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Hydrogels feature a unique three-dimensional crosslinked network integrated with responsive chemical

functional groups, enabling them to undergo structural and functional transitions under various external
stimuli, including chemical energy, temperature, light, pH, ultrasound, magnetic fields, and ions. These
transformations arise from mechanisms such as molecular conformational changes, bond formation or

cleavage, and ion exchange. Recent advances in micro/nanorobotics have led to the development of

hydrogel-based micro/nano-robotic medical devices that combine excellent biocompatibility with multi-
modal actuation, allowing adaptation to diverse environments and precise task execution. This review
summarizes current progress in hydrogel micro/nano-robotic medical device research, with a focus on
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multi-drive synergistic strategies and advantages of composite hydrogel designs. Fabrication techniques,

driving mechanisms, and biomedical applications—including targeted drug delivery, tissue engineering,
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1. Introduction

At present, with the deep convergence of nanotechnology,
materials science, and biomedical engineering, hydrogel-based
micro/nano-robotic medical devices have garnered significant
attention from experts across various fields as emerging intel-
ligent diagnostic and therapeutic tools.”* These devices are
capable of performing complex tasks at the micro- to nanoscale,
such as targeted drug delivery,® biosensing,* minimally invasive
surgical assistance,® and in vivo imaging,® offering advantages
in addressing traditional medical challenges. However, existing
actuation mechanisms still face significant challenges:
magnetic field actuation suffers from gradient field attenuation
in deep tissues,” pH-responsive mechanisms are susceptible to
interference from physiological buffer systems,® and photo-
actuation is limited by tissue penetration depth.® More criti-
cally, single actuation modes struggle to adapt to the complex
demands of dynamic physiological environments. For instance,
the drastic pH variations within the gastrointestinal tract, from
the stomach to the intestine, can lead to premature drug release
from traditional pH-responsive micro/nano-robotic medical
devices.' Addressing these issues, recent research has shifted
towards multi-actuation synergistic strategies. This involves
using magnetic fields to guide micro/nano-robotic medical
devices across biological barriers, followed by localized
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and in vivo imaging—are discussed. Finally, the major challenges in clinical translation are analyzed, and
possible solutions are proposed to facilitate future practical implementation.

photothermal effects to trigger drug release. This synergistic
approach leverages the physical orientation capability of
magnetic nanoparticles in a magnetic field, combined with
photothermal materials like gold nanoparticles or carbon
nanotubes that convert light energy into heat through non-
radiative relaxation under specific wavelengths of light. This
allows for precise regulation of the hydrogel network structure
and drug release kinetics, potentially elevating targeting accu-
racy to the cellular level.™ This ‘external navigation combined
with internal response’ closed-loop design offers a novel
approach to overcome the limitations of single mechanisms.?
Experiments have confirmed that dual-actuation micro/nano-
robotic medical devices, utilizing both magnetic and light
fields, demonstrate improved tumor drug enrichment efficiency
and reduced overall toxicity compared to their single magnetic
field-driven counterparts.” Current research predominantly
focuses on innovative actuation mechanisms for hydrogel-
based micro/nano-robotic medical devices and their in vitro or
preliminary in vivo functional validation. To achieve clinical
translation, it is imperative to overcome the critical bottleneck
of transitioning from functional demonstration to a safe and
effective diagnostic and therapeutic platform. This particularly
demands close attention to continuously updated biomedical
product regulatory science requirements and emerging clinical
trial design strategies worldwide."” These evaluations must be
aligned with the latest guidance principles from international
regulatory bodies such as the US FDA and European EMA con-
cerning novel medical devices or nanomedicines. This neces-
sitates moving beyond the scope of locomotion and control
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performance research to systematically evaluate their biomed-
ical behaviors. Firstly, their pharmacokinetic (PK) properties
must be elucidated. This includes providing typical dosing
metrics, such as drug loading per kilogram of body weight mg
per kg or micro/nano-robotic medical device particle count per
kilogram particles per kg. There is an urgent need to clarify the
spatio-temporal distribution, retention, degradation, and
clearance patterns of these devices in complex biological envi-
ronments, for instance, drug concentration-time curves (AUC)
and peak concentrations (Cp,,y) in various tissues and blood.
Furthermore, the regulatory mechanisms by which their
dynamic properties and material matrices influence targeting
efficiency and drug release kinetics need to be clarified.
Secondly, pharmacodynamic (PD) correlations must be estab-
lished. It is necessary to quantify the causal relationship
between their targeted enrichment and therapeutic efficacy,
establish dose-response relationships, and accordingly evaluate
and define their therapeutic window. Their advantages in
enhancing local therapeutic index and reducing systemic
toxicity compared to conventional therapies must also be
assessed. Finally, immunogenicity presents a significant clin-
ical challenge that cannot be overlooked. Although hydrogel
matrices generally exhibit good biocompatibility, the potential
immunogenic risks posed by exogenous functional compo-
nents, such as magnetic nanoparticles, and their degradation
products still require comprehensive evaluation. Actively
evading immune recognition through material design and
surface modification strategies is crucial for achieving long-
term safe application. Therefore, while reviewing the prepara-
tion methods, actuation mechanisms, and current medical
applications of hydrogel-based micro/nano-robotic medical
devices, this paper particularly emphasizes the importance of
a research perspective that integrates their actuation perfor-
mance with pharmacokinetic, pharmacodynamic characteris-
tics, and immunogenicity. It also discusses how to accelerate
their clinical translation process through preclinical studies
compliant with the latest regulatory science requirements.*
This paper aims to provide theoretical references and practical
directions for developing the next generation of intelligent
diagnostic and therapeutic platforms with both efficient actu-
ation and controllable biomedical functions.

Hydrogels serve as ideal multifunctional materials for con-
structing hydrogel-based micro/nano-robotic medical devices.
They form highly hydrated three-dimensional network struc-
tures through physical or chemical crosslinking. Physical
crosslinking relies on reversible non-covalent interactions
between polymer chains, such as hydrogen bonds, hydrophobic
interactions, electrostatic forces, or chain entanglement.
Chemical crosslinking, on the other hand, permanently
connects polymer chains via irreversible covalent bonds, typi-
cally involving chemical reactions between multifunctional
crosslinkers and specific reactive functional groups on the
polymer chains, such as hydroxyl, amine, carboxyl, or vinyl
groups. This structure not only mimics the mechanical prop-
erties of biological tissues with high biocompatibility, especially
for performing delicate operations on biological entities in

complex in vivo environments. Hydrogels can also be
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functionalized to respond to environmental variables such as
temperature, pH, magnetic fields, and light, typically achieved
through chemical modification. For instance, the introduction
of acidic or basic functional groups capable of protonation or
deprotonation enables pH responsiveness. Embedding photo-
sensitive groups like azobenzene allows for light responsiveness
by altering molecular conformation through photo-
isomerization. Grafting thermosensitive polymer segments
such as poly(N-isopropylacrylamide) (PNIPAM) enables
temperature responsiveness by leveraging its hydrophobic-
hydrophilic phase transition. Furthermore, doping with
surface-functionalized magnetic nanoparticles imbues the
devices with physical orientation and force-response capabil-
ities under a magnetic field. These precise chemical designs are
central to determining the actuation modes of hydrogel-based
micro/nano-robotic medical devices. Hydrogel types are gener-
ally categorized into natural hydrogels, synthetic hydrogels, and
composite hydrogels, each possessing distinct characteristics
based on their preparation conditions."*** The fabrication of
hydrogel-based micro/nano-robotic medical devices is
a complex and intricate process involving various preparation
techniques. Emulsification, electrospray ionization, and
microfluidic techniques are commonly used for preparing
hydrogel microspheres, while photolithography, electrodeposi-
tion, inkjet printing, and microextrusion are frequently
employed for fabricating hydrogel-based micro/nano-robotic
medical devices. These techniques each have their advantages
and disadvantages and are often combined. For example, in the
preparation of hydrogel microspheres, microfluidic technology
excels at batch production of uniformly sized microspheres
compared to emulsification and electrospray ionization, but it
incurs higher equipment maintenance costs. The resulting
hydrogel microspheres can perform simple controlled drug
release operations and can also serve as functional materials for
photolithography, enabling multi-material composite printing
with micron-level resolution through 3D and 4D printing.
Notably, the combination of mold casting assistance and elec-
trodeposition techniques has successfully addressed the chal-
lenge of oriented deposition of magnetic nanoparticles within
the gel network.'* Currently, the actuation mechanisms of
hydrogel-based micro/nano-robotic medical devices are broadly
divided into self-response and external actuation, classifying
movement types as fuel-driven and field-driven. Self-response
mechanisms utilize chemical fuels that react under the action
of enzymes or other catalysts, generating local changes in pH,
temperature, or gas, which result in random movement.
Subsequent specific operations are achieved through molecular
conformational changes of environment-sensitive polymer
chains within the hydrogel. For instance, pH-responsive
hydrogels in the tumor microacidic environment undergo
carboxylic group protonation, leading to polymer chain
shrinkage, while temperature-responsive materials achieve on-
demand deformation through hydrophobic-hydrophilic phase
transitions induced by local hyperthermia. On the other hand,
external actuation mechanisms enable remote precise control
through physical fields such as magnetic, light, and acoustic
fields. For example, after magnetic nanoparticles are embedded
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in a hydrogel, gradient magnetic fields can guide the directional
movement of the device, demonstrating good performance in
tumor-targeted therapy.”'® Photo-actuation primarily relies on
light field parameters such as wavelength, power, and irradia-
tion location, along with asymmetrically distributed material
designs, to precisely control movement speed, direction, and
drug release location, suitable for non-invasive interventions in
deep tissues.” These mechanisms are enhanced through
chemical modifications, such as the introduction of thermo-
sensitive polymers or magnetic components, forming a closed-
loop control from stimulus to response to functional output.®
However, single actuation mechanisms often face challenges
such as environmental interference, insufficient response rates,
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or biocompatibility issues. For instance, as previously
mentioned, magnetic field actuation in deep tissues may suffer
from reduced precision due to magnetic field attenuation, while
pH response in dynamic physiological environments may be
weakened by buffering effects, reducing the sensitivity of
protonation/deprotonation of ionizable groups within the
hydrogel network. To address this, researchers have proposed
multi-actuation synergistic strategies that integrate external
physical fields with internal biochemical responses to overcome
the limitations of single mechanisms. For example, after
a micro/nano-robotic medical device is localized by a magnetic
field, a photothermal effect can trigger localized drug release, or
a pH response can regulate the device's retention time in

2
=az \ @
AN
TG 9’
c:;";".i‘,“':““l: %
L 3

Murt;. drive syf\e‘g\j

Fig.1 Illustrates composite hydrogel materials containing magnetic particles and specific drugs. One of the fabrication techniques for hydrogel-
based micro/nano-robotic medical devices involves constructing hydrogel microspheres within the device using droplet microfluidic tech-
nology. Copyright © 2024 Tao, Li, Yang, Yin, Zhang, Wang, Wang, Pu, Wang, Zhang, Mu, Wu, He, and Yang.*® The incorporation of super-
paramagnetic particles, such as FezQO,, into hydrogels enables external magnetic field manipulation of the hydrogel-based micro/nano-robotic
medical device. Copyright © 2023, American Chemical Society.?? Imparting pH responsiveness to DNA hydrogels is typically achieved by
introducing pH-sensitive nucleic acid bases into the DNA sequence or by covalently grafting pH-sensitive polymers onto the DNA backbone,
allowing the device to control drug release in response to pH stimuli. Copyright © 2024 American Chemical Society.?® This includes drug delivery
by magnetically controlled hydrogel-based micro/nano-robotic medical devices in in vivo experiments in mice, and biochemical reactions
involving hydrogel-based micro/nano-robotic medical devices during minimally invasive surgery. © 2020 The Authors. Published by WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.#
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specific tissues. This multimodal actuation not only improves
environmental adaptability but also provides a technical foun-
dation for complex tasks such as theranostics.' In terms of
clinical translation, it offers innovative solutions to challenges
in traditional medicine such as insufficient precision, high
invasiveness, and significant side effects. Its application
scenarios cover four main directions: targeted drug delivery,
which achieves local therapy through magnetic navigation and
stimulus-responsive release mechanisms, such as ferric oxide
nanoparticle-hydrogel composites guided by magnetic fields
and utilizing their pH sensitivity for tumor DNA detection and
drug delivery;' biosensing, which employs the real-time
monitoring capabilities of fluorescent hydrogels, detecting
disease biomarkers through dynamic fluorescence signal
changes to provide molecular-level sensitivity for early diag-
nosis;* minimally invasive surgical assistance, which leverages
miniaturized structures and multimodal actuation to achieve
sub-millimeter operational precision in vascular intervention
and nerve repair;** and in vivo imaging, which integrates
imaging, actuation, and drug release functions through ultra-
sound imaging and multimodal actuation techniques to ach-
ieve a closed loop of detection, treatment, and monitoring.®
This paper emphasizes the development and potential of
hydrogel-based micro/nano-robotic medical devices in
biomedicine. It analyzes the functionalization and modification
methods of hydrogels, starting from material selection and
fabrication design strategies, and their impact on the perfor-
mance of these devices, such as grafting responsive polymer
segments or introducing specific functional groups. As depicted
in Fig. 1, the initial focus is on composite hydrogel materials
incorporating magnetic particles and specific drugs, as well as
the construction of hydrogel microspheres within micro/nano-
robotic medical devices using droplet microfluidic techniques.
Through advanced fabrication methods, we obtain chemically
modified composite hydrogels, leading to multifunctional or
multi-actuation synergistic hydrogel-based micro/nano-robotic
medical devices. Subsequently, this paper explores the princi-
ples and applicable scenarios of single actuation mechanisms
versus multi-actuation synergy in hydrogel-based micro/nano-
robotic medical devices. A comparative analysis highlights the
biomedical advantages of multifunctional and multi-actuation
synergistic  hydrogel-based  micro/nano-robotic  medical
devices. For instance, incorporating superparamagnetic parti-
cles like Fe;0, into hydrogels enables external magnetic field
manipulation of these devices, while imparting pH-responsive
capabilities to DNA hydrogels (either by introducing pH-
sensitive nucleic acid bases into the DNA sequence or by cova-
lently crosslinking pH-sensitive polymers) allows the devices to
control drug release in response to pH stimuli. Following this,
the discussion transitions from actuation methods to the
biomedical applications of hydrogel-based micro/nano-robotic
medical devices. This section presents medical applications
such as in vivo experiments of magnetically controlled hydrogel-
based micro/nano-robotic medical devices for drug delivery in
mice and large animals (e.g., pigs, dogs), as well as biochemical
reaction data obtained from hydrogel-based micro/nano-
robotic medical devices during minimally invasive surgery in
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humans. Finally, the paper discusses the enormous potential of
hydrogel-based micro/nano-robotic medical devices in
biomedical applications such as precise drug delivery, mini-
mally invasive surgery, biosensing, and tissue engineering. It
also addresses the main challenges hindering the development
of hydrogels into practical materials and outlines potential
future research directions in this field, particularly concerning
biosensing visualization and precise drug delivery.

2. Preparation of hydrogel-based
micro/nano-robotic medical devices

As previously mentioned, hydrogels typically swell or contract
by absorbing or releasing water in response to external stimuli.
However, simple swelling alone cannot fulfill the functional
requirements of micro/nano-robotic medical devices. There-
fore, to achieve intelligent shape deformation for functionality,
as shown in Fig. 2, traditional hydrogel materials are trans-
formed into smart responsive materials by integrating pro-
pulsion, functionality, environmental adaptability, collective
behavior, and interoperability through advanced fabrication
techniques. In this chapter, we will introduce common fabri-
cation techniques for hydrogel-based micro/nano-robotic
medical devices and the design of hydrogel types.

2.1. Material selection for hydrogel-based micro/nano-
robotic medical devices

2.1.1. Natural and synthetic hydrogels. Natural hydrogels
primarily fall into two categories: polysaccharide hydrogels and
protein hydrogels. Natural hydrogels are readily prepared from
natural sources. Typically, these hydrogels are composed of
natural polymer compounds and exhibit excellent biocompati-
bility and biodegradability. As shown in Fig. 2(B), Berglund et al.
demonstrated a comprehensive conversion pathway from
natural brown algae to high-value nanomaterials. Starting with
natural brown algae, they employed dilute acid treatment and
water washing to convert it into millimeter-sized light brown
fragments, effectively enhancing the efficiency of subsequent
reactions. Subsequently, alginate nanofibers were produced
through nanofibrillation, retaining their natural anionic prop-
erties and acquiring ionic crosslinking capability via coordina-
tion of their carboxylate groups with divalent cations, which
were then used to construct hydrogel networks.”® These mate-
rials find extensive applications in drug delivery and tissue
engineering. Examples such as chitosan, alginate, and hyalur-
onic acid exhibit good biocompatibility and biodegradability,
with some possessing inherent antibacterial properties. The
cationic nature of chitosan stems from the abundance of free
amine groups (-NH,) in its structure. Under physiological pH
conditions, these amine groups can be protonated to form
ammonium groups (-NH;'), whose positive charge enables
them to disrupt negatively charged bacterial cell membranes via
electrostatic interactions. Chemical modifications such as sul-
fation (introducing sulfate groups) and carboxymethylation
(introducing carboxyl groups) can enhance antibacterial activity
or mechanical properties. As shown in Fig. 2(A), Yu et al

RSC Adv, 2025, 15, 37728-37775 | 37731
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Fig. 2 Material selection for hydrogel-based micro/nano-robotic medical devices. (A) Synthesis process, chemical structure, and functional
properties of natural polysaccharide-based multifunctional hydrogels constructed via Schiff Base Reaction. © 2023 Elsevier Ltd. All rights
reserved.®® (B) Full-process transformation pathway from natural brown algae to high-value nanomaterials. © 2020 American Chemical
Society.® (C) Construction of a smart polyacrylic acid hydrogel system with sustained drug release function using the lipid-lowering drug
atorvastatin (ATV) as a crosslinker. © 2020 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.?® (D) A synthesis strategy for a green high-performance hydrogel, demonstrated through a three-step crosslinking reaction and final
product characterization. © 2021 The Authors. Published by American Chemical Society.?” (E) Preparation mechanism of sodium alginate/
polyvinyl alcohol/curcumin composite hydrogel (AG-PVA-Cur). © 2025 Wiley Periodicals LLC.?2® (F) Synthesis pathway and radionuclide
decontamination mechanism of a double network hydrogel. © 2025 Published by Elsevier Ltd.?°

prepared OHA-CMCS hydrogel networks with self-healing,
shape memory, and 3D printing applicability through Schiff
base reaction (condensation of aldehyde and amine groups).>
Furthermore, proteins including fibronectin, sericin, collagen,
and gelatin mimic the structure and function of the extracel-
lular matrix through their amino acid sequences and spatial
conformations, achieving synergistic antibacterial effects when
combined with antimicrobial peptides or metallic nanoparticles

37732 | RSC Adv, 2025, 15, 37728-37775

like Ag and CuO.** Among these, DNA hydrogels are particularly
noteworthy. Their potential for molecular programmability and
customized biological function arises from the precise molec-
ular self-assembly of DNA sequences via specific hydrogen
bonding (A-T and G-C base pairing). For example, Li and Chen
noted that through DNA sequence design, specific binding of
the sequence to target molecules can induce conformational
changes or denaturation of DNA strands, thereby achieving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intelligent hydrogel responses and dynamic regulation of
structure and function.®* In the field of biosensing, Bai et al.
mentioned optimizing the molecular recognition-based
responsive sensing performance of DNA hydrogels for rapid
detection of cancer biomarkers and pathogens by molecularly
regulating aggregation-induced emission (AIE) materials and
enhancing their fluorescent properties.***

Synthetic hydrogels, primarily fabricated through chemical
crosslinking—that is, by forming stable covalent bonds to
construct their networks—exhibit enhanced mechanical prop-
erties. However, during degradation, they tend to display higher
toxicity compared to natural hydrogels. The physicochemical
and functional attributes of these synthetic hydrogel materials
can be finely tuned by modifying their synthesis techniques and
the chemical structure and proportion of their constituent
monomers, thus enabling a wide range of applications tailored
to specific requirements. As shown in Fig. 2(C), Cho et al
utilized the lipid-lowering drug atorvastatin (ATV) as a cross-
linker. By reacting its reactive functional groups, such as
hydroxyl or carboxyl groups, with corresponding groups on the
polyacrylic acid chains, they constructed a synthetic hydrogel
system with sustained drug release capabilities. This system is
suitable for chronic disease treatment requiring long-term drug
administration and offers a new paradigm for the development
of intelligent drug delivery systems.”® Among these, the char-
acteristics of double-network hydrogels are particularly prom-
inent. Saito et al. first proposed the double-network structure
and subsequently introduced improved designs.* As depicted
in Fig. 2(D), Gao et al. demonstrated a synthesis strategy for
a green, high-performance hydrogel through a three-step
crosslinking reaction and final product characterization. The
core of this strategy lies in the synergistic action of chemical
and physical crosslinking, integrating the enzymatically
degradable polysaccharide characteristics of starch, the hydro-
philic amide groups of acrylamide, the microcrystalline-
enhanced rigidity of cellulose, and the toughening function of
the flexible ether bonds of PEG.>” Double-network hydrogels
consist of two distinct polymer networks, typically comprising
a tightly crosslinked rigid network and a loosely crosslinked
flexible network. This structure endows the hydrogel with
exceptionally high mechanical strength and toughness,
enabling it to withstand significant stress and strain. Xu et al.
proposed a double-network dynamic hydrogel bioink strategy
aimed at addressing the application limitations of dynamic
hydrogels in biomanufacturing due to mechanical instability,
while simultaneously promoting angiogenesis.*® As illustrated
in Fig. 2(F), the first network (IA-PAAM) is formed by free-radical
polymerization using itaconic acid, which possesses acidic
carboxyl groups, and acrylamide, with its hydrophilic amide
groups, as raw materials. This creates a loosely crosslinked
polymer network. The carboxyl groups can undergo protonation
or deprotonation with pH changes, influencing the degree of
hydration, thereby endowing the first network with high
swelling ratios and pH responsiveness, enabling it to closely
conform to uneven surfaces. The second network (AMPS) is
established through the introduction of sulfonic acid groups.
These strongly acidic groups remain ionized even across

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a broad pH range, providing stable electrostatic repulsion and
osmotic pressure. This strengthens the rigid support of the
network and enhances its resistance to radiation degradation,
thereby achieving efficient and safe radioactive surface
decontamination.”

In the preparation of hydrogel-based micro/nano-robotic
medical devices, the choice of crosslinking mechanism affects
the physicochemical properties of the hydrogel, which in turn
influences the performance of the device. As shown in Fig. 3(A)
illustrates two fundamental crosslinking methods for hydrogel
formation, which determine critical properties such as hydrogel
structural stability and reversibility. Physical crosslinking ach-
ieves polymer chain crosslinking through non-covalent inter-
actions; chemical crosslinking permanently links polymer
chains via covalent bonds, relying on crosslinking agents. (B)
Addresses “how magnetic nanoparticles are incorporated into
hydrogels”, comparing three preparation strategies—in situ
method, non-in situ method, and grafting method—which
impact the dispersibility, stability, and application scenarios of
magnetic hydrogels.*” For applications requiring good
biocompatibility and biodegradability, physically crosslinked
hydrogels may offer greater advantages. Conversely, for appli-
cations demanding higher mechanical strength and structural
stability, chemically crosslinked hydrogels or hybrid cross-
linking approaches may be necessary to optimize hydrogel
performance. Different types of hydrogels possess distinct
advantages and disadvantages, as summarized in Table 1.

2.1.2. Composite hydrogels (stimuli-responsive hydrogels).
Composite hydrogels are hydrogel systems formed by
combining multiple materials through physical or chemical
means. Compared to single hydrogels, composite hydrogels can
significantly improve their physical, chemical, and biological
properties, such as mechanical strength, electrical conductivity,
and magnetism, through judicious selection and combination
of matrix materials. This characteristic enables micro/nano-
robotic medical devices constructed from composite hydrogels
to respond to multiple stimuli or be controlled by various fields,
thereby providing possibilities for the fabrication of multi-
functional and multi-actuation synergistic micro/nano-robotic
medical devices. As shown in Fig. 1, these include composite
hydrogel materials containing magnetic particles and specific
drugs. For example, Santhosh et al. combined magnetic nano-
particles (SPIONs)-modified reduced graphene oxide (m-rGO)
with collagen to form a magneto-responsive composite hydro-
gel. In this system, m-rGO served as a magnetic carrier, and its
surface chemical modification promoted interaction with
collagen, leading to guided growth, differentiation, and func-
tionalization of neural cells, offering an innovative strategy for
neural tissue engineering.** Magnetic actuation is a common
propulsion method for hydrogel-based micro/nano-robotic
medical devices. Traditional magnetic hydrogels face bottle-
necks such as poor mechanical properties and insufficient
magnetic field response, making it difficult to achieve both high
magnetic particle content and uniform dispersion simulta-
neously, while also lacking interfacial adhesion. Hu et al
modified Fe;O, nanoparticles with TMSPMA silane coupling
agent. Through the condensation reaction between silanol
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Main preparation methods: physical and chemical crosslinking

Conceptual diagram of physical and chemical crosslinking
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for chemical crosslinking (covalent bonds) and physical crosslinking (hydrogen bonds/electrostatic
r magnetic hydrogels: in situ method, non-in situ method, and grafting method.
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Table 1 Comparison of different types of hydrogels
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Typology Kind Specificities Appliance Reference
Classification according to Protein-based hydrogels Highly biocompatible, low Tissue regeneration and 38
composition toxicity, degradable accelerated wound healing
Polysaccharide-based Antimicrobial, pro-vascular 39
hydrogel regenerative and injectable
Polyacrylic acid Strong mechanical Rapid hemostasis for 3D 40
properties, low printing
Polyethylene glycol group biocompatibility, not easy to Myocardial repair, cartilage 41
degrade and generate toxic repair
substances
Classification by structure DNA hydrogel Programmability and Fast-repairing, antibacterial 42
biodegradability Biosensing 43
Double mesh hydrogel Strong mechanical Fast-repairing, antibacterial 44
properties, versatility, two Bionic platelets, hemostatic 45
meshes can carry different Simultaneous sensing of 46

functions

temperature and pressure

groups and hydroxyl groups on the nanoparticle surface, and
free radical copolymerization of methacrylate groups with
polyacrylamide (PAAm) monomers, Fe;O, nanoparticles were
covalently embedded into the PAAm hydrogel network. This
enhanced the mechanical properties, leading to the preparation
of a novel tough and adhesive magnetic hydrogel with high
Fe;0, content.” As shown in Fig. 2(E), a composite hydrogel
prepared from sodium alginate, polyvinyl alcohol, and curcu-
min features curcumin as the functional core due to its anti-
bacterial and antioxidant properties. The AG-PVA network acts
as an enhancing carrier, capable of reducing toxicity and
controlling release. DMT-MM catalyzes the formation of stable
crosslinks, offering new insights for the development of wound
dressings for infected wounds.?® As smart materials, composite
hydrogels are capable of responding to multiple stimuli.
Magnetically-driven pH-responsive composite hydrogels for
controlled drug delivery can undergo changes in shape and
performance in response to variations in environmental pH,
driven by magnetic fields. pH-sensitive hydrogels contract in
acidic environments and swell in alkaline environments. This
behavior is attributed to the protonation or deprotonation of
weak acidic or basic functional groups incorporated into the
hydrogel network upon pH changes. These processes alter the
charge density, hydrophilicity, and interchain electrostatic
interactions of the polymer chains, thereby regulating the
hydrogel's swelling degree. This characteristic can be utilized to
design intelligent drug release systems.'® Furthermore, a pH-
and temperature-dual responsive microgel-embedded hydrogel
has been developed, exhibiting excellent mechanical properties,
adhesive properties, drug loading and release capabilities, and
antibacterial properties, which can significantly promote
wound healing.®

In summary, both natural and synthetic hydrogels, when
utilized as materials for micro/nano-robotic medical devices,
are capable of fulfilling the requirements for most specific
operations in the biomedical field. As illustrated in Fig. 4,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fast temperature response, 47
high strength, toughness
and expandability

hydrogel-based micro/nano-robotic medical device materials,
under ideal conditions, achieve a sustainable cyclic pathway.
This systematically delineates the closed-loop process from
material design to clinical translation, encompassing the entire
chain of events for hydrogel-based micro/nano-robotic medical
devices, from construction, actuation, and response to degra-
dation and excretion. This also provides an intuitive foundation
and theoretical support for subsequent biosafety assessment
and analysis of clinical translation potential. However, signifi-
cant challenges still persist regarding precise control within
complex in vivo environments. Future research necessitates
further investigation into material innovation and multi-
actuation synergistic strategies to enhance the functionality of
hydrogel materials, improve the stability and controllability of
hydrogel-based micro/nano-robotic medical devices, and
expand their applications in clinical therapy.

2.1.3. Biological safety assessment. During the critical
phase of clinical translation for hydrogel-based micro/nano-
robotic medical devices, systematic biological safety assess-
ment is no less important than innovations in actuation
mechanisms. To ensure the scientific rigor and completeness of
this assessment, we must deeply consider multiple indepen-
dent dimensions: namely, the intrinsic toxicity of the materials
themselves, the toxic effects of their degradation products, and
the potential risks posed by the long-term accumulation of
functional nanoparticles.

Regarding the intrinsic toxicity of the materials themselves,
hydrogels, as biomedical materials, typically have matrices
designed for good biocompatibility. However, not all hydrogels,
especially synthetic ones, can completely avoid intrinsic
toxicity. While hydrogels prepared from natural polymers such
as gelatin, alginate, and hyaluronic acid generally exhibit good
biocompatibility, synthetic hydrogels may induce cytotoxicity or
immune responses if unreacted monomers, photoinitiators, or
chemical crosslinkers remain after polymerization or cross-
linking. For instance, the polymerization reactions used in

RSC Adv., 2025, 15, 37728-37775 | 37735
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A Discourse on the Persistence of Hydrogel Materials

From synthesis to degradation and metabolism
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synthetic hydrogels, as employed by Hushka et al., are rarely
100% complete. Residual unreacted active functional groups
such as DBCO, azide, FPBA, and ND may slowly leach from the
gel, causing chemical toxicity to surrounding cells and tissues
or triggering unpredictable biological reactions.*® Furthermore,
incompletely polymerized acrylamide-based monomers, even in
trace amounts, can lead to inflammatory responses or cytotox-
icity due to their reactive vinyl groups being capable of under-
going Michael addition reactions with biomacromolecules such
as protein thiols or amines.** Therefore, when evaluating the
intrinsic toxicity of the materials themselves, it is recommended
to employ rigorous in vitro cell viability assays, such as CCK-8,
MTT, and hemolysis tests, as well as short-term animal
implantation observations compliant with Good Laboratory
Practice (GLP), including assessment of local inflammatory
responses and tissue compatibility. This aims to clarify the
direct toxic effects of the bulk material on the host before
degradation. These assessments must align with the latest
regulatory science literature for nanomedicines, such as the
recommendations for novel biomaterial toxicity assessment
found in ref. 55.

37736 | RSC Adv, 2025, 15, 37728-37775

Regarding the toxicity of degradation products, the in vivo
degradation of hydrogels is one of the critical aspects of their
biological safety assessment. The chemical nature and toxico-
logical effects of these degradation products directly determine
the long-term safety of the material. Hydrogels undergo diverse
degradation pathways, including hydrolysis, enzymatic degra-
dation, and responsive degradation triggered by specific pH or
redox environments. For example, the rapid stress relaxation
properties of the hydrogels reported by Hushka et al. originate
from the dynamic boronate ester bonds formed between
fluorophenylboronic acid and nitrodopamine. The in vivo
toxicity, inflammatory response, and long-term safety of these
chemical groups and their degradation products, such as
boronic acid, benzene derivatives, and catecholamines, remain
unknown. Researchers have only demonstrated their non-
toxicity to organoid cultures for a few days, but comprehen-
sive in vitro cytotoxicity assays and in vivo acute/sub-chronic
toxicity studies are lacking. Local accumulation of these prod-
ucts could lead to a decrease in microenvironmental pH, trig-
gering cellular stress responses, and even affecting the activity
of key biomolecules such as matrix metalloproteinases by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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altering enzyme conformations and the protonation states of
active sites, thereby interfering with tissue repair processes.** In
contrast, the enzymatic or hydrolytic degradation products of
natural polysaccharide hydrogels, such as chitosan and algi-
nate, are generally considered biosafety-friendly. However, their
degradation rates and product compositions still require strict
control. Excessively rapid degradation or abnormal product
accumulation could still adversely affect the local cellular
microenvironment, necessitating a comprehensive assessment
of their long-term biological safety.’® To precisely assess the
toxicity of degradation products, it is recommended to combine
advanced analytical techniques such as liquid chromatography-
mass spectrometry (LC-MS) and high-performance liquid
chromatography (HPLC) to identify the types and quantities of
degradation products. Furthermore, based on the Ilatest
preclinical toxicology guidelines,” acute/chronic animal
models should be designed to independently evaluate the
toxicological effects of these degradation products, avoiding
confusion with the risks posed by the bulk material, in order to
meet future clinical trial submission requirements.

Regarding the long-term accumulation risks of functional
nanoparticles, to achieve various complex functions such as
magnetic actuation, photothermal therapy, and catalysis,
hydrogel-based micro/nano-robotic medical devices often
require the incorporation of functional nanoscale components,
such as Fe;0,4, CuS, Au, and MnO,, into their hydrogel matrices.
However, prolonged retention of these exogenous nanoparticles
in the body can trigger a range of adverse reactions, including
chronic inflammation, oxidative stress, and even lead to tissue
fibrosis. For instance, to promote cell adhesion, Hushka et al.
incorporated RGD peptides into hydrogels.>® While the RGD
sequence is a universal recognition motif for integrins and can
promote organoid growth, it may also non-specifically activate
other cell types, such as immune cells and fibroblasts. In in vivo
applications, this could potentially exacerbate fibrotic encap-
sulation or inflammatory responses.®® Although some func-
tional nanoparticles can be cleared from the body through
specific mechanisms, long-term or repeated administration still
poses a risk of toxicity. For example, Wang et al. developed
a magnetically actuated bionic drug-loading hydrogel-based
micro/nano-robotic medical device based on ultrasmall iron
oxide nanoparticles (IONPs), achieving precise drug delivery
through a customized three-dimensional magnetic control
platform. Despite demonstrating excellent targeting and ther-
apeutic effects in animal models, its future application in
humans still faces a series of safety challenges. While IONPs
smaller than 10 nm are conducive to renal clearance, long-term
or repeated administration may lead to the accumulation of
iron ions in mononuclear phagocyte system organs such as the
liver and spleen, inducing iron overload or oxidative stress, such
as the Fenton reaction.”® To quantify and assess the long-term
risks of functional nanoparticles, it is recommended to
employ highly sensitive techniques, such as inductively coupled
plasma mass spectrometry, to quantitatively analyze the
residual amounts of nanoparticles in major organs like the
liver, spleen, and kidneys, as well as in target tissues. Concur-
rently, a comprehensive assessment of potential toxicity and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Summary of toxicology for various hydrogels

Prevention
strategies

Immunogenicity

results

Toxicity
data

Nanoparticle

risks

Degradation
products

Internal sources
of toxicity

Material

References

category

60 and 56

No additional measures

required

Typically no significant
inflammation

Good cell viability test

results, e.g., HEK293
cell viability >95%

Low

Biologically benign

Negligible (typically
exhibiting good

Natural

degradation products,

such as

hydrogel

biocompatibility)

monosaccharides
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inflammatory responses under conditions of long-term or
multiple interventions should be conducted, combining histo-
pathological examinations (e.g., H&E staining, Masson's stain-
ing) and immunohistochemical analysis of inflammatory
markers (e.g., IL-6, TNF-o), in accordance with the latest
biosafety evaluation standards.®® At the material design level,
priority should be given to selecting biodegradable nano-
particles that comply with regulatory requirements to mitigate

View Article Online

Review

the risk of long-term retention. This aligns with the principles
for biosafety assessment of advanced cell therapy products
outlined in ref. 59.

Key indicators and experimental conclusions from toxico-
logical assessments of different types of hydrogels and their
composite systems are also particularly important. As shown in
Table 2, these allow for a direct comparison of the risks and
benefits of various material systems in biomedical applications.

Preparation of hydrogel microrobots by photolithography

Two-photon polymerization technology prints micro-robots
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2.2. Lithography

2.2.1. 3D printing. Two-photon polymerization (TPP) is one
of the most important 3D printing techniques for hydrogel-
based micro/nano-robotic medical devices, offering ultra-high
resolution down to 100 nm. As shown in Fig. 5(A), the core
chemical principle behind 3D printing functional hydrogels
using TPP lies in the monomers (such as GelMA and PEGDA)
containing acrylate or methacrylate groups, and photoinitiator
molecules. Upon absorbing two near-infrared (NIR) photons,
the photoinitiator is excited to generate free radicals. These free
radicals then initiate a chain-growth free-radical polymerization
reaction of the monomers, forming a stable covalently cross-
linked three-dimensional polymer network. Due to this
nonlinear excitation mechanism, polymerization occurs only at
the focal point of the NIR laser beam, thus achieving ultra-high
resolution fabrication at the 100 nm scale, preventing unde-
sired effects in other areas. Fig. 5(B) illustrates the core sche-
matic of Ge]MA material synthesis and the TPP fabrication
process. The synthesis mechanism of highly substituted GeIMA,
whose high reactivity stems from the chemical reaction of
abundant amine and hydroxyl groups in the gelatin molecule
with methacrylic anhydride, introduces a large number of
photopolymerizable methacrylate groups onto its side chains.
These carbon-carbon double bonds exhibit high reactivity
under photoinitiation, forming the basis for subsequent high-
resolution TPP. The synergistic effect of a photosensitive solu-
tion (GelMA + PEGDA + P2CK) and femtosecond laser enables
micro-scale precision hydrogel molding.®* By altering the focal
trajectory of the laser beam, the geometric shape of two-photon
polymerized prints can be easily customized. Therefore, TPP
holds immense potential for the precision manufacturing of
hydrogel-based micro/nano-robotic medical devices with
customized and complex structures, applicable to promising
applications such as drug delivery. Billiet et al. noted that
a major drawback when using hydrogels is their lack of
mechanical strength, thus maintaining and improving the
mechanical integrity of processed scaffolds has become a crit-
ical issue for 3D hydrogel structures.®>** Addressing this issue,
Fu and Yu first combined DS220 GelMA with PEGDA for TPP,
overcoming the mechanical limitations of traditional GelMA
and achieving stable fabrication of sub-micron biocompatible
structures. The synergistic covalent crosslinking of high DS
GelMA and PEGDA significantly enhances the mechanical
properties of TPP structures, enabling self-supporting micro/
nano-scale hydrogels.®* Lee's team, utilizing two-photon poly-
merization 3D micropatterning technology in conjunction with
Nanoscribe equipment, achieved decoupled multifunctional
operations through hierarchical material design, addressing
the limitations of functional coupling and insufficient envi-
ronmental adaptability in traditional hydrogel-based micro/
nano-robotic medical devices. They fabricated hydrogel-based
micro/nano-robotic medical devices with magnetic field,
temperature, and pH responsiveness, with precision down to
the nanoscale.®® However, TPP technology involves complex and
expensive equipment, leading to significant attention on other
3D printing techniques. Sanchis-Gual et al. developed polyvinyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alcohol-based magnetic hydrogel micro/nano-robotic medical
devices with varying morphologies and tunable stability by
combining 3D-printed template-assisted casting with a salting-
out process. Direct laser writing was used to prepare 3D
micromolds for shaping PVA magnetic nanoparticle composite
hydrogel micro/nano-robotic medical devices with high archi-
tectural complexity. These PVA-based magnetic micro/nano-
robotic medical devices are suitable platforms for targeted
drug and cell delivery.®® Multi-Material Cryoprinting (MCP)
technology is a technique for fabricating hydrogel soft micro/
nano-robotic medical devices and devices with complex 3D
structures. Utilizing a low-temperature solvent phase transition
strategy, hydrogel precursors can be rapidly solidified in envi-
ronments ranging from —30 °C to —10 °C, achieving high-
resolution printing with a minimum line width of 42 um. This
process also enables simultaneous chemical crosslinking reac-
tions, making it suitable for the construction of multi-material
3D structures.®”” Advantages of using 3D printing for fabricating
hydrogel-based micro/nano-robotic medical devices include:
precise control over shape and structure, ability to create
complex geometries, capability to design specific internal
structures, material selection flexibility, use of various
biocompatible hydrogel materials, and the ability to achieve
multi-material composite printing.’**>*” As shown in Fig. 5(C),
Chen et al. proposed a method combining photothermally
responsive hydrogels with nanoparticles, precisely constructing
PDA/N-P photothermal hydrogel-based micro/nano-robotic
medical devices using DLP 3D printing technology. The actua-
tion mechanism relies on the high near-infrared (NIR) light
absorption capacity of polydopamine (PDA) nanoparticles.
Under NIR light excitation, PDA non-radiatively converts light
energy into heat, leading to a sharp local temperature increase
in the hydrogel, which promotes a rapid phase transition
(vaporization) of water within the hydrogel network to generate
microscopic bubbles. The expansion and ejection of these
bubbles provide thrust for the hydrogel-based micro/nano-
robotic medical devices, enabling jet propulsion. The asym-
metric structure and high specific surface area concentrate
bubbles at the tail, propelling high-speed forward motion. In
highly viscous liquids like glycerol, the hydrogel-based micro/
nano-robotic medical devices achieve directional translational
motion through continuous bubble recoil, overcoming viscous
drag.®®

2.2.2. 4D printing. Traditional 3D printing yields static
structures with limited functionality in complex in vivo envi-
ronments. In contrast, 4D printing introduces a temporal
dimension, enabling printed structures to dynamically change
shape or function in response to external stimuli. By integrating
smart materials capable of responding to external environ-
mental changes—such as thermosensitive composite hydrogels
achieved by grafting PNIPAM segments for LCST phase transi-
tion, or magnetically responsive ones incorporating super-
paramagnetic Fe;O, nanoparticles—into micro/nanoscale
structures, the resulting hydrogel-based micro/nano-robotic
medical devices can dynamically react to external stimuli.
Alternatively, 4D printing can be leveraged to preset micro/
nanoscale structures (e.g., helical, star-shaped) that undergo

RSC Adv., 2025, 15, 37728-37775 | 37739
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controlled deformation under external stimuli, thereby accom-
plishing tasks like targeted drug delivery and minimally inva-
sive surgery. As shown in Fig. 5(D), Lee et al. first integrated 4D
printing, multi-stimuli responsive materials, and magnetically
actuated medical devices. This figure illustrates the active
control mechanism of temperature-responsive micro/
nanostructures on magnetic actuation behavior, and their
application principles in microscale capture/release operations.
Through 4D printing, they achieved a multi-physical field
coupling mechanism, such as magnetic-thermal-mechanical
cascading.” For instance, Sadraei and Naghib reported the
combination of magnetic nanoparticles with hydrogels to
fabricate biocompatible and magnetically responsive smart
materials. Hydrogel-based micro/nano-robotic medical devices
constructed from such hydrogels can perform specific
biomedical operations like drug delivery and can also achieve
shape memory effects through magnetic field-induced heating.
They noted that magnetically controlled 4D printing is still in its
early stages of development, and future innovations in mate-
rials and processes hold promise for breakthrough applications
in fields such as medicine and robotics.” Subsequently, Young
Cho et al. developed a 4D printing technique for biodegradable,
untethered, multi-stimuli responsive soft hydrogel-based
micro/nano-robotic medical devices, utilizing functional
gradient porous materials (FGMM). By controlling the cross-
linker concentration gradient and the physical distribution of
magnetic functional particles, they formed a porous hydrogel
network with humidity/magnetic responsiveness. These soft
medical devices can achieve directed crawling and turning
through changes in environmental humidity and external
magnetic field control. The polyvinyl alcohol-based material
exhibited a hydrolysis degradation rate exceeding 96% within
72 hours in phosphate buffer, demonstrating environmental
friendliness. The stability of the gradient structures was verified
through techniques such as SEM, EDS, and ATR-IR, and
printing parameters were optimized.”” To adapt to more
complex environments, Wang et al. fabricated magnetic poly-
mers based on polylactic acid, doped with NdFeB magnetic
particles, exhibiting both magnetic responsiveness and shape
memory effects. Their Young's modulus could be varied within
the range of 0.2-500 MPa, switching between soft/hard states
via temperature between 25-135 °C. Magnetic shape memory
polymers (MRSMPs) were programmed through self-assembly
or folding guidance, combined with pulsed magnetic field
magnetization, to achieve a continuous three-dimensional
magnetic anisotropic distribution, overcoming the spatial
limitations of traditional magnetization techniques.” In
Fig. 5(E), femtosecond laser 4D printing technology achieved
heterogeneous integration of static/dynamic layers within
a single material system. By controlling the polymer's cross-
linking density through a laser power gradient, and conse-
quently influencing the local deformation behavior of the
dynamic layer, they demonstrated a low-threshold, micron-
scale photo-driven mechanical work output capability.” 4D
printing is also widely applied in multifunctional responsive
hydrogels, from material design to biomedical applications. As
shown in Fig. 5(F), by using (EG;SA), with two acrylate

37740 | RSC Adv, 2025, 15, 37728-37775

View Article Online

Review

functional groups as a crosslinker, thermosensitive, pH-
responsive, and reactive oxygen species (ROS)-responsive units
were combined within the monomer, simultaneously endowing
the hydrogel-based micro/nano-robotic medical device with
covalent crosslinking functionality and ROS responsiveness.”

3D printing technology is a commonly employed method for
fabricating hydrogel-based micro/nano-robotic medical devices.
It involves layer-by-layer material deposition via a printhead,
with precise control of the printhead to accurately create
desired specific structures. Firstly, 3D printing technology offers
high design flexibility, enabling intricate control over the
structure and morphology of these devices. This leads to greater
adaptability in terms of functionality and performance.
Secondly, the production process allows for personalized and
customized design, manufacturing, and fabrication to meet
specific requirements and application scenarios. Furthermore,
3D printing boasts high scalability and reproducibility, facili-
tating large-scale production of hydrogel-based micro/nano-
robotic medical devices, which enhances fabrication efficiency
and reduces costs. However, current 3D printing technologies
employed for fabricating these devices present several draw-
backs and limitations. Firstly, resolution and fabrication
precision are limited, making it challenging to achieve nano-
scale intricate structures. Secondly, material properties,
including their flowability and viscosity during the printing
process, can result in surface roughness and morphological
errors in the fabricated hydrogel-based micro/nano-robotic
medical devices. Moreover, 3D printing is a relatively slow
process, and extended printing times can lead to material
instability and variations in quality. Current techniques are
primarily constrained by material selection, nanoscale control,
and the integration of multifunctional materials. Further
development of 3D printable nanomaterials is required to
address issues related to their rheological properties and
printability. Additionally, enhancing the photocuring reaction
rate or crosslinking efficiency in 3D printing is crucial for
fabricating finer micro- and nanostructures at the nanoscale.
The integration of multifunctional materials presents a chal-
lenge, necessitating consideration of the chemical compatibility
and interfacial bonding between different materials.

2.3. Electrodeposition technology

Electrodeposition is a technique that forms materials by driving
the directional migration of ions in a solution under an electric
field, followed by deposition on the electrode surface. In recent
years, this technique has been widely applied to the controlled
synthesis of hydrogel-based micro/nano-robotic medical
devices. This technique enables precise molding of microscale
structures by controlling electric field parameters such as
voltage, current, and electrode shape. It utilizes H" or OH~
generated from water electrolysis to alter local pH, which in
turn induces ionization or deionization of pH-sensitive poly-
mers, such as the ionic crosslinking of sodium alginate's
carboxyl groups with Ca®". As shown in Fig. 6(A), electro-
chemical reactions are employed to real-time regulate the local
pH value inside the hydrogel, which then influences the charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Real-time regulation of hydrogel crosslinking density using electrochemical reactions, imparting gradient deformability to the

structure. © 2023 The Authors. Advanced Science published by Wiley-

VCH GmbH.”® (B) A modular micro/nano-robotic medical device system

with a main framework composed of pH-responsive hydrogels, featuring gradient crosslinking density formed through anisotropic electro-
deposition, capable of performing multi-tasks in vivo. Copyright © 2022 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science.”® (C) Schematic diagram of hydrogel microsphere preparation using microfluidic technology. ©
2025 Xu, Ma, Hu, Liu, Yang, Chen, Xu, Wang, Luo and Chen.” (D) Rapid fabrication technology for hydrogel microspheres based on a rotating
microfluidic system (RMS) and its full workflow application in tumor drug evaluation. Copyright © 2025 American Chemical Society.”*

state of ionizable groups in the hydrogel network. This enables
controllable adjustment of crosslinking density, endowing the
structure with gradient deformation capability. Functional
components such as magnetic particles and biomolecules can
be integrated in a single-step process, playing a crucial role in
achieving multi-actuation cooperation for hydrogel-based
micro/nano-robotic medical devices. For instance, Zheng et al.
proposed a one-step anisotropic electrodeposition method for
fabricating modular hydrogel-based micro/nano-robotic
medical devices with different functionalities in each modular
part.”” By programming the electric field, micro-striped struc-
tures can be endowed with various shape deformation capa-
bilities, such as helix, twist, bend, and coil. Photolithography is
used to pre-pattern molds with the aid of masks, and then
hydrogel-based micro/nano-robotic medical devices are
prepared modularly via electrodeposition. This provides a safe,
flexible, intelligent, and multifunctional integrated design
paradigm for next-generation hydrogel-based micro/nano-
robotic medical devices, particularly suitable for gastrointes-
tinal drug delivery, tissue engineering, and other scenarios,
addressing the issues of single functionality and insufficient

© 2025 The Author(s). Published by the Royal Society of Chemistry

biocompatibility in traditional micro/nano-robotic medical
devices.” To address the issue of single functionality and
locomotion modes, Zhong et al. employed an electrodeposition
process to fabricate ultra-soft magnetic hydrogel-based micro/
nano-robotic medical devices. Photolithographic patterns were
created on a conductive glass substrate, followed by dropping
a solution containing sodium alginate, calcium carbonate, and
magnetic particles. A constant current was applied to initiate
water electrolysis, generating H' ions in the cathodic region.
These H' ions reacted with calcium carbonate (CaCOj;) to
produce Ca*>" ions. These Ca®>" ions then immediately reacted
with the carboxylate groups on the sodium alginate polymer
chains, triggering the gelation of sodium alginate and forming
deformable, ultra-soft, magnetically controlled hydrogel-based
micro/nano-robotic medical devices. This method allows for
optimizing magnetic response sensitivity and locomotion effi-
ciency by adjusting the concentration and distribution of doped
magnetic particles, while also enabling mass production and
adapting to complex biological through
morphological switching.”” Regarding the functionalization of
hydrogels via electrodeposition technology, as depicted in

environments
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Fig. 6(B), the hydrogel-based micro/nano-robotic medical device
proposed by Zheng et al. features a main skeleton composed of
pH-responsive hydrogel in its core functional area. By precisely
controlling the electric field distribution, a local pH gradient is
induced, which in turn regulates the ionization degree of
polymer chains and the crosslinking reaction rate, forming an
anisotropic structure with a gradient distribution of cross-
linking density, thereby achieving fluorescence imaging.”® Mold
casting is a common method for preparing hydrogels. Molds are
designed and prepared, then treated according to the different
reaction conditions for hydrogel formation, such as physical
crosslinking, chemical crosslinking, and photopolymerization,
until the hydrogel is crosslinked. This is a relatively simple and
cost-effective method, facilitating the preparation of various
shapes. Simultaneously, mold casting can be used modularly
for preparing hydrogel-based micro/nano-robotic medical
devices. Functional materials can be directionally deposited
within hydrogels through electrochemical processes, suitable
for constructing magneto-responsive structures. Zhu et al.
proposed a method for efficient preparation of high-precision
microstructures on complex curved surfaces using photo-
responsive hydrogels, addressing the problem of traditional
techniques relying on expensive equipment and complex
procedures. By using hydrogels as flexible micromolds, micro-
structures on the hydrogel surface are processed via UV
photolithography, then transferred to materials like poly-
dimethylsiloxane (PDMS), finally casting complex curved
structures with nanoscale surface smoothness.” Mold casting
and electrodeposition techniques complement each other in
the fabrication of hydrogel-based micro/nano-robotic medical
devices: mold casting excels at efficient replication of macro-
scopic structures, while electrodeposition is adept at in situ
integration of nanoscale functionalities. In the future, through
the integration of processes and innovation in material chem-
istry, it is expected to overcome single-technology bottlenecks
and advance hydrogel-based micro/nano-robotic medical
devices towards higher intelligence and functionalization.

2.4. Microfluidics

Microfluidic technology, which enables precise control of fluid
flow at micro-scales, is widely applied in the preparation of
hydrogel micro/nanoparticles and the design of hydrogel-based
micro/nano-robotic medical devices. As shown in Fig. 6(C),
microfluidic technology is used for preparing hydrogel micro-
spheres. By adjusting parameters such as shear force and
pressure gradient, microfluidic systems can generate highly
uniform hydrogel microparticles and achieve densification
through crosslinking reactions. Its core functions are man-
ifested in precise structural control, integration of functional
modules, efficient production processes, and assurance of
biocompatibility.” Microfluidic technology allows for precise
control of droplet generation and crosslinking, making it suit-
able for producing multifunctional hydrogel microspheres of
identical size. For example, Zhao et al. prepared stimulus-
responsive hydrogel microparticles with rapid response rates
and high drug loading capacities using microfluidic technology.
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The microparticle size ranges from 50 nm to 200 um, making
them suitable for various complex environments. They also
noted that the control precision of hydrogel microspheres
prepared by this technique needs improvement regarding
multi-stimuli synergistic response.*® Subsequently, Wang et al.
developed an injectable hydrogel system with reactive oxygen
species (ROS)-responsive properties for dynamically regulating
the cellular microenvironment, thereby enhancing the preci-
sion and stability of hydrogel microspheres prepared by this
technique under dynamic regulation.®* The achievements of
microfluidic technology in preparation include multifunctional
hydrogel microspheres. These hydrogels can achieve drug
delivery or deformation in response to specific stimuli, acting as
composite hydrogels. Composite hydrogels are, in turn,
important materials for realizing the multifunctionality of
hydrogel-based micro/nano-robotic medical devices. These
hydrogel microspheres serve not only as crucial constituent
materials for hydrogel-based micro/nano-robotic medical
devices but also find widespread applications in disease treat-
ment. As shown in Fig. 6(D), Cheng et al. achieved high-speed,
low-cost, and morphologically controllable preparation of
hydrogel microspheres using a Rotating Microfluidic System
(RMS), and validated the significant impact of microsphere
morphology on drug efficacy using tumor spheroid models,
providing a theoretical basis and experimental platform for
targeted delivery system design.** Therefore, microfluidic tech-
nology is one of the important techniques for preparing
hydrogel-based micro/nano-robotic medical devices, but it
cannot fully fabricate them on its own. Similar to microfluidic
devices are batch emulsion and extrusion-breakup methods. As
shown in Fig. 7, Muir et al. described the process principles and
product morphology differences of three microgel fabrication
techniques (MD/BE/EF), and how the morphological charac-
teristics of microgels ultimately determine the mechanical
properties, pore structure, and injectability of particulate
hydrogels.**

2.5. Other

In addition to the commonly used fabrication techniques
mentioned above, emulsification and electrospray ionization
methods are employed for preparing hydrogel microspheres,
while inkjet printing and microextrusion technologies are
utilized for fabricating hydrogel-based micro/nano-robotic
medical devices.®*®® As shown in Fig. 8(A and B), hydrogel
microspheres can be prepared via membrane emulsification.
Emulsification involves mixing immiscible liquids. With the aid
of surfactants, mechanical stirring or microfluidic shear forces
reduce the oil-water interfacial tension, generating cross-
linkable hydrogel droplets. Surfactants form an adsorbed layer
at the interface, directionally stabilizing HNS particles. Subse-
quent volatile solidification forms highly dense, low-defect HNS
microspheres. This process overcomes the particle size disper-
sion and density bottlenecks of traditional crystallization
methods, significantly enhancing the safety and energy output
efficiency of energetic materials.®”*® The electrospray ionization
method is also one of the commonly used techniques for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Working principles, product morphology differences, and the mechanism by which they influence the properties of particulate hydrogels
for three microgel preparation techniques. Copyright® 2021 American Chemical Society.®2

preparing hydrogel microspheres. Electrospray ionization is
a potential-driven liquid atomization technique where a high-
voltage electric field is applied to charge a polymer solution,
forming charged droplets. These droplets interact with an ionic
crosslinker during flight, undergoing ion exchange and coor-
dination crosslinking reactions, thereby promoting the
synthesis of hydrogel microspheres. As depicted in Fig. 8(C),
a double-walled hydrogel prepared by a single-needle electro-
spray method consists of an outer layer of polyvinyl alcohol
hydrogel with hydrophilicity and adjustable swelling properties,
and an inner layer of polycaprolactone, which provides hydro-
phobicity, mechanical support, and slows drug release.** While
both electrospray ionization and microfluidic technologies are
used for preparing hydrogel microspheres, Shao et al. noted
that emulsification and electrospray ionization methods often
suffer from certain limitations, leading to non-uniform particle
sizes in the prepared hydrogel microspheres.” In Fig. 8(D), pH-
responsive alginate/ozonated oil microspheres were prepared
using the electrospray technique. The carboxyl groups in algi-
nate become protonated in acidic environments, leading to
reduced polymer chain hydrophilicity and weakened electro-
static repulsion, causing the microspheres to contract and
protect the drug. In neutral environments, the carboxyl groups
deprotonate, increasing electrostatic repulsion and hydration,
which results in hydrogel swelling and precise drug release.
This offers a new strategy for targeted delivery in inflammatory
bowel disease.” Inkjet printing is widely used for stimulus-
responsive hydrogels. As shown in Fig. 8(E and F), inkjet
printing for fabricating hydrogel-based micro/nano-robotic
medical devices works by obtaining digital data of a design
model from a computer and forming preset objects on
a substrate via ink droplets. Inkjet bioprinting technology, as
a versatile biomanufacturing platform, can integrate four key
biological components: cells, biomaterials, DNA, and biomole-
cules. Through precise deposition of picoliter droplets, these

© 2025 The Author(s). Published by the Royal Society of Chemistry

four elements are combined into a single manufacturing plat-
form, enabling full-chain biomanufacturing from tissue regen-
eration to gene therapy, and driving the paradigm shift in life
sciences from “single-functional devices” to “integrated living
systems”.?>** Microextrusion technology is employed for fabri-
cating hydrogel-based micro/nano-robotic medical devices. As
shown in Fig. 8(G and H), microextrusion involves loading
biomaterials into a barrel and extruding them through a nozzle
onto a manufacturing platform or a predetermined location on
the platform using pneumatic or mechanical force. A computer-
controlled movable print nozzle then deposits the final struc-
ture layer by layer. Through urea/HPMC-assisted pre-
crosslinking, forming hydrogen bonds or physical entangle-
ment, stable extrusion printing of high-concentration silk
fibroin is achieved. Combined with a gradient freezing-ethanol
solidification technique, biomimetic porous scaffolds are con-
structed, addressing the concentration limitations and uncon-
trolled structures of traditional silk fibroin bioprinting, and
providing a novel customized material platform for cartilage
repair.’*%*

In summary, micro/nano-robotic medical devices composed
of composite hydrogels hold significant research value and
application prospects in terms of mechanical properties and the
generation of intelligent materials.?® By rationally designing the
chemical composition and network structure of hydrogels, it is
possible to fabricate micro/nano-robotic medical devices with
excellent mechanical properties and chemical responsiveness.
However, different fabrication techniques possess their own
advantages and disadvantages, as summarized in Table 3. A
single fabrication technique struggles to meet the demands for
structural complexity, functional integration, and dynamic
responsiveness; performance breakthroughs require the syner-
gistic combination of multiple techniques. Therefore, the future
necessitates the integration of various fabrication technologies,
and establishing multi-technique synergistic platforms is the
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Fig. 8 (A) Preparation of hydrogel microspheres via emulsification method. © 2025 The Authors. Published by Elsevier Ltd.%” (B) Core process
and interfacial chemical mechanism for preparing hexanitrostilbene microspheres via membrane emulsification technology. © 2022 Chinese
Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences.®® (C) Double-walled hydrogel prepared by single-
needle electrospray method. © 2019 Elsevier B.V. All rights reserved.®® (D) Full process, material design principle, and functional verification
mechanism for preparing pH-responsive alginate/ozonated oil microspheres using electrospray technology. © 2024 by the authors. Licensee
MDPI, Basel, Switzerland.®* (E) Inkjet printing for fabricating hydrogel-based micro/nano-robotic medical devices. © 2024 The Authors. Published
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Table 3 Advantages as well as disadvantages of different preparation methods

Methodologies Dominance Malpractice Reference
Photolithography Specific size and morphology of microrobots Relatively low production and expensive 62 and 72
(3/4D printing) can be obtained, allowing direct preparation TPP technology
of microspheres containing cells and
reducing cell damage
Electrodeposition Efficient, programmable structural design, Complex and costly equipment, uneven 76-78
technology multifunctional integration and density of localized gel networks
biocompatibility
Microfluidics Highly uniform size and shape of High maintenance cost of equipment; 80 and 81
microspheres; versatility; precise control of complexity of work; high technical
reaction conditions and regulation of requirements for personnel; low
hydrogel physicochemical properties efficiency of large-scale production
Emulsification Precise control of microsphere size and Uneven dispersion of emulsion; wide 83
structure; easy to use; low cost; high yield; particle size distribution of
controllable microspheres; complicated operation
procedure, precise control of
emulsification conditions is required
Electrospray ionization Precise control of microsphere size; flexible Limited production capacity; high 84
material selection and ability to prepare equipment requirements; sensitivity to
microspheres with complex structures the operating environment
Inkjet printing The diameter, shape and internal structure Complex device parameters make it 85
Micro-extrusion technology of the microrobots can be precisely difficult to maintain biomolecular 86

controlled; different materials can be mixed
to build multifunctional microspheres

activity

correct direction for hydrogel-based micro/nano-robotic

medical devices.

3. Actuation mechanisms and
stimulus-responsive mechanisms of
hydrogel-based micro/nano-robotic
medical devices

Currently, the actuation of hydrogel-based micro/nano-robotic
medical devices primarily relies on two main mechanisms:
chemical fuel-driven and external field-driven actuation. The
early development of hydrogel-based micro/nano-robotic
medical devices centered on self-propulsion, achieving auton-
omous movement by responding to environmental changes
through the material's inherent chemical or physical properties.
Examples include low-energy catalytic self-propelled hydrogel
soft motors and self-resetting hydrogel actuators powered by
chemical fuels. Subsequently, the diversity of chemical fuels for
self-propulsion increased, leading to hydrogel-based micro/
nano-robotic medical devices that utilize glucose from body
fluids as a driving fuel and those carrying hydrogen peroxide for
propulsion. Chemical fuel-driven actuation of hydrogel-based
micro/nano-robotic medical devices achieves irregular Brow-
nian motion within the biological body by producing local pH
or temperature changes through chemical reactions, or directly

generating gas to form microbubbles. However, this method
typically involves a relatively slow process to reach the target
location. To enhance motion controllability and speed, research
has shifted towards active regulation using external physical
fields such as magnetic fields, light, and ultrasound, forming
a high-precision control system for speed and direction.
Examples include spatiotemporally driven hydrogels for
magnetic swarm hydrogel-based micro/nano-robotic medical
devices and composite hydrogels exhibiting photothermal
effects under near-infrared stimulation, or achieving movement
by creating asymmetric structures during fabrication to alter
local field symmetry. As shown in Fig. 9, hydrogel-based micro/
nano-robotic medical devices have evolved from self-propulsion
mechanisms involving irregular Brownian motion of hydrogel
microspheres in liquid environments to regulated movement
where external physical fields combined with self-propulsion
mechanisms control their direction and speed. In complex
and confined biological environments, these actuation methods
may be susceptible to environmental interference, leading to
reduced control precision. To overcome the limitations of single
actuation mechanisms, researchers have recently begun
exploring hydrogel-based micro/nano-robotic medical devices
that integrate multiple actuation mechanisms. Multi-actuation
systems can synergistically utilize external physical fields and
hydrogel chemical fuel-driven actuation. Here, direction and
speed play critical roles in determining performance, with

four key biological components to fabricate functional hydrogels. © 2020 American Chemical Society.®® (G) Microextrusion technology for
fabricating hydrogel-based micro/nano-robotic medical devices. © 2025 Elsevier Ltd. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.®* (H) Low-temperature deposition 3D bioprinting and gradient cryoforming technology for pre-
crosslinked silk fibroin hydrogels. © The Royal Society of Chemistry 2022.9°
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speed regulation primarily achieved through chemical reactions
and movement direction controlled by external fields. Further-
more, by integrating the hydrogel's stimulus-responsive mech-
anisms, the precision and functionality of the device's control
can be effectively enhanced, enabling more complex tasks.
Composite hydrogels play a crucial role in enabling diverse
actuation possibilities for hydrogel-based micro/nano-robotic
medical devices. By combining natural and synthetic hydro-
gels, or different types of hydrogels with other functional
materials, enhanced physical, chemical, and biological prop-
erties can be achieved. In the design of hydrogel-based micro/
nano-robotic medical devices, composite hydrogels, as an
emerging material system, effectively address the limitations of
single hydrogel materials in terms of mechanical properties,
biocompatibility, and controllability.'”® The chemical modifi-
ability of hydrogels, achieved through the introduction of
specific chemical functional groups, grafting of responsive
polymer segments, or doping with functional nanomaterials,
directly influences their responsive characteristics, and conse-
quently dictates the choice of actuation method. Chemical
modification can endow hydrogels with responsiveness to
stimuli such as temperature, pH, magnetic fields, and light. For
instance, incorporating thermosensitive polymer chains
enables  temperature  responsiveness, aligning  with
temperature-driven actuation mechanisms.** Modifying with
magnetic nanoparticles confers magnetic responsiveness,
providing the foundation for magnetic actuation.'®>>%1960,104-119
Adding photosensitive groups like azobenzene, which utilize
photoisomerization reactions, can achieve photo-actua-
tion.>'®12%121 Thig association between chemical modification,
responsive properties, and actuation methods is a critical aspect
of designing hydrogel-based micro/nano-robotic medical

37746 | RSC Adv, 2025, 15, 37728-37775

devices, directly impacting their functional realization and
application scenarios. For example, in fields like drug delivery
and tissue engineering, the hydrogel's responsive characteris-
tics must be customized through chemical modification to
match the appropriate actuation method, based on practical
needs.

3.1. Chemical fuel drive

Chemical propulsion mechanisms in hydrogel-based micro/
nano-robotic medical devices primarily utilize chemical reac-
tions with specific chemical fuels to generate microbubble
propulsion for the purpose of movement within biological
systems. Common fuels include hydrogen peroxide, glucose,
ionic environments, and others. As shown in Fig. 9, most
hydrogel-based micro/nano-robotic medical devices primarily
composed of hydrogel materials achieve movement through
chemical reactions that generate local pH or temperature
changes, or directly produce gas, combined with repeated, self-
resetting actions. For instance, Xu et al. proposed a chemical
fuel-driven biomimetic self-resetting hydrogel actuator, where
local pH or osmotic pressure changes generated by catalytic
reactions transiently alter the protonation state of ionizable
groups or the hydrophilicity/hydrophobicity of polymer chains
within the hydrogel network, thereby enabling autonomous
actuation and deformation, and spontaneously returning to
their initial state after fuel depletion. This exemplifies this
principle.”® Subsequently, Nan et al. introduced a biomimetic
self-resetting bilayer hydrogel actuator. This research estab-
lished a negative feedback loop between H' ions produced by
acid-catalyzed reactions and specific chemical components
within the hydrogel, precisely controlling the deformation rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and self-resetting process of the hydrogel. Coupled with
a biomimetic bilayer structural design, they developed a hydro-
gel actuator with self-resetting capabilities. This resolved the
limitations of traditional actuating materials regarding signal
irreversibility or irreversible reactions, offering an efficient and
sustainable actuation solution for next-generation soft
robotics.” Concurrently, Zhao et al. combined two hydrogel
layers with different functionalities through an asymmetric
design, forming a bendable responsive bilayer structure. They
leveraged osmotic pressure differences between the inside and
outside of the hydrogel network caused by ion concentration
gradients, as well as coordination or ion exchange reactions
between specific ions and charged functional groups on the
polymer chains, to trigger hydrogel swelling/contraction,
achieving controllable deformation. This provided a bio-
friendly and highly controllable actuation solution for soft
robotics, with significant application potential in fields such as
healthcare and environmental monitoring.*** Chemically driven
hydrogel-based micro/nano-robotic medical devices offer
advantages such as ease of application and a broad range of
propulsion reactions. However, these chemical propulsion
systems typically lack effective control over the locomotion
characteristics of hydrogel-based micro/nano-robotic medical
devices, thus necessitating the use of external magnetic fields
for precise motion regulation. Furthermore, the lifespan of
chemically propelled hydrogel-based micro/nano-robotic
medical devices is generally limited.

3.2. External physical field drives

3.2.1. Magnetic field drive. Magnetic fields are utilized to
manipulate magnetic particles, such as Fe;O, nanoparticles,
within hydrogel-based micro/nano-robotic medical devices,
enabling precise navigation through gradient or oscillating
magnetic fields. Magnetic hydrogels can achieve cooperative
movement of multiple devices via programmed magnetic fields;
during intravascular navigation, swarms of these magnetic
devices can be tracked in real-time using laser scattering
imaging. This actuation method offers advantages such as non-
invasiveness, remote control, and precise manipulation,
making it suitable for in vivo applications and in complex
environments. As shown in Fig. 1, the incorporation of super-
paramagnetic particles like Fe;O, into hydrogels enables
external magnetic field manipulation of hydrogel-based micro/
nano-robotic medical devices. For instance, Chen et al
designed and fabricated a biodegradable magnetic hydrogel-
based micro/nano-robotic medical device based on gelatin
and ferric oxide nanoparticles, demonstrating its advantages in
diverse actuation methods, flexible maneuverability, and
precise motion control, making these devices attractive for
biomedical applications.> Magnetic field-driven hydrogel-
based micro/nano-robotic medical devices have demonstrated
potential applications in cancer therapy. Jiang's team utilized
magnetic field-driven hydrogel-based micro/nano-robotic
medical devices for loading lycorine hydrochloride to inhibit
colorectal cancer cells, offering a new strategy for tumor
therapy.” Tao's team designed and fabricated Ro-3306-loaded
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magnetic field-driven hydrogel-based micro/nano-robotic
medical devices to enhance the chemotherapeutic efficacy
against MYC-dependent osteosarcoma, providing a new strategy
for osteosarcoma treatment.'® By designing devices with specific
shapes and structures, the gradient distribution of magnetic
fields enables efficient shuttling and targeted therapy within
tumor tissues. These devices can precisely deliver chemother-
apeutic drugs to tumor cells and, concurrently, enhance the
efficacy of tumor treatment through photothermal effects or
chemotherapy synergism. The vast majority of teams apply
magnetic field-driven hydrogel-based micro/nano-robotic
medical devices in drug delivery, where magnetic field-driven
hydrogel actuators can rotate and propel under the influence
of a magnetic field. In Fig. 10(A), Xu et al. developed a magnetic
hydrogel soft capsule micro/nano-robotic medical device,
approximately 2 mm in diameter, based on a magnetic-
responsive dual control mechanism, achieving precise opera-
tion in an in vitro human phantom through ultrasound guid-
ance. This system employs gradient magnetic field actuation,
achieving non-damaging navigation at speeds up to 1.5 mm s~
through narrow channels in weak magnetic fields (<37 m™"). In
strong magnetic fields (>67 m™"), it triggers physical disinte-
gration to release cargo. It maintains structural stability in
extreme pH environments, lasting over 2 hours at pH 1.5 and
over 2 days at pH 12. In drug loading experiments, a Ca(OH),
solution mimicked drug release, showing accelerated diffusion
by a swarm of these devices, with a 300% speed increase.
Biocompatibility validation showed 90% survival rate for
zebrafish embryos encapsulated for 24 hours, and HEK293 cell
viability >95% after co-culturing with the material. Regarding
pharmacokinetic (PK), pharmacodynamic (PD), and immuno-
genicity, magnetic triggering enabled instantaneous drug
release, increasing diffusion area by 70% within 5 seconds. The
PD potential was demonstrated by lesion targeting and local
enrichment of phenolphthalein gel, despite the material's good
biosafety. The study systematically describes the closed-loop
targeted delivery process of magnetic-controlled capsule
hydrogel-based micro/nano-robotic medical devices within the
gastrointestinal tract, involving oral ingestion of the capsule,
followed by navigation in gastric acid environment, magnetic-
controlled morphological changes, navigation in intestinal
alkaline environment, swarm regrouping, and targeted release.
This research was validated in various experimental scenarios
simulating the human internal environment, such as con-
structing gastric acid and intestinal alkaline environments by
adjusting pH, and creating 3D rough surfaces mimicking
intestinal folds. The experiments comprehensively covered
complex internal human environments, verifying the feasibility
of targeted delivery of the capsule within the digestive system.
Overall, through a magnetic-controlled staged strategy and
environment-responsive design, precise delivery and coopera-
tive swarm operation of capsule micro/nano-robotic medical
devices in the gastrointestinal tract were achieved.” The
combination of hydrogels and magnetic particles enables
hydrogels to respond and actuate in a tunable and wireless
manner under magnetic field guidance, which is a significant
advantage for further research and development of magneto-
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Fig. 10 (A) Full closed-loop targeted delivery process of magnetic-controlled capsule micro/nano-robotic medical devices within the
gastrointestinal tract. © 2023 The Authors.®® (B) Closed-loop antibacterial therapy via magnetic-driven VAN-MRS hydrogel-based micro/nano-
robotic medical devices: targeted rolling to the infection site, local sustained release of vancomycin using a pH-responsive mechanism,
achieving “precise navigation, controlled drug release, and efficient bactericidal action.” © 2025 Wiley-VCH GmbH.**” (C) A degradable
magnetic-driven hydrogel-based micro/nano-robotic medical device with multimodal locomotion, autonomous navigation, and thermo-
responsive release capabilities. © 2023 American Chemical Society.**? (D) Electric field-triggered directional migration of cations and anions and
formation of a charge accumulation layer at the membrane interface, inducing controllable bending deformation of the material. © 2020

American Chemical Society.*?*

responsive hydrogels. This combination holds great application
potential in biomedical fields, and the preparation methods are
applicable to other filler-containing soft functional
materials.'??>4%49.60:104-119 Bor example, in Fig. 10(B), Chen et al.
developed a magnetic-responsive hydrogel-based micro/nano-
robotic medical device system, consisting of composite micro-
spheres with magnetic Fe;O, nanoball chains as the driving
core and externally encapsulated by a poly(acrylic acid-co-
acrylamide) hydrogel shell, for targeted antibiotic delivery. This
system exhibited excellent performance in an in vitro human
phantom, where agar gel simulated an infected site within
a microfluidic channel. Through a magnetic-driven response
mechanism, individual hydrogel-based micro/nano-robotic
medical devices achieved rolling motion under a rotating
magnetic field, reaching a peak speed of 4.8 pm s ' with
a stepping frequency of 6 Hz. Swarm motion achieved a peak
speed of 62 pum s ' with a stepping frequency of 4 Hz,
successfully navigating to the target area and covering bacterial
colonies. For drug loading, the hydrogel matrix achieved effi-
cient loading of vancomycin via electrostatic adsorption, with
a drug loading efficiency of 38.2% and sustained release

37748 | RSC Adv, 2025, 15, 37728-37775

characteristics, releasing 10% in 12 hours. The reservoir effect
of the hydrogel pores demonstrated its local sustained release
capability. Validation showed a significant inhibition of Staph-
ylococcus aureus growth at a concentration of 1 mg mL™",
reducing bacterial survival rate to 10%. Immunogenicity
assessment via RAW264.7 cytotoxicity testing indicated good
biocompatibility, with cell viability exceeding 80%. This
magnetic field-driven system offers an efficient and biosafety-
conscious solution for targeted antibacterial therapy.'”” The
post-mission handling of magnetic field-driven hydrogel-based
micro/nano-robotic medical devices after completing their tasks
is also a crucial topic. Chen et al. proposed a solution to this
problem, describing a degradable magnetic field-driven
hydrogel-based micro/nano-robotic medical device possessing
multimodal locomotion, autonomous navigation, and thermo-
responsive release capabilities. Its main structure, a gelatin
hydrogel, undergoes slow solation at 35-37 degrees Celsius,
thereby achieving degradation. Chen et al. developed a biode-
gradable magnetic hydrogel-based micro/nano-robotic medical
device that achieved multimodal locomotion and targeted drug
delivery through magnetic field-driven responses in an in vitro
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human phantom simulating the intestinal surface of large
animals. This device, comprising gelatin and Fe;O, nano-
particles, forms a peanut-shaped structure with a long axis of
1.85 mm and a short axis of 0.95 mm. Driven by a rotating
magnetic field of 10 mT strength and 1-9 Hz frequency, it can
switch between four locomotion modes: precession, tumbling,
XY-rotation, and Z-rotation, reaching a maximum speed of
12.75 mm s~ . It demonstrated exceptional obstacle-crossing
capabilities, including climbing a 45° incline, traversing
a 1.5 mm step, and navigating a 1.5 mm narrow channel.
Regarding drug loading, the magnetic hydrogel-based micro/
nano-robotic medical device achieved functional delivery by
loading doxorubicin-chitosan microparticles, exhibiting a drug
loading capacity of 5.44% =+ 0.63% and an encapsulation effi-
ciency of 51.8% =+ 6.35%, with a cumulative release rate of
43.63% =+ 5.33% over 12 hours. Similar to previous examples,
the porous structure of the hydrogel demonstrated its local
sustained release capability. Validation showed an inhibitory
activity against HCT116 colon cancer cells of 56.8% =+ 3.11%,
compared to 27.54% =+ 4.65% for the free DOX group. Immu-
nogenicity assessment via 293T cytotoxicity testing showed
extremely high biocompatibility, with cell viability close to
100%. This magnetic field-driven system, integrating degrad-
ability, multimodal locomotion, and intelligent drug release,
provides an innovative solution for targeted delivery.'*>
Degradability was achieved through the gelatin-based hydrogel;
magnetic actuation by Fe;O, nanoball chains; and enriched
functionality via chitosan drug-loaded microparticles. This
example fully illustrates the compatibility of hydrogels as the
main component of hydrogel-based micro/nano-robotic
medical devices.

3.2.2. Electric field drive. Actuation via electric fields is
achieved by integrating materials with differing polarization
rates, similar to mechanisms used in magnetic actuation,'*
primarily utilizing direct current (DC) or alternating current
(AC) electric fields for propulsion. Electro-responsive hydrogels
are widely applied in fields such as soft robotics and micro-
fluidic valves, but traditional hydrogels often suffer from low
mechanical strength and slow response speeds. Jiang and Tang
developed a high-strength and tough nanocomposite hydrogel
through =zirconium hydroxide nanoparticle crosslinking,
exhibiting a tensile strength of up to 2 MPa and a Young's
modulus of 1.2 MPa, while also possessing rapid electro-
responsiveness. Its high mechanical strength ensures stability
during repeated deformation, and its rapid response and
controllability make it suitable for enhancing the accuracy and
stability of in vivo operations. However, this actuation method is
difficult to synergize with other actuation mechanisms, still
presenting issues of singular actuation mode and functionality.
As shown in Fig. 10(D), Jiang et al. developed a nanocomposite
hydrogel based on zirconium hydroxide nanoparticle cross-
linking, which achieves rapid bending actuation via electric
field driving, effectively enhancing the mechanical strength of
electro-responsive hydrogels. Electric field actuation experi-
ments were conducted in a customized setup where a hydrogel
strip was placed in a 0.5 M Na,SO, solution, with two parallel
platinum electrodes spaced 50 mm apart, and a £15 V voltage
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applied. The bending mechanism originates from osmotic
pressure differences caused by ion migration, leading to
expansion on the anodic side and inducing anisotropic defor-
mation. Specific experimental data show a rapid and reversible
response, with a bending angle of up to 80° towards the cathode
within 100 seconds under a 15 V applied voltage, and bending to
—70° within 100 seconds after voltage reversal. The response
rate and maximum bending angle can be adjusted by varying
NP concentration, with the sample reaching 90° in 80 seconds
and the highest rate observed at 10 wt%. The electric field
triggers directional migration of cations and anions, forming
a charge accumulation layer at the diaphragm interface, which
induces controllable bending deformation of the material. Its
significant softening and enhanced ductility in the energized
state bestow the material with dynamically adjustable proper-
ties under high loads."* Subsequently, Lee et al. systematically
investigated the response behavior of agarose/poly(acrylic acid)
double-network hydrogels in ionic environments. The core
experimental system involved preparing hydrogels with varying
polymer concentrations (e.g., 2Ags¢PAAc, 3Ags¢PAAc, 3Ago-
PAAc) through UV-initiated polymerization after heat-induced
agarose gelation, and their properties were characterized
using techniques such as tensile testing, swelling ratio
measurement, zeta potential analysis, and liquid-phase atomic
force microscopy. Research data showed significantly enhanced
mechanical properties of the hydrogel, with 3Ags sPAAc exhib-
iting a fracture stress of up to 0.5 MPa. Its surface charge and
microstructure changed regularly with ion concentration.
However, its actuation mechanism originated from osmotic
pressure differences caused by ion concentration gradients and
the charge regulation effect of polyelectrolytes. This revealed the
regulatory mechanism of the ionic environment on the micro-
structure, mechanical properties, and surface characteristics of
charged double-network hydrogels within the agarose/
poly(acrylic acid) system, as well as the universal law govern-
ing its charge regulation. The responsive behavior of double-
network hydrogels is jointly determined by their composition
and the ionic environment, and the dynamic regulation mech-
anism of their charge and microstructure opens new avenues
for functional material design." However, in practical appli-
cations, hydrogel-based micro/nano-robotic medical devices
must navigate autonomously in complex fluid environments,
where non-uniform electric field distribution and variations in
media conductivity can pose challenges.

3.2.3. Optical drive. Photo-actuation drives hydrogel-based
micro/nano-robotic medical devices by utilizing light's effect on
photosensitive materials within the hydrogel. Upon absorbing
photons, these photosensitive materials undergo photothermal
effects, photochemical reactions, or photo-induced deforma-
tions, which can also enable drug release. Photo-actuation
offers advantages such as rapid response speed, strong
controllability, and remote control, making it suitable for
applications in biomedical engineering and environmental
science.'® Photo-actuation is primarily divided into photome-
chanical actuation and photothermal actuation. As shown in
Fig. 11(A), a clear comparison is made between these two
distinct actuation mechanisms of photo-responsive materials.
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(A) Two different actuation mechanisms of photo-responsive materials. © 2024 The Author(s). Published by the Royal Society of

Chemistry.*?¢ (B) Visualized correlation between PFOS biodistribution patterns and micro/nano-robotic medical device detection principles in
literature. © 2025 Elsevier B.V. All rights are reserved.?® (C) Ultrasound-propelled nanoswimmers penetrating and diffusing into tumor micro-
vessels. © 2020 American Chemical Society.**® (D) Differential interaction mechanisms of acoustically-driven micro/nano-robotic medical

devices with microscale structures in Newtonian and non-Newtonian

The experimental systems are mainly based on two types of
materials, such as thermosensitive hydrogels and liquid crystal
elastomers, achieving photo-responsiveness by doping with
photothermal conversion materials like gold nanoparticles,
carbon nanotubes, or photomechanical switching molecules
such as azobenzene. The actuation mechanisms are categorized
into photothermal actuation, which converts light energy into
heat to induce material contraction and expansion, and
photomechanical actuation, which directly induces molecular
conformational changes via light. Specific experiments include
rapid bending and coiling of gold-coated PNIPAM strips within
90 ms under infrared light, LCE-based biomimetic snail-like
crawling devices, and light-controlled micro-grippers for
grasping and transporting objects. Photothermal actuation can
achieve millisecond-level response times, while photomechan-
ical actuation can realize complex three-dimensional deforma-
tions. Application areas include biomimetic technology, surface
cleaning, and intelligent transportation. However, photo-
actuated soft medical devices still face challenges such as low
actuation force, expensive equipment, and limited application
in opaque media."”® For example, Zhu et al. combined multi-
step electric field alignment and photolithographic polymeri-
zation techniques to fabricate anisotropic hydrogels with

37750 | RSC Adv, 2025, 15, 37728-37775

fluids. © 2022 The Authors, some rights reserved.**

complex patterned structures. Photothermal effects triggered
rapid localized contraction and expansion of the hydrogel,
while temperature concurrently modulated its friction coeffi-
cient. This technique was applied to a biomimetic soft medical
device based on a poly(N-isopropylacrylamide) nanocomposite
hydrogel, which achieves multi-modal locomotion through
photo-actuation. The specific experimental system involved
constructing anisotropic structures based on electric field-
aligned fluorohectorite nanosheets and gold nanoparticles.
Under 520 nm green light irradiation, rapid temperature
changes could be triggered, with temperatures rising to 55 °C
within 3 seconds, leading to anisotropic deformation: expan-
sion by 1.5 times perpendicular to the nanosheet orientation
and contraction to 0.8 times parallel to it. Experimental data
indicated that this hydrogel could achieve crawling, walking,
and turning movements on a PVC substrate via light scanning,
with its locomotion mechanism relying on the dynamic regu-
lation of photothermal deformation and friction coefficient.**
The bottleneck of the aforementioned hydrogel actuators lies in
their reliance on water molecule diffusion mechanisms, which
leads to slow actuation speeds, and complex movements are
limited by material fabrication methods. Ni et al. proposed
a thermosensitive hydrogel based on dynamic disulfide bond
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crosslinking, achieving high-speed, programmable actuation
through photomechanical programming. UV light triggers the
cleavage and recombination of disulfide bonds, introducing
spatially selective network anisotropy that locally aligns the
hydrogel chains. Actuation behavior is dominated by
temperature-regulated polymer chain conformational changes,
rather than traditional water diffusion mechanisms, signifi-
cantly enhancing speed. The addition of carbon particles
enables the photothermal effect for near-infrared light actua-
tion, achieving a rapid temperature response.’” Concurrently,
Deng et al. developed carbon nanotube-doped composite
hydrogels, which significantly enhance the photosensitivity and
response speed of hydrogel-based micro/nano-robotic medical
devices by improving the light absorption rate, thermal
conductivity, and mechanical modulus of the crosslinked
network. Laser-induced in situ photocrosslinking of hydrogels
enables one-step printing of 3D structures and programming of
photo-responsive properties. This supports high-precision
manufacturing of complex microstructures, with resolutions
down to the sub-micron level. This method provides new
insights for the large-scale manufacturing of photo-actuated
hydrogel-based micro/nano-robotic medical devices,
promoting their application in targeted drug delivery, mini-
mally invasive surgery, and micro/nano engineering. Future
extensions to other photosensitive material systems could
further enhance actuation efficiency and functional integra-
tion.”® Furthermore, variations in light intensity can be utilized
to promote precise control over movement and morphological
adjustments. The rapid response and versatile adaptability of
photo-responsive hydrogels pave the way for innovative appli-
cations. However, challenges persist, including nanoscale
limitations in actuation force, expensive optical manipulation
equipment, and insufficient light penetration in opaque media.
From the locomotion control of hydrogel-based micro/nano-
robotic medical devices to the dynamic shape regulation of
wearable technologies, future efforts need to combine multi-
field actuation to enhance three-dimensional control capabil-
ities and expand their applications in biomedical and other
fields."*>*****®* Dual-actuation synergy can effectively improve
precision. As shown in Fig. 11(B), magnetic fields address deep
tissue penetration, while photo-actuation enables precise
localized energy delivery. Magnetic fields guide the hydrogel-
based micro/nano-robotic medical devices to the target area,
and near-infrared light irradiation activates the generation of
photoelectrons, granting photo-actuated hydrogel-based micro/
nano-robotic medical devices greater functionality through the
combination of these two actuation methods."

3.2.4. Sound driver. Ultrasound actuation is one of the
crucial actuation methods for propelling hydrogel-based micro/
nano-robotic medical devices, with three main actuation strat-
egies widely employed in the biomedical field. (1) Utilizing the
acoustic radiation force generated when sound waves propagate
through a medium, acting upon the surface of the hydrogel-
based micro/nano-robotic medical device. For instance, the
distribution of acoustic pressure nodes and anti-nodes in
a standing wave field can exert periodic forces on structures like
metal nanorods, compelling them to move along the acoustic
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pressure gradient. McNeill et al. developed a wafer-scale scal-
able manufacturing technique that addresses the limitations of
traditional methods regarding size constraints, insufficient
yield, and degrees of freedom in motion through acoustic
actuation and magnetic control technologies.”*® (2) When
sound waves propagate in a fluid, they induce viscous shear
forces, creating stable vortices or directed flow fields. Hydrogel-
based micro/nano-robotic medical devices gain propulsive force
through the interaction between their surfaces and the acoustic
streaming. For example, by acoustically driving microbubble
oscillations to generate high shear rate microfluidic fields,
Aghakhani et al addressed the challenge of propelling
hydrogel-based micro/nano-robotic medical devices in complex
biological fluids."** (3) Designing micron-sized cavities on or
within the surface of the device, utilizing ultrasound to excite
periodic oscillations of bubbles (cavitation effect), and
achieving propulsion through the recoil force generated by
bubble contraction/expansion. For instance, Ren et al.'s nano-
swimmer employed a half-capsule structure, fabricated using
direct laser writing combined with metal layer deposition, with
a hydrophobic surface treatment to capture bubbles. In
a megahertz acoustic field, bubble oscillations generate two
main forces: the secondary Bjerknes force, which attracts the
nanoswimmer towards boundaries, and acoustic streaming,
which provides propulsive force for movement.”** This tech-
nology is extendable to fields such as hydrogel-based micro/
nano-robotic medical devices, targeted drug delivery, and bi-
omanufacturing, and its biosafety can be further enhanced by
incorporating biodegradable materials or magnetic nano-
particles in the future. Combining acoustic actuation with other
external physical fields effectively enriches the functionality of
hydrogel-based micro/nano-robotic medical devices. As shown
in Fig. 11(C), this hydrogel-based micro/nano-robotic medical
device features micro-scale swimmers and nano-scale swim-
mers in its left section, with micro-swimmers designed for
tumor vessel penetration and nano-swimmers for blood-brain
barrier crossing. The central section is a U-shaped magnetic
control region, where the Fe;0, layer is steered by Lorentz force,
overcoming the limitations of acoustic propulsion. The right
section is ultrasound-driven, executing three types of move-
ment: circular, helical, and linear trajectories via ultrasound.
This 3D design, incorporating structural hierarchy, functional
mapping, and environmental identification, particularly high-
lights the breakthrough value of 50 nm swimmers combined
with acoustic autonomy and magnetic guidance.”®® Subse-
quently, to address adaptation to more complex environments,
Kaynak et al. fabricated biocompatible polyethylene glycol di-
acrylate using two-photon polymerization 3D printing tech-
nology. Without the need for bubbles or magnetic materials,
driven by acoustic resonance, they achieved acoustic frequency-
addressable control of an all-hydrogel micro-system for the first
time, opening new pathways for the development of micro-scale
biomedical tools.’** To date, ultrasound-actuated hydrogel-
based micro/nano-robotic medical devices have become a key
technology for targeted drug delivery and precise therapy due to
their non-invasiveness, high penetrability, and real-time
imaging compatibility, requiring drug delivery or operation
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execution in a controlled manner at specific times and loca-
tions, tailored to individual patient differences.”***¢ In
Fig. 11(D), the differential interaction mechanisms of New-
tonian and non-Newtonian fluids on micro-scale structures are
systematically presented. Under ultrasound actuation, a hydro-
gel-based micro/nano-robotic medical device in a Newtonian
fluid encapsulates a probe with blue fluid, penetrates a cavity,
and then undergoes structural settlement and deformation. In
a non-Newtonian fluid, it encapsulates a probe with yellow
fluid, resulting in non-uniform deformation.™*

3.3. Stimulus response mechanisms

3.3.1. pH response. pH-responsiveness is a critical char-
acteristic of hydrogels as smart materials, primarily owing to
the reversible changes in their molecular structure and physi-
cochemical properties with variations in environmental pH.
This responsive mechanism in hydrogel-based micro/nano-
robotic medical devices primarily manifests in two categories.

The first mechanism involves pH-induced hydrolysis of
chemical bonds or decomposition of complexes. In this mech-
anism, pH can directly trigger the cleavage of specific covalent
or coordination bonds within the hydrogel network, leading to
the structural degradation of the material. This in turn enables
drug release or the disintegration of the device. For example, in
metal-organic framework materials like zeolitic imidazolate
framework (ZIF-8), the metal-organic coordination bonds can
undergo hydrolysis in acidic environments, causing the
framework structure to collapse and release encapsulated cargo.
Cao et al. utilized the pH-responsive degradation properties of
their synthesized Fe@ZIF-8 nanoparticles to achieve efficient
doxorubicin loading.”* Similarly, certain pH-sensitive covalent
bonds, such as hydrazone and acetal bonds, can undergo
hydrolysis under specific pH conditions, thereby enabling
hydrogel degradation or site-specific drug release.™”

The second, and more prevalent, mechanism is the revers-
ible protonation/deprotonation of weak acidic or weak basic
functional groups within the hydrogel network, triggered by
changes in pH. This consequently affects the charge density,
hydrophilicity, and inter-chain electrostatic interactions of the
polymer chains, ultimately leading to hydrogel swelling or
shrinking."*

Specifically, carboxyl-containing (-COOH) hydrogels, such as
poly(acrylic acid) (PAAc) and its derivatives like poly(methacrylic
acid) (PMAA) and acrylic acid-acrylamide copolymers (AAc-
Am), contain numerous weakly acidic carboxyl groups on their
polymer backbone. In acidic environments, carboxyl groups
remain protonated, resulting in low charge density, lack of
electrostatic repulsion between polymer chains, and increased
hydrophobicity. This leads to water expulsion from the hydrogel
interior and network contraction. In alkaline environments,
carboxyl groups deprotonate to form negatively charged
carboxylates, significantly increasing electrostatic repulsion
between polymer chains and enhancing hydrophilicity, causing
a large influx of water molecules into the network via osmosis,
and hydrogel swelling. This mechanism is widely applied in
controlled drug release, such as poly(methacrylic acid)-g-
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poly(ethylene glycol) hydrogel systems for anticonvulsant drug
release.”® NIPAM/AA/MAA copolymer hydrogels utilize the
carboxyl groups of acrylic acid (AA) and methacrylic acid (MAA)
to achieve volume shrinkage at pH 7-5 and swelling in alkaline
environments for drug loading and release.® Agar-PAAc
hydrogels also leverage PAAc carboxyl deprotonation-induced
volume expansion combined with magnetic fields for actua-
tion at pH > 6.'*' Sodium alginate (SA), as a natural poly-
saccharide hydrogel, is also rich in carboxyl groups on its main
chain. Similar to PAAc, SA's carboxyl groups undergo
protonation/deprotonation with pH changes, conferring pH
responsiveness. For example, Zhang et al. utilized this charac-
teristic of sodium alginate to design pH-responsive hydrogels.*
In electrodeposition techniques, local pH changes induced by
H" or OH™ generated from water electrolysis can induce ioni-
zation of sodium alginate carboxyl groups, which in turn affects
their ionic crosslinking with Ca®", enabling precise molding of
micron-scale structures.”® Double-network hydrogels contain-
ing itaconic acid (IA), such as the first network formed by ita-
conic acid and acrylamide (IA-PAAM), where the carboxyl
groups of the itaconic acid portion undergo protonation/
deprotonation with pH changes, directly affecting the degree
of hydration. This results in the network exhibiting high
swelling ratios and pH responsiveness, allowing it to conform
closely to uneven surfaces.”® Amine-containing (-NH,) hydro-
gels typically contain weakly basic amine groups. In acidic
environments, amine groups are protonated to form positively
charged ammonium groups (-NH®*), leading to increased
electrostatic repulsion between polymer chains and hydrogel
swelling. In alkaline environments, amine groups remain
deprotonated, reducing charge density and causing hydrogel
contraction. Chitosan is a typical amine-containing pH-
responsive hydrogel, where the protonation degree of its
amine groups varies with pH, affecting its bioactivity and
swelling behavior. The pH responsiveness of DNA hydrogels can
be achieved in two ways: firstly, by introducing pH-sensitive
nucleobases into the DNA sequence, where the protonation/
deprotonation of these modified bases affects the stability of
the DNA double helix or forms specific conformations, leading
to changes in the hydrogel network; secondly, by covalently
crosslinking pH-sensitive polymers to the DNA backbone,
thereby imparting the pH-responsive characteristics of the
external polymer to the DNA hydrogel, enabling controlled drug
release. In poly(2-hydroxyethyl methacrylate)-methacrylic acid
(PHEMA-MAA) copolymers, Li et al. designed a bilayer pH-
responsive hydrogel where methacrylic acid was introduced
into the PHEMA layer through copolymerization. The carboxyl
groups in MAA protonate in the tumor's microacidic pH envi-
ronment, leading to reduced hydrophilicity and contraction of
the polymer chains, thus exposing drug loading sites for precise
release.’” In ionized group polymer modified (HHPA) MOF
hydrogel-based micro/nano-robotic medical devices proposed
by Zhang et al., HHPA typically refers to polymers containing
ionizable groups. These ionizable groups can undergo charge
reversal upon pH changes, altering the polymer's surface charge
state to adapt to the pH environment, thereby promoting
intratumoral accumulation and cellular uptake.'**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (A) Assembly principle of pH-responsive hydrogels with inchworm-like magnetically driven micro/nano-robotic medical devices, and

a magnetically controlled mother-daughter micro/nano-robotic medical device system for targeted drug delivery in the stomach. © 2025 The
Author(s). Published by Elsevier Ltd.*° (B) Magnetic field-driven locomotion and pH-visualizing real-time detection using micro/nano-robotic

medical devices. © 2023 The Authors. InfoMat published by UESTC

and John Wiley & Sons Australia, Ltd.**> (C) Photothermally responsive

hydrogel-based micro/nano-robotic medical device system. © 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT .24 (D)
MOF-loaded biotemplated magnetic micro/nano-robotic medical device. © 2025 American Chemical Society.**®

pH-stimuli responsive hydrogel-based micro/nano-robotic
medical devices are not only widely used in targeted cancer
therapy and targeted drug delivery’®****** but also show great
potential in assisted positioning and real-time monitoring. For
example, Zheng Yu et al.'s swarm of magnetic photonic crystal
hydrogel-based micro/nano-robotic medical devices, where the
integrated pH-responsive hydrogel spheres (acrylic acid and
acrylamide copolymer) swell and shrink in acidic microenviron-
ments of pH 5.0-7.4. This leads to changes in the lattice constant
of the one-dimensional Fe;O, nanoparticle assembly, causing
a shift in structural color from red to blue, thereby achieving real-
time visual pH mapping and self-regulated drug release.'**

In summary, pH-responsive hydrogels, due to their diverse
chemical mechanisms and broad application prospects, repre-
sent a significant branch of hydrogel systems. Future research
needs to further deepen the understanding of these molecular-
level responsive mechanisms, and by combining them with
other external physical conditions or stimuli-responsive
elements, further optimize the performance and functionality
of hydrogel-based micro/nano-robotic medical devices to
address the needs for precise diagnosis and therapy in complex
biological environments.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3.2. Temperature response. Temperature, due to its ease
of control, is one of the widely applied external stimuli. Critical
Solution Temperature (CST) is an important parameter for
hydrogels. Low Critical Solution Temperature (LCST) hydrogels
exhibit a hydrophilic, extended conformation below their LCST,
where polymer segments form stable hydrogen bonds with
water molecules. As the temperature rises above the LCST, the
hydrophobic interactions of PNIPAM chains intensify, leading
to water expulsion, polymer chain aggregation, and contraction.
High Critical Solution Temperature (UCST) hydrogels, such as
N-acetylglucosamine (NAGA)-based hydrogels, contract as
temperature decreases due to enhanced inter-chain hydrogen
bonding.**® Similar to pH stimuli, temperature stimuli are also
applied in both actuation and deformation. As shown in
Fig. 12(C), Zhan proposed a photothermally responsive hydro-
gel based on N-isopropylacrylamide. The m-electron conjugated
structure of carbon nanoparticles endows it with efficient near-
infrared (NIR) light absorption capability, which is then con-
verted into thermal energy, enhancing NIR absorption. Utilizing
grayscale projection microstereolithography 3D printing tech-
nology, complex structures are manufactured with high preci-
sion, creating intelligent hydrogel precursor solution chemical
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Fig. 13 UV light excites TPO-L to generate free radicals, initiating NIPAAM/PEGDA polymerization and crosslinking, forming an intelligent
responsive hydrogel network. © 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT .*#”

compositions, as shown in Fig. 13. Deformation is completed
within 1-5 seconds under NIR light irradiation, and the defor-
mation angle can be precisely controlled. Non-contact motion
control in aqueous environments is achieved by combining this
with the Marangoni effect.'’

Regarding actuation, two common types of temperature-
driven mechanisms are frequently employed: those based on
poly(N-isopropylacrylamide) (PNIPAM) and liquid crystal elas-
tomers (LCEs). PNIPAM-based systems achieve actuation
through morphological changes involving contraction and
expansion, while liquid crystal elastomers move due to their
intrinsic structural anisotropy or disorder. For instance, Xie
et al. developed a temperature-responsive double-network
hydrogel constructed with polyvinyl alcohol as the first
network and polyacrylamide combined with poly(N-iso-
propylacrylamide) as the second network. This hydrogel
exhibited significant temperature-responsive behavior, with
a swelling ratio reaching 257% at 30 °C and decreasing to 58%
at 60 °C. Its phase transition temperature was approximately
34 °C, and it achieved a 30° bending angle within a 2-second
response time, demonstrating rapid and reversible deformation
capability. Based on the low critical solution temperature
(LCST) characteristic of PNIPAM, the hydrogel undergoes
reversible swelling and contraction changes upon temperature
stimulation, making it suitable for constructing soft actuators.
By designing a bilayer structure, the hydrogel can undergo
bending deformation under temperature changes due to
differences in swelling ratios between its two layers, thereby
achieving thermo-driven actuation. This material possesses
rapid responsiveness, programmable deformation, and good
cyclic stability, showing potential in the field of micro-scale soft
robotics, for example, as a temperature switch or a thermo-
driven actuator for environmental sensing and deformation
control.™*’

37754 | RSC Adv, 2025, 15, 37728-37775

In terms of deformation-mediated targeted drug release and
targeted therapy, temperature responsiveness often appears in
conjunction with light, where hydrogels exhibit photothermal
responses upon reaching a specific location. The photothermal
response of a hydrogel refers to its ability to convert light energy
into thermal energy via photothermal agents under illumination,
which subsequently triggers dynamic changes in material struc-
ture, properties, or functions such as crosslinking density and
pore size.'® For example, Chen et al. developed a bifunctional
hydrogel system with both self-actuation and self-monitoring
capabilities, combining photothermal actuation with resistance
sensing. In this system, the photothermal response is mediated
by the unique electronic structure of graphene nanosheets,
enabling efficient absorption of light energy and its conversion
into thermal energy. This localized temperature increase triggers
the LCST phase transition of PNIPAm (approximately 32 °C),
leading to hydrophobic aggregation of PNIPAm chains and
dehydration-induced shrinkage or swelling of the hydrogel
network.****** In Fig. 12(D), Gu et al. utilized a three-tier strategy
involving “biotemplating-MOF drug loading-dual responsive
release”, combining magnetic actuation with photothermal
reactions to achieve chemo-photothermal synergistic therapy and
pH/light dual-triggered drug release, leading to intelligent
responses in the tumor microenvironment. Specifically, under
the low pH conditions of the tumor microenvironment, the MOF
structure may undergo cleavage or reconstruction of its coordi-
nation bonds, leading to drug release. Simultaneously, photo-
thermal materials generate heat under light irradiation,
accelerating drug release and/or inducing hyperthermic effects.**®

Temperature-responsive hydrogels can be integrated with
other stimulus-responsive and actuation mechanisms to ach-
ieve synergistic effects between temperature and other stimuli,
thereby enhancing the performance and functionality of
hydrogel-based micro/nano-robotic medical devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. Multi-mechanism synergy (multifunctionality)

In recent years, hydrogel-based micro/nano-robotic medical
devices have found applications in various fields. However, due
to the complex and variable environments these devices
encounter and their typical responsiveness to only a single
stimulus, achieving truly precise control remains challenging.
Consequently, research integrating multiple actuation mecha-
nisms has progressively become a focal point, with composite
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hydrogels emerging as crucial carriers for various functional
materials and essential materials for realizing multifunctional
hydrogel-based micro/nano-robotic medical devices. Typically,
the mechanism for multi-stimuli responsive hydrogel-based
micro/nano-robotic medical devices involves integrating
various responsive materials with distinct functionalities. This
approach focuses on assembling diverse functional compo-
nents to achieve a broad spectrum of capabilities. The actuation
mechanisms involving multi-component assemblies in these
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(A) Precise theranostics of hydrogel-based micro/nano-robotic medical devices. © The Royal Society of Chemistry 2022.** (B) Pollen-

inspired multifunctional hydrogel-based micro/nano-robotic medical devices, enabling independent control of locomotion, anchoring, and
drug release. © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH.®* (C) Targeted delivery system of magnetic fluorescent
microspheres, encompassing the full chain of preparation, characterization, and application validation. © 2024 Jiang, Zheng, Zhao, Qi, Wu, Li, Wu
and Han.” (D) Synthetic lethality strategy using magnetic hydrogel-based micro/nano-robotic medical devices to enhance osteosarcoma
chemotherapy. © 2024 Tao, Li, Yang, Yin, Zhang, Wang, Pu, Wang, Zhang, Mu, Wu, He, and Yang.*® (E) Enhanced immunochemotherapy by NIR-II
light-driven asymmetric hydrogel-based nanodevices. © 2022 Wiley-VCH GmbH.*52 (F) Multifaceted performance changes of photo-responsive
smart hydrogels under light and humidity stimuli. © 2024 by the authors.*>®
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devices enable them to respond to multiple external stimuli.
This entails integrating various multifunctional components to
react to a range of stimuli, rather than being limited to a single
one, and designing these devices appropriately to ensure their
responsiveness to diverse external cues.

3.4.1. Integration of driving mechanisms with stimulus
response mechanisms. The combination of external stimuli
such as light, magnetic fields, and electric fields with internal
stimuli like pH, temperature, and ions represents the most
widely adopted multi-actuation approach. This integration
enables hydrogel-based micro/nano-robotic medical devices to
respond simultaneously to changes in both in vitro and in vivo
environments, thereby achieving precise control and efficient
functionality.*®1%16186263104 Regarding the combination of pH
response and magnetic actuation, as shown in Fig. 14(A), Zhang
et al. developed an iron-based smart hydrogel-based nanodevice
for synergistic tumor therapy by combining chemodynamic
therapy (CDT), photodynamic therapy (PDT), and immuno-
therapy. The specific experimental system utilized FeSe, nano-
particles embedded in a MOF structure and modified with HA/
PEI/CpG@HHPA, forming 210 nm nanogels. These nanogels
undergo charge reversal in the acidic tumor microenvironment
(pH 5.8), releasing Fe ions and the Ces photosensitizer. Experi-
mental data revealed over 78% selenium ion release under pH
5.8 and GSH conditions. The combined CDT/PDT treatment
demonstrated an ICs, of 40 pg mL™* against 4T1 cells in vitro and
significantly reduced intracellular GSH levels. In vivo treatment
resulted in a substantial increase in tumor volume inhibition.
The in vivo studies showed a blood half-life of 1.5 hours, with
most of the nanodevice cleared after 8 hours, and iron ion
enrichment at the tumor site. Experiments also indicated
downregulated GPX4 expression and increased lipid perox-
idation product MDA. Immunogenicity analysis confirmed an
increase in splenic CD8" T cells to 29.18% post-treatment,
significant elevations in serum IL-6, IFN-y, and TNF-a levels,
and induced memory T cell formation, signifying a potent
immune activation effect. This multi-actuation nanosystem
demonstrated synergistic therapeutic potential by disrupting
intracellular redox balance and activating immune responses.'*
Similarly, in Fig. 14(B), Lee et al. developed a 3D-printed multi-
functional pollen-inspired hydrogel-based medical device.
Through a combination of multiple actuation mechanisms, it
achieves directional movement, anchoring, and drug release.
FePt nanoparticles embedded within PETA spike structures
enable magnetic actuation for surface rolling, reaching speeds of
up to 532 um s~ '. Temperature triggers anchoring functionality,
with a 49% shrinkage at 45 °C exposing the spikes. pH controls
drug release, with a 300% swelling at pH 11 releasing 70% of
a fluorescent dye. Specific experimental data indicated an
anchoring force of 1.2 mN and 2.8 mN on pig intestinal tissue,
significantly exceeding simulated blood flow disturbances.*

In biomedical applications, the combination of magnetic
field-driven actuation and pH-stimulus response is one of the
most common synergistic approaches. By embedding magnetic
nanoparticles within hydrogels, hydrogel-based micro/nano-
robotic medical devices can achieve directional movement
under an external magnetic field. Concurrently, by designing
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hydrogel materials with pH-sensitive functional groups, these
devices can undergo protonation/deprotonation of polymer
chains, leading to conformational or volumetric changes, or
drug release, in different pH environments. For instance, Zhang
proposed a metal-organic framework (MOF)-based intelligent
hydrogel-based nanodevice. Modified with HHPA (typically
referring to polymers containing ionizable groups), it achieves
pH-responsive charge reversal, adapting the polymer surface
charge state to the pH environment to promote intratumoral
accumulation and cellular uptake.’® Subsequently, Cao et al
synthesized magnetic Fe@ZIF-8 nanoparticles via a one-step
method, which possess high specific surface area, super-
paramagnetism, and pH-responsive degradation characteris-
tics, enabling efficient doxorubicin loading.*® The same
principle applies to cancer treatments discussed previously.”*®
Lee et al. fabricated hydrogel-based micro/nano-robotic medical
devices using 3D microprinting technology, achieving decou-
pled multifunctionality including magnetic-driven locomotion,
temperature-responsive anchoring, and pH-responsive drug
release. Inspired by the nanospike morphology and cavity
structure of pollen grains, these devices are composed of three
hydrogel components: a magnetic layer containing iron-
platinum nanoparticles, used for magnetic field response to
achieve surface rolling and steering; a temperature-responsive
layer, where a thermosensitive polymer in the outer shell
undergoes a hydrophobic phase transition and contracts when
the temperature exceeds its critical solution temperature,
thereby exposing spikes to anchor to biological tissues; and
a pH-responsive layer in the inner cavity, which actively releases
drugs through protonation/deprotonation of polymer chains as
pH changes.”® In the context of cancer therapy combining
stimulus response and magnetic actuation, as shown in
Fig. 14(C and D), Jiang et al. demonstrated a magnetic-photonic
dual-functional integration, synchronously achieving magnetic-
driven motion tracking and fluorescent efficacy feedback,
delivering a plant-derived anticancer drug, offering a new
therapeutic paradigm for colorectal cancer. Similarly, magnetic
iron oxide nanoparticles (Fe;0,) overcome biological barriers
such as blood flow shear forces under an external magnetic field
to facilitate the delivery of cancer drugs.”*®

Another common synergistic combination is photo-actuation
and temperature response. The integration of photo-actuation
and temperature response essentially leverages the photo-
thermal effect as a “bridge”, converting non-invasive light energy
into a controllable localized thermal field and combining with
the specific structure of the hydrogel-based micro/nano-robotic
medical device, thereby precisely triggering the intelligent
deformation or functional response of the hydrogel. For
instance, Wang et al. utilized near-infrared region IT (NIR-II) light
to actuate nanomotors, combining the high photothermal
conversion efficiency of copper sulfide to endow the nanomotors
with anisotropic photothermal response, achieving deep tissue
penetration and targeted therapy.”” Similarly, Zhan et al
combined the photothermal effect of near-infrared (NIR) light
with grayscale-controlled 3D printing to achieve ultrafast
response and controllable deformation of hydrogels. NIR light
excites carbon nanoparticles to generate heat, inducing hydrogel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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network contraction and rapid water release, with water
absorption for shape recovery after the light source is turned
off.'*” As shown in Fig. 14(E and F), Liu et al. leveraged the strong
near-infrared light absorption at 1064 nm and high photo-
thermal conversion efficiency of copper sulfide in Janus
hydrogel-based nanomotors to achieve a trifunctional coupling
of “photo-driven locomotion + immune regulation + chemo-
therapeutic drug release”. High-throughput fabrication was
achieved by combining microfluidic chips with UV photo-
polymerization. A five-dimensional data chain revealed the
synergistic regulatory capability of photo-responsive hydrogels in
terms of deformation and mass, endowing the hydrogel-based
micro/nano-robotic medical devices with photothermal respon-
siveness enabled by photothermal conversion."”*** Subse-
quently, Liu and Zheng proposed a caterpillar-inspired bilayer
hydrogel-based micro/nano-robotic medical device with added
Fe;0, nanoparticles. These nanoparticles act as photothermal
agents under illumination, enhancing the efficiency of light-to-
heat conversion. Simultaneously, their thermal conductivity
aids in rapid heat diffusion within the hydrogel, thereby accel-
erating the hydrogel's thermal response, leading to faster
response times and achieving rapid ground locomotion through
thermal response.”® Beyond the combination of external
magnetic fields and pH, Lai et al. developed a hybrid actuator
combining a pH-responsive hydrogel with magnets, where both
PH responsiveness and magnets contribute to driving the
hydrogel-based micro/nano-robotic medical device's movement.
Utilizing agar-poly(acrylic acid) hydrogels, at pH > 6, the carboxyl
groups of poly(acrylic acid) deprotonate, causing the polymer
chains to become charged, increasing electrostatic repulsion,
resulting in significant volume expansion and generating
blocking stress. By combining this with the repulsive force of
permanent magnets, a hybrid actuator was designed, analogous
to a spring, where the hydrogel's expansion triggers the rapid
movement of a magnetic mechanism. This design offers a novel
passive actuation solution for miniature medical hydrogel-based
micro/nano-robotic medical devices, and future improvements
could involve optimizing hydrogel chemical composition or
crosslinking strategies to reduce response time.*** Such strate-
gies possess unique advantages in minimally invasive medicine,
targeted delivery, and soft robotics, and represent an important
technological pathway for achieving high-precision, multi-
functional hydrogel-based micro/nano-robotic medical devices.
3.4.2. Combination of multiple drive mechanisms. The
actuation technology for hydrogel-based micro/nano-robotic
medical devices has evolved from single physical field actua-
tion to multi-field synergistic actuation, aiming to enhance their
adaptability and functional diversity in complex environments.
By integrating the advantages of different physical fields, their
application potential in biomedical, environmental, and other
fields has been significantly elevated. This combination of
multiple actuations can provide higher flexibility and precision,
allowing hydrogel-based micro/nano-robotic medical devices to
function effectively in various scenarios.’*>'**'*® For example,
Pilz da Cunha et al developed a dual-responsive soft gripper
composed of photo-responsive liquid crystal polymers and
magneto-responsive composite materials, where photo-actuation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and magnetic actuation are combined, with each responsible for
different functions. Photo-actuation controls the opening and
closing of the gripper through bending induced by the azo-
benzene photothermal effect, while magnetic control achieves
remote manipulation by guiding the movement or rotation of the
PDMS/iron layer via an external magnetic field, as shown in
Fig. 15(A) and (B). Both achieve remote control through the
integration of magnetic nanoparticles. The first part discusses
synthetic methods for magnetic hydrogels such as in situ
precipitation and covalent bonding, while the second part ach-
ieves magnetic responsiveness through a PDMS/iron powder
composite layer, both utilizing magnetic fields for precise
manipulation.”**** Composite hydrogels can also synergistically
combine magnetic and electric fields. Garcia-Torres imparted
electro-responsiveness to hydrogels by adding conductive nano-
materials such as metal nanoparticles, carbon nanotubes,
conductive polymers, or by constructing conductive networks.
Magnetic field responsiveness is achieved by embedding
magnetic nanoparticles, with fabrication methods including
physical mixing, in situ synthesis, and covalent bonding.
Hydrogels with dual electro/magnetic responsiveness are widely
used in biosensing and combined therapies.'** By incorporating
magnetic nanoparticles into hydrogel-based micro/nano-robotic
medical devices, they can be positioned and controlled under
the influence of an external magnetic field. Concurrently, under
specific light conditions, the morphological changes, movement,
or drug release of these devices can be controlled. This combined
approach is particularly suitable for deep tissue targeted therapy
and for disease diagnosis and treatment requiring precise
manipulation. Zhang et al. developed a multi-responsive hydro-
gel actuator based on an asymmetric structure, possessing triple
actuation capabilities (thermo-responsive, near-infrared light-
responsive, and magnetic-responsive). The asymmetric struc-
tural design enhances the hydrogel's actuation performance,
integrating three actuation modes (thermal/NIR/magnetic) into
a single material system, thereby improving environmental
adaptability and application flexibility, as shown in Fig. 15(C)
and (D). Magnetic fields can directionally control molecular
arrangement, upgrading material functionality from disordered
to ordered states.'”'® Yoon et al. fabricated an anisotropic
bilayer hydrogel actuator, achieving multi-stimuli responsive-
ness (photoelectric-magnetic), multi-remote actuation, high
strength, rapid and programmable
deformation.***

While some hydrogel-based micro/nano-robotic medical
devices possess excellent autonomous movement and naviga-
tion capabilities, making them suitable for drug delivery to
hard-to-reach areas within the body. However, once these
exogenous biohybrid micro/nano-robotic medical devices enter
the body, they are highly susceptible to recognition, attack, and
clearance by the immune system, thereby limiting their clinical
applicability. Achieving targeted drug delivery in humans using
micro/nano-robotic medical devices faces the critical challenge
of immune rejection. Zhang et al presented cutting-edge
research on biohybrid micro/nano-robotic medical devices,
centered on the development of a novel neutrophil-based
micro/nano-robotic medical device for active targeted drug
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(A) Structural design, material composition, and function of a magnetically driven liquid crystal elastomer actuator. © 2019 The

Authors.*** (B) Structural design of a chitosan-poly(ethylene glycol)-aniline tetramer composite hydrogel. © 2022 The Authors.*** (C) Asymmetric
structured multi-responsive hydrogel actuator, with thermal/near-infrared/magnetic tri-modal actuation. © 2023 Elsevier B.V. All rights
reserved.’®? (D) Low-cost sodium alginate hydrogel-based micro/nano-robotic medical device. © 2025 Elsevier Ltd. All rights are reserved.t®°

delivery to treat malignant brain tumors. Its interior consists of
nanogels containing magnetic material, enabling remote guid-
ance and manipulation by an external magnetic field for precise
navigation. Neutrophils inherently possess natural chemotaxis;
in vivo, they are attracted by chemical signals released from
tumor or inflammatory sites, autonomously migrating towards
the target area. The combination of these two mechanisms
forms a synergistic active targeting strategy of magnetic navi-
gation assistance and bio-autonomous chemotaxis, signifi-
cantly enhancing delivery efficiency and precision. Through
bacterial membrane cloaking and cell autophagy methods,
inherent human neutrophils are engineered into micro/nano-
robotic medical devices capable of performing active targeted
drug delivery tasks. These micro/nano-robotic medical devices
possess dual actuation and responsive capabilities of magnetic
guidance and bio-autonomous chemotaxis, and have success-
fully addressed the critical challenge of immune rejection.***

4. Biomedical applications of
hydrogel-based micro/nano-robotic
medical devices

Hydrogel-based micro/nano-robotic medical devices, owing to
their high biocompatibility, programmable responsiveness,

37758 | RSC Adv, 2025, 15, 37728-37775

environmental adaptability, and ability to deform in response to
multiple stimuli, enable them to adapt to various complex in
vivo biological environments. Their applications in the medical
field are becoming increasingly widespread. As shown in
Fig. 16, the biomedical applications of hydrogel-based micro/
nano-robotic medical devices are particularly prominent in
targeted drug delivery, minimally invasive surgery, biosensing,
and tissue engineering.

4.1. Targeted drug delivery

Targeted drug delivery stands as one of the pivotal applications
of hydrogel-based micro/nano-robotic medical devices in
medicine. By precisely delivering therapeutic agents to specific
sites, particularly tumors, inflamed regions, or damaged
tissues, these devices can significantly enhance treatment effi-
cacy while reducing side effects. As depicted in Fig. 16(A),
a novel pH-sensitive hydrogel system, comprising poly(-
methacrylic acid)-g-poly(ethylene glycol) and acryloyl-modified
cholesterol-containing pullulan nanogels, is utilized for the
controlled release of anticonvulsant drugs.>****'**-'"* Hydrogel
particles, especially microspheres, are commonly used drug
carriers due to their excellent modifiability, making them widely
adopted in drug delivery systems. This enables them to serve as
controlled release mechanisms that enhance drug bioactivity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Biomedical applications of hydrogel-based micro/nano-robotic medical devices. (A) A novel pH-sensitive hydrogel system composed of
poly(methacrylic acid)-g-poly(ethylene glycol) and acryloyl-modified cholesterol-containing pullulan nanogels for controlled release of anti-
convulsant drugs. © 2017 American Chemical Society.*** (B) DOPA oxidation influencing interactions between proteins, cells, tissues, and
hydrogels. © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.**? (C) A hydrogel-based micro/nano-robotic
medical device propelled by a near-infrared continuous wave laser for forward motion in blood vessels. A pulsed laser is used for photoacoustic
imaging. © 2020, The Author(s).*** (D) Porous scaffolds composed of bioactive glass incorporated into covalently crosslinked oxidized alginate-
gelatin hydrogels, designed using freeze-drying technology to achieve tunable stiffness and degradability. © 2016 American Chemical Society.***

and stability. Hydrogel microspheres can serve as essential
constituent materials for hydrogel-based micro/nano-robotic
medical devices, augmenting their efficiency in drug delivery.
For instance, Liu et al. described a micro/nanocomposite
hydrogel microsphere that integrates various nanomaterials,
such as targeted drug carriers, imaging probes, and biosensors,
combining the flexibility of hydrogels with the functionality of
nanomaterials. Depending on the loaded materials, these can
perform diverse tasks, including efficient drug delivery,
responsive release, detection of disease biomarkers, or
promoting cartilage and vascular regeneration by loading
growth factors or stem cells. The porous network structure of
hydrogels can effectively encapsulate drugs and provide sus-
tained, controlled release, which is crucial for achieving favor-
able pharmacokinetic properties. Sustained release directly
influences drug absorption, distribution, metabolism, and
excretion processes within the body. By regulating the hydro-
gel's crosslinking density, degradation rate, and the properties
of the nanomaterials, stimulus-responsive release systems can
be designed to optimize drug concentration-time profiles,
reduce dosing frequency, and improve patient adherence.
Precise drug delivery to the target enhances therapeutic efficacy
significantly. Simultaneously, this system may possess the
potential for real-time monitoring of treatment effects or
biomarker changes. Given the generally good biocompatibility

© 2025 The Author(s). Published by the Royal Society of Chemistry

of hydrogels, this forms the basis for low immunogenicity.'*®
Shen et al. developed and validated a differentiable biohybrid
robotic system for long-distance delivery of therapeutic agents
in the human body, ultimately aiming for nerve connection
repair. The robotic system is not composed of a single material
or structure. It combines magnetic nanoparticles for propulsion
and manipulation, biocompatible polymer hydrogels as
synthetic materials, and bioactive components such as stem
cells, growth factors, and exosomes for therapeutic purposes. By
loading cells with differentiation potential, these cells, after
precise delivery to the injury site by the hydrogel-based micro/
nano-robotic medical device, can differentiate into the
required neural cell types, thereby repairing severed neural
circuits. This long-distance delivery strategy addresses the crit-
ical challenge in the field of micro/nano-robotic medical devices
of effectively guiding and controlling these devices within the
vast scale of the human body."”> Compared to hydrogel micro-
spheres, hydrogel-based micro/nano-robotic medical devices
offer the advantage of more precise drug delivery to target
locations, and even the recovery of residual material after
delivery. For example, Zou et al innovatively proposed
a magnetically driven mother-daughter robotic system, con-
sisting of a magnetic continuum mother device and bioinspired
inchworm-like magnetic micro-daughter devices. The mother
device employs a multi-segment concentric tube structure and
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a detachable magnet design, achieving end-point constraint
effects through stiffness differences, significantly enhancing
navigation safety and operational space. The daughter devices
incorporate pH-responsive hydrogels, allowing drug release to
be triggered in acidic environments and complex path move-
ments to be achieved via magnetic control. In vitro gastric model
experiments verified that the system can complete the entire
process of drug delivery, release, and recovery. By constructing
an operational channel and a magnetic recovery mechanism,
this system effectively reduces the risk of foreign body residue
in biological systems.'*® For gastrointestinal (GI) drug admin-
istration scenarios, the quantitative impact of physiological
barriers must be thoroughly considered. Firstly, the GI tract
exhibits a significant pH gradient: the gastric lumen pH can be
as low as 1.5, gradually increasing to 6.0-7.4 in the small
intestine, and potentially reaching 8.0 in the colon."* This
range not only influences the swelling/contraction behavior of
pH-responsive hydrogels but can also prematurely or delay drug
release. Secondly, the viscosity of the GI mucus layer is high;
experimental measurements show it can exceed 10 Pa s under
static conditions, far greater than aqueous media."*® High
viscosity environments will significantly increase the drag
coefficient { of hydrogel-based micro/nano-robotic medical
devices within the mucus network, leading to reduced loco-
motion speed per unit energy, and the mucus turnover rate
demands specific considerations for long retention strategies.
Therefore, the design of hydrogel-based micro/nano-robotic
medical devices for oral or rectal administration must not
only optimize their surface interactions to reduce locomotion
resistance in highly viscous mucus, such as using hydrophilic
neutral polymer surfaces to minimize adhesion, but also regu-
late pH response thresholds, crosslinking density, and external
actuation parameters to ensure the devices maintain sufficient
maneuverability and controllable release kinetics in gradient
pH and high-resistance fluid environments. Combining these
physiological parameters for in vitro-in vivo validation can
significantly enhance the predictability and reliability of GI
drug delivery systems.™® In optimizing the predictability and
reliability of GI drug delivery systems, there is an urgent need to
establish precise dose-exposure-effect relationships. For
instance, different dosing metrics, such as the number of
hydrogel-based micro/nano-robotic medical device particles or
drug load (particles per kg), the retention time of the devices in
various GI segments, their degradation rates, and the accumu-
lated drug concentration in target areas (e.g, ulcer sites) (local
Cmax and AUCtarget) should be quantified. Simultaneously, it is
necessary to clarify how drug release kinetics are affected by GI
pH gradients and viscosity changes, which in turn influences
local drug exposure levels. By establishing these key PK
parameters and combining them with the Ilatest bi-
opharmaceutical PK/PD models and preclinical/early clinical
data analysis methods, it will be possible to accurately assess
whether the drug concentrations achieved by the devices under
specific dosing regimens can reach therapeutic thresholds, and
to establish a direct causal link with observed therapeutic
effects, thereby better defining their therapeutic window. This is
crucial for advancing hydrogel-based micro/nano-robotic
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medical devices to the clinical trial stage and requires strict
adherence to relevant regulatory science guidelines to improve
the success rate of clinical trials.>

Hydrogel-based micro/nano-robotic medical devices are
capable of regulating drug release rates in response to external
or internal stimuli. By operating within specific environments,
these devices can achieve timed and quantitative drug release.
The ability to adjust drug release enables hydrogel-based micro/
nano-robotic medical devices to address the issue of uncon-
trolled drug release in traditional magnetic-responsive mate-
rials. For instance, Sun et al. proposed a soft capsule based on
hard magnetic elastomer foam (HEF) for magnetically
controlled on-demand drug delivery. Porous structures were
prepared using sugar particles as templates, and the HEF was
magnetized in a compressed state to enhance the magnetic
field-driven compressive deformation rate. The HEF capsule
structure features an inner HEF layer and an outer elastomer
shell, which improves biocompatibility and reduces passive
drug diffusion. It exhibits a higher drug loading capacity and
allows for magnetically controlled release rates.'*®® Hydrogel
materials inherently possess large specific surface areas and
hydration properties, enabling efficient drug loading while
maintaining drug biological stability and release efficacy.
Furthermore, hydrogels can modify their chemical properties
and structures, such as hydrophilicity/hydrophobicity and
ionization degree, to adjust drug release performance. Han et al.
proposed a biodegradable acoustic hydrogel-based micro/nano-
robotic medical device, composed of gas-filled hydrogel,
combining acoustic responsiveness and biodegradability. It
achieves precise in vivo navigation through the synergistic
action of sound waves and magnetic fields. Its effectiveness in
delivering chemotherapeutic drugs was validated in a mouse
bladder tumor model, significantly inhibiting tumor growth.
After completing its task, the hydrogel naturally degrades in vivo
through hydrolysis or enzymatic degradation, avoiding the risk
of long-term retention. This addresses the pain points of diffi-
cult real-time tracking and long-term retention side effects
associated with traditional micro/nano-robotic medical devices.
The dual-mode actuation strategy combining acoustics and
magnetic fields enhances manipulation capabilities in complex
physiological environments.® The excellent biocompatibility
and biodegradability of hydrogels minimize irritation and
damage to normal tissues during drug delivery, significantly
improving therapeutic efficacy while effectively reducing
potential drug side effects.

Hydrogel-based micro/nano-robotic medical devices exhibit
significant characteristics in the field of targeted drug delivery.
Their surface modification with specific ligands, such as anti-
bodies or peptides, enables precise binding to receptors (e.g.,
proteins or glycans) on the surface of diseased cells through
highly specific molecular recognition, thereby effectively
achieving targeted drug delivery. In the context of cancer
therapy, hydrogel-based micro/nano-robotic medical devices
can precisely deliver chemotherapeutic drugs into tumor cells.
By ingeniously encapsulating magnetic nanoparticles and
anticancer drugs within hydrogels, and guided by an external
magnetic field, these devices accurately reach tumor sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, through temperature-induced polymer phase
transitions or pH-responsive mechanisms affecting polymer
ionization and swelling, they release drugs, achieving highly
efficient killing of tumor cells and opening new avenues for
cancer treatment.”'®'*>'* It is important to note that the tar-
geting mechanisms of hydrogel-based micro/nano-robotic
medical devices at tumor sites can be broadly categorized into
passive enrichment (EPR effect) and active magnetic navigation,
with their applicability closely related to tumor type and
vascular permeability. Passive EPR (Enhanced Permeability and
Retention) effect relies on structural defects in tumor vascula-
ture, such as loose endothelial cell junctions, incomplete
basement membranes, and impaired lymphatic drainage,
which allow nanoscale carriers to passively extravasate into the
tumor interstitium. However, the pore sizes of tumor vessels
vary significantly; for instance, highly vascularized solid tumors
(e.g., breast cancer, liver cancer) can have vascular gaps ranging
from 200-800 nm, while poorly vascularized or dense matrix
tumors (e.g., pancreatic cancer) may have pore sizes less than
100 nm, at which point the classic EPR effect is significantly
attenuated.'*® Active magnetic navigation can forcibly guide
magnetic hydrogel-based micro/nano-robotic medical devices
to the tumor area when the magnetic field strength gradient
(VB) is sufficiently high. However, magnetic field penetration
depth and gradient attenuation are also influenced by tissue
type; deep-seated organ tumors require higher field strengths or
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implantable field sources to maintain an adequate gradient. In
tumor models with poor vascular permeability or insignificant
EPR effect, the contribution of active magnetic navigation
significantly increases. In highly permeable, superficial tumors,
both effects often exhibit a superposition, allowing simulta-
neous utilization of passive EPR accumulation and active
magnetic enrichment for spatiotemporally synergistic delivery.
Therefore, for different tumor types, driving parameters and
administration routes should be optimized by combining
imaging results with vascular permeability assessments,
drawing upon the experience of currently clinically approved
nanomedicines or advanced drug delivery systems to enhance
targeting efficiency and clinical translation success rates.”'®'*
This aligns with the importance of refined patient stratification
and dosing strategies in cancer nanodrug clinical trials, as
proposed in 18.Furthermore, to optimize the therapeutic
window for tumor treatment, an in-depth investigation into the
dose-exposure-effect relationship is imperative. This not only
involves assessing the actual exposure level of a given dose of
hydrogel-based micro/nano-robotic medical devices in tumor
tissue, such as the intratumoral accumulation or drug concen-
tration (AUC tumor) measured by imaging techniques, but also
quantifying the dose-dependency between this exposure level
and the ultimate therapeutic effect, for instance, tumor growth
inhibition rate or apoptosis rate. For example, research by Jiang
et al. and Tao et al., using magnetically driven hydrogel-based

Table 4 Risk-benefit matrix of hydrogel-based micro/nano-robotic medical devices

High yield

Medium income

Low returns

High risk

Moderate risk

Low risk

Invasive magnetically controlled
hydrogel-based micro/nano-robotic
medical devices for targeted brain
tumor therapy (offering high
precision and high therapeutic
efficacy, but carrying risks such as
hemorrhage, deep tissue damage,
long-term retention of functional
nanoparticles, and potential toxicity
from degradation
pl‘OduCtS).5'7'18’21'53’54’58
Magnetically controlled hydrogel-
based micro/nano-robotic medical
devices for targeted tumor delivery
(offering efficient drug enrichment,
reduced systemic toxicity, and cell-
level targeting, but still facing
challenges such as magnetic field
attenuation in deep tissues,
complex PK/PD characteristics, and
immunogenicity).7’11’13’18’60’1”7
Natural polysaccharide or DNA
hydrogel-based micro/nano-robotic
medical devices for biosensing
(high biosafety, high
biocompatibility, used for early
diagnosis of cancer biomarkers,
pathogens, etc., offering high
sensitivity and
programmability).

4,24,25,30-34,56

High-power photothermal effect
hydrogel-based micro/nano-robotic
medical devices for local therapy
(effective, enabling precise local
ablation, but carrying risks such as
non-specific thermal damage,
limited tissue penetration depth,
and long-term retention of
functional nanoparticles).”****%

Multi-actuation synergistic
hydrogel-based micro/nano-robotic
medical devices for localized drug
release (precise, controllable,
enhanced environmental
adaptability, moderate risk, but may
still be subject to physiological
interference or require precise
regulation of synergistic
mechanisms).®*!

Non-invasive low-intensity
magnetic field-controlled hydrogel-
based micro/nano-robotic medical
devices for assisted diagnosis/
simple operations (remotely
controllable, high biosafety, but
magnetic field attenuation may
limit high-precision operations in
deep tissues).”

© 2025 The Author(s). Published by the Royal Society of Chemistry

Application of hydrogel-based
micro/nano-robotic medical devices
containing highly toxic residues
(e.g., unreacted monomers,
crosslinkers) or difficult-to-degrade
functional components (high
cytotoxicity, accumulated
immunogenicity risk, and relatively
limited functional value).>***>®

Single physiological response (e.g.,
PH, temperature) hydrogel-based
micro/nano-robotic medical devices
for drug delivery (susceptible to
physiological buffer systems or
environmental interference, leading
to premature drug release or limited
release precision and efficiency,
with functional stability needing
improvement),®*0:98:123

While traditional biocompatible
hydrogels used for conventional
sustained release offer high safety
and good biocompatibility, they are
generally limited by a lack of
intelligent responsiveness and
precise control, alongside their
singular functionality.'*">>°
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micro/nano-robotic medical devices for anticancer drug
delivery, has begun to explore the relationship between drug
concentration and tumor inhibition.”*®* However, future
research needs to more systematically provide specific PK
parameters for hydrogel-based micro/nano-robotic medical
devices in tumor and normal tissues at different administration
doses, such as Cpay, tumor vs. Cpay, normal_tissue, and the
ratio of AUC tumor to AUC normal_tissue. This will enable
precise assessment of the local therapeutic index and guide
preclinical studies to determine optimal dosing regimens. This
is crucial for advancing hydrogel-based micro/nano-robotic
medical devices to the clinical trial stage in the future, and
requires strict adherence to relevant regulatory science guide-
lines to improve the success rate of clinical trials.>

As shown in Table 4, the matrix integrates the main benefits
and potential risks of hydrogel-based micro/nano-robotic
medical devices in targeted drug delivery, providing a deci-
sion-making reference for optimizing material design and
actuation strategies. Overall, this matrix offers an intuitive
framework for comprehensive design aimed at maximizing
benefits and minimizing risks across pharmacokinetics (PK),
pharmacodynamics (PD), and safety.

4.2. Minimally invasive surgery and diagnostics

Hydrogel-based micro/nano-robotic medical devices can be
actuated via external mechanisms such as magnetic fields,
electric fields, or optical fields, enabling precise manipulation
and motion within living organisms. Their extremely small size
allows them to freely navigate through narrow spaces such as
blood vessels and interstitial tissue gaps, thereby enabling tar-
geted interventions at pathological sites. This approach signif-
icantly reduces damage to healthy tissue during surgical
procedures, enhancing both safety and precision. Compared to
conventional open surgery, such systems offer reduced inva-
siveness, high precision in treatment, multifunctionality,
accelerated recovery, and lower incidence of postoperative
complications. For instance, Piantanida et al. developed
injectable nanocomposite hydrogels for minimally invasive
procedures involving tissue repair, cancer therapy, and
electroactive tissue engineering. Through chemical crosslinking
or physical entanglement of polymer chains, along with inter-
facial interactions between conductive polymers, carbon nano-
tubes, and the polymer matrix, mechanical strength, electrical
conductivity, self-healing capacity, and antibacterial function-
ality are imparted to hydrogels. These advanced hydrogels have
been applied in tumor therapy, cartilage regeneration, and
electroactive tissue repair.® Compared to micro/nano-robotic
medical devices constructed from rigid materials—which, in
complex surgical contexts, may easily damage tissue, exhibit
low freedom of movement, and have poor biocompatibility—
hydrogels based on flexible materials simplify mechanical
architecture, adapt to physiological environments, and improve
safety and practical utility in medical operations.*® Further-
more, with regard to biocompatibility, Laurano et al. enhanced
the in vivo compatibility of hydrogel-based micro/nano-robotic
medical devices by developing an injectable bio-artificial
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hydrogel via green chemistry, combining synthetic polyether
urethane with natural hyaluronic acid. Functionalization
through thiol and catechol groups enables in situ crosslinking
by multiple routes: oxidative coupling of thiols to form disulfide
bonds, Michael addition between thiols and alkenes, and
covalent additions between oxidized catechol-derived quinones
and amino or thiol groups. In cardiovascular therapy, such
hydrogel-based micro/nano-robotic medical devices can be
administered via intravascular injection to the affected sites,
performing tasks such as thrombus removal and vascular repair
with high fidelity. As illustrated in Fig. 16(B), dopamine oxida-
tion influences the interactions of proteins, cells, and tissues
with hydrogels. In neurosurgical applications, these devices can
enter the brain through minimally invasive surgical incisions to
carry out tumor resection and nerve repair, while integrating the
advantages of synthetic and natural materials.'”® In parallel,
Chen et al. designed a three-layer magnetic soft robotic struc-
ture for targeted gastrointestinal drug delivery and ulcer treat-
ment. Each layer contains a magnetic substrate and adhesive
membrane: the lateral layers employ magnetic frameworks with
non-magnetic substrates, and the central layer combines a non-
magnetic framework with a magnetic substrate, optimizing
interlayer magnetic attraction and separation.*> Consequently,
hydrogels represent a critical material platform for micro/nano-
robotic medical devices in minimally invasive surgery. Their
unique properties enable specialized medical applications,
including targeted drug delivery and biosensor integration for
biomarker detection. Moreover, the intrinsic biocompatibility
and biodegradability of hydrogel materials ensure safety within
the body."”*'”® Nevertheless, improving the chemical stability
and reliability of hydrogel-based micro/nano-robotic medical
devices remains a significant challenge, especially in achieving
precise controllability of motion in complex biological envi-
ronments. Continuous development and refinement of these
systems are expected to markedly enhance surgical precision
and reduce patient recovery time, signaling innovative progress
in minimally invasive medical practice.

4.3. Biosensing

Among the diverse applications of hydrogel-based micro/nano-
robotic medical devices, biosensing has remained a focal point
of sustained interest due to its close association with early-stage
disease detection, precise physiological monitoring, and intel-
ligent responsive therapy. Hydrogel networks, characterized by
high water content, excellent biocompatibility, and tunable
stimulus-responsiveness, can serve both as flexible substrates
that enhance mechanical compliance and as functionalized
materials capable of transducing chemical, electrical, or optical
signals. These properties enable the integration of target
recognition, signal acquisition, and feedback response into
a single operational framework for both in vivo and ex vivo
applications.*'*

Early research primarily focused on real-time monitoring
capabilities of fluorescent hydrogels, wherein dynamic fluores-
cence signal changes occur upon interaction between incorpo-
rated fluorophores and target analytes, allowing detection of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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disease biomarkers with molecular-level sensitivity for early
diagnosis.”® For example, Bai et al. employed molecular regu-
lation of aggregation-induced emission (AIE) materials to
enhance fluorescence properties and optimize the molecular
recognition-based responsive sensing performance of DNA
hydrogels, achieving rapid detection of cancer biomarkers and
pathogens, and demonstrating the advantages of hydrogels in
specific biomolecular recognition.**** Such methods often rely
on conformational changes or the formation/cleavage of
chemical bonds within the hydrogel network, which in turn
affect fluorophore quantum yield or excitation/emission wave-
lengths. Li et al. developed DNA hydrogels and microgels that
utilize complementary DNA strand pairing for specific target
detection. In vitro, changes in gel volume or optical properties
as a function of analyte concentration are employed; sol-gel
transitions trigger the release of signaling molecules to amplify
detection output. In vivo, injectable DNA microgels enable real-
time monitoring of localized biomarkers via fluorescence
imaging.* Similarly, Singh et al. fabricated a dual-mode micro-
fluidic biosensor for quantitative detection of cardiac
myoglobin in human serum. This device utilized mesoporous
cysteine-graphene oxide hydrogels wherein thiol and amino
groups of cysteine chemically modify the functional groups on
the graphene surface. By leveraging the high surface reactivity
and exceptional conductivity of graphene, detection sensitivity
was enhanced, making this approach suitable for clinical serum
sample analysis. The mesoporous structure of Cys-RGO
hydrogels amplified surface plasmon resonance (SPR) signals,
enabling real-time monitoring of molecular recognition and
binding kinetics between cMb and the sensing interface, while
providing label-free detection to validate electrochemical
measurements.’”® Sokolov et al. reported composite hydrogels
containing inorganic fluorescent nanocrystals, with high fluo-
rescence quantum yield, photostability, and spectrally tunable
emission. The three-dimensional hydrogel structure enhanced
immobilization capacity for biomolecules, improving target
analyte capture efficiency. Coupled with micro/nano-robotic
medical devices, detection could be achieved through analyte-
induced fluorescence quenching or enhancement. Applica-
tions spanned detection of metal ions, bacteria, biomolecules,
and disease-related biomarkers."”” Deng et al. demonstrated
that surface functionalization of hydrogel-based micro/nano-
robotic medical devices enables selective capture of specific
biomarkers. Magnetic actuation was employed to enhance
enrichment at target sites, thereby improving detection sensi-
tivity. For example, magnetic devices carrying enzyme labels
were used to catalyze chromogenic reactions for colorimetric
detection of low-abundance biomolecules.'® Building upon
this, Liu et al. developed a dual-mode microfluidic biosensor
based on target-triggered DNA hydrogel degradation for
simultaneous colorimetric and electrochemical analysis.
Molecular recognition between organophosphates and aptam-
ers embedded in the DNA hydrogel induced conformational
changes, leading to dissociation of double-stranded or multi-
stranded DNA structures, hydrogel network breakdown, and
release of pre-loaded detection probes, thereby amplifying the
detection signal and improving sensitivity."””® In summary,
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hydrogel-based micro/nano-robotic medical devices offer high
sensitivity and selectivity in biosensing applications, with
capabilities for real-time monitoring, dynamic feedback, and
non-invasive detection. Beyond sensing and detection of
substances within the body, these devices can achieve high-
resolution imaging and visualization of pathological sites
through integration with external modalities such as fluores-
cence microscopy, magnetic resonance imaging, or the use of
imaging agents like fluorescent dyes and magnetic particles.
Such imaging provides clinicians with intuitive and detailed
information on lesion morphology, location, and size, thereby
supporting accurate diagnosis and treatment planning.*'”” For
instance, Han et al. developed biodegradable acoustic hydrogels
capable of both propelling hydrogel-based micro/nano-robotic
medical devices and enhancing ultrasound signal contrast via
internal gas cavities, enabling real-time in vivo imaging. As
shown in Fig. 16(C), micro-scale propulsion units (“micro-
rockets”) were driven forward in vasculature by near-infrared
continuous-wave lasers, while pulsed lasers were used for
photoacoustic imaging. Therapeutic agents carried by the
devices were precisely delivered to tumor regions through
combined acoustic/magnetic actuation, with real-time feedback
monitoring of drug release to ensure delivery efficiency.® Laser-
based methods are also viable for imaging: Li et al. demon-
strated that gold-coated micro/nano-robotic medical devices
can absorb laser energy to produce photoacoustic signals,
which are detected via ultrasound sensors to differentiate
devices from background in blood with high imaging contrast,
enabling high-resolution tracking of individual propulsion
units. In their work, near-infrared light served as the driving
stimulus, in which the photothermal effect of the gold coating
provided propulsion, while simultaneous laser excitation
generated photoacoustic signals, achieving coordinated control
of actuation and imaging.**>**

With the continuous advancements in materials science and
micro/nano-robotic technologies, the application of hydrogels
in biosensing has extended far beyond optical detection.'®
Recent studies have demonstrated that by precisely modulating
the interactions between polymer chains, it is possible to
fabricate intelligent hydrogels that exhibit exceptional
mechanical properties, high electrical conductivity, and
intrinsic self-powering capabilities, thereby enabling broader
and more complex sensing functions. In the domain of high-
sensitivity mechanical sensing, Guo et al. reported a multi-
functional conductive polymer-polyvinyl alcohol composite
hydrogel (CP-PVA@PS hydrogel) in which inter- and intra-chain
polymer interactions were finely manipulated through
a combination of cyclic freeze-thaw processing and salt
immersion treatment. This approach significantly improved the
physical properties of the hydrogel, yielding elongation
exceeding 180%, electrical conductivity above 20 S m™', and an
energy dissipation coefficient below 0.15, while achieving
a modulus (~200 kPa) matched to human skin. Such hydrogels
were capable of high-frequency strain sensing, including
detection of subtle vocal cord vibrations, thereby providing
a new paradigm for non-invasive, real-time physiological
monitoring. Furthermore, when employed as a flexible
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conductive layer, the hydrogel facilitated the construction of
a self-powered tactile sensing system (STS). Based on the
triboelectric nanogenerator principle, the STS converted human
motion energy into electrical power while simultaneously real-
izing tactile sensing. This system exhibited ultrahigh sensitivity
to both pressure and strain and was successfully applied in
handwriting recognition, Morse code detection and decoding,
and material identification, thereby presenting an innovative
solution for wearable electronics and human-machine inter-
face systems. These applications not only expand the dimen-
sionality of hydrogel-based sensing but also open new avenues
in intelligent prosthetics, rehabilitation training, and human-
machine interaction.”® In the context of self-powering and
environmental perception, Guo et al. developed a leaf-based
energy harvester (LEH) by integrating the natural microstruc-
tural features of leaves with a super-hygroscopic iron hydrogel.
The LEH efficiently harvested energy from ambient humidity by
exploiting moisture gradients between wet and dry ends,
coupled with “wet-contact ionic interactions” between the
hydrogel and carbon black surfaces to form electrical double
layers (EDLs). This configuration generated a sustained voltage
output of up to 0.5 V over more than 200 hours, with remarkable
self-recovery capacity. Although primarily designed for energy
harvesting, this humidity-responsive mechanism—directly
converting environmental humidity fluctuations into electrical
signals—provides both conceptual and material foundations
for the development of self-powered passive hydrogel-based
humidity sensors or biological fluid moisture sensors. Such
devices are particularly suited for long-term environmental
monitoring or biofluid analysis without reliance on external
power sources.'® Regarding bio-integration and on-demand
powering, ultrasound-mediated triboelectric nanogenerators
(U-TENGS) offer new possibilities for energy provision to
hydrogel-based micro/nano-robotic medical devices and other
bio-integrated sensors within the body. Guo et al. proposed an
ultrasound-driven bio-adhesive triboelectric nanogenerator
capable of immediate wound sealing and accelerated healing,
wherein ultrasound served as the external stimulus to supply
power to implanted sensors, activating them only when needed
to perform specific functions. Although hydrogels were not
directly employed as triboelectric materials in that particular
study, the design concept of transient electronic devices—
biodegradable and resorbable after task completion—holds
significant implications for the integration of power systems
into hydrogel-based devices while ensuring biosafety.
Combining such on-demand powering mechanisms with
hydrogel-based sensing could overcome limitations associated
with conventional batteries, including size constraints and
biocompatibility issues, thereby achieving safer, longer-lasting
biosensing within the human body.***

In summary, the applications of hydrogel-based micro/nano-
robotic medical devices and their intelligent hydrogel materials
in the field of biosensing are advancing toward multi-
functionality, self-powering capability, ultra-high sensitivity,
high-level bio-integration, and transient operation. Through
material innovations such as the design of composite hydrogels
and the adoption of multi-actuation cooperative strategies,
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researchers have been able to endow hydrogels with stronger
environmental adaptability, more precise controllability, and
broader sensing functionalities. These developments are ex-
pected to play a pivotal role in early-stage disease diagnosis,
precise therapeutic efficacy monitoring, wearable health
management, and intelligent human-machine interaction,
thereby accelerating the clinical translation of intelligent diag-
nostic and therapeutic platforms.

4.4. Tissue engineering and regenerative medicine

Hydrogel-based micro/nano-robotic medical devices with
excellent biocompatibility and biodegradability are also widely
utilized in the fields of tissue engineering and regenerative
medicine. Hydrogels play a crucial role in tissue engineering as
three-dimensional biomimetic scaffolds that emulate the
extracellular matrix (ECM) environment. Owing to their porous
3D network structure and physicochemical properties similar to
those of natural ECM, hydrogels provide a dynamic microen-
vironment for cellular adhesion, proliferation, and differentia-
tion."” For example, Sarker et al. developed a covalently
crosslinked oxidized alginate-gelatin hydrogel composite
incorporating bioactive glass, as illustrated in Fig. 16(D). The
bioactive glass embedded within the hydrogel scaffold was
fabricated via freeze-drying to yield a porous composite hydro-
gel with tunable stiffness and degradability, intended for bone
tissue engineering applications.'® Similarly, Tondera et al.
investigated the degradation behavior, tissue interactions, and
systemic responses of two gelatin-based hydrogels with
different crosslinking degrees after subcutaneous implantation
in immunocompetent nude mice. Multimodal imaging
combined with histological analysis revealed that neither
hydrogel caused long-term fibrosis or immune rejection, and
both hydrogel types exhibited excellent ECM-mimicking capa-
bility.'*® Subsequently, Madhusudana Rao et al. proposed
a novel polysaccharide-based magnetic hydrogel by incorpo-
rating Fe;O, nanoparticles to enable magnetic control, and
validated its multifunctional potential in tissue engineering.'®’
In medical applications, hydrogel-based micro/nano-robotic
medical devices often serve a dual role in minimally invasive
surgery and tissue engineering—for instance, releasing thera-
peutic agents after surgery to promote wound healing or
accelerate tissue regeneration. Bertsch et al. reviewed design
principles of self-healing injectable hydrogels, which combine
shear-thinning and self-repairing properties, allowing delivery
through fine-needle minimally invasive injection for tissue
regeneration and 3D bioprinting. The self-healing capability
typically relies on reversible dynamic covalent bonds or non-
covalent interactions, effectively reducing surgical trauma,
accommodating irregular-shaped tissue defects, enabling
precise control of cell/drug delivery, and improving cell survival
rates, thereby offering important reference strategies for tissue
engineering and regenerative medicine.'®® He et al. developed
a novel magnetic nano-actuator-protein fiber-coated hydrogel
dressing, wherein fibrinogen surfaces were functionalized with
RGD peptides to enhance cellular adhesion and migration.
Superparamagnetic nanoparticles generated localized heating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Clinical Translation Roadmap for Hydrogel Micro/Nanorobots
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under near-infrared (NIR) irradiation to kill bacteria and
prevent infection. The system integrated cyclic guanosine
monophosphate (¢cGMP) signaling to promote angiogenesis and
induce hair follicle regeneration. The highly oriented protein
fiber coating mimicked natural ECM, providing mechanical
support and bio-signal guidance. Magnetic nano-actuators thus
combined therapeutic and diagnostic functionalities, driving
the advancement of intelligent wound dressings."® Hydrogel-
based micro/nano-robotic medical devices have also been
applied in large-animal models such as dogs and pigs. For
example, Dong et al. developed micro-nanofiber composite
conduits for repairing long-gap peripheral nerve defects in large
animals. In addition to in vitro studies demonstrating modu-
lation of cellular behavior by the micro-nanofiber structure, in
vivo implantation in Beagle dogs successfully repaired 30 mm
sciatic nerve defects, confirming that micro-nanofiber archi-
tectures can achieve effective tissue repair and regeneration in
large-animal models.*®

4.5. Clinical translation potential of hydrogel-based micro/
nano-robotic medical devices: pharmacokinetic,
pharmacodynamic, and immunogenicity perspectives

Although hydrogel-based micro/nano-robotic medical devices
have demonstrated significant advantages in actuation modes,
functional integration, and in vitro experimentation, their
clinical translation still faces critical bottlenecks. The full-chain
pathway from technological breakthroughs to clinical imple-
mentation—illustrated in Fig. 17—constitutes the essential
process by which hydrogel-based micro/nano-robotic medical
devices can be brought into practical medical use. This pathway
encompasses sequential stages including fundamental
research, animal studies, early human evaluations, and even-
tual clinical trials. In a truly clinical context, such devices must
not only achieve precise motion control and stimulus-
responsiveness but also undergo systematic evaluation of
their pharmacological behavior and biocompatibility. From the
perspectives of pharmacokinetics, pharmacodynamics, and
immunogenicity, it is possible to dissect the key challenges and
potential solutions for hydrogel-based micro/nano-robotic
medical devices in the course of clinical translation.

The pharmacokinetic (PK) characteristics of hydrogel-based
micro/nano-robotic medical devices are closely related to their
material composition, structural design, and actuation mode.
In terms of spatiotemporal distribution and targeting efficiency,
the in vivo biodistribution of such devices is not only influenced
by physiological factors such as hemodynamics and vascular
permeability, but also by their autonomous locomotion capa-
bilities. Although magnetically actuated devices can be navi-
gated via external fields, their penetration efficiency, targeting
and retention time in biological
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environments—such as mucus layers and cellular matrices—
still require quantitative assessment. A systematic evaluation
should involve controlled dosing, acquisition of drug concen-
tration-time profiles in both blood and target tissues, and
calculation of key PK parameters such as area under the curve
(AUC) and peak concentration (Cpay). Wang et al. addressed the
issue of stability and spatial ordering in magnetic nanoparticle
(MNP) cluster distribution, a prerequisite for precise spatio-
temporal control. They utilized thermosensitive hydrogels as
carriers to immobilize and encapsulate MNP clusters, thereby
“freezing” specific assembly patterns within microspheres to
form structurally stable devices. This ensured the preservation
of their internal architecture against mechanical disruption in
complex fluid environments, maintaining consistent and
predictable physical functionality. By regulating gravitational
fields, gradient magnetic fields, and uniform magnetic fields—
along with tuning particle hydrophilicity/hydrophobicity and
surface charge—they achieved precise programming of spatial
arrangements in MNP clusters. Six distinct assembly patterns
were generated, constituting a “device library” in which spatial
arrangement determined subsequent motion and functional
performance. Future research should establish multi-scale
models to correlate actuation parameters with distribution
dynamics, integrating PK data to enable accurate prediction of
PK behavior and preliminary assessment of the therapeutic
window." Regarding degradation and clearance mechanisms,
the degradation profile of the hydrogel matrix directly affects
the functional duration and in vivo retention risk of the device.
Current studies primarily focus on in vitro degradation perfor-
mance, whereas in vivo degradation kinetics, chemical compo-
sition and molecular weight distribution of degradation
fragments, and clearance routes under physiological conditions
(e.g., enzymatic and pH-responsive processes) remain inade-
quately characterized. Qin et al. focused on constructing
a magnetically actuated micro-motor system for active tumor
DNA detection, validating its locomotion performance, detec-
tion capability, and biocompatibility. The fabricated micro-
motor was sized to allow movement within large blood
vessels; however, this dimension greatly exceeded the clearance
threshold of the human body. Millimeter-scale objects, once
implanted or injected, are nearly impossible to eliminate via
normal physiological pathways, posing a substantial risk of
long-term retention that could trigger foreign body responses,
fibrotic encapsulation, or other complications. To address this
issue, the motor body was fabricated from polyvinyl alcohol
(PVA), a material widely used in drug delivery and tissue engi-
neering. In vivo degradation of PVA primarily occurs through
hydrolysis and enzymatic processes, producing metabolites that
can be naturally processed by the body—representing a positive
signal for degradability potential. Cytotoxicity and hemolysis

responsive characteristics, rheological and biocompatibility assessment, and their potential injectable applications in bone and joint injury repair.
© 2025 The Authors. Published by the American Chemical Society.*** (G) Hydrogel encapsulation to protect cells and drugs from adverse in vivo
environments, enabling precise release and therapeutic applications across multiple domains, including regenerative medicine, immunotherapy,
and chronic disease management. © 2024 The Authors. Published by the American Chemical Society.*®¢ (H) Application of hydrogel-based
products in the treatment of dry eye syndrome. © 2024 The Authors. Published by Elsevier Ltd.**”
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tests confirmed that material extracts exhibited good biocom-
patibility at tested concentrations." Special consideration must
be given to renal clearance thresholds and the capture effect of
the reticuloendothelial system (RES), with systematic evaluation
of metabolic and excretory pathways of the device. In terms of
drug release kinetics, hydrogels serving as drug carriers are
subject to multi-factorial regulation, including material
swelling, degradation, and external stimuli. Ideally, therapeutic
payloads should be released in a controlled manner within the
target site rather than prematurely leaking into circulation. A
key challenge at present lies in establishing quantitative rela-
tionships between actuation parameters and drug release rates,
while assessing environmental interference on release kinetics.
This is critical for precise control of drug exposure in the target
site, forming the basis for evaluating the therapeutic window
and achieving optimal therapeutic efficacy.

Efficient targeted enrichment does not necessarily equate to
therapeutic gain; therefore, a robust pharmacodynamic (PD)
evaluation framework for hydrogel-based micro/nano-robotic
medical devices must be established. In the context of dose-
effect relationships, unlike conventional drugs, the “dose” of
such devices should encompass multiple dimensions—
including device quantity, drug payload, and actuation energy.
A multivariate model is required to elucidate the quantitative
relationship between device number in the target site, drug
release rate, and therapeutic outcomes such as tumor inhibi-
tion rate. For instance, Jiang et al. demonstrated in vitro that
lycorine hydrochloride exhibits a significant dose-response
inhibitory effect on colorectal cancer cells, and further showed
that a magnetically actuated hydrogel-based micro/nano-
robotic drug delivery system markedly enhances its pharmaco-
logical potency, thereby providing preliminary data for estab-
lishing the dose-response curve.” Regarding therapeutic index
and toxicity profiling, compared with traditional drug delivery
systems, device-based therapy should substantially improve the
therapeutic index—enhancing target-site efficacy while
reducing toxic side effects from systemic exposure. This
requires precise determination of systemic exposure levels (AUC
systemic) at various administration doses, along with bi-
odistribution and clearance data for major organs, in order to
quantify whole-body toxicity. Such datasets are indispensable
for defining the therapeutic window. Current research must
address this need by employing relevant disease models to
compare the efficacy and toxicity of device-mediated versus
conventional administration under equivalent drug dosing, for
example, a standardized mg per kg dosage, with special
emphasis on non-target organ distribution and potential tissue
damage. In the context of combination therapeutic effects,
hydrogel-based micro/nano-robotic medical devices can inte-
grate multiple treatment modalities, including hyperthermia,
chemotherapy, and gene therapy. PD studies should clarify the
synergetic mechanisms and spatiotemporal optimization
strategies between these modalities—for example, sequencing
control of magnetothermal effects and drug release—such as
magnetothermal-induced cleavage of chemical bonds within
the hydrogel and the respective contribution of such events to
overall therapeutic efficacy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Even when hydrogel materials themselves exhibit excellent
biocompatibility, their incorporation into a device as an exog-
enous entity can still trigger immune responses. The chemical
properties, topological features, and protein adsorption profile
of the device surface may activate the complement system or
induce macrophage phagocytosis. In addition, degradation
products and their functional components may act as antigens,
potentially eliciting adaptive immune responses. A compre-
hensive assessment of immunoactivation risks should be con-
ducted through in vitro co-culture with immune cells and in vivo
animal studies. Strategies to reduce immunogenicity include
biomimetic cell membrane coatings and functionalization with
immunomodulatory molecules, aimed at actively suppressing
phagocytosis and immune recognition.*®'”® Careful consider-
ation must be given to the compatibility of such surface modi-
fication strategies with device motility and payload delivery
functions. Beyond acute immune responses, potential induc-
tion of chronic inflammation or fibrotic reactions during pro-
longed in vivo retention must be evaluated—particularly in
scenarios involving repeated administrations over long dura-
tions. Balancing biodegradability with immunological safety
thus becomes a critical determinant for the clinical translation
of hydrogel-based micro/nano-robotic medical devices.

5. Conclusion and outlook

This article provides a comprehensive and in-depth review of
hydrogel-based micro/nano-robotic medical devices, covering
material selection, fabrication technologies, actuation mecha-
nisms, and medical applications. Leveraging their outstanding
biocompatibility, tunable physicochemical properties, and
diverse stimulus-responsiveness, hydrogels have emerged as an
ideal matrix for constructing micro/nano-robotic medical
devices. From natural hydrogels to synthetic systems, and
further to functionalized composite hydrogels, continuous
innovation in material design has endowed these devices with
enhanced mechanical performance, improved biological
adaptability, and expanded multifunctionality. Advances in
fabrication technologies—such as 3D/4D printing, electrode-
position, and microfluidics—have greatly increased the struc-
tural complexity and functional integration of hydrogel-based
devices, enabling precise construction from simple micro-
spheres to intricate heterogeneous architectures. In terms of
actuation, hydrogel-based micro/nano-robotic medical devices
have evolved from relying on single-mode propulsion (e.g.,
chemical fuels or external physical fields) to employing multi-
mechanism cooperative strategies, such as magnetic-optical
or magnetic-pH-responsive combinations. These synergistic
approaches have significantly improved motion precision, tar-
geting efficiency, and environmental adaptability in complex
biological settings, allowing execution of increasingly delicate
and sophisticated tasks. From a clinical perspective, hydrogel-
based micro/nano-robotic medical devices demonstrate
substantial potential in targeted drug delivery, minimally
invasive surgical assistance, biosensing, and tissue engineering
and regenerative medicine. They offer promising solutions to
longstanding challenges in conventional medicine, such as
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achieving higher localized drug concentrations, reducing
systemic toxicity, enabling early disease diagnosis, and
enabling precision therapy.

Despite the considerable progress achieved in hydrogel-
based micro/nano-robotic medical devices, significant limita-
tions remain. The successful transformation of such devices
from laboratory research to clinical application continues to be
hindered by a series of core challenges and bottlenecks. Fore-
most among these is the requirement for systematic biosafety
evaluation—an indispensable checkpoint—which must
comprehensively and rigorously address the intrinsic toxicity of
the hydrogel materials, the toxicological effects of degradation
products, and the long-term in vivo accumulation risks of
functional nanoparticles. Equally critical is the precise charac-
terization of pharmacokinetic (PK) profiles and their correlation
with pharmacodynamic (PD) outcomes, necessitating the
establishment of robust quantitative assessment methodolo-
gies. Furthermore, mitigation of immunogenicity—particularly
when introducing exogenous functional components—repre-
sents a key prerequisite for ensuring safety in long-term appli-
cations. (1) Hydrogel material properties - not all hydrogel
matrices inherently exhibit high biocompatibility. To address
this, future development should focus on new hydrogel bases
and functional components with superior biocompatibility,
precisely controllable degradation rates, reduced immunoge-
nicity, and the ability to be efficiently and non-toxically cleared
from the body. Strategies may include deep integration of
natural polymers and biomimetic materials, or active evasion of
immune recognition through surface modifications. Alterna-
tively, devices may be endowed with responsiveness to external
physical fields, allowing retrieval of hydrogel-based micro/nano-
robotic medical devices after task completion via remote actu-
ation, thus enhancing safety. (2) Fabrication process optimiza-
tion - certain high-precision hydrogel-based micro/nano-
robotic medical devices require complex fabrication steps that
challenge scalability and commercial production. To overcome
current limitations in resolution, cost-efficiency, and scale-up,
optimization of advanced manufacturing techniques—such as
laser-based 3D printing—should be pursued to simplify work-
flows and adapt them for batch production. (3) Actuation
mechanisms - present actuation strategies primarily rely on
either external driving or intrinsic stimulus-responsiveness,
with each exhibiting inherent constraints. The rising need for
multi-mechanism cooperative hydrogel-based micro/nano-
robotic medical devices calls for structural
Increasing crosslink density, optimizing hybrid ratios, and
employing dual-network hydrogels—where individual networks
carry distinct functionalities—can enhance compatibility
between multiple actuation modalities and facilitate coordi-
nated operation. (4) Medical applications and performance
monitoring - beyond visualization capabilities—which are
crucial—the fundamental challenge lies in establishing
complete dose-exposure-effect relationships and defining
therapeutic windows. This may be addressed by integrating
multiple stimulus-response modalities into a single micro-scale
system; for example, constructing feedback-regulated platforms
that combine optical, acoustic, and magnetic fields to monitor

innovations.
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and control in vivo behavior. Optimization of multimodal
imaging strategies for real-time visualization should be coupled
with quantitative bioanalytical techniques to track PK parame-
ters—such as AUC, Cpay, tissue distribution, degradation, and
clearance—and to correlate these with PD effects including
therapeutic efficacy and adverse reactions, thereby generating
a solid scientific foundation for clinical translation. (5) Clinical
translation and regulatory science - close adherence to evolving
regulatory science requirements for biomedical products
worldwide should be embedded into research design from the
outset. Establishment of a comprehensive, standardized
preclinical evaluation framework—comprising well-validated
animal models, precise PK/PD analyses, and multidimen-
sional immunological assessments—will provide robust data-
sets to support early-phase human clinical trials.

In summary, the design methodologies for hydrogel-based
micro/nano-robotic medical devices, along with their potential
applications in biomedical research fields such as drug delivery
and tissue engineering, are poised for further advancement.
Interdisciplinary collaboration will be essential to accelerate
progress in this domain. Future development of hydrogel-based
micro/nano-robotic medical devices will require innovation in
materials and breakthroughs in manufacturing technologies to
create a broader range of stable and safe hydrogel matrices,
while continuously refining and optimizing actuation strate-
gies. Achieving efficient multi-mechanism cooperative control
will be key to driving their evolution toward multifunctional
integration and synergistic multi-modal actuation, thereby
promoting rapid expansion of medical applications.
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