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Introduction
Ischemic heart disease, as stated by the World Health 
Organization, is the primary cause of death globally, with 
myocardial infarction (MI) being the most severe clinical 
manifestation of this condition [1]. Enhancing strategies 
for preventing the onset of MI and ensuring prompt and 
efficient treatment are of utmost significance. Throm-
bolytic therapy or direct percutaneous coronary inter-
vention performed promptly after an MI, followed by 
administering lipid-lowering drugs and anti-coagulants, 
are the most effective treatment approaches for MI 
patients [2]. These interventions have been shown to sig-
nificantly decrease the size of the heart attack and reduce 
mortality rates [3]. Percutaneous coronary intervention 
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Abstract
The study’s goals are to fabricate PLGA nanoparticles (PNPs) loaded with apigenin (AP) and adenosine (AD) using a 
microfluidic preparation method to a standard emulsification method and investigate the possible heart-protective 
effects of AP-AD PNPs made using the emulsification method. Compared to microfluidics, the emulsification 
method fabricated small-size nanoparticles, which are better at encapsulating drugs, retaining more drugs, and 
having a low viscosity for the myocardial infarction (MI) injection. TheMI model was developed using SD rats 
injected under the skin with 85 mg/kg doxorubicin (DOX) for 2 days. The metabolic results showed that our AP-AD 
PNPs accelerated the blood flow in rats with MI, which increased the amounts of AP and AD in the circulatory 
system. This led to significant improvements in the cardiac index and lower amounts of AST, LDH, and CK in the 
blood. A histopathological study using Hematoxylin&eosin, and TUNEL staining showed that cardiac function had 
improved and apoptosis had decreased. Moreover, tests that checked the amounts of IL-6, TNF-α, NO, GSH, MDA, 
and SOD showed that AP-AD PNPs may help treat MI by reducing oxidative stress and inflammation, making it a 
potentially useful therapeutic approach.
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can reestablish blood flow in the obstructed coronary 
artery [4]. However, it is susceptible to ischemia-reperfu-
sion (I/R) injury, which can cause additional tissue dam-
age and apoptosis of myocardial cells [5]. Ultimately, this 
can result in the development of heart failure and other 
unfavourable outcomes. Furthermore, the body will 
experience many pathological alterations following an 
MI, including the generation of reactive oxygen species 
(ROS), impairment of mitochondrial function, excessive 
accumulation of calcium, and other mechanisms that 
lead to cell death and an inflammatory reaction. Despite 
discovering anti-inflammatory and antioxidant drugs, 
their effectiveness is limited due to a lack of targeting, 
low absorption, and short half-life. Hence, devising safer 
and more efficient approaches to prevent and treat MI is 
imperative [6–8].

Nanoparticles are particles that have a size range of 
1–100  nm. They are extensively utilized in medicine 
because of their diverse range of structures, sizes, forms, 
surface chemistry, and other characteristics [9]. Nanode-
livery systems offer numerous advantages compared to 
conventional drug delivery systems, including dimin-
ished adverse effects, enhanced bioavailability, improved 
drug effectiveness, decreased drug dosage, prolonged 
administration duration, modified administration routes, 
and lowered treatment expenses [10]. This article con-
cisely overviews commonly used carriers’ physical and 
chemical characteristics, including polymer nanoparti-
cles. It also discusses the progress and utilization of these 
nanoparticles in preventing and treating MI based on 
their underlying pathological mechanisms [11–14]. An 
approach to mitigate the hepatotoxicity and nephrotoxic-
ity of TPL is to provide it locally in the heart through in 
situ injection, allowing for prolonged release. Polylactic-
co-glycolic acid (PLGA) is a biodegradable copolymer 
that has received approval from the U.S. Food and Drug 
Administration (FDA) [15]. PLGA nanoparticles can 
encapsulate various drugs, enhancing their bioavailability 
and enabling controlled and prolonged drug release. Nev-
ertheless, a drawback of PLGA nanoparticles is the possi-
bility of drug burst release, which can lead to excessive 
and potentially hazardous drug release during the initial 
phase. Furthermore, the issue of whether these PLGA 
nanoparticles can remain in the myocardium is also a 
concern when using direct myocardial injection [16–18].

There is a greater emphasis on natural chemicals with 
distinctive chemical structures and specific pharmaco-
logical actions. Apigenin is a prevalent natural flavonoid 
found abundantly in vegetables and fruits, including pars-
ley, celery, oranges, onions, honey, and others [19–21]. It 
is also present in plant beverages, such as tea and wine. 
Apigenin is considered more helpful due to its supe-
rior safety profile compared to other flavonoids regard-
ing cellular health. Currently, there is limited evidence 

indicating any adverse metabolic effects of apigenin. Api-
genin exhibits antioxidant, anti-inflammatory, antiviral, 
and anticancer properties [22]. Furthermore, apigenin 
has a cardioprotective impact by safeguarding endothe-
lial cell functionality, mitigating coronary atherosclerosis, 
and impeding diabetic myocardial harm. Apigenin has 
been found to protect against myocardial injury caused 
by oxidative stress. However, the exact mechanism of 
this protection has not been completely understood and 
requires additional exploration [23].

Adenosine has a crucial role as a signalling molecule in 
cells during conditions of reduced blood flow, control-
ling cellular metabolism and protecting cells from harm 
caused by low oxygen levels and oxidative stress [24]. 
There is a strong connection between MI and adenosine. 
Adenosine, ATP, and ADP are released during cellular 
or tissue hypoxia or ischemia and cause reactive hyper-
emia. Reactive hyperemia temporarily increases blood 
flow when blood arteries reopen after interrupted blood 
delivery to the tissues [25]. MI causes a lack of oxygen 
and blood supply to the heart tissue, releasing adenosine 
from cells. Adenosine then binds to adenosine receptors 
on the cell surface, resulting in a wide range of physiolog-
ical effects. Research highlights the crucial significance of 
adenosine receptor A2AR in MI. The activation of A2AR 
controls the blood flow in the coronary artery, promoting 
blood circulation in the heart muscle tissue [26]. In addi-
tion, A1R counteracts reactive hyperemia, which is regu-
lated by A2AR, thereby further regulating myocardial 
perfusion. Although there is an ongoing dispute regard-
ing the involvement of adenosine in coronary reactive 
hyperemia, its significance in MI is extensively examined 
and recognized. However, several research have ques-
tioned the exact importance of adenosine in MI, suggest-
ing that adenosine may not be a determining component 
in the development of MI [27]. The relationship between 
adenosine levels and the severity of MI is still unclear in 
many animal models and clinical research [28].

The work involved the development of AP-AD nano-
preparations using PVA and PLGA as stabilizers and 
polymers. The emulsification and microfluidic system 
achieved this fabrication (Scheme 1). Subsequently, a 
comparison was made between the physical attributes 
of these nanopreparations with injectable PNPs. In addi-
tion, the pharmacodynamic and pharmacokinetic char-
acteristics of AP-AD NPs, fabricated by emulsification, 
were examined in MI induced by doxorubicin (DOX). 
The efficacy in preventing MI was evaluated using multi-
ple techniques, such as histological investigation and bio-
chemical markers. This study investigated the possibility 
of nanopreparations as efficacious therapies for MI.
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Materials and methods
Materials
Unless noted in the procedure, all chemicals were pur-
chased from commercial suppliers and used without fur-
ther purification. All aqueous solutions were prepared 
by using ultrapure water from a Milli-Q system. Api-
genin (AP) was obtained from Alfa. Adenosine (AD) was 
obtained from AK Scientific. Polylactic acid-glycolic acid 
copolymer, poly(vinyl alcohol), and poly (ethylene gly-
col) methyl ether-block-poly(lactide-co-glycolide) were 
provided from Sigma Aldrich (St. Louis, USA). Dichlo-
romethane (DCM) and methanol (MeOH) were acquired 
from Xi’an Ruixi Biological Technology Co., Ltd. Dialysis 
bag (MWCO 8000–14000 Da) was attained from Shang-
hai Macklin Biochemical Co., Ltd. Metoprolol tartrate 
(MT) injection was obtained from Bio Basic Inc. Doxo-
rubicin (DOX) were purchased from Thermo Fisher Sci-
entific. NO, GSH, MDA, SOD, AST, LDH, and CK were 
provided by BioLegend.IL-6 and TNF-α were purchased 
from Beyotime Biotechnology.

Preparation of AP-AD PNPs by emulsification method
AP-AD PNPs were synthesized using the emulsification 
technique [29]. The internal aqueous phase comprised 
20 mg of AD immersed in 2 mL of 20% PVA. A solution 
of PEG-PLGA (8  mg) and PLGA (12  mg) polymers was 

prepared by dissolving them in 3 mL of dichloromethane. 
This solution was combined with an AP (12 mg) solution, 
which served as the oil phase. The outer aqueous phase 
consisted of a polyvinyl alcohol (PVA) solution with a 
concentration of 5% in a total capacity of 20 mL. The oil 
and aqueous phases were combined in an ice-water bath 
and subjected to intermittent sonication for 5 min, with 
3-second intervals every 5 s, to produce colostrum. The 
aqueous solution was introduced to the colostrum, pro-
ducing a white colour solution. The solution was sub-
jected to continuous stirring under a magnetic stirrer for 
5 h, forming a stable system and facilitating the evapora-
tion of the organic solvent.

Preparation of AP-AD PNPs by microfluidic system
The preparation of nanoparticles was carried out using 
a microfluidic device [30]. The ports were linked to the 
water phase holding the PVA solution (3.1%). The AP 
(12  mg) and AD (20  mg) solutions were effectively dis-
solved in MeOH (3 mL) using ultrasonic waves. Simi-
larly, the PEG-PLGA and PLGA (3:7) were dissolved 
in 3 mL of acetonitrile. These solutions were then com-
bined and linked as organic phases to additional ports. 
The flow ratio of the organic and aqueous phases was 
1:3, and the flow ratio was 137 µL/min. The NPs were 
retrieved from microfluidic output. Ultimately, they 

Scheme 1  Graphical representation of fabrication of AP-AD PNPs via emulsification and microfluidic technique
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underwent purification using ultracentrifugation and 
were de-frizzed.

Characterization of NPs
Transmission electron microscopy (TEM) images 
were attained using a JEOL 3011 transmission elec-
tron microscope with an accelerating voltage of 300 kV. 
The morphologies of the NPs were investigated using a 
field-emission scanning electron microscope (FE-SEM, 
TESCAN MIRA3, Czech Republic). Zeta potential and 
dynamic light scattering (DLS) were obtained on an 
Anton Paar Litesizer 500 particle analyzer.

Animals
Primarily, adult male SPF rats (weight, 200–250  g; 
10–12 weeks old; SLRC Laboratory Animal, Shanghai, 
China) were used to perform various in vivo functional 
assessments. All animal procedures and protocols were 
approved by the animal centre of the Third Xiangya Hos-
pital, Central South University and conformed to the 
“Guidelines for the Care and Use of Laboratory Animals” 
published by the U.S. NIH. The rats were anesthetized by 
inhalation of isoflurane and placed on a respirator dur-
ing surgery to maintain ventilation. The MI model rats 
were randomly divided into five treatment groups: a fresh 
group (group I-sham, group II-model, group III-AP&AD 
mixtures (5 mg/kg for AP & 7.5 mg/kg for AD), group IV-
AP-AD PNPs, and group V-MT injection). The cell onto 
the infarct area in the fresh and vitrification groups. In 
the sham-operation group, rats were subjected to tho-
racotomy. The effect of the transplantation of various 
sheets on cardiac function was evaluated. The rats were 
anesthetized by inhalation of isoflurane to alleviate suf-
fering, and the hearts were quickly procured to deter-
mine further investigations.

Cardiac index and H&E staining
Rats were euthanized after MI, and the cardiac index of 
the hearts was harvested following a previously described 
method. The heart tissues were fixed in 4% paraformalde-
hyde solution after being washed by PBS, perfused with 
30% sucrose at 4 °C overnight, and embedded in optimal 
cutting temperature compound for the frozen section. A 
Leica CM1950 cryostat was used to cut 5-mm sections 
in preparation for H&E staining analysis. The TUNEL 
(Roche) was performed on day 3 after I/R according to 
the kit manufacturer’s instructions [31], and the fluores-
cence intensity was calculated using ImageJ.

Assessment of cardiac marker enzymes
The rat blood was gathered from the jocular arteries fol-
lowing a 3-day treatment. After allowing the samples for 
1–2  h, they were centrifuged, and the resulting serum 
was kept at -20  °C. A fluorescent ELIZA microplate 

reader measured the serum ratio of AST, CK, and LDH 
[32].

Biochemical serum analysis
The NO, MDA, GSH, and SOD ratio in the serum was 
noticed by ELISA kits measuring the IL-6 and TNF-α 
concentrations in serum [33].

Statistical analysis
Experiments were operated by members blinded to 
grouping information. The operators analyzed all data. 
Data acquired from each experiment was presented as 
mean ± standard deviation (SD) from at least 3 inde-
pendent repeats. Data from more than two groups was 
analyzed using one-way ANOVA or two-way ANOVA. 
P-value < 0.05 was considered statistically significant. 
GraphPad Prism (version: 9.0.0; GraphPad Prism Soft-
ware Inc, San Diego, CA).

Results
Comparison of AP-AD PNPs developed by microfluidic to 
emulsion system
Figure  1A and B illustrate the UV-Vis spectral analysis 
of AP and AD in a methanolic solution. The peaks of AP 
were detected at 332  nm, while AD showed its band at 
228 nm. The wavelengths of 332 and 228 nm were chosen 
for the analysis of AP and AD, respectively, using HPLC. 
To attain the highest EE and DL levels. The AP-AD 
PNPs were light-yellow, fabricated by emulsification 
(Fig. 1G) and microfluidic procedures (Fig. 1H), and then 
lyophilized.

Scanning electron microscopy (SEM) measurements of 
AP-AD PNPs are shown in (Fig. 1C and D). The AP-AD 
PNPs developed by the emulsion method display more 
difference in diameter and greater polydispersity than 
the microfluidic method, as the microfluidic method 
can deliver a homogenous distribution of AP-AD PNPs. 
Transmission electron microscopy (TEM) measure-
ments (Fig. 1E and F) showed that both approaches pro-
duced spherical nanoparticles without adherence. The 
size of the hydrated particles of the nanoparticles fabri-
cated by emulsification was less than that of those pre-
pared through microfluidic methods (100.02 ± 4.52  nm 
vs. 149.26 ± 2.14 nm), which aligns with the observations 
made using TEM. In addition, the surface potentials of 
NPs fabricated using emulsion and microfluidic methods 
were measured to be -27.26 ± 3.63 mV and − 16.25 ± 2.94 
mV. According to Fig. 1G, AP-AD PNPs prepared using 
the emulsion method had higher encapsulation efficiency 
(AP: 80.87 ± 2.57% vs. 79.61 ± 2.01%, AD: 74.36 ± 4.52% 
vs. 70.93 ± 3.82%) and drug loading (AP: 0.88 ± 0.02% 
vs. 0.48 ± 0.02%, AD: 1.81 ± 0.02% vs. 0.87 ± 0.02%) com-
pared to the microfluidic method. This suggests that 
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the emulsion technique is superior to the microfluidic 
method for AP-AD PNPs.

The stability of the AP-AD PNPs over 30 days was 
examined by monitoring the variations in hydrody-
namic size, polydisperse index (PDI), and drug loading. 
The diameter and polydispersity index of AP-AD PNPs 
showed minor fluctuations (< 11%) over 30 consecu-
tive days, both during emulsification and microfluidics 

processes (Fig.  2A and C). Additionally, the variations 
in their drug loading (DL) were less than 6% and 11%, 
respectively (Fig.  2D and F). Both AP-AD PNPs were 
constant for 30 days.

To evaluate the suitability of AP-AD PNPs for intrave-
nous injection in animal trials, the relative viscosity of the 
samples was assessed using an unbeloved viscometer in 
water. This comparison was done in two different ways, 

Fig. 2  The hydrodynamic size, polydisperse index (PDI), and drug loading (DL) changes of AP-AD PNPs developed by emulsion (A-C) and microfluidic 
technique (D-F). Data are presented as mean ± standard deviation (SD) (n = 3)

 

Fig. 1  A and B) Ultraviolet-visible spectroscopy (UV–Vis) spectra of apigenin (AP) and adenosine (AD) in methanolic solution. C and D) Scanning elec-
tron microscopy (SEM) images of AP-AD PNPs developed by emulsion and microfluidic technique. The scale bar is 2 μm. E and F) Transmission electron 
microscopy (TEM) images of AP-AD PNPs developed by emulsion and microfluidic technique. The scale bar is 200 nm. G and H) EE and DL of AP-AD PNPs 
developed by emulsion and microfluidic technique. Data are presented as mean ± standard deviation (SD) (n = 3)
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and the results are presented in Fig. 3. The mixture of AP 
and AD served as the control, while the nanoparticles 
fabricated using both procedures exhibited a high viscos-
ity. The emulsion approach fabricated nanoparticles with 
lower viscosity compared to the microfluidic method. 
Injecting nanoparticles intravenously offered significant 
benefits in lowering injection pressure.

In vitro drug release of AP-AD PNPs
Figure 4A and B illustrate the drug release patterns of the 
AP-AD PNPs fabricated using the emulsion and micro-
fluidic method compared to the release of AP and AD. 
The release of AD from AP-AD PNPs exhibited a release 
pattern that closely resembled that of the unbound drug. 
The significant amount of AD adhesion on the PLGA NP 
surface is believed to be a substantial factor in the simi-
lar release profile observed between AP-AD PNPs and 
AP and AD. When water enters the polymer matrix, AD 
quickly dissolves, spreads, and is released into areas with 

lower concentrations. Nevertheless, the AP in AP-AD 
PNPs demonstrated a swift initial discharge in the first 
4 h and 8 h for emulsion and microfluidic method, by a 
continuous release for 20 h. Conversely, the distribution 
of complimentary AP was rapid and concluded at 6  h. 
The earlier investigation also noted a comparable pat-
tern. The AP release in the AP-AD PNPs obtained using 
the emulsion method consistently exceeded that in the 
microfluidic method, likely because of the increased drug 
loading. The initial fast release of the drugs was mainly 
caused by the drug being absorbed onto the surface of 
the PNPs.

AP-AD PNPs elevated the AP and AD levels in MI
In this work, the concentrations of AP and AD were eval-
uated using the UPLC-MS/MS method following intrave-
nous administration of a mixture of AP and AD, as well 
as AP-AD PNPs, in rats having MI. The measured con-
centrations were then plotted against the relevant time 
points. Figure 5A and B display the graph depicting the 
relationship between plasma concentration and time. The 
area under the concentration-time curve (AUC) of AP 
and AD increased approximately 3.5 times in the AP-AD 
PNPs than AP&AD (AP: 3.19 ± 0.80 vs. 0.91 ± 0.15 h × µg/
mL; AD: 81.58 ± 20.87 vs. 24.21 ± 1.96  h × µg/mL). This 
suggests that there was a greater concentration of AP 
and AD in the serum (AP: 5.11 ± 1.93 vs. 1.98 ± 0.50  µg/
mL; AD: 140.36 ± 29.63 vs. 29.63 ± 7.41  µg/mL) and 
a longer blood flow (AP: 2.69 ± 0.52 vs. 0.93 ± 0.40  h; 
AD: 2.59 ± 0.52 vs. 0.79 ± 0.12  h). The CLz of AP and 
AD reduced by three times in the AP-AD PNPs com-
pared to the AP&AD (AP: 1.57 ± 0.35 vs. 5.60 ± 0.72 L/h/
kg; AD: 0.11 ± 0.03 vs. 0.29 ± 0.02  L/h/kg). This con-
firms that AP-AD PNPs are more stable than AP&AD 
and may lead to improved therapeutic outcomes. These 
outcomes essentially agree with existing research that 
demonstrates an extended duration of drug presence 

Fig. 4  In vitro AP and AD release pattern of AP-AD PNPs. (A) AP release pattern of AP-AD PNPs. (B) AD release pattern of AP-AD PNPs. Data are presented 
as mean ± standard deviation (SD) (n = 3)

 

Fig. 3  Investigation of viscosity of AP-AD PNPs. Data are presented as 
mean ± standard deviation (SD) (n = 3)
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in the bloodstream following the encapsulation of 
nanoparticles.

To confirm the targeted organs’ drug concentration, we 
examined the particular amounts of AP and AD in the 
heart, as depicted in Fig. 5C and D. However, the concen-
trations of AP-AD PNPs were lesser than their AP&AD 
at 0.25 h. As anticipated, the concentration of AP and AD 
in the heart, when delivered through AP-AD PNPs, was 
1.6 times and 17.2 times higher than that in the AP&AD 
after 4 h. This finding proves that encapsulating AP and 
AD in nanoparticles enhances their stability in vivo. 
Moreover, it suggests that the targeted delivery of AP and 
AD to the affected tissue can lead to improved and sim-
plified treatment of MI.

AP-AD PNPs improved AP and AD accumulation in the MI 
model
Figure 6A-H demonstrate that AP and AD may be iden-
tified in many organs following intravenous injection, 
suggesting a broad dispersion throughout the body. The 
distribution of AP was primarily observed in the kidney, 
liver, heart, and brain. On the other hand, AD was found 
to be distributed in the heart, brain, liver, and kidney. AP 
and AD were promptly disseminated upon intravenous 
injection at 0.25 h, with the AP and AD concentrations in 
each tissue being usually higher in the AP&AD compared 
to the nanopreparations group. The free AP and AD mol-
ecules experienced constant degradation and elimination 

in the body within 0.25 h due to their inherent instabil-
ity, reducing their presence in the tissues. Elevated lev-
els of AP and AD in the liver and kidneys contribute to 
increased blood circulation in these organs.

AP-AD PNPs can reverse the histopathology variation in 
the MI model
Figure 7 depicts the histological changes detected in the 
hearts after the therapy. The cardiac slice of negative con-
trol had a typical myofibril without any apparent abnor-
malities. In contrast, the model group had clear signs of 
fibrous tissue growth, necrosis, and myocardial fibrosis. 
The other groups showed a decrease in these abnormal 
structural alterations, while the AP-AD PNPs experi-
enced a notable reduction in lesions. These findings indi-
cate that the AP-AD PNPs were more effective in treating 
MI in the AP&AD combination.

AP-AD PNPs reduced the cell death of MI
The TUNEL labelling technique was employed to vali-
date the presence of apoptosis in the cardiac tissue 
(Fig.  7). The outcomes of quantitatively analyzing cell 
death in the three rats in all the groups are displayed 
in Fig.  7. The TUNEL-stained cardiac sections of the 
negative control group exhibited a minimal presence of 
apoptotic cells (0.31 ± 0.56%), indicating a near absence 
of heart damage. As anticipated, a higher percentage 
of positive cells (21.36 ± 0.05%) was detected in the rats 

Fig. 5  Plasma outlines and heart ratio in intravenously injected MI rats with AP&AD mixtures and AP-AD PNPs. A and B) AP and AD plasma concentra-
tions versus time profile. C and D) The levels of AP and AD in the heart were observed at different hours. Data are presented as mean ± standard deviation 
(SD) (n = 3)
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with MI that were treated with saline. It is essential to 
mention that in MI rats administrated with an AP&AD 
(11.89 ± 1.67%), AP-AD PNPs (1.18 ± 0.39%), or MT injec-
tion (3.93 ± 0.52%), there was a significant decrease in the 
number of TUNEL positive cells. Significantly, the rate 
of cell death (apoptosis) in MI rats treated with AP-AD 

PNPs was lower than that of those treated with the 
AP&AD mixture and MT injection. This finding further 
confirms that our AP-AD PNPs have a superior ability to 
prevent cell death and provide more excellent protection 
for MI rats.

Fig. 6  Biodistribution of (A-D) AP and (E-H) AD in different organs at various hours. UPLC-MS/MS noted the levels of AP and AD in rat organs. Data are 
presented as mean ± standard deviation (SD) (n = 3)
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Myocardial enzyme levels
Myocardial damage was assessed by analyzing serum 
cardiac biomarkers AST, LDH, and CK (Fig.  8A). The 
model group substantially increased AST (Fig.  8C), 
LDH (Fig. 8B), and CK serum levels. When the rats were 
treated with a combination of AP&AD, AP-AD PNPs, 
and MT injection, their serum AST, LDH, and CK levels 

showed partial recovery compared to the model group. 
Consistent with previous findings, the AP-AD PNPs 
demonstrated the most effective inhibition of AST, LDH, 
and CK serum levels, suggesting that AP-AD PNPs pos-
sess a favourable anti-MI property.

Fig. 8  Effects of AP-AD PNPs on cardiac markers. (A) CK activity, (B) LDH activity, (C) AST activity, and (D) Heart mass in the serum. Data are presented as 
mean ± standard deviation (SD) (n = 6). *Compared with the control group (*P < 0.05, **P < 0.001, and ***P < 0.01)

 

Fig. 7  AP-AD PNPs inverted the histological variations in heart tissue after MI. Representative images of heart stained with H&E in sham, model, AP&AD 
mixtures, AP-AD PNPs, and MT injection. The scale bar is 40 X (magnification). TUNEL in sham, model, AP&AD mixtures, AP-AD PNPs, and MT injection. The 
scale bar is 100 μm
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AP-AD PNPs enhanced the cardiac index
Figure 8D demonstrates notable variations in heart coef-
ficient between the control and AP&AD and AP-AD 
PNPs. The heart experienced hypertrophy due to DOX 
administration, resulting in decreased body weight and a 
considerable increase in cardiac index. The cardiac index 
of rats significantly increased following the administra-
tion of a combination of AP&AD, AP-AD PNPs, and MT. 
Additionally, administering AP-AD PNPs and MT injec-
tions enhanced the cardiac index to an average level.

AP-AD PNPs can reduce oxidative stress
Figure 9A and D illustrate the impact of AP-AD PNPs on 
the levels of NO, MDA, GSH, and SOD in MI. The serum 
levels of GSH and SOD in the model group exhibited a 
significant drop, but the concentrations of MDA and 
NO showed a marked increase. Compared to the con-
trol group, the treatment with AP&AD mixture, AP-AD 
PNPs, and MT injection led to increased activities of 
GSH and SOD, as well as reduced levels of MDA and NO. 
In addition, AP-AD PNPs can greatly enhance GSH and 
SOD activities while decreasing MDA levels in rat serum, 
as compared to the AP&AD. The results indicated that 
AP-AD PNPs mitigated heart damage by activating the 
anti-oxidative system.

AP-AD PNPs can improve the inflammatory factor
The anti-inflammatory efficacy of AP-AD PNPs was 
assessed, as depicted in Fig.  10A and B. The presence 
of inflammatory factors, such as IL-6 and TNF-α, sig-
nificantly influences the occurrence of MI. The levels of 
IL-6 and TNF-α in the serum of the model groups were 
increased considerably. Nevertheless, the combination 
of AP&AD, AP-AD PNPs, and MT injection group can 
decrease the activity of IL-6 and TNF-α. As anticipated, 
AP-AD PNPs can effectively decrease IL-6 and TNF-α 
levels in serum compared to the AP&AD. This indi-
cates that AP-AD PNPs have lower anti-inflammatory 
properties.

The safety assessment of AP-AD PNPs
Figure  11 demonstrates that AP-AD PNPs accumulated 
in multiple organs, including the heart, liver, kidney, and 
brain. Subsequently, there was a steady process of hydro-
lysis and degradation. Therefore, to evaluate the safety of 
AP-AD PNPs, the organs from rats were removed and 
subjected to H&E staining after treatment. Figure  11 
shows H&E pictures of normal rats exhibiting typical cell 
architecture. In contrast, Fig.  11 displays the hearts of 
model rats, where myocardial fibre necrosis and inflam-
mation are evident. Histopathological examination of 

Fig. 9  AP-AD PNPs diminished the oxidative stress. (A) NO content, (B) MDA content, (C) SOD activity, and (D) GSH content. Data are presented as 
mean ± standard deviation (SD) (n = 6). *Compared with the control group (*P < 0.05, **P < 0.001, and ***P < 0.01)
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model rats administrated with AP-AD PNPs revealed 
unaltered cell morphology and the absence of any notice-
able alterations compared to the control rats. This sug-
gests that AP-AD PNPs do not exhibit any evident in vivo 
toxicity.

Discussion
Percutaneous coronary intervention and thrombolysis 
are commonly employed in the treatment of MI. Nev-
ertheless, the occurrence rate and death rate associated 
with this condition remain elevated [34–36]. Pursuing 
efficient natural remedies for cardiovascular ailments 

Fig. 11  Representative images of organs stained with H&E in sham, model and AP-AD PNPs groups. The scale bar is 40 X (magnification)

 

Fig. 10  AP-AD PNPs improved the inflammatory factors. (A) IL-6 contents, and (B) TNF-α content. Data are presented as mean ± standard deviation (SD) 
(n = 6). *Compared with the control group (*P < 0.05, **P < 0.001, and ***P < 0.01)
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is appealing due to their inherent safety. Reports are 
indicating that AP and AD can be utilized as treatment 
options for MI. Nevertheless, AP and AD were swiftly 
eliminated from biological systems due to their short 
half-life, which limited their accumulation in organisms 
[37–39]. The nanotechnology-based delivery approach 
mitigates several constraints and enhances bioavailability 
[11, 40, 41]. Hence, the drug delivery system was fabri-
cated to use PLGA-encapsulated AP and AD to treat MI.

This work employed two different techniques, namely 
the emulsification and the microfluidic method, to 
encapsulate the medicines apigenin and adenosine. The 
double-emulsion process is commonly used to prepare 
PLGA NPs, enabling the simultaneous administration of 
medicines with hydrophobic and hydrophilic characteris-
tics while ensuring a stable and compact shape. However, 
microfluidic technology has become a feasible alternative 
method due to the growing need to produce nanoparti-
cles on a wide scale. This method provides multiple ben-
efits, such as a more precise diameter distribution (lower 
PDI), improved EE and DL, decreased variances between 
batches, and the possibility of quickly scaling up to large-
scale production. Based on our experimental findings, 
the emulsion nanoparticles fabricated demonstrated 
higher EE and DL, smaller particle size, and decreased 
viscosity. Nevertheless, TEM observation could not sub-
stantiate the theory due to its restricted resolution. In 
addition, different amounts of PVA were used in the two 
procedures to achieve similar encapsulation effectiveness 
and drug loading levels. Notably, PVA’s viscosity also con-
strained the microfluidic process’s overall flow rate. The 
flow rate peaked at 300 µL/min. As a result, this impeded 
the capacity to achieve uninterrupted manufacturing of 
nanoparticles on a significant scale. In this experiment, 
nanoparticles’ continuous and extended production was 
prone to adhesion and obstruction at the mixing point on 
the chip. This compromised the chip’s reusability and sig-
nificantly increased the associated costs. Therefore, the 
emulsification technique was selected to prepare AP-AD 
PNPs in subsequent pharmacokinetic and pharmacody-
namic studies.

DOX, a widely utilized drug, is regularly employed to 
intentionally cause MI damage both domestically and 
internationally [42]. Furthermore, administering exces-
sive doses of DOX can result in MI and necrosis. Further-
more, the cardiac enzymes and histological abnormalities 
observed in the DOX-induced MI model closely resem-
ble the pathological features typically shown in human 
MI [43]. Thus, the model chosen for this investigation 
was MI-induced by DOX in rats [44]. MT injection is 
primarily utilized in clinical settings as a β-adrenergic 
receptor blocker to prevent and treat MI, counteracting 
the MI induced by DOX. Therefore, MT injection was 
chosen as the medicine to be used as the positive control. 

The cardiac profile and staining indicate the extent of 
damage to the cardiomyocytes. AST, LDH, and CK are 
classified as cardiac-enzyme markers. Consistent with 
expectations, the cardiac index was decreased, the tissue 
alterations were reversed, and the levels of myocardial 
enzymes were recovered following therapy.

Oxidative stress, inflammation, and apoptosis are key 
factors that regulate the advance of MI. Zhang et al. 
(2022) showed that scutellarin (SCU) protects against 
damage caused by cerebral ischemia-reperfusion in rats 
by decreasing inflammatory responses and oxidative 
stress through the MAPK/NF-κB [42]. The analysis of 
oxidative stress markers (NO, MDA, GSH, and SOD) and 
inflammatory markers (IL-6 and TNF-α) demonstrated 
that after the administration of the treatment, there was a 
notable rise in GSH and SOD activity, along with a reduc-
tion in MDA and NO levels. As previously mentioned, 
the different treatment groups showed a decrease in the 
number of cells undergoing apoptosis in the heart tissue. 
It is important to note that the AP-AD PNPs had a con-
siderably superior anti-apoptosis ability compared to the 
drug. (1) AP and AD can inhibit apoptosis. As supported 
by these studies, using PLGA enhanced the absorption 
and stability of AP and AD in the heart, and the ability to 
prevent cell death by apoptosis may also be strengthened. 
(2) The enhanced permeability and retention (EPR) phe-
nomenon was also observed in the ischemic tissue. After 
undergoing MI, the EPR effect facilitated the accumula-
tion of nanoparticles in the acutely injured tissue, lead-
ing to increased absorption of drugs. (3) Using a single 
nanoparticle formulation containing a drug mixture was 
frequently more effective than using a mixture of sepa-
rate drugs [45]. This was because the nanoparticles facili-
tated the internalization of drugs into cells. By adopting 
this approach, drugs can enhance cellular effects more 
effectively and achieve synergy [42].

The distribution experiment accumulates AP and AD 
in numerous organs (the brain, kidney, liver, and heart). 
Further exploration was made to assess the safety of 
AP-AD PNPs in normal tissues. As expected, AP-AD 
PNPs showed promising safety without affecting normal 
tissues. Our findings indicate that AP-AD PNPs exhibit 
elevated levels of AP and AD in both rat plasma and heart 
compared to the AP&AD mixture. This can be attributed 
to their ability to mitigate the degradation of AP and AD 
effectively, extend the half-life of these substances, and 
reduce the rate at which they are cleared from the body. 
The study shows that AP-AD PNPs are more protective 
against MI injury. This was evidenced by the results of 
many tests, including histological inspection, TUNEL 
staining, measurement of myocardial enzyme-related 
and cardiac indexes, assessment of oxidative stress index, 
and evaluation of inflammatory index. The findings sug-
gest that AP-AD PNPs can reduce MI harm caused by 
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doxorubicin (DOX) through anti-inflammatory, antioxi-
dant, and anti-apoptotic mechanisms.

Conclusion
This investigation effectively fabricated AP-AD PNPs 
using the emulsion and microfluidic approach. In the 
formulation of the emulsion approach, AP and AD 
exhibited comparatively high EE and DL and small par-
ticle diameters. Significantly, the nanoparticles fabricated 
using emulsion exhibited superior stability and reduced 
viscosity despite the lesser polydispersity index (PDI) of 
the NPs prepared using the microfluidic approach. Sub-
sequently, AP-AD PNPs, generated via emulsification, 
were employed in the subsequent pharmacokinetic and 
pharmacodynamic investigations. Pharmacokinetic tests 
demonstrated that AP-AD PNPs enhanced the stability of 
AP and AD, extended their duration in the bloodstream, 
lengthened the medicines’ half-life, and reduced the rate 
at which they are cleared from the plasma. Furthermore, 
it improved the visibility of AP and AD within the car-
diac system. Pharmacodynamic investigations, myo-
cardial enzymes (AST, LDH, CK), oxidative stress (NO, 
GSH, MDA, SOD), and inflammation (TNF, IL-6) pro-
vided strong evidence to reveal that the treatment result 
of AP-AD PNPs in the DOX-induced MI was suggestively 
superior to that of AP&AD. It was found to be equiva-
lent to the impact of the MT injection and had better 
anti-apoptosis capability. Overall, the AP-AD PNPs show 
potential as safe and effective drugs for treating MI.
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