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Although transarterial chemoembolization is a prevalent treatment
for hepatocellular carcinoma (HCC), its efficacy is limited by inade-
quate vascular infiltration, inconsistent embolization, and lack
of therapeutic synergy. We developed a multifunctional injectable
hydrogel system using strategically combined high- and low-
molecular-weight hyaluronic acid and a carbon dot/iron complex
(APIO/Fe complex) to overcome these challenges. The dual-
molecular-weight approach optimizes both structural integrity
and injectability and also enables the homogeneous distribution
of therapeutic agents. The APIO carbon dots were produced by
a one-pot hydrothermal synthesis using iohexol and 1-(3-amino-
propyl) imidazole as dual-purpose precursors for computed tomo-
graphy (CT) imaging and iron chelation. The APIO/Fe complex was
characterized via dynamic light scattering, X-ray photoelectron
spectroscopy, and transmission electron microscopy, confirming
its nanoscale structure and compositional integrity. The APIO/Fe
hydrogel demonstrated shear-thinning and self-healing properties,
injectability, and mechanical recovery. The APIO/Fe complex and
the hydrogel preserved CT and magnetic resonance imaging con-
trast capabilities compared with conventional contrast agents. They
also catalyzed the Fenton reaction, initiated the formation of
reactive oxygen species, and accelerated coagulation upon inter-
action with blood. In a three-dimensional vascular model, the APIO/
Fe complex induced occlusion. This multifunctional platform inte-
grates imaging visibility, oxidative therapy, and embolic function,
thus providing a synergistic, minimally invasive approach for HCC
treatment.

Injectable hyaluronic acid-based hydrogels with
carbon dots and an iron complex for embolization

*3® Sanghee Lee,“” Yuhyeon Na,*" Hayoon Jeong,®
9" and Kun Na

*ab

New concepts

In this study, a multifunctional injectable hydrogel based on hyaluronic
acid, carbon dots and an iron complex was formulated as an embolic
platform for integration of diagnosis and therapy. The injectable hydrogel
introduces a novel approach to theragnostic embolization, enabling MRI/
CT imaging and reactive oxygen species mediated tumor ablation. Unlike
conventional embolic materials that serve as passive physical occlusions,
this hydrogel actively participates in the therapeutic process through the
iron mediated Fenton reaction, while maintaining excellent injectability
and mechanical stability. While both hydrogels and metal based therapy
have been individually explored for embolization, their integration into a
single multifunctional platform has remained unexplored. This work
demonstrates a synergistic design that leverages the contrast capability
of carbon dots and the therapeutic reactivity of iron ions, thereby
achieving both diagnostic visualization and antitumor efficacy within a
single matrix.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most globally
prevalent malignant tumors, associated with the sixth highest
incidence rate and the third highest fatality rate among
cancers." Despite significant advances in early detection and
treatment, HCC remains a substantial clinical challenge.*?
Although surgical resection represents the standard treatment
choice, the majority of patients are ineligible due to the
advanced tumor stage at diagnosis, underlying liver cirrhosis,
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or impaired hepatic function.*® Consequently, supplementary
and alternative treatments, including radiofrequency ablation
(RFA) and transarterial chemoembolization (TACE), become
essential for extending survival and improving the quality of
life of the patient. RFA is effective for small, localized tumors,
whereas TACE has established itself as the standard of care for
patients with intermediate-stage HCC or those who are ineligi-
ble for surgery.®® Nevertheless, when the tumor size increases
or lesions are located near major vessels, the efficiency of RFA
reduces dramatically.'"® In these cases, locoregional intra-
arterial approaches using the liver’s dual blood supply repre-
sent a more reliable technique for delivering treatment directly
to the tumor site.

TACE operates by obstructing the hepatic artery that supplies
the tumor, thereby triggering ischemia-induced cell death. Over
time, standard embolization has evolved to encompass the intra-
arterial administration of chemotherapeutic agents and supple-
mentary irradiation."'* These modalities aim at eliminating
malignant cells by obstructing their vascular supply and admin-
istering cytotoxic agents directly into the tumor microenviron-
ment. Nevertheless, current TACE techniques are restricted by
the intrinsic properties of existing embolic materials, which
often compromise the consistency and effectiveness of vascular
occlusion.

Conventional embolic agents, including metallic coils,
microspheres, and liquid embolics, exhibit specific limitations.
Metallic coils, despite being accurately positioned, may inade-
quately obstruct convoluted vasculature, resulting in incomplete
embolization or the development of collateral circulation.'®
Although microspheres can be infused with chemotherapeutic
agents and provide more consistent size distribution, their rigidity
may hinder appropriate conformation to intricate vessel geo-
metries, and excessive distal embolization may cause damage to
normal tissues.”*"® Liquid embolics, such as cyanoacrylates and
ethylene-vinyl alcohol copolymers, necessitate meticulous hand-
ling to prevent polymerization within the delivery catheter and
may exert cytotoxic effects on adjacent tissues. Furthermore, the
use of solvents such as dimethyl sulfoxide (DMSO) may exert
adverse side effects.'® These limitations emphasize the urgent
need for innovative embolic systems that are biocompatible,
nontoxic, adaptable to various vascular structures, and capable
of providing prolonged occlusion, real-time imaging, and active
tumoricidal functions.

Injectable hydrogels have emerged as promising candidates
due to their advantageous characteristics for embolization.'”"*®
Their soft, viscoelastic nature enables minimally invasive
administration and adaptation to vascular architecture, thereby
ensuring long-term retention. Moreover, injectable hydrogels
can be designed to incorporate therapeutic agents, imaging
contrast agents, or stimuli-responsive components, thus expand-
ing their utility beyond mere mechanical blockage.'® Multifunc-
tional hydrogels have recently been developed for a wide range
of biomedical applications, including sensing, regenerative engi-
neering, and minimally invasive therapies.”®>> However, several
hydrogels experience rapid in situ gelation, resulting in uneven
distribution or catheter blockage, particularly concerning the
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branched and narrow vasculature associated with HCC, where
consistent occlusion is vital for therapeutic effectiveness.

Shear-thinning or self-healing injectable hydrogels present
a feasible solution to these challenges. When shear stress is
applied, these hydrogels display decreased viscosity, enabling
smooth flow through narrow catheters. After the removal of
stress, the hydrogels rapidly recover their original structure.?***
This rheological behavior ensures consistent distribution through-
out the vascular network and reduces the risk of catheter blockage.
Furthermore, shear-thinning hydrogels can be customized
to incorporate capabilities such as drug delivery, multimodal
imaging improvement, catalytic properties for localized tumor
therapy, and procoagulant activity for improving the efficiency
of embolization.>*?>®

Hyaluronic acid (HA) is a linear polysaccharide composed of
repeating p-glucuronic acid and N-acetyl-p-glucosamine units,
and plays essential physiological roles in tissue hydration,
viscoelastic cushioning, lubrication, and extracellular-matrix
organization.>” >° Compared with other biopolymers, HA exhibits
excellent biocompatibility and minimal immunogenicity,>***! and
has been widely incorporated into FDA-approved injectable for-
mulations. These favourable properties have led to the extensive
use of HA-based materials in hydrogels, nanoparticles, wound
healing, and cancer therapy platforms in recent research
reports.3%3%733

The molecular weight of HA exerts a significant impact on
the performance of hydrogels in embolization applications.
High-molecular-weight HA provides superior viscoelastic prop-
erties, prolonged vascular retention through extensive inter-
molecular entanglements, and improved mechanical stability,
rendering it ideal for structural support in embolic applica-
tions.>**® Nevertheless, high-molecular-weight HA often dis-
plays high viscosity that can impede injection through micro-
catheters and limit the distribution of therapeutic agents.
Conversely, low-molecular-weight HA provides improved inject-
ability, faster tissue penetration, and increased cellular
interaction, thereby facilitating the delivery of drugs and the
distribution of therapeutic agents. Therefore, the strategic
integration of dual-molecular-weight HA could potentially opti-
mize both mechanical performance and biological functional-
ity, thus addressing the inherent trade-off between structural
integrity and injectability that has restricted previous HA-based
embolic systems.

To address these challenges, we describe a novel injectable
hydrogel system composed of strategically combined high- and
low-molecular-weight HA integrated with a carbon dot/iron
(CD/Fe) complex. HA, a naturally occurring polysaccharide,
is widely used in biomedical applications because of its super-
ior biocompatibility, biodegradability, and ability to form
hydrogels.**?”*® Moreover, the dual molecular weight of HA
plays a vital role in determining the properties and injectability
of the hydrogel. By integrating high and low-molecular-weight
HA, the hydrogel provides not only structural integrity and
prolonged retention but also improved injectability.

This HA-based hydrogel demonstrates shear-thinning char-
acteristics and rapid structural recovery, allowing it to traverse

This journal is © The Royal Society of Chemistry 2026
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complex vascular networks without early solidification. In con-
trast to current embolic agents, the HA-APIO/Fe hydrogel is
specifically engineered for improving endogenous thrombus
formation through iron-mediated crosslinking of fibrinogen
and platelet membranes, thereby providing physiologically
reinforced closure for occluded arteries.

Carbon dots (CDs), a class of carbon-based nanomaterials
generally measuring <10 nm in diameter, impart multifunc-
tional properties to the hydrogel. They also exhibit excellent
water solubility, low cytotoxicity, and tunable surface chemis-
try, rendering them highly attractive for biomedical applica-
tions, including imaging and drug delivery.*>*°® Moreover,
surface functionalization with appropriate precursors improves
their interaction with metal ions and other hydrogel compo-
nents.*"*> Upon complexation with iron ions, CDs facilitate the
development of a stable nanocomposite network. Although iron
coordination may quench the intrinsic fluorescence of CDs,
this compromise is acceptable considering the aim of produ-
cing a multifunctional embolic system that integrates physical
vascular occlusion with cytotoxic effects on cancer cells.

In this system, CDs serve a dual function. First, the iohexol-
derived structure provides intrinsic computed tomography (CT)
contrast.’”** Second, the abundant surface functional groups
enable stable chelation with iron ions to form the APIO/Fe
complex, thereby promoting reactive oxygen species (ROS)
generation while preserving colloidal stability.***>

The incorporated Fe ions perform multiple functions within
the hydrogel matrix. Primarily, Fe ions improve imaging con-
trast, enabling precise embolic placement and real-time
monitoring.*®*” They also catalyze Fenton reactions, generat-
ing highly reactive hydroxyl radicals (*OH), a potent form of
reactive oxygen species (ROS), that can trigger ferroptosis, an
iron-dependent form of programmed cell death, along with
other oxidative stress-related pathways.*®*° This mechanism
significantly increases cytotoxicity within the ischemic tumor
microenvironment, thereby augmenting the therapeutic effects
beyond those of conventional embolization. The HA-based
hydrogel system described in this study, integrating both CDs
and iron ions, accomplishes several essential functions, including
(1) shear-thinning injectability for deep vascular penetration and
uniform deposition, (2) formation of stable gel networks for
durable vascular occlusion, (3) iron-mediated ROS generation to
potentiate the destruction of tumor cells and improve the effi-
ciency of treatment, (4) dual computed tomography (CT) and
magnetic resonance imaging (MRI) contrast for real-time proce-
dural guidance and postprocedural evaluation.

This study describes the successful integration of molecular-
weight-optimized HA with iron-complexed CDs for advanced
embolization therapy. The multifunctional hydrogel system,
which combines the benefits of dual-molecular-weight HA,
the multifunctionality of CDs, and the catalytic activity of iron
ions, establishes a next-generation embolic material that pro-
vides both mechanical vascular occlusion and oxidative tumor
destruction. This approach has considerable potential to over-
come existing limitations in TACE and significantly improve
clinical therapeutic outcomes for patients with HCC.

This journal is © The Royal Society of Chemistry 2026
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2. Results and discussion
Design of the APIO/Fe hydrogel

The APIO/Fe complex hydrogel was designed as a multifunc-
tional embolic system through a systemic multistep synthesis
strategy (Fig. 1a). The APIO (1-(3-aminopropyl)imidazole (API)
and iohexol carbon dot) carbon dots (CDs) were synthesized
through a one-pot hydrothermal reaction at 180 °C for 6 h as
dual-purpose precursors. Iohexol was used as both the carbon
source and the CT contrast,’® and API was used to provide
nitrogen-rich surface functionalities required for iron chelation
and pH-responsive behavior.”®

The subsequent complexation with iron ions resulted in
stable APIO/Fe complexes, which were then incorporated into a
strategically designed dual-molecular-weight HA matrix. The
final hydrogel system combined high-molecular-weight HA
(260 kDa) for structural integrity and prolonged retention with
low-molecular-weight HA (0.5-10 kDa) for improved injectabil-
ity and cellular interaction, thereby achieving an optimal
balance between mechanical stability and processability.

The integrated capabilities of the APIO/Fe complex hydrogel
for HCC treatment are depicted in Fig. 1b. The APIO/Fe
complex hydrogel enables catheter-based delivery thorough
hepatic arteries, provides immediate physical vascular occlu-
sion, and simultaneously generates ROS through iron-catalyzed
Fenton reactions. The incorporated functionalities of CDs and
the iron complex provide dual-modal CT and MRI contrast
abilities and enable real-time monitoring and post-treatment
evaluation of the distribution and retention of embolic agents.

Physicochemical characterization of APIO and APIO/Fe
complex

We performed a comprehensive physiochemical characteriza-
tion to confirm successful APIO synthesis and APIO/Fe complex
formation. Dynamic light scattering (DLS) (Fig. 2a) revealed
that pristine APIO exhibited an average hydrodynamic diameter
of approximately 1 nm, which is an ultrasmall and highly
dispersed nanoparticle. Upon complexation with iron ions,
the size distribution shifted significantly to an average dia-
meter of approximately 8 nm, confirming successful complex
formation along with maintaining a suitable nanoscale size for
vascular applications and cellular interaction. Transmission
electron microscopy (TEM) images of APIO (Fig. 2b) and
APIO/Fe complex (Fig. 2e) revealed the nanostructures of APIO
and APIO/Fe complex, thereby corroborating the results of DLS.
Zeta potential analysis (Fig. 2d) provided evidence of complex
formation between APIO and iron ions. APIO exhibited a
negative surface charge of —7.7 mV, which is attributed to
deprotonated carboxyl and hydroxyl groups on the surface.
Upon iron complexation, there was a dramatic inversion in
charge to +48.3 £ 3.2 mV. The surface charge reversal from
negative to positive after complexation is attributed to the
strong coordination of iron ions with anionic surface groups
of APIO. This coordination neutralizes the original negative
charges and results in charge overcompensation, producing a
positive {-potential. To further verify the elemental composition of

Mater. Horiz.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01916h

Open Access Article. Published on 04 February 2026. Downloaded on 2/26/2026 3:08:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

a OH
) 'd APIO Fe3*ion
K\"” (Carbon dots)
O, NH
Fe
AN, on Q 0(.) o Fe
Fe
No/\‘ﬂ,/\ YN\)\/O” e
oM A 1 O =

lohexol ‘

N I
{y Hydrotherma
N
K/\ NH

API
(1-(3-Aminopropyl) imidazole)

APIO/Fe
complex

b)

1

(Oligo Hyaluronic Acid)

View Article Online

Materials Horizons

Mixing =
o _.3‘\4.-
S e
SHAs
AR
’

Pt~

e Al

— .
oHA ~—t7
(Hyaluronic acid)

APIO/Fe complex
hydrogel

©

H;0,

3

Fentonreaction

N

Embolization

—>

CT/MR
Imaging

Fig. 1 Synthesis and application of the APIO ((1-(3-aminopropyl) imidazole (API) and iohexol carbon dot))/Fe complex hydrogel for embolization.
(a) Synthesis procedure of the APIO/Fe complex hydrogel. (b) Application of the APIO/Fe complex hydrogel in embolization. Graphical images were

generated using BioRender.com.

the APIO and APIO/Fe complex, inductively coupled plasma mass
spectrometry (ICP-MS) was performed. APIO contained 13.45%
iodine whereas the APIO/Fe complex contained 8.24% iron. These
quantitative results support both the CT contrast capability of
APIO and the successful iron complexation in the APIO/Fe
complex, consistent with the observed changes in particle size
and surface charge. The enlargement of particle size from APIO to
the APIO/Fe complex can be attributed to the multidentate
coordination behavior of iron ions. Since each iron ion can
simultaneously bind multiple surface functional groups, several
APIOs become interconnected through Fe-mediated bridging,
forming a compact nanocluster structure.***"*> This coordina-
tion driven complex is consistent with the observed changes in
particle size and surface charge.

Surface chemistry coordination analysis

Iron incorporation and surface chemical modification were
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. 2¢
and f). The APIO survey spectrum exhibited characteristic peaks
for carbon (C 1s, 285 eV), oxygen (O 1s, 532 eV), nitrogen (N 1s,
400 eV), and iodine (I 3ds, and I 3dj;,, 630 and 619 eV),

Mater. Horiz.

confirming the successful incorporation of both precursor
molecules and retention of iohexol-derived functionalities vital
for CT imaging contrast.*®>*>* The APIO/Fe complex spectrum
demonstrated not only all the characteristic peaks of APIO but
also iron-specific peaks with Fe 2p;/, and Fe 2p,,, appearing at
711 and 724 eV, respectively. The binding energy positions and
peak shapes were consistent with iron ions in a coordination
environment, supporting chelation mechanisms rather than
simple physical adsorption. The Fe 2p;,, and 2p;,, peaks, which
were absent from the APIO spectrum, further confirmed
successful iron incorporation. The binding energy positions
of these peaks were consistent with those of chelated iron
35536 Atomic percentage analysis revealed approximately
3.2% iron content, indicating successful but controlled iron
incorporation that maintains the structure of CDs and also
provides sufficient catalytic activity for therapeutic applications.
To gain deeper insights into the surface chemistry and
coordination environment, we obtained high-resolution XPS
spectra for all major elements of APIO and APIO/Fe complex
(Fig. S1). The deconvoluted C 1s spectrum (Fig. S1a) and the
O 1s spectrum of APIO (Fig. S1b) showed that the CD contains

ions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization of APIO and APIO/Fe complex. (a) Size distribution obtained by dynamic light scattering. (b) Transmission electron microscopy
(TEM) image of APIO. (c) Full X-ray photoelectron spectroscopy (XPS) spectrum of APIO. (d) Zeta potential of APIO and APIO/Fe complex. (e) TEM image
of APIO/Fe complex. (f) Full XPS spectrum of APIO/Fe complex. (g) FTIR spectrum of APIO and APIO/Fe complex. (h) TGA of APIO and APIO/Fe complex.

(i) UV-vis spectrum analysis.

various carbon- and oxygen-containing functional groups such
as carboxyl and hydroxyl groups for iron coordination. The N 1s
spectrum (Fig. Sic) exhibited peaks corresponding to pyridinic
nitrogen (398.7 eV) and pyrrolic nitrogen (400.2 eV), indicating
the successful incorporation of nitrogen functionalities that
contribute to iron chelation.>””*® The I 3d spectrum of APIO
(Fig. S1d) confirmed the presence of iodine with characteristic I
3ds,, and I 3d;/, peaks at 619.1 and 630.6 €V, respectively, thus
validating the preservation of CT contrast functionality in the
final structure of the CD.

For the APIO/Fe complex, the high-resolution spectra revealed
significant changes in surface chemistry (Fig. Sle-i). The C 1s
spectrum (Fig. S1e) revealed shifts in binding energies and relative
intensities, particularly for C-O and C—O0 components, indicating

This journal is © The Royal Society of Chemistry 2026

their involvement in iron coordination. The O 1s spectrum
(Fig. S1f) exhibited a single, broader peak at 531.8 eV, suggesting
the coordination of oxygen atoms to iron centers.

Most critically, the Fe 2p spectrum (Fig. S1i) provided
detailed information regarding iron oxidation states and coor-
dination environments. Deconvolution revealed multiple iron
species with Fe 2p;,, peaks at ~710.8 and ~712.4 eV, corres-
ponding to different Fe** coordination environments, and Fe
2p1/, peaks at ~724.2 and ~725.8 eV. The absence of signifi-
cant Fe>* contributions (which would appear at ~709 eV for Fe
2psj2) confirmed that iron exists predominantly in the Fe**
oxidation state, optimal for Fenton catalysis.

Quantitative analysis of the Fe 2p spectrum revealed the
distribution of iron oxidation state (Fig. S2). Peak deconvolution
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and area integration showed that Fe** species constituted 70.91%
of total iron content, whereas Fe*" constituted 30.36%. This
Fe*"-dominant composition is ideal for catalytic applications,
because Fe®* serves as the active species in Fenton reactions,
and the minor Fe>" component can participate in Fenton-like
reactions and contribute to the overall catalytic efficiency.

The binding energy values and peak shapes indicate that
iron exists in a coordinated environment rather than as sepa-
rate oxide phases, thereby supporting the proposed chelation
mechanism. The predominance of Fe** also explains the posi-
tive zeta potential observed for the APIO/Fe complex, because
coordinated Fe*" centers contribute significant positive charge
to the particle surface.

Fourier transform infrared (FTIR) spectroscopy and
coordination mechanism

FTIR spectroscopy revealed detailed insights into the coordina-
tion chemistry and bonding mechanisms (Fig. 2g). The APIO
spectrum exhibited characteristic features, including broad
O-H stretching vibrations (3200-3500 cm ™ *),°*"®> C—=O0 stretching
from carboxyl/amide groups (1700 cm™'),>**®* and C-O stretching
from alcohol/epoxy functionalities (1000-1300 cm™').®*** After
iron complexation, several key spectral changes were observed,
such as (1) weakening and narrowing of the O-H band, indicating
the involvement of hydroxyl groups in coordination, (2) conver-
sion of the single C—0 band into asymmetric (~1580 cm ') and
symmetric (~1400 cm™ ') COO™ stretching modes, characteristic
of carboxylate-metal coordination, and (3) emergence of a new
band at ~580 cm ™, attributable to Fe-O or Fe-O-C coordination
bonds.®*%® This coordination mode is consistent with the findings
of XPS that showed Fe*" in multiple coordination environments,
probably reflecting different binding sites on the surface of CDs
and allowing controlled iron release for catalytic activity.

Thermogravimetric analysis for structural characterization and
complex formation verification

Thermogravimetric analysis (TGA) was conducted to confirm
the formation of the APIO/Fe complex and clarify the structural
changes upon iron coordination (Fig. 2h). The TGA profiles
revealed distinct decomposition patterns that confirmed suc-
cessful complex formation. APIO CDs displayed a characteristic
decomposition profile at 150 °C, which is attributed to the
removal of water and volatile organic components.®” The major
decomposition occurred between 150 °C and 350 °C with
approximately 56% mass loss in the APIO group, corresponding
to the thermal degradation of surface functional groups,
including carboxyl, hydroxyl, and amine functionalities.®® The
final residue at 900 °C was minimal at approximately 1.7%,
consistent with the predominantly organic nature of CDs and
confirming their complete combustion.

In contrast, the APIO/Fe complex presented a markedly
different decomposition profile that provides evidence for iron
incorporation and coordination bonding. The onset of decom-
position shifted, indicating that iron coordination stabilizes
the surface functional groups against thermal degradation. The
mass loss pattern showed that iron coordination prevented the
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facile decomposition of surface functionalities. The most com-
pelling evidence for complex formation originated from the
final residue analysis. APIO left only 1.7% residue, whereas the
APIO/Fe complex yielded 21.1% residue at 900 °C. This sub-
stantial increase in residue content directly corresponds to the
formation of thermally stable iron oxide species upon high-
temperature decomposition of the organic components. The
results of TGA provided critical evidence that the APIO/Fe
system represents a genuine coordination complex rather than
a physical mixture of components.

Optical properties and electronic structure modifications

UV-visible absorption spectroscopy demonstrated the optical
characteristics and confirmed the successful synthesis of both
precursor materials and the final complex (Fig. 2i). Individual
precursors (API and iohexol) exhibited distinct absorption
profiles, with API showing characteristic absorption at approxi-
mately 280 nm and iohexol displaying broad absorption in the
UV region. APIO CDs demonstrated typical CD absorption
features comprising two primary bands, at approximately 230
and 320 nm, respectively. The APIO/Fe complex exhibited
modified optical properties with improved absorption intensity
across the UV-visible spectrum and slight redshifting of absorp-
tion, which revealed the formation of the CD/metal complex.®®

Comprehensive characterization data, including high-
resolution XPS analysis and quantification of the iron oxidation
state, collectively confirmed the successful formation of the
APIO/Fe complex through surface-level electrostatic and coor-
dination interactions. The predominance of iron ions in the
APIO/Fe complex confirmed its formation for Fenton catalysis-
based therapeutic applications. The detailed surface chemistry
analysis provided critical insights into the coordination mecha-
nism and validated the design strategy for producing stable,
catalytically active CD-Fe complexes suitable for biomedical
applications.

ROS generation and therapeutic mechanism validation

The therapeutic potential of the APIO/Fe complex was deter-
mined through comprehensive mechanistic studies and cyto-
toxicity assays (Fig. 3). Direct evidence for the formation of *OH
radicals was obtained through electron paramagnetic reso-
nance (EPR) spectroscopy using 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as a spin trap agent (Fig. 3a). The APIO/Fe
complex in the presence of H,O, exhibited the characteristic
1:2:2:1 quartet signal pattern with hyperfine coupling con-
stants typical of DMPO-OH adducts.”®”* Control experiments
revealed minimal or no EPR signals for H,0, alone, APIO alone,
or the complex without H,0,, thereby confirming that *OH
generation requires both the iron catalyst and hydrogen per-
oxide substrate. This definitive spectroscopic evidence validated
the proposed Fenton reaction mechanism and established the
APIO/Fe complex as an effective catalyst for the therapeutic
generation of ROS.

To verify whether the APIO/Fe complex retains catalytic and
biological activity within the hydrogel matrix, additional experi-
ments were performed using extracts prepared from the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01916h

Open Access Article. Published on 04 February 2026. Downloaded on 2/26/2026 3:08:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

View Article Online

Communication

a) b) c)
12
v R s 140
22 ut — 0min 1204
<0.9 — 5mi &
= APIO g 5 min 21001
- £ — 10 min >
@ Ko . = -
< |[— Complex 506 — 20mn| 380
'§ § — 30 min > 60
£ |— HyO,+Complex 2 — 60 min 3 o
- 503 120 min
o 20 e
S G0 ! ! R PSR WP RR
3460 3480 3500 3520 3540 500 600 700 800 SR PR PP
Magnetic Field (G) Wavelength (nm) Diluted Extract solution (%)
d) N.T. 1h 4h 8h 12h 24h e)
T 2 10
E 8+
[
2 6
5 3 o
5 [
(] = 4
a E
< 27
(=]
) 'S
o = 0=
g NT. 1 4 8 12 24
Post-incubation time (h)
f) a9 -
12h :
= £ 150
< 5
e k=
3
£100- #% o
[ o
F ~
oo _g ars
o 50- o
=
[T
= E 0 1 1 I
[J]
o Con 4h 12h

Fig. 3 Fenton reaction of the APIO/Fe complex and APIO/Fe complex hydrogel extract. (a) DMPO spin trapping EPR spectra of *OH radicals in the
Fenton reaction. (b) Fenton reaction assay via methylene blue degradation using APIO/Fe hydrogel extracts. (c) Cell viability assay of APIO/Fe hydrogel
extracts. (d) Representative fluorescence images of ROS detection by fluorescence intensity of DCFDA stained HepG2 cells (n = 3, scale bar: 50 pm).
(e) Fluorescence intensity of DCFDA from the result d. (f) Representative fluorescence images of lipid peroxidation by fluorescence intensity
measurement. (g) Relative FITC fluorescence intensity from the result f (n = 3, scale bar: 50 pm).

APIO/Fe hydrogel. The iron release profile demonstrated that
approximately 8.88% of the total iron content was released
within 24 h (Fig. S3). The resulting extract was subsequently
diluted to an iron concentration of 1 mM, identical to the
concentration applied in APIO/Fe nanocomplex-only experi-
ments, allowing direct comparison of cytotoxicity and ROS-
generating performance.

The catalytic activity of the APIO/Fe hydrogel for the Fenton
reaction was evaluated using hydrogel extracts through a
methylene blue degradation assay, which serves as a reliable
indicator of *OH generation.”> As depicted in Fig. 3b, the
extract exhibited time-dependent reduction of methylene blue
in the presence of H,0,, demonstrating that the iron species
released from the hydrogel retain Fenton activity.

This journal is © The Royal Society of Chemistry 2026

To confirm that this activity originates from the APIO/Fe
complex, methylene blue degradation was subsequently mea-
sured using the APIO/Fe complex at the same iron concen-
tration (Fig. S4). As expected, the APIO/Fe complex induced
a rapid decrease in methylene blue absorbance, reflecting
the immediate accessibility of catalytic sites once directly
exposed to H,O,. In contrast, the hydrogel extract displayed
more gradual degradation due to the presence of free HA
and other extractable hydrogel components, which can hinder
the diffusion of hydroxyl radicals. Despite these differences,
both the APIO/Fe complex and hydrogel extract effectively
degraded methylene blue, confirming that iron released
from the hydrogel maintains full catalytic competence for
ROS generation.
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Cytotoxicity evaluation

The therapeutic efficacy of the APIO/Fe complex and the APIO/
Fe complex hydrogel was evaluated using HepG2 HCC cells
(Fig. 3c and Fig. S5). As shown in Fig. 3c, the hydrogel extract
exhibited dose-dependent reduction in cell viability at extract
concentration above 60%. To determine whether this behavior
was consistent with the APIO/Fe complex, additional experi-
ments were performed using the APIO/Fe complex (Fig. S5). The
APIO/Fe complex exhibited a steep decrease in cell viability
from 6 mM of iron concentration, suggesting potent anticancer
activity. Notably, cytotoxicity appeared at 60% extract, which
corresponds to an iron level similar to the concentration at
which the APIO/Fe complex also exhibited cytotoxicity. These
results demonstrate that hydrogel released species such as the
APIO/Fe complex maintain comparable therapeutic activity.

Intracellular ROS accumulation and temporal dynamics

To visualize and quantify the intracellular generation of ROS,
HepG2 cells were treated with APIO/Fe hydrogel extracts and
APIO/Fe complex and examined using 2’,7’-dichlorofluorescin
diacetate (DCFDA) staining (Fig. 3d, e and Fig. S6). For direct
comparison, the hydrogel extracts were diluted to match the
iron concentration used in the APIO/Fe complex treatment.
Time-course fluorescence microscopy revealed progressive
accumulation of intracellular ROS over 24 h. Untreated control
cells (N.T.) displayed minimal green fluorescence, indicating
baseline ROS levels. Quantitative analysis of DCFDA fluores-
cence intensity (Fig. 3e) confirmed strong green fluorescence
that appeared as early as 1 h post-incubation followed by a
gradual decline after 8 h (Fig. S6), confirming that the observed
ROS originates from the catalytic activity of the APO/Fe
complex. This temporal profile demonstrated sustained ROS
generation that is sufficient for therapeutic intervention while
providing insights into the kinetics of oxidative stress
induction.

CD44 expression and membrane integrity evaluation

ROS-induced membrane damage was assessed using FITC-
conjugated anti-CD44 antibody (Fig. 3f, g and Fig. S7). CD44,
a major HA receptor expressed on HepG2 cell membranes
serves as an indicator of membrane stability and cellular
viability.”>’* Control cells (N.T.) exhibited strong, uniform
green fluorescence, indicating high CD44 expression levels on
intact cell membranes. In contrast, treatment with the hydrogel
extract and APIO/Fe complex exhibited progressive reduction in
CD44 fluorescence intensity over time. Quantitative analysis
revealed 13% reduction at 4 h and 39% reduction at 12h,
demonstrating gradual ROS-mediated membrane destabiliza-
tion (Fig. 3f and g). The hydrogel extract concentration was
adjusted to provide an iron level equivalent to that of the APIO/
Fe complex, and a similar decrease was observed when cells
were treated with the APIO/Fe complex at the same iron
concentration (Fig. S7).

This progressive loss of CD44 expression indicates ROS-
mediated membrane damage. Lipid peroxidation causes
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membrane destabilization and protein dissociation, while
direct oxidative modification of CD44 disrupts antibody
recognition.””””” The temporal correlation between ROS accu-
mulation (Fig. 3d and e) and CD44 loss (Fig. 3f and g) demon-
strated that oxidative membrane damage is a primary
mechanism of the APIO/Fe complex induced cytotoxicity.
Importantly, the parallel results in intracellular ROS accumula-
tion and ROS-induced membrane damage confirm that the
released APIO/Fe complexes retain their catalytic functionality,
demonstrating functional equivalence between the released
fraction from the hydrogels and the APIO/Fe complex.

Rheological properties and mechanical characterization

We comprehensively evaluated the rheological properties of the
APIO/Fe complex hydrogel to determine its suitability as an
injectable embolic agent for TACE procedures (Fig. 4). These
mechanical characteristics are crucial for ensuring both suc-
cessful catheter delivery and effective vascular occlusion upon
deployment. Frequency sweep analysis revealed that the APIO/
Fe complex hydrogel displayed a predominantly elastic beha-
vior across physiologically relevant conditions (Fig. 4a). At both
room temperature (RT, 25 °C) and physiological temperature
(37 °C), the storage modulus (G’) consistently exceeded the loss
modulus (G”) across the entire tested frequency range. This
elastic dominance (G’ > G”) confirmed the formation of a
stable three-dimensional network structure for effective vascu-
lar occlusion.”®”® Remarkably, the moduli values increased at
physiological temperature, indicating improved network stabi-
lity under in vivo conditions, which is beneficial for maintain-
ing embolic integrity after deployment.®

Gelation kinetics and network formation

The time-dependent gelation behavior was evaluated to deter-
mine the rapid network formation capability of the APIO/Fe
complex hydrogel (Fig. 4b). The gelation profile demonstrated
that G’ exceeded G” within approximately 4 min at 37 °C,
indicating rapid formation of the gel network that is suitable
for immediate vascular occlusion upon injection. After the
crossover point (G’ = G”) occurred, both moduli continued to
increase within 15 min. This rapid gelation kinetic ensures that
the hydrogel can quickly transition from an injectable liquid-
like state to a solid-like embolic mass, preventing premature
washout and also allowing sufficient time for catheter position-
ing and injection.

Viscosity optimization and temperature dependence

The contribution of individual components to the overall
rheological behavior was determined by comparative viscosity
analysis (Fig. 4c). Native HA demonstrated relatively low visc-
osity (268.8 mPa s at 1 Hz), whereas incorporation of the APIO/
Fe complex significantly increased the viscosity to 347.7 mPa s.
This increase reflects the formation of additional crosslinks
through iron-mediated coordination with HA chains and APIO
CDs, thus producing a more robust network structure.

The temperature-dependent viscosity of APIO/Fe com-
plex hydrogel measurements (Fig. 4d) revealed a beneficial

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01916h

Open Access Article. Published on 04 February 2026. Downloaded on 2/26/2026 3:08:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

View Article Online

Communication

a) b)
1x104
7
R PYPTEroYeY
0 25°CG”
= . |e 37ce 1x10%
g m1° 5 37°c 6" '6§2§ _
[ ] ©
o 0000000 oo .gooo L 1x102
o po °® 00 z
x10° o g g8 e 00© o
o
s 000 o
20000 1x107
1x104 . . , - G
1x10"  1x100  1x10° 1x102 1x100 - G
Fri H T T T T
equency (Hz) 0 5 10 15 20
c) d) e) Time (min)
* % % 400 8000
400 -G
| 1 3001 Bl
< 6000
o 300 » 2007 c
© N -
& a 100 L 9 4000
200 T ©
4 —
2000
100 5
0 L] L] T 1 L] 1 L]
0 o - 0 120 240 360 480 600 720 840
oF \<<e {f‘,’o "§\°0 Time (s)
NN
SIS
f) &® 9)
50 20
18G
404 -nee- T.2..20G ] f‘
z — 22G Z 154 oo
8 ]
§ 307 5
< c 104
2 )
S 20 2
2 o
£ = £ 4
10 e e .-..—.- cm--- 5
° 0 10 20 30 40 ° ' ' '
) ] (c}
Time (s) N o v

Fig. 4 Rheological properties of APIO/Fe complex hydrogel. (a) Storage (G’) and loss (G”) modulus of APIO/Fe complex gel at 25 °C and 37 °C (Strain:
0.1%, Frequency: 0.01-100 Hz). (b) Gelation time of APIO/Fe complex hydrogel (1% strain, 1 Hz). (c) Viscosity value of HA and APIO/Fe complex hydrogel
(1 Hz). (d) Relative complex viscosity value of APIO/Fe complex gel at 25 °C and 37 °C (strain: 0.1%, Frequency: 1 Hz). (e) Recovery test of the APIO/Fe

complex hydrogel. (f) Injection force graph of APIO/Fe complex hydrogel

with different sizes of needles (Flow: 1 mL min~%, Room temperature).

(g) Injection force results of APIO/Fe complex gel with different sizes of injection needles (n = 3, Flow: 1 mL min~*, measured at 30 s, room temperature).

thermosensitive response. When the temperature increased
from 25 °C to 37 °C, the viscosity of the complex increased
from 0.8 to 279.3 Pa s, indicating a dramatic increase. The
temperature dependent shift reflects accelerated network
relaxation arising from enhanced polymer chain mobility,
weakened intermolecular hydrogen bonding, and the increased
exchange kinetics of the dynamic Fe-ligand coordination
bonds, consistent with previously reported thermally activated
coordination driven hydrogel systems.®*"®® In addition, this
temperature-responsive behavior is advantageous for emboli-
zation applications, because it ensures low viscosity during
handling and injection at RT, followed by a rapid increase
in viscosity upon reaching body temperature, thereby improv-
ing intravascular retention and reducing the risk of distal
migration.

Self-healing and recovery properties

The self-healing capability of the APIO/Fe complex hydrogel
was determined using cyclic strain recovery tests (Fig. 4e).

This journal is © The Royal Society of Chemistry 2026

The hydrogel was exposed to alternating low-strain (0.1%, pink
regions) and high-strain (100%, gray regions) conditions to
simulate the mechanical stresses encountered during injection
and deployment. After each high-strain cycle, G’ and G” rapidly
recovered to their initial values within seconds, demonstrating
excellent self-healing properties. This remarkable recovery
behavior indicated that the hydrogel network can withstand
the shear forces encountered during catheter injection and also
rapidly reestablish its structural integrity.®*®® The complete
recovery of mechanical properties after multiple cycles con-
firmed the reversible nature of the crosslinks, probably invol-
ving both physical entanglements and dynamic coordination
bonds between iron and HA/APIO components. This self-
healing capability is vital for maintaining embolic effectiveness
even after experiencing high shear stress during delivery. The
shear-thinning behavior and self-recovery properties in the
APIO/Fe complex hydrogel arise from the synergistic interplay
between dual-molecular-weight HA and dynamic metal-ligand
coordination. The high molecular weight HA provides an
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extensive chain entangled backbone, while the low molecular
weight HA reduces viscosity and facilitates iron diffusion within
the polymer matrix.®” % In addition, the iron ions coordinate
simultaneously with carboxylate groups on the HA chains and
functional groups on APIO carbon dot surfaces which create a
reversible metal-ligand coordination network.’*°> Under shear
stress, these coordination bonds transiently dissociate, allowing
HA and APIO to slip relative to each other, thereby enabling
smooth flow through narrow catheters. Once the stress is removed,
the iron ions rapidly reassociate with HA and APIO, leading to
recovery of the network structure. This dynamic coordination
mechanism, distinct from simple physical polymer mixing, funda-
mentally enables the balancing of injectability with mechanical
stability essential for effective vascular embolization.

Additionally, the long-term viscosity stability of the APIO/Fe
hydrogel was evaluated under physiological mimicking condi-
tions (Fig. S8). The hydrogel retained approximately 53.9% of
its initial complex viscosity after 15 days (from 56.1 to 30.2 mPa
s). Notably, this viscosity value remains comparable to several
clinically used liquid embolic systems including Lipiodol (20 to
40 mPa s), which typically lose flow resistance within hours
to several days.”>® These results indicate that the APIO/Fe
hydrogel maintains physiologically relevant viscosity for a
substantially longer period, supporting its potential for durable
vascular occlusion in embolization applications.
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Injectable delivery and needle compatibility

We next examined the clinical applicability of the APIO/Fe
complex hydrogel through comprehensive injectability studies
using needles of varying gauge sizes (Fig. 4f, g and Fig. S9).
Monitoring of the injection force at a rate of 1 mL min "
revealed gauge-dependent force requirements. Quantitative
analysis of injection forces (measured at 30 s) showed that
the injection force did not exceed 20 N in all needle gauges. The
APIO/Fe complex hydrogel displayed easy injectability, requir-
ing much less force than the maximum physical threshold for
injectable biomaterials. Although 64 N is considered the upper
physical limit for injection using clinical needles, our hydrogel
can be delivered using much lower effort within the recom-
mended clinical range for smooth and safe interventional
procedures (<20 N).%¢%8

Visual assessment of injectability (Fig. S9) confirmed suc-
cessful delivery through all tested needle gauges. Importantly,
the APIO/Fe complex hydrogel did not cause any needle clog-
ging, fragmentation, or phase separation, indicating excellent
processability and clinical compatibility.

Bimodal contrast properties

To investigate the potential of the APIO/Fe complex as a dual-
modal contrast agent for image-guided therapy, we systematically
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evaluated both CT and MRI capabilities. For CT imaging evalua-
tion, we serially diluted iohexol, APIO, APIO/Fe complex and APIO/
Fe complex hydrogel to establish concentration-dependent con-
trast profiles (Fig. 5a and b). The Hounsfield unit (HU) values
increased linearly with iodine concentration for all materials,
confirming preserved X-ray attenuation properties after carboni-
zation and iron complexation. Remarkably, the APIO/Fe complex
hydrogel exhibited similar CT contrast efficiency compared to
other samples including iohexol. These results demonstrate that
the APIO/Fe complex hydrogel is suitable for real-time procedural
guidance.

For MRI performance evaluation, the APIO/Fe complex
solutions and hydrogels were evaluated using a 9.4-T animal
MRI system with various iron concentrations (Fig. 5¢ and
Fig. S10). T,-weighted images revealed progressive signal
darkening with increasing iron concentrations, charac-
teristic of superparamagnetic contrast agents. Conversely,
Ti-weighted images revealed mild brightening effects, indicat-
ing dual T,/T, contrast capability. Quantitative relaxivity ana-
lysis (Fig. 5d) yielded r, values of 6.92 mM ' s for the APIO/
Fe complex and 6.05 mM "' s™* for the hydrogel formulation,
both of which exceeded the clinical standard Omniscan
(4.93 mM™"' s7', Fig. S11). These results established the
APIO/Fe complex hydrogel as an effective dual-modal (CT/
MRI) contrast platform, which enables simultaneous visuali-
zation during embolization procedures and post-treatment
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monitoring, a critical advancement over current single-modality
embolic agents.” !

Enhanced coagulation and thrombogenicity

Quantitative coagulation assays were performed to determine
whether the APIO/Fe complex hydrogel accelerates thrombus
formation and improves embolic stability (Fig. 6a). According
to established protocols,**>™*°® fresh mouse whole blood was
collected in tubes containing sodium citrate as an anticoagu-
lant. Prepared samples were then placed into tubes and incu-
bated for 5 min. Next, 1 mL of deionized (DI) water was gently
added to each tube to lyse any erythrocytes not entrapped
within the clot. After inverting and centrifugation, the absor-
bance of each supernatant was measured. The blood clotting
index (BCI) was calculated using the following equation: BCI =
[absorbance_sample/absorbance_control] x 100%).

The APIO/Fe complex hydrogel exhibited remarkable pro-
coagulant activity, reducing the BCI to <10% compared with
saline control (100%), indicating >90% clot formation effi-
ciency (Fig. 6b and c). This improved thrombogenicity arises
from two synergistic mechanisms. One is the electrostatic
capture of fibrinogen and platelets through the positively
charged APIO/Fe complex surface, facilitating rapid protein
adsorption and platelet activation, and the other mechanism
is the catalytic crosslinking mediated by trivalent iron ions,
which promote intermolecular fibrin mesh tightening and

APIO/Fe
complex gel 120

1

Fig. 6 Embolization efficacy of the APIO/Fe complex hydrogel. (a) Schematic illustration of coagulation assay. (b) Photographs of blood coagulation

treated with the prepared hydrogels after 5 min. (c) Blood clotting index (BCI) of the samples at 540 nm absorbance (n = 4),

BCl (%) =

[absorbance_sample/absorbance]_ control] x 100. (d) Embolization effect of APIO/Fe complex gel in 3D vascular model. Red circle: APIO/Fe complex

gel. Blue circle: sealing site with gelatin.
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increased erythrocyte trapping through coordination chemistry.
This dramatic increase in coagulation places the APIO/Fe hydrogel
as a biologically active embolic agent that forms durable,
mechanically reinforced clots, thus potentially reducing postpro-
cedural recanalization rates.

3D vascular model of embolization efficacy

To simulate clinical embolization conditions, we designed a
polydimethylsiloxane (PDMS) 3D vascular model replicating the
branched arterial architecture encountered in hepatic TACE
procedures. The APIO/Fe complex hydrogel was injected using a
2.8-Fr microcatheter while blood-mimicking fluid (BMF) flowed
at physiological rates (1 mL min~') to determine occlusion
efficacy under dynamic conditions (Fig. 6d and Fig. S12).
The BMF solution was prepared based on previously reported
papers.’®” In the absence of the embolic material, the BMF
traversed all vascular branches unimpeded, confirming the
patency and flow dynamics of the model (Fig. S12a). None-
theless, complete occlusion was achieved after injecting the
APIO/Fe complex hydrogel (Fig. 6d and Fig. S12b). The APIO/Fe
complex hydrogel remained localized at injection sites without
distal migration, indicating appropriate viscosity and gelation
kinetics to achieve controlled embolization. The complete vascu-
lar occlusion demonstrated that the APIO/Fe complex hydrogel
possesses adequate viscosity for catheter delivery, rapid gelation
upon injection, and sufficient mechanical strength to maintain
vascular occlusion under physiological pressure gradients, which
are essential mechanical properties for effective TACE. Although
the BMF used in the 3D vascular model reproduces the viscosity
and flow characteristics of blood, it does not fully reflect the
biochemical complexity of blood including plasma proteins,
competitive chelators or iron ion transport dynamics.'®”'® There-
fore, further studies will extend these findings by evaluation under
physiologically relevant biochemical conditions in vivo.

3. Conclusions

The HA hydrogel incorporating APIO/Fe complexes is a multi-
functional embolic agent through the synergistic integration of
occlusion, ROS-mediated anticancer therapy and dual CT/MRI
capabilities, and complementary therapeutic and diagnostic
modalities, thus paving the way for more effective, safer, and
personalized minimally invasive cancer treatments that
improve patient outcomes and also reduce healthcare costs
and procedural complexity.

Physicochemical characterization confirmed stable coordi-
nation between APIO CDs and iron ions, forming positively
charged nanocomplexes that interact strongly with HA to
produce hydrogels with injectability, shear-thinning, and self-
healing properties. The hydrogel demonstrated excellent pro-
coagulant activity, promoted rapid thrombus formation, and
achieved complete vascular occlusion in 3D dynamic models.
It also maintained robust contrast enhancement for real-time
procedural guidance and post-treatment monitoring.
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This platform addresses critical limitations of current TACE
therapies by enabling improved distal vascular penetration,
real-time image-guided delivery, and targeted oxidative tumor
destruction within a single injectable system. As such, the
APIO/Fe hydrogel represents a promising next-generation
embolic material poised to improve therapeutic efficacy and
clinical outcomes in patients with HCC and beyond.
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