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FesO4—iron carbide composites offer promising cancer therapeutic potential via magnetic targeting and
tumor-responsive Fe?* release. However, current synthesis methods suffer from complex multi-step pro-
cedures, toxic reagents, and poor biocompatibility, necessitating additional surface modifications. Herein,
we developed a facile and green strategy to synthesize FesO4—FesC composites through tannic acid—Fe>*
coordination, pyrolysis, and HCl etching. The resulting FesO4—FesC/C heterojunction composite pos-
sesses high saturation magnetization, large specific surface area, and strong Fe—carbon interfacial inter-
actions, which collectively enhance magnetic targeting, drug loading capacity, and Fenton reaction kine-
tics for amplified chemodynamic therapy. Following polydopamine (PDA) coating and 5-fluorouracil
(5-FU) loading, the FesO4-FesC/C@5-FU@PDA system achieved 55.6% loading efficiency with pH-
responsive release (76.1% at pH 5.0 over 48 h). Under 808 nm NIR irradiation (2 W cm™, 120 s), the
system demonstrated efficient photothermal conversion, elevating tumor temperatures to 45.4 °C for
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rsc.li/dalton therapy, photothermal therapy (PTT), and chemodynamic therapy (CDT).

Magnetite (Fe;O,) nanoparticles have been extensively

1. Introduction
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Cancer remains a global health threat, with therapeutic strat-
egies evolving from traditional monomodal approaches toward
multimodal synergistic regimens.'™ Although surgery, radio-
therapy, and chemotherapy (e.g., 5-FU) remain mainstream
interventions, their clinical efficacy is compromised by sys-
temic toxicity, poor tumor selectivity, and drug resistance.*™®
Recent advances in nanomedicine have enabled the develop-
ment of stimulus-responsive multifunctional delivery systems,
offering new paradigms for synergistic enhancement of CDT,
PTT, and chemotherapy.”"' These systems leverage tumor
microenvironment (TME) characteristics (e.g., mild acidity,
elevated H,0, levels) to achieve spatiotemporal drug release
control while facilitating tumor-specific accumulation through
cascade catalytic reactions, energy conversion, and multimodal
therapeutic interactions.>™**
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investigated for constructing tumor-targeted nanoplatforms
due to their superior magnetic responsiveness, biocompatibil-
ity, and catalytic properties.'>'® Fe;O,-based supports enable
magnetic field-guided active tumor targeting to enhance thera-
peutic accumulation.'””'® Simultaneously, Fe;0, can catalyze
the decomposition of H,0, into hydroxyl radicals ("OH) via
Fenton-like reactions, inducing oxidative damage and apopto-
%19 However, conventional Fe;0,
nanomaterials face several limitations: their relatively low sat-
magnetic targeting
efficiency, leading to insufficient accumulation at tumor sites,
while their restricted photothermal conversion efficiency
application in effective photothermal

sis in cancer cells for CDT.

uration magnetization compromises

hinders their
therapy.”*>*
Iron carbide nanoparticles (ICNPs), as iron-carbon inter-
metallic compounds, have demonstrated significant potential
in cancer theranostics owing to their unique physico-
chemical properties.>> Compared to metallic iron nano-
particles, the incorporation of carbon atoms into the inter-
stitial sites of the iron lattice in ICNPs confers greater stabi-
lity, potentially improving biosafety and service life.>®> Their
high saturation magnetization (~140 emu g~ ') further broad-
ens applications in biomedicine and magnetic data
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storage.”> For instance, Hou et al>* developed core-shell
structured Fes;C, nanoparticles for cancer theranostics,
where the carbon shell effectively preserved high magnetic
properties, enabling excellent magnetic resonance imaging
performance. Yu et al.®* synthesized Fe;C,@Fe;O, magnetic
nanozymes that functioned as reactive oxygen species reac-
tors, achieving efficient magnetic targeting and tumor
microenvironment-activated Fe** release for enhanced cancer
therapy. Despite these advantages, current synthesis
methods for FesC,@Fe;0, nanocomposites typically involve
multi-step high-temperature reactions, toxic precursors and
organic solvents. Thus, developing a facile and green syn-
thesis strategy for Fe;O,-iron carbide composites remains
highly desirable.

Herein, we developed a facile strategy to synthesize
Fe;0,-Fe;C/C heterojunction nanosheets (FFC2) via tannic
acid/Fe*" coordination, calcination, and etching, as illus-
trated in Scheme 1. The FFC2 material integrates a carbon
layer for enhanced drug loading, and a pH-responsive archi-
tecture for synergistic drug/Fe** release. The strong Fe;C-
carbon interaction promotes electron transfer, accelerating
Fe®" regeneration and Fenton reaction kinetics for amplified

CDT. After loading 5-FU and coating with PDA, the resulting
FFC2@FU@PDA material achieved a 55.6% drug loading
efficiency and 63.5% photothermal conversion efficiency.
This FFC2@FU®@PDA composite demonstrates remarkable
antitumor efficacy both in vitro and in vivo, inducing ~15-
fold higher apoptosis and significant tumor suppression,
therapy

thereby establishing a promising multimodal
platform.
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2. Experimental details
2.1. Materials

All chemicals and reagents used in this study were of analytical
grade and used as received without further purification. The
detailed information of materials and reagents is provided in
the SI.

2.2. Synthesis of FFCx nanocomposites

The FFCx nanomaterials were synthesized through the follow-
ing procedure: TA and FeCl; were separately dissolved in ultra-
pure water at a concentration ratio of 1:20. The FeCl; solution
was gradually poured into the TA solution under continuous
stirring, followed by dropwise addition of NaHCO; solution to
adjust the pH to 7. The mixture was allowed to stand until
black precipitates were completely formed. The precipitates
were collected by centrifugation, washed three times with
ultrapure water, and freeze-dried to obtain TA-Fe powders.
Subsequently, these powders were then reduced under H,
atmosphere through calcination at 400, 600, 800, or 900 °C for
2 h (heating rate: 5 °C min™"), yielding composites composed
of Fe;0, at 400 and 600 °C (labeled as Fe;0,-400 and Fe;0,-
600) or Fe-Fe;C/C at 800 and 900 °C (labeled as Fe-Fe;C/C-800
and Fe-Fe;C/C-900). Next, the Fe-Fe;C/C-800 obtained above
was etched in HCI solutions with different volume percentages
(1%, 2%, 3%) for 2 h. Finally, the products were washed three
times with distilled water and anhydrous ethanol, respectively,
resulting in the Fe;0,-Fe;C/C composite materials, which were
named FFCx nanomaterials (where x denotes the volume per-
centage of HCI employed).

9 2
2%
5-FU

PDA Coating v >

Tumor tissue

Scheme 1 Schematic illustration of FFC2@FU@PDA nanomaterial synthesis and the combined chemotherapy-PTT-CDT for tumor inhibition.
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2.3. Synthesis of FFC2@FU materials

The loading of 5-FU chemotherapeutic drug onto FFC2 nano-
composite materials was carried out as follows. Initially, FFC2
was uniformly dispersed in a methanol-water mixed solvent to
form a stable suspension. Subsequently, 5-FU was added to the
suspension, with the mass ratios of FFC2 to 5-FU systematically
adjusted to 2:1,1:1,1:2,1:3, 1:4, and 1:5, respectively. The
mixtures were continuously stirred at room temperature for
different durations (1, 4, 6, 8, 12, 14 and 16 h). After the reaction
was completed, the supernatant and precipitate were collected by
centrifugation. The resulting precipitate was thoroughly washed
three times with distilled water to effectively remove unabsorbed
5-FU. Finally, the 5-FU-loaded FFC2 nanocomposite material was
obtained, denoted as FFC2@5-FU (abbreviated as FFC2@FU).

2.4. Synthesis of FFC2@FU@PDA materials

An appropriate amount of FFC2@FU powder was dissolved in
ultrapure water to prepare a 1 mg mL™" FFC2@FU solution,
while dopamine hydrochloride powder was dissolved in Tris-
HCI buffer (pH 8.5) and prepared as a 2 mg mL™" solution.
The two solutions were then mixed at an equal volume ratio,
stirred at room temperature for 24 h, centrifuged, washed, and
the resulting precipitate was vacuum-dried at 40 °C for 24 h,
yielding the final product designated as FFC2@FU@PDA.

2.5. Materials characterization and in vitro evaluation

The comprehensive characterization of the materials (includ-
ing structural, morphological, surface, and magnetic pro-
perties) and systematic in vitro evaluations (such as drug
loading/release behavior, Fe*" release, ‘OH generation, photo-
thermal properties, cellular uptake, cytotoxicity, migration
inhibition, ROS detection, apoptosis analysis, and hemocom-
patibility) have been completed. Detailed experimental
methods and conditions refer to the SI.

3. Results and discussion

3.1. Preparation and characterization of the as-prepared
materials

To investigate the crystal structure of the prepared materials,
XRD analysis was performed on TA-Fe powders calcined under
different temperatures in hydrogen atmospheres (Fig. S1). The
results showed that at low calcination temperatures of 400 °C
and 600 °C, the main product is Fe;0, oxide. However, when
the temperature was increased to 800 °C or 900 °C, the
product transformed into a mixture of metallic Fe, Fe;C, and
carbon. Due to the high biotoxicity risk of metallic Fe, the Fe-
Fe;C/C-800 material calcined at 800 °C was subjected to HCI
etching to selectively remove metallic Fe.?° As shown in
Fig. 1a, treatment with 2% or 3% dilute HCl completely
remove metallic Fe, resulting in the formation of Fe;0,-Fe;C/C
composite materials. Based on the content of Fe;C in the
Fe;0,-Fe;C/C material, the FFC2 material etched with 2% HCI
was selected for subsequent drug-loading and surface modifi-
cation studies. Furthermore, the diffraction peak positions of

This journal is © The Royal Society of Chemistry 2026
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FFC2@FU®@PDA sample remain unchanged, with only slight
reduction in peak intensity, which can be attributed to the
masking effect of the PDA coating layer. These results confirm
the successful encapsulation of PDA on the FFC2@FU compo-
site surface (Fig. 1a). The FTIR spectrum reveals a character-
istic peak at 1280 cm™, attributed to aromatic ring vibrations
of PDA, which persists in the FFC2@FU@PDA composite, con-
firming successful PDA coating (Fig. S2). While pure 5-FU exhi-
bits a distinct C-F stretching peak at 1242 cm™*,*° the absence
of this characteristic signal in the composite suggests highly
dispersed 5-FU molecules on the FFC2 support surface.

SEM morphological analysis reveals coexisting bulk particles
and nanosheets in pristine Fe-Fe;C/C-800 (Fig. 1b), while the
etched FFC2 exclusively maintains nanosheet morphology with
eliminated large particles (Fig. 1c). TEM and HAADF-STEM
characterization further unveils uniformly distributed ~20 nm
nanoparticles on FFC2 nanosheets (Fig. 1d and e). Combined
with elemental mapping analysis (Fig. 1f), the nanosheet sub-
strate is identified as carbon, while surface nanoparticles com-
prise dual-phase Fe;O, and Fe;C, consistent with XRD results.
This hierarchical nanosheet-nanoparticle architecture could sig-
nificantly enhance specific surface area, thereby increasing the
drug-loading capacity.”® Furthermore, TEM analysis reveals that
FFF2@FU®@PDA maintains the original nanosheet morphology of
FFC2 after 5-FU loading and PDA coating. Elemental mapping
demonstrates uniform distribution of F element across the
material surface, confirming homogeneous drug dispersion
throughout the support. And the significantly higher N element
content compared to F element content can be attributed to the
additional nitrogen contribution from the PDA structure, provid-
ing strong evidence of successful PDA encapsulation on the
material surface (Fig. S3). Dynamic Light Scattering (DLS) analysis
shows the respective size distribution of FFC2 and the functiona-
lized FFC2@FU@PDA to be 600-800 nm and 500-1000 nm
(Fig. S4a and b). Meanwhile, the FFC2 and FFC2@FU@PDA
exhibit high colloidal stability, showing negligible size variation
over a 7 day incubation in PBS (Fig. S4c).

To quantitatively characterize the specific surface area of
the material, nitrogen adsorption-desorption tests were con-
ducted on a series of samples. The nitrogen adsorption-de-
sorption  isotherms of Fe-Fe;C/C-800, FFC2, and
FFC2@FU®@PDA, exhibit Type IV isotherms with H3 hysteresis
loops in the relative pressure range of 0.4-1.0 (Fig. 1g), consist-
ent with the IUPAC definition of slit-shaped mesoporous struc-
tures.”” Specific surface area analysis shows that Fe-
Fe;C/C-800 has a specific surface area of 146.2 m”> g~', which
increases to 168.38 m”> g™ after etching in FFC2 due to the
exposure of the nanosheet structure. After loading FU and
coating with PDA, the specific surface area of FFC2@FU@PDA
significantly increases to 686.88 m> g~', primarily attributed to
the additional mesopores introduced by the PDA layer. The
abundant mesoporous structure not only provides a high
specific surface area but also creates channels for drug molecule
diffusion, suggesting potential applications in drug delivery.*®

XPS analysis of Fe 2p spectra (Fig. 1h) verifies chemical
states critical for chemodynamic therapy. As shown in Fig. S5a,
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Fig. 1 Structural characterization of the materials. (a) XRD patterns of FFC1, FFC2, FFC3 and FFC2@FU@PDA. SEM images of the Fe—Fe3;C/C-800 (b)
and FFC2 (c) materials. (d) TEM image of FFC2 material. (€) HAADF-STEM image of FFC2 material. (f) Elemental mapping of FFC2 based on
HAADF-STEM. (g) Nitrogen adsorption—desorption isotherms of FFC2 (inset: pore size distribution); (h) Fe 2p XPS spectrum of the FFC2 materials. (i)

Hysteresis loop curves of Fe30,4-400 and FFC2 materials.

the deconvoluted O 1s spectrum exhibits two resolved com-
ponents: the lower binding energy peak at 530.0 eV corres-
ponds to lattice oxygen in Fe-O bonds, while the higher energy
peak at 531.1 eV arises from Fe-O-C interfacial coordination.>®
The dominant Fe-O-C bonding confirms strong chemical
coupling between Fe species and the carbon matrix, effectively
suppressing nanoparticle aggregation through structural stabi-
lization. This interfacial synergy not only enhances material
durability but also facilitates directional electron transfer from
the carbon substrate to Fe active sites, thereby accelerating the
reduction of Fe*" to Fe** and optimizing redox activity for cata-
lytic processes,’® as illustrated in Fig. S5b. Furthermore,
deconvolution of characteristic peaks at 711.1 eV (Fe 2p3/,) and
724.4 eV (Fe 2p, ;) identifies Fe** (709.7 eV) and Fe** (711.4 eV)
species.’’ Quantitative analysis indicated that there is a high
concentration of Fe** species on the surface of FFC2, approxi-
mately 41.1%, which may be due to the enhanced interaction
between iron species and the carbon support, which promotes
electron transfer from the carbon to the iron species.*® Therefore,

N72 | Dalton Trans., 2026, 55, 1169-1183

unlike conventional Fe-based nanozymes,**** this Fe;0,~Fe;C/C
heterojunction anchors dual-phase nanoparticles onto carbon
nanosheets, fostering strong Fe-O-C interfacial interactions. This
design not only augments drug capacity and active sites via a
large surface area but also achieves superior chemodynamic per-
formance through structural synergy. Due to the weakly acidic
and high H,0, tumor
microenvironment,">'* the high Fe** content can promote the

nature expression in the
catalytic reaction between Fe>* and H,0, in the tumor microenvi-
ronment, generating more "OH radicals and thereby enhancing
tumor cell apoptosis efficiency.***

VSM measurements (Fig. 1i) demonstrate ferromagnetic be-
havior for both Fe;0,-400 and FFC2, with the latter exhibiting
superior saturation magnetization. This enhancement is attrib-
uted to the intrinsic ferromagnetic nature of the Fe;C phase
present in FFC2, which enables parallel alignment of all mag-
netic moments without significant cancellation. In contrast,
the ferrimagnetic Fe;O, possesses an inverse spinel structure
where opposing magnetic moments on tetrahedral and octa-

This journal is © The Royal Society of Chemistry 2026
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hedral sublattices lead to partial cancellation, resulting in a
lower net saturation magnetization.

Therefore, the high saturation magnetization of this
material not only facilitates magnetic targeting delivery but
also indicates its potential as a T,-weighted MRI contrast
agent, offering possibilities for theranostic applications. In
summary, FFC2 nanosheet was developed through calcination
and HCI etching of TA-Fe precursors. The resultant material
integrates high surface area, Fe’"-enriched composition, and
strong magnetism, enabling simultaneous realization of high
drug loading capacity, efficient ‘OH generation, and magneti-
cally targeted delivery. This multifunctional platform presents
novel opportunities for advanced tumor therapy.

3.2. Invitro catalytic activity and drug loading/release
behavior

The Fenton reaction, mediated by Fe*', catalyzes the conver-
sion of intracellularly generated H,O, into highly toxic "OH,
thereby inducing cellular apoptosis. Its activity exhibits posi-

1800

View Article Online

Paper

tive correlation with Fe®" concentration in the tumor micro-
environment. Given the slow reduction kinetics of Fe*" by
H,0,, maintaining elevated Fe>" levels is critical for enhancing
Fenton reaction efficiency.’® To validate the performance of
FFC2, Fe’* release efficiency was first examined in PBS media
with varying pH values (mimicking physiological conditions).
As shown in Fig. 2a, FFC2 demonstrates significantly higher
Fe”" release under acidic conditions (pH 5.0, simulating tumor
microenvironment) compared to neutral (pH 7.4, normal
tissue) and mildly acidic (pH 6.3) environments, confirming
its pH-responsive Fe®" release specificity. To investigate the
Fe”" release kinetics, we conducted time-dependent release
experiments at pH 5.0. As shown in Fig. S6, the concentration
of released Fe** gradually increases with time and reaches a
plateau after 12 h, with no significant difference observed
between the 12 h and 18 h time points. This indicates that the
Fe”" release achieved saturation at approximately 12 h under
these conditions. Furthermore, as shown in Fig. 2b, even after
drug loading and PDA coating treatment, the FFC2@FU@PDA
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Fig. 2 Fe?* release from FFC2 (a) and FFC2@FU@PDA (b) at 12 h under different pH values. "OH generation by FFC2 (c) and FFC2@FU@PDA (d) at
different pH values. (e) Drug-loading capacity of FFC2 over time at different material-to-drug ratios. (f) 5-FU release rate of FFC2@FU@PDA at

different pH values.
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system still maintains a high release amount of Fe** under pH
5.0 acidic conditions. This result indicates that neither the
drug loading process nor the formation of the PDA coating
layer significantly impedes the release capability of Fe* in an
acidic environment. Building on this property, ‘OH generation
was quantified using hydroxyl radical probes across pH con-
ditions (5.0, 6.3, 7.4). As shown in Fig. 2¢ and d, both FFC2
and FFC2@FU@PDA exhibit high ‘OH concentrations under
PH 5.0 conditions, with trends mirroring their Fe*" release pro-
files. These results confirm that acidic microenvironment-trig-
gered Fe®" release from FFC2 amplifies Fenton reaction
efficacy, promoting tumor cell apoptosis through ‘OH accumu-
lation. Furthermore, as shown in Fig. S7, given the presence of
Fe®" oxidation states in the redox process, the glutathione
(GSH) depletion activity of FFC2 and FFC2@FU@PDA exhibits
significant pH dependency. In the tumor microenvironment
(pH = 5.0), both FFC2 and FFC2@FU®@PDA demonstrate excel-
lent GSH depletion capabilities. Collectively, the synergistic
interplay between tumor microenvironment-specific respon-
siveness and Fe?’"-enhanced catalytic H,O, conversion estab-
lishes FFC2’s superior chemodynamic therapeutic potential.

Leveraging FFC2’s high surface area, 5-FU was employed as
a model drug to evaluate loading performance. Since drug
molecules typically adsorb via non-covalent interactions,
including van der Waals forces and hydrogen bonding, zeta
potential analysis was conducted to monitor surface charge
evolution. As illustrated in Fig. S8, stepwise material modifi-
cation induces progressive zeta potential shifts: FFC2@FU
exhibits marked potential elevation versus pristine FFC2, con-
firming successful drug adsorption, while subsequent PDA
coating reduces potential significantly due to PDA’s low iso-
electric point, verifying complete encapsulation. Notably,
higher absolute zeta potential values enhance interparticle
electrostatic repulsion, improving colloidal dispersion stabi-
lity.” Consequently, FFC2@FU@PDA demonstrates excep-
tional stability in solution.

To optimize the drug loading performance of FFC2, loading
capacity under different material-to-drug ratios was systemati-
cally investigated (Fig. 2e). As shown in Fig. 2e, the drug
loading rate gradually increased with increasing material-to-
drug ratio. Determined according to the 5-FU standard curve
(Fig. S9a). At a ratio of 1: 5, the drug loading capacity of FFC2
reaches 90% after 14 h, while at a ratio of 1:4, a loading
capacity of 80% was achieved within 12 h. Based on economic
considerations (reducing raw material consumption and short-
ening preparation time), a ratio of 1:4 with a loading time of
12 h was selected as the optimal condition for preparing
FFC2@FU for subsequent PDA coating. It should be noted that
the PDA coating process could led to some drug loss.
Quantitative analysis revealed that the final drug loading rate
of FFC2@FU®@PDA was 55.6%+1.03%, which remains signifi-
cantly higher than values reported in similar studies.>”-*%3°
This high loading capacity arises primarily from the ultrahigh
specific surface area of the material, complemented by syner-
gistic non-covalent interactions. To assess tumor microenvi-
ronment-responsive drug release, 5-FU release profiles from
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FFC2@FU®@PDA were evaluated in PBS solutions (pH 5.0-7.4).
As depicted in Fig. 2f, the composite exhibits pH-dependent
release characteristics, achieving maximum cumulative release
(76.12 + 1.18%) at pH 5.0 over 48 h. The enhanced acidic
release stems from protonation of 5-FU and pH-triggered PDA
layer decomposition, which accelerates desorption kinetics.*?
This selective responsiveness to tumor microenvironment
acidity provides critical assurance for precision drug delivery.

3.3. Photothermal performance

The photothermal conversion properties of FFC2@FU@PDA
with high magnetic saturation intensity were investigated
using an 808 nm near-infrared laser (Fig. 3). The temperature-
time curves reveal distinct concentration-dependent and power
density-dependent heating effects for FFC2@FU®@PDA (Fig. 3a
and b). Under optimized conditions (200 pg mL™", 2.0 W
ecm™?), comparative analysis demonstrated negligible differ-
ences in photothermal performance between FFC2@FU and
FFC2 at identical particle concentrations and irradiation dur-
ations. However, the PDA-coated FFC2@FU®@PDA exhibits sig-
nificantly superior performance compared to FFC2@FU,
which can be attributed to the intrinsic photothermal conver-
sion capability of the PDA coating layer itself (Fig. 3c). Previous
studies have confirmed that tumor cells experience hyperther-
mia-mediated therapeutic effects at temperatures >42 °C,
while irreversible thermal ablation requires temperatures
exceeding 56 °C."™>*° Experimental results demonstrate that
under NIR irradiation, FFC2@FU®@PDA nanoparticles rapidly
elevate temperature from 20 °C to 45.4 °C within 2 min, reach-
ing the hyperthermia range (>42 °C) that induces tumor cell
sensitization. Crucially, the temperature attains ~56 °C at
~3 min, exceeding the critical threshold for irreversible
thermal ablation where instantaneous protein denaturation
and coagulative necrosis occur. This rapid photothermal
response ensures efficient tumor eradication. Furthermore, the
photothermal heating effect elevates local temperature at
tumor sites, which promotes blood circulation, alleviates
hypoxia, and mitigates drug resistance caused by hypoxic
microenvironments, thereby enhancing the synergistic thera-
peutic efficacy of nanodrug carriers.*

To further evaluate the photothermal conversion efficiency,
the heating and cooling trends of FFC2@FU®@PDA, FFC2@FU
and FFC2 particles were recorded after 5 min of NIR
irradiation followed by natural cooling (Fig. 3d). Based on the
established formula,*"*> the photothermal conversion
efficiency of different materials was systematically investigated.
FFC2 and FFC2@FU show photothermal conversion efficien-
cies of 60.6% and 60.1%, respectively. After PDA coating,
FFC2@FU®@PDA exhibits the highest photothermal conversion
efficiency of 66.7%, outperforming most reported nano-
materials in this category.>'*'%?>*! This enhancement is
attributed to the synergistic photothermal contributions from
both the Fe;O,-Fe;C heterojunction nanoparticles and the
PDA shell, as well as the improved light absorption and
thermal conductivity afforded by the carbon nanosheet archi-
tecture. Fitting of the cooling curve for the 200 pg mL™*

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Temperature vs. time curves of FFC2@FU@PDA at different concentrations under a power density of 2.0 W cm™2. (b) Temperature vs. time
curves of FFC2@FU@PDA at various power densities with a solution concentration of 200 pg mL™. (c) Temperature vs. time curves of different
materials under a power density of 2.0 W cm™2 and a concentration of 200 pg mL™. (d) Heating and cooling curves of FFC2@FU@PDA, FFC2 and
FFC2@FU particle suspension (200 pg mL™, 2.0 W cm™). (e) Plot of cooling time versus temperature driving force for FFC2@FU@PDA, FFC2 and
FFC2@FU particles. (f) Four heating—cooling cycles of FFC2@FU@PDA (200 pg mL™2, 2.0 W cm™2).

FFC2@FU®@PDA, FFC2 and FFC2@FU nanoparticle suspen-
sion yields a time constant (z) of 329.4, 276.3 and 264.3
(Fig. 3e), respectively. The photothermal stability of
FFC2@FU®@PDA was assessed over four laser on/off cycles,
with no significant temperature variation observed (Fig. 3f),
confirming its excellent operational stability. In summary,
FFC2@FU®@PDA exhibits highly efficient and stable photother-
mal conversion characteristics. Its rapid heating capability and
tunable temperature response provide an ideal platform for
precision photothermal therapy.

3.4. Invitro cytotoxicity assessment

Due to the inherent lack of fluorescence in FFC2 and
FFC2@FU@PDA nanomaterials, RhoB was loaded to investi-
gate their cellular uptake behavior. As shown in Fig. 4a, the
enhanced red fluorescence intensity of drug-loaded
FFC2@FU®@PDA in cells compared to non-loaded FFC2 demon-
strates that 5-FU facilitates cellular uptake, primarily due to the

This journal is © The Royal Society of Chemistry 2026

nanodrug delivery system penetrating the cell membrane via non-
specific endocytosis, whereas its drug-free counterpart relies on
passive diffusion.”® Quantitative analysis (Fig. 4b) further con-
firms that the FFC2@FU@PDA group exhibited higher fluo-
rescence intensity than the FFC2 group, demonstrating that 5-FU
drug-loaded markedly improves cellular internalization
efficiency. Notably, NIR laser irradiation further amplified the
fluorescence signal, which may be attributed to transient laser-
induced membrane permeabilization, thereby facilitating trans-
membrane transport of nanoparticles.**

Excellent biocompatibility is a prerequisite for the appli-
cation of nanomaterials in in vivo therapy. Cytotoxicity evalu-
ation of FFC2 reveals that cell viability remained above 80%
even at the highest concentration (200 ug mL™") after 24 h of
incubation (Fig. 4c), confirming the excellent biosafety of FFC2
and its suitability as a nanodrug delivery platform. In stark
contrast, the chemotherapeutic drug 5-FU exhibits concen-
tration-dependent cytotoxic effects, with cell viability decreas-
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ing progressively as drug concentration increased, reflecting
its typical chemotherapeutic lethality. Interestingly, the drug-
loaded group (FFC2@FU@PDA) shows weaker cytotoxic effects
than the free drug group due to incomplete 5-FU release result-
ing from the sustained-release properties, further validating
the controlled release advantage of the nanocarrier.

To validate the synergistic cell-killing efficacy of
FFC2@FU@PDA under simulated TME conditions and NIR
irradiation, CCK-8 assays, Calcein-AM/PI staining and scratch
wound healing assays were systematically performed on 4T1
cells. As depicted in Fig. 4d, no significant difference in cell
viability was observed between the free drug group (5-FU) and
the TME-simulated group (H,O, + 5-FU) (45-50%), suggesting
that H,0, does not alter drug sensitivity. For the CDT group
(FFC2 + H,0,), cell viability significantly decreases to 37.5% at
the highest concentration, primarily attributed to ‘OH gene-
ration via Fe®*'-mediated Fenton reactions, which induced
apoptosis. Strikingly, when FFC2@FU®@PDA was combined
with H,0,, cell viability dropped to 11.6% under the same con-
ditions, demonstrating the synergistic interplay between fer-

176 | Dalton Trans., 2026, 55, 1169-1183

roptosis mechanisms (driven by ROS generation) and 5-FU
chemotherapy. This dual-action mechanism highlights the
enhanced therapeutic efficacy achieved through simultaneous
chemotherapeutic drug release and catalytic ROS production.
With the further introduction of NIR laser irradiation, the
FFC2@FU@PDA + H,0, + NIR combination group exhibits
drastically amplified synergistic effects, reducing cell viability
to approximately 3% at the highest concentration (Fig. 4e).
This was attributed to the combined action of 5-FU and photo-
thermal effects, which not only induced apoptosis but also
exacerbated the intracellular acidic microenvironment, thereby
significantly improving the efficiency of the Fenton reaction
between Fe”" and Fe*' and dramatically enhancing the gene-
ration of "OH. This “chemotherapy-PTT-CDT” strategy enables
spatiotemporally controlled ROS bursts and drug release,
achieving multidimensional tumor cell eradication.*
Furthermore, scratch assays (Fig. S10) demonstrates that
FFC2@FU@PDA suppressed 4T1 cell migration in a concen-
tration-dependent manner compared to the control group. At
equivalent treatment durations, higher nanoparticle concen-

This journal is © The Royal Society of Chemistry 2026
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trations correlated with stronger inhibitory effects on cell
migration, underscoring its potential to curb tumor metastasis.
Based on the cell viability data obtained from the CCK-8
assay, Calcein-AM/PI staining was further employed to analyze
cell death modes from morphological and membrane integrity
perspectives. As shown in Fig. S11, the cells treated with 5-FU
alone group (5-FU), chemotherapy alone group (H,O, + 5-FU),
drug-loaded material group (FFC2@FU®@PDA), CDT alone
group (H,O, + FFC2), and chemotherapy + NIR group (H,O, +
5-FU + NIR) exhibit enhanced red fluorescence (PI-positive

View Article Online
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signals) while retaining significant green fluorescence
(Calcein-AM-positive signals), indicating that either CDT alone
or single chemotherapy intervention failed to induce complete
apoptosis. Notably, the introduction of 808 nm NIR irradiation
does not significantly alter the red fluorescence intensity in
these treatment groups, confirming the low absorption
efficiency of 5-FU at this NIR wavelength and its inability to
enhance cytotoxicity via photothermal effects.

Further analysis (Fig. 5a) reveals that both the H,O, control
group and the material-only group (FFC2) displayed wide-
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Fig. 5 (a) Representative confocal laser scanning microscopy images of 4T1 cells stained with Calcein-AM/PI under different experimental con-

ditions (scale bar = 25 um). (b) Semi-quantitative analysis of Calcein-AM/PI fluorescence intensity in 4T1 cells after various treatments. (c) Flow cyto-
metry analysis of 4T1 cells stained with Annexin V-FITC/PI under different treatment conditions. The quadrants Q1, Q2, Q3, and Q4 represent necro-
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spread green fluorescence in 4T1 cells, demonstrating that
neither oxidative stress induced by H,0, nor the material itself
caused significant membrane damage. In contrast, the CDT +
NIR combination group (H,O, + FFC2 + NIR) shows markedly
expanded red fluorescence regions, suggesting that the syner-
gistic effect of CDT and PTT enhances cytotoxicity through
membrane disruption. Strikingly, the final treatment group
(triple-combination therapy: H,O, + FFC2@FU@PDA + NIR)
exhibits nearly complete loss of green fluorescence, with the
majority of cells displaying red fluorescence, indicating that
the combined action of 5-FU chemotherapy, CDT, and PTT
profoundly disrupted membrane integrity, leading to massive
cell death (P < 0.0001). Quantitative analysis (Fig. 5b) further
demonstrates that the red fluorescence intensity in the CDT +
NIR group, CDT + drug-loaded material group (H,O, +
FFC2@FU®@PDA), and final treatment group increased by 3.4-
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fold, 4.1-fold, and 5.7-fold, respectively, compared to the
control group, unequivocally validating that multi-mechanistic
combination therapy significantly enhanced tumor cell killing
via spatiotemporal synergy.

Furthermore, the Annexin V-FITC/PI apoptosis assay
(Fig. S12) reveals that the viable cell proportions in the 5-FU
alone, chemotherapy alone (H,0, + 5-FU), drug-loaded
material (FFC2@FU®@PDA), CDT alone (H,O, + FFC2), and
chemotherapy + NIR (H,0, + 5-FU + NIR) groups remain above
70%, confirming the limited efficacy of monotherapy in indu-
cing apoptosis/necrosis. As shown in Fig. 5¢ and d, the H,0,
control and material-only groups (FFC2) maintain viable cell
proportions exceeding 90%, with no significant difference
from the blank control (control group), indicating negligible
cytotoxicity from the material or baseline oxidative stress con-
ditions. The CDT + NIR combination group (H,O, + FFC2 +
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Fig. 6 (a) Confocal laser scanning microscopy images of DCFH-DA staining under different experimental conditions (scale bar = 20 pm). (b) Semi-
quantitative analysis of DCFH-DA fluorescence intensity in 4T1 cells after treatment with different experimental conditions. (c) Hemolysis assay
results of FFC2 at different concentrations. (d) Hemolysis assay results of FFC2@FU@PDA at different concentrations. Notes: ****P < 0.0001.
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NIR) reduced the viable cell proportion to 35.6% through
CDT-PTT synergy, representing a breakthrough improvement
compared to the CDT-alone group (H,O, + FFC2 group:
63.2%). The triple-combination therapy group (H,O, +
FFC2@FU®@PDA + NIR) further decreases the viable cell pro-
portion to 21.6%, achieving a 14% reduction relative to the
CDT + NIR group, highlighting the superior efficacy of the
triple-combination strategy in promoting apoptosis/necrosis.
These results align with the Calcein-AM/PI staining data, sys-
tematically demonstrating that the combined therapeutic strat-
egy synergistically enhances antitumor efficacy through multi-

a
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dimensional mechanisms, including metabolic suppression
(CCK-8), membrane integrity disruption (Calcein-AM/PI), and
apoptosis/necrosis induction (annexin V/PI).

3.5. ROS generation capacity and hemolytic activity
assessment

Previous studies confirmed that FFC2 catalyzes the generation
of "OH from H,0, via the Fenton reaction extracellularly. Given
the acidic nature and H,O, overexpression in the TME,*® intra-
cellular reactive oxygen species (ROS) levels in 4T1 cells under
various treatment conditions were further investigated using
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Changes in tumor volume of different groups. (f) Photograph of the excised
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the DCFH-DA fluorescent probe, a membrane-permeable com-
pound that undergoes ROS-dependent oxidation to produce
green fluorescent dichlorofluorescein (DCF). As shown in
Fig. S13, no significant green fluorescence signals were
detected in the material-only group (FFC2), drug-only group
(5-FU), drug treatment group (H,O, + 5-FU), drug-loaded
material group (FFC2@FU®@PDA), or drug treatment + NIR
group (H,O, + 5-FU + NIR), indicating negligible ROS gene-
ration under these conditions.

Further analysis (Fig. 6a and b) reveals that the fluorescence
intensity of the H,0, control group shows no statistical difference
from the blank control group, confirming that H,0, cannot
spontaneously decompose to produce ROS in the absence of
Fe®*. In contrast, the CDT group (H,O, + FFC2) under simulated
TME conditions (with exogenous H,0,) exhibits a pronounced
fluorescence signal, demonstrating effective activation of the
Fenton reaction. The fluorescence intensity in the CDT + NIR
group (H,0, + FFC2 + NIR) increased by 5.7-fold compared to the
control group, suggesting that NIR-induced photothermal effects
enhance Fenton reaction kinetics, likely through localized
heating to accelerate Fe**/Fe** cycling or reaction rates. Notably,
the combined chemo-CDT-PTT group (H,O, + FFC2@FU@PDA +
NIR) achieves a fluorescence intensity 9.0-fold higher than the
control group, significantly surpassing all other groups (P <
0.0001). This implies that 5-FU may synergize with PTT to
amplify TME acidity via cellular stress induction, thereby optimiz-
ing Fenton reaction conditions and enabling cascaded ROS
amplification.***”

Hemolysis assay results (Fig. 6¢ and d) demonstrate that
both FFC2 and FFC2@FU@PDA at concentrations of
7.5-200 pg mL~" induced hemolysis rates below 2.5% (2.29%
for the 200 ug mL~" FFC2@FU@PDA group) after 2 h of incu-
bation, compliant with the ISO 10993-4 biocompatibility stan-
dard for medical materials (hemolysis rate <5%). These data
confirm that neither FFC2 nor FFC2@FU@PDA caused signifi-
cant erythrocyte rupture within the tested concentration range,
supporting their potential safety for injectable applications.

3.6. In vivo tumor assay

Following confirmation of the potent anti-tumor efficacy of
FFC2@FU@PDA + NIR at the cellular level, we further evalu-
ated its in vivo therapeutic performance in a 4T1 tumor-
bearing mouse model (Fig. 7a). The FFC2@FU@PDA + NIR
group received near-infrared (NIR) laser irradiation (2 W cm ™2,
5 min) 24 h post intraperitoneal injection. As shown in Fig. 7b,
no significant differences in body weight changes were
observed among the groups during the treatment period, indi-
cating minimal systemic metabolic impact and favorable safety
profile of the therapeutic system. Tumor volume monitoring
results (Fig. 7c-e) reveal a significant reduction in tumor
volume in the FFC2@FU®@PDA + NIR treatment group com-
pared to the PBS control group. This effect is primarily attribu-
ted to the synergistic advantage of the triple-modality therapy
combining chemotherapy, photothermal therapy, and chemo-
dynamic therapy. The efficacy of FFC2@FU®@PDA + NIR was
further corroborated by assessing the weight and gross mor-
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phology of the excised tumors: tumors in the treatment group
exhibited significant shrinkage (Fig. 7f and g), consistent with
the volume reduction trend, whereas control group tumors
were larger. Statistical analysis demonstrated a significantly
higher tumor growth inhibition rate in the FFC2@FU®@PDA +
NIR group compared to the blank control group (reaching
17-fold that of the control group). Importantly, no mouse mor-
tality events were observed throughout the experiment, further
validating the excellent biocompatibility and low toxicity of
this drug delivery system.

4. Conclusions

In this study, a multifunctional Fe;O,-Fe;C heterostructure
anchored on carbon nanosheets was synthesized through tannic
acid-Fe** coordination, controlled pyrolysis, and selective HCI
etching. The material synergistically integrates enhanced magne-
tization for magnetic targeting, a high specific surface area
carbon matrix high drug-loading capacity, and high content of
Fe®" species for enhancing Fenton reaction kinetics. Subsequent
5-FU loading and PDA coating endowed the system with pH-
responsive drug release (55.6% loading efficiency) and excep-
tional photothermal performance. Both in vitro and in vivo
studies confirm the pronounced tumor-inhibitory efficacy of
tumor microenvironment-activated triple-modality therapy. This
work overcomes the limitations of traditional Fe;O, nano-
materials by enhancing both magnetic and photothermal per-
formance, offering an innovative strategy for multimodal cancer
therapy with robust clinical translation potential.
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