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In recent years, responsive nanomaterials have demonstrated tremendous
potential in biomedical applications due to their unique advantages in precise
drug delivery and controlled release. For complex diseases such as cancer, chronic
inflammation, and genetic disorders, traditional treatment methods are often
limited by insufficient targeting and significant side effects. Responsive
nanotechnology, by sensing specific internal or external stimuli, has significantly
enhanced the precision and efficiency of treatments. This study systematically
summarizes the technological trajectory and emerging research directions of
responsive nanomaterials through global patent and literature data, employing
main path analysis, derivative path analysis, and keyword co-occurrence analysis.
The results reveal the evolution of this field, from the optimization of early single-
stimulus-responsive nano delivery systems to the rise of theranostics integration,
followed by advancements in multi-stimuli-responsive synergistic therapies, and
finally, the innovation in biomimetic material design. Each developmental phase
has increasingly focused on adapting to complex biological environments,
achieving superior targeting performance, and enhancing therapeutic efficacy.
Keyword co-occurrence analysis highlights key research hotspots, including
biomimetic design, multimodal synergistic therapies, and emerging response
mechanisms. In the future, responsive nanomaterials are expected to play a
pivotal role in personalized medicine, multifunctional carrier design, and
complex disease management, providing novel insights and technological
support for precision medicine.
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1 Introduction

In recent years, the biomedical field has faced significant challenges in addressing
complex diseases such as cancer (Fang et al., 2020), chronic inflammation (Ma et al., 2020),
and genetic disorders. These diseases are often associated with complex pathologic
environments and multifactorial-driven processes of lesion formation. Traditional
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therapeutic approaches, such as chemotherapy and targeted drugs,
have achieved some success. However, due to the lack of selectivity
to the lesion microenvironment, their therapeutic efficiency is often
limited and accompanied by severe side effects and drug resistance
problems (Wang et al., 2024c). Consequently, achieving precise drug
delivery, controlled release, and targeted action at pathological sites
has become a central challenge in modern biomedical research.
Responsive nanomaterials (Figure 1), as a class of intelligent
materials capable of sensing specific stimuli and undergoing
functional transformations, offer highly attractive solutions to
these issues (Wang et al., 2024c).

To address these complex therapeutic demands, current
research on responsive nanomaterials primarily focuses on three
key directions. The first is the design of specific responsive
nanomaterials tailored to various stimulus signal systems. The
second involves enhancing the overall performance of responsive
nanomaterials by optimizing their structural properties or
incorporating synergistic theranostic strategies. The third is
applying the designed responsive nanomaterials to diverse
biological scenarios. Centered on these three core research

directions, responsive nanomaterials have demonstrated diverse
functionalities and extensive application potential.

Taking the tumor microenvironment as an example, responsive
nanomaterials are employed to develop pH-responsive
nanomedicine delivery systems based on the pH differences
between tumor and normal cells (the tumor microenvironment
typically has a pH range of 6.4–6.8, whereas normal blood and
tissue pH is approximately 7.4) (Guo et al., 2024). These systems
enable precise drug release in tumor-specific pH environments while
maintaining stability in normal tissue cells (Wike-Hooley et al.,
1984; Koltai, 2020; Qin et al., 2023). Similarly, leveraging the
elevated concentration of GSH in tumor cells (~2–10 mM)
compared to the extracellular environment (2–20 μM), reduction-
responsive drug carriers have been developed to regulate drug
release in the tumor microenvironment (Cui et al., 2023).
Exploiting enzyme activity and concentration gradients at tumor
sites further facilitates triggered drug release (Hu et al., 2012; de la
Rica et al., 2012; Zeng et al., 2022a). Additionally, elevated levels of
reactive oxygen species (ROS) provide precise triggering conditions
for drug release in atherosclerotic lesions (Luo et al., 2023). External

FIGURE 1
Responsive nanomaterials and stimulation means.
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stimuli-responsive nanomaterials further facilitate non-invasive
therapies (El-Sawy et al., 2018) such as photodynamic therapy
(PDT). (Cardano et al., 2018), photothermal therapy (PTT) (Lee
et al., 2015), and magnetically targeted therapy (Klostergaard and
Seeney, 2012).

To further enhance the adaptability and efficacy of responsive
nanomaterials in complex biological environments, researchers have
conducted extensive studies on design and synthesis strategies.
These efforts include the development of high-performance
materials through various preparation methods and the
integration of chemical modifications, self-assembly techniques,
and intelligent design strategies to improve drug loading capacity,
response sensitivity, and in vivo stability. Carrier materials such as
liposomes (Xue et al., 2012), micelles (Xue et al., 2012), inorganic
nanoparticles (NPs), metal and metal oxides (Yu et al., 2017), and
metal-organic frameworks (MOFs) (Pei et al., 2023; Fatima et al.,
2024) have attracted significant attention from the scientific and
medical communities due to their potential for remote-controlled
applications (Mu et al., 2019). These optimizations and advances in
therapeutic strategies have enabled responsive nanomaterials to
demonstrate significant efficacy in addressing tumors,
inflammation, and neurodegenerative diseases. For instance, Yan
proposed a GSH-responsive nanodrug delivery system for
melanoma treatment. Using a carboxymethyl chitosan carrier
combined with the chemotherapeutic drug camptothecin and the
photosensitizer Rhodamine B, this system achieved synergistic
effects of chemotherapy and PDT (Yan et al., 2024). Similarly,
CN114983930A (Zhao et al., 2022) described a ROS-responsive
brain-targeted nanogel dual-release system based on polymer
hydrogels. The system integrated ROS-responsive nanoparticles
with thermosensitive hydrogels, focusing on treating oxidative
stress-related brain disorders such as depression.

Technology trajectory refers to the development patterns or
pathways exhibited under a specific technological paradigm to
address technical challenges (Wei et al., 2024). Analyzing
technology trajectories enables researchers to uncover the
underlying logic and key milestones of technological
advancements, providing a scientific basis for achieving
innovation (Han et al., 2024). In recent years, technology
trajectory analysis has been widely applied in frontier fields such
as biomedicine and new materials. For example, Kim conducted a
main-path analysis of chromatography technology patents from
1970 to 2018, dividing the development of chromatography
technology into four stages: the first stage focused on the
development of sample injection and flow rate control systems;
the second stage introduced computer technology to achieve system
automation; the third stage aimed at improving column separation
speed and efficiency; and the fourth stage, centered on HPLC and
UPLC, enhanced system stability and separation performance (Kim
et al., 2020). The study reveals the evolutionary path of
chromatography technology, providing insights for technological
innovation and industrial upgrading. Similarly, this analytical
approach has been applied to the field of nano delivery
technologies. Wei constructed a patent citation network for
inorganic nanomaterials in cancer applications (Wei et al., 2024).
The main path analysis revealed that key technologies for inorganic
nanomaterials in cancer diagnosis and treatment include biological
detection and imaging, drug delivery, phototherapy, magnetic

hyperthermia, and radiotherapy, with a gradual shift toward
theranostics integration. Therefore, by mapping technology
trajectories, researchers can trace the origins, critical time
periods, and breakthroughs in responsive nanomaterial research,
providing scientific support for pharmaceutical enterprises or
governments in developing strategic plans and making
informed decisions.

In the past, most studies about responsive nanomaterials have
focused on literature reviews, with relatively few in-depth analyses at
the patent level. For example, Raza summarized the design and
development of various redox-responsive drug delivery systems,
including liposomes, micelles, nanoparticles, nanogels, and
prodrug-based nanomedicines, with a focus on their applications
in tumor-targeted drug delivery (Raza et al., 2018). Song
systematically reviewed recent advances in endogenous and
exogenous stimuli-responsive nanodrug delivery systems for
atherosclerosis treatment and categorized these systems into
organic, inorganic, and multifunctional composite nanodrug
delivery systems (Song et al., 2022). While literature reviews
comprehensively summarize existing research outcomes, they
often emphasize theoretical summaries and fundamental research
progress. In contrast, patent analysis offers stronger practical
application value and technological foresight. The key
information contained in patents can reveal the intrinsic logic of
technological development, technical layout, and core technological
nodes (Wang et al., 2024d). However, systematic studies leveraging
patent information to analyze innovation and evolution in the
responsive nanomaterials field from a technology trajectory
perspective remain scarce, particularly those employing main
path and derivative path methods. By analyzing the core and
branching paths of patent technologies, researchers can further
uncover overall trends in technological progress and deeply
explore the interactions and evolutionary patterns among
different technological entities. This provides valuable references
for future development in the responsive nanomaterials field.

This paper aims to systematically review the technological
evolution and application potential of responsive nanomaterials
in the biomedical field, providing a comprehensive analysis of
their current state and future trends. By integrating global patent
data, the main and derivative paths were mapped to trace the
evolution of core technologies and identify innovation directions
for key technologies. At the same time, to ensure data diversity, the
study also incorporates recent literature and employs keyword co-
occurrence analysis to generate heatmaps, uncovering research
hotspots and potential development directions. The organic
integration of patent data and literature not only offers a
multidimensional understanding of existing technological layouts
but also provides robust support for academic research on
responsive nanomaterials in the biomedical field, fostering their
clinical applications.

2 Methods

2.1 Data collection process

The data for this study comprise two parts: patent data and
literature data. The patent data was sourced from the Derwent
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Innovations Index (DII) database, where a comprehensive
screening of keywords in patent titles and abstracts (TIAB) was
conducted. We did not limit the start date of the patent data
samples and used the date of the start of the study (2 September
2024) as the end date for sample retrieval. The keywords used were
“nano” and “responsive,” combined with the International Patent
Classification (IPC) to focus on the biomedical field, specifically
IPC classification numbers A61P, A61K, C07K, C07H, C12N,
C12Q, and G01N (e.g., A61K stands for specific preparations
for medical, dental, or toiletry purposes). Literature data were
retrieved from the Web of Science Core Collection, restricted to
publications from 2023 to 2024, using the keywords “nano,” “drugs
or genes,” “delivery” and “responsive.” After manual screening and
data cleaning, a total of 4,112 patents and 963 literature records
were retained.

2.2 Main and derivative path analysis

In 1989, Hummon and Doreian first proposed the main path
analysis method, which uses citation information from academic
papers or patents to trace the evolution of major ideas in a scientific
field (Hummon and Dereian, 1989). The core concept of main path
analysis is based on a citation network perspective, treating scientific
publications or patents as nodes in a network and linking these
nodes through citation relationships to map the paths of knowledge
dissemination. Further, to address the limitations of traditional main
path analysis, which may overlook some key information,
subsequent studies improved the method. Kim and Shin
proposed the Main Path and Derivative Path Analysis method,
an extension that not only identifies primary technological
trajectories but also captures additional branching paths,
revealing a broader framework of technological development
(Kim and Shin, 2018). Therefore, patent-based analysis of the
main path and derivative path can provide a more
comprehensive depiction of the responsive nanotechnology
evolution’s multilayered structure.

2.3 Keyword co-occurrence
heatmap analysis

In 1988, Law proposed the co-occurrence analysis method,
which encompasses co-citation and co-word analyses (Law et al.,
1988). The keyword co-occurrence analysis is employed in this
study. Each published document may contain 5–6 author keywords
relevant to the paper. By constructing a keyword co-occurrence
matrix from the selected literature, a co-occurrence network can be
established. Furthermore, the network can be visualized using a
heatmap with the help of VOSviewer. In the heatmap, points
represent keywords, and their positions and distributions are
determined by the co-occurrence relationships among the
keywords. The color and brightness of the points indicate the
research intensity or concentration associated with a particular
keyword. Therefore, the heatmap based on keyword co-
occurrence analysis provides an intuitive representation of the
high-frequency keywords’ distribution and interrelations in the
responsive nanotechnology field.

3 Results and discussion

3.1 Main and derivative path analysis results

By constructing a patent citation network and visualizing it
using Pajek, the final main and derivative paths were identified (as
shown in Figure 2). Red nodes represent the main path, while blue
and green nodes indicate derivative paths. The patent information
for each path node is detailed in Table 1. Analysis reveals that
different types of responsive nanomaterials have been applied in
fields such as tumors, atherosclerosis, and cardiovascular diseases,
particularly in biological imaging and theranostics integration. The
overall development trend transitions from theranostics integration
toward combination therapy and biomimetic drug delivery systems.

3.1.1 Phase I: responsive nanodelivery systems
based on traditional optimization

The design of responsive nanocarriers is an optimization and
improvement based on traditional nanodelivery materials (Shi et al.,
2017). For example, patent US20050003016A1 introduced a
controlled-release system based on amphiphilic block copolymers
(Discher and Ahmed, 2005). The core materials, including PEG-
PLA (polyethylene glycol-polylactic acid) or PEG-PCL
(polyethylene glycol-polycaprolactone), were designed with a
hydrophilic group volume fraction of 20%–50%, resulting in the
construction of stable vesicle membranes with self-healing
properties. This system leverages the hydrolytic triggering
properties of the materials to regulate drug release rates, serving
as a classic example of early chemically responsive materials. In
comparison, patent CN101940792A focused on improving the
delivery efficiency of hydrophobic anticancer drugs. Using a thin-
film hydration method, polymer vesicles were prepared by
combining hydrophobic drugs with copolymers (e.g., PCL-b-
PEG-b-PCL) (Zhang and Song, 2011). This design not only
extended the in vivo circulation time of the nanocarriers but also
utilized the enhanced permeability and retention (EPR) effect to
achieve effective drug accumulation at tumor sites.
US20050003016A1 and CN101940792A respectively provide
unique approaches to responsive mechanisms and long-
circulation structures. The former emphasizes controlled drug
release via chemical degradation through hydrolytic
responsiveness, while the latter combines long-circulation
characteristics with the EPR effect to facilitate efficient drug
accumulation at target sites. The integration of these technologies
offers promising directions for the design of diverse responsive
nanocarriers.

In further research, patent CN104055751A developed a nano-
drug delivery system combining long circulation and targeted
synergistic effects (Shi et al., 2014). This system forms a core-
shell composite micelle through the self-assembly of PEG-b-PCL
and PCL-b-PAE-c (RGDfK) block copolymers in the aqueous
solution. By integrating the long-circulation properties of PEG
surface modification with the functionality of targeted groups, the
system successfully transitions from passive targeting based solely
on the EPR effect (e.g., CN101940792A) to a combination of passive
and active targeting. Patent CN104382851A further enhanced the
carrier’s intelligence by introducing a dual temperature- and pH-
responsive targeted drug delivery micelle (Yuan et al., 2015). This
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system utilizes the reversible phase transition of thermosensitive
polymers to enable reversible shielding and deshielding of targeting
ligands in blood circulation and tumor hyperthermia regions. In
blood circulation (pH 7.4, 37°C), the targeting ligands are shielded to
reduce mononuclear phagocyte system clearance. At tumor sites
(slightly acidic, 40°C–44°C), the ligands are deshielded to restore
activity. This reversible “shielding-deshielding” mechanism
significantly improves the carrier’s adaptability to complex
physiological environments.

In this stage of research, beyond the pH- and temperature-
responsive nanomaterials highlighted in the path analysis, other
stimuli-responsive nanomaterials, including light-responsive,
enzyme-converting, and GSH-responsive systems, have also
become research hotspots. For example, patent
KR1020140103426A developed a light-responsive nanocomposite
material based on polysaccharides and its preparation method. By
grafting HMNB (4-(4-(1-hydroxyethyl)-2-methoxy-5-
55 nitrophenoxy) butyric acid) onto polysaccharides, the system

forms a nanocomposite material capable of structural changes under
light exposure, enabling controlled drug release and targeted
delivery, particularly for tumor chemotherapy (Lee and Park,
2014). The material, with a particle size of 50–200 nm, efficiently
encapsulates drugs (e.g., paclitaxel and doxorubicin) and uses light
to trigger drug release, thereby reducing side effects and improving
therapeutic outcomes. Similarly, patent CN104152433A proposed a
glucose-responsive microtubule-kinesin transport system (Li et al.,
2014). This system assembles glucose oxidase microspheres or
microcapsules with ATP synthase, using energy generated from
glucose oxidation to control the movement of kinesin-driven
microtubules without the need for external ATP and achieving
ATP regeneration. This system exhibits glucose responsiveness,
with microtubule motion activated in glucose-rich regions and
stationary otherwise, allowing precise control over the transport
process and enabling the delivery of various substances. Patent
CN111714456A introduced a multifunctional nanovesicle drug
delivery system with both targeting and fluorescence-tracing

TABLE 1 Main and derivative path node information.

Patent
number

Title Applicant Publication
date

US20050003016A1 Controlled release polymersomes Discher Dennis E; Ahmed Fariyal 2005-1-6

CN101940792A PCL-b-PEG-b-PCL carried hydrophobic medicine polymer vesica as well
as preparation method and application thereof

Institute of Biomedical Engineering, Chinese
Academy of Medical Sciences

2011-1-12

CN104055751A Long-circulating and targeting synergistic multifunctional anti-tumor
targeting nano-drug carrier

Nankai University 2014-9-24

CN104382851A Method for preparing intelligent target medicine carrying composite
micelles

Nankai University 2015-3-4

CN109134869A Hydrogen peroxide responding type targeted fluorescent medicine-
carrying nanomaterial and preparation method

Jilin University 2019-1-4

CN110302396A Multifunctional liposome based on hydrogen peroxide response and
preparation method and application thereof

Jilin University 2019-10-8

CN103588966A Preparation method of amphiphilic copolymer for targeted
photodynamic therapy

Jiangsu University 2014-2-19

CN106589270A Preparation method of star polymer-based drug carrier material with
fluorescence labeling and temperature responsiveness

Tongji University 2017-4-26

CN112574415A Active oxygen responsive material as well as preparation method and
application thereof

Jilin University 2021-3-30

CN113201135A Preparation method and application of active-oxygen-responsive
material PAM-SH

Jilin University 2021-8-3

CN112641725A Targeted nano-micelle as well as preparation method and application
thereof

Jiangsu University 2021-4-13

CN113694023A Oxidation response type nano micelle and preparation method and
application thereof

Wuhan University Zhongnan Hospital 2021-11-26

CN116036271A A nanoprodrug for ultrasound-responsive release of nitric oxide gas and
camptothecin thereof and preparation method and application thereof

Peking University Third Hospital (Peking
University Third Clinical Medical College)

2023-5-2

CN114246861A The invention relates to a preparation method of drug-loaded
nanoparticles with shear stress response

Jilin University 2022-3-29

CN115998711A A targeted nanodrug delivery system for reversing tumor drug resistance
and its preparation method and application

China Pharmaceutical University 2023-4-25

CN114377139A Carriers, drug delivery systems and uses thereof Sichuan Academy of Medical Sciences Sichuan
Provincial People’s Hospital

2022-4-22

CN116196438A Preparation method of oxidation-responsive nanopreparations Wuhan University of Science and Technology 2023-6-2
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capabilities (Pei et al., 2020). Using mannose-functionalized pillar
[5] arenes and disulfide-bridged dicyanomethylene-4H-pyrans, the
vesicle achieves targeted transport, controlled release of anticancer
drugs, and fluorescence tracking. In high-GSH environments, the
disulfide bonds cleave, triggering drug release and activating
fluorescence tracking. This system significantly enhances
anticancer efficiency, reduces side effects, and offers a novel
approach to anticancer drug delivery and monitoring.

3.1.2 Phase II: from drug delivery to theranostics
integration

In the next stage, patent CN109134869A developed an
intelligent nanodrug delivery material with a hydrogen peroxide
(H₂O₂)-responsive mechanism (Li et al., 2019a). By reacting statin
drug precursors with oxalyl chloride, combining them with PHEMA
(polyhydroxyethyl methacrylate), and coupling macrophage-
targeting molecule ISO-1 and fluorescent polyethylene glycol via
reagents such as dicyclohexylcarbodiimide, a multifunctional
intelligent carrier was successfully constructed. This system
integrates H₂O₂ responsiveness, fluorescent visualization, and
macrophage-targeted therapy, offering a multifunctional
theranostic integration solution for atherosclerosis. For a more
precise response mechanism, patent CN110302396A developed a
multifunctional liposome based on H₂O₂-responsive, along with its
preparation method and applications (Li et al., 2019b). The
liposome, composed of phosphatidylserine and the diblock
copolymer PEG-PPS (polyethylene glycol-polypropylene sulfide),
encapsulates dual-modality probes (e.g., FITC-SiO2@Fe3O4 and
MRI) and combines H₂O₂-responsive properties to simultaneously
achieve disease imaging and drug therapy. The integration of MRI
and fluorescence imaging improves diagnostic accuracy and
enhances imaging depth. MRI imaging is particularly suitable for
accurately imaging deep lesions such as atherosclerotic plaques due
to its superior penetration ability, which compensates for the limited
penetration depth of fluorescence imaging.

During the same period, responsive nanomaterials for tumor
theranostics integration also made significant progress. Patent
CN103588966A developed an amphiphilic copolymer for targeted
photodynamic therapy and its preparation method (Dai and Wang,
2014). This method utilized porphyrin as the core, combined with
polylactic acid and lactose polymers, to produce hybrid biomaterials
composed of star-shaped polylactic acid-lactose block copolymers
via a mild RAFT (reversible addition-fragmentation chain transfer)
polymerization. By precisely controlling the molar ratio of sugar
monomers to the polylactic acid macroinitiator, the material’s
performance was significantly enhanced. The sugar molecules
specifically bind to receptor proteins on the cell surface, enabling
precise drug release at tumor sites. Although this patent
demonstrated excellent targeting and safety, its application is
limited by the light penetration depth and specific light source
requirements, making it more suitable for treating superficial
cancers such as skin cancer. To overcome these limitations, the
introduction of temperature-responsive mechanisms has provided
new pathways for treating deep-seated tumors. Patent
CN106589270A developed a temperature-responsive star-shaped
polymer drug carrier (Ren et al., 2017). This carrier was created
using ATRP (atom transfer radical polymerization) to introduce
hydrophobic biodegradable polyester chains into the star-shaped

polymer, followed by grafting with poly (2-hydroxyethyl
methacrylate) and completing fluorescent labelling through the
reaction of fluorescent small molecules with hydroxyl groups.
This design not only achieves targeted delivery to deep-seated
lesions but also integrates diagnostic and therapeutic functions,
paving new directions for tumor theranostics integration.

3.1.3 Phase III: evolution from single response,
multiple response to synergistic treatment

As previously mentioned, patent CN109134869A marks a
significant milestone in the design of responsive nanomaterials
and theranostics integration (Li et al., 2019a). This patent
introduces oxidative stress environments (H₂O₂) commonly
found in specific pathological tissues (such as tumors,
inflammation, or atherosclerotic plaques) as a trigger, offering a
more intelligent and fluorescently traceable response mechanism
compared to the widely used environmental factors like pH and
temperature. Due to these characteristics, this key development has
the potential to further expand its applications in the treatment of
atherosclerosis, tumors, and theranostics integration.

Patent CN112574415A introduces the design, synthesis, and
application of ROS-responsive materials (Ren et al., 2017). PGED
(ethylenediamine open-loop poly glycidyl methacrylate) was
synthesized via a copper chloride-catalyzed polymerization
reaction, followed by a reaction with thioacetate to yield PGED-
PPS (polyglycidyl methacrylate-polysulfide propylene), which
formed nano micelles when combined with antithrombotic drugs
(such as simvastatin). The nano micelles dissolve under ultrasonic
treatment and are subsequently obtained through dialysis,
exhibiting targeted drug-release properties. The PGED-PPS
material responds to H₂O₂ and scavenges ROS, working
synergistically with simvastatin to achieve a highly effective
antithrombotic treatment. Subsequently, Patent CN113201135A
further enhances the performance of ROS-responsive materials
by introducing a preparation method for PAM-SH and its
application (Li et al., 2021). Using PAMAM (polyamide-amine)
dendrimers as the core, PAM-SH was synthesized by incorporating
sulfhydryl (SH) groups and self-assembling with simvastatin acid
(SA) to form nanoparticles. The nanoparticles can precisely release
drugs in regions with elevated ROS concentrations, such as
atherosclerotic plaques, while simultaneously providing dual
therapeutic effects through ROS scavenging, including
antioxidant and antithrombotic actions.

From Patent CN109134869A to CN112574415A, and then to
CN113201135A, the gradual innovation and development of ROS-
responsive nanomaterials in drug delivery systems can be observed.
This technological approach has evolved from a single-response
function to a design that integrates dual and multifunctional
synergies, with each generation of patents introducing new
functions or optimizing existing properties to achieve more
precise and efficient therapeutic outcomes. This research
trajectory has also been validated in cancer therapy.

In another approach, Patent CN112641725A expands the
application of ROS-responsive nanomaterials in cancer therapy,
integrating sonodynamic therapy (Shen et al., 2021). PEG serves
as the hydrophilic shell, while PPS acts as the hydrophobic core. The
resulting amphiphilic block copolymer, PEG-PPS, self-assembles
into nanomicelles and encapsulates a sonosensitizer (such as
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hypocrellin). Under the dual action of ROS and ultrasound, the
micelles can precisely release the drug, enabling effective cancer
treatment. Patent CN113694023A provides an amphiphilic ROS-
responsive nanodrug delivery system (Deng et al., 2021). The system
connects the hydrophobic antitumor drug (such as doxorubicin) to
the nanomicelles via a thioketal linkage with mPEG (polyethylene
glycol monomethyl ether). Under sonodynamic therapy, the
sonosensitizer generates a large amount of ROS, which stimulates
the cleavage of the thiosulfonate linkage, thereby releasing
doxorubicin. This mechanism significantly improves the drug
enrichment efficiency at the tumor site and enables
spatiotemporally controlled drug release, further optimizing
cancer treatment outcomes. Patent CN116036271A continues the
breakthroughs from the previous phase of development, proposing
an ultrasound-responsive nanoprodrug system capable of
simultaneously releasing nitric oxide gas and camptothecin
(Liang et al., 2023). The system covalently links L-arginine and
camptothecin via a thioketal bond to form amphiphilic prodrug
molecules, which are then combined with a sonosensitizer. Using
ultrasonic stimulation, nitric oxide gas and camptothecin can be
precisely released at the tumor site, effectively overcoming issues of
inaccurate drug ratios and premature leakage encountered in
traditional drug delivery methods.

From Patent CN112641725A, CN113694023A, to
CN116036271A, the technological path demonstrates the
evolution from multiple-trigger responses to dual-drug synergistic
therapy. The progressively advancing designs significantly enhance
treatment precision, targeting ability, and efficacy, offering more
efficient therapeutic strategies for deep-seated and
refractory tumors.

3.1.4 Phase IV: the rise of biomimetic and other
emerging materials

Regardless of the path, the endpoint of each highlights the
innovation and application of biomimetic nanodelivery systems.
Biomimetic nanomaterials refer to nanomaterials designed and
synthesized by mimicking the structures, functions, or
mechanisms found in nature (Gareev et al., 2022; Sarrami-
Foroushani et al., 2024). Patent CN114246861A focuses on the
preparation method of shear stress-responsive drug-loaded
nanoparticles designed for the treatment of atherosclerosis (Li
et al., 2022). By synthesizing simvastatin acid (SA) and forming
an SA-PEI drug carrier with modified PEI (polyethyleneimine), the
system is then electrostatically adsorbed onto the surface of red
blood cells (RBCs), resulting in the SA-PEI@RBCs biomimetic drug
delivery system. This system takes advantage of the interaction
between the negative charge of RBCs and the drug-loaded
particles, enabling the specific release of drugs in the high-shear
stress environment of AS plaques, thereby enhancing local
therapeutic effects and reducing toxicity to healthy tissues. The
new physical triggering mechanism not only improves the drug’s
biocompatibility and long circulation time but also effectively
mitigates the side effects of SA. Patent CN115998711A further
advances this technology by proposing a targeted nanodelivery
system for reversing tumor drug resistance, which is constructed
by physically encapsulating a bionic-type drug delivery carrier with a
drug to form a shell-and-core-type nano-complex, and then binding
it to the surface of a living cell by electrostatic action (Wang et al.,

2023). The carriers used were lipoprotein nanoparticles, which could
efficiently encapsulate etoposide platinum and bind to
polydimethyldiguanide through electrostatic action to form a self-
assembled complex to enhance the drug delivery efficiency. In
another approach, patent CN114377139A describes a biomimetic
carrier for melanoma chemotherapeutic immunotherapy (Zhang
and Li, 2022). This carrier is composed of sulfated skin mucin and
thioketone compounds, with the former mimicking extracellular
matrix or specific cell characteristics and demonstrating excellent
melanoma targeting, while the latter responds to ROS. Furthermore,
this carrier integrates immune therapy elements, inducing
immunogenic cell death (ICD) of tumor cells through
chemotherapy agents such as doxorubicin, thereby activating the
body’s immune system and generating a multimodal synergistic
anticancer effect. The analysis of these patents reveals the enormous
potential of biomimetic nanodelivery systems in responsive design,
targeted therapy, and multimodal synergistic treatments. Their
innovation and applicability provide broad solutions for precision
medicine in the treatment of complex diseases.

Furthermore, the application of MOFs in responsive
nanomaterials is also noteworthy. Patent CN116196438A
presents a preparation method for an oxidation-responsive
nanomedicine formulation (Peng et al., 2023). Using a
hydrothermal synthesis approach, ROS-sensitive ligand HOOC-
TK-COOH is coordinated with Fe and Cu ions to form double-
metal coordination of MOFs nanoparticles (FCT MOFs), within
which coked magnesium chlorophyll a (ppa) and in situ generated
MnO2 (manganese dioxide) are encapsulated. This design enhances
the generation of ROS, allowing the nanomedicine to rapidly
degrade and release Mn/Fe/Cu ions and ppa, thereby alleviating
the tumor hypoxic environment and effectively enhancing the
synergistic effects of chemical dynamic therapy and sonodynamic
therapy. The innovation of this material not only extends the
application of MOFs in responsive nanodrug delivery but also
offers a new approach for the precise treatment of complex
diseases through multimodal responsive properties.

The analysis of the main and derivative paths clearly reveals the
logical development and evolutionary trends of responsive
nanomaterial technologies. From early nano delivery systems
optimized using traditional methods to the integration of drug
delivery and theranostics integration, to the exploration of
multiple responses and synergistic treatments, and finally, to the
rise of emerging nanodrug delivery systems such as biomimetic
systems, the technology continues to advance toward precision,
multifunctionality, and intelligence. Throughout this process, the
diversification of responsive mechanisms—such as pH, hydrolysis,
H₂O₂, and ROS—constantly drives material design to be more
efficient and better suited to the complex biological environment.
The introduction of MOFs has also showcased their potential in
drug delivery, controlled release, and therapeutic synergy. Each stage
of technological innovation has expanded and optimized the
functionalities of the materials involved. Overall, the evolution of
responsive nanomaterial technologies reflects a gradual deepening
from basic concepts to multidimensional functional integration,
with broad application prospects in cancer treatment,
cardiovascular diseases, and theranostics integration. In the
future, as biomimetic features and intelligent materials are
further combined, and multimodal diagnostic and therapeutic
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technologies are expanded, responsive nanomaterials are expected
to create new possibilities in the field of precision medicine, offering
personalized and systematic solutions for the treatment of more
complex diseases.

3.2 Keyword heatmap analysis

Through a co-occurrence network analysis of keywords in the
literature from 2023 to 2024, the generated heatmap (as shown in
Figure 3) not only compensates for the limitations of individual
studies but also supplements the key information that was not
reflected in the main path analysis due to its inherent lag (Jee
et al., 2019). The heatmap reveals additional research directions in
the field beyond materials, responsive mechanisms, and preparation

methods, such as functional expansion and multimodal
applications.

3.2.1 Innovation in emerging materials
Keywords such as “Biomimetic,” “Polydopamine,” and

“Injectable Hydrogel” in the heatmap highlight the rapid
development trends in biomimetic design and novel materials.
This is a point where the scientific literature coincides with and
is more nuanced than the technology pathway. For instance, Zhou’s
study developed a biomimetic nanodrug delivery system, Rapa@
TLNVs, which fuses M2 macrophage membranes with ROS-
sensitive thioketal lipids to load rapamycin (Rapa) (Zhou et al.,
2024). This system targets atherosclerotic plaques and responsively
releases Rapa in a high oxidative stress environment to inhibit
inflammation, reduce foam cell formation, and significantly

FIGURE 2
Technological trajectory of responsive nanomaterials on main and derivative path analysis.
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decrease inflammation and lipid deposition in ApoE−/− mice,
improving plaque stability. Polydopamine, as a biomimetic
coating material, not only enhances the surface stability of
nanocarriers but also enables smart drug release through
mechanisms such as ROS- and pH-responsive (Liu et al., 2023a;
Saraf et al., 2023). Injectable hydrogels, with their three-dimensional
network structure resembling the extracellular matrix, demonstrate
superior performance in local inflammation and tumor treatment
(Jia et al., 2024).

Additionally, novel materials such as mesoporous silica, MOFs,
magnetic nanoparticles, and graphene have significantly advanced
the functional expansion of responsive nanotechnology. For
instance, Wu proposed a multilayer pH-responsive nanodrug
delivery system (CDs-CS/HMSNs@DOX), using hollow
mesoporous silica nanoparticles as carriers to load doxorubicin
(Wu et al., 2024). The system employs non-covalent bonding
with chitosan and carboxylated carbon dots to achieve long
circulation time, efficient internalization, and precise drug release.
In the tumor’s acidic microenvironment, the release of CDs causes a
charge reversal, and the expansion of chitosan combined with the
exposure of mesopores promotes drug release, while fluorescence
recovery enables real-time monitoring. Fang developed a
multifunctional targeting nanoplatform (DOX/Au-Apt@ZIF-8)
based on the MOF (ZIF-8), combining doxorubicin, the
AS1411 aptamer, and gold nanorods to achieve a synergistic anti-
tumor effect through chemotherapy, targeting, and photothermal
therapy (Fang et al., 2024). ZIF-8 offers excellent pH responsiveness
and stability, exhibiting efficient tumor suppression and low toxicity

under near-infrared light, providing an innovative solution for
breast cancer treatment. Işıklan created a multifunctional
composite material (SA-g-PHPM/mGO/EPS) based on graphene
andmagnetic nanoparticles, which, by combining photothermal and
magnetic field responsiveness, significantly enhances the release
efficiency of etoposide (Işiklan et al., 2024). These innovative
materials not only optimize anti-cancer efficacy but also open
new avenues for multi-drug combination therapy and gene delivery.

3.2.2 Intelligent mechanism design and
optimization of synergies

The keywords “pH-Responsive” and “ROS-Responsive” in the
heatmap highlight the diversification of responsive mechanisms.
These mechanisms have long been a research hotspot in the field of
responsive nanomaterials. Recent studies have focused on their
ability to release anticancer drugs in specific environments to
induce other forms of cell death, such as “ferroptosis” (Liu et al.,
2023b). Ferroptosis is a form of cell death characterized by iron ion
metabolic abnormalities, and it interacts uniquely with the drug
resistance of tumor cells (Tian et al., 2024). Tong designed pH-
responsive nanocarrier, HDP (hyperbranched polyglycerol), to
overcome NRF2-mediated ferroptosis resistance through the co-
delivery of sorafenib and siNRF2 (Tong et al., 2024). The HDP-ss
nanoplatform synergistically induces ROS generation, iron overload,
and GSH depletion, significantly enhancing the ferroptosis effect. In
animal experiments, this platform achieved about a 94% tumor
suppression rate, providing a new solution to overcome drug
resistance in liver cancer therapy.

FIGURE 3
Keyword heatmap of responsive nanomaterials literature.
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In addition to single responses, the co-occurrence of keywords
like “photothermal therapy,” “combination therapy,” and “dual-
responsive” in the heatmap is noteworthy. This pattern aligns with
the trends in the technical path, indicating that current research
tends to combine various therapeutic approaches. For instance, Pal
developed a multifunctional nanoplatform based on copper sulfide
(CuS) (Pal et al., 2023). The CuS nanosheets, prepared by
precipitating Cu2⁺ with H₂S, have near-infrared absorption
properties, making them suitable for photothermal therapy. The
nanosheet surface is coated with polydopamine and chitosan,
targeting breast cancer cells via folic acid and encapsulating drug
5-fluorouracil to achieve a synergistic effect between chemotherapy
and photothermal therapy. Additionally, other external physical
stimuli, such as “ultrasound,” are widely researched as auxiliary
therapeutic technologies in this field. Ultrasound can enhance the
accumulation of nanomaterials at target sites and increase drug
release rates under external control, improving treatment precision.
It has been applied in ultrasound-responsive drug delivery and
sonodynamic therapy (Yang et al., 2024; Tang et al., 2024; Chen
et al., 2022).

3.2.3 Clinically relevant research
Keywords in the heatmap, such as “Cancer Therapy,”

“Immunotherapy,” and “Gene Therapy,” clearly reflect the
clinical application trends of responsive nanomaterials in cancer
treatment. In particular, studies on refractory cancers such as breast
cancer (Ghalehkhondabi et al., 2023; Xu et al., 2023), melanoma
(Yan et al., 2024), pancreatic cancer (Rezaei et al., 2023; Tang et al.,
2024), and lung cancer (Pei et al., 2024) show that responsive
nanomaterials demonstrate significant therapeutic advantages
(Xiao et al., 2023; Wang et al., 2024c). For example, the
combination of photothermal therapy and chemotherapy
significantly improves the precision of drug delivery and
therapeutic effects (Sun et al., 2023). When combined with
immunotherapy, responsive nanomaterials activate the body’s
immune system by inducing ICD, achieving a multimodal
synergistic anticancer effect between chemotherapy and
immunotherapy (Ashrafizadeh et al., 2023). Additionally, gene
therapy, as an emerging cancer treatment approach, uses specific
gene fragments or siRNA to inhibit cancer cell growth or enhance
the effects of chemotherapy drugs. Responsive nanomaterials
provide efficient carriers for gene therapy (Ebrahimi et al., 2023).
Nanomaterials not only protect the stability of gene fragments
during delivery but also ensure their release in specific tumor
environments through responsive mechanisms, thereby
improving the precision of treatment (Shamaeizadeh et al., 2024).

The application of responsive nanomaterials in non-oncological
diseases has been steadily advancing. For instance, in the treatment
of inflammatory diseases such as inflammatory bowel disease (IBD),
responsive nanocarriers facilitate the targeted delivery of anti-
inflammatory drugs, significantly reducing systemic toxicity while
enhancing the therapeutic effect at the local lesions (Long et al.,
2024a). For instance, Wang has designed an oral ROS-responsive
drug delivery system targeting the inflamed colon in IBD based on
the pH and elevated ROS levels at the site of inflammation (Wang
et al., 2024a). In the treatment of atherosclerosis, responsive
nanomaterials provide a precise and systematic therapeutic
approach by alleviating local oxidative stress and inflammation,

thus offering a targeted treatment for cardiovascular diseases (Wang
et al., 2024b). Furthermore, research into multi-drug resistance has
demonstrated significant clinical translation potential. Responsive
nanocarriers, using intelligent delivery strategies, not only overcome
the barriers posed by drug-resistant cells but also effectively increase
the drug concentration at the lesion site (Xiao et al., 2023). These
studies offer critical support for disease management and
precision medicine.

Compared to the analysis of the technological path, the keyword
heatmap provides a more focused view of niche areas, revealing the
diversity and innovation in the current research on responsive
nanomaterials. Hot topics such as biomimetic design, novel
responsive mechanisms, and multimodal synergistic therapy are
more precisely represented in the heatmap. At the same time, the
heatmap also reflects the broadening clinical applications of
responsive nanomaterials. Keywords like “Gene Therapy,”
“Immunotherapy,” and “Cancer Therapy” indicate the expanding
scope of responsive nanomaterials. Research on the treatment of
non-oncological diseases, such as IBD and ischemic stroke, also
receives attention, demonstrating its diverse potential in precision
medicine. Compared to the main path analysis, the heatmap, by
revealing research hotspots in these specialized fields, provides more
specific guidance for the future development of responsive
nanomaterials in personalized healthcare, complex disease
management, and clinical translation.

3.3 Progress in clinical trials

In the clinical field, responsive nanomaterials achieve precise
drug release and targeted therapy through specific stimulus
mechanisms, significantly enhancing therapeutic effects and
reducing side effects. These nanomaterials primarily include
temperature-responsive, light-responsive, pH-responsive,
magnetic field-responsive, and multi-responsive types. For
example, PDT, a clinically approved cancer treatment method
with over 40 years of history, is applicable to various cancers
such as superficial skin lesions, esophageal tumors, and lung
tumors. Hundreds of photosensitizers, including porphyrins,
dihydroporphyrins, and phthalocyanine derivatives, have been
utilized in clinical or preclinical applications (Zeng et al., 2020).
The U.S. Food and Drug Administration has approved methyl
Aminolevulinate (Picard et al., 2017) and 5-Aminolevulinic Acid
(Chi et al., 2020) for the treatment of actinic keratosis, basal cell
carcinoma, and squamous cell carcinoma; Radachlorin has been
approved by the Ministry of Health of the Russian Federation for the
treatment of skin cancer (Shi and Sadler, 2020); and the European
Medicines Agency has approved Temoporfin for the palliative
treatment of advanced head and neck squamous cell carcinoma
(van Doeveren et al., 2018).

Additionally, the pH-responsive nanomaterial Doxil
encapsulates doxorubicin within polyethylene glycol-modified
liposomes, enabling slow drug release in the acidic tumor
microenvironment. Doxil has been approved for the treatment of
ovarian cancer, lymphoma, and breast cancer, significantly reducing
cardiotoxicity and other systemic side effects (Barenholz, 2012). The
magnetic field-responsive nanomaterial Ferumoxytol has been
approved by the FDA for the treatment of anemia and shows
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promising potential in tumor diagnosis and targeted therapy (Long
et al., 2024b). Enzyme-responsive nanomaterials, such as silicasome
nanoparticles, release drugs in response to tumor-specific enzymes
and are currently in the early stages of clinical trials, demonstrating
good drug delivery efficiency and safety (Vaghasiya et al., 2021).
Multi-responsive nanomaterials combine various response
mechanisms; for example, polymeric micelles disassemble to
release drugs in response to pH and temperature changes, while
lipid nanoparticles facilitate mRNA release in specific intracellular
environments for gene therapy or vaccine delivery, accumulating
substantial clinical trial data (Pardi et al., 2018). Overall, responsive
nanomaterials currently undergoing clinical trials are widely applied
in cancer treatment and other disease management throughmultiple
response mechanisms, greatly advancing the development of
personalized and precision medicine. With the continuous
advancements in nanotechnology and biomedical engineering, it
is anticipated that more innovative responsive nanomaterials will
enter clinical applications in the future, further optimizing disease
treatment regimens and improving patients’ quality of life.

4 Limitations and challenges in the field
of responsive nanomaterials

Despite the tremendous potential of responsive nanomaterials in
the biomedical field, their development and application still face
numerous challenges and limitations. Firstly, when designing drug
delivery systems, it is imperative to prioritize the biocompatibility,
biodegradability, non-toxicity of the nanomaterials, and their ability
to be safely cleared from the body (Leite et al., 2015). Individual
differences and the heterogeneity and dynamic changes of the tumor
microenvironment often significantly affect the responsiveness of
the materials and the efficiency of drug release. Concurrently,
physiological barriers such as the blood-brain barrier can reduce
their precision in delivering drugs to specific tissues or diseases.
Taking enzyme-responsive nanomaterials as an example, there are
notable physiological and tumor microenvironment differences
between animal models and human models in preclinical
biosafety evaluations, complicating their clinical translation (Cao
et al., 2019). Furthermore, in scenarios involving high doses or long-
term use of nanomaterials, there is currently insufficient clinical data
to confirm their absolute safety. Additionally, the slow or incomplete
metabolic processes of nanomaterials may lead to cumulative
damage (Wadhawan et al., 2024). For instance, in phototherapy,
the short-term and long-term toxicity risks associated with light-
triggered molecular delivery cannot be overlooked. Uncontrolled
explosive release of drugs from nanocarriers can often result in acute
toxicity issues. Overall, while responsive nanomaterials hold
significant promise for advancing personalized and precision
medicine, addressing these limitations and challenges is crucial
for their successful translation from the laboratory to clinical
applications (Fernández and Orozco, 2021).

In addition to the complexity of the nanomaterials themselves,
industry regulations and safety considerations also pose critical
challenges. The clinical application of responsive nanomaterials
must undergo rigorous regulatory review and approval. However,
regulatory standards vary across different countries and regions, and
existing regulations may not comprehensively address the

characteristics of these emerging materials, thereby adding extra
difficulties to their commercialization and international promotion.
Therefore, future research should focus on selecting nanomaterials
that possess excellent properties such as biocompatibility,
biodegradability, and non-toxicity for designing drug delivery
systems. Furthermore, by conducting more in-depth studies and
clinical trials, the translation and application of these materials can
be accelerated, thereby truly leveraging the advantages of responsive
nanomaterials in precision medicine (Zeng et al., 2022b).

5 Conclusion

Responsive nanomaterials, as an intelligent andmultifunctional drug
delivery and therapeutic platform, have demonstrated significant
application potential in the biomedical field. This paper systematically
summarizes the technological development trajectory and recent
research hotspots in this field through patent and literature data,
combined with analysis of main and derivative path and keyword
co-occurrence analysis. The study shows that the development of
responsive nanomaterials has evolved from single-stimulus responsive
delivery systems to theranostics integration and then to multimodal
synergistic therapies and biomimetic designs. Early research primarily
focused on optimizing the stimulus responsiveness of traditional
nanomaterials, such as pH, hydrolysis, and GSH mechanisms, to
enhance the precision and targeting of drug delivery. With the
introduction of new mechanisms like H₂O₂ and ROS, research
gradually shifted toward theranostics integration, as well as
multimodal synergistic treatment, driving innovative applications of
nanomaterials in disease imaging, targeted therapy, and functional
integration. Additionally, biomimetic design, by mimicking natural
systems, has improved the biocompatibility and adaptability of
materials, expanding their potential applications. The keyword co-
occurrence analysis further refines the research hotspots, highlighting
key directions such as emergingmaterials, novel responsivemechanisms,
and multimodal synergistic therapy while also demonstrating the broad
prospects of responsive nanomaterials in clinical applications.

In the future, the development of responsive nanomaterials should
focus on the deep integration of multiple response mechanisms and
biomimetic design, aiming to develop nanomaterials with multi-
responsiveness. This approach is intended to adapt to complex and
variable biological environments, thereby enhancing drug delivery
efficiency and reducing side effects. Simultaneously, through in-
depth biomimetic design that mimics the structures and functions of
natural systems, the biocompatibility and targeting capabilities of
nanomaterials can be improved. The combination of such
optimization and biomimetic design will lay the foundation for
providing more precise and efficient therapeutic solutions.

Furthermore, advanced analytical methods and intelligent
technologies play a crucial role in the design and optimization of
responsive nanomaterials. Technologies such as big data analysis,
machine learning, and artificial intelligence can significantly
enhance research and development efficiency and success rates.
Through high-throughput screening and predictive modeling,
researchers can rapidly identify and optimize materials with
specific responsive characteristics. For example, machine learning
algorithms can analyze large volumes of experimental data to
uncover potential relationships between material structures and
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their properties, thereby guiding the design and synthesis of new
materials. Additionally, constructing comprehensive databases of
responsive materials and knowledge graphs can associate and
integrate different types of data, promote interdisciplinary
collaboration, and discover new research trends and potential
synergistic effects. This integration of data resources not only
accelerates the material development process but also provides
rich references and support for innovative nanomaterial design.

Finally, strengthening the integration of basic research and clinical
practice is a key step in promoting the translation of responsive
nanomaterials from the laboratory to clinical applications.
Establishing standardized production and quality control processes,
addressing issues related to large-scale production and regulatory
compliance, is fundamental to ensuring the safe and effective
application of nanomaterials in actual medical settings.
Concurrently, designing personalized responsive nanomaterials by
incorporating patients’ genetic, metabolic, and disease characteristics
can achieve precision therapy. This approach not only significantly
improves therapeutic outcomes but also reduces adverse reactions
caused by individual differences, thereby advancing the development
of personalized medicine. Moreover, through close collaboration with
clinical physicians and medical institutions, nanomaterial
technologies can be better applied to actual medical needs,
promoting their widespread application in areas such as cancer
treatment and chronic disease management. In summary, the
future development of responsive nanomaterials requires
multifaceted collaborative efforts. By deeply integrating multiple
response mechanisms and biomimetic design, applying advanced
technologies, integrating data resources, and closely combining
basic research with clinical practice, the broad application of
responsive nanomaterials in the medical field can be achieved,
leading to more precise and efficient therapeutic solutions.

Author contributions

XL: Supervision, Visualization, Writing–original draft. HY:
Supervision, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Shanghai Center for Drug Evaluation and
Inspection under the project “Control Strategy and Regulatory
Consideration of Pharmaceutical and Pharmaceutical
Combination Products Based on Patent Technology Trajectory”
(No. 2222430097).

Acknowledgments

We thank all contributing authors and reviewers for their work
and dedication to this review.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ashrafizadeh, M., Zarrabi, A., Bigham, A., Taheriazam, A., Saghari, Y., Mirzaei, S.,
et al. (2023). Nano platforms in breast cancer therapy: drug/gene delivery, advanced
nanocarriers and immunotherapy. Med. Res. Rev. 43, 2115–2176. doi:10.1002/med.
21971

Barenholz, Y. (2012). Doxil® — the first FDA-approved nano-drug: lessons learned.
J. Control Release 160, 117–134. doi:10.1016/j.jconrel.2012.03.020

Cao, M., Lu, S., Wang, N., Xu, H., Cox, H., Li, R., et al. (2019). Enzyme-triggered
morphological transition of peptide nanostructures for tumor-targeted drug delivery
and enhanced cancer therapy. ACS Appl. Mater Interfaces 11, 16357–16366. doi:10.
1021/acsami.9b03519

Cardano, F., Frasconi, M., and Giordani, S. (2018). Photo-responsive graphene and
carbon nanotubes to control and tackle biological systems. Front. Chem. 6, 102. doi:10.
3389/fchem.2018.00102

Chen, T., Zeng, W., Tie, C., Yu, M., Hao, H., Deng, Y., et al. (2022). Engineered gold/
black phosphorus nanoplatforms with remodeling tumor microenvironment for
sonoactivated catalytic tumor theranostics. Bioact. Mater 10, 515–525. doi:10.1016/j.
bioactmat.2021.09.016

Chi, Y. F., Qin, J. J., Li, Z., Ge, Q., and Zeng, W. H. (2020). Enhanced anti-tumor
efficacy of 5-aminolevulinic acid-gold nanoparticles-mediated photodynamic therapy
in cutaneous squamous cell carcinoma cells. Braz J. Med. Biol. Res. 53, e8457. doi:10.
1590/1414-431x20208457

Cui, C. Y., Li, B., and Su, X. C. (2023). Real-time monitoring of the level and activity of
intracellular Glutathione in live cells at atomic resolution by (19)F-nmr. ACS Cent. Sci.
9, 1623–1632. doi:10.1021/acscentsci.3c00385

Dai, X., and Wang, Z. (2014). Preparation method of amphiphilic copolymer for
targeted photodynamic therapy.

DE LA Rica, R., Aili, D., and Stevens, M. M. (2012). Enzyme-responsive nanoparticles for
drug release and diagnostics.Adv. DrugDeliv. Rev. 64, 967–978. doi:10.1016/j.addr.2012.01.002

Deng, K., Liao, X., Zhou, J., Wu, B., Long, Q., and Huang, S. (2021). Oxidation
response type nano micelle and preparation method and application thereof.

Discher, D., and Ahmed, F. (2005). Controlled release polymersomes. Patents: Google.

Ebrahimi, N., Manavi, M. S., Nazari, A., Momayezi, A., Faghihkhorasani, F., Rasool
Riyadh Abdulwahid, A. H., et al. (2023). Nano-scale delivery systems for siRNA delivery
in cancer therapy: new era of gene therapy empowered by nanotechnology. Environ.
Res. 239, 117263. doi:10.1016/j.envres.2023.117263

EL-Sawy, H. S., AL-Abd, A. M., Ahmed, T. A., EL-Say, K. M., and Torchilin, V. P.
(2018). Stimuli-responsive nano-architecture drug-delivery systems to solid tumor
micromilieu: past, present, and future perspectives. ACS Nano 12, 10636–10664.
doi:10.1021/acsnano.8b06104

Fang, T., Duan, Z., Wan, N., Zuo, X., Pan, Z., Zhang, W., et al. (2024). Gold-aptamer-
modified metal–organic framework drug delivery nanosystems for combined

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Liu and Yuan 10.3389/fbioe.2025.1539991

https://doi.org/10.1002/med.21971
https://doi.org/10.1002/med.21971
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1021/acsami.9b03519
https://doi.org/10.1021/acsami.9b03519
https://doi.org/10.3389/fchem.2018.00102
https://doi.org/10.3389/fchem.2018.00102
https://doi.org/10.1016/j.bioactmat.2021.09.016
https://doi.org/10.1016/j.bioactmat.2021.09.016
https://doi.org/10.1590/1414-431x20208457
https://doi.org/10.1590/1414-431x20208457
https://doi.org/10.1021/acscentsci.3c00385
https://doi.org/10.1016/j.addr.2012.01.002
https://doi.org/10.1016/j.envres.2023.117263
https://doi.org/10.1021/acsnano.8b06104
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1539991


photothermal/chemotherapy of cancer. ACS Appl. Nano Mater. 7, 12129–12141. doi:10.
1021/acsanm.4c02074

Fang, Z., Pan, S., Gao, P., Sheng, H., Li, L., Shi, L., et al. (2020). Stimuli-responsive
charge-reversal nano drug delivery system: the promising targeted carriers for tumor
therapy. Int. J. Pharm. 575, 118841. doi:10.1016/j.ijpharm.2019.118841

Fatima, S. F., Sabouni, R., Husseini, G., Paul, V., Gomaa, H., and Radha, R. (2024).
Microwave-responsive metal-organic frameworks (MOFs) for enhanced in vitro
controlled release of doxorubicin. Nanomater. (Basel) 14, 1081. doi:10.3390/
nano14131081

Fernández, M., and Orozco, J. (2021). Advances in functionalized photosensitive
polymeric nanocarriers. Polymers 13, 2464. doi:10.3390/polym13152464

Gareev, K. G., Grouzdev, D. S., Koziaeva, V. V., Sitkov, N. O., Gao, H., Zimina, T. M.,
et al. (2022). Biomimetic nanomaterials: diversity, technology, and biomedical
applications. Nanomater. (Basel) 12, 2485. doi:10.3390/nano12142485

Ghalehkhondabi, V., Fazlali, A., and Soleymani, M. (2023). Temperature and pH-
responsive PNIPAM@PAA nanospheres with a core-shell structure for controlled
release of doxorubicin in breast cancer treatment. J. Pharm. Sci. 112, 1957–1966.
doi:10.1016/j.xphs.2023.04.009

Guo, J., Qiu, Y., Zhang, J., Xue, C., and Zhu, J. (2024). A review on polysaccharide-
based delivery systems for edible bioactives: pH responsive, controlled release, and
emerging applications. Int. J. Biol. Macromol. 291, 139178. doi:10.1016/j.ijbiomac.2024.
139178

Han, F., Yoon, S., Raghavan, N., Yang, B., and Park, H. (2024). Technological
trajectory in fuel cell technologies: a patent-based main path analysis. Int.
J. Hydrogen Energy 50, 1347–1361. doi:10.1016/j.ijhydene.2023.10.274

Hu, J., Zhang, G., and Liu, S. (2012). Enzyme-responsive polymeric assemblies,
nanoparticles and hydrogels. Chem. Soc. Rev. 41, 5933–5949. doi:10.1039/c2cs35103j

Hummon, N. P., and Dereian, P. (1989). Connectivity in a citation network: the
development of DNA theory. Soc. Netw. 11, 39–63. doi:10.1016/0378-8733(89)
90017-8

Işiklan, N., Geyik, G., and Güncüm, E. (2024). Alginate-based bio-nanocomposite
reinforced with poly(2-hydroxypropyl methacrylamide) and magnetite graphene oxide
for delivery of etoposide and photothermal therapy. Mater. Today Chem. 41, 102323.
doi:10.1016/j.mtchem.2024.102323

Jee, S. J., Kwon, M., Ha, J. M., and Sohn, S. Y. (2019). Exploring the forward citation
patterns of patents based on the evolution of technology fields. J. Inf. 13, 100985. doi:10.
1016/j.joi.2019.100985

Jia, M., Zhou, X., Li, P., and Zhang, S. (2024). An injectable biomimetic hydrogel
adapting brain tissue mechanical strength for postoperative treatment of glioblastoma
without anti-tumor drugs participation. J. Control Release 373, 699–712. doi:10.1016/j.
jconrel.2024.07.068

Kim, K.-I., Xu, Y., and Pak, C.-J. (2020). Technological development trajectory of
chromatography: main path analysis based on patent citation network. SN Appl. Sci. 2,
2095. doi:10.1007/s42452-020-03946-x

Kim, J., and Shin, J. (2018). Mapping extended technological trajectories: integration
of main path, derivative paths, and technology junctures. Scientometrics 116,
1439–1459. doi:10.1007/s11192-018-2834-3

Klostergaard, J., and Seeney, C. E. (2012). Magnetic nanovectors for drug delivery.
Nanomedicine 8 (Suppl. 1), S37–S50. doi:10.1016/j.nano.2012.05.010

Koltai, T. (2020). The Ph paradigm in cancer. Eur. J. Clin. Nutr. 74, 14–19. doi:10.
1038/s41430-020-0684-6

Law, J., Bauin, S., Courtial, J. P., and Whittaker, J. (1988). Policy and the mapping of
scientific change: a co-word analysis of research into environmental acidification.
Scientometrics 14, 251–264. doi:10.1007/bf02020078

Lee, E., and Park, S. (2014). Photoresponsive nanocomplex for drug delivery and
preparation method thereof.

Lee, J., Park, H., and Kim, W. J. (2015). Nano “chocolate waffle” for near-IR
responsive drug releasing system. Small 11, 5315–5323. doi:10.1002/smll.201403228

Leite, P. E., Pereira, M. R., and Granjeiro, J. M. (2015). Hazard effects of nanoparticles
in central nervous system: searching for biocompatible nanomaterials for drug delivery.
Toxicol Vitro 29, 1653–1660. doi:10.1016/j.tiv.2015.06.023

Liang, X., Wang, Y., and Tang, Q. (2023). A nanoprodrug for ultrasound-responsive
release of nitric oxide gas and camptothecin thereof and preparation method and
application thereof.

Li, J., Jia, Y., Feng, X., Dong, W., and Li, J. (2014). Glucose response microtubule-
kinesin transport system and preparation method thereof.

Liu, J., Guo, C., Li, C., Jia, Q., Xie, Z., Wang, Z., et al. (2023a). Redox/pH-responsive
hollow manganese dioxide nanoparticles for thyroid cancer treatment. Front. Chem. 11,
1249472. doi:10.3389/fchem.2023.1249472

Liu, Q., Zhao, Y., Zhou, H., and Chen, C. (2023b). Ferroptosis: challenges and
opportunities for nanomaterials in cancer therapy. Regen. Biomater. 10, rbad004. doi:10.
1093/rb/rbad004

Li, Y., Fang, C., Wang, S., and Zhao, W.-O. (2019a). Hydrogen peroxide responding
type targeted fluorescent medicine-carrying nanomaterial and preparation method.

Li, Y., Li, S., Yu, Y., Zhu, E., Yao, S., Shen, M., et al. (2019b). Multifunctional liposome
based on hydrogen peroxide response and preparation method and application thereof.

Li, Y., Shen, M., Li, S., Yao, S., Wu, X., and Liu, S. (2022). The invention relates to a
preparation method of drug-loaded nanoparticles with shear stress response.

Li, Y., Shen, M., Liu, S., Wu, X., Li, S., and Yao, S. (2021). Preparation method and
application of active-oxygen-responsive material PAM-SH.

Long, J., Liang, X., Ao, Z., Tang, X., Li, C., Yan, K., et al. (2024a). Stimulus-responsive
drug delivery nanoplatforms for inflammatory bowel disease therapy. Acta Biomater.
188, 27–47. doi:10.1016/j.actbio.2024.09.007

Long, M., Li, Y., He, H., and Gu, N. (2024b). The story of Ferumoxytol: synthesis
production, current clinical applications, and therapeutic potential. Adv. Healthc. Mater
13, e2302773. doi:10.1002/adhm.202302773

Luo, T., Zhang, Z., Xu, J., Liu, H., Cai, L., Huang, G., et al. (2023). Atherosclerosis
treatment with nanoagent: potential targets, stimulus signals and drug delivery
mechanisms. Front. Bioeng. Biotechnol. 11, 1205751. doi:10.3389/fbioe.2023.1205751

Ma, B., Xu, H., Zhuang, W., Wang, Y., Li, G., and Wang, Y. (2020). Reactive oxygen
species responsive theranostic nanoplatform for two-photon aggregation-induced
emission imaging and therapy of acute and chronic inflammation. ACS Nano 14,
5862–5873. doi:10.1021/acsnano.0c01012

Mu, X., Gan, S., Wang, Y., Li, H., and Zhou, G. (2019). Stimulus-responsive vesicular
polymer nano-integrators for drug and gene delivery. Int. J. Nanomedicine 14,
5415–5434. doi:10.2147/ijn.s203555

Pal, K., Mahato, P., Singh, S., and Roy, P. (2023). NIR-responsive 5-Fluorouracil
delivery using polydopamine coated polygonal CuS nanoplates for synergistic chemo-
photothermal therapy on breast cancer. J. Drug Deliv. Sci. Technol. 80, 104092. doi:10.
1016/j.jddst.2022.104092

Pardi, N., Hogan, M. J., Porter, F. W., and Weissman, D. (2018). mRNA vaccines - a
new era in vaccinology. Nat. Rev. Drug Discov. 17, 261–279. doi:10.1038/nrd.2017.243

Pei, Y., Liu, M., He, C., Chen, H., Li, J., Zhang, L., et al. (2024). Application of pH and
hyaluronidase dual-responsive mesoporous carbon nitride nano-drug delivery system
for chemodynamic therapy and chemotherapy combination therapy of non-small cell
lung cancer. Appl. Mater. Today 41, 102469. doi:10.1016/j.apmt.2024.102469

Pei, Z., Chao, S., Pei, H., Pei, Y., and Shen, Z. (2020). Targeted and fluorescence
tracing stimulation-responsive multifunctional nano-vesicle drug-loading system.

Pei, Z., Yang, Z., Yuxin, P., Dong, J., and Chao, S. (2023). Multifunctional nanodrug
delivery system with GSH-responsive degradation using Mn-MOFs as carrier.

Peng, N., Wen, L., Cheng, K., and Liu, Y. (2023). Preparation method of oxidation-
responsive nanopreparations.

Picard, A., Pedeutour, F., Peyrade, F., Saudes, L., Duranton-Tanneur, V., Chamorey,
E., et al. (2017). Association of oncogenic mutations in patients with advanced
cutaneous squamous cell carcinomas treated with cetuximab. JAMA Dermatol 153,
291–298. doi:10.1001/jamadermatol.2017.0270

Qin, Y., Yi, J., and Zhang, Y. (2023). Preparation and self-assembly of pH-responsive
hyperbranched polymer peptide hybrid materials. Nanomater. (Basel) 13, 1725. doi:10.
3390/nano13111725

Raza, A., Hayat, U., Rasheed, T., Bilal, M., and Iqbal, H. M. N. (2018). Redox-
responsive nano-carriers as tumor-targeted drug delivery systems. Eur. J. Med. Chem.
157, 705–715. doi:10.1016/j.ejmech.2018.08.034

Ren, J., Wang, X., and Li, J. (2017). Preparation method of star polymer-based drug
carrier material with fluorescence labeling and temperature responsiveness.

Rezaei, N., Shahriari, M., and Mehrnejad, F. (2023). Recent developments of
nanomedicine delivery systems for the treatment of pancreatic cancer. J. Drug Deliv.
Sci. Technol. 79, 104042. doi:10.1016/j.jddst.2022.104042

Saraf, M., Ranjan, R., Balasubramaniam, B., Thakur, V. K., and Gupta, R. K. (2023).
Polydopamine-enabled biomimetic surface engineering of materials: new insights and
promising applications. Adv. Mater. Interfaces 11. doi:10.1002/admi.202300670

Sarrami-Foroushani, E., Yavari, M., Zarepour, A., Khosravi, A., Iravani, S., and
Zarrabi, A. (2024). Nature-inspired healing: biomimetic nanomaterials for advanced
wound management. Mater. Today Sustain. 28, 100975. doi:10.1016/j.mtsust.2024.
100975

Shamaeizadeh, A., Beigi, A., Naghib, S. M., Tajabadi, M., Rahmanian, M., and
Mozafari, M. R. (2024). Smart nanobiomaterials for gene delivery in localized
cancer therapy: an overview from emerging materials and devices to clinical
applications. Curr. Cancer Drug Targets 24. doi:10.2174/
0115680096288917240404060506

Shen, S., Liu, X., Wu, L., Qi, X., and Cao, J. (2021). Targeted nano-micelle as well as
preparation method and application thereof.

Shi, H., and Sadler, P. J. (2020). How promising is phototherapy for cancer? Br.
J. Cancer 123, 871–873. doi:10.1038/s41416-020-0926-3

Shi, J., Kantoff, P. W., Wooster, R., and Farokhzad, O. C. (2017). Cancer
nanomedicine: progress, challenges and opportunities. Nat. Rev. Cancer 17, 20–37.
doi:10.1038/nrc.2016.108

Shi, L., Gao, H., Cheng, T., Ma, R., and An, Y. (2014). Long-circulating and targeting
synergistic multifunctional anti-tumor targeting nano-drug carrier.

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Liu and Yuan 10.3389/fbioe.2025.1539991

https://doi.org/10.1021/acsanm.4c02074
https://doi.org/10.1021/acsanm.4c02074
https://doi.org/10.1016/j.ijpharm.2019.118841
https://doi.org/10.3390/nano14131081
https://doi.org/10.3390/nano14131081
https://doi.org/10.3390/polym13152464
https://doi.org/10.3390/nano12142485
https://doi.org/10.1016/j.xphs.2023.04.009
https://doi.org/10.1016/j.ijbiomac.2024.139178
https://doi.org/10.1016/j.ijbiomac.2024.139178
https://doi.org/10.1016/j.ijhydene.2023.10.274
https://doi.org/10.1039/c2cs35103j
https://doi.org/10.1016/0378-8733(89)90017-8
https://doi.org/10.1016/0378-8733(89)90017-8
https://doi.org/10.1016/j.mtchem.2024.102323
https://doi.org/10.1016/j.joi.2019.100985
https://doi.org/10.1016/j.joi.2019.100985
https://doi.org/10.1016/j.jconrel.2024.07.068
https://doi.org/10.1016/j.jconrel.2024.07.068
https://doi.org/10.1007/s42452-020-03946-x
https://doi.org/10.1007/s11192-018-2834-3
https://doi.org/10.1016/j.nano.2012.05.010
https://doi.org/10.1038/s41430-020-0684-6
https://doi.org/10.1038/s41430-020-0684-6
https://doi.org/10.1007/bf02020078
https://doi.org/10.1002/smll.201403228
https://doi.org/10.1016/j.tiv.2015.06.023
https://doi.org/10.3389/fchem.2023.1249472
https://doi.org/10.1093/rb/rbad004
https://doi.org/10.1093/rb/rbad004
https://doi.org/10.1016/j.actbio.2024.09.007
https://doi.org/10.1002/adhm.202302773
https://doi.org/10.3389/fbioe.2023.1205751
https://doi.org/10.1021/acsnano.0c01012
https://doi.org/10.2147/ijn.s203555
https://doi.org/10.1016/j.jddst.2022.104092
https://doi.org/10.1016/j.jddst.2022.104092
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1016/j.apmt.2024.102469
https://doi.org/10.1001/jamadermatol.2017.0270
https://doi.org/10.3390/nano13111725
https://doi.org/10.3390/nano13111725
https://doi.org/10.1016/j.ejmech.2018.08.034
https://doi.org/10.1016/j.jddst.2022.104042
https://doi.org/10.1002/admi.202300670
https://doi.org/10.1016/j.mtsust.2024.100975
https://doi.org/10.1016/j.mtsust.2024.100975
https://doi.org/10.2174/0115680096288917240404060506
https://doi.org/10.2174/0115680096288917240404060506
https://doi.org/10.1038/s41416-020-0926-3
https://doi.org/10.1038/nrc.2016.108
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1539991


Song, Y., Jing, H., Vong, L. B., Wang, J., and Li, N. (2022). Recent advances in targeted
stimuli-responsive nano-based drug delivery systems combating atherosclerosis. Chin.
Chem. Lett. 33, 1705–1717. doi:10.1016/j.cclet.2021.10.055

Sun, Y., Lyu, B., Yang, C., He, B., Zhang, H., Wang, X., et al. (2023). An enzyme-
responsive and transformable PD-L1 blocking peptide-photosensitizer conjugate
enables efficient photothermal immunotherapy for breast cancer. Bioact. Mater 22,
47–59. doi:10.1016/j.bioactmat.2022.08.020

Tang, Q., Wang, Y., Wu, R., Yu, Z., Shi, X., Song, Y., et al. (2024). Spatial-temporal-
controlled NO gas and PARP1 siRNA delivery for alleviating the dilemma of deeper
sonodynamic therapy in pancreatic cancer. Chem. Eng. J. 490, 151775. doi:10.1016/j.cej.
2024.151775

Tian, X., Zhang, Y., Zhang, M., Liu, G., Hao, Y., and Liu, W. (2024). Nanoparticles-
encapsulated doxorubicin alleviates drug resistance of osteosarcoma via inducing
ferroptosis. Nanotoxicology 18, 401–409. doi:10.1080/17435390.2024.2369602

Tong, R., Feng, X., Sun, J., Ling, Z., Wang, J., Li, S., et al. (2024). Co-delivery of
siNRF2 and sorafenib by a “click” dual functioned hyperbranched nanocarrier for
synergistically inducing ferroptosis in hepatocellular carcinoma. Small 20, e2307273.
doi:10.1002/smll.202307273

Vaghasiya, K., Ray, E., Singh, R., Jadhav, K., Sharma, A., Khan, R., et al. (2021).
Efficient, enzyme responsive and tumor receptor targeting gelatin nanoparticles
decorated with concanavalin-A for site-specific and controlled drug delivery for
cancer therapy. Mater Sci. Eng. C Mater Biol. Appl. 123, 112027. doi:10.1016/j.msec.
2021.112027

VAN Doeveren, T. E. M., Karakullukcu, M. B., VAN Veen, R. L. P., Lopez-Yurda, M.,
Schreuder, W. H., and Tan, I. B. (2018). Adjuvant photodynamic therapy in head and
neck cancer after tumor-positive resection margins. Laryngoscope 128, 657–663. doi:10.
1002/lary.26792

Wadhawan, S., Wadhawan, D., Jain, A., and Mehta, S. K. (2024). Toxic implication of
nanoparticles: a review of factors, mechanism, exposure and control strategies. Int.
J. Environ. Sci. Technol. 22, 1203–1224. doi:10.1007/s13762-024-05810-6

Wang, D., Jiang, Q., Shen, R., Peng, L., Zhou, W., Meng, T., et al. (2024a). ROS-
responsive nanoparticles targeting inflamed colon for synergistic therapy of
inflammatory bowel disease via barrier repair and anti-inflammation. Nano Res. 17,
5409–5423. doi:10.1007/s12274-024-6435-6

Wang, J., Lu, B., Yin, G., Liu, L., Yang, P., Huang, N., et al. (2024b). Design and
fabrication of environmentally responsive nanoparticles for the diagnosis and treatment
of atherosclerosis. ACS Biomater. Sci. Eng. 10, 1190–1206. doi:10.1021/acsbiomaterials.
3c01090

Wang, W., He, S., and Tang, L. (2023). A targeted nanodrug delivery system for
reversing tumor drug resistance and its preparation method and application.

Wang, Y., Deng, T., Liu, X., Fang, X., Mo, Y., Xie, N., et al. (2024c). Smart
nanoplatforms responding to the tumor microenvironment for precise drug delivery
in cancer therapy. Int. J. Nanomedicine 19, 6253–6277. doi:10.2147/ijn.s459710

Wang, Z., He, L., Fan, Z., and Luo, Y. (2024d). Patenting perspective of modulators of
ClpP endopeptidase: 2019-present. Expert Opin. Ther. Pat. 34, 1073–1084. doi:10.1080/
13543776.2024.2404233

Wei, D., Sun, H., Zhang, M., Zhao, Y., and Yuan, H. (2024). Mapping the
technological trajectory of inorganic nanomaterials in the cancer field.
J. Nanoparticle Res. 26, 66. doi:10.1007/s11051-024-05975-8

Wike-Hooley, J. L., Haveman, J., and Reinhold, H. S. (1984). The relevance of tumour
pH to the treatment of malignant disease. Radiother. Oncol. 2, 343–366. doi:10.1016/
s0167-8140(84)80077-8

Wu, S., Teng, Y., Qu, Z., Bai, L., Yang, W., Wu, Q., et al. (2024). Multilayer pH-
responsive hollow mesoporous silica nanoparticles with charge reversal for drug
delivery and real-time monitoring by fluorescence. Colloids Surfaces A Physicochem.
Eng. Aspects 690, 133831. doi:10.1016/j.colsurfa.2024.133831

Xiao, S., Guo, L., Ai, C., Shang, M., Shi, D., Meng, D., et al. (2023). pH-/Redox-
Responsive nanodroplet combined with ultrasound-targeted microbubble destruction
for the targeted treatment of drug-resistant triple negative breast cancer. ACS Appl.
Mater Interfaces 15, 8958–8973. doi:10.1021/acsami.2c20478

Xue, J., Qiao, Y., Huo, Y. P., Guo, C., Zhai, Y., Wei, Y., et al. (2012). Lipid-based drug
of serum degradable carrier and application method of lipid-based drug.

Xu, J., Tang, X., Yang, X., and Zhao, M. X. (2023). pH and GSH dual-responsive drug-
controlled nanomicelles for breast cancer treatment. Biomed. Mater 18, 025021. doi:10.
1088/1748-605x/acb7bb

Yang, Y., Liang, H., Tang, C., Cheng, Y., and Cheng, L. (2024). Exploration of
ultrasound-sensitive biomaterials in cancer theranostics. Adv. Funct. Mater. 34. doi:10.
1002/adfm.202313454

Yan,W.,Wu, L., Sun, C., Wang, S., and Dai, Q. (2024). Fabrication of GSH-responsive
small-molecule and photosensitizer loaded carboxymethyl chitosan nanoparticles:
investigation of chemo-photothermal therapy and apoptosis mechanism in
melanoma cells. Process Biochem. 147, 10–21. doi:10.1016/j.procbio.2024.07.021

Yuan, Z., Wu, Y., Yang, C., Lai, Q., Guo, H., and Wang, W. (2015). Method for
preparing intelligent target medicine carrying composite micelles.

Yu, F., Yu, B., Chen, L., Xue, Y., and Long, S. (2017). Reducing response magnetic
drug-loaded nanoparticles with synergetic anti-cancer interaction and preparation
method of reducing response magnetic drug-loaded nanoparticles.

Zeng, W., Yu, M., Chen, T., Liu, Y., Yi, Y., Huang, C., et al. (2022a). Polypyrrole
nanoenzymes as tumor microenvironment modulators to reprogram macrophage
and potentiate immunotherapy. Adv. Sci. (Weinh) 9, e2201703. doi:10.1002/advs.
202201703

Zeng,W., Zhang, H., Deng, Y., Jiang, A., Bao, X., Guo, M., et al. (2020). Dual-response
oxygen-generatingMnO2 nanoparticles with polydopamine modification for combined
photothermal-photodynamic therapy. Chem. Eng. J. 389, 124494. doi:10.1016/j.cej.
2020.124494

Zeng, W., Zhang, H., Yuan, X., Chen, T., Pei, Z., and Ji, X. (2022b). Two-Dimensional
Nanomaterial-based catalytic Medicine: theories, advanced catalyst and system design.
Adv. Drug Deliv. Rev. 184, 114241. doi:10.1016/j.addr.2022.114241

Zhang, L., and Song, C. (2011). PCL-b-PEG-b-PCL carried hydrophobic medicine
polymer vesica as well as preparation method and application thereof.

Zhang, Q., and Li, S. (2022). Carriers, drug delivery systems and uses thereof.

Zhao, X., Liu, L., and Zhang, J. (2022). Ros response type brain targeting nanogel
double-layer drug delivery system based on high molecular polymer and preparation
method and application thereof.

Zhou, Z., Lan, H., Tan, H., Wang, Y., Chen, W., Batur, S., et al. (2024). ROS-
responsive biomimetic nanovesicles to plaque microenvironment in targeted therapy of
atherosclerosis. Nano Today 59, 102530. doi:10.1016/j.nantod.2024.102530

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Liu and Yuan 10.3389/fbioe.2025.1539991

https://doi.org/10.1016/j.cclet.2021.10.055
https://doi.org/10.1016/j.bioactmat.2022.08.020
https://doi.org/10.1016/j.cej.2024.151775
https://doi.org/10.1016/j.cej.2024.151775
https://doi.org/10.1080/17435390.2024.2369602
https://doi.org/10.1002/smll.202307273
https://doi.org/10.1016/j.msec.2021.112027
https://doi.org/10.1016/j.msec.2021.112027
https://doi.org/10.1002/lary.26792
https://doi.org/10.1002/lary.26792
https://doi.org/10.1007/s13762-024-05810-6
https://doi.org/10.1007/s12274-024-6435-6
https://doi.org/10.1021/acsbiomaterials.3c01090
https://doi.org/10.1021/acsbiomaterials.3c01090
https://doi.org/10.2147/ijn.s459710
https://doi.org/10.1080/13543776.2024.2404233
https://doi.org/10.1080/13543776.2024.2404233
https://doi.org/10.1007/s11051-024-05975-8
https://doi.org/10.1016/s0167-8140(84)80077-8
https://doi.org/10.1016/s0167-8140(84)80077-8
https://doi.org/10.1016/j.colsurfa.2024.133831
https://doi.org/10.1021/acsami.2c20478
https://doi.org/10.1088/1748-605x/acb7bb
https://doi.org/10.1088/1748-605x/acb7bb
https://doi.org/10.1002/adfm.202313454
https://doi.org/10.1002/adfm.202313454
https://doi.org/10.1016/j.procbio.2024.07.021
https://doi.org/10.1002/advs.202201703
https://doi.org/10.1002/advs.202201703
https://doi.org/10.1016/j.cej.2020.124494
https://doi.org/10.1016/j.cej.2020.124494
https://doi.org/10.1016/j.addr.2022.114241
https://doi.org/10.1016/j.nantod.2024.102530
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1539991

	Responsive nanomaterials in biomedicine, patent path and prospect analysis
	1 Introduction
	2 Methods
	2.1 Data collection process
	2.2 Main and derivative path analysis
	2.3 Keyword co-occurrence heatmap analysis

	3 Results and discussion
	3.1 Main and derivative path analysis results
	3.1.1 Phase I: responsive nanodelivery systems based on traditional optimization
	3.1.2 Phase II: from drug delivery to theranostics integration
	3.1.3 Phase III: evolution from single response, multiple response to synergistic treatment
	3.1.4 Phase IV: the rise of biomimetic and other emerging materials

	3.2 Keyword heatmap analysis
	3.2.1 Innovation in emerging materials
	3.2.2 Intelligent mechanism design and optimization of synergies
	3.2.3 Clinically relevant research

	3.3 Progress in clinical trials

	4 Limitations and challenges in the field of responsive nanomaterials
	5 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


