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Abstract 

Clinical hyperthermic intraperitoneal chemotherapy (HIPEC) is regarded as a potential treatment that can prolong 
survival of patients with peritoneal metastases after cytoreductive surgery. However, treated tumor cells are prone to 
becoming heat resistant to HIPEC therapy through high expression of heat shock proteins (HSPs). Here, a carrier-free 
bifunctional nanoinhibitor was developed for HIPEC therapy in the management of peritoneal metastases. Self-
assembly of the nanoinhibitor was formed by mixing Mn ion and epigallocatechin gallate (EGCG) in a controllable 
manner. Such nanoinhibitor directly inhibited HSP90 and impaired the HSP90 chaperone cycle by reduced intracellu‑
lar ATP level. Additionally, heat and Mn ion synergistically induced oxidative stress and expression of caspase 1, which 
activated GSDMD by proteolysis and caused pyroptosis in tumor cells, triggering immunogenic inflammatory cell 
death and induced maturation of dendritic cells through the release of tumor antigens. This strategy to inhibit heat 
resistance in HIPEC presented an unprecedented paradigm for converting “cold” tumors into “hot” ones, thus signifi‑
cantly eradicating disseminated tumors located deep in the abdominal cavity and stimulating immune response in 
peritoneal metastases of a mouse model. Collectively, the nanoinhibitor effectively induced pyroptosis of colon tumor 
cells under heat conditions by inhibiting heat stress resistance and increasing oxidative stress, which may provide a 
new strategy for treatment of colorectal peritoneal metastases.
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Introduction
Peritoneal metastases (PM), the common metastases 
originating from tumors in the abdominal and pelvic 
cavity, is associated with debilitating symptoms, clini-
cal deterioration, and limited treatment opportunities. 
Colorectal cancer (CRC) is the third most frequently 
diagnosed cancer and second leading cause of cancer-
related death worldwide [1]. Approximately 20% of 
patients with CRC develop peritoneal metastases [2, 3], 
and the median survival ranges from 5 to 7  months if 
untreated [4]. Apart from typical treatments involving 
surgery, intravenous systematic chemotherapy, and sup-
portive care, a combined strategy of hyperthermic intra-
peritoneal chemotherapy (HIPEC) has provided effective 
treatment in some patients with peritoneal metastatic 
diseases [5].

In peritoneal metastases of colorectal origin, platinum 
agents and mitomycin C are used the most widely. Com-
pared to systemic intravenous chemotherapy, HIPEC 
has several therapeutic advantages including favorable 
pharmacokinetics and homogeneity of chemotherapy 
and heat. Intraperitoneal delivery achieves about 20-fold 
greater drug concentrations at the peritoneal surface 
than in the plasma due to the blood-peritoneal barrier 
[6, 7]; moreover, the peritoneal clearance is much slower 
compared to systemic drug clearance, thus facilitat-
ing prolonged exposure of tumor cells to chemotherapy 
[8, 9]. In addition, heat enhances tissue penetration and 
cell membrane permeability, which results in better drug 
uptake in deep tumor tissues [6, 10]. These pharmacoki-
netic advantages increase the locoregional therapeutic 
effect while reducing systemic toxic effects.

The rationale of hyperthermia is based upon a direct 
thermal cell-killing effect on tumor cells, but not normal 
cells, when temperatures exceed 41–42 °C [11]. However, 
the optimal combination of HIPEC therapy has shown 
limited effectiveness, due to heat/drug resistance, thus 
hampering the application of HIPEC treatment [12, 13]. 
When cells are exposed to stress conditions including 
elevated temperature, heavy metals, chemical agents, 
etc., the heat shock proteins (HSPs) are synthesized in 
response. These stress-induced chaperones bind to cli-
ent proteins to avoid protein misfolding and aggrega-
tion and protect cells from stress conditions. HSPs are 
generally categorized into six major families accord-
ing to molecular size: HSP100, HSP90, HSP70, HSP60, 
HSP40, and small heat shock proteins [14, 15]. Among 
them, HSP90, widely expressed in many malignancies, 
has been reported as a promising target for tumor treat-
ment [16–18]. Furthermore, many studies have reported 
HIPEC can induce expression of HSP90 [13, 19, 20]. The 
markedly increased level of HSP90 under HIPEC treat-
ment provides a sufficient therapeutic window for tumor 

treatment. In this study, we aimed to create an agent that 
selectively targets tumor cells and makes them more 
vulnerable to heat and chemotherapy by inhibition of 
HSP90.

The HSP90 family members in mammals are known as 
HSP90α (in cytoplasm), HSP90β (in cytoplasm), glucose-
regulated protein 94 (in endoplasmic reticulum), and 
the tumor necrosis factor receptor-associated protein 1 
(in mitochondria). HSP90α is an inducible defense upon 
environmental or patho-physiological stress conditions 
[21, 22]. Structurally, HSP90α is a homodimeric pro-
tein, and each monomer is composed of three domains: 
N-terminal domain (NTD) for adenosine triphosphate 
(ATP) binding; the middle domain for client protein 
binding, and the carboxy-terminal domain (CTD) for 
HSP90 dimerization [23]. Currently, most existing drugs 
involved in clinical trials are NTD inhibitors, whereby 
the binding between NTD inhibitors and HSP90 triggers 
the heat shock response (HSR). The HSR is mediated by 
heat shock factor 1, resulting in compensatory expression 
of other heat shock proteins, such as HSP70, HSP40, and 
HSP27 [24, 25]. However, CTD HSP90 inhibitors might 
avoid such drawbacks. Therefore, the identification, char-
acterization, and development of C-terminal inhibitors 
are recognized as a hot topic [26, 27].

Epigallocatechin gallate (EGCG), a highly bioactive 
natural constituent, has shown antitumor activities by 
binding directly to cellular and molecular receptors and 
signaling molecules, or by inhibiting the functions of 
key proteinases, kinases, and other enzymes. As a natu-
ral compound, EGCG has been considered clinically safe 
with low production cost [28, 29]. EGCG has entered 
phase-I or II clinical trials in treatment of colorectal, 
prostate, lung, breast, esophageal, bladder, pancreatic 
(NCT02336087), superficial skin (NCT02029352), and 
urothelial (NCT01993966) tumors, indicating its trans-
lational potential for cancer treatment [29, 30]. Yet the 
underlying mechanism is not fully understood.

In recent years, EGCG has also emerged as a promis-
ing HSP inhibitor, representing an attractive natural con-
stituent for further development of a cancer therapy [31, 
32]. However some intrinsic deficiencies restrict its appli-
cation, such as structural instability and low bioavailabil-
ity [30, 33]. Several investigators have made attempts to 
encapsulate EGCG in nano-sized vehicles to overcome 
these shortcomings in basic research [34–36].

Here, we developed a novel metal enriched HSP90 
nanoinhibitor for hyperthermic intraperitoneal chemo-
therapy for the management of colorectal peritoneal 
metastases. The nanoscale HSP90 inhibitor was formed 
by combining EGCG and magnesium (Mn) using a 
flash nanocomplexation (FNC) technique. This HSP90 
nanoinhibitor inhibited the biological function of HSP90 
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in tumor cells and made them more susceptible to heat 
stress. Moreover, the nanoinhibitor combined with heat 
induced pyroptosis of tumor cells by the caspase 1/
GSDMD pathway. In a Balb/c mouse model with CT26 
cells, HIPEC with the nanoinhibitor revealed tumor-
targeting ability and long-term potent therapeutic effect 
with limited toxicity. HSP90 inhibition and antitumor 
effect were also observed in patient-derived tumor orga-
noids. Overall, these data suggest that nanoinhibitor 
based HIPEC might be a promising therapeutic approach 
for treatment of colorectal peritoneal metastases.

Methods
Cell culture
The human colon adenocarcinoma cell line HCT116, 
human gastric mucosal epithelial cells line GSE1, and 
human peritoneal mesenchymal cell line HMrSV5 were 
purchased from the American Type Culture Collec-
tion (ATCC, USA). The human gastric cancer cell lines 
MGC803, HGC-27, and mouse colon adenocarcinoma 
cell lines CT26 and CT 26-lucifer were obtained from 
Procell Life Science & Technology Co., Ltd. (China). 
HCT116 cells were cultured in McCoy’s 5A medium with 
10% bovine serum (Gibco). GSE1, HMrSV5, MGC803, 
HGC-27, CT26, and CT 26-lucifer cells were cultured 
in 1640 medium with 10% bovine serum (Gibco).All 
cells were incubated at 37  °C in a 5% CO2 humidified 
incubator.

Fabrication and characterization of nanoihibitor
EGCG (45.8  mg) was dissolved in 10  mL water and 
the pH was adjusted to 7.5 with NaOH. MnCl2•4H2O 
(197.0 mg) was dissolved in 10 mL water and the pH was 
adjusted to 6.0 with Hcl. The MnEGCG nanoparticles 
were synthesized by a T-type confined impingement jet 
mixer (CIJM) with a flow rate of 5  mL/min. After cen-
trifugation and wash with water, MnEGCG nanoparticles 
were obtained and kept in ethanol at -20  °C for subse-
quent analyses. The average particle size and zeta poten-
tial (ζ-potential) were measured using the laser light 
scattering Zetasizer (Nano ZS, Malvern) in water. X-ray 
diffraction (XRD) was obtained by Bruker D8 Advance. 
Fourier transform infrared spectroscopy (FTIR) spectra 
was evaluated on a Thermo Scientific Nicolet iS5 spec-
trometer in the range of 4000–400  cm−1. Mn content 
was confirmed by energy-dispersive X-ray spectroscopy 
(XPS, Thermo Scientific K-Alpha).

In vitro cell uptake and cytotoxicity of nanoinhibitor
To evaluate the antiproliferation effect, cell viability 
was quantified in human tumor cells and mouse tumor 
cells using the cell counting kit-8 (CCK-8) and acetoxy-
methyl ester (AM)/propidium iodide (PI) cytotoxicity 

assay kit. The nanoinhibitor was added to the medium 
of cells plated in 96-well plates and incubated at 37  °C 
and 43 °C for 30 min, respectively, and then the medium 
was refreshed. The CCK-8 assay and AM/PI assay tests 
were conducted at 24 and 48  h. The modified formula 
was used to calculate cell viabilities, where cell viability 
% = (ODsample—ODblank / OD37℃ control—ODblank) × 100%.

5-FAM cadaverine (0.5 μg/mL) and nanoinhibitor were 
mixed in ethanol and stirred for 24 h. CT 26 cells were 
treated with the labeled nanoinhibitor and free 5-FAM 
cadaverine, respectively. After incubation for 0, 4, 6, 9, 
and 12 h, the cells were washed twice with PBS and fixed 
with 4% paraformaldehyde, and then stained by DAPI. 
Fluorescence images were recorded by confocal laser 
scanning microscopy (CLSM, Zeiss LSM880, Germany).

Western blot
CT26 cells were treated with PBS 37  °C, EGCG 37  °C, 
nanoinhibitor 37  °C, PBS 43  °C, EGCG 43  °C, and 
nanoinhibitor 43 °C. Protein samples were collected and 
purified from the lysates and supernatants of cells treated 
for 1, 6, and 24  h. HSP90α antibody (catalog AF1378), 
HSP70 antibody (AH728), β-actin antibody (catalog 
AF0003), calreticulin antibody (catalog AF16666), and 
HMGB1 antibody (catalog AF08180), were purchased 
from Beyotime Biological Co., Ltd. Caspase 1 antibody 
(catalog 22915–1-AP) and GSDMD antibody (catalog 
66387–1-lg) were purchased from Proteintech Group, 
Inc. All protein samples were visualized and analyzed by 
Western blotting with appropriate antibodies.

Molecular docking
Autodock Vina 1.2.3 [37] was used to dock the mono-
mer and dimer forms of Hsp90 (PDB ID: 7L7J) [38] with 
small molecules EGCG globally. Before docking, hydro-
gen atoms were added to protein at pH = 7. Gaussian 16 
was used to optimize the geometry of EGCG at the level 
of B3LYP/def-TZVP, and Multiwfn [39] was used to fit 
the RESP charge. According to the docking results, the 
docking sites and conformations with the highest binding 
affinity scores were selected for discussion, and the 3D 
and 2D images of receptor-ligand interactions were dis-
played using UCSF ChimeraX [40] and Discovery Studio 
2021 [41].

RNA extraction and sequencing
After CT26 cells were treated with nanoinhibitor 
(50  mg/L) and heat for 24  h, the biological samples 
(n = 3) were collected for RNA extraction by the TRI-
zol reagent kit (Invitrogen, USA). RNA sequencing and 
library construction were performed using the Illumina 
HiseqTM 2500/4000 by Gene Denovo Biotechnology 
Co., Ltd (Guangzhou, China). Gene expression profiles 
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were analyzed by DESeq2 software. Enrichment pathway 
analyses, such as GO, KEGG, and GES (Gene Set Enrich-
ment), were performed using Omicsmart, a real-time 
interactive online platform for data analysis.

ATP and ROS assessment
After different treatments, the cells lysates and super-
natants were collected. The intracellular and extracel-
lular ATP levels were measured by a microplate reader 
(BioTek, SynergyH1, USA) after 3 min incubation with a 
standard ATP assay kit.

The treated cells were incubated with serum free 
DCFH-DA probe (10 µM) for 30 min at 37 °C under light 
exclusion. The level of reactive oxygen species (ROS) was 
determined by a fluorescence microscope (Leica, DMi8, 
Germany).

Induction of immune response in vitro
Detection of pyroptosis
To capture pyroptotic cell morphology, the bright-field 
images were photographed using a LEICA DMi1 micro-
scope. The supernatants were used to test lactate dehy-
drogenase (LDH) and IL-1β levels by the LDH Assay Kit 
and IL-1β ELISA Kit, respectively. The lysates of cells 
were used to quantify GSDMD, caspase 1, calreticu-
lin (CRT), and high mobility group box 1 (HMGB 1) by 
Western blot as described previously [42]. The HMGB1 
level in supernatants was also shown by Western blotting.

Activation and maturation of dendritic cells
Bone marrow derived cells (BMDC) were obtained from 
the femurs of Balb/c mice and cultured for 7 days to gen-
erate CD11c+ dendritic cells (DCs). CT26 tumor cells 
were cultured and treated in the upper well of a 24-well 
transwell system with 0.4  μm polycarbonate porous 
membranes for 24 h. The treated tumor cells were then 
incubated with the BMDCs seeded in the bottom well at 
a 2:1 ratio for another 24 h. The BMDCs were collected 
and stained with FITC CD11c antibody (catalog 117306), 
PE CD86 antibody (catalog 105007), and APC CD80 anti-
body (catalog 101713) and analyzed by flow cytometry. 
These antibodies were purchased from BioLegend, Inc.

Animal studies
Mouse model for colorectal peritoneal metastases
The female Balb/c (4–5  weeks) mice were purchased 
from Charles River Co. Ltd. (Shanghai, China). All animal 
experiments in this study were in accordance with the 
National Regulation of China for Care and Use of Lab-
oratory Animals approved by the Institutional Animal 
Care and Use Committee, Sun Yat-Sen University (SYSU-
IACUC-2022-B1716). The mouse model for peritoneal 
metastases was induced 5  days after intraperitoneal 

injection of 2 × 106 CT 26-lucifer cells per mouse. All 
mice were sacrificed via euthanasia method.

Biodistributions in vivo
To investigate the distribution of the nanoinhibitor in 
peritoneal metastases, the free DiR and nanoinhibi-
tor conjugated with DiR were injected into two groups 
of tumor- bearing mice (n = 6). All mice were anaesthe-
tized and photographed at 1, 6, 24, 48, 72, and 168 h by 
an in vivo imaging system (IVIS). Half of the mice were 
sacrificed and dissected at 72 h and 168 h after injection. 
The tumors and major organs were collected and imaged 
using IVIS. The fluorescence intensity was calculated 
using AnitView100.

Procedures of hyperthermic intraperitoneal chemotherapy
A total of 40 mice were divided into four groups, includ-
ing control (PBS 37  °C), nanoinhibitor 37  °C, PBS 43  °C 
and nanoinhibitor 43  °C groups. The equipment for 
intraperitoneal perfusion mainly consisted of a heat 
exchanger, a roller pump, and a silicone tube. Mice 
were kept under isoflurane anesthesia (5%, 10 μL/g 
body weight), and their abdomen was sterilized with 
75% alcohol. A 0.5-mm needle was inserted into the left 
upper abdomen as an inflow tube and a 0.9-mm needle 
was inserted into the right inferior abdomen as an out-
flow tube. The intraperitoneal temperature (higher than 
41 °C but less than 43 °C) was constantly monitored by an 
infrared thermal imaging device and thermometer with 
a probe implanted in the inflow tube. The perfusate was 
pumped into the abdomen for 15 min (5 mL/min) until it 
reached the required temperature. To minimize damage 
and keep the mice alive, the procedure was adjusted or 
stopped once the liquid flow was blocked. Two cycles of 
HIPEC were performed on day 0 and day 7.

Antitumor effect in vivo
The experimental parameters were recorded every 5 or 
10 days, such as body weights, abdominal circumference, 
and tumor growth. On day 17, half of the mice in each 
group were sacrificed, and the ascites and excised tumors 
were photographed and weighed. Tumors and main 
organs (heart, liver, spleen, lung, and kidney) of tumor-
bearing mice after treatment were obtained for H&E and 
immunohistochemical analysis. The remaining mice were 
monitored until death for calculation of survival per-
centage. The tumor inhibition was calculated using the 
formula: (1-T/C) × 100% (T: mean weight of tumors in 
treatment groups, C: mean weight of tumors in control 
group).

Blood samples and ascites were collected for cytokine 
tests and biocompatibility assessment when the mice 
were sacrificed. IL-6, IFN-γ, and TNF-α were evaluated 
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by a mouse IL-6 ELISA kit, mouse IFN-γ ELISA kit, and 
mouse TNF-α ELISA kit, respectively, according to the 
manufacturer’s protocol.

The freshly harvested tumors and major organs were 
fixed in 4% paraformaldehyde, dehydrated, embedded, 
and then sections were cut and placed onto slides. For 
histology, tissue slices were stained with hematoxylin 
and eosin. For immunohistochemistry, tissue slices were 
stained with CD3 (ABclonal, A19017), cleaved GSDMD 
(ABclonal, A22523), and HSP90 (Beyotime, AF1378) 
antibodies, respectively. Afterwards, stained slices were 
photographed with an optical microscope and analyzed.

Aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), creatinine (CRE), and blood urea 
nitrogen (BUN) were tested for biosafety evaluation.

Establishing organoids and evaluating the antitumor effect
At the beginning of the experiment, all patients provided 
informed consent. Following the guidelines of Helsinki 
Declaration and ethical regulations approved by Medi-
cal Ethics Committee of the Seventh Affiliated Hospital, 
Sun Yat-sen University (KY-2022–039-02), we obtained 
tumor biospecimens from two patients with colorec-
tal peritoneal metastases between June 2022 and Sep-
tembers 2022. Those solid tumors were fragmented and 
seeded into 6- or 96-well plates by encapsulating cells 
(density of 2 × 105 cells/mL) in a hydrogel. On the 5th 
day, the organoids were treated and then replenished 
with fresh medium and cultured for another 3 days, after 
which, experiments, such as cell viability, protein extrac-
tion, etc., were conducted.

Statistics
The data are shown as mean ± standard deviation. Graph-
Pad prism 8.0 software was used for the statistical anal-
ysis of the data. One-way ANOVA and Holm–Sidak 
test were used for multiple comparisons, T-tests were 
performed for comparisons of two groups, and the sig-
nificant difference was showed at a value of *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. P > 0.05 is indi-
cated as not significant (ns).

Results
Synthesis and characterization of HSP90 nanoinhibitor
Herein, MnEGCG nanoparticles were prepared by the 
flash nanocomplexation technique [43, 44]. As shown in 
Fig. 1A, EGCG and MnCl2•4H2O aqueous solutions were 
rapidly mixed by a two-stream confined impingement jet 
mixer (CIJM) with flow rate of 5 mL/min. As prepared, 
the nanoinhibitor was in amorphous spherical shape 
with average size of 208 nm (Fig. 1B and C). The nano-
particles had a negative surface charge with zeta potential 
around − 1.74  mV. The disappeared absorption peak of 

Fourier transform infrared spectroscopy (FTIR) centered 
at 1698 cm−1 of C-O and 623 cm−1 of phenolic hydroxyl 
group revealed the coordination of Mn2+ with phenolic 
hydroxyl groups on EGCG (Fig.  1D) [45, 46]. The Mn 
content was calculated to be 8.90 wt. % from X-ray pho-
toelectron spectroscopy (Fig.  1E), and both Mn2+ and 
EGCG can be released from nanoinhibitor in acidic con-
ditions, which is similar to the tumor microenvironment 
(pH 6.2 ~ 6.8) and cytolysosome (pH 4.5 ~ 5) (Fig. 1F).

Cellular uptake and antiproliferation effect 
of the nanoinhibitor in vitro
The cellular uptake of nanoinhibitor was investigated by 
CLSM for 12 h. As shown in Fig. 2A, after the cells were 
incubated with the nanoinhibitor labelled with 5-FAM, 
a time-dependent cellular uptake was observed, and the 
fluorescence intensity inside the cells increased signifi-
cantly at 6 h, thus confirming the successful uptake of the 
nanoinhibitor by tumor cells.

CCK-8 assays and AM/PI staining were used to evalu-
ate the antiproliferation effect in vitro. Cell viability was 
detected when tumor cells were treated with EGCG 
37 °C, nanoinhibitor 37 °C, EGCG 43 °C, and nanoinhibi-
tor 43 °C for 24 or 48 h. At increasing concentrations, the 
nanoinhibitor resulted in significantly higher degree of 
tumor cell death (Fig.  2B). At equal concentrations, the 
nanoinhibitor displayed greater cytotoxicity than EGCG 
in mouse colon cancer CT26 cells, and heat further 
enhanced the antiproliferation effect (Fig. 2C, F). The IC50 
of the nanoinhibitor plus 43  °C heating was 14.90 mg/L 
at 48 h, lower than that of 24 h (21.07 mg/L). A similar 
result was also observed in the HCT116 human colon 
cancer cells (Fig.  2D, G) and MGC803 human stomach 
cancer cells (Fig. 2E, H). However, soluble Mn2+ was not 
acceptable to inject directly into the body and showed 
limited cytotoxicity in cancer cells (Fig. S1). These results 
suggested the nanoinhibitor can significantly reduce 
resistance of tumor cells to heat treatment.

Mechanism of antiproliferation
First, the antiproliferation effect of heat was investigated. 
After incubation at a non-fatal high temperature (39 °C) 
for 30  min, approximately 90% of tumor cells survived 
after 24 h, though the cell viabilities gradually increased 
with the rising number of heated times (Fig. 3A and B). 
Meanwhile, the expression of heat shock proteins (HSP90 
and HSP70) increased (Fig.  3C). These results indi-
cated the resistance of tumor cells could be induced by 
heat. To investigate the possible binding mode between 
EGCG and HSP90, we performed molecular docking. As 
shown in Fig.  3D, EGCG revealed a high binding activ-
ity with the C-terminal domain of the HSP90 homodi-
mer, in accordance with binding site reported by other 
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researchers (near the ATP-binding pocket, but not the 
ATP-binding pocket in the CTD) [47, 48]. After tumor 
cells were treated with heat, the expression of HSP90 
increased in a time-dependent manner within 24 h. We 
analyzed HSP90 level at different time points up to 24 h. 
The HSP90 had almost no change at 1  h post-heat and 
started to regress at 6 h when the nanoparticle was grad-
ually internalized into tumor cells (Fig.  3E). The inhibi-
tion of HSP90 was also observed in HCT116 cells after 
treatment (Fig. S2). RNA sequencing analysis was further 
conducted to assess the differentially expressed genes 

and enrichment pathways related to heat stress response. 
As shown in Fig. 3F, cell stress/death stimulatory genes, 
such as eukaryotic translation initiation factor 2 alpha 
kinase 3 (Eif2ak3), activating transcription factor 6 (Atf6), 
and X-box binding protein 1 (Xbp1), were up-regulated, 
and cell stress/death suppressor genes, such as X-linked 
inhibitor of apoptosis (Xiap), valosin containing pro-
tein (Vcp), and Sil1 nucleotide exchange factor (Sil1), 
were down-regulated after treatment with 43 °C heating 
and the nanoinhibitor. These genes were enriched in the 

Fig. 1  Design and characterization of MnEGCG nanoparticles. A Schematic illustration of the strategy for synthesis of MnEGCG nanoparticles. B 
TEM images of MnEGCG nanoparticles; the inset is the particle size distribution. C, Carbon. Mn, Manganese. O, Oxygen. C XRD, (D) FTIR and (E) XPS 
spectrum of MnEGCG nanoparticles. F Degradation of the nanoparticles in PBS at different pH values
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Fig. 2  Cellular uptake and antiproliferation effect of nanoinhibitor in vitro. A Confocal fluorescent images showing cellular uptake of 5 
FAM-nanoinhibitor in CT26 cells at 4, 6, 9, and 12 h. Green fluorescence represents 5-FAM conjugated to nanoinhibitor, and blue fluorescence 
indicates nucleus (DAPI). B AM/PI staining images of CT26 cells after treated with the nanoinhibitor at the concentrations of 12.50, 25.00, 50.00, and 
100.00 mg/L for 24 h. Green fluorescence represents living cells dyed by acetoxymethyl ester (AM), and red fluorescence represents dead cells dyed 
by propidium iodide (PI). Cell viabilities after different treatments in CT26 cells for 24 h (C), HCT116 cells for 24 h (D), MGC803 cells for 24 h (E), CT26 
cells for 48 h (F), HCT116 cells for 48 h (G), and MGC803 cells for 48 h (H). *, EGCG 37 °C vs EGCG 43 °C, ****p < 0.0001. #, Nano 37 °C vs Nano 43 °C, 
####p < 0.0001. Nano, nanoinhibitor
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protein processing in endoplasmic reticulum and oxida-
tive phosphorylation (Fig. 3G, H).

HSP90 is an ATP-dependent molecular chaperone. 
In the absence of ATP, HSP90 is unable to regulate the 
structure and conformational cycle [49]. To further inves-
tigate the impact of the nanoinhibitor on HSP function, 
we evaluated the intracellular ATP level. As shown in Fig. 
S3, ATP levels decreased in EGCG and nanoinhibitor 
group after treatment, especially in the 43 °C nanoinhibi-
tor treatment group. Thus the reduced intracellular ATP  
synergistically contributed to the inhibition of HSPs, and 
eventually enhanced the antiproliferation effect of EGCG 
and nanoinhibitor.

In addition, Mn ion (Fenton reaction inducer) and heat 
also synergistically contributed to the increased genera-
tion of ROS, which serves as an endogenous oxidative 
stress [50, 51]. The ROS level was evaluated at 24 h after 
treatment, and the group treated with the nanoinhibi-
tor showed a higher ROS in comparison to EGCG, and a 
further increased level of ROS under heat. Overall, cells 
exposed to 43 °C heating with the nanoinhibitor showed 
the highest level of ROS (Figs. 3I and S4).

Pyroptosis and immunostimulation induced 
by nanoinhibitor
Excessive ROS is a reported effective inducer of pyrop-
tosis in tumor therapy [52]. Pyroptosis, characterized 
by pore formation in membranes and cellular swelling 
with large bubbles and lysis, can trigger an immuno-
genic form of programmed cell death through the release 
of cellular contents. Pyroptosis is induced by canonical 
and noncanonical pathways mediated by the gasdermin 
protein family (GSDM, mainly GSDMD and GSDME). 
Gasdermin is cleaved by the caspase protein, produc-
ing a gasdermin-N domain fragment that inserts into 
cell membranes and thereby executes pyroptotic tumor 
cell death [53–55]. To better understand gasdermin’s 
key role in mediating nanoinhibitor-induced pyroptosis, 
we analyzed expression levels of GSDMD and GSDME 
in normal tissues and various tumor cell lines extracted 
from the Expression Atlas (https://​www.​ebi.​ac.​uk/​gxa). 
The data indicated relatively higher expression of gasder-
min protein in gastrointestinal organs compared to other 
organs (Fig. S5A and B), but reduced to different extents 

in tumor cell lines compared to normal tissues (Fig. S5C). 
We then observed the effect of the nanoinhibitor on 
tumor cells with different expression levels of gasdermin, 
where gasdermin-underexpressed HGC-27 cells devel-
oped non-pyroptotic morphology after treatment with 
the nanoinhibitor (Fig. S5D). Gasdermin-overexpressed 
CT26 cells showed evident cell swelling with typical giant 
bubbles from the plasma membrane (Fig. 4A), the same 
phenomenon was also observed in HCT116 cells after 
treatment with the nanoinhibitor (Fig. S6). Next, to elu-
cidate the underlying mechanism, the pyroptosis-related 
proteins were investigated in CT26 cells. Caspase 1 acti-
vation was induced by the nanoinhibitor and amplified 
by heat. Subsequently, GSDMD was cleaved by caspase 
1, and the levels of the GSDMD-N fragment were con-
currently increased in both 37 °C and 43 °C nanoinhibi-
tor groups, especially in the 43  °C nanoinhibitor group 
(Fig. 4B). The increased level of the GSDMD-N fragment 
was also observed in HCT116 cells treated with nanoin-
hibitor (Fig. S7). RNA sequencing analysis showed that 
pyroptosis-associated genes, including absent in mela-
noma 2 (Aim2), NLR family pyrin domain containing 3 
(Nlrp3), and caspase 1 (Casp1), were up-regulated after 
treatment with nanoinhibitor and 43 °C heating (Fig. 4C). 
Related genes were enriched in the pyroptosis-associ-
ated pathway (Fig. 4D) and immune-associated pathway 
(Fig.  4E, F). The above results provided supporting evi-
dence for elucidating the mechanism of pyroptosis after 
treatment with nanoinhibitor and heat (Fig.  4G). Metal 
ion and heat synergistically contributed to cell oxidative 
stress, which stimulated receptor patterns to assemble 
and activate the Nlrp3 inflammasome, the inflammasome 
can further activate the caspase 1 to induce the cleav-
age of gasdermin D. EGCG further increased oxidative 
stress by inhibiting heat stress resistance, consequently, 
tumor cells accumulated much cell stress that caused cell 
pyroptosis.

Further experiments were performed to verify the RNA 
sequencing analysis by chemokine testing and DC cell 
maturation assay. The leak of intracellular IL-1β, lactate 
dehydrogenase (LDH), and ATP outside the cell was also 
significantly higher in the nanoinhibitor-treated tumor 
cells undergoing pyroptosis (Fig.  4H-J). Taken together, 
the above results indicated that the nanoinhibitor 

(See figure on next page.)
Fig. 3  Antiproliferation mechanism of nanoinhibitor. A Brightfield images of tumor cells after treatment with the non-lethal high temperature 
(39 °C) once, twice, or thrice, respectively. Each heat session lasted for 30 min. B Cell viabilities after treatment with non-lethal high temperature 
(39 °C) corresponding to (A). C Western blot analysis of the effect of high temperature on the expression of heat shock proteins. D Docking models 
of EGCG bound to human HSP90α, and the structural view of EGCG in the HSP90 C-terminal domain. E Western blot analysis of HSP90 level in 
tumor cells treated with EGCG 37 °C (50 mg/L), nanoinhibitor 37 °C (50 mg/L), EGCG 43 °C (50 mg/L), or nanoinhibitor 43 °C (50 mg/L) at different 
time points. HSP901, HSP906, and HSP90.24, stand for HSP90 expression for 1, 6, 24 h after treatment, respectively. F Heat map of differentially 
expressed genes related to endoplasmic reticulum stress. G, H GSEA plots of differentially expressed genes enriched in (G) the protein processing in 
endoplasmic reticulum, and (H) oxidative phosphorylation. I ROS production after different treatments in CT26 tumor cells. *p < 0.05, **p < 0.01, and 
****p < 0.0001

https://www.ebi.ac.uk/gxa
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Fig. 3  (See legend on previous page.)
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induced pyroptosis through the caspase 1/GSDMD 
pathway in colon tumor cells and this effect can be aug-
mented by heat.

Pyroptosis can induce the increase of CRT and the 
release of HMGB1 and ATP in tumor cells. Accumulating 
evidence suggested that such cellular contents can con-
tribute to induce maturation of dendritic cells that trigger 
the adaptive immune response [56, 57]. The CRT protein 
was upregulated in the 43  °C nanoinhibitor group com-
pared with other groups, and increased HMGB1 were 
released into the tumor microenvironment (Fig. S8).

After pre-treatment with the nanoinhibitor, the dying 
tumor cells were co-cultured with bone marrow derived 
cells for 24 h, and then antibody stained DCs were meas-
ured by flow cytometry. In similar total number of naive 
DCs in different groups (Fig. S9A), a significant increase 
in mature DCs was observed in the nanoinhibitor group, 
and combining 43 °C heating substantially improved the 
efficacy of the nanoinhibitor (Figs. 4K and S9B), suggest-
ing the naive DCs can be activated by tumor antigens 
released from nanoinhibitor treated CT26 cells. These 
data indicated that the ICD caused by nanoinhibitor was 
capable of stimulating DCs maturation.

In vivo biodistribution of nanoinhibitor
To study in vivo biodistribution and the antitumor effect, 
a syngeneic mouse model was established through trans-
plantation of luciferase labeled CT26 into the abdominal 
cavity. Five days after tumor cells injection, the peri-
toneal metastases were confirmed by IVIS and in dis-
sected tumors. Solid tumors of approximately 6  mm in 
diameter were found in the upper right quadrant of the 
peritoneum and under the left lobe of the liver. Sev-
eral micro-tumor nodules (1–2  mm in diameter) were 
uniformly distributed in the mesentery (Fig. S10). The 
tumor-targeting ability was investigated by IVIS by intra-
peritoneally injecting free DiR and nanoinhibitor labeled 
with DiR. In the nanoinhibitor-DiR group, the tumor site 
was clearly visualized by the luciferase marker, and the 
gradual increase in fluorescence of the nanoinhibitor-
DiR overlapped with the bioluminescence of the tumor, 
whereas free DiR distributed randomly throughout the 
peritoneal cavity within 48  h (Fig.  5A, C). Fluorescence 
from the labeled nanoinhibitor was also photographed in 

the tumors dissected at 72  h and 168  h after treatment 
(Fig. 5B, D-F). These results indicated that nanoinhibitor 
exhibited a long retention time and good tumor-targeting 
capacity in the abdominal cavity.

In vivo antitumor evaluation of HIPEC
Encouraged by tumor cell inhibition and tumor targeting 
experiments, we assessed the antitumor performance of 
the nanoinhibitor with HIPEC therapy in the CT26-Luc 
tumor syngeneic mice model. With tumor cells injected 
intraperitoneally 5  days prior, mice were randomly 
divided into four groups (n = 10 per group) and received 
treatments with PBS, nanoinhibitor 37 °C (50 mg/L), PBS 
43 °C, and nanoinhibitor 43 °C (50 mg/L). On day 17, five 
mice in each group were sacrificed to evaluate the physi-
ological indicators and oncology parameters, and the rest 
of the mice were continuously monitored until the end of 
the experiment (Fig. 6A).

HIPEC was performed under a constant temperature 
of 41–43  °C (Figs.  6B and S11), as higher temperatures 
may lead to intraperitoneal injuries in mice. Follow-
ing the strict disinfection protocol and thermal control 
during the HIPEC procedures, no hyperthermic perfu-
sion related complications, such as intestinal adhesion 
and obstruction, were observed in any mice. The HIPEC 
procedure was stopped in the first mouse of the 43  °C 
nanoinhibitor group because of repeated outflow cath-
eter obstruction, so this mouse was excluded when evalu-
ating oncological parameters.

According to bioluminescence intensity using IVIS 
system, the nanoinhibitor showed significant inhibition 
of tumor growth, and its activity was further enhanced 
when HIPEC was combined (Figs. 6C, F and S12). Based 
on the tumor weights on the 17th day, mice in the control 
group exhibited rapid tumor growth; treatment groups 
inhibited tumor growth to a greater or lesser extent 
(Fig.  6D). Notably, tumor inhibition rate in the 37  °C 
nanoinhibitor group was calculated to be 43.5%, which 
was significantly inferior to 74.6% in the 43  °C nanoin-
hibitor group (Fig. S13). The effect of HSP90 inhibitory 
and pyroptosis simulation were also confirmed by immu-
nohistochemical and western blot analysis (Figs. 6E and 
S14). The nanoinhibitor based HIPEC therapy signifi-
cantly prolonged the survival of tumor-bearing mice, 

Fig. 4  Tumor cell death and immunostimulation induced by nanoinhibitor in vitro. A Pyroptosis induced by different treatments. The top-right 
images are shown at twofold magnification. B Western blot analysis of pyroptosis-related proteins (the canonical pathway, GSDMD, Caspase 
1) level. C Heat map showing differentially expressed genes related to pyroptosis. D-F GSEA plots of differentially expressed genes enriched in 
nucleotide oligomerization domain (NOD)-like receptor signaling pathway (D), myeloid dendritic cell activation (E), chemokine signaling pathway 
(F). G Illustration of pyroptosis by combined therapy of nanoinhibitor and 43 °C heating. EGCG, epigallocatechin gallate. HSPs, heat shock proteins. 
GSDM, gasdermin. DC, dendritic cell. H, I ELISA for IL-1β (H) and LDH (I) release of tumor cells after different treatments. J Extracellular ATP level of 
tumor cells after different treatment. K Flow cytometry of in vitro DCs maturation (CD80+CD86+, gated on CD11c.+) proportion (%) after incubation 
with CT26 cells with different treatments. Casp1_p20, cleaved caspase 1. LPS is regarded as the positive control group. LPS, Lipopolysaccharide. 
**p < 0.01, ****p < 0.0001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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shown in Kaplan–Meier curves (Fig.  6G). Tumor dis-
semination in the abdominal cavity was also investi-
gated, and different sizes of disseminated tumors spread 
over the abdominal cavity, especially in the intestine and 
mesentery in the control and 43 °C PBS groups. Several 
large tumors showed in the mesentery in 37 °C nanoin-
hibitor group, while a few small tumors were observed 
in the 43  °C nanoinhibitor group. The performance of 
nanoinhibitor and heat in tumor inhibition was further 
confirmed by H&E staining of tumor tissue (Fig.  7A). 

All results suggested an excellent chemo-hyperthermic 
synergistic effect between the nanoinhibitor and hyper-
thermic perfusion for disseminated tumors located even 
deep in the abdominal cavity. The nanoinhibitor played 
dominant roles in the multimodality treatment, which 
was consistent with the mainstream view that the thera-
peutic effect of HIPEC mainly relies on the chemothera-
peutic agents [58].

The living tumor burden was assessed using the modi-
fied peritoneal carcinomatosis index (PCI) according to 

Fig. 5  The biodistribution of the nanoinhibitor in tumor-bearing mice. Images of bioluminescence (Luc) for tumor and fluorescence (Fluo) for 
DiR in CT26-Luc tumor-bearing mice after intraperitoneal treatment with (A) nanoinhibitor-DiR, (C) free DiR at different time points. Images 
of bioluminescence (Luc) and fluorescence (Fluo) for tumors and main organs in (B) nanoinhibitor-DiR group, (D) free DiR group at 168 h 
intraperitoneal injection. E, F The quantitative fluorescence analyses of tumors and major organs in the two groups of mice at 72 h and 168 h 
intraperitoneal injection, respectively. Tu, tumor. Ki, kidney. Lu, lung. Sp, spleen. Li, liver. He, heart. Avg, average. *p < 0.05 and **p < 0.01
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the bioluminescence images. Mouse abdomen was aver-
aged into 9 regions, the PCI score was determined by 
summing the score of each region based on tumor size 
(Fig.  7B). Like the results of bioluminescence inten-
sity, the mice showed the lowest PCI score in the 43  °C 
nanoinhibitor group (Figs.  7D and S15). Immune 

response was supposed to be involved in the antitu-
mor process. In order to investigate biological effects of 
the combined treatments in tumor microenvironment, 
immunohistochemical analysis was performed to char-
acterize the tumor content. Notably, tumors treated 
with nanoinhibitor-based HIPEC showed the highest 

Fig. 6  Antitumor effect of nanoinhibitor in vivo. A Schematic illustration of the experimental protocol in CT26-Luc tumor-bearing Balb/c mice. 
B Schematic illustration of the hyperthermic intraperitoneal perfusion procedure. C Bioluminescence images of tumor-bearing mice individually 
treated with PBS, Nano 37 °C (50 mg/L), PBS 43 °C, Nano 43 °C (50 mg/L) at day 0, 5, 10, 20, 30, 40, and 50. D Representative images of tumor tissues 
harvested from intraperitoneal at day 17. E Tumor immunohistochemical staining of HSP90 and cleaved GSDMD in different treatment groups. 
GSD-N, GSDMD-N fragment. F Bioluminescence intensity of tumors in different groups of mice individually corresponding to (C). G Survival curves 
of mice receiving the indicated treatment. i.p., intraperitoneal injection. Indi, individual
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Fig. 7  In vivo immune-stimulation induced by nanoinhibitor. A Representative photographs of abdominal cavity and mesenteries of mice after 
different treatments. H&E staining and CD3 immunostained images of tumors in different groups. B Schematic illustration of modified PCI score 
derived from human PCI score. C IFN-γ, TNF-α, and IL-6 concentrations in ascites compared with control group post-treatment. D Modified PCI score 
of mice individually in different groups. E IFN-γ, TNF-α, and IL-6 concentrations in serum compared with control group post-treatment. F Illustration 
of proposed antitumor mechanism of the nanoinhibitor. ****p < 0.0001
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level of CD3 (Figs. 7A and S16), which is a marker of T 
cell infiltration in the tumor microenvironment. In the 
study, significantly elevated levels of IFN-γ, TNF-α and 
IL-6 were observed in the ascites after treatment with 
nanoinhibitor-based HIPEC (Fig. 7C). Cytokines in blood 
circulation were further detected for evaluating systemic 
immune response, and treatment groups showed similar 
results (Fig.  7E). Thus, the therapy efficiently converted 
the “cold” tumors into “hot” tumors (with increased 
locoregional immune response and systemic immune 
response, Fig. 7F).

Translational research of the nanoinhibitor in organoids
Based on promising results in  vitro and vivo, we fur-
ther conducted research in organoids to evaluate the 
antitumor effect of the nanoinhibitor. The CRC orga-
noid derived from two patients were treated with EGCG 
37  °C, nanoinhibitor 37  °C, EGCG 43  °C, and nanoin-
hibitor 43 °C for 72 h. As shown in Fig. 8A, nanoinhibi-
tor effectively reduced the HSP90 level in organoid, both 
under 37 °C and 43 °C treatment. Evaluated by the CCK-8 
assay, nanoinhibitor exhibited evident cytotoxicity in 
37  °C condition, and such effect could be strengthened 

Fig. 8  Translational research of nanoinhibitor in organoid. A Western blot analysis of  heat shock protein 90 level in organoids from a CRC tumor 
patient after treatment with PBS, EGCG 37 °C (50 mg/L), Nano 37 °C (50 mg/L), PBS 43 °C, EGCG 43 °C (50 mg/L), Nano 43 °C (50 mg/L). B Cell 
viabilities of organoid after treatment with EGCG 37 °C, Nano 37 °C, EGCG 43 °C and Nano 43 °C at the drug concentrations of 3.12, 6.25, 12.50, 
25.00, 50.00, and 100.00 mg/L. C Microscopical images of organoids after treatment with different concentrations of nanoinhibitor. D AM/PI staining 
images of organoids after treatment with different concentrations of the nanoinhibitor. CC, Colorectal cancer. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. NS, not significant
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significantly by combining with 43  °C heating (Fig.  8B). 
Under bright-field and AM/PI-stained fluorescence 
microscopy, the organoids showed morphological 
changes. The organoids, after treated with higher drug 
concentrations, were ruptured into small fragments, 
resulting in more deaths (Fig. 8C, D). These results sug-
gested that the nanoinhibitor also inhibited HSP90 and 
showed considerable antitumor effect in patient-derived 
organoids.

Biosafety evaluation of nanomedicine
Previous studies reported the HSP90α complex (consist-
ing of different HSP and co-chaperones) from cancer cells 
revealed a 100-fold greater binding affinity with inhibitors 
than the homodimeric HSP90α from normal cells. Thus 
HSP90 inhibitors exert cytotoxicity on tumor cells with 
minimal damage to normal cells [17, 59]. In this study, the 
CCK-8 assay revealed no significant inhibition in the pro-
liferation of normal human cell lines with the application 
of the nanoinhibitor for 24  h, even under heated condi-
tion (Fig.  9A, D). Similarly, normal cells exhibited more 
tolerance to Mn2+ and EGCG than tumor cells, probably 
because the less oxidative stress and HSP90 binding affin-
ity in cancer cells (Fig. S17). For in vivo experiments, the 
liver (Fig.  9B, C) and renal function (Fig.  9E, F) related 
markers were in the normal range for the mice treated 
with nanoinhibitor-based HIPEC compared with control 
group. In addition, no significant morphological differ-
ences in main organs of mice were observed among dif-
ferent treatment groups and control group (Fig. 9G). The 
body weight showed little difference comparing to con-
trol group, which also suggested the nanoinhibitor has no 
obvious side effects (Fig. S18). These results together indi-
cated that normal organs and tissues were more tolerant 
to this nanoinhibitor-based HIPEC therapy.

Discussion
Heat has long been applied for tumor treatment. Tumors 
exposed to temperatures between 40 °C to 47 °C begin to 
lose viability, and show more frank necrosis under higher 
temperatures above 50  °C [60, 61]. However, heat alone 
may be insufficient to induce significant tumor cell death 
due to the non-uniform distribution of heat within the 
tumor tissue. The tumor cells surviving heat therapy will 
become heat-resistant even under increased temperature, 
duration, or frequency, causing tumor relapse and metas-
tases. Thus, chemotherapy or radiotherapy is used as an 
adjuvant with heat for amplifying the antitumor efficacy, 
and the HIPEC is a successful example where heat treat-
ment and chemotherapy are used.

Our work demonstrates the therapeutic potential of 
a novel engineered HSP90 inhibitor for HIPEC therapy. 
We designed a nanoinhibitor by specifically targeting 

the heat-resistance mechanisms of tumor cells at the 
molecular level. The nanoinhibitor showed significant 
tumor inhibition in HIPEC therapy by preferring to bind 
HSP90 in tumor cells rather than normal cells because 
of abundancy and high affinity in tumor cells [17]. The 
inhibition of HSP90 chaperone resulted in accumula-
tion of unfolded/misfolded proteins, which were released 
into tumor microenvironment and served as an antigen 
reservoir for immune response [62]. In addition, the 
protein heat-denatured effect could further strengthen 
tumor immunogenicity. Tumor antigens were presented 
to APC cells and activated the immune response. Con-
sistent with this notion, we found that tumor cells treated 
by the nanoinhibitor induced pyroptosis and maturation 
of DC, an effect further strengthened by heat. As previ-
ously reported, metalloimmunotherapy Mn2+ is a potent 
innate immune inducer, stimulating an IFN-γ response 
and cytokine generation locoregionally and through the 
circulation system [63, 64]. Emerging evidence also indi-
cated heat enhances the synergistic effect of activated 
immune responses and reverses immunosuppression 
when combined with chemotherapy, immunotherapy, or 
any other therapy [65]. After the direct antiproliferation 
effect achieved by the nanoinhibitor, the second attack 
was accomplished by the immune response.

The nanoinhibitor showed good stability and tumor 
selectivity in terms of physicochemical properties. The 
nanoinhibitor prevented cell proliferation in multiple 
gastrointestinal tumor cell lines and inhibited the growth 
of tumor implanted in mice. To better mimic the clinical 
status of advanced colorectal tumor, we used organoids to 
assess the efficacy of the nanoinhibitor. Organoids are 3D 
in vitro cultures consisting of multiple organ-specific cells 
that can recapitulate the in vivo architecture functionality 
and genetic signature of their corresponding organs, serv-
ing as a promising platform for assessing efficacy of new 
therapies and predicting patient outcome in preclinical 
and clinical research [66]. The nanoinhibitor imposed a 
strong suppression of HSP90 in a patient-derived organoid. 
In addition, animal pharmacology studies indicated that 
the nanoinhibitor has high bioavailability and biosafety. 
The nanomedicine constructed from natural EGCG 
showed considerable advantages including improved effi-
cacy, responsiveness to stimuli, and biocompatibility, with 
promising potential for future clinical translation.

However, there are several limitations in this work. 
Because EGCG exerted various biological and phar-
macological activities, the antitumor mechanism of the 
nanoinhibitor at the transcriptional level still requires 
further study. Additionally, the accumulated unfolded/
misfolded proteins due to HSP90 inhibition remain to be 
investigated. Grimmig et al. reported additional chemo-
therapy, such as 5-fluorocrail (5-FU), mitomycin C 
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Fig. 9  Biosafety evaluation of nanomedicine. A Cell viabilities of GSE1 cells treated with Nano 37 °C, Nano 43 °C for 24 h. B, C Biochemical markers 
of liver function (ALT, AST) of mice with different treatments. D Cell viabilities of HMrSV5 cells treated for 24 h. E, F Biochemical markers of kidney 
function (UREA, CRE) of mice with different treatments. G H&E staining images of main organs of mice with different treatments
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(MMC), and oxaliplatin (OXA), increased HSP90 expres-
sion when combined with hyperthermic perfusion [67]. 
We assumed if added to the current oxaliplatin and mito-
mycin C-based HIPEC or radiotherapy, the nanoinhibitor 
may have better antitumor effect.

Conclusion
We report the design and characterization of a novel 
HSP90 nanoinhibitor for overcoming heat resistance and 
inducing tumor pyroptosis in colorectal tumor cells. The 
nanoinhibitor is formed by Mn2+ and the natural com-
pound EGCG. After phagocytosed into tumor cells, the 
nanoinhibitor was able to inhibit heat resistance and 
induce synergistic cell‐killing effect with hyperthermic 
perfusion. Furthermore, pyroptosis induced by nanoin-
hibitor triggered immunogenic cell death and promoted 
maturation and antigen presentation of DCs. The efficacy 
and safety of nanoinhibitor-based HIPEC have also been 
confirmed in mice with peritoneal metastases of colorec-
tal origin. The mechanism link goes as follow: increased 
oxidative stress added with stress resistance inhibition—
pyroptosis—ICD—DCs maturation—immune activation, 
which further potentially promotes antitumor effect as an 
immunotherapy. In conclusion, the nanoinhibitor indi-
cates a unique therapeutic strategy for multidisciplinary 
cancer treatment in the future.
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