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ABSTRACT: The regulation of intracellular ions’ overload to interrupt normal bioprocesses and 

cause cell death has been developed as an efficient strategy (named as ion‐interference therapy/IIT) to 

treat cancer. In this study, we design a multifunctional nanoplatform (called BSArGO@ZIF-8 NSs) 

by in situ growth of metal organic framework nanoparticles (ZIF-8 NPs) onto the graphene oxide (GO) 

surface, subsequently reduced by ascorbic acid and modified by bovine serum albumin. This 

nanocomplex causes the intracellular overload of Zn2+, an increase of reactive oxygen species (ROS), 

and exerts a broad-spectrum lethality to different kinds of cancer cells. BSArGO@ZIF-8 NSs can 

promote cell apoptosis by initiating bim (a pro-apoptotic protein)-mediated mitochondrial apoptotic 

events, up-regulating PUMA/NOXA expression, and down-regulating the level of Bid/p53AIP1. 

Meanwhile, Zn2+ excess triggers cellular dysfunction and mitochondria damage by activating the 

autophagy signaling pathways and disturbing the intracellular environmental homeostasis. Combined 

with the photothermal effect of reduced GO (rGO), BSArGO@ZIF-8 NSs mediated ion‐interference 

and photothermal combined therapy leads to effective apoptosis and inhibits cell proliferation and 

angiogenesis, bringing a higher efficacy in tumor suppression in vivo. This designed Zn-based 

multifunctional nanoplatform will allow promoting further the development of IIT and the 

corresponding combined cancer therapy strategy. 

 

Keywords: carbon nanomaterials, zinc ions, metal organic framework, mitochondria, phototherapy 
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INTRODUCTION 

Various ions (e.g. Ca2+, Zn2+, Na+) are present inside the cells and participate in many important 

reactions, which are crucial to maintaining normal cellular functions and behaviors.[1-3] For example, 

as one of the most important signaling factors, Ca2+ can regulate muscle contraction, neuronal 

excitability, cell migration, and growth.[4] As a cofactor, Fe can regulate oxygen transport, cellular 

respiration, DNA synthesis, and cellular energy metabolism.[5] However, when the level of intracellular 

ions overloads, many physiological processes are interrupted, causing cell dysfunctions and even 

death.[6-8] Based on these mechanisms, bioactive materials-mediated ion-interference therapy (IIT) has 

been developed as a promising strategy to treat cancer.[9,10] A series of interesting studies reporting 

different IIT strategies appeared very recently.[11-15] By interfering with osmotic pressure, disturbing 

cellular communication, activating biocatalysis, and targeting DNA/proteins, IIT possesses relatively 

high efficacy in cancer therapy. IIT is usually based on biodegradable and nontoxic elements, which 

endow this strategy with low systemic toxicity and high biosafety. A typical representative application 

is based on Ca2+ overload.[16-18] Sodium hyaluronate-modified calcium peroxide-based nanoparticles 

can efficiently release Ca2+ intracellularly in an acidic environment, bringing to cancer cell death and 

tumor calcification.[19] To further amplify intracellular Ca2+ excess, CaCO3 nanoparticles incorporated 

with Kaempferol-3-O-rutinoside (which can disrupt calcium homeostasis regulation and facilitate 

calcium influx) were prepared to improve the efficiency of the treatment.[20] Alternatively, NaCl 

nanoparticles were used to cause a surge of osmolarity and rapid cell lysis, leading to cancer cell 

death.[21] However, these complex nanomaterials for IIT often aggregate and are not stable in 

physiological conditions. For example, CaCO3 nanoparticles easily recrystallize growing into big 

particles, while NaCl nanoparticles are dissolved when exposed to water and the physiological 

environment. To maintain the stability and dispersibility of nanomaterials, an appropriate surface 

modification is necessary, which however generally causes high cost, low productivity, cumbersome 

preparation processes, and short storage cycles. Therefore, designing a nanoplatform with relatively 

high stability in physiological conditions is crucial to promote IIT development. 

Zn2+ is an essential cofactor in many enzymes and regulatory proteins.[22,23] Similarly to Ca2+, excess 

of Zn2+ can break intracellular homeostasis, causing an increase of the level of reactive oxygen species 

(ROS),[24] mitochondrial damage, and cell apoptosis.[25,26] Therefore, efficiently increasing the 
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intracellular Zn2+ level will show high lethality to cancer cells based on Zn2+-mediated IIT. Degradable 

zeolitic imidazolate framework-8 (ZIF-8), made of Zn2+ and 2-methylimidazole, can serve as an 

efficient Zn2+ source due to the pH-sensitive performance, which makes it an efficient carrier for drug 

delivery.[27-31] However, the hydrophobicity, high crystallinity, and relatively big size of ZIF-8 will 

limit a rapid accumulation of a high concentration of intracellular Zn2+.[28,32,33] Graphene oxide (GO) 

is very popular as a promising carrier due to its good biocompatibility and biodegradability and can 

serve as a suitable template for the growth of nanoparticles.[34-37] The nucleation points on GO can 

guide the nanomaterial formation and restrict aggregation of formed nanomaterials, leading to a well-

dispersed and small-sized complex on the GO surface. Furthermore, GO and reduced GO (rGO) have 

been widely applied in photothermal therapy (PTT).[38,39]  PTT is a non-invasive and controllable 

strategy with minimal side effects to eliminate tumor cells exploiting the photothermal effect mediated 

by agents such as carbon nanomaterials, metal nanocrystals, metal-based nanomaterials, transition 

metal dichalcogenides, Xenes, Mxenes, and others.[40-42] Due to the excellent photothermal effect, low 

cost, and high biocompatibility, GO-based materials have attracted much attention.[43,44] Therefore, the 

design of a zinc-based nanoplatform for IIT by in situ growth of ZIF-8 onto GO surface might result 

in a straightforward strategy to achieve a satisfactory photothermal therapeutic efficiency. Indeed, a 

recent study has designed ZIF-8/GQD (GQDs, graphene quantum dots) for cancer therapy by 

photothermal effect and drug delivery.[45] As an alternative, rGO not only shows a high photothermal 

effect but also works better as a template for ZIF-8 NPs in situ growth. Indeed, rGO could serve as a 

larger size carrier compared to GQDs to increase the content of ZIF-8 NPs in cells, showing a high 

lethality in cancer cells, as we recently proved for MnO2 NPs.[46] 

As ZIF-8 was seldom used to treat cancer exploring mediated ion interference,[13] we conceived, 

here, a multifunctional nanoplatform based on in situ growth of ZIF-8 NPs onto GO sheets to treat oral 

cancers. Oral cancer is the sixth most common malignant tumor in the world, with a high mortality 

rate, posing a great threat to people's health.[47,48] Therefore, we decided to select oral cancer-related 

cell lines and Cal27 subcutaneous tumor model. Furthermore, to confirm the broad-spectrum lethality 

of BSArGO@ZIF-8 NSs, HeLa cells (the most commonly used cancer cell model) were also used. To 

increase the photothermal effect of our system, GO was reduced to rGO by ascorbic acid (Vitamin C, 

Vc), followed by modification of rGO@ZIF-8 nanosheets with bovine serum albumin (BSA). 
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Consequently, BSArGO@ZIF-8 NSs could exert a broad-spectrum high lethality to different kinds of 

cancer cells by causing the intracellular Zn2+ overload and ROS increase. BSArGO@ZIF-8 NSs could 

initiate bim (a pro-apoptotic protein)-mediated mitochondrial apoptotic events and promote cell 

apoptosis. Meanwhile, the overloaded intracellular Zn2+ could trigger cellular dysfunctions and 

mitochondrial damage. Furthermore, BSArGO@ZIF-8 NSs had higher lethality to cancer cells under 

NIR irradiation. Compared with BSArGO@ZIF-8 NSs alone, BSArGO@ZIF-8 NSs mediated ion‐

interference and photothermal combined therapy caused apoptosis more effectively and inhibited cell 

proliferation and angiogenesis, bringing a higher efficacy of tumor suppression. 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of BSArGO@ZIF-8 NSs. GO@ZIF-8 NSs were prepared in a 

methanol solution by a modified method based on a previous report (Figure 1a).[49] To obtain a better 

photothermal effect and stability, GO@ZIF-8 NSs were reduced by Vc and modified by BSA to form 

BSArGO@ZIF-8 NSs. After reduction of GO by Vc, the color changed from light brown to dark brown 

(Figure S1). Raman spectra showed an increased value of ID/IG ratio (Figure 1b and c) in rGO@ZIF-

8 and BSArGO@ZIF-8 NSs, meaning that the number of smaller graphitic domains in GO increased 

after treating with Vc, similarly to previous reports,[46,50,51] supporting the formation of rGO. The XRD 

pattern of rGO@ZIF-8 NSs (Figure S2) showed typical diffraction peaks of ZIF-8. The intensity of 

diffraction peaks is relatively weak, meaning the formed ZIF-8 has low crystallinity.[52] After the 

modification with BSA, BSArGO@ZIF-8 NSs presented only a weak diffraction peak (211) of ZIF-8 

at around 2= 13° and the characteristic peak of BSA at around 22°.[53] Furthermore, the FT-IR 

spectrum of rGO@ZIF-8 NSs presents the typical absorption peaks of ZIF-8 (Figure S3).[32,54] After 

adding BSA, the FT-IR spectrum of BSArGO@ZIF-8 shows the strong absorption peaks of BSA, 

weakening the absorption peaks of ZIF-8. This is a clear sign that rGO@ZIF-8 NSs have been modified 

by BSA to form BSArGO@ZIF-8 NSs. 

rGO@ZIF-8 NSs were easily dispersed and resulted in stable dispersion in methanol (Figure S4), 

and ZIF-8 NPs homogeneously grew on the surface of GO (Figure 1e and f) with a size of about 21 

nm. When rGO@ZIF-8 NSs were transferred from methanol into PBS, aggregation appeared 

immediately (Figure S4a-d). However, after the modification with BSA, BSArGO@ZIF-8 NSs gained 
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a high stability in PBS (Figure S4a), with almost no aggregation even after 48 h (Figure S4d). The 

size of BSArGO@ZIF-8 NSs, measured by dynamic light scattering (DLS), was ~800 nm, and the size 

distribution of the particles did not change after being dispersed in PBS for 24 h (Figure S5). The 

value of zeta potential of BSArGO@ZIF-8 NSs dispersed in PBS resulted -10.41 mV, similar to BSA-

modified ZIF-8 NPs previously reported.[55] After 24 h, the value of zeta potential of BSArGO@ZIF-

8 NSs was -8.98 mV. Therefore, the results of DLS and zeta potential confirmed that BSArGO@ZIF-

8 NSs possess a relatively high colloidal stability. Transmission electron microscope (TEM) image of 

BSArGO@ZIF-8 NSs also confirmed the excellent dispersibility in aqueous solution (Figure 1g). 

Meanwhile, the imaging of ZIF-8 NPs became a little blurred in the high-resolution TEM image 

(Figure 1h), likely due to BSA coating on the surface of rGO@ZIF-8 NSs. In situ growth strategy can 

limit the formation of big-size particles of ZIF-8, which could be attributed to the favorable interaction 

between GO and ZIF-8.[56,57] We have seen instead that in the absence of GO, BSAZIF-8 can easily 

aggregate to form particles of big size (Figure S6). XPS results also demonstrated that ZIF-8 NPs 

grew on the surface of GO (Figure 1i). Due to the surface modification by BSA, the atomic ratio of 

zinc is lower in BSArGO@ ZIF-8 NSs than that in rGO@ZIF-8 NSs. Therefore, compared to 

rGO@ZIF-8 NSs, the signal intensity of Zn in BSArGO@ZIF-8 NSs obviously decreased, confirming 

that rGO@ZIF-8 NSs were modified by BSA. The valence state of zinc was +2 according to the high-

resolution XPS spectra of Zn2p, which is consistent with other studies.[58,59] Furthermore, according to 

the weight change from GO to GO@ZIF-8, the loading content of ZIF-8 onto GO was ~15.1 mg (ZIF-

8) per 1 mg (GO), showing a high loading efficiency of GO. 

In addition, BSArGO@ZIF-8 NSs adsorbed at 808 nm (Figure S7a), a characteristic that accounts 

for an increase of temperature of a 200 µg/mL dispersion of about 30 ℃ under NIR irradiation (at 1 

W/cm2) for 10 min (Figure S7b). According to the calculation, the photothermal conversion efficiency 

was ~22.5%.[60] Therefore, BSArGO@ZIF-8 NSs possess good photothermal effect.[61] Meanwhile, 

the absorption intensity of BSArGO@ZIF-8 NSs at 808 nm was almost the same before and after being 

dispersed in PBS for 24 h, meaning that the photothermal effect remains stable overtime. It has been 

previously demonstrated that ZIF-8 can release Zn2+ efficiently in acid conditions rather than in the 

neutral ambience, meaning that ZIF-8 possesses a responsive release property in the tumor cell 

microenvironment.[13,30] The values of Zn2+ release at different pH measured by ICP-MS supported a 

similar conclusion (Figure S8). Only little Zn2+ was released after 24 h when pH values were 7.4 and 
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6.5. However, most of Zn2+ was released after 24 h at pH 5.0. This result confirmed that 

BSArGO@ZIF-8 NSs can increase the intracellular Zn2+ level efficiently after being internalized by 

cancer cells. 

 

Figure 1. Preparation and characterization of BSArGO@ZIF-8 NSs. a) Schematic preparation of 

BSArGO@ZIF-8 NSs. b, c) Raman spectra and ID/IG ratio. d) XRD pattern of BSArGO@ZIF-8 NSs. 

e,f) TEM images of rGO@ZIF-8 NSs at different magnifications. g, h) TEM images of 

BSArGO@ZIF-8 NSs at different magnification. i) XPS full spectra of rGO@ZIF-8 and 

BSArGO@ZIF-8 NSs. j) High-resolution XPS spectra to confirm Zn valence state. 
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Lethality of BSArGO@ZIF-8 NSs to cancer cells. Following the preparation and characterization 

of our system, we started to explore the biological effects. The viability of different types of cancer 

cell lines treated with BSArGO@ZIF-8 NSs was measured using the cell counting kit-8 (CCK-8) assay. 

The different cancer cells showed different tolerance to BSArGO@ZIF-8 NSs. When the concentration 

of BSArGO@ZIF-8 NSs was above 200 μg/mL, the viability of HeLa and SCC25 cells obviously 

decreased after 24 h and 48 h (Figure 2a and b). However, there was almost no effect on the viability 

when the concentration of BSArGO@ZIF-8 NSs was below 150 μg/mL. For Cal27 and HN4 cells, 

BSArGO@ZIF-8 NSs had high lethality at 150 μg/mL concentration and almost no effect below 100 

μg/mL. The differences in the effective concentrations should attribute to the different resistance of 

the cells to Zn2+, similarly to a previous report.[62] Meanwhile, due to the self-regulation ability, cells 

were able to keep a high viability within a specific concentration range of BSArGO@ZIF-8 NSs, by 

maintaining intracellular Zn2+ homeostasis.[63,64] However, when the intracellular Zn2+ was out of 

tolerance, the cells tended to die. We also performed the live/dead staining for SCC25 and Cal27 cells 

to show the cell state changes after BSArGO@ZIF-8 NSs treatment. In the control group, there were 

almost no dead cells. After incubating the cells with BSArGO@ZIF-8 NSs, a lot of dead cells appeared, 

with few cells still alive. These results indicate that BSArGO@ZIF-8 NSs possess a high broad-

spectrum lethality to different kinds of cancer cells at the efficient concentrations. Furthermore, GO 

and rGO had almost no effect on the viability of Cal27 cells at an equivalent concentration (Figure S9 

and S10), excluding a cytotoxic contribution to cell death. BSAZIF-8 did also almost not affect cells 

viability (Figure S11), likely due to the big size of BSAZIF-8 particles, hampering their internalization 

by cancer cells and consequently making them inefficient to provoke ion interference. Meanwhile, the 

toxicity of BSArGO@ZIF-8 NSs to normal cells (bone mesenchymal stem cells/BMSCs and bone 

marrow stromal cells/ST2 cells) was measured (Figure S12). At concentrations below 200 µg/mL, the 

viability of BMSCs was slightly affected at both time points analyzed, while the viability of ST2 cells 

decreased to ~69% only at 200 µg/mL after 48 h. When the concentration was increased to 400 µg/mL, 

BSArGO@ZIF-8 NSs resulted very toxic for both types of cells, although it is unlikely that such a 

huge dose is used for cancer therapy. In general, compared with the toxicity to cancer cells, 

BSArGO@ZIF-8 NSs possess relatively high biocompatibility to normal cells at cancer therapeutic 

effective concentrations.  
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Figure 2. Lethality of BSArGO@ZIF-8 NSs towards different cancer cells. a-d) Viability of HeLa, 

SCC25, Cal27 and HN4 cells treated with BSArGO@ZIF-8 NSs at different concentrations. e, f) 

Live/dead staining of SCC25 and Cal27 cells treated with BSArGO@ZIF-8 NSs (200 μg/mL and 150 

μg/mL, respectively) after 24 h. 

Intracellular increase of Zn2+ and ROS produced by BSArGO@ZIF-8 NSs. To confirm the 

changes in the content of intracellular Zn2+ after BSArGO@ZIF-8 NSs treatment, we used 6-[2-[bis(2-

pyridylmethyl)amino]ethylamino]-2′,7′-difluorofluorescein diacetate (ZnAF-2) as a probe to measure 

the amount of Zn2+ by fluorescence staining. The fluorescence intensity of ZnAF-2 is almost zero 

without Zn2+. With the increased Zn2+ concentration, the fluorescence signal augments 

synchronously.[65] The fluorescence intensity clearly increased in SCC25, Cal27 and HeLa cells after 

incubation with BSArGO@ZIF-8 NSs (Figure 3a and c, Figure S13a). The relative fluorescence 

intensity of Zn2+ in SCC25, Cal27 and HeLa cells treated with BSArGO@ZIF-8 NSs was ~10 folds, 

~5 folds, and ~10 folds in comparison to the control group, respectively. For a more accurate 

quantitative analysis, flow cytometry analysis was performed. After BSArGO@ZIF-8 NSs treatment, 

the fluorescence intensity of intracellular Zn2+ increased to ~30 folds in SCC25 cells, ~60 folds in 

Cal27 cells, and ~64 folds in HeLa cells, respectively (Figure 3b and d, Figure S13b). Therefore, after 
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being internalized by cancer cells, BSArGO@ZIF-8 NSs can efficiently increase intracellular Zn2+ 

content.  

 

Figure 3. Intracellular Zn2+ content and ROS level change after BSArGO@ZIF-8 NSs treatment. a) 

Fluorescence detection and b) flow cytometry analysis of Zn2+ level in SCC25 cells treated with 

BSArGO@ZIF-8 NSs at 200 μg/mL after 6 h. c) Fluorescence detection and d) flow cytometry analysis 

of Zn2+ level in Cal27 cells treated with BSArGO@ZIF-8 NSs at 150 μg/mL after 6 h. e) Fluorescence 

detection and f) flow cytometry analysis of ROS level in SCC25 cells treated with BSArGO@ZIF-8 

NSs at 200 μg/mL after 6 h. g) Fluorescence detection and h) flow cytometry analysis of ROS level in 

Cal27 cells treated with BSArGO@ZIF-8 NSs at 150 μg/mL after 6 h. 

 

The excess of Zn2+ content usually causes an increase of ROS level.[66] 2',7'-

Dichlorodihydrofluorescein diacetate (H2DCFDA) probe was used to detect this change. Consistent 
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with Zn2+ content modification, ROS level significantly increased after BSArGO@ZIF-8 NSs 

treatment, and the relative fluorescence intensity of ROS in SCC25, Cal27 and HeLa cells treated with 

BSArGO@ZIF-8 NSs was ~7 folds, ~6 folds, and ~8 folds in respect to the control group (Figure 3e 

and g, Figure S13c). Similarly, flow cytometry was performed to obtain a more accurate quantitative 

analysis. After BSArGO@ZIF-8 NSs treatment, the fluorescence intensity of ROS probe increased to 

~3 folds in SCC25 cells, ~2 folds in Cal27 cells, and ~2 folds in HeLa cells, respectively (Figure 3f 

and h, Figure S13d). From these data, it is clear that BSArGO@ZIF-8 NSs can cause an enhanced 

intracellular ROS production due to a dysregulation of the intracellular Zn2+ content. To further 

confirm the uptake and cell internalization of BSArGO@ZIF-8 NSs, lysosomal colocalization staining 

was performed. As shown in Figure S14, most of the fluorescence signals overlapped. Due to the 

diffusion of Zn2+ released from ZIF-8, the green fluorescence had a wider distribution than only inside 

lysosomes. Therefore, the cell internalization of BSArGO@ZIF-8 NSs is likely following the 

lysosome pathway, which is consistent with a previous report.[67] 

Mechanism of BSArGO@ZIF-8 NSs to kill cancer cells. To accurately clarify the mechanism of 

BSArGO@ZIF-8 NSs causing cancer cell death, the whole transcriptome sequencing of Cal27 cells 

treated with or without BSArGO@ZIF-8 NSs was performed. The results of the Pearson correlation 

analysis showed that BSArGO@ZIF-8 could significantly vary the gene expression inside the cells, 

and duplicates of three independent experiments were highly consistent (Figure 4a). The difference 

generated by BSArGO@ZIF-8 NSs was further confirmed by the principal component analysis (PCA) 

(Figure S15a). Differentiated expressed genes (DEGs) were identified according to the threshold value 

of |Log2FC| ≥ 1 and false discovery rate (FDR) ≤ 0.05. The Volcano plot showed that 1091 DEGs 

were up-regulated and 1136 DEGs were down-regulated. The top 20 genes, such as CCN2, FOS, 

MT1X are highlighted in Figure 4b, while the proportions of up- and down-regulating DEGs are 

shown by the pie chart (Figure S15b). The results of Gene Ontology analysis showed that these DEGs 

were involved in the apoptotic process, cell cycle (biological process), mitochondria, cytoskeleton 

(cellular component), and metal ion binding, and DNA binding (molecular function) were significantly 

enriched (Figure S16). In addition, the Scatter Plot based on the Gene Ontology database showed that 

part of the DEGs caused by BSArGO@ZIF-8 NSs were significantly enriched in DNA binding-related 

signaling pathways, which indicated that BSArGO@ZIF-8 NSs regulate Cal27 cell proliferation and 
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apoptosis by influencing the activity of intracellular DNA (Figure 4c). Furthermore, the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) enrichment analysis allowed identifying that a total of 

63 DEGs were involved in cell growth and death signaling pathways (cellular processes), and more 

than 100 DEGs were associated with cancer-related signaling pathways (human diseases). In addition, 

other metabolism signaling pathways such as amino acid metabolism and energy metabolism signaling 

pathways were highly associated with cell proliferation and apoptosis (Figure 4d).[68,69] The heatmap 

presented each gene expression level enriched in cell growth and disease, and cancer-specific pathways 

(Figure S17). The results indicate that the gene level of FOS, JUN, CXCL8 was significantly increased, 

while the expression of BIRC3, NFKBIA and SMAD3 were decreased, confirming that they play 

important roles in cancer cell growth and death. [68,69] 
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Figure 4. Lethality mechanism to cancer cells of BSArGO@ZIF-8 NSs based on RNA-seq analysis. 

a) Pearson correlation analysis of Cal27 cells with or without BSArGO@ZIF-8 NSs treatment. b) 
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DEGs in Cal27 cells with or without BSArGO@ZIF-8 NSs treatment (|Log2FC| ≥ 1 and q < 0.05). c) 

Gene Ontology enrichment analysis of DEGs by bubble diagram. d) KEGG enrichment analysis of 

DEGs presented by bar diagram. 

 

To further explore the molecular mechanism of BSArGO@ZIF-8 NSs promoted Cal27 apoptosis, 

we use a series of varied methods to screen the apoptosis-related signaling pathways and genes. The 

bubble diagram based on KEGG enrichment analysis demonstrated that these DEGs were significantly 

enhanced in cell cycle, apoptosis pathway, mitogen-activated protein kinase (MAPK) signaling 

pathways (Figure 5a), which have been confirmed to play key roles in regulating cancer cell growth 

and apoptosis.[70-72] The heatmap showed that DEGs enriched in apoptosis signaling pathways were 

constituted of 11 up-regulated DEGs and 9 down-regulated DEGs, including for example Mcl1, FOS, 

JUN, CASP12, CASP2, BIRC3, and TNFRSF1A (Figure 5b).[73-78] The Pathview analysis 

demonstrated that BSArGO@ZIF-8 NSs alter most genes in apoptosis-related signaling pathways, 

including down-regulation of α-tubulin, PARP, Lamin, TRAIL, TNF-R1, FADD, and CASP10, and 

up-regulating JNK and Mcl-1 (Figure 5c). In addition, BSArGO@ZIF-8 NSs could change pro-

apoptotic gene expression, up-regulating Fas-L, Bim, HRK, and down-regulating Fas. We also found 

that BSArGO@ZIF-8 NSs could activate bim-mediated mitochondrial apoptotic events by increasing 

Mcl-1 expression, induce disruption of microtubule function, provoke the loss of integrity of the 

nuclear membrane and lead to DNA fragmentation by up-regulating Bim and NOXA, and down-

regulating Bak and Bcl-2. Our results confirmed that BSArGO@ZIF-8 NSs could also significantly 

activate autophagy and cancer signaling pathways (Figure S18 and S19). In addition, gene set 

enrichment analysis (GSEA) was used to select the apoptosis-related signaling pathways and genes. In 

particular, we focused on apoptosis in multiple species and cellular Zn2+ homeostasis signaling 

pathways, which were significantly associated with cell apoptosis (Figure 5d).[79] GSEA results also 

indicated that BSArGO@ZIF-8 NSs generated DEGs were significantly enriched in the cellular 

response to Zn2+ and cell cycle signaling pathways (Figure S20 and S21). According to GSEA results, 

we identified that the genes expression of FADD, BIRC3, TNFRSF1A, BCL2, and CASPASE7 

significantly decreased, while the gene expression of BCL2L11, CYCS, BBC3, and CASP9 clearly 

increased, synergistically promoting cell apoptosis (Figure 5e).[80,81] We eventually found that the 
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genes in MT1 and SLC families were mainly involved in regulating cellular Zn2+ homeostasis (Figure 

5e). Intracellular high concentration of Zn2+ could directly induce cell death and could also indirectly 

kill cells by altering the tumor microenvironment.[82] 

 

Figure 5. Apoptosis molecular mechanism of Cal27 cells after BSArGO@ZIF-8 NSs treatment. a) 

KEGG enrichment analysis of DEGs in BSArGO@ZIF-8 NSs intracellular delivery presented by 
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bubble diagram. b) Heatmap apoptosis associated DEGs. c) Pathview analysis of apoptosis signaling 

pathway based on KEGG database. The red boxes represent up-regulated genes, and the green boxes 

represent downregulated genes. d) Apoptosis multiple species and cellular zinc ion homeostasis 

signaling pathways based on GSEA. e) Heatmap apoptosis associated DEGs and the Zn2+ action 

associated DEGs. 

 

Cell apoptosis and mitochondrial damage caused by BSArGO@ZIF-8 NSs. Based on RNA-seq 

analysis, cell apoptosis and mitochondrial damage are the main two events caused by the excess of 

Zn2+. Cell apoptosis was observed by fluorescence microscope. Both numbers of Annexin V-labeled 

early apoptotic cells and PI-labeled late apoptotic cells significantly increased after being treated with 

BSArGO@ZIF-8 NSs, compared with the control group (Figure 6a-c). It is worth noting that late 

apoptotic cells were evidently more than early apoptotic cells. Quantitative analysis of cell apoptosis 

was also performed by flow cytometry. After BSArGO@ZIF-8 NSs treatment, the percentage of late 

apoptotic cells increased to 62.2% from 2.7%, and the percentage of early apoptotic cells increased to 

10.1% from 1.2%, compared with the control group. The proportion of late apoptotic cells was about 

6 folds as that of early apoptotic cells, consistent with the results of immunofluorescence staining. The 

decrease of mitochondrial membrane potential is a landmark event in the early stage of cell 

apoptosis.[83] Upon the apoptosis came up and Zn2+ excessed, the potential of mitochondrial membrane 

would decrease and JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine, a mitochondrial 

membrane potential probe) would lose the ability to aggregate in mitochondria and form monomers. 

Through immunofluorescence staining, the results confirmed that BSArGO@ZIF-8 NSs could 

significantly reduce the polymer production in the mitochondrial matrix and increase the formation of 

the monomer (Figure 6d). Therefore, BSArGO@ZIF-8 NSs showed efficient lethality to cancer cells 

by causing apoptosis and mitochondrial damage. 
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Figure 6. BSArGO@ZIF-8 NSs caused apoptosis and mitochondrial damage of Cal27 cells. a) 

Fluorescence detection of early and late apoptosis in Cal27 cells treated with BSArGO@ZIF-8 NSs at 

150 μg/mL. b, c) Flow cytometry detection of apoptosis effect BSArGO@ZIF-8 NSs at 150 μg/mL on 

Cal27 cells. d, e) Effect of BSArGO@ZIF-8 NSs on mitochondrial membrane potential changes 

detected by JC-1. 
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Synergistic effect of PTT and IIT in vitro. To further confirm the synergistic effect of PTT and 

IIT in vitro, the cell viability was measured after NIR irradiation at 808 nm. As shown in Figure 7a, 

BSArGO@ZIF-8 NSs possessed a high cell killing capacity on SCC25 cells (~50%), and the cell 

viability further decreased to ~15% after NIR irradiation. Similarly, the viability of Cal27 cells was 

about 50% when treated by BSArGO@ZIF-8 NSs, and decreased to ~20% after irradiation. However, 

NIR irradiation alone at 808 nm (1 W/cm-2) for 10 min had negligible effects on Cal27 cells (Figure 

S22). Furthermore, the live/dead staining of Cal27 cells was performed. Many dead cells were imaged 

after BSArGO@ZIF-8 NSs treatment compared with the control group (Figure 7c and d). After NIR 

irradiation, more dead cells emerged and few live cells could be observed (Figure 7e). Meanwhile, the 

dead cell ratios were calculated (Figure S23), and were ~14% and ~49% in the BSArGO@ZIF-8 group 

and the BSArGO@ZIF-8+NIR group, respectively. However, the viability of cells decreased by 56% 

in the BSArGO@ZIF-8 group, and by 74% in the BSArGO@ZIF-8+NIR group. The difference 

between the dead cell ratio and cell viability change is likely due to the increased cell number in the 

control group. Therefore, BSArGO@ZIF-8 NSs are able to mediate the combination of PTT and IIT 

showing an enhanced lethality to cancer cells. Interestingly, almost all dead cells belonged to late 

apoptosis and there were almost no early apoptotic cells after NIR irradiation (Figure 7f), meaning 

that PTT can further enhance cell apoptosis.[84] It has been demonstrated that PTT can promote cell 

apoptosis by inducing lysosome rupture, activating Bid, inducing Bax/Bak oligomerization and pore 

formation in the mitochondrial outer membrane. As a consequence, cytochrome c would be released, 

finally leading to apoptosome assembly facilitated by Apaf-1.[85] Therefore, there is a synergistic effect 

of PTT and Zn-mediated ion interference on cell apoptosis by activating related apoptotic events. 
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Figure 7. Synergistic effect of PTT and IIT. a, b) Viability of SCC25 cells and Cal27 cells after 

BSArGO@ZIF-8 NSs treatment with or without NIR irradiation, respectively. (c-e) Live/dead staining 

of Cal27 cells treated with BSArGO@ZIF-8 NSs with or without NIR irradiation. f) Fluorescence 

detection of early and late apoptosis in Cal27 cells treated with BSArGO@ZIF-8 NSs and NIR 

irradiation. 
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Antitumor efficacy of BSArGO@ZIF-8 NSs in vivo. As our system was designed for the treatment 

of solid tumor, the in vivo antitumor efficacy of the BSArGO@ZIF-8 NSs was investigated in BALB/c 

nude mice bearing Cal27 xenografts. Once the tumor had grown to 400 mm3, the mice (the number of 

mice in each group, n = 4) were intratumorally injected with either saline (control) or BSArGO@ZIF-

8 NSs (4 mg/mL, 50 μL) every 48 h irradiating or not the tumor. Since NIR irradiation alone had no 

effect on cancer cells, this group was not set in vivo.[86] The intratumoral administration of complex 

functional nanomaterials is an efficient method to treat solid tumor as being reported in several recent 

studies.[87-89] A total of 5 injections were performed over 12 days. Notably, after this period, the tumor 

size visibly decreased in the BSArGO@ZIF-8 NSs group without irradiation compared to the saline 

group, while NIR irradiation synergistically further decreased the tumor size (Figure 8a-c). Meanwhile, 

BSArGO@ZIF-8 NSs treatment reduced tumor weights (lose mass ratio ∼30%) in comparison to those 

in the saline group, and the weight loss ratio of tumors reached to ~70% after NIR irradiation treatment 

(Figure 8d). These results showed that BSArGO@ZIF-8 NSs already had a certain efficacy of tumor 

suppression by IIT alone, while BSArGO@ZIF-8 NSs combination of IIT and PTT exhibited a clear 

inhibition effect enhancement.  

According to hematoxylin-eosin (H&E) staining of the tumor tissues, the mice treated with 

BSArGO@ZIF-8 NSs under NIR irradiation showed many apoptotic cells, whereas a large population 

of live cancer cells was found in the control group (Figure 8e). TdT mediated dUTP nick-end labeling 

(TUNEL) staining assay confirmed that BSArGO@ZIF-8 NSs can efficiently cause cell apoptosis, and 

more apoptotic cells appeared after NIR irradiation (Figure 8f). In addition, immunohistochemical 

staining results showed that BSArGO@ZIF-8 NSs significantly decreased the number of Ki67+ and 

CD31+ cells in the tumor tissues, meaning that cancer cell proliferation and angiogenesis in tumors 

were both efficiently inhibited (Figure 8g-j). The inhibition of proliferation and angiogenesis can 

further suppress the growth of tumors. The tissue penetration ability of nanomaterials plays an 

important role in cancer therapy efficacy. To confirm the penetration of these NSs into the tumor after 

injection, the tumor tissue sections were stained with the Zn2+-detecting probe ZnAF-2 for qualitative 

characterization of the penetration ability of BSArGO@ZIF-8 NSs. The continuous images taken from 

the left side to the right side of the tissue section are spliced. According to the result (Figure S24), 

zinc was distributed in the whole tissue section. Therefore, BSArGO@ZIF-8 NSs have a relatively 

good penetration ability. Meanwhile, according to the hematological indicators, BSArGO@ZIF-8 NSs 
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showed no effect on the erythrocyte and platelet markers (Figure S25). In addition, histological 

analyses (H&E staining) of the main organs, including heart, liver, spleen, lung, and kidney, showed 

BSArGO@ZIF-8 NSs injection with or without NIR irradiation did not induce obvious pathological 

changes in these organs (Figure 8k). Therefore, BSArGO@ZIF-8 NSs combined ion‐interference and 

photothermal therapy displayed low systemic toxicity and high biosecurity, bringing great potential in 

further clinical applications. 

 

Figure 8. In vivo cancer therapeutic efficiency by BSArGO@ZIF-8 NSs mediated ion-interference and 

photothermal combined therapy in Cal27 orthotopic xenografts on BALB/c nude mice. a) Photos 

showing the tumor size in mice during BSArGO@ZIF-8 NSs with or without NIR irradiation treatment. 

b) Tumor size change during therapy. c) Digital pictures of tumors excised from the Cal27 tumor-

bearing mice after 12 days of therapy. d) Average tumor mass excised from the Cal27 tumor-bearing 

mice after treatment. e) H&E staining of tumor sections from the Cal27 tumor-bearing mice. f) TUNEL 
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staining of tumor sections from the Cal27 tumor-bearing mice. g, h) Immunohistochemistry staining 

of Ki67 and CD31 in tumor sections. i, j) Statistic analysis of Ki67 and CD31 positive cells in 

immunohistochemistry staining sections. k) Histological analyses of the major tissues after therapy. 

 

CONCLUSION 

In summary, BSArGO@ZIF-8 NSs with relatively high colloidal stability and good dispersibility were 

prepared by in situ growth of ZIF-8 onto the surface of GO, reduction of GO with Vc, and modification 

with BSA. BSArGO@ZIF-8 NSs caused the intracellular Zn2+ overload and ROS increase, and showed 

a broad-spectrum high lethality to different types of cancer cells. BSArGO@ZIF-8 NSs could initiate 

bim-mediated mitochondrial apoptotic events and change the pro-apoptotic gene expression to 

synergistically promote cell apoptosis. Meanwhile, the overloaded intracellular Zn2+ triggered cellular 

dysfunctions and mitochondria damage by activating the autophagy signaling pathways and 

influencing the intracellular environmental homeostasis. Combined with the photothermal effect of 

rGO, BSArGO@ZIF-8 NSs possessed higher killing capacity to cancer cells under NIR irradiation. 

Compared with BSArGO@ZIF-8 NSs alone, BSArGO@ZIF-8 NSs-mediated ion‐interference and 

photothermal combined therapy caused apoptosis and inhibited cell proliferation and angiogenesis 

more effectively, bringing a satisfactory efficacy to suppress tumor growth in vivo. Furthermore, 

BSArGO@ZIF-8 NSs showed low systemic toxicity with or without NIR irradiation. Therefore, the 

designed Zn-based multifunctional nanoplatforms will allow promoting the development of IIT and 

the corresponding combined cancer therapy strategies. Our current work has demonstrated the 

applicability of ZIF-8 mediated ion interference therapy by triggering an increase in ROS level, 

mitochondrial damage and apoptosis. In comparison to a previous study,[13] we have elucidated in more 

detail the mechanisms of zinc-mediated intracellular interference processes. The conclusions drawn 

from our results will remind that the Zn2+-interference effect should be considered in the therapeutic 

efficacy assessment of Zn2+-containing nanocomposites, especially when Zn2+-based nanomaterials 

are used as drug carriers. We would like to underline that the design of multifunctional nanoparticles 

is in line with other recent studies where different types of complex nanosystems have been explored 

for intratumoral anticancer therapies.[87-91] Finally, ZIF-8 core-shell nanostructures with smaller size 
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coated with GQDs or polydopamine will be designed to broaden cancer therapy modalities (e.g., 

exploiting intravenous injection). 

 

EXPERIMENTAL SECTION 

BSArGO@ZIF-8 NSs synthesis. Two mL of 2-MIM (2-methylimidazole) (203 mg) methanol 

solution and 1.2 mL of Zn(NO3)26H2O (92 mg) methanol solution were mixed under stirring. Then, 

0.8 mL 1 mg/mL GO was slowly added into the mixture. After 1 h, 1 mL of 5 mg/mL Vc was slowly 

added and stirred for another 3 h to form rGO@ZIF-8 NSs. The mixture solution was centrifuged at 

8000 rpm for 5 min, and the precipitate was washed with the methanol to remove the excess Vc. Finally, 

the precipitate was dispersed in 2 mL methanol and 8 mL of 4 mg/mL BSA were added, and then 

stirred for 30 min. After this reaction, the precipitate was collected by centrifugation (8000 rpm for 5 

min) and subsequently washed with water. Finally, the prepared BSArGO@ZIF-8 NSs were dispersed 

in water and stored at 4 ℃ for the following experiments. 

Characterization of BSArGO@ZIF-8 NSs. The morphology of rGO@ZIF-8 NSs and 

BSArGO@ZIF-8 NSs was observed by a transmission electron microscope (TEM, Hitachi 7500, 

Hitachi High Technologies Corporation, Tokyo, Japan). The size of ZIF-8 NPs was measured by 

ImageJ. XRD patterns of BSArGO@ZIF-8 NSs were recorded on a Bruker D8 advance powder 

diffractometer (Cu Kα X-ray source). XPS spectra were measured by a Thermo Scientific K-Alpha X-

ray photoelectron spectrometer with a basic chamber pressure of 10−8 to 10−9 bar with an anode using 

Al Kα radiation (hν = 1486.6 eV). Raman spectra were obtained by a Renishaw inVia microscope 

equipped with a 532 nm laser. 

Cell culture and cell viability. Human cervical carcinoma (HeLa) cells and human head and neck 

squamous cell carcinoma (SCC25, Cal27, and HN4) cells were obtained from ATCC (ATCC, 

Manassas, VA, USA). Cells were cultured in a DMEM medium (Hyclone, Logan, UT, USA) 

supplemented with 10% fetal bovine serum. Cell viability was detected by a cell counting kit-8 (CCK-

8, Dojindo Molecular Technology) test following the manufacturer’s instructions. 

Live/dead cell staining assay. SCC25 and Cal27 cells were cultured in DMEM containing 200 

μg/mL and 150 μg/mL BSArGO@ZIF-8 NSs respectively for 24 h in 24-well plates using the live/dead 

cell double staining kit (Solarbio, Beijing, China). After incubation at 37 ℃ for 20 min in the dark, the 

cells were washed with PBS and observed under an Olympus IX73 inverted fluorescence Microscope. 
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Intracellular ROS and Zn2+ detection assay. After co-culturing with BSArGO@ZIF-8 NSs for 6 

h, intracellular ROS level was measured using 2ʹ,7ʹ-dichlorofluorescein diacetate (Beyotime 

Biotechnology, Shanghai, China) for 20 min and washed three times with PBS. Intracellular Zn2+ level 

was measured by Zn2+ probe (Abcam, Cambridge, UK). Untreated cells were used as control. The 

ROS signal and Zn2+ level in the cells were observed by inverted fluorescence microscopy and ImageJ 

software was used for semi-quantitative analysis. In addition, the intracellular ROS and Zn2+ ion level 

in SCC25, Cal27, and HeLa cells with or without BSArGO@ZIF-8 NSs treatment were detected by 

flow cytometry (BD Biosciences, San Diego, CA, USA). 

RNA-seq analysis. Total RNA of Cal27 cells from 3 different experiments treated with or without 

BSArGO@ZIF-8 NSs for 6 h was collected and RNA-seq was used to analyze the whole genome 

expression at LC Sciences through the Illumina X10 platform (Hangzhou, Zhejiang, China). Firstly, 

the total RNA was performed quality control based on the previous study, and then the clean reads 

were mapped to the reference genome (GRCh38) via hierarchical indexing for spliced alignment of 

transcripts (HISAT) (v2.0.4). StringTie was used to determine the expression level of mRNAs by 

calculating fragments per kilobase of exon model per million mapped fragments (FPKM). The 

correlation among all samples was detected by Pearson correlation analysis and PCA. Volcano analysis 

was used to identify the DEGs between the treated and control groups. Based on the DEGs generated 

by BSArGO@ZIF-8 NSs, the overrepresented Gene Ontology categories and the significant KEGG 

pathways were identified. Heatmaps were used to present the expression signatures of the DEGs 

involved in cell apoptosis and cancer-related pathways. The Pathview website was used to analyze the 

signaling pathway activation after BSArGO@ZIF-8 NSs treatment. To select the genes that were not 

significantly differentially expressed but were important for the function of biological pathways, 

GSEA was performed method according to all genes in BSArGO@ZIF-8 NSs vs control group based 

on the cluster Profiler and enrichplot R package. The RNA sequence data are available at the NCBI 

Gene Expression Omnibus (GEO): GSE191172. 

Mitochondrial membrane potential and cell apoptosis analysis. To detect the variations of 

mitochondrial membrane potential, Cal27 cells were treated with 150 μg/mL BSArGO@ZIF-8 NSs 

for 6 h. Untreated cells were as control. Then, cells were washed with PBS and labeled with JC-1 

(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazolylcarbocyanine iodide; Solarbio) at 37°C in the 

dark for 30 min. Labeled cells were washed twice with PBS and observed by fluorescence microscopy. 
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The state of Cal27 apoptosis after BSArGO@ZIF-8 NSs treatment for 12 h was measured. Untreated 

cells were used as control. According to the manufacturer's instructions, the cells were harvested and 

processed for apoptosis analysis by Annexin V-FITC/PI staining (Dojindo Laboratories). The early 

and late apoptosis signals were observed by fluorescence microscopy and measured by cytometry 

analysis. 

Synergistic effect of PTT and IIT in vitro. After treatment with BSArGO@ZIF-8 NSs for 12 h at 

the concentration of 150 μg/mL (Cal27 cells) and 200 μg/mL (SCC25 cells), 808 nm NIR irradiation 

(1W/cm2) was performed for 10 min. After being cultured for an additional 12 h, cell viability and 

live/dead cell staining were performed.  

Animal experiments. For in vivo assays, 12 female BALB/c nude mice (5 weeks of age) were 

purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). 

Experimental protocols were conducted according to ethical principles for using laboratory animals, 

as approved by the Medical Ethics Committee of the School of Stomatology, Shandong University, 

Jinan, China (protocol: 20210304). After a week of acclimatization, the mice were injected with Cal27 

cells (4 × 106 cells in 200 µL saline) under the right axilla. Tumor volume (V) was calculated by tumor 

length (L) and width (W) as V = L × W2 / 2. When the tumor volume reached 400 mm3, the mice were 

randomly divided into three groups, with four repeats for each group: (i) saline, (ii) BSArGO@ZIF-8, 

(iii) BSArGO@ZIF-8+NIR. BSArGO@ZIF-8 NSs (4 mg/mL, 50 μL) dispersion were injected 

intratumorally every other day. Additionally, group (iii) was treated with the 808 nm laser for 10 min 

at 1 W/cm2 after 24 h post-injection. Meanwhile, the mice were photographed, the changes in weight 

and the tumor volume of mice in each group were recorded. After 12 days, about 200 µL of blood was 

collected for hematological analysis and all the mice were sacrificed by cervical dislocation. The 

tumors were excised, weighed, photographed, and stored for further investigation. The major organs 

(heart, liver, spleen, lung, and kidney) were also collected. After they were fixed with 4% 

paraformaldehyde, dehydrated, sliced, and stained with H&E or immunohistochemical staining using 

Ki67 and CD31 (Abcam). For apoptosis analysis of the cancer cells, terminal deoxynucleotidyl 

transferase-mediated dUTP nick-end labeling (TUNEL) staining analysis was performed on the tumor 

sections. The slices were imaged by fluorescence microscopy. To further confirm the penetration, 

tumor tissue sections were stained for 2 h at room temperature with 20 μM of fluorophore ZnAF-2F. 
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The continuous images taken using a fluorescent microscope along the approximately 4 mm long tissue 

piece from the left side to the right side are spliced. 

Statistical analysis. The results are shown as the mean ± standard deviation of the mean. The 

statistical significance of the differences was determined by one-way ANOVA. Values with p < 0.05 

were considered statistically significant in the biological experiment (*means p < 0.05, ** means p < 

0.01, *** means p < 0.001). In the process of RNA-seq analysis, q (the corrected p value, FDR) < 0.05 

was considered to detect DEGs. 
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