
Chinese Chemical Letters 37 (2026) 111957

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Recent advances in carbon dots imaging at the subcellular level:

Synthesis strategies, properties, and organelle imaging

Xinjuan Hea, Zishuo Wanga, Boyang Wangb, Yongqiang Zhangb, Xiaokai Xuc,∗,
Huijuan Caia,∗, Siyu Lub,∗

aHenan Institute of Advanced Technology, Zhengzhou University, Zhengzhou 450001, China
b College of Chemistry, Pingyuan Laboratory, Zhengzhou University, Zhengzhou 450001, China
c College of Chemistry and Phamaceutical Sciences, Qingdao Agricultural University, Qingdao 266109, China

a r t i c l e i n f o

Article history:

Received 31 March 2025

Revised 30 September 2025

Accepted 13 October 2025

Available online 14 October 2025

Keywords:

Carbon dots

Organelle targeting

Subcellular imaging

Photoluminescence

Mechanisms

a b s t r a c t

Carbon dots (CDs), a class of emerging fluorescent nanomaterials, have garnered notable attention in

the biomedical field owing to their outstanding photoluminescence properties, excellent biocompatibil-

ity, and ease of synthesis and functionalization. Recently, numerous CDs have been developed that allow

precise subcellular localization through surface modifications or covalent conjugation with targeting lig-

ands such as peptides, small molecules, Golgi-specific agents, and cell membrane-specific agents. This

review begins with an overview of the synthesis strategies of CDs, highlighting their exceptional optical

properties, stability, biocompatibility, and significance for subcellular imaging. The mechanisms by which

CDs target specific organelles, including the nucleus, mitochondrion, lysosomes, Golgi apparatus, and cell

membrane, are discussed. These mechanisms include specific targeting molecules, pH-sensitive target-

ing, charge-driven interactions, and hydrophobic and hydrophilic dynamics. Furthermore, we summarize

their applications in subcellular imaging, such as the long-term dynamic monitoring of organelles, sens-

ing, reactive oxygen species scavenging, and therapy. By presenting a comprehensive review of CDs in

subcellular imaging, we aim to pave the way for further development of CDs in bioimaging and related

biomedical applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Cells, the fundamental units of metabolism and function in liv-

ing organisms, comprise complex and exquisite structures such as

the cell membrane, cytoplasm, and nucleus [1]. These subcellu-

lar structural components are closely connected to highly orga-

nized life activities [2,3]. Therefore, precise imaging analysis at the

subcellular level can provide valuable information regarding the

changes in physiological activities and early diagnosis or timely

treatment of relevant diseases. Among various imaging methods,

fluorescence (FL) imaging is a simple and sensitive technique that

can provide high resolution, numerous real-time signals and en-

able instant monitoring of microstructural and biomolecular dy-

namics in living cells [4]. Semiconductor quantum dots (QDs), up-

conversion nanoparticles, organic dyes, and fluorescent proteins

have been widely employed as fluorescent nanoprobes for subcel-
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lular imaging [5,6]. However, because of their large size and low

tissue penetration depth, they are not conducive for clinical treat-

ment [7–9]. To this end, new nanomaterials with good biocompat-

ibility, high stability, high quantum yield (QY) and small size must

be designed as fluorescent probes for subcellular imaging; carbon

dots (CDs) possess all of these advantages [10].

CDs are carbon-based zero-dimensional photoluminescence (PL)

nanomaterials with a core-shell structure [11], consisting of the

sp2/sp3 carbon framework and various surface functional groups,

such as amino, epoxy, ether, carbonyl, hydroxyl, or organic

molecules, or polymers [12]. CDs offer several advantages, includ-

ing bright and visible FL, high QY, red/near-infrared (NIR) emission,

excellent stability and biocompatibility [13,14]. These attributes

make CDs suitable for high-resolution, long-term and full-color FL

imaging applications. The ultra-small size of CDs allows them to

function independently or integrate with other nanotherapeutics,

thereby enhancing therapeutic effects. Unlike various conventional

materials, CDs engage in human metabolic processes and are ex-

creted renally post-administration [15]. Due to these exceptional

properties, the biological applications of CDs have been extensively

https://doi.org/10.1016/j.cclet.2025.111957
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Scheme 1. Subcellular level imaging of CDs and their further applications.

explored and applied in FL sensing, cell/tissue imaging, drug deliv-

ery, photodynamic therapy (PDT), and photothermal therapy (PTT)

[16].

Generally, CDs can rapidly enter cells through endocytosis me-

diated by energy-dependent and temperature-dependent pathways

(e.g., macropinocytosis, clathrin, caveolae, or lipid raft), enabling ef-

ficient cellular imaging [17]. Certain CDs with unique structures

accumulate in specific subcellular organelles, allowing subcellu-

lar imaging. For instance, Wang et al. [18] synthesized ultrabright

green sulfur-doped CDs that enabled long-term stable endoplasmic

reticulum (ER) imaging in living cells. Furthermore, the authors

effectively discriminated between ER stress behaviors induced by

different stimuli. The advancement of CDs in subcellular imaging

enables specific visualization of the nucleus, mitochondrion, Golgi

apparatus, lysosomes, and cell membrane, expanding their appli-

cations in dynamic monitoring, sensing, reactive oxygen species

(ROS) scavenging, and cancer therapy (Scheme 1). Therefore, CDs

have become a powerful tool for imaging organelles and insights

into biological systems.

Many studies and reviews have been published on CDs for

cellular imaging [16,19]. However, only a few reviews focused

on subcellular imaging (including cell membrane and organelles).

This review systematically explores the synthesis strategies of CDs

and their inherent physicochemical advantages at the subcellu-

lar imaging, with a specific focus on subcellular imaging applica-

tions. First, two synthesis methods, one-step and multi-step meth-

ods for the preparation of organelle/membrane-specific CDs are

discussed. The one-step process is a conventional route encom-

passing heteroatom doping and functional group/structure incor-

poration, while multi-step approach comprises covalent and non-

covalent coupling strategies. Second, the PL properties of CDs (such

as FL, up-conversion PL, room temperature phosphorescence (RTP)

and photothermal properties) are presented. In addition, the typ-

ical advantages of CDs over other imaging agents are analyzed,

including stability biocompatibility, and water solubility. This re-

view comprehensively examines the applications of CDs in targeted

subcellular imaging, with particular emphasis on elucidating the

mechanisms underlying their organelle-specific targeting capabil-

ities toward nucleus, mitochondrion, lysosomes, Golgi apparatus,

and cell membrane. Their unique photophysical properties enable

long-term dynamic monitoring of cellular processes including cell

cycle progression, autophagy, and nucleolar stress responses, while

simultaneously serving as versatile platforms for biosensing (tox-

icological assessment and ion detection), cancer theranostics (en-

compassing PDT, PTT, and drug delivery systems), and ROS scav-

enging for anti-inflammatory applications. By establishing system-

atic correlations between structural design principles and biolog-

ical functionalities, this analysis offers foundational guidelines for

developing next-generation CDs-based probes with enhanced tar-

geting precision. Finally, challenges and future trends in the appli-

cation of CDs for subcellular imaging are discussed. We anticipate

that this comprehensive review will stimulate further research en-

deavors in CDs-based subcellular imaging and propel the develop-

ment of organelle-specific nanoprobes for advanced biomedical ap-

plications.

2. Synthesis methods

Various methods can synthesize different types of CDs. Their

microstructures can be subdivided into four categories: Graphene

quantum dots (GQDs), carbon quantum dots (CQDs), carbon nan-

odots (CNDs), and carbonized polymer dots (CPDs). The carbon

core of the GQDs has a two-dimensional layered graphene core

with several chemical groups at the edges [20]. CQDs have a

graphite-like crystal lattice, a spherical core, and surface chemical

groups [20,21]. CNDs exhibit spherical morphologies with surface-

functionalized chemical groups, while their amorphous cores dis-

tinguish them structurally from CQDs [21,22]. CPDs exhibit a lower

degree of carbonization and have a carbon/polymer hybrid skele-

ton, numerous functional groups/polymer chains in both carbon

core and shell, a highly dehydrated crosslinked polymer frame-

work, and a slightly graphite core [15,22,23]. In addition to struc-

tural variations, these carbon-based nanomaterials exhibit distinct

PL origins: CQDs demonstrate quantum confinement-driven emis-

sion [20], whereas CNDs derive PL from surface defect states or

molecular fluorophores [21]. GQDs display edge state and sp2-

conjugation dependent luminescence [21], while CPDs rely on

molecular state luminescence and cross-linked enhanced emission

effect [24]. All four share carbon-centric compositions, tunable PL

properties, and broad applicability in bioimaging, energy conver-

sion, and sensing technologies. CDs can be developed using various

carbon sources, ranging from bulk carbon materials to biomass and

small molecules [25–27]. In general, the diversity of carbon precur-

sors and synthesis strategies determines the structural and func-

tional variations of synthesized CDs, enabling their versatile appli-

cations [28]. In this review, CDs synthesis strategies applied in sub-

cellular imaging are summarized and classified into one-step and

multi-step methods. The specific details are summarized in Sup-

porting information.

3. Properties

The PL properties of CDs are one among their advantages.

Most CDs exhibit FL characteristics derived from their singlet state,

which are more commonly observed in subcellular imaging. Com-

pared with QDs and organic fluorescent dyes, CDs can maintain

high PL behavior even under complex external conditions (such

as acidity and alkalinity, high temperature, and high salinity) or

continuous light stimulation, because most CDs have a stable sp2

carbon skeleton structure. Excellent PL properties and photosta-

bility are the basis for using CDs in subcellular imaging. The

composition and structure of CDs determine their unique optical

properties, including FL, up-conversion PL, RTP and photothermal

properties.

Detailed data on the optical properties and biocompatibility of

CDs engineered to image subcellular structures are provided in

Supporting information.

4. Imaging applications at the subcellular level

Various cellular components, including the nucleus, cell mem-

brane, and organelles (such as mitochondrion, lysosomes, and

the Golgi apparatus), are key units responsible for sustaining life

through specific biochemical processes. Accurate imaging analysis

of these cellular components enables researchers to precisely char-

acterize molecular, biochemical, and physiological processes un-

derlying disease mechanisms, embryonic development, tissue dif-
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ferentiation, aging, and pathogen responses [29,30]. This approach

significantly contributes to understanding disease progression as-

sociated with these processes, including cancer, Alzheimer’s dis-

ease, Parkinson’s disease, diabetes, and cardiovascular disorders

[31]. Subcellular structures exhibit distinct membrane characteris-

tics and internal biochemical properties. Given these distinct fea-

tures, researchers have developed CDs with target-specific mod-

ifications by tailoring their size, functional groups, and surface

charge during synthesis, achieving precise localization at subcel-

lular membranes or controlled internalization [6]. The comprehen-

sive details of CDs enabling lysosomes, Golgi apparatus, and cell

membrane targeted imaging and their applications are summa-

rized in Supporting information.

4.1. Cell nucleus

The nucleus, mainly composed of chromatin (containing DNA)

and nucleolus (containing RNA), is the largest and most prominent

subcellular structure in eukaryotic cells. As the regulatory center

of genetic control and cellular metabolism, the nucleus coordinates

RNA synthesis, processing, and ribosome assembly, while also gov-

erning cellular metabolism, growth, and differentiation [32]. Some

biological processes, including apoptosis, neurodegenerative and

neuropsychiatric diseases, are related to the morphological and

structural alterations of the nucleus [33]. Therefore, imaging of the

nucleus is important for the visualization and direction of disease

treatment.

CDs can stain the entire nucleus or selectively bind to DNA

and nucleoli (RNA-rich regions). Xu et al. [34] synthesized red lu-

minescent CDs using nitrogen-containing precursors. where ele-

vated nitrogen content endowed the CDs with nuclear-targeting ca-

pability [35]. Additionally, it was also possible to achieve nucle-

olus imaging in live organ. In vivo toxicity of Ag+ could be as-

sessed by observing morphological changes in the nucleolus and

the FL intensity in cells (Fig. 1A). Jiang et al. [36] synthesized NIR

fluorescent N-CDs-F, which bind to several RNA-containing ribo-

somes and ribonucleoproteins produced in the nucleus and cyto-

plasm of rapidly proliferating cancer cells, thereby efficiently stain-

ing of both nucleolar and cytoplasm region (Fig. 1B). Although

CDs also stained the cytoplasm due to RNA, the staining pat-

tern was distinct from that of the nucleolus. Cationic CDs con-

tain abundant positively charged surface groups that electrostati-

cally interact with negatively charged nuclear membranes, while

their ultra-small size enables penetration into nucleoli [37]. For in-

stance, Hua et al. [38] synthesized metal-free red fluorescent CDs

by adding Ni2+ as a catalyst during the hydrothermal treatment of

p-phenylenediamine, achieving nucleic acid targeting via electro-

static interactions.

The nucleolus is a central hub that coordinates cellular

stress responses and various functions during cancer develop-

ment and treatment. Characterization of nucleolar stress is cru-

cial for the diagnosis and treatment of nucleolus-associated

pathologies [39]. He et al. [40] synthesized CDs with integrated

fluorescent blinking domains and RNA-binding motifs to imi-

tate RNA-binding proteins in their structures. Furthermore, they

confirmed that 1,2,3,5-tetrahydro-5-oxo-imidazo[1,2-α]pyridine-7-

carboxylic acid fluorophores or its derivatives on the surface of CDs

were RNA-binding motif groups. Using enhanced super-resolution

imaging of nucleolar ultrastructure, researchers demonstrated that

CDs can recognize and differentiate nucleolar responses to various

stressors. The red fluorescent M-CDs prepared by Jiang et al. [41]

retained part of the levofloxacin structure on their surface and in-

serted into the hairpin loop of RNA through hydrophobic and elec-

trostatic interactions. M-CDs enabled rapid, wash-free, and highly-

efficient RNA real-time imaging in the nucleolus of living cells (Fig.

1C). In addition, RNA aggregated with proteins to form stress gran-

ules (SGs) under stress conditions. Therefore, utilizing M-CDs en-

abled real-time imaging of the dynamic process under oxidative

stress and revealed the structure of SGs.

In addition, CDs can directly monitor the cell-cycle by target-

ing the nucleoli and chromosomes and display the entire cell divi-

sion process in real-time. For instance, the F and N co-doped CDs

prepared by Li et al. [42] bound to nucleic acids through electro-

static interactions. Additionally, the fluorine component facilitated

hydrogen bond formation, enabling their application as cell-cycle

imaging probes. If nuclear staining enables the distinction between

DNA and RNA, real-time monitoring of both nucleic acids would

significantly facilitate cellular behavior analysis. Han et al. [43]

have reported cationic CQDs containing several carboxyl groups.

The structurally rigid double-stranded DNA (dsDNA) confined CQDs

within its grooves, enhancing green FL from isolated particles. In

contrast, flexible single-stranded RNA (ssRNA) induced CQD aggre-

gation, leading to red-shifted FL emission (Fig. 1D). This enabled

real-time monitoring of DNA and RNA localization and dynamics

within cells.

Several reports have demonstrated the anticancer potential of

CDs, achieved either through intrinsic CDs activity or by synergis-

tically linking CDs to antitumor drugs for enhanced in vivo efficacy

[44,45]. The nucleus manages the genetic information and protein

transcription of the cell, making it an ideal target for the treatment

of malignancies [46]. DOX is broadly used as an anthracycline an-

tibiotic with extensive antitumor effects. It disrupts DNA replica-

tion in the nucleus and induces immunogenic cell death in tumor

cells [47,48]. Li et al. [49] doped N/S elements to increase the con-

jugated structure of CDs, producing orange fluorescent CDs modi-

fied with NLS and DOX. Upon targeting the nuclei of liver cancer

cells, the CDs released DOX within the acidic tumor microenviron-

ment, exerting anticancer effects (Fig. 1E). Chen et al. [50] synthe-

sized cationic CDs, where both intercalative binding and electro-

static interactions with DNA enabled nuclear imaging. Moreover,

The CDs inhibited focal adhesion kinase overexpression in cancer

cells and possess anticancer potential.

Altogether, according to previous studies (Table S1 in Support-

ing information), three methods of targeting CDs to the nucleus

have been summarized: (1) Modifying CDs with NLS, (2) design-

ing cationic CDs to bind with negatively charged nucleic acids via

electrostatic interactions, and (3) attaching them to nucleic acids

via amino groups. The detailed mechanisms of CDs targeting the

cell nucleus remain unclear. Furthermore, studies on CDs capable

of distinguishing between DNA and RNA imaging simultaneously

remain relatively scarce and additional applications need to be ex-

panded urgently.

4.2. Mitochondrion

Possessing their own genome and the ability to generate adeno-

sine triphosphate via respiration, mitochondria serve as metabolic

hubs where carbohydrates, lipids, and amino acids undergo oxi-

dation to release energy [51]. Mitochondria are also involved in

various life processes that regulate cellular metabolism, includ-

ing the tricarboxylic acid cycle, oxidative phosphorylation, calcium

ion storage, membrane potential regulation, iron-sulfur complex

synthesis, programmed cell death, and modulation of cell prolif-

eration [52]. Furthermore, they overproduce ROS, leading to ox-

idative cellular damage [53]. Mitochondrial damage and dysfunc-

tion have been implicated in aging and pathologies, such as can-

cer and Alzheimer’s disease [54]. Consequently, sustained monitor-

ing of mitochondrial function and dynamics is critical for modu-

lating cell fate decisions and developing therapies for mitochon-

drial disorders. Zhu et al. [55] synthesized multicolor fluorescent

CDs by adjusting the ratios of β-cyclodextrin and oPD to provide

3
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Fig. 1. CDs for nuclear imaging. (A) CDs utilized for both in vitro and in vivo FL imaging, as well as for evaluating Ag+-induced toxicity. Reproduced with permission [34].

Copyright 2023, Wiley Publishing Group. (B) FL imaging of cells co-incubated with N-CDs-F and their internalization into cells. Reproduced with permission [36]. Copyright

2020, Wiley Publishing Group. (C) A schematic of M-CDs internalizing into RNA for imaging and monitoring the cellular oxidative stress process. Reproduced with permission

[41]. Copyright 2023, Wiley Publishing Group. (D) CQDs-enabled imaging of nuclear dynamics throughout the cell division cycle, coupled with mechanistic demonstration of

their targeting capabilities for DNA and RNA. Reproduced with permission [43]. Copyright 2019, Wiley Publishing Group. (E) Targeted therapeutic process of CDs-NLS-DOX in

liver cancer, cell nuclear imaging and in vitro antitumor effect. Reproduced with permission [49]. Copyright 2024, Elsevier Publishers.

amino/hydroxyl functional groups, which enabling purple, blue,

and green fluorescent imaging upon mitochondrial targeting.

Liu et al. [56] reported red-fluorescent CDs exhibiting super-

oxide dismutase (SOD) nanozyme activity. The nitrogen-doped

surface and multifunctional groups enabled these CDs to tra-

verse oxidatively damaged cell membranes, target mitochondria,

and subsequently localize to lysosomes via endocytosis, achieving

dual subcellular imaging and antioxidant cytoprotection (Fig. 2A).

The catalytic mechanism of SOD involved hydroxyl, carboxyl, and

amino groups on the CDs surface. These functional groups bind

superoxide radicals through hydrogen bonding, facilitating elec-

tron transfer and promoting the dismutation of superoxide rad-

icals into molecular oxygen and hydrogen peroxide. When inter-

vertebral discs are injured or irritated, the hypoxic microenviron-

ment maintained by annulus fibrosus and cartilage endplates sur-

rounding nucleus pulposus cells becomes disrupted. This triggers

abnormal ROS accumulation, ultimately driving the pathogenesis

of intervertebral disc degeneration (IVDD), a prevalent degener-

ative musculoskeletal disorder [57,58]. In recent years, Prussian

blue (PB) nanoparticles have demonstrated the ability to mimic the

antioxidant activities of SOD and catalase (CAT), efficiently scav-

enging harmful ROS via catalytic conversion into non-toxic prod-

ucts [59] Simultaneously, Fe2+ on the surface of PB directly re-

act with hydroxyl radical (•OH), scavenging these free radicals and

thereby inhibiting oxidative reactions. Given this, Shi et al. [60] re-

ported that PB-loaded CDs with modified TPP ligands (CD-PB-TPP)

could target the mitochondrion for imaging and significantly re-

duce ROS levels, thereby rescuing impaired mitochondria function

and protecting nucleus pulposus cells from aging and inflamma-

tion (Fig. 2B). Studies have shown that mitochondrial dysfunction

and dysregulated dynamics can trigger iron metabolism disorders.

Specifically, iron overload generates excessive ROS via Fenton re-

actions, which disrupt mitochondrial membrane integrity and ex-

acerbate functional impairment [61]. Selenium-doped CDs (SeCDs)

with ROS-scavenging ability prepared by Zhang et al. [62] were ef-

ficiently enriched in mitochondrion. They restored mitochondrial
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Fig. 2. CDs for mitochondrial imaging. (A) Schematics of ROS scavenging by CDs and mitochondrial imaging. Reproduced with permission [56]. Copyright 2023, Wiley

Publishing Group. (B) CD-PB-TPP alleviates IVDD by targeting mitochondrion to clear ROS. Reproduced with permission [60]. Copyright 2024, Wiley Publishing Group. (C)

Mitochondrial imaging and HS- detection of NCDs. Reproduced with permission [65]. Copyright 2022, Elsevier Publishers. (D) Synthesis route of MitoCD and schematic

mitochondrial autophagy tracking by nanoimaging. Reproduced with permission [71]. Copyright 2019, American Chemical Society. (E) Specific targeting of SCDs-MT to the

mitochondrion of cancer cells and PTT against cancer. Reproduced with permission [74]. Copyright 2020, Elsevier Publishers.

function through multi-hierarchy iron chelation, mitochondrial iron

chelation, ROS scavenging, and upregulation of glutathione perox-

idase 4, effectively inhibiting ferroptosis and alleviating inflamma-

tory responses. Moreover, SeCDs rescued the osteogenic differenti-

ation capacity of stem cells, reversing the impairment induced by

ferroptosis.

In addition to being modified with TPP molecules for mitochon-

drial targeting, cationic CDs are driven by the high mitochondrial

membrane potential (MMP: −180 mV to −200 mV) to accumu-

late in the inner mitochondrial membrane [63]. Hydrogen sulfide

(H2S) is considered to be the third endogenous gaseous signaling

molecule following carbon monoxide (CO) and nitric oxide (NO),
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which modulate cellular processes and regulate physiological func-

tions in humans [64]. Cai et al. [65] prepared positively charged

NCDs that accumulate in mitochondria of living cells through elec-

trostatic interactions. Moreover, HS- is adsorbed on NCDs surface

via non-covalent interactions, enabling detection of exogenous HS-

in the mitochondria (Fig. 2C). Similarly, ClO- plays a vital role in

physiological activities, but its overaccumulation is linked to dis-

eases such as oxidative stress-related disorders, mental illnesses,

and rheumatoid arthritis [66]. Cheng et al. [67] synthesized CDs

incorporating lipophilic cations that enable sensitive ClO- detection

with specific mitochondrial targeting capabilities.

Inspired by conventional lipophilic cationic rhodamine probes

relying on electrostatic interactions, Geng et al. [68] devised CDs

exhibiting green-to-red emission with the lipophilic cation of

rhodamine-derived as the luminescent centers. These CDs have

been successfully applied for mitochondrion-targeted imaging of

HeLa cells with tracking capability spanning six cell generations.

Morphological changes in the mitochondria including fusion and

fission, are rapid and long-term dynamic processes that play vital

roles for maintaining cellular homeostasis. Abnormalities in mito-

chondrial dynamics are closely associated with neurodegenerative

diseases, inflammation, metabolic disorders, and cancer [69,70].

Hence, Ye et al. [71] developed MitoCD, a thiol-based reaction-free

mechanism for targeting the mitochondria without depleting the

thiol groups of mitochondrial proteins (Fig. 2D). This probe enabled

real-time observation of mitochondrial fission, fusion dynamics,

and mitophagy monitoring in living cells. This study provided

insights into mitochondrial metabolism while demonstrating the

feasibility of using MitoCD for long-term nanoscale imaging of

live cells. Xin et al. [72] designed orange fluorescent CDs (O-

CDs) with hydroxyl and ammonium groups enriched, enabling

mitochondria-specific accumulation via electrostatic targeting.

In this case, the FL attenuation observed upon MMP reduction

suggested hydrogen bonding interactions between hydroxyl/amino

groups on mitochondrial proteins and thiol-containing molecules.

Beyond monitoring mitochondrial fission and fusion dynamics in

HeLa cells, O-CDs could also visualize the dynamic interactions

between mitochondria and lipid droplets (LDs) during apoptosis

and mitophagy, enabling long-term tracking of mitochondrial

dynamics.

Apart from performing central bioenergetic functions, mito-

chondria supply metabolic precursors for tumor anabolism, re-

dox processes, calcium homeostasis, transcriptional regulation,

and programmed cell death [73]. This multifunctionality estab-

lishes mitochondria as promising targets for CDs-based anticancer

therapies. Shen et al. [74] prepared smart CDs (SCDs) capable

of acidic condition-induced self-assembly into aggregated states.

The CDs (designated SCDs-MT) were surface-functionalized with

mitochondria-targeting and cancer-cell-targeting peptides. SCDs-

MT accumulated specifically in the mitochondrion of HepG2 cells

and achieved precise cancer cell ablation through PTT (Fig. 2E).

Additionally, Xiang et al. [75] reported NIR light-triggered up-

conversion of CDs conjugated to porphyrin-like porous MOFs sur-

faces, which were further functionalized with the mitochondria-

targeting ligand TPP. This design enabled precise mitochondrial

imaging and enhanced mitochondria-targeted PDT.

In summary, we conclude that CDs are competent for tar-

geted mitochondrial imaging to detect variations in ion concen-

trations within the mitochondrion, monitor mitochondrial dynam-

ics, scavenge ROS and eliminate cancer cells (Table S2 in Sup-

porting information). According to previous research, we catego-

rized three strategies for imaging mitochondrion using CDs: (1)

TPP conjugation, (2) electrostatic targeting via cationic CDs, and (3)

mitochondria-targeting peptide functionalization. Given mitochon-

dria’s central role in cellular physiology, real-time tracking of their

multifunctional activities remains essential.

5. Conclusions and perspectives

CDs are emerging as promising alternatives to conventional

subcellular markers (e.g., nucleus, mitochondria, lysosomes, Golgi

apparatus, and cell membrane) owing to their high water solubil-

ity, excellent biocompatibility, tunable FL properties, facile synthe-

sis, and versatile functionalization. Nevertheless, significant chal-

lenges persist in organelle-specific imaging applications, as out-

lined below.

(1) Most currently developed CDs have been primarily engineered

for the visible spectral range. However, imaging within this vis-

ible region faces to serious damage and has low penetration

depth in biological tissues. Therefore, it is necessary to develop

CDs with high QY, NIR absorption and luminescence properties.

(2) While subcellular targeting molecules (e.g., TPP, ML, NLS) have

been well-characterized, systematic principles for designing

precursor materials to confer CDs with organelle-specific tar-

geting capabilities remain undefined, and the mechanisms gov-

erning their targeting specificity are yet to be fully elucidated.

(3) The development of multifunctional CDs capable of targeted

imaging and other physiological functions (e.g. regulation of

cell physiological behaviors such as proliferation, differentia-

tion, apoptosis, and monitoring of intracellular material recy-

cling) remains a significant challenge. Furthermore, research on

CDs with therapeutic effects remains relatively scarce.

(4) Researchers have mainly focused on the nucleus, mitochon-

drion, and lysosomes at the subcellular level, whereas the Golgi

apparatus, LDs, ER, ribosomal centrosomes, cell membrane, per-

oxisomes, and phagosomes remain significantly understudied.

We believe that CDs with excellent optical performance will be

developed to emerge as versatile platforms for subcellular-targeted

imaging, physiological monitoring, and organelle-specific therapeu-

tic applications in the future.
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