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Abstract: Quercetin (Qc) is a natural bioactive compound derived from plants, with strong
anti-inflammatory and antioxidant properties. However, its extreme water insolubility limits
its bioavailability and practical utility. To address this, quercetin was encapsulated in ginkgo-
derived starch nanoparticles (SNPs) to enhance solubility and stability. In this study, the
bioactivity and cellular effects of the SNPs/Qc system were evaluated. Results showed excellent
biocompatibility with no toxicity or adverse effects observed in experimental mice. At25 pg/mlL,
SNPs/Qc significantly promoted early apoptosis in 3LL cells (33%) and blocked the cell cycle at
G1 and G2 phases. The system demonstrated a dose-dependent inhibitory effect on abnormal
cell proliferation, with significant activity observed 6 h (hour) post-treatment. Compared with
free quercetin, the SNPs/Qc system has dual advantages in improving the bioavailability of
quercetin and tumor targeted penetration. After 15 days of ingestion, the survival rate of mice in
the SNPs/Qc group increased by 20%, and the tumor volume was only 239 mm?, corresponding
to a 49.4% decrease. At the same time, specific damage to the cell structure of tumor cells and
higher intensity fluorescence accumulation were observed. This study reveals the potential of
the SNPs/Qc system as a biocompatible and efficient delivery platform for natural bioactive
compounds, particularly in health promotion and functional food applications.
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1. Introduction

Quercetin (Qc), a natural bioflavonoid with protective properties, is abundantly present
in vegetables and fruits, making it a common bioactive component in daily diets [1]. Despite
its limited aqueous solubility and poor oral bioavailability, the functional characteristics of
quercetin-particularly its antioxidant and anti-inflammatory properties and associated health
benefits-have garnered significant attention in recent years [2,3]. Enhancing the solubility and
stability of quercetin is critical for its broader development and utilization in the food indus-
try and functional foods. Nano-delivery systems are increasingly prominent in food science,
leveraging their tunable particle size and enhanced dispersion properties to improve the
delivery efficiency of bioactive compounds [4,5]. Jiang et al. [6] prepared Quinoa starch
nanoparticles (QSNPs) to load Qc, and the results indicated that QSNPs enhance quercetin
solubility via small particle size (166.25 nm) and high loading (26.62%), improving stabil-
ity through hydrogen bonding and encapsulation, and retaining 51.58% quercetin after
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21 days. Another researcher, Su et al. [5] found that starch nanoparticles can also enhance
Qc’s solubility and stability via non-covalent interactions (hydrogen bonding) and encapsu-
lation within a spherical 3-glucan network (300 nm diameter), reducing degradation and
improving bio-availability. These previous studies strengthen the indications that nanoscale
encapsulation strategies for quercetin can significantly enhance its solubility, stability, and
bioavailability, substantially expanding its application potential in food processing and
functional food development [7,8].

Ginkgo (Ginkgo biloba L.), an ancient tree species in China, is renowned for its diverse
bioactive compounds and offers nutritional and health-promoting properties [9]. Ginkgo
seeds contain approximately 68% starch and have been utilized as both food and traditional
medicine for thousands of years [10]. Ginkgo extracts have been employed in the treatment
of diabetes, cancer, and thrombosis [11]. Wang et al. [12] proved that ginkgo seeds are better
than corn in the preparation of starch nano-spheres (SNPs). The capacity of Qc loaded with
SNPs was higher than that of corn starch. Qc could be continuously released in simulated
gastric juice and significantly inhibit the growth of A549 cells [13].

To explore the in vivo safety of the SNPs/Qc delivery system for functional food
applications, Institute of Cancer Research (ICR) mice were used as test subjects for com-
prehensive evaluation through oral acute and subacute toxicity experiments [14]. The
assessment focused on key health indicators relevant to food safety, including changes in
body weight (BW), biochemical parameters, hematological examinations, organ coefficients,
and histopathological indicators [15]. Building upon the aforementioned toxicological
experiments, we have, for the first time, investigated the effects of quercetin (Qc) on can-
cer cells. Reportedly, Qc could induce cell apoptosis via the mitochondrial pathway [16].
Guo et al. [17] have demonstrated that, after 24 h of Qc treatment, the viability of A549 and
H1299 cells was inhibited, and mitochondria-dependent apoptosis was induced. To com-
pare the tumor cell inhibitory activity of SNPs/Qc in vitro, F127 (EO100-PO65-EO100)/Qc
was utilized [18,19].

In our previous research [13], we successfully prepared SNP/Qc complexes with a maxi-
mum loading capacity of 1140 ug Qc/mg SNP (24 mM Qc, 250 min). Dynamic light scattering
(DLS) revealed that unloaded SNPs had a hydrodynamic diameter of 80 & 8.23 nm (polydisper-
sity index, PDI = 0.34), increasing to 165 £ 9.65 nm (PDI = 0.28) post-loading. In vitro release
studies revealed that SNP/Qc exhibited pH-dependent sustained release kinetics. Free Qc
exhibited rapid release (>80% within 1 h in pH 2.0 gastric fluid), whereas SNP/Qc displayed
a triphasic release profile: burst release (28.1% at pH 2.0/0.6 h; 32.5% at pH 6.8/2 h),
sustained release (59.5-66.7%), and slow degradation-driven release (71.3-78.2% at 12 h).
Notably, SNP/Qc demonstrated dose-dependent cytotoxicity, achieving 55.16% inhibition
of A549 cells at 200 pg/mL, significantly surpassing free Qc. Therefore, in this study,
we continue to investigate the mechanism by which the SNPs/Qc system inhibits tumor
cell activity by assessing membrane potential and cell cycle progression. Furthermore,
recognizing that animal metabolism, circulatory dynamics, and fluid regulation during
natural growth and activity may influence the efficacy of bioactive compounds, we further
evaluated the anti-tumor effects of orally administered SNPs/Qc in nude mice [20]. This
research not only elucidates the potential mechanisms underlying the SNPs/Qc system but
also provides a scientific foundation for its application in functional foods.

2. Materials and Methods
2.1. Chemicals and Reagents

SNPs/Qc was supplied by the National Key Laboratory for the Development and Uti-
lization of Forest Food Resources, Nanjing Forestry University, Nanjing, Jiangsu, China [13].
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Heparin sodium and paraformaldehyde (Nanjing zebra Co., Nanjing, China). Various
chemicals and reagents, including quercetin and ginkgo seeds (KeyGEN Biochemical Co.
Nanjing, China). DMSO (SIGMA Co., Ltd., Burbank, CA, USA). DMEM medium (12800-
082) (GIB-CO Co., Ltd., Grand Island, NY, USA). Fetal bovine serum (FBS500) (ExCell
Biology Co., Ltd., Mountain View, CA, USA). Lung cancer 3LL cell line (Chinese Academy
of Sciences, Shanghai, China). All other reagents used were of analytical grade.

2.2. Animals

Male special pathogen free (SPF) grade BALB/c-nu mice weighing 18 to 22 g and
aged 4 to 5 weeks, were purchased from Nanjing Junke Biological Co., Ltd. (Nanjing,
China). After one week of acclimation, mice were randomly divided into three or four
groups with five animals per group. Standard rodent maintenance food and drinking
water were provided ad libitum. All mice were fed in cages (5 animals each) and housed
in an environment with controlled temperature (22.0 £ 1.0 °C) and humidity (50 & 10%)
and a 12-h light—dark cycle. All experimental procedures were conducted according to
the institutional guidelines for the care and use of laboratory animals of the Nanjing
Ogpharmacetical Co., Ltd. (Nanjing, China) [Approval Number: SYXK (Su) 2017-0017].
The protocol for these experiments was approved by the Experimental Animal Welfare and
Ethics Committee of Nanjing Forestry University (NJFU-2017031209).

2.3. Acute Oral Toxicity Test

Mice were randomly divided into four groups, including one control group and three
test groups. SNPs/Qc test doses were 20, 100, and 500 mg/kg BW, respectively. Control mice
received sterile saline alone. Three groups were administered SNPs/Qc by oral gavage.

2.4. Subacute (30 d) Toxicity Test

Twenty mice were randomly assigned to one control group and three test groups.
SNPs/Qc test doses were 20, 100 and 500 mg/kg BW, respectively. After 30 d (day) of
feeding, the physiological characteristics of mice were observed and recorded daily. BW of
mice was recorded at the same time every week. At the end of the experiment, blood was
drawn from the mice’ orbits and collected into a 2 mL centrifuge tube (with anticoagulant)
to determine hematology (Ilymphocyte count (LYC), red blood cell count (RBC), neutrophils
count (NE), hemoglobin concentration (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH) and white blood cell count (WBC)) and
biochemical analyses (alanine transaminase (ALT), aspartate transaminase (AST), total
serum protein (TP), albumin (ALB), albumin/globulin ratio (A/G), blood glucose (GLU),
total bilirubin (TBIL), total cholesterol (CHOL) and triglycerides (TG)) [21,22].

Following a 30-d feeding trial, mice were humanely euthanized via cervical dislocation
under isoflurane anesthesia for systematic necropsy and pathological changes in visceral
organs were examined. The vital organs from each mouse were removed and weighed.
Ratios of each organ to final BW were calculated [23,24]. Weighed organs were cut into
small pieces and completely immersed in 4% paraformaldehyde for fixation. After fixation,
collected samples were prepared and stained with hematoxylin and eosin (H&E) to observe
histopathological changes [25].

2.5. Detection of Apoptosis by Annexin V-APC/7-AAD Double-Staining

According to the results of cell inhibition experiments (Table S1) [13], 3LL cells were
selected as follow-up experimental cells with a higher inhibition rate. In the logarithmic
growth phase, 3LL cells were digested and inoculated into six-well plates overnight. After
48 h of SNPs/Qc or F127/Qc treatment, cells were trypsinized and washed with phosphate
buffer (PBS). The doses of SNPs/Qc and F127/Qc were 6.25 ug/mL, 12.50 pg/mL and
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25.00 ng/mL, respectively. Amounts of 5 pL. Annexin V-APC and 5 uL 7-AAD were added
to the cell suspension. Stained cells were incubated for about 10 min at room temperature
in the dark and analyzed by flow cytometry [26,27].

2.6. Cell Cycle Analysis

Cells were collected by gentle trypsinization, seeded in six-well plates, and incubated
for 1 d. Subsequently, cells were trypsinized with three doses of SNPs/Qc and F127/Qc.
On completion of the culture, cells were washed with PBS and added to 100 uL. RNase A
in a 37 °C water bath for 30 min. After treatment, cells were added to 400 uL propidium
iodide (PI) at 4 °C for 30 min and detected red fluorescence intensity at 488 nm.

2.7. Measurement of Mitochondrial Membrane Potential

After being washed with PBS and centrifuged at 2000 rpm for 5 min, cells were
adjusted to a concentration of 1 x 10° cells/mL. JC-1 working solution was prepared by
adding 1 pL JC-1 into the 500 pL 1x incubation buffer. Cells were added to 500 pL JC-1
working solution and incubated at 37 °C with 5% CO, for 15-20 min. Then, cells were
washed twice with 1x incubation buffer, resuspended in 500 pL 1x incubation buffer and
immediately analyzed for their mitochondrial membrane potential [28,29].

2.8. Mice Lung-Cancer-Inoculated Tumor Models and Animal Groups

The 3LL cells were cultured in a DMEM medium at 37 °C and 5% CO;. The cell growth
status was observed and the culture medium was changed regularly. After continuous
culture, 3LL cells were collected and counted. Then, 3LL cell concentration was adjusted
to 1 x 107 cells/mL by adding culture solution. The 0.1 mL 3LL lung cells were injected
subcutaneously into the back of anesthetized mice. The tumor growth of mice was closely
monitored. After 5 d of tumor cell inoculation, tumor-bearing mice were randomized
into three groups with 5 mice in each group. The mice were gavaged with 10 pg/g Qc or
20 pg/g SNPs/Qc daily for 15 d. The mice were euthanized on d 16, and tumor tissues
were collected for analysis.

2.9. Volume Measurement and H&E-Stained Sections of Tumor Tissues

Tumor volumes were measured every day using a caliper and calculated by a standard
formula (length x width? x 0.5) [30]. The largest sections of tumor tissues were fixed in
10% formalin and stained by H&E to observe tumor cells [21,31].

2.10. Fluorescence Imaging Analysis of the Living Body and Organs of Tumor-Bearing Mice

After staining SNPs/Qc with fluorescent dyes, tumor-bearing mice were gavaged at normal
dosage. At 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h and 8 h, treated mice were observed and
captured by in vivo imaging camera of ultra-high resolution (CRI Maestro 2) [32] and tumor-
bearing mice were sacrificed after 6 h for dissection to capture tumor tissues and livers.

2.11. Statistical Analysis

Five parallel tests were conducted for all experiments, and values are expressed as the
mean + SD. One-way ANOVA was conducted, and the significance level was defined as
p < 0.05. Statistical analyses were performed using SPSS 26.0 software (IBM, Armonk, NY, USA).

3. Results

3.1. Acute and Subacute Toxicity
3.1.1. BW and Organ Coefficient

In acute and subacute toxicity tests, mice grew normally without mortality. No
significant difference was observed in skin color, BW (Figure 1), behavioral activities and
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defecation of mice between experimental and control groups. Additionally, an increased
tendency of BW was observed during the experimental period.
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Figure 1. Mean body weights of mice treated with different doses of SNPs/Qc. BW of mice treated
by oral toxicity test of SNPs/Qc system for 15 d (A) and 4 w (B). Each value represents the mean of
three replicates, and error bars indicate standard deviations (£SD). Lowercase letter (a), in the graph,
indicates no significant differences between control and treatment groups at the same administration
time (p < 0.05).

In addition, compared with the control group, the data associated with organ coef-
ficients (Table 1) showed that there was no significant difference (p > 0.05) in the ratios
of heart/BW, liver/BW, lung/BW, kidney/BW and spleen/BW of the mice in all of the
experimental groups.

Table 1. Relative organ weight (g/g of BW) of mice treated with SNPs/Qc nanocomposites in oral
subacute toxicity.

Parameters Heart (%) Liver (%) Spleen (%) Lungs (%) Kidney (%)

Control 0.48 £0.04° 4144+015° 0.324+0.08 2 0.83+0.10° 141+£0222
20mg/kg 0.52 £0.082 3.86 £0.182 0.34 £0.062 0.85+£0.09 2 134+£0.142
100mg/kg 05440112 4244+031° 0.314+0.08° 0.79 +£0.06 * 137 £0.112
500mg/kg 0.51 +0.067 4214+022° 0.354+0.05° 0.76 £0.07 2 143+£0.152

Values in the same lowercase letter within a column are not significantly different (p > 0.05).

3.1.2. Histopathological Examination

According to the observation of tissue sections (Figure 2), compared with the control,
general appearances and internal organs of treated mice showed normal structure, size, and
color. There was no edema, necrosis or inflammation in the organs. The histopathological
examination revealed closely arranged myocardial fibers and cells in the hearts, normal cell
nucleus in the liver, clearly visible red and white pulp in the spleen, uniform and regular
alveolar tissue in the lung, and clear structure in the kidney.
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Control

20mg/kg

100mg/kg

500mg/kg

Figure 2. Histopathological examination of the mice” heart, kidney, lung, liver and spleen tissue
treated with SNPs/Qc in the subacute (20, 100, and 500 mg/kg) toxicity test. H&E coloring.

3.1.3. Hematological and Biochemical Parameters

As can be seen from Figure 3, there was no significant difference in ALT, AST, urea and
creatinine between the experimental and the control groups (p > 0.05). Table 2 represents
the hematological and biochemical parameters of mice treated with control and SNPs/Qc
in the acute and subacute toxicity tests. There was a little increase in lymphocytes, HMB,
MCV and WBC and a decrease in NE compared with the control. The results of this study
show a decrease in CHOL and ALB (20 mg/kg), TBIL and TG (20, 100 and 500 mg/kg) and
an increase in GLO and TP (500 mg/kg).
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Figure 3. Effects of SNPs/Qc on liver and kidney function in mice. (A) The enzyme activity of ALT
(A) and AST (B) in the plasma of mice in the control and administration groups. The content of
creatinine (C) and urea (D) in mice in the control and administration groups. Each value represents
the mean of three replicates, and error bars indicate standard deviations (+SD). Different lowercase
letters (a, b), in the graph, indicate significant differences among four experimental groups at the
same administration time (p < 0.05).
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Table 2. Hematological and biochemical parameters of mice treated with SNPs/Qc nanocomposites.

Parameters Control 20 mg/kg 100 mg/kg 500 mg/kg
Hematological parameters of mice

HCT (LL) 0.514+0.082 0.55 4 0.09 2 0.58 +0.03° 0.54 4 0.04 2
HGB (g/L) 151.00 & 8.00 2 158.00 + 9.00 2P 159.00 + 7.00 162.00 & 9.00 °
LYC (109/L) 2.75+0.182 3.46+0.89P 2.88+£0.502 296 £0412
MCH (pg) 14.50 £ 0.60 2 1490 £0.90 15.10 +£0.70 @ 14.80 += 0402
MCYV (fL) 5270+ 1.102 5250 £1.902 53.40 +£1.302 5310+ 1402
NE (109/L) 0.45+0.082 043 +£0.092 0.39 £0.072 041+0.142
RBC (1012/L) 10.52 £ 0.58 2 1048 £ 0.692 10.75 + 0437 10.89 +0.77 2
WBC (109/L) 235+0.222 375 +1.09" 277 +£049°? 2.85+0.382
Biochemical parameters of mice

ALB (g/L) 35.10 +4.802 34.80 +3.902 3690 +4.702 36.20 +2.902
CHOL (mmol/L) 535+0.122 495+ 0.61° 5.77 £0.482 5.85+0432
GLOB (g/L) 23.54 + 1582 22.88 +2.692 22.74 +2432 23.69 £3.272
TBIL (umol/L) 450+1.20° 430+0902 3.90+0.802 410+0.602
TG (mmol/L) 1.78 +£0.232 1.54 4+ 043P 1.64 £+ 0.37 2 1.75+0.172
TP (g/L) 59.70 £1.802 58.30 £1.902 58.40 +£1.502 60.10 +£ 1.40P

Values within a row marked with different lowercase superscript letters (a, b) differ significantly (p < 0.05), while

common letters indicate no statistically significant differences (p > 0.05).

3.2. Cancer Cell Inhibitory Activity of SNPs/Qc

3.2.1. Effects of SNPs/Qc or F127/Qc on Apoptosis of 3LL Cells

As can be seen in Figure 4, the apoptosis rate of SNPs/Qc groups was significantly
higher than that of the control group after administration (p > 0.05). After treatment with
6.25,12.5, and 25 ng/mL of SNPs/Qc, the apoptosis rates were respectively 21.47 &+ 2.93%,
28.78 £ 2.37%, and 37.05 & 1.91%, in a dose-dependent manner (Table S2).
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Figure 4. Effects of SNPs/Qc and F127/Qc on apoptosis of 3LL cells. The lower left, lower right,
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3.2.2. Effects of SNPs/Qc or F127/Qc on the Cell Cycle of 3LL Cells

Compared with the control, the cell cycle of 3LL cells was significantly affected by
SNPs/Qc and F127/Qc nanocomposites (Figure 5). The proportion of 3LL cells in the G2
phase gradually increased with the increase of SNPs/Qc dose. The proportion of G2 cells
was respectively increased to 23.84 4 0.54% at the dose of 25 pug/mL (Table S3).
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Figure 5. Effects of SNPs/Qc and F127/Qc on the cell cycle of 3LL cells. The red peaks on both sides
indicate that cells were in G1 and G2 phases. The middle peak indicates that cells were in the S phase.

3.2.3. Effects of SNPs/Qc or F127/Qc on the Mitochondrial Membrane Potential of 3LL Cells

The changes in mitochondrial membrane potential in 3LL cells after SNPs/Qc or F127/Qc
treatment are shown in Figure 6. Compared with the control, the SNPs/Qc and F127/Qc
nanocomposites can significantly change the mitochondrial membrane potential of 3LL cells.
The results show that the percentages of positive cells were as high as 42.4 4 1.92% in the
treatment groups, while the mean cells were 3.72 £ 0.21% in the control (Table 54).
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Figure 6. Effects of SNPs/Qc and F127/Qc on the mitochondrial membrane potential of 3LL cells.
The lower right quadrant in the figure represents the proportion of positive cells with reduced
mitochondrial membrane potential.

3.3. Biological Activity of SNPs/Qc
3.3.1. BW, Survival Rate and Tumor Volume of Tumor-Bearing Mice

None of the mice in the three groups exhibited abnormal BW (Figure 7). However,
the mice in the control lost weight on day 13. The survival time was recorded as 8-13 d in
the control. In the Qc group, the survival rate after the experiment was 80%. After 15 d of
nanoparticle ingestion, there was no death in SNPs/Qc group (Figure 7D).
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Figure 7. Effects of Qc and SNPs/Qc on the body weight and survival rate of tumor-bearing mice. BW of

tumor-bearing mice in the control group (A), the administration group with 10 pg/g Qc (B) and 20 ug/g

SNPs/Qc (C). (D) The survival rate of tumor-bearing mice in the control and administration groups. Each

value represents the mean of three replicates, and error bars indicate standard deviations (£SD).

As is shown in Figure 8, the tumor volumes of mice in Qc and SNPs/Qc groups were
significantly reduced (p < 0.01) when compared with the control. After 15 d of nanoparticle
ingestion, tumor volumes of mice in the control grew to about 892 mm?3, while tumor
volumes in Qc and SNPs/Qc groups were 472 mm?® and 239 mm?, respectively.

Saline

Qc

SNPs/Qc

®)

1000

800

a
2
3

Tumor Volume (mm®)
5

200

Time (day)

Figure 8. Effects of Qc and SNPs/Qc on the tumor volume change of tumor-bearing mice. (A) Tumor
pictures were obtained from the anatomy of tumor-bearing mice at the end of the experiment. (B) Tumor
volume change in the control and administration groups. Each value represents the mean of three replicates,
and error bars indicate standard deviations (£SD).
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3.3.2. Observation of Tumor Tissue Sections

The stained sections of tumor tissue in the control and SNPs/Qc groups are shown
in Figure 9. Specifically, when compared with the SNPs/Qc group, the cells of tumor
tissue without treatment were relatively neat and close. Furthermore, tumor tissue cells in
the SNPs/Qc-treated group exhibited numerous structurally disrupted intercellular gaps,
suggesting enhanced permeability and potential nanoparticle accumulation.

A B

Figure 9. Effects of SNPs/Qc on the tumor tissue of tumor-bearing mice. The staining section of
tumor tissue in the control group (A) and the administration group with 20 ug/g SNPs/Qc (B).

3.3.3. Pharmacokinetic In Vivo Tumor and Fluorescence Imaging of Tumor-Bearing Mice

Figure 10 showed the distribution of SNPs/Qc in mice. After 6 h of administration,
the mice were dissected to observe the nanoparticles aggregation in each organ in Figure 11.
Oral SNPs/Qc successfully reached and accumulated in the tumor site. After 1 h of
administration, no obvious nanoparticles were detected at the tumor site. The strongest
fluorescence intensity of the tumor site was captured at 6 h, and fluorescence mainly
accumulated in the liver and tumor of mice.

Figure 10. In vivo fluorescence images of pharmacokinetics in tumor-bearing mice.
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Figure 11. In vivo fluorescence images of organs and the tumor in tumor-bearing mice. Observe the

organs, including the heart, kidney, lung, liver and spleen.

4. Discussion

As a food-grade carrier, SNPs represent a metabolizable carbohydrate that is ulti-
mately catabolized via physiological pathways into energy, CO,, and water. Consistent
with previous studies on dietary polyphenols, Qc has been established as a safe bioac-
tive compound [33]. Zhao et al. [34]. confirmed its safety through acute exposure and
developmental toxicity assessments, consistent with the Generally Recognized as Safe
(GRAS) profile of plant-derived phytochemicals. Notably, male mice fed Qc at 3000 mg/kg
body weight (BW)/day for 28 d showed no significant alterations in nutritional safety
indicators compared with controls. While both components exhibit inherent safety, their
combined metabolic behavior within the encapsulation system necessitated evaluation [35].
Acute and subacute exposure trials revealed no observable adverse effects, confirming
the complete biodegradability of the SNPs-Qc nanocomplex in vivo. A transient elevation
of serum aspartate aminotransferase (AST) levels was observed in medium-high-dose
groups during the intervention period, with hepatic accumulation of bioactive components
indicating tissue-specific metabolic handling [36]. These fluctuations are indicative of adap-
tive physiological responses during bioactive compound metabolism, where AST release
coincides with transient hepatic metabolic activation as opposed to signifying hepatotoxic-
ity [37]. This interpretation is further corroborated by histopathological analyses revealing
no structural abnormalities in major organs across treatment groups. The observed AST
dynamics likely correspond to a self-regulatory mechanism maintaining metabolic equilib-
rium during bioactive compound utilization [38]. Collectively, these findings validate that
the SNPs/Qc system functions within the bounds of physiological adaptability, reinforcing
its suitability as a food-grade delivery platform.

Quercetin has been shown to modulate cellular signal transduction, potentially in-
fluencing apoptosis-related pathways [36]. The regulatory mechanism of the SNPs/Qc
system on cellular homeostasis was investigated through mitochondrial membrane po-
tential assessment and cell cycle progression analysis. The results indicate that SNPs/Qc
can significantly increase the proportion of early apoptotic cells, arrest the cell cycle, and
reduce mitochondrial membrane potential, suggesting its potential in maintaining cellular
homeostasis. The balance between anti-apoptotic and pro-apoptotic proteins, such as Bcl-2
and Bax, plays a crucial role in determining cellular responses [39,40]. Previous studies
have highlighted that cells with a lower Bcl-2/Bax ratio are more prone to apoptosis [41,42].
Experimental data showed that SNP/Qc treatment induced apoptosis in 3LL cancer cells,
and subsequent analysis showed that Qc reduced the expression rate of Bcl-2/Bax. When
cells receive apoptotic signals, Bax proteins translocate from the cytoplasm to the mito-
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chondrial membrane, forming channels that decrease mitochondrial membrane potential
and increase permeability [43]. This mechanism underscores the potential of the SNPs/Qc
system as a functional food ingredient for promoting cellular health.

After inoculating 3LL cells, the diet, metabolism, and other physical functions of
mice may be affected by the increase in tumor volume, thereby reducing the weight of the
mice. Compared with the control, the tumor volumes of mice were significantly reduced
by SNPs/Qc intervention for 15 d. Qc successfully reached the tumor site through the
metabolic cycle and played a significant role in inhibiting the growth of tumor cells [44].
The experimental results show that the anti-tumor effect of SNPs/Qc is significantly better
than the free Qc. Three factors could account for this result. Firstly, Qc exhibits enhanced
performance when encapsulated within starch nanoparticles, owing to the improved dis-
persion, stability, and bioavailability conferred by the nano load delivery system. Secondly,
the efficacy of Qc may be compromised by its limited aqueous solubility and chemical
instability under the environment of multiple enzymes and electrolytes in the organism [45].
Thirdly, because of the interaction between the charges of Qc and the cell surface, Qc could
not successfully enter the cells. SNPs/Qc could reduce the barriers stopping Qc from
entering cells [46].

After 6 h of ingestion, the accumulation of fluorescent compounds in the liver of
mice indicated that certain bioactive food ingredients or their delivery markers were ab-
sorbed through digestive and metabolic pathways [47]. Notably, there was no significant
aggregation of fluorescence in other organs. Although in vivo bioavailability studies and
organ-specific fluorescence imaging at 8 h post-ingestion do not fully account for the local-
ized presence of Qc or SNPs/Qc in the liver and tumor regions, the observed substantial
reduction in tumor volume and improved survival rates suggest that the fluorescence
aggregation is primarily due to the efficient accumulation of SNPs/Qc in these tissues [48].
Overall, when incorporated into functional food formulations, SNPs/Qc nanoparticles
demonstrate significantly better anti-tumor effects compared with free Qc, underscoring
their potential as an effective nutraceutical ingredient for food-based interventions.

5. Conclusions

In summary, the effects of SNPs/Qc on cell apoptosis, cell cycle regulation, and tumor
inhibition were investigated in this work, with a view toward their potential application
in functional foods and nutraceuticals. No obvious toxic or side effects were observed
in SNPs/Qc nanoparticles based on acute and subacute toxicity assessments. SNPs/Qc
demonstrated significant inhibitory activity on 3LL cells, notably increasing the proportion
of cells in the G1 and G2 phases, and substantially altering the mitochondrial membrane po-
tential, as evidenced by the elevated proportion of positive cells. These changes contributed
to the partial apoptosis of tumor cells and inhibited tumor growth, ultimately prolonging
the lifespan of tumor-bearing mice. These findings suggest that an appropriate concen-
tration of SNPs/Qc could effectively replace water-insoluble free Qc while maintaining
its functional benefits. SNPs/Qc nanoparticles, characterized by unique physicochemical
properties and excellent biocompatibility, establish a theoretical foundation for incorporat-
ing bioactive compounds into health-promoting foods and present innovative strategies
for their development and application within the food industry.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/foods14111890/s1, Table S1: IC50 of Qc, SNPs/Qc and F127/Qc
on five kinds of cancer cells; Table S2: Effect of SNPs/Qc and F127/Qc on 3LL cell apoptosis;
Table S3: Effect of SNPs/Qc and F127/Qc on 3LL cell cycle; Table S4: Effect of SNPs/Qc and F127/Qc
on mitochondrial membrane potential of 3LL cell.
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Abbreviations

The following abbreviations are used in this manuscript:

A/G Albumin/globulin ratio
ALB Albumin

ALT Alanine transaminase

AST Aspartate transaminase
BW Body weight

CHOL Total cholesterol

GLU Blood glucose

HCT Hematocrit

H&E Hematoxylin and eosin
HGB Hemoglobin concentration
ICR Institute of Cancer Research
LL Lower left

LR Lower right

LYC Lymphocyte count

MCH Mean corpuscular hemoglobin
MCV Mean corpuscular volume
NE Neutrophils count

Qc Quercetin

RBC Red blood cell count

SNPs Starch nanoparticles

SNPs/Qc  Starch nanoparticles/quercetin
TBIL Total bilirubin
TG Triglycerides
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TP Total serum protein
UL Upper left

UR Upper right

WBC White blood cell count
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