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Abstract
Background  Bufalin (BA) is a potent traditional Chinese medicine derived from toad venom. It has shown significant 
antitumor activity, but its use is limited by cardiotoxicity, which necessitates innovative delivery methods, such as rod-
shaped mesoporous silica nanoparticles (rMSNs). rMSNs have been extensively employed for reducing drug toxicity 
and for controlled or targeted drug delivery in tumor therapy. However, their potential in delivering BA has not been 
completely elucidated. Therefore, in this study, BA-loaded rMSNs (BA-rMSNs) were developed to investigate their 
potential and mechanism in impairing colon cancer cells.

Methods  rMSNs were developed via the sol‒gel method. Drug encapsulation efficiency and loading capacity were 
determined to investigate the advantages of the rMSN in loading BA. The antiproliferative activities of the BA-rMSNs 
were investigated via 5-ethynyl-2’-deoxyuridine and CCK-8. To evaluate cell death, Annexin V-APC/PI apoptotic 
and calcein-AM/PI double staining were performed. Western blotting, oil red O staining, and Nile red solution were 
employed to determine the ability of BA-rMSNs to regulate lipophagy.

Results  The diameter of the BA-rMSNs was approximately 60 nm. In vitro studies demonstrated that BA-rMSNs 
markedly inhibited HCT 116 and HT-29 cell proliferation and induced cell death. In vivo studies revealed that 
BA-rMSNs reduced BA-mediated cardiotoxicity and enhanced BA tumor targeting. Mechanistic studies revealed that 
BA-rMSNs blocked lipophagy.

Conclusions  rMSNs reduced BA-mediated cardiotoxicity and impaired the growth of colon cancer cells. 
Mechanistically, antitumor activity depends on lipophagy.
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Introduction
Colon cancer is the most common type of gastrointesti-
nal cancer [1]. In 2024, it accounted for 9.6% of new cases 
and 9.3% of deaths, making it the primary cause of cancer 
incidence and mortality among gastrointestinal cancers 
[2]. Despite the significant improvement in the early diag-
nosis of colon cancer in recent years, nearly one-quarter 
of patients continue to be diagnosed at later stages of the 
disease [3]. For these patients, chemotherapy remains 
the primary treatment. However, chemotherapy, such as 
5-fluorouracil, oxaliplatin, and irinotecan, only slightly 
improves patient survival. Thus, developing novel thera-
peutic strategies is essential for colon cancer patients.

Bufalin (BA) is a monomeric compound in Chansu, 
the dried secretions from the parotoid gland of the Asian 
common toad [4]. Chen et al. reported that, compared 
with oxaliplatin, BA could significantly inhibit tumor cell 
growth and enhance the antitumor effects of chemother-
apy [5]. However, BA and digoxin have similar chemical 
structures and exhibit significant cardiotoxic effects. Ko 
et al. reported that the consumption of 100 mL of tea 
containing Chansu resulted in acute cardiotoxicity and 
led to death within two hours [6].

Nanocarrier-mediated drug delivery has demonstrated 
an advantage in reducing drug toxicity. It enhances drug 
targeting to tumors and substantially reduces drug accu-
mulation in the heart, liver, and kidneys. Mesoporous sil-
ica nanoparticles (MSNs) have a unique porous structure 
and are widely used in drug delivery. MSNs enhance drug 
deposition in tumors through the enhanced permeability 
and retention (EPR) effect. Furthermore, the high poros-
ity of MSNs significantly enhances their specific surface 
area. This improves their drug loading capacity and deliv-
ery efficiency compared with those of common inorganic 
nanomaterials [7, 8]. Additionally, MSNs have good bio-
compatibility and minimal cytotoxicity [9–12].

Interestingly, previous studies have suggested that 
the shape of nanoparticles influences delivery efficiency 
[13–15]. Compared with round-shaped and flaky-shaped 
nanoparticles, rod-shaped MSNs (rMSNs) exhibit greater 
cellular internalization. For example, Banerjee et al. 
demonstrated that rMSNs exhibited greater mucus and 
intestinal epithelial barrier penetration than did spheri-
cal rMSNs [16]. These findings indicate that the use of 
rMSNs is a promising approach to reduce the cardiotox-
icity of BA. To date, no study has reported BA-loaded 
rMSNs (BA-rMSNs). Thus, this will be the first study of 
its kind.

Lipophagy is a form of selective autophagy that tar-
gets lipid droplets and is essential for lipid metabolism 
[17]. Lipid droplets are engulfed by autophagosomes 
and transported to lysosomes, where they are degraded, 
supplying tumor cells with energy to maintain cellular 
homeostasis. Some studies have demonstrated that BAs 

regulate autophagy; however, whether and how BAs 
affect lipophagy still needs to be elucidated. Thus, this 
study hypothesized that BA-rMSNs increase the tumor-
targeting ability of BA-rMSNs and reduce their accu-
mulation in the heart, thereby alleviating BA-mediated 
cardiotoxicity. Additionally, this study evaluated whether 
lipophagy and lipid metabolism play roles in the anticar-
cinoma activity of BA-rMSNs.

Materials and methods
HCT 116 and HT-29 cells were obtained from the China 
Center for Type Culture Collection (Shanghai, China). 
McCoy’s 5  A medium (Gibco, New York, USA, code 
16600082) along with 10% fetal bovine serum (Aus-
GeneX, Gold Coast, Australia, code FBS500-S) and 1% 
penicillin‒streptomycin were used to culture both cell 
lines (Gibco, New York, USA, code 15140122). Cetyl-
trimethylammonium bromide (CTAB, code H108983), 
ammonium hydroxide (NH3H2O, code A112077) and 
tetraethyl orthosilicate (TEOS, code T110596) were 
obtained from Aladdin (Shanghai, China). Bufalin 
(BA) was purchased from Selleck (Houston, USA, code 
S78213) and dissolved in dimethyl sulfoxide (DMSO) or 
acetone. Chloroquine (CQ) was obtained from Sigma‒
Aldrich (St. Louis, MO, USA; code C6628) and was dis-
solved in phosphate-buffered saline (PBS).

Synthesis and characterization of the rMSN
To synthesize rod-shaped mesoporous silica nanopar-
ticles (rMSNs), 0.21  g of CTAB was mixed with 870 µL 
of NH3H2O and 54 mL of deionized water (ddH2O) and 
stirred for one hour. Then, 468 µL of TEOS was added to 
the above mixture and stirred for another 4 h, resulting 
in the formation of rMSNs. To remove CTAB, the rMSNs 
were subsequently suspended in an ethanol solution con-
taining hydrochloric acid (HCl) and stirred overnight 
at 60 °C, and the final product was obtained after wash-
ing with ethanol three times. The size of the rMSN was 
evaluated with a Zetatronix 919 instrument (Opptronix, 
Shanghai, China). The morphology was observed via 
transmission electron microscopy (HT7800 TEM, Hita-
chi, Tokyo, Japan) and a scanning electron microscope 
(Sigma 300 SEM, Carl Zeiss, Oberkochen, Germany). 
The elemental structure of the rMSN was examined via 
X-ray photoelectron spectroscopy (XPS) on a Thermo 
Fisher ESCALAB Xi+ (Waltham, MA, USA) [18, 19].

To load BA in the rMSN, BA was dissolved in acetone 
to obtain a 5  mg/mL BA acetone solution and mixed 
with the rMSN suspension at different mass ratios of 
rMSN to BA, such as 5:1, 4:1, 3:1, 2:1, and 1:1, for 24 h. 
After evaporating the solvent and washing the precipi-
tate three times with PBS, BA-rMSNs were obtained. 
The loading capacity and encapsulation efficiency of BA 
were measured as reported previously [20]. An in vitro 
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BA release study was performed in PBS (pH 6.8), which 
simulates the tumor microenvironment, to determine 
the BA release profile from BA-rMSNs. Briefly, the BA-
rMSN suspension was added to a dialysis bag (MWCO: 
8–14 kDa), stirred and incubated at 37 °C with 25 mL of 
pH 6.8 PBS at 150 rpm for 72 h. At predetermined time 
points, 1 mL of the medium was collected, and fresh pH 
6.8 PBS of the same volume was added. The BA absor-
bance was determined at 300 nm with the help of a mul-
timode reader (Synergy LX BioTek, Winooski, USA). 
Fourier transform infrared (FTIR) spectra of BA, rMSN 
and BA-rMSN were obtained from 4000 to 400  cm− 1 
by a Nicolet iS5 analyzer (Thermo Fisher Scientific, Inc. 
Waltham, MA, USA) [21].

Subcutaneous xenograft model
Male BALB/c nude mice aged six weeks were obtained 
from Guangdong Medical Laboratory Animal Center 
(Guangzhou, China) and fed standard chow and water 
for one week. The local animal care committee (No. 
TOP-IACUC-2023-0318) approved the animal experi-
ments. To evaluate the distribution of BA-rMSNs in vivo, 
a subcutaneous xenograft model was developed. Briefly, 
5 × 106 HCT 116 cells were injected subcutaneously into 
the right flank of nude mice.

To evaluate drug cardiotoxicity, BALB/c nude mice 
were treated with 1  mg/kg BA or 1  mg/kg BA-rMSN, 
and electrocardiography (ECG) signals were acquired 
via a signal acquisition instrument (Yuyan Instruments, 
Shanghai, China). After the mice were treated for 7 days, 
blood samples were collected, and the creatine kinase 
(CK), α-hydroxybutyrate dehydrogenase (α-HBDH) and 
lactate dehydrogenase (LDH) levels were measured by 
CK (code A032), LDH (code A020), and α-HBDH (code 
E005) from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). To investigate the distribution of the 
nanoparticles, IR783 (Aladdin, Shanghai, China, code 
I157644) or IR783-labeled BA-rMSNs were injected into 
the mice. The nanoparticles were examined at different 
time points via an in vivo imaging instrument (Biolight 
Biotechnology, Guangzhou, China).

Knockdown of autophagy-related 10 (ATG10)
Previous studies have demonstrated that ATG10 plays 
a key role in regulating autophagy and promoting cell 
viability in colorectal cancer [22, 23]. Thus, this study 
targeted ATG10 and investigated whether inhibiting 
lipophagy through ATG10 knockdown via shRNA would 
reduce the viability of colon cancer cells. Short hair-
pin RNA (shRNA) targeting ATG10 (shATG10 #1 and 
#2) with a negative control (NC) was purchased from 
GeneChem (Shanghai, China). In accordance with the 
instructions, 293T cells were transfected with shRNA 
plasmids and pVSVG, pMDL, and pRev (helper vectors) 

at a volume ratio of 5:3:2 via Liposomal Transfection 
Reagent (Hieff Trans®, Yeasen, Shanghai, China; code 
40802ES) to produce the corresponding lentivirus. The 
virus-containing supernatant was subsequently collected 
and used to infect colon cancer cells with polybrene. 
Puromycin (2.5  µg/mL) was used to select stable cell 
lines.

Evaluating cell viability and proliferation
To assess cell viability, 4 × 103 HCT 116 and HT-29 cells 
per well were seeded into 96-well plates. Forty-eight 
hours later, the media were replaced with fresh media 
containing PBS (sham) or BA-rMSNs at different concen-
trations of BA (0.05, 0.1, 1, 10 and 100 µM). After incuba-
tion for another 48 h, a cell counting kit-8 (CCK-8) was 
used, and the optical density was measured at 450  nm 
with a Synergy LX multimode reader (BioTek, Winooski, 
USA). To investigate the antiproliferative activity of BA-
rMSNs, cells at a density of 4 × 103/well were cultured 
in 96-well plates for 48  h. HCT 116 cells were treated 
with sham or 1 µM or 5 µM BA-rMSN, whereas HT-29 
cells were treated with sham or 0.1 µM or 0.5 µM BA-
rMSN for 48 h. Tumor cell proliferation was detected via 
quantification of the 5-ethynyl-2’-deoxyuridine (EdU) 
incorporation via the Click-iT™ EdU Cell Proliferation 
Kit (Thermo Fisher Scientific, Inc. Waltham, MA, USA; 
code C10337), and the results were visualized with a 
fluorescence microscope (Axio Vert. A1, Carl Zeiss, 
Oberkochen, Germany).

Evaluating cell death
To examine apoptosis, cells at a density of 2.5 × 105/well 
were seeded in a 6-well plate. HCT116 cells were treated 
with sham, 1 µM BA-rMSN, 5 µM BA-rMSN or 25 µM 
CQ, and HT-29 cells were treated with sham, 0.1 µM BA-
rMSN, 0.5 µM BA-rMSN or 25 µM CQ for a period of 
48  h. The percentage of apoptotic cells was quantified 
via a flow cytometer system (NovoCyte Agilent, Santa 
Clara, USA) and an Annexin V-APC/PI apoptosis kit 
(Elabscience, Houston, USA). In addition, a calcein-AM/
PI double stain kit (Yeasen, Shanghai, China) was used to 
assess cell death.

Evaluating lipophagy
To measure the levels of lipid droplets, cells at a density 
of 3 × 104/well were seeded per well in 24-well plates and 
treated with Sham, 0.1 µM BA-rMSN, 1 µM BA-rMSN, 
or 25 µM CQ for 48  h. Oil red O staining solution and 
Nile red solution were used to stain the lipid droplets 
(Solarbio, Beijing, China; codes G1260 and G1264).

To evaluate lipophagy, both cell lines were seeded 
in 6-well plates at a density of 2.5 × 105/well. HCT116 
cells were treated with sham, 1 µM BA-rMSN or 25 µM 
CQ, and HT-29 cells were treated with sham, 0.1 µM 
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Fig. 1 (See legend on next page.)
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BA-rMSN or 25 µM CQ for 48 h. Western blotting (WB) 
was performed as previously reported [24] via the follow-
ing antibodies: anti-LC3 (code #12741, dilution: 1000×), 
anti-P-PI3K (code #4228, dilution: 1000×), anti-T-PI3K 
(code #4225), anti-P-AKT (code #9271, dilution: 1000×) 
and anti-T-AKT (code #9272, dilution: 1000×) antibodies 
obtained from Cell Signaling Technology (Danvers, MA, 
USA). Anti-p62 (code #ab109012, dilution: 10000×), anti-
P-mTOR (code #ab109268, 1000×) and anti-T-mTOR 
(code #ab2732, 2000×) antibodies from Abcam (Cam-
bridge, UK) were used. An anti-β-actin antibody (Sigma‒
Aldrich St. Louis, USA, code A3854, dilution: 50000×) 
was used.

Statistical analysis
GraphPad Prism (GraphPad Software 8.0.1; San Jose, 
CA, USA) was used to perform all the statistical analy-
ses. The results are shown as the median with 95% con-
fidence intervals. The Mann‒Whitney rank-sum test was 
employed, and the Bonferroni correction was employed 
for multiple comparisons. The significance level was set 
at P = 0.05/the number of meaningful comparisons.

Results
Formulation and characterization of BA-rMSNs
The sol‒gel method was employed to formulate rMSNs 
(Fig. 1A). The rMSN was approximately 60 nm in diam-
eter (Fig.  1B). TEM images revealed that the rMSNs 
exhibited a rod-shaped morphology with porous chan-
nels (Fig.  1C), which is consistent with the SEM results 
(Fig.  1D). For further elemental analysis of the rMSN, 
XPS was conducted, as depicted in Fig.  1E. XPS analy-
sis revealed Si atoms with binding energies of 153.8  eV 
(Si 2 s) and 102.9 eV (Si 2p). Moreover, C 1 s and O 1 s 
peaks were detected at binding energies of 532.1 eV and 
284.8  eV, respectively. These results confirmed the suc-
cessful formation of mesoporous silica nanoparticles. 
The drug encapsulation efficiency and loading capac-
ity were evaluated to determine the optimal ratio of 
rMSN to bufalin (BA). A mass ratio of 1:3 (BA to rMSN) 
resulted in higher encapsulation efficiency and drug load-
ing capacity than the other ratios did (Fig.  1F). There-
fore, this ratio was used to develop BA-loaded rMSNs 
(BA-rMSNs).

The characteristic FTIR peaks of the mesoporous silica 
nanoparticles are located at 1065  cm− 1 and 964  cm− 1 

and correspond to the asymmetric stretching vibrations 
of Si–O–Si and the bending vibrations of Si–OH bonds, 
respectively (Fig.  1G). This indicates the presence of 
silanol groups on the surface of the rMSN. The peaks at 
1541  cm− 1 and 1727  cm− 1 were derived from the C = C 
stretching vibration and the lactone bond of BA, which 
appear weakly in the spectra of BA-rMSNs. In addition, 
the characteristic peaks of Si–O–Si and Si–OH bonds at 
1073 cm− 1 and 964 cm− 1 were observed, indicating that 
BA was successfully encapsulated within the pores of the 
rMSN. The drug release behavior of rMSN-loaded BA 
was studied at pH 6.8, and the results demonstrated that 
the drug release rate was approximately 35% (Fig.  1H). 
Thus, rMSNs are a suitable delivery system for the release 
of anticancer drugs in weakly acidic tumor tissues, 
thereby promoting drug accumulation and enhancing the 
therapeutic effect.

A biodistribution study of BA-rMSNs via in vivo fluo-
rescence imaging revealed that rMSNs enhanced the 
accumulation of BA in tumors (Fig. 1I). To detect toxic-
ity, electrocardiograms were performed to determine 
whether BA-rMSNs mitigate cardiotoxicity. After the 
administration of 1  mg/kg BA, inverted T waves were 
examined via electrocardiography, which revealed car-
diotoxicity. In contrast, the same 1 mg/kg BA-rMSN had 
no cardiotoxic effects (Fig.  1J). CK, LDH, and α-HBDH 
are key biomarkers for detecting myocardial infarction. 
After BA was administered to the mice, there was a slight 
increase in the levels of these enzymes. Although treat-
ment with BA-rMSNs resulted in a decrease in CK, LDH, 
and α-HBDH levels, these changes were not statistically 
significant (Fig. S1).

BA-rMSNs inhibit proliferation and induce apoptosis
To evaluate the optimal dose of BA-rMSNs for in vitro 
study, both cell lines were treated with various concen-
trations of BA-rMSNs for 48  h (Fig.  2A-B). BA-rMSNs 
markedly reduced cell viability in both cell lines in a 
dose-dependent fashion. The half-maximal inhibi-
tory concentration (IC50) value for HCT 116 was 4.69 
µM, and that for HT-29 cells was 0.26 µM (Fig. 2C). To 
assess the antiproliferative activity of BA-rMSNs, an 
EdU assay was performed. In both cell lines, BA-rMSNs 
presented significantly reduced green fluorescence, indi-
cating decreased DNA replication compared with that 
of the controls (Fig.  2D-E). These results suggest that 

(See figure on previous page.)
Fig. 1  Synthesis and characterization of BA-rMSNs. (A) CTAB, NH3H2O, and TEOS were used to synthesize rMSNs; subsequently, BA was loaded into the 
rMSNs. (B) The median diameter (D50) of the BA-rMSNs was 59.5 nm, and the polydispersity index (PDI) was 0.081, indicating that the rMSNs had a uni-
form particle size distribution. (C) TEM demonstrated that the BA-rMSNs had a rod-shaped morphology. (D) SEM image showing a rod-shaped morphol-
ogy with porosity. (E) XPS spectrum analysis demonstrated the elemental composition of the rMSN. (F) The drug loading capacity and encapsulation 
efficiency indicated that 1:3 was the optimal ratio of BA to rMSN. (G) FTIR spectroscopy was used to analyze the chemical bonds and functional groups 
in the rMSN, BA, and BA-rMSN. (H) The drug release rate of BA-rMSNs was measured in pH 6.8 PBS. (I) In vivo, fluorescence images proved that the rMSN 
enhanced the tumor-targeting ability of BA. (J) An electrocardiogram revealed that BA caused cardiotoxicity, whereas rMSNs decreased BA-mediated 
toxicity
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Fig. 2  BA-rMSNs inhibit proliferation and induce cell death. (A) HCT 116 cells and (B) HT-29 cells were treated with PBS or different dosages of BA-rMSNs 
for 48 h. The results of the CCK8 assay revealed that BA-rMSNs significantly inhibited the viability of these cells. (C) The IC50 values indicated that, compared 
with HCT 116 cells, HT-29 cells were more sensitive to BA-rMSNs. Representative fluorescence microscopy images (D) and quantitative analysis of EdU (E) 
confirmed that BA-rMSNs significantly inhibited proliferation. (F) Annexin V-APC/PI staining revealed that BA-rMSNs increased the percentages of Annexin 
V-APC+/PI- (early apoptotic) cells and Annexin V-APC+/PI+ (late apoptotic) cells. (G) Quantification of the percentage of apoptotic HCT 116 and HT-29 
cells. and E-G. ns indicates no significance, * indicates a P value lower than 0.05, # indicates a P value lower than 0.0167, and ^ indicates a P value lower 
than 0.0125, determined via the Mann‒Whitney U test. IC50: half-maximal inhibitory concentration
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BA-rMSNs substantially inhibit colon cancer cell prolif-
eration. Additionally, Annexin V and PI staining analy-
sis demonstrated that BA-rMSNs significantly increased 
the ratio of Annexin V-APC/PI-positive cells (Fig. 2F-G). 
These findings confirmed that BA-rMSNs induced both 
early and late apoptosis in these cells.

BA-rMSNs impair lipophagy in colon cancer
Lipid droplet density was determined via oil red O and 
Nile red staining to evaluate the relationship between 
BA-rMSNs and lipophagy. Oil red O staining revealed 
that 1 µM BA-rMSN and 0.1 µM BA-rMSN led to the 
accumulation of lipid droplets in HCT 116 and HT-29 
cells, respectively (Fig.  3A). Nile red staining revealed 
a significant increase in red fluorescence signals in 
BA-rMSN-treated cells compared with those in sham-
treated cells (Fig.  3B-C), suggesting that BA-rMSNs 
inhibited the degradation of lipid droplets. To further 
investigate this relationship, the levels of LC3 and p62, 
two common lipophagy substrates, were also determined. 
BA-rMSNs increased the accumulation of LC3 and p62 
(Fig. 3D), suggesting that BA-rMSNs blocked lipophagy.

BA-rMSNs fight against colon cancer by suppressing 
lipophagy
To determine whether lipophagy plays a role in the anti-
tumor activity of BA-rMSNs, lipophagy was blocked by 
chloroquine (CQ), an inhibitor of lipophagy (Fig.  4A). 
Nile red staining demonstrated that blocking lipophagy 
significantly increased the accumulation of lipid droplets 
(Fig.  4B-C). Annexin V-APC/PI staining analysis con-
firmed that the suppression of lipophagy by CQ induced 
considerable cell death (Fig. 4D and Fig. S2). These find-
ings demonstrated that blocking lipophagy impaired the 
apoptosis induced by CQ.

To verify these observations, ATG10, which prompts 
the early stage of autophagic flux, was knocked down 
by shRNA lentivirus, and the level of lipid droplets 
was determined. WB revealed that the knockdown of 
ATG10 by shATG10 #2 reduced the level of ATG10 and 
increased the levels of LC3 and p62 (Fig. 5A). Therefore, 
shATG10 #2 was used for the following study. Compared 
with the negative control, ATG10 knockdown markedly 
increased the number of lipid droplets (Fig.  5B-C). To 
investigate whether lipophagy induces cell growth, cell 
death was determined via calcein-AM/PI double-staining 
in both cell lines (Fig. 5D-E). Compared with that in the 
sham-treated cells, the percentage of PI-positive cells 
was significantly greater in the ATG10-knockdown cells. 
These findings support the hypothesis that BA-rMSNs 
inhibit tumor growth by blocking lipophagy.

Discussion
BA is a promising agent for treating gastrointestinal can-
cers, such as stomach, colorectal, and pancreatic car-
cinomas [20, 25, 26]. However, its limitations include 
poor water solubility, short half-life, and strong cardio-
toxic effects. To overcome these drawbacks, BA-loaded 
rMSNs have been developed. In vitro studies indicated 
that BA-rMSNs blocked lipophagy and therefore induced 
colon cancer cell apoptosis. In vivo studies revealed that 
BA-rMSNs significantly decreased the mortality rate and 
enhanced tumor targeting. These results are clinically 
relevant. For example, compared with BA, BA-loaded 
rMSNs significantly decrease cardiotoxicity and exhibit 
anticarcinoma activity. Thus, the present study suggests 
that BA-loaded rMSNs constitute a promising strategy 
for fighting cancer, which needs to be evaluated in a clini-
cal study.

The HCT 116 cell line, derived from the colon of an 
adult male with colon cancer, exhibited positive expres-
sion of transforming growth factor beta 1 (TGF-β1) and 
beta 2 (TGF-β2). The HT-29 cell line, characterized by 
its epithelial morphology, was isolated from a Cauca-
sian female patient with colorectal adenocarcinoma and 
expresses oncogenes such as c-myc, K-ras, and H-ras. 
To determine whether these molecular differences 
affect the anticancer activity of BA-rMSNs, we assessed 
their efficacy in both the HCT 116 and HT-29 cell lines. 
The results demonstrated that BA-rMSNs significantly 
reduced cell viability and induced cell death in both lines, 
with IC50 values of 4.69 µM for HCT 116 and 0.26 µM 
for HT-29. Given that HCT 116 is positive for TGF-β1 
and TGF-β2, these factors may contribute to the che-
moresistance of HCT 116 to BA. Further investigations 
are needed to explore this potential mechanism in future 
studies.

Previous studies have also developed various BA-
loaded nanoparticles and evaluated their antitumor 
effects [27–29]. For example, Xu et al. developed mul-
tifunctional albumin submicrospheres via coaxial elec-
trospray technology to codeliver BA and nintedanib. 
These microspheres were modified with biguanide and 
ursodeoxycholic acid to enhance their tumor-targeting 
properties and antitumor effects [29]. This carrier sig-
nificantly reduced the volume and weight of the tumors 
in vivo. However, the advantages of these nanoparticles 
in reducing BA-induced cardiotoxicity have not been 
reported. Additionally, peptide and protein drugs have 
high molecular weights and poor stability. These drugs 
are easily degraded by proteolytic enzymes in the gas-
trointestinal tract [27]. Ning et al. also demonstrated 
that MSNs offer substantial benefits in improving the 
antitumor efficacy of BA. Compared with lenvatinib or 
bufacillin alone, spherical MSNs codelivering bufacil-
lin and lenvatinib notably decreased the tumor burden 
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[30]. As previously mentioned, compared with other 
shapes of MSNs, rMSNs exhibit superior internaliza-
tion efficiency and greater mucus and intestinal epithe-
lial barrier penetrability [16], and currently, no study has 

assessed the advantages of BA-loaded rMSNs. In this 
study, BA-rMSNs were developed, and their effects were 
evaluated via electrocardiograms (ECGs) and several 
blood biomarkers associated with myocardial infarction. 

Fig. 3  BA-rMSNs blocked lipophagy. (A) Oil red O staining and (B) Nile red staining demonstrated that BA-rMSNs increased the accumulation of lipid 
droplets. (C) Quantitative analysis of Nile red staining results in HCT 116 and HT-29 cells revealed an increase in lipid droplet accumulation. (D) Western 
blot analysis revealed that BA-rMSNs increased the levels of p62 and LC3, indicating the inhibition of lipophagy. N = 4 for B. * indicates a P value lower than 
0.05, which was determined by the Mann‒Whitney U test. IOD: Integrated optical density
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Significant changes in cardiac function were observed in 
the ECG after treatment. However, only slight decreases 
in CK, LDH, and α-HBDH were observed when BA-
rMSNs were compared with BA. BA is a digoxin analog 
that causes arrhythmias, and electrocardiograms are 
the most common method for diagnosing arrhythmias, 
while CK, LDH and α-HBDH serve as biomarkers of 
myocardial damage. Therefore, no notable difference was 
observed in these biomarkers between the mice treated 
with BA or BA-rMSNs.

Lipophagy plays a crucial role in the pathophysiology 
of colon cancer [31]. Lipid droplets can be degraded by 
lipophagy to provide necessary nutrients, such as free 
fatty acids, to support the rapid proliferation and growth 
of tumors [32]. Lipophagy and autophagy share the same 

molecular regulatory pathway [33]. Robert A Masuda et 
al. reported increased expression of LC3, an indicator of 
autophagy, in 3T3-L1 cells treated with isothiocyanate 
sulforaphane (SFN). Immunofluorescence demonstrated 
that LC3 colocalized with lipid droplets in 3T3-L1 cells. 
These findings suggest that SFN induces lipophagy. Fur-
thermore, evaluation of the mechanism revealed that 
SFN induces lipophagy via AMPK-mTOR-ULK1 path-
way activation, resulting in a reduction in lipid droplets. 
Taken together, these results imply that this signaling 
pathway has a role in lipophagy [34]. In addition, some 
studies reported that stimulator of interferon response 
cGAMP interactor 1 (STING1), lysosomal associated 
membrane protein 2 (LAMP-2), and forkhead box O1 

Fig. 4  The inhibition of lipophagy by CQ led to apoptosis. (A) CQ increased the levels of p62 and LC3, which indicated that CQ blocked lipophagy. (B) Nile 
red staining suggested that CQ significantly increased the level of lipid droplets. (C) Quantitative fluorescence intensity of Nile red in HCT 116 and HT-29 
cells after treatment with 25 µM CQ. (D) Annexin V-APC/PI staining confirmed that blocking lipophagy induced cell death. N = 4 for B. * indicates a P value 
lower than 0.05, which was determined by the Mann‒Whitney U test
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(FoxO1), the common regulators of autophagy, also con-
tribute to regulating lipophagy [35–37].

The results of the present study demonstrated that 
p62 and LC3 expression increased and that lipid drop-
lets accumulated following BA-rMSN treatment. More-
over, the relationship between mTOR and lipophagy was 
explored in the present study. BA-rMSNs increased the 
level of P-mTOR (Fig. S3A), suggesting that BA-rMSNs 
reduce lipophagy by activating the mTOR signaling 
pathway. Although proteins associated with the mTOR 
pathway, such as PI3K and AKT, are known to regu-
late autophagy, BA-rMSNs reduced P-PI3K and P-AKT 
expression (Fig. S3B). These findings indicate that BA-
rMSNs regulate autophagy through a mechanism that is 
not dependent on PI3K/AKT.

Strengths and limitations
This study highlights for the first time the potential of 
BA-rMSNs in treating colon cancer. The unique proper-
ties of rMSNs, including their rod-like shape and superior 
drug loading capacity, make them suitable for the delivery 

of bufalin to target the tumor site, thereby reducing car-
diac distribution and cardiotoxicity. Mechanistically, the 
present study demonstrated that BA-rMSNs inhibit the 
degradation of lipid droplets by blocking lipophagy, fur-
ther disrupting cellular homeostasis and inducing cell 
death. These findings lay a solid foundation for its clini-
cal application, which is expected to improve the clinical 
outcomes of patients with colon cancer. However, several 
limitations remain. First, the aspect ratio of BA-rMSNs 
was not optimized in the present study. The aspect ratio 
is an essential parameter for rod-shaped nanoparticles 
and affects the blood circulation, tumor accumulation 
and cell internalization efficiency of the nanoparticles. 
Further studies are needed to investigate which aspect 
ratio of the rMSN is optimal for the delivery of BA and 
other chemotherapeutic drugs. Currently, the safety of 
single-dose BA-rMSNs has been carefully evaluated, and 
further study is needed to investigate the safety profile 
of long-term administration of BA-rMSNs, including 
their metabolites and potential side effects. Furthermore, 
this study reported that BA-rMSNs blocked lipophagy. 

Fig. 5  Lipophagy contributes to cell growth. (A) shATG10 was used to inhibit lipophagy. (B) Blocking lipophagy significantly increased the accumulation 
of lipid droplets, as shown by Oil Red O staining. (C) Quantitative analysis of the Oil red O staining results. (D) Inhibition of lipophagy by shATG10 signifi-
cantly induced cell death. (E) Quantitative analysis of the ratio of dead cells by calcein AM/PI staining. N = 4 for B and C. * indicates a P value lower than 
0.05, which was determined by the Mann‒Whitney U test
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However, how BA-rMSNs regulate lipophagy remains 
to be elucidated, and other lipophagy-related proteins, 
such as STING1, LAMP-2, and FoxO1, also need to be 
evaluated.

Conclusions
In conclusion, novel rod-shaped MSNs were developed 
to deliver BA to enhance its antitumor effect and reduce 
cardiotoxicity. A mechanistic study revealed that BA-
rMSNs blocked lipophagy.
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