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for mutually reinforced catalytic and mild-
temperature photothermal therapeutic effects
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Abstract
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Nanocatalysis coupled with photothermal therapy is a potent anti-cancer approach, yet its clinical utility is limited
by low concentration of tumor substrate, redox interference, and risks of overheating normal tissues. Herein, we
propose an innovative closed-loop nanozyme approach that leverages the synergistic effects of catalytic and
mild photothermal therapy (mPTT) to address aforementioned challenges. The strategy features a folic acid-
functionalized iron single-atom catalyst (FeNC-FA), designed to exhibit exceptional multienzymatic capabilities
and an optimal photothermal response. In the system, the engineered FeNC-FA is capable of inducing reactive
oxygen species (ROS) storm and depleting glutathione (GSH) in the specific tumor microenvironment (TME) to
initiate ferroptosis. Concurrently, the accumulation of ROS effectively cleaves heat shock proteins (HSPs), thereby
enhancing mPTT. An intriguing aspect is that the increased temperature within the TME further facilitates the
conversion of H,O, to O,, alleviating hypoxia and providing a positive feedback circuit to boost catalytic therapy.
Additionally, the advanced photoacoustic (PA) imaging capabilities of FeNC-FA allow for self-monitoring of their
accumulation at tumor sites, thereby guiding the mPTT process. Taken together, it provides a PA image-guided,
mutually reinforced catalytic and mild photothermal synergistic tumor therapy both in vitro and in vivo. This
targeted and synergistic strategy holds great promise for personalized medicine applications.
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Introduction

Reactive oxygen species (ROS), a class of intracellular
signaling molecules and metabolites, are responsible for
the regulation of physiological functions [1]. Extensive
investigations have revealed that excess ROS can break
the dynamic balance between the oxidized and reduced
state in the tumor microenvironment (TME), resulting in
irreversible cell oxidative damage and apoptosis [2, 3, 4].
Currently, therapeutic approaches such as photodynamic
therapy (PDT) [5, 6, 7, 8, 9], sonodynamic therapy (SDT)
[10, 11, 12, 13], and nanozyme-mediated catalytic ther-
apy (NCT) have gained prominence in cancer treatment
due to their efficient ROS generation with minimized
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side effects [14, 15]. Notably, NCT stands out as a highly
promising cancer treatment strategy because it generates
ROS via catalytic reactions that utilize endogenous sub-
stances, thereby eliminating the need for external acti-
vation [16, 17]. However, the low catalytic efficiency of
nanozymes, attributed to the lack of active sites, restricts
their application in NCT and other fields [18, 19, 20, 21,
22]. Moreover, their susceptibility to high levels of gluta-
thione (GSH) in the TME further complicates their use in
NCT [23, 24].

More recently, single-atom nanozymes (SAzymes)
featuring independently dispersed metal atom active
sites, have received extensive attention in biosensor and
biomedicine field [25-27]. Benefiting from unique geo-
metric and electronic structure, SAzymes own the maxi-
mum atom utilization rate and exhibit a more powerful
enzyme mimetic catalytic activity than the conventional
nanozymes, even superior to that of natural enzymes
[28, 29]. Iron (Fe), a common cofactor in various metal-
loenzymes essential to life processes, has been a focus
of interest since the discovery of Fe;O, nanoparticles as
peroxidase (POD) mimics in 2007, spurring a surge of
research into the development of Fe-based SAzymes [30,
31]. The multifunctional Fe SAzyme with various enzy-
matic activities has been documented, especially GSH
oxidase (GSHOx)-like activities, benefiting for enhanced
ROS production [32]. For example, Qu and co-workers
developed a self-adaptive ferroptosis platform by assem-
bling DNA modulators on Fe SAzymes, that enabled the
specific enhancement of reactive oxygen species (ROS)
generation and on-demand consumption of glutathione
(GSH) in tumor cells [33]. Nonetheless, the optimal per-
formance of these catalytic reactions may be hindered
by the limited availability of tumor substrates within the
TME, such as oxygen. The photothermal effect is usually
harnessed to enhance the catalytic activity of NCT and
improve local oxygen production [34]. Consequently,
the integration of NCT with photothermal therapy has
emerged as a potent anti-cancer strategy. Nevertheless,
conventional photothermal therapy may inadvertently
harm adjacent normal tissues due to heat diffusion [35].
To address this, mild-temperature photothermal ther-
apy (mPTT, 38-43 C) has been adopted for synergistic
treatment [36, 37]. To our knowledge, the synergistic
approaches integrating catalytic therapy with mPTT have
typically involved one-directional enhancement, lacking
a mutually amplification effect.

Inspired by all these points in mind, we herein pro-
posed a mutually reinforced closed-loop therapeutic
strategy that integrated catalytic therapy and mPTT. The
Fe-based SAzyme (FeNC) was synthesized by pyroly-
sis ZIF-8 encapsulated iron precursor (denoted as Fe@
ZIF-8, Fig. 1). It exhibited a range of enzyme-like activi-
ties, including POD, oxidase (OXD), catalase (CAT), and
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GSHOx activities. After decorating with folic acid (FA),
the FeNC-FA exhibited the cancer cell targeting ability
and good biocompatibility. As shown in Fig. 1, a good
photoacoustic (PA) imaging capability to monitor FeNC-
FA accumulation in tumor region was demonstrated.
The FeNC-FA mimicked POD, CAT, and OXD in TME,
resulting in plentiful -OH and -O,~ generation by the par-
allel-cascade catalytic reaction. Meanwhile, the FeNC-FA
eliminated GSH to further disrupt redox homeostasis and
initiate ferroptosis. Subsequently, the accumulation of
ROS directly destroyed the structure and function of the
up-regulation stress-induced heat shock proteins (HSPs),
thereby impeding the repair of heat-induced damage
and significantly enhancing mPTT. Moreover, a robust
generation of O, was achieved, establishing a beneficial
positive feedback circuit. It not only effectively alleviated
hypoxia within TME, but also improved the effectiveness
of NCT. Taken together, the FeNC-FA under a NIR irra-
diation orchestrated the enzymatic activities realized an
amplifying catalytic-mild photothermal synergistic ther-
apy both in vitro and in vivo.

Results and discussion

Synthesis and characterization of FeNC-FA

The detailed synthesis and modification procedure of
FeNC was illustrated in Fig. 2a. Initially, the ZIF-8 encap-
sulated iron precursor (Fe@ZIF-8) was self-assembled in
the methanol mixture of zinc nitrate hexahydrate, iron
acetylacetonate, and dimethylimidazole (2-MI) (Fig. 2b).
Then, the pyrolysis process of Fe@ZIF-8 powder was
implemented at 1000 C under a N, atmosphere. During
the procedure, the Zn** was reduced to its zero-valent
state and evaporated, while the organic ligands were
carbonized, ultimately yielding the FeNC [38]. A refer-
ence samples (named N-C) without Fe-doping was also
synthesized by the same strategy. The transmission elec-
tron microscopy (TEM, Fig. 2¢) and scanning electron
microscopy (SEM, Fig. S1) image revealed the rhombic
dodecahedron morphology. The energy dispersive X-ray
spectroscopy (EDS) analysis clarified the homogeneous
distributions of Fe, C, and N in the FeNC (Fig. 2d). The
aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
image exhibited abundant bright dots highlighted by red
circles, demonstrating the presence of the atomically dis-
persed Fe over the entire architecture (Fig. 2e). The Fe
concentration in the FeNC was 0.12 wt% via inductively
coupled plasma optical emission spectrometry (ICP-
OES). The X-ray diffraction (XRD) analysis determined
that no metallic Fe crystalline peaks in FeNC, and two
broad diffraction peaks ascribed to the (101) and (002)
of amorphous graphitic carbon (Fig. 2f) [37, 39, 40]. The
intensity ratio (Ip/I;) of FeNC and N-C that represents
the carbon deficiency were 1.063 and 0.959 (Fig. 2g)
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Fig. 1 (a) Fabrication route of FeNC-FA. (b) The mechanism of PA image guided catalytic-mild temperature photothermal synergistic strategy

from the Raman spectrum, respectively, suggesting a
more plentiful defect site with Fe dope [41, 42]. The N,
adsorption-desorption isotherm revealed the micropo-
rous and mesoporous structure of FeNC and their sur-
face area was about 1397 m?/g (Fig. S2), which supplied
a large surface area for rapid diffusion and transportation
of reactive species during nanozyme catalysis procedure.
The X-ray photoelectron spectroscopy (XPS) spectrum
revealed the coexistence of pyridinic N (397.6 eV), pyrro-
lic N (400.2 eV), and graphitic N (402.3 eV), and oxidized
pyridinic N (403.8 eV) (Fig. 2h), and an additional peak at
398.6 eV indicated the Fe-N coordination [43, 44].

To elucidate the local chemical states and atomic
coordination of Fe atoms in the FeNC, X-ray absorption
near-edge structure (XANES) and Fourier-transformed
k3-weighted extended XAFS (FT-EXAFS) measurements
were carried out with iron phthalocyanine (FePc), Fe,Os,
and Fe foil as reference samples. The XANES spectra

exhibited that the rising-edge position of FeNC was
between Fe,O; and Fe foil, and relatively close to FePc,
implying a positive charge of Fe with a valence state
between Fe(Il) and Fe(Ill) (Fig. 3a). The XANES pre-
edge peak at 7113 eV and 7113.5 eV was observed in the
spectrum of FeNC and FePc, respectively, indicating the
presence of Fe-N, coordination in FeNC [45]. FT-EXAFS
spectra showed a main peak for FeNC at 1.53 A (Fig. 3b),
which corresponded to the Fe-N bond indicated in FePc,
while none of the peaks belonging to Fe-Fe peaks (2.2 A)
was observed, suggesting that Fe species was primarily
dispersed as single atoms in FeNC. Wavelet transform
(WT) of Fe K-edge EXAFS oscillations were implemented
(Fig. 3d). The WT contour plots of FeNC revealed one of
the major feature centers (5.5 A1, 1.5 A), which ascribed
to the Fe-N bonding, and no Fe-Fe signal was detected
[46—48]. The least-square EXAFS fittings spectra (Fig. 3c,
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Fig. 2 Characterization of FeNC. (a) Schematic diagram of synthetic procedure for FeNC. TEM image of (b) Fe@ZIF-8 and (c) FeNC. (d) EDS mapping
images of FeNC. (e) HAADF-STEM image of FeNC. (f) Powder XRD of FeNC and N-C. (g) Raman spectrum of FeNC and N-C. (h) High-resolution N 1s XPS

spectrum of FeNC

Fig. S3, and Table S1) suggested that the coordination
number of Fe-N was 4.1 with a length of 1.98 A.

Multienzyme mimetic activities of FeNC

The intrinsic multienzyme mimetic activities of FeNC
were investigated by relevant experiments (Fig. 4a). The
POD-like activity of FeNC was proved by employing
3,3;5,5’-tetramethylbenzidine (TMB) as the chromogenic
substrate (Fig. S4), which exhibited a significant absorp-
tion peak at 652 nm upon being oxidized by -OH (Fig. 4b).
The electron spin resonance (ESR) spectra with a typical
-OH characteristic peak (1:2:2:1) was trapped in Fig. S5.

The typical Michaelis-Menten curves for TMB and H,0,
substrates were calculated as previously reported [49].
The K, values and maximum reaction rates (V,,,,) were
0.64 mM and 15.05x 10~® M/min for TMB (Fig. S6b and
Table S2), and 24.76 mM and 37.03x10® M/min for
H,0, (Fig. S6e), respectively. The catalytic kinetic param-
eters of FeNC were compared with those of Fe;O,4 horse-
radish peroxidase (HRP), and other catalysts (Table S3),
and the results indicated that FeNC exhibited superior
performance. The OXD-like activity of FeNC was proved
by TMB assay (Fig. S7). An obvious absorption peak at
652 nm was observed in the FeNC + TMB group in the air
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Fig. 3 Atomic structure characterization of FeNC. (a) XANES spectra (b) FT-EXAFS spectra of the FeNC and reference samples. (c) EXAFS R-space fitting
curves of the FeNC (Inset: the schematic architectures of FeNC). (d) WT-EXAFS contour plots of FeNC and reference samples

(Fig. 4c), while a decreased sharply in the N,-saturated
conditions (Fig. S8). The production of -O,” was revealed
by ESR spectra (Fig. S5) and commercial detection
kit (Fig. S9). It proved that the production of -O,” was
dependent on the concentration of FeNC. The conversion
of TMB by FeNC followed the Michaelis-Menten process
with K, and V,,, of 0.20 mM and 5.51x10~® M/min,
respectively (Fig. S6h and Table S4). The catalytic kinetic
parameters of FeNC were compared with those of other
nanozymes in Table S5, highlighting its highly efficient
and superior OXD-like activity. Subsequently, FeNC
exhibited a higher POD (Fig. S10a) and OXD (Fig. S10b)
mimic activities than Fe@ZIF-8 and N-C, implying that
the catalytic activities were highly dependent on Fe active
centers. We further optimized the pyrolysis temperature
and obtained Fe-N,-C under 900 and 1100 °C, respec-
tively. Their relative POD/OXD-like activities (Fig. S11)
and Michaelis-Menten kinetics parameters were com-
pared (Fig. 4d and Fig. S6). The FeNC obtained at 1000 °C
exhibited superior POD and OXD mimetic activities and
was employed for subsequent investigations.

We further investigated the CAT-like activity of FeNC,
N-C, and Fe@ZIF-8 (Fig. 4e and Fig. S10c). The con-
tent of dissolved oxygen in the FeNC group exhibited a
noticeable increase in the presence of H,O,. To further
increase oxygen production, the photothermal perfor-
mance of FeNC was investigated (Fig. 4g). The absorption
from ultraviolet to the NIR region increased accordingly
with the concentration of FeNC, and a laser at 808 nm
was utilized for the following experiments (Fig. S12). The

temperature of the FeNC aqueous solution raised quickly
with the increasing of concentration (Fig. 4h) and irra-
diation power density (Fig. 4i). The FeNC solution was
exposed to laser for 5 min (laser on), and then the laser
was switched off (laser off) until the solution was cool
to room temperature. The laser on/off repetitions were
executed for another four times. The continuous changes
of temperature were observed in Fig. S13, indicating the
excellent photothermal stability of the FeNC. The pho-
tothermal conversion efficiency of FeNC was calculated
to be 25.7% (Fig. S14). As expected, a lot of oxygen was
observed (Fig. 4e and Fig. S15) even in an acid buffer
upon 808 nm laser irradiation.

GSH plays a significant role in the ferroptosis path-
way. Briefly, the depletion of GSH would result in gluta-
thione peroxidase 4 (GPX4) inactivation, further lead to
LPO up-regulation for ferroptosis initiation [50, 51]. The
GSH-consuming capacity of FeNC was demonstrated
using a 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) indi-
cator, which could interact with GSH to produce TNB
(Fig. S16). As expected, the absorbance peak at 412 nm
of TNB decreased gradually with the concentration of
FeNC (Fig. 4f). Even in neutral buffer solution (PBS buf-
fer, pH=7.4), FeNC group also exhibited a significantly
decreased than N-C group and Fe@ZIF-8 group (Fig
S$10d). All these results revealed the GSHOx-like activ-
ity of FeNC. Furthermore, the stability of the quadruple
enzyme-like activities of FeNC was demonstrated in Fig.
S17.
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Fig. 4 The multienzyme activity and photothermal performance of FeNC. (a) Schematic presentation of multienzyme catalytic activities of FeNC. The
TMB assay for (b) POD-mimic and (c) OXD-mimic activities of FeNC. (d) Michaelis-Menten kinetic analysis of FeNC pyrolysis under 900 “C, 1000 ‘C, and
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under different treatments. (f) GSH depletion after treatment with different concentrations of FeNC. (g) Schematic image of hyperthermia-enhanced O,
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In vitro antitcancer effect and potential mechanism of
FeNC-FA

The synergistic therapeutic mechanism of FeNC-FA in
mouse breast cancer cells (4T1) was exhibited in Fig. 5g.
To endow the FeNC with cancer cells targeting ability,
folic acid (FA) was modified by electrostatic adsorption.
A UV-vis characterization peak of FA at 250 nm was
observed in FeNC-FA (Fig. S18a). The Zeta potential also
confirmed the successful fabrication of FeNC-FA (Fig.
S18b). The stability of FeNC-FA was investigated in PBS
buffers with different pH values (7.4 and 6.4). The zeta
potential of FeNC-FA all exhibited negligible changes
within 12 h (Fig. S19). The uptake behaviors of 4T1 cells
were first explored using confocal laser scanning micros-
copy (CLSM). As shown in Fig. 5a, the red fluorescence

signals were gradually increased with the incubation
time, and the brightest fluorescence was obtained at 6 h
in the FeNC-FA group, while only a slight fluorescence
signals were observed in the FeNC group. The result
demonstrated the FeNC-FA with excellent compatibility
could be internalized efficiently by 4T1 cells.

The cytotoxicity of FeNC-FA was evaluated by Cell
Counting Kit-8 (CCK-8) assay. Compared with normal
mouse fibroblast L929 cells, the FeNC-FA showed a sig-
nificant inhibitory effect on 4T1 cells (Fig. 5b). Moreover,
the FeNC-FA +H,0, group showed a stronger killing
ability due to mimicked tumor microenvironment. The
synergistic therapeutic effect was proved in Fig. 5c¢ and
18.37% of cells died when they were incubated with
FeNC-FA + H,0O, + NIR group.
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To investigate the FeNC-induced ferroptosis pathway,
the intracellular ROS levels were investigated with dif-
ferent treatments by 2,7-dichlorofluorescein diacetate
(DCFH-DA) probe, which could be oxidized by intra-
cellular ROS and produced 2,7-dichlorofluorescein
(DCF) with green fluorescence signal [52]. Compared
with the PBS buffer and H,0, treated groups, the FeNC-
FA treated group exhibited a significant green fluores-
cence. Importantly, the FeNC-FA + H,O, treated group
showed a brighter fluorescence due to the H,0, supple-
ment in the culture medium (Fig. 5e). The intracellular
O, was monitored using [Ru(dpp);]Cl, as the probe, and
the red fluorescence signal was decreased in the FeNC-
FA + H,0, group and a more sufficient O, generation was

observed in the FeNC-FA + H,0, + NIR group (Fig. 5d).
It is worth noting that the fluorescence signal of the
[Ru(dpp)s]Cl, probes remained unchanged under a NIR
irradiation alone (Fig. S20). Then, we further investigated
the GSH depletion capacity of FeNC-FA. As shown in
Fig. 4f, 100 pg/mL of FeNC-FA could consume nearly
64% of GSH. The deactivation of GSH-related GPX4 was
explored in Fig. S21, and its activity was greatly reduced
under FeNC-FA +H,0, treatment. Further, the regula-
tory effects of ferroptosis on mPTT were investigated.
As expected, the expression of HSP70 was dramatically
down-regulated in the FeNC-FA + H,O, group (Fig. S21).
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In vivo PA and photothermal imaging
The PA and photothermal imaging abilities of FeNC-FA
were explored on 4T1-tumor-bearing mice. The PA sig-
nals of FeNC-FA in mice were monitored at different
time intervals. The PA signals at the tumor site showed
remarkable time-dependent enhancement after intra-
venous injection (Fig. 6a and b). After 6 h, it reached
the maximum via the FA target and EPR effect, which
showed a 7.02-fold enhancement compared to that of
pre-injection. As time progressed, it gradually decreased
due to metabolism. These results indicated that FeNC-FA
preferentially accumulates in tumor tissues, and 6 h after
intravenous injection was the optimal treatment time.
The temperature changes were recorded by an infrared
thermal imaging instrument. After the 4T1-tumor-bear-
ing mice were intravenously injected with FeNC-FA and
PBS buffer (10 mM, pH=7.4) for 6 h, the neoplastic areas
of mice were irradiated with laser (808 nm) for 10 min,
respectively. The temperature of tumor site displayed a
distinct increase in the FeNC-FA group compared to the
PBS buffer treatment (Fig. 6¢ and d), which was reached
approximately 43 ‘C after irradiation for 4 min and kept
the temperature constant after irradiation for another
6 min. These results confirmed that the FeNC-FA could
realize the required mPTT in mice.

FeNC-FA

Control
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Biological safety evaluation

The biosecurity of FeNC-FA in vivo was evaluated via
serum biochemistry assay. Different markers including
liver function indexes, renal function indexes, and blood
routine indexes were monitored at different point time
after intravenously injected with FeNC-FA (Fig. S22). All
the indicators showed no significant changes compared
to 0 days, indicating the FeNC-FA treatment exhibited
no negative impact on the serum biochemistry. Addition-
ally, hemolysis analysis indicated inconspicuous hemoly-
sis reactions, even at a high dose of 200 ug/mL (Fig. S23),
suggesting a satisfactory hemocompatibility of FENC-FA.

In vivo therapeutic evaluation of FeNC-FA

The therapeutic potential of FeNC-FA was further
assessed in 4T1-tumor-bearing mice. When the tumor
volumes reached approximately 80-100 mm?, the
mice were randomly assigned to four groups (n=6
per group): (1) control, (2) NIR, (3) FeNC-FA, and (4)
FeNC-FA + NIR. Subsequently, the tumor sizes and
body weights of mice were recorded every two days. The
FeNC-FA with NIR laser irradiation (808 nm, 0.5 W/
cm? 10 min) exhibited the most remarkable tumor
growth inhibition (Fig. 7a and b, Fig. S24) and small-
est tumor weight (Fig. 7c) among all the groups, owing
to the synergistic effects of catalytic therapy and mPTT.
All the mice that received different treatments showed a
negligible variation in body weight (Fig. 7d), suggesting
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Fig. 6 PA and Photothermal imaging of FeNC-FA in vivo. (a) in vivo PA images and (b) corresponding intensity values of FeNC-FA of tumor region after
intravenous injection. () Infrared thermal images and (d) corresponding temperature changes of tumor region exposed to NIR laser (808 nm, 0.5 W/cm?)
for consecutive 10 min after intravenous injection of PBS buffer (control) and FeNC-FA for 6 h
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no significant toxicity of the injected FeNC-FA dur-
ing the treatment process. The collected tumors of each
group were sliced into sections for immunohistochemi-
cal evaluation. The hematoxylin and eosin (H&E) stain-
ing of tumor sections displayed that the FeNC-FA + NIR
treatment group exhibited the most severe damage. Simi-
lar results were revealed in terminal-deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) analysis (Fig. 7f). The H&E staining
analysis of the major organs was performed in Fig. S25,
further indicating the good biocompatibility of FeNC-
FA with NIR irradiation. Moreover, tumor-bearing mice
survived after 30 days of treatment in group 4, which
showed a markedly prolonged lifetime than the other
three groups (Fig. 7e), further demonstrating superior
anticancer efficacy.

Conclusion

In summary, we rationally fabricated a FA-function-
alized Fe-dependent nanozyme (FeNC-FA) with mul-
tiple enzyme-like activities, that is, POD, OXD, CAT,
and GSHOX, for mutually reinforced catalytic and mild
photothermal anticancer treatment. We first compre-
hensively characterized single-atom FeNC-FA with a
Fe-N, catalytic center, which could simultaneously pro-
duce ROS and deplete GSH in TME to perturb the redox
adaptation and induce ferroptosis. Under an 808 nm laser
irradiation, the FeNC-FA could also serve on the pho-
tothermal material and realize an approving mPTT for
tumor regression, benefiting from the effective destruc-
tion of HSP during ferroptosis. Meanwhile, the photo-
thermal effect could boost O, generation and relieve the
hypoxia in TME. In vivo therapy, an excellent PA imag-
ing ability of FeNC-FA was demonstrated, which pro-
vided an intelligent exemplification for reliable tumor
treatment. Thus, such unique FeNC-FA realized a PA
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imaging-guided catalytic and mild photothermal syner-
gistic therapy, which provided a promising personalized
candidate for cancer theranostics in the future.

Despite the exceptional catalytic properties of FeNC
with its Fe-N, catalytic center, there still exist improve-
ment. For example, heterogeneous dual atoms-doping on
a carbon can introduce a more abundant array of active
sites, thereby enhancing significantly its catalytic activity.
We will developed a series of dual atoms-doping nano-
zymes and further investigated their anticancer effects.
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