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A B S T R A C T   

Tumor therapy employing metal-based nanomaterials to convert the abundant H2O2 in tumor microenvironment 
(TME) to oxygen (O2) and hydroxy radical (⋅OH) has attracted substantial attention. However, the generally 
complex structure of metal nanosystems may have poor catalytic selectivity towards the target and hence cause 
undesired side reactions. Single-atom catalysts (SACs) with high atomic utilization, composition of identical 
active site and tunable reaction pathway can be harnessed to realize the well-controlled and highly-selective 
conversion of H2O2 for cancer therapy. Herein, a series of dual single-atom catalysts (DSACs) containing two 
metal centers (Fe-Se6, Mn-Se6) are proposed. As guided by theoretical calculations, DSACs with equal proportions 
of Fe and Mn (termed as Fe/Mn@PSe3) exhibit the optimal reaction barriers towards the production of both ⋅OH 
and O2 by catalyzing H2O2. In response to the elevated TME H2O2, Fe/Mn@PSe3 can produce ⋅OH to trigger 
chemodynamic therapy (CDT), and boost O2 generation to alleviate tumor hypoxia and its mediated immuno
suppression. In addition, its mild hyperthermia feature enhances the anti-tumor effects of CDT and immune 
therapy, causing an efficient synergistic tumor suppression outcome. The study provides new insights into highly 
selective nanomaterial design that preferentially activating specific catalytic processes within tumor, functioning 
as promising candidates for cancer therapy.   

1. Introduction 

Tumor microenvironment (TME) plays a crucial role in controlling 
cancer development, progression, metastasis, as well as resistance to
wards cancer therapy [1]. The key features of TME could be utilized to 
develop highly effective and selective strategies to combat cancer, which 
theoretically won’t cause any significant damage to normal cells [2]. 
Hypoxia is a common feature in TME, and is well-known to negatively 
impair the efficacy of oxygen-dependent cancer therapies, including the 
clinically used photodynamic therapy and radiotherapy [3,4]. Tumor 

cells can adapt to hypoxia stress, and this is mainly facilitated by a 
transcriptional regulation family, the hypoxia-inducible factors (HIFs). 
It has been well-established that HIFs mediate angiogenesis, meta
bolism, and apoptosis, contributing to tumor progression, metastasis, 
and therapy resistance. Beyond HIFs, hypoxia also attracts immuno
suppressive cells such as T regulatory cells (Tregs), exerting a negative 
impact on immunotherapy [5–7]. As another salient feature of TME, the 
high level of hydrogen peroxide (H2O2), originating from the uncon
trolled metabolism during hyperliferation, has also been exploited for 
cancer therapy [8], which is highly beneficial to alleviate TME hypoxia 
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by catalyzing endogenous H2O2 to produce O2 [9]. Among them, the 
recently emerged catalytic therapy which employs nanocatalysts for 
converting endogenous H2O2 to O2 or reactive oxygen species (ROS) has 
attracted extensive attention from researchers. In this endeavor, one 
approach is the conversion of H2O2 to O2 to counter tumor hypoxia and 
therefore reverse hypoxia-induced immunosuppression, the other is to 
convert H2O2 to the highly cytotoxic hydroxyl radical (⋅OH) via Fenton- 
like pathways to enable chemodynamic therapy (CDT). Although ex
amples of nanomaterials converting H2O2 into ⋅OH and O2 in TME 
simultaneously for specific and efficient cancer therapy have been re
ported [10,11], strategies for the design and construction of a nano
platform with tunable catalytic activity towards the production of ⋅OH 
or O2 from H2O2 have not been explored in-depth. 

As there are different pathways of H2O2 decomposition, it is of great 
significance to gain a clear understanding of the relationship between 
composition, structure, and properties of the catalyst, which is also 
important for the improvement of therapeutic effect and biosafety pro
file. Transition metal-based catalysts are well-known for their capabil
ities in facilitating H2O2 activation [12]. Representative examples are 
seen in the low-toxic essential trace elements Fe and Mn. Compared with 
metal nanoparticles where the atomic sites may vary in activity due to 
different coordination environments, metal sites in single-atom catalysts 
(SACs) are exclusively dispersed as isolated single atoms via coordi
nating with surrounding atoms from the support, and SACs have become 
a new frontier of heterogeneous catalysis [13,14]. The dispersal of single 
transition metal atoms on host materials in SACs presents an unsaturated 
coordination environment and allows identical catalytic centers, 
featuring high catalytic activity and controlled selectivity. SACs with 
intrinsic enzyme-like properties are a novel type of nanozymes and have 
been exploited for tumor theranostics [15,16]. For example, a nano
catalyst with the single-atom Fe1-N4 active center, regarded as peroxi
dase (POD)-like nanozyme, can efficiently catalyze endogenous H2O2 to 
⋅OH through Fenton-like reactions, leading to an impressive tumor 
suppression outcome [17]. Mn-based SACs have also attracted much 
attention due to their coordination-dependent multi-enzyme activities. 
For example, single Mn atoms coordinated to three N atoms could 
perform as catalase-like nanozymes to catalyze the production of ⋅OH 
and O2 from H2O2 in acidic conditions [18]. Besides, uniform catalytic 
centers with high selectivity offer an ideal platform for examining the 
reaction mechanisms. Despite these advantages, it may be difficult for 
SACs to realize multiple catalytic functions because of their monotonous 
metal sites. Therefore, incorporating additional active sites with a sec
ond atomically dispersed metal species is an attractive approach to 
further improve the catalytic action of SACs and endow the well-defined 
materials with more catalytic potential due to the electronic interaction 
between the support and the two different metals. The so-called dual 
single-atom catalysts (DSACs), benefiting from the synergistic effect 
between dual active sites, could deliver a superior catalytic perfor
mance, and have been widely employed in areas from chemical engi
neering industry to biomedical applications [19–22]. For example, a Fe- 
Mn based SACs, was recently developed for parallel catalytic “ROS 
cycle” for cancer therapy [22]. However, the catalytic performance and 
therapeutic potential of a DSAC constructed from the two typical tran
sition metals in the field, Fe and Mn, for activating H2O2 have not been 
well studied yet. 

Herein, we describe the rational design and construction of Fe-Mn- 
based DSACs for dual catalytic activities and tunable selectivity for the 
effective synergistic cancer therapy. Guided by theoretical calculations, 
DSACs with equal proportions of Fe and Mn, termed as Fe/Mn@PSe3, 
present the lowest reaction barriers towards the production of both ⋅OH 
and O2 by catalyzing H2O2. In response to the elevated H2O2 level in 
TME, Fe/Mn@PSe3 nanocomposites are expected to catalyze the pro
duction of ⋅OH to trigger CDT, and to boost O2 generation to alleviate 
tumor hypoxia and its mediated immunosuppression. Tumor- 
suppressing effects can be further improved by mild photothermal- 
augmented chemodynamic/immune therapy. Taken together, we 

present a practical paradigm for synergistic cancer treatment with 
reduced side effects due to the well-controlled catalytic actions (activity 
& selectivity) and the nontoxic nature of the designed DSACs (Scheme 
1). 

2. Results and discussion 

2.1. DFT studies on the catalytic performance of Fe/Mn@PSe3 

Fe@PSe3 and Mn@PSe3 have been reported to demonstrate good 
anti-tumor behaviors [23,24], but the correlation between the catalytic 
mechanisms and the biomedical applications lacks theoretical clarifi
cation. In this regard, DFT calculations were conducted on the decom
position process of H2O2. The six-coordinated metal centers over PSe3 
nanosheets were adopted as the model, and the calculated pathways 
over Fe/Mn@PSe3 with different Fe/Mn molar ratios are depicted in 
Fig. 1. The proposed catalytic pathways are shown in Fig. 1C, including 
the substrate and intermediates absorbed on a given catalyst. Compared 
with Fe and Mn SACs (Fig. 1A and 1F) where the chemical valences for 
both metal elements are + 2, pathway 2 leading to ⋅OH formation is 
predominant, while pathway 1 converts H2O2 into O2 exhibited an en
ergy barrier for both SACs (0.24 eV for Fe@PSe3 and 2.38 eV for 
Mn@PSe3) in the rate-limiting step (OOH + H → O2 + 2H), suggesting 
that Se-coordinated metal atoms behaved differently compared to N- 
coordinated ones as indicated in literature [18]. This means, from the 
perspective of thermodynamics, the catalytic Fenton-like reactions in 
both SACs occur spontaneously at ambient conditions, but an additional 
driving force (pH, temperature, etc.) is required for the O2 generation. 

To check whether the introduction of other metal atoms can alter the 
catalytic pathway like metal alloys, additional calculations were per
formed over three DSACs with Fe/Mn molar ratios of 3/1 
(Fe0.75Mn0.25@PSe3, Fig. 1B), 1/1 (Fe0.5Mn0.5@PSe3, Fig. 1D) and 1/3 
(Fe0.25Mn0.75@PSe3, Fig. 1E). When performing the calculations, the 
reactants, intermediates and products were placed at a bridge position 
between Fe and Mn to check the competitive absorption ability of both 
metals, the result of which showed that different ratios would lead to 
different absorption behavior, yielding different catalytic pathways. As 
expected, the Fe0.25Mn0.75@PSe3 showed similar absorption energy 
profile to that of Mn/PSe3 as Mn dominates in this material. Interest
ingly, when Fe takes up most of the active sites, a drastically different 
result was observed. The result of Fe0.75Mn0.25@PSe3 manifests that 
when 25% of Fe sites were replaced with Mn, the catalytic conversion 
following pathway 2 becomes much more energetically favorable. After 
checking the calculated energic profiles of Fe0.5Mn0.5@PSe3 (Fig. 1D), it 
is found that both pathways showed a reaction barrier of 0.29 eV prior to 
the rate-limiting step (OOH + H → O2 + 2H) for pathway 1 and that 
oxygen generation becomes exothermic and occurs spontaneously. Such 
a phenomenon might be due to the interaction among Fe-Se-Mn dras
tically that alters the electron cloud density at this ratio, thus endowing 
new absorption energy files and resulting in a special pathway. This 
means that as long as the 0.29 eV barrier is overcome via heating or 
decreasing the application pH values, H2O2 can be transformed into both 
O2 and ⋅OH readily without further stimulation. These calculations 
successfully demonstrated that the structure composition greatly in
fluences the catalytic selectivity and activity for H2O2, and the easily 
transformed energy profiles during the reaction process highlighted the 
significance of well-configured SACs in mechanistic studies. Based on 
the above structure-performance analysis, Fe0.5Mn0.5@PSe3 (named as 
Fe/Mn@PSe3 hereafter) was employed for evaluating the catalytic re
sults and synergistic anti-tumor behaviors. 

2.2. Fabrication of the dual-metal single-atom catalyst Fe/Mn@PSe3 

The fabrication of Fe/Mn@PSe3 is displayed in Fig. 2A. In brief, the 
multi-layer Fe/Mn@PSe3 was prepared through a chemical vapor 
transport process, followed by the sonicate exfoliation to obtain the 

X. Fang et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 474 (2023) 145675

3

nanosheet structure of Fe/Mn@PSe3. Morphology of the bulk samples of 
Fe/Mn@PSe3 was measured using scanning electron microscopy (SEM), 
where the multilayer structure can be clearly observed with a size larger 
than 20 µm (Fig. 2B). According to energy dispersive analysis (Fig. S1), 
the bulk crystals consisted of elements Fe, Mn, P, and Se. Exfoliation of 
Fe/Mn@PSe3 nanocomposites was processed according to experimental 
section. Size and dispersion of the nanocomposites were measured by 
scanning transmission electron microscopy (STEM) and dynamic light 
scattering (DLS), and found to be around 105 nm with a good size dis
tribution (Fig. 2C-D). Note that the excellent stability of Fe/Mn@PSe3 
nanocomposites in physiological conditions, e.g. PBS, DMEM, and 
DMEM + FBS, have also been measured and confirmed by DLS (Fig. S2). 
Ultrathin thickness of the nanocomposites was confirmed and deter
mined to be 7 ~ 8 nm by atomic force microscopy (AFM), as displayed in 
Fig. 2E. A representative image of the exfoliated Fe/Mn@PSe3 nano
composites captured under scanning transmission electron microscopy- 
dark field (STEM-DF) and corresponding elemental mapping are shown 

in Fig. 2F and S3, which revealed the elemental composition: Fe, Mn, P, 
and Se. The lattice fringe spacings of 0.301 and 0.634 nm marked in 
Fig. 2G were indexed to (121) and (001) facets of Fe/Mn@PSe3 
nanocomposites, respectively, suggesting the retainment of the initial 
composition of the bulk Fe/Mn@PSe3 after exfoliation, which is 
consistent with the X-Ray Diffraction (XRD) results (Fig. S4). The 
aberration-corrected high-angle annular dark-field scanning trans
mission electron microscopy (AC HAADF-STEM) image with atomic 
resolution confirmed that the isolated Fe and Mn atoms were anchored 
on the PSe3 support (Fig. 2H). Besides elemental mapping, peaks cor
responding to elements Fe, Mn, P and Se can also be clearly seen in the 
XPS spectra of Fe/Mn@PSe3 nanocomposites (Fig. 2I). Mixed valence 
states were observed for both Fe and Mn in Fe/Mn@PSe3, and their 
lower oxidation state (+2) was dominant (Fig. 2J-K), which indicates 
the charge transfer between metal species and the support. 

Scheme 1. A schematic diagram showing the working mechanisms of Fe/Mn@PSe3 nanocomposites for synergistic cancer therapy.  
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2.3. Structural characterization revealing the single atomic nature of Fe 
and Mn in Fe/Mn@PSe3 

To further characterize the oxidation states of Fe and Mn in Fe/ 
Mn@PSe3 and their catalytic ability, X-ray absorption near-edge struc
ture (XANES) spectra of our Fe/Mn@PSe3 and Fe standard compounds 
possessing different oxidation states were measured and analyzed 
(Fig. 3B). By comparing the absorption features and intensities of Fe/ 
Mn@PSe3 with the reference samples, we infer the major oxidation state 
of Fe ions in Fe/Mn@PSe3 is + 2, which is well consistent with obser
vations in the XPS spectra. Similarly, oxidation state of Mn ions is sug
gested to be + 2 (Fig. 3C). Moreover, the extended X-ray absorption fine 
structure (EXAFS) was employed to provide detailed information of the 
local coordination environment of Fe and Mn in Fe/Mn@PSe3. Char
acteristic peaks corresponding to Fe-Se and Mn-Se bonds appeared in the 
Fourier-transformed EXAFS profiles of Fe/Mn@PSe3 nanocomposites in 
R space, while no detectable Fe-Fe or Mn-Mn characteristic peaks 
demonstrated compared with the Fe foil and Mn foil (Fig. 3D-E and S5). 
Besides, Fe-Se and Mn-Se bond lengths inside Fe/Mn@PSe3 are 2.64 Å 
and 2.71 Å, respectively, consistent with previous Fe-Se and Mn-Se 

studies [25,26], which differ from Fe-Fe inside Fe foil and Mn-Mn in
side Mn foil (Table S1). In addition, the maxima of wavelet transform 
(WT) for Fe/Mn@PSe3 were assigned to Fe-Se and Mn-Se coordination, 
respectively (Fig. 3F-G), which is different for Fe foil and Mn foil shown 
in Fig. S6. These results clearly demonstrated the absence of Fe-Fe, Fe- 
Mn or Mn-Mn bond from the structure and confirmed the atomically 
dispersed Fe and Mn in Fe/Mn@PSe3 nanocomposites, hinting at their 
high catalytic activity. 

2.4. Mild hyperthermia features 

We next examined the photothermal performance of Fe/Mn@PSe3 
nanocomposites. Vis-NIR absorbance spectra of Fe/Mn@PSe3 nano
composites showed a concentration-dependent broad absorption band 
(Fig. S7A). To measure its photothermal performance, Fe/Mn@PSe3 at 
different concentrations were irradiated by an 808 nm NIR laser under 
varied densities of power. Changes in temperature were measured using 
a thermal imager. Upon irradiation, the temperature of Fe/Mn@PSe3 
increased in a concentration- and power density-dependent manner 
(Fig. S7B-D). In detail, the temperature was raised up to 31.0 ◦C, 40.7 ◦C, 

Fig. 1. DFT studies on the decomposition process of H2O2 by Fe-Mn single-atom catalyst with varying Fe/Mn molar ratios: (A) Fe SACs, model 1; (B) 
Fe0.75Mn0.25@PSe3, model 2; (D) Fe/Mn@PSe3, model 3; (E) Fe0.25Mn0.75@PSe3, model 4 and (F) Mn SACs, model 5. (C) Schematic illustration of the proposed 
reaction mechanism of H2O2 decomposition to O2 and ⋅OH by Fe/Mn@PSe3. 

X. Fang et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 474 (2023) 145675

5

56.6 ◦C, 64.3 ◦C for concentrations of 62.5 ppm, 125 ppm, 250 ppm, 500 
ppm, respectively. And, exposure to the highest laser power density (2 
W/cm2) caused a more profound temperature increase compared to 
other groups. In addition, no loss of photothermal conversion efficiency 
was observed during the three consecutive heating/cooling cycles of Fe/ 
Mn@PSe3, demonstrating its good photothermal stability (Fig. S7E). The 
photothermal conversion efficiency (η) was estimated to be 15.6% 
(Fig. S7F). The atomically dispersed Fe/Mn dual metal sites and the mild 
hyperthermia features inspired us to evaluate the catalytic ability of Fe/ 
Mn@PSe3 in activating H2O2. 

2.5. Bidirectional H2O2 activation 

As demonstrated by the DFT results, the Fe/Mn@PSe3 nano
composites with Fe and Mn at a molar ratio of 1:1 can efficiently catalyze 
H2O2 to ⋅OH and O2 simultaneously, thus enabling the bidirectional 
activation of H2O2 as illustrated in Fig. 3A. Single-atom catalyst 
Fe@PSe3 and Mn@PSe3 was also prepared to study and compare their 
catalytic activity in producing ⋅OH and O2. 3,3′,5,5′-tetramethylbenzi
dine (TMB) was used as a probe to detect the production of ROS by 
colorimetric reaction, as it can be oxidized by ROS to oxTMB with ab
sorption maximum at 652 nm. Absorbance spectrum of different 

Fig. 2. Fabrication and characterization of Fe/Mn@PSe3 nanocomposites. (A) Schematic illustration of the preparation of Fe/Mn@PSe3. (B) Representative SEM 
image showing the multilayer structure of Fe/Mn@PSe3 bulk crystal. (C) STEM image, (D) DLS measurement, and (E) AFM image of Fe/Mn@PSe3; inset in (E), height 
analysis of ultrathin Fe/Mn@PSe3. (F) STEM-DF image and corresponding elemental mapping of Fe/Mn@PSe3. (G) HRTEM image of Fe/Mn@PSe3. (H) AC HAADF- 
STEM image of Fe/Mn@PSe3; the isolated bright dots are single Fe/Mn atoms. (I) XPS spectrum of Fe/Mn@PSe3. (J, K) High-resolution XPS spectrum of Fe 2p and 
Mn 2p electrons. 
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treatment groups in simulated TME was measured using a UV–vis 
spectrophotometer (Fig. S8). As can be seen, a greater ROS generation is 
seen with Fe/Mn@PSe3 than Mn@PSe3 or Fe@PSe3, verifying equal 
portions of Fe and Mn can efficiently catalyze H2O2 to produce ROS and 
can be further enhanced under laser irradiation. To make the enzymatic 
reaction mechanism of Fe/Mn@PSe3 clear, we further checked the 
generation of active intermediate by ESR spectroscopy, where 5,5- 
dimethyl-1-pyrroline N-oxide (DMPO) was employed as the trapping 
agent. As shown in Fig. 3H, ⋅OH is the main product during the catalytic 
process, and when compared with different treatment groups, a similar 
trend was shown, confirming that Fe/Mn@PSe3 exhibits the optimal 
reaction barriers to catalyze H2O2 to generate ⋅OH. Enzymatic kinetic 
experiments were also conducted according to procedures described in 
the literature [27–29]. Fe/Mn@PSe3 exhibited good POD-like catalytic 
activity at pH 6.5, Michaelis-Menton constant (Km) and maximum re
action rate (Vmax) of Fe/Mn@PSe3 at pH 6.5 were measured to be 0.17 
mM and 2.73 × 10-8 M s− 1, respectively (Fig. S9). 

Catalytic production of O2 by Fe/Mn@PSe3 was also measured with 
the comparison to the two single-atom catalysts. As shown in Fig. 3I, a 
greater amount of O2 is produced upon treatment with Fe/Mn@PSe3 
than Mn@PSe3 or Fe@PSe3, which suggests Fe/Mn@PSe3 has better 
catalytic activity towards O2 production, indicating it has a potential 
role in alleviating tumor hypoxia. 

2.6. Intracellular ROS generation and cytotoxicity 

Encouraged by the mild hyperthermia and bidirectional H2O2 acti
vation features, the in vitro anti-cancer effect of Fe/Mn@PSe3 nano
composites was determined by MTT assay. A more significant 
cytotoxicity is observed for Fe/Mn@PSe3 treatment on CT26 cancer cells 
in simulated TME compared to in normal condition (Fig. 4A and 
Fig. S10). The enhanced cytotoxicity can be attributed to the greater 
ROS generation by Fe/Mn@PSe3 in the simulated TME, which therefore 
leading to an improved CDT effect. Similar to situations in the normal 
condition, cytotoxicity can be further enhanced when irradiated with 
NIR laser, demonstrating that the CDT effect can be augmented by mild- 
hyperthermia performance of the nanocomposites. Two normal cell 
lines, human umbilical vein endothelial cell (HUVECs) and embryonic 
fibroblast cells (NIH 3 T3), were also used to evaluate the biosafety of 
Fe/Mn@PSe3 nanocomposites. As shown in Fig. S11, no obvious cyto
toxicity can be found for Fe/Mn@PSe3. The in vitro anti-cancer effect can 
also be directly visualized by confocal laser scanning microscopy im
aging of the treated cells which were co-stained with fluorescent probes 
calcein AM (for live cells, in green fluorescence) and PI (for dead cells 
staining, in red fluorescence). Treatment with Fe/Mn@PSe3 + laser 
exhibited the strongest red fluorescence compared to Fe/Mn@PSe3 or 
laser alone treated groups (Fig. 4B). 

Fig. 3. (A) Schematic illustration of Fe/Mn@PSe3 nanocomposites for bidirectional H2O2 activation. The photothermal-accelerated ⋅OH production is also included 
as shown with red arrows. (B-C) XANES spectra at (B) Fe K-edge and (C) Mn K-edge of Fe/Mn@PSe3 and reference samples. (D, E) EXAFS spectrum and fitting result 
in R space at (D) Fe and (E) Mn K-edge for Fe/Mn@PSe3. (F, G) Wavelet transform of (F) Fe and (G) Mn K-edge EXAFS for Fe/Mn@PSe3. (H) ⋅OH production detected 
by electron spin resonance (ESR) spectra. (I) O2 produced from different treatment groups. 
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We then investigated the underlying mechanism of cell death 
induced by Fe/Mn@PSe3 by studying the cytotoxic ROS level. As shown 
in Fig. 4C, a greater ROS level was observed in the group treated with 
Fe/Mn@PSe3 + laser. Moreover, the ⋅OH-sensitive dye 2′,7′-dichloro
fluorescei diacetate (DCFH-DA) was employed to detect intracellular 
ROS (Fig. 4D). The green fluorescence was clearly observed in cells 
treated by Fe/Mn@PSe3, but not in groups treated with PBS or PBS +

laser, which verified the intracellular generation of ROS by Fe/ 
Mn@PSe3 and explained the origin of its cytotoxicity. Elevated fluo
rescence intensity was observed in group treated with Fe/Mn@PSe3 +

laser, manifesting photothermal performance positively impacted ROS 
generation and therefore strengthen the efficacy of CDT. 

Fig. 4. ROS and O2 generating and the consequent cell viability and hypoxia alleviation by catalytic actions of Fe/Mn@PSe3 nanocomposites in vitro/vivo. (A) CT26 
cell viability in simulated TME. (B) Fluorescent images of CT26 cells co-stained with calcein AM (green) and PI (red) after treatments with Fe/Mn@PSe3. (C, D) 
Cytotoxic ROS level upon Fe/Mn@PSe3 treatment as reflected in (C) plots of fluorescence intensity and (D) fluorescence images of DCFH-DA. (E) PA images of HbR 
and HbO2 and (F) calculated blood oxygen saturation for monitoring oxygenation of tumor sites for 6 h after i.t. injection of Fe/Mn@PSe3. (G-I) HIF-1α expression in 
tumor tissues upon Fe/Mn@PSe3 treatment as measured by (G) immunofluorescence staining and (H) Western blotting. (I) Quantitative analysis of HIF-1α expression 
from Western blot result. 

X. Fang et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 474 (2023) 145675

8

2.7. In vivo hypoxia alleviation 

After confirming the intracellular generation of ROS by Fe/Mn@PSe3 
and its cytotoxic effects, we then moved to evaluate the production of O2 
and its effect on hypoxia alleviation. Photoacoustic (PA) imaging was 
therefore performed on tumor-bearing mouse models. Oxy-hemoglobin 
(HbO2) and deoxy-hemoglobin (HbR) are the two major endogenous 
absorbers which provide strong PA signal, and thus can be utilized to 
determine blood oxygen saturation (sO2) [30,31]. The PA oxygenation 
map was recorded at 0, 1, 2, 4, and 6 h after i.t. injection of Fe/ 
Mn@PSe3. As displayed in Fig. 4E-F and S12, the injected 

nanocomposites produced a clear increase in HbO2 level which reached 
maximum at 4 h post injection. Similarly, maximal sO2 was seen at 4 h 
(~70%) and remained approximately unchanged at 6 h post injection. 
These results confirmed the ability of Fe/Mn@PSe3 to reoxygenate the 
tumor tissue in vivo, indicating its’ potential role in hypoxia alleviation 
and TME regulation. 

Subsequently, hypoxia alleviation by Fe/Mn@PSe3 was studied via 
immunofluorescence staining and Western blot analysis. It is well- 
established that hypoxia induces HIF-1α expression. According to 
Fig. 4G, the highly expressed HIF-1α, as reflected by the strong green 
fluorescence, was observed in tumor tissues treated by PBS or PBS +

Fig. 5. In vivo therapeutic efficacy and the immune responses induced by Fe/Mn@PSe3 nanocomposites. (A) Thermal imaging and (B) the corresponding temperature 
plots of tumor sites after i.t. injection of Fe/Mn@PSe3 under laser irradiation. (C-E) Therapeutic effect on mice treated with i.t. administration of Fe/Mn@PSe3: in vivo 
CT26 tumor growth curves in (C) tumor volume and (D) tumor weight; (E) Survival curve for CT26 tumor-bearing mice. (F, G) Flow cytometric analysis of Tregs and 
CTLs in peripheral blood of tumor-bearing mice upon Fe/Mn@PSe3 treatment. Expression of cytokines (H) IL-12 and (I) IFN-γ in peripheral blood of tumor-bearing 
mice treated with Fe/Mn@PSe3. 
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laser. However, upon treating with Fe/Mn@PSe3 in the presence/ 
absence of NIR laser, the HIF-1α expression was significantly down- 
regulated. Observations in Western blotting also suggest the down
regulation of HIF-1α upon Fe/Mn@PSe3 treatment (Fig. 4 H-I). Taken 
together, Fe/Mn@PSe3 treatment can reoxygenate the tumor tissue, and 
down-regulate HIF-1α expression in vivo. 

2.8. In vivo therapeutic effects of Fe/Mn@PSe3 against tumor 

Following the extensive studies of in vitro catalytic properties and 
cytotoxicity of the nanocomposites, CT26 tumor-bearing mouse model 
was utilized for assessing the in vivo catalytic therapeutic effect of Fe/ 
Mn@PSe3. The mice were put into four groups at random: PBS, PBS +
laser, Fe/Mn@PSe3, and Fe/Mn@PSe3 + laser. As shown in Fig. 5 C-D, 
Fe/Mn@PSe3 treatment could inhibit growth profiles of tumor in mice, 
and such inhibitory was significantly enhanced when irradiated by the 
NIR laser (808 nm, 1.5 W cm− 2, 10 min). As indicated by H&E staining, 
cell necrosis is much more frequently seen in tumor tissues treated with 
Fe/Mn@PSe3 in the presence/absence of laser irradiation than with PBS 
or PBS + laser (Fig. S13). Apparent localized heat generation was seen 
with maximum temperatures of 47.1 ◦C and 35.7 ◦C for Fe/Mn@PSe3 +

laser group and PBS + laser group, respectively (Fig. 5A-B). The obvious 
tumor inhibition observed for Fe/Mn@PSe3 + laser group compared to a 
negligible inhibitory effect for PBS + laser group, elucidated the 
photothermal-augmented synergistic therapeutic efficacy. Previous 
studies have shown that mild hyperthermia alone (less than 50 ◦C) could 
not achieve ideal tumor ablation. However, it is a well-known adjuvant 
for enhancing CDT, immunotherapy, gene therapy and chemotherapy 
[32,33]. Based on the in vitro and in vivo experiments, the results 
demonstrate that the anticancer activity of FeMn@PSe3 can be 
remarkably enhanced under mild hyperthermia condition. In parallel, 
the mouse survival rate was monitored for each group. As plotted in 
Fig. 5E, mice in the control PBS and PBS + laser groups all died within 
46 days, which was attributed to the uncontrolled tumor growth without 
therapeutic intervention. A clear increase in mouse survival was seen in 
Fe/Mn@PSe3 group. The survival can be further prolonged with laser 
irradiation, where more than 60% of the mice survived more than 55 
days, verifying the efficacy of the nanocomposite-enabled in vivo syn
ergistic tumor therapy. 

2.9. In vivo immune responses 

Regulatory T cells (Tregs) are a subset of T cells which take an 
immunosuppressive role in tumor immunity [34]. Further studies 
showed that Tregs in tumor hypoxia areas are also regulated by HIF-1α, 
elevated expression of HIF-1α leads to the enrichment of Tregs which 
can further aggravate immune suppression [34,35]. We showed that Fe/ 
Mn@PSe3 effectively alleviated tumor hypoxia and reduced HIF-1α 
expression. Therefore, we explored if Fe/Mn@PSe3 can reverse hypoxia- 
induced immunosuppression by flow cytometry. According to Fig. 5F 
and S14A, Fe/Mn@PSe3 treatment led to the decrease of FoxP3 level 
from 7.5% to 5.8%, a further decrease to 3.1% was demonstrated when 
exposed to NIR laser, indicating the ability of Fe/Mn@PSe3 to reduce 
Treg suppressive function in immunosuppression. 

The exhaustion of T cells from tumor hypoxia areas is a key limiting 
factor for the achievement of effective anticancer immunotherapy 
[36–38]. Given the hypoxia alleviating ability of Fe/Mn@PSe3, we 
assessed the in vivo expression of antitumor immunologic effector cells. 
The elevated percentage of CD4+ and CD8 + CTL as well cytokines IFN- 
γ and IL-12 were seen in peripheral blood of tumor-bearing mice treated 
with Fe/Mn@PSe3 (Fig. 5G-I and S14B-C). Similarly, laser irradiation 
further enhanced percentages of CD4+ and CD8 + to 32.5% and 34.9%, 
respectively, and the IFN-γ and IL-12 were also improved. Taken 
together, these results manifested that Fe/Mn@PSe3 nanocomposites 
not only reverse immunosuppression but enhance immune responses, 
and both functions of Fe/Mn@PSe3 can be further boosted by its 

hyperthermia feature. 

2.10. In vivo biosafety evaluation 

Biosafety and biocompatibility profiles are always the perquisites for 
biomedical applications especially for nanomaterials. The in vivo 
biosafety of Fe/Mn@PSe3 nanocomposites was therefore examined in 
tumor-bearing mice. Histological examination of major organs was 
performed by Hematoxylin & Eosin (H&E) staining. No obvious histo
pathological lesions can be observed for mice treated with Fe/Mn@PSe3 
or Fe/Mn@PSe3 + laser when compared to control groups (Fig. S15D). 
Impact on functions of liver and kidney was further studied by exam
ining amounts of alanine aminotransferase (ALT), aspartate amino
transferase (AST) (liver function), and blood urea nitrogen (BUN) (renal 
function). The results showed all biochemical indicators had no signif
icant difference among the groups (Fig. S15A-C). All in all, these results 
demonstrated the good biosafety profile of Fe/Mn@PSe3 during the 
treatment. 

3. Conclusion 

In summary, guided by the structure-performance relationship of Fe- 
Mn-based DSACs with different Fe/Mn molar ratios in catalytic H2O2 
transformation investigated via DFT calculations, we constructed a 
novel bimetal element-based SACs over biocompatible PSe3 nano
composites (Fe/Mn@PSe3) with optimized catalytic activity, selectivity 
and photothermal performance. In this DSAC, each metal atom co
ordinates with six Se atoms, forming identical Fe-Se6 and Mn-Se6 cen
ters, thus serving as an ideal platform for digging into the reaction 
mechanisms and controlling its catalytic performance. Assisted by the 
acidic conditions in TME, the optimized well-defined DSACs can effec
tively catalyze TME H2O2 to generate O2 to alleviate tumor hypoxia and 
thus alleviate the immunosuppressive effect. Besides, in response to the 
elevated H2O2 level in TME, the DSACs can generate ⋅OH to trigger CDT, 
and tumor-suppressing effects can be further improved by mild hyper
thermia. This work provides a good paradigm for exploring the 
biomedical nanomaterials: starting from TME factors, focusing on 
structure-antitumor performance and biosafety issues, adopting mate
rials with essential elements and controlled activity & selectivity. 

4. Experimental section/methods 

4.1. Materials 

Powder of Iron, Manganese, Selenium and Phosphorus were pur
chased from Alfa Aesar Company. All other chemicals and solvents were 
purchased from Sigma-Aldrich Chemical Company. All chemicals were 
used without further purification. All media for cell culture were pur
chased from Thermo Fisher Scientific Corporation. 

4.2. Fabrication of Fe/Mn@PSe3 

Firstly, the high purity elementary substance (Fe, Mn, P, Se) were 
weighed in molar ratios (0.5: 0.5: 1: 3) and loaded the above mixed 
substance into the quartz tube, and then volumized to less than 0.001 Pa. 
Secondly, the substances were heated to 700 ◦C with a temperature 
increase rate of 5 ◦C per minute and kept warm for 100 h to ensure 
sufficient reaction to obtain the required compound. The reaction was 
then naturally cooled to room temperature, and the quartz tube was 
broken to collect the powder (Fe/Mn@PSe3). 

10 mg Fe/Mn@PSe3 powder were ground to a fine powder in a 
mortar. The fine power was then exfoliated via sonication for around 48 
h using N-methyl-2-pyrrolidone (NMP) (10 mL) as a solvent. The 
resulting solution was sent to centrifuge at 4000 rpm for the removal of 
large bulk. The precipitation was collected at a higher speed (14000 
rpm) centrifugation for a longer time (30 min) and then washed several 
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times by a mixed solution of water and ethanol. With the aim to improve 
the stability, 10 mg Fe/Mn@PSe3 nanocomposites was dispersed in PVP 
(1 mg mL− 1) and stirred at room temperature for 24 h. After removal of 
the excess PVP by centrifugation, the PVP-modified Fe/Mn@PSe3 
nanocomposites were obtained. 

4.3. Characterizations of Fe/Mn@PSe3 

Structural characterization of Fe/Mn@PSe3 nanocomposites, such as 
morphology, size distribution, thickness, elemental composition, metal 
oxidation state, were performed using SEM (TESCAN VEGA3), STEM 
(Jeol JEM-2100F), GE AKTA Pure 25L Chromatography System coupled 
with the DAWN HELEOS 8 + Eight-Angle Laser Light Scattering In
strument, Zetasizer Particle Size Analyzer (Malvern Mastersizer 3000), 
AFM (Bruker Multimode 8 SPM). 

4.4. EXAFS measurements 

EXAFS for Fe/Mn@PSe3 nanocomposites were performed at 21A 
beamline at Taiwan Photon Source. Four-bounce channel-cut Si (111) 
monochromator is used for mono-beam X-ray absorption spectroscopy. 
The end-station is equipped with three ionization chambers and Lytle/ 
SDD type detector, for the transmission and fluorescence mode XAFS. 
Monochromatic photon flux on the sample ranges between 6 keV and 27 
keV at about 1 × 1011 ~ 3 × 109 photon/s. 

4.5. Photothermal effects 

Aqueous solution of Fe/Mn@PSe3 nanocomposites at different con
centrations (0, 62.5, 125, 250 and 500 ppm), were irradiated with 808 
nm NIR laser (2.0 W cm− 2) for 5 min. The 5-min irradiation was also 
performed for Fe/Mn@PSe3 with the increase of power densities 
including 0.5, 1.0, 1.5 and 2.0 W cm− 2. In addition, heating–cooling 
cycle of Fe/Mn@PSe3 were repeated for three times under 808 nm laser 
irradiation, for the evaluation of photothermal conversion stability of 
Fe/Mn@PSe3. Temperature changes and the corresponding picture were 
obtained using a Fluke Ti450 Thermal Imager, for calculating the pho
tothermal conversion efficiency (ŋ) of Fe/Mn@PSe3 according to the 
equation shown below [24]: 

η =
hA(Tmax − Tamb) − Q0

I(1 − 10− Aλ )
(1)  

where h is the coefficient of heat transfer, A is the surface area of the 
container, Tmax and Tamb represent the maximum temperature of Fe/ 
Mn@PSe3 and the ambient temperature respectively, Q0 is the heat 
associated with the light absorbance of the solvent, I is the power density 
of NIR laser, and Aλ is the absorbance of Fe/Mn@PSe3 at the wavelength 
808 nm. 

4.6. Detection of the oxygen generation 

To detect the oxygen generation, Fe@PSe3, Mn@PSe3, and Fe/ 
Mn@PSe3 (1 mg) were incubated at acidic buffered solution (pH 6.5), to 
which was added 100 µM H2O2 solution. The real-time dissolved O2 at 
both conditions were measured directly at different time points (0, 1, 2, 
4, 6, 8, and 10 min) using a JPBJ-608 portable Dissolved Oxygen Meter 
(Yantai Stark Instrument, China). 

4.7. Detection of the hydroxyl radical generation 

TMB assay was used to detect the production of ROS by colorimetric 
reaction, which can be oxidized by ROS to oxTMB with absorption 
maximum at 652 nm. The absorbance spectrum of Fe@PSe3, Mn@PSe3, 
Fe/Mn@PSe3, and Fe/Mn@PSe3 + laser was measured using a UV–vis 
spectrophotometer [27–29]. ESR was used to verify the production of 

⋅OH. To a TME simulating solution (pH6.5, 100 µM H2O2) containing 
100 μM DMPO, where DMPO was used as the ⋅OH trapping agent, was 
added 100 µg mL− 1 Fe@PSe3, Mn@PSe3 and Fe/Mn@PSe3 respectively. 
The mixed solutions were swiftly and uniformly shaken before being 
transferred to a quartz tube for ESR test [27–29]. 

4.8. POD-like activity and enzymatic kinetic experiments 

POD-like activity assays of Fe/Mn@PSe3 were carried out with H2O2 
as the reaction substrate and TMB as chromogenic agent [27–29]. In 
brief, Fe/Mn@PSe3, TMB (1 mM) and various H2O2 concentrations (0.1 
mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, and 1.0 mM) were added to 2 
mL of acidic PBS solution at room temperature. The absorbance at 652 
nm was recorded via UV–vis spectrophotometer. By fitting absorbance 
data to the Michaelis-Menten equation, the steady-state kinetic param
eters of Fe/Mn@PSe3 were determined. The Beer-Lambert Law was used 
to compute the initial reaction rates (V0) of varied H2O2 concentrations 
based on changes in absorbance. The mathematical equation that de
scribes the relationship between reaction rates and H2O2 concentrations 
was fitted to obtain the Michaelis-Menten kinetic curve. The Km and 
Vmax were determined using the Lineweaver-Burk plot. 

A = εbc (2)  

v0 =
vmax • [S]
km + [S]

(3)  

1
v0

=
km

vmax
•

1
[S]

+
1

vmax
(4) 

In these equations, ε is the molar absorption coefficient of oxTMB 
(39,000 M− 1 cm− 1), [S] is the substrate concentrations. 

4.9. Computational method 

The Vienna Ab Initio Package [39,40] was used for all DFT calcu
lations within the generalized gradient approximation using the Perdew- 
Burke-Ernzerhof [41] formulation. The projected augmented wave po
tentials [42,43] was used to describe the ionic cores. The valence elec
trons were taken into account using a plane wave basis set with a kinetic 
energy cutoff of 400 eV. Partial occupancies of the Kohn-Sham orbitals 
were allowed using the Gaussian smearing method and a width of 0.05 
eV. The electronic energy was considered self-consistent in cases of 
energy change less than 10− 5 eV. And, a geometry optimization was 
considered convergent in cases of force change less than 0.02 eV/Å. 
Grimme’s DFT-D3 methodology [44] was employed to describe the 
dispersion interactions. 

The equilibrium lattice constants of hexagonal MPSe3 unit cell were 
optimized, when using a 3 × 3 × 1 Monkhorst-Pack k-point grid for 
Brillouin zone sampling, to be a = b = 6.172 Å, c = 17.663 Å. We then 
used it to construct a FePSe3(001) surface model with p(2 × 2) peri
odicity in the × and y directions and 1 stoichiometric layer in the z di
rection separated by a vacuum layer in the depth of 15 Å to separate the 
surface slab from its periodic duplicates. In model 1, one Se atom was 
removed in order to form a Se vacancy. Half of the Fe atoms in model 1 
were replaced by Mn atoms to genarate model 2. During structural op
timizations, a 2 × 2 × 1 k-point grid in the Brillouin zone was used for k- 
point sampling, and all atoms were allowed to relax. 

4.10. In vitro anticancer efficacy 

The CT26 cancer cells were obtained from FuHeng Biology Co., Ltd. 
(Shanghai, China). CT26 cancer cells were cultured as previously re
ported [24]. Different concentrations of Fe/Mn@PSe3 nanocomposites 
including 0, 20, 40, 80, and 160 µg mL− 1, were used to treat CT26 cells 
seeded in 96-well plates (5000 cells well− 1). After 8 h, the incubated 
cells were exposed to 808 nm NIR laser (1.5 W cm− 2) for 10 min. Later, 
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the cells were sent to the incubator for another 16 h. MTT assay was 
applied to determine the cytotoxicity of Fe/Mn@PSe3 towards cancer 
cells. In addition, 2 fluorescent probes calcein AM and PI, were 
employed for the visual measurement of cell viability as previously re
ported [45], for which the fluorescence images were measured using 
fluorescence microscopy (ZEISS AXIO Observer.Z1). All experiments 
were repeated three times. 

4.11. In vitro determination of reactive oxygen species 

To determine the generated ROS in vitro, CT26 cells treated with 
different groups (PBS, PBS + laser, Fe/Mn@PSe3, Fe/Mn@PSe3 + laser) 
were stained with DCFH-DA (10 µM) (Fe/Mn@PSe3 concentration: 160 
μg mL− 1; laser dosage: 808 nm, 1.5 W cm− 2, 10 min). After 30 min in
cubation, DCF-induced green fluorescence was captured by Leica TCS 
SPE confocal microscope. Emission intensity of DCF at 525 nm was 
tested using Varioskan LUX Multimode Microplate Reader (Thermo 
Scientific, λex: 488 nm). 

4.12. In vivo anticancer efficacy 

To establish the CT26 tumor-bearing mice, 1 × 106 CT26 cells sus
pended in 100 μL of serum-free RPMI medium were subcutaneously 
implanted into the right hind limb of 5 to 6 week-old male C57BL/6J 
mice. After 7 days, when tumors had grown to an average volume of ~ 
60 mm3, mice were randomly distributed into four groups (n = 5 per 
group) and intratumorally injected with 100 µL PBS, PBS + laser, Fe/ 
Mn@PSe3, Fe/Mn@PSe3 + laser (1 mg kg− 1) two times per week for the 
duration of 30 days. At 30 min post injection, tumor tissues from two 
groups (PBS + laser, Fe/Mn@PSe3 + laser) were received with a NIR 
irradiation (808 nm, 1.5 W cm− 2, 10 min). During the course of treat
ment, body weight and tumor volume of mice were weighted and 
recorded, where the tumor volume were calculated as (length ×
width2)/2. Mice were sacrificed after the 30-day treatment. Main or
gans, blood, and tumor tissues were collected for further analysis. The 
investigator was blind to the grouping during the experiment and 
analysis of data. A daily record on mice mortality was conducted. After 
55-days treatment, Kaplan-Meier estimate was employed to analyze 
mice survival. All the animal experiments were performed under the 
approvement of The Hong Kong Polytechnic University Animal Study 
Committee. 

4.13. Down-regulation of HIF-1α expression by Fe/Mn@PSe3 

The collected tumor tissues were fixed with 4% paraformaldehyde 
(PFA) solution for the preparation of paraffin slices. Afterwards, 
immunofluorescence method was applied to examine expression of HIF- 
1α as an effect of Fe/Mn@PSe3. In addition, total proteins were 
extracted from fresh tumor tissue, and then western blotting was 
employed to measure HIF-1α level. HIF-1α XP® Rabbit mAb antibody 
from Cell Signaling Technology was used for immunofluorescence. 

4.14. Immune response induced by Fe/Mn@PSe3 

After the 30-day treatment, peripheral blood was harvested from 
mice via standard eye bleed protocol, for which the mononuclear cells 
were removed by a density gradient centrifugation using Ficoll-Hypaque 
solution. Flow cytometric study was used to measure the CD4+ and CD8 
+ CTLs presented in peripheral blood (CD4-FITC Monoclonal Antibody, 
CD8a-APC Monoclonal Antibody, Thermo Fisher Scientific Corpora
tion). Similarly, Treg cells (CD4+ CD25 + FoxP3 + cell) in the blood 
sample were also evaluated (CD4-FITC Monoclonal Antibody, CD25- 
APC Monoclonal Antibody, FoxP3 Monoclonal Antibody, PE- 
Cyanine5.5, Thermo Fisher Scientific Corporation). In addition, to 
measure levels of cytokines including IL-12 and IFN-γ in serum, the 

peripheral blood was centrifuged, and ELISA-based assay was applied. 

4.15. Biosafety of Fe/Mn@PSe3 

Two normal cell lines, human umbilical vein endothelial cells 
(HUVECs) and embryonic fibroblast cells (NIH 3 T3), were used to 
evaluate the biosafety of Fe/Mn@PSe3 to normal cells through MTT 
experiments. Moreover, the collected main organs such as heart, liver, 
spleen, lung, and kidney collected above were fixed with 4% PFA so
lution for the preparation of paraffin slices. H&E staining was performed 
for histological examination of the main organs upon Fe/Mn@PSe3 
treatment. The collected whole blood was used for analysis of levels of 
AST, ALT, and BUN by Automatic Biochemical Analyzer (Hitachi 7600). 

4.16. Statistical analysis 

All statistical analysis were performed using softares including 
GraphPad Prism 8, Origin 9, and SPSS22.0. Data are expressed as mean 
± SD, a one-way ANOVA was employed to test for differences among 
groups, and the Fisher’s LSD method was employed for comparison of 
means from multiple processes, P less than 0.05 was considered statis
tically significant. Kaplan-Meier estimate was employed for the analysis 
of mice survival. 
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