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A B S T R A C T

The production of reactive oxygen species (ROS) is susceptible to external excitation or insufficient supply of 
related participants (e.g., hydrogen peroxide (H2O2) and sensitizer), liming ROS-driven tumor treatment. 
Additionally, the lysosomal retention effect severely hinders the utilization of ROS-based nanosystems and 
severely restricted the therapeutic effect of tumors. Therefore, first reported herein an intelligent nanocatalyst, 
TCPP-Cu@MnOx ((MnII)1(MnIII)2.1(MnIV)2.6O9.35), and proposed a programmed ROS amplification strategy to 
treat tumors. Initially, the acidity-unlocked nanocatalyst was voluntarily triggered to generate abundant singlet 
oxygen (1O2) to mediate acid lysosomal ablation to assist nanocatalyst escape and partially induce lysosomal 
death, a stage known as lysosome-driven therapy. More unexpectedly, the high-yielding production of 1O2 in acid 
condition (pH 5.0) was showed compared to neutral media (pH 7.4), with a difference of about 204 times be
tween the two. Subsequently, the escaping nanocatalyst further activated H2O2-mediated 1O2 and hydroxyl 
radical (•OH) generation and glutathione (GSH) consumption for further accentuation tumor therapy efficiency, 
which is based on the Fenton-like reaction and Russell reaction mechanisms. Therefore, in this system, a 
program-activatable TCPP-Cu@MnOx nanocatalyst, was proposed to efficiently destruct organelle-lysosome via 
1O2 inducing, and stimulated H2O2 conversion into highly toxic 1O2 and •OH in cytoplasm, constituting an 
attractive method to overcome limitations of current ROS treatment.

1. Introduction

At present, the strategy of effectively and conveniently inducting the 
production of reactive oxygen species (ROS), as a novel and unique 
treatment pattern, has made great progress in the treatment of tumors 
[1,2]. Compared to clinical standardized treatment options, e.g., 
chemotherapy, surgical resection and radiotherapy, ROS-mediated 
tumor therapy is widely favored owing to its unique characteristics 

such as high efficiency, low cytotoxicity to normal cells, and negligible 
multidrug resistance to induced tumor cells. Recently, including che
modnamic therapy (CDT) [3,4], photodynamic (PDT) [5] and sonody
namic therapy (SDT) [6,7] etc., these emerging strategies on 
ROS-associated cancer therapy have made significant progress. How
ever, many inevitable problems seriously hinder their application, 
especially in internal/external energy-triggered the production of ROS 
to ablate tumors. For example, hydrogen peroxide (H2O2) mediated-CDT 
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based on the Fenton/Fenton-like reaction is known to be one of the 
recently developed cancer therapeutic strategies, however, several 
major factors are responsible for treating failure, such as complex 
intratumoral heterogeneity [8,9], inadequate catalytic efficiency of 
metal ions (Fe, Mn, Co) [10] and insufficient endogenous H2O2 [11], etc. 
Therefore, there is an desperate need for an efficient approach to 
enhance the production of hydroxyl radical (•OH) at the tumor site to 
reverse treatment failure. Recently, some plans for improving and 
amplifying the efficacy of H2O2-mediated CDT have been proposed, e.g., 
enzyme-driven H2O2 supplement systems (glucose oxidase (GOx) [12] 
and superoxide dismutase (SOD) [13]), self-sufficiency systems (CuO2 
[14], CaO2 [15] and BaO2 [16] and chemotherapy drug assistance 
(doxorubicin (DOX) [17], platinum-related drugs [18]). These 
CDT-related decisions-making does not serve the effect of tumor therapy 
despite providing abundant H2O2, thus finding alternative types of 
treatment or combining with other treatments is a challenge at present. 
In addition, these external energy-triggered ROS-based tumor therapies 
(such as PDT or SDT) is readily limited by the finite penetration of 
external energy into tumor tissue and the conversion efficiency of sen
sitizers [19]. Anyway, much of the challenge in developing ROS-based 
tumor therapy is to perform unwanted internal/external stimulation at 
the tumor site to produce the high levels of ROS in succession for cancer 
treatment.

Recently, the over-developed lysosomes in tumor cells, as important 
sub-organelles with digestive properties, have been identified as an 
important target for the tumor therapy because of their special physio
logical environments and bio-functions [20]. Numerous studies have 

found that in tumor cells, lysosomes, in addition to participating in the 
“garbage disposal systems”, also involve genetic inheritance, immunity, 
cell metabolism and other auxiliary functions [21]. Although in adapt
able cytoprotection or rapid metabolisms plays an important position for 
lysosomes, this is an unfavorable signal for intelligent drug delivery 
system (DDS) to deliver substances (e.g., drugs, proteins and small 
interfering RNA (siRNA)) in tumor cells because of the risk of degra
dation by the dynamically acidic (pH 4.5–5.5) and/or hydrolases (e.g., 
cathepsin B) during endocytosis processes [22,23]. Therefore, the 
retention behavior in lysosomes is a critical barrier to effective drug 
delivery at the subcellular levels, and also a significant challenge. 
Encouragingly, once lysosomal integrity is destroyed, the possibility of 
inducing lysosomal membrane permeability (LMP) increases, thus 
accelerating cell death [24,25]. Recently, much research efforts are 
being devoted to the development of DDS-mediated lysosomes dissolu
tion or lysosomal escape to enable carriage release or acidification of the 
cytoplasm, thereby facilitating the scaling-up of tumor therapy. Versa
tile DDS with unique physicochemical properties can regulate multiple 
lysosome-related pathways in targeted cell therapy to obtain synergistic 
therapeutic outcomes. Huang et al. [26] developed a therapeutic probe 
MP-TPEDCH based on the AIE skeleton TPEDCH and partial lysosomal 
target MP for fluorescence imaging to track lysosome activity and NIR 
radiation-activated ROS generation. Timely lysosomal escape is essen
tial for endotrophic nano-vehicle to effectively avoid premature degra
dation under the acidic and hydrolytic conditions of lysosomes. 
Therefore, strategies with diverse functional attributes are proposed and 
designed to assist nanomaterials escape lysosomes, e.g., the imbalance of 

Fig. 1. Schematic illustration of fabrication and antitumor effect of intelligent TCPP-Cu@MnOx nanocatalyst. Synthetic procedure for TCPP-Cu@MnOx nanocatalyst, 
and mechanisms of program-activated nanocatalyst-mediated to coordinate enhancement of tumor ablation through lysosomal damnification (stage I), GSH depletion 
and H2O2-mediated ROS generation (stage II).
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potential of lysosomal membrane [27], proton sponge effect-mediated 
lysosomal ruptures [28], and properties similar to membrane fusion 
by fusogenic peptides or electrostatic interactions [29]. Additionally, 
external trigger (Near infrared (NIR), light) induce the generation of 
ROS in overdeveloped lysosomes [30,31], leading to the LMP pathway 
by lipid peroxidation (LPO) processes, and gaining remarkable outcomes 
in relevant lysosomal pathway-mediated tumor therapy. Nevertheless, 
lysosomal LPO induced by externally mediated ROS treatment patterns 
are vulnerable to limited energy penetration depth and expensive 
equipment. As a result, recently, treatment strategies for in situ lyso
somal activation of ROS have received increasing attention. Deng et al. 
prepared a series of pKa adjustable nanoparticles in the range of 5.2–6.2, 
and loaded copper peroxide with H2O2 self-supplying, which could be 
used to trap copper peroxide in acidic lysosomes to produce ample 
catalytic ions that convert self-supplied H2O2 into •OH by a robust 
Fenton reaction after cell internalization, thereby bringing 
lysosome-mediated tumor therapy effectively permeated lysosomal 
membrane by highly reactive •OH [32]. Although lysosome-mediated 
tumor therapy has yielded good results, the associated reports are 
limited, especially in spontaneous ablation of lysosomes in situ.

Herein, acidity-unlocked TCPP-Cu@MnOx ((MnII)1(MnIII)2.1(M
nIV)2.6O9.35) nanocatalyst was manufactured for in situ unsolicited trig
gering of ROS generation to mediate lysosomal damage, meanwhile 
“nanocargo” escapes from the lysosomes to the cytoplasm to consume of 
intracellular glutathione (GSH) levels, as well as coordinated enhance
ment of ROS-related pathways, thereby leading to tumor ablation. The 
as-prepared TCPP-Cu@MnOx nanocatalyst had significant stability and 
dispersion in normal media, in contrast, they showed TME (acid and 
GSH)-responsive decomposition and released their own belongings. 
Concurrently, TCPP-Cu@MnOx nanocatalyst also exhibited 
multienzyme-like activities, such as oxidase (OXD) and peroxidase 
(POD). More unexpectedly, the high-yielding production of singlet ox
ygen (1O2) in acid condition (pH 5.0) was showed compared to neutral 
media (pH 7.4), with a difference of about 204 times between the two. 
Therefore, the integration of TCPP-Cu@MnOx nanocatalyst reached the 
location of tumor cell after the blood circulation, and effectively boun
ded to acidic lysosomes after endocytic uptake. In this study, the entire 
treatment processes are divided into two stages. TCPP-Cu@MnOx 
nanocatalyst with pH-switch bioreactor spontaneously produced 1O2 in 
situ in acidic lysosomes, effectively inducing LMP and disrupted the 
integrity of the lysosomes, further causing nanocatalyst escape from 
lysosomes as well as partial tumor cell death (named as stage I). 
Meanwhile, after escaping lysosomes, TCPP-Cu@MnOx nanocatalyst 
was effectively captured by high-level endogenous reducing substance 
of GSH, resulting in their degradation and apparent consumption of 
endogenous GSH. Subsequently, the Fenton-like reactions and TCPP- 
mediated peroxide derivatives were occurred by Mn/Cu ions and 
endogenous H2O2 in cytoplasm, followed by abundant ROS (•OH and 
1O2) with high cytotoxicity were obtained to further effectively induce 
tumor cell death (named as stage II) (Fig. 1). Thus, the strategy of pro
grammed ROS enhancement-mediated tumor ablation have been pro
posed, which will provide a new window for ROS-based tumor therapy.

2. Materials and methods

2.1. Materials

Hydrogen peroxide (H2O2, 30 %), copper chloride hexahydrate 
(CuCl2•2H2O, 95 %), reduced glutathione (GSH, 98 %) and polyvinyl 
pyrrolidone K-30 (PVP, M.W. = 40,000) were bought from Shanghai 
Chemical Factory (Shanghai, China). Trifluoroacetic acid (CF3COOH), 
tetrakis (4-carboxyphenyl) porphyrin (TCPP), 5,5-dithiobis (2-nitro
benzoic acid) (DTNB), potassium permanganate (KMnO4, 98 %), 2,9- 
dimethyl-1,10-phenanthroline hem ihydrate (DPTH, 98 %), and 
3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) were purchased from Aladdin 
Reagents Company (Shanghai, China). Indocyanine green (ICG, ≥98 %) 

was purchased from MaoKang Biot (Shanghai, China), N,N- 
dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and ethanol 
were obtained from Beijing Chemical Reagents Company (Beijing, 
China). Calcein acetoxymethyl ester (calcein AM), propidium iodide 
(PI), 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), and singlet 
oxygen sensor green (SOSG) were obtained from Sigma-Aldrich Co. (St. 
Louis, MO, USA). Annexin V-FITC apoptosis detection kit, cell counting 
kit-8 (CCK-8) and GSH/GSSG assay kit were purchased from Beyotime 
Biotechnology. Phosphate-buffered saline (PBS), penicillin- 
streptomycin (100 × ) and Dulbecco’s modified Eagle’s medium 
(DMEM) were obtained from Life Technologies Corporation (Los 
Angeles, CA, USA). Standard fetal bovine serum (FBS) was purchased 
from ExCell Bio. The ultrapure water (18.2 MU, Milli-Q, Millipore) was 
used throughout the experiments. All reagents and chemicals were used 
without further purification.

2.2. Preparation of TCPP-Cu@MnOx nanocatalyst and ICG-labelled 
TCPP-Cu@MnOx nanocatalyst

The TCPP-Cu@MnOx nanocatalyst was prepared by modifying pre
vious report [33]. In short, CuCl2•2H2O (37.5 μmol, 6.4 mg) and TCPP 
(12.5 μmol, 9.9 mg) were mixed and dissolved in a mixture of DMF (15 
mL) and ethanol (5 mL). After mixed solution was stirred for 15 min, 
PVP (5 mg) and CF3COOH (20 μL) were added orderly, and mixed so
lution was heated at 80 ◦C. After reaction of 2 h, the final product of 
TCPP-Cu nanosheet was obtained by adding 20 mL water and centri
fuging. Subsequently, 10 mg of TCPP-Cu nanosheet reacted with 5 mg 
KMnO4 at room temperature for 12 h. The obtained product was purified 
by centrifuging and washing with water, and maintained at 4 ◦C.

Subsequently, indocyanine green (ICG, 1 mg) was sought as a fluo
rescence probe, using a simple method to load ICG on the surface of the 
TCPP-Cu@MnOx nanocatalyst (1 mg/mL, 1 mL). The purified ICG- 
labelled nanocatalyst was collected through centrifugal (rpm =

11,000, 10 min).

2.3. Characterization

Transmission electronic microscope (TEM) images were obtained 
from a TEM system (JEOL JEM 2100F) with an accelerating voltage of 
75 keV. Atomic force microscopic (AFM) images were taken with a 
Multimode-V atomic force microscope (Bruker Dimension ICON, Ger
many). UV–vis absorption spectra were measured on a UV-3101PC 
Shimadzu UV–vis spectroscope. The mean diameter of nanocatalyst 
was measured by the dynamic laser light scattering (ZEN 3600, Malvern 
Instruments). Fourier transform infrared spectroscopy (FTIR) spectra 
were recorded on a Nicolet 6700 FTIR spectrometer with KBr pellets in 
the 4000-400 cm− 1 region. X-ray photoelectron spectroscopy (XPS) 
analysis was performed using an ESCALAB 250 X-ray photoelectron 
spectrometer with a monochromated X-ray source (Al Kα hν = 1486.6 
eV). The X-ray diffraction (XRD) patterns were used to acquire infor
mation on crystallography and measured on a PANalytical X-ray 
diffractometer with Cu-Kα radiation (λ = 0.15405 nm). Fluorescence 
spectra were obtained on a LS-55 Luminescence Spectrometer (Perkin- 
Elmer). Concentrations of copper and manganese were measured by 
inductively coupled plasma (ICP, ThermoScientific Xseries II, USA). The 
relevant ROS were measured by electron spin resonance (ESR, JES-FA 
200).

2.4. Ion release

TCPP-Cu@MnOx nanocatalyst (2 mg/mL, 0.5 mL) was immersed in 
different media (pH 7.4 and pH = 5.0 + 10 mM GSH, simulating normal 
media and tumor microenvironment, respectively). The supernatant was 
collected at pro-expected times by centrifugal method (rpm = 13,000, 
15 min), and detected via the inductively coupled plasma (ICP) 
technology.
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2.5. Acid-responsive 1O2 generation

Briefly, 20 μL of TCPP-Cu@MnOx nanocatalyst (1 mg/mL) and 15 μL 
of singlet oxygen sensor green (SOSG) (1 mM dissolved in DMSO) were 
reacted under different pH values (7.4, 6.5, 6.0 and 5.0), and keeping the 
total volume of 1 mL. The reacted solution was measured by fluores
cence spectroscopy. In addition, we also evaluated fluorescence changes 
in normoxia or hypoxia (N2 gas) conditions.

2.6. Multienzyme activities estimation

The POD-like activity of TCPP-Cu@MnOx nanocatalyst was 
measured through using 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) as a 
probe. Simply, TMB oxidation experiment was performed by mixing 
TMB (16 mM, 50 μL), H2O2 (5 mM) and TCPP-Cu@MnOx nanocatalyst 
(1 mg/mL, 10 μL) in PBS (940 μL) with different pH values (pH 7.4, 7.0, 
6.5, 6.0 and 5.0). After 20 min of reaction, the supernatant was char
acterized by UV–vis spectroscopy at wavelength range of 550–750 nm. 
Moreover, we also assessed in the introduction of different concentra
tions of H2O2 (0, 0.5, 1, 2, 4, 6, 8, and 10 mM) by UV–vis spectroscopy. 
Additionally, the mix systems were also tested in hypoxia and normoxia 
condition at different time points. The whole experimental system was 
kept at 1 mL.

The OXD-like activity of TCPP-Cu@MnOx nanocatalyst was assessed 
using TMB probe. Simply, different concentrations of TCPP-Cu@MnOx 
nanocatalyst (0, 5, 10, 15, 20, 25 and 35 μg mL− 1) reacted with TMB (50 
μL, 16 mM) at pH 5.0 PBS for 20 min, and was then measured by UV–vis 
spectroscopy. Additionally, we also assessed the reaction changes of 
TMB solution (16 mM, 50 μL) containing TCPP-Cu@MnOx nanocatalyst 
(1 mg/mL, 10 μL) at different pH values (7.4, 7.0, 6.5, 6.0 and 5.0). 
Moreover, PBS solution (pH 5.0) including either TCPP-Cu nanosheet 
(10 μL, 1 mg/mL) + MnCl2 (0.5 mM) or TCPP-Cu nanosheet (10 μL, 1 
mg/mL) were used as control measurements, respectively.

2.7. Detection of ROS by ESR technology

5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl- 
1-piperinedinyloxy (TEMP), as capturing agents, were employed as 
probe to detect •OH and 1O2 respectively. Briefly, TCPP-Cu@MnOx 
nanocatalyst (10 μL, 2 mg/mL) was dispersed into PBS solution (pH 5.5 
and pH 7.4), and then added TEMP (20 μL) to assess 1O2 generation. 
Moreover, TCPP-Cu@MnOx nanocatalyst (10 μL, 2 mg/mL) was added 
into PBS (pH 5.0) with and without GSH (100 μL, 0.67 mM). Then, H2O2 
solution (10 μL, 1 M) were added, and kept final solution was 1 mL. After 
30 min of treatment, DMPO (10 μL) was added and detected by ESR 
technology.

2.8. GSH consumption and Cu ion detection

TCPP-Cu@MnOx nanocatalyst was con-incubated in PBS (pH 7.4) 
with different concentrations of GSH (0, 0.625, 1.25, 2.5, 5, and 10 mM). 
After 20 min of reaction, 1 mL mixture was transferred and added into 2 
mM 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) ethanol solution. After 
shaking, the absorbance changes were observed by UV–vis 
spectrophotometer.

To investigate the valence of copper ions in TCPP-Cu@MnOx nano
catalyst, we used a copper ion probe, 2,9-dimethyl-1,10-phenanthroline 
hem ihydrate (DPTH), through UV–vis spectroscopy. In short, TCPP- 
Cu@MnOx nanocatalyst and DPTH probe [34] were con-incubated in 
PBS (pH 5.0) for 8 h. Subsequently, the supernatant was collected 
through the centrifugal (rpm = 13000, 10 min). meanwhile, the additive 
reductant GSH (5 mM) continued to react to 3 min. Finally, the reacted 
solution was detected by UV–vis spectrophotometer. Additionally, other 
controlled solution groups (pH 5.0 PBS), including Cu2+ + DPTH, Cu2+

+ DPTH + GSH, TCPP-Cu@MnOx + DPTH + GSH, also were detected.

2.9. Detection of ROS after GSH processing

The Cu+/Mn2+-mediated Fenton-like reaction-generated •OH was 
analyzed by UV–vis spectroscopy. Briefly, TCPP-Cu@MnOx nanocatalyst 
(1 mg/mL, 20 μL) and methylene blue (MB, 10 μg/mL, 20 μL) were co- 
cultured with PBS (pH 5.0) containing the different contents of GSH (0, 
0.625, 1.25, 2.5 and 5.0 mM). Then, the reacted solution was induced to 
produce •OH by culturing in 5 % CO2, 25 mM NaHCO3 buffer solution 
and 10 mM H2O2 solution for 30 min and was monitored by UV–vis 
method. Additionally, their reaction process was unchanged and only 
replaced reactants, such as reaction buffer: 25 mM NaHCO3/5 % CO2, 
[Mn] = 0.5 mM, [H2O2] = 10 mM, [Cu] = 1 mM, and [GSH] = 5 mM.

The GSH/H+-treated TCPP-Cu@MnOx nanocatalyst-mediated 1O2 
generation was tested by SOSG probe. In short, the process of GSH/H+- 
treated TCPP-Cu@MnOx nanocatalyst yet unchanged, then reaction 
solution was added to SOSG probe (15 μL, 1 mM) containing H2O2 (10 
mM), and continuously reacted 20 min. Finally, the mix solution was 
tested by fluorescence spectrum.

2.10. Cell culture

4T1 cells (mouse breast cancer cells), IEC-6 cells (rat small intestine 
crypt epithelial cell lines) and CT26 cells (mouse colon cell lines) were 
cultured in fresh Dulbecco’s Modified Eagle’s Medium (DMEM, con
taining 10 % inactivated fetal bovine serum (FBS), 1 % penicillin and 
streptomycin). All cells were cultured under a humidified atmosphere 
with 5 % CO2 and 95 % air at 37 ◦C. All cells were obtained from Cell 
Resource Center, IBMS, CAMS/PuMC (Beijing, China).

2.11. Lysosomes damnification

The damnification of lysosomes were assessed by intracellular fluo
rescence staining. 4T1 cells were seeded into 6-well plates at a density of 
0.8 × 105 cells per well. And then these cells were treated with different 
TCPP-Cu@MnOx nanocatalyst concentrations (10 and 50 μg mL− 1). 
Subsequently, the endo/lysosomes after 8 h of treatment were labelled 
through the utilization of LysoTracker@green probe, and the specific 
manipulation was based on the manufacturer’s instructions. Finally, 
these cells were stained with DAPI for 10 min and observed through 
laser scanning confocal microscopy (CLSM).

In addition, in view of above operations, the changes of lysosomes 
with different treatment times (0, 4 and 8 h) were also assessed by flow 
cytometry. Simultaneously, the cell survival rates with different times 
were also detected.

2.12. Detecting ROS by DCFH-DA in vitro

4T1 cells were cultured on a 6-well plate and then treated with 
different concentrations TCPP-Cu@MnOx nanocatalyst (10 and 50 μg/ 
mL). Subsequently, after 24 h of cultivation, the medium was replaced 
with a fresh cell culture medium, and the DCFH-DA (10 μg/mL) probe 
continued to incubate for 30 min. Finally, the cells were observed by 
CLSM method.

Additionally, to understand the type of ROS produced by TCPP- 
Cu@MnOx nanocatalyst processing cells, we evaluated by adding 
different quenching agents. In practice, 4T1 cells were seeded into five 
culture dishes (2 × 105 cells per dish). Then, 4T1 cells were incubated 
with 1 mL of DMEM containing TCPP-Cu@MnOx nanocatalyst (50 μg/ 
mL). After 12 h, each dish was washed with PBS and added with of 
corresponding ROS quenchers (NaN3, isopropanol and benzoquinone) at 
the concentration of 1 mM, respectively. After 10 min, the treated cells 
were washed again with PBS, and the DCFH-DA (10 μg/mL, 1 mL) probe 
was added into each well. The fluorescence results were captured by 
flow cytometry after 30 min of incubation.

Moreover, the different pH culture media-treated 4T1 cells were also 
investigated to generate ROS levels. In short, the different pH culture 
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media (pH 7.4 and pH 6.5) containing TCPP-Cu@MnOx nanocatalyst 
(10 μg/mL) were used to cultivate 4T1 cells. After 12 h of treatment, the 
DCFH-DA (10 μg/mL) probe was added and detected using flow 
cytometry.

2.13. Lysosomal lipid peroxidation (LPO) detection

4T1 cells plated on confocal dishes were exposed to the different 
concentrations of TCPP-Cu@MnOx nanocatalyst (10 and 50 μg/mL) for 
8 h. After washing twice with PBS, the cells were stained with C11- 
BODIPY581/591 dye (10 μM) for 30 min, and then observed with CLSM.

2.14. Cytotoxicity assay

4T1 cells, IEC-6 cells and CT26 cells were cultured in standard cell 
media at 37 ◦C in a 5 % CO2 atmosphere. For example, 3 × 105 4T1 cells 

were seeded into 96 well plates, and then TCPP-Cu@MnOx nanocatalyst 
was added into in different concentrations (0, 0.625, 12.5, 25, 50 μg 
mL− 1). After 24 h, relative cell viability was determined by cell counting 
kit-8 (CCK-8) assay.

2.15. Live/dead and apoptosis assay

4T1 cells were seeded onto a glass-covered 6-well plate to allow 
attachment, and then TCPP-Cu@MnOx nanocatalyst (10 and 50 μg 
mL− 1) was added for 24 h. Subsequently, these media were removed and 
washed twice with PBS. A mixed staining solution of propidium iodide 
(PI, 8 μM) and Calcein acetoxymethyl ester (Calcein AM, 2 μM) was 
freshly prepared and incubated with cells for 30 min. Finally, these cells 
were washed with PBS and immediately observed by CLSM.

4T1 cells were seeded into 6-well culture plates at a density of 3 ×
105 cells per well and treated with PBS or TCPP-Cu@MnOx nanocatalyst 

Fig. 2. Composition and structure characterization of TCPP-Cu@MnOx nanocatalyst. (a, b) TEM images of TCPP-Cu nanosheet and TCPP-Cu@MnOx nanocatalyst. (c, 
d) Particle size distributions and AFM image of TCPP-Cu@MnOx nanocatalyst. (e) The element mappings of TCPP-Cu@MnOx nanocatalyst, including C, O, N, Cu and 
Mn. (f) EDS analysis of TCPP-Cu@MnOx nanocatalyst. (g) XPS spectrum of TCPP-Cu@MnOx nanocatalyst. (h) XPS spectrum of wide-scan, Mn 2p of TCPP-Cu@MnOx 
nanocatalyst. (i) Powder X-ray diffraction (XRD) of TCPP and TCPP-Cu@MnOx nanocatalyst. (j) The FT-IR of TCPP, TCPP-Cu and TCPP-Cu@MnOx nanocatalyst. (k) 
The ingredient content of Mn, Cu and TCPP in TCPP-Cu@MnOx nanocatalyst. (l) The UV–vis absorption spectra of TCPP and TCPP-Cu@MnOx nanocatalyst. (m) 
Particle sizes and PDI values of TCPP-Cu@MnOx nanocatalyst at different times.

M. Pei et al.                                                                                                                                                                                                                                      Materials Today Bio 29 (2024) 101299 

5 



(10, 25 and 50 μg mL− 1) at 37 ◦C for 24 h, respectively. Lastly, the 
obtained single cell suspension was stained with Annexin V-FITC 
apoptosis detection kit for flow cytometry.

2.16. Detection of intracellular GSH changes

4T1 cells (3 × 105 per well) were inoculated into 6-well plates and 
cultured at 37 ◦C, 5 % CO2, and treated with PBS and TCPP-Cu@MnOx 
nanocatalyst (10, 25, 50 μg mL− 1) for 12 h, respectively. The amount of 
GSH was analyzed by GSSG/GSH assay kits according to the manufac
turer’s protocol.

2.17. Animals

All animal experiments were approved by the institutional ethics 
committee of Shanghai Chest Hospital and all procedures were per
formed according to the rules of the Institutional Animal Care and Use 
Committee of Shanghai Chest Hospital (Approval Number: KS22004). 
All BALB/c mice were provided by Sibeifu Biotechnology Co., Ltd 
(Beijing, China).

2.18. Biocompatibility evaluation in vivo

To assess the cytotoxicity and biosafety of TCPP-Cu@MnOx nano
catalyst in vivo, health BALB/c mice were randomly divided into two 
groups (n = 6). After adaptive feeding for one week, TCPP-Cu@MnOx 
nanocatalyst (100 μL, 1 mg/mL) was intravenously administered into 
mice. The body weight of mice were recorded per two days during next 
20 days. Notablely, in fifth and fifteenth days respectively, two mice 
were removed from each group, and blood samples of mice were 
collected by extracting eyeball for further blood biochemistry and blood 
routine analysis (including aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine 
(CREA), and so on.), as well as main organs (heart, liver, spleen, lung 
and kidney) were stained by H&E.

2.19. Bioluminescence imaging in vivo

4T1 tumor-bearing mice were established and were administered 
with 100 μL ICG-marked TCPP-Cu@MnOx nanocatalyst solution via 
caudal vein. Fluorescence signals at tumor sites were monitored at 2 h, 4 
h, 12 h, and 24 h after injections on the Fluorescence Imaging System for 
Small Animals (VISQE In vivo Smart-LF, South Korea). After 24 h post- 
injections of TCPP-Cu@MnOx nanocatalyst, the mice were sacrificed, 
and the tumor and other organs (heart, liver, kidney, spleen and lung) 
were obtained. Subsequently, ex vivo fluorescence imaging and photo
graphing were implemented.

2.20. Anti-tumor effect in vivo

4T1 tumor cells (cell count 5 × 105) were inoculated subcutaneously 
on BALB/c mice (6–8 weeks old). After 7 days of feeding, tumor volume 
reached approximately 70–80 mm3 (tumor volume = (tumor length) ×
(tumor width)2/2). Then, tumor-bearing mice were randomly divided 
into three groups (n = 5): (a) control group (PBS, 100 μL), (b) TCPP- 
Cu@MnOx groups (2.5 mg/kg and 5 mg/kg, 100 μL). All mice were 
administered at prescribed every 2 days for 4 days by intravenous (i.v.) 
injection. During treatment, the weight and volume of mice were 
recorded and calculated. On the 27th day, all mice were executed and 
tumors were removed and weighed. At the same time, all mice’s orbital 
blood were collected for blood testing. Tumor sections of each group 
were further studied by hematoxylin and eosin (H&E), terminal deox
ynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) 
staining assay and Ki-67 staining.

2.21. Statistical analysis

Data were presented as mean ± standard deviation (SD) through at 
least three experiments. Statistical analysis was performed using Stu
dent’s t-test for two-group differences. A p-value <0.05 was considered 
statistically significant: ns: no significant, *p < 0.05,**p < 0.01, and 
***p < 0.001.

3. Results and discussion

3.1. Preparation and characterization of TCPP-Cu@MnOx nanocatalyst

The procedure for synthesizing TCPP-Cu@MnOx nanocatalyst, 
briefly, was involved to two stages, as shown in Fig. 1. Firstly, TCPP-Cu 
nanosheet with a uniform and suitable nano-scale metal-organic 
framework (MOF) was prepared according to previously reported 
literature [33]. The as-prepared TCPP-Cu nanosheet was red powder by 
freeze drying, and displayed a rectangular-like morphology, in which 
about 254 nm in length and 265 nm in width, though transmission 
electron microscopy (TEM) testing (Fig. 2a and S1a, Supporting infor
mation). The consequences of dynamic light scattering (DLS) revealed 
their narrow size distribution and appropriate nanoparticle size, where 
polydispersity index (PDI) value was 0.136 and average size was 267 nm 
(Fig. S1a), due to hydrophilic PVP surface modification. The negatively 
charged TCPP-Cu nanosheet was − 31 mV (Fig. S1b) because of rich 
carboxyl group of TCPP ligand exposure during coordination processes. 
In addition, as shown in Fig. 2j, the emergence of a new peak of 996 
cm− 1attributed to N-Cu stretching of TCPP-Cu was exhibited by 
comparing with TCPP, further suggesting that copper ion was also co
ordinated in the porphyrin center of TCPP in addition to coordination 
node [35].

To endow nanomaterials biocatalytic properties, subsequently, 
though using potassium permanganate (KMnO4) surface redox modifi
cation, MnOx-decorated TCPP-Cu was obtained, and named as TCPP- 
Cu@MnOx nanocatalyst (Fig. 1). TEM imaging showed the shape of 
TCPP-Cu nanosheet surface forming similar pleated burr morphology 
(Fig. 2b), and particle size was converted to 470 nm and PDI was 0.21 
(Fig. 2c) by DLS measurement. Moreover, TCPP-Cu@MnOx nanocatalyst 
had a thickness of averagely 3.3 nm by atomic force microscopy (AFM) 
(Fig. 2d and S3). Moreover, the characteristic infrared peak of MnOx 
component at 628 cm− 1 was presented compared with TCPP-Cu nano
sheet, demonstrating the successful grooming (Fig. 2j). In addition, 
changes that occurred redox reaction in components on TCPP-Cu 
nanosheet surface caused fluctuations in surface potential, which was 
− 40.2 mV (Fig. S2a). To study the elemental distribution of TCPP- 
Cu@MnOx nanocatalyst, the surface homogeneous distribution of C, N, 
O, Cu and Mn were displayed in elemental mapping images (Fig. 2e). 
Moreover, the X-ray energy dispersive spectroscopy (EDS) and the full- 
range survey of XPS spectrum of TCPP-Cu@MnOx nanocatalyst showed 
the coexistence of Mn element (Fig. 2f and g), further demonstrating the 
successful construction of MnOx modification, consistent with element 
mappings results. In view of the importance of metal valence state in the 
course of catalytic process as well as the study of the x value of TCPP- 
Cu@MnOx nanocatalyst, the high resolution spectrum of Mn element 
was analyzed (Fig. 2h). The binding energy of Mn 2p was split into three 
pairs of characteristic peaks, which corresponds to Mn4+, Mn3+, and 
Mn2+ [36], and these Mn 2p3/2 results showed that trivalent and 
quadrupvalent Mn were dominant valence states, with relative content 
of about 37.4 % and 45.0 %, whereas bivalent manganese was less 
distributed and accounted for only about 17.6 %, suggesting that 
TCPP-Cu@MnOx nanocatalyst have a high activity to generate ROS and 
GSH consumption capacity. Thus, the chemical formula of MnOx 
component was proposed as (MnII)1(MnIII)2.1(MnIV)2.6O9.35. To see the 
crystallographic structure of TCPP-Cu@MnOx nanocatalyst, X-ray 
diffraction (XRD) was employed and proved obtained materials were 
birnessite-type MnO2 with MnOx surfaces by typical peaks (2θ) at 36.49◦
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and 65.81◦ respectively (Fig. 2i), and the remaining emergence of peaks 
were caused by the tetragonal structure of two dimensional (2D) 
TCPP-Cu [33,37]. Furthermore, to investigate the valence of copper ions 
in TCPP-Cu@MnOx nanocatalyst, we used a copper ion probe, 2, 
9-dimethyl-1,10-phenanthroline hem ihydrate (DPTH), through 
UV–vis spectroscopy. The study found that TCPP-Cu@MnOx nano
catalyst can be effectively destroyed under acidic condition (Fig. S6b), 
thus significantly releasing metal ions. Thus, after cultivating 12 h in pH 
5.0 PBS, the supernatant did not change when the probe was added, 

compared to GSH-treated Cu2+ soultion. Excitingly, when the reductant 
GSH was added, the collected colorless supernatant was converted to 
yellow color, mainly due to the reduction of Cu2+ ions to Cu+ (Fig. S2b). 
In conclusion, it is shown that the main valence form of copper in 
TCPP-Cu@MnOx nanocatalyst was bivalent.

From the observation of UV–vis absorption spectra in Fig. 2l, the 
appearance of a strong absorption peak at 412 nm was observed in 
TCPP-Cu@MnOx nanocatalyst, indicating the redox reaction produces 
MnOx analogues [36]. Meanwhile, the characteristic peak of Q band of 

Fig. 3. ROS generation capabilities and GSH consumption. (a) The 1O2-generating capability in diverse pH media (pH = 7.4, 6.5 6.0 and 5.0) was measured by SOSG 
fluorescence probe. (b) ESR spectra of 1O2 generation in different media (pH = 7.4 and 5.0). (c) The changes of 1O2 generation were detected by SOSG fluorescence at 
normoxia and hypoxia condition. (d) Schematic illustration of the multifunctional process of TCPP-Cu@MnOx nanocatalyst. (e) The corresponding equation of TMB 
in TCPP-Cu@MnOx nanocatalyst treatment. (f) pH-dependent UV–vis absorption spectra for TMB-processed TCPP-Cu@MnOx nanocatalyst, inset: photographs of 
these reaction changes. (g, h) The fitting curve of time correlation at 652 nm peak in normoxia (g) and hypoxia (h) conditions. (i) UV–vis spectra of oxTMB containing 
TCPP-Cu@MnOx nanocatalyst and H2O2 with different pH values (7.4, 7.0, 6.5, 6.0 and 5.0), inset: photograph of these reaction changes. (j) The fitting curve of H2O2 
concentration correlation at 652 nm peak. (k) Determination of the chemical reaction formula of GSH by DTNB method. (l) Changes in GSH depletion in the different 
doses of GSH solution treated with TCPP-Cu@MnOx nanocatalyst. (m) The UV–vis absorption curves of MB solution containing GSH (0–5 mM), TCPP-Cu@MnOx 
nanocatalyst (1 mg/mL) and H2O2 (10 mM), under NaHCO3/CO2 conditions. (n) ESR spectra analyses of •OH levels in reaction mixtures added with DMPO as signal 
trap. (o) The mechanism of TCPP-relevant product-induced Russell reaction. (p) The H2O2-medaited 1O2 generating by SOSG fluorescence testing after GSH-treated 
TCPP-Cu@MnOx nanocatalyst.
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TCPP monomer was replaced by a peak at 541 nm, illustrating the 
successful synthesis of MnOx-coated TCPP-Cu [33]. Moreover, the 
component of TCPP-Cu@MnOx nanocatalyst was analyzed, and testing 
results showed that the mass percentages of Mn and Cu in nanocatalyst 
were 12.2 % and 8.1 %, respectively, by inductively couple plasma 
(ICP-OES) measurement (Fig. 2k). The TCPP content in TCPP-Cu@MnOx 
nanocatalyst was computed by UV–vis absorption fitting curve of TCPP, 
and the calculated value was 4.2 % (Fig. S4).

3.2. Stability assessment and degradation behavior

The long-term stability and homo-disperse of nanoparticles are 
essential in medium, especially in nanoparticles-mediated tumor ther
apy [36]. Thus, the time-dependent stability of TCPP-Cu@MnOx nano
catalyst was detected by UV–vis technology and DLS method. These 
relevant testing results showed no significant fluctuations over cultured 
time through including hydrodynamic size and PDI (Fig. 2n), as well as 
UV–vis spectra (Fig. S5c), demonstrating the stability and no shedding of 
TCPP-Cu@MnOx nanocatalyst in water. Thereafter, the resistance to 
instability of TCPP-Cu@MnOx nanocatalyst has been explored in diverse 
media (PBS (pH 7.4) and 10 % fetal calf serum (FBS)). After 7 days of 
cultivation, the changes of these hydrodynamic size were minimal, 
which demonstrated that TCPP-Cu@MnOx nanocatalyst had a 
well-defined distribution and no significant aggregation occurred over 
time (Figs. S5a and S5b), and thus clarifying that its have potential 
biological application value. It is well known that tumor cells form 
unique tumor microenvironments (TME), such as acidic environment 
and high level of GSH, due to special growth and proliferation pathways 
compared to normal tissue [38,39]. Based on this, the degradation be
haviors of TCPP-Cu@MnOx nanocatalyst at diverse pH values, GSH 
concentrations (Fig. S6a), or H2O2 levels (Fig. S7) were estimated. As 
shown in Fig. S6b, the characteristic UV–vis absorption peak at 412 nm 
gradually weakened as the acidity increases from 7.4 to 5.0. Similarly, 
the downward trend of absorption peak at 412 nm accelerated when 
additional reduce substance of GSH was added (Fig. S6c). As a result, the 
intensity of absorption peak (412 nm) of these associated properties 
decreased as GSH and/or acid trigger degradation of the MnOx layer of 
nanocatalyst (Fig. S6d), and these outcomes are consistent with similar 
MnOx derivatives [40,41]. Additionally, TCPP-Cu@MnOx nanocatalyst 
was also effectively degraded when additional hydrogen peroxide was 
introduced (Fig. S7). Subsequently, after 24 h of incubation, in pH 5.0 +
10 mM GSH condition (simulating the tumor microenvironment), the 
brown flocculent precipitates appeared at the bottom of bottle and the 
supernatant was transparent (Fig. S6e), indicating that TCPP-Cu@MnOx 
nanocatalyst completely degraded and fall off insoluble TCPP associated 
substances. Furthermore, the changes of hydrodynamic size of nano
catalyst occurred as 10 mM GSH + pH 5.0 PBS culture time increase 
though DLS tracing (Fig. S8), and its size undergone a time-driven 
process of change from small to large, further elucidating that nano
catalyst had the capability of degradation under acid/GSH. Anyway, 
these results of pH 7.4 medium treated material stability and acid/GSH 
triggered degradation behavior will provide a guarantee for 
TCPP-Cu@MnOx nanocatalyst in blood-circulation, as well as 
TME-responsive degradation pathway lay foundation for subsequent 
enhanced tumor treatment.

3.3. ROS generation, multienzyme activities estimation and GSH 
depletion in vitro

Currently, including insufficient external excitation depth, narrow 
treatment area, etc., these irresistible intrinsic factors have limited 
development of emerging exterior (e.g., ultrasound, light and 
electromagnetism)-stimulated 1O2 generation patterns [42]. Therefore, 
we first discovered that TCPP-Cu@MnOx ((MnII)1(MnIII)2.1(M
nIV)2.6O9.35) nanocatalyst have acid-triggered the generation of 1O2 ca
pacity in mild acid solutions (Fig. 3d). To explore 1O2 situation, the 

SOSG (singlet oxygen sensor green, a ROS probe) was employed to 
detect 1O2 production. As shown in Fig. 3a, TCPP-Cu@MnOx nano
catalyst was treated by SOSG with different pH values (7.4, 6.5, 6.0 and 
5.0) and then detected by fluorescence spectrum. It was proved that the 
fluorescence intensity of SOSG was related to acidity and showed the 
fluorescence enhancement trend with acidity enhancement, indicating 
that acidity activated 1O2 production. Notably, the SOSG fluorescence 
intensity was about 204 times stronger in pH 5.0 than that pH 7.4 cu 
ltivation (Fig. S10a), and extending the culture time to 24 h, the fluo
rescence intensity of SOSG continued to increase, enhancing about 8.5 
times compared to the original fluorescence intensity (Fig. S10b). 
Moreover, by comparing normoxia-treated group, the fluorescence in
tensity of SOSG in hypoxia-cultured group obviously diminished 
(Fig. 3c), indicating that oxygen involved the production of 1O2. The 
electron spin resonance (ESR) detection was also performed to verify
pH-responsive 1O2 generation. Undergoing pH 5.0 with 2,2,6,6-tetrame
thyl-4-piperidone (TEMP, single-line oxygen capture agent) incubation, 
we found that a typical peak signal of 1:1:1 was produced, indicating the 
generation of 1O2, whereas in 7.4 media there was no significant 1O2 
generation in similar experimental operations (Fig. 3b). Theoretically, 
the acid-induced 1O2 generation is mainly due to the abundance of Mn 
(III) in TCPP-Cu@MnOx nanocatalyst, i.e., Mn (III)-driven related cata
lytic activity to generate 1O2 [41,43] by the O2 electron transfer effect 
(Fig. S9), thus providing an opportunity for the induction of lysosomal 
membrane permeability (LMP) in acidic lysosomes.

Given the properties of enzyme-like activation of the MnOx compo
nent, we also evaluated the catalytic properties of TCPP-Cu@MnOx 
nanocatalyst (Fig. 3e). No blue color appeared at the wavelength of 
550–750 nm for free 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB). Conversely, 
the TMB solution containing TCPP-Cu@MnOx nanocatalyst produced a 
strong characteristic absorption peak at 652 nm, with the color con
verted from colorless to blue. As pH value decreasing, the absorption 
peak also increased and showed an pH-dependent growth tendency 
(Fig. 3f), further revealing that the acid promoted TMB oxidation 
(named as oxTMB). Additionally, time- and dose-dependent behaviors of 
oxTMB generation were displayed and each other was a linear correla
tion (Fig. 3g and S12). Amazingly, hypoxia inhibited TMB oxidation 
compared to normal oxygen environment and showed a nonlinear 
reduction (Fig. 3h). In summary, TCPP-Cu@MnOx nanocatalyst had 
oxidase-like activity and was susceptible to oxygen and pH interference. 
Additionally, the oxTMB no appeared in free TCPP-Cu nanosheet and 
TCPP-Cu nanosheet +Mn2+ mix solution (Fig. S11). Theoretically, 
oxidase-like activity occurs mainly because MnOx-coated TCPP-Cu in
duces the conversion of O2 to O2

•- through electron transfer [43]. 
Meanwhile, this result plays an important role in the production of 
acid-activated 1O2, namely, the conversion pathway of O2-O2

•--1O2 to 
provide a powerful guarantee (Fig. S9).

As shown in Fig. 3i, the oxTMB weakened significantly in the extra 
presence of H2O2 (10 mM), meanwhile, they also showed a enhance
ment to acidity. In addition, the process of TMB oxidation was suscep
tible to strong interference with H2O2 concentration factor and showed 
exponential reduction (Fig. 3j and S13). In conclusion, TCPP-Cu@MnOx 
nanocatalyst exhibited poor POD-like enzyme catalytic properties, 
maybe due to H2O2 involvement in the destruction of structure integrity 
and participation in chemical reactions.

It is known that the high-valence metal ions (Mn (III, IV) and Cu (II)) 
are easily converted to reduced status in the presence of reducing agents 
such as GSH [44]. As expected, the high activity of TCPP-Cu@MnOx 
nanocatalyst could significantly be consumed via reducing agent GSH, 
thereby prompting the disintegration of nanocatalyst, and releasing 
low-valence status ions and TCPP-associated products. In view of the 
high expression of H2O2 [33] and GSH [38,39] in tumor cellular, we 
further assessed GSH depletion and H2O2-mediated ROS generation in 
vitro. Due to the presence of high-valence copper and manganese ions, 
the GSH depletion ability of TCPP-Cu@MnOx nanocatalyst was assessed 
using 5,5-dithiobis(2-nitrobenzoic acid) (DTNB, a GSH indicator) 
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measurement (Fig. 3k). After adding DTNB into different doses 
GSH-treated TCPP-Cu@MnOx nanocatalyst, the characteristic absor
bance peak at 412 nm diminished (Fig. 3l), indicating that nanocatalyst 
had significant GSH consumption capacity. Thus, TCPP-Cu@MnOx 
nanocatalyst-mediated consumption reaction of GSH will help to 
enhance cell oxidation damage and amplify ROS-based therapeutic ef
fect. Methylene blue (MB, free radical indicator) solution containing 
H2O2 (10 mM) and different concentrations GSH-treated TCPP-Cu@M
nOx nanocatalyst (1 mg/mL) co-incubated for 20 min in 5 % CO2, 25 mM 
NaHCO3 buffer solution, followed by UV–vis testing. The absorbance 
peak at 665 nm decreased as concentration of GSH increasing (Fig. 3m), 
which displayed a analogous GSH-responsive MB degradation behav
iors, suggesting that GSH regulated Cu/Mn ions release to enhance 
H2O2-mediated the production of •OH with high cytotoxicity (Fig. S14). 
Additionally, GSH-treated TCPP-Cu@MnOx nanocatalyst solution con
taining H2O2 (10 mM) could be produce •OH through ESR detection, 
while in pH 7.4 without GSH solution, there was no characteristic signal 
peak (1:2:2:1 quartet signal) of •OH (Fig. 3n). Therefore, GSH could 
effectively degrade TCPP-Cu@MnOx nanocatalyst and released Mn2+

and Cu + ions, in turn, release ions involved in the Fenton-like reaction 
to produce •OH in the presence of H2O2. In addition, GSH also triggered 
the release of TCPP-associated nano-debris from TCPP-Cu@MnOx 
nanocatalyst. Interestingly, research findings that TCPP-associated 
nano-debris could induce the production of 1O2 in mild H2O2 by the 
Russell reaction through SOSG fluorescence detection (Fig. 3o and p and 
S15) [33,44].

3.4. Biosafety evaluation and fluorescence in vivo

The biosafety and effectiveness of TCPP-Cu@MnOx nanocatalyst as a 
fresh synthetic material cannot be ignored in the biological field. 
Therefore, the hemolysis results displayed that the percentages of he
molysis in all samples was less than 5.6 % after culture at different 
concentrations, even the concentration of nanocatalyst reached 150 μg/ 
mL, indicating a relatively high biosafety of injection administration 
(Fig. 4a).

Subsequently, we also evaluated the release behavior of ions (Mn ion 
and Cu ion) from TCPP-Cu@MnOx nanocatalyst. The accumulate release 
profiles of Cu ion or Mn ion showed time-dependence sustained-release 
properties (Fig. 4b). The Mn ion release rate from TCPP-Cu@MnOx 
nanocatalyst under tumor conditions (pH 5.0 and 10 mM GSH) was up to 
70.3 % within 40 h, while the release rate of was only about 10.1 % in 
neutral environments (pH 7.4). Concurrently, the course of Cu ion 
release from TCPP-Cu@MnOx nanocatalyst also obtained a similar 
release curve of Mn ion, with 40 h of release under pH 5.0 and 10 mM 
GSH conditions of about 60 %, and release of 10 % in neutral conditions. 
In short, the above results indicated that TCPP-Cu@MnOx nanocatalyst 
exhibited H+/GSH trigger nanocatalyst continuously released metal ions 
(Mn and Cu), providing a possibility for ion-mediated highly toxic •OH 
production.

In addition, we chosen healthy BALB/c mice and randomly divided 
them into two groups (n = 6). Subsequently, the classified mice were 
injected with equal volume PBS and TCPP-Cu@MnOx nanocatalyst (100 
μL, 1 mg/mL), respectively, and the weight of mice was tracked (Fig. 4c). 
Analysis of kidney function, blood biochemistry, important tissue organs 
status (heart, liver, spleen, lung, kidney), and fluctuations in body 
weight showed that live toxicity and inflammation were not significant 
throughout the experiment (Fig. 4d, e, 4f and 4g). Subsequently, no 

changes such as necrosis occurred in main organs by hematoxylin and 
eosin (H&E) staining analysis, indicating the good biocompatibility and 
biosecurity (Fig. 4h).

As shown in Fig. S16, the fluorescence intensity of the tumor region 
increased over time after the ICG-labelled TCPP-Cu@MnOx nanocatalyst 
was injected through the caudal vein 4T1 carrying mice, indicating that 
nano-sized nanocatalyst could be effectively enriched in the tumor sites. 
Furthermore, the major organs and tumors in mice were removed after 
24 h. We further found that the fluorescence signal in the tumor site was 
the strongest compared to other organs (heart, lung, liver, spleen and 
kidney), demonstrating that EPR-assisted nanocatalyst accumulated at 
the tumor sites.

3.5. Lysosomal toxicity assessment

The over-expressed lysosomes in tumor cells have become vital 
target for tumor-related treatment, where the acidic properties (pH =
4.5∽5.5) [22,23] will provide an specific attack point for 
nanoparticle-mediated tumor therapy. Usually, the “cargo” is phagocy
tosed and then deliver to lysosomes, so, the escape of lysosome is a key 
stage in cargo-mediated treatment, especially in tumor therapy [21,26]. 
A large number of lysosomes appeared in tumor cells treated with 
TCPP-Cu@MnOx nanocatalyst after 4 h of culture, nearly 2 times more 
than start group (0 h), indicating that TCPP-Cu@MnOx nanocatalyst 
effectively entered into tumor cells by endocytic uptake (Fig. 5c and 
S17b), thereby stimulating the secretion of lysosomes in tumors [45,46]. 
Additionally, these similar results were also obtained for free TCPP 
processing group. Notably, the number ratio of lysosomes intensely 
diminished (2x) compared to 4 h-point as culture time increases, sug
gesting that acid-activated 1O2-based TCPP-Cu@MnOx nanocatalyst 
could effectively destroy lysosomes by liposome peroxidation (LPO) 
(Fig. 5a). Additionally, there was no obvious quantitative change in 
lysosomes of 4T1 cells treated with free TCPP for 8 h compared to 4 h of 
incubation, elucidating that free TCPP could be quickly eliminated via 
exocytosis or diffusion in tumor cells [47] (Fig. 5c–S17b). Interestingly, 
in 4 h of co-culture, 4T1 tumor cells had barely died in all processing 
groups, however, partial cells death occurred in TCPP-Cu@MnOx 
nanocatalyst-treated group (82 %) over time compared to free TCPP 
group (Fig. S17a). Immediately afterwards, the apparent death was 
showed after 12 h of treating with TCPP-Cu@MnOx nanocatalyst with 
different concentrations (10 and 50 μg/mL), while lysosomal fluores
cence intensity also decreased significantly (Fig. S18). These results 
showed that TCPP-Cu@MnOx nanocatalyst could effectively induce 
lysosomal LPO, thus triggering lysosomal-related cell death pathways 
(Fig. 5a).

Subsequently, TCPP-Cu@MnOx nanocatalyst-mediated lysosomal 
LPO was further explored by the use of ratiometric C11-BODIPY581/591 

fluorescence probe (MKBio, China), which fluorescence shifts from red 
(reduction) to green (oxidation) state in the presence of lipid hydrogen 
peroxide (Fig. 5b). As shown in Fig. 5d and f, the untreated 4T1 cells 
showed prominently red fluorescence while TCPP-Cu@MnOx 
nanocatalyst-treated 4T1 cells displayed the proportion of red/green 
fluorescence intensity decreased as concentration increases, showing 
that TCPP-Cu@MnOx nanocatalyst mediated 1O2 production in acidic 
lysosomes.

Moreover, the integrity of lysosomal subcellular organelles in 4T1 
cells were further investigated by using Lysotracker green (Beyotime, 
China) staining experiment (Fig. 5e and g). The green fluorescence was 

Fig. 4. (a) Hemolytic activity of TCPP-Cu@MnOx nanocatalyst, insert: photograph of hemolytic activity of TCPP-Cu@MnOx nanocatalyst. (b) The released per
centage of Mn and Cu over time with different conditions by ICP. (c) Chematic diagram of TCPP-Cu@MnOx nanocatalyst treatment of health BALB/c mice. (d) Body 
weight changes of BALB/c mice after injection of PBS or TCPP-Cu@MnOx nanocatalyst (100 μL). (e) Blood levels of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) as liver function markers. (f) Blood urea nitrogen (BUN) and creatinine (CREA) represent as kidney function markers. (g) Blood routine 
analyses and blood chemical indexes of mice in different treatment groups at the end of the therapeutic evaluation. The complete blood data: hematocrit (HCT), white 
blood cell (WBC), procalcitonin (PCT) and mean corpuscular hemoglobin (MCH). (h). Representative H&E stained major organ tissue sections of groups, scale bar: 
100 μm. Data represent mean ± standard deviation.
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obviously displayed in PBS-treated 4T1 cells group. However, after 
different concentrations TCPP-Cu@MnOx nanocatalyst treated 4T1 
cells, the green fluorescence intensity diminished and showed a dose- 
dependent relationship, indicating that the integrity of lysosomal 
membrane to be destroyed in the presence of acid-induced 1O2. Impor
tantly, 1O2 induced LPO of lysosomal membrane could effectively un
dermine the integrity of lysosomes in tumor cells, thus promoting the 
release of numerous endogenous into the cytoplasm, inducing the 
apoptosis of cancer cells. As expected, after 12 h of co-culture, the high 
level of TCPP-Cu@MnOx nanocatalyst (50 μg/mL)-managed 4T1 tumor 
cells clearly showed cell death and the mortality rate reached 45.7 % 
(Fig. S18). Conversely, 4T1 cells were alive in the presence of low 
concentration of TCPP-Cu@MnOx nanocatalyst (10 μg/mL), and its 
survival rate was 85.8 %, compared to PBS group (survival rate of 97.9 
%). Therefore, the lysosomal fluorescence intensity also displayed a 
concentration-dependent reduction, and has the potential to lysosomes- 
assisted tumor apoptosis by activating the production of ROS by acid.

3.6. Intracellular ROS levels and anticancer effect evaluation in vitro

The cytotoxicity assay of free TCPP and TCPP-Cu@MnOx nano
catalyst were evaluated on three varieties cell lines, namely, IEC-6 cells, 
CT26 cells, and 4T1 cells, using the typical CCK-8 assay. As presented in 
Fig. 6a, TCPP or TCPP-Cu@MnOx nanocatalyst-treated normal IEC-6 
cells showed a negligible cytotoxicity at 24 h. Conversely, TCPP- 
Cu@MnOx nanocatalyst-treated tumor cells (CT26 cells or 4T1 cells) 
showed a dose-dependent decrease in cellular vitality (Fig. 6b and c), 
which indicated the significant cytotoxicity in vitro and tumor-specific 
therapeutic. Moreover, free TCPP displayed non-toxic under the same 
treatment conditions, with a cell survival rate of 80 % even at concen
tration of 50 μg/mL. Suggesting that programmed activation of ROS 
produced of TCPP-Cu@MnOx nanocatalyst will facilitate ROS-induced 
apoptosis of tumor cells.

At present, endocytosis mainly includes clathrin, caveolae/lipid raft 
and non-clathrin caveolin-mediated endocytosis, as well as macro
pinocytosis [48] to capture exogenous nanopharmaceuticals, where 
clathrin mediated cell phagocytosis is common. In this study, the 
clathrin-mediated endocytosis pathway was explored through CLSM 
approach. As shown in Fig. S19, the low fluorescence intensity of 
chlorpromazine (inhibitors of clathrin mediated endocytosis)-treated 
4T1 cells was obtained, compared to the PBS group, showing that 
TCPP-Cu@MnOx nanocatalyst could be ingested by clathrin manner.

Considering that TCPP-Cu@MnOx nanocatalyst relieved the binding 
of intracellular lysosomes through acid-responsive ROS-induced LPO 
effect, resulting in the escaped “cargo” successively reacted in the 
cytoplasm, such as cyclic-consumption GSH by metal ions and H2O2- 
mediated ROS reactions, thereby further enhancing ROS-mediated 
tumor therapy. Therefore, ROS fluorescence probe, 2′,7′-dichloro
fluorescin diacetate (DCFH-DA), was employed to detect the fluctuation 
of ROS level in cells [15,16]. As shown in Fig. 6d, there was negligible 
green fluorescence in PBS-treated group. Moreover, a weak fluorescence 
signal was observed after treating with low TCPP-Cu@MnOx nano
catalyst concentration (10 μg/mL) in 4T1 cells, whereas when the high 
concentration of TCPP-Cu@MnOx nanocatalyst (50 μg/mL) was per
formed in 4T1 cells, and displayed strong green fluorescence signal 
through CLSM imaging, demonstrating that have a potential value in 
tumor therapy by ROS treatment. In addition, TCPP-Cu@MnOx 
nanocatalyst-treated 4T1 cells showed strong fluorescence intensity in 

acidic cell culture media (pH 6.5), compared to neutral condition (pH 
7.4) (Fig. S20), further indicating the significant acid-activated ROS 
generation property.

To further differentiate ROS categories in 4T1 cells, the associated 
radical quenches and TCPP-Cu@MnOx nanocatalyst were co-incubated 
in cell experiments. We selected NaN3, isopropanol and benzoquinone 
to quench 1O2, •OH and O2

•-, respectively [33], and all groups were 
stained with DCFH-DA probe and detected by flow analysis (Fig. S21). 
The study found that TCPP-Cu@MnOx nanocatalyst treatment alone 
showed a higher level of ROS compared to control group, which was 
consistent with the above. Notably, each group of fluorescence signals 
decreased with the addition of quenching agents, in which quenching 
effect was significant by isopropanol, i.e., •OH quenching, expounding 
that •OH-mediated ROS-based tumor therapy was the principal. Addi
tionally, the 1O2 or O2

•- also could be produced by TCPP-Cu@MnOx 
nanocatalyst, however, the yield of both ROS were secondary in 4T1 
cells. Therefore, these results prove that this was consistent with the data 
of the TCPP-Cu@MnOx nanocatalyst mediated ROS generation mecha
nisms, and again demonstrating that TCPP-Cu@MnOx nanocatalyst was 
effective in producing rich ROS.

Furthermore, as the concentration of TCPP-Cu@MnOx nanocatalyst 
increased, intracellular GSH levels showed a decrease in concentration 
correlation (Fig. 6e). The results showed that GSH-driven TCPP- 
Cu@MnOx nanocatalyst decomposed the reaction and released metal 
ions (Mn and Cu), leading to the depletion of GSH content cycle, thereby 
destroying the oxidation balance and enhancing the therapeutic effect.

Intuitively, TCPP-Cu@MnOx nanocatalyst treated 4T1 cells to 
determine live/dead in cells through calcein-AM/propidium iodide (PI) 
staining assay, in which calcein-AM dye stains the living cells green and 
the dead cells appears red by PI dye (Fig. 6f). The concentration- 
dependent death pattern of TCPP-Cu@MnOx nanocatalyst were 
demonstrated, with the highest red fluorescence content at 50 μg/mL 
dose. Subsequently, we also evaluated apoptosis of TCPP-Cu@MnOx 
nanocatalyst with diverse concentrations using the Annexin V-FITC 
apoptosis detection kit. As shown in Fig. 6g, the apoptosis rate of TCPP- 
Cu@MnOx nanocatalyst was dose-dependent, and these outcomes were 
consistent with the in vitro cytotoxicity assays, implying that TCPP- 
Cu@MnOx nanocatalyst could effectively kill tumor cells through 
inducing ROS generation.

3.7. Antitumor study in vivo

The therapeutic effects of TCPP-Cu@MnOx nanocatalyst mediated 
4T1-bearing tumor mice were further assessed on the basis of the above 
evidence (normal cell resistance, tumor cytotoxicity and biosafety). 
After the establishment of the 4T1-bearing tumor models, the classified 
mice (n = 5) were intravenously injected with equal volume of PBS 
(control, 100 μL) and different doses TCPP-Cu@MnOx nanocatalyst (2.5 
mg/kg and 5 mg/kg), and dosage frequency was once every two days, 
with a total of three doses administered throughout the course of 27 days 
treatment (Fig. 7a). All mice were recorded and computed in real time 
including mouse weight and tumor-bearing volume. The tracking 
document showed no obvious weight changes in all mice with 4T1 
tumor after treatment (Fig. 7c), suggesting the significant biosecurity. As 
expected, the volumes of tumor showed time and concentration- 
dependent reduction in TCPP-Cu@MnOx nanocatalyst treatment, 
compared to control group (PBS treatment) (Fig. 7b), indicating that 
TCPP-Cu@MnOx nanocatalyst could effectively inhibit tumor growth by 

Fig. 5. TCPP-Cu@MnOx nanocatalyst-mediated acid lysosomal LPM. (a) Schematic of proposed TCPP-Cu@MnOx nanocatalyst-mediated acid-activated 1O2 
generation-mediated lysosomes damage pathways. (b) General mechanism for 1O2-initiated polyunsaturated lipids containing a 1,4-pentadiene structure to the 
formation of lipid hydroperoxide (LHP), and proposed guidance mechanism of the lipophilic C11-BODIPY581/591 probe of •OH/1O2 triggering for ratiometric 
fluorescence imaging. (c) Analysis of Lysotracker changes in 4T1 cells by flow cytometry. (d) CLSM images of C11-BODIPY581/591-stained 4T1 cells treated with 
various concentrations of TCPP-Cu@MnOx nanocatalyst for 8 h, scale bar: 20 μm. (e) CLSM images of 4T1 cells stained with Lysotracker (lysosome, green) and DAPI 
(nucleus, blue) after incubation with different concentrations of TCPP-Cu@MnOx nanocatalyst (10 and 50 μg/mL) for 8 h. (f, g) The corresponding statistical analysis 
results via fluorescence intensity. Data represent mean ± standard deviation. Statistical analysis was performed by two-way ANOVA, ****P < 0.0001, ***P < 0.001.
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programming the production of ROS. Next, all mice were sacrificed, and 
tumors and important organs (heart, liver, spleen, lung, kidney) were 
collected and analyzed. The photograph of tumor (Fig. 7e) and tumor 
weight (Fig. 7d) displayed the smallest size after high-dose treating (5 
mg/kg), with similar results to tumor growth curves. To in-depth un
derstanding the therapeutic efficacy of TCPP-Cu@MnOx nanocatalyst, 

H&E, TdT-mediated dUTP nickend labeling (TUNEL) and Ki-67 anti
body staining of tumor tissues were conducted. The diversity in cellular 
status in PBS-treated group was insignificant. Comparatively, H&E and 
TUNEL results showed concentration-correlated dead cells in TCPP- 
Cu@MnOx nanocatalyst-managed tumor sections (Fig. 7f–S22). Addi
tionally, Ki-67 antibody staining as an important indicator tumor 

Fig. 6. Assessment of cytotoxicity in vitro. (a) Cell viability of IEC-6 cells (a), 4T1 cells (b) and CT26 cells (c) after incubation with TCPP-Cu@MnOx nanocatalyst and 
free TCPP at elevated concentrations (0, 6.25, 12.5, 20, 25, and 50 μg/mL) for 24 h. (d) Fluorescence imaging of 4T1 cells stained with DCFH-DA, scale bar = 50 μm. 
(e) Testing of intracellular GSH levels. (f) Fluorescence imaging of 4T1 cells by live-dead cell staining assay (PI (red fluorescence) and calcein-AM (green fluores
cence)) after different treatments. (g) Flow-cytometry apoptosis assay of 4T1 cells after incubation with different doses of TCPP-Cu@MnOx nanocatalyst followed by 
staining with Annexin-FITC and PI. Data represent mean ± standard deviation. Statistical analysis was performed by two-way ANOVA, ***P < 0.0001, **P < 0.01, 
*P < 0.05.
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Fig. 7. Evaluation of antitumor efficacy of TCPP-Cu@MnOx nanocatalyst in vivo. (a) Schematics illustration on TCPP-Cu@MnOx nanocatalyst for the treatment of 
4T1 tumor mice. (b) Tumor growth curves of all treated groups. (c) Body weight of mice throughout the therapeutic processes. (d) Weights of collected tumors at day 
27. (e) Images of tumor obtained from 4T1-bearing BALB/c mice after 27 days of treatment. (f) H&E staining images of tumors, scale bar: 100 μm. (g) TUNEL and Ki- 
67 staining in tumor region of each group after treatment with TCPP-Cu@MnOx nanocatalys. (h) Representative H&E stained major organ tissue sections of groups, 
scale bar: 100 μm. Data represent mean ± standard deviation. Statistical analysis was performed by two-way ANOVA, ***P < 0.001, **P < 0.01, *P < 0.05, ns: 
no significant.
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proliferative status were detected, and their results were in accordance 
with H&E and TUNEL results, further confirming that programmed 
activation of ROS of TCPP-Cu@MnOx nanocatalyst could effectively 
drive coordinated amplification therapy in tumor.

Furthermore, after varied treatments, biosafety and organ damage of 
4T1-bearing tumor mice were investigated by blood/renal routine as 
well as H&E staining of major organs (heart, liver, spleen, lung, and 
kidney). No obvious pathological changes in tissues were observed by 
H&E staining (Fig. 7e), and the parameters of blood/renal routine were 
normal and no inflammation occurred, indicating the relatively high 
therapeutic biosafety (Fig. S23).

4. Conclusions

Limited efficiency of ROS production (insufficient supply of H2O2 
and low catalytic capacity, etc.) and the effect of lysosomal retention in 
tumor cells will heavily hinder the treatment of tumor. Therefore, 
intelligent TCPP-Cu@MnOx nanocatalyst ((MnII)1(MnIII)2.1(M
nIV)2.6O9.35) was constructed in this work, for enhanced ROS-based 
therapy against tumors, which displayed significant stability, TME- 
responsive degradation behaviors, as well as catalytic functions. More 
important, the acidity-unlocked bioreactor TCPP-Cu@MnOx nano
catalyst exhibited an in situ unsolicited triggering of abundant 1O2 
generation to mediate lysosomal damage by 1O2 inducing LMP, mean
while, disrupted the integrity of lysosomes, causing nanocatalyst to 
escape and kill tumor cells. Subsequently, TCPP-Cu@MnOx nanocatalyst 
was effectively captured by reducing substance of GSH, causing its 
degradation and apparent consumption of endogenous GSH in cyto
plasm. Additionally, based on Fenton-like reaction and TCPP-mediated 
peroxide derivatives reaction, abundant ROS (•OH and 1O2) with high 
cytotoxicity were obtained by endogenous H2O2-medaited the release of 
Mn/Cu ions, then, further effectively inducing tumor cells death. Thus, 
the strategy of programmed ROS enhancement-mediated tumor ablation 
has been proposed, which will provide a new window for ROS-based 
tumor therapy.
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