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RESEARCH ARTICLE

Formononetin-derived quantum dots suppress colon cancer growth by triggering 
mitochondrial apoptosis
Junfeng Zhanga*, Yuqing Cuia*, Chenchen Lib, Tongjin Yinc, Min Xuc and Hongliang Bianc

aSchool of Medicine, Anhui University of Science and Technology, Huainan, P. R. China; bSchool of Pharmacy, Hainan Medical University, Haikou, 
P. R. China; cDepartment of Pediatrics, Yancheng Third People’s Hospital, Affiliated Hospital 6 of Nantong University, Yancheng, P. R. China

ABSTRACT
Formononetin (FMN) is an extracted component of traditional Chinese medicine with anticancer effects, 
but its poor water solubility and low bioavailability have limited further research and application. 
Therefore, based on FMN that is the natural antitumor agent, we synthesized a formononetin quantum 
dots (FMNQDs) for colon cancer therapy, which has the advantages of outstanding water solubility, 
homogeneous particle size (2.03 ± 1.0 nm), exceptional stability and good intracellular fluorescence 
imaging effect. The results show that FMNQD exhibits good antitumor activity by inducing mitochon
drial-mediated apoptosis, characterized by elevated intracellular reactive oxygen species (ROS) levels, 
decreased mitochondrial membrane potential (MMP), and modulated expression of Bax and Bcl-2. In 
vivo validation confirmed FMNQD’s significant tumor growth inhibition. The tumor inhibition rate in the 
8 mg/kg dose group was as high as 60.06 ± 6.22%. Moreover, blood biochemical analysis suggested 
a favorable safety profile. This study establishes FMNQDs as a potential therapeutic agent for colon 
cancer, providing preclinical evidence to support further development of formononetin-based 
nanomedicines.

ARTICLE HISTORY
Received 22 September 2025  
Accepted 7 January 2026  

KEYWORDS
Formononetin; apoptosis; 
colon cancer; mitochondria; 
reactive oxygen species

1. Introduction

Colorectal cancer (CRC) is the third most prevalent and second 
most lethal cancer worldwide, with high incidence rates and 
poor clinical outcomes, emphasizing the urgent need for 
improved treatments [1]. Current management primarily 
involves surgery, radiation, and chemotherapy [2], but these 
therapies often come with significant side effects and limited 
efficacy, especially in advanced stages [3]. Chemotherapeutic 
agents like 5-fluorouracil (5-FU) and oxaliplatin have been the 
mainstay of treatment but often fail to provide long-term 
survival benefits due to toxicity, drug resistance, and low 
targeting specificity [4]. Therefore, it is urgent to find new anti- 
tumor treatment methods. In this context, novel approaches 
have emerged to address these challenges, including targeted 
therapies, immunotherapies, and nanomedicine-based 
solutions.

Recent advancements in novel drug candidates have led to 
the development of compounds with improved selectivity and 
reduced side effects, offering new hope for CRC treatment [5,6]. 
Immunotherapeutic strategies, including immune checkpoint 
inhibitors and cancer vaccines, have also shown promising 
results, although immunoevasion mechanisms in CRC present 
ongoing challenges for effective treatment [7]. Moreover, recent 
advances in nanomedicine have addressed several limitations 
of conventional cancer therapies, such as poor bioavailability 
and low targeting specificity [8,9]. Nanoparticle-based systems 
offer advantages such as enhanced drug solubility, controlled 

release, and precise targeting, making them promising candi
dates for improving cancer treatment outcomes [10]. In parti
cular, quantum dots (QDs) have gained attention due to their 
optical-electronic properties, high surface area, and multifunc
tionality, enabling more effective drug delivery and real-time 
monitoring of CRC treatment, where traditional therapies often 
fall short [11].

Formononetin (FMN), a bioactive isoflavone, is naturally pre
sent in several medicinal botanicals, notably Trifolium pratense 
and Astragalus membranaceus, both valued in traditional phar
macopoeias [12]. Over the past 10 years, FMN has emerged as 
a promising anticancer candidate, with accumulating evidence 
demonstrating its potent pro-apoptotic and anti-proliferative 
effects across multiple cancer types [13,14]. Despite demonstrat
ing promising antitumor efficacy, FMN’s clinical translation has 
been significantly limited by several pharmacological challenges, 
including poor water solubility, inadequate bioavailability, and 
chemical instability [15]. To overcome these limitations, we 
developed FMN quantum dots (FMNQDs), a novel nanothera
peutic platform for CRC treatment. The FMNQDs were synthe
sized through a two-step process involving FMN PEGylation 
followed by hydrothermal reaction with urea and citric acid 
(Figure 1(A)), we aimed to enhance FMN’s solubility, stability, 
and targeted drug delivery. The resulting FMNQDs were com
prehensively characterized using TEM, UV-vis spectroscopy, 
fluorescence spectroscopy, and FTIR analysis to confirm their 
structural and functional properties. To assess their antitumor 
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efficacy, we evaluated the anticancer mechanism in 
SW620 human colon carcinoma cells in vitro, examining their 
effects on tumor cell proliferation. In addition, we conducted 
in vivo experiments using xenograft mouse models to evaluate 
the therapeutic efficacy of FMNQDs. This study presents a novel 
approach that not only improves the pharmacokinetics of FMN 
but also provides a powerful tool for CRC treatment. We demon
strate that FMNQDs exhibit significant antitumor activity in both 
in vitro and in vivo models, offering a promising strategy for 
overcoming the current limitations of CRC therapies.

2. Materials and methods

2.1. Materials

Formononetin (CAS No.:485–72-3, Purity: 99%) was provided 
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Polyethylene glycol 400 (PEG-400, CAS No.:25322–68-3, Purity: 
average Mn 400), citric acid (CAS No.:77–92-9, Purity: 99.8%), 
urea (CAS No.:57–13-6, Purity: 99.8%), and NaOH (CAS 
No.:1310–73-2, Purity: 99.8%) were obtained from Macklin 
Biological Technology Co., Ltd. (Shanghai, China).

2.2. Synthesis of FMNQD

FMNQD was prepared by hydrothermal synthesis. Briefly, 1 g 
FMN was mixed with polyethylene glycol 400 (PEG-400,10 mL), 
then 20 mL urea solution (0.1 mol/L) was added and stirred by 
sonication for 10 min. Subsequently, citric acid solution (10 mL, 
0.5 mol/L) was slowly added at 60°C and 1000 rpm, and the 
reaction was condensed and reflux for 6 h. After the reaction, 
the mixture was pumped and filtered, and 15 mL NaOH solu
tion (0.1 mol/L) was added to the filtrate, and the reaction was 
heated and stirred for 1 hour (h). The reaction solution was 
then transferred to a 100 mL Teflon-lined stainless-steel auto
clave, and the reaction was hydrothermal for 6 h at 200°C. 
When the reaction was cooled to room temperature, the 

solution changed from colorless to brown, indicating the for
mation of FMNQD. After that, the solution was centrifuged at 
10,000 rpm for 10 minutes (min) to remove the precipitate, the 
supernatant was filtered through a 0.22 μm organic membrane, 
and the resulting product was dialyzed with ultra-pure water 
for 24 h (the dialyzate was changed every 6 h) to remove 
impurities. Finally, the FMNQD samples were freeze-dried.

2.3. Characterization methods

A total of 10 µL FMNQD (30 mg/L) solutions were dripped onto 
carboncoated 400mesh copper grids by pipette gun and airdried 
for 24 h to prepare the sample for transmission electron micro
scopy (TEM; Hitachi, Ltd.) observation. Fourier transform infrared 
spectroscopy (FTIR) analysis of the dried samples was conducted 
using Nicolet Avatar370 spectrometer (Thermo Fisher Scientific, 
USA) across the spectral range of 4000–500 cm−1. The ultraviolet 
(UV)visible (vis) absorption and fluorescence spectra were mea
sured using UV spectrophotometer (U-3010; Hitachi, Ltd.) and 
fluorescence spectrophotometer (F-70000; Hitachi, Ltd.), respec
tively. The quantum yields (QYs) of FMNQD aqueous solutions 
were determined by comparing the integrated photolumines
cence (PL) intensities (excited at 375 nm) and the absorbency 
values (at 375 nm) using quinine sulfate (QY: 0.55) in sulfuric acid 
(0.1 mol/L, η = 1.33) as a reference.

2.4. Cell culture

The human colon carcinoma cell line (SW620) was obtained 
from the Cell Bank of Chinese Academy of Sciences. Cells were 
cultured in DMEM (Gino Biological) supplemented with 10% 
FBS, and maintained at 37°C in a humidified 5% CO2 incubator.

2.5. Cellular uptake

SW620 cells were cultured in confocal laser scanning micro
scope (CLSM) dishes. When the cells were adherent and about 
60%-70% of the bottom of the dish was covered, the medium 
was removed, the dish was washed with PBS for 2–3 times, and 
then 100 mg/mL FMNQD was added to incubate the cells for 
different times (5, 15, 30, and 60 min), and each time point was 
repeated three times. After the incubation time, the medium 
was discarded, and 0.5 mL PBS was added to observe by CLSM.

2.6. Subcellular localization of FMNQD

Following overnight culture of SW620 cells, FMNQD solution 
(0.2 mg/L) was introduced into the culture medium. To inves
tigate the subcellular localization of FMNQD, we performed 
co-staining with lysosomal dye (LysoTracker Red), cell mem
brane dye (Cell Mask) and mitochondrial dye (Mito-Tracker). 
All the staining reagents were purchased from Beyotime 
Biotechnology Co., Ltd. (Shanghai, China) and all staining 
procedures strictly followed manufacturer protocols prior to 
CLSM analysis.

Article highlights

● FMNQDs Synthesis: Formononetin quantum dots (FMNQDs) were 
synthesized to overcome FMN’s poor water solubility and low bioa
vailability for colon cancer therapy.

● Outstanding Properties: FMNQDs exhibit excellent water solubility, 
homogeneous particle size (2.03 ± 1.0 nm), and exceptional stability.

● Mitochondrial-Mediated Apoptosis: FMNQDs induce tumor cell death 
by triggering mitochondrial-mediated apoptosis and autophagic 
pathways.

● ROS Production: FMNQD treatment increases intracellular ROS pro
duction, a key mechanism in its anticancer activity.

● Tumor Growth Inhibition: FMNQDs show a significant tumor inhibi
tion rate of 60.06 ± 6.22% at 8 mg/kg in colon cancer xenograft 
models.

● Safe and Biocompatible: FMNQD treatment demonstrates favorable 
safety profiles, with no observed toxicity in blood biochemical 
analysis.

● Autophagy Markers: FMNQDs modulate key autophagy markers, 
increasing LC3-II expression and decreasing p62 expression.

● Future Directions: Future research should explore FMNQD combina
tion therapies and investigate their potential in targeted drug deliv
ery systems for personalized cancer treatment.
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Figure 1. A) Schematic of the preparation process of FMNQD. B) TME imaging of FMNQD, scale bar is 10 nm. C) Particle size distribution of FMNQD. D) UV-vis spectra 
of FMNQD. E) Fluorescence spectra of FMNQD. F) FTIR spectra of citric acid. G) FTIR spectra of urea. H) FTIR spectra of FMN. I) FTIR spectra of FMNQD.
Abbreviations: FMN, formononetin; FMNQD, formononetin quantum dot; CA, citric acid. 
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2.7. In vitro cytotoxicity

The cytotoxic effects of FMNQD were assessed with CCK-8 assay. 
SW620 cells were seeded in 96-well plates (5 × 103 cells/well). 
After incubation overnight, the medium was replaced and fresh 
medium containing FMNQD (0, 50, 100, 150, 200, 300 µg/mL) 
and FMN (0, 50, 100, 150, 200, 300 µ g/mL) were added to the 
plates at different time points (12, 24 h). We also evaluated the 
cytotoxicity of FMNQD and 5-FU using the CCK-8 assay on 
SW620 cells. Cells were treated with varying concentrations of 
FMNQD (0, 100, 200, 300 µg/mL) and 5-FU (0, 1.5, 3, 6 µg/mL) for 
24 hours. Then, cell viability was determined by CCK-8 kit 
(Beyotime, Shanghai, China) according to standard protocols.

2.8. Intracellular ROS detection

Intracellular ROS levels in SW620 cells were assessed using 
DCFH-DA fluorescent probe. Cells were treated with FMNQD 
solution (0, 100, 200, 300 mg/L) for 12 hours, followed by ROS 
detection using ROS Assay Kit (Beyotime, Shanghai, China). 
Following the manufacturer’s protocol, DCF fluorescence was 
quantified through CLSM to evaluate ROS production. 
Additionally, the cells were treated with FMNQD solutions (0, 
100, 200, 300 mg/L) and free FMN (0, 100, 200, 300 mg/L) for 
12 hours, and the generation of ROS was detected by flow 
cytometry.

2.9. Detection of mitochondrial membrane potential 
(MMP)

MMP was monitored using JC-1 fluorescent probe (Beyotime, 
Shanghai, China). Following 12 hours treatment with FMNQD 
solution (100 mg/L) and free FMN solution (100 mg/L), cells 
were stained with JC-1 for 20 minutes and analyzed by 
CLSM. The excitation wavelength of 488 nm was selected for 
the JC-1, and the emission wavelength of JC-1 monomer and 
JC-1 aggregate were set to 515–545 nm and 570–600 nm, 
respectively.

2.10. Cell apoptosis

Cell apoptosis was quantified using Annexin V-FITC/PI 
Apoptosis Detection Kit (Beyotime, Shanghai, China). After 
culturing cells with FMNQD solution (100 mg/L) and FMN 
solution (100 mg/L) for 12 h, the cells were processed accord
ing to the protocol of the kit and analyzed by flow cytometry. 
Each experiment was performed in triplicate.

2.11. Quantitative real-time PCR analysis

Gene expression levels of Bax, Bcl-2, c-Myc, caspase-3, cyto
chrome c, LC3-II, and p62 were quantified using qRT-PCR 
(Beyotime, Shanghai, China). Total RNA was extracted from 
SW620 cells using Trizol reagent according to the manufac
turer’s instructions. GAPDH was used as the housekeeping 
gene for normalization. The primer sequences are provided 
in Table 1. The qRT-PCR analysis was performed using the 
SYBR Green method, and data were analyzed using the 2 
−ΔΔCt method.

2.12. Therapeutic effect in Vivo

The 36 female BALB/c-nude mice (aged 6–8 weeks, with an 
average weight of 20–22 g) from Jiangsu Laboratory Animal 
Center. The mice were housed in standard plastic cages with 
appropriate bedding, and each cage contained 3 mice. The 
room temperature was maintained at 22 ± 2°C, with a 12-hour 
light/dark cycle [16]. Mice had free access to food (standard 
laboratory chow) and water. The animal facility was kept 
under controlled conditions to ensure animal welfare and 
minimize stress. Every effort was made to reduce animal suf
fering, including monitoring animals daily for signs of distress, 
and providing proper anesthesia during surgical procedures 
and euthanasia. The mice were subcutaneously inoculated 
with SW620 cells (1 × 107 cells/100 μL) in the right flank. 
Upon reaching tumor volumes of ~100 mm3, mice were ran
domized into six treatment groups (n = 6/group): control (nor
mal saline), FMNQD low-dose (2 mg/kg), FMNQD medium- 
dose (5 mg/kg), FMNQD high-dose (8 mg/kg), FMN (8 mg/kg), 
and 5-FU (20 mg/kg). The FMN, FMNQD and 5-FU solutions 
were administered via tail vein injection every 3 days for 27 
consecutive days. The dose volume for each injection was 
200 μL. Tumor size and body weight were monitored every 
3 days during the treatment period. At the end of the experi
ment, mice were euthanized by cervical dislocation following 
anesthesia with isoflurane, and the final weight of their tumors 
was recorded. All experiments complied with China’s national 
laboratory animal welfare guidelines and were approved by 
the Institutional Animal Care and Use Committee of Anhui 
University of Science and Technology (S22024014).

2.13. Evaluation of toxicity in Vivo

Blood samples were processed by centrifugation (3000 rpm, 
5 min) for serum collection. Liver function was assessed through 
ALT, AST, and ALP quantification, while kidney toxicity was 
evaluated by measuring CRE, UREA, and UA levels. All analyses 

Table 1. Primer sequences used for real-time PCR.

Genes Forward primer (5′-3′) Reverse primer (5′-3′)
Bax TTGCTACAGGGTTTCATCCAGG GCAAAGTAGAAGAGGGCAACCA
Bcl-2 CTACCGTCGTGACTTCGCAGA ACACATGACCCCACCGAAC
c-Myc CCTTCTCTCCTTCCTCGGACT TGCCTCTTCTCCACAGACACC
Caspase-3 TGGAAAGCCGAAACTCTTCATCA CCACGACCCGTCCTTTGAAT
Cytochrome c GGTCAACAAATCATAAAGATATTGG TAAACTTCAGGGTGACCAAAAAATCA
LC3-II ATGCCGTCGGACAAGACCTT TTACACTGACAATTTCATCCCG
p62 TGCCCAGACTACGACTTGTG AGTGTCCGTGTTTCACCTTCC
GAPDH GGTGAAGGTCGGAGTCAACG CTCGCTCCTGGAAGATGGTG
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were performed using commercial assay kits (Beyotime, 
Shanghai, China) according to the manufacturer’s protocols.

To evaluate the pharmacokinetic properties of FMNQDs, we 
measured the absorbance of different concentrations of 
FMNQDs at 271 nm using a UV-Visible spectrophotometer 
and plotted the corresponding UV standard curve (Figure 
S1A). We injected FMNQDs into healthy mice and collected 
blood samples at different time points after the injection. The 
samples were centrifuged at 3000 rpm for 10 minutes to 
obtain the supernatant. The absorbance at 271 nm was mea
sured using a UV-Visible spectrophotometer. Then, the con
centration of FMNQDs in the mice’s blood at different time 
points were determined using a UV standard curve. In addi
tion, the relative pharmacokinetic data were obtained from 
the PKsolver 2.0 software.

To assess the metabolism and clearance of FMNQDs, we 
collect urine samples from mice at different time points fol
lowing intravenous injection of FMNQDs. To ensure consis
tency, the urine volumes will be adjusted to the same final 
volume for each time point. The concentration of FMNQDs in 
the urine will be determined using a UV absorbance standard 
curve, which was previously established based on known 
concentrations of FMNQDs. By quantifying the FMNQD levels 
in urine over time, we will be able to assess the clearance of 
FMNQDs from the body.

2.14. Statistical analysis

The data were presented as mean ± SEM. Statistical analyses 
were conducted using GraphPad Prism version 8.0 (GraphPad 
Software, La Jolla, CA, USA). One-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test was used to com
pare multiple groups, while Student’s t-test was applied for 
comparisons between two groups. Significance levels were 
defined as *p < 0.05, **p < 0.01 and ***p < 0.01.

3. Results

3.1. Characterization of FMNQD

The particle sizes of FMNQD were assessed using TEM 
(Figure 1(B)). FMNQD had good dispersibility, and most of 
them were in a monodisperse state with a particle size of 
2.03 ± 1.0 nm, and the size distribution was calculated based 
on measurements from a total of 100 individual particles, 
analyzed using ImageJ software (Figure 1(C)). To assess the 
stability of FMNQDs in solution, we performed Dynamic Light 
Scattering (DLS) and zeta potential measurements. The results 
showed a hydrodynamic size distribution of 6.21 nm (Figure 
S2A), and the zeta potential of FMNQDs was −18.72 mV 
(Figure S2B), indicating good stability in solution. UVvis spec
tra demonstrated notable absorbance of FMN at 250 nm and 
of FMNQD at 271 nm, which may be due to the change in the 
molecular structure of formononetin compounds (Figure 1(D)). 
In addition, the fluorescence intensity of FMNQD was investi
gated at different excitation wavelengths (300, 325, 350, 375, 
400, 425, 450, 475, and 500 nm) in the range of 300–500 nm. 
The results showed that the fluorescence intensity of FMNQD 
was the strongest when the excitation wavelength was 375  

nm, and the emission peak occurs at 450 nm at this time 
(Figure 1(E)), with a quantum yield of up to 28.3%. In addition, 
we performed a photostability test under prolonged excita
tion. The FMNQDs were excited continuously at 375 nm for 
10 minutes, and their fluorescence intensity was measured. 
The results showed that the fluorescence intensity of 
FMNQDs remains stable, confirming their good photostability, 
which is ideal for imaging applications (Figure S3). We also 
tested the fluorescence emission of FMNQDs in PBS and 
serum. The emission spectrum of FMNQDs was measured 
after incubation in PBS and serum to simulate in vivo condi
tions. The results show that the fluorescence intensity of 
FMNQDs remains stable in biological media, suggesting that 
they will perform well in in vivo imaging (Figure S4).

After that, we studied the FTIR spectra of citric acid, Urea, 
FMN and FMNQD (Figure 1(F-I)). For FMN, the spectrum dis
plays an -OH stretch at 3075 cm−1, consistent with its phenolic 
group, and C-H stretching vibrations at 2897 cm−1 (for both 
alkyl and aromatic groups). The C = C bond stretching in the 
aromatic ring is observed at 1604 cm−1, and characteristic C =  
O and C-O-C stretching vibrations appear at 1633 cm−1 and 
1025 cm−1, respectively. For Urea spectrum, N-H stretching 
vibration at 3343 and 3438 cm−1 and C = O stretching vibra
tion at 1682 cm−1 could be observed. For citric acid, the broad 
peak from 2500 to 3500 cm−1 corresponds to the 
O-H stretching vibrations, while the C = O stretching of the 
carboxyl group appears at 1729 cm−1. The C-O and C-H bond 
stretching vibrations are found between 1200 and 1400 cm−1. 
In the FMNQD spectrum, the peak in the range of 3000 to 
3200 cm−1 indicates the possible presence of an -OH group. 
Additionally, a significant peak around 1573 cm−1 is attributed 
to the N-H bond, suggesting the presence of amine functional 
groups. The shift of the C = O stretching peak from 1633 cm−1 

(in FMN) to 1715 cm−1 in FMNQD provides strong evidence for 
amide bond formation between FMN and citric acid/urea dur
ing the synthesis [17]. The formation of amide bonds likely 
enhances the stability and bioavailability of FMN, potentially 
increasing its antitumor efficacy by improving its aqueous 
solubility and facilitating better cellular uptake [18,19].

We analyzed the fluorescence stability of FMNQD at differ
ent concentrations, different pH solutions and different ionic 
solutions. As the FMNQD concentration increased from 0.1 mg/ 
mL to 2 mg/mL, the fluorescence intensity showed a trend of 
first increasing and then decreasing. We noted that at the 2  
mg/mL, the fluorescence intensity of FMNQD was almost zero. 
This may be because the high concentration leads to the 
strengthening of the self-absorption effect, which in turn 
leads to fluorescence quenching. The results showed that the 
maximum fluorescence intensity was obtained when the mass 
concentration of FMNQD was 0.2 mg/mL (Figure 2(A)).

To further investigate the sensitivity of the fluorescence 
intensity of FMNQD to the pH of the medium, the fluorescence 
intensity changes in different solutions with pH = 1 to 12 were 
investigated. The results show that the fluorescence intensity 
of the FMNQD is higher in alkaline conditions than in acidic 
conditions (Figure 2(B)). The fluorescence intensity of FMNQD 
is the highest within the pH range of 7 to 8 (a slightly alkaline 
environment). The reason for this phenomenon may be is 
likely due to the surface interactions of FMNQD, which are 
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optimized in this slightly alkaline environment. At lower pH 
(acidic conditions), aggregation and self-quenching occur due 
to changes in the surface functional groups, leading to 
a decrease in fluorescence intensity. We have also tested the 
fluorescence of FMNQDs across a pH gradient ranging from 
6.5 to 7.4, which simulates in vivo conditions in the tumor 
microenvironment. The results show that FMNQDs maintain 
high fluorescence intensity in this range, which supports their 
potential for use in biological applications (Figure S5).

We investigated the effect of NaCl solutions on the fluor
escence intensity of FMNQD. We added an equal volume of 
FMNQD solution (0.2 mg/mL) to NaCl solution (0.1–2 mol/L) 
and determined the fluorescence intensity of different sam
ples at an excitation wavelength of 375 nm. The results 
showed that in the range of 0.1–1.0 mol/L NaCl solution, the 
fluorescence intensity of FMNQD had little effect, and in the 
range of 1–2 mol/L NaCl solution, the fluorescence intensity of 
FMNQD decreased slightly, but it was still in the relatively high 
fluorescence intensity range (Figure 2(C)). This indicates that 
FMNQD is less affected by NaCl solution and can maintain 
better fluorescence stability. We conducted additional mea
surements to evaluate the effect of ionic strength on particle 
size and zeta potential. The results showed that FMNQD 

maintained a stable size and zeta potential within the range 
of 0.1–1.0 mol/L NaCl, indicating that FMNQD is relatively 
stable in solutions with ionic strengths up to physiological 
levels (Figure S6).

Furthermore, the effects of different metal cations on the 
fluorescence stability of FMNQD were investigated. The same 
volume and concentration of FMNQD solution was added to 
Ba2+, Ca2+, K+, Mg2+, Na+, and Zn2+ ion solutions at 
a concentration of 1 mmol/L, respectively. The fluorescence 
intensity was measured at 375 nm excitation wavelength. 
The solution with the same volume of deionized water was 
used as the control group. The results showed that after 
adding these metal cations, the relative fluorescence intensity 
mostly remained above 0.9, indicating that FMNQD can exist 
stably in various metal ions and has good stability and resis
tance to external ion interference (Figure 2(D)). To further 
assess the potential for metal ion interference, we performed 
competition assays using biological chelator such as EDTA. 
The EDTA (5 mmol/L) was added to FMNQD solutions in the 
presence of metal ion (Zn2+) to evaluate if they affect the 
fluorescence stability of FMNQDs. The results showed that 
FMNQDs maintain fluorescence stability even in the presence 
of metal ion chelators, suggesting that FMNQDs are not 

Figure 2. A) Fluorescence intensity of FMNQD at different concentrations. B) The effect of different pH values on the fluorescence intensity of FMNQD. C) The effect 
of different concentrations of NaCl on the fluorescence intensity of FMNQD. D) The effect of different ions on the fluorescence intensity of FMNQD.
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interfered with by metal ions when targeting specific cellular 
structures, such as the mitochondria (Figure S7).

3.2. Cellular uptake and subcellular localization of 
FMNQD

We incubated FMNQD with SW620 cells for different times (5, 
15, 30, and 60 min) and observed the cells by CLSM. The results 
showed that the intracellular fluorescence intensity gradually 
increased with the time of incubation of cells with FMNQD, and 
FMNQD was taken up by cells and distributed in the cytoplasm, 
thereby achieving transmembrane transfer (Figure 3(A)). The 
quantitative analysis clearly indicates a gradual increase in 
fluorescence intensity, reflecting the time-dependent internali
zation of FMNQDs (Figure S8). We used endocytosis inhibitors 
(such as chlorpromazine and cytochalasin) to investigate the 
internalization mechanism of FMNQDs. These inhibitors speci
fically inhibited the clathrin-mediated and caveolae-mediated 
endocytosis, respectively. The results show that the FMNQD 
uptake was significantly reduced in the presence of these 

inhibitors, suggesting that FMNQDs are primarily internalized 
via clathrin-mediated endocytosis (Figure S9). Then, we then 
investigated the intracellular colocalization of FMNQD. The 
Pearson’s coefficient for colocalization with mitochondria was 
found to be 0.79, and for lysosomes, it was 0.89. The results 
show that FMNQD can enter the cell through the cell mem
brane and is distributed in the cytoplasm, partly near mito
chondria but mostly near lysosomes (Figure 3(B)).

3.3. In vitro cytotoxicity and intracellular ROS detection

We assessed the cell viability using CCK-8 assay, and the 
results of the study showed that the cell viability gradually 
decreased with the increase of the concentration, both after 
12 h and after 24 h treatment (Figure 4(A,B)). The IC50 values 
for FMNQD were found to be 771.5 µg/mL at 12 h and 
213.3 µg/mL at 24 h, while the IC50 values for FMN were 
1541 µg/mL at 12 h and 1352 µg/mL at 24 h. These results 
further highlight the stronger cytotoxicity of FMNQDs com
pared to FMN, likely due to the enhanced cellular uptake and 

Figure 3. A) Distribution of FMNQD uptake by cells at different times at two excitation wavelengths (405 nm and 488 nm). B) Intracellular colocalization experiments 
of FMNQD.
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bioavailability of FMNQDs. In addition, FMNQD exhibited 
a stronger cytotoxic effect than 5-FU at the same time points 
(Figure S10). Specifically, FMNQD demonstrated superior cell 
viability inhibition at 24 hours, likely due to its enhanced 

bioavailability and nanoparticle formulation, which allows for 
more efficient cellular uptake and increased drug delivery. 
These results suggest that FMNQD has a more potent anti
tumor activity than FMN and 5-FU in the in vitro model. We 

Figure 4. Cytotoxicity of SW620 cells incubated with the FMN and FMNQD for different times at different concentrations: A) 12 h, B) 24 h. n = 6 per group. C) 
Fluorescence images of ROS produced after different treatments of SW620 cells by CLSM. Scale bar, 20 µm. D) Semiquantitative fluorescence analysis of ROS 
produced. E) The effect of different concentrations of FMNQD on the content of ROS in SW620 was measured by flow cytometry. F) The distribution of intracellular 
ROS. n = 3 per group. **p < 0.05, *p < 0.01.
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also tested the selectivity of FMNQDs for non-cancerous colon 
cells (CCD-18Co cells, a normal colon fibroblast cell line). The 
results show that FMNQDs exhibit significantly lower cytotoxi
city against CCD-18Co cells compared to SW620 cancer cells, 
supporting the selective cytotoxicity of FMNQDs toward can
cer cells (Figure S11). This indicates that FMNQDs have 
enhanced selectivity for tumor cells, which is an important 
feature for reducing off-target effects and minimizing toxicity 
to normal tissues. To test the efficacy of FMNQD in different 
colon cancer cell lines, we conducted a cytotoxicity assay 
using HCT116 cells. The results from the HCT116 cytotoxicity 
assays were consistent with our findings in SW620 cells, 
further supporting the antitumor efficacy of FMNQDs 
(Figure S12).

Intracellular ROS levels were assessed using the DCFH-DA 
fluorescent probe, with DCF fluorescence visualized by con
focal laser scanning microscopy CLSM. The results demon
strated that FMNQD-treated SW620 cells exhibited markedly 
enhanced green fluorescence compared to untreated controls, 
which showed negligible signal (Figure 4(C)). Quantitative 
analysis revealed significantly elevated ROS levels in FMNQD- 
treated cells relative to controls (Figure 4(D)). In addition, we 
also measured the intracellular ROS content by flow cytome
try, and the results show that free FMN treatment also leads to 
an increase in ROS levels compared to untreated controls, but 
the increase is less pronounced compared to FMNQD treat
ment (Figure 4(E,F), S13). This highlights the enhanced ROS 
generation induced by FMNQD, likely due to the increased 
bioavailability and uptake facilitated by the quantum dot 
formulation.

3.4. Cell apoptosis and detection of mitochondrial 
membrane potential (MMP)

The apoptotic effects of FMNQD and FMN on SW620 cells were 
evaluated using annexin V-FITC/PI staining combined with flow 
cytometry. The apoptosis rate of SW620 cells with FMNQD was 
81.86 ± 2.27%, which was significantly higher than that of cells 
in the control group (5.42 ± 0.21%) and FMN group (27.79 ±  
1.57%), indicating that FMNQD significantly increased the 
apoptosis of SW620 cells (Figure 5(A,B)). In addition, qRT-PCR 
analysis demonstrated FMNQD upregulated pro-apoptotic Bax 
and caspases-3 levels while downregulating anti-apoptotic Bcl- 
2, and suppressing proliferation-associated c-Myc expression 
relative to controls (Figure 5(C–E), S14A).

We evaluated the changes of MMP in FMNQD-treated and 
free FMN-treated SW620 cells using JC-1 staining. This fluor
escent probe differentially localizes based on MMP status: 
forming red-fluorescent aggregates in healthy cells with pre
served MMP, while existing as green-fluorescent monomers 
when MMP declines. Fluorescence imaging revealed intense 
red signals in untreated controls, contrasting with FMNQD- 
treated cells that displayed diminished red fluorescence and 
concurrent green signal intensification (Figure 5(F)). 
Fluorescence semi-quantitative results showed that the ratios 
of JC-1 aggregate/JC-1 monomer in the control and FMNQD 
groups were 52.36 ± 2.65 and 23.75 ± 4.27, respectively 
(Figure 5(G)), and for the free FMN group, the ratio was 

43.23 ± 3.26 (Figure S15). The results demonstrate that while 
free FMN treatment leads to a reduction in MMP (similar to 
FMNQD treatment), the extent of the reduction is more pro
nounced with FMNQD, suggesting that the quantum dot for
mulation enhances the ability of FMN to induce mitochondrial 
dysfunction. We had assessed the release of cytochrome 
c from the mitochondria into the cytosol, a key step in mito
chondrial-mediated apoptosis. Our results showed that 
FMNQD treatment significantly enhanced cytochrome 
c release, further supporting the involvement of mitochondrial 
dysfunction in FMNQD-induced apoptosis (Figure S14B).

In addition to apoptosis markers, we had also examined the 
autophagic flux by measuring the expression levels of LC3-II 
and p62, both of which are well-established markers of autop
hagy. Our results indicated that FMNQD treatment led to an 
increase in LC3-II expression, suggesting the induction of 
autophagic activity (Figure S14C). We also observed 
a decrease in p62, further confirming the activation of autop
hagy (Figure S14D).

3.5. Therapeutic effect in vivo

To evaluate the in vivo anti-tumor efficacy of FMNQD, treat
ment was initiated when the tumor reached 100 mm3. The 
FMNQD and FMN treatments were administered via tail vein 
injection every 3 days for 27 consecutive days. Compared with 
the control group, the tumor growth rates in the FMNQD 
treatment groups were significantly inhibited (Figure 6(A), 
S16A). Tumor inhibition rates were 29.36 ± 3.74% (2 mg/kg 
FMNQD), 47.31 ± 4.91% (5 mg/kg FMNQD), 60.06 ± 6.22% (8  
mg/kg FMNQD), 28.14 ± 4.01% (8 mg/kg FMN), and 40.12 ±  
4.83% (20 mg/kg 5-FU) (Figure 6(B), S16B). Three days after 
the last treatment, the mice were sacrificed and tumor tissues 
were weighed. Tumor weights in the 5 mg/kg and 8 mg/kg 
FMNQD groups were significantly reduced compared to the 
control and FMN groups (Figure 6(D)). Body weight data 
showed stability across treatment groups during the study, 
indicating no overt toxicity from FMNQD (Figure 6(C)). These 
results confirmed the enhanced antitumor efficacy of FMNQD 
relative to FMN and 5-FU.

3.6. Biosafety and toxicity in vivo

At the end of the treatment, the analysis of serum biomarkers 
for the liver (ALT, AST, ALP) and the kidney (CRE, UREA, UA) 
showed that their levels were not significantly different from 
those of the control group (Figure 6(E)). In addition, we have 
performed a time-course analysis of key serum biomarkers, 
measured at Day 9 and Day 18 during the 27-day treatment 
period. The results of these time-course measurements show 
no significant changes in these biomarkers at both time 
points, indicating that FMNQD treatment does not cause 
overt liver or kidney toxicity (Figure S17). These findings 
further confirm the biocompatibility of FMNQDs throughout 
the treatment period and provide a more thorough evaluation 
of the safety profile.

The results of pharmacokinetic properties of FMNQD show 
that FMNQD can remain in the blood for a relatively long time, 
with an average half-life (T1/2) of 12.6 hours, and the area 
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under the curve (AUC) of the concentration over time is 183.5  
mg L−1 h−1 (Figure S1B and Table S1). Regarding the metabo
lism and clearance of FMNQDs, our results indicate that 
FMNQDs are efficiently cleared from the body, with 79.5% of 

the administered dose being metabolized and excreted within 
72 hours (Figure S18). This suggests that FMNQDs undergo 
rapid metabolic clearance, primarily through renal excretion, 
and have a relatively short elimination half-life. These findings 

Figure 5. A) Analyze the apoptosis of SW620 cells after different treatments by using Annexin V-FITC and PI staining apoptosis kit by flow cytometry. B) 
Quantification of the percentage of apoptosis in SW620 cells after different treatments. C-E) qRT-PCR analysis of Bax, Bcl-2 and c-Myc. F) The JC-1 probe was used to 
stain SW620 cells with different treatments, and the changes of cell MMP were observed by CLSM. G) Statistical analyses of the relative ratio of JC-1 aggregate/JC-1 
monomer. n = 3 per group. *p < 0.05, **p < 0.01 and ***p < 0.01.
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Figure 6. In vivo antitumor efficacy and toxicological evaluation. A) Tumor volume of mice (n = 6). B) Tumor inhibition rate (n = 6). C) Body weight changes (n = 6). 
D) The weight of tumor (n = 6). E) Evaluation of serum biochemistry after different treatments. **p < 0.01 and *p < 0.05.
Abbreviations: ALT: alanine aminotransferase, AST: aspartate aminotransferase, ALP: alkaline phosphatase, CRE: creatinine, UREA: urea nitrogen, UA: uric acid. 
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contribute to a better understanding of the pharmacokinetics 
of FMNQDs, confirming that they are effectively metabolized 
and rapidly cleared, which is important for their safe and 
effective use in nanomedicine.

4. Discussion

Formononetin (FMN) is an isoflavone from the phytoestro
gen group, and in the field of medicine, this active com
pound has shown potential in the prevention and treatment 
of a wide range of diseases, including chronic conditions 
such as cancer, obesity and neurodegenerative diseases 
[20]. However, it has limited bioavailability, high permeabil
ity, and poor solubility (solubility in water was found to be 
0.56 µg/mL [21]) because FMN is classified as biopharma
ceutics class II [22]. To solve the above problems, based on 
FMN that is the natural antitumor agent, we synthesized 
a formononetin quantum dots (FMNQDs) for colon cancer 
therapy, which was prepared by PEGylation of FMN fol
lowed by hydrothermal reaction with urea and citric acid. 
TEM analysis showed that FMNQD had good dispersibility, 
and most of them were in a monodisperse state with 
a particle size of 2.03 ± 1.0 nm. The successful preparation 
of FMNQD was also confirmed by UV-vis, fluorescence spec
trophotometer, and FTIR analyses. In addition, when the 
mass concentration was 0.2 mg/mL, under the condition of 
neutral medium, the fluorescence intensity of FMNQD was 
the highest, and it can stably exist in various metal ions (Ba2 

+, Ca2+, K+, Mg2+, Na+, and Zn2+), and has good stability and 
the ability to resist external ion interference.

In vitro fluorescence imaging showed that FMNQD can 
enter the cell through the cell membrane and is distributed 
in the cytoplasm, partly near mitochondria but mostly near 
lysosomes, indicating that the FMNQD is an acceptable fluor
escent imaging material. CCK-8 assay results showed that cell 
viability gradually decreased with the increase of FMNQD 
concentration, and the inhibitory effect of the same concen
tration of FMNQD was stronger than that of FMN at the same 
time. This enhanced efficacy could be attributed to the nano
particle’s ability to facilitate drug internalization through 
endocytic pathways, potentially improving cellular uptake effi
ciency [23]. This improved cellular uptake can lead to higher 
intracellular drug concentrations and stronger cytotoxicity.

We next investigated the therapeutic mechanism of FMNQD in 
SW620 cells. Studies have demonstrated that drugs have the 
potential to induce apoptosis in tumor cells by augmenting the 
levels of intracellular ROS, which in turn modulate downstream 
cellular signaling pathways [3,24]. Our results indicate that FMNQD 
promotes tumor cell apoptosis and suppresses growth by elevat
ing intracellular ROS levels. Given that apoptosis may be induced 
through the mitochondrial pathway, we plan to explore lysosomal 
escape strategies in the future to improve the mitochondrial 
delivery of FMNQDs. For example, using pH-sensitive or cationic 
coatings, these coatings can facilitate the release of FMNQDs from 
the lysosomes and direct them toward the mitochondria, thereby 
enhancing the therapeutic potential of FMNQDs. FMN has been 
reported to inhibit the growth of colon cancer cells and induce 
apoptosis, which is associated with caspase activation and 
reduced levels of Bcl-2 and Bax proteins [25]. Meanwhile, qRT- 

PCR analysis also confirmed that FMNQD could promote apoptosis 
and inhibit tumor cell growth. The results showed that FMNQD 
significantly increased the expression of pro-apoptotic gene Bax, 
decreased the expression of apoptosis inhibitor gene Bcl-2, and 
decreased the expression of cell proliferation-related gene c-Myc 
compared with the control group. Bax, an important pro- 
apoptotic gene, is a key executioner of mitochondrial regulation 
of cell death through its lethal activity of permeabilizing the 
mitochondrial outer membrane (MOM) [26]. Bcl-2 has been iden
tified as an effective regulator of apoptosis, a proto-oncogene that 
inhibits apoptosis by preventing mitochondrial permeability [27]. 
c-Myc, a well-established oncogene, plays a vital role in the initia
tion and progression of various cancers [28]. In addition, in many 
instances, mitochondria are crucial for the initiation of apoptosis, 
which is closely related to its dysfunction [29]. Our data suggest 
that FMNQD significantly reduced MMP.

In vivo studies confirmed FMNQD significantly suppressed 
colon cancer progression, the tumor inhibition rate of 8 mg/kg 
group was 60.06 ± 6.22%. The analysis results of serum bio
markers of the liver and kidneys confirmed the therapeutic 
safety of FMNQD.

5. Conclusion

In this study, based on FMN that is the natural antitumor 
agent, we synthesized FMNQDs for colon cancer therapy, 
which was prepared by PEGylation of FMN followed by hydro
thermal reaction with urea and citric acid. FMNQD has good 
dispersibility and a particle size of 2.03 ± 1.0 nm, which can be 
stably existed in various metal ions (Ba2+, Ca2+, K+, Mg2+, Na+, 
Zn2+) solution, and has good intracellular fluorescence ima
ging effect. Most important of all, FMNQD increased intracel
lular ROS production, reduces MMP, increases the expression 
of pro-apoptotic genes Bax and caspase-3, and down- 
regulates the anti-apoptotic gen Bcl-2 expression, and simul
taneously increased the expression of autophagy marker LC3-II 
and decreased the expression of p62. These findings indicate 
that FMNQD induces tumor cell death through mitochondrial- 
mediated apoptotic pathways and autophagic pathways. In 
vivo, it significantly inhibited tumor growth with no observed 
toxicity. Despite these promising results, this study has some 
limitations, such as the lack of long-term stability and biode
gradation studies of FMNQDs in vivo, and the need for more 
comprehensive molecular analyses to further elucidate their 
mechanisms of action. Future research should explore the 
combination of FMNQDs with other therapeutic modalities, 
such as immunotherapy, to enhance their antitumor efficacy, 
and investigate their potential in targeted drug delivery sys
tems, offering a promising approach for personalized cancer 
treatment.
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