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HIGHLIGHTS

• An overview of inflammation related diseases has been provided.

• The classification of nanomaterials commonly utilized in the treatment of variousinflammatory diseases has been outlined.

• The current state of nanomedical applications with desirable therapeutic efficacy in thetreatment of inflammatory diseases has been 
sum marized.

• The challenges and perspectives in the evolving field of nanomedicine for treatinginflammatory diseases have been discussed and 
proposed in depth.

ABSTRACT This review examines inflammation as a physiologi-
cal defense mechanism against infectious agents, physical trauma, 
reactive oxygen species (ROS), and metabolic stress, which, under 
dysregulated conditions, may progress into chronic diseases. 
Nanomedicine, which integrates nanotechnology with medicine, 
suppresses inflammatory signaling pathways and overexpressed 
pro-inflammatory cytokines, such as ROS, to address inflammation-
related pathologies. Current advances in nanomaterial design and 
synthesis strategies are systematically analyzed, with parallel dis-
cussions on toxicity mechanisms, influencing factors, and evalua-
tion methods that are critical for clinical translation. Applications of 
functional nanomaterials are highlighted in the context of refractory 
inflammatory conditions, including wound healing, gastrointestinal 
disorders, and immune, neurological, or circulatory diseases, along 
with targeted delivery strategies. Persistent challenges in nanomedicine development, such as biocompatibility optimization, precise biodistribu-
tion control, and standardized toxicity assessment, are critically assessed. By bridging material innovation with therapeutic efficacy, this review 
establishes a framework for advancing nanomedicine to improve treatment outcomes while addressing translational barriers. 
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Abbreviations
ROS  Reactive oxygen species
O2·−  Superoxide anion
H2O2  Hydrogen peroxide
·OH  Hydroxyl radical
1O2  Singlet oxygen
AS  Atherosclerosis
PD  Parkinson’s disease
AD  Alzheimer’s disease
IBD  Inflammatory bowel disease
NPs  Nanoparticles
HTS  High-throughput screening
SDT  Sonodynamic therapy
US  Ultrasound
PDT  Photodynamic therapy
PTT  Photothermal therapy
GSH  Glutathione
NIR  Near-infrared
BSA  Bovine serum albumin
E. coli  Escherichia coli
S. aureus  Staphylococcus aureus
MRSA  Methicillin-resistant Staphylococcus aureus
MSCs  Mesenchymal stem cells
ECM  Extracellular matrix
SF  Silk fibroin
CNTs  Carbon nanotubes
EVs  Extracellular vesicles
ML  Machine learning
AI  Artificial intelligence
SOD  Superoxide dismutase
POD  Peroxidase
OXD  Oxidase
CAT   Catalase
GPx  Glutathione peroxidase
SAzymes  Single-atom nanozymes
AMP  Antimicrobial peptide
MSNs  Mesoporous silica nanoparticles
PB  Prussian blue
ZnO  Zinc oxide nanoparticles
BBB  Blood-brain barrier
IONPs  Iron oxide nanoparticles
GO  Graphene oxide
OA  Osteoarthritis
RA  Rheumatoid arthritis
MOFs  Metal-organic frameworks
CS  Chitosan
PLGA  Poly (lactic-co-glycolic acid)
PEG  Polyethylene glycol
HA  Hyaluronic acid
EPR  Enhanced permeability and retention

BC  Bacterial cellulose
SLNs  Solid lipid nanoparticles

1 Introduction

Nanomedicine is an emerging discipline that integrates 
nanotechnology into medicine, enabling nanomaterials 
to play a pivotal role in the diagnosis and treatment of 
diseases, thus offering new therapeutic options for a wide 
range of common health conditions-often referred to as 
nanotherapies [1]. In contrast to conventional drugs, nano-
medicines have nanoscale dimensions that offer a larger 
specific surface area, facilitating easier surface function-
alization. Additionally, these therapeutics exhibit unique 
physicochemical properties, such as low toxicity, high 
bioavailability, and improved pharmacokinetics, often 
leading to enhanced therapeutic effects [2–4]. In recent 
years, research in nanomedicine has gained significant 
momentum, fueled by advancements in research technolo-
gies. This progress has led to a substantial increase in the 
diversity of nanomaterials and their applications. Notably, 
there has been a growing use of nanomaterials in the diag-
nosis and treatment of inflammatory diseases [5].

Inflammatory diseases pose significant challenges 
and draw considerable attention in the medical field, as 
inflammation is linked to nearly all human diseases [5, 
6]. An appropriate inflammatory response is a crucial 
defense mechanism, triggering tissue repair through 
immune modulation in response to pathogen invasion or 
tissue damage [7]. Persistent inflammation evolves into a 
pathological response, leading to uncontrolled damage to 
the organism. Additionally, tissue or organ necrosis can 
trigger further inflammation, creating a vicious cycle that 
exacerbates the condition [8]. When tissues are exposed 
to exogenous or endogenous stimuli, inflammatory medi-
ators and cytokines are released by inflammatory cells. 
These mediators act on effector cells, including immune 
cells (monocytes, macrophages, and neutrophils) and non-
immune cells (endothelial and smooth muscle cells). This 
can lead to cellular phenotype polarization or overexpres-
sion of relevant proteins, triggering a cascade of biological 
processes that may result in tissue and organ damage [9]. 
Moreover, an inflammatory response that is not properly 
controlled can persist, leading to chronic inflammation and 
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refractory inflammatory diseases. This causes long-term 
damage to the organism and increases treatment costs, pre-
senting an urgent biomedical challenge.

Among the various inflammatory mediators, ROS have 
garnered significant attention for their role in the inflam-
matory response, including superoxide anion  (O2·−), hydro-
gen peroxide  (H2O2), hydroxyl radical (•OH), and singlet 
oxygen (1O2) [10]. Under normal conditions, ROS serve as 
key signaling molecules in metabolic processes and play 
a crucial role in various physiological functions, such as 
the oxidation of proteins, lipids, and polynucleotides, all of 
which are essential for maintaining physiological homeo-
stasis [11]. Excess ROS are considered toxic by-products 
that can activate inflammatory responses. Oxidative stress 
induced by excess ROS not only damages biomolecules 
such as DNA, proteins, and lipids [12], but also directly 
leads to cell death [13]. Additionally, oxidative stress can 
contribute to the development of various conditions, with 
inflammation being the most prevalent. Beyond promot-
ing inflammation, ROS can cause mitochondrial damage, 
disrupt cell membranes, and trigger apoptosis (leading to 
neurological damage), affect  Ca2+ homeostasis, and activate 
related channels or receptors, such as TRPC3 and TRPC4 
channels and ryanodine receptors. This can contribute to the 
development of cardiovascular disorders (e.g., myocardial 
infarction, arrhythmia, and atherosclerosis) and neurodegen-
erative diseases (e.g., Parkinson’s disease and Alzheimer’s 
disease) [14–18]. Thus, ROS exhibit a dual nature, with their 
impact being dependent on their concentrations, suggesting 
that the toxicity of ROS can be controlled. While ROS pro-
duction can have beneficial effects, such as killing bacteria, 
aiding infections, and promoting wound healing, it can also 
be harmful. The removal of excess ROS can reduce toxic-
ity, minimize bodily damage, alleviate symptoms, and slow 
the progression of disease. Given the complexity of inflam-
matory signaling pathways, managing inflammation-related 
diseases requires more than just targeting oxidative stress. 
The mechanism of action of nanomaterials extends beyond 
ROS regulation, taking a broader approach. Current treat-
ments heavily rely on hormonal drugs, which lack diverse 
therapeutic mechanisms. In contrast, nanomedicine offers a 
comprehensive solution, with nanomaterials targeting ROS 
as well as other mechanisms. Furthermore, poor adherence 
to traditional treatments is well documented, and the pre-
cision-targeted, highly effective features of nanomedicine 
could address this issue.

This has led to the development of various anti-inflam-
matory and antioxidant nanomaterials. For instance, 
nanozymes utilize their catalytic properties to generate 
or eliminate ROS [19], while certain metallic nanopar-
ticles (NPs) exhibit similar properties and can function 
as drug carriers, thereby enhancing therapeutic efficacy 
[18]. Additionally, exosomes can transport natural medica-
tions or genes for palliative purposes [19]. Although these 
nanomaterials have shown remarkable efficacy in in vitro 
tests, replicating these effects in complex physiological 
environments remains challenging. Employing effective 
targeting strategies, such as passive and active targeting, 
will enable precision therapy and enhance the efficacy 
of nanomedicines [20]. Optimizing the design of nano-
materials is vital for ensuring their therapeutic efficacy, 
while employing suitable synthesis methods is essential 
for minimizing toxicity and enhancing efficiency. Despite 
the diversity and widespread use of nanomaterials, along 
with their superior efficacy over traditional therapies in 
treating various diseases, the toxicity of certain nanoma-
terials continues to be a major obstacle to their clinical 
translation. Consequently, the toxicological study of nano-
medicines has garnered increasing attention, with the goal 
of providing a theoretical foundation for designing safe 
and effective nanomaterials, focusing on mechanisms and 
influencing factors.

In this review, we present a comprehensive summary of 
the design and synthesis strategies for nanomaterials, with a 
particular emphasis on the application of advanced “smart” 
methods. We then provide a concise overview of nanomate-
rial toxicity, covering mechanisms, influencing factors, and 
evaluation approaches that will serve as a foundation for 
toxicological studies facilitating the clinical translation of 
nanomedicines. Additionally, we highlight the use of diverse 
functional nanomaterials in treating refractory inflamma-
tion-related diseases, including wound healing, digestive 
disorders, immune conditions, neurological diseases, and 
circulatory disorders. The various strategies for enabling 
targeted therapies for these diseases through nanomedicine 
have also been explored. Finally, the current barriers to the 
application of nanomedicines in treating inflammation-
related diseases are discussed (Scheme 1). This review offers 
valuable insights into the types of nanomaterials and their 
role in treating inflammation-related diseases, contributing 
to the development of innovative nanomedicines aimed at 
enhancing disease treatment efficacy.
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2  Design and Synthesis of Nanomaterials

The design and synthesis of nanomaterials are fundamental 
to their physicochemical properties and biological effects. 
As research progresses, there is a growing trend toward the 
development of intelligent nanomaterials, such as stimuli-
responsive and biomimetic types, which enhance the pre-
cision and efficiency of nanomedicine for more targeted 
treatments. Furthermore, with advancements in intelligent 
technology, emerging fields like artificial intelligence (AI) 
are increasingly being integrated into nanomedicine. AI 
applications, such as machine simulations and high-through-
put screening (HTS), provide more accurate and efficient 
methods for designing safe and effective nanomaterials. In 
the synthesis of nanomaterials, the adoption of appropriate 
techniques can reduce reliance on chemicals and extreme 
conditions, thereby facilitating the safe, energy-efficient, 
and controlled mass production of nanomaterials. Addition-
ally, intelligent approaches like biosynthesis, biomimetic 

self-assembly, and biomimetic mineralization offer pre-
cise control over the structure, properties, and functions of 
nanomaterials, facilitating their autonomous and responsive 
synthesis.

2.1  Smart Design of Nanomaterials

Unlike conventional drug molecules, nanomedicines pos-
sess distinct nanoscale structures. Through rational and 
advanced structural design, these nanomaterials can dem-
onstrate enhanced properties, including improved mechan-
ical strength, catalytic efficiency, and biological activities 
such as anti-inflammatory effects. In recent years, “intel-
ligent” nanomaterials have been developed to respond to 
physiological stimuli in the body, or to specifically target 
and interact with disease-causing genes or proteins. This 
enables more precise and efficient intervention, curb-
ing disease progression and promoting the restoration of 

Scheme  1  Schematic illustration of therapeutic nanomedicine. This includes various nanomaterials, such as NPs, liposomes, nanozymes, 
nanofibers, nanocrystals, micelles, and nanorods, intended for the treatment of inflammation-related diseases. Created with BioRender.com
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health. Furthermore, multitargeting and hierarchical tar-
geting strategies enhance the capacity of nanomedicines to 
overcome in vivo obstacles, ensuring their delivery to the 
intended target site for effective treatment [21]. Therefore, 
the “intelligence” of nanomaterials significantly enhances 
their performance in the field of medicine. The current 
design of smart nanomaterials is principally categorized 
into two types: stimuli-responsive nanomaterials, which 
facilitate controlled drug release at targeted sites, and bio-
mimetic nanomaterials, which are functionalized through 
biomimetic strategies to improve the targeting of patho-
logical sites by nanomedicines (Scheme 2). Additionally, 
to improve the practicality of nanomaterials, AI, with its 

advanced statistical and analytical capabilities, is increas-
ingly being used in their intelligent design. This approach 
offers an efficient strategy, focusing on biological princi-
ples from the outset and reducing the costs associated with 
trial and error [22].

2.1.1  Stimuli‑Responsive Nanomaterials

Nanomaterials with specialized structures and functions 
are often used as carriers for therapeutic substances. These 
materials not only provide a functional delivery platform 
for active compounds but also improve the physicochemical 

Scheme 2  Schematic diagram of the design scheme for smart nanomaterials. This design strategy is primarily categorized into two approaches: 
stimulus-responsive and biomimetic strategies. Created with BioRender.com



 Nano-Micro Lett.          (2025) 17:323   323  Page 6 of 55

https://doi.org/10.1007/s40820-025-01829-7© The authors

properties of the drugs, such as solubility and in vivo stabil-
ity. Additionally, they enhance the on-demand release or spe-
cific accumulation of active ingredients in targeted regions. 
In stimulus-responsive nanosystems, the “smart response” 
capability arises from the specific interaction of nanomateri-
als or their functional groups with particular in vivo envi-
ronments. For example, boronic acids are multifunctional 
groups that can selectively react with substances such as 
ROS, ATP, and glucose [23–25]. Stimulus-responsive nano-
carriers can sense both exogenous and endogenous stimuli, 
responding sensitively with actions such as cleavage, con-
tent release, and aggregation. Exogenous stimuli, includ-
ing physical factors like magnetic fields, temperature, light, 
ultrasound (US), and piezoelectricity, are applied externally 
to trigger the release of active ingredients from the nanocar-
riers under altered environmental conditions. Among these, 
US-responsive nanomaterials are capable of mediating sono-
dynamic therapy (SDT), which involves the efficient gen-
eration of ROS to effectively kill cancer cells and bacteria 
when combined with low-intensity US and sonosensitizers 
[26, 27]. Our team has developed an oxygen vacancy-rich 
MoOx@Mo2C nanoagent that efficiently captures bacteria 
through its tightly packed mesh structure. It rapidly gener-
ates a significant amount of ROS with a broad-spectrum 
bactericidal effect. This is achieved through the rapid sepa-
ration of electron-hole pairs, coupled with oxygen vacancy 
reduction and electron-hole pair recombination, in the pres-
ence of US [28].

Over the last decade, research on stimuli-responsive nano-
materials has entered a new phase driven by continuous 
innovations in functionalized nanotechnology. Traditional 
systems, such as magnetic iron NPs [29], thermosensitive 
nanogels [30], and photosensitive metal–polymer NPs [31], 
were previously designed to respond to singular external 
physical stimuli. However, the latest advancements involve 
integrating multiple response mechanisms and therapeutic 
approaches to achieve higher-performance nanomateri-
als. For example, light is an exogenous stimulus that can 
be flexibly applied. Nanomaterials with photosensitive or 
photothermal properties can undergo photochemical reac-
tions or photothermal transformations, respectively, to 
destroy harmful cells such as bacteria and cancer cells. This 
is achieved through photodynamic therapy (PDT) and pho-
tothermal therapy (PTT) [32, 33]. Our team developed oxy-
gen-deficient  TiO2-x nanocrystals (B-TiO2-x) for synergistic 
PTT/SDT in cancer treatment. The oxygen-deficient layer 

enhances US-induced electron–hole separation, improv-
ing SDT efficiency. Meanwhile, the core–shell structure 
enhances photothermal conversion, boosting PTT effective-
ness. This dual-action nanoplatform exemplifies the synergy 
between SDT and PTT, broadening the potential applications 
of stimulus-responsive nanomaterials in precision oncology 
[34]. Piezoelectric nanomaterials generate electrical currents 
in response to mechanical forces and induce a mechani-
cal response in an electric field [35]. Our team developed 
piezoelectric 2D  MoS2 nanosheets that, under US, convert 
mechanical vibrations into electrical energy, generating ROS 
to kill cancer cells. Additionally, the photothermal proper-
ties enable photoacoustic imaging, thermography, and PTT. 
The synergy between piezoelectric and photothermal effects 
further enhances their anticancer efficacy [36].

Exogenous nanoplatforms depend on external stimuli, 
which can introduce complexity and imprecision due to 
uncontrolled inputs. In contrast, endogenous nanomate-
rials autonomously sense disease-specific microenviron-
ments, enabling precise drug release and aggregation 
without the need for external intervention. Research on 
bioresponsive nanomaterials, targeting enzymatic fac-
tors, pH, toxins, ATP, and redox states in disease micro-
environments, focuses on catalytic and redox reactions as 
well as bond cleavage to enable precision drug release. 
Redox-responsive designs are notably effective, leverag-
ing elevated glutathione (GSH) levels to cleave disulfide 
(-S-S-) bonds in nanocomposites. Similarly, diselenide 
(Se-Se) and carbon–selenium (C-Se) bonds demonstrate 
heightened GSH sensitivity, enabling controlled thera-
peutic delivery. These materials intelligently respond to 
pathological conditions through endogenous triggers, opti-
mizing targeted antibiotic release. Oxidation-responsive 
functional groups include boron esters [37] and tetrasul-
fopentene [38], among others. In particular, these mate-
rials exhibit distinct behaviors in oxidizing and reduc-
ing environments, undergoing cleavage or aggregation, 
respectively. This renders them multifunctional groups 
with significant roles in nanomedicine synthesis and tar-
geting. Our team developed GSH-responsive TGA-Cu 
NPs, where TGA-GSH exchange disrupts tumor proteins, 
while GSSG-Cu triggers Fenton-like reactions with  H2O2 
to generate cytotoxic •OH, enabling dual-action anticancer 
therapy [39]. Additionally, the integration of both exog-
enous and endogenous stimulus-responsive strategies 
is a common design approach for smart nanomaterials. 
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This often involves a combination of multiple respon-
sive forms, such as pH/US response or magnetic/pH/
temperature responsiveness. We designed dual pH-/near-
infrared (NIR)-responsive DOX@silicene–bovine serum 
albumin (BSA) nanosheets to enhance chemotherapy and 
PTT. Acidic pH conditions protonate DOX, increasing 
its hydrophilicity and promoting drug release. Silicene’s 
photothermal properties enhance NIR sensitivity, and the 
heat generated accelerates DOX release in a synergistic 
manner, improving the targeted tumor treatment efficacy 
[40]. Similarly, due to their high photothermal conversion 
efficiency,  Ti3C2 MXenes have been shown to effectively 
eradicate tumors through the synergistic combination of 
PTT and chemotherapy [41]. Qiu et al. developed mul-
tistimuli-responsive V-HAGC NPs, hollow mesoporous 
CuS-based nanodrugs targeting fibroblast-like synovial 
cells for precision therapy in rheumatoid arthritis (RA). 
In the pathological environment of RA, hyaluronic acid 
(HA) (ROS-responsive) first undergoes cleavage, followed 
by NIR light and acidic pH-triggered decomposition, 
which releases GOx and atovaquone. This hierarchical, 
spatiotemporally controlled drug delivery system ena-
bles highly effective treatment of RA [42]. Additionally, 
our team documented the pH/US-responsive release of 
ropivacaine from hollow mesoporous organosilicon NPs 
(HMONs), enabling the induction of prolonged analgesic 
effects [43]. Cardoso et al. developed triple-responsive 
(thermo/magneto/pH) magnetic liposomes for the con-
trolled delivery of anticancer drugs [44].

Bioorthogonal chemistry, which enables efficient reac-
tions under physiological conditions, is integrated with 
advancements in nanotechnology to enhance biomedi-
cal applications such as in situ drug activation, targeted 
delivery, bioimaging, and biosensing, thereby enabling 
precise therapeutics. Tetrazine-based bioorthogonal 
chemistry, leveraging ultrafast kinetics and high selectiv-
ity, drives these innovations through interactions between 
tetrazine and target reagents [45]. Wu et al. developed a 
ROS-responsive prodrug, TCO-NB-GABA, by linking 
nitrobenzyl, 4-TCO, and GABA. Exploiting the excess 
ROS in epilepsy, tetrazine precursors formed hydrogela-
tors that reacted with TCO-NB-GABA via bioorthogonal 
chemistry, releasing GABA at lesion sites [46]. In essence, 
the click reaction between tetrazine and 4-TCO enables 
targeted drug release. This strategy, which responds to 

specific environmental cues or components, is categorized 
as a stimuli-responsive targeting approach.

Host-guest interaction-driven, stimuli-responsive mate-
rials integrate supramolecular chemistry with advanced 
material design. Macrocyclic hosts (e.g., cyclodextrins, 
cucurbiturils) dynamically bind hydrophobic or hydrogen-
bonded guests (e.g., adamantane, azobenzene). These com-
plexes dissociate reversibly in response to environmental 
triggers (e.g., pH, temperature, enzymes, ATP), allowing 
precise control over material responses for applications such 
as targeted drug delivery and adaptive systems [47]. Ni et al. 
developed a photo- and temperature-responsive antibacterial 
surface using azobenzene-cyclodextrin (Azo/CD) host–guest 
interactions. A hydrophilic polyHEMA layer prevents bacte-
rial adhesion, while polyNIPAM’s conformational changes, 
in synergy with Azo/CD dissociation under UV and heat, 
enhance bactericidal performance and recyclability. Specifi-
cally, UV light triggers Azo/CD dissociation, while visible 
light restores binding, enabling reversible regeneration for 
sustainable antibacterial applications [48].

Molecular recognition-driven responsive designs leverage 
biomolecular interactions (e.g., ATP, miRNA) to dynami-
cally regulate material functions in response to external 
stimuli. Unlike static ligand modifications, these systems use 
aptamers (synthetic ssDNA/RNA) that competitively disso-
ciate from cDNA when target molecules with higher bind-
ing affinity replace them. This release exposes active sites 
(e.g., drug channels), enabling stimuli-triggered drug deliv-
ery. Binding energy differences drive the separation of the 
aptamer-cDNA duplex, providing precise control through 
bioorthogonal molecular competition [49]. For example, 
Esawi et al. developed a chimeric complex consisting of two 
aptamers to deliver doxorubicin to cancer cells: the AS1411 
antinucleolin aptamer for targeting cancer cells and the ATP 
aptamer for drug loading and triggered release [50].

2.1.2  Biomimetic Nanomaterials

The smart materials being developed are multifunctional 
and dynamically adjustable, capable of navigating com-
plex pathological environments and optimizing therapeutic 
treatment delivery. Biomimetic design, inspired by nature, 
brings to life a range of possibilities for smart materials and 
serves as a powerful approach to enhancing the intelligence 
of nanomaterials. In recent years, research in biomimetics 
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has progressed significantly, leading to the emergence of 
concepts such as “biomimetic medicine” and “biomimetic 
interfaces” [51, 52]. Precisely, biomimetic materials rep-
licate natural substances of interest, with varying degrees 
of mimicry in both structural and functional aspects, thus 
imparting nanomaterials with the desired properties and 
functions. For example, cell membranes coated with nano-
materials demonstrate multifunctionality [53]. The biologi-
cal origin of the cell membranes enhances the biocompat-
ibility of materials. Targeting is facilitated by the specific 
binding of membrane proteins to receptors in the target area, 
while immune evasion and extended circulation time are 
promoted through the activity of membrane proteins. Thus, 
this biomimetic design exemplifies functional biosynthe-
sis [54], a purpose-driven approach that involves selecting 
natural substances with specific functions and replicating 
or leveraging their structures to mimic particular biological 
functions. Another biomimetic approach focuses on repli-
cating the synthesis processes of natural substances, known 
as process biosynthesis [54], which will be discussed in the 
following section.

Structural biomimicry. This overview highlights several 
advanced biomimetic design methods from the perspec-
tive of natural objects mimicked by nanomaterials. These 
methods include the simulation of macroscopic structures 
such as plants and animals, as well as microscopic entities 
like viruses, biomolecules, and extracellular vesicles (EVs), 
thereby broadening the scope of nanomedicine applications. 
The surfaces of many organisms in nature exhibit unique 
structures and properties, which contribute to specific bio-
logical activities. The term “biomimetic interface” refers to 
the process of replicating and fabricating surface nanostruc-
tures based on these distinctive morphologies or properties, 
offering valuable biological insights for the design of func-
tionalized nanomaterials. For example, surface nanopillar 
array structures are a well-known instance of physical bac-
tericidal surfaces. Tian et al. fabricated cicada wing-inspired 
silicon nanosheets with 600-nm-high, 50-nm-base nano-
spikes using reactive ion etching, achieving a 60% Escheri-
chia coli (E. coli) elimination within 30 h, demonstrating 
potent antibacterial activity [55]. Studies show that the sur-
face protrusion column density and height of nanomateri-
als critically influence antimicrobial efficacy by modulating 
bacterial adhesion. Peak bactericidal efficiency is achieved at 
an optimal surface roughness, which is determined by high 
column density and height. At this optimal density, bacterial 

membranes adhere perpendicularly to the tips of the spikes 
and their adjacent surfaces, causing membrane stretching 
and deformation. Variations in spike height further amplify 
roughness, increasing membrane stress and structural dam-
age. This dual mechanism—geometric adhesion forces and 
mechanical disruption—enhances the physical destruction of 
bacteria, thereby improving antimicrobial performance [56].

Additionally, physical properties such as adhesion, wetta-
bility, and mechanical characteristics of the surface interface 
play crucial roles in determining the antimicrobial activity of 
nanomaterials. For instance, the diamond-like corrugations 
on shark skin minimize water resistance while providing 
antifouling properties. Enhanced by elastic, stress-resistant 
mechanical traits, this biomimetic approach inhibits bacte-
rial adhesion and enhances bactericidal efficacy through an 
optimized synergy of structure and material. Arisoy et al. 
mimicked the antimicrobial properties of  TiO2 NPs by cre-
ating a fouling-resistant shark skin surface using solvent-
assisted nanoimprint lithography, yielding a smooth bio-
mimetic interface that significantly diminishes microbial 
attachment [57]. In addition, Valiei et al. highlighted an 
intrinsic relationship between a material’s surface wettabil-
ity and its antimicrobial efficacy. The total capillary force, 
acting as the external driving force responsible for bacte-
rial deformation, is weakest on hydrophobic surfaces and 
strongest on hydrophilic ones. Consequently, the bactericidal 
activity of superhydrophilic surfaces reaches its peak and 
diminishes as surface hydrophobicity increases. However, 
superhydrophobic surfaces effectively reduce bacterial adhe-
sion and provide excellent self-cleaning properties, along 
with antimicrobial benefits [58]. Chen et al. developed fruit 
leaf-inspired nanoflakes with superhydrophobic surfaces and 
randomized serrated edges that physically rupture surface-
adhered bacteria. This dual structural and functional bio-
mimicry synergizes antifouling properties and mechanical 
sterilization, enhancing antimicrobial efficacy [59].

Nanomaterials possess exceptional mechanical proper-
ties. For instance, carbon nanotubes (CNTs) are made of 
carbon atoms arranged in sp2 hybridized covalent bonds, 
with a higher proportion of s-orbitals contributing to their 
remarkable mechanical characteristics. This unique struc-
ture provides CNTs with high modulus, tensile strength, 
and elongation at break, making them highly resistant to 
deformation and capable of withstanding substantial stress. 
However, many current nanomaterials struggle to replicate 
the elastomechanical behavior of natural organisms. Inspired 



Nano-Micro Lett.          (2025) 17:323  Page 9 of 55   323 

by nature, superior elastic properties can be achieved by 
mimicking the structure of animal muscle tissue and plant 
cell walls. Du et al. used poly(lactic-co-glycolic acid)–poly-
ethylene glycol (PLGA-PEG) to replicate the highly elastic 
structure of natural skeletal muscle tissue, which also pro-
motes myoblast differentiation and tissue formation [60]. 
Plant cell walls, with their microfibril-reinforced polymer 
matrices, provide significant mechanical strength to resist 
environmental stresses, inspiring the development of bio-
mimetic nanomaterials. Shi et al. replicated this structure 
by engineering a bionic cell wall (BCW) on animal cells, 
utilizing supramolecular DNA templates to guide the assem-
bly of an extracellular polysaccharide–peptide matrix. The 
BCW protected mammalian cells from adverse conditions, 
enhancing their viability and illustrating how plant-inspired 
protective layers can be synthetically replicated to strengthen 
cells. This breakthrough opens new avenues for synthetic 
biology and the design of stress-resistant nanomaterials [61].

Structural and functional biomimicry. Bioactive nanoma-
terials mimic the functional components of living organisms, 
actively recruiting progenitor cells to enhance adhesion and 
differentiation for tissue engineering. Hydroxyapatite (HAP), 
a key component of vertebrate calcified tissues, serves as a 
prime example, offering biocompatibility, osteogenic bio-
activity, and strong cell adhesion. Its osteoconductivity and 
controlled biodegradability work synergistically to optimize 
bone regeneration [62]. Furthermore, bionic HAP creates an 
ideal microenvironment that promotes osteogenic differen-
tiation in cells [63]. Jeffrey et al. combined HAP/collagen 
scaffolds with PRP, which serves as a cell-recruiting matrix, 
releasing chemokines and bioactivators to attract MSCs and 
fibroblasts, thereby stimulating their proliferation [64]. The 
synergistic co-application of osteogenic agents and HAP 
creates smart biomaterials that mimic natural bone repair 
mechanisms. These biofunctional, biomimetic nanomaterials 
meet orthopedic clinical needs by integrating cell recruit-
ment, differentiation, and structural support, thereby advanc-
ing regenerative strategies.

Functional biomimicry. The extracellular matrix (ECM), 
composed of collagen-based filamentous networks and 
signaling molecules, regulates cellular adhesion, growth, 
and metabolism [65]. Despite its bioactivity, natural ECM 
faces limitations in stability and biocompatibility [66]. 
Biomimetic nanomaterials that replicate the ECM’s struc-
ture and components offer enhanced durability for tissue 

regeneration, enabling targeted biomedical applications 
through functional synergy.

Heparin, a key active component of the ECM, plays 
crucial roles in biological processes such as growth fac-
tor binding and release, anticoagulation, immune regula-
tion, and promoting cell migration and differentiation [67]. 
In recent years, heparin-inspired biomaterials, integral to 
ECM-mimicking materials, have shown significant potential 
in medical applications such as tissue repair, anticoagula-
tion, and antiviral therapy [68, 69]. Their primary function 
is to replicate the sulfated structures of heparin or heparan 
sulfate, thereby mimicking similar biological functions. This 
approach overcomes the limitations of natural heparin and 
enhances the biomimetic properties of the materials. For 
instance, sulfation modifications of polymers such as chi-
tosan (CS) and PEG replicate the negative charge charac-
teristics of heparin, enabling the synthesis of materials like 
nanofibers and hydrogels [70]. Alternatively, heparin oligo-
saccharides, protein sequences, or heparin-like molecules 
can be directly incorporated into nanomaterials, enabling the 
design of heparin-inspired biomaterials [71, 72].

Furthermore, nanofibrous materials can replicate the 
fibrous architecture of the ECM, serving as biomimetic scaf-
folds to guide cell growth and tissue regeneration. These 
materials are widely used in various tissue engineering 
applications. For example, Wang et al. prepared nanofibers 
made of polycaprolactone (PCL), silk fibroin (SF), and CNTs 
via a dry-wet electrospinning method. This approach mimics 
the three-dimensional hierarchical structure of natural neural 
tissues, promoting neural synapse migration and elongation 
along the direction of the nanofibers, thereby aiding neural 
tissue repair [73]. Additionally, ECM secreted by cells can 
further promote the differentiation of bone marrow mesen-
chymal stem cells (MSCs) under specific physical stimuli. 
As a result, combining ECM with stimulus-responsive nano-
materials has become a common approach in bone tissue 
engineering. For instance, Wu et al. developed a biocompat-
ible graphene–ECM nanocomposite film. The photothermal 
effect of graphene elevated the surface temperature under 
light, thermally stimulating cell growth and osteogenesis, 
thereby demonstrating light-triggered enhancement of bone 
regeneration [74]. However, each component of the ECM 
theoretically serves a specific function in cell growth, and 
mimicking a single component may not fully replicate the 
complex physiological environment of the ECM. Therefore, 
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achieving a complete mimicry of the natural ECM holds 
greater clinical value for biomedical applications.

Cells, as fundamental biological units, serve as inspira-
tion for bionic nanotechnology. Traditional methods modify 
nanomaterials with polymers or ligands to create stealth 
coatings that reduce immune clearance and enable targeted 
delivery. However, sequential ligand coupling is inefficient 
and raises safety concerns. Cell membrane-camouflaged bio-
mimetic nanomaterials address these issues by incorporating 
natural membrane proteins that evade immune phagocyto-
sis, prolong circulation, and facilitate cell-specific targeting 
through ligand-receptor interactions. This strategy harnesses 
the intrinsic functionality of cells to enhance nanomaterial 
performance, combining biological precision with engi-
neering efficacy for advanced therapeutic applications [53, 
75]. Cell membrane biomimetic coatings effectively endow 
nanomaterials with multifunctionality and have been exten-
sively studied in preclinical research. Various sources-such 
as erythrocytes, macrophages, neutrophils, platelets, stem 
cells, cancer cell membranes, and vesicles (microvesi-
cles, exosomes)-broaden the biofunctional versatility of 
these materials for targeted applications [76, 77]. Tan et al. 
encapsulated macrophage membranes in the outer layer of 
polymeric NPs (PLGA-LPV NPs) loaded with lopinavir. 
The resulting PLGA-LPV@M NPs demonstrated a remark-
able ability to target inflammatory sites, neutralize multi-
ple pro-inflammatory cytokines, and reduce inflammation, 
while also decreasing tissue viral loads [78]. Hybrid cell 
membrane coatings address the limitations of single-source 
membranes, enabling dual-targeted drug delivery. Chen et al. 
developed the nanomimetic Asp8[H40-TPZ/IR780@(RBC-
H)] to achieve immune evasion and targeted therapy for oral 
squamous cell carcinoma [79].

Exosomes, natural cell-derived nanovesicles, retain the 
original cell membrane proteins and lipids [80]. Their mem-
brane proteins facilitate intercellular communication and 
cell-specific targeting, while the lipid bilayer protects the 
cargo from enzymatic degradation and clearance [81]. As 
biomimetic nanocarriers, exosomes harness inherent bio-
logical functions to enable precision therapy and targeted 
drug delivery in nanomedicine.

Virus-mimicking nanomaterials enhance penetration, tar-
geting, and immunogenicity by utilizing the efficient cell 
invasion and vaccine-like antigenicity of viruses. These 
strategies, employed in tumor immunotherapy and vaccine 
development, leverage viral traits, such as electroneutral 

surfaces, to enhance intestinal absorption, advancing the 
design of biomedical nanomaterials. Zhang et  al. engi-
neered electroneutral MSN-NH2@COOH/CPP5 by coating 
mesoporous silica NPs (MSNs) with the KLPVM peptide 
and glutaric anhydride. This nanoparticle successfully pen-
etrated intestinal barriers, enabling efficient insulin delivery 
and a significant reduction in blood glucose levels in dia-
betic rats [82]. Additionally, nanomaterial-modified poly-
mers, peptide chains, and nanotubes can mimic the spiky 
structure of viral surfaces, enhancing cellular endocytosis, 
increasing the bioavailability of nanomedicines, or improv-
ing the immunogenicity of nanovaccines. Gao et al. engi-
neered MSNs with virus-mimetic radiating nanotube spines, 
replicating viral surface topology to enhance cellular uptake 
and endosomal escape of antigens, thereby enabling effi-
cient immune presentation [83]. To improve the accuracy 
of bionanostructures, Zhao et al. engineered a virus-mimetic 
nanosystem, ZM@TD (Mn-doped ZIF-90), which mimicked 
viral nucleocapsids to protect DNAzyme. Erythrocyte mem-
branes facilitated immune evasion, while RGD/HA2 pep-
tides replicated herpesvirus glycoproteins, triggering antigen 
release and sustained activation of innate immunity. This 
design resulted in a 68% primary tumor regression through 
enhanced immunotherapy efficacy [84]. Therefore, adopt-
ing a holistic, systemic approach—rather than simply incor-
porating a single viral signature into nanomaterials—may 
hold greater potential for the successful clinical translation 
of virus-inspired nanomaterials.

2.1.3  Computational Nanomaterials

Smart nanomaterials are ideally designed for dynamic regu-
lation and precision therapy in pathological environments. 
However, in practice, the fate of nanomaterials in living 
organisms remains unknown and challenging, leading to a 
significant reduction in their effectiveness and potentially 
causing uncertain toxic side effects. Additionally, the vari-
ety of ligands used to modify nanomedicines or adjuvants 
applied to nanosystems increases the cost of trial and error, 
as they are often selected based on literature research or 
subjective guesses, which contradicts the concept of “intel-
ligent” nanomaterial design. To address this, computational 
technologies with powerful data processing and analysis 
capabilities have been increasingly applied to the intelli-
gent design of nanomaterials. These technologies, such as 



Nano-Micro Lett.          (2025) 17:323  Page 11 of 55   323 

high-throughput methods or machine learning (ML), can 
efficiently summarize a large body of existing research, 
elucidating the interaction patterns between nanomaterials 
and biological systems, as well as their connections with 
biomolecular ligands. This provides advanced technical sup-
port for the rational and efficient design of disease-specific 
intelligent nanomedicines, while also addressing the chal-
lenge of characterizing the physicochemical properties and 
biological effects of nanomaterials. We define the design 
of nanomaterials enhanced by computational technology 
as “Computational Nanomaterials”. This approach utilizes 
computational technology to begin with the biological char-
acteristics of diseases, identify the optimal nanomaterials 
through material-biological interactions, material-property 
relationships, and appropriate ligands or adjuvants, simu-
late the construction of ideal nanomedicines, and accurately 
analyze their physicochemical properties. This outlines the 
general design process of computational nanomaterials. 
Consequently, computational nanomaterials can significantly 
reduce the human, financial, and time costs associated with 
traditional “verified guessing” methods, thereby advancing 

the field of nanomedicine. This aligns perfectly with the 
vision of “smart materials”.

Currently, computational technologies and algorithms for 
nanomaterial design have been increasingly applied to solid 
materials, including high-throughput, AI, and ML technolo-
gies. These tools can predict the physicochemical properties 
of various nanomaterials and their interactions with living 
organisms, enabling the prediction of nanosystem distribu-
tion, bioactivity, and toxicity, and ultimately facilitating the 
screening of suitable nanomaterials (Scheme 3). However, 
regardless of the technique, designing computational nano-
materials requires extensive data collection, processing, and 
analysis from existing studies. In a data-driven paradigm, 
HTS enhances data sample load and processing efficiency 
while enabling automated data generation, storage, and anal-
ysis. Wang et al. proposed the energy level principle and the 
adsorption energy principle, experimentally verifying their 
ability to predict the superoxide dismutase (SOD)-like activ-
ity of metal-organic frameworks (MOFs). These principles 
can facilitate the HTS of nanozymes with specific mimetic 
enzyme activities [85].

Scheme 3  Schematic representation of computational nanomaterials. This approach involves predicting the physicochemical properties of vari-
ous nanomaterial types and their interactions with living organisms using high-throughput, AI, and ML techniques. The goal is to infer the distri-
bution, bioactivity, and toxicity of nanosystems in vivo, ultimately guiding the selection of suitable nanomaterials. Created with BioRender.com
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Additionally, high-throughput approaches can be used to 
screen nanocarriers, adjuvants, ligands, and other compo-
nents in large databases to identify optimal nanomedicine 
formulations. Qi et al. proposed a new model for high-
throughput calculation of the binding free energy of solid-
binding peptides (SBPs) to material surfaces. This model 
estimates the binding of the entire peptide to nanomaterials 
based on the free energy contributions of individual resi-
dues, enabling the screening of SBPs that bind strongly to 
materials with targeted affinity or selectivity [86]. Winter 
et al. employed a HTS method, nanoPRISM, to investigate 
the relationship between nanomaterials and cellular inter-
nalization. They found that the core composition of nano-
materials is the key determinant of their uptake into cells. 
Using a library of cell lines with different DNA sequence 
barcodes, along with 35 fluorescently labeled NPs featuring 
varying core compositions, surface chemistries, and sizes, 
they identified the cells through high-throughput genome 
sequencing to pinpoint the key characteristics of cells that 
internalize nanomaterials [87]. Additionally, high-through-
put technology can serve as an efficacy evaluation tool for 
nanomaterials in reverse screening. INSIDIA 2.0, a high-
throughput image analysis software developed by Perini 
et al., quantifies tumor cell death by analyzing parameters 
related to the destruction of cancer spheroids. This allows 
for a morphological evaluation of the effect of graphene 
quantum dot PTT on glioblastoma (U87) and pancreatic 
adenocarcinoma tumors [88]. High-throughput techniques 
are essential computational methods that can be integrated 
with other intelligent approaches, such as active learning, 
to efficiently optimize a large number of candidate materi-
als while minimizing human cognitive overload and bias. 
This integration helps overcome the limitations of traditional 
Edison-style and model system approaches [89].

Similarly, AI is a powerful computational technology 
capable of processing large data sets. Among its various 
approaches, ML is a key paradigm that enables the devel-
opment of algorithms for mathematical modeling based on 
existing data. ML mimics the human ability to recognize pat-
terns and process information, making it a valuable tool for 
understanding and predicting the material properties, phar-
macological parameters, and biological effects of nanomedi-
cines. This approach offers a promising means to accelerate 
the development of desired NPs [90]. Depending on the type 
of data being modeled, ML models include unsupervised, 
supervised, semi-supervised, and reinforcement learning, 

among others. These mathematical algorithms, when applied 
to data, mimic human learning and uncover data-driven pat-
terns, ultimately enabling accurate predictions of the cor-
responding outcomes [91]. Saeedimasine et al. calculated 
the adsorption free energies of 33 small biomolecules on 
nanomaterials using a molecular dynamics-meta-dynamics 
approach. They then applied various unsupervised learn-
ing algorithms, along with supervised linear and nonlinear 
regression algorithms, to construct a predictive model for 
extrapolating the adsorption free energies of other biomol-
ecules on nanomaterials. Due to its accurate predictive per-
formance, this ML model offers a method for classifying 
nanomaterials based on their interactions with biomolecules 
[92]. Fahmy et al. developed multivariate regression algo-
rithms to predict the performance and trapping efficiency of 
specific types of NPs by analyzing early research data and 
applying supervised ML. Among the models, the one using 
the CatBoost algorithm for estimating the trapping efficiency 
of nanomaterials demonstrated the best performance. It 
also identified the drug-to-lipid ratio and lipid-to-surfactant 
molar ratio as key factors influencing trapping efficiency. 
Therefore, supervised ML proves to be an effective tool in 
assisting the design of nanomaterials to enhance nanodrug 
trapping rates and simplify experimental procedures [93].

By learning from past experiences and continuously 
optimizing its processes, ML develops “intelligence” over 
time, enabling it to solve tasks involving high-dimensional 
data, particularly clustering, classification, and regression. 
This capability allows ML to reveal data-driven insights and 
make accurate predictions. As a result, AI-assisted synthe-
sis of nanomaterials is becoming increasingly “intelligent,” 
meeting key criteria such as good physicochemical proper-
ties, minimal biotoxicity, and a stable pharmacokinetic pro-
file, ultimately leading to enhanced efficacy [94, 95]. Nuhn 
et al. identified vascular permeability heterogeneity among 
different tumor types through single-vessel analysis using 
AI, providing a foundation for the rational design of pro-
tein nanoparticle-based drug delivery systems to enhance 
nanomaterial permeability in tumors [96]. Additionally, 
the structure of chemical molecules in nanomaterials dic-
tates the effectiveness of nanomedicines. Upon entering the 
body, the absorption, distribution, metabolism, and excre-
tion (ADME) processes of nanomedicines are influenced 
by material–tissue interactions, which present uncertain-
ties. However, the pharmacokinetics of nanomedicines is 
crucial in determining their biological effects. Therefore, 
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constructing quantitative structure-activity relationship 
(QSAR) models combined with physiologically based phar-
macokinetic (PBPK) models using AI techniques offers an 
intelligent approach to nanomaterial design. Lin et al.’s 
research team employed a ML approach to generate PBPK 
models that predict the ADME properties and toxicity of 
nanomaterials in tumors. They also used the models to infer 
the tumor delivery efficiency of different NPs based on the 
physicochemical properties of the materials and the cancer 
type [97]. Additionally, they developed an AI-based QSAR 
model using ML and deep neural network algorithms, which 
was integrated with a physiologically based PBPK model to 
simulate and calculate the tumor-targeting delivery efficien-
cies and biodistribution of various NPs [98].

In summary, these intelligent computational techniques 
are pivotal for designing smart materials. The algorithmic 
screening of nanomaterials, along with their adjuvants or 
ligands, supported by large datasets, and the experimental 
validation of model materials closest to the expected thera-
peutic efficacy, help minimize biases caused by human cog-
nition. This approach narrows the potential parameter space 
and reduces the costs associated with trial and error. There-
fore, computational nanomaterials hold great potential for 
guiding the design of “smart” nanomaterials in the future, 
paving the way for new advancements in nanomedicine.

2.2  Smart Synthesis Methods

To prepare “smart” nanomaterials, the progressive advance-
ment of synthesis technologies is a crucial step toward 
realizing smart nanomedicine. Traditional bottom-up and 
top-down synthesis methods are classified as chemical and 
physical approaches, respectively. The use of chemical rea-
gents in chemical synthesis presents safety concerns, which 
limit its application, while physical synthesis methods strug-
gle to achieve precise control over nanomaterials, thereby 
failing to meet the diverse requirements of “smart” synthe-
sis. In recent years, novel concepts for nanomaterial synthe-
sis, such as biosynthesis, biomimetic self-assembly, and bio-
mimetic mineralization, have been experimentally validated 
and employed in the synthesis of complex nanosystems. For 
instance, inorganic nanomaterials are synthesized using nat-
ural components derived from plant extracts or microorgan-
isms, such as bacteria [99]. Additionally, the self-assembly 
of materials can be initiated using biomolecular templates 

(proteins, DNA). These synthesis methods eliminate the 
need for large quantities of chemical stabilizers and the use 
of extreme synthesis conditions. Furthermore, these straight-
forward, safe, energy-efficient, and mild approaches present 
the potential for large-scale production of nanomaterials. 
Additionally, intelligent synthesis based on biological and 
biomacromolecular components can precisely regulate the 
structure, properties, and functions of materials. Moreover, 
it enables autonomous and responsive synthesis of materials.

2.2.1  Biosynthesis

The biosynthesis method of nanomaterials involves utilizing 
plant extracts, algae, fungi, bacteria, and viruses to produce 
nano-sized functional materials [100]. Unlike traditional 
chemical and physical synthesis methods, biosynthesis offers 
a green synthesis pathway that effectively utilizes natural 
biological resources to synthesize or assemble nanomaterials 
with specific functionalities within living organisms, using 
biological components as raw materials (Scheme 4). Micro-
organisms, including bacteria, fungi, viruses, and other bio-
logical entities, possess nanoscale components that carry 
out a variety of processes, such as the ingestion of external 
targets, energy production, and metabolite synthesis. Under 
complex survival conditions, these behaviors serve as self-
protective mechanisms initiated by microorganisms. After 
absorbing essential nutrients from the environment, micro-
organisms expel toxic substances, such as transition metal 
ions, via exocytosis or use bioisolation to convert nonessen-
tial or even toxic substances into harmless forms. Addition-
ally, a variety of metabolites and biomolecules produced 
by microorganisms may possess biological activities that 
facilitate the transformation of other substances. Interest-
ingly, by strategically leveraging the biological functions 
of microorganisms, these organisms can, under appropriate 
conditions, use environmental substances to construct corre-
sponding nanomaterials, which are categorized as extracel-
lular and intracellular based on their site of synthesis [101]. 
In this process, toxic chemicals and artificially manipulated 
synthesis parameters are eliminated, making the nanomate-
rial synthesis both convenient and environmentally friendly. 
Consequently, the biosynthesis of nanomaterials, or green 
synthesis, is increasingly used in constructing sustainable 
nanostructures [102].
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Fungi produce a wide range of biomolecules during their 
life processes, including various extracellular enzymes and 
metabolites with heterogeneous properties, which have been 
extensively shown to reduce metal ions into metal-based NPs. 
The biosynthesis of NPs by fungi is energy-efficient, occur-
ring under mild temperature and pressure conditions, mak-
ing it far superior to chemical synthesis. Additionally, fungal 
biosynthesis enables precise control over the NPs’ crystallin-
ity, shape, and size, overcoming the limitations of traditional 
physical synthesis methods. Moreover, the metabolic biomol-
ecules produced by fungi can regulate the synthesized NPs, 
providing unique surface properties and enhanced bioactivi-
ties. For example, antibiotics produced by fungi can synergize 
with metal-based NPs to exhibit antimicrobial effects [103]. 
Vahabi et al. exposed Trichoderma reesei, a fungus, to a silver 
nitrate solution, prompting the fungus to produce extracel-
lular enzymes and metabolites that catalytically reduced the 
silver ions in the solution to form solid metallic AgNPs [104]. 
The abundant extracellular enzymes of Trichoderma reesei 
enable high-yield, high-rate synthesis of AgNPs, offering 
superior scalability compared to traditional physicochemical 
methods. Fungi have demonstrated the ability to biosynthe-
size a wide range of metals, metal oxides, metal sulfides, and 
other metal-based sulfur oxide NPs. However, the specific 

mechanisms underlying their synthesis still require further 
investigation to establish a theoretical framework for large-
scale biological production of nanomaterials. Similarly, bacte-
ria can utilize various enzyme-mediated catalytic reactions to 
reduce metal ions, such as nicotinamide adenine dinucleotide 
(NADH)- or nicotinamide adenine dinucleotide phosphate 
(NADPH)-dependent reductases, peroxidases (POD), and 
terminal oxidases (OXD). In addition, bacteria can reduce 
metal ions, sulfur protoxide anions, or other elements through 
non-enzymatic pathways, such as extracellular electron trans-
fer [105], or by regulating pH changes that dissociate intracel-
lular protons, creating negatively charged sites for metal ion 
absorption [106].

Additionally, mammalian cells have been shown to pos-
sess the ability to synthesize nanomaterials through a simi-
lar mechanism, wherein endogenous cellular components 
mediate the formation of new substances. Duval et al. dem-
onstrated the synthesis of Au-NPs in a single step using 
NADH, with sodium bicarbonate buffer employed to mimic 
the cellular growth environment and preserve biomolecule 
integrity. Notably, the synthesis of Au-NPs relies entirely on 
endogenous biomass, eliminating the need for heating, pH 
adjustments, or molecular modifications. In the previous sec-
tion, we discussed the biomimetic design approach involving 

Scheme 4  Schematic diagram of biosynthesis methods for nanomaterials. This process involves the synthesis of nanoscale functional materials 
using plant extracts and microorganisms, including fungi, bacteria, and viruses. Created with BioRender.com
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viruses with sophisticated and precise features. Moreover, 
it can be also found that viruses can serve as synthetic tem-
plates, actively participating in the precise structural edit-
ing and functional construction of nanosystems [107]. Wang 
et al. developed a virus-like particle (VLP) material by using 
Salmonella typhimurium bacteriophage P22 as a template for 
nanomaterial synthesis. In this process, scaffold protein (SP) 
facilitated the self-assembly of coat protein (CP) subunits 
into icosahedral capsids. The interaction between CP and SP 
enabled the encapsulation and controlled delivery of protein 
cargo within the P22 VLPs by adjusting the composition and 
quantity of the protein cargo. Furthermore, they incorporated 
biocatalysts, such as enzymes, into the P22 VLPs, imparting 
new properties, including enhanced catalytic efficiency, sub-
strate selectivity, and environmentally responsive behavior 
[108]. Thus, VLPs synthesized using viruses as templates 
offer a novel approach to the precise assembly of functional 
materials. These microbial synthesis methods, being biologi-
cal in nature, minimize the need for artificial modification of 
inorganic or organic chemicals. They also mimic the inherent 
properties of living organisms, enhancing the biocompatibil-
ity of the materials and minimizing potential biotoxicity.

Microbial extracellular and intracellular synthesis of nano-
materials faces challenges in purification and yield, such as 
the accumulation or adsorption of metal NPs on the cell 
wall, which can hinder efficient isolation and purification. 
To address these issues, biosynthesis using plant extracts has 
emerged as a promising approach, offering advantages like 
simple synthesis, low purification costs, energy efficiency, 
high yield, sustainability, and enhanced biocompatibility. 
Plant extracts are a natural source rich in diverse bioactive 
substances, including sugars, glycyrrhetinic acid, thiols, 
lignin, phenolic compounds, and isoflavones [109], which 
play an active role in the nanomaterial synthesis process and 
can serve as green raw materials for producing functional 
nanomaterials [110]. Nishanthi et al. synthesized Ag, Au, 
and Pt NPs using the aqueous rind extract of Garcinia man-
gostana fruit, where the three metal NPs can combine with 
antibiotics to synergistically enhance antimicrobial effects 
[111]. In addition to metal-based NPs, polymeric NPs can 
also be synthesized through green chemistry principles. 
Tomato, which is rich in polyphenols, alkaloids, and ascorbic 
acid, was used by Abdallah et al. to produce CS NPs and zinc 
oxide (ZnO) NPs. These green-synthesized CS NPs and ZnO 
NPs demonstrated significant bacteriostatic activity against 
the rice pathogen Xanthomonas oryzae pv. oryzae [112].

2.2.2  Self‑assembly Synthesis

Self-assembly technology is a crucial tool in the “bottom-
up” approach, where small structural units are orderly 
assembled into a coordinated nanomaterial from a limited 
number of components. In nature, many biological com-
ponents are built step by step through self-assembly, such 
as proteins, nucleic acids, and polysaccharides—the three 
major biological macromolecules that are polymerized from 
simple constituent units like amino acids, nucleotides, and 
monosaccharides, respectively. Therefore, the self-assembly 
synthesis of nanomaterials follows a biomimetic approach, 
mimicking the autonomous construction behavior of bio-
molecules. This process efficiently utilizes structural units to 
spontaneously form stable aggregated systems with specific 
structures and functions. In this context, we will introduce 
the fundamentals of self-assembly in three parts: the compo-
nents, the templates, and the assembly drivers (Scheme 5).

Currently, structural units commonly used for self-assem-
bled nanomaterials include organic molecules (e.g., DNA, 
peptides, polysaccharides), inorganic compound molecules, 
and NPs, which are primarily bonded through non-covalent 
interactions to form various nanostructures in different mor-
phologies such as 0D NPs, 1D nanotubes, nanofibers, and 
nanorods, 2D nanosheets, and 3D gels. These nanosystems, 
with their diverse morphologies, hold significant potential 
for biological and medical applications [113–117]. Nano-
medicines assembled from natural molecules offer superior 
biocompatibility, sensitivity to microenvironmental changes, 
and structural versatility compared to other structural units. 
DNA, amino acids, proteins, peptides, and polysaccharides 
are commonly used for self-assembly into nanomedicines, 
owing to their intrinsic bioactivities such as antimicrobial 
properties and cell penetrability. These substances can also 
be self-assembled into nanocarriers capable of delivering 
various active ingredients, including genes, proteins, and 
small molecule drugs. The biologically derived components 
of these carriers can significantly enhance the bioavailability 
of the nanomaterials.

In recent years, with the continuous advancement of bio-
materials, biomimetic mineralization technology has become 
increasingly mature. This technology synthesizes bio-inorganic 
nanomaterials by simulating the natural biomineralization 
process. A common approach involves using biological mac-
romolecules or nanostructures self-assembled from biomol-
ecules as templates. Positively charged inorganic mineralizer 
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ions, molecules, or NPs spontaneously adsorb onto the sur-
face of these templates. The reaction kinetics during inorganic 
nucleation and crystallization are carefully controlled through 
the template effect, facilitating the formation of biomimetic 
materials that mimic both the structure and function of natu-
ral biomolecules [118]. Self-assembled DNA nanostructures, 
with diverse morphologies ranging from 2 to 3D forms, can 
act as templates to guide the formation of structurally complex 
mineralizations, making them highly attractive for biomimetic 
mineralization [119]. Notably, DNA origami plays a key role 
in constructing various inorganic mineralizations, largely due 
to its structural flexibility, which enables precise modulation of 
inorganic substance binding sites to achieve specific nanostruc-
ture configurations. For instance, Shang et al. demonstrated 
that positively charged prehydrolyzing products (PP) exhibit 
a stronger electrostatic affinity for protruding double-stranded 
DNA (dsDNA) than for the surface of DNA origami. This 
results in preferential adsorption of PP onto the protruding 
dsDNA, and the synthesized silica nanostructures precisely 

replicate the dsDNA pattern. As a result, site-specific siliconi-
zation of DNA nanostructures enhances the potential for pre-
cise synthesis of inorganic nonmetallic nanomaterials [120]. 
Additionally, peptide templates with a high affinity for inor-
ganic substances not only facilitate the self-assembly of nano-
materials but also serve as functional elements to regulate the 
biological activity of nanosystems, among other applications 
[121]. In this context, the use of natural peptides or proteins, 
such as ferritin and BSA, has garnered significant attention. 
However, artificially designed peptide templates offer greater 
flexibility to meet diverse assembly requirements [122]. Wil-
son et al. designed a bimodal catalytic peptide (SurSi) with 
two functional modules: a surface-active peptide sequence 
to stabilize oil emulsions in water; a biomineralizing peptide 
sequence to regulate the formation of a mineralized silica shell. 
The silica nanocapsule, encapsulating magnetic iron oxide NPs 
(IONPs), was synthesized through SurSi-induced biosilicifica-
tion of the nanoemulsion. This approach protects the encap-
sulated particles from degradation and prevents premature 

Scheme 5  Schematic diagram of the self-assembly synthesis of nanomaterials. This process mimics the autonomous assembly behavior of bio-
molecules, leading to the formation of stable aggregation systems with specific structures and functions. The assembly is driven by either endog-
enous or exogenous forces, utilizing assembly components and biological templates. Created with BioRender.com
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release, offering an efficient method for encapsulating hydro-
phobic particles [123].

Using vapreotide acetate (Vap), an antitumor peptide, as 
a template, Yin et al. synthesized Vap-Au nanoflowers (Vap-
AuNFs) through a bionanomorphic mineralization method. 
The resulting nanoflowers exhibit an anisotropic structure 
with a large absorption cross section, significantly enhanc-
ing the photothermal conversion efficiency of the nanocom-
plexes under NIR light irradiation and improving the antitu-
mor efficacy of PTT. Additionally, Vap, a synthetic peptide, 
mitigates the biotoxicity of metal-based nanomaterials, pro-
viding a beneficial feature contributed by the synthesized 
template [124]. Template molecules play a critical role in 
the self-assembly of nanostructures, significantly influenc-
ing the structure and properties of the entire nanosystem. 
Biomimetic mineralization utilizes inorganic mineralizers 
derived from organisms to form nanomaterials through 
internal mineralization within subcellular structures. This 
approach aligns with the principles of green synthesis, as it 
minimizes the use of excessive chemical reagents and sim-
plifies the labor-intensive steps of manual operation, making 
it an “intelligent” synthesis strategy.

The process of self-assembling nanostructures, composed 
of various structural components, depends on different driv-
ing forces and factors that influence assembly efficiency. 
These factors include the physicochemical properties of the 
component molecules, ionic concentration in the synthesiz-
ing environment, and biomolecular composition, among oth-
ers. We categorize these factors into exogenous and endog-
enous factors that promote nanomedicine self-assembly. 
Endogenous factors refer to the intrinsic properties of the 
molecules themselves. The characteristics of small mole-
cules used as assembly components can fundamentally affect 
the physicochemical properties and biological effects of the 
self-assembled system. For instance, DNA molecules with 
a double-helix structure and peptides with different amino 
acid configurations exhibit chiral properties, which can influ-
ence the properties of the assembled nanomedicines in two 
ways. As an example, Xie et al. designed a self-assembled 
heterochiral antimicrobial peptide (AMP) containing D-/L-
amino acids. This nanostructured antimicrobial drug exhib-
ited optimal activity against both Gram-negative and Gram-
positive bacteria [125].

Additionally, the hydrophobicity of the assembled compo-
nent molecules plays a key role in promoting self-assembly. 
When hydrophilic molecules are converted into hydrophobic 

substances through specific treatments, their ordered aggrega-
tion rate increases, thereby enhancing self-assembly efficiency. 
As a result, hydrophobic molecules such as aromatic amino 
acids, long-chain alkyl amino acids, and certain lipids act 
as natural self-assembling substances. For example, typical 
hydrophobic amino acids are important motifs in the design 
of self-assembling peptides [126]. Wang et al. designed and 
synthesized an aggregation-induced emission luminescence 
gene (AIEgen) conjugated self-assembling peptide (TPA-FFG-
LA) targeting the epidermal growth factor receptor (EGFR). 
In this design, the aromatic amino acid sequence Phe-PheGly 
(FFG) serves as a hydrophobic molecule, which drives the self-
assembly of this nanodrug. Upon light irradiation, the aggre-
gated AIEgens generate large amounts of ROS, which mediate 
lysosomal membrane permeabilization and trigger immuno-
genic cell death. This process effectively kills EGFR-negative 
tumor cells and inhibits the growth of triple-negative breast 
cancer [127]. When the structural unit itself lacks the ability 
to self-aggregate, appropriate modification becomes a viable 
strategy for synthesizing nano-assembled structures. Choles-
terol, a typical lipid molecule, can be used to modify carboxy-
methyl CS by incorporating histidine-cholesterol esters. This 
modification creates a hydrophobic structural domain that 
reduces the critical micelle concentration, promoting the curl-
ing of long-chain carboxymethyl CS polymers and the forma-
tion of encapsulated NPs. This approach improves nanostruc-
tural self-assembly and enhances cytoplasmic transport [128].

Additionally, the β-sheet conformation facilitates peptide 
assembly through electrostatic and hydrophobic interactions 
[129]. A peptide known as β tail can serve as a tool molecule 
to enable the precise assembly of target molecules to which it 
is attached. This is based on the principle that the interactions 
between the peptides are strengthened when the β tail tran-
sitions from an α-helix structure to a β-sheet conformation, 
thereby enhancing the driving force for self-assembly [130]. 
Although some structural units inherently possess a certain 
degree of assembly ability, appropriate modifications can sig-
nificantly improve assembly efficiency and drug release prop-
erties. In summary, the construction of nano-assembled struc-
tures depends not only on the inherent nature of the structural 
units but also on the use of peptides and other tool molecules, 
as well as the optimization of synthesis conditions. These fac-
tors are crucial for enhancing the assembly efficiency, drug 
release properties, and biological effects of the entire system.

“Intelligent” self-assembly refers to a process where, 
under specific physiological conditions, stimuli-responsive 
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nanocomponents autonomously form regular connections or 
undergo morphological transformations, resulting in highly 
efficient assembly of nanosystems. Unlike the “stimulus-
responsive nanomaterials” discussed in the previous section, 
the stimulus responsiveness described here is embedded in the 
synthesis process of the nanomaterials, rather than their func-
tional action, making it a more front-end form of nanomate-
rial intelligence. However, the stimuli driving both types of 
response are similar, including factors such as pH, temperature, 
magnetic fields, ionic concentration, and biological composi-
tion [131, 132]. As assembly elements in the self-assembly of 
nanomaterials, biomolecules can not only arrange and combine 
based on their own interactions, but also undergo stimulus-
responsive dynamic rearrangement under complex environ-
mental conditions. In other words, intelligent synthesis occurs 
when exogenous self-assembly driving forces influence the 
system. For example, DNA and peptides can undergo confor-
mational and chemical changes in response to physical, chemi-
cal, and biological factors, which in turn affect their assembly 
state [113, 133]. Biomolecules play a crucial role in the mul-
tifunctional synthesis of nanostructures. Nanosystems that use 
biomolecules as assembly elements, synthetic templates, or 
responsive synthetic components are highly intelligent, with a 
synthesis process that is both convenient and environmentally 
friendly. For example, Zhan et al. employed an enzyme-depend-
ent self-assembly technique to enable the dephosphorylation 
of adamantane-peptide coupling (Nap-FYp-Ada) by alkaline 
phosphatase expressed on Staphylococcus aureus (S. aureus), 
which triggered the in situ self-assembly of nanostructures. 
The resulting nanodrugs targeted the cytoplasmic lipids of S. 
aureus, leading to the depolarization and permeabilization of its 
cytoplasmic membranes, ultimately helping to resist S. aureus 
infection [134]. In a hydrophilic long-chain polymer, tertiary 
and quaternary amines are randomly arranged to respond to 
variations in pH, temperature, and ionic composition in the 
environment. These changes trigger intramolecular self-folding 
and intermolecular self-assembly, ultimately resulting in the 
formation of self-assembled nanostructures, with the polymers 
acting as the building blocks [135].

3  Toxicity

Nanomaterials have attracted significant attention in the 
fields of food safety and biomedicine. However, as research 
progresses, concerns regarding their potential adverse 

effects have arisen, presenting new challenges for research-
ers. When nanomaterials interact with organisms, they can 
trigger a range of well-documented or yet-to-be-under-
stood toxicity mechanisms. These mechanisms may lead 
to toxic side effects at various levels (organ, cellular, and 
subcellular) including cardiotoxicity, hepatorenal toxicity, 
gastrointestinal toxicity, developmental and reproductive 
toxicity, as well as pulmonary fibrosis [136]. The range of 
materials that have demonstrated toxic side effects is broad, 
including metal-based NPs, carbon-based nanomaterials, 
and silica-based nanomaterials, among others. This high-
lights the potential limitation of nanomaterial toxicity in 
the applications of nanomedicine. However, the toxicity 
of nanomaterials is not an insurmountable challenge. Both 
direct and indirect factors can contribute to or exacerbate 
toxicity, but these adverse effects can often be mitigated 
by controlling key variables. Therefore, accurately assess-
ing and understanding the toxicity and underlying mecha-
nisms of nanomaterials is crucial for guiding the design 
and synthesis of novel, safe, and effective nanomaterials. 
This review focuses on the mechanisms of toxicity of nano-
materials, their influencing factors, and their assessment 
methods (Scheme 6).

In this context, the emerging field of nanotoxicology 
investigates the toxicological impacts of nanomateri-
als and nanocomposites on living systems, providing 
valuable insights and technical guidance for the rational 
design of safer nanomaterials [137]. Nanotoxicology not 
only investigates the mechanisms of toxicity that impact 
human health but also explores the toxicological effects on 
other biological species. This broad spectrum of species 
enhances the modeling of toxicological effects, thereby 
improving the accuracy and robustness of toxicity evalua-
tion systems. As a result, it helps reduce the adverse effects 
of nanomaterials and broadens their potential applications.

3.1  Mechanisms of Toxicity

These mechanisms play a crucial role in the multisystem 
toxicity observed in organisms. For example, in cardiotox-
icity, a well-established mechanism involves the accumula-
tion of nanomaterials in the heart, which triggers oxidative 
stress and inflammation. This leads to mitochondrial damage 
at the subcellular level, resulting in adverse effects such as 
apoptosis and, ultimately, cardiac damage in animal models 
[138]. The primary mechanisms of action of carbon-based 
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nanomaterials at sub-cytotoxic concentrations include DNA 
damage, oxidative stress, and protein stress [139].

Additionally, ROS play a central role in the toxicity 
induced by nanomaterials. An increase in ROS levels not 
only rapidly triggers oxidative stress but also acts as a toxi-
cant, mediating various forms of damage, including DNA 
damage and mitochondrial stress. Research has demon-
strated that MSNs can induce oxidative stress by generat-
ing ROS through the NADPH OXD and MAPK signaling 
pathways, leading to significant alterations in the intestinal 
microbiota of mice [140]. In addition to the overproduction 
of ROS, the release of toxic ions by nanomaterials can act 
as an indirect mechanism of toxicity, particularly in metal-
based nanomaterials. Once inside the organism, metal-based 
NPs can undergo structural breakdown in the in vivo envi-
ronment, releasing metal ions from their core structure and 
triggering a cascade of adverse reactions. Furthermore, some 
of these ions can bind to proteins and enzymes, inhibiting 
their normal functioning [141, 142]. Nanomaterial-mediated 
biotoxicity is often manifested as damage to genetic material 
in organisms, primarily in the form of DNA damage. This, in 

turn, activates the DNA damage response network, leading 
to cell cycle arrest and apoptosis. For instance, quantum dots 
can damage DNA structure either through their nanomor-
phology or by releasing metal ions, which can disrupt the 
DNA repair process and prevent proper damage repair [143].

At the level of other biomolecules, the strong affinity of 
nanomaterials for various components of the organism ena-
bles direct interactions that can affect the function of bio-
molecules. For example, dendrimers (dendritic molecules) 
exhibit a strong binding affinity for vitamins, amphiphilic 
lipids, bile acids, and proteins, which may contribute to 
their toxicity [144]. Additionally, based on the blood bio-
chemical results of organisms, nanomaterials have been 
shown to induce electrolyte and metabolic disturbances. 
In rats treated with varying concentrations of  Fe3O4-TiO2 
NPs, electrolyte profiles revealed a significant decrease in 
potassium levels [145]. Cytotoxicity resulting from the dys-
regulation of cellular calcium homeostasis is a significant 
concern for nanomaterials, given the crucial role of  Ca2+ 
in intercellular signaling. In neurons exposed to quantum 
dots, intracellular calcium levels were elevated, leading to 

Scheme 6  Schematic diagram of toxicity problems of nanomaterials. This diagram illustrates the intrinsic mechanisms of toxicity, both direct 
and indirect factors, and the methods used for their accurate assessment. Created with BioRender.com
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neuronal apoptosis. This may be due to the direct or indi-
rect interaction between quantum dots and cell membranes, 
which affects ion channels, causing an influx of extracellular 
calcium and the release of intracellular calcium, ultimately 
disrupting cellular calcium homeostasis [146]. In terms of 
metabolism, prolonged exposure to graphene oxide (GO) 
triggers changes in the tricarboxylic acid cycle (TCA) cycle 
and in the key substances involved in TCA, leading the body 
to develop problems common to tumor cells [147]. There-
fore, the toxicity of nanomaterials can be assessed through 
metabolomics approaches to evaluate their potential impact.

The direct damage caused by nanomaterials upon initial 
contact with an organism is a significant source of toxicity. 
For instance, direct interaction between cells and exogenous 
substances can lead to cell membrane damage and morpho-
logical changes, which may also affect tissues and organs. 
Generally, NPs with a large surface area adhere to the cell 
membrane or wall, causing lipid peroxidation of membrane 
lipids. This process gradually disrupts the outer cell struc-
ture and ultimately compromises the integrity of the cell 
[148]. Since the liquid-ordered structural domains of the cell 
membrane are essential for signaling in both prokaryotic and 
eukaryotic cells, nanomaterials may disrupt these domains, 
impairing the phospholipid bilayer and interfering with 
normal cellular functions [142]. Studies have shown that 
nanomaterials can induce atherosclerosis (AS)-like lesions 
under certain conditions through a complex mechanism 
involving both direct and indirect effects. Direct contact with 
blood vessels disrupts the endothelial layer of the vascu-
lar wall, leading to endothelial dysfunction via leakage and 
pro-inflammatory activation. Additionally, once the integ-
rity of the endothelium is compromised, nanomaterials can 
penetrate the subendothelial space, triggering phenotypic 
switching, proliferation, and migration of vascular smooth 
muscle cells, thereby influencing plaque development [149]. 
In addition,  Ti3C2Tx, a type of MXene, has been shown in 
in vitro studies to disrupt erythrocyte morphology, caus-
ing sustained extrusion and cell deformation.  Ti3C2Tx also 
alters the secondary structure and conformation of BSA, 
γ-globulin, and fibrinogen, leading to significant comple-
ment and platelet activation [150]. Therefore, nanomaterials 
can directly damage both cells and biological components.

While the toxicity mechanisms of nanomaterials can 
cause multisystem damage in target organisms, they also 
offer effective therapeutic strategies in antibacterial and 
anticancer treatments [151, 152]. Thus, the toxic effects of 

nanomaterials act as a double-edged sword, necessitating 
careful consideration under various application conditions 
to optimize their beneficial biological activities.

3.2  Influencing Factors of Toxicity

The mechanisms underlying the toxicity of nanomaterials 
are still under investigation, which is crucial for expanding 
their application potential. Although the toxicity mecha-
nisms are not fully understood, several contributing factors 
have been identified, offering potential solutions to mitigate 
the adverse effects and guiding future research into these 
mechanisms. We have summarized the primary factors influ-
encing toxicity, particularly the physicochemical properties 
of nanomaterials. For example, the role of nanoparticle size 
(<100 nm) in toxicity is well established, as smaller nano-
materials can easily penetrate cells and tissues, disrupting 
cellular structures and potentially causing erythrocyte mem-
brane rupture and hemolysis [150, 153]. However, larger 
particles (>100 nm) are primarily located on cell surfaces 
[141] and are more likely to cause blockages in the vascular 
system due to their size [141, 154]. When nanomaterials are 
internalized by cells or tissues, they can elevate ROS levels, 
thereby decreasing cellular activity and inducing cytotoxic-
ity [140, 155].

In addition to size, the shape and surface properties of 
nanomaterials are well-established factors influencing toxic-
ity. Rod-shaped materials, for example, often exhibit higher 
biotoxicity. The rutile form of  TiO2 NPs, for instance, has 
demonstrated potential cytotoxicity and can impair the nor-
mal function of primary rat hepatocytes [156]. This may 
be due to differences in metabolic processing rates across 
various shapes, with rod-shaped nanomaterials being more 
prone to accumulation in the body, leading to a range of 
unintended biological effects. In contrast, globular materials 
are metabolized more quickly but can exhibit more lethal 
toxicity under certain conditions [154, 157].

Additionally, surface functional groups and coatings can 
influence the biotoxicity of a material. For example, micro-
spherical BiOCl shows weaker particle–membrane interac-
tions compared to nanosheet BiOCl. However, the hydroxyl 
groups on the surface of microspherical BiOCl strengthen 
its interaction with cell membranes, causing membrane dam-
age and significantly increasing the toxicity [158]. Although 
surface modification of nanomaterials is commonly used 
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to enhance biocompatibility, it can occasionally introduce 
toxicity. For instance, when Prussian Blue (PB) NPs are 
surface-modified with PEI, the resulting positively charged 
NPs upregulate POD activity, negatively impacting cell 
viability as well as liver and kidney functions [159]. Gener-
ally, positively charged NPs tend to accumulate more readily 
in vivo than negatively charged ones. However, the surface 
charge of quantum dots affects their biodistribution follow-
ing intravenous administration in mice: positively charged 
quantum dots primarily accumulate in the lungs, while 
negatively charged quantum dots preferentially target the 
liver, potentially leading to hepatotoxicity [156]. Similarly, 
positively charged monodisperse silica NPs (+34 mV) are 
rapidly excreted from the liver into the gastrointestinal tract, 
whereas negatively charged NPs (-18 mV) tend to remain in 
the liver [157]. While it is well established that the toxicity 
of nanomaterials is influenced by their physical and chemical 
properties, the specific relationship between each property 
and its corresponding toxicity effect has not yet been accu-
rately quantified. As a result, the linear relationship between 
material properties and toxicity remains poorly understood. 
Consequently, regulating toxicity based on these properties 
is imprecise, as it does not allow for precise control over 
toxicity levels, which often fluctuate within a certain range. 
Addressing this challenge could be a key focus for future 
research, as overcoming nanomaterial toxicity is crucial for 
their successful application in the biomedical field.

In addition to the intrinsic properties of nanomaterials, 
their toxicity is significantly influenced by environmental 
factors, including both intracellular and extracellular condi-
tions such as temperature, light, and pH [160, 161]. These 
factors regulate the release, physicochemical transforma-
tions, and metabolic processes of nanomaterials, thereby 
amplifying or mitigating their toxic effects. For example, 
Zhang et al. demonstrated that pH and temperature synergis-
tically enhance the toxicity of commercial  TiO2 NPs to algae 
through mechanisms such as physical adsorption, oxidative 
stress, and toxin release [162]. Importantly, this environ-
mentally responsive toxicity fundamentally differs from the 
behavior of engineered stimuli-responsive materials. The lat-
ter are designed for controlled responses, whereas the former 
results from passive interactions with environmental vari-
ables, potentially leading to unintended adverse outcomes.

Shifting the focus from environmental interactions to bio-
logical exposure dynamics, the interaction between nanoma-
terials and biological systems—referred to as the exposure 

process—serves as the critical entry point for nanomaterial 
uptake by organisms and can significantly influence toxic-
ity outcomes. The administration routes, as active exposure 
strategies, play a crucial role in determining the intensity and 
target-specific toxicity of nanomaterials. For example, sil-
icon-based nanomaterials exhibit route-dependent toxicity. 
MSNs induce acute immunotoxicity and inflammation when 
administered intravenously or intraperitoneally, but have 
negligible effects when administered subcutaneously [163]. 
Similarly, intravenous administration of  mSiO2 NPs triggers 
hepatotoxicity through ROS overproduction and activation 
of the NLRP3 inflammasome, whereas inhalation or oral 
exposure avoids these effects [156]. These findings highlight 
the pivotal role of administration routes in shaping toxicity 
profiles. Moreover, both dose and duration are key deter-
minants of nanotoxicity. Dose-dependent biphasic effects 
are often observed, where low concentrations may provide 
essential trace elements that promote cellular proliferation, 
while exceeding threshold levels can induce oxidative dam-
age to membranes and metabolic dysfunction [164]. Tem-
porally, nanomaterial toxicity can manifest as either acute 
effects (primarily oxidative stress) or chronic effects (such 
as multiorgan dysfunction and cumulative damage) [165].

Crucially, variability in experimental conditions and 
assessment models significantly impacts the accuracy of 
nanomaterial toxicity evaluations, which is a critical con-
sideration for mechanistic studies and risk assessment. Spe-
cifically, the cytotoxicity of NPs is highly dependent on the 
evaluation system. Cancer cell lines with faster proliferation 
rates exhibit heightened sensitivity to nanomaterials com-
pared to normal cells, leading to a systematic overestimation 
of toxic effects [166]. Simplified monoculture models, such 
as Caco-2 monolayers, which lack physiological compo-
nents like mucus barriers or immune cell interactions, may 
overestimate toxicity due to direct exposure mechanisms. 
In contrast, complex models that incorporate multicellular 
systems or organoids better mimic the dynamic homeosta-
sis of in vivo microenvironments, providing toxicity data 
more consistent with animal studies [167]. Furthermore, 
interspecies and interindividual differences in metabolic 
rates and immune responses can significantly alter the toxi-
cokinetic profiles of nanomaterials, even under identical 
exposure conditions [168]. Therefore, a tiered strategy that 
integrates cross-species models and personalized assessment 
approaches is recommended for accurate toxicity evaluation.
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3.3  Toxicity Evaluation Methods

Accurate toxicity evaluation is crucial for defining the appli-
cations of nanomaterials [169]. Toxicity depends on both 
the intrinsic properties of nanomaterials and their biological 
targets, but its intensity can vary across different methods, 
highlighting the need for standardized assessments. Lower 
organisms, such as eukaryotes and vertebrates, provide prac-
tical in vivo models that replicate physiological conditions, 
offering realistic toxicity profiling. These models strike a 
balance between experimental feasibility and biological rel-
evance, bridging lab findings with real-world interactions 
and ensuring reliable safety evaluations for clinical applica-
tions. Caenorhabditis elegans, a soil-dwelling nematode and 
lower eukaryote, possesses vertebrate-like nervous, diges-
tive, immune, and reproductive systems. Its rapid cultiva-
tion, genetic tractability, and transparent body make it ideal 
for comprehensive systemic, cellular, and molecular toxicity 
assessments of nanomaterials [170, 171]. Zebrafish, a higher 
vertebrate model, offer biological relevance due to their 
rapid breeding, translucent embryos, and conserved devel-
opmental pathways. Their external fertilization enables stud-
ies on embryogenesis, disease modeling, and drug screen-
ing, making them essential for investigating nanomaterial 
toxicity mechanisms across different levels of biological 
complexity [172]. In summary, model organisms provide a 
cost-effective approach for nanomaterial toxicity screening, 
reducing the reliance on mammals and accelerating preclini-
cal testing. However, interspecies physiological differences 
(e.g., the absence of circulatory/respiratory systems) limit 
their predictive accuracy for biodistribution and systemic 
effects, hindering their translation to mammalian outcomes 
despite ethical and operational advantages. Furthermore, 
the inability of lower organisms to fully replicate the coor-
dinated inter-organ interactions and complex homeostatic 
mechanisms seen in higher animals underscores the continu-
ous need for human-relevant toxicity models to thoroughly 
evaluate the clinical translational potential of nanomaterials.

Human studies are the most effective way to assess nano-
material toxicity through multiorgan/system analyses, but 
they face cost and risk barriers that limit direct exposure 
data. Contemporary research predominantly centers on 
observational epidemiology, including cohort and case-
control studies, to examine exposure-disease associations, 
with comparatively fewer experimental trials designed to 
elucidate mechanistic insights. Cohort studies, especially 

prospective and retrospective designs, strengthen causal 
inference by linking nanomaterial exposure to health out-
comes over time. This hybrid approach balances ethical con-
straints while advancing biocompatibility evaluations, which 
are crucial for assessing the clinical safety of nanomaterials 
[173]. Squillacioti et al.’s cohort study involving 136 work-
ers exposed to nanomaterials demonstrated that 10 years of 
exposure was associated with pulmonary decline. The IL-10/
TNF-α ratio mediated the association between exposure and 
FEV₁/FVC decline through an anti-/pro-inflammatory imbal-
ance [174]. Moreover, experimental epidemiological studies, 
regarded as the gold standard for causal inference, employ 
controlled interventions, randomization, as well as inter-
group, dose–response, and longitudinal analyses to deter-
mine safety thresholds and delineate nanomaterial toxicity 
pathways, thus laying a foundation for risk assessment [175].

In vitro cell-based experiments precede in vivo studies 
by predicting the required number of animals and screen-
ing appropriate nanomaterial doses. NR8383 macrophages 
model immunotoxicity by linking immune responses, while 
bivalve hemocytes, with their innate immunity and special-
ized endolysosomal systems, uniquely model nano-immu-
notoxicity through the internalization of nanomaterials. 
These models bridge cellular mechanisms to systemic tox-
icity assessments [176]. Human cells (e.g., lung/colorectal 
cancer, bronchial epithelial, monocytes) outperform cross-
species models in nanotoxicity studies by expressing human-
specific genes and metabolic pathways, reducing preclinical 
bias. These clinically relevant systems allow for multiorgan 
toxicity assessments, bridging molecular mechanisms to 
human disease pathology [170, 171].

Stem cell models are highly effective in nanotoxicity 
studies owing to their increased nanoparticle uptake and 
heightened sensitivity. Their self-renewal and differentiation 
capacities facilitate multiorgan assessments, including neu-
rodevelopmental and cardiotoxic effects via embryonic stem 
cells, as well as adipogenic or osteogenic impacts via MSCs. 
These models provide ethically favorable and human-rele-
vant toxicity profiling [177]. Stem cell models enable rapid 
in vitro nanotoxicity screening across tissues. As seed cells, 
they generate organoids—3D self-organized micro-organs 
in ECM scaffolds—that replicate physiological structures 
and multitissue interactions, overcoming the limitations 
of 2D models for more accurate safety assessments [178, 
179]. Emerging technologies, such as organoids and organ-
on-a-chip systems, have advanced the in vitro replication 
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of cellular interactions, secretory profiles, and microenvi-
ronmental dynamics. These innovations show promise in 
replacing animal testing, providing reliable alternatives for 
toxicological research [180, 181].

Despite rapid advances in in vitro and in vivo nanoma-
terial toxicity models, their correlation remains limited. 
In vitro studies can examine controlled interactions but 
lack the ability to extrapolate to animal models, as they do 
not provide direct comparability or causal evidence, thus 
hindering translational validity [169]. Nanomaterial toxic-
ity exhibits model-dependent variability with unresolved 
mechanisms, complicating toxicological studies. Integrating 
smart technologies—such as computer simulations, HTS, 
and ML—enables efficient multi-indicator analysis across 
systems, reducing time and cost while addressing experi-
mental variability, ensuring robust safety assessments. Joos-
sens et al. combined HTS with high-content imaging (HCI) 
to simultaneously capture multiple toxicity indicators in 
cell-based assays, surpassing conventional single-readout 
methods. HCI allows the concurrent analysis of large cell 
populations using multiplexed fluorescent probes, generating 
quantitative data from microscopic images. This approach 
helps elucidate complex cellular mechanisms by tracking 
parameters like cell survival, membrane permeability, apop-
tosis, mitochondrial potential, and steatosis in nanomate-
rial-exposed HepaRG cells. The resulting dataset integrates 
in vitro toxicity results with the physicochemical properties 
of nanomaterials, advancing quantitative property–activity 
relationships (QPARs) for comprehensive safety evaluation 
[182]. Similarly, the integration of HTS and high-content 
analysis techniques facilitates the investigation of cellular 
uptake and cell-to-cell transfer through automated imaging 
and image analysis. This approach further facilitates the pre-
diction of dose-dependent and time-dependent toxic effects 
of nanomaterials [183].

ML, a subset of AI, analyzes multivariable correlations 
within large datasets to build predictive computational 
models. This data-driven approach mimics human learning 
while processing high-dimensional data at a much faster rate 
[184]. By correlating nanomaterial properties with toxicity, 
ML builds sophisticated models to predict nanotoxicology, 
offering efficient and scalable solutions for safety assess-
ment. Zhou et  al. developed ML-PEMST, a regression 
model that predicts the ecotoxicity of metal-based nanoma-
terials by integrating physicochemical properties, environ-
mental factors, and cross-species interactions. It processes 

heterogeneous datasets, enabling innovative toxicity assess-
ments [185].

4  Application

Innovative nanomaterials address a wide range of medical 
challenges by regulating ROS, enabling targeted delivery, 
and offering multifunctionality. These materials are applied 
in the treatment of infections, wound healing, and disor-
ders related to neurodegeneration, cardiovascular health, 
immunity, and the hepatorenal system [186–188]. In wound 
repair, nanomaterials regulate ROS by scavenging excess 
levels while maintaining moderate amounts, dynamically 
inhibiting infections and promoting regeneration [189]. For 
neurodegenerative diseases, sub-5 nm particles with engi-
neered surfaces improve brain distribution and inhibit pro-
tein aggregation [190], while integrated antioxidants disrupt 
oxidative stress cycles by neutralizing mitochondrial ROS 
[191, 192]. Cardiovascular therapies utilize ROS-responsive 
NPs to neutralize oxLDL and reduce monocyte infiltration 
[193], along with targeted delivery to minimize systemic 
side effects. In immune disorder management, synovium-tar-
geted drug retention inhibits NF-κB, while light-controlled 
platforms enable spatiotemporal modulation of ROS [194]. 
In inflammatory bowel disease (IBD), pH/enzyme-respon-
sive carriers localize drug delivery to gut lesions, while inte-
grated NPs scavenge ROS, inhibit NF-κB, and reduce colitis 
relapse [195, 196]. Hepatorenal injury therapies leverage 
antioxidant–anti-inflammatory synergy to repair damage and 
prevent fibrosis, coupled with size-dependent renal excre-
tion to avoid accumulation [197, 198]. This review catego-
rizes soft and hard nanomaterials and their applications in 
refractory inflammatory diseases, fostering new therapeutic 
paradigms.

4.1  Hard Nanomaterials

Hard nanomaterials (e.g., metal NPs, carbon-based materi-
als, MSNs) excel in biomedical applications due to their 
mechanical strength, stability, and surface properties. They 
outperform soft materials in electromagnetic response, drug 
loading, and shear resistance, effectively addressing chal-
lenges in cardiovascular diseases and the blood-brain bar-
rier (BBB). Despite challenges related to biodegradability, 
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surface functionalization and composites facilitate the deliv-
ery of high-stiffness, precision medicine solutions.

4.1.1  Metallic NPs

Metal-based nanomaterials, including metallic and metal 
oxide NPs, exhibit unique biological activities and engineer-
ing potential in various medical applications. In anti-infective 
therapy, metal oxide NPs (e.g., cerium dioxide) disrupt bac-
terial membranes through  Ce3+/Ce4+ redox cycling [188], 
while synergistic combinations with antibiotics or AMPs, 
such as ZnO@PEP-MPA nanoprobes, enhance bactericidal 
efficiency [199]. In wound healing, Ag-ZnO NPs synthesized 
with Azadirachta indica leaf extract [200] and ZnO NPs-
coated sutures prepared using Acacia modesta gum [201] 
show exceptional wound repair capabilities. For neurologi-
cal disorders, Au NPs exhibit therapeutic potential through 
β-amyloid inhibition [202] and enhanced BBB penetration 
[190], with plant-synthesized variants further reducing neu-
roinflammation [203]. Magnetic IONPs facilitate targeted 
drug delivery, as demonstrated by MSC-guided magnetic 
navigation systems, which improve Alzheimer’s disease 
(AD) therapy (Fig. 1a) [204]. In immune disease interven-
tion, iron–quercetin coordination NPs (Fe-Qur NCNs) alle-
viate RA by suppressing the NF-κB pathway [194], while 
light-controlled nanosystems, such as folate receptor-targeted 

Au-DEN-MTX@IR780, enhance ROS generation under NIR 
irradiation to improve therapeutic efficacy [205].

4.1.2  Carbon‑based Nanomaterials

Carbon-based nanomaterials, including graphene deriva-
tives, CNTs, and carbon quantum dots, exhibit potent antimi-
crobial activity through ROS generation via photodynamic, 
photothermal, and photocatalytic mechanisms [207, 208]. 
These materials disrupt bacterial membranes and induce oxi-
dative damage, with graphene coatings particularly inhib-
iting pathogens such as Streptococcus mutans while also 
promoting tissue regeneration [209]. Synergistic strategies 
enhance efficacy: hybrid composites, such as  CeO2-GO, 
boost ROS production through redox cycling and charge 
separation [208], while AMP-functionalized graphene nano-
dots achieve membrane disruption with reduced cytotoxicity 
(Fig. 1b, c) [206]. Multifunctional nanohybrids integrating 
magnetic components, such as  Fe3O4, with bioactive agents 
like nisin or Ag NPs, further enable targeted and sustained 
antibacterial action [210].

In wound healing, GO-based hydrogels and nanocom-
posites promote healing by modulating oxidative stress and 
bacterial adhesion. For example, NO-releasing GO NPs 
target multidrug-resistant bacteria through electrostatic 

Fig. 1  a Schematic illustration depicting the fabrication of MSC-IONP and their application in the treatment of AD [204].  Copyright 2023, 
American Chemical Society. b Diagram illustrating the Mel-GO ND or NC complex with varying sizes and numbers of nanosheet layers. c SEM 
images of E. coli and S. aureus bacteria, both prior to and following treatment with Mel-GO NDs. Arrows indicate membrane lesions and col-
lapses in the bacterial cells [206]. Copyright 2019, John Wiley and Sons
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Fig. 2  a Diagrammatic representation of the fabrication process and mechanism of action of GO-PEI25k/NO-PEI1.8 k NPs. b Healing effect 
and antimicrobial activity of GO-PEI25k NPs, GO-PEI25k/NO NPs and GO-PEI25k/NO-PEI1.8 k NPs in MRPA-infected wound in mice [211].  
Copyright 2022, American Chemical Society. c Schematic illustration of the construction, antibacterial properties, and anti-infective therapy of 
Pt@V2C nanoplatforms utilizing photothermal and chemodynamic therapies [212]. Copyright 2024, John Wiley and Sons
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interactions while preserving biocompatibility (Fig. 2a, b) 
[211].

4.1.3  Nanozymes

Nanozymes mimic the catalytic activity of natural enzymes 
(e.g., OXD, POD) through metal or carbon-based nanoma-
terials. Surface engineering enhances their enzyme-like 
properties, despite compositional similarities to conven-
tional counterparts, by combining nanomaterial stability 
with enzyme efficiency. These low-cost, multifunctional 
catalysts offer superior activity, size control, and ease of syn-
thesis, with metal-based systems leading in medical appli-
cations. For example, in antibacterial therapy, nanozymes 
with POD-like activity can catalyze low concentrations of 
 H2O2 (< 1 mM) into highly toxic •OH to eradicate bacteria 
[213]. OXD-like nanozymes can catalyze  O2 into  H2O2 and 
highly reactive  O2•−/1O2, which exhibit strong antibacte-
rial properties [214]. The Pt@V2C composite developed by 
He et al. exhibits dual-enzyme activities (POD and OXD), 
enabling synergistic NIR-II photothermal/chemodynamic 
therapy to combat Methicillin-resistant Staphylococcus 
aureus (MRSA) infections while modulating the immune 
microenvironment (Fig. 2c) [212].

The predominance of metal-based nanozymes arises 
from the unique advantages of metal active centers (e.g., 
 Fe3+,  Mn2+,  Cu2+) in biomimetic catalysis, including tun-
able redox potentials, high electron mobility, and the pre-
cise engineering of enzyme-mimicking active sites. This 
review classifies metal-based nanozymes based on these 
active centers and explores their diverse medical applica-
tions. Manganese-based nanozymes with catalase (CAT) and 
SOD-mimicking activities serve as free radical scavengers 
in neurodegenerative diseases, reducing oxidative damage 
and neuroinflammation by converting •OH,  O2•− and  H2O2 
into non-toxic  H2O and  O2 [215]. Adhikari et al. developed 
citrate-functionalized  Mn3O4 nanozymes (C-Mn3O4 NPs) for 
ROS and protecting mitochondria from oxidative damage, 
offering a novel strategy for managing Huntington’s disease 
[216]. For the treatment of IBD, nanozymes can outperform 
first-line medications, such as aminosalicylates, at equivalent 
doses. The oral yeast-derived YMD@MPDA nanocomposite 
delivers  MnO2 nanozymes/H2S prodrugs to inflamed colons 
via β-glucan. It alleviates IBD by scavenging ROS, promot-
ing M2 polarization, remodeling the microbiota, restoring 

barriers, and inhibiting the NOX4/p38 MAPK pathway, 
thereby synergizing antioxidant and gas therapies (Fig. 3a, 
b) [217].

Cerium-based nanozymes, a classic metal-based catalytic 
material, exhibit enzyme-like activity through the valence 
transition of cerium ions  (Ce3+/Ce4+). In nervous system 
diseases, Q@CeBG nano-reactor  (CeO2/quercetin-loaded, 
GSH-modified BSA) with FUS-enhanced BBB penetration 
ability and ROS scavenge capacity could alleviate neuronal 
stress and promotes anti-inflammatory M2 microglial polari-
zation, offering a multitarget therapeutic strategy for Parkin-
son’s disease (PD) (Fig. 3c, d) [218]. Due to the high levels 
of ROS associated with arthritis, nanozymes are poised to 
become highly effective antiarthritic therapeutics [219]. 
Cu/Pt-doped  CeO2 nanozymes  (PtCuOX/CeO2-X) enhance 
SOD/CAT-like activity and achieve 55.41% photothermal 
efficiency through oxygen vacancies. These nanozymes 
scavenge ROS/reactive nitrogen species (RNS), protect 
mitochondria, and inhibit ROS/Rac-1/NF-κB-mediated 
inflammation, demonstrating safe alleviation of osteo-
arthritis (OA) in vivo (Fig. 4a, b) [220]. To enhance the 
therapeutic efficiency of nanodrugs, targeting strategies have 
been strategically incorporated into the design of classical 
nanozymes. In cardiovascular diseases, a macrophage mem-
brane-coated nanozyme (MM@Ce-CDs NPs) enables ROS-
responsive targeted theranostics and regulation of the plaque 
microenvironment in AS, reducing inflammation/ROS and 
inhibiting foam cell formation via biomimetic delivery 
(Fig. 4c, d) [221]. Additionally, RBCM@CeO2/TAK-242 
NPs (RBC membrane-engineered, TAK-242-loaded) target 
injured kidneys, suppressing CaOx crystals and renal injury 
through antioxidative and anti-inflammatory actions, as well 
as TLR4/NF-κB-mediated macrophage reprogramming. 
This dual efficacy and biosafety are validated in glyoxylate-
induced mice (Fig. 5a) [222]. 

Iron-based nanozymes, exemplified by classic PB 
nanozymes, exhibit catalytic activity through the redox 
cycling of iron ions  (Fe2+/Fe3+). These materials demon-
strate multifunctional enzyme-mimicking behaviors, includ-
ing POD, CAT, and SOD-like activities. In the treatment 
of neurological disorders, hollow-structured PB nanozymes 
(HPBZs) show enhanced ROS/RNS scavenging, sup-
press apoptosis and inflammation in vivo and in vitro, and 
improve ischemic brain tolerance with minimal side effects 
(Fig. 5b, c) [223]. In cardiovascular diseases, BSA@PB/
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Cur nanozyme can alleviate symptoms by scavenging ROS, 
inhibiting TNF-α/IL-1β, enhancing cholesterol efflux, and 
reducing plaque lipid and MMP levels in vivo [224]. For 
arthritis treatment, Cho et al. coated PB nanozymes with 
Pluronic to enhance their stability and uptake rate, thereby 
improving the therapeutic efficacy [225]. For liver damage, 
manganese PB nanozymes (MPBZs) with  Mn2+ synergy 
scavenge ROS, modulate the Nrf2/NF-κB pathways, and 
prevent APAP-induced liver injury through nano-detoxifi-
cation [226].

Single-atom nanozymes (SAzymes), with maximum 
atomic utilization efficiency, can generate ROS with supe-
rior selectivity and enzyme-mimetic activity to manage 

bacteria-infected wounds [227]. ROS can be generated by 
POD-like activity under acidic conditions and eliminated by 
CAT-like activity under neutral or alkaline conditions [228], 
promoting skin closure due to the amphoteric nature. Cu-
g-C3N4 single-atom nanozyme (copper-decorated g-C3N4) 
exhibits glucose OXD/POD-like activities, generating ROS 
through cascades to eradicate drug-resistant bacteria [229].

MOF nanozymes, composed of organic linkers and 
metal clusters, demonstrate enzyme-mimicking catalysis 
through metal nodes, ligands, or their synergistic effects, 
enhancing substrate adsorption and mass transfer beyond 
conventional surface-dependent nanozymes. Essentially, 
MOFs can catalyze the POD substrate to produce toxic 

Fig. 3  a Schematic illustration of orally administrated YMD@MPDA for targeted IBD therapy, involving ROS scavenging, anti-inflammatory, 
and immunomodulatory effects. b In vivo efficacy of YMD@MPDA in IBD: Quantification of colon length and histological scoring based on 
microscopic analysis of tissue morphology [217].  Copyright 2025, American Chemical Society. c Schematic representation of the preparation 
process for Q@CeBG nanoreactors and their therapeutic mechanisms in PD, focusing on neuroprotection and modulation of the brain microen-
vironment. d Behavioral assessment of Q@CeBG combined with FUS for the treatment of PD in mice. Representative data includes swimming 
speed, percent time spent in the target quadrant, and escape latency from the Morris water maze test [218]. Copyright 2024, Elsevier
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•OH, effectively killing bacteria [230]. For instance, the 
bimetallic Q-MOFCe0.5 utilizes oxygen vacancies, multi-
valent redox cycles, and photoactive band structures to 
continuously generate ROS under visible light, effectively 
eliminating surface-adhered bacteria (Fig. 6a, b) [231]. 
In the treatment of RA, a Mn-engineered silica nanocar-
rier (MHPH) acid responsively releases porphyrins and 
manganese, forming SOD-/CAT-mimetic Mn porphyrin. 
This promotes the polarization of M1 macrophages to M2 

macrophages and enhances biomineralization through 
silicon oligomers, as demonstrated in arthritis models 
(Fig. 6c, d) [232]. The 2D MOF nanosheet (ZMTP) mim-
ics natural antioxidases (Mn-SOD/CAT) through manga-
nese porphyrin coordination and zinc-modulated redox, 
exhibiting dual-enzyme activities, anti-inflammatory and 
pro-biomineralization effects, as well as antiarthritic effi-
cacy in cellular and in vivo models of nanocatalytic ther-
apy (Fig. 6e) [233]. However, although MOF nanozymes 

Fig. 4  a Schematic illustration of  PtCuOX/CeO2-X nanozymes for the treatment of OA. b In vivo treatment with  PtCuOX/CeO2-X nanozymes to 
attenuate OA: left hind paw swing time and walking speed were measured via gait analysis after 4 and 8 weeks of treatment [220].  Copyright 
2024, Springer Nature. c Schematic illustration of the synthesis of MM@Ce-CDs NPs and their role in targeted ROS-activated theranostics and 
regulation of the plaque microenvironment in AS. d In vivo synergistic therapeutic efficiency of MM@Ce-CDs NPs for the treatment of AS: 
quantitative analysis of relative lesion area of aortas, relative plaque area in cryosections from the aortic root, aortic arch, and the plaque colla-
gen area [221]. Copyright 2025, John Wiley and Sons
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outperform conventional nanozymes in terms of struc-
tural designability and multifunctional integration, they 
still face challenges related to stability and scalability of 
production.

Notably, MXenes exhibiting multienzyme mimicry (SOD/
CAT/POD/GPx) use their negatively charged surfaces to 
attract metal ions, thereby facilitating the therapeutic target-
ing of oxidative stress and metal ion accumulation in neuro-
logical disorders [234]. 2D  V2C MXenes scavenge ROS and 
reduce apoptosis and inflammation by mitigating oxidative 
stress, thereby preventing ischemic stroke (Fig. 7a, b) [235].

Nonmetallic nanozymes surpass metal-based counter-
parts in terms of biocompatibility and safety, rendering them 
effective for treating infections, neural disorders, and IBD 
[236–238]. Carbon-based variants provide theranostic inte-
gration and scalable production for the treatment of chronic 
and microbiome-related diseases, although their catalytic 
efficiency and biosafety require optimization for successful 
clinical translation [239].

4.1.4  Targeted NPs

Nanomaterials facilitate precise treatment of inflammatory 
diseases through intelligent design. Focusing on neurologi-
cal and cardiovascular disorders that require precision, tar-
geted strategies can bypass the BBB to concentrate drugs 
at lesions, enhancing efficacy while reducing toxicity—
crucial for slowing neurological diseases with fewer side 
effects. Silanol-rich MSNs enable customized functionali-
zation, improving drug loading, BBB penetration, and con-
trolled release for biomedical applications [240, 241]. Ye 
et al. developed a macrophage membrane-modified  SiO2/
MnO2 nanomotor (MM@MnO2-Au-mSiO2@Cur) capable 
of  H2O2-driven propulsion to facilitate BBB penetration 
and target inflammation.  MnO2 catalyzes the conversion 
of  H2O2 to  O2, which works synergistically with curcumin-
loaded  SiO2 to promote the polarization of M1 macrophages 
toward M2 macrophages, thereby achieving neuroprotective 
and anti-inflammatory effects in neurotherapy applications 
(Fig. 7c, d) [242].

Targeted therapy for AS specifically targets lesion sites, 
thereby reducing systemic side effects, enhancing efficacy, 

Fig. 5  a Design, fabrication, and therapeutic mechanism of RBCM@CeO2/TAK-242 [222].  Copyright 2024, John Wiley and Sons. b Sche-
matic diagram of HPBZs for the treatment of ischemia/reperfusion injury. c In vivo efficacy of RBCM@CeO2/TAK-242 for the treatment of 
ischemia/reperfusion injury: representative cerebral 18F-FDG PET images and photographs of TTC-stained coronal brain slices [223]. Copyright 
2019, American Chemical Society
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Fig. 6  a Catalytic disinfection mechanism proposed for the 2D bimetallic quasi-MOFCe0.5 nanozyme. b Plate count results showing the anti-
bacterial effects of various nanozyme formulations against E. coli O157: H7 and S. aureus [231].  Copyright 2022, John Wiley and Sons. c 
Schematic illustration for the therapeutic concept of MHPH nanomedicine for catalytic anti-inflammatory treatments. d In  vivo antiarthritic 
efficacy of MHPH: histomorphometric micro-CT analysis of fundamental parameters of bone microstructure (BV/TV, Tb.N, and Tb.Sp) [232]. 
Copyright 2022, American Chemical Society. e Therapeutic mechanism of ZMTP nanosheet for nanocatalytic RA treatment [233]. Copyright 
2022, Springer Nature
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delaying plaque progression, and lowering cardiovascular 
risks. Inflammatory endothelial cells and macrophages over-
express VCAM-1/IL-1R, which enables dual targeting via 
VCAM-1-binding NPs that restore TIMP3 and IL-1R-antag-
onist systems that promote M2 polarization through rapamy-
cin, resulting in synergistic plaque stabilization and immu-
nomodulation [243–245]. In addition, scavenger receptors 
(SR-A/CD36) contribute to AS by mediating LDL uptake 
and foam cell formation. Bai et al. developed SR-A-targeted 
nucleic acid NPs loaded with miR-146a, achieving plaque-
specific delivery through scavenger receptor binding. This 
approach suppresses NF-κB-driven inflammation, leading to 

the stabilization of AS plaques (Fig. 8a, b) [246]. To address 
hypoxia in AS, hypoxia-targeted FMMON@PL NPs com-
posed of PFCE/IONPs were designed to deliver oxygen, 
reduce HIF-1α expression and oxidative stress, and inhibit 
foam cell/M1 polarization in plaque macrophages. This 
approach alleviates hypoxia and suppresses AS progression 
(Fig. 8c) [247].

Fig. 7  a Schematic illustration of 2D  V2C MXene-based nanozyme with intrinsic multiple enzyme-like activities as a theranostic nanoplatform 
for ischemic stroke treatment, alleviating oxidative stress, suppressing cell apoptosis, and counteracting inflammation. b In vivo efficacy of  V2C 
MXene for the treatment of ischemic stroke: representative images of TTC-stained coronal brain slides and quantitative calculation of the infarct 
volume [235].  Copyright 2022, Elsevier. c Schematic illustration of the fabrication process of MM@MnO2-Au-mSiO2@Cur and cascade-target-
ing anti-inflammatory therapy for TBI. d In vivo efficacy of MM@MnO2-Au-mSiO2@Cur for the treatment of TBI in the Morris water maze, 
including the time spent in the target quadrant, escape latency and the number of platform crossings [242]. Copyright 2024, John Wiley and Sons
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4.2  Soft Nanomaterials

Soft nanomater ials,  including polymer ic NPs, 

nanocellulose-based materials, nanomicelles, liposomes, 
and exosomes, exhibit excellent biocompatibility and tun-
able mechanical properties. Compared to rigid materials, 

Fig. 8  a Schematic illustration of the fabrication process and the mechanism of miR-146a-SPIONs. b In vivo efficacy of miR-146a-SPIONs for the 
treatment of AS: fractional plaque area in total aorta, plaque area and collagen content in aortic root [246].  Copyright 2022, National Academy of Sci-
ences. c Schematic illustration of the fabrication of FMMON@PL and its use for the therapy of AS [247]. Copyright 2025, Elsevier. d Schematic dia-
gram of SOD-loaded polymersomes with high membrane permeability for intra-articular joint injection. e Evaluation of therapeutic efficacy of SOD-NP 
for the treatment of OA: the OA severity of knee joints measured by Mankin score, Synovitis score, and von Frey assay [248]. Copyright 2022, Elsevier
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soft nanomaterials offer superior biomimetic structural com-
patibility and reduced mechanical invasiveness, providing 
efficient, low-toxicity, and intelligent solutions for drug 
delivery and tissue engineering.

4.2.1  Polymeric Materials

Polymeric nanomaterials, synthesized through polymeri-
zation or self-assembly (e.g., NPs/nanomicelles), provide 
stable and controlled drug delivery by adjusting molecular 
weight and modifications. These materials, widely used in 
medicine, comprise both synthetic polymers (e.g., PLGA, 
PEG) and natural polymers (e.g., CS), serving as versatile 
carriers [249]. In the context of immune disease interven-
tion, Gui et al. designed PEG-PPO-doped SOD NPs tar-
geting the synovium. The permeable membrane of these 
nanoparticles protects SOD while enabling ROS scavenging, 
inhibiting catabolic enzymes, and alleviating osteoarthritis 
(OA) (Fig. 8d, e) [248]. Furthermore, the biocompatibility 
and controlled release properties of polymeric NPs enhance 
kidney disease treatment. ROS-responsive polymeric NPs 
(PPS-CPNs/CLT) deliver celastrol to the glomeruli, pen-
etrating endothelial barriers for ROS-triggered drug release 
in podocytes. This alleviates membranous nephropathy 
pathologies, such as immune deposits and foot process loss, 
while reducing toxicity (Fig. 9a, b) [250].

Polymeric NPs act as drug carriers, while natural poly-
mers (e.g., CS, inulin, SF) provide intrinsic anti-inflam-
matory and antioxidant effects. These natural polymers 
regulate the gut microbiota, repair mucosal barriers, 
and directly scavenge ROS, disrupt bacterial DNA, and 
mitigate inflammation [251]. Their dual role as carriers 
and bioactive agents advances therapies for IBD, wound 
healing, and antimicrobial applications, highlighting the 
versatility of nanomedicine [252]. MCC/CS NPs (mono-
carboxyl corrole/CS) self-assemble to exhibit dual anti-
bacterial action, combining electrostatic capture and NIR 
photothermal effects, thereby accelerating diabetic wound 
healing [241]. Enhancing drug bioavailability requires 
functionalized nanomaterials for targeted delivery. In the 
context of active targeting strategies, Ai et al. constructed 
ultrasmall lipid NPs (LNPs) (ctLP-NPs) with a particle 
size of less than 30 nm to penetrate the cartilage, where 
a collagen-binding peptide further facilitated the efficient 
action of MK-8722 in regulating energy metabolism in 

chondrocytes and alleviating OA (Fig. 9c, d) [253]. In pas-
sive targeting, kidney-targeted mesoscale NPs deliver the 
ROS scavenger edaravone via the enhanced permeability 
and retention (EPR) effect, reducing renal cell damage and 
death, improving kidney function, and preventing chemo-
therapy-induced kidney injury [254].

Nanocellulose, derived from natural cellulose, offers high 
strength and biodegradability. Its antibacterial properties 
enhance infected wound healing in regenerative medicine, as 
seen with bacterial cellulose (BC) and nanofibers [255, 256]. 
Li et al. introduced a nanocomposite composed of BC and 
small molecule-decorated Au NPs (BC-Au-DAPT nanocom-
posites), which inhibited energy metabolism and disrupted 
bacterial membranes, ultimately combating multidrug-
resistant (MDR) Gram-negative bacteria [257]. These effects 
result from the intrinsic bioactivity of nanocellulose (e.g., 
natural nanofibers) or from loaded agents (NPs, AMPs). Pol-
ysaccharide nanofibers—low toxicity, biocompatibility, and 
degradability—enable versatile wound healing applications. 
[258]. For example, cellulose/HA-based nanofibrous dress-
ings mimic the ECM, enhancing cell adhesion, proliferation, 
and differentiation to promote improved healing [259].

Nanomicelles, similar to liposomes, self-assemble from 
amphiphilic molecules into normal or reverse structures, 
encapsulating hydrophobic or hydrophilic drugs. They 
enhance drug encapsulation, reduce interactions with 
the body, improve bioavailability, and minimize adverse 
effects [260]. Vyawahare et al. conjugated 9-aminoacridine 
and caffeic acid to mPEG-PCL nanomicelles (9AA-NMs) 
to effectively treat RA by inhibiting NF-κB and HIF-1α, 
mitigating the inflammatory cascade, and ultimately pre-
venting cartilage erosion, swelling, and joint damage 
[261]. Building on this, the use of micelles in medicine 
will be further advanced through the incorporation of tar-
geting strategies. DEX/HA-TK-ART micelles co-deliver 
artesunate and DEX to the joints, synergistically inhibiting 
HIF-1α/NF-κB and scavenging ROS. The HA targeting 
and ROS-responsive TK linker help minimize off-target 
effects (Fig. 9e) [262].

4.2.2  Lipid‑based Nanomaterials

Lipid-based nanomaterials, including synthetic types like 
liposomes and solid lipid NPs (SLNs), as well as natural 
exosomes, feature phospholipid bilayers with aqueous cores 
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Fig. 9  a Schematic illustration of the fabrication of ROS-responsive PPS-CPNs/CLT and their glomerulus-targeted delivery fate. b In vivo efficacy of PPS-CPNs/
CLT for the treatment of membranous nephropathy: semiquantitative scoring of KIM-1 levels, conducted based on immunohistochemical results [250].  Copyright 
2024, American Chemical Society. c Schematic design of ctLP-NPs containing a core made from PLGA and a shell made from PEG-conjugated lipid. d Thera-
peutic efficacy of MK-8722-loaded ctLP-NPs for repairing cartilage damage in collagenase-induced OA mice: quantification of cartilage content from safranin-O-
stained sections (red) [253]. Copyright 2020, John Wiley and Sons. e Schematic diagram of ROS-responsive HTA prodrug micelles for co-delivering DEX, inhibit-
ing the HIF-1α/NF-κB cascade to regulate ROS scavenging and macrophage repolarization in RA therapy [262]. Copyright 2022, Elsevier
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for encapsulating antibiotics and anti-inflammatory agents 
[263]. However, liposomes are susceptible to stability issues 
from oxidation and hydrolysis, limiting their effectiveness. 
Surface modifications can improve stability and target-
ing, thereby enhancing drug delivery to specific sites. For 
instance, citicoline liposomes coated with chitosan (CT-
CS-LPs) promoted diabetic wound healing via sustained 
release, improved stability, enhanced cellular uptake, and 
antibacterial effects in rats [264]. SLNs, another type of 
lipid-based nanosystem, protect drugs from degradation, 
enhance solubility and bioavailability, enable targeted 
delivery, and control drug release, making them valuable 
for the diagnosis and treatment of various diseases [265, 
266]. Abudurexiti et al. developed cationic SLNs co-loaded 
with TGF-β1 siRNA and curcumin (siRNA/CUR@SLN) 
for nasal brain-targeted delivery. This formulation demon-
strated anti-inflammatory effects in cerebral hemorrhage 
models, offering a novel therapy for brain inflammation 
[267].

Regarding targeting design, the strategy aligns with the 
previously discussed approach, employing stimuli-respon-
sive molecular modifications for targeted functionaliza-
tion. The lipase-responsive VCM-AS-SLNs target bacterial 
lipase, reducing MRSA biofilm by five times and eradicating 
bacteria within 12 h [268]. Unlike conventional approaches, 
stealth polymers (e.g., PEG) form liposomes that evade 
phagocytic clearance by macrophages, creating long-circu-
lating systems. These liposomes achieve passive targeting 
through the EPR effect, enabling specific accumulation at 
pathological sites. PEGylated liposomes (hFGF21@BCM-
LIP) improve the stability of bioactive molecules and pro-
mote lymphatic accumulation, targeting activated micro-
glia via VCAM-1/α4β1 to alleviate Aβ-induced cognitive 
deficits, tau pathology, and neuroinflammation (Fig. 10a, b) 
[269].

Exosomes, natural lipid nanovesicles with phospholipid/
cholesterol bilayers, differ from synthetic carriers (e.g., 
liposomes) in terms of cellular origin and bioactive cargo 
(proteins, RNAs). Their biocompatible structure enables 
intercellular communication through membrane fusion or 
endocytosis, regulating biological processes [270]. Bio-
derived exosomes positively modulate pathologies, e.g., M2b 
macrophage-derived ones alleviate colitis via CCL1-CCR8 
binding and immune activation [271]. Exosomes derived 
from various MSCs, including human umbilical cord-derived 
and bone marrow-derived MSCs, can exhibit a protective role 

against IBD [272]. Plant-derived exosomes, such as those 
derived from lemon, promote diabetic wound healing by 
reprogramming macrophages and enhancing cell prolifera-
tion. Encapsulated in a GelMA/DAS hydrogel patch (GelMA/
DAS/Exo), they enable sustained release and improved pene-
tration, providing a clinical solution for chronic wound repair 
(Fig. 10c, d) [273]. Furthermore, exosomes can collaborate 
with active molecules, such as miRNA, to protect genetic 
information by encapsulating various molecules within a 
sealed phospholipid bilayer membrane [274, 275].

5  Conclusions and Prospects

This review summarizes the applications of various nanoma-
terials, including NPs, nanozymes, liposomes, nanofibers, 
exosomes, and micelles, in treating inflammation-related 
diseases (Table 1), such as infections, wound healing, liver 
and kidney injuries, cardiovascular and cerebrovascular 
diseases, neurological disorders, intestinal inflammation, 
and rheumatic disorders. These nanomaterials exhibit supe-
rior efficacy over traditional small molecule drugs, due to 
their intrinsic properties or ability to serve as drug carriers, 
enhancing drug loading capacity and solubility. Specifically, 
controlling ROS can alleviate inflammation-related oxida-
tive stress through ROS removal. Additionally, this review 
explores various targeting strategies involving nanomateri-
als, such as the use of ligands, ROS-responsive materials, 
or biomimetic biofilms, to modify them. Such modifications 
can markedly enhance drug bioavailability and boost the 
therapeutic efficacy of nanomedicines through active tar-
geting (Table 2). The diverse applications discussed offer 
valuable insights for developing novel nanomedicines and 
present new opportunities for exploring innovative solutions 
to prevent and treat diseases. While nanomedicine shows 
great promise, it is crucial to acknowledge that substantial 
progress is still required, and the pace of clinical translation 
remains slow. To expedite the implementation of nanomedi-
cine in clinical settings, the following aspects should be 
addressed (Scheme 7):

(1) Preparation methods are pivotal for the successful clini-
cal translation of nanomedicine. Streamlining the prep-
aration and synthesis processes can save valuable time, 
reduce costs during the research phase, and ultimately 
enhance research efficiency. While biosynthesis and 
self-assembly techniques, as discussed in this paper, 
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enable semi-intelligent synthesis of nanomaterials, 
these methods still face challenges such as poor stabil-
ity, high production costs, and difficulties in controlling 

the synthesis process—issues that impede large-scale 
production. Therefore, developing efficient, environ-
mentally sustainable synthesis methods that reduce pro-

Fig. 10  a Schematic illustration of biomimetic hFGF21@BCM-LIP for targeted modulation of brain inflammation via the lymphatic system for 
the treatment of AD. b In vivo efficacy of hFGF21@BCM-LIP for the treatment of AD in the Morris water maze, including escape latency, the 
number of platform crossings, swimming speed and the time spent in the target quadrant [269].  Copyright 2024, John Wiley and Sons. c Sche-
matic illustration of the preparation and mechanisms of GelMA/DAS/Exo hydrogel [273]. Copyright 2025, Springer Nature



Nano-Micro Lett.          (2025) 17:323  Page 37 of 55   323 
Ta

bl
e 

1 
 S

um
m

ar
y 

of
 re

pr
es

en
ta

tiv
e 

na
no

m
at

er
ia

ls
 fo

r t
he

 tr
ea

tm
en

t o
f i

nfl
am

m
at

or
y-

re
la

te
d 

di
se

as
es

D
is

ea
se

N
an

om
at

er
ia

ls
St

ra
in

/A
ni

m
al

 m
od

el
M

ai
n 

re
su

lts
Re

fe
re

nc
es

In
fe

ct
io

n
A

g 
N

Ps
; A

u 
N

Ps
; A

g–
A

u 
N

Ps
K

. p
ne

um
on

ia
; B

. s
ub

til
is

; E
. c

ol
i; 

S.
 a

ur
eu

s;
 P

. 
ae

ru
gi

no
sa

; L
ei

sh
m

an
ia

 m
aj

or
 p

ro
m

as
tig

ot
es

A
u-

A
g 

N
Ps

 sh
ow

 h
ig

he
r a

nt
ib

ac
te

ria
l a

ct
iv

ity
 

ag
ai

ns
t B

ac
ill

us
 su

bt
ili

s a
nd

 P
se

ud
om

on
as

 
ae

ru
gi

no
sa

 th
an

 A
u 

N
Ps

 a
nd

 A
g 

N
Ps

 a
lo

ne

[1
87

]

C
eO

2 N
Ps

E.
 c

ol
i; 

S.
 a

ur
eu

s
C

eO
2 N

Ps
 u

nd
er

go
 a

 re
ve

rs
ib

le
 c

on
ve

rs
io

n 
be

tw
ee

n 
C

e 
(I

II
) a

nd
 C

e 
(I

V
), 

ge
ne

ra
tin

g 
RO

S 
th

at
 d

es
tro

y 
in

tra
ce

llu
la

r c
om

po
ne

nt
s 

an
d 

ul
tim

at
el

y 
ki

ll 
ba

ct
er

ia

[1
88

]

Zn
O

@
B

SA
-P

EP
-M

PA
S.

 a
ur

eu
s/

B.
 su

bt
ili

s-
in

fe
ct

ed
 m

ou
se

 m
od

el
s

Th
e 

ac
tiv

ity
 o

f A
M

P 
an

d 
Zn

O
 N

Ps
 w

er
e 

fu
lly

 
ut

ili
ze

d 
to

 e
xe

rt 
si

gn
ifi

ca
nt

 ta
rg

et
ed

 a
nt

im
i-

cr
ob

ia
l e

ffe
ct

s

[1
99

]

C
eO

2-
G

O
 h

yb
rid

 n
an

oc
om

po
si

te
s

S.
 a

ur
eu

s;
 P

. a
er

ug
in

os
in

Th
e 

ph
ot

oc
at

al
yt

ic
 a

ct
iv

ity
 e

xh
ib

its
 a

 fi
ve

fo
ld

 
en

ha
nc

em
en

t, 
w

ith
 sy

ne
rg

ist
ic

 a
nt

ib
ac

te
ria

l 
eff

ec
ts

[2
08

]

A
M

P-
G

ra
 (/

G
O

) c
om

pl
ex

E.
 c

ol
i; 

S.
 a

ur
eu

s
En

ha
nc

ed
 a

nt
ib

ac
te

ria
l a

ct
iv

ity
 2

0-
fo

ld
 v

ia
 sy

n-
er

gi
sti

c 
na

no
sh

ee
t i

nt
er

ac
tio

ns
 a

nd
 st

ru
ct

ur
al

 
op

tim
iz

at
io

n

[2
06

]

A
g-

Fe
3O

4-
 S

W
C

N
Ts

E.
 c

ol
i; 

B.
 m

eg
at

er
iu

m
Re

ta
in

ed
 d

ua
l c

at
al

yt
ic

/a
nt

ib
ac

te
ria

l a
ct

iv
ity

[2
10

]
Pt

@
V

2C
S.

 a
ur

eu
s;

 M
R

SA
-I

nd
uc

ed
 C

ut
an

eo
us

 A
bs

ce
ss

 
M

od
el

59
.6

%
 N

IR
-I

I p
ho

to
th

er
m

al
 c

on
ve

rs
io

n 
effi

-
ci

en
cy

, s
yn

er
gi

zi
ng

 d
ua

l e
nz

ym
e-

lik
e 

PT
T/

C
D

T 
to

 e
ra

di
ca

te
 M

R
SA

[2
12

]

C
u-

g-
C

3N
4/P

C
L 

na
no

fib
er

s
S.

 a
ur

eu
s X

en
36

 m
ul

tid
ru

g-
re

si
st

an
t E

SK
A

PE
 

str
ai

ns
Er

ad
ic

at
es

 d
ru

g-
re

si
st

an
t b

ac
te

ria
 v

ia
 d

ua
l-

en
zy

m
e 

RO
S

[2
29

]

Q
-M

O
F C

e0
.5

S.
 a

ur
eu

s s
us

pe
ns

io
n-

in
fe

ct
ed

 K
un

m
in

g 
m

ic
e

G
en

er
at

es
 su

st
ai

ne
d 

RO
S 

un
de

r v
is

ib
le

 li
gh

t t
o 

er
ad

ic
at

e 
su

rfa
ce

-a
dh

er
en

t b
ac

te
ria

[2
31

]

P-
C

D
s

S.
 a

ur
eu

s;
 E

. c
ol

i
G

en
er

at
es

 li
gh

t-d
riv

en
 1 O

2, 
er

ad
ic

at
in

g 
pa

th
o-

ge
ns

[2
36

]

V
C

M
-A

S-
SL

N
s

S.
 a

ur
eu

s;
 M

R
SA

En
zy

m
e-

re
sp

on
si

ve
; B

oo
st 

va
nc

om
yc

in
’s

 
M

R
SA

 e
ffi

ca
cy

 v
ia

 1
00

%
 b

ac
te

ria
l c

le
ar

an
ce

[2
68

]



 Nano-Micro Lett.          (2025) 17:323   323  Page 38 of 55

https://doi.org/10.1007/s40820-025-01829-7© The authors

Ta
bl

e 
1 

 (c
on

tin
ue

d)

D
is

ea
se

N
an

om
at

er
ia

ls
St

ra
in

/A
ni

m
al

 m
od

el
M

ai
n 

re
su

lts
Re

fe
re

nc
es

W
ou

nd
 H

ea
lin

g
A

g-
Zn

O
 N

Ps
M

al
e 

al
bi

no
 ra

ts
 w

ith
 fu

ll-
th

ic
kn

es
s s

ki
n 

ex
ci

-
si

on
 w

ou
nd

s
A

nt
ib

ac
te

ria
l/a

nt
id

ia
be

tic
 a

ct
iv

ity
 a

nd
 C

S-
en

ha
nc

ed
 w

ou
nd

 h
ea

lin
g

[2
00

]

Zn
O

 N
Ps

Sp
ra

gu
e 

D
aw

le
y 

(S
D

) r
at

s w
ith

 in
ci

si
on

 w
ou

nd
 

m
od

el
G

oo
d 

ba
ct

er
io

st
at

ic
 p

ot
en

tia
l a

ga
in

st 
E.

 c
ol

i 
an

d 
M

R
SA

, a
nd

 p
ro

m
ot

es
 p

ro
lif

er
at

io
n 

of
 

co
lla

ge
n 

fib
er

s a
nd

 fi
br

ob
la

sts
, r

ed
uc

tio
n 

of
 

in
fla

m
m

at
or

y 
ce

lls
, a

nd
 a

cc
el

er
at

ed
 a

ng
io

-
ge

ne
si

s

[2
01

]

G
O

-P
EI

25
k/

N
O

-P
EI

1.
8 

k 
N

Ps
M

al
e 

im
pr

in
tin

g 
co

nt
ro

l r
eg

io
n 

(I
C

R
) m

ic
e

N
O

 re
le

as
ed

 b
y 

N
Ps

 c
an

 e
ffe

ct
iv

el
y 

pe
ne

tra
te

 
th

e 
ba

ct
er

ia
l m

em
br

an
e,

 a
nd

 th
e 

ba
ct

er
ic

id
al

 
eff

ec
t i

s r
em

ar
ka

bl
e

[2
11

]

M
C

C
/C

S 
N

Ps
M

R
SA

-in
fe

ct
ed

 d
ia

be
tic

 m
ic

e
Se

le
ct

iv
el

y 
ta

rg
et

s b
ac

te
ria

 th
ro

ug
h 

el
ec

tro
-

st
at

ic
 in

te
ra

ct
io

ns
; P

ot
en

t p
ho

to
th

er
m

al
 a

nd
 

in
he

re
nt

 a
nt

im
ic

ro
bi

al
 sy

ne
rg

y 
ag

ai
ns

t E
. c

ol
i 

an
d 

M
R

SA
; A

cc
el

er
at

es
 w

ou
nd

 h
ea

lin
g 

an
d 

an
gi

og
en

es
is

[2
41

]

B
C

-A
u-

D
A

PT
E.

 c
ol

i/P
. a

er
ug

in
os

a-
in

fe
ct

ed
 fu

ll-
th

ic
kn

es
s 

w
ou

nd
 m

od
el

 in
 W

ist
ar

 ra
ts

C
om

ba
ts

 M
D

R
 b

ac
te

ria
l i

nf
ec

tio
ns

, a
cc

el
er

-
at

es
 w

ou
nd

 h
ea

lin
g 

w
ith

 su
pe

rio
r a

nt
ib

io
tic

 
effi

ca
cy

[2
57

]

C
T-

C
S-

LP
s

D
ia

be
tic

 W
ist

ar
 ra

ts
Pr

om
ot

in
g 

ra
pi

d 
he

al
in

g 
of

 sk
in

 w
ou

nd
s i

n 
di

ab
et

ic
 ra

ts
 b

y 
re

du
ci

ng
 in

fla
m

m
at

io
n,

 a
cc

el
-

er
at

in
g 

re
-e

pi
th

el
ia

liz
at

io
n,

 a
ng

io
ge

ne
si

s, 
fib

ro
bl

as
t p

ro
lif

er
at

io
n 

an
d 

co
nn

ec
tiv

e 
tis

su
e 

re
m

od
el

in
g

[2
64

]

G
el

M
A

/D
A

S/
Ex

o 
hy

dr
og

el
SD

 ra
ts

 w
ith

 w
ou

nd
 o

n 
th

e 
ba

ck
Pr

om
ot

es
 d

ia
be

tic
 w

ou
nd

 h
ea

lin
g 

vi
a 

m
ac

-
ro

ph
ag

e 
re

gu
la

tio
n 

an
d 

su
st

ai
ne

d 
re

ge
ne

ra
-

tio
n

[2
73

]

IB
D

Y
M

D
@

M
PD

A
 n

an
oc

om
po

si
te

M
al

e 
C

57
B

L/
6 

m
ic

e 
w

ith
 D

SS
-in

du
ce

d 
co

lit
is

A
lle

vi
at

es
 IB

D
 v

ia
 R

O
S 

sc
av

en
gi

ng
, i

m
m

u-
no

m
od

ul
at

io
n,

 b
ar

rie
r r

es
to

ra
tio

n
[2

17
]

M
2b

 m
ac

ro
ph

ag
e 

ex
os

om
es

M
al

e 
BA

LB
/c

 m
ic

e 
w

ith
 D

SS
-in

du
ce

d 
co

lit
is

Th
e 

nu
m

be
r o

f r
eg

ul
at

or
y 

T 
(T

re
g)

 c
el

ls
 a

nd
 

IL
-4

 le
ve

ls
 w

er
e 

in
cr

ea
se

d 
in

 th
e 

sp
le

en
s o

f 
co

lit
is

 m
ic

e;
 IL

-1
β,

 IL
-6

 a
nd

 IL
-1

7A
 w

er
e 

si
gn

ifi
ca

nt
ly

 su
pp

re
ss

ed
; P

ro
te

ct
io

n 
ag

ai
ns

t 
D

SS
-in

du
ce

d 
co

lit
is

 m
ed

ia
te

d 
th

ro
ug

h 
th

e 
C

C
L1

/C
C

R
8 

ax
is

[2
71

]

m
el

an
in

 n
an

oz
ym

es
M

al
e 

C
57

 B
L/

6 
m

ic
e 

w
ith

 D
SS

-in
du

ce
d 

IB
D

Ta
rg

et
ed

 th
er

ap
eu

tic
 e

ffe
ct

s o
n 

IB
D

 a
re

 
ac

hi
ev

ed
 b

y 
al

le
vi

at
in

g 
ox

id
at

iv
e 

str
es

s, 
en

do
pl

as
m

ic
 re

tic
ul

um
 st

re
ss

, a
po

pt
os

is
, 

in
fla

m
m

at
io

n,
 in

te
sti

na
l b

ar
rie

r d
is

ru
pt

io
n 

an
d 

in
te

sti
na

l e
co

lo
gi

ca
l d

ys
re

gu
la

tio
n

[2
38

]

M
2b

 e
xo

so
m

es
M

ic
e 

w
ith

 D
SS

-in
du

ce
d 

co
lit

is
A

lle
vi

at
e 

co
lit

is
 v

ia
 C

C
L1

/C
C

R
8,

 m
od

ul
at

in
g 

im
m

un
ity

 fo
r I

B
D

 th
er

ap
y

[2
71

]



Nano-Micro Lett.          (2025) 17:323  Page 39 of 55   323 
Ta

bl
e 

1 
 (c

on
tin

ue
d)

D
is

ea
se

N
an

om
at

er
ia

ls
St

ra
in

/A
ni

m
al

 m
od

el
M

ai
n 

re
su

lts
Re

fe
re

nc
es

R
he

um
at

is
m

iro
n-

qu
er

ce
tin

 n
at

ur
al

 c
oo

rd
in

at
io

n 
N

Ps
 (F

e-
Q

ur
 N

C
N

s)
Fe

m
al

e 
c5

7/
bl

/6
 m

ic
e;

 C
ol

la
ge

n-
in

du
ce

d 
ar

th
ri-

tis
 (C

IA
) m

ic
e;

 F
em

al
e 

D
BA

 m
ic

e;
In

hi
bi

ts
 a

ct
iv

at
io

n 
of

 N
F-

κB
 p

at
hw

ay
, s

ca
v-

en
ge

s e
xc

es
s R

O
S,

 in
cr

ea
se

s p
he

no
ty

pe
 o

f 
an

ti-
in

fla
m

m
at

or
y 

m
ac

ro
ph

ag
es

, a
lle

vi
at

es
 

jo
in

t s
w

el
lin

g,
 re

du
ce

s b
on

e 
er

os
io

n 
an

d 
si

gn
ifi

ca
nt

ly
 in

cr
ea

se
s b

on
e 

m
as

s i
n 

m
ic

e

[1
94

]

A
u-

D
EN

 N
Ps

LP
S 

ac
tiv

at
ed

 R
AW

26
4.

7 
ce

lls
Ta

rg
et

in
g;

 P
ho

to
th

er
m

al
 p

ro
pe

rti
es

 th
at

 
en

ha
nc

e 
RO

S 
pr

od
uc

tio
n 

un
de

r N
IR

 a
nd

 
im

pr
ov

e 
an

ti-
R

A
 e

ffi
ca

cy

[2
05

]

Pt
C

uO
X

/C
eO

2-
X

M
al

e 
SD

 ra
ts

 w
ith

 a
nt

er
io

r c
ru

ci
at

e 
lig

am
en

t 
tra

ns
ec

tio
n 

(A
C

LT
)-

in
du

ce
d 

O
A

Su
pp

re
ss

 O
A

 v
ia

 R
O

S 
sc

av
en

gi
ng

, p
ho

to
th

er
-

m
al

-e
nh

an
ce

d 
N

F-
κB

 p
at

hw
ay

 in
hi

bi
tio

n
[2

20
]

PP
B

zy
m

es
D

M
M

 su
rg

er
y-

in
du

ce
d 

C
57

B
L/

6 
m

al
e 

m
ic

e 
O

A
 m

od
el

A
lle

vi
at

e 
O

A
 v

ia
 JN

K
 p

ho
sp

ho
ry

la
tio

n 
bl

oc
k-

ad
e 

an
d 

ca
rti

la
ge

 m
at

rix
 p

ro
te

ct
io

n
[2

25
]

M
n-

en
gi

ne
er

ed
 h

ol
lo

w
 M

SN
 (M

H
PH

)
Fe

m
al

e 
BA

LB
/c

 m
ic

e 
w

ith
 A

IA
SO

D
- a

nd
 C

A
T-

m
im

et
ic

 e
nz

ym
e 

ac
tiv

iti
es

; 
Pr

om
ot

es
 a

nt
i-i

nfl
am

m
at

or
y 

ph
en

ot
yp

ic
 d

if-
fe

re
nt

ia
tio

n 
of

 m
ac

ro
ph

ag
es

; P
ro

m
ot

io
n 

of
 

bi
om

in
er

al
iz

at
io

n 
of

 b
on

e 
m

ar
ro

w
 M

C
Ss

[2
32

]

M
O

F 
na

no
sh

ee
t (

ZM
TP

)
Fe

m
al

e 
B

al
b/

c 
m

ic
e 

w
ith

 A
IA

Po
ss

es
se

s S
O

D
- a

nd
 C

A
T-

lik
e 

en
zy

m
at

ic
 

ac
tiv

iti
es

; E
xe

rts
 a

nt
i-R

A
 e

ffi
ca

cy
 th

ro
ug

h 
an

ti-
in

fla
m

m
at

or
y 

an
d 

pr
o-

bi
om

in
er

al
iz

at
io

n 
pr

op
er

tie
s

[2
33

]

PE
G

-P
PO

 d
op

ed
 p

or
ou

s p
ol

ym
er

so
m

es
C

57
B

L/
6 

m
al

e 
m

ic
e 

w
ith

 D
M

M
 su

rg
er

y 
on

 th
e 

rig
ht

 k
ne

e 
an

d 
sh

am
 su

rg
er

y 
on

 th
e 

le
ft 

kn
ee

Re
du

ce
d 

RO
S 

pr
od

uc
tio

n 
an

d 
ca

ta
bo

lic
 

pr
ot

ea
se

 sy
nt

he
si

s i
n 

ar
tic

ul
ar

 c
ar

til
ag

e 
an

d 
sy

no
vi

um

[2
48

]

ct
LP

-N
Ps

C
ol

la
ge

n-
in

du
ce

d 
ar

th
rit

is
 m

al
e 

C
57

B
L/

6 
m

ic
e

D
el

iv
er

s A
M

PK
 a

ct
iv

at
or

, r
ed

uc
in

g 
O

A
 d

eg
en

-
er

at
io

n 
vi

a 
sc

al
ab

le
 d

es
ig

n
[2

53
]

9A
A

-N
M

s
C

IA
 m

od
el

 in
 fe

m
al

e 
W

ist
ar

 ra
ts

In
hi

bi
t i

nfl
am

m
at

io
n,

 p
re

ve
nt

 c
ar

til
ag

e 
er

os
io

n 
vi

a 
N

R
4A

1 
in

 a
rth

rit
is

 ra
t

[2
61

]

D
EX

/H
A

-T
K

-A
RT

 m
ic

el
le

s
M

al
e 

SD
 ra

ts
 w

ith
 A

LA
H

ig
hl

y 
effi

ci
en

t d
el

iv
er

y 
of

 A
RT

 a
nd

 D
EX

 
sy

ne
rg

ist
ic

al
ly

 in
hi

bi
te

d 
th

e 
H

IF
-1

α/
N

F-
κB

 
ca

sc
ad

e,
 sc

av
en

gi
ng

 R
O

S 
an

d 
in

du
ci

ng
 

m
ac

ro
ph

ag
e 

re
po

la
riz

at
io

n,
 si

gn
ifi

ca
nt

ly
 

at
te

nu
at

in
g 

jo
in

t i
nfl

am
m

at
or

y 
ce

ll 
in

fil
tra

tio
n 

an
d 

re
pa

iri
ng

 a
rti

cu
la

r c
ar

til
ag

e 
da

m
ag

e

[2
62

]



 Nano-Micro Lett.          (2025) 17:323   323  Page 40 of 55

https://doi.org/10.1007/s40820-025-01829-7© The authors

Ta
bl

e 
1 

 (c
on

tin
ue

d)

D
is

ea
se

N
an

om
at

er
ia

ls
St

ra
in

/A
ni

m
al

 m
od

el
M

ai
n 

re
su

lts
Re

fe
re

nc
es

N
eu

ro
lo

gi
ca

l d
is

or
de

rs
TA

T-
C

S@
A

u 
N

Ps
–

G
oo

d 
tra

ns
m

em
br

an
e 

ab
ili

ty
 to

 in
hi

bi
t t

he
 

ac
cu

m
ul

at
io

n 
of

 A
β1

-4
0,

 a
nt

ag
on

iz
e 

ox
id

a-
tiv

e 
str

es
s, 

re
du

ce
 a

be
rr

an
t t

au
 p

ro
te

in
 

ph
os

ph
or

yl
at

io
n,

 a
nd

 in
hi

bi
t t

he
 e

xp
re

ss
io

n 
of

 in
fla

m
m

at
or

y 
fa

ct
or

s

[1
90

]

L-
 a

nd
 D

-G
SH

 st
ab

ili
ze

d 
go

ld
 N

Ps
 (L

3.
3/

D
3.

3)
A

D
 m

ic
e

In
hi

bi
t A

β4
2,

 c
ro

ss
 B

B
B

; D
3.

3 
su

rp
as

se
s L

3.
3 

in
 A

D
 th

er
ap

y
[2

02
]

PM
-A

u 
N

Ps
Pa

rk
in

so
n-

in
du

ce
d 

C
57

B
L/

6 
m

ic
e

A
lle

vi
at

e 
ne

ur
oi

nfl
am

m
at

io
n 

an
d 

en
ha

nc
e 

m
ot

or
 c

oo
rd

in
at

io
n 

in
 P

ar
ki

ns
on

’s
 m

ic
e

[2
03

]

M
SC

-I
O

N
Ps

5x
FA

D
 m

ic
e

Pr
om

ot
in

g 
th

e 
ex

pr
es

si
on

 o
f t

he
ra

pe
ut

ic
 m

ol
-

ec
ul

es
 in

 M
SC

s;
 M

ag
ne

tic
 re

sp
on

si
ve

ne
ss

, 
hi

gh
er

 re
te

nt
io

n 
effi

ci
en

cy
 in

 th
e 

br
ai

n 
an

d 
en

ha
nc

ed
 th

er
ap

eu
tic

 e
ffe

ct
 o

n 
A

D

[2
04

]

PE
G

-M
nO

2 N
Ps

M
al

e 
Le

w
is

 ra
ts

Pe
ne

tra
te

 c
ar

til
ag

e,
 sc

av
en

ge
 R

O
S,

 su
st

ai
n 

jo
in

t 
re

te
nt

io
n,

 e
na

bl
in

g 
O

A
 c

ho
nd

ro
pr

ot
ec

tio
n

[2
15

]

CA
-M

n 3
O

4 n
an

oz
ym

es
C

57
B

L/
6j

 m
ic

e 
w

ith
 3

-n
itr

o 
pr

op
io

ni
c 

ac
id

 
(3

-N
PA

)-
in

du
ce

d 
H

un
tin

gt
on

’s
 d

is
ea

se
 (H

D
)

G
SH

-d
ep

en
de

nt
 G

Px
 a

ct
iv

ity
, t

re
at

in
g 

H
D

 v
ia

 
RO

S 
sc

av
en

gi
ng

[2
16

]

Q
@

C
eB

G
 n

an
or

ea
ct

or
M

al
e 

C
57

B
L/

6 
J m

ic
e 

w
ith

 M
PT

P-
in

du
ce

d 
PD

Sc
av

en
ge

s R
O

S,
 re

du
ce

s n
eu

ro
na

l s
tre

ss
, p

ol
ar

-
iz

es
 m

ic
ro

gl
ia

, e
na

bl
in

g 
PD

 n
eu

ro
pr

ot
ec

tio
n

[2
18

]

V
2C

 M
X

en
es

SD
 ra

ts
 w

ith
 tr

an
si

en
t m

id
dl

e 
ce

re
br

al
 a

rte
ry

 
oc

cl
us

io
n/

re
pe

rf
us

io
n 

(tM
CA

O
/R

)
A

lle
vi

at
es

 is
ch

em
ic

 st
ro

ke
 v

ia
 R

O
S 

sc
av

en
gi

ng
 

an
d 

ne
ur

op
ro

te
ct

io
n

[2
35

]

Sy
nt

he
si

s-
op

tim
iz

ed
 P

EG
-c

O
A

C
 n

an
oz

ym
es

C
ra

ni
ec

to
m

y-
in

du
ce

d 
ra

t t
ra

um
at

ic
 b

ra
in

 in
ju

ry
 

(T
B

I)
 m

od
el

En
ha

nc
e 

an
tio

xi
da

nt
 a

ct
iv

ity
 a

nd
 re

sto
re

 c
er

-
eb

ra
l p

er
fu

si
on

 in
 m

ild
 tr

au
m

at
ic

 b
ra

in
 in

ju
ry

 
m

od
el

s

[2
37

]

M
M

@
M

nO
2-A

u-
m

Si
O

2@
C

ur
C

on
tro

lle
d 

C
or

tic
al

 Im
pa

ct
-in

du
ce

d 
TB

I m
ic

e 
m

od
el

Ta
rg

et
 C

N
S 

in
fla

m
m

at
io

n 
vi

a 
B

B
B

 p
en

et
ra

tio
n,

 
RO

S 
sc

av
en

gi
ng

, a
nd

 m
ic

ro
gl

ia
 p

ol
ar

iz
at

io
n

[2
42

]

si
R

N
A

/C
U

R
@

SL
N

Ty
pe

 IV
 c

ol
la

ge
na

se
-in

du
ce

d 
m

ic
e 

in
tra

ce
r-

eb
ra

l h
em

or
rh

ag
e 

(I
C

H
)

En
ab

le
s n

on
in

va
si

ve
 b

ra
in

 ta
rg

et
in

g,
 re

du
ci

ng
 

in
fla

m
m

at
io

n 
an

d 
en

ha
nc

in
g 

IC
H

 th
er

ap
y

[2
67

]

hF
G

F2
1@

B
C

M
-L

IP
A

β1
-4

2-
in

du
ce

d 
A

D
 m

ou
se

 m
od

el
Ta

rg
et

s b
ra

in
 v

ia
 ly

m
ph

at
ic

s, 
al

le
vi

at
in

g 
A

D
 

ne
ur

oi
nfl

am
m

at
io

n 
an

d 
co

gn
iti

ve
 d

efi
ci

ts
[2

69
]



Nano-Micro Lett.          (2025) 17:323  Page 41 of 55   323 
Ta

bl
e 

1 
 (c

on
tin

ue
d)

D
is

ea
se

N
an

om
at

er
ia

ls
St

ra
in

/A
ni

m
al

 m
od

el
M

ai
n 

re
su

lts
Re

fe
re

nc
es

A
S

M
M

@
C

e-
C

D
s N

Ps
M

al
e 

 A
po

E-/-
 m

ic
e 

w
ith

 fa
t-r

ic
h 

di
et

s
En

ab
le

 R
O

S-
ta

rg
et

ed
 th

er
an

os
tic

s a
nd

 m
ic

ro
en

-
vi

ro
nm

en
t r

eg
ul

at
io

n 
in

 A
S 

m
an

ag
em

en
t

[2
21

]

B
SA

@
PB

/C
ur

 n
an

oz
ym

e
M

al
e 

 A
po

E-/-
 m

ic
e 

w
ith

 fa
t-r

ic
h 

di
et

s
A

lle
vi

at
e 

A
S 

vi
a 

RO
S 

sc
av

en
gi

ng
, i

nfl
am

m
a-

tio
n 

in
hi

bi
tio

n,
 a

nd
 c

ho
le

ste
ro

l e
ffl

ux
[2

24
]

V
2C

-P
V

P 
M

xe
ne

M
al

e 
SD

 ra
ts

 w
ith

 M
CA

O
/R

SO
D

-, 
PO

D
-, 

CA
T-

 a
nd

 G
Px

-m
im

et
ic

 e
nz

y-
m

at
ic

 p
ro

pe
rti

es
; S

ig
ni

fic
an

tly
 re

du
ce

s t
he

 
si

ze
 o

f c
er

eb
ra

l i
nf

ar
ct

s b
y 

re
du

ci
ng

 o
xi

da
tiv

e 
str

es
s, 

in
hi

bi
tin

g 
ap

op
to

si
s a

nd
 c

ou
nt

er
ac

tin
g 

in
fla

m
m

at
or

y 
re

sp
on

se
s

[2
35

]

pB
A

E 
N

Ps
M

al
e 

C
57

B
L/

6 
m

ic
e 

w
ith

 le
ft 

ca
ro

tid
 a

rte
ry

 
lig

at
io

n
Ta

rg
et

s e
nd

ot
he

lia
l c

el
ls

, s
pe

ci
fic

al
ly

 d
el

iv
er

s 
ac

tiv
e 

in
gr

ed
ie

nt
 a

nt
i-m

iR
-7

12
 to

 si
te

s o
f 

in
fla

m
m

at
io

n,
 re

du
ce

s h
ig

h 
m

iR
-7

12
 e

xp
re

s-
si

on
, a

nd
 p

re
ve

nt
s l

os
s o

f t
is

su
e 

in
hi

bi
to

r o
f 

m
et

al
lo

pr
ot

ei
na

se
 3

 (T
IM

P3
) i

n 
in

fla
m

ed
 

en
do

th
el

iu
m

[2
45

]

m
iR

-1
46

a-
SP

IO
N

s
A

po
E-/-

 m
ic

e 
w

ith
 fa

t- 
ch

ol
es

te
ro

l d
ie

t
Ta

rg
et

 p
la

qu
es

 v
ia

 S
R-

A
, i

nh
ib

it 
N

F-
κB

 in
fla

m
-

m
at

io
n,

 a
nd

 re
du

ce
 A

S 
w

ith
ou

t t
ox

ic
ity

[2
46

]

FM
M

O
N

@
PL

A
po

E-/-
 m

ic
e 

w
ith

 fa
t-r

ic
h 

di
et

s
A

lle
vi

at
es

 p
la

qu
e 

hy
po

xi
a,

 re
du

ce
s R

O
S/

H
IF

-1
α,

 in
hi

bi
ts

 in
fla

m
m

at
io

n,
 a

nd
 su

p-
pr

es
se

s A
S 

pr
og

re
ss

io
n

[2
47

]

Li
ve

r a
nd

 K
id

ne
y 

in
ju

rie
s

R
B

C
M

@
C

eO
2/T

A
K

-2
42

 N
Ps

C
57

B
L/

6J
 m

ic
e 

w
ith

 g
ly

ox
yl

at
e-

in
du

ce
d 

C
aO

x 
re

na
l n

ep
hr

oc
al

ci
no

si
s

Su
pp

re
ss

 o
xi

da
tiv

e 
str

es
s, 

m
ac

ro
ph

ag
e 

po
la

ri-
za

tio
n,

 ta
rg

et
in

g 
ki

dn
ey

s v
ia

 T
LR

4/
N

F-
κB

 
pa

th
w

ay

[2
22

]

M
PB

Zs
M

al
e 

C
57

B
L/

6J
 m

ic
e 

w
ith

 A
PA

P-
in

du
ce

d 
liv

er
 

in
ju

ry
A

lle
vi

at
e 

A
PA

P-
in

du
ce

d 
he

pa
to

to
xi

ci
ty

 v
ia

 
RO

S 
sc

av
en

gi
ng

, N
rf

2 
ac

tiv
at

io
n,

 a
nd

 a
po

p-
to

si
s i

nh
ib

iti
on

[2
26

]

PP
S-

PE
G

/P
EI

 N
Ps

M
al

e 
SD

 ra
ts

 w
ith

 p
as

si
ve

 H
ey

m
an

n 
ne

ph
rit

is
En

ha
nc

e 
ne

ph
ro

pr
ot

ec
tio

n 
vi

a 
gl

om
er

ul
ar

 
ta

rg
et

in
g,

 e
ns

ur
in

g 
effi

ca
cy

 a
nd

 sa
fe

ty
[2

50
]

Ed
a-

M
N

Ps
M

al
e 

C
57

B
L/

6 
J m

ic
e 

w
ith

 c
is

pl
at

in
-in

du
ce

d 
A

K
I

Re
du

ce
 re

na
l d

am
ag

e 
vi

a 
ki

dn
ey

-s
el

ec
tiv

e 
de

liv
er

y,
 e

nh
an

ci
ng

 c
is

pl
at

in
 th

er
ap

y
[2

54
]



 Nano-Micro Lett.          (2025) 17:323   323  Page 42 of 55

https://doi.org/10.1007/s40820-025-01829-7© The authors

duction costs, enhance mass production efficiency, and 
minimize toxic side effects will be crucial for advanc-
ing the clinical application of nanomaterials.

(2) Modifying nanomaterials is crucial for enhancing 
their properties, making them more compatible with 
the complex physiological environment of the human 
body. These modifications ensure stability amidst the 

Table 2  Summary of representative nanomaterials applying different targeting strategies

Nanomaterials Targeting method Application References

Au-DEN NPs Photothermal-guided; MTX Treatment of RA [205]
GO-PEI25k/NO-PEI1.8 k NPs Electrostatic interactions Antimicrobial therapy [211]
MM@Ce-CDs NPs Inflammatory endothelial cell membrane coating Treatment of AS [221]
RBCM@CeO2/TAK-242 NPs RBC membrane-coating Treatment of kidney injury [222]
MM@MnO2-Au-mSiO2@Cur Macrophage membrane-modified Neuroprotective anti-inflammatory [242]
pBAE NPs VHPK Targeting endothelial cells [245]
PPS-CPNs/CLT Polyethylenimine (electrostatic interaction); PEG (stealth 

functionalization); hydrophobic sulfide moieties (ROS-
responsive)

Membranous nephropathy therapy [250]

PLGA NPs EPR Treatment of kidney injury [254]
Polymeric micelles HA; Thioketal linker Treatment of RA [262]
VCM-AS-SLNs Ascorbyl stearate (Lipase-responsive) Antimicrobial therapy [268]
Liposomes PEGylated; BV2 membrane-coated Treatment of AD [269]

Scheme 7  Schematic illustration of the development and challenges of nanomedicine. This diagram encompasses the innovation of delivery 
routes and drug loading of nanomaterials, the exploration of mechanisms and types of nanozymes, the biosafety of nanomedicine, the clinical 
application of nanomaterials, and the quest for stable targeting ligands. Created with BioRender.com
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intricate interactions within the organism and enable 
nanomedicines to replicate the remarkable therapeu-
tic effects seen in animal studies in vivo. By building 
upon the original material, nanomaterial modification 
fosters the creation of diverse, innovative nanomedi-
cines with unique properties, eliminating the need to 
develop entirely new raw materials. This strategy not 
only accelerates research but also significantly reduces 
costs.

(3) Expanding the variety and scope of nanomaterial types 
and applications is crucial for their successful integra-
tion into the medical field. The mechanism of action of 
nanomedicines dictates the extent of their efficacy. For 
example, nanozymes facilitate the generation or elimina-
tion of ROS through mimetic enzyme activities, but the 
current selection is limited to oxidoreductases, leaving 
other enzyme types, such as isomerases and cleaving 
enzymes, largely unexplored. Enzymes differ widely 
in their catalytic mechanisms, efficiency, and substrate 
specificity. This variation allows them to be effective 
under various physiological conditions, thereby expand-
ing the potential applications of nanomedicine. Conse-
quently, continuous exploration of the mechanisms and 
medical uses of nanomaterials is crucial for offering a 
broader range of options in nanomedicine.

(4) Targeting strategies serve as the “finishing touch” for 
nanomaterials. The goal of incorporating targeting prop-
erties into nanomaterials is to increase their accumu-
lation at the desired site, enhance bioavailability, and 
ultimately improve efficacy. Conventional passive and 
active targeting methods, however, encounter several 
challenges, including uncertainties, lack of repeatabil-
ity, and safety concerns. For instance, the preparation 
of biological cell membrane-encapsulated nanoparticles 
differs significantly from chemical synthesis, and the 
inherent complexity of biological membranes makes 
it challenging to ensure that nanodrugs synthesized in 
different batches consistently contain the same quan-
tities of membrane proteins and targeting properties. 
Furthermore, the stability of cell membrane-derived 
nanosystems in vivo poses challenges in assessment 
and could result in potential toxic side effects. As such, 
targeting strategies should prioritize minimizing toxicity 
and ensuring stable performance to enable durable and 
effective precision therapy with nanomaterials.

(5) Choosing the appropriate route of administration is a 
critical factor in the successful translation of nanomedi-
cine. The significant differences in efficacy between 
in vitro and in vivo studies can be attributed to anatomi-
cal variations between experimental animals and humans. 
Therefore, it is essential to employ different drug delivery 

methods that address these differences during research 
to bridge this gap. At the research stage, comparing the 
efficacy of various dosage forms and routes is crucial 
for enhancing the stability, bioavailability, and patient 
compliance of nanomaterials in the body. Consequently, 
innovative dosage forms and routes of nanomedicine 
administration may facilitate their clinical translation.

Considering the factors outlined above, it is essential to 
make significant advancements in nanotechnology and expe-
dite the development of nanomedicine. This progress will ulti-
mately facilitate the successful translation of this emerging 
field into clinical applications for anti-inflammatory treatment.
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