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Carbon dots (CDs) tend to assemble and aggregate into supra-CDs due to surface energy-driven forces,
electrostatic interactions, and hydrogen bonding. To better utilize the assembly process, external
modulation strategies such as protonation regulation, nanoconfinement, solvent polarity control, and
directed hydrogen bonding have been employed to design ordered structures. This review summarizes
the assembly structures and functional modifications of supra-carbon dots, focusing on strategies to
overcome limitations such as rapid renal clearance, shallow tissue penetration of luminescence, and
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restricted photothermal/photodynamic efficacy. Recent advances in the biological applications of supra-
CDs, including bioimaging, drug loading, photothermal therapy, and photodynamic therapy, are
DOI: 10.1039/d6cc00945j systematically discussed. By integrating nanoscale properties with microscale/macroscale functionalities,

supra-CDs demonstrate enhanced performance in diagnostics and therapeutics, offering a promising
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1. Introduction

Nanomedicine, as a pivotal frontier in 21st-century medical
technology, offers revolutionary strategies for disease diagnosis
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platform for future biomedical applications.

and treatment by leveraging the unique physicochemical prop-
erties of nanoscale materials."? Traditional nanocarriers, such
as liposomes and polymeric nanoparticles, can deliver drugs via
the enhanced permeability and retention (EPR) effect or
through active targeting. However, they still commonly face
several challenges, including insufficient physical stability,
limited drug loading efficiency, unpredictable in vivo behavior,
and potential biosafety concerns.®™

Carbon dots (CDs) are characterized by excellent water
solubility, facile surface functionalization, low cytotoxicity,
and high biocompatibility, making them promising candidates
for biomedical applications.”” Their tunable fluorescence,
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straightforward synthesis routes, and abundant carbon sources
further enhance their potential in bioimaging, drug delivery,
photodynamic therapy (PDT) and photothermal therapy (PTT).
However, the small size of CDs, while beneficial for tissue
penetration, also leads to rapid renal clearance and limited
tumor-targeting efficiency, thereby restricting their therapeutic
efficacy. Moreover, most CDs exhibit emission in the short-
wavelength region, which suffers from poor tissue penetra-
tion—highlighting the need to develop long-wavelength emis-
sive CDs for deep-tissue imaging.®*°

Supra-carbon dots (supra-CDs) are CD assemblies with
diverse architectures, formed through the non-covalent or
covalent assembly of individual CDs."*™** Early research pri-
marily focused on suppressing CD aggregation due to the
associated aggregation-caused quenching (ACQ) effect. How-
ever, with advances in chemistry and nanoscience, it has been
recognized that precisely controlling the assembly process of
CDs can lead to ordered structures that exhibit new function-
alities not present in discrete CDs.'*

A major research focus regarding supra-CDs involves func-
tional modifications to overcome the limitations of conven-
tional CDs in biomedical applications. For instance, optimizing
the size and surface chemistry of supra-CDs can balance
tumour accumulation efficiency and clearance kinetics. Studies
indicate that supra-CD particles in the 50-100 nm range avoid
rapid renal filtration while promoting enrichment in tumor
tissues via the EPR effect.”” In terms of optical performance,
supra-CDs can achieve significant absorption redshift through
J-type aggregation. For example, platinum(wv)-coordinated
supra-CDs (HS-Pt-CDs) developed by Qu and collaborators
exhibited a redshift of 240 nm (from 423 nm to 670 nm),
conferring near-infrared (NIR) photocatalytic properties and
markedly improved tissue penetration.'® Moreover, supra-CDs
demonstrate substantially enhanced photothermal conversion
efficiency (PTCE) and reactive oxygen species (ROS) generation,
leading to qualitative improvements in therapeutic outcomes.
One study reported that pH-triggered supra-CDs achieved a
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PTCE of more than 50% under 650 nm irradiation, far exceed-
ing that of most individual CDs."”*°

Despite significant progress, several challenges and research
gaps remain in this field. First, the precise assembly dynamics
and structure-function relationships of supra-CDs are not fully
understood, hindering accurate prediction and control of their
properties. Second, many studies focus on concentration-
dependent self-assembled supra-CDs, yet the lack of effective
regulation strategies often results in poor stability and un-
controllable behaviours in complex biological environments.”>**
The development of precise modulation strategies to enhance the
adaptability of supra-CDs under physiological conditions remains
an urgent issue for advancing real-world nanomedicine. There-
fore, a comprehensive review of the current literature on supra-
CDs is warranted to elucidate the fundamental principles govern-
ing the assembly of CDs into supra-CD structures, thereby inform-
ing the future design of multifunctional supra-CDs, particularly
those intended for biological applications.

Based on the current situation, this review systematically
summarizes the intrinsic driving forces and external modula-
tion strategies for CD assembly, outlines the correlation
between assembly structures and functions, and highlights
recent advances in bioimaging, therapy, and theragnostics
using assembled CDs. Finally, challenges and future direc-
tions in the field are discussed. In summary, by integrating
nanoscale properties with micro/macroscopic functiona-
lities, supra-CDs represent a versatile biomedical platform
with great potential in diagnosis, therapy, and theragnostic
integration.

2. Inherent driving forces

A fundamental prerequisite for fully utilizing supra-CDs is a
deep understanding of the intrinsic driving forces that trigger
CD aggregation. These forces primarily originate from the
nanoscale characteristics of CDs and their rich surface chemistry,
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Fig. 1 Overview of the intrinsic driving forces that cause CDs to tend to
aggregate.

mainly including surface energy-driven effects, electrostatic inter-
actions, and hydrogen bonding (Fig. 1).

2.1 Surface energy-driven assembly

Surface energy-driven assembly represents one of the most
basic forms. Due to the nano-size effect, individual CDs possess
an extremely high specific surface area and surface energy,
rendering them thermodynamically unstable.>* To reduce the
total energy of the system, CDs tend to aggregate, thereby
minimizing the exposed surface area and achieving a more
stable state.”® This surface energy-driven process often does not
require specific functional groups and exhibits a certain uni-
versality, but it is poorly controllable and prone to forming
random aggregates.>*?°

2.2 Electrostatic interactions

Electrostatic interactions also provide a significant driving
force for CD assembly. The surfaces of CDs typically contain
both positively charged groups (e.g., amino groups, -NH,) and
negatively charged groups (e.g., carboxyl groups, -COOH),
exhibiting amphoteric ionic characteristics.”**” When oppo-
sitely charged groups are present on adjacent CDs, the electro-
static attraction between them can effectively overcome
interparticle repulsion and serve as the primary driving force
for assembly. For instance, Li et al. synthesized carbon nano-
dots (CNDs) from citric acid and urea via a hydrothermal
method. Adjacent CNDs are supposed to assemble via possible
interparticle electrostatic interactions and hydrogen bonding
between the amino groups as positive charge centres and the
carboxyl/pyridinic groups as negative charge centres. The IR
spectra reveal that the characteristic absorption peaks of C=N,
C=O0 and amino groups shifted to smaller wavenumbers in the
supra-CNDs relative to the CNDs, indicating the formation of
interparticle hydrogen bonds. These possible interparticle elec-
trostatic interactions and hydrogen bonding could stabilize
the assemblies and support the formation of supra-CNDs."”
In another study, Li et al. constructed hierarchical assemblies
of CDs (HA-CDs) by assembling monodispersed ultraviolet-
absorbing CDs. The resulting HA-CDs exhibit good hydrophili-
city and achieve a superior PTCE of up to 84% under simulated
solar irradiation.”® This mode of assembly is sensitive to
environmental conditions, offering possibilities for a certain
degree of regulation.

This journal is © The Royal Society of Chemistry 2026
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2.3 Hydrogen bonding

Among the various intrinsic driving forces, hydrogen bonding
stands out as the most common and critical due to its direc-
tionality and saturation.”>*° During synthesis, CDs typically
accumulate abundant oxygen- and nitrogen-containing func-
tional groups, such as hydroxyl (-OH), carboxyl (-COOH), and
amino (-NH,) groups, which act as excellent hydrogen bond
donors and acceptors, creating inherent conditions for the
formation of an intensive hydrogen-bonding network between
CDs. The advantage of hydrogen bond-driven assembly lies in
its moderate strength: it effectively guides the directional
aggregation of CDs into structurally stable superstructures
while allowing reversible disassembly under external stimuli
(e.g., temperature, pH), which is crucial for constructing smart
responsive materials.>® For example, Lin et al. synthesized
chiral carbon dots (Ch-CDs) using R-/S-a-phenylethylamine
and 3,4,9,10-perylenetetracarboxylic dianhydride as precursors.
The Ch-CDs exhibit concentration-dependent self-assembly,
attributed to directional hydrogen bonds provided by surface
molecules.’® Similarly, Wang et al. synthesized carbonized
polymer dots (CPDs) using trimeric acid (TA) and m-phenylene-
diamine (m-PD) as precursors via an airflow-assisted melt
polymerization (AMP) method. The self-assembly, driven by
supramolecular interactions such as hydrogen bonding and
n-n stacking, significantly enhanced the emission of the
CPDs.*® Therefore, hydrogen bonding not only acts as an
adhesive in non-covalent assembly but also often serves as a
prelude and template for covalent assembly, decisively influencing
the structural order of the final supra-CDs. In summary, hydrogen
bond-driven assembly is one of the most promising intrinsic
strategies for achieving controllable and ordered CD assembly.
These innate internal driving forces act synergistically or
competitively to determine the likelihood of CD aggregation, also
explaining the concentration-dependent assembly phenomena
observed in many CDs. However, assembly processes relying solely
on intrinsic forces are typically stochastic, lacking precise spatial
and structural control, leading to significant polydispersity in the
morphology, size, and structure of the resulting products. Particu-
larly in aqueous environments, the abundance of water molecules
competes with CD surface groups in forming hydrogen bonds,
severely disrupting the intrinsic hydrogen-bonding network
between CDs and limiting the formation of ordered hierarchical
structures. While more defined assemblies might be achieved in
organic solvents, this greatly restricts their direct application in
biomedical fields. Consequently, relying exclusively on intrinsic
driving forces makes it challenging to meet the demands for
controllable CD assembly and functional applications, underscor-
ing the urgent need to introduce external stimuli for precise
regulation, guiding CDs along predefined pathways to assemble
into advanced materials with specific functions and structures.

3. External modulation strategies

The intrinsic tendency of CDs to undergo assembly and aggre-
gation, driven by surface energy, electrostatic interactions, and
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hydrogen bonding, often leads to unpredictable or disordered
structures. To harness this propensity for creating functional
architectures, precise external modulation strategies are para-
mount. These strategies allow for the rational design of supra-
CDs with tailored optical properties, enhanced stability, and
specific morphological characteristics. This section delves into
the principal external modulation techniques—protonation
regulation, nanoconfinement, solvent engineering, directed
hydrogen bonding, and surface functional group control—high-
lighting their mechanisms, advantages, and profound implications
for advancing biological applications in nanomedicine.

3.1 Protonation regulation

Protonation regulation is a highly effective and reversible strategy
for controlling the assembly state of CDs by altering their surface
charge and intermolecular interactions through pH changes.**
This approach typically involves the protonation of basic surface
functional groups (e.g., amino groups) or, as notably demon-
strated, the protonation of acidic groups like phosphates under
acidic conditions.*>*® For instance, CDs synthesized from levo-
floxacin and phosphoric acid possess surface phosphate groups
(Fig. 2a). Under neutral conditions, these CDs exist in a dispersed
molecular state, exhibiting green room-temperature phosphores-
cence (RTP). Upon acidic treatment, the phosphate groups
undergo protonation, which significantly reduces electrostatic
repulsion between CD particles and, more importantly, enhances
the hydrogen bonding capability of the surface. This protonation-
triggered self-assembly leads to a redshift in phosphorescence
emission from green to the NIR region (e.g;, 725 nm), a phenom-
enon attributed to the elongation of the n-conjugated core and an
increased density of delocalized n-electron clouds, which reduces
the bandgap (Fig. 2b).*"*

The NIR emission absorbance and excitation make proto-
nation-regulated supra-CDs exceptionally promising for bio-
sensing and imaging. The mildly acidic microenvironment of
tumors (pH ~ 6.5-7.0) or inflammatory sites can serve as an
endogenous trigger for the assembly of pH-sensitive supra-CDs.
The CDs designed by Shen can self-assemble into aggregated
states under the regulation of pH values (ranging from approxi-
mately 11.0 to approximately 5.0), thus demonstrating a high
absorption rate in the visible to NIR region. Surface protonation
in an acidic environment may generate electrostatic attraction,
eventually causing these CDs to aggregate and form larger
aggregates (SCDs).>® In addition, PH-induced hydrophilic
CDs’ aggregation can also be used for fluorescence detection
of acidic amino acids and intracellular pH imaging.*’

3.2 Nanoconfinement effects

Nanoconfinement involves directing the assembly of CDs
within spatially restricted environments, such as the pores of
templates or the cores of unimolecular micelles. This strategy
physically separates individual CD units, preventing the uncon-
trolled aggregation that typically leads to fluorescence quench-
ing. A sophisticated example utilizes PB-cyclodextrin-grafted-
poly(acrylic acid)-block-poly(oligo(ethylene glycol)acrylate) (B-
CD-g-PAA-b-POEGA) unimolecular micelles as nanoreactors.
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Fig. 2 (a) Schematic diagram of CDs' synthesis processes. (b) Schematic
of the mechanism of redshift in the luminescence region induced by
water and acid. Reproduced with permission from ref. 37. Copyright 2025,
Wiley-VCH. (c) Schematic of the polymer unimolecular micelles directed
nanoconfined self-assembly of ACQ CDs with star-like hydrophilic poly-
mer B-CD-g-PAA-b-POEGA as template scaffolds. Reproduced with
permission.** Copyright 2025 The Authors.

Within these nanoreactors, the PAA chains act as both electro-
static binders and physical spacers, facilitating a high-density
yet isolated assembly of CDs. This nanoconfined aggregation
effectively prevents direct n-n stacking between adjacent CDs
while simultaneously enhancing emission through the restric-
tion of intramolecular motion (RIM) (Fig. 2c).*"*>

In biomedicine, the nanoconfinement approach is directly
translatable to designing robust nanoplatforms for diagnosis and
theragnostic. Yu et al transformed CDs into metal-organic frame-
works (MOFs) via Fe*'-carbenicillin (CARB) coordination. In the
acidic microenvironment caused by infection, the dissociation of
CDs to restore fluorescence enables real-time detection of bacteria.*?
DNA, serving as a scaffold, can be used to arrange carbon layers in
homogeneous, rapidly synthesized assemblies, expanding the range
of emission properties that all-carbon hydrocarbons can achieve in
water, making it a highly regarded biomaterial.**™*’

3.3 Solvent engineering

Solvent engineering exploits the polarity and solvation power of
the solvent medium to balance intermolecular forces, thereby

This journal is © The Royal Society of Chemistry 2026
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controlling the kinetics and thermodynamics of CD assembly.*”
By systematically varying the solvent composition, such as the
water fraction in acetonitrile-water (CH;CN-H,O) mixtures, the
aggregation behaviour of CDs can be precisely programmed.
A high-quality solvent (e.g., pure DMSO) solvates the CD surface
groups effectively, keeping the particles dispersed. As the
solvent polarity increases (e.g., by adding water), the solvation
shell is destabilized, driving the CDs together through hydro-
phobic interactions (Fig. 3a). Time-dependent spectral evolu-
tion in solvents like methanol reveals a progressive shift in
fluorescence from blue (characteristic of dispersed particles) to
red, indicating controlled, stepwise aggregation at the sub-
nanoscale (Fig. 3b and c).** Large assemblies of CDs, formed
via the precipitation of the CDs from aqueous solutions by
the addition of N,N-dimethyl methanamide (DMF), can come
together to form regular, well-ordered structures whilst still
maintaining their PL properties.’® The solvent method for
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Fig. 3 (a) Fluorescence emission spectra of as-prepared CDs-0 solution

(01 mg mL™Y) with varying ratios of water. Fluorescence emission
spectrum and fluorescence image of CDs-0 dispersed in methanol
(0.1 mg mL™Y) (b) at first and (c) after 10 min. Reproduced with permission
from ref. 49. Copyright 2025, Wiley-VCH. (d) Schematic of the assembly
process of Ch-CDs. Reproduced with permission from ref. 51. Copyright
2025, Wiley-VCH.
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regulating the assembly of CDs is hindered in the application
of biological existence. Effectively ensuring the water solubility
and stability of CD assemblies is key.”

3.4 Directed hydrogen bonding

Moving beyond random interactions, directed hydrogen bond-
ing involves the strategic design of CD surface chemistry to
pre-program specific, directional hydrogen-bonding patterns.
This biomimetic approach ensures that CDs assemble into well-
defined, ordered superstructures. A prime example is the use of
chiral precursors like p- or t-aspartic acid during CD synthesis.
The chiral functional groups grafted onto the CD surface
impose a specific spatial orientation that guides the assembly
process. Through directional hydrogen bonds formed by these
amino acid residues, along with contributions from van der
Waals forces and core interactions, CDs can be induced to
assemble into sophisticated architectures such as curved
nanoribbons, which exhibit emergent properties like circularly
polarized luminescence (CPL) (Fig. 3d).>* Surface-modified
ligands represent a feasible strategy for the ordered assembly
of CDs. Utilizing the hydrophobic interactions of aromatic
ligands to drive the directional assembly of CDs can endow
the assembled structures with classical aggregation-induced
emission characteristics.>

In addition, several other methods have been employed to
modulate the assembly process. For instance, Lin et al. intro-
duced coordination-induced self-assembly technology by lever-
aging the coordination interaction between zirconium oxo
clusters and carboxyl groups on CDs, enabling efficient enrich-
ment of CDs.>®> Wang et al. precisely controlled the ratio of
surface functional groups to direct AIE CDs into either highly
aggregated or weakly aggregated states. These distinct aggrega-
tion states alter the intermolecular energy gaps through spatial
configuration changes, thereby enabling fine-tuning of the
nuances in fluorescence properties.*®

External modulation strategies serve as a valuable tool for
enhancing and expanding the functionalities of simple CDs
into complex functional materials known as supra-CDs. By
integrating nanoscale properties into micro- and macro-scale
functions, supra-CDs offer a promising and versatile plat-
form for the next generation of diagnostic and therapeutic
agents.

4. Performance-oriented
improvement

Individual CDs face challenges in biomedical applications,
such as rapid renal clearance, insufficient tissue penetration
depth, and limited therapeutic efficacy. Constructing supra-CDs
through precise assembly strategies can effectively overcome these
bottlenecks, enabling performance-oriented optimization and
functional enhancement. This section will systematically elabo-
rate on the performance-oriented improvement of key properties
of supra-CDs.
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4.1 Biocompatibility: aqueous solubility optimization and
size control

The assembly process of supra-CDs does not merely enhance
aqueous solubility. By meticulously balancing the hydrophilic
and hydrophobic groups on their surface, good aqueous
dispersibility can be maintained. For instance, amphiphilic
molecules such as F127 have been employed to modify near-
infrared-emitting carbon dots (NECDs), leading to the for-
mation of stable NECDs-assemblies (NECDs-A) with an average
diameter of about 200 nm and improved dispersibility in
physiological environments (Fig. 4a).>* Similarly, Jia et al. uti-
lized DSPE-PEG to cooperatively self-assemble with magneto
fluorescent Mn-CDs, thereby improving their water solubility
and biocompatibility.>

More importantly, assembly strategies allow for precise
regulation of the size of supra-CDs. Studies have shown that
controlling the size of supra-CDs within the range of 50-100
nanometres can avoid the rapid renal clearance issue asso-
ciated with individual CDs being too small, while simulta-
neously leveraging the enhanced permeability and retention
(EPR) effect of solid tumors. This significantly increases their
accumulation at tumor sites, thereby improving targeting effi-
ciency. For example, polyline-modified NIR-emitting CDs
assemblies (plys-CDs) exhibit a size of approximately 40 +
8 nm, which falls within the optimal range for effective EPR-
mediated tumor targeting.'* Likewise, cyanine dye-derived
NIR-II Cy-CDs (2.5 nm) can spontaneously aggregate via
hydrogen-bonding interactions into larger assemblies (A-CDs)
of 30-40 nm, endowing them with excellent tumor-targeting
ability and stability under varying pH conditions (Fig. 4b).>®
In another study, lecithin-derived self-assembled carbon dots
(LDSCD) were developed to address the limitation of small-
sized CDs (<10 nm) that are rapidly excreted from cells. The
assembled structures show higher retention in cancer cells and
enhanced phototherapeutic efficacy.’” Thus, through rational
assembly design, supra-CDs can be tailored to possess both
superior aqueous compatibility and optimized dimensions for
enhanced biomedical performance.

E ..
i % RERC
® 7 g ™
- %“c., {5 . i

° © necos 5 necDsa
b .

o

o OO !‘ DA, PEG °® Aggregation & 5/\, :(_
S I -t 50

O K Solvothermal J O \\\‘ "iy/ f‘-v

A-CDs
@ NIR-Il emission
# Higher photostability
# Enhanced permeability and retention

Cy-1000

@ NIR-Il emission

# NIR-ll emission # Higher stability

Fig. 4 (a) The schematic of the synthesis process of NECDs-A. Repro-
duced with permission.>* Copyright 2018 Elsevier B.V. (b) Preparation
and aggregation of Cy-CDs. Reproduced with permission from ref. 56.
Copyright 2025, Wiley-VCH.
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4.2 Optical properties: fluorescence redshift and
enhancement

Supra-CDs assemblies exhibit a qualitative leap in optical
performance compared to individual CDs. The enhanced prop-
erties primarily stem from precise morphological and electro-
nic structural modulations achieved through the assembly
process.”®> Firstly, supra-CDs can achieve significant red
shifts in both absorption and emission spectra. This phenom-
enon largely relies on the expansion of n-conjugated domains
within the assembly structure. For instance, under the gui-
dance of directional hydrogen bonds, CD particles undergo
ordered self-assembly, promoting through-space conjugation
(TSC) between particles, and resulting in a narrowed energy
band gap, which leads to a red-shifted emission (Fig. 5a-d).”°
Similarly, the concentration-induced self-assembly of CDs
derived from carbon spheres and sucrose leads to the for-
mation of H- and J-type aggregates, which introduce new
excitation bands at longer wavelengths (e.g., 465 and 520 nm)
and cause the photoluminescence behaviours to be tunable
from green to red emission.®® Yang et al. designed and synthe-
sized a relatively flexible molecule (1, N*,N’-di(quinolin-2-
yl)benzo[c][1,2,5]thiadiazole-4,7-diamine, Scheme S1), which
contains a flat n-conjugated benzothiadiazole (BTD, chromo-
phore) unit and two terminal units of aminoquinoline (4AQ).
As intermolecular n-n interactions are the main force driving
the self-assembly of 1, studying crystalline organic nanodots
composed of 1 can provide a simplified model to simulate the
structure of CDs. Crystalline organic nanodots showed an
obviously aggregation-induced luminescence redshift as well
as luminescence enhancement, which provides a new idea for
exploring the fluorescence mechanism of CDs.®* This capability
to shift the fluorescence emission of the CDs into the NIR
region is crucial for enhancing their penetration capability
in biological tissues, laying the foundation for deep-tissue
imaging and therapy.®

On the other hand, overcoming the common issue of
aggregation-caused quenching is vital for practical applica-
tions. Supra-CDs address this through strategies such as the
restriction of intramolecular motion (RIM), which can effec-
tively suppress non-radiative decay pathways.®® A representative
example is hydrophobic CDs (H-CDs) obtained via a one-pot
solvothermal method, which exhibit blue emission in the
dispersed state. Upon aggregation induced by water addition,
the m-m stacking interactions within the carbonized cores
quench the blue emission, while the restriction of intra-
molecular rotation around surface disulfide bonds turns on
red fluorescence, conforming to the aggregation-induced emis-
sion phenomenon (Fig. 5e and f).*#*® This AIE effect can be
systematically tailored; research on AIE CDs has demonstrated
that increasing the nitrogen content in the precursor can
enhance intramolecular charge transfer (ICT) efficiency, lead-
ing to a fluorescence change from green to red and an increase
in quantum yield. Furthermore, the assembly process itself can
create novel optical properties. The construction of CD-based
supramolecular aggregates in an antisolvent like ethanol can
lead to a decreased energy gap between the ground and excited

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Schemes showing (a) classic aggregation-caused photolumines-
cence quenching; (b) aggregation-induced photoluminescence shift;
(c) classic aggregation-induced photoluminescence emission; and
(d) aggregation-induced particle and cluster luminescence. Reproduced
with permission from ref. 29. Copyright 2025, Wiley-VCH. (e) H-CDs’
formation, structure, fluorescence, and appearance in different states.
(f) Fluorescence principle and proposed structure of H-CD’'s core and
surface (the colors of glowing edges represent the color of their fluores-
cence). H-CD, hydrophobic CDs. Reproduced with permission.®* Copy-
right 2024 The Authors.

states, contributing to a new long-wavelength, excitation-
dependent emission band.*® Even model systems, such as crystal-
line organic nanodots composed of a flexible m-conjugated
molecule, exhibit aggregation-induced luminescence redshift
and enhancement, providing simplified insights into the
mechanism behind the optical enhancement in supra-CDs.®"
Fluorescence-enhanced carbon dots (named hr-CDs) were pre-
pared from sustainable hydrogenated rosin, using a simple
hydrothermal method in a water solvent. With the increase in
the concentration of hr-CDs aqueous solutions, the distance
between the carbon cores decreased, which resulted in the
formation of J aggregates and the enhanced blue fluorescence

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

emission.®® Therefore, by leveraging these assembly strategies,
supra-CDs substantially improve their luminescence intensity,
stability, and functionality for advanced optoelectronic and
biomedical applications.

4.3 Endowment and augmentation of therapeutic: PTT and
PDT

One of the most significant advantages of supra-CDs lies in
their ability to integrate and enhance multiple therapeutic
functions. In photothermal therapy, the ordered assembly
structure can promote non-radiative transitions, enabling
supra-CDs to exhibit a much higher PTCE than individual
CDs. In photodynamic therapy, close packing facilitates elec-
tron transfer and energy transfer, thereby efficiently generating
reactive oxygen species (ROS). Furthermore, by introducing
specific functional units (e.g., photocatalytic centres), supra-
CDs can be endowed with new properties such as photocata-
lysis, enabling the construction of integrated diagnostic and
therapeutic platforms.

A key strategy for enhancing these photophysical processes
involves optimizing the intermolecular interactions within
the assembled structure. For example, Ding et al. introduced
oxygen and nitrogen co-doped atoms into CDs, which adjusted
the non-coplanar molecular angles and promoted favourable
n-n stacking interactions. This directed the self-assembly of
adjacent nanoparticles into metal-free rigid clusters with a
gear-like meshing pattern. As a result, intramolecular motion
was effectively constrained, vibration coupling was reduced,
and non-radiative transition losses were minimized, thereby
ensuring efficient NIR emission from the CD clusters even at
high concentrations.®” Such precise control over the assembly
geometry not only strengthens the optical performance but also
provides a structural basis for enhancing energy and electron
transfer in therapeutic applications.

Moreover, the dense packing and regular organization of
CDs in supra-assemblies’ favor exciton delocalization and
facilitate charge carrier migration, which is critical both for
ROS generation in PDT and for photocatalytic processes. By
carefully designing the doping elements and assembly condi-
tions, it is possible to tailor the electronic structure of supra-
CDs, thereby augmenting their catalytic and therapeutic effi-
cacy for combined cancer treatment and beyond.

In summary, through the synergistic regulation and internal
interactions (e.g., hydrogen bonding, electrostatic interactions),
supra-CDs have achieved performance-oriented improvements
in aqueous solubility, size, optical properties, and therapeutic
functions, demonstrating significant potential for biomedical
applications.

5. Biomedical applications

Supra-CDs demonstrate significant potential in the biomedical
field due to their tunable physicochemical properties, excellent
optical characteristics, and good biocompatibility. In recent
years, researchers have successfully applied supra-CDs in
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various cutting-edge areas, including bioimaging, cancer ther-
apy, drug delivery, biosensing, and antibacterial applications,
thereby advancing the development of theragnostic.®®®® This
section will systematically review the latest research progress in
the biomedical applications of supra-CDs.

5.1 Bioimaging

Bioimaging is a key technology for the visual observation of the
interior of living organisms. The emission wavelengths of
individual CDs are mostly concentrated in the visible or first
NIR window (NIR-I, 750-900 nm), which presents challenges
such as limited tissue penetration depth and strong autofluor-
escence interference. The supramolecular assembly strategies
of supra-CDs offer an effective approach to address these
issues. For instance, CDs have been functionalized and
assembled to achieve targeted and enhanced imaging capabil-
ities. One study reports yellow fluorescent, rare-earth-doped
aggregation-induced emission CDs that exhibit excellent bio-
compatibility and precise targeting for long-term imaging of
zebrafish embryos and specific cellular structures like the
nucleus in HeLa cells.”””" Similarly, assemblies formed from
amphiphilic CDs enable ultrafast, wash-free cellular imaging
and specific organelle targeting, such as mitochondria (Fig. 6a).”>
Furthermore, the emission of CDs can be significantly amplified
through strategic assembly with other nanomaterials. In one
approach, hydrophobically tailored CDs were conjugated with
organic nanoparticles, creating nanohybrids with enhanced AIE
properties suitable for long-term cellular imaging due to their
superior brightness and biocompatibility.”

Through meticulously designed assemblies, researchers
have successfully achieved a red shift in the luminescence of
CDs from the visible range to the second NIR window (NIR-II,
1000-1700 nm). NIR-II imaging offers reduced tissue scattering,
weaker autofluorescence, and greater penetration depth,
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Fig. 6 (a) Amphiphilic CDs for ultrafast and wash-free mitochondria-
targeted imaging. Reproduced with permission.”? Copyright 2025, Amer-
ican Chemical Society. (b) A-CDs’ applications in mouse angiography,
tumor imaging and gastrointestinal motility dynamic imaging. Reproduced
with permission from ref. 56. Copyright 2025, Wiley-VCH.
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providing biological images with a higher signal-to-noise ratio
and resolution. For example, a novel cyanine dye-derived CD
was developed with emission at 1044 nm in aqueous solution.
These CDs can spontaneously aggregate in aqueous solution via
hydrogen bonding, forming larger supra-CD structures that
exhibit excellent tumor-targeting ability and resistance to envir-
onmental changes, enabling high-resolution NIR-II imaging of
vasculature, tumors, and dynamic physiological processes
in vivo (Fig. 6b).”® More importantly, these NIR-II luminescent
supra-CDs often concurrently possess photodynamic or photo-
thermal therapeutic functions, laying a solid foundation for
achieving “theragnostic.” In surgical navigation, NIR afterglow
imaging technology based on supra-CDs can guide surgeons to
precisely resect tumor margins, significantly improving the
thoroughness and safety of surgery.

5.2 Cancer therapy

The application of supra-CDs in cancer therapy is particularly
remarkable, as they can not only serve as agents for mono-
therapy but also be used to construct platforms for diversified
synergistic therapies.”*

5.2.1 Photothermal therapy. Photothermal therapy utilizes
photothermal agents to convert light energy into thermal
energy, killing cancer cells through localized hyperthermia.
Supra-CDs formed by the co-assembly of CDs with different
surface functionalization via non-covalent interactions, such as
hydrogen bonds, can significantly enhance NIR light absorp-
tion and non-radiative transition efficiency, thereby achieving a
PTCE far exceeding that of individual CDs. For instance, a novel
type of supra-carbon nanodots constructed through electro-
static interactions and hydrogen bonding exhibited a strong
visible-to-NIR absorption band and achieved a high PTCE of up
to 50% (655 nm, 1 W cm™?). The inhomogeneous surface-
confined charges and functional groups of the CDs were critical
in forming this intense absorption band, which had not been
previously realized in conventional CD systems (Fig. 7a—c)."”
Further advancing this strategy, a co-assembled structure engi-
neered via hydrogen-bonding interfacial interactions between
electron-donating CDs (rich in amino/hydroxyl groups) and
electron-withdrawing CDs (rich in carboxyl groups) created a
unique donor-acceptor system. This assembly significantly
enhanced the PTCE in the NIR region, representing the first
successful use of synergistic CD assembly to engineer photo-
physical properties for effective PTT in mouse models
(Fig. 7d).”” Additionally, dicyandiamide N-doped supra-CNDs
synthesized within 24 hours demonstrated a strong absorption
band at 450-900 nm and remarkable photothermal conversion
efficiencies of 55.49% (730 nm) and 46.02% (808 nm). These
supra-CNDs maintained over 90% cell viability in the absence
of irradiation but achieved drastic cancer cell ablation (survival
rates as low as 4.24% and 7.25%) under laser exposure, high-
lighting their low toxicity and high therapeutic potential.”®
Studies indicate that such supra-CDs can enable rapid and
precise temperature increase at the tumor site under laser
irradiation, effectively ablating tumors. Furthermore, they exhibit

This journal is © The Royal Society of Chemistry 2026
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absorption spectra, and (c) the fluorescence spectra of CND and supra-
CND (0.28 mg mL™) excited at 340 nm. Reproduced with permission from
ref. 17. Copyright 2016. The Authors. (d) Rationally assembling different
surface functionalized CDs for enhanced NIR tumor photothermal ther-
apy. Reproduced with permission from ref. 75. Copyright 2025, College of
Chemistry and Molecular Engineering, Peking University. Published by
Elsevier B.V. All rights are reserved.

high treatment safety due to their good biocompatibility and
metabolizable.

5.2.2 Photodynamic therapy. Photodynamic therapy relies
on photosensitizers to generate reactive oxygen species under
light of a specific wavelength to kill cells.”” The tightly packed
structure of supra-CDs facilitates energy transfer and electron
transfer, thus promoting the efficient generation of ROS. The
self-assembly of CDs can lead to various aggregation states,
such as H- and J-aggregation, driven by interactions among
surface functional groups. These nanoaggregates exhibit tun-
able NIR absorption and photoluminescence shifts, which
directly contribute to their adjustable photodynamic and
photothermal properties, making them highly suitable for
combined cancer therapies.”®%°

More advanced designs involve the precise integration of
therapeutic functions at the nano structural level. A represen-
tative example is a novel class of supra-CDs constructed by
fusing red-emissive CDs with an electron-accepting molecule,
2,3-dicyanohydroquinone (DCHQ). This fusion creates a unique
donor-acceptor nanostructure, where the assembled CD core
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Fig. 8 (a) Donor—acceptor type supra-carbon-dots with long lifetime
photogenerated radicals boosting tumor photodynamic therapy. Repro-
duced with permission.! Copyright 2024 The Authors. (b) A structures and
photocatalytic behaviours of J-type aggregates in HS-Pt-CDs under NIR
irradiation. (c) Schematic illustration of photocatalytic HS-Pt-CDs that
promote the NIR-triggering Pt(i) species release and ROS to trigger tumor
pyroptosis to prevent cancer metastasis. Reproduced with permission. 1
Copyright 2025 The Authors.

acts as the electron donor and the DCHQ-derived interface
serves as the electron acceptor. Upon light irradiation, this
configuration enables highly effective photoinduced charge
separation. Electrons transfer to the acceptor site to generate
superoxide radicals, while the remaining holes within the CDs
can directly oxidize cellular components. This dual mechanism
results in exceptional cell-killing efficacy. Furthermore, the
optimized particle size (~20 nm) of these supra-CDs enhances
tumor accumulation via the enhanced permeability and reten-
tion effect, leading to satisfactory anti-tumor PDT outcomes
in vivo (Fig. 8a).%"

5.2.3 Immunotherapy and synergistic therapy. The combi-
nation of supra-CDs with immunotherapy is an emerging
frontier. Inmunogenic cell death (ICD) of tumor cells induced
by PTT or PDT can release tumor-associated antigens and
danger signals, activating the body’s specific immune
response.’””® Supra-CDs can serve as ideal ICD inducers. For
instance, specially designed J-type assembled Pt(iv)-coordinated
CDs have been shown to efficiently trigger cancer cell apoptosis
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under specific laser irradiation. This process not only destroys
the primary tumor but also effectively induces strong
ICD, thereby evoking anti-tumor immune responses capable
of suppressing distant tumors and preventing metastasis
(Fig. 8b and c)."® Their combination with immune checkpoint
inhibitors holds promise for amplifying this systemic effect,
opening a new model of “local treatment, systemic effect”.

5.3 Drug delivery and controlled release

Supra-CDs inherently possess a large specific surface area and
abundant functional groups, making them ideal drug carriers.
Through methods such as n-n stacking, electrostatic adsorp-
tion, or covalent bonding, chemotherapeutic drugs, nucleic
acid drugs, or protein drugs can be efficiently loaded onto
supra-CDs. For instance, CDs with distinct surface functional
groups (e.g., carboxyl or amino groups) can be covalently
conjugated to chemotherapeutic agents such as doxorubicin
(DOX), forming versatile nanocarriers that leverage the proper-
ties of their precursors for enhanced drug delivery.®®®” More-
over, amphiphilic CDs can self-assemble into cluster structures
under ultrasound, enabling efficient encapsulation of DOX and
subsequent surface modification with targeting ligands
(e.g., cRGD peptides). These nanocomposites exhibit dual pas-
sive and active tumor-targeting capabilities, leading to timely
drug release, significant antitumor efficacy, and reduced sys-
temic toxicity in malignant glioma models (Fig. 9a).%®

Beyond small-molecule drugs, supra-CDs also serve as pro-
mising vectors for nucleic acid delivery. Polyethyleneimine-
modified CDs (PEI-CDs) can self-assemble with DNA into
compact, stable nanospheres, protecting genetic material from
enzymatic degradation while achieving high loading capacity.
The incorporation of Mg”* further enhances stability and facil-
itates biological imaging applications, demonstrating the
potential of supra-CD-based assemblies for gene therapy and
theragnostics.®

The design of supra-CD carriers often incorporates stimuli-
responsive elements to enable controlled release at the target
site. By exploiting tumor-specific conditions such as acidic pH,
elevated glutathione levels, or enzymatic activity, these systems
can achieve precise drug liberation, thereby maximizing ther-
apeutic efficacy while minimizing off-target effects. Such
advanced control over drug release kinetics underscores the
potential of supra-CDs to advance precision medicine in oncol-
ogy and beyond.

5.4 Biosensing

The fluorescence properties (e.g., intensity, wavelength) of
supra-CDs can change in response to alterations in their
immediate microenvironment (e.g., pH, ion concentration,
and presence of specific biomolecules). Leveraging this char-
acteristic, highly sensitive biosensors can be constructed.”® >
For instance, the co-assembly of peptides with carbon nanodots
(CNDs) exploits non-covalent interactions to form structures
that integrate the molecular recognition capability of peptides
with the catalytic activity of CNDs. The catalytic activity of the
synthesized carbon nanodots (CNDs) is dependent on pH,
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Fig. 9 (a) Illustration of the construction of CDs-cluster-DOX/cRGD-
PAA-OA nanocomposites via a self-assembly strategy for cancer imaging
and treatment. Reproduced with permission.8® Copyright 2018, Wiley-VCH
GmbH. (b) The proposed fluorescence principles of hydrogen bonding cross-
linking and breaking. Reproduced with permission.>> Copyright 2021 Elsevier
B.V. (c) Schematic illustration of aggregated CDs-loaded macrophages
for eliminating bacteria and stimulating anti-inflammation macrophages.
Reproduced with permission.®” Copyright 2022 The Authors.

temperature, and the concentration of H,0,. For example, the
UV-vis absorption signal of the solution after incubation with
the electrodes increases as the pH rises from 2.0 to 4.0. Such
systems have been applied for the highly sensitive detection of
biomarkers like transglutaminase 2 (TG2), achieving a detec-
tion limit as low as 0.25 pg mL '.°*°* Similarly, hydrogen-
bonded self-assembled carbon dots (HB-CDs) exhibit tunable
fluorescence emissions, where the introduction of hydrogen-
bond-breaking agents induces a shift from yellow to blue
fluorescence, demonstrating dual-mode emission behavior

This journal is © The Royal Society of Chemistry 2026
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attributable to the coexistence of J-aggregated and dispersed
states of HB-CDs. This responsive fluorescence enables the
design of sensors for detecting subtle changes in the micro-
environment (Fig. 9b).>>%¢

5.5 Antibacterial applications

Supra-CDs also show promising applications in the antibacter-
ial field, particularly through their ability to generate reactive
oxygen species that disrupt bacterial membranes and, when
combined with photothermal effects, effectively eliminate drug-
resistant bacteria. For example, macrophages loaded with
aggregated carbon dots (ACDs) exhibit enhanced targeting
and bactericidal activity against multidrug-resistant pathogens
while simultaneously modulating immune responses by pro-
moting anti-inflammatory macrophage polarization, thereby
improving survival outcomes in sepsis models (Fig. 9¢).®” Simi-
larly, kanamycin sulfate-derived carbon dots (KCDs) self-
assemble with cationic guar gum to form injectable, self-
healing hydrogels (CG-KCDs) that, under light irradiation,
penetrate and disrupt bacterial biofilms via ROS-mediated
mechanisms, offering a versatile platform for treating wound
infections.”® Beyond hydrogels, supra-CDs can be integrated
into smart wound dressings, such as those embedding CDs
in metal-organic frameworks (MOFs) functionalized with anti-
biotics. These systems respond to acidic infection micro-
environments by concurrently releasing drugs and restoring
fluorescence, enabling real-time monitoring and potent antibac-
terial action (>99.99% efficacy).** Furthermore, advanced nano-
platforms combining arginine-functionalized CDs with bimetallic
components demonstrate pH-responsive enzymatic activity—
generating bactericidal ROS under acidic conditions while detox-
ifying excess radicals at neutral pH—thus synergizing photody-
namic and chemodynamical therapies to resolve inflammation
and promote tissue regeneration.”® These innovations highlight
the potential of supra-CD-based materials for designing anti-
bacterial coatings to prevent implant-related infections or formu-
lating hydrogel dressings for managing infected wounds.

In conclusion, the biomedical applications of supra-CDs are
rapidly evolving from single-mode imaging or therapy towards
integrated theragnostic platforms that combine multimodal
imaging-guided synergistic therapy and real-time moni-
toring.'® These innovative applications fully demonstrate the
great potential of supra-CDs as a new generation of nano
biomaterials. In the future, with a deeper understanding of
the assembly mechanisms and structure-activity relationships
of supra-CDs, along with systematic evaluation of their biodis-
tribution, metabolic pathways, and long-term safety, supra-CDs
are expected to achieve breakthroughs in clinical translation,
making important contributions to human health.

6. Conclusions and outlook

This review examines supra-CDs, focusing on their assembly,
functional optimization, and biomedical uses. Supra-CDs
overcome key limitations of individual CDs via covalent or
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non-covalent assembly. Size control to 50-100 nm reduces renal
clearance and improves tumor targeting via the EPR effect.
Assembly-induced J-aggregation, through-space conjugation,
and restriction of intramolecular motion cause a fluorescence
redshift to the NIR-II window, overcoming ACQ and enabling
deep-tissue imaging and theragnostic. The dense structure
enhances non-radiative transitions and electron transfer,
boosting PTCE and ROS generation for photothermal and
photodynamic therapy. Furthermore, supra-CDs act as versatile
platforms for drug delivery, biosensing, and antibacterial appli-
cations, allowing controlled release via pH or enzyme triggers
and showing utility in cancer therapy, infection control, and
real-time monitoring. In summary, supra-CDs integrate nano-
scale and macroscopic traits into a ‘diagnosis-therapy”
platform, signalling a paradigm shift for carbon nanomaterials
in biomedicine."*"

Despite significant advancements in supra-CDs, several
challenges persist in their assembly, functional optimization,
and biomedical applications. A key issue is the incomplete
understanding of the precise assembly dynamics and struc-
ture-function relationships, which hinders the accurate predic-
tion and control of their properties. Relying solely on intrinsic
driving forces often leads to stochastic assembly processes,
resulting in polydisperse structures with poor stability in phy-
siological environments. Moreover, the lack of effective external
regulation strategies makes it difficult to achieve controllable
assembly under complex biological conditions, limiting their
adaptability and performance in vivo. Furthermore, many of the
precise external control methods, while excellent for achieving
tailored structures and functions at the milligram to gram
scale, may face significant challenges in terms of cost-
effectiveness, batch-to-batch reproducibility, and process con-
trol when scaled to the kilogram levels required for clinical
trials and eventual production.

Looking ahead, future research on supra-CDs should prior-
itize elucidating the fundamental mechanisms of assembly to
establish clear structure-property correlations. Developing
advanced modulation strategies, such as stimuli-responsive
systems, could enable precise control over assembly in biological
settings, enhancing stability and functionality.'®>™%* Integrating
supra-CDs with emerging technologies like immunotherapy or
gene-editing tools may lead to multifunctional theragnostic plat-
forms for complex diseases. Furthermore, interdisciplinary colla-
borations will be crucial for conducting thorough preclinical
studies on safety and metabolism, alongside exploring sustain-
able production routes, to accelerate the clinical translation of
supra-CD-based innovations.
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