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a b s t r a c t

It is of great significance to find safe and effective radiosensitizers. A primary investigation has been

made on fisetin’s modification of radiation effect, but its radiosensitization and related mechanisms still

need to be deeply clarified. Furthermore, fisetin with high hydrophobicity is difficult to dissolve in water,

severely limiting its research and application. In this study, we fabricated a safe and soluble radiosen-

sitizer fisetin micelle for precisely enhancing radiotherapy by inhibiting platelet-derived growth factor

receptor-β (PDGFRβ)/signal transducer and activator of transcription 1 (STAT1)/signal transducer and ac-

tivator of transcription 3 (STAT3)/B cell lymphoma 2 (Bcl-2) signaling pathway in the tumor. Systematic

and detailed studies were performed to verify its radiosensitization effect in vitro and in vivo. On the

cellular level, fisetin micelles selectively increased the radiosensitivity of tumor cells (CT26 and 4T1 cells)

and had little effect on the sensitivity of normal mouse cells (L929 cells) to radiation. In the mouse mod-

els of colon and breast cancers, fisetin micelles showed an efficient radiosensitization capacity without

apparent toxicity. Additionally, we first found that fisetin micelles played a radiotherapy sensitization role

by inhibiting the PDGFRβ/STAT1/STAT3/Bcl-2 pathway activity. In general, this work not only confirmed

that fisetin micelles precisely exhibit a radiosensitization effect in vitro and in vivo, but also profoundly

explored its mechanisms underlying, to provide a theoretical and experimental basis for the clinical ap-

plication of fisetin micelles.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Radiotherapy, which employs high-energy rays to kill cancer

cells with no depth restriction, is one of the most common

and effective treatments for cancer therapy. Almost 60% of can-

cer patients require radiotherapy intervention during treatment

[1]. Unfortunately, tumors are mostly not sensitive to radiation

and require high doses of radiotherapy to kill tumor cells ef-

fectively, which leads to healthy tissue damage and exceeds pa-

tients’ tolerance [2]. Radiosensitizers are chemicals or drugs that

can strengthen the biological effects of radiation, to achieve better

clinical efficacy under the same radiation dose or protect normal

tissues with a lower radiation dose while obtaining the same ther-
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apeutic effect [3]. At present, the most widely used radiosensitizers

in clinical practice have still focused on conventional chemothera-

peutic agents, such as cisplatin and paclitaxel [4,5]. However, tra-

ditional radiosensitizers still face some insurmountable challenges

in clinical practice. A significant challenge is the drug side effects

such as renal and hematological toxicity caused by small molecular

chemotherapeutic drugs after intravenous injection [6–9]. Another

problem is that most chemotherapy drugs could easily form an es-

sentially irreversible complex with plasma albumin to lead limited

radiosensitization activity [10]. Thus, the development of drugs and

methods to improve the therapeutic index of radiosensitization has

been a significant research objective.

With the development of nanomedicine, nanoparticle (NP) for-

mulations of drugs offer an unprecedented opportunity for ra-

diosensitizers [11–14]. Compared with traditional medications,
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nanoparticles possess unique characteristics suited for the en-

hancement of radiation therapy [12,15,16]. During recent decades,

a number of different radiosensitizers, many of which are nanopar-

ticles containing small molecule chemotherapeutics, have been

widely explored to enhance the therapeutic efficiency and speci-

ficity of radiotherapy [17–19]. In addition, nanoparticles containing

high Z-elements capable of absorbing ionizing radiation, have been

investigated for radiosensitizers in clinical trials, such as AGuIX

(Gd-based) and NBTXR3 (Hf-based) [20]. Unfortunately, radiosensi-

tizers containing high Z-elements also have obvious shortcomings.

The non-biodegradation of metals and long-term accumulation in

the body, cause biosafety concerns and could limit their use in ra-

diotherapy treatment [21]. Therefore, safe and biodegradable drugs

to strengthen radiosensitization deserve further investigation.

There has been increasing attention on anti-tumor drugs from

natural products, especially plants [22]. A series of findings validate

that flavonoids can potentially kill tumor cells and enhance the

efficacy of radiotherapy, such as flavopiridol and apigenin [23,24].

Fisetin, 3,3′,4′,7-tetrahydroxyflavone, is a hydrophobic plant extract

widely distributed in vegetables and fruits, and belongs to the di-

etary flavonoids that exert numerous biological activities [25]. A

primary investigation in vitro showed that fisetin exhibited a ra-

diosensitizing impact in colorectal cancer cells [26]. Meanwhile,

previous studies have reported that fisetin exerts antiinflammatory,

hepatoprotective, neurotrophic, and neuroprotective effects [25].

which makes it possible to develop fisetin as a novel radiosensi-

tizer with high safety. Nevertheless, fisetin has high hydrophobic-

ity and low oral bioavailability, severely limiting its animal phar-

macological research and clinical applications [27]. Studies on the

influence of fisetin on radioresponse of tumors in vivo are scarce,

and detailed molecular mechanisms had not been fully investi-

gated [26]. Thus, to prove its radiosensitization effect and under-

lying mechanisms for future development, the problems of poor

dispersibility and low bioavailability of fisetin need to be resolved.

Herein, we fabricated fisetin-loaded polymeric micelles with

good dispersibility, achieving a precise and effective radiotherapy

sensitization for tumors. As evidenced by colony-forming assay and

sensitization enhancement ratios (SERs) on tumor cells (CT26 cells

and 4T1 cells) and normal tissue cells (L929 cells), we found that

fisetin micelles precisely enhanced the in vitro tumor cells killing

efficacy induced by X-ray irradiation. Afterward, the main ways

that functioned in radiation sensitivity were investigated. Detailed

mechanism studies demonstrated that fisetin micelles could exert

a radiosensitization effect by increasing intracellular levels of reac-

tive oxygen species (ROS), inhibiting radiation damage repair, in-

ducing cell cycle arrest, and tumor cell apoptosis. Interestingly, we

found that fisetin micelles could inhibit the activity of the platelet-

derived growth factor receptor-β (PDGFRβ)/signal transducer and

activator of transcription 1 (STAT1)/signal transducer and activa-

tor of transcription 3 (STAT3)/B cell lymphoma 2 (Bcl-2) pathway

to play the role of radiotherapy sensitization. Lastly, enhancement

factor (EF) values verified the radiosensitization effect of fisetin

micelles in both CT26 and 4T1 tumor models. Importantly, no

appreciable toxicity to mice was detected using blood chemistry

analysis and careful histological examination after i.v. injection of

fisetin micelles. Consequently, this work did not only confirm the

radiosensitization effect of fisetin-loaded polymeric micelles and

quantify the capability in vitro and in vivo, but also profoundly ex-

plored the molecular mechanisms of fisetin-loaded polymeric mi-

celles for enhanced radiotherapy sensitization, hoping to pave the

way for a better understanding of its radiosensitization mechanism

and be a reference for promoting its clinical translation possibili-

ties.

In this study, fisetin was loaded into the monomethyl

poly(ethylene glycol)-poly(ε-caprolactone)-poly(trimethylene car-

bonate) (MPEG-P (CL-ran-TMC)) micelles using a thin-film dis-

persion method without any surfactants or additives. TMC and

ε-caprolactone (ε-CL) were used as hydrophobic blocks to form

the core of the micelles that encapsulated fisetin, while the hy-

drophilic segment MPEG surrounded this core as an outer shell,

effectively preventing the attack of the biological system. As as-

certained by 1H NMR (Fig. 1A), MPEG-P(CL-ran-TMC) polymer

was successfully synthesized, with a molecular weight of 4416

(PEG/PCL/TMC: 2000/1837/579). The ultraviolet–visible (UV–vis)

wavelength-scanning spectrums (Fig. 1B) showed that both free

fisetin and fisetin micelles had an absorption peak at 367nm,

while blank micelles had no prominent absorption peak, indicating

that fisetin was successfully loaded into the polymeric micelles. It

was determined that the best ratio of fisetin and polymer micelles

was 5:95 (w/w) after comparing the parameters of a series of dif-

ferent dosage ratios of fisetin micelles (Table S1 in Supporting in-

formation). Compared with free fisetin, fisetin micelles had good

dispersibility in water and formed yellow, homogeneous transpar-

ent solution (Fig. 1C). The transmission electron microscopy (TEM)

image revealed the spherical shape of fisetin micelles in aqueous

solution (Fig. 1D). The prepared fisetin micelles (5:95) were char-

acterized with small particle size (30±1nm, Fig. 1E), uniform dis-

tribution (polydispersity index (PDI) 0.14±0.02), and were nega-

tively charged (zeta potential −6.09±4.27mV, Fig. S1 in Support-

ing information). The diameter observed by TEM was consistent

with the analysis by dynamic light scattering (DLS), demonstrat-

ing that fisetin micelles were well-dispersed in aqueous solution.

Meanwhile, fisetin micelles exhibited good stability in aqueous so-

lutions, with no significant changes in size observed over a pe-

riod of 7 days (Fig. 1F), and remaining yellow, homogeneous trans-

parent solution after 7 days from the initial preparation (Fig. 1C).

Moreover, the efficient encapsulation (EE) and drug loading (DL)

of the fisetin micelles were 92.49% ± 0.62% and 4.62% ± 0.03%,

respectively. These results indicated that prepared fisetin micelles,

characterized by small particle size, uniform distribution, and high

encapsulation efficiency, demonstrated excellent dispersibility and

stability in water, enabling intravenous injection.

Then, the drug release behaviors of free fisetin and fisetin mi-

celles were evaluated. As indicated in Fig. 1G, the release of fisetin

from the free fisetin group was more than 50% at 1h, markedly

decreased from the fisetin micelles group (12.60% ± 0.71%). In the

first 6 h, approximately 80% of fisetin was released into the out-

side media in the free fisetin group, compared with only 39% in

the fisetin micelles group. The high in vitro release rate of fisetin

in fisetin micelles might be attributed to the hydrogen bonding

between the hydrophobic core and fisetin, effectively delaying the

release of fisetin [28]. This contributes to improving the safety of

the drug while maintaining an effective and stable blood concen-

tration. In addition, regardless of the time point of 2 and 4h, in-

tracellular fisetin cumulant in fisetin micelles group was signifi-

cantly more than in the free fisetin group (Figs. 1H and I and Fig.

S2 in Supporting information), demonstrating that encapsulation

of fisetin into polymeric micelles enhances the cellular delivery of

fisetin.

Before the evaluation of radiosensitization effect, blank mi-

celles, free fisetin and fisetin micelles were separately incubated

with tumor cells (CT26 and 4T1 cells) and normal cells (L929 cells)

to verify their cytotoxicity. As indicated in Fig. S3 (Supporting in-

formation), blank micelles showed no obvious effect on viability of

tumor cells and normal cells, even at a high concentration, sug-

gesting that MPEG-P(CL-ran-TMC) copolymer could be safely used

as a drug delivery carrier. However, free fisetin and fisetin micelles

inhibited cell viabilities in a dose and time-dependent manner

(Fig. S4 in Supporting information). For CT26, 4T1 and L929 cells,

the half-maximal inhibitory concentration (IC50) values of fisetin

micelles were lower than those of free fisetin for 24h (26.78 vs.

104.89μg/mL, 30.21 vs. 36.01μg/mL, and 42.60 vs. 107.34μg/mL, re-
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Fig. 1. Characterization of fisetin micelles. (A) 1H NMR spectrum of MPEG-P (CL-ran-TMC) copolymer. (B) UV–vis absorption spectrums of blank micelles, free fisetin and

fisetin micelles. (C) Appearance of normal saline (a), blank micelles (b), free fisetin (c) and fisetin micelles (d) on day 1 and 7 after preparation. (D) TEM image of fisetin

micelles. (E) Size distribution of fisetin micelles. (F) Diameter size and PDI of fisetin micelles dispersed in water for 7 days. (G) Drug release behaviors of free fisetin and

fisetin micelles. (H) Intracellular uptake rates of fisetin accumulated in CT26 cells. (I) Fluorescent images of CT26 cells treated with medium, blank micelles, free fisetin and

fisetin micelles under a confocal microscope. The nuclei were stained blue with 4′ ,6-diamidino-2-phenylindole (DAPI) and the cellular distribution of fisetin was shown as

green fluorescence in the cytosol. Scale bar: 20 μm. Data are presented as the means ± standard deviation (SD) (n=3). ∗∗∗P<0.001.

spectively) and 48h (15.72 vs. 35.33μg/mL, 9.77 vs. 12.51μg/mL,

and 36.89 vs. 96.58μg/mL, respectively). From this, the cell viabil-

ity inhibition effect of fisetin micelles was stronger than that of

free fisetin at the same concentration, which may contribute to the

higher cellular uptake of fisetin micelles. Besides, 30% inhibitory

concentration (IC30) values of fisetin for 24h were 17.26μg/mL for

CT26 cells, 4.59 μg/mL for 4T1 cells and 17.06μg/mL for L929 cells.

Regarding IC30 values, the intervention concentrations of fisetin

were chosen (15μg/mL for CT26 and L929 cells, 5 μg/mL for 4T1

cells).

Subsequently, the radiosensitization effect of fisetin micelles

was explored by fitting cell survival curves and calculating ra-

diobiological parameters with multi-target/single-hit model. SER

was expressed as mean lethal dose (D0) of the radiotherapy alone

group/D0 of the combined treatment group. 4T1 cells, widely used

to establish triple-negative breast cancer (TNBC) mouse model,

were highly invasive and insensitive to radiotherapy [29], which

was consistent with our research findings. As shown in Figs.

2A and B and Table S2 (Supporting information), the CT26 cells

demonstrated a moderate level of radiosensitivity, with a D0 value

of 2.09Gy, whereas the 4T1 cells exhibited radioresistance, with a

higher D0 value of 4.22Gy. Though fisetin micelles were not as ef-

fective in sensitizing 4T1 cells as CT26 cells (SER of 1.6 for 4T1

and 2.3 for CT 26 cells), we demonstrated that fisetin micelles had

a stronger radiosensitization effect than free fisetin (SER of 1.6 vs.

1.51 for 4T1). Importantly, comparing the SERs of fisetin micelles in

tumor cells and normal cells, we found fisetin micelles sensitized

tumor cells (SERs of 2.3 for CT26 and 1.6 for 4T1 cells) to radiation

precisely, while had little effect on the sensitivity of mouse normal

cells (SER of 1.19 for L929 cells, Fig. S5 and Table S2 in Supporting

information), making its clinical application possible.

Besides, the survival of tumor cells following irradiation de-

pends on the balance of radiation damage and repair. On the

one hand, radiation-induced ROS interaction with cellular contents

is an essential mechanism of radiation damage to cells [30]. As

can be seen in Figs. 2C and D, ROS accumulated in cells pre-

treated with fisetin micelles for 24h were significantly higher

than those in other groups. On the other hand, DNA is the pri-

mary target for radiation-induced cell killing, and DNA double-

strand breaks are thought to be the main lethal events, while

DNA damage repair capacity is negatively correlated with cell ra-

diosensitivity. As illustrated in Figs. 2E and F, when a single dose

of 6Gy was split equally into two or three doses (3/3Gy and

2/2/2Gy) administered several hours apart, cell surviving frac-

tions increased (the repair rates were 1.43 and 1.62, respectively)

due to the repair of sublethal damage (mainly DNA single strand

breaks) [31]. However, the repair rates were significantly reduced

after fisetin micelles pretreatment, which were 1.00 and 1.11 af-

ter 3/3Gy and 2/2/2Gy fractional radiotherapy, respectively. Fisetin

micelles inhibited the repair of radiation-induced sublethal dam-

age effectively. Furthermore, the expression levels of DNA repair-

related proteins phospho-ataxia telangiectasia mutated (phospho-

ATM) and phospho-ataxia telangiectasia mutated and Rad3-related

(phospho-ATR) in cells pretreated with fisetin micelles were obvi-

ously lower than those in radiotherapy alone group (Fig. 2G). Cor-

respondingly, the repair capacity of DNA double-strand breaks de-
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Fig. 2. Radiosensitization effect of fisetin micelles in vitro. Cell survival curves were determined by colony formation method in CT26 cells (A) and 4T1 cells (B); flow

cytometric histograms (C) and mean fluorescence intensity (MFI, D) of ROS accumulated in CT26 cells. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001. (E) Cell surviving fractions after single

(6Gy) and split doses of radiation (3/3Gy). #, recovery ratio=1.43; &, recovery ratio=1.40; ∗ , recovery ratio=1.11; ^, recovery ratio=1.00. (F) Cell surviving fractions after

single (6Gy) and split doses of radiation (2/2/2Gy). #, recovery ratio=1.62; &, recovery ratio=1.64; ∗ , recovery ratio=1.25; ^, recovery ratio=1.11. (G) Levels of phospho-ATM

and phospho-ATR were ascertained by Western blot in CT26 cells. (H) Cell cycle distribution after different treatment. (I) Effects of fisetin micelles pretreatment on apoptosis

in CT26 cells. (J) Levels of Bcl-2 and Bax were ascertained by Western blot analysis in CT26 cells. Data are presented as the means ± SD (n=3). GAPDH: glyceraldehyde-3-

phosphate dehydrogenase.

creased in the fisetin micelles combined with radiotherapy group.

It is well-established that normal tissues have a more robust capa-

bility to repair DNA damage than malignant tissues. Although the

difference is not apparent after a single conventional dose irradia-

tion of 2Gy, the difference is exponentially amplified after dozens

of irradiations. The gap in the ability to repair DNA damage be-

tween normal tissues and tumor tissues will be further enlarged

when fisetin micelles are combined with radiotherapy, creating the

possibility of complication-free tumor control.

Cell cycle distribution and apoptosis analysis were further per-

formed to evaluate fisetin micelles-mediated radiosensitization in

tumor cells. As displayed in Fig. S6 (Supporting information) and

Fig. 2H, cells in radiation alone and blank micelles combined with

radiotherapy groups were blocked in G0/G1 phase of the cell cy-

cle, accompanied by a decrease of cell proportion in S phase after

irradiation. For cells pretreated with fisetin micelles, the percent-

age of cells in G2/M phase increased by 31.87%, whereas that in S

phase decreased by 21.42% after radiotherapy followed by a post-

irradiation period of 36 h. The results showed that cells pretreated

with fisetin micelles were blocked in a more radiosensitive cell cy-

cle phase (G2/M phase) after radiotherapy, and the radiosensitivity

of the cells was accordingly improved. More importantly, the apop-

tosis rate of the fisetin micelles combined with radiotherapy group

was significantly higher than that of the radiotherapy alone group

or the fisetin micelles group (Fig. 2I and Fig. S7 in Supporting

information). Expression levels of apoptotic-related proteins Bcl-2

4
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Fig. 3. Fisetin micelles inhibited the activation of PDGFRβ/STAT1/STAT3/Bcl-2 pathway after irradiation to promote tumor cell death. (A) Clustering analysis results of the

DEPs. (B) Fisetin micelles inhibited the expression and activation of PDGFRβ after radiotherapy. (C) Fisetin micelles inhibited PDGFRβ/STAT1/STAT3/Bcl-2 pathway activity

after radiotherapy. (D) Cell surviving fractions were determined by colony formation method to evaluate the modification of radiation effect by fisetin micelles, CP-673451

and PDGF-BB in CT26 cells. (E) Effects of fisetin micelles, CP-673451 and PDGF-BB pretreatment on radiation-induced apoptosis in CT26 cells. (F) The percentage of apoptotic

cells under different pretreatments. Data are presented as the means ± SD (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

and Bcl-2 associated X (Bax) were also ascertained. As indicated in

Fig. 2J, fisetin micelles significantly up-regulated the Bax/Bcl-2 ex-

pression ratio after radiotherapy and induced cell apoptosis, which

was consistent with findings by flow cytometry (FCM). All these

promising results indicated that the safe and soluble radiosensi-

tizer fisetin micelles possessed excellent potential for enhancing

the radiosensitization effect and exhibited superior therapeutic ef-

ficiency in vitro.

To identify the molecular mechanisms involved in fisetin mi-

celles radiosensitization, proteomic analysis was performed to de-

termine which proteins were differentially expressed. A total of

396 differentially expressed proteins (DEPs) (264+/132-) were

screened between the radiation and fisetin micelles group, 454

DEPs (184+/270-) between the radiation and combination treat-

ment group, and 429 DEPs (136+/293-) between the fisetin mi-

celles and combination treatment group. As shown in Fig. 3A, clus-

tering analysis results of the DEPs demonstrated that the data pat-

terns were highly similar within a group and relatively dissimilar

between groups, and the DEPs’ consistency was well. Gene ontol-

ogy (GO) and Kyoto encyclopedia of genes and genomes (KEGG)

enrichment analyses were performed on the DEPs, and the results

were displayed in Figs. S8–S13 (Supporting information). Further-
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Fig. 4. Radiosensitization effect of fisetin micelles in vivo. (A) Schematic illustration of experimental design in vivo. The image (B) and tumor growth curves (C) of the tumors

in CT26 tumor model; Inhibition rates based on tumor volume (D) in subcutaneous CT26 tumor model (n=6). The image (E) and tumor growth curves (F) for each group in

the 4T1 tumor model. Inhibition rates based on tumor volume (G) in subcutaneous 4T1 tumor model (n=6). Representative Ki67 (H, I) and TUNEL (J, K) immunofluorescent

staining results of tumor tissues in subcutaneous CT26 tumor mode (n=3). Scale bar: 100μm. Data are presented as the means ± SD. ∗∗P<0.01, ∗∗∗P<0.001.

more, protein-protein interactions were constructed (Figs. S14–S16

in Supporting information). We noticed that PDGFRβ was situated

at a critical node of the interaction network of DEPs between the

radiotherapy and the combination treatment group. According to

the quantification analysis, the expression level of PDGFRβ in the

combination treatment group was significantly lower than that in

radiotherapy group (P<0.001). Previous studies have shown that

inhibition of PDGFRβ expression helped enhance tumor radiosensi-

tivity [32,33]. Consequently, we speculated that fisetin micelles ra-

diosensitization was related to altered expression level of PDGFRβ .

To clarify the role of PDGFRβ in fisetin micelles radiosensitiza-

tion, the modification of radiation effect and influences on related

protein expression by CP-673451 (a selective PDGFRβ inhibitor)

and platelet-derived growth factor-BB (PDGF-BB, a PDGFRβ ligand)

were further evaluated, using FCM, Western blot assay and colony-

forming experiment. The results of Western blot assay (Fig. 3B), in

agreement with the proteomics technology results, demonstrated

that fisetin micelles could significantly down-regulate PDGFRβ ex-

pression after irradiation. In addition, PDGFRβ was activated after

radiotherapy. The activation of PDGFRβ involves multiple down-

stream signaling pathways, among which Janus kinase (JAK)/STAT

pathway was reported to be related to the radioresistance of var-

ious malignant tumors [34,35]. Western blot assays revealed that

PDGFRβ/STAT1/STAT3/Bcl-2 signal pathway was activated after ir-

radiation, whereas fisetin micelles suppressed this pathway activity

(Fig. 3C). Besides, the results indicated that CP-673451 could inten-

sify the inhibitory effect of fisetin micelles on PDGFRβ/STAT1/Bcl-2

pathway activity, while PDGF-BB could weaken the inhibitory ef-

fect of fisetin micelles on PDGFRβ/STAT3/Bcl-2 pathway activity

after radiotherapy. Further, cell surviving fractions and apoptosis

rates were determined to evaluate the modification of radiation ef-

fect by fisetin micelles, CP-673451 and PDGF-BB. As shown in Fig.

6
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3D, cell surviving fraction was significantly decreased after fisetin

micelles (P<0.001) or CP-673451 pretreatment (P<0.05), but in-

creased after PDGF-BB pretreatment (P<0.05). What was more,

as compared with fisetin micelles pretreatment, the survival frac-

tion at 2Gy was obviously decreased after fisetin micelles and

CP-673451 coadministration (P<0.01) and increased after fisetin

micelles and PDGF-BB coadministration (P<0.01). Regarding the

effects of fisetin micelles, CP-673451 and PDGF-BB pretreatment

on radiation-induced apoptosis, the apoptosis rates under differ-

ent pretreatments were exhibited in Figs. 3E and F. Compared with

the combination of fisetin micelles with radiation, the combined

treatment of fisetin micelles and CP-673451 with radiotherapy dra-

matically increased apoptosis rate (P<0.001). However, the apop-

tosis rate of the fisetin micelles and PDGF-BB combined with ra-

diotherapy group was lower than that of the fisetin micelles com-

bined with radiotherapy group (P<0.05). These findings were also

consistent with the expression levels of cleaved caspase-3 in each

group (Fig. 3C). The above results suggested that CP-673451 pro-

moted cell death after radiotherapy and enhanced the radiosensi-

tization effect of fisetin micelles, while the opposite role of PDGF-

BB. Specifically, PDGFRβ/STAT1/STAT3/Bcl-2 pathway was activated

and promoted tumor cell survival after radiotherapy, and fisetin

micelles played a role in radiotherapy sensitization by suppressing

this pathway.

To evaluate whether the radiosensitization effect observed in

vitro could be translated into therapeutic efficacy in vivo, mouse

models of colon and breast cancer were developed. Animal stud-

ies were performed in accordance with the protocol provided by

the Institutional Animal Care and Use Committee of Sichuan Uni-

versity. In the two models, mice of the radiotherapy and combined

treatment groups were irradiated with 2Gy X-rays after tail vein

administration on days 2 and 8 (Fig. 4A). Although fisetin micelles

or radiotherapy alone could inhibit tumor growth to varying de-

grees, fisetin micelles combined with radiotherapy groups obtained

the strongest suppression of tumor growth both in the CT26 (Figs.

4B–D and Fig. S17 in Supporting information) and 4T1 tumor mod-

els (Figs. 4E–G and Fig. S18 in Supporting information). The tumor

inhibition rates based on tumor weight and tumor volume further

supported these results (Tables S3 and S4 in Supporting informa-

tion), indicating a synergy between fisetin micelles and radiother-

apy to inhibit cancer growth. Besides, EF values were calculated to

evaluate the radiosensitization effect based on tumors to grow to 3

and 6 times the original volume (TGT3 and TGT6). As shown in Ta-

bles S5 and S6 (Supporting information), EFs for CT26 tumor were

5.02 and 5.38, while for 4T1 tumor were 4.58 and 4.8, according

to TGT3 and TGT6, respectively. CT26 tumor model responded bet-

ter than 4T1 tumor model when combining fisetin micelles with

radiation, consistent with the above in vitro study.

These findings underscored the potential of fisetin micelles as

a promising radiosensitizer applicable to various types of tumor

cells. Meanwhile, to further verify the superior therapeutic effi-

cacy in vivo, necrosis, cell proliferation, and apoptosis of CT26

tumor were performed by hematoxylin-eosin (H&E), Ki67, and

transferase-mediated nick-end labeling (TUNEL) labeling staining.

Consistent with the observed results of tumor suppression, fisetin

micelles combined with radiotherapy aggravated tumor cell necro-

sis (Fig. S19 in Supporting information) and exhibited the low-

est proliferation (Figs. 4H and I), along with the highest apoptosis

(Figs. 4J and K). Furthermore, treatment with the combination of

fisetin micelles and radiation caused no apparent weight loss (Fig.

S20 in Supporting information) and no abnormal changes in blood

routine and serum biochemistry (Figs. S21–S24 in Supporting in-

formation) in CT26 and 4T1 tumor models. Additionally, there was

no observed toxicity to the susceptible organs of mouse (Fig. S25

in Supporting information). Taking the above results, the combina-

tion of fisetin micelles and radiotherapy treatment exhibited better

antitumor efficiency with no noticeable toxic effects on mice and

possessed potential as a powerful radiosensitizer for clinical appli-

cation.

In summary, this study designed a safe and soluble radiosen-

sitizer fisetin micelles to precisely exhibit a significant radiosen-

sitization effect both in vitro and in vivo. A novel observation of

this study was that fisetin micelles could inhibit the activation of

PDGFRβ/STAT1/STAT3/Bcl-2 pathway after radiotherapy to promote

malignant cell death. Moreover, using SER and EF values to quan-

tify its radiosensitizing effect, we provided evidence that fisetin

micelles were cell-selective, and that the enhancement of normal

tissue cells was much less than for any of the tumors studied.

Collectively, fisetin micelles, through inhibiting a specific signaling

pathway, exhibit potential as a low-toxic and highly effective ra-

diosensitizer for tumor therapy, providing the theoretical and ex-

perimental basis to narrow the current gap in the translation of

these nanotechnologies to the clinic.
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