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Abstract 

Endocrine therapy is standard for hormone receptor–positive (HR+) breast cancer treatment. However, current strate-
gies targeting estrogen signaling pay little attention to estradiol metabolism in the liver and is usually challenged 
by treatment failure. In a previous study, we demonstrated that the natural compound naringenin (NAR) inhibited HR+ 
breast cancer growth by activating estrogen sulfotransferase (EST) expression in the liver. Nevertheless, the poor water 
solubility, low bio-barrier permeability, and non-specific distribution limited its clinical application, particularly for oral 
administration. Here, a novel nano endocrine drug NAR-cell penetrating peptide-galactose nanoparticles (NCG) 
is reported. We demonstrated that NCG presented specific liver targeting and increased intestinal barrier permeability 
in both cell and zebrafish xenotransplantation models. Furthermore, NCG showed liver targeting and enterohepatic 
circulation in mouse breast cancer xenografts following oral administration. Notably, the cancer inhibition efficacy 
of NCG was superior to that of both NAR and the positive control tamoxifen, and was accompanied by increased 
hepatic EST expression and reduced estradiol levels in the liver, blood, and tumor tissue. Moreover, few side effects 
were observed after NCG treatment. Our findings reveal NCG as a promising candidate for endocrine therapy 
and highlight hepatic EST targeting as a novel therapeutic strategy for HR+ breast cancer.
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Introduction
Breast cancer is a leading cause of cancer-related death 
among women worldwide, accounting for approximately 
25% of all new cancer cases and 15% of cancer-related 
deaths in women. Hormone receptor–positive (HR+) 
breast cancer represents approximately 70% of all cases 
and generally requires endocrine therapy for more than 
5 years [1]. However, a number of patients develop resist-
ance to endocrine therapy due to factors such as genetic 
and epigenetic alterations, signaling pathway crosstalk, 
and tumor heterogeneity [2, 3]. Notably, nearly 40% of 
patients with early estrogen receptor–positive (ER+) 
breast cancer experience recurrence within 15 years fol-
lowing adjuvant tamoxifen (TAM) therapy [4]. Moreover, 
the adverse effects associated with prolonged endocrine 
therapy also reduce patient quality of life and adherence 
to therapy. It is necessary and urgent to develop novel 
strategies for endocrine therapy with high efficiency and 
safety.

Endocrine therapy, targeting hormone receptors or 
estrogen synthesis [5], is the primary treatment for HR+ 
breast cancer [6]. Currently, different endocrine thera-
peutic strategies have been developed, such as the selec-
tive estrogen receptor modulators, aromatase inhibitors, 
and gonadotropin-releasing hormone agonist, as well as 

estrogen receptor degraders. In recent years, CKD4/6 
inhibitors, such as abemaciclib and palbociclib, have 
been developed for salvage treatment of HR+ breast can-
cer patients [7]. With the comprehensive application of 
these strategies, the 5-year overall survival ratio of HR+ 
breast cancer has reached over 90% [8, 9]. However, even 
for the latest CDK4/6 inhibitors, it was reported that 
nearly 20% of patients exhibited primary resistance, and 
over 60% of patients appeared with secondary resist-
ance after 40 months [10]. Meanwhile, the adverse effects 
associated with endocrine therapy, such as endometrial 
thickening, osteoporosis, and hepatoxicity, greatly limit 
clinical efficacy [11, 12]. Therefore, ongoing research is 
imperative to develop new drugs based on other endo-
crine-related signaling pathways and mechanisms.

Estrogen metabolism is crucial for maintaining 
dynamic hormone equilibrium [13]. Estradiol is the 
most biologically active form of estrogen, and is mainly 
metabolized by irreversible hydroxylations at either C-2, 
C-4, or C-16 through cytochrome P450 enzymes in the 
liver [14]. The metabolite 16α-hydroxyestrone has been 
shown to bind covalently to the ER and promote cell pro-
liferation, and 2-hydroxyestrone and 4-hydroxyestrone 
were reported to contribute to potential genotoxic dam-
age [13]. Conjugation is a subsequent step for increasing 

Graphical Abstract



Page 3 of 22Zhao et al. Journal of Nanobiotechnology          (2024) 22:122 	

the water solubility of the hydroxylated metabolites, 
and thereby facilitating their excretion. The conjugat-
ing enzyme estrogen sulfotransferase (EST) catalyzes 
the transfer of the sulfate group from adenosine-5′-
phosphate sulfate to any available hydroxyl group on the 
estrogen metabolites [15]. The EST-mediated sulfation 
process enhances estrogen’s water solubility, precludes 
binding of sulfated estrogen to the ER, and finally inac-
tivates their activity. Previous studies also showed that 
EST induction in MCF-7 cells significantly inhibited cell 
proliferation and DNA synthesis [16]. EST disruption in 
female mice was reported to result in both local and sys-
temic elevated estrogen [17–19]. Notably, EST is mainly 
expressed in hepatocytes [20–22]. Therefore, targeting 
hepatic EST expression has become a novel approach for 
breast cancer endocrine therapy.

At present, there are a limited number of drugs target-
ing hepatic EST to downregulate estrogen for HR+ breast 
cancer treatment. We previously found that Si-Ni-San, 
a traditional Chinese medicine formula, was capable of 
promoting estrogen metabolism in the liver, and nar-
ingenin (NAR) has been identified as a potential bioac-
tive compound targeting EST [23]. However, the poor 
solubility and bioavailability of NAR limits its efficacy 
[24]. In the past decades, nanoparticle-based drug deliv-
ery systems have emerged as a powerful tool for cancer 
therapy, such as photothermal therapy [25], sonodynam-
ics [26, 27], and redox targeting strategies [28]. Neverthe-
less, endocrine drugs for breast cancer treatment usually 
require long-term medication, and thus oral drug admin-
istration is the preferred route due to its noninvasiveness, 
high compliance, and low cost. However, the biological 
obstacles in the gastrointestinal tract pose a significant 
challenge for orally administered nanodrugs, such as the 
highly acidic environment, the diverse digestive enzymes, 
and the intact intestinal epithelium. Intriguingly, poly-
meric nanoparticles are particularly well-suited for oral 
drug delivery strategies due to their remarkable stability, 
low toxicity, high biocompatibility, and ease of modifica-
tion. Currently, the U.S. Food and Drug Administration 
has approved the use of poly (ethylene glycol) (PEG) and 
poly (epsilon caprolactone) (PCL) polymers in phar-
maceuticals [29]. In addition, cell-penetrating peptides 
(CPPs) are concise peptides that increase cellular uptake 
of diverse molecular carriers, such as small molecules, 
nucleic acids, and proteins, and facilitate their transfer 
across biological membranes. The application of CPPs 
has sparked significant interest in the field of drug deliv-
ery, particularly due to their ability to surmount the 
intestinal barrier, thereby favoring drug transport [30]. A 
key advantage of CPPs lies in their ability to transport an 
array of cargo molecules without triggering considerable 
cytotoxicity or immune reactions. Furthermore, CPPs 

can boost the bioavailability of insoluble or poorly per-
meable drugs, overcoming the difficulties of conventional 
oral drug delivery [30, 31]. It was demonstrated that 
incorporating CPPs with insulin remarkably improved 
insulin oral absorption in diabetic rats, highlighting the 
significance of CPPs in developing oral nanomedicines 
[32]. In terms of liver targeting, asialoglycoprotein recep-
tors (ASGPRs) are specific receptors expressed on the 
surface of hepatocytes, and galactose (GA) is considered 
as a specific ligand binding to ASGPRs [33]. The adminis-
tration of GA-bound nanoparticles facilitates preferential 
binding to ASGPRs, leading to receptor-mediated endo-
cytosis and subsequent drug release within hepatocytes. 
Existing evidence indicated that GA-bound selenium 
nanoparticles significantly enhanced the antitumor effect 
of doxorubicin in hepatocellular carcinoma [34]. Conse-
quently, developing oral liver-targeting drugs by amal-
gamating CPPs and galactose with bioactive compounds 
is a promising treatment approach.

In this study, we employed PEG-PCL coated NAR to 
synthesize nanoparticles, and introduced CPPs and GA 
onto the nanoparticle surface to improve their intesti-
nal barrier permeability and hepatic targeting ability. 
Our results demonstrated that NCG exhibited specific 
liver targeting, enhanced EST elevating, and estradiol 
decreasing activity. Furthermore, NCG presented sig-
nificant cancer inhibition with high safety in HR+ breast 
cancer xenografts. Our findings highlight that targeting 
hepatic estrogen metabolism is a promising therapeutic 
strategy for HR+ breast cancer, with NCG as a candidate 
oral nanomedicine for endocrine therapy (see Graphical 
abstract).

Results and discussions
Preparation and characterization of NCG
Our previous study reported that NAR in Si-Ni-San for-
mula could inhibit breast cancer growth and metasta-
sis by triggering hepatic EST expression. However, the 
liver-targeting ability and bioavailibity of NAR is low 
and limits its druggability. To overcome these challenges, 
several nanoparticles were assembled using NAR with 
Galactose-Polyethylene glycol (Mw: 6000) -Polycaprol-
actone (Mw: 2000) (GA-PEG-PCL) or Cell penetrating 
peptides (RRR​RRR​RRR​RRR​) -Polyethylene glycol (Mw: 
6000) -Polycaprolactone (Mw: 2000) (CPP-PEG-PCL) 
according to previous literature methods (Fig.  1A) [35]. 
Additional file  1: Fig. S1A, B present the 1HNMR spec-
tra of GA-PEG-PCL and CPP-PEG-PCL, respectively, 
indicating the successful synthesis of both compounds. 
The different self-assembling of NAR with PEG-PCL, 
GA-PEG-PCL, or CPP-PEG-PCL was called NN (NAR-
PEG-PCL), NG (NAR-GA-PEG-PCL), NC (NAR-
CPP-PEG-PCL), and NCG (NAR-CPP-GA-PEG-PCL), 
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Fig. 1  Characterization of NC, NG, and NCG. A The schematic diagram of NCG preparation process. B Transmission electron microscopy (TEM) 
images of NC, NG, and NCG. Scar bar: 100 nm. C Particle size of NAR, NC, NG, and NCG (n = 3). D Zeta potential of NAR, NC, NG, and NCG (n = 3). 
E Particles size distributions of NC, NG, and NCG. F Drug loading rate of NC, NG, and NCG (n = 3). G Encapsulation efficiency of NC, NG, and NCG 
(n = 3). H Visual graph of NCG stability at different pH values (n = 3). I Stability of NC, NG, and NCG in pH 1.50 environment. J Stability of NC, NG, 
and NCG in pH 6.80 environment. K Stability of NC, NG, and NCG in pH 7.35 environment. L In vitro drug release assay. The nanoparticles were 
exposed to simulated gastric juice with a pH of 1.50 for 2 h, simulated intestinal fluid with a pH of 6.80 for 2 h, and pH 7.35 phosphate-buffered 
saline (PBS) for 44 h to approximate blood pH. M DSC curves of NAR and NCG. N 1H NMR spectra of NAR, PEG-PCL, and NCG in CDCl3. O FT-IR 
spectra of NAR, PEG-PCL, and NCG
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respectively. The nanoparticle with fluorescence labe-
ling is referred as Cy5-NCG. Upon examination under 
an electron microscope, NC, NG, and NCG (Fig.  1B) 
were found to be spherical in shape, with particle sizes 
of 40.97 ± 0.57 nm, 80.56 ± 4.40 nm, and 142.89 ± 0.94 nm, 
respectively (Fig.  1C). Surface charge measurements of 
NAR were − 13.94 ± 4.30  mV, while those of NC, NG, 
and NCG were − 38.27 ± 0.42 mV, − 20.13 ± 2.24 mV, and 
− 18.83 ± 2.61 mV, respectively (Fig. 1D). The particle size 
of Cy5-NCG was 111.72 ± 4.15 nm and the surface poten-
tial was − 10.10 ± 0.74  mV (Additional file  1: Fig. S1C). 
As shown in Fig. 1E, the polydispersity index of NC, NG, 
and NCG were 0.14 ± 0.01, 0.16 ± 0.01, and 0.17 ± 0.01, 
indicating that these nanoparticles presented uniform 
distribution. Furthermore, the drug-loading and encap-
sulation efficiencies of NCG reached 40.65% and 97.51%, 
respectively, similar to those of NC and NG (Fig. 1F, G), 
highlighting the excellent drug-loading capacity of the 
synthesized nanoparticles.

To assess the stability and acid resistance, NCG was 
placed in transparent bottles containing simulated gastric 
fluid, intestinal fluid, or PBS to monitor whether precipi-
tation occurred. The results showed that NCG remained 
stable in both simulated gastric fluid and intestinal fluid, 
with no precipitation occurring within 2  h (Fig.  1H). 
Notably, NCG exhibited minimal changes in size within 
2 h in either simulated gastric fluid (pH 1.50) or intestinal 
fluid (pH 6.80). When the pH value was set at 7.35 to imi-
tate the blood microenvironment, no significant change 
in size of the NCG nanoparticles was found within 7 days 
(Fig.  1I–K). In addition, NCG in the transparent vials 
showed no precipitation after 30 days at pH 7.35 (Addi-
tional file  1: Fig. S1D), indicating the high stability of 
NCG under storage conditions. For drug release experi-
ments, to better mimic the oral drug administration route 
in humans, the external medium was set as simulated 
gastric fluid for the first 2  h, and followed by intestinal 
fluid from 2 to 4 h, and PBS from 4 to 48 h. The results 
showed that NCG presented a faster drug release capac-
ity than NAR. The drug released by NCG reached as high 
as 91.66% at 48 h, but was only 43.20% in the NAR group 
(Fig.  1L). In differential scanning calorimetry analysis, 
a single endothermic peak was detected at 111  °C when 
NCG nanoparticles were analyzed, consistent with the 
peak of NAR (Fig. 1M), suggesting the properties of NAR 
within NCG are not impacted by the antisolvent precipi-
tation process.

For structure validation assays, 1H-NMR spectroscopy 
was utilized to characterize the PEG-PCL polymer, NAR, 
and NCG. As shown in Fig. 1N, the results revealed peaks 
at 3.34  ppm and 3.61  ppm that matched the methylene 
and methyl protons of PEG, respectively. Compared to 
the proton spectra of PEG-PCL and NAR, NCG did not 

show any new functional groups, indicating that NAR 
and PEG-PCL formed a simple encapsulation rather than 
a chemical reaction. FT-IR spectroscopy is one of the 
most effective techniques for assessing the chemical sta-
bility of encapsulated drugs in nanoparticles. The FT-IR 
spectra shown in Fig. 1O confirmed the successful asso-
ciation between NAR and PEG-PCL. In the PEG-PCL 
infrared analysis, the peaks at 2869 cm−1 and 2947 cm−1 
were consistent with C–H stretching, peaks appearing in 
the range of 1090–1300 cm−1 were consistent with C–C 
and C–O, and peaks at 1728  cm−1 and 3443  cm−1 were 
consistent with C=O and O–H, respectively. Further 
analysis identified peaks in the range of 1085–1150 cm−1, 
which were attributed to the ether bands of PEG. These 
unique bands of free PEG-PCL were present in NCG. 
In the NAR infrared analysis, the band appearing at 
approximately 3284 cm−1 was due to N–H/O–H stretch-
ing vibrations, and the bands at approximately 1635 cm−1 
and 1464  cm−1 were attributed to –CONH amide I and 
CH2 bending vibrations, respectively. The infrared bands 
at approximately 1155 and 834  cm−1 were attributed to 
C–O and C–O–C stretching vibrations. These unique 
bands of free NAR were also found in NCG, indicating 
the chemical stability of NAR and PEG-PCL within NCG. 
Overall, these findings suggested the successful prepara-
tion of NCG.

NCG exhibits specific liver targeting and increased 
intestinal barrier permeability in vitro
To explore the liver-targeting capability of NCG, it was 
incubated with various cell types. Under the same con-
centration and time conditions, NCG displayed the 
highest uptake in WRL-68 liver cells, which signifi-
cantly exceeding the uptake of other cell types and thus 
indicated its liver-targeting ability in  vitro. Addition-
ally, minimal NAR fluorescence was detected in RAW 
264.7 cells, indicating that NCG was rarely engulfed by 
macrophages, which may contribute to the avoidance 
of immune rejection (Fig. 2A). Notably, when NCG was 
incubated with ASGPR-saturated liver cells, the cellular 
uptake of NCG was severely reduced, suggesting that 
the liver targeting ability of NCG was facilitated by the 
binding of GA and ASGPR (Fig. 2B). To further assess the 
differences in cellular uptake between NAR and NCG, 
WRL-68 liver cells were individually incubated with NAR 
and NCG. The findings revealed that NAR fluorescence 
in WRL-68 cells was less intense and dimmer than NCG 
fluorescence, indicating that NCG was more easily inter-
nalized by WRL-68 cells, and exhibited dose-dependent 
uptake. Similarly, NCG treatment led to a faster emer-
gence of NAR fluorescence in WRL-68 cells as the time 
increased, suggesting that NCG demonstrated time-
dependent uptake compared to NAR (Fig. 2C).
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In addition, to evaluate the ability of NCG to cross the 
intestinal barrier, we used a Transwell co-culture sys-
tem to inoculate Caco-2 cells onto the PET membrane 
in the upper chamber of the Transwell system. Sam-
ples with epithelial resistance (TEER) > 180  Ω/cm2 were 

considered suitable for simulating the intestinal barrier. 
After 120 min, only a small quantity of NAR fluorescence 
penetrated the dense Caco-2 cell layer, and 70.22% of the 
initial NAR concentration remained in the upper cham-
ber (Additional file 1: Fig. S2A). This phenomenon could 

Fig. 2  In vitro assessment of the liver targeting and intestinal barrier penetration ability of NCG. A Examination of NAR and NCG uptake 
by different cells, scar bar: 20 μm; B evaluation of the impact of ASGPR on NCG liver targeting, scar bar: 20 μm; C evaluation of NAR and NCG uptake 
in WRL-68 cells at 30 min and assessment of NAR and NCG uptake in WRL-68 cells at 10 min, 30 min, and 60 min, scar bar: 20 μm; D assessment 
of the capability of NAR and NCG penetrating the Caco-2 cell layer and the quantity absorbed by WRL-68 cells in the lower chamber, scar bar: 
50 μm; E Zebrafish organ pattern diagram, and the uptake and distribution of NAR, NAR NPs, and NCG uptake by zebrafish; the green fluorescence 
indicates NAR
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be attributed to the challenging cellular uptake of NAR 
or the necessity for a longer incubation time. Conversely, 
in the NCG group, the green fluorescence of NAR pen-
etrating through the Caco-2 cells increased remark-
ably over time. After 120 min, only 28.17% of the initial 
naringin concentration persisted in the upper chamber 
(Additional file 1: Fig. S2A). This result suggests that the 
CPP penetration peptide facilitated NCG crossing the 
intestinal barrier (Fig.  2D). To determine whether the 
NCG that penetrated the Caco-2 cells remained intact 
and was internalized again by WRL-68 cells, we seeded 
WRL-68 cells on a slide in the lower chamber. The find-
ings demonstrated that the NCG that passed through the 
Caco-2 cell layer was internalized by WRL-68 cells in a 
time-dependent manner. As shown in Fig.  2D, the pen-
etrated NCG surrounded the WRL-68 cells at 10 min and 
had not yet entered into the cells. Over time, NCG was 
progressively taken up by WRL-68 cells, and the cellular 
fluorescence intensity steadily increased. The quantita-
tive analysis of the cellular fluorescence is shown in Addi-
tional file 1: Fig. S2B.

To further validate the intestinal barrier permeability 
and liver-targeting capabilities of NCG, different drugs 
were co-incubated with zebrafish. Zebrafish mainly 
absorb external substances through their mouth, natu-
rally serving as a real-time visualization tool for drug 
distribution via oral administration. Referring to the posi-
tion of the zebrafish organs (Fig. 2E), the results indicated 
that the fluorescence of the NAR group was remarkably 
weak, due to its poor water solubility and limited diges-
tion. In contrast, NP and NCG exhibited varying degrees 
of uptake, and presenting as a time-dependent pattern. 
Notably, NCG appeared earlier in the zebrafish liver tis-
sue, and the fluorescence in the liver tissue was more 
intense than in the NP group. This result indicated the 
notable liver-targeting and intestinal barrier penetration 
ability of NCG in vivo.

NCG efficiently releases in hepatic cells 
following caveolin‑mediated endocytosis
Based on the above results, NCG nanoparticles were 
efficiently transported through the intestinal barrier and 
subsequently digested by liver cells. It was essential to 
determine the integrity, uptake mechanism, and intracel-
lular distribution of NCG in Caco-2 and WRL-68 cells. 
Förster resonance energy transfer (FRET) technology 
was utilized to examine the integrity of NCG in Caco-2 
and WRL-68 cells. Fluorophores Coumarin 6 (C6) and 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI) were encapsulated within the nano-
particles. When the distance between the two fluoro-
phores was less than 10 nm, the emission of C6 activated 
the emission of DiI, resulting in red fluorescence and 

indicating the integrity of the NCG nanoparticles. Con-
versely, when the distance exceeded 10 nm, the green flu-
orescence emitted by C6 could not activate DiI, leading 
to only the green fluorescence of C6, which suggested the 
disintegration of the nanoparticle (Fig. 3A). FRET results 
indicated that NCG maintained its integrity within the 
Caco-2 cells for 2 h, which was adequate for crossing the 
Caco-2 cell layer. In WRL-68 cells, NCG remained intact 
for the first hour, but by approximately 2 h, the fluores-
cence pairs within the nanoparticles were completely 
released.

To elucidate the uptake mechanism of NCG in Caco-2 
and WRL-68 cells, NAR and NCG were co-incubated 
with WRL-68 and Caco-2 cells and treated with different 
endocytic pathway inhibitors, including chlorpromazine 
(clathrin-mediated endocytosis inhibitor), 5-(N-ethyl-
N-isopropyl)-amiloride (macropinocytosis inhibitor), 
and methyl-β-cyclodextrin (caveolin-mediated endocyto-
sis inhibitor). The findings demonstrated that NC entered 
into WRL-68 cells primarily through clathrin-mediated 
endocytosis and caveolin-mediated endocytosis, but was 
digested by Caco-2 cells via all three endocytic pathways. 
NG entered into WRL-68 cells primarily through caveo-
lin-mediated endocytosis, but were taken up by Caco-2 
cells mainly through clathrin-mediated endocytosis and 
caveolin-mediated endocytosis. NCG entered into WRL-
68 cells mainly through caveolin-mediated endocytosis, 
and all three endocytic pathways were involved in its 
entry into Caco-2 cells. The relative values of intracellular 
fluorescence were quantified as shown in Fig. 3B, C.

Different endocytic pathways also determined the fate 
of the nanoparticles after cellular entry. Co-localization 
with subcellular organelles revealed that, in Caco-2 cells, 
NCG was primarily distributed in the endoplasmic retic-
ulum and seldomly accumulated in lysosomes and mito-
chondria. Minimal lysosomal accumulation indicated 
that NCG traversed Caco-2 cells without degradation 
(Fig.  3D). In WRL-68 cells, NCG was mainly distrib-
uted in the endoplasmic reticulum and lysosomes, with 
minimal presence in mitochondria, suggesting that NCG 
could regulate cellular signaling via the Golgi-endoplas-
mic reticulum pathway. Additionally, NCG nanoparticles 
were degraded by lysosomes in WRL-68 cells, indicating 
a high safety. Minimal mitochondrial accumulation indi-
cated that NCG had limited impact on mitochondrial 
respiration, indicating its low cytotoxicity.

NCG significantly activates EST expression and promotes 
estradiol metabolism in hepatocytes
To test the cytotoxicity effects of NCG, we co-cultured 
NAR, NC, NG, and NCG with WRL-68 and Caco-2 
cells. CCK8 assay results revealed that NAR, NC, NG, 
and NCG exhibited no significant toxicity towards 
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WRL-68 or Caco-2 cells at concentrations as high as 
320  μmol/L (Fig.  4A). Furthermore, we assessed the 
cytotoxicity of these drugs on other cell types, includ-
ing RAW264.7 (Additional file  1: Fig. S3A), HBL-100 

(Additional file  1: Fig. S3B), HUVEC (Additional 
file  1: Fig. S3C), and MCF-7 (Additional file  1: Fig. 
S3D) cells. The findings indicated that NAR displayed 
only mild toxicity to MCF-7 cells at a concentration 
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of 320  μmol/L, with a cell survival rate of 83.44% and 
no statistically significant difference. The other drugs 
showed minimal toxic effects on all cell types.

EST is mainly responsible for converting estrogen 
into sulfated metabolites that cannot bind with the ER, 
and therefore inactivate the estrogen signaling path-
way [15, 36]. It was found that the highest total activ-
ity of EST in guinea pigs is in the liver, where estrogen 
metabolism mainly occurs [37]. Increased EST expres-
sion in the liver has been found to significantly reduce 
estrogen levels in the liver, blood, and tumors, accom-
panied by simultaneously elevated sulfated metabo-
lites [38]. Therefore, we next investigated the impact 
of NCG on enhancing EST gene expression in hepato-
cytes, and a dual-luciferase reporter gene assay was 
utilized (Fig.  4B). After drug treatment of WRL-68 
cells for 4 h, minimal influence on EST gene expression 
was observed (Additional file 1: Fig. S3E). At 12 h, EST 
gene expression presented a dose-dependent increase 
in all groups, with significant changes of NCG group 
over 50  nmol/L  and NG group at 200  nmol/L (Addi-
tional file 1: Fig. S3F). At 24 h, the NC, NG, and NCG 
groups all significantly promoted EST gene expres-
sion compared to the NAR group in the concentration 
range of 50–200 nmol/L (Fig. 4B). To validate the pro-
moting effects of NCG on estradiol metabolism, mass 
spectrometry was applied to measure the levels of E2 
and E2-3-O-sulfate metabolized by WRL-68. WRL-
68 cells were treated with 40  μmol/L estradiol added 
to the culture medium, followed by administration of 
NAR and NCG. The results (Fig. 4C) showed that both 
NAR and NCG resulted in a significant reduction of E2 
content and a notable increase in the E2-3-O-sulfate 
level in a dose-dependent manner at 24  h. However, 
no significant difference was observed between NAR 
and NCG in facilitating E2 metabolism, which might 
be attributed to the direct drug administration route. 
Therefore, a Transwell co-culture system was estab-
lished by loading Caco-2 cells in the upper chamber 
and WRL-68 cells in the lower chamber, and NAR and 
NCG was subsequently administrated to Caco-2 cells. 
The results showed that the promoting effects of NAR 
on estradiol metabolism significantly decreased, while 
NCG significantly enhanced the transformation from 
E2 to E2-3-O-sulfate (Fig.  4D). This finding suggested 
that the intestinal barrier-crossing ability of NAR was 
poor, but NCG successfully traversed the Caco-2 cell 
layer and was taken up by hepatocytes to promote 
estradiol metabolism. Moreover, the expression level 
of EST in WRL-68 hepatocytes in the lower chamber 
was analyzed. Immunofluorescence results revealed 
that NAR did not affect the EST level, but NCG led to 

significantly enhanced expression (Fig.  4E), which was 
attributed to the upregulation of E2-3-O-sulfate.

To validate the anti-cancer effects of NCG in vivo, the 
ER+ breast cancer cell line E0771 was used to establish 
a zebrafish xenotransplantation model. Estradiol and dif-
ferent drugs were subsequently added to monitor breast 
cancer growth and metastasis. The findings revealed that 
the positive drug estradiol significantly enhanced breast 
cancer growth and metastasis, which was significantly 
blocked by NC, NG, and NCG (Fig.  4F). The inhibitory 
effects of NCG were the highest, corresponding to the 
highest absorption.

NCG demonstrates hepatic targeting and enterohepatic 
circulation in vivo
Pharmacokinetic studies (Fig.  5A) were carried out to 
examine the in  vivo metabolism of various NAR for-
mulations. The plasma pharmacokinetic parameters 
(Additional file  1: Table  S1) showed that the T1/2 of 
NCG (5.06 ± 1.52  h) was significantly longer than that 
of free NAR (2.74 ± 0.34  h), NC (4.51 ± 1.20  h), and 
NG (4.99 ± 1.21  h), suggesting that NCG possessed an 
extended blood circulation half-life. Furthermore, NCG 
achieved a higher Cmax (507.04 ± 13.28  μg/L) than free 
NAR (87.99 ± 14.81  μg/L). The AUC​0−t was also higher 
in the NCG group (3393.19 ± 245.41 μg h/L) than in the 
NAR group (360.98 ± 144.81  μg  h/L). The bioavailability 
of NC, NG, and NCG significantly increased by 1.82-, 
3.97-, and 9.39-fold, respectively, when compared with 
free NAR. Moreover, NAR, NC, NG, and NCG exhibited 
bimodal pharmacokinetics, which is generally attributed 
to the occurrence of enterohepatic circulation.

Cy5 (cyanine 5) is a cyanine fluorescent dye character-
ized by far-red fluorescence emission, long wavelengths, 
and strong penetration properties, making it a common 
choice for in vivo imaging in small animals. NC, NG, and 
NCG were labeled with Cy5 and subsequently given to 
mice via oral administration to monitor drug distribu-
tion at 1 h, 4 h, 8 h, and 12 h. The results demonstrated 
that the Cy5 group exhibited the weakest fluorescence 
intensity and the lowest Cy5 accumulation in the liver. 
Fluorescence of Cy5-NC in the liver was detected at 1 h 
after oral administration; however, it gradually decreased 
over time and was completely metabolized at approxi-
mately 12 h. The Cy5-NG group fluorescence peaked at 
8  h, indicating that only a small proportion of Cy5-NG 
reached the liver before 4  h after oral administration. 
Notably, the Cy5-NCG group displayed the highest liver 
fluorescence as early as 1  h after oral administration, 
with the fluorescence persisting for 12 h (Fig. 5B). These 
findings suggested that NCG rapidly crossed the intesti-
nal barrier following oral administration and remained 
in the liver for an extended duration, therefore allowing 



Page 11 of 22Zhao et al. Journal of Nanobiotechnology          (2024) 22:122 	

sufficient time for drug release and activity. Although 
previous research has sought to encapsulate NAR within 
liposomes or a solid dispersion to enhance its dissolu-
tion and absorption, the liver-targeting strategy and the 
convenience of the oral administration route is usually 

neglected, which is important and necessary for the long-
term treatment of endocrine drugs [39]. By leveraging 
nanotechnology, the solubility, stability, intestinal barrier 
penetrability, and liver-targeting specificity of NAR was 
significantly improved.
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In light of the aforementioned insights, a closer look 
into organ-specific distribution is worth to be explored. 
Therefore, the mouse organs were extracted at different 
time points after oral administration and analyzed using 
an in vivo imaging system (Fig. 5C). The results revealed 
that the Cy5 group’s fluorescence was primarily local-
ized in the stomach and intestines, with minor presence 
in the heart, liver, spleen, lung, and kidney, as well as in 
the tumor. This phenomenon suggested that the major-
ity of Cy5 failed to penetrate the intestinal barrier after 
oral administration and was excreted through feces 
within 4  h. By contrast, Cy5-NCG was predominantly 
concentrated in organs such as the liver and lung, and 
was maintained in the body as long as 12 h. Intriguingly, 
the fluorescence of Cy5-NCG was repeatedly detected 
in the liver, duodenum, jejunum, and ileum (Fig.  5D), a 
phenomenon akin to previous enterohepatic circulation 
reports [40]. This finding implied that NCG may possess 
an enterohepatic circulation ability, which contributed 
to the prolonged drug action time and enhanced drug 
bioavailability.

NCG inhibits HR+ breast cancer growth by promoting 
hepatic EST expression
To further evaluate the inhibition effects of NCG on ER+ 
breast cancer growth, mouse orthotropic breast cancer 
xenografts were established by using E0771 cells, and dif-
ferent drugs or saline were given to each group via oral 
administration. The results showed little significant dif-
ference in body weight between the control group and the 
drug-treated groups (Fig. 6A). Furthermore, it was shown 
that the free NAR dose-dependently inhibited breast can-
cer growth. However, the tumor inhibition ratio of the 
high dosage of NAR reached only 33.33%, which was still 
low when compared to 46.34% in the positive drug TAM 
group. Notably, the NG and NC groups demonstrated 
higher tumor suppression effects, with inhibition rates of 
71.54% and 68.29%, respectively, which were superior to 
that of TAM. The highest cancer inhibition effects were 
observed in NCG group, which significantly limited can-
cer growth by 91.86%, and was remarkably superior to 
the positive drug TAM (Fig.  6B, C). A similar phenom-
enon was also achieved in the tumor weight comparison 
(Fig.  6D). Based on in  vitro results, the NCG-induced 
tumor inhibition might be attributed to a reduction of 
estradiol. Therefore, Western blot assays were used to 
detect the expression level of the EST enzyme in the liver 
of the mice in different groups. It was found that high-
dosage NAR, NC, NG, and NCG significantly promoted 
EST expression in the liver, and NCG treatment led to an 
increase of 2.42-fold, which was the highest (Fig. 6E). The 
immunofluorescence results were also consistent with 
the findings (Fig. 6F and Additional file 1: Fig. S4), further 

confirming the promoting effects of NCG on EST expres-
sion in the liver. Mass spectrometry was used to detect 
the level of estradiol and its metabolites in the blood, 
tumor, and liver of mice to validate the regulatory effects 
of NCG on estrogen metabolism (Fig.  6G). Compared 
with the saline group, the estradiol level in the liver and 
serum of the TAM group increased significantly, which 
was related to the mechanism of action of TAM, which 
caused a competitive increase in the estradiol content. 
The administration of NAR significantly alters estrogen 
levels in the liver, serum, and tumors, although its reduc-
tion effect is weaker compared to NCG. This was mainly 
due to the poor water solubility and stability of free NAR, 
resulting in its low bioavailability. Compared with the 
free NAR group, the estradiol level in the NC, NG, and 
NCG groups was significantly reduced, accompanied by 
the increased content of the E2-3-O-sulfate metabolite 
in tumors, liver tissue, and serum. Taken together, these 
findings suggested that NCG efficiently inhibited HR+ 
breast cancer growth by promoting hepatic EST expres-
sion and decreasing the estradiol level in vivo.

NCG shows good biocompatibility in vivo
Endocrine drugs prescribed to breast cancer patients 
usually require long term administration for 5 to 
10  years, and thus bring severe side effects [41]. For 
example, TAM usually causes coagulation disorders 
and endometrial thickness, while aromatase inhibitors 
may lead to osteoporosis [42, 43]. These side effects can 
potentially reduce patient compliance to their medica-
tion and ultimately influence the overall effectiveness of 
endocrine therapy. Here, to test the biocompatibility of 
NCG, mouse blood was collected to detect the changes 
in blood cell counts, coagulation function, and liver 
and kidney function. It was found that the percentage 
of neutrophils, alanine aminotransferase, and aspar-
tate aminotransferase in the NAR group significantly 
increased (Fig.  7A–C), which may be due to the rapid 
growth of the tumors in mice, causing a immune sys-
tem abnormalities and liver damage. The phenomenon 
was similar in the TAM group. Notably, the prothrom-
bin time and activated partial thromboplastin time in 
the TAM group were significantly prolonged, and the 
level of plasma fibrinogen was reduced, indicating that 
TAM may result in coagulation disorders, which may 
be related to the inhibition of platelet aggregation by 
TAM [44–46] (Fig. 7D). However, after 14 days of oral 
NCG treatment, no abnormalities in routine blood, 
coagulation, liver, or kidney function occurred in mice, 
indicating that NCG has good biocompatibility. The 
phenomenon might be attributed to the low cytotoxic-
ity of NAR, which did not inhibit the proliferation of 
normal hepatic and colon cells when its concentration 
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reached as high as 320 μmol/L. Polycaprolactone-poly-
ethylene glycol copolymer in the NCG formula was also 
approved by the United States Food and Drug Admin-
istration due to its exceptional biocompatibility and 
biodegradability. GA has also been applied in clinic use 
as a bioactive ingredient for hepatoprotection, inflam-
mation inhibition, and immunological disorders. Clini-
cal trials of peptide-conjugated drugs are underway 
and show tremendous potential for cancer therapy. 

All these factors contribute to the high safety of NCG 
in vivo.

Pathological examination of the main organs of the 
mice was also performed. Hematoxylin–eosin stain-
ing showed that minimal organ damage was caused by 
any treatment when compared with the control group 
(Fig.  7E). Since endometrial thickening is a common 
side effect of TAM caused by the elevated estradiol, the 
mouse uteri were collected to evaluate the endometrial 

Fig. 6  Effects of NCG on HR+ breast cancer growth and estradiol metabolism in vivo. A Body weight curves in mice across various treatment 
groups (n = 6). B Representative tumor images in mice. C Breast cancer volume curves for different groups (n = 6), Data are presented as mean ± SD, 
***p < 0.001 indicates a comparison between the two groups. D Breast cancer weights in different groups (n = 6) at treatment completion, Data 
are presented as mean ± SD, ***p < 0.001 indicates a comparison between the two groups. Expression levels of the EST enzyme in mouse liver 
tissue, as assessed by Western blotting (E) and immunofluorescence (F) across groups. Scar bar: 50 μm. G Effects of various groups on estradiol 
and estradiol-3-O-sulfate concentrations in liver, serum, and tumors (n = 6). Data are presented as mean ± SD, ***p < 0.001 indicates a comparison 
between the two groups; ns: p > 0.05, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the Control group
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mean corpuscular hemoglobin (MCH), mean platelet volume (MPV), and hemoglobin (Hb). Data are presented as mean ± SD, *p < 0.05 compared 
to the Control group. B The changes of urea, creatinine (Cr), and uric acid (UA) in different treated mice group (n = 3); C the levels of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), albumin (ALB), globulin (GLB), alkaline phosphatase (ALP) levels 
in different treated mice groups (n = 3). Data are presented as mean ± SD, *p < 0.05 compared to the Control group; #p < 0.05 indicates a comparison 
between the two groups. D Coagulation function in mice across various treatment groups (n = 3). Prothrombin time (PT), prothrombin time 
ratio (PT%), fibrinogen (FIB), active partial thromboplastin time (APTT), thrombin time (TT). Data are presented as mean ± SD, *p < 0.05 compared 
to the Control group. E Representative pathological images of major organs in mice from different treatment groups. Scar bar: 50 μm. F 
Representative pathological images of uterine sections and endometrial thickness statistics for mice in distinct treatment groups (scar bar: 0.5 mm), 
and representative micro-CT images (scar bar: 1 mm) of femurs in mice from various treatment groups, accompanied by bone density, trabecular 
bone number, and trabecular separation statistics (G) (n = 3). Data are presented as mean ± SD, ***p < 0.001 compared to the Control group
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thickness of mice in different treatment groups (Fig. 7F). 
The results showed that, compared with the control 
group, the endometrial thickness of TAM-treated mice 
significantly increased (Fig. 7G), while there were no sig-
nificant changes in the other treatment groups. It is well 
known that decreased estradiol can result in osteoporo-
sis. Micro-CT imaging of the femur was subsequently 
performed to evaluate whether the mice developed oste-
oporosis. As shown in Fig.  7F, G, the bone density, tra-
becular number, and trabecular separation of the mouse 
femur in NCG group was comparable between the con-
trol, NAR, and TAM groups, without any statistical dif-
ference. These results indicated that although NCG 
promoted estradiol inactivation, it did not induce osteo-
porosis. Previous reports also demonstrated that NAR 
inhibited osteoporosis induced by ovariectomy [47], but 
the molecular mechanisms remain to be further clarified. 
Overall, NCG is well tolerated in vivo and deserves fur-
ther clinical research.

Conclusions
This study provides an alternative therapeutic approach 
for breast cancer endocrine therapy by promoting hepatic 
EST activity. Therapeutic strategies targeting the interac-
tion between estrogen and the ER or their downstream 
signaling have been demonstrated effective in improv-
ing the prognosis of HR+ breast cancer, and development 
of new drugs is always a hot topic for endocrine therapy 
worldwide [48–50]. Although great efforts have been 
made to develop drugs targeting estradiol synthesis, ER 
competitive binding, mTOR suppression, and CDK4/6 
inhibition, little attention has been paid to modulat-
ing estradiol metabolism in the liver [51, 52]. Herein, we 
provided a novel nano-endocrine drug NCG, which effi-
ciently activated the hepatic EST enzyme and promoted 
estradiol catabolism. NCG was demonstrated effective 
in decreasing estradiol levels in mouse liver, serum, and 
breast tumors, accompanied by reduced tumor sizes 
comparable to the positive drug TAM. Development of 
liver-targeting strategies opens a new window for breast 
cancer endocrine therapy.

Our findings also highlight the significance of EST for 
breast cancer endocrine therapy. Clinically, EST expres-
sion was validated to be positively associated with an 
improved prognosis of breast cancer [53]. More impor-
tantly, EST induction by natural flavonoids, such as 
quercetin and genistein, was also reported to inhibit the 
proliferation of breast cancer MCF-7 cells [16, 54]. In 
contrast, EST inhibition by the persistent environmen-
tal pollutants hydroxylated polychlorinated biphenyls 
increased estradiol bioavailability in target tissues [55]. 
Similar to previous findings, our study also found that 
EST expression was reduced in the liver of mice with 

breast cancer, NCG resulted in a superior effect to mono-
meric NAR in promoting hepatic EST expression and 
estradiol inactivation, further suggesting that hepatic 
EST is an ideal molecular target for the development of 
endocrine drugs.

Besides, we shed novel light on the biofunction of 
NAR for breast cancer treatment. NAR is a flavonoid 
compound found in a number of citrus fruits. Currently, 
multiple bioactivities of NAR have been reported, includ-
ing antioxidative, anti-inflammatory, anti-bacterial, anti-
coagulation, and anti-cancer effects [56]. For molecular 
mechanisms, various signaling pathways were reported 
to be regulated by NAR, such as apoptosis induction, 
angiogenesis hindrance, and inhibition of Wnt/β-catenin, 
PI3K/Akt, NF-κB, and TGF-β signaling [57]. With regard 
to estrogen modulation, NAR has been considered as 
a weakly estrogenic bioflavonoid that exhibits anties-
trogenic activity. NAR was demonstrated to improve 
ovariectomy-induced osteoporosis, and promoted bone 
anabolic action through the activation of the osteoblast 
ER [58]. However, NAR exerted an anti-proliferative and 
anti-estrogenic effect in ERα-expressing cancer cells, 
such as hepatoma HepG2 cells, cervix epithelioid carci-
noma Hela cells, colon adenocarcinoma DLD-1 cells, and 
breast cancer MCF-7 cells [59]. Herein, we demonstrated 
that NAR could decrease estradiol level through trig-
gering hepatic EST expression. More importantly, NAR 
in NCG nanoparticles showed excellent stability via oral 
administration and did not cause side effects, such as 
coagulation disorders, endometrial thickness, or osteo-
porosis. All these findings suggest that NAR is suitable to 
be developed as EST agonist or an endocrine prodrug for 
breast cancer therapy.

In conclusion, our study not only provides a novel nan-
odrug for breast cancer endocrine therapy by targeting 
hepatic EST expression, but also highlights the safety of 
NCG in downregulating estradiol through long term oral 
administration. The development of NCG as an alterna-
tive therapeutic approach is promising, considering its 
high efficacy and safety, particularly for breast cancer 
patients with primary or secondary resistance to current 
endocrine drugs. Our research sheds light on the novel 
application of nanodrug delivery system in the develop-
ment of endocrine drugs, and further research is war-
ranted for evaluating the long-term efficacy and safety of 
NCG in primate breast cancer models and even in clini-
cal trials.

Materials and methods
Materials
NAR (purity: 99%) was purchased from Feiyu Biologi-
cal Co., Ltd (Jiangsu, China). PEG-PCL (PEG, poly-
ethyleneglycol, MW 2000  Da; PCL, Polycaprolactone, 



Page 16 of 22Zhao et al. Journal of Nanobiotechnology          (2024) 22:122 

MW 6000  Da), CPP-PEG-PCL (CPP, Cell-penetrating 
peptides RRR​RRR​RRR​RRR​), GA-PEG-PCL (GA, galac-
tose, CH2OH(CHOH)4CHO), Cyanine-5 (Cy5) dye 
were provided by Ruixi biological Co., Ltd. (Shanxi, 
China). Phosphate-buffered saline (PBS, pH 7.35), fetal 
bovine serum (FBS), Dulbecco’s modified eagle medium 
(DMEM), Roswell Park Memorial Institute 1640 medium 
(RPMI 1640), trypsin-ethylenediaminetetraacetic acid 
(Trypsin–EDTA) and penicillin/streptomycin (PS) were 
bought from Gibco (Carlsbad, CA, USA). Estradiol (E2), 
1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI), Methyl-β-cyclodextrin (MβCD), chlor-
promazine (CPZ), hypertonic sucrose, and 5-(N-ethyl-
N-isopropyl)-amiloride (EIPA) were purchased from 
Sigma-Aldrich Corp. (St. Louis, MO, USA), and estra-
diol-3-O-sulfate (E2-3-O-sulfate) was ordered from Mei-
lun Bio-Technology Co., Ltd (Dalian, China). Tamoxifen 
was ordered from Macklin Co., Ltd (Shanghai, China). 
4′,6-Diamidino-2-phenylindole (DAPI), 4% paraform-
aldehyde (PFA), and Cell counting kit-8 (CCK8) were 
purchased from Beyotime (Shanghai, China). Lysosome 
(Lyso)-Tracker™ Deep Red, endoplasmic reticulum (ER)-
Tracker™ Red, and mitochondria (Mito)-Tracker™ Red 
were purchased from Invitrogen (Carlsbad, CA, USA). 
Methanol and acetonitrile were derived from Merck 
(Darmstadt, Germany). The deionized water (18 MX) 
was from a MilliQ water purification system (Millipore, 
Billerica, MA). HLB solid phase extraction column was 
sourced from Waters (Milford, MA, USA).

Preparation of NC, NG, NCG, and Cy5‑NCG nanoparticles
To prepare the NCG nanoparticles, we first dissolved 
18 mg of PEG-PCL, 1 mg of GA-PEG-PCL, and 1 mg of 
CPP-PEG-PCL in 1  mL of acetone containing 15  mg of 
NAR to generate the organic phase. Next, 10 mg of PVP 
K29/32 was dissolved in 50 mL of dd H2O to prepare the 
aqueous phase, which was then stirred using a magnetic 
stirrer at 1000 rpm. Subsequently, 0.2 mL of the organic 
phase was injected into the aqueous phase while main-
taining the stirring. The resulting mixture was further 
stirred for 2–3 min and then subjected to centrifugation 
to eliminate any unformed precipitate. The resulting nan-
oparticles were washed three times with deionized water, 
followed by centrifugation after each wash to remove 
residual impurities. The preparation procedures for the 
NC, NG and Cy5-NCG nanoparticles were analogous to 
that for NCG nanoparticles, except for the use of differ-
ent PEG-PCL derivatives in the organic phase. For the 
NC nanoparticles, we dissolved 19 mg of PEG-PCL and 
1  mg of CPP-PEG-PCL in 1  mL of acetone containing 
15  mg of NAR. For the NG nanoparticles, we dissolved 
19 mg of PEG-PCL and 1 mg of GA-PEG-PCL in 1 mL of 
acetone containing 15 mg of NAR. In case of Cy5-NCG 

nanoparticles, we dissolved 18 mg of PEG-PCL, 1 mg of 
GA-PEG-PCL, 1 mg of CPP-PEG-PCL, and 5 mg of Cy5 
in 1 mL of acetone to create the organic phase. All other 
conditions were held constant.

Nanoparticle characterizations
The morphology and size of NCG were evaluated using 
a transmission electron microscope (TEM, H-7650, 
Hitachi, Tokyo, Japan). High-resolution TEM images 
were captured using a FEI F200S microscope (Waltham, 
USA) at 200  kV. The zeta potential and particle size 
distribution of NCG nanoparticles were measured by 
dynamic light scattering (DLS, Nano-ZS Malvern Instru-
ments, Worcestershire, UK) in dd-H2O. The absorption 
spectra of NCG were obtained using a UV–vis–NIR 
spectrophotometer (TU-1810, PERSEE, Beijing, China). 
Additionally, a Fourier transform infrared (FTIR) spec-
trophotometer (Nicolet iS50, Thermo Fisher Scientific 
Ltd.) was utilized to record the chemical functions fab-
ricated, which absorbed in the spectral range of 2400 
to 4000  cm−1. The synthesized NCG was characterized 
using proton nuclear magnetic resonance (1H-NMR) 
spectroscopy on a Bruker Avance NEO 600 instrument. 
The physical state of NCG was characterized using dif-
ferential scanning calorimetry (DSC) analysis on a TA 
DSC2500 instrument. Each sample (5  mg of free NAR 
and NCG, respectively) was sealed in a standard alu-
minum pan. The sample was purged with dry nitrogen 
gas at a flow rate of 20 mL/min during the DSC analysis. 
The heating rate was set at 10 °C/min, and the heat flow 
was recorded within a temperature range of 30 to 400 °C. 
To assess the stability of NC, NG, and NCG nanoparti-
cles under varying pH conditions, the nanoparticles were 
exposed to simulated gastric juice with a pH of 1.5 for 
2 h, simulated intestinal fluid with a pH of 6.8 for 2 h, and 
pH 7.35 phosphate-buffered saline (PBS) for 30  days to 
approximate blood pH. Sedimentation at the bottom of 
the bottle was observed and documented using a camera, 
while the particle size of NC, NG, and NCG was meas-
ured simultaneously using dynamic light scattering.

The gastric juice was prepared by diluting concen-
trated hydrochloric acid with water to a concentration of 
1 mol/L and adjusting the pH to 1.5. Then, 1 g of pepsin 
was added to 100 mL of the solution. The intestinal juice 
was prepared by dissolving 6.8  g of KH2PO4 in 500  mL 
of water and adjusting the pH to 6.8 with 0.4% (w/w) 
NaOH. Then, 1 g of pancreatin was added to 100 mL of 
the solution.

To evaluate the release kinetics of NAR from NCG, 
we employed a dialysis-based in  vitro method. NCG 
was first enclosed within a preconditioned dialysis bag 
(Mw = 8–14  kDa) and immersed in a beaker contain-
ing simulated gastric acid for 2 h, followed by simulated 
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intestinal fluid for another 2 h. The bag was then trans-
ferred to a beaker filled with 40 mL of pH 7.4 phosphate-
buffered saline (PBS) containing 0.5% (w/v) Tween 80, 
and maintained for 44  h on a rotary shaker at 37  °C 
and 70 rpm. At predetermined intervals, aliquots of the 
release medium were withdrawn and replaced with an 
equal volume of fresh medium to ensure sink conditions. 
The dissolved samples were then collected in 2 mL beak-
ers for further analysis. The concentration of NAR was 
determined by measuring the absorbance at 260 nm and 
correlating it with an established UV–Vis standard curve.

UV–Vis–NIR spectroscopy was used to determine the 
drug loading (DL) and encapsulation efficiency (EE) of 
naringenin (NAR) (λ max = 360 nm). The DL and EE val-
ues were then calculated using the following equations: 
DL (%) = Wa/Wb × 100; EE (%) = Wa/(Wa + Wc) × 100. 
Here, Wa, Wb, and Wc correspond to the mass of encap-
sulated NAR, the total weight of NCG, and the mass of 
free NAR, respectively.

Cell culture
WRL-68, MCF-7, Caco-2, HUVEC, E0771, and HBL-
100 were obtained from Nanjing Keygen Biotech. WRL-
68, MCF-7, Caco-2, and HUVEC cells were cultured in 
DMEM cell culture medium supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin, and 
E0771 and HBL-100 cells were cultured in the same for-
mulation of RPMI-1640 cell culture media. All cells were 
maintained at 37 °C in a humidified atmosphere contain-
ing 5% CO2 with regular sub-culturing.

In vitro cytotoxicity analysis
WRL-68, MCF-7, E0771, Caco-2, HUVEC, and HBL-
100 cells were seeded into 96-well plates at a density of 
approximately 5 × 103 cells per well. NAR, NC, NG, and 
NCG (at equal concentrations of NAR) were added to the 
wells, and a control group was also included. After drug 
addition, the plates were placed in a CO2 incubator and 
incubated at 37 °C with 5% CO2 for 24 h. CCK-8 reagent 
was diluted according to the manufacturer’s instructions 
(Beyotime Biotechnology, C0038), and the old medium 
was aspirated from the wells and replaced with fresh 
medium containing the diluted CCK-8 reagent. After 
a further 2  h incubation at 37  °C, the absorbance was 
measured at a wavelength of 450 nm using a microplate 
reader (Biotek, EON).

Cellular uptake detection
WRL-68, MCF-7, E0771, Caco-2, HUVEC, and HBL-100 
cells were seeded separately into 12-well plates contain-
ing complete culture medium at a density of approxi-
mately 1 × 105 cells per well. Subsequently, the plates were 
incubated for the specified nanoparticles at 37 °C and 5% 

CO2 in a CO2 incubator. Upon completion of the incuba-
tion period, cells were rinsed thrice with PBS, fixed with 
4% paraformaldehyde, and subjected to DAPI staining for 
visualization of the cellular nuclei. The acquired cellular 
images will undergo further analysis employing a confo-
cal laser scanning microscope (Zeiss LMS-780, Thorn-
wood, New York). For the evaluation of liver targeting 
efficacy, an excess of free GA was introduced half an 
hour prior to the experiment, thereby inducing ASGPR 
saturation.

Intestinal barrier permeability assay
To evaluate the ability of NCG to cross the intestinal bar-
rier, we established an in  vitro intestinal barrier model 
based on previous literature [60]. The model was con-
structed as follows: Caco-2 cells were seeded onto the 
PET membrane of the Transwell upper chamber at a den-
sity of 1 × 105 cells/cm2. When the transepithelial electri-
cal resistance (TEER) reached over 150 Ω/cm2, WRL-68 
cells were seeded in the lower chamber at 1 × 105  cells/
cm2 density and incubated at 37 °C in a 5% CO2 atmos-
phere for 24 h. Subsequently, NAR and NCG drugs (with 
an equivalent concentration of 100  nmol/L for NAR) 
were added to the upper chamber, and the Transwell was 
returned to the incubator for 10, 30, 60, and 120  min. 
At specified time points, the Caco-2 cells in the upper 
chamber and the WRL-68 cells in the lower chamber 
were fixed and stained with DAPI for nuclear visualiza-
tion. The distribution of NAR and NCG on both sides of 
the PET membrane was observed using the Z-axis scan-
ning function of a confocal laser scanning microscope 
(Zeiss LMS-780, Thornwood, New York), enabling fur-
ther analysis of drug penetration within the intestinal 
barrier model.

FRET assay
Förster Resonance Energy Transfer (FRET) assay was 
applied to evaluate the integrity of NCG in Caco-2 and 
WRL-68 cells. We encapsulated C6 and DiI fluorophores 
within NCG and exposed them to Caco-2 and WRL-68 
cells, respectively. The cells were incubated at 37 °C in a 
5% CO2 atmosphere for 1  h and 2  h. Following incuba-
tion, the cells were washed thrice with cold PBS, fixed 
with 4% PFA, stained with DAPI, and analyzed using a 
confocal laser scanning microscope for evaluation.

Cellular endocytosis and distribution assay
Caco-2 and WRL-68 cells were cultured on cover slips 
in a 12-well plate for 24  h. In order to investigate the 
endocytic pathways of NCG, cells were treated with 
endocytosis-mediated clathrin-dependent inhibitor 
CPZ, caveolin-mediated endocytosis inhibitor MβCD, 
and macropinocytosis inhibitor EIPA for a duration of 
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30 min. Subsequently, NCG was introduced into DMEM 
culture medium containing 10% FBS and co-incubated 
with cells for 30 min. To explore the subcellular distribu-
tion of NCG in Caco-2 and WRL-68 cells, following the 
30  min co-incubation of NCG with cells, mitochondria 
tracker, lysosome tracker, and endoplasmic reticulum 
tracker were individually introduced and co-incubated 
with cells according to the manufacturer’s specifications. 
Following incubation, cells were washed with ice-cold 
PBS and fixed with 4% paraformaldehyde. Cell nuclei 
were stained with DAPI, and laser confocal microscopy 
was utilized to assess the uptake of NCG in various treat-
ment groups, as well as its co-localization with distinct 
cellular sub-organelles.

Luciferase reporter assays in vitro
To investigate the effects of different drugs on the EST 
expression, the luciferase reporter gene assay was con-
ducted. The EST promoter fragment was amplified and 
subsequently cloned into the pGL3 basic vector (LvPG04, 
GeneCopoeia, China). WRL-68 cells were transfected 
with the EST luciferase reporter plasmid (5  µg/well) 
in 6-well plates. Following 48  h post-transfection, the 
cells were seeded in a 96-well plate, and the drugs 
NAR, NC, NG, and NCG were administered at respec-
tive NAR equivalent concentrations (0, 1, 5, 10, 50, 100, 
200 nmol/L). After a 24 h drug treatment, the superna-
tant was collected, and luciferase activity was assessed. 
Promoter activity was determined using the Secrete-Pair 
Dual Luminescence Detection Kit (LF001, GeneCo-
poeia, China), following the manufacturer’s instructions. 
Results were normalized to the activity of renilla lucif-
erase. All transfection experiments were performed in 
triplicate and independently repeated three times.

Zebrafish experiments
In order to observe the distribution of different NAR 
formulations in zebrafish, we exposed zebrafish larvae 
(7  days post-fertilization; dpf ) to NAR or NCG at con-
centrations of 50, 100, or 200  nmol/L. Following expo-
sure durations of 10, 30, or 60  min, the zebrafish were 
anesthetized and subsequently collected for micro-
scopic imaging utilizing a Leica DMi8 microscope (Leica 
Microsystems, Wetzlar, Germany). To assess the inhibi-
tory potential of NCG on breast cancer cell prolifera-
tion, a zebrafish breast cancer xenotransplantation model 
was developed. E0771 cells were specifically labeled with 
5  μmol/L DiI and microinjected into zebrafish embryos 
at 48 h post-fertilization. The zebrafish harboring E0771 
cells were subsequently distributed into 96-well plates (10 
fish per well) and cultured in a medium supplemented 
with 40  μmol/L estradiol, excluding the control group. 
Interventions with NAR, NC, NG, and NCG were then 

administered at a 50 nmol/L concentration for each com-
pound. Following a 48  h incubation period, the growth 
and metastasis of E0771 cells were observed using an 
inverted fluorescence microscope (Nikon Eclipse C1, 
Tokyo, Japan).

Mice experiments
C57BL/6 female mice (6–8  weeks old) were procured 
from the Guangdong Provincial Experimental Animal 
Center (Guangzhou, China) and maintained under a 
12-h light–dark cycle, a consistent room temperature 
of 20–22 °C, and a relative humidity of 30–70% (SCXK-
2020-100). The C57BL/6 female mice were allowed to 
acclimate to these conditions for a minimum of 7  days 
before experimentation commenced. Following the 
stress treatment period, an in  situ breast cancer model 
was established by injecting 1 × 106 ER-positive E0771 
breast cancer cells suspended in a 100 μL PBS-Matrigel 
(1:1) mixture into the fourth mammary fat pad of female 
C57BL/6 mice. The mice were then randomly assigned 
to eight groups (n = 6 per group), comprising a con-
trol group, Saline group, NAR L (10  mg/kg), NAR H 
(20 mg/kg), TAM, NG (10 mg/kg), NC (10 mg/kg), and 
NCG (10 mg/kg) groups. The corresponding treatments 
were administered orally everyday. Tumor dimensions 
were measured using a vernier caliper every 3 days, and 
tumor volume was estimated employing the formula 
(length × width2/2). After a 14-day treatment period, all 
mice were sacrificed, and tumor volume and weight were 
assessed. All animal studies and experimental protocols 
were approved by the Animal Ethics Committee of the 
Guangdong Provincial Hospital of Chinese Medicine 
(2021074).

In vivo NIR imaging
To assess the intestinal barrier permeability and liver-tar-
geting properties of NCG, we prepared nanocarriers and 
labeled them with Cy5. Mice were orally administered 
with Cy5, Cy5-NC, Cy5-NG, and Cy5-NCG (Cy5 = 1 mg/
kg) and subsequently subjected to whole-body imaging 
using an in  vivo imaging system at various time points 
(n = 3). The distribution of the fluorescence signal was 
observed under excitation at 650  nm and emission at 
700  nm wavelength. Additionally, a subset of mice was 
sacrificed to examine the fluorescence signal in major 
organs, including the stomach, duodenum, jejunum, 
ileum, liver, heart, spleen, lung, kidney, and tumor. The 
fluorescence signal was then quantified using the IndiGo 
software.

In vivo pharmacokinetics analysis
To perform pharmacokinetic studies using Sprague–
Dawley (SD) rats, the animals were randomly assigned 
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to four groups including NAR, NC, NG, and NCG. 
Each rat received the corresponding treatment orally at 
an equivalent dose of 6.9  mg/kg NAR. Blood samples 
(300 μL) were collected from the orbital socket of the rats 
(n = 6/group) at 0.083, 0.5, 1, 2, 4, 6, 12, 24, and 48 h post-
administration. The NAR levels in these samples were 
quantified using liquid chromatography-tandem mass 
spectrometry (LC–MS/MS). Furthermore, the Drug and 
Statistics (DAS) 2.0 platform was employed to determine 
pharmacokinetic parameters, including elimination half-
life (T1/2), peak brain/blood quotients of concentration 
and time (QCT) levels (Cmax), time to reach peak level 
(Tmax), and area under the curve.

Western blot
Fresh frozen liver samples were sectioned into small 
pieces and homogenized in a standard lysis buffer con-
taining 1  mmol/L protease inhibitor. The homogenized 
suspension was subsequently centrifuged to isolate the 
supernatant, which was preserved at − 80  °C for future 
use. The protein concentration in the supernatant was 
ascertained using the bicinchoninic acid (BCA) pro-
tein assay and adjusted accordingly. For protein electro-
phoresis, the adjusted supernatant was combined with 
1×  SDS-PAGE buffer and subjected to electrophoretic 
separation. The resolved proteins were then transferred 
to a polyvinylidene fluoride (PVDF) membrane, which 
was blocked with a blocking solution (5% non-fat milk) 
to prevent nonspecific binding. The membrane was 
incubated with primary antibodies EST (ProteinTech, 
12522-1-AP), overnight at 4 °C, followed by washing and 
incubation with the corresponding secondary antibodies. 
Protein bands were visualized using the ChemiDoc XRS+ 
Imaging System (Bio-Rad) and quantified employing 
ImageJ or other image processing software.

Immunofluorescence assay
Immunofluorescence was employed to examine the 
expression of the EST in WRL-68 cells. WRL-68 cells 
were seeded on a 12-well plate slide. Following drug 
treatment, the cells were washed thrice with PBS for 
5 min each. The cells were then fixed with 4% paraform-
aldehyde and blocked with 10% bovine serum. To exam-
ine the expression of the EST in the liver, frozen liver 
sections (4  µm thick) were prepared and submerged in 
ultrapure water for 2 min. The slides were subsequently 
fixed in cold acetone at 20 °C for 10 min and then incu-
bated with a blocking buffer for 30  min. After washing 
the slides three times with PBS at room temperature for 
5 min each, they were incubated with primary antibody 
against EST (ProteinTech, 12522-1-AP) overnight at 
4 °C. The slides were rewashed three times with PBS for 
5 min each, followed by incubation with Alexa Fluor 488 

or Alexa Fluor 555-conjugated anti-mouse IgG at a 1:200 
dilution. After stained with 4′,6-diamidino-2-phenylin-
dole (DAPI, Sigma) for nuclear visualization, the slides 
were imaged using a confocal laser scanning microscope 
(Zeiss LMS-780, Thornwood, New York).

Detection of E2 and E2‑3‑O‑sulfate level
To investigate the effects of NAR and NCG on estrogen 
metabolism, WRL-68 cells were seeded in 12-well plates 
and treated with NAR and NCG for 24  h, respectively. 
Subsequently, the cells were incubated with Hanks’ Bal-
anced Salt Solution containing 40 μmol/L E2 at 37 °C for 
4 h. The extracellular medium was collected and analyzed 
using UPLC-QTOF/MS. As for blood serum, tumors, and 
liver samples, tissues were homogenized in 600 μL of ice-
cold extraction solvent (90% methanol/water) and incu-
bated on ice for 30 min. After centrifugation at 12,000×g 
for 15 min at 4 °C, the supernatant was gathered, trans-
ferred to a new Eppendorf tube, and dried in a vacuum 
concentrator. Subsequently, HLB solid-phase extraction 
(Waters, Milford, MA) was employed to desalt the blood 
serum. Equal aliquots of 100 μL serum were loaded onto 
the solid-phase extraction cartridge and eluted with 1 mL 
of acetonitrile. The acetonitrile eluate was vacuum-dried 
and reconstituted with 80 μL of acetonitrile/water (1:1). 
An ACQUITY UPLC-QTOF/MS System (Waters, Mil-
ford, MA) equipped with an ACQUITY BEH C18 Col-
umn (2.1 × 50  mm, 2.6  µm; Waters, Milford, MA) was 
employed for the analysis. The mobile phases consisted of 
0.1% formic acid (mobile phase A) and 0.1% formic acid 
in acetonitrile (mobile phase B). The flow rate was set at 
0.25  mL/min. The gradient elution program followed a 
sequence of 25% B from 0 to 1 min, an increase from 25 
to 85% B between 1 and 2.8 min, and a decrease from 85 
to 25% B between 2.8 and 4 min.

In vivo biocompatibility assays
Upon completion of the treatment period, blood samples 
were collected from each group of mice for the analy-
sis of blood cells, biochemical markers, and coagulation 
factors. The heart, liver, spleen, lung, kidney, and uterus 
were fixed in 4% paraformaldehyde (PFA) and sectioned 
into 5 µm-thick slices. For pathological examination, tis-
sue sections were stained with hematoxylin and eosin 
(H&E) and assessed for potential organ damage. The 
endometrial thickness was measured to evaluate the 
impact of estrogen level fluctuations on the uterus.

Micro computed tomography
Specimens were scanned using Bruker Micro-CT Sky-
scan 1276 system (Kontich, Belgium). Scan settings are 
as follows: voxel size 6.534165  μm, medium resolution, 
70  kV, 200  μA, 0.25  mm Al filter and integration time 
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350  ms. Density measurements were calibrated to the 
manufacturer’s calcium hydroxyapatite (CaHA) phan-
tom. Analysis was performed using the manufacturer’s 
evaluation software. Reconstruction was accomplished 
by NRecon (version 1.7.4.2). 3D images were obtained 
from contoured 2D images by methods based on distance 
transformation of the grayscale original images (CTvox; 
version 3.3.0). 3D and 2D analysis were performed using 
software CT Analyser (version 1.20.3.0).

Statistical analysis
Data were presented as mean ± standard deviation (SD). 
Student’s t-test analysis or one-way ANOVA was applied. 
Post hoc testing of dose-dependent data was conducted 
using Dunnett’s test, while Bonferroni’s post hoc test 
was used for other data. Repeated measures analysis of 
variance was used for repeated measures data. Nonpara-
metric tests were utilized for data that were not normally 
distributed. A p-value of < 0.05 was considered statisti-
cally significant. Statistical analysis was performed using 
SPSS software (IBM SPSS Statistics, version 29.0).
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 Additional file 1: Figure S1. 1H NMR of (A) GA-PEG-PCL and (B) CPP-PEG-
PCL. (C) Particles size distributions and particle size of Cy5-NCG. (D) Visual 
graph of NG and NCG stability at pH 7.35 at 1st day and 30th days. Figure 
S2. (A) The ratio of NAR concentration at the end of the incubation to the 
initial concentration in the upper chamber of the Transwell. (B) Statistical 
values of fluorescence intensity of NAR and NCG in WRL-68 cells in the 
lower chamber of Transwell (n = 6). Data are presented as mean ± SD, ns: 
p > 0.05; ***: p < 0.001 indicates a comparison between the two groups. 
Figure S3. Evaluation of cytotoxicity in RAW 264.7 (A), HBL-100 (B), HUVEC 
(C), and MCF-7 (D) cells for various NAR formulations (n = 3). Assessment 
of the ability of multiple NAR formulations to activate EST genes at 4 h (E) 
and 12 h (F) using the dual luciferase reporter gene assay (n = 3). Data are 
presented as mean ± SD, ns: p > 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001 
indicates a comparison between the two groups. Figure S4. Statisti-
cal analysis of fluorescence intensity of EST enzyme expression levels 
in mouse liver tissue, assessed by immunofluorescence across groups 
(n = 6). Data are presented as mean ± SD, ns: p > 0.05, *p < 0.05, ***p < 0.001 
indicates a comparison between the two groups; ##p < 0.01, ###p < 0.001 
compared to the Control group. Table S1. NAR pharmacokinetic param-
eters following oral administration of various NAR formulations.
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