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A B S T R A C T

Reactive oxygen species (ROS) manipulation is emerging as a pivotal focus in biomaterials design. Carbon dots 
(CDs), with their superior biocompatibility, facile synthesis, exceptional electronic properties, and abundant 
active sites, are gaining significant attention as ROS modulators (CDRMs). However, unclear mechanisms of 
action and challenges in controlling activity and selectivity hinder the advancement of CDRMs for sophisticated 
biomedical applications. While existing reviews have summarized the synthesis and biomedical applications of 
CDs, none have systematically addressed their roles and mechanisms in ROS modulation. Additionally, a uni
versal principle for designing efficient and selective CDRMs is urgently needed to advance their clinical trans
lation. This review explores the origins of activity in CDRMs, elucidates modulation mechanisms, and provides 
in-depth insights into tailoring CDRMs for ROS upregulation, downregulation, and bidirectional manipulation. 
Strategies such as nanozyme-catalyzed, physical field-energized, and precursor-inherited ROS management are 
highlighted, followed by an analysis of methods to optimize CDRM activity and selectivity, addressing critical 
gaps in current literature. Furthermore, the applications of CDRMs in cancer therapy, wound healing, and 
inflammation-related diseases are summarized and analyzed. Finally, we discuss existing obstacles, such as low 
efficacy and selectivity, and propose strategies to enhance the clinical translation of CDRMs, offering a forward- 
looking perspective to guide future research and innovation in this promising field.

1. Introduction

Reactive oxygen species (ROS) are chemically reactive molecules 
generated through intracellular metabolism [1–3]. They can be classi
fied into two categories: free radicals containing one unpaired electron, 
such as superoxide ion (O2

⋅− ) and hydroxyl radical (⋅OH), and 
non-radicals without unpaired electrons, including singlet oxygen (1O2) 
and hydrogen peroxide (H2O2) [4–7]. Importantly, as intracellular sec
ond messenger within cells, ROS play a pivotal role in regulating cell fate 
by influencing gene transcription, signal transduction, and cell survival 
[8–12]. When confronting invaders such as pathogens or cancer cells, 
the microenvironment becomes saturated with ROS, which activate 
phagocytes to rapidly eliminate harmful factors, thereby preventing 
infectious or tumorous diseases [13–18]. However, excessive ROS 
accumulation can irreversibly evoke oxidative stress damage to the 
normal cells causing serious inflammation-related diseases [19–23]. 

Therefore, ROS function as a double-edged sword with both physio
logical and pathological effects, and their precise regulation through the 
development of smart modulators could offer valuable strategies for 
treating various ROS-related disorders, including infected wounds, 
malignant tumors, and inflammatory diseases.

Nanotechnology has significantly advanced nanomedicine by offer
ing meticulously designed nanoplatforms that can precisely regulate the 
microenvironment in the diseased site [24–27]. Among various nano
materials, carbon dots (CDs) have gained growing attention for their 
distinctive advantages, including intrinsic fluorescence, enzyme-like 
activity, abundant surface functional groups, efficient electron transfer 
capabilities, semiconductor-like electronic property, and excellent 
biocompatibility [28–32]. CDs are a class of luminescent nanomaterials, 
whose size are typically less than 10 nm with the major compositions of 
C, N and O elements [33–35]. CDs usually exhibit various biomedical 
functions, such as imaging, drug delivery, and sensing. Especially, 
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carbon-dot ROS-modulators (CDRMs) have recently shown promising 
potential in ROS modulation for biomedical healthcare [36–38]. By 
mimicking oxidase- or peroxidase- enzymatic catalysis, some CDRMs 
can upregulate intracellular ROS, inducing bacterial and tumor cell 
lethality through excessive oxidative stress [39–42]. Other CDRMs can 
imitate natural antioxidant enzymes and act as antioxidant precursors, 
thereby downregulating the intracellular ROS levels [43,44]. In addition 
to the aforementioned unidirectional regulation, CDRMs can also enable 
bidirectional ROS manipulation (i.e., pro-oxidation and anti-oxidation) 
through strategic application of exogenous energy and deliberate 
structure design, allowing for dynamical control of ROS levels in 
response to disease progression [45]. The above flexible ROS modula
tion is generally reported to operate through three primary mechanisms: 
i) formation of catalytic sites to emulate natural enzymes; ii) generation 
of active electrons and holes upon photo or ultrasound excitation; iii) 
design of surface functional groups acting as electron donors, acceptors 
and transfer vehicle to facilitate redox reaction. Currently, numerous 
CDs with ROS regulation behaviors have been dispersedly developed, 
and some review articles have summarized their synthesis and 
biomedical applications. Regrettably, the underlying mechanisms of 
ROS management remain unclear and lack in-depth categorical analysis, 
including the active sites, energy transfer, substrate transformation 
process, and ROS modulation selectivity. Furthermore, a universal the
ory based on existing research is yet to be established. However, such a 
theory could significantly enhance the ROS-modulating activity and 
selectivity in future design of CDs. Therefore, a systemic summary and 
insightful discussion on the mechanism and structure-performance 
relationship of CDRMs is urgently needed to support their successful 
application in biomedical fields.

This review focuses on the state of the art in research on CDRMs, 
emphasizing their working mechanisms across various ROS regulation 
modes, and ultimately culminating in an extensive analysis of their 
current biomedical applications. Through comprehensive analysis and 
in-depth investigation, we aim to propose a foundational theory to guide 
the structural design of more efficient and selective CDRMs. CDRMs are 
categorized into three types based on their role in ROS modulation: 
upregulation, downregulation, and bidirectional regulation. For CDRMs 
with ROS up-regulation capability (Fig. 1a), we examine the 

mechanisms by which physical fields/enzymatic catalysis stimulate ROS 
generation or selectively enhance specific ROS types. Additionally, we 
review the operational principles of pro-oxidant enzyme-like CDRMs, 
providing practical examples from recent studies. For CDRMs with ROS 
down-regulation properties (Fig. 1b), we highlight those functioning as 
antioxidant enzymes or their precursors, offering a detailed overview of 
the mechanisms involved in ROS removal. Beyond these unidirectional 
influences, we focus on CDRMs capable of bidirectional ROS regulation 
(Fig. 1c), which hold promise for strategic, on-demand ROS modulation. 
Based on this theoretical framework, we summarize key biomedical 
applications, including chronic wound healing, malignant tumor treat
ment, and inflammatory disease management (Fig. 1d). Finally, we 
discuss emerging challenges and future prospects, emphasizing the need 
to establish structure-property relationships, enhance selectivity, and 
achieve precise ROS modulation.

2. Definition, classification, synthesis, and functionalization of 
CDRMs

CDs can be categorized into fluorescent, catalytic, photoelectric, and 
multifunctional types, with many depending on ROS regulation for their 
functionality. Given the pivotal role of ROS in maintaining cellular 
function and health at optimal levels as well as their potential to cause 
harm when imbalanced, this review focuses on the ROS regulation ca
pabilities of CDs, setting it apart from the predominantly function- 
oriented perspectives of existing reviews. This section begins with an 
overview of the definition, chemical classification and structural char
acteristics of CDs, followed by a summary of general fabrication 
methods. Subsequently, we outline strategies to functionalize CDRMs, 
including doping and surface modification, aimed at enhancing perfor
mance and expanding their biomedical functionalities.

2.1. Definition, classification and structural characteristics

CDs, a collective term for various nanosized carbon materials, were 
first identified in 2004 by Scrivens et al. [46] as photoluminescent im
purities in single-walled carbon nanotubes. In recent years, CDs have 
garnered significant attention in the biomedical field due to their 

Fig. 1. Overview of CDRMs to manage intracellular ROS, including action mechanisms, activity modulation, and selectivity improvement. (a) Unidirectional ROS up- 
regulation, (b) Unidirectional ROS down-regulation, (c) Bidirectional ROS regulation, (d) Biomedical applications.
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multifunctionality, encompassing not only their fluorescent properties 
but also their unique physicochemical features that enable ROS modu
lation, establishing them as CDRMs [47,48]. In this context, CDRMs are 
defined as a distinct subclass of CDs that not only retain the fundamental 
physicochemical characteristics such as size-dependent effects, photo
luminescence, and biocompatibility, but also exhibit intrinsic catalytic 
activity or responsiveness to exogenous physical fields, enabling the 
modulation of ROS levels.

While the intrinsic “black box” nature of CDRMs poses challenges in 
achieving a fully accurate classification and structural definition, 
ongoing research and deeper understanding are gradually clarifying 
their structural characteristics and commonalities. Typically, CDRMs 
consist of a carbonized core with sp²/sp³ carbon skeletons, surrounded 
by a shell rich in functional groups or polymer chains [49,50]. This 
structural framework allows for significant diversity in physicochemical 
properties, including morphological structure, core crystallinity, and 
shell configuration, which can vary based on synthetic conditions (e.g., 
reaction time, temperature, pH, and solvent) and precursor selection. 
Based on these variations, CDRMs can be further categorized into gra
phene quantum dots (GQDs), carbon quantum dots (CQDs), and 
carbonized polymer dots (CPDs) [51–53].

GQD are the earliest reported and, to date, the most extensively 
studied type of CDRMs. When carbon materials are subjected to rela
tively harsh conditions, the resulting nanofragments are classified as 
GQDs (Fig. 2). These anisotropic structures have lateral dimensions of 
less than 10 nm and a height of no more than five graphite layers. GQDs 
typically feature sp2-structured carbon cores with well-defined graphene 
lattices. Their edges or interlayer defects are rich in functional groups, 
such as carboxyl (-COOH), hydroxyl (-OH), and amino (-NH2) groups, 
which confer unique properties like quantum confinement and edge 
effects [54,55]. The ROS modulation capability of GQDs arises syner
gistically from their size-dependent quantum confinement effects, iso
lated π-domains within the core, and edge effects contributed by the 
functional groups.

CQDs are usually obtained via the hydrothermal carbonization of 
organic small molecules. Although CQDs share similarities with GQDs in 
having a graphene-like crystalline sp²-hybridized carbon core (Fig. 2), 
they typically feature a sp3-hybridized surface shell enriched with oxy
gen- and nitrogen-based functional groups and polymer chains. Another 
distinction is that CQDs exhibit a quasi-spherical morphology, often 
accompanied by additional graphite layers within the core. These 
layered structures can be distinctly observed through high-resolution 
transmission electron microscopy, revealing their characteristic lattice 

spacing.
The concept of CPDs was first introduced by Yang’s group in 2018 

[56,57]. Distinct from the other three subtypes, CPDs CPDs are char
acterized by highly dehydrated, cross-linked polymer backbones or 
lightly graphitized carbon cores [58,59], which are encapsulated by 
externally entangled polymer chains bearing diverse chemical func
tionalities (Fig. 2). While both CQDs and CPDs contain functional groups 
and polymer chains, CPDs exhibit a higher abundance and complexity of 
these surface moieties.

The ROS modulation ability of CDRMs is closely related the abundant 
surface functional groups and unique structure such as crystallinity and 
edge effect. Among the three subtypes of CDRMs, GQDs are the most 
distinguishable due to their unique precursors, production methods, and 
morphological structure (Table 1). In contrast, the structural definitions 
of the other three types remain incomplete and are yet to reach a 
consensus, leading to their names often being used interchangeably.

2.2. Synthetic methods and techniques

Based on the differences in carbon sources, methods for preparing 
CDRMs can be broadly classified into two major approaches: “top-down” 
and “bottom-up”. The top-down approach utilizes bulk carbon materials 

Fig. 2. Classification and structural characteristics of CDRMs in terms of morphology, crystallinity, and shell configuration. Reproduced with permission from ref. 
[52]. Copyright 2023, Elsevier.

Table 1 
Structural characteristics, synthesis, and application difference of CDRMs.

Category Graphene 
quantum dots 
(GQDs)

Carbon quantum 
dots (CQDs)

Carbonized 
polymer dots 
(CPDs)

Ref.

Size ＜10 nm ＜10 nm ＜10 nm [50, 
58]

Morphology Anisotropic Quasi-spherical Quasi-spherical [53, 
55]

Core The highest sp2 

fraction
The crystalline 
sp2-sp3 

hybridization

Slightly 
graphitized 
structure

[28, 
52]

Shell Functional 
groups

Functional 
groups and little 
polymer chains

Functional 
groups and 
abundant 
polymer chains

[57, 
59]

Precursor Bulk carbon 
materials

Small molecules Small molecules 
or polymers

[46, 
51]

Synthesis Top-down Top-down or 
bottom-up

Bottom-up [48, 
60]

Application ROS up- and 
downregulation

ROS up- and 
downregulation

ROS up- and 
downregulation

[61, 
62]
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as precursors, exfoliating them into nanoscale CDRMs, whereas the 
bottom-up approach begins with small molecules, polymers, or biomass 
as precursors, followed by processes such as dehydration, condensation, 
and localized carbonization.

2.2.1. Top-down synthesis
In the top-down synthesis pathway, the precursors are relatively 

limited, primarily involving graphite, graphite oxides, carbon fibers, and 
carbon nanotubes with sp2 structures (Fig. 3a). GQDs are commonly 
synthesized through this approach, which employs various methods to 
efficiently fragment bulk carbon materials, including physical and 
chemical exfoliation.

Physical methods, such as arc discharge, mechanical milling, and 
laser ablation were developed earlier [48,60,63,64]. The arc discharge 
method typically places an anode a few millimeters away from a 
graphite rod that could be evaporated by an electric arc to produce 
unpurified CDs deposited on the chamber walls as a soot. Although this 
method achieves excellent fluorescence performance, it is limited by low 
yield efficiency and poor size controllability of the resulting CDRMs. 
Mechanical milling addresses some of these issues by enabling modu
lation of ball size, collision frequency, and grinding time, to achieve 
more controllable results. However, the above methods often require the 
complex synthesis processes. Laser ablation is emerging as promising 
alternative because it seldom requires harsh exfoliation conditions and 
is less time-consuming. CDRMs produced through laser ablation often 
exhibit reduced fluorescent performance due to rapid heating and highly 
concentrated energy during the process. Chemical exfoliation methods 
can be categorized into chemical oxidation and electrochemical oxida
tion, both relying on strong oxidants (e.g., concentrated HNO3, H2SO4, 
and KOH) [52,65]. The chemical oxidation method treats bulk carbon 
materials with strong acids under hydrothermal or solvothermal con
ditions. Meanwhile, electrochemical oxidation applies high voltage to 
carbon precursors acting as working electrodes in an electrolyte, exfo
liating large carbon structures into smaller nanoparticles (NPs). Despite 
the emergence of various exfoliation methods mentioned above, most 
remain unsuitable for large-scale production due to the nature require
ment of harsh synthesis conditions, and complex post-treatment re
quirements for top-down synthesis.

2.2.2. Bottom-up synthesis
Given the importance of reducing industrial manufacturing costs and 

improving synthesis purity for the widespread application of CDRMs in 
biomedical and other fields, the bottom-up method has gained greater 
popularity due to its notable advantages, including simpler operation 
processes, fewer purification steps, and a broader range of raw mate
rials. The bottom-up synthesis approach employs small organic mole
cules, aromatic compounds, organic polymers, and biomass as 
precursors, which are typically rich in functional groups such as -OH, 
-COOH, -NH2, and -SH (Fig. 3b). These precursors are usually sealed in 

an autoclave and heated above their boiling points to undergo hydro
thermal or solvothermal reactions, during which dehydration and 
crosslinking processes promote the formation of carbonized structures 
[54,66,67]. During bottom-up synthesis, the structure, size, and com
ponents of CDRMs can be fine-tuned by selecting suitable precursors and 
varying reaction parameters such as solvents, temperature, and time, so 
as to obtain a better ROS-modulating performance. For example, Kim 
et al. [68] synthesized multicolor emission CQDs, including blue 
(B-CQDs), green (G-CQDs), and yellow (Y-CQDs), by adjusting the ratio 
of sulfuric and phosphoric acids in the reaction. Under near-infrared 
light irradiation, Y-CQDs demonstrated the most ⋅OH generation effec
tively killing bacteria, attributed to their larger polyaromatic sp² do
mains and more oxidized surfaces. Similarly, Su et al. [69] used natural 
turmeric as a carbon source to prepare CDRMs (ST-JHCQDs) under 
various reaction temperature. As the carbonization temperature 
increased, the antibacterial performance decreased due to reduced ROS 
generation under blue light irradiation.

Although hydrothermal and solvothermal methods are eco-friendly 
and offer strong operability, they can be time-consuming. Microwave- 
assisted synthesis offers a faster alternative, leveraging electromagnetic 
fields to interact with carbonaceous molecules in confined spaces and 
resulting in more uniform heating and faster carbonization and nucle
ation of CDRMs. Another widely used bottom-up method is pyrolysis, 
which involves the direct condensation and decomposition of organic 
precursors under non-enclosed conditions, leading to irreversible 
changes in physical and chemical properties. Pyrolysis typically requires 
high-temperature calcination under the protection of inert gas [70,71], 
during which most functional groups decompose into gases, reducing 
the heteroatom doping content in the synthesized CDRMs. Among 
various synthesis methods for bottom-up synthetic techniques, hydro
thermal and solvothermal techniques still remain the mainstream and 
should be continuously refined to improve synthesis purity and clarify 
formation mechanisms of CDRMs. Furthermore, integrating 
microwave-assisted synthesis with hydrothermal or solvothermal ap
proaches shows promise for saving time and producing CDRMs with 
enhanced ROS-modulating performance.

2.3. Strategies for functionalization of CDRMs

Functionalization plays a crucial role in tailoring the physicochem
ical properties of CDRMs, enhancing their activity and selectivity in ROS 
regulation, lesion targeting, and multifunctional disease therapies. Two 
widely used strategies are heteroatom doping, which is incorporated 
during synthesis, and surface modification, typically performed post- 
synthesis. The following sections will detail the fabrication processes 
of these approaches and their respective impacts on the properties of 
CDRMs.

Fig. 3. The synthetic pathway and techniques of CDRMs. (a) The top-down preparation. (b) The bottom-up synthesis.
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2.3.1. Heteroatom doping
Doping is a highly effective strategy for tuning the physical and 

chemical properties of CDRMs. Doping elements can be broadly classi
fied into non-metallic (e.g., N, S, P) and metallic (e.g., Fe, Ce, Cu, Co, 
Mn, Se, Au) categories (Fig. 4a). The standard synthesis of doped CDRMs 
involves incorporating carbon precursors containing the required 
doping elements, with subsequent steps following conventional syn
thesis procedures outlined in Section 2.2. For metallic doping, organo
metallic complexes or metal salts are often employed alongside carbon 
sources.

Incorporating heteroatoms into the carbon framework creates sur
face active sites and defects, thereby improving the enzymatic and 
photocatalytic processes. N, with its five valence electrons, similar 
atomic size to carbon, and frequent presence in precursor materials, is 
the most extensively studied non-metallic dopant for enhancing surface 
catalytic activity, charge transfer, and selectivity of CDRMs. [72,73]. On 
the other hand, metallic doping is usually prioritized to enhance cata
lytic activity, optoelectronic performance, or imaging functions. For 
instance, Fe, Cu, and Ce are frequently incorporated to replicate the 
catalytic sites of natural oxidoreductases for intracellular ROS modula
tion [74–76]. Jiang et al. [77] synthesized Mn-doped CDs via a hydro
thermal method using EDTA-2Na as a precursor. These resulting CDs 
exhibited superior oxidase activity by generating O2

⋅− under light irra
diation, which was attributed to the reduced bandgap, influenced by the 
intermediate energy levels, spin density, and charge distribution. Cheng 
et al. [78] employed a one-step microwave-assisted method to synthe
size Gd/Ru bimetallic-doped CDs, which exhibited both 1O2 generation 
upon 650 nm laser exposure and magnetic resonance imaging (MRI) 
capabilities. Despite these advancements, the potential biotoxicity from 
ion release in metal-doped CDRMs warrants attention. Furthermore, it is 
crucial to rationally design the doped structures, particularly by opti
mizing the coordination ratio and utilizing secondary dopants, to 
improve stability.

2.3.2. Surface modification
While doping modifies the core structure affecting intrinsic proper

ties, surface modification can tailor the external surface of CDRMs by 
attaching various of functional groups such as small drug molecules, 
ions, nanocluster or NPs [44,79,80]. The primary strategies for surface 
modification include amide coupling, electrostatic assembling, and 
in-situ reduction, with each method impacting the properties of CDRMs 
in distinct ways (Fig. 4b).

Amide coupling reactions involve the condensation of a carboxylic 
acid with an amine to form an amide and release water. However, this 
reaction is thermodynamically unfavorable and requires activation of 

the carboxyl group or deprotonation of the amine [81,82]. This method 
is typically used to modify the surface of CDRMs with small molecules or 
targeting agents like folic acid. However, the effect of this surface 
modification on ROS modulation is not yet fully explored, and a balance 
must be struck between imparting new functionalities (e.g., fluorescence 
modulation, lesion targeting and response) and maintaining 
ROS-regulating ability. Typically, CDRMs are either positively or nega
tively charged [83,84], which paves the way for electrostatic assembly 
between CDRMs and ions or molecules. Another electrostatic surface 
modification method for CDRMs is complexation, where coordination 
bonds form between ions and the functional groups on the surface. For 
instance, Park et al. [85] designed a CDs using o-phenylenediamine 
(OPD) as a precursor, which introduced nitrogen-containing poly
aromatic groups on the CD surface. These functional groups exhibited 
strong absorption and coordination abilities with Cu2+ ions. The in-situ 
reduction method is often employed to integrate metal nanoclusters or 
nanoparticles (NPs) onto CDRMs to enhance enzymatic activity, electron 
transfer, and physical field-responsive properties. This process involves 
the absorption of metal compounds (e.g., HAuCl4, PdCl2, H2Cl6Pt, and 
AgNO3) and their subsequent in-situ reduction using strong reductive 
agents (e.g., NaBH4 and ethanol). Sakdaronnarong et al. [86] demon
strated that Pt NPs could be synthesized on CD surfaces to improve 
enzyme-like activity while the incorporation of silver (Ag) NPs could 
diminish the catalytic activity. In some cases, the above surface modi
fications might also enhance the stability and hydrophilicity of CDRMs, 
improving their bioavailability and efficacy in biomedical applications.

Above all, the bulk properties such as electronic structure, catalytic 
activity, and ROS modulation, as well as surface properties, including 
targeting ability, drug delivery, biocompatibility, and fluorescence, can 
be finely tuned by synergistically combining doping and surface modi
fication, depending on the specific application.

3. Upregulation of ROS by CDRMs

CDRMs themselves rarely generate ROS directly. Interestingly, the 
pristine sp2/sp3 hybridized carbon core, unique internal properties, and 
diverse surface functional groups of CDRMs enable them to expose 
abundant catalytic sites mimicking oxidase (OXD) and peroxidase (POD) 
or be excited by external physical stimuli. All these properties contribute 
to ROS generation, the fundamental cause of which lies in the abundant 
supply of active electrons to catalyze other molecules serving as sub
strates. In this section, we first discuss ROS upregulation triggered by the 
catalytic activities of CDRMs. Additionally, we summarize ROS upre
gulation strategies based on physical stimuli such as light and ultra
sound. Each strategy is examined by exploring the mechanisms 

Fig. 4. The functionalization of CDRMs. (a) Doping and its effect on CDRMs. Reproduced with permission from ref. [77,87]. Copyright 2023, Elsevier. (b) Methods of 
surface modification.
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underlying free electron production, followed by a discussion of activity 
modulation and selectivity improvement approaches.

3.1. Nanozyme-catalyzed ROS upregulation

The phenomenon of nanozyme-catalyzed ROS production was first 
reported in 2007 when Yan et al. [88,89] discovered the intrinsic 
horseradish peroxidase (POD)-mimicking activity of ferromagnetic 
Fe3O4 NPs. In 2013, Wang et al. [90] introduced the term “nanozyme” to 
describe various nanomaterials with enzymatic activities. Compared to 
natural enzymes, nanozymes offer advantages in terms of lower prepa
ration costs, enhanced catalytic stability, and ease of surface modifica
tions. Among these, carbon dots stand out as promising nanozymes due 
to their small size, excellent biocompatibility, and diverse precursors. 
CDRMs can mimic natural POD and OXD activities, generating ⋅OH, O2

⋅− , 
and 1O2 using H2O2 and O2 as substrates. Although reaction substrates of 
POD and OXD are similar with that of photo-energized ROS generation, 
the enzymatic catalysis requires no external energy field. This section 
delves into the origins of the enzymatic activity of CDRMs and the 
corresponding mechanisms. Additionally, strategies for enhancing 
enzyme-like activity are discussed, including the application of physical 
fields, engineering single-atom nanozymes, doping with synergistic dual 
elements, modulating the coordination environment, and constructing 
cascaded reactions. Furthermore, current methodologies for achieving 
selective ROS generation are also highlighted.

3.1.1. Active sites and catalytic mechanisms
Both the POD- and OXD-like catalytical properties of CDRMs are 

largely dependent on the active sites present within the CDRMs. In a 
typical POD-like catalytic process, the first substrate, hydrogen peroxide 
(H2O2), is catalyzed to generate highly oxidative species such as hy
droxyl radicals (⋅OH) or superoxide (O2

⋅− ), which then further oxidize the 
second substrates. Similarly, in OXD catalysis, molecular oxygen (O2) 
acts as the first substrate, producing O2

⋅− or singlet oxygen (1O2), which 

can oxidize the second substrates, completing the catalytic process.
Elemental doping is a widely used strategy to incorporate catalytic 

sites into carbon dots with metal/non-metal dopants. Various metal el
ements, such as Fe, Cu, Mn, Ce, Co, and others, have been reported to 
enhance the enzymatic catalysis of CDRMs, facilitating the upregulation 
of ROS. A common method for doping is the hydrothermal technique, 
which uses metal salts (e.g., FeCl3, FeSO4, CuCl2, MnCl3, and Ce(NO3)3) 
as doping precursors to synthesize CDRMs exhibiting POD or OXD ac
tivities. In this process, the doped metal ions coordinate with nitrogen 
(N) elements in the CDs, forming chemical bonds that are believed to be 
responsible for substrate adsorption and electron transfer, key steps in 
enzymatic redox catalysis. For example, Li et al. [91] prepared Fe, 
N-doped CDs (Fe/N-CDs) exhibiting superior POD-like activity by hy
drothermally carbonizing FeSO4⋅7 H2O and L-histidine (Fig. 5a). They 
demonstrated that H2O2 molecules were adsorbed onto the Fe-N4 sites of 
Fe/N-CDs, where they were activated for homolytic decomposition into 
two hydroxyl radicals (⋅OH), which then generated ⋅OH upon desorp
tion. Similarly, Jin et al. [92] found that the coordination of Cu with N 
could significantly enhance the number of active sites by forming 
Cu+/Cu2+ redox pairs, which triggered a Fenton-like reaction leading to 
the formation of ⋅OH. These radicals then rapidly transformed into O2

⋅−

and 1O2, completing the catalytic cycle.
Although various metal elements endow CDRMs with enzymic 

property, the enzymatic activity is found to correlate linearly with the 
stability constants of the metal ions. This observation is supported by Li 
et al. [93], who synthesized EDTA-functionalized CDs-metal nanozymes 
(CDsEDTA-Me) with different metal ions (Fe3+, Cu2+, and Co2+). They 
found that CDsEDTA-Fe exhibited the highest POD-like activity (Fig. 5b). 
pH also plays a critical role in modulating the catalytic activity of 
CDRMs. Acidic environments generally promote POD and OXD-like ac
tivities, while neutral or alkaline conditions tend to diminish enzymatic 
properties. Therefore, developing CDRMs that maintain enzymatic ac
tivity under neutral conditions is especially promising for biomedical 
applications. For example, Zhang et al. [94] prepared CDs-Fe with 

Fig. 5. Catalytic sites and corresponding mechanisms of nanozyme-catalyzed ROS upregulation. (a) The reaction pathway of POD-like Fe/N-CDs. [91]. Copyright 
2023, Elsevier. (b) Differences in enzyme-like activity caused by various metal ions with the same coordination structure. [93]. Copyright 2024, American Chemical 
Society. (c) POD-like activity of CDs-Fe and potential catalytic mechanisms under neutral pH. [94].Copyright 2024, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref.
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Fe3+/Fe2+species through redox and coordination between aloe 
leaves-derived CDs which contain oxygen/nitrogen-rich functional 
groups, and Fe3+ (Fig. 5c). These CDs-Fe demonstrated excellent 
POD-like activity under neutral pH, owing to the synergistic effect of 
electron transfer processes and Fenton reaction-initiated ⋅OH genera
tion. Specifically, electrons from substrates were captured by coordi
nated Fe3+, reducing it to Fe2+. The accumulated electrons at Fe2+ were 
then transferred to H2O2, with Fe2+ being oxidized back to Fe3+, facil
itating an effective Fe3+/Fe2+ redox cycle and accelerating the electron 
transfer between substrates and CDs-Fe.

In addition to metal doping, non-metal elements N, S, and P are also 
commonly incorporated into CDRMs, due to their lower biotoxicity 
compared to metal-doped enzymes. For example, Gong et al. [87]
fabricated low-cost, biocompatible, and water-dispersible metal-free 
nitrogen-doped carbon nanodots (N-CNDs) with OXD-mimicking activ
ity, exhibiting a high maximum reaction rate (1.59 μM/s) and a low 
Michaelis constant (0.421 mM). The surface functional groups of the 
CDRMs are another critical factor, as they serve as enzymatic catalytic 

centers. Functional groups such as hydroxyl, carboxyl, and amine can 
adsorb and bind substrates through electrostatic interactions, promoting 
electron transfer between CDRMs and substrates, which is essential for 
initiating POD/OXD reactions. In the work by Huang et al. [43], they 
synthesized a type of metal-free CDs with multiple enzyme-like activities 
such as POD and CAT, that could be attributed to the abundant surface 
functional groups.

Despite considerable progress, our understanding of the catalytic 
mechanisms in CDRMs remains limited, mainly due to the complex 
substrate decomposition pathways and the elusive nature of the active 
sites. Although much evidence highlights the crucial role of doped metal 
and non-metal ions in enzymatic catalysis, a deeper understanding of 
substrate binding, transformation, and interaction with these active sites 
is still needed. For example, surface defects often form during doping, 
which may influence substrate adsorption and electron transfer, thereby 
affecting the enzymatic activity of CDRMs. Moreover, the depletion of 
catalytic sites remains a challenging issue that cannot be ignored. 
Additionally, components in the solution, such as phosphate ions, may 

Fig. 6. Activity modulation of nanozyme-catalyzed ROS upregulation. (a) Deploying physical fields. [95]. Copyright 2022, Elsevier. (b) Orchestrating single-atom 
nanozymes. [105]. Copyright 2022, Wiley. (c) Modulating the coordination environment. [108]. Copyright 2023, American Chemical Society. (d) Synergistic dual 
elements doping. [109]. Copyright 2024, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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inhibit the ROS upregulation ability of CDRMs, though the underlying 
mechanism is yet to be fully explained. It is also worth noting that the 
OXD-like catalytic mechanisms of CDMRs have been less extensively 
studied, but the principles established for POD-like CDRMs may also 
apply to OXD-like reactions.

3.1.2. Activity modulation

3.1.2.1. Deploying physical field. The semiconductor-like electronic 
properties of CDRMs enable them to be excited by photons with 
appropriate energy, resulting in enhanced enzyme-mimicking activity. 
The photothermal effect and hot carriers are believed to be the primary 
mechanisms behind the activity enhancement of CDRM nanozymes. 
Photon excitation of CDRMs generates hot carriers (e.g., e⁻-h⁺ pairs), 
which release their energy as localized heat through non-radiative 
relaxation. This localized heat increases the kinetic energy of sub
strates, optimizes the absorption surface, reduces the activation energy 
of catalytic reactions, and ultimately enhances enzymatic catalysis. For 
example, Zhou and Liu et al. [95] synthesized Fe-CDs (~3 nm) nano
zymes with excellent photothermal-enhanced enzymatic properties via a 
simple one-pot pyrolysis approach (Fig. 6a). The Fe-CDs exhibited 
significantly boosted POD-like activity upon 808 nm laser irradiation, 
likely due to increased electron transfer efficiency from the mild pho
tothermal effect. The larger polyaromatic sp2 domain and oxidized 
surface contribute to higher photothermal conversion efficiency (η). 
Zhang et al. [96] used a graphite plate as the raw material and employed 
a pulse electrolysis method to obtain high-purity CDs. These CDRMs 
featured a highly π-conjugated sp2-hybridized graphite structure, 
achieving an η as high as 64.3 % at a concentration of 500 μg/mL, with 
the temperature rising to 82.2◦C under NIR irradiation. In addition to 
internal structure design, adjusting the adsorbed substrates can further 
synergize with enzymatic catalysis to boost ROS production. For 
instance, Li and Xu et al. [97] created a heterointerface between 
POD-mimicking Fe-CDs and hot electron-generating nanorods (GNRs) 
through simple electrostatic self-assembly. The electric field formed at 
the heterointerface induced rapid migration of hot electrons from the 
GNRs to the Fe-CDs upon 808 nm laser excitation, increasing the 
POD-like activity by 3.14 times. Similarly, Wang et al. [98] synthesized 
Mn-doped CD nanozymes (Mn-CDs), which exhibited 1.81 times higher 
enzymatic activity under laser excitation compared to that in the dark.

While these strategies focus on enhancing POD activity through 
photocatalysis, non-metal incorporation, such as P-doping in P-CDs, has 
been found to enhance photocatalytic OXD-like activity more effectively 
[99]. This improvement is attributed to the higher crystallinity 
conferred by P-doping. Ultrasound, as another physical field, can also 
boost the enzymatic activity of CDRMs, owing to their 
ultrasound-responsive properties discussed in Section 3.3. However, 
corresponding investigations are still in the early stages.

3.1.2.2. Orchestrating single atom nanozymes. Single-atom nanozymes 
(SAzymes) have recently garnered significant attention due to their 
promising catalytic properties [100,101]. Although their coordination 
structure resembles that of metalloenzymes, the atomically dispersed 
active sites in SAzymes result in highly efficient atom utilization 
[102–104], leading to enzymatic activities that can match or even sur
pass those of natural enzymes. For instance, Lin et al. [105] designed 
single-atom Fe-doped carbon dots (SA Fe-CDs), which demonstrated 
exceptional OXD activity through a simple in situ pyrolysis process 
(Fig. 6b). The atomically dispersed Fe sites were capable of catalyzing 
the oxidation of TMB with a rapid response and high affinity, as evi
denced by a Vmax of 10.4 nM/s and a Km of 168 µM. Similarly, Kang et al. 
[106] reported the development of a single-atom Cu catalyst, coordi
nated in the form of CuN2O2, decompose H2O2 with the Vmax of 
656 nM/s, 6.56 times faster than natural horseradish peroxidase (HRP).

Despite the enhanced enzymatic activity, several challenges hinder 

the practical application of SAzymes. One significant issue is their poor 
dispersibility in aqueous solutions and potential toxicity, which could be 
addressed by incorporating abundant surface functional groups. Addi
tionally, the traditional hydrothermal synthesis of SAzymes presents 
difficulties; the harsh conditions (e.g., high temperature and pressure) 
often lead to aggregation of the atoms, preventing their stabilization in a 
monatomic state. Moreover, the complex chemical reactions and phase 
transitions that occur during hydrothermal synthesis may impede the 
precise control of the homogeneous formation and distribution of single- 
atom sites.

3.1.2.3. Modulating coordination environment. The challenges associ
ated with the application of single-atom nanozymes (SAzymes) can be 
partially addressed through modulation of their coordination environ
ment, which influences both structural stability and catalytic activity. By 
optimizing the bond types, the number of coordinating atoms, and the 
stereochemical structure within CDRMs, precise control over catalytic 
behavior can be achieved. For instance, Zhang et al. [107] developed a 
carbon dot-supported Fe SAzyme (ph-CDs-Fe SAzyme) with a high 
content of pyrrolic nitrogen using a ligand-assisted strategy. The coor
dination and dilution effects of phenanthroline promoted local coordi
nation with Fe atoms and prevented their aggregation, thereby 
enhancing peroxidase-like (POD) catalysis by mimicking the coordina
tion structure of ferriporphyrin in natural PODs. Additionally, compared 
to planar active sites, three-dimensional active sites can offer higher 
catalytic kinetics. For example, Xu et al. [108] synthesized 
CD-supported Fe-SAzymes (Fe-CDs) with twisted, nonplanar Fe-O3N2 
active sites (Fig. 6c), which closely resemble the non-heme iron center in 
Hydroxypropyl-1-phosphonate (S-HPP) epoxidase. These Fe-CDs 
exhibited remarkable POD-like activity (750 units/mg), outperforming 
conventional SAzymes with planar Fe-N4 active sites.

3.1.2.4. Doping synergistic dual elements. The interactions between 
different atoms in doped systems can lead to the rearrangement of 
electronic structures and energy levels, which may synergistically 
enhance the catalytic performance of CDRM nanozymes. Furthermore, 
the presence of two atomic species can improve structural stability and 
reduce activation energy, thereby accelerating the overall reaction rate. 
For example, Wang et al. [109] synthesized N/P co-doped graphene 
quantum dots (NPGQDs) as metal-free nanozymes, which enhanced 
POD activity in two key ways (Fig. 6d). First, the synergistic electron 
effect between N, which has a higher electronegativity, and P, with a 
lower electronegativity, generated highly localized states near the Fermi 
level. Additionally, the N/P co-doping improved substrate adsorption 
and reduced the energy barrier, creating superior conditions for enzy
matic activity compared to single heteroatom doping.

Diatomic doping with metal elements can also accelerate surface 
electron transfer in CDRM nanozymes, promoting more effective catal
ysis. For instance, Shen et al. [110] developed bimetallic Mn and Ce 
co-doped carbon dots (CDs), while Zhang et al. [111] prepared Co, 
N-doped CDs nanozymes, both of which exhibited superior OXD activity 
due to the synergistic electronic effects. These advantages make dia
tomically doped CDRM nanozymes promising candidates for advanced 
ROS upregulation. However, when incorporating a second dopant into 
the lattice structure of CDRM nanozymes, it is crucial to carefully screen 
the choice of dopant. Inappropriate atoms could inadvertently hinder 
POD/OXD-like activity, negating the desired catalytic enhancement.

3.1.2.5. Constructing cascaded reactors. The reaction rate in enzymatic 
catalysis is influenced by both enzymatic activity and substrate con
centration. A sufficient concentration of reactants increases the proba
bility of collisions between the substrate and active sites, thereby 
enhancing the enzymatic reaction rate. To elevate the concentration of 
key reactants like O2 and H2O2, the strategy of designing cascaded re
actors has been proposed. This approach aims to boost OXD and POD 
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catalysis. For example, glucose oxidase (GOX) decomposes glucose into 
gluconic acid and H2O2, and is often combined with POD-like CDRM 
nanozymes to improve ROS generation efficiency. Wang et al. [112]
engineered a glucose-responsive, photothermal nanozyme (GOX/MP
DA/Fe@CDs), consisting of GOX, Fe@CDs, and mesoporous polydop
amine (MPDA). By utilizing endogenous high blood glucose, 
GOX/MPDA/Fe@CDs could self-supply H2O2, which was then catalyzed 
to generate a large amount of intracellular ⋅OH. Similarly, Shen et al. 
developed a bimetallic-supported CDs nanozyme based on Cu and Fe, 
which exhibited both alcohol oxidase (AOX) and POD-like activity. In 
this system, methyl mercaptan (CH3SH) was catalyzed to H2O2, 
providing sufficient substrate for the subsequent POD process.

OXD-like catalysis can also be enhanced by constructing cascaded 
reactors. For instance, catalase (CAT), a natural enzyme, catalyzes the 
conversion of H2O2 into O2 [113,114], providing a key substrate for the 
OXD process in CDRMs. However, the complex operation and reduced 
activity of natural enzymes can limit their applicability. Therefore, en
gineering structures with optimal catalytic environments can support 
the self-cascaded catalysis of CDRM enzymes, improving overall 
efficiency.

3.1.3. Selectivity modulation
Catalytic selectivity is as crucial as catalytic activity in assessing 

enzymatic performance. Despite significant advancements in enhancing 
the enzymatic activity of CDRMs, modulating selectivity remains chal
lenging due to insufficient specificity toward both reaction pathways 
and substrates.

One major challenge in reaction pathway specificity arises from the 
multifunctionality of some CDRM nanozymes, which may exhibit 
competitive catalytic activities using the same substrate to produce 
different ROS. For example, certain CDRMs possess both POD and CAT 
activities, utilizing H2O2 as a substrate to generate ⋅OH and O2, 
respectively. This competition can be mitigated by adjusting active sites 
or regulating electron transfer. Ji and Chen et al. [115] demonstrated 
that Fe-SAzymes with neighboring active sites suppressed the competi
tive POD reaction while increasing CAT selectivity by up to sixfold 
compared to those with randomly dispersed active sites. The 

neighboring active sites acted as a molecular tweezer, trapping and 
decomposing H2O2 into O2 through hydrogen bond cooperation near the 
end-bridge. Similarly, Wang et al. [116] reconstructed Cu active sites by 
integrating nanoceria (CeO2), which significantly inhibited hydroxyl 
radical antioxidant capacity (HORAC) while enhancing POD-like activ
ity. Given that enzymatic catalysis depends on electron transfer between 
nanozymes and reaction substrates, inhibiting or blocking electron 
transfer with unfavorable substrates is a promising strategy for 
improving catalytic selectivity. For instance, Li and Xu et al. [117]
proposed an “electron lock” strategy to control the catalytic pathways of 
CDRM nanozymes (Fig. 7a). By tuning the CB potential of FeCDs to 
match specific catalytic reaction energy barriers, they achieved a 
switchable electron lock that enabled activatable OXD and selective 
POD activity, with substrate affinity 123 times higher than that of nat
ural HRP.

The challenge of achieving substrate selectivity in CDRMs lies in 
their rough surfaces, which lack binding pockets for specific substrate 
recognition and binding. For example, POD-like nanozymes in the 
presence of H2O2 can oxidize various organic substrates such as TMB, 
OPD, and ABTS. To emulate the substrate specificity of natural enzymes, 
strategies such as molecular imprinting, physical adsorption, and sur
face modification have been developed [118]. These approaches focus 
on artificially creating binding sites and secondary interactions—such as 
hydrogen bonding, ionic bonding, hydrophobic interactions, and van 
der Waals forces—to establish structural complementarity between 
nanozymes and substrates, thereby achieving selective recognition and 
binding. Furthermore, the recognition of chiral molecules offers addi
tional potential for enhancing substrate selectivity. Chiral CDRM 
nanozymes are typically prepared either by surface modification with 
chiral molecules or by directly using chiral molecules as reaction pre
cursors. For example, Yang et al. [119] designed cysteine-derived chiral 
CDs (Fig. 7b) and found that D-CDs outperformed L-CDs in catalyzing 
the topological transition of plasmid DNA from a supercoiled to a nicked 
open-circular configuration. All-atom molecular dynamics (MD) simu
lations revealed that the strong affinity between double-stranded DNA 
and D-CDs was the enantioselective origin of the DNA’s topological 
rearrangement.

Fig. 7. Selective upregulation of ROS through nanozyme catalysis. (a) The “Electron lock” effect to manipulate catalytic reaction pathway. [117]. Copyright 2024, 
American Chemical Society. (b) Leveraging the recognition ability of chiral molecules to achieve substrate selectivity. [119]. Copyright 2022, Wiley.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref.
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Overall, research into the selectivity modulation of CDRM nanozyme 
is still in its early stages. More convenient strategies are needed to 
address weak pathway and substrate selectivity in CDRM nanozymes. 
These include mimicking the precise catalytic microenvironment of 
natural enzymes and employing machine learning to predict and screen 
for optimal reaction selectivity. Additionally, establishing robust criteria 
and methods for accurately evaluating and comparing catalytic speci
ficity across various enzymatic reactions and substrates will be critical to 
advancing the field.

3.2. Light-driven ROS upregulation

3.2.1. Action mechanisms
Light can be provided by lasers, xenon lamps, or light-emitting di

odes. However, the penetration of external light sources into deep tissue 
is limited due to absorption and scattering by biological tissues. Inter
estingly, this limitation can be overcome by utilizing chem
iluminescence. Chemiluminescence is a unique phenomenon initiated 
by a series of chemical reactions, where the energy released during 
redox processes excites a substance from its ground state to an excited 
state, and then returns to emit light. For example, Fan et al. [120] used a 
luminol-H2O2-horseradish peroxidase reaction to generate intracellular 
chemiluminescence, thereby activating CDs-based 1O2 generation 
without the need for external light. Substrate molecules typically 
include H2O2, H2O and O2. Currently, photo-energized ROS generation 
is primarily supposed to arise from the photosensitizing and photo
catalytic properties of CDRMs, both of which are closely linked to 
photon absorption and subsequent electron transitions.

Photosensitizing theory considers CDRM as photosensitizers, whose 
electrons could absorb one or multiple photons, transitioning from the 
ground singlet state (S0) to the excited singlet state (S1) (Fig. 8a). The 
unstable electrons in the S1 state may undergo intersystem crossing (ISC) 
to the excited triplet state (T1). Those energetic electrons in T1 enable 
ROS production via two distinctive reaction processes. In type I process, 
some electrons in T1 may be transferred to surrounding molecules, such 
as H2O2, or O2, to generate⋅⋅OH or H2O2, as shown in Equations. 

O2+e-→O2
⋅− (1)

O2+ 2e-+ 2H+→H2O2                                                                    (2)

H2O2+e-→⋅OH+OH− (3)

In the type II process, energy transfer typically occurs between 
electrons in T1 and O2 adsorbed on the surface of CDRMs. During energy 
relaxation in the energetic electrons, the spin state of O2 transitions from 
triplet to singlet state. This energy transfer results in the generation of 
1O2, as shown in Eq. 4, which has a longer lifetime in air (2.80 s) 
compared to ⋅OH. For active electrons on CDRMs, the probability of 
colliding with oxygen adsorbed on the surface is significantly higher 
than that of colliding with surrounding molecules, making the type II 
process the dominant mechanism for ROS production in the photo
sensitizing theory [121]. 

3O2+ e- (energy transfer) → 1O2                                                     (4)

The photocatalytic theory primarily depends on the semiconductive 
properties of CDRMs (Fig. 8b). A typical photocatalytic process involves 
three sequential steps. 1) Excitation: Upon light irradiation, electrons in 
CDRMs are excited and transmitted from the valence band (VB) to the 
conduction band (CB), leaving behind positively charged holes (h⁺) in 
the VB. These photo-excited electrons and holes, collectively called 
carries, exhibit reductive and oxidative ability, respectively; 2) Migra
tion: The above carriers migrate in opposite directions within the 
CDRMs, eventually reaching reactive sites on the surface; 3) Reaction: At 
the surface of CDRMs, electrons reduce molecules to produce O2

⋅− (Eq. 1) 
and H2O2 (Eq. 2). Simultaneously, holes oxidize other molecules to form 
⋅OH (H2O+h+→⋅OH). Among these ROS, ⋅OH is most reactive due to its 
superior electron-capturing capability. It is worth noting that the above 
process requires the photon energy (hν) of incident light to exceed the 
bandgap energy (Eg) of the CDRMs. Furthermore, the effectiveness of the 
reduction and oxidation reactions is determined by the potentials of the 
CB and VB. A sufficiently negative CB potential enables effective elec
tron transfer for reduction, while a sufficiently positive VB potential 
supports efficient oxidation by holes.

The photosensitizing theory explains ROS generation by defining 
CDRMs as photosensitizers, while the photocatalytic theory strictly 
considers CDRMs as semiconductors. Both theories are valid, as the 
complex structure of CDRMs characterized by uncontrollable sp2/sp3 

hybridization, defects, and surface functional groups endows them with 
both photosensitizing and photocatalytic properties. However, it re
mains challenging to precisely determine the origin of their activity at 
the atomic level. Therefore, comprehensive structural studies and 
detailed mechanistic investigations are essential to achieve a deeper 
understanding of photo-energized ROS generation by CDRMs.

3.2.2. Activity modulation
Building on the fundamental understanding of the mechanisms 

behind photo-energized ROS production, several strategies have been 
proposed to enhance ROS generation in CDRMs. For the photocatalytic 
theory, these strategies include increasing the number of photo- 
generated carriers, extending the absorption range of incident wave
lengths, and inhibiting carrier recombination.

3.2.2.1. Increasing carrier amounts. According to the formula of carrier 
generation (hν≥Eg), reducing the bandgap (Eg) decreases the energy 
required to excite CDRMs. A smaller bandgap allows for the generation 
of more carriers under the same irradiation time and excitation wave
length. The bandgap of CDRMs is influenced by their structure, size, and 
surface defects. For example, Wang et al. [122] utilized 
sonication-assisted thermal exfoliation to prepare GOQDs capable of 
generating 1O2 upon irradiation by white light (Fig. 9a). The production 
of 1O2 doubled when the GOQDs were chemically reduced by hydrazine 
hydrate. This enhancement occurred because the chemical treatment 
reduced the bandgap of GOQDs from 3.2 eV to 2.6 eV, increasing the 

Fig. 8. Action principles of photo-energized ROS upregulation. (a) Photosensitization mechanism. (b) Photocatalytic mechanism.
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generation of electron-hole (e--h+) pairs. Similarly, Leblanc et al. [123]
reported that CDs with smaller sizes exhibited a reduced bandgap, 
potentially due to elevated impurity levels associated with a higher O 
content.

3.2.2.2. Red-shift of the excitation wavelength. Typically, the excitation 
wavelength of CDRMs is located in ultraviolet or visible light region. 
Enlarging the absorption wavelength allows electrons to be excited by 
photons with lower energy, thereby enhancing the utilization efficiency 
of incident light. The excitation wavelength is closely tied to the struc
ture and composition of CDRMs. Numerous red to near-infrared (NIR)- 
responsive CDRMs have been developed through strategies such as 
heteroatom doping, porphyrin ring incorporation, two-photon absorp
tion cross-section expansion, and precursor photosensitization. For 
instance, Wu et al. [124] demonstrated that P doping resulted in a 
red-shift in the maximum excitation wavelength of CQDs compared to 
S-CQDs. Similarly, metallic doping with Cu2+ increased the potential for 
NIR absorption in CDRMs [125] (Fig. 9b). An optimal Cu2+ content 
enabled effective O2 photosensitization to generate 1O2 upon 808 nm 
laser irradiation. Wang and Yu et al. [126] synthesized CDRMs, in which 
the porphyrin ring structure is cross-linked with p-phenylenediamine by 
amide condensation to form a larger π-electron domain. The conjugated 
domain effectively extended the photo-responsive wavelength range of 
CDRMs, enabling 1O2 generation under 638 nm laser excitation. Zhang 
et al. [127] hydrothermally synthesized CDRMs using 1,3,6-trinitropyr
ene and Na2SO3, which could generate 1O2 upon 800 nm irradiation via 
a two-photon excitation expansion mechanism. Besides, small molecular 
photosensitizers such as chlorin e6 (Ce6), Cyanine 7 (Cy7), and meth
ylene blue have been employed to synthesize CDRMs with red or NIR 

absorption property. For example, Zheng et al. [128] utilized Ce6 and 
polyethylene imine (PEI) as precursors to synthesize CDs (Fig. 9b), 
which were activated by a 685 nm laser to generate 1O2. The charac
teristic absorption peak at 662 nm was attributed to the n-π* transition 
of C––O and C––N bonds.

3.2.2.3. Inhibiting carrier recombination. The generation of electron- 
hole pairs (e⁻-h⁺) is a crucial step in initiating ROS production. How
ever, these photo-generated carriers are highly reactive and often 
recombine quickly, returning to their original states. To address this, 
several strategies have been developed to reduce carrier recombination, 
including extending the lifetime of active electrons and consuming the 
generated holes.

Heteroatom doping is commonly used to generate surface defects 
that can effectively trap photo-generated electrons, thereby inhibiting 
their recombination with holes. Chen et al. [129] reported that Cu-N 
coordination increased the decay time of NCDs from 2.2 to 3.6 ns 
(Fig. 10a), which in turn enhanced ROS production. Surface modifica
tion with molecules can also create space for electrons, preventing 
recombination. For instance, Duan et al. [130] modified the surface 
chemistry of carbon quantum dots (CQDs) by selectively substituting 
surface carbonyl groups (C––O) with phenylhydrazine (PH). This 
modification significantly decreased photoluminescence (PL) intensity, 
demonstrating PH could effectively inhibit the recombination of 
photo-induced carriers (Fig. 10b). Constructing heterojunctions with 
metal nanoclusters and semiconductors is another effective strategy to 
create a more negative conduction band (CB) potential, which can 
accept more electrons. Yuan et al. [131] found that conjugated AuAg 
nanoclusters (AuAg NCs) in CDs promoted charge carrier separation by 

Fig. 9. Activity modulation of photo-energized ROS upregulation. (a) Increasing carrier amounts. [122]. Copyright 2018, Royal Society of Chemistry. (b) Extending 
photo-absorption wavelength. [125]. Copyright 2018, Elsevier. [128]. Copyright 2023, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref.
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increasing the negative CB potential (Fig. 10c).
Additionally, the use of reductive molecules can react with oxidative 

holes, indirectly extending the lifetime of electrons. Teng et al. [132]
utilized ascorbic acid (AA) to scavenge photo-generated holes in 
nitrogen-doped graphene oxide dots (NGODs) (Fig. 10d). The results 
showed that NGODs effectively produced H2O2 under white-light irra
diation, with the production rate directly proportional to the concen
tration of AA.

The above strategies summarize the modulation of ROS production 
from the perspective of photocatalytic theory. In contrast, approaches 
based on photosensitizing theory primarily focus on improving the ef
ficiency of intersystem crossing (ISC) from the singlet state (S1) to the 
triplet state (T1), incorporating photosensitizers, minimizing non- 
radiative decay, and enhancing substrate adsorption.

3.2.2.4. Boosting ISC efficiency. Efforts to enhance intersystem crossing 
(ISC) efficiency focus on reducing the ISC energy gap (ΔEst), which fa
cilitates electron transfer from the singlet state (S1) to the triplet state 
(T1). A smaller ΔEst makes the transition from S1 to T1 more favorable, 
increasing the population of the triplet state and thereby enhancing 
energy transfer to adjacent O2 for efficient 1O2 generation. Wang et al. 
[133] synthesized three types of Hypericum perforatum extract-derived 
red-emissive CDs (h-RCDs) with tunable ROS generation properties 
(Fig. 11a). By modifying the reaction solvents to reduce ΔEst, the 1O2 

quantum yield of h-RCDs was significantly improved from 0.02 to 0.42. 
Similarly, Wu et al. [134] demonstrated that graphitic N in N-CDs 
possessed the smallest ΔEst, which is highly conducive to triplet state 
activation.

3.2.2.5. Loading photosensitizes. The composite of CDRMs and photo
sensitizers is typically fabricated through electrostatic interactions and 
amide coupling reactions, as discussed in detail in Section 2.3.2. Utilizing 
CDRMs as carriers addresses the solubility and stability challenges of 
photosensitizers. Additionally, the electron or energy transfer processes 
between CDRMs and the photosensitizers significantly enhance ROS 
generation. For instance, hemin, a photosensitizer capable of absorbing 
UV–visible light in the range of 220–500 nm, was utilized by Sheng et al. 
[135] to construct CDs/hemin nanoplatforms (HCDs). Notably, they 
observed a fluorescence resonance energy transfer (FRET) effect be
tween the two components, which improved the overall photoactivity 
and foster the generation of 1O2 under 650 nm laser irradiation 
(Fig. 11b).

3.2.2.6. Diminishing non-radiative decay. Non-radiative decay consumes 
energetic electrons by generating localized heating, thereby reducing 
the efficiency of ROS generation. By minimizing energy dissipation into 
heat, a greater proportion of energetic electrons can participate in re
actions with substrates, leading to enhanced ROS production. Bi et al. 

Fig. 10. Strategies to inhibit carrier recombination for modulating activity of photo-energized ROS upregulation. (a) Doping. [129]. Copyright 2020, American 
Chemical Society. (b) Surface modification. [130]. Copyright 2023, Elsevier. (c) Construction of hybrids. [131]. Copyright 2022, Royal Society of Chemistry. (d) 
Consumption of photo-generated h+. [132]. Copyright 2021, Royal Society of Chemistry.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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[136] synthesized CDs with tunable ROS generation efficiencies using 
levofloxacin and neutral red as precursors (Fig. 11c). By adjusting the 
molar ratio of levofloxacin to neutral red from 2:1 (CDs-2) to 10:1 
(CDs-10), the 1O2 generation rate increased by 3.5 times. The radiative 
decay (kr) of CDs-10 was measured as 1.8 times higher than that of 
CDs-2, while the non-radiation (knr) decay decreased approximately 
40 %, suggesting that the enhanced ROS generation is likely due to the 
suppression of non-radiative decay pathways via a rigidifying effect.

3.2.2.7. Enhancing adsorption of reaction substrates. The adsorption of 
reaction substrates is crucial for efficient ROS generation, as desorbed 
substrates prevent photo-generated carriers on the surface of CDRMs 
from reacting effectively. The abundant functional groups on CDRMs 
play a pivotal role in substrate adsorption. Wu et al. [134] demonstrated 
that pyrrolic N serves as the primary site for O2 adsorption, effectively 
reducing the distance between O2 and CDs, thereby facilitating photo
sensitization (Fig. 11d). Additionally, heteroatom doping has proven 
effective in decreasing the adsorption energy of reaction substrates, thus 
enhancing photo-induced ROS generation. The incorporation of het
eroatoms modifies the electronic structure of CDRMs and creates defect 
sites, which can weaken the interaction between substrates and CDRMs. 
Furthermore, heteroatoms alter the bonding characteristics of CDRMs, 
disrupting surface bonding. This perturbation might lead to the 

formation of more polarized or covalent bonds, ultimately changing the 
adsorption energy of the substrates and improving their reactivity.

Although numerous valuable strategies have been proposed to 
enhance the photo-energized ROS generation of CDRMs, many chal
lenges remain. For example, it is yet to be determined whether the se
lective deactivation of a functional group could precisely elucidate its 
specific contribution to the photoactivity of CDRMs. Additionally, 
optimizing the electron transfer rate between photo-generated carriers 
and reaction substrates continues to be a significant challenge. 
Furthermore, while a diverse array of doping types exists, identifying 
those most effective for enhancing ROS generation remains unclear and 
demands more systematic exploration.

3.2.3. Selectivity modulation
CDRMs can generate four common types of ROS—O2

⋅− , ⋅OH, 1O2, and 
H2O2—with the assistance of light. However, achieving controllable 
production of specific ROS remains challenging. Fundamental theories 
suggest that precise control of ROS generation can be realized by 
adjusting factors such as the CB/VB, ΔEst and precursors.

According to the photocatalytic mechanism, the CB/VB potentials of 
CDRMs must be sufficiently negative/positive to surpass the trans
formation potential of substrates. This ensures that photo-generated 
electrons (e-) and holes (h+) can reduce or oxidize adsorbed sub
strates, respectively. Adjusting the CB/VB potentials to optimal levels 

Fig. 11. Activity modulation of photo-energized ROS upregulation. (a) Enhancement of ISC efficiency. [133]. Copyright 2022, Elsevier. (b) Loading of photosen
sitizers. [135]. Copyright 2019, Elsevier. (c) Reduction of non-radiative decay. [136]. Copyright 2023, American Chemical Society. (d) Enhancement of substrate 
adsorption. [134]. Copyright 2020, Royal Society of Chemistry.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.

G. Xu et al.                                                                                                                                                                                                                                       Materials Science & Engineering R 166 (2025) 101024 

13 



can facilitate the selective generation of specific ROS. For example, Song 
et al. [137] synthesized N-doped carbon dots (NCDs) via one-step hy
drothermal treatment of tartaric acid and 3-aminophenol. The CB po
tential of these NCDs was more negative than the reduction potential of 
O2 to O2

⋅− (-0.33 eV vs. NHE), enabling efficient conversion of O2 to O2
⋅−

under 488 nm excitation. This demonstrates that tuning CB/VB poten
tial is a feasible strategy to regulate the production of specific ROS.

In addition, reducing the ΔEst has been shown to promote the gen
eration of ¹O₂ selectively. For instance, Wang and Ge et al. [133] syn
thesized three types of carbon dots (CDs)—h-RCDs, e-RCDs, and 
p-RCDs—with ΔEst values of 0.12, 0.07, and 0.04 eV, respectively. As 
ΔEst decreased, the selective production of 1O2 increased, while the ef
ficiency of O2

⋅− generation remained unchanged due to identical CB 
potentials determined by the core structure. Combining this approach 
with CB/VB modulation to suppress O2

⋅− , ⋅OH, and H2O2 formation 
presents a promising strategy for selectively producing ¹O2.

Precursors also play a significant role in determining the types of 
ROS generated by CDRMs. For instance, CDRMs derived from the 
dehydration and carbonization of photosensitizers tend to favor 1O2 
generation [138–140]. This behavior may be attributed to the partial 
retention of the photosensitizing and structural properties of the pho
tosensitizers. Additionally, Shen and Zhou et al. [141] that the N-Cu-N 
coordination structure in Cu-CDs was more favorable for 1O2 generation, 
which might be caused by the decreased energy for ISC.

3.3. Ultrasound-energized ROS upregulation

3.3.1. Action mechanisms
In addition to their photo-activated properties, CDRMs can also be 

excited by ultrasound to generate ROS, a process promising for 
biomedical engineering due to ultrasound’s deep tissue penetration and 
minimal side effects. However, understanding the mechanisms of 
ultrasound-energized ROS production remains in its early stages because 
of the complexity involved. Sonoluminescence and sonochemistry are 
the two primary mechanisms responsible for ROS generation, both 
initiated by the cavitation effect (Fig. 12a).

Cavitation arises from interactions between CDRMs and ultrasound, 
leading to pressure fluctuations in the liquid and the formation of 
microbubbles (MB). These MB undergo nucleation, growth, and 
collapse, processes classified into stable or inertial cavitation [142]. 
Stable cavitation, induced by low-intensity ultrasound, involves 
small-scale oscillations without rupture, while inertial cavitation, trig
gered by high-intensity ultrasound, entails violent expansion, 
compression, and explosive collapse of bubbles. The collapse of MB near 
the surface of CDRMs can lead to sonoluminescence, where the emitted 
energy matches the excitation energy of CDRMs, generating e⁻-h⁺ pairs. 
These pairs then react with adsorbed substrates (e.g., O2, H2O, and 
H2O2) to produce ROS, as outlined in Section 3.2.1. This mechanism 
parallels photosensitization, differing only in the energy source.

In sonochemistry, microbubble collapse converts ultrasound energy 
into localized heat (up to 10,000 K) and pressure (81 MPa), triggering 

Fig. 12. Action mechanisms of ultrasound-energized ROS upregulation. (a) Cavitation-induced sonoluminescence and phonochemistry. [142]. Copyright 2024, 
Wiley. (b) Cavitation-evoked breakage of surface functional groups. [143]. Copyright 2021, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref.
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water pyrolysis and generating ⋅OH radicals. CDRMs contribute to 
cavitation bubble formation and transfer energy from bubble collapse to 
their surfaces, leading to bond breakage in surface functional groups. 
This creates transient active species capable of reacting with the envi
ronment to form ROS. For example, Hu et al. [143] demonstrated that 
oxygen-containing groups (-COOH and -C-OH) on CD surfaces could 
transform into ROS upon ultrasound exposure (Fig. 12b). During cavi
tation collapse, oxygen free radicals (⋅O⁻) are generated, subsequently 
reacting with H⁺ and H2O to form O2

⋅− and ⋅OH (e.g., 3⋅O⁻ + H2O → 2OH⁻ 
+ O2

⋅− ; ⋅O⁻ + H⁺ → ⋅OH). This transformation is reversible and 
pH-dependent, offering potential for controlled ROS generation in spe
cific microenvironments.

Overall, both sonoluminescence and sonochemistry convert ultra
sonic energy into forms that activate e⁻-h⁺ pairs, pyrolyze water, or break 
surface bonds, all of which contribute to ROS generation.

3.3.2. Activity modulation
Although ultrasound-energized ROS production is a promising 

function of CDRMs, its low yield efficiency remains a significant limi
tation. Current strategies to enhance this process can be broadly clas
sified into two categories: internal strategies, involving the modification 
of CDRMs, and external strategies, which incorporate sensitizers.

The internal strategy focuses on manipulating thermodynamic and 
dynamic factors to enhance ROS production. A narrow bandgap is a 
favorable thermodynamic factor, as it reduces the ultrasound energy 
required to generate e⁻-h⁺ pairs. Additionally, extending the excited- 
state lifetime is a beneficial dynamic factor, as long-lived carriers can 
activate more adsorbed substrates for ROS generation. Constructing p-n 
junctions on CDRMs has proven to be an effective approach to nar
rowing the bandgap and prolonging carrier lifetimes [144]. A p-n 
junction is formed by combining p-type and n-type semiconductors, 

where the p-type semiconductor is rich in holes, and the n-type semi
conductor contains more free electrons. By compositing semiconductors 
with different bandgaps into heterojunctions, energy-level alignment 
can be achieved, which affects the bandgap of the overall structure. 
Furthermore, the p-n junction increases carrier lifetime by providing a 
built-in electric field that facilitates the separation of ultrasound-excited 
e⁻-h⁺ pairs and reduces recombination rates. For example, Shen et al. 
[62] developed a one-step microwave synthesis method to prepare CDs 
with different conductivity types (p, n, and p-n junction) by engineering 
them with sulfonic acceptors and/or nitrogen donors (Fig. 13a). The p-n 
junction group demonstrated enhanced 1O2 production under ultra
sound irradiation, attributed to its narrowed bandgap (1.62 eV) and 
long-lived triplet state (11.4 μs), which inhibited e⁻-h⁺ pair recombina
tion. Moreover, doping with impurity elements of varying valence states 
can convert p- or n-type semiconductors into p-n type semiconductors. 
For instance, Li et al. [145] synthesized Cu-doped CDs (Cu-CDs) using 
copper (II) acetylacetonate as the Cu source. Electrochemical measure
ments revealed that Cu doping transformed n-type CDs into p-n type 
semiconductors, reducing the bandgap from 2.93 to 1.58 eV. This 
modification prolonged the e⁻-h⁺ pair lifespan (10.7 μs) and significantly 
boosted separation efficiency.

External strategies primarily focus on enhancing the cavitation effect 
to improve ultrasound-energized ROS generation. Lipid-shell gaseous 
microbubbles (MBs) are particularly effective at absorbing ultrasound 
energy. Incorporating sonosensitizers near MBs can significantly boost 
their ROS generation efficiency under ultrasound excitation. For 
example, Yeh et al. [146] developed carbon-dot-based microbubbles 
(C-dots MBs) by integrating CDs directly into the MB shell, forming 
novel sonosensitizer-like CDRMs (Fig. 13b). This design allowed the CDs 
to efficiently absorb the energy from inertial cavitation, leading to the 
production of higher amounts of 1O2, ⋅OH, and H2O2 upon ultrasound 

Fig. 13. Activity modulation of ultrasound-energized ROS upregulation. (a) Construction of p-n junction. [62]. Copyright 2022, Springer Nature. (b) Enhancement of 
cavitation effect. [146]. Copyright 2023, Elsevier. (c) Loading of sonosensitizers. [148]. Copyright 2024, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref.
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irradiation. Similarly, Liu et al. [147] loaded CDs into core-shell poly 
(methacrylic acid) nanoparticles with hollow structures 
(CDs@CS-PMAA), creating potent sonosensitizers. The hollow structure 
enhanced the cavitation effect, resulting in substantially increased 1O2 
production under ultrasound. In addition to constructing hollow struc
tures, directly loading sonosensitizers onto CDs via chemical reactions is 
another effective approach to amplify the cavitation effect. A common 
method involves amide coupling reactions, which form stable bonds 
between carboxylic acids and amines. This strategy not only stabilizes 
the sonosensitizers but also extends their lifespan. For instance, Xue 
et al. [148] synthesized CD-based nanoclusters by covalently assembling 
Mn-doped CDs and simultaneously encapsulating the sonosensitizer 
hematoporphyrin monomethyl ether (HMME) (Fig. 13c). This assembly 
effectively prevented the aggregation of hydrophobic HMME molecules, 
enhancing their stability and functionality.

There is an urgent need to deepen our understanding of the mech
anisms underlying ROS production by CDRMs under ultrasound exci
tation and to develop innovative strategies to overcome the limitations 
in ROS generation. Incorporating metal nanoparticles or nanoclusters (e. 
g., Pd, Pt, and Au) into CDRMs holds significant promise for enhancing 
ROS production by extending carrier lifetimes and modulating bandg
aps. However, these approaches remain largely unexplored and require 
further research to achieve controllable ROS production.

4. Downregulation of ROS by CDRMs

Although significant research has focused on the upregulation of ROS 
by CDRMs, certain CDRMs with specific structure and components also 
demonstrate the ability to downregulate intracellular ROS. This capa
bility is particularly promising for combating oxidative stress and its 
associated damage. By mimicking the active sites of natural antioxidant 
enzymes or directly reacting with ROS as reductant, CDRMs can scav
enge various free radicals effectively. In this section, we will systemat
ically examine the mechanisms underlying the antioxidant properties of 
CDRMs. Furthermore, we will summarize strategies to modulate their 
antioxidant activity and selectivity, aiming to develop CDRMs with 
potent and precise ROS downregulation capabilities.

4.1. Active sites and antioxidant mechanisms

4.1.1. ROS downregulation by mimicking natural enzyme
Catalase (CAT) and superoxide dismutase (SOD) are the primary 

antioxidant enzymes in cells, working synergistically to eliminate 
harmful ROS and protect normal cells from oxidative damage. SOD, a 
metalloenzyme, catalyzes the dismutation of superoxide (O2

⋅− ) into O2 
and H2O2 through the reaction: 

2 O2
⋅− + 2H+→H2O2+O2                                                                  (5)

Subsequently, H2O2 could then be decomposed into H₂O and O₂ via 
the reaction: 

2H2O2→2H2O+O2                                                                         (6)

The above reaction is specially catalyzed by CAT, which is an iron- 
containing enzyme. The following paragraphs will summarize current 
research on CDRMs that mimic the catalytic properties of CAT and SOD.

CDRM nanozymes exhibiting SOD-like activity rely heavily on their 
surface functional groups, such as hydroxyl and carboxyl groups, which 
bind and capture O2

⋅− through electrostatic interactions or hydrogen 
bonding. Additionally, the conjugated π systems in CDRMs enable effi
cient electron transfer, oxidizing O2

⋅− to molecular O2. The reduced 
CDRM is then regenerated by reducing another O2

⋅− to H2O2, thereby 
completing the catalytic cycle. For example, Yan et al. [61] synthesized 
CDRM nanozymes with a remarkable SOD-like activity of over 10,000 
U/mg by oxidizing activated charcoal (Fig. 14a). The critical role of 
surface functional groups was demonstrated through chemical modifi
cations. Deactivating carboxyl and hydroxyl groups with 1,3-propane
sultone (PS) reduced the SOD-like activity to 1600 U/mg, which 
recovered to 4000 U/mg upon reactivating carboxyl groups. Similarly, 
deactivating the π-system by hydrothermal treatment in NaOH solu
tions, which decreased the carbonyl content, also weakened the 
SOD-like activity. These findings highlight that surface hydroxyl and 
carboxyl groups are essential for binding O2

⋅− and facilitating electron 
transfer to the conjugated π-system, which generates O2. Moreover, 
other functional groups such as -NH2 and -SH) also contribute to binding 
O2

⋅− , promoting electron transfer, and accelerating the disproportion
ation of O2

⋅− into O2 and H2O2 [149]. However, these functional groups 
alone are insufficient for SOD-like activity. Effective catalysis depends 
on a match between the redox potential and structural compatibility of 

Fig. 14. Nanozyme-catalyzed ROS downregulation. (a) Surface fictionization to mimic active sites of SOD. [61]. Copyright 2023, Springer Nature. [149]. Copyright 
2023, Wiley. (b) Metal elements doping to acquire active sites of CAT. [153]. Copyright 2022, American Chemical Society. [154]. Copyright 2023, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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CDRMs with the substrate. In addition to introducing antioxidant 
functional groups, another promising strategy for constructing SOD-like 
CDRM nanozymes involves incorporating redox pairs (e.g., Ce3+/Ce4+

and Fe2+/Fe3+). These redox pairs enhance electron transfer, facilitating 
efficient disproportionation of O2

⋅− .
Inspired by the active sites of natural CAT, which are formed by Fe 

coordination to amino acid residues, CAT-like CDRMs are typically 
constructed by doping metal elements (e.g., Fe, Cu, and Ce) into CDs 
[150–152]. The catalytic process involves the interaction of active sites 
with H2O2 molecules and subsequent electron transfer, triggering the 
disproportionation reaction. The efficient valence cycling of doped 
metal ions is crucial for achieving excellent radical scavenging effi
ciency. For instance, Yang et al. [153] synthesized Cu-doped CD nano
zymes (Cu-CDs) using CuCl2⋅2 H2O as the doping source (Fig. 14b). 
These Cu-CDs rapidly catalyzed H2O2 to generate O2 across various pH 
levels, including 5.5, 6.5, and 7.5. In contrast, pure CDs without doping 
exhibited minimal catalytic activity, underscoring the importance of Cu 
doping in forming active sites. Additionally, Huang and Xin et al. [154]
developed Ce and Gd bimetallic ion-doped CD nanozymes (Ce/Gd-CDs) 
with remarkable CAT-like activity, efficiently catalyzing the dispropor
tionation of H2O2 to generate visible bubbles of O2. While acidic con
ditions generally hinder the CAT-mimicking activity of CDRM 
nanozymes, this limitation can be addressed by the synergistic effect of 
elemental doping and localized surface plasmon resonance, enabling 
efficient O2 generation even under acidic conditions [155].

4.1.2. CDRMs directly reacting with ROS as reductant
Many small molecules and natural biomass materials are rich in 

active antioxidant groups, enabling them to efficiently scavenge various 
types of ROS. However, their practical applications are significantly 
limited by poor solubility, physiological instability, and low bioavail
ability. Excitingly, carbonizing these antioxidant materials into CDs can 
preserve the antioxidant groups while incorporating the advantages of 
CDs, such as excellent water solubility, high biocompatibility, and low 
toxicity. Notably, the antioxidant activity can be significantly enhanced 

when antioxidant molecules are meticulously formulated into CDs 
[156]. In principle, with the selection of an appropriate solvent, any 
material containing antioxidant sites can serve as a precursor for syn
thesizing antioxidant carbon CDRMs. Typically, the precursors undergo 
dehydration and carbonization via amidation reactions in organic sol
vents like formamide, ethylenediamine, and dimethyl sulfoxide.

The precursor candidates for antioxidant CDRMs range from small 
molecules to chemical compounds and even biomass substances. Small 
molecules such as citric acid, ascorbic acid, glutathione, and other an
tioxidants are excellent precursors. For instance, Zhu et al. [157] dis
solved citric acid and urea in N,N-dimethylformamide (DMF) to prepare 
antioxidant CDRMs with remarkable ⋅OH scavenging ability in a 
concentration-dependent manner. Similarly, combining citric acid and 
glutathione can yield CDs that rapidly scavenge ⋅OH, O2

⋅− , and H2O2 
[158]. Natural chemical compounds also serve as ideal candidates for 
antioxidant CDRM synthesis. For example, melatonin (N-acetyl-5-me
thoxy-tryptamine, MT), a secondary metabolite in plants and animals, 
was hydrothermally treated by Yu and Yang et al. to form CDRMs 
capable of effectively scavenging ⋅OH (Fig. 15a) [159]. These 
MT-derived CDs demonstrated lower toxicity, improved water solubil
ity, and better biocompatibility, expanding their potential applications 
compared to MT itself. Furthermore, biomass substances such as tradi
tional Chinese medicine (TCM) and food have been directly utilized as 
precursors. For example, Scutellaria baicalensis (S. baicalensis), a low-cost 
TCM with broad pharmacological effects and clinical applications, was 
used by Yang et al. [160] to produce CDs with exceptional scavenging 
abilities for ⋅OH and O2

⋅− , outperforming Vitamin C. In another study, 
Jiang et al. [161] synthesized antioxidant CDRMs (SB-HHD-CDs) using 
Scutellaria barbata (SB) and Herba Hedyotis diffusae (HHD), which 
effectively scavenged multiple radicals, including ⋅OH and O2

⋅−

(Fig. 15b).
Despite the diverse sources of precursors, the structural principles 

underlying antioxidant precursors for ROS-downregulating CDRMs 
remain unclear. This challenge could be addressed through advance
ments in molecular- and nanoscale-level observation technologies. 

Fig. 15. Antioxidant precursor-inherited ROS downregulation. (a) Antioxidant CDRMs derived from natural small molecules. [159]. Copyright 2024, American 
Chemical Society. (b) Antioxidant CDRMs obtained from traditional Chinese medicine. [161]. Copyright 2023, Elsevier.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref.
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Additionally, as the active sites in antioxidant precursor-derived CDRMs 
closely resemble the catalytic sites of SOD-mimicking CDRMs, estab
lishing clearer criteria to differentiate between antioxidant CDRMs and 
SOD-like CDRMs is a critical area for future research.

4.2. Activity modulation

Although antioxidant CDRMs overcome the disadvantages of natural 
enzymes, such as rapid inactivation, low bioavailability, and expensive 
preparation, the unsatisfactory antioxidant performance of CDRMs is 
still limiting their broad application. Recently, strategies such as pre
cursor screening, elements doping, surface electron transfer adjustment, 
and heterostructures construction have been proposed to boost antiox
idant activity of antioxidant CDRMs.

4.2.1. Precursor screening
The selection of precursors plays a crucial role in determining the 

crystallinity and core size of CDRMs, which significantly influences their 
antioxidant activity. For instance, Gao et al. [61] compared the anti
oxidant activity of CDRMs synthesized from graphite powder, carbon 
black, and activated charcoal under identical conditions. The crystal 
structure, density, porosity, and hardness of activated charcoal provided 
optimal thermodynamic and kinetic conditions for oxidation and 
etching processes, resulting in CDRMs with exponentially superior 
antioxidant activity compared to those derived from the other two 
precursors. Moreover, even precursors with identical components but in 
different ratios can produce antioxidant CDRMs with varying effi
ciencies. Xu et al. [162] utilized gallic acid (GA) and polyethyleneimine 
(PEI) as carbon and active site sources to synthesize antioxidant CDRMs. 
A GA/PEI ratio of 3:4 yielded the best antioxidant activity, attributed to 
the higher oxygen content and lower redox potential of the resulting 
CDs-GA3/4, which facilitated the ROS scavenging process.

Due to the complex synthesis processes of CDRMs, establishing 
universal principles to guide the selection of reaction conditions and 
precursors remains challenging. However, exploring fundamental 
structural effects, such as core size and crystallinity, may offer a feasible 
approach to enhancing the antioxidant activity of CDRMs. Additionally, 

leveraging emerging machine learning techniques to screen and predict 
valuable precursor candidates represents a promising direction for 
future research.

4.2.2. Elemental doping
Doping with appropriate elements is a key strategy to enhance the 

antioxidant performance of CDRMs. For example, Naumov et al. [163]
synthesized ten types of antioxidant CQDs with varying doping states 
and demonstrated that doped CQDs exhibited significantly higher anti
oxidant activity compared to undoped ones. Among the dopants, Al 
stood out, enabling CQDs with the highest activity, emphasizing the 
critical role of doping types. Furthermore, dual-element doping can 
enhance antioxidant activity by introducing additional active sites and 
improving interactions with substrates. Inspired by the natural occur
rence of Cu/Zn in some SODs, Wu et al. [164] developed biocompatible 
CuZn-CDs featuring -Cu-O-Zn- bimetallic covalent doping, which 
endowed the CDs with both catalase (CAT)- and SOD-like activities 
(Fig. 16a). Notably, Cu helped balance the positive charge during the Zn 
doping process under low pH conditions, enabling CuZn-CDs to exhibit 
CAT-like catalysis. The dual doping of Cu and Zn also stabilized the 
antioxidation capability across a wide pH range (1.2–13.0) and at high 
temperatures (up to 150◦C), making these nanozymes superior to nat
ural antioxidant enzymes in terms of application, transport, and storage. 
Similarly, CDRMs doped with Ce and Pr exhibited stronger ⋅OH scav
enging abilities compared to single-doped counterparts, owing to 
enhanced redox performance arising from dual doping [165].

4.2.3. Accelerating surface electron transfer
Since the antioxidant processes of CDRMs fundamentally rely on 

electron transfer between CDRMs and active ROS, enhancing electron 
transfer efficiency through surface modification with specific ligands 
and functional groups can significantly boost ROS-scavenging perfor
mance. For instance, Zhang et al. [166] demonstrated that an oligomeric 
nanozyme (O-NZ) synthesized using ethanol and o-phenylenediamine as 
precursors exhibited remarkable antioxidant activity (Fig. 16b). The 
high antioxidant performance was attributed to the semiconductor core 
and surface-active units of O-NZ, which facilitated ultrafast electron 

Fig. 16. Activity modulation of CDRMs to downregulate ROS. (a) Introduction of the second dopant. [164]. Copyright 2021, Wiley. (b) Surface electron transfer 
acceleration. [166]. Copyright 2021, The American Association for the Advancement of Science. (c) Antioxidant heterostructure construction. [169]. Copyright 2021, 
American Chemical Society.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref.
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transfer, achieving rates of 1.8 nanoseconds within the internal cores 
and 1.2 picoseconds between the core and ligand molecules. This effi
ciently electron transfer endowed O-NZ with ultrahigh SOD- and 
glutathione POD-like activities, comparable to those of natural enzymes. 
Beyond accelerating electron transfer speed, increasing the availability 
of surface electrons can further enhance the antioxidant capacity of 
CDRMs. For example, the semiconductor-like properties of CDRMs can 
be leveraged through photo or ultrasound stimulation to generate hot 
electrons, thereby amplifying their antioxidant activity [167,168].

4.2.4. Constructing heterostructure
The construction of heterostructures represents an advanced strategy 

to enhance the antioxidant performance of CDRMs by leveraging their 
electronic and structural synergies. Heterojunction structures modulate 
the electronic environment of the material, optimize charge transfer 
pathways, minimize energy losses, and accelerate charge migration, 
collectively boosting the efficiency of antioxidant reactions. Addition
ally, the interface regions formed within heterostructures often provide 
new active sites, further facilitating redox reactions and strengthening 
the antioxidant activity of CDRMs. For instance, Tang et al. [169]
developed a heterostructure comprising Tellurium-containing carbon 
dots (TeCDs) decorated with gold nanoparticles (Au-TeCDs). In this 
system, the TeCDs served as active reaction sites, while the hetero
structure with Au nanoparticles enhanced the elimination of O2

⋅−

(Fig. 16c). This demonstrates how the synergy between different com
ponents in a heterostructure can significantly improve antioxidant per
formance. Despite these advantages, the synthesis of CDRM-metal 
heterostructures still present challenges, including complex procedures 
and potential toxicity concerns. As an alternative, heterojunctions 
formed between different types of CDRMs (CDRM-CDRM hetero
junctions) offer a simpler, safer, and equally effective way to improve 
antioxidant performance. These CDRM-CDRM heterojunctions exploit 
the intrinsic properties of each component, creating a cooperative effect 
that enhances overall redox activity [144].

4.2.5. Weaving surface functional groups
The antioxidant activity of CDRMs varies depending on the type of 

functional group involved. Hydroxyl (-OH) groups exhibit stronger 
electron-donating abilities than carboxyl (-COOH) groups due to their 
higher electron density. This results in the higher antioxidant activity for 
-OH-functionalized CDRMs compared to -COOH-functionalized ones. 
For example, Paoprasert et al. [170] synthesized different types of CDs 
using green tea and alpha-hydroxy acids as precursors. They found that 
CDs containing multiple hydroxyl groups exhibited superior antioxidant 
activity compared to those containing fewer hydroxyl groups.

4.3. Selectivity modulation

Selective scavenging of toxic ROS while preserving the beneficial 
ones is vital for maintaining intracellular ROS balance. The antioxidant 
selectivity of CDRMs is largely determined by the surface functional 
groups present, as they govern both the electron and hydrogen atom 
transfer processes essential for effective ROS scavenging.

For example, to achieve SOD-like activity and eliminate O2
⋅− , CDRMs 

need to facilitate hydrogen atom and electron transfer to convert reac
tive ROS into stable molecules like O2, H2O, and H2O2. Studies have 
shown that the active sites of SOD-like CDRMs often involve functional 
groups such as -OH, -COOH, and -NH2, which are capable of donating 
hydrogen atoms to neutralize ROS. Similarly, to scavenge hydroxyl 
radicals (⋅OH), hydrogen atoms must also be provided by the CDRMs to 
react with ⋅OH. For instance, Lee et al. [171], synthesized SH-CQDs by 
hydrothermal pyrolysis of citric acid and reduced glutathione (GSH), 
showing that the -SH groups conferred the ability to scavenge H2O2 and 
⋅OH.

Furthermore, the redox potential of CDRMs must align with that of 
the substrate for efficient electron transfer. The core and surface 

structure of the CDRMs play a significant role in determining their redox 
potential, which governs their ability to selectively scavenge specific 
ROS. For example, Li et al. [45] demonstrated selective ROS scavenging 
by tuning the surface states of herbal-derived CDs (Fig. 17). These CDs, 
such as those derived from honeysuckle (HOCD) and dandelion (DACD), 
had appropriate redox potentials to scavenge harmful ⋅OH and ONOO−

while being inactive toward beneficial O2
⋅− , H2O2, and NO.

Other factors, such as surface charge and the reaction environment 
(e.g., acidic or alkaline conditions), also influence antioxidant selec
tivity. The surface charge of CDRMs can affect the adsorption of sub
strates through electrostatic interactions, thus altering the selectivity of 
ROS scavenging. Additionally, the reaction environment can alter the 
mechanism of ROS scavenging. For example, Pathak et al. [172] syn
thesized N, S co-doped CDs (NSCDs) and found that, under acidic con
ditions, the scavenging of free radicals occurred through a hydrogen 
atom transfer mechanism, while under alkaline conditions, 
proton-coupled electron transfer predominated.

To further enhance the antioxidant selectivity of CDRMs, various 
strategies can be employed, such as constructing electron locks, 
combining recognition molecules, and designing specific catalytic mi
croenvironments around active centers. These approaches can help to 
better regulate ROS scavenging, improving the efficiency and selectivity 
of CDRMs in biological applications.

5. CDRMs to bidirectionally regulate ROS

Most CDRMs can regulate ROS levels either by upregulating them 
through enzymatic catalysis or physical excitation, or by down
regulating them through antioxidant enzyme mimicry. In certain cases, 
these remarkable properties can be achieved using the same precursor, 
enabling bidirectional control of ROS. This section discusses strategies 
for achieving bidirectional ROS management, including the integration 
of both pro-oxidative and antioxidative active sites on individual CDRM 
nanozymes, and leveraging physical excitation to switch between anti
oxidant and pro-oxidative modes.

5.1. Nanozyme-catalyzed ROS bidirectional modulation

Metal doping introduces active sites onto CDRMs, enabling enzyme- 
like activity for managing intracellular ROS, with valence transitions of 
metal ions facilitating the shift between pro-oxidative and anti-oxidative 
states. For instance, Xu et al. [173] studied the catalytic dynamics of 
CDRMs based on the oxidation state of single atoms (Fig. 18a). Using 
ferrous and ferric ions in ethylenediamine tetraacetate 
(Fe2+/Fe3+-EDTA) as precursors, they synthesized Fe 
single-atom-incorporated CDs via a one-step low-temperature fabrica
tion process. These CDs exhibited either pro-oxidative POD-like catalysis 
or multiple antioxidative enzyme-like activities, including POD, SOD, 
and CAT. Remarkably, when precisely coordinated with N and C atoms, 
the same Fe-CDs displayed multiple enzyme-like activities, such as 
pro-oxidative enzymes (POD and OXD), antioxidative enzymes (SOD 
and CAT), and glutathione peroxidase (GPx), enabling bidirectional 
modulation of intracellular ROS levels [174] (Fig. 18b). Similarly, Yang 
et al. [153] optimized reaction conditions to prepare Cu-doped CDs 
(Cu-CDs), which enhanced POD-catalyzed ROS production and 
CAT-catalyzed O₂ production, alleviating hypoxia effectively.

Since acidic conditions enhance the pro-oxidative capabilities of 
CDRMs while antioxidative nanozymes typically operate in neutral or 
alkaline environments, pH-responsive modulation holds promise for 
achieving bidirectional ROS regulation. For example, Xu et al. [175]
developed celery-based CDs (CECDs, Fig. 18c), which exhibited 
photo-driven OXD-like activity at a pH of 5, closely matching the 
microenvironmental pH of infection sites. Conversely, CECDs displayed 
antioxidant activity at neutral or weakly alkaline pH levels, enabling 
intelligent, pH-responsive wound healing. However, the overlapping pH 
domains for pro-oxidation and antioxidation often complicate precise 
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control. This limitation can be overcome by reconstructing the elec
tronic structure of CDRMs through strategies such as heteroatom 
doping, careful selection of precursors, and fine-tuning of reaction en
vironments [176,177]. These approaches can enhance the adaptability 
and efficiency of CDRMs in diverse pathological settings.

5.2. Physical field-switchable ROS bidirectional modulation

Although physical fields such as photo energy can evoke both pro- 
oxidative and antioxidative activities, the energy required for each ac
tivity is often distinct. Thus, the conversion between pro-oxidation and 
antioxidation in CDRM nanozymes can be achieved by modulating the 
physical field in the reaction environment. For example, Yin et al. [178]

synthesized GQDs via chemical oxidation and cutting methods, which 
could quench various antioxidant free radicals without external stimuli 
but induce a ROS burst under blue light irradiation. Similarly, in He’s 
work [179] Au/N-doped CD nanozymes (Au/NC) exhibited intrinsic 
ROS-scavenging SOD-like activity but could generate ROS (O2

⋅− , ⋅OH, 
and 1O2) through OXD-like activity under visible light, demonstrating 
light-induced redox conversion. Additionally, Huang et al. [180] pre
pared ultra-stable tellurium-doped CDs (Te-CDs) with intrinsic 
H2O2-scavenging activity, which could also generate ⋅OH upon NIR 
(808 nm) laser irradiation.

The above examples demonstrate the transformation from anti
oxidation to pro-oxidation using external photo energy, ranging from 
blue light to NIR. However, most applications of bidirectional CDRMs 

Fig. 17. Modulating surface states to manipulate the antioxidant selectivity of CDRMs. Reproduced with permission from ref. [45]. Copyright 2024, American 
Chemical Society.
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aim to prevent excessive ROS production and prioritize the conversion 
of pro-oxidative nanozymes to antioxidative forms. For instance, Fang 
et al. [181] developed oxygen-nitrogen functionalized CQDs 
(O/N-CQDs) with intrinsic POD-like activity (ROS production) (Fig. 19). 
Interestingly, under appropriate visible light intensity, the CQDs could 
switch from POD-like activity to CAT-like catalysis (ROS scavenging). 
The mechanism underlying this photo-switchable enzymatic activity 
involved the polarization of quinoid nitrogen from the polyaniline pre
cursor under visible light, which consumed ROS to produce O2 and H2O. 
Photo-switchable bidirectional ROS modulation shows great potential. 
However, its application faces challenges such as limited tissue pene
tration of light. This limitation could be addressed by employing alter
native techniques such as ultrasound treatment to enable deeper tissue 
activation.

6. CDRM-dominated biomedical applications

ROS levels play a pivotal role in determining cellular fate. As 
emerging ROS modulators, CDRMs hold significant promises in 
biomedicine, enabling the development of diverse therapeutic strategies 
to treat severe diseases by precisely regulating ROS levels. On one hand, 
by harnessing physical fields or introducing enzyme-like active sites, 
CDRMs can upregulate ROS levels to induce irreversible oxidative stress 
within harmful bacteria and cancer cells, leading to structural damage 
and cell death. On the other hand, CDRMs can also scavenge excessive 
ROS to alleviate painful inflammation.

This section highlights the biomedical applications of CDRMs in 
wound healing, cancer treatment, and inflammation-related diseases. 
We delve into the pathological characteristics of these conditions, the 
therapeutic principles underlying ROS modulation, and the potential for 
synergistic therapies to enhance treatment outcomes.

Fig. 18. Nanozyme-catalyzed ROS bidirectional modulation. (a) Modulation of the oxidation state of active sites to alter the catalytic microenvironment. [173]. 
Copyright 2022, Wiley. (b) Doping-induced coexistence of pro-oxidative and anti-oxidative activities. [174]. Copyright 2022, Elsevier. (c) Switchable enzymatic 
activities under acidic and weak basic conditions. [175]. Copyright 2024, Wiley.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref.
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6.1. Wound healing

6.1.1. Bacterial inactivation
Bacterial infections are a significant barrier to wound healing, 

necessitating timely and effective elimination of bacteria to accelerate 
repair. While antibiotics remain the primary clinical approach to combat 
bacterial infections, their efficacy is diminishing due to the rapid 
emergence and evolution of antibiotic resistance [182–184]. Upregu
lating intracellular ROS to induce oxidative stress has emerged as a 
promising alternative to conventional antibiotics [185–187]. Under 
normal growth conditions, bacteria generate small amounts of ROS, 
including O2

⋅− , H2O2, and ⋅OH, which are neutralized by their intrinsic 
antioxidant defense systems. However, when exposed to 
ROS-upregulating CDRMs, the ROS levels overwhelm these defenses, 
leading to oxidative stress that damages bacterial lipids, proteins, and 
nucleic acids. This oxidative damage compromises cellular structures 
and metabolic pathways, ultimately resulting in bacterial death 
[188–192].

In infectious environments, bacteria and macrophages often over
produce H2O2. CDRMs with catalytic properties can exploit this, con
verting H2O2 into O2 or ⋅OH via CAT- or POD-like activity, respectively. 
For instance, Lin et al. [193] designed O2 self-supplying CDs (H-CDs) 

modified with the photosensitizer hemin to enhance photodynamic 
bacterial inactivation (Fig. 20a). H-CDs exhibited CAT-like activity, 
catalyzing endogenous H2O2 to O2, and enhanced electron-hole sepa
ration efficiency during photodynamic therapy, producing more 1O2. In 
a full-thickness infectious wound model, H-CDs combined with laser 
irradiation achieved an impressive wound closure rate of 92.8 %, sur
passing other treatments. Similarly, Zhou and Liu et al. [95] utilized the 
POD-like activity of Fe-CDs to generate ⋅OH, causing severe oxidative 
damage to bacteria. Additionally, the photothermal effect of Fe-CDs 
under 808 nm laser irradiation enhanced POD-like activity, further 
boosting ROS generation and accelerating infectious wound healing 
within 10 days.

Chiral CDRMs have also been developed for selective bacterial 
inactivation. Xu and Wang et al. [194] fabricated chiral CDs using D- 
and L-cysteine as precursors (Fig. 20b). D-CDs demonstrated stronger 
fluorescence and greater efficacy against gram-positive bacteria 
compared to L-CDs. Under dual-light irradiation, D-CDs exhibited 
enhanced antimicrobial activity through a triple mechanism: membrane 
rupture in the absence of light, 1O2 production during photodynamic 
therapy, and temperature elevation during photothermal therapy. In 
vivo studies confirmed the wound-healing potential of D-CDs under laser 
irradiation.

Fig. 19. Physical field-switchable ROS bidirectional modulation. Transformation of activity from POD to CAT upon visible light initiation. Reproduced with 
permission from ref. [181]. Copyright 2024, Wiley.
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While bacteria may attempt to counter oxidative stress by producing 
more antioxidant enzymes, excessive ROS production can overwhelm 
these defenses. Notably, resistance to oxidative stress is rarely reported, 
underscoring the promise of CDRM-based antibacterial strategies in 
addressing the global challenge of antibiotic resistance.

6.1.2. Inflammation modulation
Excessive inflammation arising from ROS is also a significant barrier 

to wound healing, causing oxidative injury to cells, impairing cell pro
liferation, and delaying the whole process. Antioxidant CDRMs, by 
downregulating overproduced ROS, can effectively transition wounds 
from the inflammatory phase to the cell proliferation phase, thereby 
promoting rapid repair. For example, Chen et al. [195] synthesized CDs 
with SOD- and CAT-like activities using anhydrous citric acid and 
ethanediamine as precursors (Fig. 20c). These CDs effectively scavenged 
O2

⋅− and H2O2 with excellent biocompatibility, promoting the prolifer
ation, migration, and angiogenesis of human umbilical vein endothelial 

cells. In vivo studies confirmed that these CDs acted as catalytic 
nano-antioxidant agents, significantly enhancing angiogenesis and 
facilitating repair in orthopedic disease models, including subcutaneous 
implants and diabetic wound healing. Similarly, Yang et al. [196]
developed a Zn-SAzyme supported by ultra-small CDs (Zn/CDs) via a 
one-step hydrothermal method. This nanozyme exhibited antibacterial, 
angiogenic, and anti-inflammatory properties, aiding diabetic wound 
repair. Zn/CDs efficiently entered cells, localized to mitochondria, and 
scavenged overproduced ROS, thereby protecting cells from oxidative 
stress and reducing the release of pro-inflammatory cytokines. The 
synergistic effect of mild photothermal strategies and antioxidant 
CDRMs could further promote the wound-healing process. For instance, 
Lin et al. [197] prepared antioxidant CDs (AA-CDs) with notable pho
tothermal effects using a straightforward solvothermal method with 
citric acid and ascorbic acid as precursors (Fig. 20d). AA-CDs demon
strated a photothermal conversion efficiency of 41.18 %, which simul
taneously enhanced bacterial elimination and ROS scavenging. To 

Fig. 20. CDRMs in managing intracellular ROS for wound healing. (a) O2 self-supplying CDRMs for photodynamic therapy. [193]. Copyright 2023, Wiley. (b) Chiral 
CDRMs for bacteria-selective photodynamic therapy. [194]. Copyright 2024, Wiley. (c) Antioxidant CDRMs for anti-inflammatory therapy. [195]. Copyright 2024, 
Elsevier. (d) Antioxidant CDRMs for photothermal bactericidal and anti-inflammatory therapy. [197]. Copyright 2024, Wiley.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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facilitate vivo application, AA-CDs were incorporated into a thermally 
responsive hydrogel. This hydrogel exhibited excellent 
anti-inflammatory properties by modulating inflammatory factors, 
significantly accelerating diabetic wound healing.

As the oxidative and antioxidative properties of CDRMs can sepa
rately promote antibacterial and anti-inflammatory processes, these two 
mechanisms often occur sequentially. Therefore, bidirectional CDRMs 
hold great promise in achieving an initial oxidation phase followed by 
antioxidation, restoring the natural healing state to the greatest extent. 
However, this hypothesis requires further investigation.

While numerous studies have highlighted the potential of CDRMs for 
intracellular ROS modulation in wound healing, several challenges must 
be addressed before clinical application. First, a deeper understanding of 
the repair mechanisms at the cellular and molecular levels is essential to 
move beyond superficial observations. Additionally, intracellular ROS 
level is critical for antibacterial efficiency but ROS are short-lived and 
readily react with surrounding substances, limiting their availability. 
Modifying CDRMs with bacteria-targeting molecules to improve their 
adherence to bacterial surfaces may help overcome these challenges and 
optimize antibacterial efficacy.

6.2. Cancer treatment

Malignant cancers remain one of the leading causes of death glob
ally, particularly advanced cancers, which are more difficult to treat and 
have significantly lower survival rates due to their rapid spread and 
metastasis. Current anticancer strategies primarily focus on either 
directly inducing cancer cell death or modifying the tumor microenvi
ronment, with ROS regulation playing a pivotal role in both approaches.

6.2.1. Monotherapy inducing cancer cell death
Excessive ROS accumulation induces oxidative stress, which can 

damage biological macromolecules and lead to cancer cell death. Pro- 
oxidant CDRMs have been extensively utilized to treat various tumors 
by regulating pathways such as apoptosis, autophagy, ferroptosis, and 
pyroptosis.

6.2.1.1. Apoptosis. ROS can activate apoptosis pathways by upregulat
ing pro-apoptotic proteins, promoting the opening of mitochondrial 
permeability transition pore, and activating caspases [15,198–200]. For 
example, Zheng et al. [128] synthesized CDs with effective photody
namic anti-cancer activity. These CDs functioned as both NIR phos
phorescence emitters (lifetime > 2.0 h) and ROS producers, enhancing 
photodynamic therapy under 685 nm laser irradiation. This approach 
effectively inhibited the growth of subcutaneous xenograft tumors in 
CT26 models, demonstrating remarkable therapeutic efficacy in vivo.

6.2.1.2. Autophagy. While autophagy is typically a cellular survival 
mechanism, excessive ROS accumulation can impair organelles and 
proteins, causing cell death. Shi et al. [174] rationally designed ul
trasmall CD-supported Fe SAzymes (Fe-CDs) (Fig. 21a) with multiple 
enzymatic properties, including OXD, CAT, SOD, and peroxidase family 
activities (POD, TPx, and GPx). These CDs accumulated in acidic 
endosomes and lysosomes, where their OXD/POD-like activities pro
duced toxic ROS, impairing lysosomal degradation and activating 
autophagic flux. Additionally, their SOD, CAT, and GPx-like activities 
disrupted redox homeostasis, directly enhancing autophagy and 
lysosome-mediated apoptosis.

6.2.1.3. Ferroptosis and Cuproptosis. Ferroptosis, a novel form of non- 

Fig. 21. CDRMs in managing intracellular ROS for malignant cancer treatment. (a) Autophagy targeting. [174]. Copyright 2022, Elsevier. (b) Cuproptosis pathway. 
[145]. Copyright 2024, Wiley. (c) Pyroptosis pathway. [205]. Copyright 2024, Wiley. (d) Multi-modal therapy. [206]. Copyright 2020, Wiley.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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apoptotic cell death, involves antioxidant defense collapse and lipid 
peroxidation, making it a promising cancer therapy strategy with min
imal drug resistance. Leblanc et al. [201] developed copper 
chlorophyllin-based CDs (Chl-D CDs) with excellent biocompatibility. 
These CDs augmented photodynamic activity via Fenton-like reactions, 
increasing ROS levels and triggering ferroptosis in cancer cells in vitro 
and in vivo. Moreover, Chl-D CDs could synergize with temozolomide, 
combining photodynamic therapy with chemotherapy for enhanced ef
ficacy. Similarly, cuproptosis is also an emerging therapeutic strategy, 
involving modulation of the tricarboxylic acid (TCA) cycle [202–204]. 
Cheng et al. [145] synthesized Cu-doped CDs (Cu-CDs) with a distinctive 
p-n junction and a narrow bandgap, enabling sonodynamic ROS gen
eration (Fig. 21b). The doped Cu ions also induced cuproptosis, syner
gistically enhancing therapeutic efficacy against glioblastoma 
multiforme.

Pyroptosis, a highly immunogenic form of cell death, features mem
brane pore formation, cell swelling and lysis, and pro-inflammatory 
cytokine release, making it a promising approach in cancer immuno
therapy. Qu et al. [205] developed photocatalytic ROS-upregulating CDs 
to induce pyroptosis for constructing whole cancer cell vaccines 
(Fig. 21c). Under white light irradiation, these CDs produced significant 
⋅OH, increasing intracellular ROS and reducing cytoplasmic pH. This 
efficiently triggered pyroptosis through the ROS-mitochondria-caspase 
3-gasdermin E pathway and proton-driven mitochondrial ATP synthesis.

The cancer-killing mechanisms of pro-oxidant CDRMs, whether 
acting independently or synergistically, effectively target tumor cells 
without inducing resistance, offering a powerful tool for advanced 
cancer therapies.

6.2.2. Multimodal therapy
Given the complexity, multiplicity, and unpredictability of malig

nant tumors, therapeutic strategies have evolved from monotherapy to 
multimodal therapy based on CDRMs. These approaches integrate tumor 
microenvironment (TME) targeting, intervention of the Warburg effect, 
and organelle-specific targeting to improve therapeutic efficacy.

6.2.2.1. TME targeting. The TME characterized by weak acidity, hyp
oxia, and abnormal metabolism, plays a critical role in tumor progres
sion and therapeutic resistance. Leveraging these unique features allows 
targeted regulation of ROS for cancer therapy. For instance, Lin et al. 
[206] developed a TME stimulus-responsive nanoplatform for fluores
cence (FL) imaging and synergistic cancer therapy. This platform con
sisted of photosensitizer-modified CDs (CDs-Ce6) and Cu2+ ions. The 
aggregation of CDs-Ce6 quenched FL and photosensitization, but their 
abilities were triggered under low pH, high glutathione (GSH), and H2O2 
levels in the TME. Additionally, Cu2+ provided chemodynamic therapy 
(CDT) by reacting with H2O2 and depleted GSH, amplifying intracellular 
oxidative stress and enhancing ROS-based cancer therapy efficacy 
(Fig. 21d).

6.2.2.2. Intervention of the Warburg effect. The Warburg effect, a hall
mark of cancer, involves glucose metabolism through aerobic glycolysis 
to sustain rapid ATP production and meet the energy demands of tumor 
growth. Starvation therapy has been proposed to deplete glucose in 
tumor tissues, synergizing with ROS-upregulated CDRMs to inhibit 
cancer cell proliferation. For example, Chang et al. [207] designed a 
multifunctional nano-catalyst, Cu,N,S-CQDs@GOx/CPT (CuCGC), 
combining Cu, N, S-doped carbon quantum dots, glucose oxidase (GOx), 
and camptothecin (CPT). The acidic TME facilitated the release of Cu2+

and S2- ions, which catalyzed hydroxyl radical (⋅OH) and H2S gas pro
duction for CDT and gas therapy (GT), respectively. Moreover, CuCGC 
reacted with glucose to produce gluconic acid and H2O2, supporting 
starvation therapy (ST) and enhancing CDT. CuCGC also showed 
ROS-responsive CPT release upon activation by H2O2 and glucose, 
achieving a 66 % drug release rate and improving its therapeutic 

efficacy.

6.2.2.3. Organelle targeting. Precise targeting of specific organelles 
minimizes side effects and enhances the bioavailability of pro-oxidant 
CDRMs. For example, Bi and Li et al. [208] developed 
lysosome-targeted CDs capable of light-controlled nitric oxide (NO) 
release for enhanced PDT. These CDs, synthesized via hydrothermal 
methods using metformin and methylene blue (MB), exhibited high 
singlet oxygen (1O2) quantum yield and NO generation efficiency upon 
LED light irradiation. The cascade reactions, including oxidation of NO 
to peroxynitrite (ONOO⁻), disrupted lysosomal membrane integrity, 
achieving ~80 % HepG2 cell destruction under light excitation while 
maintaining low cytotoxicity in the dark. Similarly, Zhang et al. [133]
constructed a mitochondrial-targeting CD photosensitizer derived from 
Hypericum perforatum extract. These red-emissive CDs (RCDs) effec
tively generated 1O2 and O2

⋅− under 635 nm irradiation. Their inherent 
mitochondrial-targeting ability enabled fluorescence-guided navigation 
for type I/II PDT, even under hypoxic conditions.

Despite the promising laboratory results, the clinical translation of 
CDRM-based therapies faces several challenges: Selective ROS gener
ation: Achieving precise and adequate ROS generation in tumor cells 
while minimizing toxicity to normal cells remains a critical hurdle. 
Stable and controlled ROS release: The short lifespan of ROS neces
sitates strategies for controllable and stable release at tumor sites to 
ensure therapeutic efficacy. Additionally, the physiological stability of 
CDRMs must be improved for sustained ROS generation. Balancing 
efficiency and biotoxicity: While enhancing treatment efficiency, it is 
essential to ensure biocompatibility and avoid long-term toxicity and 
side effects, crucial for FDA approval. Understanding mechanisms: A 
deeper understanding of how ROS induce cancer cell death and mediate 
multimodal therapy is necessary. The precise action sites of CDRMs 
within malignant tumors also requires further elucidation based on ev
idence from multiple perspectives.

6.3. Inflammation-related diseases

Statistical research shows that over 50 % of global deaths are asso
ciated with inflammatory diseases, such as ischemic heart disease, 
neurodegenerative diseases, diabetes, and autoimmune disorders 
[209–212]. These diseases share a common pathology of cellular dam
age caused by excessive ROS production. Therefore, CDRMs with anti
oxidant properties have the potential to contribute to anti-inflammatory 
treatments by scavenging harmful ROS and reducing pro-inflammatory 
cytokines. Additionally, the fluorescent properties of CDRMs enable 
visible monitoring of therapeutic effects via in vivo imaging. CDRMs 
have shown promise in alleviating conditions such as visceral inflam
mation, periodontitis, and neurodegenerative diseases.

Inflammatory bowel disease (IBD) is primarily caused by excessive 
oxidative stress due to abnormally high ROS levels in the colon. Zhang 
et al. [213] developed red fluorescent C-dots with SOD-like antioxidant 
activity to scavenge excessive O2

⋅− and treat IBD (Fig. 22a). Using 
glutathione (GSH) and biotin as precursors, these C-dots effectively 
reduced ROS levels, remodeling the redox microenvironment in the 
colon and downregulating pro-inflammatory cytokines, such as TNF-α, 
IL-6, and IL-1β. The fluorescent properties also enabled in situ imaging 
in mouse models. Symptomatically, C-dots alleviated colon inflamma
tion by promoting epithelial repair, restoring colon length, and reducing 
inflammatory cell infiltration. Similarly, Luo et al. [149] created a 
CDRM nanoplatform for visual therapy aimed at ameliorating acute lung 
injury. These CDRMs demonstrated SOD-like activity (>4000 U/mg) 
and could accumulate in mitochondria to scavenge harmful ROS. They 
also emitted fluorescence at a wavelength of 683 nm, allowing for 
real-time imaging during therapy.

Periodontitis, a chronic inflammatory disease closely linked to 
excessive intracellular ROS, can benefit from ROS regulation. A reduced 
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ROS level can remodel the periodontal microenvironment and attenuate 
the inflammatory response. For instance, Yu and Yang et al. [159] hy
drothermally synthesized melatonin-derived carbon dots (MT-CDs), 
which exhibited excellent solubility, biocompatibility, and 
ROS-scavenging capabilities (Fig. 22b). In vitro studies showed that 
MT-CDs effectively reduced intracellular ROS levels, maintained mito
chondrial homeostasis, and inhibited the generation of inflammatory 
mediators. In vivo studies demonstrated that MT-CDs significantly pro
moted tissue regeneration by suppressing alveolar bone degradation, 
reducing osteoclast activation, and inhibiting the inflammatory 
response through the Nrf2/HO-1 signaling pathway.

CDRMs also show promise in treating neurodegenerative diseases 
such as Parkinson’s disease (PD). Traditional PD drugs are often limited 
by the blood-brain barrier (BBB), leading to poor drug availability at the 
lesion sites. CDRMs have gained attention due to their unique physico
chemical properties, which can facilitate BBB penetration. Studies sug
gest that CDRM size, surface charge, and chemical composition play 
pivotal roles in traversing the BBB. Smaller CDRMs can pass through the 
tissue gaps in the BBB, and surface functional groups can promote 
receptor-mediated interactions that enhance BBB permeability. Huang 
et al. [214] used a solvothermal method to prepare red-emitting 
N-doped CDRMs, which could eliminate ROS, produce nitric oxide 

(NO) to reversibly open the BBB, and chelate iron ions to inhibit the 
Fenton reaction (Fig. 22c). The addition of lactoferrin further improved 
BBB permeability and facilitated selective accumulation of CDRMs in 
dopaminergic neurons of the substantia nigra via receptor-mediated 
pathways. In vivo results confirmed improved behavioral performance 
in PD mice through reduced inflammation, and the biocompatibility of 
the CDRMs was demonstrated by their clearance from the brain via 
cerebrospinal fluid circulation.

Despite their remarkable antioxidant ability to treat inflammatory 
diseases, non-specific targeting of CDRMs may lead to adverse effects on 
normal tissues and organs following in vivo administration [215–217]. 
As macrophage recruitment by chemokines is a notable feature of in
flammatory lesions, exploiting the natural chemotaxis of macrophages 
could provide a promising strategy for the localized delivery of CDRMs. 
For example, Wu et al. [218] designed a macrophage membrane 
(MM)-camouflaged, ROS-responsive nanotherapeutic platform (LC-MM) 
to treat atherosclerosis (AS) (Fig. 22d), a chronic progressive inflam
matory disease that contributes to various cardiovascular conditions, 
including ischemic heart disease, coronary artery disease, and stroke. To 
inhibit pro-inflammatory cytokines, they grafted CDs with the classical 
cholesterol-lowering drug lovastatin (LVT), which could be released in a 
ROS-responsive manner via oxalyl chloride (OC). The key functional 

Fig. 22. CDRMs in managing intracellular ROS for treatment of inflammation-related diseases. (a) Inflammatory bowel disease. [213]. Copyright 2023, Elsevier. (b) 
Periodontitis. [159]. Copyright 2024, American Chemical Society. (c) Parkinson’s disease. [214]. Copyright 2024, Elsevier. (d) Atherosclerosis. [218]. Copyright 
2024, Wiley.
(a) Reproduced with permission from ref. (b) Reproduced with permission from ref. (c) Reproduced with permission from ref. (d) Reproduced with permission 
from ref.
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membrane protein of MM, integrin α4β1, was capable of recognizing and 
interacting with the overexpressed vascular cell adhesion molecule 1 
(VCAM-1) on inflammatory endothelial cells, enhancing both targeted 
accumulation and therapeutic efficacy. Additionally, Wu et al. [219]
reported the development of phosphatidylserine-specific peptide-
functionalized carbon dot nanozymes (pep-CDs) for the specific and 
efficient noninvasive therapy of atherosclerosis. The peptide, CLIKKPF, 
facilitated the targeting of foam cells by binding specifically to phos
phatidylserine on their surface. This selective targeting significantly 
enhanced the accumulation of pep-CDs at plaques, thereby maximizing 
the therapeutic efficacy in treating AS.

As an emerging class of nanomaterials, CDRMs have demonstrated 
great potential in treating inflammation-related diseases, thanks to their 
exceptional antioxidant properties, targeting ability, imaging function
ality, and biocompatibility. By scavenging free radicals, modulating 
antioxidant enzymes, and influencing related signaling pathways, 
CDRMs can effectively reduce inflammation and promote recovery in 
patients. However, research on the anti-oxidative mechanisms of 
CDRMs is still in its early stages, and further in-depth investigations are 
needed. Looking ahead, CDRMs hold great promise as a powerful tool in 
the fight against inflammation, with the potential to significantly 
improve human health.

7. Perspectives and summary

7.1. Summary

ROS plays a crucial role in regulating the physiological functions of 
cells. Carbon dots with advantages such as low preparation costs, 
excellent biocompatibility, and favorable electronic properties, are 
emerging as promising tools for manipulating intracellular ROS levels to 
combat various devastating diseases. Despite numerous reviews on 
carbon dots, few focus specifically on their regulation of ROS and the 
underlying mechanisms.

In this review, we aim to summarize the rapid advancements in 
carbon dots as ROS modulators (CDRMs). We first discuss classification 
criteria and common strategies for synthesizing and functionalizing 
CDRMs, such as doping and surface modifications. Next, we explore the 
mechanisms by which CDRMs regulate ROS, covering upregulation, 
downregulation, and bidirectional regulation, and examine methods to 
modulate their activity and selectivity in each state. For ROS upregu
lation, we detail how ROS stress is triggered through photo energy, ul
trasound, and nanozyme catalysis. Regarding ROS scavenging and 
antioxidant functions, we highlight potential active sites and mecha
nisms, including nanozyme-catalyzed antioxidant activity and the ROS 
downregulation inherited from antioxidant precursors. Additionally, 
dynamic bidirectional ROS manipulation is achieved in CDRMs through 
the rational construction of enzymatic sites and the application of 
physical fields. To accelerate the clinical application of CDRMs in 
biomedicine, we review their potential applications in wound healing, 
cancer treatment, and inflammation-related diseases, with a focus on the 
pathological characteristics, therapeutic mechanisms, and lesion- 
targeting strategies.

7.2. Future perspectives

Despite the enormous potential and significant progress of CDRMs in 
intracellular ROS modulation, there is still a long way to go before they 
can be fully integrated into advanced healthcare management. The main 
challenges and potential solutions are as follows: 

i) Ambiguous structure-property relationship. CDRMs exhibit a 
wide range of structures, from zero-dimensional dots to three- 
dimensional spheres, with the possibility of multiple structures 
coexisting in one-pot synthesis. This structural diversity compli
cates their characterization and makes it challenging to establish 

a unified structural model. Furthermore, the performance of 
CDRMs is closely linked to their size and morphology, but current 
synthesis methods struggle to precisely control size distribution 
and shape. This leads to poor reproducibility and inconsistent 
functionality. Additionally, CDRMs often feature a variety of 
surface functional groups, which significantly influence their 
solubility, stability, biocompatibility, and catalytic activity. 
Achieving precise control over these surface groups remains a 
significant challenge. Importantly, the relationship between 
specific structures and their corresponding performance, as well 
as how to optimize performance through structural manipula
tion, lacks standardized principles. To address these issues, high- 
precision structural analysis, in-situ characterization techniques, 
and advanced theoretical computational methods are essential. 
Moreover, machine learning could be leveraged to guide the se
lection of synthesis parameters (e.g., reaction solvent, precursors, 
temperature, and time), enabling more accurate predictions of 
structure and properties. For CDRMs to be successfully translated 
into practical applications, challenges related to standardization 
and industrial production must also be overcome. This involves 
ensuring structural consistency and performance stability during 
large-scale manufacturing.

ii) Poor selectivity over ROS type management. Different ROS 
have distinct roles and mechanisms of action in biological sys
tems. Increasing evidence suggests that the management of ROS 
by CDRMs is closely linked to their surface properties. However, 
the impact of various surface functional groups on ROS regula
tion requires further in-depth study. Selectively managing spe
cific ROS types necessitates precise control over both the 
electronic structure of the core and the surface of CDRMs. Un
fortunately, current synthesis and modification techniques lack 
the precision needed for exact modulation of intracellular ROS 
types. A promising direction is to develop “smart” CDRMs, 
functionalized with stimulus-responsive molecules that can be 
activated by external or intracellular cues to regulate specific 
ROS types. Additionally, exploring the relationship between the 
redox potential (i.e., electron energy level) of CDRMs and their 
ROS-regulating properties could lead to the development of 
CDRMs with selective ROS-modulating capabilities.

iii) Precise and on-demand ROS level modulation. ROS serve as 
crucial cellular signaling molecules involved in various physio
logical processes, but excessive ROS production can trigger 
oxidative stress and cause cell damage. The key to effective ROS 
regulation using CDRMs lies in the precise and on-demand con
trol of intracellular ROS levels to achieve therapeutic effective
ness without side effects. However, ROS management is complex, 
and accurately modulating ROS levels under specific pathological 
conditions remains challenging. Recently, researchers have 
designed multifunctional CDRMs that can both generate and 
scavenge ROS. For instance, ROS generators and scavengers can 
be incorporated into a single CDRM through structural design. 
Under light excitation, these CDRMs can produce ROS for steril
ization or cancer cell killing, while simultaneously regulating 
ROS levels through antioxidants to prevent excessive production. 
Unfortunately, these systems lack the ability to sense when to 
upregulate or downregulate ROS levels. A promising approach is 
combining physical field-excited bidirectional regulation systems 
with ROS level-sensing platforms to enable controllable and 
timely ROS management. Additionally, developing intelligent, 
microenvironment-responsive CDRMs that respond to pH or 
enzyme changes could further enhance the accuracy of ROS 
regulation based on intracellular environmental shifts.

iv) Superficial investigations on therapeutic mechanisms. 
Currently, CDRMs in biomedical healthcare primarily focused on 
demonstrating their effectiveness in treating ROS-related dis
eases. It remains unclear how and why specific ROS contribute 
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most significantly to disease treatment. This issue may be 
addressed by loading CDRMs with agents that specifically scav
enge certain ROS, allowing their contribution to be measured by 
changes in overall therapeutic efficiency. Additionally, estab
lishing a robust system to evaluate the effectiveness of ROS 
regulation is essential. Advanced characterization techniques, 
such as electron spin resonance (ESR) and in-situ Raman spec
troscopy, could assist in accurately assessing the types and 
quantities of specific radicals. Furthermore, interdisciplinary 
research should be conducted to better understand the action 
mechanisms of ROS-regulating CDRMs on signal transduction 
pathways. By integrating bioinformatics and systems biology, a 
model of ROS regulation and cellular signal transduction could be 
developed, providing a theoretical framework for designing more 
effective CDRM-based therapeutic drugs.

v) Long-term safety evaluation. While CDRMs generally exhibit 
good biocompatibility, their long-term in vivo safety remains a 
concern. The size, surface functional groups, and modifications of 
CDRMs can significantly affect their biotoxicity and in vivo 
behavior. Improper modifications or dosages may lead to 
toxicity, limiting their potential for biomedical applications. 
Therefore, comprehensive in vitro and in vivo safety evaluations 
should be conducted, addressing acute toxicity, long-term 
toxicity, and immunogenicity. By precisely controlling synthesis 
conditions and optimizing surface functional groups—such as 
increasing hydrophilic groups and reducing potentially toxic 
ones—the biocompatibility of CDRMs can be enhanced. Addi
tionally, designing biodegradable CDRMs and investigating their 
metabolic pathways in vivo are promising strategies to ensure 
biosafety.

This review is important and timely because it addresses the growing 
interest in CDRMs as versatile tools for modulating reactive oxygen 
species (ROS) in disease treatment. While many reviews have focused on 
CDs in general, few have specifically examined their role in ROS regu
lation and the underlying mechanisms. This makes the review unique, 
offering in-depth insights into how CDRMs can be tailored for ROS 
upregulation, downregulation, and bidirectional manipulation, which 
are crucial for combating diseases linked to oxidative stress. The review 
also stands out by emphasizing strategies to optimize CDRM function
ality through doping, surface modifications, and dynamic ROS control, 
filling a gap in current literature. Moreover, it provides a forward- 
looking perspective on the clinical potential of CDRMs in fields like 
cancer therapy, wound healing, and inflammation-related diseases, 
which are rapidly advancing but still face significant challenges in terms 
of targeted delivery and efficacy. By focusing on both the scientific 
mechanisms and real-world applications, offering challenges and po
tential solutions, this review provides a comprehensive overview that 
can inform future research and clinical strategies in ROS-based 
therapies.
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A. Alanine, K.E. Amrein, V. Baidin, C. Bieniossek, C. Bissantz, F. Boess, C. Cantrill, 
T. Clairfeuille, F. Dey, P. Di Giorgio, P. du Castel, D. Dylus, P. Dzygiel, A. Felici, 
F. García-Alcalde, A. Haldimann, M. Leipner, S. Leyn, S. Louvel, P. Misson, 
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