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Carbon dot-based hybrid nanomaterials are becoming more popular in the biomedical field because they are safer, work

well with living things, and are simple to make. Researchers have come up with different ways to control the shape and

features of carbon dots, graphene quantum dots, and carbon nanodots, and have improved their abilities by combining

them with metals, polymers, or other substances. These materials are being studied for uses like imaging inside the body,

detecting diseases, fighting bacteria, and sending drugs to specific places, as well as for new treatments that use light or

sound. Even so, there are still problems with making sure they are safe, reliable, and easy to produce in large amounts. This

review looks at the latest progress in making and using carbon dots and their hybrids, and talks about how they might be

used in medicine in the future.

Introduction

Carbon dots (CDs) are significant materials that have garnered recent
interest in biomedical research.! Their compatibility with biological
systems, low toxicity, and optical properties set them apart from
conventional semiconductor quantum dots.2 The synthesis of CDs has
been significantly simplified, facilitating a broad array of experiments.
The size-dependent luminescence properties, favorable water
compatibility, and stable chemical behavior of these nanoparticles
indicate significant potential for various applications. Chemically
customizable surfaces have diverse applications.3 These encompass
medical imaging, targeted diagnostics, drug and gene delivery,
therapies including photodynamic therapy and photothermal
therapy, as well as antimicrobial strategies.* Building on this
foundation, a multifunctional “chemical toolbox” perspective has
emerged, emphasizing pre-/post-synthetic control, heteroatom
doping, and surface engineering to precisely tune emission, quantum
yield, and interfacial states for improved tissue penetration and
signal-to-background in vivo.> Complementarily, surface engineering
frameworks consolidate ligand exchange, polymer/small-molecule
passivation, and targeted functionalization strategies to enhance
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aqueous stability, colloidal robustness, and biointeractions across
imaging, sensing, and delivery applications.® Seminal overviews have
also positioned CDs as low-toxicity alternatives to heavy-metal QDs,
needs around robust long-
reproducible

while underscoring unresolved

wavelength emission, mechanistic clarity, and
manufacturing as prerequisites for translation.” In early antimicrobial
use-cases, photoactivated combinations of CDs with other
sensitizers/materials achieved synergistic killing via boosted ROS
that

photodynamic, photothermal, and chemical mechanisms.? Barriers

generation, foreshadowing hybrid platforms integrate
continue to challenges encompass the stability of long-term vivo
behavior, the regulation of physicochemical properties during
manufacturing, and the technical difficulties associated with
integrating multiple functions onto a single platform.?

Investigating hybridizing technologies aims to exceed present
limitations and increase CD applicability. Including metal
nanoparticles, polymers, and organic molecules into CDs allows many
applications within a single nanoscale system.1® Hybrid systems
exhibit improved optical performance, enhanced stability, controlled
drug release profiles, and synergistic therapeutic effects.!! Hybridized
CDs

applications.1?2 To offer combined therapeutic effects, they combine

greatly raise sensitivity and selectivity in biosensor
photothermal, photodynamic, and chemical techniques and show
great spatial and temporal resolution. Thus, a basic first step towards
using these benefits and developing their clinical applications is
research of CD hybrid nanomaterials.’3

This review focuses on biomedical applications based on a detailed
overview of the most recent advancements in carbon dots and their
hybrid nanomaterials. We investigate basic synthesis techniques,
surface modification approaches, and interactions between structure
and properties needed to match the functionality of CDs with

biological surroundings. Furthermore, emphasized in their part in
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multimodal bioimaging, enhanced biosensing capabilities, targeted
drug and gene delivery systems, combined phototherapy methods,
antibacterial and antiviral uses are recent developments in the
integration of CDs with other nanostructures. Finally, we go over the
primary challenges CD-based
biosafety, repeatability, and scalability. We also suggest directions for

nanomaterials now encounter

further investigation aimed at addressing these issues and facilitating
the clinical translation of CDs and their hybrid nanostructures.

Structural Features and Physicochemical
Properties of Carbon Dots (CDs)
Core-Shell Structure in CDs and Its Impact on Optical Properties

CDs
nanocrystalline core mostly composed of sp2-hybridized carbon

Usually displaying a core-shell architecture, have a
clusters surrounded by shells enriched with functional groups,
usually including sp3-hybridized carbons or other surface
modifications.1* The shell passivates surface flaws, thereby lowering
non-radiative recombination; it also increases water solubility and
offers many available sites for functionalization. This structural
arrangement essentially defines the optical properties and stability
of CDs since the core produces strong photoluminescence by
quantum confinement effects.’> Under irradiation, core-shell CDs
generated from levofloxacin and arginine exhibited significant up-
conversion fluorescence and nitric oxide release, indicating their
suitability for simultaneous bioimaging and photodynamic therapy.16
By means of their ability to prevent core aggregation and self-
quenching, polymer-based core-shell CDs exhibit excellent amazing
fluorescence stability over a broad range of pH levels and solvents.
The fundamental core-shell structural design of CDs greatly increases
their possible applications in the biomedical domain including
bioimaging and cancer treatment.'” Further studies are necessary to
explore the incorporation of CDs into hybrid nanomaterials, aiming
to enhance therapeutic efficacy and achieve precise, controllable
functionalities, thus emphasizing their relevance and effectiveness in

precision medicine and biomedical applications.!®
Optical and Electronic Properties of Carbon Dots

Their increasing relevance in optoelectronic and biomedical domains
is mostly due to their unique optical and electronic characteristics.??
CDs usually exhibit strong UV absorption in the range of 200—300 nm
as well as significant luminescence mostly in the blue-green spectrum
(420-565 nm). Techniques for surface functionalization, precursor
choice, and synthetic parameters help to control these optical
properties. The emission wavelengths and quantum yields are
significantly influenced by the type and density of surface functional
groups, such as amino, carboxyl, and hydroxyl groups.?° The
fundamental mechanism of photoluminescence is radiative
transitions between discrete energy levels driven by surface
functionalities and quantum confinement effects in the carbon
core.?! The photoluminescence properties of carbon dots are well
known to be strongly influenced by their size distribution. As the
particle diameter decreases, quantum confinement effects become
increasingly evident, typically resulting in a blue shift of the
fluorescence emission peak. Conversely, larger carbon dots tend to
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emit at longer wavelengths, often in the green or red spectral regions,
which is attributed to an expanded m-conjGgatioh)3y/stehGidoa
reduced energy gap between the highest occupied molecular orbital
and the lowest unoccupied molecular orbital. Incorporating a
schematic illustration (see Figure 1) that visualizes this relationship

would greatly enhance comprehension. (Figure 1)
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Figure 1. A schematic illustration of the relationship between
absorption spectra and electronic transitions for different types
of CDs. Created with Biorender.com

This figure should depict representative size ranges corresponding to
blue, green, and red emissive carbon dots, alongside modulations in
core-shell structural architecture. Many carbon dots exhibit
excitation-dependent emission, where varying the excitation
wavelength produces distinct emission colors. This property, while
useful for multicolor complicate quantitative

imaging, can

measurements in multiplexed assays. In contrast, some specialized

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00816f

Open Access Article. Published on 13 listopadu 2025. Downloaded on 13.11.2025 16:57:21.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Materials Advances

carbon dots maintain stable, excitation-independent emission
profiles, which are preferable for rigorous biological imaging and
diagnostics. The table below summarizes select carbon dot types,
their synthesis methods, representative
applications.??2 The excitation-dependent emission of CDs enables

and biomedical
multicolor fluorescence. Furthermore, CDs exhibit a spectrum of
optical phenomena including surface-enhanced Raman scattering
(SERS), phosphorescence, chemiluminescence,
electrochemiluminescence, and near-infrared (NIR) fluorescence,
which greatly extends their applications in biosensing and
multimodal imaging.2®> The optical characteristics and electronic
structure of CDs are much influenced by precisely tuned surface
chemistry. Thus, the addition of heteroatoms such as nitrogen or
sulfur together with different functional groups can significantly
increase quantum vyields, alter emission wavelengths, and improve
stability.2* Advanced surface functionalization methods and strategic
integration of CDs into hybrid nanomaterials should be the main
focus of future studies, enhancing their practical application potential
and enabling clinical translation in precision medicine and advanced

biomedical applications.?> However, the introduction, of. surface
functionalization to carbon quantum dots (CQDs)OcHR poseva ¢isklof
reduced photoluminescence quantum vyield. Recent studies
investigating the optical properties of nitrogen-doped carbon
quantum dots (N-CQDs) have elucidated that surface functional
groups contribute to the formation of surface states, which enhance
nonradiative recombination pathways. This, in turn, leads to a decline
in photoluminescence efficiency, manifesting as decreased quantum
yield. Notably, the research highlights a correlation whereby
increasing densities of surface defects and dopants amplify
nonradiative decay processes, thereby exacerbating quantum yield
reduction. While surface functionalization plays a vital role in tuning
emission wavelengths and improving stability, excessive surface
modification may inadvertently induce detrimental effects on
quantum yield. Consequently, careful design and optimization of
surface chemistry are imperative to balance emission enhancement
against potential quenching phenomena associated with increased
surface defect states.2®

CD type Representative system Synthesis and precursors Emission Key application Refference
behavior/mechanism
Excitation- Amorphous CDs and Bottom Broad surface/defect- ~ Multiplexed imaging, 2
dependent GQDs with surface- phydrothermal/solvothermal/microwave  state manifold causes chemical sensing,
CDs state emission from citric acid, glucose; heteroatom wavelength-tunable photocatalysis,
doped; also top-down PL with excitation, optoelectronics
exfoliation/oxidation enabling multi-color
but risking spectral
overlap
Excitation- Molecular-state/edge- Molecular precursors; controlled Single dominant Single-color bio- 28
independent state dominated CDs thermal decomposition; edge amine emissive state yields labeling, in vivo
CDs with narrow bands protonation strategies for high color fixed emission with imaging, display color
purity changing excitation conversion
and narrow FWHM;
improved color
stability
Biomass- Glucose/cellulose/food- Green hydrothermal or microwave Mixed behaviors Sensors, bioimaging, »
derived waste derived CDs carbonization; scalable routes; optional ~ depending on surface  drug delivery, energy
CDs heteroatom doping chemistry; devices
biocompatible and
photostable
Polymer- CDs dispersed or In situ formation or blending within Matrix interactions Color-conversion 30
embedded formed in polymer polymers modulate surface films, polymer
CDs matrices states; excitation optoelectronics
dependence often
persists
Continuous-  Flow reactors for CDs Continuous-flow Tunable PL via Scalable 3
flow CDs hydrothermal/microwave for controlled residence sensing/photocatalysis
reproducibility and scalability time/temperature; and material inks
behavior determined
by surface chemistry
Top-down Laser ablation, arc Graphite, CNTs, graphene oxide Size/edge and Bioimaging, 3233
GQDs discharge, precursors functional groups electronics, sensing
electrochemical dictate PL; often
exfoliation excitation-dependent

due to heterogeneous
states

Table 1. Summary of synthesis method, photoluminescence characteristics, and main application areas of excitation-dependent and

excitation-independent carbon dots with supporting literature.

Influence of Structural Properties and Surface Chemistry of CDs
on Biocompatibility and Cytotoxicity

This journal is © The Royal Society of Chemistry 20xx

Recent studies highlight the significant biocompatibility and low
cytotoxicity of CDs, particularly in the field of biomedicine.3* CDs
utilized in drug delivery, bioimaging, and optoelectronics exhibit
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several advantageous properties, including excellent photostability,
biocompatibility, adaptability, low cytotoxicity, high chemical
inertness, straightforward synthesis methods, eco-friendliness,
ease of functionalization, non-blinking photoluminescence, and
improved water solubility.3® In vivo studies demonstrate that
fluorescence in gut tissues of Caenorhabditis elegans (C. elegans)
remains consistent without toxic effects. furethermoer safe
clearance from the body in mice indicates that CDs derived from
natural sources are biocompatible, photostable, and non-toxic in
animal models. The structural properties and surface chemistry of
CDs significantly affect their biocompatibility and cytotoxicity. For
instance, carbonized polymer dots derived from various precursors
exhibit varying levels of cytotoxicity in both standard and tumor cell
lines, suggesting that the observed cytotoxicity is primarily linked to
the specific carbon nanoparticle species rather than the precursors
used. Despite their favorable safety profile, the synthesis and
structural property analysis of CDs must be conducted carefully to
ensure optimal biocompatibility for biomedical applications.36

Classification of CDs Based on Structural Properties and Their
Biomedical Application Perspectives

Among the several subtypes of carbon-based nanomaterials, CDs
are systematically classified according to their structure,
composition, and formation mechanism as CQDs, GQDs, CNDs,
CPDs.3” CQDs
composed of mixed sp? and sp?® hybridized carbon atoms, exhibiting
strong quantum confinement effects and high photoluminescent

are quasi-spherical, crystalline nanoparticles

quantum yields.38 Due to their anisotropic structure and abundant
surface functional groups, GQDs, small disk-shaped fragments of
single or few-layer graphene sheets, exhibit notable quantum
confinement and edge effects.3® CNDs are amorphous or quasi-
spherical nanoparticles characterized by a high degree of
carbonization, lacking the crystalline or polymeric structure and
quantum confinement effects observed in CQDs and GQDs.*° As
crosslinked nanohybrids, CPDs possess unique optical properties
and enhanced stability due to their carbonized core being
enveloped by polymer chains or functional groups. Recent studies
have increasingly focused on the diverse biomedical applications of
carbon dots (CDs) based on their distinct structural and chemical
characteristics. Carbon Quantum Dots (CQDs) and Graphene
Quantum Dots (GQDs), owing to their high crystallinity and strong
exhibit
photoluminescence properties, making them well-suited for high-

quantum confinement effects, exceptional

resolution bioimaging and single-particle tracking. Notably,

modulation of surface functional groups enables enhanced
biocompatibility and targeted delivery capabilities, facilitating their
use as precise bioimaging and biosensing platforms. In contrast,
Carbon Nanodots (CNDs), characterized by their amorphous
structure and abundant surface states, display photoluminescence
that is highly sensitive to environmental factors such as solvent
polarity, pH, and ionic strength. This responsiveness renders them
ideal candidates for environmentally sensitive sensors and
multiplexed signal detection systems.*! Carbonized Polymer Dots

(CPDs), benefiting from strong interactions with polymeric matrices,

4| J. Name., 2012, 00, 1-3
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offer advantages in drug loading and stimulus-respgpsive, release.
Their inherent stability and versatility inCfahéfidRafizativnOnvake
them particularly suitable for complex biomedical applications,
including drug delivery, photodynamic therapy, and theranostics.
This nuanced understanding of the relationship between structural
features and functional performance underscores the potential of
CDs as versatile nanomaterials in advancing next-generation
biomedical technologies.*? Carbon dots (CDs) have been extensively
studied for their hybridization with metals, metal oxides, ceramics,
and heteroatom doping to maximize the efficiency of photothermal,
photodynamic, and sonodynamic therapies. Additionally, surface
functionalization strategies have been employed to enhance in vivo
stability and targeting specificity. Recent advances include sulfur
doping  of dots, improved  their
photoluminescence quantum yield (PLQY) from 18% to 42%, while

carbon which  has
maintaining fluorescence stability across a temperature range of 15
to 95°C. These properties offer significant advantages for anti-
counterfeiting applications, including the protection of products,
official documents, passports, barcodes, and currency from
replication.*3 The structural diversity and tunable characteristics of
CDs thus facilitate their broad applicability across various fields.*

Synthesis Strategies and Functional Tailoring

of CDs
Top-down Synthesis Methods of CDs

Top-down synthesis methods for CDs typically integrate physical and
chemical approaches to convert bulk carbon precursors into
nanoscale CDs.° Methods such as arc discharge, laser ablation,
electrochemical oxidation, chemical oxidation, ultrasonic
treatment, and plasma treatment facilitate the cleavage or
exfoliation of precursors, including graphite, graphene oxide,
carbon nanotubes, carbon fibers, and carbon black, into smaller
carbon nanoparticles.*> Chemical and electrochemical oxidation
methods alter carbon structures through the application of strong
oxidants or electrochemical reactions, whereas arc discharge and
laser ablation utilize high-energy techniques to fragment bulk
carbon sources.? GQDs are produced from layered carbon
precursors through ultrasonic synthesis and chemical exfoliation,
employing either ultrasonic energy or chemical agents. Top-down
approaches produce CDs characterized by well-defined crystalline
cores and intact graphitic domains. However, these methods often
require challenging reaction conditions, extended processing
durations, and costly equipment.*¢ However, quantum efficiencies
are sometimes lower compared to bottom-up approaches. Top-
down methods are particularly advantageous when precise control
over specific optical and structural characteristics of CDs is

necessary.*>
Bottom-Up Synthetic Methods for CDs

Bottom-up synthetic routes for CDs have drawn interest because of
their low cost, simplicity, and environmentally friendly precursors.33
Thermal approaches using basic carbon sources such as candle soot

This journal is © The Royal Society of Chemistry 20xx
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treated with oxidants like HNO3 or H,0,/AcOH produced fluorescent
CDs displaying enhanced quantum yields (0.8—-1.9%). Microwave-
assisted synthesis rapidly produces CDs with broad emission spectra
and high biocompatibility via electromagnetic energy-induced bond
cleavage. For instance, CDs synthesized from phthalic acid and
exhibited
fluorescence within one minute. CDs and their hybrids show

trimethylenediamine  hexahydrate strong green

significant potential for biomedical applications, including
bioimaging, diagnostics, and therapeutics. However, further
improvements in surface functionalization and synthesis

reproducibility are required to address existing limitations such as

photostability and toxicity, thereby increasing their clinical

applicability.1®

Enhancing Biomedical Functionality of CDs through Surface
Engineering and Heteroatom Doping

Their biomedical potential has been significantly expanded by
customizing surface properties and doping heteroatoms into CDs.*’
Crucially for targeted therapeutic delivery, altering surface
chemistry via covalent bonding or electrostatic and hydrogen
interactions  improves  biocompatibility and  biomolecule
conjugation. Heteroatoms such as nitrogen, boron, sulfur, or metals
strongly influence photophysical properties; nitrogen doping, for
instance, enhances quantum yields and provides pH-responsive
fluorescence, whereas boron doping enhances nonlinear optical
properties. Microwave-synthesized CDs co-doped with boron and
nitrogen exhibited quantum vyields of approximately 33%,
demonstrating significantly enhanced radiative efficiency. Hybrid
nanosystems combining CDs with magnetic nanoparticles (e.g.,
Fes0,) facilitate targeted therapy and multimodal imaging.46

Comparative Evaluation of CD Synthesis Strategies and Rational
Selection

The synthesis of carbon dots (CDs) is commonly divided into two
main approaches: top-down and bottom-up methods. Top-down
techniques, such as arc discharge, laser ablation, chemical
oxidation, and electrochemical exfoliation, involve breaking down
bulk carbon sources into nanoscale particles. These methods are
prized for retaining structural features of the original materials,
including crystalline domains and specific edge configurations, but
they often require harsh reaction conditions, specialized
equipment, and significant energy input. They also tend to produce
CDs with broad size distributions and lower quantum yields, leading
to issues with batch-to-batch reproducibility and challenges for
scalability and regulatory approval, especially where stringent
control over surface chemistry and biocompatibility is essential for
biomedical applications.*® Bottom-up synthesis methods like
hydrothermal processing, microwave-assisted pyrolysis, thermal
decomposition, and template-directed assembly, build CDs from
molecular precursors, offering flexibility to tune particle size,
surface functional groups, and optical properties. The versatility in
precursor choice from simple organics to biomass enables more

sustainable and cost-effective production routes. However, such

This journal is © The Royal Society of Chemistry 20xx

methods often produce heterogeneous populatigns ,requiring
extensive purification to remove residual yptedGéts D Whendan
hinder reproducibility and raise concerns over clinical scalability.
Moreover, the connection between synthesis methods and key
translational factors such as manufacturing consistency, in vivo
stability, and regulatory compliance is seldom explicitly addressed
in current research. To truly advance translational CD applications,
evaluations must go beyond descriptions of synthesis mechanics to
critically assess how each route meets practical demands for
industrial and biomedical implementation.*® Emerging technologies
such as continuous flow reactors, automation, hybrid synthesis
techniques, and Al-driven process optimizations are beginning to
address productivity, uniformity, and scalability hurdles. Future
research should focus on systematically correlating synthesis
parameters with translation-related performance metrics instead of
concentrating solely on compositional or photophysical properties.
Ultimately, the rational choice of synthesis strategy for CDs should
be guided by scalability, reproducibility, biosafety, and applicability
rather than traditional conventions or ease of laboratory
demonstration. This paradigm shift is crucial to overcoming
persistent challenges and fully leveraging the potential of carbon

dots in cutting-edge biomedical, energy, and sensing technologies.
50

Biomedical Applications of Single Carbon Dots

Bioimaging and Optical Sensing

Due to their photoluminescent properties, chemical stability, and
low toxicity, individual CDs are highly regarded in optical sensing
and biomedical imaging.! Owing to their tunable emission
wavelengths, these fluorescent nanoparticles offer enhanced
contrast in

diagnostic thereby enabling precise

visualization of biological tissues and cellular structures.*® Their

imaging,

stable fluorescence emission also facilitates continuous monitoring
of dynamic biological processes, ranging from tracking intracellular
pathways to highlighting pathological alterations. Additionally,
optical detection represents another important application area for
single CDs, leveraging their sensitivity to environmental variations
for real-time monitoring of biomolecules, ions, and metabolic
markers. For instance, selective interactions between CDs modified
with specific functional groups and targeted analytes produce
distinct optical signals, significantly enhancing detection sensitivity
and specificity, thus contributing to early disease diagnosis and
precise biomedical research. Nevertheless, achieving consistent and
reproducible sensing outcomes necessitates precise management
of surface chemistry, particle homogeneity, and synthesis
standardization.> Furthermore, rigorous biological evaluations
under clinically relevant conditions are critical to establish
comprehensive safety and efficacy profiles for these nanoparticles.
Engineering single CDs toward red/near-infrared windows and
ratiometric or lifetime-based readouts can further mitigate tissue
autofluorescence and scattering while improving quantitative
robustness in complex biological milieus. Such design choices,
with standardization and cross-laboratory

together assay
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benchmarking, will be pivotal for translating single-CD imaging and
optical sensing from proof-of-concept studies to clinically
actionable diagnostics.>® In recent work, platforms that combine
antifouling surface layers with lifetime-encoded or ratiometric
readouts and red/NIR emission have demonstrated higher matrix
tolerance, fewer false positives, and better inter-laboratory
transferability, moving single-CD assays closer to clinical practice.>*
Consequently, advancing single CD-based imaging and optical
sensing technologies from laboratory research to clinical
diagnostics and practical biomedical applications relies heavily on
continued refinement of synthesis methodologies alongside

thorough biological validations.>>
Biosensing Mechanisms of CDs and Their Biomedical Significance

Due to their distinctive optical characteristics and excellent
chemical stability, Carbon dots (CDs) have become attractive
materials for various biosensing applications, which mostly rely on
fluorescence-based detection methods.52 Typically, these carbon-
based nanostructures identify biological analytes via mechanisms
such as fluorescence resonance energy transfer (FRET), inner filter
effects (IFE), or simpler phenomena like fluorescence quenching
and enhancement. For instance, modifying CDs with specialized
receptors or targeted functional groups enables selective
recognition of specific analytes, causing noticeable shifts in
fluorescence intensity or emission spectra. Alternatively, enzyme-
driven reactions occurring directly at the nanoparticle surface can
yield measurable spectral variations, thus allowing precise tracking
of enzymatic activities or metabolite levels even within complex
biological media. Consequently, these versatile nanoprobes are
capable of detecting pH fluctuations, metal ions, proteins, nucleic
acids, and diverse metabolites, showing broad utility spanning
clinical diagnostics to environmental monitoring.>® Nevertheless,
significant obstacles persist, such as precisely controlling surface
modifications, achieving reproducible CD synthesis, and ensuring
high sensitivity in complicated biological conditions. Thus, rigorous
validation of biosensing efficacy under physiological scenarios,
along with ongoing refinement of synthetic techniques, remains
critical for successful translation into clinical settings. Additionally,
combining CDs with other nanomaterials could further enhance
sensitivity and selectivity, underscoring the relevance of
multifunctional composite platforms for advanced biomedical
diagnostic technologies.>”

Therapeutic Applications of CDs
Photothermal Therapy (PTT)

Photothermal therapy (PTT) is a technique that employs
photothermal agents to achieve targeted accumulation within
tumor sites, enabling the non-invasive eradication of cancer cells.
Since its therapeutic efficacy largely depends on selective
accumulation, an ideal photothermal agent should exhibit high
(PCE),
biocompatibility, and the absence of toxicity. 58 In PTT, carbon dots

(CDs) utilize their near-infrared (NIR) light absorption capability to

photothermal conversion efficiency excellent

effectively convert radiation into localized heat, selectively

6 | J. Name., 2012, 00, 1-3
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eliminating cancer cells. Unlike conventional therapies, -this
approach achieves targeted ablation oPQumicO3tisshEd0WHite
preserving healthy areas. Due to their biocompatibility and ease of
functionalization, CDs enable precise delivery to tumor sites,
enhancing therapeutic efficacy.”® For example, an asphaltene-
derived carbon dot (ACD) enriched with oxygen- and nitrogen-
containing functional groups was synthesized, and its in vitro
photothermal therapeutic performance was evaluated using an
MTT assay. Under 808 nm laser irradiation (1.5 W cm2), the
photothermal therapeutic effect was significantly enhanced with
increasing ACD concentration, demonstrating a corresponding
a Injection of 4T1 ACDs injection inta H0S nm laser imadiation Final observation of
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Figure 2. (a) Schematic illustration of the timeline of mice PTT with
the ACDs. (b) Time-course NIR photothermal images of whole mice
revealing the tumor region upon laser irradiation (800 nm; 1.5 W
cm-2) of the ACDs. PBS served as a control. (c) Temperature
elevations induced by the ACDs and PBS (control) in mice tumors
during laser irradiation. (d) Mice body weight and (e) tumor volume
changes monitored for 15 days post-treatment with PBS and ACDs
without and with laser exposure. Data are expressed as mean *
standard deviation. (f) Representative digital images of the tumors
excised from mice at 15 days post-treatment with ACDs and PBS
with laser exposure in each case (n = 5). (g) H&E staining
micrographs of tumors excised at 15 days post-treatment with ACDs
and PBS (control). Scale bar = 50 pum. Reproduced under terms of
the CC-BY license.®0 Copyright 2024, Akakuru, O. U, Li, X., Wang, Y.,
Chen, J., Zhang, Q., Liu, Z., and Zhao, H., published by Wiley-VCH
GmbH.

increase in cancer cell ablation.®° (Figure 2) However, issues such as
particle uniformity, long-term biosafety, and reproducibility in
synthetic protocols still require attention. Importantly, refining
synthesis methods and performing rigorous biological validation
clinically Such
advancements may facilitate clinical translation of CD-based PTT as

under relevant conditions remain critical.

an efficient, minimally invasive cancer therapy option.®!

Photodynamic Therapy (PDT)

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Photodynamic therapy (PDT) involves the light-mediated
activation of photosensitizers (PS) within tumor cells. Upon
photoexcitation, reactive oxygen species (ROS) are generated
intracellularly, leading to tumor cell death primarily through
apoptosis and necrosis. Damage to the surrounding tumor
microvasculature further disrupts oxygen and nutrient supply,
thereby amplifying cytotoxic effects. Tumor cell destruction is
accompanied by the release of proinflammatory cytokines and
rapid recruitment of neutrophils, macrophages, and dendritic cells
(DCs). The dying tumor cells are phagocytosed by professional
phagocytes, including DCs, which subsequently migrate to the
draining lymph nodes and differentiate into antigen-presenting
cells. This antigen presentation promotes clonal expansion of
tumor-specific lymphocytes that home to the tumor site and
destroy remaining malignant cells. Created with Biorender.com

Photodynamic therapy (PDT) is a non-invasive therapeutic modality
that specifically targets and destroys cells through the interaction of
photosensitizers, particular wavelengths of light, and molecular
oxygen.®? It has been successfully applied in the clinical treatment
of various cancers and several non-neoplastic conditions.53
Conventional photosensitizers exhibit considerable limitations, such
as insufficient target selectivity, hydrophobicity, and limited optical
efficiency, restricting their widespread clinical utility. Recently,
carbon-based nanomaterials, including CQDs and GQDs, have been
extensively explored as alternative photosensitizers due to their
enhanced aqueous solubility, superior photostability, and excellent
biocompatibility, which collectively improve therapeutic outcomes.
Typically, PDT involves administering a photosensitizer followed by
irradiation at a specific wavelength of light to selectively initiate
photochemical reactions within target tissues. Upon irradiation,
reactive oxygen species (ROS) are generated via Type | (radical-
mediated) or Type Il (singlet oxygen-mediated) pathways,
subsequently inducing apoptosis, necrosis, autophagy, vascular
damage, and immune activation, all of which contribute to tumor
suppression.®* (Figure 3) Recent studies have reported the
development of nanohybrids combining phenylboronic acid-
modified carbon dots (PCDs) with proteinase K (PK) to overcome the
limitations of photodynamic therapy (PDT). These nanohybrids
serve as carbon dot-based photosensitizers exhibiting superior
stability, with

aqueous solubility and surface  modification

This journal is © The Royal Society of Chemistry 20xx

significantly enhancing singlet oxygen ('03) generatjon efficiency.
The phenylboronic acid groups facilitate covaleA® bordingUiihokey
components of both Gram-positive and Gram-negative bacterial cell
walls, thus enabling strong bacterial adhesion. Proteinase K
enzymatically degrades the extracellular polymeric substances (EPS)
of bacterial biofilms, promoting the deep penetration of PCDs
within the biofilm matrix and thereby maximizing reactive oxygen
species (ROS)-mediated photodynamic bactericidal effects. Optical
characterization demonstrated that PCDs exhibit efficient '0,
generation upon near-infrared light irradiation at 660 nm, and
electrochemical analyses confirmed markedly improved electron-
hole separation efficiency. Fluorescence

staining  assays

distinguishing viable from dead bacteria revealed

bactericidal in PCD-treated groups,

strong
effects corroborated by
scanning electron microscopy observations showing bacterial
membrane deformation and disruption. Biofilm eradication assays
indicated that PCD-PK nanohybrids have superior efficacy compared
to either the photosensitizers or enzyme treatment alone,
suggesting enhanced therapeutic potential at infected sites in vivo.
Furthermore, in vivo evaluations combining PCD-PK nanohybrids
with 660 nm significantly
accelerated wound healing relative to controls and monotherapies,

laser irradiation demonstrated
with histopathological analyses confirming reduced inflammation
and enhanced dermal regeneration. Collectively, these findings
highlight that the strategic conjugation of phenylboronic acid-
modified carbon dot photosensitizers with biofilm-degrading
enzymes effectively overcomes the intrinsic shortcomings of
conventional PDT sensitizers, substantially elevating their clinical
translational feasibility.6> This approach delineates a promising
direction for next-generation photosensitizer development that
simultaneously augments biocompatibility and photodynamic
efficacy, underscoring the necessity of continued preclinical and
clinical investigation to realize its therapeutic potential. &

Drug Delivery and Nanocarriers

CDs are nano-carriers that exhibit excellent biocompatibility, low

toxicity, small particle size, water solubility, and unique
photophysical properties.®” Their usefulness has been consistently
demonstrated through various drug delivery studies.®® In particular,
drug delivery systems utilizing CDs in cancer therapy simultaneously
satisfy the two goals of achieving efficient therapeutic effects and
ensuring safety.®® For example, doxorubicin (DOX), a widely used
anticancer agent, has been loaded onto CD-based carrier systems in
various studies. The process of loading drugs onto CD surfaces can
be divided into covalent and non-covalent bonding. In covalent
bonding, structures that can be cleaved by specific enzymes or
redox environments, such as hydrazone and disulfide bonds, are
utilized to regulate drug release. On the other hand, non-covalent
binding utilizes reversible bonds such as electrostatic forces (van der
Waals forces and hydrogen bonds), hydrophobic-hydrophilic
interactions, and m interactions to regulate the reversible loading
and release of drugs. These diverse drug loading strategies and
controllable release mechanisms of CDs are expected to overcome

the limitations of existing drug delivery systems and meet the
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clinical demands for enhancing the efficacy of anticancer therapy
and minimizing side effects.”® Nevertheless, further research is
essential to address issues such as the reproducibility of drug
delivery efficiency, the in vivo dynamics of nano-carriers, and long-
term safety evaluation.”?

Antimicrobial and Antiviral Applications

Microbes responsible for infectious diseases include Escherichia
coli, Salmonella typhimurium, Streptococcus pneumoniae, Bacillus
cereus, Mycobacterium tuberculosis, Clostridium perfringens, and
Staphylococcus aureus. Human antibiotic resistance has evolved
from the indiscriminate use of antibiotics in response to these
diseases.”? It is imperative to develop alternative drugs to current
antibiotics since antibiotic-resistant bacteria can turn minor
infections into fatal ones. Owing to their simple synthesis methods,
low toxicity, excellent photostability, high water solubility, and easy
surface functionalization, CDs have recently attracted attention as

Pre-PDT PDT Post-PDT
Infected wound 450 nm, 45 mW/cmz After 14 days
S. aureus

Wound healing

Micro-wave
assisted
synthesis
H
0% 9
==} =
no/\v’g;/\on —

Citric Acid

C-DOTS 450 nm, 45 mW/‘cm

Biofilm Immediatly

S. aureus
S. aureus erradication

.

Figure 4. In vivo and in vitro antibacterial photodynamic therapy
(aPDT) studies, where aPDT mediated by CDs and blue LED light
against S. aureus was evaluated. Reproduced under terms of the CC-
BY license.” Copyright 2021, Romero, M. P., Alves, F., Stringasci, M.
D., Buzzj, H. H., Ciol, H., Inada, N. M., and Bagnato, V. S., published
by Frontiers Media S.A.

promising nanomaterials for PDT.52 The antibacterial mechanism of
CDs mainly involves electrostatic interactions between positively
charged CDs and negatively charged bacterial cell walls, causing
structural damage and ultimately cell death.”® (Figure 4) CDs have
also been suggested as effective materials for bacterial detection
and optical inactivation of multidrug-resistant (MDR) pathogens.
Recent studies demonstrated the effectiveness of PDT employing
citric acid-based CDs in significantly reducing microbial loads in
Staphylococcus aureus suspensions, biofilms, and infected wounds,
indicating their suitability for treating Gram-positive bacterial
infections. However, further in vivo safety evaluations and detailed
mechanistic studies are necessary before the practical application
of CD-based antimicrobial photodynamic therapy.”*

Hybridization of Carbon Dots with Other

Nanomaterials
Concept and Principles of CD Hybridization

8| J. Name., 2012, 00, 1-3
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Combining external functional nanomaterials with,carhon dots
(CDs) creates hybrid systems that merge tReir Histiket Sptical &nd
chemical characteristic.”> With dimensions of 10 nm or less, carbon
dots  (CDs)
distinguished by different functional groups, such as —OH, —COOH,
and —NH,.
possible by electrostatic interactions,

are zero-dimensional carbon nanomaterials

Effective building of composite structures is made
hydrogen bonding, m-m
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Figure 5. Synthesis mechanism and optical characteristics of CDs. (a)
synthesis method and PL spectrum of red emissive type CPDs as
well as (b) multicolor type CPDs. Optical characteristics of (c)
multicolor emissive CPDs as well as CQDs. Synthesis method and PL
spectrum of deep red emissive type CPDs. Reproduced under terms
of the CC-BY license.”” Copyright 2024, Khansili, N., published by
Elsevier.

stacking, and covalent bonding with different materials. By
controlling their surface state, charge distribution, and doping
elements, this hybridization aims to improve the luminescent
properties, stability, and reactivity of carbon dots (CDs).”®
Combining CDs, which possess quantum confinement effects and
surface defect states, with other nanomaterials enhances the
photonic transport, energy transfer, and photoreactivity of the
resulting hybrid system. Co-growth methods allow hybridization
either in post-processing or during the synthesis phase. Composites
with a variety of materials including metals, metal oxides, polymers,
and biomolecules can be made from carbon dots (CDs). From
optoelectronic devices and catalysts to biosensors, CD hybrid
systems provide a flexible platform suitable for many applications.””
(Figure 5)

This journal is © The Royal Society of Chemistry 20xx
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Types of Hybridized Carbon Dot Structures
Metal-Based Carbon Dot Hybrids
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Figure 6. Schematic representation of various methods used for
synthesizing the metal-doped and hybrid CDs. Reproduced with
permission.8® Copyright 2025, Elsevier.

Through surface functional groups, metal-based carbon dot hybrids
as composite nanostructures combine the outstanding optical
characteristics of carbon dots with the catalytic and electrochemical
properties of metals and metal oxides, thus enabling efficient
binding with metal ions and nanoparticles.”® Metal doping modifies
the electronic structure of carbon dots, thus regulating the HOMO-
LUMO energy gap, luminescence characteristics,
broadening the light absorption spectrum, and increasing charge

improving

transfer efficiency.” Silver, copper, iron, zinc, and magnesium are
among metal ions that alter the electron density distribution, thus
improving catalytic active sites and photocatalytic reaction
efficiency. By acting as reducing agents and stabilizers, carbon dots
including Ag@CDs,

Fes0,@CDs, and Ce0,-CDs.”® These composites demonstrate

enable in situ synthesis of composites
outstanding performance in applications such as antibacterial
treatments, redox reactions, photothermal therapy, and ROS-based
photodynamic therapy. When complexed with carbon dots, metal
oxides such as Fe3O4, MNO,, and CeO, particularly reduce electron-
hole recombination and function as electron storage mediators,
thus achieving exceptional photocatalytic activity. Hydrothermal
and sol-gel techniques are the primary methods for metal doping
and hybridization. The structure and properties of the resulting
composites vary depending on the synthesis conditions and
precursor types, which enables precise control over quantum yield
and photostability Effective expansion of these nanocomposites
into several biomedical uses is expected, including bioimaging, drug
delivery systems, antimicrobial platforms, and magnetic-based
medical imaging technologies.80 (Figure 6)

Polymer-Based Carbon Dot Hybrids

Polymer-based carbon dot hybrids are composite nanostructures
that integrate the exceptional light-emitting capabilities of carbon
dots with the structural flexibility of polymers. Polymers serve as
precursors for carbon dots and composite matrices, enhancing

structural stability and light-emitting efficiency.8! Synthetic

This journal is © The Royal Society of Chemistry 20xx

polymers such as PEG and PCL, together with natural polymers like
chitosan, augment the luminous charaeteristicd>FRGMpRYSical
stability of carbon dots. Polymers enhance biocompatibility and
dispersion stability while minimizing the aggregation of carbon
structures at the nanoscale and preserving size homogeneity.
Polymer-CD hybrids are primarily fabricated using in situ synthesis,
chemical grafting, and physical mixing techniques. Simple and
economical physical mixing may result in mechanical degradation
and agglomeration. Chemical grafting enhances mechanical
strength and optical properties by covalent bonding; it requires
complex production procedures and may require organic solvents.
Carbon dots are synthesized directly in situ inside the polymer
matrix, enhancing environmental sustainability and structural
integrity. CD-PCL, CD-PU, and CD-chitosan composites are used in
tissue engineering and bioimaging probes. They demonstrate highly
stable cellular adhesion and luminous efficacy. Diverse polymer
architectures enable the regulation of surface imperfections,
photonic transport pathways, and fluorescence emissions, thereby
enabling optimization for various applications. Polymer-based
carbon dot hybrids emerge as essential nanomaterials in several
domains, including biological diagnostics, bioimaging, and
therapeutic systems. Further research is required on structural

stability and in vivo functionality for accurate material design.”>

Organic-Inorganic Hybrid Nanostructures
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hybrid nanostructures  combine  the

photoluminescence and surface functionalization of CDs with the

Organic-inorganic

physical stability of organic and inorganic matrices, thus providing
ideal structures for achieving complex performance in many
applications. Common inorganic materials include silica, metal
oxides, carbon nitride (g-C3N4), and MOFs, small molecules, silanes,
and gel networks.? Particularly, Ormosil glass based on silane-
functionalized carbon dots (SiCDs) offers exceptional mechanical
stability, light transmittance, and homogeneous dispersion. By
silane pretreatment, the carbon dots are covalently bound inside
the silica matrix, thus preventing aggregation and exhibiting strong
optical stability. High transmittance of over 90% in the visible and
near-infrared regions (400-1350 nm) and a maximum quantum
yield of 88% characterize gel glasses containing SiCDs. Through
organic-inorganic hybridization, one can tune different fluorescent
emission wavelengths, charge transfer efficiency, thermal stability,
and photostability.82 In MOF-CDs, for example, carbon dots enhance
catalytic activity by acting as electron transfer mediators in a porous
structure connecting metal nodes and organic ligands. In silica or
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oxide-based structures, they effectively prevent high-concentration
self-quenching. Besides physical mixing, chemical bonding, and in
situ techniques, the synthesis of these nanocomposites requires
precise control of surface functional groups and synthesis
conditions such as pH and temperature optimization. Thus, organic-

inorganic hybrid carbon dot composites are expected to emerge as
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advanced nanomaterials with great functionality in, many fields,
including biosensors, optical films, catalysts]: &) EnAPOMPEtE]
pollution detection and removal.3 (Figure 7)

Biomaterial-Integrated Carbon Dot Hybrids
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Figure 8. (a) Schematic diagram of the synthesis of CDs from
starting materials (first) and fabrications of CD/polymer composite
materials (second). (b) The proposed biomedical application of
CD/polymer composite materials. Reproduced under terms of the
CC-BY license.?> Copyright 2022, Adam, G, O., Sharker, S. M., and
Ryu J. H., published by MDPI.

CDs have a structure suitable for bonding with biopolymers due in
large part to their excellent biocompatibility and the presence of
many surface functional groups. Combining carbon dots with
naturally occurring polymers including DNA, gelatin, and chitosan
enhances physical stability and biological responsiveness.& Simple
mixing, cross-linking reactions, polymerization, and thermal
treatment techniques are common methods used to fabricate these
composites.®3 This process generates a structure characterized by
mechanical strength, photo-stimulus responsiveness, and thermal
stability; reduces carbon dot aggregation; and increases surface
stability. Polymers create internal spaces that enable regulated
release in response to external stimuli and help drugs or bioactive
compounds to stabilize.?> (Figure 8) This capability enables
complexes, such as hydrogels based on chitosan, to be used as
delivery systems for bioactive molecules such as dopamine. To
enable the selective elimination of cancer cells, polymers such as
PEG and PEI increase the passivation of carbon dot surfaces, thus
improving water solubility and inducing photothermal reactions.
Additional interactions with external biomaterials are facilitated by
retaining the -COOH and -OH functional groups on the surface.
Moreover, one can optimize electron transport channels and
broaden the spectrum of light absorption through composite
structure design. Several next-generation biomedical applications
including tissue regeneration, nanodiagnostics, and precision
therapy fundamentally depend on carbon dot composites coupled
with biomaterials. These applications require both biocompatibility
and responsiveness, thereby enabling precise functions including
drug release control, gene delivery, and cellular targeting.84

This journal is © The Royal Society of Chemistry 20xx
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Advanced Biomedical Applications of Carbon

Dot Hybrids
Hybrid Carbon Dots for Multimodal Bioimaging

Based on ultra-small size, excellent water solubility, high
biocompatibility, and strong photobleaching resistance, fluorescent
metal-doped/hybrid CDs clearly outperform conventional inorganic
and organic fluorophores in cellular and bioimaging applications.
Particularly, their emission characteristics in the NIR spectrum
enable deep tissue imaging using long-wavelength light capable of
penetrating skin and tissues. The fluorescence mechanism of CDs
differs from that of graphene due to the presence of a bandgap.8°
This phenomenon is explained by surface-state luminescence in
conjunction with the quantum confinement effect (QCE). The

phenomenon known as QCE refers to the widening of the bandgap
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Figure 9. RTCA assay on RAW 264.7 cell lines with Rh and Rh-CQDs
NPs (a), while keeping [Rh] = 100 pg/mL. The cell index is
normalized (Cl = 1) at the time when NPs were added (t = 0).
Confocal microscopy images (b) of fixed and stained RAW264.7
Macrophages incubated for 24 h with Rh-CQDs (100 pg/mL, in
green), at 20x (63x in the insert). Alexa 555 Phalloidin (yellow) is

used to visualize the plasma membrane. X-ray Fluorescence (XRF)
experiment on Rh-CQDs NPs at 200 pg/Ml. XRF spectrum recorded
for 3 min at the central position of the vial (c); projection image of
the vial with absorption and XRF signals. (d); schematic

representation of Rh-QDs NPs, contained in the vial (e).
Reproduced under the terms of the CC BY 4.0 license.¢ Copyright
2021, Giovanni M. Saladino, Nuzhet I. Kilic, Bertha Brodin, Bejan
Hamawandi, Idris Yazgan, Hans M. Hertz, and Muhammet S.

Toprak, published in Nanomaterials.

due to decreasing nanoparticle size, generating light emission at
specific wavelengths.85 Concurrently, surface energy levels
produced by functional groups such as -COOH and -NH, on the CD
surface, or doped atoms (e.g., oxygen), absorb and re-emit light,
thus producing surface-state luminescence. Importantly, surface
chemical structure primarily determines CD emission wavelength

rather than particle size. For example, as the oxygen doping level

This journal is © The Royal Society of Chemistry 20xx

increases, the surface oxidation state rises and ot WeArpgpgggﬁg
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Figure 10. Schematic illustration of the detection steps of DNA
target. Created with biorender.com

hybrid carbon quantum dots (CQDs) exhibit superior near-infrared
(NIR) fluorescence properties optimized for deep tissue imaging
compared to conventional inorganic and organic fluorophores. This
enhancement is attributed to the hybrid architecture of CQDs
coupled with rhodium nanoparticles, which simultaneously
achieves high aqueous solubility, excellent biocompatibility, and
Notably, the

composition, including controlled surface functional groups and

strong photobleaching resistance. chemical
optimized oxygen doping levels, was confirmed to directly influence
the CQD bandgap modulation and red-shift emission control,
allowing facile tuning of multicolor and NIR fluorescence emission
within the 450-900 nm range.8 (Figure 9) Furthermore, another
recent study successfully developed bismuth (Bi) and gadolinium
(Gd) co-doped carbon quantum dots (Bi,Gd-CQDs) exhibiting dual
green and red fluorescence emissions. These nanoprobes
demonstrated promising potential as multifunctional imaging
agents capable of simultaneous computed tomography (CT) and T1-
weighted magnetic resonance imaging (MRI). The Bi,Gd-CQDs
possess high attenuation capability and short T1 relaxation times,
effectively integrating optical fluorescence imaging with other
diagnostic modalities on a single platform. Cellular and in vivo
imaging experiments verified the excellent biocompatibility and
deep tissue-penetrating of Bi,Gd-CQDs,

underscoring their utility as highly promising materials for

red fluorescence

multimodal biomedical diagnostics.8” Moreover, recently reported
iodine-doped carbon dots (IDCs) exhibit significant advantages due
to their facile synthesis method and enhanced computed
tomography (CT) contrast capabilities. These IDCs effectively
mitigate the toxicity and sensitivity limitations found in
conventional CT contrast agents. They provide superior contrast
enhancement in CT imaging as well as stable fluorescence imaging,
making them highly promising candidates for multimodal

biomedical imaging applications.8 As discussed, this precise
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modulation of the emission wavelength between blue (450 nm) and
red (650 nm) by simply altering surface functional groups offers a
significant advantage.8® Moreover, optimizing emission in the near-
infrared (NIR) spectrum (700-900 nm) is anticipated to facilitate
advances in precision biomedical diagnostics, including tumor
microenvironment tracking and real-time blood flow monitoring.
These characteristics underscore the potential of carbon dots as
integral components in the development of multimodal bioimaging
platforms. 90

Hybrid CDs for Enhanced Biosensing

Due to their high sensitivity and rapid analysis capability, CDs and
GQDs have attracted increasing interest as materials for
electrochemical biosensors targeting DNA mutation and pathogen
detection.?® Reduced background signals and improved signal
amplification enable fluorine- and nitrogen-doped CDs-based ECL
sensors to exhibit higher sensitivity and stability than conventional
sensors, thereby enhancing the detection of HIV-DNA fragments.
GQDs enable precise identification of HBV-DNA at low
concentrations through changes in potassium ferricyanide ion
current. GQDs utilize current variations in electrochemically active
materials induced by interactions with targets. In contrast,
variations in electron transfer efficiency or ECL signal amplification
upon target DNA binding constitute the primary detection
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4 »
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mechanism of CD sensors.? (Figure 10) Integration of carbon-hased
guantum dot biosensors with the CRISPRIQ3912aMASStePh
significantly reduces analysis time to about thirty minutes
compared to conventional PCR methods. 93 Cancer-related genes
(miRNA-21), viruses (HIV, HBV), and bacteria (E. coli) are among
various analytical targets covered by this method.?* Technological
developments redefine paradigms in early disease diagnosis and
pathogen monitoring, as continuous performance improvements
for clinical applications combined with cost-saving advantages
enhance their practical prospects.?>

Hybrid CDs in Drug and Gene Delivery Systems

Since gene therapy offers new approaches to treat genetic diseases
including Parkinson's disease and immunodeficiency diseases, it has
attracted considerable attention over the past ten years. However,
conventional virus-based vector systems still have limitations such
as low gene delivery efficiency, high manufacturing costs, and
potential induction of immune responses. Due to their excellent
biocompatibility, high solubility, and capacity to bind with both
organic and inorganic materials, CDs have recently emerged as
promising alternatives to viral vectors for gene delivery, overcoming
these limitations.?® (Figure 11) CDs efficiently deliver plasmid DNA
or siRNA into cells through clathrin and caveolae-mediated
endocytosis, showing higher gene expression efficiency than the
micropinocytosis pathway.?” Furthermore, inhibitor assays (DMA)
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Figure 12. (a) Surface functionalization of graphene oxide (GO)
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nanocomposites for targeted drug delivery and in vivo
photodynamic therapy using the near-infrared (NIR) laser irradiation
is shown. (b) The figure shows passive (enhanced permeability and

Figure 11. Nucleic acid delivery in retinal cells using CDs
nanoparticles. Reproduced under terms of the CC-BY license.?
Copyright 2021, Khiev, D., Mohamed, Z. A,, Vichare, R., Paulson, R.,
Bhatia, S., Mohapatra, S., Volo, G. P.,, Valapala, M., Kerur, N.,
Passaglia, C. L., et al., published by MDPI.
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retention (EPR) effect. (c) Chemical structure of graphene oxide (GO)
and multilayered planar structural arrangement of GO. (d)
Preparation of graphene oxide (GO)-polyethylene glycol
(PEG)/paclitaxel (PTX) nanoscale drug delivery system.101 Copyright
2020, Khan, 1., Saeed, K., Khan, I., published by MDPI.
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have clarified the precise internalization pathway of CDs, providing
essential information for the design of targeted delivery systems.%
Optimizing CD properties is expected to enable non-invasive and
highly effective gene therapy, as physicochemical parameters such
as particle size, surface charge, and shape determine cellular uptake
efficiency. Thus, in the field of gene therapy, CD-based gene delivery
systems are anticipated to overcome the limitations of viral vectors
and develop into effective and stable therapeutic platforms.%8

Hybrid CDs for Synergistic Cancer Therapy
Nanoplatforms for Combined PDT and PTT

Phototherapy is a topic of ongoing investigation in cancer treatment
since low toxicity, minimal invasiveness, reduced side effects, and
reduced incidence of drug resistance provide several advantages
over radiation therapy, chemotherapy, and surgery.”® However,
limited light penetration lowers its effectiveness in treating deep
tumors. Recently proposed solutions for this issue rely on X-ray
radiation, NIR light, self-emitting nanoparticles and other light
sources. Phototherapy, including PDT and PTT, utilizes light at
specific wavelengths.1% PTT removes cancer cells via heat
generated by photothermal agents (PAs), while PDT kills tumor cells
through ROS generated by irradiating Photosensitizers (PSs). Both
treatments require active agents to satisfy specific physicochemical
criteria including excellent photoresponsiveness, low toxicity
toward healthy cells, and high specificity.101 (Figure 12) Current
studies primarily aim to combine PDT and PTT to generate a
synergistic therapeutic effect surpassing either treatment alone.
Recently, several nanocomposite materials, especially graphene
have attracted

oxide-based platforms, interest for achieving

PDT/PTT synergy. Graphene oxide composites combined with
amino-functionalized hybrid nanoparticles (e.g., Yb**/Er3*@NaGdF

4:Nd3*/Yb3*), PEG, and Ce6 demonstrate significant ROS-generating

capability and enhanced photothermal conversion efficiency. Under
808 nm wavelength irradiation, simultaneous PDT/PTT application
in a mouse liver cancer (U14) model significantly reduced relative
tumor volume (V/V) to half its original level after 14 days,
demonstrating remarkable therapeutic efficacy.102 These results
confirm that nanocomposites combining both therapies provide
superior cancer treatment strategies compared to conventional
monotherapies. Thus, future development and optimization of
phototherapy-based nanomaterials are anticipated to greatly
increase cancer treatment efficiency and overcome current
penetration depth limitations.103

Targeted Drug Release and Smart Delivery

Due to their excellent fluorescent characteristics, biocompatibility,
and multifunctionality compared to conventional semiconductor
QDs, carbon dots (CDs) have attracted interest as a nanoplatform
for early diagnosis and targeted cancer treatment.104 Strategies
targeting specific cellular organelles, such as mitochondria, are
particularly promising since they can increase the sensitivity of
chemotherapy and treatment, although

radiation current

treatment approaches have major disadvantages including

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. (a) LSCM images of Hela cells incubated with CDs-Hep
for 3 h observed, A549 cells incubated with CDs-Hep/DOX for 5h
observed, and LSCM images of A549 cells incubated with DOX for 5
h observed. (b) Schematic of intracellular release behavior of DOX
from the CDs-Hep/DOX drug delivery system. The cell inhibitory rate
of MCF-7 (c), HelLa (d), A549 (e) and NIH3T3 cells (f) after incubation
with CDs and CDs-Hep/DOX or free DOX for 48h. Reproduced under
terms of the CC-BY license.'® Copyright 2017, Wang, Y., Li, Y., Han,
X., Zhang, X., Zhang, Y., Liu, Y., published by Royal Society of
Chemistry.

pharmacokinetic limitations and systemic toxicity.1% Recent
extensive development of targeted nanocomposites based on CDs
has overcome these constraints. Confocal microscopy studies, for
instance, confirmed that the Hep-CDs/DOX complex firmly binds
and efficiently internalizes into A549 lung cancer cells. Heparin
appears to enhance blood-cell interactions, thereby improving
delivery efficiency.1% (Figure 13) Moreover, CDs offer advantages
for non-invasive treatment monitoring and accurate cancer therapy
compared to conventional solid lipid nanoparticles or liposomes
through precise targeting and real-time fluorescent tracking via
surface functionalization. Enhanced intracellular absorption,
improved drug loading efficiency, and anticancer efficacy were
observed in CDs-DOX complexes synthesized by a hydrothermal
synthesis technique combining citric acid and ethylenediamine,
compared to DOX. biocompatibility and

pharmacological efficacy of CDs were confirmed by evaluating cell

basic Excellent

toxicity on L929 and MCF-7 cell lines.107 These results suggest that

CDs-based nanocomposites will be significantly important in
targeted therapy and cancer diagnosis, as they appear capable of

J. Name., 2013, 00, 1-3 | 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00816f

Page 15 of 21

Open Access Article. Published on 13 listopadu 2025. Downloaded on 13.11.2025 16:57:21.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

overcoming the limitations of conventional cancer treatments, such
as low drug delivery efficiency and systemic toxicity.108

Sonodynamic Therapy (SDT) with Hybrid CDs

SDT is a non-invasive cancer treatment using ROS generated by
sonosensors triggered by ultrasonic waves.1% As possible SDT
platforms, the excellent biocompatibility and ROS-generating
capacity of CDs-based hybrid systems have recently attracted
significant interest. Particularly, RB-CDs@RGD, with avf3 integrin
targeting capability, displayed selective accumulation in
glioblastoma cells and strong ROS-generation capability, causing cell
death and validating the efficacy of SDT.110 Furthermore, even under
low-energy ultrasonic waves, the C-dot MBs system combining
and CDs
outstanding  ROS-generating  efficiency, optimizing
therapeutic effects. TEM analysis confirmed this hybrid system's

liposomes, perfluoropropane gas, demonstrated

tumor

monolayer lipid structure; it also demonstrated significant contrast
enhancement in 7.5 MHz ultrasonic imaging and maintained over
90% stability at 37°C. In vitro studies revealed a 50.1% cell death
rate in TRAMP cells treated with C-dot MBs combined with
ultrasonic waves, a result that clearly demonstrates strong
anticancer activity. In vivo solid tumor models also confirmed
excellent therapeutic efficacy; tumor volume decreased by 70% and
apoptotic cell count increased by 2.8-fold following ultrasonic
irradiation. Injected C-dot MBs naturally degraded in 400 seconds,
thus reducing long-term toxicity.11! (Figure 14) The future of non-
invasive tumor treatment using CD-based SDT platforms looks
bright, focusing on combining selective tumor cell death efficacy,
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Figure 14. (a) Illustration of SDT for anti-tumor application using CDs
MBs with US. (b) The properties of CDs MBs. (c) Cell experiments to
determine the mechanism of cell death induced by CDs MBs + US.
(d) Histological images of H&E staining, DCFDA staining, and TUNEL
staining revealing tissue damage, ROS level, and apoptosis,
respectively, after different treatment protocols, and Enlargement of
ROIs. Reproduced under terms of the CC-BY license.!ll Copyright
2023, Fan, C.-H., Wu, N., Yeh, C.-K., published by Elsevier.

14 | J. Name., 2012, 00, 1-3

4 c PBS
a .

Materials Advances

long-term toxicity evaluation, and

large-scale, . production

technology development.112 DOI: 10.1039/D5MA00816F

Antibacterial and Antimicrobial Properties of CD Hybrids

CDs-based hybrid systems are increasingly valuable as effective
in antimicrobial treatment through

damage,

therapeutic approaches

structural disruption, biochemical and synergistic
interactions among multiple mechanisms.113 Carbon dots (CDs),
utilizing the various functional groups and photothermal properties
of their surfaces, have recently been shown to exhibit effective
antibacterial activities against antibiotic-resistant strains.114
Targeting MurD ligase specifically on bacterial cell walls, D-glutamic
acid-based CDs permeability through

electrostatic

increase  membrane

interactions with negatively charged surfaces.

near-infrared irradiation disrupts cell walls and
thus

combination

Moreover,

denatures bacterial membrane proteins, significantly
with
conventional treatments. Competitive analyses confirmed that

positively charged guanidinium-functionalized CDs specifically

enhancing antimicrobial properties in

interact with lipid A, disrupting the outer membrane of Gram-
negative bacteria. For targeting drug-resistant bacterial infections,
results indicate that CDs could effectively serve as biocompatible
coatings, drug delivery systems, and nanomedicines.!15 (Figure 15)
Still under investigation, however, are mechanisms of multidrug
resistance, manufacturing process standardization, and long-term
toxicity assessment. Thus, hybrid systems based on CDs exhibit
great potential as targeted antibacterial treatments capable of
overcoming limitations of current methods.116
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Figure 15. (a) Schematic illustration of synthesis of the BAPTCD
mechanism of bacteria targeting and photothermal ablation of
BAPTCDs upon laser irradiation. (b) Photographic images of the
colonies, and bacterial viability of E. coli ATCC 700926 and S. aureus
ATCC 29213. (c) SEM images of E. coli ATCC 700926 and S. aureus
ATCC 29213 were treated by using BAPTCDs at 200 pg/ml with or
without NIR (The red arrow shows where the bacterial cell wall has
broken). (d) Confocal microscopy images of E. coli ATCC 700926 and
S. aureus ATCC 29213 treated with BAPTCDs. Reproduced under
terms of the CC-BY license.!15 Copyright 2022, Qie, X., Zan, M., Gui,
P., Chen, H., Wang, J., Lin, K., Mei, Q., Ge, M., Zhang, Z., Tang, Y.,
Dong, W.-F., Song, Y., published by Frontiers Media S.A.
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Challenges and Future Perspectives
Toxicity and Biocompatibility Considerations

Although the toxicity profile of CDs generally shows excellent
biocompatibility and low cellular toxicity, notable variations may
occur depending on specific environmental conditions and surface
functionalization.’” Recent studies revealed that CDs under
continuous illumination degrade into low-molecular-weight
compounds, producing byproducts including polyethylene glycol
and aromatic compounds, which have been confirmed to induce
cellular toxicity. In HEK-293, Hela, and HepG2 cells, light-exposed
CDs particularly showed time-dependent toxicity; undegraded CDs
had minimal effect. High concentrations of CDs in zebrafish embryo
models also induced physiological toxic reactions. Moreover,
particle size and chemical characteristics of surface functional
groups (Figure 16)
Furthermore, tissue distribution analyses revealed that CDs
primarily accumulated in the liver and heart, a finding that indicates

possible organ toxicity. Thus, to accurately evaluate the

influence the intensity of toxicity.118

biocompatibility of CDs, consideration of particle size, synthesis
routes, surface functional groups, photostability, toxic byproduct
generation due to degradation, and assessments at the tissue and
organism levels is essential.11?

Stability and Scalability of Hybrid Carbon Dots

This journal is © The Royal Society of Chemistry 20xx
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Figure 16. Cell viability testing of laboratory-synthesized CDs (a,
b, c) Dose-response data show the cytotoxicity of CDs to Hela,
HepG2, and HEK-293 cells increased with irradiation time. (d, e,
f) Dose-response data show the photolyzed products in the <3
kD fraction contributed substantially to the photo-induced
cytotoxicity of CDs to Hela, HepG2, and HEK-293 cells.
Reproduced under terms of the CC-BY license.!18 Copyright 2021,
Liu, Y.-Y., Yu, N.-Y,, Fang, W.-D., Tan, Q.-G., Ji, R., Yang, L.-Y., Wei, S.,
published by Springer Nature.

The practical application of hybrid CDs requires the development of
technologies for ensuring stability and enabling mass production.
CDs are structurally susceptible to degradation, so they must
maintain stability under various environmental conditions.?? To
address this, recent strategies include embedding carbon structures
within silica or salt crystals or combining them with polymer
matrices to improve fluorescence stability and reduce
photobleaching under oxidative conditions. In terms of mass
production technology, diverse synthesis methods including
hydrothermal synthesis have been suggested. One-step methods
that simultaneously achieve solid-state solvent-free synthesis and
carbonization with surface functionalization contribute to process
simplification and increased production efficiency.1?! For the
practical use of hybrid CDs, solutions that concurrently address
process-related factors such as reproducibility, uniformity, and
purification, as well as ensuring stability, are required.122 Therefore,
if hybrid CDs can simultaneously fulfill optical performance,
stability, and productivity, they are expected to serve as key
materials in various fields such as biosensors, diagnostic
technologies, and energy conversion devices.123

Emerging Trends and Potential Clinical Applications

CDs are attracting attention as potential next-generation diagnostic
and therapeutic tools due to their diverse applications and

J. Name., 2013, 00, 1-3 | 15
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biocompatibility.124 Recent studies have focused on possible
applications of these nanoparticles as photothermal therapy agents
generating heat in response to external stimuli or as drug carriers.
Furthermore, they are suitable for photodynamic therapy, which
generates reactive oxygen species in response to light. They can also
function as gene delivery systems.12> Excellent tissue penetration of
CDs emitting near-infrared (NIR) light makes them ideal for heat-
based treatments and tumor-targeted imaging.®” Composite
nanostructures loaded with anticancer drugs or genetic materials
are currently under development for theragnostic systems that
integrate diagnosis and treatment, with their efficacy assessed in
various animal models.126 Lesion sites are tracked in real-time using
CD-based technologies; pathways of drug action are observed; and
biological responses are recorded.’?” Regarding long-term
accumulation and tissue degradation rates, preclinical data provides
a basis for evaluating clinical relevance.128 Recent work has shown
that a DOX-loaded hybrid system (ICG-loaded HA-CD@ p-CBA-DOX)
achieved roughly an 80% tumor inhibition rate in 4T1 tumor-bearing
mice compared with free DOX, and in a hepatocellular carcinoma
model (HepG2 xenografts), CDs—DOX led to about a 50% reduction
in tumor volume within 24 hours and more than 72% inhibition by
day 20, providing clear quantitative benchmarks. In addition,
surface-modified CDs exhibited robust ROS generation under 635
nm irradiation together with high photothermal conversion
efficiency (on the order of 70%), demonstrating suppressed tumor
growth in 4T1 mouse models as a multifunctional photo-theranostic
platform.12° Another study engineered gold-silver—doped carbon
nanocomposites to enhance photothermal therapy against
colorectal cancer; leveraging the brightness increase from the gold
surface plasmon resonance effect yielded strong NIR absorption,
and the resulting in vitro/in vivo data substantiated photothermal
anticancer efficacy, thereby strengthening prospects for clinical
translation.130 Collectively, these advances have extended into
multi-spectral imaging modalities, enabling a single probe to
capture detailed physiological information.!31 This, in turn, supports
early detection of infectious diseases, precise delineation of tumor
margins, and long-term monitoring of therapeutic responses.132

Conclusions

Due to their excellent optical properties, high biocompatibility,
and simplicity of surface functionalization, carbon dots (CDs)
have become promising next-generation biomedical
nanomaterials. Based on quantum confinement effects and
surface functional groups, CDs exhibit distinct luminescent
characteristics; their simple synthesis methods and high
solubility have shown promise in bioimaging, biosensing, drug
and gene delivery, and phototherapy. Combining CDs with

materials such as metal nanoparticles, polymers, and organic-

inorganic hybrid structures enhances their functional
properties and environmental stability, enabling the
expansion into multifunctional nanosystems. Hybrid CD
composites integrating therapeutic modalities, including

photothermal, photodynamic, and ultrasonic responses, are
developing into theragnostic technologies for simultaneous

16 | J. Name., 2012, 00, 1-3
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diagnosis and treatment. Clinical application, of these
technologies requires biological safety Vétifi€ation RhYEAgHLph
vivo distribution analysis, immune response evaluation, and
tissue-specific tracking. Additionally, precise
medical applications depend on integration with Al-based

metabolic

tailored treatment platforms. Addressing biocompatibility,
structural reproducibility, and large-scale production
standardization will position CDs and their hybrid materials as
essential components in future medical technologies for
precision cancer treatment and infectious disease control. This
review shows that carbon dots (CDs) and their hybrid
nanostructures can realize integrated theranostics—diagnosis
and therapy on a single platform. Hybridization and spectral
engineering elevate CD signal fidelity and stability, bringing
clinical use closer. We first summarized structure and
synthesis principles. Hybridization with metals, inorganic
matrices, or polymers reduces photobleaching and improves
colloidal stability. Surface functionalization and heteroatom
doping tune electron/energy transfer. As a result, quantum
yield and signal-to-noise increase. These material advances
translate into higher analytical sensitivity and better
reproducibility  across  applications. In diagnostics,
fluorescence/NIR imaging and SERS/MRI-augmented systems
achieved higher target selectivity and in vivo signal stability.
Low limits of detection were reported for nucleic acids, ions,
with
complex media. Mechanistic designs that control distance-
dependent quenching/recovery and charge/energy transfer

proteins, and metabolites, real-time monitoring in

pathways lowered false positives and improved accuracy. In
therapy, PTT and PDT work alone or in combination. PTT
converts NIR absorption into localized heat for minimally
PDT leverages aqueous compatibility,
photostability, and biocompatibility to address the limitations

invasive ablation.

of hydrophobic photosensitizers. Together, these modes
trigger complementary death pathways—thermal damage,
ROS generation, vascular effects, and immune activation.
Hybrid designs increase 'O, yield, tumor accumulation, and
photothermal synergy, improving tumor eradication and
safety margins. Carbon-based emitters with red/near-infrared
(R/NIR) emission improve tissue penetration and reduce
autofluorescence. A large Stokes shift, low scattering, and long
lifetimes further strengthen imaging reliability and enhance
PDT efficiency. Such spectral engineering is achieved by
controlling sp? domain size, surface oxidation/defects,
heteroatom doping, and precursor/reaction/post-treatment
conditions. These levers provide the physical basis for the
diagnostic and therapeutic gains above. Manufacturing and
safety remain pivotal. For scale-up, solid-state or low-solvent
processes and one-step carbonization—passivation simplify
production and raise throughput. Stability improves through
silica/salt or polymer encapsulation and surface passivation.
Next steps require systematic assessment of toxicology,
biodistribution, excretion, and photolysis by-products, along

with  standardized synthesis—characterization—preclinical

This journal is © The Royal Society of Chemistry 20xx
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protocols and clear QC metrics. In sum, CD-hybrid platforms
can unify (i) mechanism-driven surface chemistry and doping,
(ii) R/NIR-centric spectral engineering, and (iii) multimodal
therapy (PTT, PDT, SDT) to deliver precision diagnosis and
targeted therapy in one nanosystem. The immediate priorities
are standardization and scale-up, deeper mapping of immune—
microenvironment interactions, and clinical readiness
validation. With these in place, CD hybrids can mature into

practical theranostic platforms.
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