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Abstract 

Chemodynamic therapy of cancer is limited by insufficient endogenous  H2O2 generation and acidity in the tumor 
microenvironment (TME). Herein, we developed a biodegradable theranostic platform (pLMOFePt-TGO) involving 
composite of dendritic organosilica and FePt alloy, loaded with tamoxifen (TAM) and glucose oxidase (GOx), and 
encapsulated by platelet-derived growth factor-B (PDGFB)-labeled liposomes, that effectively uses the synergy among 
chemotherapy, enhanced chemodynamic therapy (CDT), and anti-angiogenesis. The increased concentration of 
glutathione (GSH) present in the cancer cells induces the disintegration of pLMOFePt-TGO, releasing FePt, GOx, and 
TAM. The synergistic action of GOx and TAM significantly enhanced the acidity and  H2O2 level in the TME by aero-
biotic glucose consumption and hypoxic glycolysis pathways, respectively. The combined effect of GSH depletion, 
acidity enhancement, and  H2O2 supplementation dramatically promotes the Fenton-catalytic behavior of FePt alloys, 
which, in combination with tumor starvation caused by GOx and TAM-mediated chemotherapy, significantly increases 
the anticancer efficacy of this treatment. In addition,  T2-shortening caused by FePt alloys released in TME significantly 
enhances contrast in the MRI signal of tumor, enabling a more accurate diagnosis. Results of in vitro and in vivo 
experiments suggest that pLMOFePt-TGO can effectively suppress tumor growth and angiogenesis, thus providing an 
exciting potential strategy for developing satisfactory tumor theranostics.

Keywords Biodegradable nanoplatform, Tumor microenvironment, Increased acidity, Starvation therapy, Enhanced 
chemodynamic therapy

*Correspondence:
Yu Sun
sunyu@sibs.ac.cn
Li Zhang
lzhang@ahmu.edu.cn
Guilong Zhang
glzhang@bzmc.edu.cn
1 School of Pharmacy, Shandong Technology Innovation Center 
of Molecular Targeting and Intelligent Diagnosis and Treatment, Binzhou 
Medical University, Yantai 264003, People’s Republic of China
2 Institute of Aging Medicine, Binzhou Medical University, Yantai 264003, 
Shandong, China

3 Department of Urology, the First Affiliated Hospital of Anhui Medical 
University, Institute of Urology, Anhui Medical University and Anhui 
Province Key Laboratory of Genitourinary Diseases, Anhui Medical 
University, Hefei 230022, Anhui, People’s Republic of China
4 Key Laboratory of Tissue Microenvironment and Tumor, Shanghai 
Institute of Nutrition and Health, Chinese Academy of Sciences, University 
of Chinese Academy of Sciences, Shanghai 200031, China
5 Department of Medicine and VAPSHCS, University of Washington, 
Seattle, WA 98195, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-023-01814-5&domain=pdf


Page 2 of 16Zhang et al. Journal of Nanobiotechnology           (2023) 21:59 

Introduction
Malignant tumors are associated with unique microen-
vironments that feature weak acidity [1], overproduction 
of hydrogen peroxide  (H2O2) [2], low catalase activity, 
and hypoxia [3]. Although these conditions are favora-
ble for tumor growth and metastasis, they also present 
opportunities to target and treat these tumors. The atypi-
cal proliferation and metabolism of tumor cells result 
in the production of reactive oxygen species (ROS) [4]. 
Although limited ROS generation can facilitate tumor 
growth, high ROS concentrations can damage and kill 
the tumor cells [5].  H2O2 is one of the most important 
subtypes of ROS in cancer cells. It can also produce other 
kinds of ROS, such as the highly toxic hydroxyl radicals 
(·OH) via Fenton-type reactions [6]. The kinetics of these 
processes strongly depend on the existence of catalytic 
activity as well as on the local conditions such as pH and 
 H2O2 concentration [7]. Previous reports show that the 
 H2O2 concentration in tumor cells can reach 100  μM, 
which is four orders of magnitude higher than that in 
normal cells, around 10 nM [8]. This overproduction of 
 H2O2 could be exploited to cause a localized increase 
in the concentration of ·OH radicals using Fenton cata-
lysts, and form the basis of OH-mediated chemodynamic 
therapy (CDT) to selectively target and kill tumor cells 
while avoiding any significant damage to healthy, benign 
tissues [9]. However, the endogenous  H2O2 overproduc-
tion and the relatively weakly acidic conditions present in 
the TME cannot generate sufficient ·OH to be effective 
as anti-tumor CDT [10]. Therefore, the development of 
high-performance Fenton catalysts and a way to increase 
the endogenous local  H2O2 concentration and the acid-
ity in the TME is critical for this strategy to be effective 
against tumors.

Ultrasmall iron oxide (USIO), a classical Fenton cata-
lyst, has some inherent limitations such as low cata-
lytic activity and the need for highly acidic conditions 
(with pH in the range of 2–4), making it unsuitable for 
achieving effective anti-tumor CDT [11]. Recent publi-
cations have reported that ultrasmall zero-valent nanoi-
ron (ZVNI) shows higher Fenton catalytic activity than 
USIO in TME [12, 13]. However, ZVNI is easily oxidized 
at room temperature, which largely limits its ability to 
be used in CDT treatments. We believe that developing 
a stable ZVNI-based catalyst could be a very promis-
ing route to developing effective CDT treatments. FePt 
alloy as a stable zero-iron donor might be a great prom-
ising Fenton catalyst. Glucose oxidase (GOx) is a natu-
ral enzyme that catalyzes the conversion of glucose into 
gluconic acid and  H2O2 in the presence of oxygen [14]. It 
is not only an  H2O2 donor but also an acidity enhancer. 
Hence, one could logically deduce that the combination 
of Fenton catalysts and GOx could have significantly 

higher efficacy and anticancer activity as compared to 
Fenton catalysts alone. However, the hypoxic nature 
of the TME could likely limit the catalytic activity of 
GOx, resulting in less effective anti-cancer efficacy [15]. 
Recent research has shown that the drug tamoxifen 
(TAM), which is widely used in chemotherapy of estro-
gen receptor-positive (ER +) breast cancer, also activates 
the AMPK signal pathway and then lead to cellular non-
oxygen-dependent glycolysis and lactate accumulation, 
which ultimately increases the cellular acidity [16, 17]. 
Therefore, we hypothesize that the co-delivery of TAM 
and GOx could alleviate the effect of hypoxia and insuf-
ficient acidity and boost the catalytic activity of Fe-based 
Fenton catalysts, improving their CDT performance. 
However, since uncontrolled delivery of GOx and TAM 
will damage normal tissues, the CDT system must have 
high specificity.

We designed a biodegradable theranostic platform 
(pLMOFePt-TGO) that consists of TAM and GOx-loaded 
composite nanoparticles consisting of mesoporous orga-
nosilica (MON) and FePt alloy, encapsulated by platelet-
derived growth factor-B (PDGFB)-labeled liposomes. 
As shown in, Scheme  1A, pLMOFePt-TGO was fab-
ricated via the following steps: (1) disulfide-bridged 
mesoporous organosilica was decorated with FePt 
alloys to form MOFePt alloys; (2) TAM molecules were 
loaded in MOFePt alloys via physical absorption to form 
MOFePt-TAM; (3) MOFePt-TAM was encapsulated in 
PGDFB-labeled liposomes loaded with GOx to form the 
pLMOFePt-TGO nanoplatform. This nanoplatform is 
sensitive to cellular overproduction of glutathione (GSH), 
causing it to degrade, releasing FePt alloys, GOx, and 
TAM. The resulting GOx-mediated glucose consump-
tion not only contributes to tumor starvation but also 
increases the cellular  H2O2 levels and acidity. In addition, 
TAM contributes to chemotherapy and increases cel-
lular acidity by triggering hypoxic glycolysis that results 
in increased lactate accumulation. The significantly 
increased acidity and  H2O2 levels in the vicinity of the 
tumor, in turn, boost the Fenton catalytic activity of the 
FePt alloys, generating more hydroxyl radicals (·OH), 
thus enhancing anti-cancer CDT efficacy. In addition, the 
 T2 shortening capability of ultrasmall FePt alloys facili-
tates better contrast in the  T2-weighted MRI images of 
the tumor.

Results and discussion
Synthesis and characterization of pLMOFePt‑TGO
Ultrasmall FePt alloys were synthesized by a modified 
thermal decomposition method. Transmission  elec-
tron  microscope (TEM) images showed that the FePt 
alloys were 2–4 nm in size and had a narrow size distri-
bution (Fig. 1A). High-resolution TEM (HRTEM) images 
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showed clear lattice fringes with an interplanar spacing 
of 0.139 nm, corresponding to the (220) plane of the FePt 
alloy (Fig.  1B, C). Elemental mapping analysis further 
confirmed the presence of Fe and Pt, and the absence of O 
(Fig. 1D–G). These results confirmed that nanoparticles 
were composed of the FePt alloy. Subsequently, the FePt 
alloys were decorated into disulfide-bridged mesoporous 
organosilica to obtain MOFePt. It can be seen in Fig. 1H 
that the MOFePt alloys had a narrow size distribution 
centered around 150  nm. The structure of the MOFePt 
alloys was that of a dendritic sphere, with abundant pore 
channels. HRTEM images further revealed that the pore 
channels were decorated with large numbers of FePt 
alloys, implying the successful preparation of MOFePt 
alloys (Fig.  1I). Hydrodynamic size characterization 
revealed that while the FePt alloy had a narrow size dis-
tribution of approximately 2 nm, the MOFePt alloys were 
much larger, approximately 100 nm (Additional file 1: Fig. 
S1A), consistent with TEM observations.

Subsequently, the crystal structure of particles was 
characterized via X-ray diffraction (XRD). The XRD pat-
tern (Fig.  1K) shows peaks at 23.37°, 40.31°, and 46.92°, 
corresponding to the (101), (111), and (200) planes, 
respectively, of the FePt alloys (PDF#29-0717). The 
XRD patterns of MOFePt alloys also show significant 

diffraction peaks at 23.37°, 40.31°, and 46.92°, consistent 
with the FePt alloy. However, the intensity of these peaks 
in MOFePt was significantly lower than that of the pure 
FePt alloy. This could be attributed to the shielding effect 
of MONs. This result further proved that the FePt alloys 
were successfully integrated into MON. Field-depend-
ent magnetization (M-H) curves show that the satu-
rated magnetization of MOFePt was 5.28  emu/g, while 
that of FePt alloys was only 41.72  emu/g (Fig.  1L). This 
was because the aggregation of FePt alloys in of MON 
increased the magnetization of MOFePt. Notably, the 
FePt and the MOFePt alloys showed the typical super-
paramagnetic behavior without magnetic hysteresis, 
which can be expected to enhance proton exchange and 
improve contrast during MRI. All these results confirmed 
that MOFePt was synthesized successfully as intended, 
with appropriate structure and morphology.

N2 adsorption-desorption isotherms indicated that 
the MOFePt alloys had a distinct mesoporous structure 
and a high specific surface area (272.95  m2/g). These 
nanoparticles have pore sizes primarily in the range 
of 2–10  nm and an average pore size of approximately 
5.3 nm (Fig. 1M). These characteristics make the MOFePt 
alloys well-suited to function as drug carriers. TAM 
and GOx-loaded MOFePt alloys were encapsulated by 

Scheme 1 Schematic illustration of pLMOFePt-TGO preparation and its action mechanism of PDGFB-mediated tumor-targeted biodegradable 
nanoplatform to induce multipath cell death
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PDGFB-labeled liposomes to fabricate the pLMOFePt-
TGO theranostic agent. The hydrodynamic size of 
pLMOFePt-TGO increased from 150  nm as measured 
for MOFePt by themselves to approximately 220  nm 
after encapsulation (Additional file 1: Fig. S1A). Moreo-
ver, after the nanoparticle dispersions in various media 

were left undisturbed for 24 h, no significant change was 
observed in the hydrodynamic size of pLMOFePt-TGO 
nanoparticles, indicating excellent colloidal stability 
(Additional file 1: Figs. S1B, S2). The TEM image (Fig. 1J) 
shows the presence of a distinct membrane on the sur-
face of the pLMOFePt-TGO. The full XPS spectrum of 

Fig. 1 A–C TEM images of FePt alloys at different magnifications. D–G Elemental mapping images of FePt alloys. H–I TEM images of MOFePt at 
different magnifications. J TEM images of pLMOFePt-TGO. K XRD spectra and L, M–H curves of FePt alloy and MOFePt. M  N2 adsorption/desorption 
isotherms of MOFePt
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pLMOFePt-TGO presented in Additional file  1: Fig. S3 
indicates the presence of the elements Fe, Pt, P, S, Si, C, 
and O. The high-resolution XPS spectra of pLMOFePt-
TGO show Fe 2p peaks at 706.7  eV, and Pt 4f peaks at 
74.1  eV and 70.4  eV, indicating the presence of zero-
valent Fe and Pt. While, Fe(II) and Fe(III) peaks were 
also observed at 710.1 eV and 713.3 eV respectively, they 
could be attributed to some surface oxidation of the FePt 
alloys. In addition, S2p peaks can be seen at 163.4  eV, 
corresponding to the binding energy of the S–S bonded 
silicone. These results proved that pLMOFePt-TGO was 
successfully fabricated. In addition, the ζ potential of 
pLMOFePt-TGO was seen to be lower than that of MON 
and MOFePt, further verifying its successful fabrication 
(Additional file  1: Fig. S4). Fourier transform infrared 
spectroscopy (FT-IR) characterization of pLMOFePt-
TGO showed absorption bands at 1400–1600   cm−1, 
3500   cm−1 (benzene ring, R-NH2, TAM), and 2850–
2930   cm−1 (–CH2, PEG-PDGFB) (Additional file  1: Fig. 
S5A). Furthermore, TGA results revealed that the loading 
rate of TAM in MOFePt-T was ~ 5.07% w/w (Additional 
file  1: Fig. S5B). Subsequently, based on UV standard 
curve of GOx and ICP analysis, the loading rate of GOx 
and FePt in pLMOFePt-TGO were 8.94% and 2.68%, 
respectively (Additional file 1: Fig. S5C, D).

Cellular uptake and biodistribution of nanoplatforms
The platelet-derived growth factor receptor (PDGFR) 
pathway is an important signaling network for the normal 
development of mesenchymal cells [18]. Overexpression 
of the PDGF-β receptor is one of the common features of 
various tumors that include breast cancer, cervical can-
cer, endometrial cancer, gastric cancer, and ovarian can-
cer [19–21]. Our previous work has shown that PDGFB 
ligands can be applied very effectively to target breast 
cancer-affected tissues [22]. Herein, we observed the 
internalization of pLMOFePt to assess its targeting abil-
ity via confocal laser microscopy (CLSM) and inductively 
coupled plasma-mass spectrometry (ICP-MS). LMOFePt 
and pLMOFePt were labeled with FITC to indicate the 
location of the nanoparticles within the tumor cells. As 
shown in Fig. 2A, the green fluorescence intensity from 
MCF-7 cells incubated with pLMOFePt was significantly 
stronger than those incubated with LMOFePt, indicat-
ing that PDGFB has an excellent ability to preferentially 
target MCF-7 cells. Remarkably, the green fluorescence 
of MCF-7 cells treated with pLMOFePt decreased sig-
nificantly and was almost negligible in the presence of 
amiloride (an inhibitor of macropinocytosis), or at a low 
temperature (4  °C), suggesting that the internalization 
process of pLMOFePt was energy-mediated macropino-
cytosis. To further verify our findings, we used ICP-MS 
to quantitatively determine the FePt content in MCF-7 

cells cultured with LMOFePt or pLMOFePt. The FePt 
content in pLMOFePt-treated MCF-7 cells was almost 
threefold that in LMOFePt-treated cells, further cor-
roborating the excellent tumor selectivity of pLMOFePt. 
Moreover, cellular FePt content was observed to have 
reduced remarkably after co-incubation with amiloride 
or at a low temperature (Fig. 2D), which was consistent 
with CLSM observations. In addition, the fluorescence 
signal intensity of pLMOFePt-treated MCF-7 cells grad-
ually increased with an increase in incubation time or 
dosage, revealing the cellular uptake of pLMOFePt was 
time- and dosage-dependent (Fig.  2B, C). Similarly, the 
change of nanoparticles quantitative result as determined 
by ICP-MS was consistent with CLSM observations 
(Fig.  2E). In addition, the internalization of pLMOFePt 
was also investigated in MCF-7 cells through bio-TEM 
observation (Additional file  1: Fig. S6C, D). Abundant 
pLMOFePt particles were observed in MCF-7 cells and 
part of pLMOFePt particles were significant degraded. 
Taken together, these findings support that PDGFB could 
increase the likelihood and the rate of MCF-7 cells taking 
in pLMOFePt by endocytosis.

We further explored the biodistribution and tumor-
targeted accumulation of pLMOFePt in  vivo. A 4T1 
tumor-bearing mouse model was constructed by direct 
subcutaneous injection of 4T1 cells. After about a 
week, 4T1 tumor-bearing mice were monitored by 
an animal imaging system after intravenous injection 
(I.V.) of LMOFePt-Cy7 and pLMOFePt-Cy7. The fluo-
rescence intensity of the tumor in mice injected with 
pLMOFePt-Cy7 gradually increased with time from 4 
to 24  h, and then gradually decreased. It can be seen 
in Fig.  2F, that the tumor signal in mice treated with 
pLMOFePt-Cy7 reached the maximum after 8  h and 
was significantly stronger than that in mice treated 
with LMOFePt-Cy7. Figure 2G visually shows this phe-
nomenon. These mice were subsequently euthanized, 
and the major organs and tumors were excised and 
observed using an animal imaging system. As shown in 
Fig. 2H, the fluorescence intensity of the tumor in mice 
treated with pLMOFePt-Cy7 was more than 3.6-fold 
that in mice treated with LMOFePt-Cy7, thus corrob-
orating PDGFB-mediated tumor-targeting capability 
in  vivo. The biodistribution study indicated that both 
LMOFePt-Cy7 and pLMOFePt-Cy7 primarily accumu-
lated in the liver and the spleen. Additional file 1: Fig. 
S7A shows that pLMOFePt-Cy7 had a longer blood 
retention time compared to FePt alloys by themselves. 
This result demonstrated that our strategy for prolong-
ing the blood circulation time of FePt alloys was suc-
cessful, which would allow more time for the drug to 
accumulate in the tumor, thereby enhancing the anti-
tumor activity of this nanoplatform.
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TME‑dependent degradation and Fenton catalysis 
characteristics of MOFePt
MOFePt alloys were exposed to phosphate buffer solu-
tions with different pH values to simulate normal phys-
iological conditions and TME. As shown in the TEM 
images, the structure of MOFePt degraded significantly 
in low pH conditions (Fig. 3A–D). Numerous free FePt 
alloys were observed around collapsed fragments after 
exposure to a pH of 4.5. In addition, we also investi-
gated the biodegradability of MOFePt in response to 

GSH because of the possibility of the disulfide bonds in 
the MONs framework being cleaved by reduced GSH. 
As expected, the degradation of the MOFePt framework 
was seen to increase in severity with increasing GSH 
concentration (Fig.  3E–H). Along with the degrada-
tion, FePt alloys were gradually released from MOFePt 
and the release behavior shows pH-dependent relation 
(Additional file 1: Fig. S6B). The above results show that 
the degradation of MOFePt was indeed dependent on 
both the pH as well as the GSH concentration. This 

Fig. 2 CLSM observation for internalization process: (A) treated with LMOFePt, pLMOFePt, pLMOFePt + amiloride, and pLMOFePt + 4℃ at the 
dosage of 40 μg/mL; (B) treated with pLMOFePt for different time at the dosage of 40 μg/mL; (C) treated with different concentrations of pLMOFePt 
for 4 h. ICP-MS quantitative analysis for internalization process: (D) treated with LMOFePt, pLMOFePt, pLMOFePt + amiloride, and pLMOFePt + 4℃ 
at the dosage of 40 μg/mL; (E) treated with different concentrations of pLMOFePt and pLMOFePt for different time at the dosage of 40 μg/mL (n=3, 
mean±SEM, *Means p < 0.05, **Means p < 0.01, ***Means p < 0.001). (F) Fluorescent intensity and (G) Fluorescent images of 4T1 tumor-bearing 
mice after injection of Cy7-labeled LMOFePt or Cy7-labeled pLMOFePt at the dosage of 10 mg/kg. (H) Fluorescent intensity of major organs and 
tumors in 4T1 tumor-bearing mice after injection Cy7-labeled LMOFePt or pLMOFePt at the dosage of 10 mg/kg for 48 h
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supports our proposed strategy to achieve tumor-spe-
cific theranostics using the pLMOFePt-TGO nanoplat-
form that gets selectively activated in TMEs.

Ferrous ions can catalyze the transformation of hydro-
gen peroxide  (H2O2) into highly toxic hydroxyl radi-
cals (·OH) via Fenton catalysis [23]. We next explored 
whether the FePt alloys released from MOFePt could cat-
alyze the Fenton reaction. The degradation of methylene 
blue (MB) was used to assess the degree of ·OH produc-
tion. First, we investigated the Fenton-catalytic activity 
of FePt alloy. As shown in Fig. 3I, J, MB solutions treated 

with FePt alloys degraded quickly and showed concen-
tration and time-dependent variation. As compared to 
traditional ultrasmall iron oxide (USIO) and iron oxide 
nanoparticles (ION), FePt alloy showed a stronger ability 
to degrade MB, indicating that the FePt alloys generated 
more hydroxyl radicals, and thus were superior Fenton 
catalysts (Fig. 3K). The ability of MOFePt to catalyze Fen-
ton reactions and produce ·OH was also detected via a 
3, 3′, 5, 5′-tetramethylbenzidine (TMB) color assay. As 
shown in Fig. 3L, the UV absorbance of the  H2O2 solu-
tion treated with MOFePt and 10 mM of GSH at 650 nm 

Fig. 3 TEM images of MOFePt degradation at various (A‑D) pH values and (E‑H) GSH concentrations for 12 h. Degradation curves of MB 
solution treated with FePt alloy and H2O2 (10 mM): (I) different concentrations of FePt alloys; (J) different pH buffers (FePt: 5 μg/mL); (K) different 
samples (FePt: 10 μg/mL). (L) TMB color assay of MOFePt at absence and presence of GSH (5 mM). (M) H2O2 production of glucose solution after 
pLMOFePt-TGO (20 μg/mL) treatment. (N) TMB color assay of glucose solution treated with pLMOFePt-TGO (20 μg/mL) (mean±SEM, *Means p < 
0.05, **Means p < 0.01, ***Means p < 0.001.
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was significantly higher than that without the addition of 
GSH. This indicated that the rate of MOFePt catalyzed 
Fenton reaction is enhanced in the presence of GSH and 
produced more ·OH as a result. The ability of PLMOFePt-
TGO to catalyze the transformation of glucose into glu-
conic acid and  H2O2 was also assessed using an  H2O2 
assay kit and pH analyzer (Fig. 3M and Additional file 1: 
Fig. S6A). It could be seen that the addition of glu-
cose solution generated significant amounts of  H2O2, 
and the acidity of the solution increased gradually after 
pLMOFePt-TGO treatment. Moreover, the increase in 
 H2O2 production and acidity were glucose concentration 
dependent. In addition, the TMB color assay indicated 
the UV absorbance at the wavelength of 650 nm gradu-
ally increased with the increase of glucose concentrations 
in the presence of pLMOFePt-TGO, indicating the ability 
of pLMOFePt-TGO to produce  H2O2 and further induce 
ROS production (Fig.  3N). These results demonstrated 
that pLMOFePt-TGO has immense potential to improve 
the efficacy of CDT by self-supplying  H2O2 and enhanc-
ing acidity.

Mechanism of enhanced ROS production in vitro
A previous study reported that TAM can inhibit the 
mitochondrial complex I [24], leading to an increase in 
the ratio of adenosine monophosphate (AMP) to adeno-
sine triphosphate (ATP), thereby triggering the AMP-
activated protein kinase (AMPK) signaling pathway [25], 
which is the major regulator of cellular energy homeo-
stasis (Fig. 4A). AMPK can promote glycolysis, resulting 
in cellular lactate accumulation [16]. To verify the glyco-
lysis process, the expressions of AMPK and p-AMPK in 
MCF-7 cells and 4T1 cells were analyzed by western blot-
ting after TAM and pLMOFePt-TG treatment. It could be 
seen that the expression of p-AMPK in 4T1 and MCF-7 
cells increased significantly in TAM and pLMOFePt-T 
treated groups (Fig.  4B, C). pLMOFePt-T was observed 
to have a stronger ability to induce p-AMPK expression 
than free TAM. These findings provided solid evidence 
in support of the hypothesis that pLMOFePt-T can lead 
to impaired mitochondrial oxidative phosphorylation. 
Intracellular lactate accumulation was measured using a 
lactate detection kit. As expected, the lactate content of 
the pLMOFePt-TGO treated cells was significantly higher 
than those treated with FePt alloys just by themselves as 
well as those treated with just PBS, particularly in hyper-
metabolic 4T1 tumor cells (Fig.  4D, E). The acidity of 
MCF-7 cells treated with different samples using a pH flu-
orescent probe 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-car-
boxyfluorescein, an acetoxy-methyl ester (BCECF-AM) 
whose green fluorescence weakens in acidic conditions. 
The green fluorescence intensity of MCF-7 cells treated 
with FePt alloy by themselves as well as that of cells 

treated with LMOFePt was seen to be similar to that of 
the MCF-7 cells from the control group. However, the 
fluorescence intensity of the cells treated with LMOFePt-
T and pLMOFePt-T was significantly weaker than the 
control group, with pLMOFePt-T treated cells show-
ing this effect to a greater degree than the cells treated 
with LMOFePt-T without PDGFB labeling. These results 
proved that pLMOFePt-T could effectively enhance cel-
lular acidity via the glycolysis process. In addition, the 
acidity of MCF-7 cells treated with pLMOFePt-TGO was 
higher than those treated with pLMOFePt-T, which could 
be attributed to the synergistic actions of GOx and TAM 
for enhancing cellular acidity (Fig. 4G). Subsequently, the 
cellular pH values were quantitatively analyzed via lin-
ear fitting of fluorescence intensity (Additional file 1: Fig. 
S7B, C). After treatment with pLMOFePt-TGO, the pH 
values of the cytoplasm in MCF-7 cells were around 4.0, 
which was significantly lower than that in the untreated 
cancer cells. While the limited  H2O2 content in tumor 
regions can restrict the efficacy of the Fenton reactions 
[26, 27], GOx can convert intracellular glucose to pro-
duce gluconic acid and  H2O2, thus increasing the acidity 
locally [28]. This led us to hypothesize that  the upregu-
lation of lactate and gluconic acid and the supplementa-
tion of  H2O2 in cells would dramatically increase CDT 
efficacy. We first investigated intracellular  H2O2 levels 
after different sample treatments. As compared to the 
cells in other groups, the  H2O2 content of MCF-7 cells 
treated with pLMOFePt-TGO was significantly higher, 
indicating that pLMOFePt-TGO effectively elevated 
endogenous  H2O2 concentration in cancer cells (Fig. 4F). 
Therefore, we concluded that pLMOFePt-TGO supplied 
abundant endogenous  H2O2 as well as enhanced cel-
lular acidity by the synergistic action of TAM-mediated 
non-oxygen glycolysis and the oxidation of glucose by 
GOx, significantly enhancing the Fenton catalytic activ-
ity and increasing the anti-cancer efficacy of CDT. It is 
well known that GSH is an antioxidant that reduces the 
ROS concentration and weakens the anti-cancer effi-
cacy of CDT. Our results show that pLMOFePt-TGO 
could effectively tackle this challenge by consuming GSH 
because of the presence of disulfide bonds. We inves-
tigated cellular GSH levels after different sample treat-
ments. As shown in Fig. 4H, while LMOFePt significantly 
decreased cellular GSH, pLMOFePt-TGO showed the 
strongest ability to reduce cellular GSH (Fig.  4I). Sub-
sequently, we further investigated ROS generation in 
MCF-7 cancer cells using a 2′,7′-dichlorodihydrofluores-
cein diacetate (DCFH-DA) probe. As shown in Fig.  4J, 
the green fluorescence of MCF-7 cells treated with FePt 
or LMOFePt alone increased slightly, while cells treated 
with LMOFePt-T and pLMOFePt-T showed a significant 
increase in the intensity of green fluorescence. Notably, 
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Fig. 4 A Schematic diagram of mechanism of intracellular acidity enhancement. Determination of intracellular p-AMPK protein levels in B 
MCF-7 cells and C 4T1 cells by western blotting assay. Intracellular lactate content of D MCF-7 and E 4T1 cells incubated with PBS, FePt alloys, 
and LMOFePt-T at 5 μg/mL (equivalent Fe) for 12 h. F  H2O2 content of MCF-7 cells treated with different samples at the concentration of 5 μg/mL 
(equivalent Fe) for 12 h. G CLSM observation for the acidity of MCF-7 cells stained by BCECF-AM after different samples at the concentration of 
5 μg/mL (equivalent Fe) for 12 h. H GSH level of MCF-7 cells incubated with different concentrations of pLMOFePt-TGO. I GSH level of MCF-7 cells 
incubated with LMOFePt-TGO and pLMOFePt-TGO at the concentration of 20 μg/mL for 24 h. ROS production of MCF-7 cells stained by DCFH-DA 
after treatment with different samples for 4 h: J CLSM observation; K representative flow cytometric analysis. For D, E and I, data are means ± SD, 
n = 3, *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001
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the pLMOFePt-TGO-treated cells showed the strong-
est green fluorescence, indicating a dramatic increase in 
cellular ROS production. Meanwhile, these results were 
also further confirmed by flow cytometry (Fig. 4K). These 
results demonstrated that pLMOFePt-TGO enhanced 
endogenous  H2O2 levels and intracellular acidity in 
tumor cells, as well as consumed intracellular GSH, and 
as a result, significantly amplified the Fenton reaction, 
producing abundant ROS.

In vitro antitumor mechanism study
The viability of cells was investigated by MTT assay. 
As compared to FePt alone, MOFePt did not cause a 
decrease in cell viability, showing lower cytotoxicity to 
the THLE-3 cells. This result shows that the MOFePt 
nanocarriers have excellent biocompatibility (Fig.  5A). 
In addition, the anti-cancer efficacy of pMOFePt-TGO 
against MCF-7 and 4T1 cells was assessed at differ-
ent dosages. As shown in Fig. 5B, C, all samples showed 
a concentration-dependent variation in cell viability. 
Although TAM showed a certain degree of inhibition on 
MC-7 cells, it did not show any toxicity toward 4T1 cells. 
This was because TAM only selectively targeted estro-
gen receptor-positive  (ER+) cells. Notably, while both 
LMOFePt-T and pLMOFePt-T exhibited a greater degree 
of inhibition on the viability of MCF-7 and 4T1 cells as 
compared to TAM, the cytotoxicity of pLMOFePt-T 
was stronger than that of LMOFePt-T without PDGFB 
labeling. These results demonstrated that the anti-can-
cer activity pLMOFePt-T was independent of the pres-
ence or absence of estrogen receptors and was strongly 
associated with glycolysis-enhanced CDT. As expected, 
pLMOFePt-TGO treatment exhibited the strongest anti-
cancer inhibitory effect as compared to the other groups, 
indicating that the GOx-mediated starvation therapy 
further enhanced the efficacy of the ant-cancer CDT 
using pLMOFePt-TGO. In order to confirm the presence 
of ferroptosis, we explored the viability of MCF-7 cells 
treated with pLMOFePt-TGO at the absence and pres-
ence of iron ion chelate (DFOM) or ferroptotic inhibitor 
(Fer-1). As shown in Additional file 1: Fig. S8, the viabil-
ity of MCF-7 cells significantly recovered after DFOM 
and Fer-1 treatment, further indicating the presence of 
ferroptosis. In addition, we also found that the use of 
NAC and apoptotic inhibitor also significantly recov-
ered the viability of MCF-7 cells, indicating the presence 

of ROS-induced cell death and apoptosis. These results 
demonstrated that pLMOFePt-TGO-mediated cell death 
is derived from ferroptosis and apoptosis. The live/dead 
cell staining assay further confirmed that the anti-cancer 
activity of pLMOFePt was the most potent among the 
treatments tested in this study tumor cells (Fig. 5D).

The quantitative flow cytometric results shown in 
Fig. 5E indicated that the apoptotic/necrotic proportion 
of the cells treated with pLMOFePt-TGO was 88.34%. 
Iron ion-mediated Fenton reaction induces excessive 
ROS production in cells, which would trigger ferroptosis 
[29]. The expression of glutathione peroxidase 4 (GPX4) 
as a ferroptotic marker in MCF-7 cells was assessed after 
various treatments by western blotting. Significant down-
regulation of GPX4 was observed in the pLMOFePt-TGO 
group, suggesting that pLMOFePt-TGO induced fer-
roptosis (Fig.  5H). To verify pLMOFePt-TGO-induced 
ferroptosis, we further detected the intracellular lipid 
hydroperoxides (LPO) using the BPDIPY probe via 
CLSM observation. As shown in Fig. 5F and Additional 
file 1: Fig. S9B, the green fluorescence of MCF-7 and 4T1 
cells incubated with the pLMOFePt-TGO was signifi-
cantly stronger than those of the cells incubated in PBS 
or FePt alloy, clearly supporting the presence of LPO in 
cells. Hence, we concluded that the abundant ROS gener-
ated by pLMOFePt-TGO increased the LPO concentra-
tion in cancer cells, and induced ferroptosis in them. In 
addition, excessive ROS also damaged the mitochondria, 
inducing mitochondria-mediated apoptosis. We evalu-
ated the change of mitochondrial membrane potential 
(MMP) using the JC-1 probe which changed color from 
red to green in cells in the presence of damaged mito-
chondria. As presented in Fig. 5G and Additional file 1: 
Fig. S9A, MCF-7 and 4T1 cancer cells incubated with 
pLMOFePt-TGO showed the strongest green fluores-
cence and the weakest red fluorescence as compared 
to other groups, indicating a significant reduction of 
MMP. In addition, western blot analysis revealed the 
upregulation of Bax expression, and down-regulation of 
Bcl-2 expression in the pLMOFePt-TGO group, further 
confirming the occurrence of mitochondria-mediated 
apoptosis (Fig. 5H). Moreover, we found that the expres-
sion of vascular endothelial growth factor A (VEGF-A) 
in cells treated with pLMOFePt-TGO was significantly 
down-regulated. Besides, we also further investigated 
the anti-angiogenesis effect of pLMOFePt-TGO by tube 

Fig. 5 Viability of A THLE-3, B MCF-7, and C 4T1 cells treated with different samples. D Live/dead staining of MCF-7 cells treated different samples 
(equivalent TAM: 5 µg/mL). E Flow cytometry analysis for the apoptosis of MCF-7 cells at the different treatments (equivalent FePt: 5 µg/mL). F CLSM 
observation for the LPO of MCF-7 cells treated with different samples (equivalent FePt: 5 µg/mL). G CLSM observation for mitochondria damage 
of MCF-7 cells treated with different samples (equivalent FePt: 5 µg/mL). H–I Western blot analysis for the protein expression of Bcl-2, Bax, GPX4, 
and VEGF-A at different sample treatments (equivalent FePt: 5 µg/mL). For B and C, data are means ± SD. n = 5, *P < 0.05; **P < 0.01; ***P < 0.005; 
****P < 0.001

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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formation assay of C166 endothelial cells. As shown in 
Additional file 1: Fig. S10, pLMOFePt-TGO significantly 
blocked tube formation of C166 cells, and showed con-
centration-dependent antiangiogenic potential. This 
result further demonstrated excellent anti-angiogenesis 
of pLMOFePt-TGO. These results demonstrated that 
the anti-cancer mechanism of pLMOFePt-TGO was also 
involved in mitochondria-mediated apoptosis and anti-
tumor angiogenesis.

In vivo anti‑cancer efficacy
The in  vivo anticancer efficacy of pLMOFePt-TGO was 
investigated by MCF-7 and 4T1 tumor-bearing mice. All 
animal experiments were approved by the Research Insti-
tute Ethics Committee of Binzhou Medical University 
and were conducted according to the guidelines on the 
use and care of laboratory animals at Binzhou Medical 
University. The tumor-bearing mice were intravenously 
injected with PBS, FePt, TAM, LMOFePt-T, pLMOFePt-
T, and pLMOFePt-TGO (2  mg/kg) at two-day intervals. 
As shown in Fig.  6A, all the treatment groups showed 
different degrees of inhibition on MCF-7 tumor growth 
as compared to the PBS group. Moreover, it was found 
that the tumor volume of PBS-treated MCF-7 tumor-
bearing mice increased to approximately 2000  mm3 in 
13  days. The PBS-treated MCF-7 tumor-bearing mice 
were euthanized after 13  days, and the tumors were 
excised. The tumor volume of MCF-7 tumor-bearing 
mice injected with pLMOFePt-TGO was the small-
est among all the groups in this study, indicating it had 
the strongest anti-cancer activity. After treatment for 
19 days, the mice in other groups were also euthanized, 
and the tumors were excised and photographed (Fig. 6B). 
The pLMOFePt-TGO group had the smallest tumor size 
and least tumor weight. Similar results were observed 
in the 4T1 tumor model (Fig.  6C, D). This result dem-
onstrated that the anticancer activity of pLMOFePt-
TGO was independent of the expression of estrogen 
receptors in breast cancer. Mice in all the groups had 
no significant body weight loss throughout the ther-
apy (Fig.  6E, F). The vital organs and the tumor tissues 
were cut into slices and stained using the hematoxylin 
and eosin (H&E) and immunofluorescence (IF) staining 
method. Moreover, no deaths of 4T1 and MCF-7 tumor-
bearing mice were noted in the pLMOFePt-TGO group, 
and the results in Additional file  1: Fig. S11 showed no 
damage in major organs, implying excellent biosafety 
of pLMOFePt-TGO. As shown in Additional file  1: 
Fig. S12, Fig.  6G, I, the degree of expression of Ki67 in 
tumors in the various treatment groups was found to be 
in the following order: PBS > FePt > TAM > LMOFePt-
T > pLMOFePt-T > pLMOFePt-TGO, while the degree 
of expression of cleaved caspase-3 in tumor tissues was 

in the reverse order. These results demonstrated that 
pLMOFePt-TGO had the highest apoptosis-inducing 
ability and permitted the lowest proliferation of tumor 
cells. In addition, the GPX4 levels detected in the tumor 
slices in the various treatment groups were the follow-
ing order: PBS > TAM > FePt > LMOFePt-T > pLMOFePt-
T > pLMOFePt-TGO. This result further confirmed the 
idea that ferroptosis was induced by pLMOFePt-TGO. 
Furthermore, the pLMOFePt-TGO group had the high-
est proportion of apoptotic cells and the maximum num-
ber of necrotic areas as compared to the other groups. 
These results amply demonstrated that pLMOFePt-TGO 
treatment had the strongest anti-tumor activity among 
the drugs tested owing to the synergistic integration of 
chemotherapy, CDT, and starvation therapy.

PDGFR-β is known to be overexpressed in most 
tumor stromal cells and tumor vasculature [30]. Hence, 
pLMOFePt-TGO might also be expected to target tumor 
vasculature and inhibit tumor angiogenesis. Moreo-
ver, it was previously reported that TAM contributed 
to chemotherapy as well as downregulated VEGFA and 
induced anti-angiogenesis [31]. We further analyzed 
tumor angiogenesis by whole-mount CD31 staining. In 
Fig. 6J, PBS-treated tumor slices showed a dense vascu-
lar network, while the tumor slices of mice treated with 
other medication showed vasculature that was signifi-
cantly less dense, and tumor tissues from mice treated 
with pLMOFePt-TGO showed maximum suppression of 
tumor angiogenesis. This result proved our hypothesis 
that pLMOFePt-TGO could directly target tumor vessels 
and inhibit tumor angiogenesis. The statistical analysis of 
CD31 fluorescence signal intensity confirmed this conclu-
sion (Fig. 6H). Immunofluorescence (IF) characterization 
showed that the expression of VEGFA was significantly 
downregulated in tumors treated with pLMOFePt-TGO 
as compared to other groups, indicating that pLMOFePt-
TGO also inhibited tumor VEGFA expression and caused 
tumor anti-angiogenesis (Fig. 6G, H). Therefore, we con-
cluded that pLMOFePt-TGO showed excellent tumor 
anti-angiogenesis via dual-targeting pathways.

In vivo MRI studies
Owing to the presence of the superparamagnetic FePt 
alloys, pLMOFePt-TGO could have significant rami-
fications in magnetic resonance imaging (MRI) diag-
nosis. Transverse relaxivity  (r2) measurements of FePt 
and pLMOFePt were conducted using a 7.0  T MRI 
scanner. The  r2 values of FePt alloy and pLMOFePt 
were 179.9   mM−1   s−1 and 91.7   mM−1   s−1 respectively 
(Fig.  7A, B). The  r2 value of pLMOFePt was lower than 
that of FePt, which was attributed to the confinement 
effect of the organic silica framework. Notably, after 
GSH treatment, the  r2 value of pLMOFePt increased 
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to 135.6   mM−1   s−1, showing a relaxation switch. This 
showed that pLMOFePt degraded in the TME, releas-
ing FePt alloy, which helped to improve contrast in 
 T2-weighted MRI scans. The ability of pLMOFePt to 
enhance MRI contrast was also explored using a 4T1 
tumor-bearing mouse model.  T2-weighted images of the 
tumors were acquired at different time intervals (Fig. 7C). 
The parts of the MRI scan corresponding to the tumor in 
mice injected with pLMOFePt gradually darkened, indi-
cating that pLMOFePt rapidly accumulated in the tumor. 
In contrast, the regions in the MRI scans corresponding 

to the tumors in mice injected with FePt alloys only dark-
ened slightly. This could be attributed to the FePt alloys 
being easily metabolized, thus impeding their accumu-
lation in the tumor due to the EPR effect. In addition, 
the changes in the signal intensity of the tumor region 
were determined using MRIcro software. The minimal 
 T2 signal intensity of the tumor region treated with FePt 
alloys, LMOFePt, and pLMOFePt was observed to reach 
150.45, 105.00, and 47.58, respectively (Fig. 7D). Thus, it 
is evident that among the materials tested, pLMOFePt is 
also the best at enhancing the contrast of the tumor in 

Fig. 6 Tumor volumes and photos of MCF-7 tumor and 4T1 tumor A–D bearing mice injected with different samples at the injection dosage of 
2 mg/kg, ⊗ represents death. E Body weight changes of MCF-7 tumor-bearing mice treated with different samples. F Body weight changes of 4T1 
tumor-bearing mice treated with different samples. The corresponding fluorescent quantification analysis for IF staining images of G MCF-7 tumor 
and H 4T1 tumor slices. I IF and H&E staining images of MCF-7 tumor after treatment. J CD31 whole mount staining and IF images of 4T1 tumor 
after treatment. (mean ± SEM, *Means p < 0.05, **Means p < 0.01, ***Means p < 0.001)
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 T2-weighted MRI scans, adding to its potential as thera-
nostic for tumors.

Conclusions
We successfully fabricated a biodegradable theranostic 
platform for tumor-targeting CDT that synergistically 
combines chemotherapy and tumor starvation. This 
theranostic platform was shown to quickly degrade 
selectively in response to TME, releasing FePt alloy, 
GOx, and TAM. In addition, this theranostic platform 
enhanced cellular acidity and self-supplied endogenous 
 H2O2 via hypoxic glycolysis and oxygen-consuming 
glucose oxidation, enhancing the CDT process. In 
addition, this theranostic platform could specifically 
recognize breast cancer and effectively selectively accu-
mulate in the tumor, showing excellent targeting abil-
ity. The systemic delivery of pLMOFePt significantly 
enhanced the MRI contrast ratio of the tumor region, 
making for an easier and more accurate diagnosis. 
In vitro and in vivo results suggested that pLMOFePt-
TGO effectively suppresses tumor growth with low sys-
temic toxicity. Therefore, this work provides innovative 
ideas for developing multi-modal theranostic platforms 
for tumor diagnosis and treatment.
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Additional file 1: Figure S1. A) The hydrodynamic size of FePt, MOFePt, 
pLMOFePt-TGO. B) Hydrodynamic size change of pLMOFePt-TGO 
pLMOFePt-TGO in a different medium. Figure S2.The particle size and 
polymer dispersity index (PDI) change of pLMOFePt-TGO in (A) distilled 
water, (B) PBS, and (C) DMEM with standing time. Figure S3. A-F) XPS 
high-resolution spectra of Fe2p, Pt4f, Si2p, S2p C1s, and full spectra in 
pLMOFePt-TGO. Figure S4. Zeta potential of FePt, MOFePt,pLMOFePt-TGO. 
Figure S5. A) Fourier transform infrared spectroscopy of pLMOFePt-TGO. 
B) Thermogravimetric curve of TAM, MOFePt, and MOFeP-T. C) The UV-vis 
standard curve of GOx. D) The loading rate of FePt and GOx calculated 
by ICP-MS analysis and UV-vis standard curve of GOx in E). Figure S6. A) 
pH value change of different concentration glucose solution treated with 
pLMOFePt-TGO. B) Cumulative release profile of FePt from pLMOFePt in 
various pH solutions. The internalization of pLMOFePt in MCF-7 cells: C) 
low magnification of Bio-TEM observation and D) high magnification of 
Bio-TEM observation. Figure S7. A) Pharmacokinetic curves of FePt and 
pLMOFePt analyzed by ICP-MS. B) The standard curve of intracellular 
acidity obtained by fluorescent probe BCECF-AM. C) The fluorescence 
spectrum of MCF-7 cells stained with BCECF-AM to assess cellular acidity. 
Figure S8. The viability of MCF-7 cells treated with pLMOFePt-TGO at the 
absence and presence of (A) DFOM, (B) Fer-1, (C) NAC, and (D) Z-VAD-FMK. 
Figure S9. The images of 4T1 cells stained with JC-1 A) and BODIPY B), 
respectively after treatment with FePt and pLMOFePt-TGO. Figure S10. 
(A) The tube formation of C166 cells treated with different concentrations 
of pLMOFePt-TGO; (B) corresponding number of tube formation. Figure 
S11. H&E staining images of the vital organs in different treatment groups. 

Fig. 7 A The  r2 values B corresponding pseudocolor  T2-weighted MR images of FePt alloys and pLMOFePt with and without GSH (10 mM) 
treatment. C  T2-weighted MR images and D corresponding MRI signal changes of tumor at axial plane at post-injection (2 mg/kg) of FePt alloys, 
LMOFePt, and pLMOFePt (mean ± SEM, *Means p < 0.05, **Means p < 0.01, ***Means p < 0.001)
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Figure S12. Ki67 staining images of MCF-7 tumor-bearing mice treated 
with different samples.
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