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Abstract
Background  Myocardial infarction (MI) is the main contributor to most cardiovascular diseases (CVDs), and the 
available post-treatment clinical therapeutic options are limited. The development of nanoscale drug delivery systems 
carrying natural small molecules provides biotherapies that could potentially offer new treatments for reactive 
oxygen species (ROS)-induced damage in MI. Considering the stability and reduced toxicity of gold-phenolic core-
shell nanoparticles, this study aims to develop ellagic acid-functionalized gold nanoparticles (EA-AuNPs) to overcome 
these limitations.

Results  We have successfully synthesized EA-AuNPs with enhanced biocompatibility and bioactivity. These core-
shell gold nanoparticles exhibit excellent ROS-scavenging activity and high dispersion. The results from a label-free 
imaging method on optically transparent zebrafish larvae models and micro-CT imaging in mice indicated that 
EA-AuNPs enable a favorable excretion-based metabolism without overburdening other organs. EA-AuNPs were 
subsequently applied in cellular oxidative stress models and MI mouse models. We found that they effectively inhibit 
the expression of apoptosis-related proteins and the elevation of cardiac enzyme activities, thereby ameliorating 
oxidative stress injuries in MI mice. Further investigations of oxylipin profiles indicated that EA-AuNPs might alleviate 
myocardial injury by inhibiting ROS-induced oxylipin level alterations, restoring the perturbed anti-inflammatory 
oxylipins.

Conclusions  These findings collectively emphasized the protective role of EA-AuNPs in myocardial injury, which 
contributes to the development of innovative gold-phenolic nanoparticles and further advances their potential 
medical applications.
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Introduction
Myocardial infarction (MI), the main contributor to 
death and disability worldwide [1], leads to the thinning 
of the ventricular wall [2], the formation of a fibrous scar 
in the left ventricle, and a reduction in cardiac func-
tion, ultimately resulting in heart failure [3]. At present, 

some clinical treatments, including reperfusion therapy, 
coronary stent implantation, and drug therapy, are com-
monly used to mitigate cardiac tissue damage caused by 
MI. Reperfusion therapy aims to restore blood flow to the 
obstructed areas and reduce myocardial necrosis. How-
ever, the reintroduction of oxygen and the overload of 
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intracellular calcium ions (Ca2+) during the reperfusion 
process may further exacerbate cardiomyocyte necrosis 
and mitochondrial dysfunction [4], potentially enlarg-
ing the infarction area [5]. Although invasive surgeries 
are the most direct and effective treatment for MI, their 
applicability is restricted due to specific indications for 
some patients [6]. Additionally, pharmacological agents, 
including β-receptor blockers, nitrate drugs, angioten-
sin-converting enzyme inhibitors (ACEIs), and statins, 
may be insufficient for some patients due to their short 
half-life and the risk of severe side effects [7–9]. The 
post-MI microenvironment also significantly restricts 
the therapeutic efficacy of these drugs. After MI, apop-
totic cardiomyocytes generate a substantial quantity of 
reactive oxygen species (ROS). These ROS serve dual 
roles as signaling molecules and inflammatory mediators, 
significantly influencing the progression of subsequent 
pathological processes and other complications [10]. 
Excessive ROS can trigger lipid peroxidation within cell 
membranes, disrupt the homeostasis of cardiomyocytes, 
provoke the secretion of proinflammatory cytokines, and 
recruit macrophages to the injured myocardium [11]. 
The inflammatory reaction in the infarcted region stimu-
lates macrophage proliferation and the development of a 
fibrotic microenvironment [12], which in turn amplifies 
inflammation and cardiac remodeling, potentially culmi-
nating in heart failure. Therefore, there is an urgent need 
to develop new anti-MI drugs with fewer side effects and 
superior ROS scavenging capabilities.

Recently, nanoscale drug delivery systems carrying nat-
ural small molecule formulations have garnered signifi-
cant attention due to their reduced side effects, improved 
bioavailability, and sustained release profiles [13, 14]. 
Notably, gold nanoparticles (AuNPs) are extensively 
employed in the biomedical field because of their high 
surface reactivity, inertness, low toxicity, and biological 
activity [15, 16]. Their relatively simple synthesis process, 
adjustable specific properties, and controlled size fabrica-
tion make AuNPs suitable platforms for various biomedi-
cal applications [17, 18]. However, chemical synthesis, 
the most common method for producing AuNPs, often 
involves toxic chemical stabilizing and reducing agents, 
which are undesirable for clinical and biomedical use 
[19]. Physical methods for AuNP production are not only 
hazardous and costly but also typically result in low yields 
and require expensive equipment and harsh reaction 
conditions. The development of a cost-effective method 
for synthesizing highly stable and biocompatible AuNPs 
with simple structures remains a challenge for potential 
large-scale production and future clinical applications.

Polyphenols, naturally occurring compounds found 
in fruits, vegetables, and herbs as secondary metabo-
lites, exhibit potential pharmacological activities such 
as immune modulation, intrinsic antioxidant properties, 

anti-inflammatory effects, and anti-angiogenesis effects 
[20]. Gold-phenolic core-shell nanoparticle construc-
tion methods have been proposed to enhance the sta-
bility, controlled release, and higher loading capacity of 
these bioactive compounds, as well as to improve the 
biocompatibility of AuNPs [21–23]. More critically, by 
incorporating microscale capabilities into carrier-free 
self-delivery systems, the absorption of natural polyphe-
nols into the blood circulation system can be minimized, 
thereby preventing undesirable side effects throughout 
the body [24]. However, some crucial problems in the 
clinical application of these gold-phenolic core-shell 
nanoparticles, including their bioaccumulation pat-
tern, metabolic route, and stability, have not yet been 
clarified [25, 26]. Although some studies have reported 
the cardioprotective effects of gold-phenolic core-shell 
nanoparticles, none has yet investigated the pro- and 
anti-inflammatory oxylipins in the serum of nanopar-
ticle-treated MI mice. Currently, the development of 
gold-phenolic core-shell nanoparticles for biomedical 
applications is still in its infancy.

Here, we describe a straightforward and rapid method 
for synthesizing gold-phenolic core-shell nanoparticles 
with a high loading capacity, utilizing a selection of phe-
nolic compounds. Notably, the ellagic acid-function-
alized gold nanoparticles (EA-AuNPs) are particularly 
distinguished for their exceptional dispersibility and bio-
compatibility. They also support a desirable excretion-
based metabolism without overburdening other organs. 
EA-AuNPs have been shown to mitigate apoptosis and 
scavenge excessive ROS, thereby effectively protect-
ing cardiomyocytes against H2O2-induced stimulation. 
Moreover, EA-AuNPs showed promising protective and 
therapeutic effects in an isoproterenol (ISO)-induced MI 
mouse model by alleviating oxidative stress injuries. Sur-
prisingly, our research has also unveiled that EA-AuNPs 
can reverse the disturbance of anti-inflammatory oxy-
lipins in ISO-treated mice, indicating that the regula-
tion of these oxylipins may be a key mechanism through 
which EA-AuNPs exert their bioactive effects on MI 
mice. Our findings not only demonstrated the remark-
able bioactivity of EA-AuNPs but also promoted the 
development of other biocompatible metal nanoparticles, 
enabling their potential applications in medical areas.

Materials and methods
Synthesis of AuNPs using polyphenols
Four milliliters of HAuCl4 solution (1 mM) was added 
to a centrifuge tube, followed by the addition of 1 mL of 
phenolic compounds (0.5 mM). The mixture was stirred 
for 60 min at room temperature. The amount of pheno-
lic compounds and the total volume of the system were 
kept constant at room temperature, while the amount of 
chloroauric acid was varied to maintain molar ratios of 
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HAuCl4 to polyphenols at 1:5, 2:5, 3:5, 4:5, and 8:5. The 
supernatant was removed by centrifugation at 3200 rpm 
for 8 min to remove Au+ as well as any unreacted mate-
rial on the surface of the AuNPs. The resulting precipitate 
was then dispersed in distilled water and stored at 4  °C 
for subsequent applications.

Chemical stability test
The stability of the gold-phenolic core-shell nanoparticles 
was assessed by incubating them with various volumes of 
1 M NaCl, 0.1 M HCl, and FBS, and by adjusting the tem-
perature. The characteristic absorption spectra of these 
nanoparticles in different media and at different tempera-
tures were recorded using a SpectraMax paradigm muti-
mode microplate reader (Molecular Devices, USA).

Characterization of the EA-AuNPs
The surface micromorphology, shape, and size of the 
EA-AuNPs were observed using transmission electron 
microscopy (TEM, JEM-1200EX, Japan) and atomic force 
microscopy (AFM, Bruker Dension Icon, Germany). The 
crystalline structure of the EA-AuNPs was analyzed by 
X-ray diffraction (XRD) with a current intensity of 40 mA 
and an operating voltage of 40 kV at a 2θ angle pattern. 
The crystalline structure of the EA-AuNPs was recorded 
by selected area electron diffraction (SAED) on an FEI 
Tecnai G2 F30 instrument operated at an acceleration 
voltage of 300 kV. The functional characteristics and pos-
sible interactions of the EA-AuNPs were identified using 
a Fourier transform infrared (FT-IR) spectrophotometer 
(Nicolet IS 10, USA) in the range of 400–4000 cm − 1 at 
a resolution of 0.4  cm− 1. The elemental information of 
the EA-AuNPs was recorded by energy-dispersive X-ray 
spectroscopy (EDS) using a Phenom ProX G6 instrument 
operated at 15 kV.

Determination of ellagic acid assembly efficiency
The efficiency of ellagic acid assembly was determined 
using ultrahigh-performance liquid chromatography 
(UHPLC) on an Agilent 1290 UHPLC system (Agilent 
Technologies, Waldbronn, Germany) equipped with an 
ACQUITY HSS T3 column (2.1 × 100 mm, 1.8 μm parti-
cle size, Waters, USA). The gradient elution program con-
sisted of mobile phase A (deionized water) and mobile 
phase B (acetonitrile), with the following gradient profile: 
0–2 min, 16-19% v/v B; 2–6 min, 19% v/v B. The flow rate 
and column temperature were set at 0.15 mL/min and 
30  °C, respectively. The injection volume was 2 µL, and 
the wavelength was set at 254 nm. The synthesized EA-
AuNPs were first centrifuged at 3200 rpm for 8 min. The 
supernatant, containing free ellagic acid, was then col-
lected, diluted 1:40 in methanol, and injected. The peak 
areas of the supernatant were brought into the external 
calibration curves and converted. The compound (ellagic 

acid only) utilized in this experiment was identified using 
the NMR (1H- and 13C-) spectrum (Fig. S1).

The loading efficiency of ellagic acid was calculated 
using the following formula:

Ellagic acid assembly efficiency (%) = (total ellagic acid 
used – amount of ellagic acid detected × 40)/total ellagic 
acid used × 100.

In vitro biocompatibility assay
For the in vitro biocompatibility assay, the THP-1 and 
H9c2 cell lines were used. EA-AuNPs and AuNPs, 
obtained through sodium citrate reduction, were tested 
at increasing concentrations ranging from 6.25 to 800 µg/
mL. These nanoparticles were incubated with the differ-
entiated THP-1 and H9c2 cells for 24  h. Subsequently, 
cell viability, intracellular ROS content, and cell apopto-
sis were assessed using an MTT assay, dichlorodihydro-
fluorescein diacetate (DCFH-DA) probe, and an Annexin 
V-FITC/7-AAD double-staining assay.

Zebrafish live imaging and quantification
All A/B wild-type zebrafish (Danio rerio) used in this 
experiment were maintained and bred at Hangzhou 
Hunter Biotechnology Co., Ltd. (Hangzhou, China) 
in accordance with the standards of the international 
AAALAC certification (certification number: 001458). 
Zebrafish embryos were collected and then cultured in a 
breeding tank at 28  °C with fresh reverse osmosis water 
(200  mg of instant sea salt per 1  L of water). One day 
post-fertilization, 0.03% 1-phenyl 2-thiourea (PTU) was 
added to the culture water to inhibit pigment expansion 
in the zebrafish.

Zebrafish larvae were stochastically divided into three 
groups (n = 30): the control, AuNP, and EA-AuNP groups. 
Under a stereo microscope (SZX7, OLYMPUS, Japan), 
4 dpf zebrafish were fixed with 1.5% low melting point 
adhesive, and then 5 nL of 0.5 mg/mL EA-AuNP or AuNP 
solution was injected. For each live imaging time point (0 
hpf, 24 hpf, 48 hpf, and 72 hpf), five randomly selected 
zebrafish were imaged using a laser confocal microscope 
(AX, Nikon, Japan) in reflection mode. ImageJ software 
was employed to quantify the integrated density of the 
obtained images.

In vivo micro-CT scanning imaging
In vivo micro-CT scanning imaging was conducted using 
a micro-CT scanner (Skyscan 1176, Bruker Micro-CT, 
Kontich, Belgium) with the following parameters: X-ray 
source voltage, 60 kV; X-ray source current, 385 µA; cam-
era pixel, 12.28  μm; rotation range, 180 degrees; rota-
tion step, 0.7 degrees; and exposure time, 50 ms. Mice 
were anesthetized with pentobarbital sodium prior to 
the in vivo imaging experiments. Subsequently, 0.4 mL 
of EA-AuNPs (50 mg/mL, dispersed in deionized water) 
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was injected intravenously into the mice. Micro-CT 
scans were performed at 2  h, 72  h, and 120  h post the 
EA-AuNP injection. After imaging, mice were sacri-
ficed, and the heart, liver, kidney, spleen, and intestine 
were re-imaged using micro-CT. The raw data were ana-
lyzed using DataViewer, and 3D rendering images were 
obtained by CTvox.

In vitro oxidative stress assay
The protective effects of EA-AuNPs on H9c2 cells in an 
oxidative stress microenvironment were investigated 
[27]. H9c2 cells were seeded in 96-well plates at a den-
sity of 1 × 104 cells/well. After 24 h, the culture medium 
of H9c2 cells was replaced with fresh medium containing 
EA-AuNPs and co-incubated for 6 h. After that, the cul-
ture medium was removed, and H9c2 cells were treated 
with various concentrations of H2O2 and co-incubated 
for an additional 12  h. Cell viability was determined by 
MTT assay, and the morphology of H9c2 cells was visu-
alized using optical microscopy. A lactate dehydrogenase 
(LDH) assay kit was used to detect LDH activity in the 
collected culture medium.

H9c2 cell apoptosis assay
An Annexin V/7-AAD apoptosis kit and a Hoechst 
33,258 staining kit were used to investigate the protec-
tive effect of EA-AuNPs on the H2O2-induced cardio-
myocyte apoptosis. Following treatment with EA-AuNPs 
and stimulation with H2O2, H9c2 cells were collected and 
sequentially treated with FITC Annexin V and 7-AAD. 
After washing with PBS, the number of apoptotic cardio-
myocytes was measured by flow cytometry. Additionally, 
H9c2 cells were fixed and stained with Hoechst 33,258 
staining solution, and the slides were observed and pho-
tographed under an inverted fluorescence microscope.

Intracellular ROS detection
A DCFH-DA probe was employed to detect the intracel-
lular ROS levels in H2O2-induced apoptotic cardiomyo-
cytes. After treatment with EA-AuNPs and stimulation 
with H2O2, H9c2 cells were incubated in a serum-free 
culture medium containing DCFH-DA for 20–30  min. 
The positive control group was stimulated with the ROS 
positive control reagent Rosup. After washing with PBS, 
the cells were detected by a flow cytometer at an excita-
tion wavelength of 488 nm and an emission wavelength 
of 525 nm.

Cellular oxidative stress indicators detection
Oxidative stress levels in H2O2-induced cardiomyocytes 
were strictly measured using commercial assay kits for 
superoxide dismutase (SOD), glutathione peroxidase 
(GSH-Px), and malondialdehyde (MDA), along with 
ultraviolet and visible spectrophotometry (UV‒Vis).

Cellular lipidomics analysis
After EA-AuNP treatment and H2O2 stimulation, H9c2 
cells (approximately 1 × 107 cells) were collected, washed 
with precooled PBS, and then centrifuged at 800 rpm for 
5  min at 4  °C. Subsequently, precooled ultrapure water 
was added, followed by sufficient homogenization. The 
lipids were extracted using a modified Bligh and Dyer 
method [28]. The protein concentration of the cells was 
determined according to the instructions of the bicin-
choninic acid (BCA) assay kit. Then, 1.2 mL of CHCl3/
MeOH (2:1, v/v), 0.3 mL of ultrapure water, lipid inter-
nal standards, and 10 µL of BHT solution were added 
to the homogenized samples. The obtained mixture was 
subjected to ultrasound-assisted extraction for 5 min to 
release the lipids from the solid matrix, followed by cen-
trifugation at 15,000 rpm for 10 min at 4  °C. The upper 
and lower phases were collected separately, vortexed, 
and centrifuged again after adding 0.6 mL of CHCl3. 
The organic phase was collected and evaporated under a 
nitrogen stream.

Cellular lipid separation was performed on an Agilent 
1290 Infinity II LC system (Agilent Technologies, Wald-
bronn, Germany) equipped with an Agilent ZORBAX 
Eclipse Plus C18 (100 × 2.1 mm, 1.8 μm, Agilent) column. 
The gradient elution program consisted of mobile phase 
A (MeOH/ACN/water, 1:1:1, v/v/v) and mobile phase B 
(ACN/IPA, 1:5, v/v) with the following gradient profile: 
0–0.5 min, 20% B; 0.5–1.5 min, 40% B; 1.5–3 min, 60% B; 
3–13 min, 98% B; 13–17 min, 20% B. The flow rate was 
set at 0.4 mL/min. The injection volumes for both nega-
tive and positive modes were 2 µL. For MS/MS detection 
using 6560 Q-TOF (Agilent Technologies, Waldbronn, 
Germany), the capillary voltages were set at 3500 V and 
− 3500 V for the two modes, The gas temperature 350 °C, 
nebulizer gas 35 psi, drying gas 8 L/min, and mass range 
200–1200 Da. The MS/MS data acquisition process was 
carried out using the data dependent acquisition (DDA) 
mode.

Induction of the mouse MI model
C57BL/6J mice (male, weighing approximately 20 g) were 
bought from Jiangsu GemPharmatech Co., Ltd. (China). 
The local Animal Ethics Committees of the State Key 
Laboratories for Quality Research in Chinese Medicines, 
Macau University of Science and Technology approved 
all the animal studies (Approved number: 072/DICV/
DIS/2021). The experimental MI model was induced by 
administering intraperitoneal injections of isoproterenol 
HCl (ISO) (150  mg/kg b.w.) on two consecutive days 
(days 8 and 9), with a 24-hour interval between injec-
tions. The animal experiment lasted for 9 days. Mice were 
stochastically divided into five groups (n = 10 each): con-
trol, ISO, AuNPs (100  mg/kg b.w.) + ISO, L-EA-AuNPs 
(100  mg/kg b.w.) + ISO, and H-EA-AuNPs (200  mg/kg 
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Fig. 4  EA-AuNP treatment ameliorated MI injury in mice. (A) Schematic illustration of the experimental design. (B) The ratio of heart weight to body 
weight in MI mice. (C) Representative images of TTC-stained cardiac sections. (D) H&E staining of cardiac sections in differenr groups (scale bar = 50 μm). 
(E) PAS staining of cardiac sections in differenr groups (scale bar = 20 μm). (F) Effects of EA-AuNP treatment on the levels of the cardiac marker enzymes 
LDH, CK-MB, CK, and AST. Lactate dehydrogenase: LDH; creatine kinase MB isoenzyme: CK-MB; creatine kinase: CK; aspartate aminotransferase: AST. (G) 
Effects of EA-AuNP treatment on oxidative damage in MI mice. (H) Protein expression levels of Bcl-2 and Bax in differenr groups. Values are mean ± SEM 
(n = 6); **p < 0.01, ***p < 0.001 vs. control group; ##p < 0.01, ###p < 0.001 vs. ISO group
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b.w.) + ISO. AuNPs and EA-AuNPs were injected intra-
peritoneally for 7 consecutive days before the MI induc-
tion. All mice were sacrificed on the 10th day following 
MI induction. The heart was weighed, and the heart-
to-body weight ratio was calculated. A portion of the 
heart was immediately subjected to TTC staining, while 
the remainder was stored at -80  °C for further analysis. 
A schematic illustration of the experimental design is 
shown in Fig. 4A.

Histology
Heart tissues were fixed in 10% formalin overnight, 
then embedded in paraffin. The 5 μm slices were stained 
with hematoxylin-eosin (H&E) and periodic acid–Schiff 
(PAS) for histopathological examination and glycogen 
detection.

Detection of myocardial enzymes and serum redox indexes
After being left at room temperature for 30  min, the 
collected mouse blood was centrifuged at 3000  rpm for 
10 min. The serum levels of LDH, creatine kinase (CK), 
creatine kinase MB isoenzyme (CK-MB), aspartate ami-
notransferase (AST), and nitric oxide (NO) were mea-
sured using assay kits obtained from Nanjing Jiancheng 
Bioengineering Institute (Jiangsu, China). The activities 
of catalase (CAT), SOD, and GSH-PX in cardiac tissue 
were also detected using assay kits following the manu-
facturer’s instructions.

Western blot
Western blot analysis was conducted to evaluate the 
expression of apoptosis-related proteins. Isolated hearts 
were homogenized in RIPA lysis buffer containing prote-
ase inhibitor cocktail (Sigma Aldrich) and centrifuged at 
12,000 rpm for 10 min. The total protein content was con-
firmed by a BCA assay kit. Proteins (30 µg) were electro-
phoresed and separated via 12% SDS‒PAGE, transferred 
to PVDF membranes, and then blocked in a 5% skim milk 
solution. The membrane was incubated with the follow-
ing primary antibodies: Bcl-2, Bax, and caspase-3 (all at 
1:1000; Cell Signaling Technology, USA). The blots were 
visualized with an Amersham ImageQuant 800 and mea-
sured using ImageJ software.

Serum oxylipin profile analysis
An aliquot of serum (50 µL) containing deuterated stan-
dards was dissolved in 1 mL of methanol/water (v/v, 1:9) 
solution and subjected to ultrasound-assisted extraction 
at 4  °C for 30  min. The extracts were then purified and 
enriched by Strata-X reversed-phase solid-phase extrac-
tion (SPE) cartridges. The eluate was collected and evap-
orated under a nitrogen stream. Before detection, the 
samples were reconstituted with 100 µL of methanol/
water (v/v, 1:1) solution and centrifuged at 10,000  rpm. 

The supernatant was then collected for oxylipin profile 
analysis.

Serum levels of oxylipins were identified and quantified 
using HPLC-MS/MS, as described previously [29]. Chro-
matographic separation was performed on an Agilent 
1260 HPLC system (Agilent Technologies, Waldbronn, 
Germany) equipped with a C18 column (4.6 × 100  mm, 
1.8  μm, Agilent). The gradient elution program was 
composed of mobile phase A (ACN/water/acetic acid 
(60:40:0.02, v/v/v)) and mobile phase B (ACN/IPA (50:50, 
v/v)) with the following gradient profile: 0–4 min, 55% B; 
4–15 min, 55-99% B; 15–16 min, 99% B; and 16–18 min, 
99%-55% B. The flow rate was set at 0.4 mL/min. The 
injection volume was 5 µL. Following the separation, the 
parameters were reset to the starting point for equilibra-
tion, and the column was washed.

A 6495 C QQQ mass spectrometer (Agilent Technolo-
gies, Waldbronn, Germany) with scheduled multiple 
reaction monitoring (MRM) was used for MS detection. 
The electrospray voltage and gas temperature were set at 
3500  V and 350  °C, respectively. The nebulizer gas was 
set at 20 psi, and the sheath gas temperature was 200 °C. 
The stable isotope as internal standards (IS) served as the 
basis for the quantification of oxylipins.

Statistical analysis
All experimental data with error bars are presented as 
the mean ± SEM. Differences between the two groups 
were assessed by one-way analysis of variance (ANOVA) 
using GraphPad Prism 9 software. A value of p < 0.05 was 
denoted statistically significant.

Results and discussion
Synthesis of AuNPs using polyphenols
The ratio of reductant to gold precursor is crucial in the 
nucleation of AuNPs. Therefore, we optimized the syn-
thesis of the gold-phenolic core-shell nanoparticles by 
varying the concentration of the HAuCl4 solution and 
confirmed the ideal concentration for the rapid forma-
tion of AuNPs based on surface plasmon resonance 
(SPR) absorption band analysis. The UV-Vis spectra, as a 
function of HAuCl4 solution concentration, for the syn-
thesized AuNPs using epicatechin, catechin, taxifolin, 
gallic acid, and ellagic acid are depicted in Fig. 1A. All five 
AuNPs showed an SPR band ranging from 540 to 570 nm 
at appropriate concentrations, which is consistent with 
the characteristic absorption peaks of AuNPs reported 
previously [30, 31]. The absorbance spectra initially dem-
onstrated that these five compounds could serve as effec-
tive natural reductants for synthesizing AuNPs without 
the need for other hazardous chemicals. While main-
taining the concentration and volume of the phenolic 
compound solution constant, the gold precursor concen-
tration had a significant concentration-dependent impact 
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on the synthesis process. The absorbance intensity of the 
SPR peak increased for the HAuCl4-reductant ratio from 
1:5 to 4:5 and decreased with the SPR peak disappear-
ing at a ratio of 8:5. This result indicates that a relatively 
high concentration of reductant may affect the growth of 
nanoparticles.

Stability evaluation
The stability of new nanomaterials is a crucial factor for 
their successful biomedical applications [32], as only 
highly stable nanoparticles can effectively tolerate severe 
biological environments to maximize their therapeutic 
efficacy across different diseases [33, 34]. To assess the 
stability, we selected the optimum concentration of gold 
precursor solution for each type of gold-phenolic core-
shell nanoparticle based on the absorbance intensity. 
EA-AuNPs demonstrated excellent stability during a 2 h 
incubation in both FBS and 0.1 M HCl solutions. Further-
more, their stability was superior to that of other AuNPs 
in a 1  M NaCl solution, as indicated by the absence of 
shift in their SPR peaks and the essentially constant full 
width at half maximum (FWHM) values (Fig.  1B). In 
contrast, the other four types of gold-phenolic core-shell 

nanoparticles exhibited progressive broadening of their 
absorption peaks, which vanished entirely in different 
solutions, indicating a total loss of structural integrity. 
Moreover, once the storage temperature was decreased 
to -80 ℃, minimal intensity changes (< 10%) were 
observed for the EA-AuNPs and gallic acid-AuNPs com-
pared to their absorbance at room temperature, while a 
roughly 40% reduction in the characteristic SPR inten-
sity was found for the other three types of gold-phenolic 
core-shell nanoparticles. In summary, the EA-AuNPs 
exhibited exceptional stability in various environments, 
showing no discernible agglomeration in the solution. 
All these stability assessments demonstrated that the 
EA-AuNPs have medical robustness and applicability for 
further experiments. Therefore, we characterized and 
conducted in vitro and in vivo studies on the EA-AuNPs.

Characterization of the EA-AuNPs
TEM and AFM were used to characterize the surface 
micromorphology, shape, and size of the gold-phenolic 
core-shell nanoparticles (after multiple washes), which 
presented a uniform quasi-nearly spherical shape with 
a relatively smooth surface (Fig. 1C and D). The particle 

Fig. 1  Preparation and characterization of gold-phenolic core-shell nanoparticles. (A) UV-Vis absorption spectra of five gold-phenolic core-shell nanopar-
ticles showing the effect of HAuCl4 concentration. (B) UV-Vis spectra showing the effect of different temperatures and volumes of 0.1 M NaCl, 1 M NaCl, 
and FBS on the stability of five gold-phenolic core-shell nanoparticles. (C) TEM images and TEM size distribution histogram of optimized gold-phenolic 
core-shell nanoparticles. (D) 2-dimensional images and 3-dimensional AFM images of the EA-AuNPs. (E) XRD spectra of Au and EA-AuNPs. (F) HR-TEM 
images and SAED patterns of the EA-AuNPs. (G) FT-IR spectra of gold-phenolic core-shell nanoparticles. (H) Elemental analysis of EA-AuNPs. (I) HPLC chro-
matograph of the ellagic acid standard (2.5 µg/mL, left) and supernatant (right) obtained after the reaction of ellagic acid and chloroauric acid
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diameters of the EA-AuNPs and gallic acid-AuNPs were 
smaller than those of the other three materials. The cor-
responding Gaussian fitting curve indicates that the 
nanoparticle core of the EA-AuNPs mainly ranges from 
20 nm to 40 nm in diameter. The fluctuation in the par-
ticle size distribution may be determined by the amount 
of ellagic acid molecules linked to the nanoparticles. As 
shown in Fig.  S2, the synthesized EA-AuNPs have an 
encircling light gray layer, indicating a thin organic cover-
ing on the surface; the shell thickness was 4 ± 1 nm. The 
X-ray diffraction (XRD) patterns confirmed the face-
centered cubic (fcc) structure of the EA-AuNPs [35]. As 
depicted in Fig.  1E, the diffraction pattern of the EA-
AuNPs shows five distinct diffraction peaks that are satis-
factorily accredited to those in the pure Au crystal phase 
(JCPDS card: File No. 04–0784) [36]. Moreover, the high-
resolution TEM (HR-TEM) image revealed clear lat-
tice stripes of the EA-AuNPs, confirming their uniform 
thickness and crystalline characteristics (Fig. 1F). The lat-
tice spacing of the EA-AuNPs was 0.21  nm, which cor-
responds to the (111) planes of Au. The HR-TEM-based 
SAED pattern showed several well-dispersed diffraction 
rings resulting from reflections of lattice planes [37]. The 
spots in the diffraction rings, corresponding to differ-
ent orientations of Au, also demonstrated the crystalline 
structure of the EA-AuNPs.

The successful doping of ellagic acid with AuNPs was 
confirmed by FT-IR and EDS analyses. As shown in 
Fig. 1G, all types of AuNPs exhibited similar patterns of 
absorption peak changes in the infrared regions before 
and after the synthesis. Taking EA-AuNPs as an exam-
ple, when comparing the FT-IR data with that of the 
ellagic acid standards, the intensity of the absorption 
bands related to the hydroxyl groups (–OH) significantly 
decreased in the EA-AuNPs’ FT-IR spectra, indicating 
that the –OH groups of ellagic acid were involved in the 
formation of the AuNPs. Additionally, the shifts in the 
characteristic peaks of ellagic acid from 1619.9  cm− 1 
to 1644.8  cm− 1 and 1057.1  cm− 1 to 1072.4  cm− 1 indi-
cated that the absorption band of the carbonyl group 
also shifted in the spectrum of the EA-AuNPs. The 
above results demonstrated that the hydroxyl groups of 
ellagic acid may have been oxidized into carbonyl groups 
through hydrogen bonding interactions during the chem-
ical reduction of Au3+ to Au0 [38]. As shown in the EDS 
spectrum of the EA-AuNPs (Fig.  1H), a strong signal 
peak at 2.3  keV is indicative of the characteristic X-ray 
emission from metallic gold (Au) nanocrystallites, the 
minor peaks at 0.2 keV and 0.5 keV also indicate the pres-
ence of carbon and oxygen. The elemental mapping in 
Fig. 1H illustrates the distribution of carbon (green) and 
oxygen (blue) elements on the surface of the EA-AuNPs, 
implying the successful involvement of ellagic acid in the 
synthesis of AuNPs.

Assembly efficiency of ellagic acid in EA-AuNPs
To further elucidate the assembly efficiency of ellagic 
acid in EA-AuNPs, we detected the concentration of 
ellagic acid in the supernatant of EA-AuNPs after syn-
thesis and centrifugation using UHPLC. One of the most 
crucial properties of nanoparticle-based drug delivery 
systems is the drug loading efficiency, which determines 
the therapeutic effect [39]. Based on the peak areas of 
the characteristic ellagic acid peak shown in Fig. 1I (left), 
the concentration of this compound was estimated using 
the standard curve. Under optimal synthesis conditions, 
the initial total concentration of the ellagic acid solu-
tion used in the synthesis process was 1.2  mg/mL, and 
the concentration of free ellagic acid in the supernatant 
of the EA-AuNPs was 82.8 µg/mL. Therefore, the assem-
bly efficiency of ellagic acid was calculated to be 93.1%, 
indicating that ellagic acid is almost entirely assembled in 
AuNPs.

In vitro biocompatibility study of the EA-AuNPs
Evaluating the potential cellular toxicity of nanomateri-
als is crucial for assessing their biocompatibility in in 
vivo experiments and biomedical applications. In vitro 
cytotoxicity assays were conducted on both EA-AuNPs 
and AuNPs using the THP-1 and H9c2 cell lines. Fig. 2A 
shows that AuNPs exhibited a significant dose-dependent 
inhibitory effect on cell viability as the concentration 
increased from 50  µg/mL to 800  µg/mL. Additionally, 
at the same concentrations, AuNPs exerted pronounced 
cytotoxic effects on activated THP-1 cells compared with 
H9c2 cells, with a 50% reduction in cell viability observed 
at 800 µg/mL. Conversely, the cell viability results for the 
EA-AuNP groups indicated that both cell lines main-
tained high viability after 24 h of incubation. Even at the 
highest concentration of 800 µg/mL, no cytotoxicity was 
observed in cells co-incubated with EA-AuNPs. Annexin 
V-FITC/7-AAD double-staining assays on both cell lines 
treated with EA-AuNPs also showed negligible percent-
ages of apoptotic cells compared to the control group 
(Fig. 2B).

Oxidative stress-mediated cell apoptosis is an essen-
tial mechanism of cytotoxicity associated with AuNP 
exposure. Therefore, we evaluated the ROS generation 
in activated THP-1 and H9c2 cells co-incubated with 
EA-AuNPs for 24 h to confirm whether they contribute 
to oxidative stress. The intracellular ROS levels in these 
two cell lines showed minimal green fluorescence in both 
the control group and the EA-AuNP-treated group, even 
at the highest nanoparticle concentration, aligning with 
the results of the cytotoxicity assays (Fig.  2C). Notably, 
the ROS fluorescence intensity peaks of H9c2 and THP-1 
cells treated with EA-AuNPs gradually shifted to the left 
with increasing nanoparticle concentration, indicating 
that the EA-AuNPs could reduce the intracellular ROS 
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levels. In summary, compared with AuNPs, EA-AuNPs 
do not elicit cytotoxicity, making them suitable for bio-
medical applications.

Bioaccumulation and clearance of EA-AuNPs
The bioaccumulation and elimination of nanoparticles in 
living organisms are always under investigation, which is 
pivotal for their development and translation in clinical 
applications [40, 41]. Many functional nanoparticles lack 
the ability to emit fluorescence, and fluorescent groups 
linked to their surface can easily separate in vivo, often 
producing misleading results. Therefore, we developed 
a label-free imaging method, in combination with the 
use of optically transparent zebrafish larvae models, to 

precisely visualize bioaccumulation patterns and quan-
tify EA-AuNPs in vivo. As illustrated in the schematic 
(Fig. 3A), EA-AuNPs and AuNPs were injected into 4 dpf 
zebrafish larvae, followed by imaging at 0, 1, 2, and 3 days 
post-injection (dpi) using a laser confocal microscope 
under reflection mode. As shown in Fig.  3B, the bioac-
cumulation of EA-AuNPs in the zebrafish was clearly 
observed at 2  h post-injection, while the tiny particle 
size of the AuNPs rendered them undetectable, confirm-
ing the applicability of this non-invasive and label-free 
imaging method for EA-AuNP detection in zebrafish. 
The large amount of reflected light in the zebrafish lar-
vae at 0 dpi indicates that the EA-AuNPs were widely 
distributed throughout the organism. After 20  h of in 

Fig. 2  Biocompatibility of the EA-AuNPs assessed in vitro. (A) In vitro cytotoxicity of different concentrations of AuNPs and EA-AuNPs (0–100 µg/mL) for 
24 h. (B) Intracellular ROS levels in H9c2 and THP-1 cells treated with different concentrations of EA-AuNPs for 24 h. (C) Evaluation of H9c2 and THP-1 cell 
apoptosis after treatment with different concentrations of EA-AuNPs for 24 h. Values are mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001 vs. control 
group
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vivo circulation, the amount of reflected light notice-
ably declined, suggesting substantial clearance of the 
EA-AuNPs in the zebrafish. The integrated density of the 
reflected light was further quantified to assess the elimi-
nation time of EA-AuNPs in zebrafish (Fig.  3C). Quan-
titative reflection light analysis showed that the content 
of EA-AuNPs decreased dramatically after 24 h and then 
decreased progressively over time since injection. At 3 
dpi, the quantified values of reflection light in the EA-
AuNP group approached those of the control group, indi-
cating the successful excretion of most EA-AuNPs from 
the zebrafish. The results from the zebrafish experiments 
confirmed the low accumulation of EA-AuNPs in vivo.

It is challenging to observe the specific metabolic route 
of these nanoparticles in zebrafish. To non-invasively 
monitor the in vivo metabolic route of EA-AuNPs, we 
injected mice with 0.4 mL of EA-AuNPs (50 mg/mL, dis-
persed in deionized water) and imaged them at different 
time points using micro-CT. As shown in CT images, 
soft tissues appeared gray or dark, while bones and EA-
AuNPs appeared white due to their higher density and, 
thus, increased X-ray absorption. Real-time micro-CT 
images acquired from the coronal and transaxial planes 
showed enhanced CT signals in the middle and rear parts 
of the mice at 2  h post-injection. The CT signals from 

various parts of the mice indicated that the EA-AuNPs 
were circulating within the mice’s bodies. The barely vis-
ible signal in the upper region of the mice indicated a 
low accumulation of EA-AuNPs in the mouse heart and 
lungs. At 3 days post-injection, CT signals remained, pri-
marily concentrated around the intestines, indicating the 
uptake of EA-AuNPs by these organs. Three-dimensional 
rendering of CT images was employed to investigate 
the bioaccumulation and migration of EA-AuNPs in the 
mice. As depicted in Fig. 3D, EA-AuNPs were widely dis-
tributed in the intestines of mice for a relatively long time, 
with the intensity and amount of CT signals progressively 
decreasing over time, potentially indicating excretion. 
Subsequently, at 5 days post-injection, fewer CT signals 
were captured in other organs, indicating that the meta-
bolic route of the EA-AuNPs predominantly involved 
the intestines. Therefore, after imaging, we euthanized 
and dissected the mice to further confirm the metabolic 
route of the EA-AuNPs. The ex vivo CT imaging of the 
main metabolic organs revealed the presence of signals 
in the liver, spleen, and intestines (Fig. S3). Moreover, the 
intensified CT signals in the intestines suggest a substan-
tial aggregation of EA-AuNPs in the large intestine. An 
examination of feces obtained from the large intestine 
of the mice, which displayed a distinctive golden color, 

Fig. 3  Bioaccumulation pattern and metabolic route of EA-AuNPs in zebrafish and mouse models. (A) Schematic illustration of the experimental design 
for the bio-distribution exploration of EA-AuNPs in zebrafish. (B) Histogram of reflection signal analysis of zebrafish after EA-AuNP and AuNP injection 
(images were acquired at 0 dpi, 1 dpi, 2 dpi, and 3 dpi). (C) Confocal laser scanning microscopy (CLSM) images (reflection mode) of zebrafish injected with 
EA-AuNPs. (D) In vivo serial CT images of mice after intravenous injection of EA-AuNPs (images were acquired at 2 h, 72 h, and 120 h). The CT signals are 
indicated with the red arrow
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confirmed the excretion of EA-AuNPs. We hypothesize 
that after EA-AuNPs are injected via the tail vein into 
mice, they enter the small intestine through the entero-
hepatic circulation, subsequently accumulate in the large 
intestine (evidenced by the prominent CT signal), and 
ultimately are excreted in the feces, aligning with the pre-
vious investigations of AIE active quercetin nanocrystals 
[42]. In conclusion, EA-AuNPs possess many advantages, 
including a comparatively lengthy intestinal retention 
period with minimal impact on other organs and satisfac-
tory excretion-based metabolism.

In vivo therapeutic efficacy of EA-AuNPs in MI mice
Ellagic acid, a bioactive polyphenol predominantly pres-
ent in hydrolyzable tannin forms within a variety of 
berries and nuts, has garnered considerable attention 
for its multifaceted biological activities [43]. The com-
pound has been extensively documented for its capac-
ity to inhibit lipid peroxidation, exert anti-inflammatory 
responses, mitigate atherosclerotic processes, and dem-
onstrate potent antioxidant and anti-apoptotic effects 
[44, 45]. Recent research further supports the protec-
tive role of ellagic acid against isoproterenol-induced 
arrhythmias, myocardial infarction, and cardiac fibrosis, 
primarily attributed to its enhanced free radical scav-
enging capabilities [46]. The intrinsic chemical struc-
ture of ellagic acid, characterized by the presence of 
four hydroxyl groups and two lactone moieties, endows 
it with an exceptional propensity to trap free radicals 
through electron donation. However, this molecular 
structure, incorporating both lipophilic and hydrophilic 
domains, imposes constraints on its clinical applicabil-
ity [47]. While the amphiphilic nature of ellagic acid is 
beneficial for its antioxidant activity, it also presents chal-
lenges in terms of bioavailability, solubility, and formula-
tion stability—factors that are pivotal for pharmaceutical 
development and efficacy. Advancements in nanotech-
nology have emerged as a promising way to overcome the 
aforementioned challenges. Specifically, the application 
of nanotechnology has the potential to enhance the bio-
availability and solubility of ellagic acid, thereby mitigat-
ing its inherent physiochemical limitations and reducing 
the propensity for adverse toxicological effects [48, 49]. 
Motivated by the results of a biocompatibility study sug-
gesting the potential antioxidant ability of EA-AuNPs, we 
next investigated the protective efficacy of EA-AuNPs in 
an ISO-induced MI mouse model [50]. The ratio of heart 
weight to body weight (HW/BW) is commonly used to 
assess cardiac hypertrophy [51]. Compared to the control 
groups, the HW/BW index showed a significant increase 
in the ISO and AuNP groups (p < 0.0001), while both 
low- and high-dose EA-AuNP treatments inhibited this 
increase (Fig.  4B). As an intuitive indicator of myocar-
dial injury, myocardial infarct size was visualized using 

2,3,5-triphenyl tetrazolium chloride (TTC) staining, 
where the infarct area appears as a yellow-white color. 
In the ISO and AuNP groups, a series of TTC-stained 
heart slices showed a prominent increase in myocardial 
infarct size (Fig.  4C). Remarkably, EA-AuNP treatment 
reduced the infarct area in ISO-administered mice, and 
the yellow-white region was almost invisible in both 
EA-AuNP treatment groups, similar to that in the con-
trol group. H&E staining of whole-heart images showed 
a thinner left ventricular wall and an expanded left ven-
tricular chamber in both the ISO and AuNP groups and 
EA-AuNP treatment notably inhibited these pathologi-
cal changes (Fig.  4D). Magnified images revealed typi-
cal morphological damage, including inflammatory cell 
infiltration, disordered myocardial fibers, and cytoplas-
mic vacuolar degeneration, in the ISO and ISO + AuNP 
groups. Conversely, low- and high-dose EA-AuNP treat-
ment markedly ameliorated these symptoms, present-
ing a complete myocardial structure and clear nucleus 
structure. In addition, we used PAS staining to evaluate 
the glycogen deposition in the myocardium, which is 
predominantly characterized by a purplish-red color in 
PAS-positive reactions. PAS staining showed mild gly-
cogen deposition in the myocardium of the ISO group 
and increased glycogen deposition in the myocardium 
of the AuNP group (Fig. 4E). Treatment with EA-AuNPs 
ameliorated the glycogen deposition, indicating that EA-
AuNPs alleviated the impairment of glucose metabolism 
in ISO-administered mice.

Then, we measured the activities of several cardiac 
enzymes in the serum, including LDH, CK-MB, CK, and 
AST, to investigate the bioactive impact of EA-AuNPs in 
ISO-administered mice. These enzymes, known as the 
main diagnostic biomarkers for MI, exhibited signifi-
cantly elevated activity levels in both the ISO and AuNP 
groups (Fig.  4F). Conversely, EA-AuNPs inhibited the 
ISO-induced increase in cardiac enzyme activity.

MI disrupts the intracellular redox state (i.e., an imbal-
ance in the production and removal of reactive oxygen 
species), resulting in myocardial damage and cardiac 
remodeling. To verify whether the bioactive effect of EA-
AuNPs stems from their antioxidant activity, we further 
examined several typical indicators reflecting the extent 
of oxidative stress in ISO-administered mice. As shown 
in Fig.  4G, compared to those in the control group, the 
activity levels of CAT, GSH-PX, and SOD decreased in 
both the ISO and AuNP groups, whereas treatment with 
low- and high-dose EA-AuNPs markedly reversed these 
conditions in varying degrees. In particular, L-EA-AuNP 
treatment notably enhanced the activities of CAT, GSH-
PX, and SOD to normal levels. These results indicated 
that EA-AuNP treatment could improve the antioxi-
dant activity of cardiomyocytes to counteract oxidative 
damage.
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To further confirm the cardioprotective effect of EA-
AuNP treatment, we also assessed the expression of 
apoptosis-related proteins in cardiac tissues. Both the 
anti-apoptotic protein Bcl-2 and the pro-apoptotic pro-
tein Bax were evaluated in cardiac tissues with or with-
out EA-AuNP treatment. As shown in Fig.  4H, various 
doses of EA-AuNPs significantly elevated the expression 
of Bcl-2 and decreased the expression of Bax, indicating 
reduced apoptosis. Specifically, treatment with low and 
high doses of EA-AuNPs resulted in a 1.8- and 2.0-fold 
decrease in the expression of Bax, and a 3.0- and 2.0-fold 
increase in the expression of Bcl-2, respectively, com-
pared to those in ISO-induced mice. Collectively, these 
results demonstrate that EA-AuNP treatment prevents 
MI-induced cardiac injury by downregulating apoptosis.

Anti-apoptosis and ROS scavenging abilities of EA-AuNPs 
in cardiomyocytes
Additional in vitro investigations were conducted to 
gain further insights into the cardioprotective effects of 
EA-AuNP treatment. High levels of ROS are generated 
by tissue damage in MI, leading to oxidative stress and 
cell apoptosis, with H2O2 as a major constituent of ROS 
[52]. Therefore, a cellular oxidative stress model in H9c2 
cells was constructed under H2O2 stimulation [53]. As 
depicted in Fig. 5A, the cell viability declined by almost 
50% after treatment with 400 µM H2O2, approaching the 
half-maximal inhibitory concentration (IC50). Therefore, 
we selected 400 µM H2O2 for the following experiments. 
Fig. 5B shows that treatment with 500 µg/mL EA-AuNPs 
obviously ameliorated the cytotoxic effects on H9c2 
cells after H2O2 stimulation, resulting in increased cell 
viability.

H2O2 treatment led to incomplete cell membrane 
structure and shrunken cell morphology. Conversely, 
EA-AuNP treatment protected H9c2 cells against H2O2-
induced morphological changes. The results of Annexin 
V/7-AAD flow assays also indicated that EA-AuNP treat-
ment significantly reduced the proportion of apoptotic 
cells (1.47 ± 0.69% early and 0.31 ± 0.20% late apoptotic 
cells), resembling the levels observed in the control group 
(Fig. 5C). We also confirmed that treatment with 800 µg/
mL AuNPs, obtained by the sodium citrate reduction 
process, failed to reduce the number of H2O2-induced 
apoptotic cells (Fig. S4). Typical fluorescence micropho-
tographs from the Hoechst 33,258 experiment showed 
the fragmented nuclei and chromatin condensation (indi-
cated by white arrows) in H9c2 cells after H2O2 treat-
ment, however, these typical morphological changes 
were not observed in the EA-AuNP groups (Fig. 5D).

The H2O2-induced oxidative stress environment gener-
ates excessive ROS, which can cause cellular dysfunction, 
eventually leading to cell death and severe inflammation 
[54]. Flow cytometry analysis showed markedly increased 

levels of intracellular ROS in cells exposed to H2O2, while 
treatment with 800 µg/mL EA-AuNP significantly inhib-
ited ROS production in cardiomyocytes, as evidenced 
by the left-shifted fluorescence intensity peaks (Fig. 5E). 
Further quantification of the mean fluorescence inten-
sity confirmed the potent antioxidant capacity of the 
EA-AuNPs. We also demonstrated that the antioxidant 
ability of EA-AuNPs is not mediated by the AuNPs them-
selves but may be attributed to the bioactivity of ellagic 
acid (Fig. S5) [55].

Under oxidative stress conditions, cardiomyocyte 
injury can be assessed by detecting lactate dehydroge-
nase (LDH) release. LDH release assays showed that 
EA-AuNP treatment had a marked inhibitory effect on 
LDH leakage, which was reduced to 77% ± 6.07% of that 
in the control group (Fig.  5F). We also further detected 
several intracellular oxidative stress markers, includ-
ing superoxide dismutase (SOD), glutathione peroxidase 
(GSH-Px), and malondialdehyde (MDA), to evaluate the 
antioxidant abilities of the EA-AuNPs [56, 57]. The activi-
ties of endogenous antioxidants (SOD and GSH) were 
significantly decreased in H2O2-injured H9c2 cells com-
pared with those in the vehicle group. In contrast, EA-
AuNP treatment attenuated these decreases and elevated 
the levels of SOD and GSH (Fig. 5F). In line with these 
results, EA-AuNP treatment also restored the MDA con-
tent to normal levels. These results suggested that EA-
AuNP treatment can attenuate H2O2-induced oxidative 
stress injuries by increasing the activity of free radical 
scavenging enzymes in cardiomyocytes.

The expression of apoptosis-related proteins, includ-
ing anti-apoptotic Bcl-2, pro-apoptotic Bax, and cleaved 
caspase-3, was evaluated by western blot analysis to 
further clarify the protective effects of EA-AuNP treat-
ment. At the molecular biology level, EA-AuNP treat-
ment reversed the downregulation of Bcl-2 induced by 
H2O2 and suppressed the upregulation of Bax, leading to 
a decreased Bax/Bcl-2 ratio (Fig.  5G). EA-AuNP treat-
ment also markedly resulted in a 2.15-fold decrease in 
the expression of cleaved caspase-3 compared with the 
H2O2 group. These results further demonstrated the anti-
apoptotic effect of EA-AuNP treatment on H9c2 cells 
subjected to oxidative stress.

The endogenous lipids of various groups were also 
identified using HPLC-Q-TOF-MS, and the lipid con-
tents of each sample are detailed in Table S1. The specific 
content of each lipid category is shown in Fig. 6A. Com-
pared to the H2O2 group, the EA-AuNP group presented 
significant decreases in the contents of Cer[NS], sphingo-
myelin (SM), phosphatidylcholine (PC), ether-phosphati-
dylcholine (EtherPC), and monoglyceride (MG), closely 
with the levels detected in the control group. Partial least 
squares-discriminant analysis (PLS-DA) presented a 
clear separation between the control group and the H2O2 
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group (Fig.  6B), but the EA-AuNP group was located 
close to the control group, revealing significant modula-
tion of lipid contents in H9c2 cells following EA-AuNP 
treatment. The heatmap with unsupervised hierarchical 
clustering (Fig.  6C) depicted consistent results; the EA-
AuNP and control groups showed similar lipid profiles, 
forming two main clusters (the H2O2 group on the left, 
and the EA-AuNP and control groups on the right). A 

cut-off VIP value of 1.4 was selected to identify the most 
responsive lipids for classification among these groups: 
37 lipid molecules were altered in these three groups 
(Fig.  6D), with the highest value being PC (16:1/22:6), 
followed by Cer (18:2;2O/24:1). To further screen the 
potential efficacy-related lipid biomarkers in MI mice 
after EA-AuNP treatment, the VIP value, P value, and FC 
value (VIP > 1, p < 0.05, FC > 1.5 or < -1.5) were selected 

Fig. 5  Anti-apoptosis and ROS scavenging abilities of EA-AuNPs in cardiomyocytes. (A) Viability of H9c2 cells incubated with different concentrations 
of H2O2 for 24 h. (B) EA-AuNPs protect H9c2 cells from H2O2-induced cytotoxicity. (C) Representative photographs and flow cytometry results showing 
H9c2 cells apoptosis under EA-AuNPs treatment by using an Annexin V-FITC/AAD staining assay. (D) Representative fluorescence micrographs of Hoechst 
33,258-stained H9c2 cells treated with 400 µM H2O2 for 12 h with or without EA-AuNP treatment. (E) Intracellular ROS levels in H9c2 cells treated with 400 
µM H2O2 for 12 h with or without EA-AuNP treatment. 1.3R: Rousup group; 1.2H2O2: H2O2 group; 1.2EA: EA-AuNPs group; 1.2 C-1: control group; 1.2 C-NO: 
non-probe group. (F) Effect of EA-AuNPs on the SOD, LDH, MDA, and GSH levels in H9c2 cells treated with H2O2 for 12 h. (G) Effect of EA-AuNPs on the 
protein expression of Bcl-2, Bax, and caspase-3 in H2O2-treated H9c2 cells. Values are mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group
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Fig. 6  Effect of EA-AuNPs on the lipid profiles of cardiomyocytes in the ROS microenvironment. (A) The impact of EA-AuNP treatment on the content of 
each lipid category in H2O2-induced H9c2 cells. (B) PLS-DA score plot. (C) Heatmap with unsupervised hierarchical clustering. (D) Important feature plot 
identified by PLS-DA. (E) Volcano plot of lipids between the H2O2 group and the control group. (F) Volcano plot of lipids between the EA-AuNP group and 
the H2O2 group. (F) Volcano plot of lipids between the EA-AuNP group and the control group. (G) The concentration of 32 reversed lipids (up-regulated 
in the H2O2 group compared with the control group) after EA-AuNP treatment. (H) The concentration of 46 reversed lipids (down-regulated in the H2O2 
group compared with the control group) after EA-AuNP treatment. Values are mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group
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to narrow the filtering threshold. Volcano plots (Fig. 6E) 
revealed 238 differential lipid molecules, including 110 
down-regulated and 128 up-regulated in the H2O2 group 
compared to the control group, while EA-AuNP treat-
ment clearly minimized the number of the up-regulated 
lipids (Fig. 6F, G). Further volcano plot analysis presented 
that 78 potential lipid markers (32 up-regulated and 46 
down-regulated in the H2O2 group) were reversed after 
EA-AuNP treatment (detailed in Fig. 6H and I), while the 
majority of the residual lipids also tended to converge 
toward the levels in the control group. As a result, the 
disrupted homeostasis of lipid profiles in the H2O2 group 
can be restored by EA-AuNP treatment via adjustments 
involving potential efficacy-related lipid biomarkers.

Oxylipin profiling of serum samples from MI mice
Oxylipins, a class of metabolites derived from polyunsat-
urated fatty acid oxygenation [58], are crucial for various 
physiological processes, including vascular, immuno-
logical, and inflammatory responses, and are involved in 
many important cardiovascular disease (CVD) patholo-
gies [59, 60]. Twenty oxylipins were quantified in all 
groups using HPLC-QQQ-MS analysis, including 8 
arachidonic acid (AA) metabolites, 3 eicosapentaenoic 
acid (EPA) metabolites, 3 docosahexaenoic acid (DHA) 
metabolites, and 6 linoleic acid (LA) metabolites. Repre-
sentative MRM chromatograms of the oxylipins detected 
in the selected mouse serum samples are shown in 
Fig. 7A. To explore the differential expression of oxylipins 
between the control and ISO groups, pairwise compari-
sons were used to analyze oxylipin concentrations. Vol-
cano plots identified five significantly downregulated 
oxylipins (FC < -1.5 and p < 0.05), namely, 14,15-EET, 
5-HEPE, 4-HDHA, 12-HEPE, and 17-HDHA (Fig. 7B).

We further investigated the effects of EA-AuNPs on 
the perturbed oxylipins in ISO-induced oxidative dam-
age mice to explore the potential bioactive impact-related 
mechanism of EA-AuNP treatment. Fig. 7C describes the 
distribution of oxylipins by parent fatty acids as a per-
centage of the total oxylipin amount in all groups. Com-
pared with that in the control group, the percentage of 
LA-oxylipins was significantly increased in both the ISO 
and AuNP groups. The proportions of oxylipins in the 
control and L-EA-AuNP groups were similar, with nearly 
constant percentages among the AA, EPA, and DHA-
oxylipin groups. The distributions of AA, EPA, DHA, 
and LA-derived oxylipins are presented in Fig.  7D and 
Table S2. The HEPEs dramatically decreased in the ISO 
and AuNP groups, whereas they markedly increased in 
the L-EA-AuNP group. These compounds, biosynthe-
sized from EPA by different oxygenases, include at least 
three HEPEs (i.e., 5-HEPE, 12-HEPE, and 18-HEPE) 
with biological activities related to glucose metabolism 
or cardioprotection. The EPA metabolite 12-HEPE has 

been reported to inhibit atherosclerosis development by 
preventing macrophage transformation into foam cells 
[61]. Similarly, the L-EA-AuNP group exhibited sig-
nificantly up-regulated levels of DHA-derived oxylipins, 
14-HDHA and 17-HDHA (p < 0.01). Recently, 14-HDHA 
and 17-HDHA were reported to exert their anti-inflam-
matory effects on neutrophil and monocyte/macrophage 
recruitment via the N-formyl peptide receptor 2 [62]. It 
is also documented that DHA and its 12-LOX-derived 
oxylipins, 11-HDHA and 14-HDHA, attenuate platelet 
aggregation and thrombus formation [63]. Interestingly, 
the concentration of the anti-inflammatory 14,15-EET 
[64] was also significantly elevated in the L-EA-AuNPs 
group compared with the ISO group. Many studies have 
shown the thrombolytic and vasodilatory characteristics 
of EETs within the vasculature [65].

We employed multivariate statistical analysis to fur-
ther explore lipid alterations among various groups 
and evaluate whether EA-AuNP treatment can amelio-
rate perturbed oxylipins in ISO-administered mice. The 
supervised PLS-DA score plot (Fig.  7E) demonstrated a 
strong correlation among the control, L-EA-AuNP, and 
H-EA-AuNP groups (with a relatively large overlap). 
Moreover, clear separations were found between the 
L-EA-AuNP and ISO groups, indicating that EA-AuNP 
(100  mg/kg) treatment intervened in ISO-induced oxy-
lipin perturbations. Additionally, there was substantial 
overlap between the H-EA-AuNP group and both the 
control and ISO groups, demonstrating that the oxy-
lipin profile of the H-EA-AuNP group was intermedi-
ate between the two, similar to the results depicted in 
Fig.  7C. Consistent results were revealed in a heatmap 
with unsupervised hierarchical clustering; two main 
clusters (control, L-EA-AuNP, and H-EA-AuNP groups 
on the left; ISO and AuNP groups on the right) demon-
strated similar oxylipin profiles between the control and 
EA-AuNP treatment groups (Fig. 7F). Moreover, we con-
ducted a detailed analysis to identify differential oxylipins 
between the L-EA-AuNP and ISO groups, aiming to find 
putative targets implicated in the bioactive effects of EA-
AuNP treatment. A volcano plot (Fig.  7G) identified 10 
significantly up-regulated oxylipins (VIP > 1, p < 0.05, 
FC > 1 or < -1), which included all of the EPA- and DHA-
oxylipins. Interestingly, all oxylipins that showed down-
regulation after ISO induction exhibited significant 
up-regulation in the L-EA-AuNP group, suggesting that 
these oxylipin-related pathways may be responsible for 
the bioactive effects of EA-AuNPs.

Conclusion
In summary, we have successfully synthesized multi-
layer core-shell gold nanoparticles with enhanced bio-
compatibility and bioactivity through the incorporation 
of ellagic acid, achieving high dispersion. We found that 
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Fig. 7  EA-AuNP pretreatment restores perturbed oxylipins in MI mice. (A) Representative MRM chromatograms for each identified oxylipin in mouse 
serum. (B) Volcano plot of oxylipins between the ISO group and the control group. (C) Distribution of oxylipins by parent fatty acids as a percent of the 
whole total oxylipin amount. (D) The impact of EA-AuNP treatment on the AA-, EPA-, DHA-, and LA- oxylipins in ISO-administered mice. (E) PLS-DA score 
plot. (F) Heatmap with unsupervised hierarchical clustering. (G) Volcano plot of oxylipins between the L-EA-AuNP group and the ISO group. Values are 
mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group
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EA-AuNPs exhibit superior cytocompatibility to THP-1 
and H9c2 cells and enable a desirable excretion-based 
metabolism without overburdening other organs. EA-
AuNPs also demonstrated anti-apoptotic effects, pro-
tecting cardiomyocytes against H2O2-induced oxidative 
stress. In vitro results proved that EA-AuNP treatment 
increased the activity of free radical scavenging enzymes 
in cardiomyocytes and exhibited excellent ROS scaveng-
ing properties. Correspondingly, EA-AuNP treatment 
effectively ameliorated oxidative stress injuries in MI 
mice by inhibiting the ISO-induced elevation of cardiac 
enzyme activities and enhancing the antioxidant capacity 
of cardiomyocytes. Furthermore, our studies showed that 
EA-AuNPs can restore the perturbed anti-inflammatory 
oxylipins in MI mice, suggesting that the bioactive effects 
of EA-AuNPs on MI mice may be mediated through the 
regulation of these oxylipins. Taken together, our current 
studies not only highlighted the superior bioactive effects 
of EA-AuNPs in myocardial injury but also contributed 
to the development of novel gold-phenolic core-shell 
nanoparticles, further advancing their potential medical 
applications.
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