibited a slower, sustained release compared 
to single-layer systems, highlighting how the tunable geometry and 
composition achieved via microfluidics can be harnessed to optimize 
oral drug delivery profiles [173]. As previously discussed, several sys
tems reported in the literature can deliver drugs specifically to the in
testine. Additionally, pH-responsive materials have shown great 
potential in cancer treatment. Combining these two features, thiolated 
hyaluronic acid-based hydrogels were developed for the targeted and 
sustained delivery of 5-fluorouracil (5-FU) to the intestine [174]. Also 
these systems exploit the reduced swelling and drug release in acidic 
environments to prevent premature degradation in the stomach, while 
significantly increasing drug diffusion at neutral-to-basic pH, as found in 
the intestine. The incorporation of thiol groups not only imparted pH 
sensitivity and redox responsiveness, but also improved mucoadhesive 
properties, enhancing residence time and uptake in the colonic mucosa 
(Fig. 6). In vitro and in vivo experiments confirmed both the biocom
patibility and therapeutic efficacy of the system, with a two-fold in
crease in bioavailability and selective accumulation of 5-FU in intestine 
tissue.

Fig. 5. pH-responsive mechanism of the Fe3O4 hemicellulose nanocomposite hydrogel. Reprinted with permission from Elsevier [170].
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3.2. Gene delivery

Gene delivery refers to the process of introducing genetic material 
such as DNA or small interfering RNA (siRNA) into target cells to 
modulate gene expression for therapeutic purposes [175]. However, this 
strategy faces several major hurdles, including inefficient cellular up
take, low stability of nucleic acids in the bloodstream, limited endo
somal escape, and premature disassembly in the cytoplasm [176]. In 
fact, incorporating negatively charged nucleic acids such as DNA and 
small interfering RNA (siRNA) into cells is challenging due to the low 
stability in blood, poor cellular uptake, inefficient endosomal escape, 
and disassembly in the cytoplasm [177]. For these reasons, nucleic acid 
is embedded into charge-balanced nanoparticles to enable cellular up
take [178]. This is done using two primary classes of chemical 
(non-viral) gene delivery vectors such as liposomes and polycations, 
allowing effective internalization into cellular compartments [179,180].

For example, Mostafavi and coworkers used a polymer based on 
Chitosan and carboxymethyl cellulose coated on NH2-UiO-66 as 
possible pH responsive gene delivery vector [181]. The study showed 
how this vector remained stable at neutral pH but disassembled under 
acidic conditions due to the complete protonation of the tertiary amine 
groups, implying its potential as a pH-responsive nanocarrier system for 
the co-delivery of drugs and DNA. In this context, PEGylated poly
cationic carriers have been developed to overcome the intrinsic chal
lenges of siRNA delivery, particularly in demanding physiological 
environments. A chemically engineered system based on polyethylene 
glycol–poly(β-amino esters)–histidine has demonstrated high efficacy in 
delivering siRNA targeting the Anaplastic lymphoma kinase (ALK) 
oncogene in ALK-positive non-small cell lung cancer [182]. The design 
leverages the neutral and stealth properties of PEG with the dual 
cationic character of PBAE and histidine to form stable polyplexes 
capable of encapsulating siRNA via enhanced electrostatic interactions. 
These nanoparticles exhibit pH-sensitive behavior: they are anionic 

under alkaline conditions, such as those in pleural fluid, and become 
cationic at acidic pH, typical of the tumor microenvironment and lyso
somes [183]. This facilitates both cellular uptake and endosomal escape, 
enabling effective cytosolic delivery. The system also displays signifi
cant proton buffering capacity, with titration experiments showing 
responsiveness around the lysosomal pH range (4.5–5.0), ensuring 
efficient payload release. Compared to non-histidine analogues, the 
presence of histidine residues confers a sharper and more efficient 
pH-triggered destabilization of the polyplexes (Fig. 7). The resulting 
ALK-targeted RNAi therapy not only achieves specific gene silencing in 
vitro and in vivo but also reduces cytotoxicity relative to conventional 
polyethylenimine (PEI) vectors [184].

One of the major intracellular barriers in nucleic acid delivery is the 
endo-lysosomal compartment, where internalized materials are traf
ficked and often degraded [185].

These compartments are characterized by their acidic microenvi
ronment, which has been extensively exploited in the design of stimuli- 
responsive delivery systems. An important issue to consider is that the 
positively charged complex formed by polycation/nucleic acid tends to 
interact with serum components (proteins), reducing the system’s 
effectiveness [186]. pH-responsive polymers, as already mentioned, are 
engineered to respond to these conditions by becoming protonated, thus 
acquiring a positive charge that facilitates membrane interaction and 
subsequent disruption. This process, often referred to as the "proton 
sponge effect", enhances endosomal escape, allowing the therapeutic 
payload to reach the cytoplasm before degradation [187]. This mecha
nism is especially advantageous in the context of siRNA delivery, where 
cytoplasmic localization is essential for RNA interference [188]. The 
potential of pH-responsive polymers in gene delivery has been exem
plified by their application in ocular therapeutics, such as the develop
ment of the triblock copolymer PEG-b-PAMA-b-P(C7A-r-DBA) (PACD), 
designed to facilitate siRNA delivery to the retina [189]. This A-B-C-type 
amphiphilic copolymer consists of a hydrophilic PEG block (A), a 

Fig. 6. Thiol-functionalized hyaluronic acid-based pH-responsive hydrogel synthesis and drug release. Reprinted with permission from Elsevier [174].
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cationic siRNA-binding block (B), and a pH-sensitive block (C), enabling 
the formation of nanosized micelles that efficiently encapsulate siRNA 
via simple mixing. In retinal applications, PACD demonstrates strong 
endosomal escape capability, excellent gene silencing efficiency, and 
significant anti-angiogenic effects in a mouse model of oxygen-induced 
retinopathy (OIR) (Fig. 8). Beyond overcoming intraocular barriers and 
ensuring prolonged retention, PACD micelles represent a scalable and 
safe non-viral platform, showcasing the translational potential of 
pH-responsive polymers in ophthalmic RNAi therapeutics.

3.3. Bioactives gastroprotection

pH-responsive delivery systems have garnered increasing attention 
in the field of oral drug delivery due to their ability to protect bioactive 

compounds from the harsh acidic environment of the stomach. These 
systems are engineered to remain stable and retain their payloads under 
low pH conditions, such as those encountered in the gastric phase, while 
enabling targeted release in the more neutral or slightly basic pH of the 
intestine. This protective mechanism is particularly beneficial for labile 
molecules such as anthocyanins, whose structural integrity and biolog
ical activity are highly sensitive to acidic degradation [190]. An example 
is provided by the encapsulation of purple sweet potato diacylated an
thocyanins (PSPAs), a class of anthocyanins with potent antioxidant, 
anti-inflammatory, and antidiabetic properties [191].

In a recent study, two novel pH-responsive peptide hydrogel carriers 
were developed using aspartic acid and glutamic acid, which undergo 
ionization changes depending on the pH (Fig. 9) [192].

Under acidic gastric conditions, these amino acid-based hydrogels 

Fig. 7. Enhanced electrostatic co-assembly of charge-reversal PPH-siALK polyplexes, enabled by dual positively charged Poly(β-amino ester) (PBAE) and His for 
siRNA-directed inhalation ALK gene silencing in ALK + Non-Small Cell Lung Cancer (NSCLC). Downstream protein regulations following mRNA silencing are mapped 
from immunoblotting. Reprinted with permission from Elsevier [182].
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remain largely neutral, thereby stabilizing their structure and effectively 
entrapping the anthocyanins [193]. Upon transition to the intestinal 
environment, the ionization of the carboxylic side chains, from COOH to 
COO− , induces swelling of the hydrogel matrix, facilitating controlled 

release of the bioactive compounds. This strategy not only enhances the 
stability of PSPAs against gastric acid but also improves their potential 
bioavailability and therapeutic efficacy following oral administration 
[194].

Fig. 8. Schematic illustration of PACD polymeric micelle enabling efficient siRNA delivery in the retina and abrogating hypoxia-induced angiogenesis. Reprinted 
with permission from Elsevier [189].

Fig. 9. Schematic presentation of this study that demonstrates the successful stability and controlled release of anthocyanins using pH-responsive peptide hydrogels 
in a simulated digestive environment (SGF: simulated gastric fluid; SIF: simulated intestinal fluid). Reprinted with permission from Elsevier [192].
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Another notable example of pH-responsive polymers protective and 
responsive capabilities can be found in the development of stimulus- 
responsive Pickering emulsions for the targeted delivery of bioactive 
compounds relevant to Type 2 Diabetes Mellitus [195]. In this study, an 
amphiphilic phenylboronic acid-functionalized sodium alginate was 
employed as a critical pH-responsive component in a ternary colloidal 
platform alongside soybean protein isolate and purple sweet potato 
anthocyanins. The stabilization and functionality of the system rely on a 
network of reversible dynamic interactions, primarily B–O covalent 
coordination between PBA moieties and the cis-diol groups of alginate or 
PSPAs, along with hydrogen bonding between PSPAs and protein or 
polysaccharide chains. Upon emulsification, these soft colloidal particles 
adsorb spontaneously at the oil-water interface, forming a viscoelastic 
interfacial film. At the molecular level, the reversible covalent in
teractions contribute to strong and dynamic molecular adsorption, 
whereas at the supramolecular level, the densely packed colloidal film 
results in interfacial confinement, which physically entraps the encap
sulated payload within the droplet. This multilayered interfacial struc
ture enhances resistance to coalescence and protection from acidic 
degradation, as demonstrated by its ability to maintain integrity under 
simulated gastric conditions.

3.4. Soft robotic

Soft robotics enables the development of medical devices capable of 
performing diagnostic, therapeutic, and repair procedures with 
enhanced safety by reducing the need for invasive techniques and 
minimizing tissue damage during clinical operations [196]. Soft robots 
are flexible and compliant machines constructed from soft, deformable 
materials such as silicones, hydrogels, or elastomers [197]. They are 
designed to emulate the adaptability, dexterity, and safe interaction 
capabilities of biological organisms, enabling them to perform complex 
tasks in unstructured or dynamic environments [198]. The pH respon
sive behavior is ideal for designing biodegradable soft robots capable of 
performing complex tasks in dynamic biological environments [199].

Recent advances in multi-material 3D printing techniques have 
facilitated the fabrication of soft robotic devices that incorporate pH- 
responsive hydrogels alongside other functional polymers [200].

This multi-material approach allows precise spatial control over 
mechanical properties and responsiveness, resulting in robots that can 
adapt their form or function in response to localized pH variations 
[201]. Moreover, the integration of pH-sensitive hydrogels into soft 
robotic systems opens up new possibilities in biointerfacing and envi
ronmental sensing, enabling robots to detect and react to chemical sig
nals in situ. A notable example is the development of 3D-printed 
pH-responsive biodegradable soft grippers composed of a bilayer 
hydrogel structure [202]. Soft grippers are flexible, adaptive devices 
capable of gently grasping and manipulating delicate objects by 
mimicking the compliant movements of natural organisms [203]. J. Kim 
et al. gripper combines a naturally derived pH-sensitive 

alginate/gelatin/acrylic acid (AAc) hydrogel layer with a 
non-pH-responsive acrylamide (AAm) hydrogel layer, both biodegrad
able by enzymes such as collagenase and alginate lyase [204]. 
Leveraging the bimorph bending effect, the alginate/gelatin/AAc 
hydrogel swells at higher pH values while the AAm hydrogel maintains a 
stable volume across pH changes, resulting in precise and reversible 
gripping motions responsive to the environmental pH (Fig. 10).

Another example of pH-responsive hydrogel-based robots involves a 
bilayer system constructed from chitosan films modified with super
hydrophobic silica nanoparticles [205]. In this configuration, direc
tional actuation is governed by the asymmetric response of the bilayer to 
environmental pH. Specifically, the actuator bends clockwise toward the 
NP-coated side in acidic media and anticlockwise toward the unmodi
fied chitosan side in basic conditions. This pH-dependent bidirectional 
motion is driven by differential swelling behavior linked to the pro
tonation state of the amino groups along the chitosan backbone 
(Fig. 11).

Another approach involves the use of carbon dot (CD)-crosslinked 
sodium alginate gels as active layers in bilayer actuators, in combination 
with poly(lactic acid) (PLA) as the passive substrate [206]. These 
hydrogels undergo rapid and reversible deformation in response to 
environmental pH, driven by the protonation and deprotonation of 
carboxyl and amino groups within the gel network.

The actuator not only performs basic mechanical tasks, such as 
grasping and lifting, but also exhibits visible pH-dependent fluorescence 
changes, thereby providing a dual-mode response. The deformation 
behavior is strongly pH-dependent, with maximum actuation observed 
near pH 5. At more extreme pH values (pH 1 or 11), the actuator’s 
response is significantly reduced, likely due to degradation of the gel 
network, particularly through the hydrolysis of amide bonds under 
strongly basic conditions (Fig. 12). Moreover, the degree of deformation 
and the response rate can be finely tuned by varying the CD content, 
which influences both the crosslinking density and electrostatic in
teractions within the gel.

Interestingly, although isolated CDs exhibit strong pH-dependent 
fluorescence under UV light, their incorporation into the hydrogel ma
trix reduces this optical response, indicating that a portable detection 
system may be necessary to monitor colour changes effectively in 
practical applications (Fig. 13).

These systems demonstrate the potential to overcome challenges 
related to adaptability and biodegradability in healthcare devices, 
highlighting how stimuli-responsive hydrogels can be engineered into 
functional soft robotic components.

3.5. Wound healing

Skin wounds, if inadequately treated, may lead to serious compli
cations, including infection, chronic inflammation, and impaired tissue 
regeneration [207]. The wound healing process is inherently complex 
and involves a well-orchestrated sequence of biological events such as 

Fig. 10. Schematic illustrating the pH-responsive shape transformation and biodegradation of the bilayer hydrogel gripper. Reprinted with permission from 
Elsevier [204].
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hemostasis, inflammation, proliferation, and remodeling. Traditional 
wound dressings like gauze or occlusive films offer passive protection, 
but they are often insufficient to actively modulate the wound envi
ronment or respond to dynamic physiological cues [208]. In contrast, 
hydrogel-based scaffolds have emerged as versatile materials in wound 
care due to their softness, high water content, biocompatibility, and 
ability to maintain a moist environment conducive to healing [209]. 
Recent advances have further improved hydrogel systems by incorpo
rating smart polymers to wound-associated stimuli, such as local pH 
shifts. In particular, pH-responsive hydrogels are gaining attention for 
their ability to selectively release therapeutic agents, such as antimi
crobial compounds, anti-inflammatory drugs, or growth factors, in 
response to the acidic conditions typically present in inflamed or 
infected wounds. For example, Tang et al. developed an injectable 

multi-responsive hydrogel capable of delivering insulin in a controlled 
manner to promote diabetic wound repair, demonstrating the thera
peutic potential of pH-sensitive matrices in modulating healing out
comes [210]. Building upon this concept, composite hydrogel systems 
that incorporate nanoparticles have opened new avenues in responsive 
wound care. Nps can enhance the performance of hydrogels by 
increasing their breathability through the formation of pores, improving 
their absorption capacity, and strengthening their pH-responsiveness. In 
this context, a recent study developed a pH-responsive composite 
hydrogel scaffold incorporating ZIF-8@flavanone nanoparticles, 
designed to enable controlled release of bioactive compounds in slightly 
acidic wound environments [211].

In this work, ZIF-8@flavanone nanoparticles were synthesized using 
a microfluidic platform and embedded into a hydrogel scaffold 
composed of carrageenan and konjac glucomannan. The resulting 
composite not only exhibited favorable mechanical properties and 
biocompatibility but also responded to pH variations by selectively 
releasing flavanones, bioactive compounds with antimicrobial activity, 
under acidic conditions typical of acute wounds. Thanks to the pH- 
sensitive Zn-imidazole coordination in ZIF-8, drug release was signifi
cantly enhanced in slightly acidic environments (pH 5), reaching 43.3 % 
after 100 h (Fig. 14). This selective release mechanism allowed for high 
efficacy at the wound site while minimizing drug waste in neutral 
conditions. In vivo experiments confirmed the scaffold’s effectiveness, 
achieving a wound closure rate of 90.5 % within 15 days.

While healthy skin typically exhibits an acidic pH, bacterial coloni
zation and infection can increase the pH to values above 7.3 [212]. 
Building on this physiological transition, Wang et al. developed a 

Fig. 11. The pH-responsive mechanism of bidirectional actuation of the prepared CH–Th4 film in the acidic and alkaline solution. Reprinted with permission from 
Elsevier [205].

Fig. 12. Schematic illustrating the colour change of CDs actuator under different pH. Reprinted with permission from Elsevier [206].

Fig. 13. Schematic illustrating the color change of CDs actuator under different 
pH. Reprinted with permission from Elsevier [206].
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biomimetic 3D composite scaffold with pH-responsive hydrogel, 
designed to accelerate wound healing and prevent bacterial prolifera
tion [213]. It consists of a tri-layered structure, where the middle layer, 
made of a pH-sensitive polymer dissolves at pH > 7, rapidly releasing 
the encapsulated antibiotic rifampicin (RIF). In vitro and in vivo assays 
confirmed the scaffold’s excellent performance in sustaining drug 
release under healthy conditions (pH 5.5), while enabling rapid delivery 
of RIF under infected conditions (pH 8), with nearly complete release 
achieved within 6 h.

4. Challenges, limitations and translational perspectives

Beyond the conceptual rationale, recent in vivo and in situ mea
surements confirm that pathological pH gradients are real but often 
modest and heterogeneous, which constrains trigger reliability. For solid 
tumors, longitudinal MRI/pH imaging in mice showed extracellular pH 
values fluctuating around mildly acidic ranges during treatment, 
emphasizing the need for narrow-band transition pH in carriers to avoid 
premature or incomplete activation [214]. Likewise, live-cell ratio
metric probes quantified organelle acidification with lysosomal pH 
tightly regulated yet variable across maturation states, indicating that 
endosomal/lysosomal triggering is sensitive to local context rather than 
a single fixed value [215]. These findings underline that pH alone is not 
always sufficient as a trigger. Another limitation is the complexity of the 
in vivo environment, where factors like ionic strength and serum pro
teins can interfere with the pH-responsive behavior [216]. The adsorp
tion of serum proteins and the formation of a “protein corona” have been 
shown experimentally to alter the responsiveness of nanocarriers, in 
some cases dampening the swelling or solubility transitions originally 
observed under idealized buffer conditions [217]. These interactions 
can significantly modify particle–membrane crosstalk, suggesting that 
stealth coatings such as PEGylation or albumin layers are essential to 
preserve the intended responsiveness in vivo [218].

Preclinical studies also reveal both the potential and the current 
boundaries of these systems. The rationale for designing carriers with 
target pH release is to maximize drug exposure at the pathological site 
while limiting systemic toxicity. Polymeric micelles loaded with pacli
taxel achieved superior tumor growth inhibition and reduced systemic 
toxicity compared to free drug in murine models [219]. Similarly, 
mesoporous silica nanoparticles grafted with acid-labile poly(acrylic 
acid) linkers displayed an eight-fold higher cytotoxicity against osteo
sarcoma cells than free doxorubicin [220]. An emerging strategy to 
address the modest and heterogeneous nature of pathological pH gra
dients is the integration of pH-responsiveness with secondary triggers 
[221]. Dual-responsive carriers, for example pH/redox micelles, have 
shown enhanced intratumoral accumulation compared to pH-only 
controls, while pH/light-sensitive hydrogels enable spatiotemporally 
controlled release [222]. Likewise, combining pH with 
temperature-sensitive polymers has been proposed for 
hyperthermia-assisted delivery [223]. These multi-stimuli platforms 
exploit the coincidence of pathological cues to achieve sharper selec
tivity, reduce premature leakage, and expand the range of biomedical 
applications. At the clinical level, only a few polymeric nanocarriers 
have progressed into human trials, and none of them rely primarily on a 
pH-triggering mechanism. The most advanced example is Genexol-PM 
(PEG–PLA micelles of paclitaxel), which in a phase III trial in metasta
tic breast cancer demonstrated non-inferior efficacy and improved 
tolerability compared to solvent-based paclitaxel [224]. Another case is 
NC-6004 (cisplatin-loaded micelles), which showed reduced nephro
toxicity and encouraging outcomes in phase II studies [225]. These 
formulations exemplify what clinical-grade polymer carriers can ach
ieve, but they also underscore the translational gap that remains for 
strictly pH-responsive systems, which must still prove scalability, 
reproducibility, and clear therapeutic benefit in humans. Finally, the 
path from laboratory synthesis to clinical translation entails addressing 
manufacturing and regulatory challenges. Microfluidic and 

Fig. 14. (a) Schematic diagram of the flavanone release process. (b) Flavanone release from 1-ZIF-8@flavanone/KC/KGM, 2-ZIF-8@flavanone/KC/KGM and 3-ZIF- 
8@flavanone/KC/KGM at pH 7.4, 6.5 and 5.0. Reprinted with permission from Elsevier [211].
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self-assembly methods can produce highly uniform nanoparticles at 
small scale, but translating them into GMP-compliant large-scale pro
duction is still difficult [30,226].

Batch-to-batch variability in hydrogel crosslinking or polymer mo
lecular weight can compromise reproducibility, which is unacceptable 
in a clinical context. Long-term biosafety also remains insufficiently 
studied: degradation products of synthetic polymers may accumulate 
and cause chronic toxicity, as reported for cationic fragments at high 
concentrations [227]. The gap between academic research and clinical 
approval also reflects the stringent safety and efficacy requirements 
imposed by regulatory agencies. The FDA and EMA require compre
hensive data on biocompatibility, pharmacokinetics, long-term safety, 
and manufacturing consistency before approving any novel smart de
livery system [228]. In addition, compliance demands consistent 
large-scale manufacturing, robust quality control protocols, and vali
dated procedures for sterilization, storage, and shelf-life, steps that 
remain particularly challenging for stimuli-responsive materials that are 
sensitive to environmental conditions. Clinical trials also require greater 
standardization: endpoints such as ‘successful targeting’ or ‘triggered 
release’ must be clearly defined and measured, possibly via non-invasive 
imaging or biomarker-based readouts [170]. To overcome these hurdles, 
researchers are focusing on: polymers with finely tuned transition pH 
that match physiological windows; dual- or multi-stimuli responsive 
carriers to amplify modest pH gradients; incorporation of biodegradable 
backbones that degrade into innocuous metabolites; scalable fabrication 
technologies such as parallelized microfluidics or 3D printing.

5. Conclusions

Smart pH-responsive polymeric systems represent a powerful class of 
smart materials capable of addressing the complex challenges posed by 
biomedical applications. By leveraging the intrinsic pH heterogeneity of 
the human body, these systems enable targeted, on-demand release of 
therapeutic agents with minimal systemic toxicity. The combination of 
nanoparticles and hydrogels within hybrid constructs further enhances 
this potential, offering both nanoscale control over drug release kinetics 
and macroscale structural advantages.

From intestinal drug protection to tumor-targeted delivery, gene 
therapy, and wound healing, the adaptability and tunability of pH- 
responsive systems position them at the forefront of next-generation 
therapeutic strategies. Moreover, advances in materials science, micro
fluidics, and biofabrication are expected to further expand their appli
cability and functional complexity. Future efforts should focus on 
optimizing biocompatibility, degradation kinetics, and regulatory 
compliance to translate these systems into clinical practice. Overall, pH- 
sensitive nanoparticles, hydrogels, and their combinations provide a 
robust, modular, and highly customizable platform for a wide range of 
biomedical challenges. Looking ahead, several biological targets appear 
particularly promising for the clinical translation of pH-responsive 
polymers. Tumor microenvironments, characterized by a slightly 
acidic extracellular pH, remain the most exploited setting for selective 
drug release. Oral delivery of nucleic acids also represents a key appli
cation, where pH-responsive carriers can protect DNA and RNA from 
gastric degradation and ensure site-specific release in the intestine. At 
the intracellular level, endosomal and lysosomal pH gradients offer 
unique opportunities for triggered release and endosomal escape. 
Nevertheless, important challenges remain: natural polymers such as 
alginate, chitosan, and hyaluronic acid suffer from batch-to-batch 
variability and limited tunability; synthetic acrylates and methacry
lates require careful control of release kinetics and residual toxicity; and 
polycationic systems like PDMAEMA, PLL, and PLH must balance 
proton-sponge efficacy with cytotoxicity. Addressing these limitations 
will be crucial to fully harness the potential of pH-responsive polymers 
in advanced biomedical applications.
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[112] P.A. Montaño-González, L.M. Bravo-Lozano, S. Chevance, F. Dole, J. Rosselgong, 
P. Loyer, S. Tranchimand, J.-P. Chapel, F. Gauffre, C. Schatz, L.M. Bravo-Anaya, 
Interactions between PEI and biological polyanions and the ability of 
glycosaminoglycans in destabilizing PEI/peGFP-C3 polyplexes for genetic 
material release, Int. J. Biol. Macromol. 301 (2025) 140351, https://doi.org/ 
10.1016/j.ijbiomac.2025.140351.

[113] Y. Zhang, H. Du, Y. Wang, S. Yu, T. Cao, Y. Cao, pH-regulated self-assembly of 
poly(styrene-co-methacrylic acid) for fabrication of pH-responsive Pickering 
emulsion, Colloids Surf. A Physicochem. Eng. Asp. 710 (2025) 136231, https:// 
doi.org/10.1016/j.colsurfa.2025.136231.

[114] R. Ghiarasim, G. Luta, M.-G. Dimofte, T.-G. Iversen, M. Pinteala, A. Rotaru, 
Assembly and stability of trastuzumab-conjugated and unmodified poly(L- 
histidine)-poly(ethylene glycol) micelles for targeting HER2-positive cells, J. Mol. 
Liq. 418 (2025) 126689, https://doi.org/10.1016/j.molliq.2024.126689.

[115] M. Hou, S. Liu, Recent progress of pH-responsive peptides, polypeptides, and their 
supramolecular assemblies for biomedical applications, Biomacromolecules 
(2024), https://doi.org/10.1021/acs.biomac.4c00688.

[116] A.A.P. Mansur, S.M. Carvalho, Z.I.P. Lobato, M.F. Leite, K. Krambrock, H. 
S. Mansur, Bioengineering stimuli-responsive organic-inorganic nanoarchitetures 
based on carboxymethylcellulose-poly-l-lysine nanoplexes: unlocking the 
potential for bioimaging and multimodal chemodynamic-magnetothermal 
therapy of brain cancer cells, Int. J. Biol. Macromol. 290 (2025) 138985, https:// 
doi.org/10.1016/j.ijbiomac.2024.138985.

[117] Y. Xiang, D. Tang, L. Yan, L. Deng, X. Wang, X. Liu, Q. Zhou, Poly-l-lysine 
modified MOF nanoparticles with pH/ROS sensitive CIP release and CUR 
triggered photodynamic therapy against drug-resistant bacterial infection, Int. J. 
Biol. Macromol. 266 (2024) 131330, https://doi.org/10.1016/j. 
ijbiomac.2024.131330.

[118] Y. Wang, L. Wang, Y. Hu, J. Qin, B. Yu, Design and optimization of ε-poly-l-lysine 
with specific functions for diverse applications, Int. J. Biol. Macromol. 262 (2024) 
129513, https://doi.org/10.1016/j.ijbiomac.2024.129513.

[119] L. Xu, S. Li, S. Wan, Z. Liu, Y. Zhong, X. Qian, J. Qin, L. Cai, H. Huang, Poly-lysine- 
modified recombinant protein nanocages for effective delivery of small activating 
RNA, J. Contr. Release 382 (2025) 113638, https://doi.org/10.1016/j. 
jconrel.2025.113638.

[120] A. Paul, C.-J. Eun, J.M. Song, Cytotoxicity mechanism of non-viral carriers 
polyethylenimine and poly-l-lysine using real time high-content cellular assay, 
Polymer 55 (2014) 5178–5188, https://doi.org/10.1016/j.polymer.2014.08.043.

[121] Y. Kawaguchi, S. Terada, S. Futaki, An approach for the intracellular delivery of 
IgG via enzymatic ligation with a cell-permeable attenuated cationic amphiphilic 
lytic peptide, Bioorg. Med. Chem. 111 (2024) 117835, https://doi.org/10.1016/j. 
bmc.2024.117835.

[122] J. Malinge, F. Mousseau, D. Zanchi, G. Brun, C. Tribet, E. Marie, Tailored stimuli- 
responsive interaction between particles adjusted by straightforward adsorption 
of mixed layers of Poly(lysine)-g-PEG and Poly(lysine)-g-PNIPAM on anionic 
beads, J. Colloid Interface Sci. 461 (2016) 50–55, https://doi.org/10.1016/j. 
jcis.2015.09.016.

[123] Z. Guo, J. Sui, M. Ma, J. Hu, Y. Sun, L. Yang, Y. Fan, X. Zhang, pH-Responsive 
charge switchable PEGylated ε-poly-l-lysine polymeric nanoparticles-assisted 
combination therapy for improving breast cancer treatment, J. Contr. Release 326 
(2020) 350–364, https://doi.org/10.1016/j.jconrel.2020.07.030.

[124] D. Wang, S. Fan, X. Li, L. Chen, X. Wen, Y. Xu, C. Zhu, C. Hou, D. Zhang, 
Carboxymethyl chitosan/polyvinyl alcohol hydrogel films by incorporating MSNs 
as ε-PL carrier with pH-responsive controlled release and antibacterial properties, 
Food Packag. Shelf Life 46 (2024) 101360, https://doi.org/10.1016/j. 
fpsl.2024.101360.

[125] K.-Z. Wang, C.-Y. Han, X.-Z. Feng, G.-C. Han, H.-B. Kraatz, Electrochemical sensor 
based on the synergistic effect of copper nanoparticles and poly-L-histidine for 
cefquinome detection and its oxidation mechanism, Microchem. J. 208 (2025) 
112451, https://doi.org/10.1016/j.microc.2024.112451.

[126] Y.S. Elshamy, C. Kinsey, R.R. Rustandi, A.T. Sutton, Separation of virus-like 
particles and nano-emulsions for vaccine development by Capillary Zone 
Electrophoresis, Anal. Chim. Acta 1355 (2025) 344011, https://doi.org/10.1016/ 
j.aca.2025.344011.

[127] Y. Zhang, I. Kim, Y. Lu, Y. Xu, D.-G. Yu, W. Song, Intelligent poly(l-histidine)- 
based nanovehicles for controlled drug delivery, J. Contr. Release 349 (2022) 
963–982, https://doi.org/10.1016/j.jconrel.2022.08.005.

[128] G. Saenz, B.H. Pogostin, C.C. Cole, A. Agrawal, D. Chew-Martinez, M. Dubackic, 
A. Pal, U. Olsson, K.J. McHugh, J.D. Hartgerink, Nanofibrous peptide hydrogels 
leveraging histidine to modulate pH-responsive supramolecular assembly and 
antibody release, Biomacromolecules (2025), https://doi.org/10.1021/acs. 
biomac.4c01296.

[129] Y. Guo, S. Wang, H. Du, X. Chen, H. Fei, Silver ion-histidine interplay switches 
peptide hydrogel from antiparallel to parallel β-assembly and enables controlled 
antibacterial activity, Biomacromolecules 20 (2018) 558–565, https://doi.org/ 
10.1021/acs.biomac.8b01480.

[130] A. Distefano, P. Corsaro, N. Tuccitto, F. Laneri, O. Monasson, E. Peroni, G. Grasso, 
Intrinsically photoluminescent hydrogels to measure peptides-copper binding 

affinities, J. Inorg. Biochem. 268 (2025) 112914, https://doi.org/10.1016/j. 
jinorgbio.2025.112914.

[131] V. Ghalehkhondabi, M. Soleymani, A. Fazlali, Synthesis of quercetin-loaded 
hyaluronic acid-conjugated pH/redox dual-stimuli responsive poly(methacrylic 
acid)/mesoporous organosilica nanoparticles for breast cancer targeted therapy, 
Int. J. Biol. Macromol. 263 (2024) 130168, https://doi.org/10.1016/j. 
ijbiomac.2024.130168.

[132] M.G. Lokesh, A.K. Tiwari, A concise review on polymer brushes and its interaction 
with surfactants: an approach towards smart materials, J. Mol. Liq. (2024) 
125168.

[133] X. Jia, Z. Dou, Y. Zhang, C. Yu, M. Yang, H. Xie, Y. Lin, Z. Liu, Application of a 
novel thermal/pH-responsive antibacterial paeoniflorin hydrogel crosslinked 
with amino acids for accelerated diabetic foot ulcers healing, Mater. Today Bio 32 
(2025) 101736, https://doi.org/10.1016/j.mtbio.2025.101736.

[134] G. Nunziata, M. Nava, E. Lacroce, F. Pizzetti, F. Rossi, Thermo-responsive 
polymer-based nanoparticles: from chemical design to advanced applications, 
Macromol. Rapid Commun. (2025) 2401127.

[135] A. Pourjavadi, F.B. Kashani, M. Doroudian, S.S. Amin, Synthesis and 
characterization of stimuli responsive micelles from chitosan, starch, and alginate 
based on graft copolymers with polylactide-poly(methacrylic acid) and 
polylactide- poly[2(dimethyl amino)ethyl methacrylate] side chains, Int. J. Biol. 
Macromol. 253 (2023) 127170, https://doi.org/10.1016/j. 
ijbiomac.2023.127170.

[136] J.L. Sánchez-Orozco, H.I. Meléndez-Ortiz, B.A. Puente-Urbina, L. Garcia- 
Uriostegui, T.A. Camacho-Villegas, P.H. Lugo-Fabres, L.A. García-Cerda, Thermo 
and pH-responsive nanocarriers based on mesocellular silica foam and poly(N- 
vinylcaprolactam-co-methacrylic acid): synthesis, characterization, and in vitro 
cytotoxicity assay, J. Drug Deliv. Sci. Technol. 98 (2024) 105849, https://doi. 
org/10.1016/j.jddst.2024.105849.

[137] T. Yasmin, A. Mahmood, M. Farooq, R.M. Sarfraz, A. Boublia, U. Rehman, M. 
U. Ashraf, J.K. Bhutto, B. Ernst, M. Albrahim, N. Elboughdiri, K.K. Yadav, M. 
A. Alreshidi, H. Ijaz, Y. Benguerba, Development and evaluation of a pH- 
responsive Mimosa pudica seed mucilage/β- cyclodextrin-co-poly(methacrylate) 
hydrogel for controlled drug delivery: in vitro and in vivo assessment, Int. J. Biol. 
Macromol. 268 (2024) 131832, https://doi.org/10.1016/j. 
ijbiomac.2024.131832.

[138] E. Proksch, pH in nature, humans and skin, J. Dermatol. 45 (2018) 1044–1052.
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