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Abstract
Introduction Preservation of porcine semen is essential for artificial insemination and genetic improvement in 
pig breeding programs. However, the overproduction of reactive oxygen species (ROS) and lower levels of protein 
phosphorylation emerge as two challenges during semen preservation. Inspired by the innate ligand-receptor 
binding biofunction of dopamine, herein, a dual-task nano-protectant that combines ROS-scavenging and protein 
phosphorylation-regulating properties via incorporating the natural antioxidant epigallocatechin gallate (EGCG) into 
polydopamine nanoparticles (EGCG@PDA NPs) was proposed to enhance the quality of pig semen during storage 
at 4 ℃. The results suggested that EGCG@PDA NPs significantly maintained sperm motility, acrosome integrity and 
mitochondrial membrane potential, extending semen storage time from 3 days to 10 days. Furthermore, EGCG@
PDA NPs effectively scavenged excess ROS and inhibited ROS-mediated sperm apoptosis through the extracellular 
regulated protein kinases (ERK) signaling pathway. Intriguingly, EGCG@PDA NPs could degrade into ultrasmall 
particles (< 10 nm) in the semen or H2O2 systems. These particles could target and activate the dopamine D2 receptor 
(D2DR) on membrane surface of sperm midpiece, thereby enhancing protein phosphorylation via the downstream 
cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway, ultimately improving sperm 
motility parameters. This study presents a novel nano-strategy to boost the quality of pig semen, offering significant 
implications for the pig industry.
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Introduction
The demand for premium pig semen of high quality or 
high genetic value has surged due to the expanding pig 
industry and the necessity for genetic improvement. 
Maintaining the viability and fertility of spermatozoa 
during semen preservation is crucial for artificial insemi-
nation. Among various preservation methods, storing 
porcine semen at 4 ℃ offers notable advantages over 
cryopreservation and room temperature storage [1–3]. 
However, boar spermatozoa are particularly susceptible 
to low temperatures [4–6], ascribing to their low cho-
lesterol/phospholipid ratio, which predisposes them to 
oxidative damage from excessive reactive oxygen species 
(ROS) production. Consequently, pig semen quality can 
rapidly decline under conventional preservation condi-
tions, leading to reduced fertility rates and substantial 
economic loss. Another significant issue during boar 
semen preservation is the reduction in protein phos-
phorylation levels [7]. Notably, the protein phosphoryla-
tion is positively correlated with boar sperm motility [8] 
and is a crucial mechanism by which cyclic adenosine 
monophosphate/protein kinase A (cAMP/PKA) signal-
ing pathway regulates sperm motility [9], suggesting that 
enhancing protein phosphorylation via cAMP/PKA path-
way could therefore optimize preservation effects. Thus, 
addressing these two challenges is the key to improve 
semen preservation quality.

With advancements in nanotechnology, the application 
of nanoparticles in the field of reproduction has gradu-
ally become a research hotspot, particularly antioxidant 
nanoparticles such as fullerenes C60 [4] and selenium 
nanoparticles [10]. However, nanoparticles possess-
ing only single antioxidant property are insufficient for 
addressing complex practical issues [11]. Furthermore, 
nanoparticles have been explored for combination ther-
apy in treating various diseases such as cancer [12, 13]. 
Consequently, developing a dual-functional nanoprotec-
tant that both acts as antioxidant and enhances protein 
phosphorylation may be an effective way to improve the 
quality of boar semen preservation.

Polydopamine nanoparticles (PDA NPs), formed by 
the self-polymerization of dopamine molecules, have 
received tremendous interest recently ascribing to their 
excellent biocompatility and versatility in applications 
such as drug delivery [14–16], inflammation regulation 
[17, 18], biosensing [19, 20] and tissue engineering [21, 
22]. Recent investigations have revealed the potential 
antioxidant property of PDA NPs, featured by plentiful 
phenolic hydroxyl groups serving as potent free radical 
scavengers, to reduce damage from ROS or acute inflam-
mation [23–25]. Additionally, the inherent ligand-recep-
tor binding capability of dopamine molecule endows 
PDA NPs with superior biotargeting functionality [26]. 
Dopamine receptors that belong to G-protein-coupled 
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receptor family, have been identified in the sperm of sev-
eral different species, including humans, rats, mice, bulls 
and boars [27–29]. Previous investigations have shown 
that when dopamine binds to the dopamine D2 recep-
tor (D2DR) of spermatozoa, it triggers a signaling cas-
cade that influences the activity of protein kinases and 
phosphatases, leading to the phosphorylation of specific 
tyrosine residues of proteins, crucial for regulating sperm 
motility [27, 29]. It is hypothesized that the activation of 
D2DR may be a vital target for modulating protein phos-
phorylation and thus regulates sperm viability via the 
downstream cAMP/PKA pathway.

EGCG, the major catechin in green tea, is known for 
its anti-inflammatory, antioxidant, and anti-cancer prop-
erties and has been extensively studied for its potential 
health benefits. Additionally, supplementation of sper-
matozoa with EGCG can significantly improve sperm 
quality and fertilization outcome of frozen and chilled 
semen [30, 31]. Recent research has revealed that EGCG 
acts as a robust ROS scavenger and significantly extends 
boar semen storage time at 4 ℃ [32]. However, the inher-
ent instability of free EGCG molecules, which are prone 
to oxidation or denaturation, presents a significant chal-
lenge in their therapeutic use [33, 34]. Notably, nano-
technology can transform unstable substances into stable 
nanomaterials, enhancing their stability, and controlled 
release from nanocarriers can prolong their effects [12, 
14, 35]. Importantly, PDA NPs can be easily synthesized 
and modified to encapsulate bioactive compounds [16, 
36, 37], making them suitable carriers for improving the 
effectiveness of EGCG in boar semen preservation.

Inspired by the dopamine ligand-receptor binding 
property, an attractive paradigm with the ability to acti-
vate the following cAMP/PKA signaling pathway, we 
introduced EGCG into the synthesis system of PDA NPs 
to construct polydopamine nanoparticles loaded with 
EGCG (EGCG@PDA NPs). This rationally designed 
EGCG@PDA nano-protectant will be ensuring lasting-
time antioxidant capacity and specificity towards regulat-
ing protein phosphorylation in the preservation system 
of pig semen at 4 ℃ (Scheme 1). This study is the first 
to propose a novel nano-strategy to enhance boar sperm 
quality and reproductive performance.

Materials and methods
Materials
Dopamine hydrochloride (DA·HCl) and EGCG was pur-
chased from Aladdin Reagent Co. Ltd (Shanghai, China). 
FITC were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). MitoTracker® Red CMXRos staining kit were pur-
chased from Yeasen Corporation (Shanghai, China). 4% 
paraformaldehyde solution, BCA protein assay kit, Tri-
ton X-100 and 4′,6-diamidino-2-phenylindole (DAPI) 
were purchased from Beyotime (Jiangsu, China). DPPH 

free radical clearance detection kit (Microplate method), 
Total antioxidant capacity (T-AOC) test kit (ABTS 
Microplate method) and D2DR antibody were purchased 
from Glatt Information Technology Co. Ltd (Shanghai, 
China) and Abcam (Cambridge, UK), respectively.

Preparation and characterization of PDA NPs and EGCG@
PDA NPs
Synthesis of PDA NPs
PDA NPs are synthesized following a modified method 
[36]. Typically, dopamine was dissolved in an aqueous 
solution and NaOH solution (1  M) were steadily added 
to facilitate the polymerization process, then the reaction 
mixture was stirred vigorously for 2.5  h. The produced 
PDA NPs were obtained by centrifugation at 11,000 × g 
for 20 min. Remaining contaminants were then removed 
using distilled water washing, and the black solids of PDA 
NPs were obtained by freeze-drying.

Synthesis of EGCG@PDA NPs
Dopamine hydrochloride (3  mg/mL) and EGCG (1  mg/
mL) were dissolved in Deionized water and ethanol, 
respectively. Then dopamine hydrochloride solution was 
mixed with 1  M NaOH solution, and the mixture was 
vigorously stirred at 25  °C. EGCG solution was added 
promptly when the solution’s color turned pale yellow, 
and the mixture ultimately turned dark brown. After cen-
trifuging for 20 min at 12,000 × g, the EGCG@PDA NPs 
were collected and washed three times with deionized 
water to get rid of the byproduct NaCl and EGCG. Solids 
of EGCG@PDA NPs were obtained by freeze-drying the 
aqueous solvent.

Synthesis of FITC-EGCG@PDA NPs
FITC-labeled EGCG@PDA NPs were prepared based on 
the reports by Zhang et al. [38]. Briefly, DMSO solution 
was used to dissolve FITC. The FITC-labeled EGCG@
PDA NPs were created by magnetically swirling 8 mL 
of EGCG@PDA NPs (1  mg/mL) with 250 µL of FITC 
(0.5 mg/mL) for 24 h in the dark. Then, the mixture was 
centrifuged at 11, 000 × g for 20 min, and the pellet was 
washed 3 times with PBS and dialyzed with deionized 
water for 12  h to fully remove free FITC. FITC-labeled 
EGCG@PDA NPs were obtained by ultracentrifuge at 11, 
000 × g for 30 min and the concentration of products was 
evaluated by weight after lyophilization.

Characterization of PDA NPs and EGCG@PDA NPs
The morphological structure and size of EGCG@PDA 
NPs was estimated by 120  kV biological transmission 
electron microscopy (Hitachi, HT7700, Japan). To see 
the elementary of the EGCG@PDA NPs, a field emis-
sion transmission electron microscope (FE-TEM) 
(TAKOS, F200X, USA) was utilized. Using a Varian Cary 
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50 spectrophotometer (Varian Inc., USA), UV-Vis spec-
tra were captured. Utilizing Fourier-transform infrared 
spectroscopy (FTIR) (Bruker, Tensor 27, Germany), the 
chemical makeup of the EGCG@PDA NPs was exam-
ined. Using dynamic light scattering on a Nicomp 380 
ZLS Zeta potential/Particle sizer (PSS Nicomp, USA), the 
size distribution and zeta potential were recorded.

Stability and degradability analysis
The stability of the EGCG@PDA NPs over time was 
monitored using TEM images. A dilute suspension of the 
NPs in deionized water was prepared to measure the size 
and zeta potential at regular intervals.

Scheme 1 Schematic illustration of the mechanism by which EGCG@PDA NPs improved boar semen quality
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DPPH radical scavenging activity
The antioxidant activity of samples was detected by 
DPPH radical scavenging activity [25]. PDA NPs and 
EGCG@PDA NPs were dispersed in deionized water and 
then mixed with DPPH ethanol solution following by 
incubation in the dark (25 ℃, 30 min). Finally, an ultra-
violet spectrophotometer (BIOBASE, Jinan, China) was 
used to test the blended solution’s absorbance at 517 nm. 
The DPPH radical scavenging activity was calculated 
using the mathematic formula: DPPH scavenging activity 
(%) = [Abs (control) - Abs (sample)] / Abs (sample) × 100.

ABTS scavenging activity
ABTS, a chemically stable compound, produces green 
cationic radicals (ABTS•+) when reacting with potassium 
persulfate. Antioxidative substances inhibit the forma-
tion of ABTS•+, allowing color change monitoring. An 
ultraviolet spectrophotometer (BIOBASE, Jinan, China) 
was used to measure the absorbance at 405 nm.

Loading efficiency and loading capacity of EGCG
To get the supernatant, the nanoparticle suspensions 
were centrifuged for 10 min at 13,000 × g. High perfor-
mance liquid chromatography (HPLC) analysis was used 
to determine the amount of EGCG in the supernatant. 
The following formulae were used to determine the load-
ing capacity and loading efficiency:

Loading capacity = (EGCG amount loaded into 
nanoparticles/total nanoparticle amount) × 100%.

Semen collection and processing
In order to evaluate sperm motility, semen samples from 
15 boars were collected and sent to computer-assisted 
semen analysis (CASA) system (Hamilton Thorne 
Research, Massachusetts, USA) analysis. In this inves-
tigation, only ejaculates with motility greater than 70% 
were used [4, 7]. The following ingredients were included 
in the basic medium in which each ejaculate was diluted: 
2.35  mg/ml ethylenediaminetetraacetic disodium salt, 
1.0 mg/ml sodium hydrogen carbonate, 2.9 mg/ml citric 
acid monohydrate, 5.65 mg/ml tris (hydroxymethyl) ami-
nomethane, 2 mg/ml skim milk, and 0.2 mg/ml amikacin 
sulfate are among the ingredients in 27.5 mg/ml D-fruc-
tose. The skim milk (Foodhold USA LLC, Landover, 
USA) was pre-processed using an ultrasonic cell crusher 
(Hielscher Ultrasonics Gmbh, UP50H, Germany) set to 
sonicate it on ice for 40 min as follows: amplitude of 80% 
and cycle of 0.5.

In this study, four experimental groups were designed 
as following: Group I: 1 µg/ml, 2 µg/ml, 3 µg/ml, or 4 µg/
ml of EGCG@PDANPs was supplemented in the basic 
medium. Subsequently, sperm motility, acrosome integ-
rity, mitochondrial membrane potential, antioxidant 
ability, ATP level, and protein phosphorylation were 

analyzed. Group II: DA, PDANPs, DA + PDANPs and 
EGCG@PDANPs (4  µg/ml) were added to the basal 
medium, respectively. In group II, sperm motility, acro-
some integrity, mitochondrial membrane potential, anti-
oxidant ability and ATP level were assessed. Group III: 
free dopamine (4 µg/ml) were added to the basal semen 
preservation medium and sperm motility parameters 
were detected. Group IV: 4 µg/ml EGCG@PDANPs was 
given to the basal media together with or without 30 nM 
raclopride, a specific D2DR antagonist. Sperm motil-
ity characteristics and sperm protein phosphorylation 
were measured in group IV. All the semen samples were 
assessed for quality in advanced and reached a final con-
centration of 1 × 108 cells/ml. Within 20 min, the superior 
semen samples were sent to the lab at 37 °C. The semen 
samples were moved to a sterile incubator that was 
kept at 4 °C. The temperature of semen samples steadily 
dropped to 4 °C, the ideal storage temperature, after 2 to 
3  h. To avoid precipitation and guarantee homogeneity, 
the samples were gently shook three times a day during 
the incubation period.

Assessment of sperm motility
Every sample tube was filled with 300 µl of semen, which 
was then incubated for 30 min at 37  °C in a water bath 
on the assigned experimental days (days 3, 5, 7, and 10). 
Next, 5  µl of every semen sample were meticulously 
placed onto disposable counting chamber slides that had 
been slightly heated beforehand (Leja, Nieuw Vennep, the 
Netherlands). Then sperm kinetic characteristics were 
quantitatively evaluated utilizing the CASA equipment. 
At least 200 spermatozoa were included in each sample.

Assessment of acrosome integrity
In brief, throughout the preservation period (days 0, 3, 
5, 7, and 10), the samples were centrifuged (2,000 × g, 
10 min) and the pellets were suspended in PBS, supple-
mented with PI (1  mg/ml) to detect dead spermatozoa 
and PNA-FITC (100  µg/ml) to evaluate the acrosomal 
integrity. The samples were then incubated for 20 min in 
the dark at 37 °C, washed, resuspended in PBS and ana-
lyzed with flow cytometry (Beckman Coulter Ltd., Brea, 
USA) [39].

Assessment of mitochondrial membrane potential (Δψm)
To measure variations in mitochondrial membrane 
potential, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenz-
imidazolyl carbocyanine iodide (JC-1) probe was utilized 
as a fluorescent dye [40]. Sperm cells were incubated with 
JC-1 dye for 0.5  h in the dark. Next, fluorescent signals 
were captured using flow cytometry; the FL-1 channel 
identified JC-1 monomers, whereas the FL-2 channel 
identified aggregates. FL2/FL1 was used to determine 
Δψm.
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Total ROS (tROS) assay
The intracellular total ROS concentration of the semen 
sample was determined using the 2′, 7′-dichloride-hydro-
fluorescein diacetate probe [41]. Semen samples collected 
on days 5 were re-suspended, cleaned three times in PBS, 
and maintained for 30 min at 37  °C in the dark using a 
culture solution containing DCFH-DA. The correspond-
ing fluorescence intensity was recorded using a fluores-
cence spectrophotometer set to Ex/Em = 485/535 nm.

Total antioxidative capacity (T-AOC) activity assay
The T-AOC assay kit was used to detect the T-AOC 
activity of boar sperm. The sperm samples were washed, 
centrifuged, and re-suspended with PBS for three times. 
Subsequently, the suspension was lysed ultrasonically on 
ice and centrifuged at 12,000 × g for 10  min. Then the 
supernatants were collected, following by the addition of 
reaction buffer. Finally, the value of each semen sample 
was recorded by a spectrophotometer at 520  nm [42], 
and corresponding T-AOC activity of each sample was 
calculated and expressed as U/ml.

Malondialdehyde (MDA) content assay
MDA content was measured according to the manufac-
turer’s protocol [4]. Semen was collected and sperm were 
lysed in ice-cold lysis buffer containing 50 mM Tris-HCl 
(pH 7.5), 5 mM EDTA, and 1 mM DTT by sonication on 
several preserved time points. After that, the lysed solu-
tion was centrifuged to get rid of the unlysed cell debris. 
Lastly, a spectrophotometer was used to determine the 
absorbance at 532 nm.

Measurement of ATP content
An ATP test kit for bioluminescence was used to measure 
the quantities of ATP [43, 44]. In detail, samples were 
centrifuged and washed twice with PBS. Subsequently, 
lysis buffer was incubated with the sperm pellets to 
extract intracellular ATP. Then the extracts were mixed 
with luciferase reagent and corresponding fluorescent 
signals were captured using an illuminometer. Mean-
while, the ATP standard curve was also prepared via 
mixing serial dilutions of the ATP standard solution with 
luciferase reagent to generate bioluminescence signals.

SDS-PAGE and immunoblotting
Samples of semen were collected and centrifuged for 
5  min at 12,500 ×g. The proteins were then extracted 
using protein lysis buffer and measured using the BCA 
protein kit (Beyotime Institute of Biotechnology, Nan-
jing, China). After SDS-PAGE resolution and polyvinyli-
dene fluoride (PVDF) membrane transfer, membranes 
were blocked using bull serum albumin (BSA), follow-
ing by immunoblotting with either anti-phosphotyrosine 
antibody (Millipore, Boston, USA, Cat# 05-321, clone 

4G10) or anti-P-PKA antibody (Cell Signaling Tech-
nology, Danvers, USA, Cat# 9624, clone 100G7E). An 
enhanced chemiluminescence ECL-plus kit (Thermo Sci-
entific, Waltham, USA) was used to detect signals, and a 
ChemiScope 3300 small integrated chemiluminescence 
imaging system (Clinx, Shanghai) was used to record 
the signals. The molecular weights of sperm proteins are 
expressed as KDa [45].

Immunofluorescence
Samples of semen were collected, centrifuged and then 
suspended in PBS solution. They were then put on slides 
and air-dried for 30 min. Subsequently, they underwent 
formaldehyde fixation, Triton X-100 permeabilization, 
washing, BSA blocking, and an overnight incubation 
with either anti-phosphotyrosine antibody or anti-P-
PKA antibody at 4  °C. Sperm were incubated for 2 h at 
room temperature using Alexa 555-conjugated anti-rab-
bit antibody or Alexa 488-conjugated anti-mouse anti-
body, along with Alexa 555-conjugated PNA (Molecular 
Probes, Cat# L-21409) (1:100) for staining acrosomes 
and DAPI (Jianglai biology, Shanghai, JL-RDA50) (1:100) 
for sperm nuclei detection. Ultimately, the sperm were 
cleaned, placed on slides and studied with a 400 × objec-
tive under a confocal fluorescence microscope (Leica, 
Wetzlar, Germany) [7].

Biocompatibility and safety evaluation of EGCG@PDA NPs
As EGCG@PDA NPs will finally degrade into free EGCG 
and dopamine (DA) molecules, sperm motility parame-
ters were evaluated in free DA-treated group to evaluate 
the safety of EGCG@PDA NPs.

Electron microscopy of boar sperm
After preserved with EGCG@PDA NPs for 5 days, sperm 
were collected and immersed in 2.5% glutaraldehyde at 
4  °C. After dehydration and embedding, ultrathin sec-
tions were prepared. Next, lead citrate and uranyl acetate 
were used to stain the sections. Using a transmission 
electron microscope, the ultrastructure of spermatozoa 
was examined (TEM, HT7700, HITACHI, Tokyo, Japan) 
[12].

Statistical analysis
The statistical program SPSS 22.6 (SPSS Incorporated, 
Armonk, USA) was used to analyze all the data. Every 
experiment was run at least three times, and the quan-
titative results were shown as mean ± standard deviation 
(SD). Turkey’s multiple comparison tests, one-way and 
two-way ANOVA analyses, and other statistical methods 
were used to assess the significance of the difference. Sig-
nificant and highly significant values were set at P < 0.05 
and P < 0.01, respectively.
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Results
Synthesis and characterization of EGCG@PDA 
nanoparticles
Firstly, we constructed an environmentally-friendly size-
adjustable synthesis approach to make PDA nanopar-
ticles with diameters ranging from 100  nm to 400  nm, 
allowing for the tailored fabrication of nanoparticles with 
desired diameters (Fig.  1S). More hydroxide ions (OH−) 

will significantly speed up the dopamine (DA) polymer-
ization kinetics through self-oxidative polymerization 
in an alkaline medium, resulting in smaller-diameter 
PDA nanoparticles (Fig.  1S). Using a similar approach, 
EGCG@PDA nanoparticles with different diameters 
were fabricated using DA and EGCG as building blocks 
(Fig.  1A). The morphology of EGCG@PDA NPs was 
investigated by transmission electron microscopy (TEM) 

Fig. 1 The synthesis and characterization of EGCG@PDANPs. (A) The synthesis schematic of EGCG@PDANPs. (B) The transmission electron microscopy 
image of PDANPs. (C) The particle size distribution of PDANPs. (D) The transmission electron microscopy image of EGCG@PDANPs. (E) The particle size 
distribution of EGCG@PDANPs. (F) The zeta potential of PDANPs and EGCG@PDANPs. (G) The infrared spectrum of EGCG, PDANPs and EGCG@PDANPs. (H) 
The mapping of the elements C, O, and N in EGCG@PDANPs
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and dynamic light scattering (DLS) analysis (Fig. S3). As 
presented in Fig. 1D and Fig. S3, EGCG@PDA NPs dis-
played excellent dispersal and uniform spherical shapes 
with minimal aggregations. This might be contributed to 
the structural characteristics of EGCG, which may guide 
the π-π supramolecular interactions and prevent the 
stacking of polydopamine molecules [46–48]. Further-
more, the zeta potential and EGCG loading efficiency of 
these hybrid nanoparticles were evaluated (Fig. S4 and 
S5). The zeta potentials of PDA NPs and EGCG@PDA 
NPs were − 27mV and − 35.2mV, respectively (Fig.  1F), 
suggesting their high colloidal stability. Subsequently, we 
optimized the blending ratios to explore their influence 
on the antioxidant capacity (Fig. S2 and Fig. S6), found-
ing that smaller nanoparticles exhibited stronger anti-
oxidant capacity, likely due to their larger specific surface 
areas [49]. It is widely accepted that smaller particle are 
more efficient at diffusing throughout media and pen-
etrating through cell membranes [50, 51]. Consequently, 
we selected a blending ration featuring ~ 70 nm EGCG@
PDA NPs for subsequent experiment. Infrared spec-
troscopy was also employed to analyze the resonance 
patterns of diverse functional groups, comparing these 
patterns with the spectra of EGCG and PDA to confirm 
the successful encapsulation of EGCG within the PDA 
NPs (Fig. 1G). The elemental composition and structure 
of the nanoparticles were further ascertained through 
element mapping assay (Fig.  1H). Conclusively, in this 
research, EGCG@PDAs nanoparticles were effectively 
fabricated using a facile method.

The antioxidant capability and stability of EGCG@PDA NPs
The antioxidant capabilities of EGCG@PDA NPs, PDA 
NPs, and EGCG in aqueous solutions were evaluated 
(Fig.  2A-D). The DPPH radical scavenging activity and 
ABST total antioxidant capacity assays indicated that, 
under identical concentration conditions (6–12  µg/ml), 
EGCG@PDA NPs exhibited the most sustained antioxi-
dant capacity, with a slow decline throughout the dura-
tion of the in vitro preservation experiment. In contrast, 
both PDA NPs and EGCG demonstrated a significant 
decrease in antioxidant capacity on the fifth day of in 
vitro preservation.

Morphological stability of PDA NPs and EGCG@PDA 
NPs in aqueous solution over time is depicted in Fig. 
S7. On day 0 of ex vivo storage, both types of nanopar-
ticles maintained their original structures. This stability 
remained until day 7, indicating their robustness in aque-
ous solution (Fig. S7). To further assess the stability of 
EGCG@PDA NPs in biological environments, they were 
stored separately in semen and H2O2 solutions for 7 days. 
Transmission electron microscopy results showed that 
with increasing storage time, EGCG@PDA NPs gradu-
ally degraded into ultra-small particles less than 10  nm 

in semen, while the degradation rate was faster in H2O2 
solution (Fig. 2E, Fig. S8 and Fig. S9).

EGCG@PDA NPs improve boar sperm quality parameters
Results depicted in Fig.  3A-C indicate that doses of 
1, 2, 3, and 4  µg/ml of EGCG@PDA NPs significantly 
enhanced sperm motility parameters compared to the 
control. Notably, the group receiving 4 µg/ml of EGCG@
PDA NPs displayed the highest motility. Throughout the 
storage period, treatment groups consistently displayed 
increased levels of both progressive motility (PRO) and 
total motility (MOT) in a dose-dependent manner com-
pared to the control group (P < 0.05) (Fig. 3A-F).

The percentage of viable spermatozoa with intact 
acrosomes in the EGCG@PDA NPs-treated group dem-
onstrated potential dose-dependent effects when com-
paring with that in the untreated group (Fig.  3G-I). 
Additionally, during the entire experimental period, the 
4  µg/ml EGCG@PDA NPs-treated group outperformed 
the 2 µg/ml and 3 µg/ml treated groups in terms of acro-
some integrity (P < 0.05). In summary, supplementation 
with 4  µg/ml of EGCG@PDA NPs demonstrated the 
most protective effects on sperm acrosomes.

Following a 10-day preservation period (Fig.  3J-L), 
Mitochondrial membrane potential (Δψm) significantly 
increased in a concentration-dependent manner in the 
treatment groups compared to the control group (P < 0.05 
or P < 0.01). Furthermore, boar sperm treated with 3 µg/
ml and 4 µg/ml EGCG@PDA NPs exhibited higher Δψm 
than those treated with 1  µg/ml and 2  µg/ml EGCG@
PDA NPs (P < 0.01), with no statistically significant differ-
ence observed between the latter two dose groups.

Further results disclosed that the control group showed 
the lowest ATP levels across all groups as in vitro stor-
age time increased (P < 0.05) (Fig. S10), which was in 
line with the observed declines in sperm motility and 
Δψm. Moreover, both the 3 µg/ml and 4 µg/ml treatment 
groups manifested higher ATP levels, with no significant 
difference between them. In conclusion, EGCG@PDA 
NPs supplementation markedly protected sperm quality 
parameters and extended semen preservation up to 10 
days.

The superiority of EGCG@PDA NPs in improving 
boar semen quality
Next, the protective effects of free EGCG, PDA NPs, 
a mixture of EGCG/PDA NPs and EGCG@PDA NPs 
against boar sperm were evaluated over the preservation 
durations of 5, 7 and 10 days. Sperm motility parameters 
for free EGCG, PDA NPs, EGCG/PDA NPs mixture and 
EGCG@PDA NPs were recorded, respectively. Notably, 
both the nanoparticles and the mixture group exhibited 
superior motility parameters than the free formulations 
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(Tables  1 and 2), indicating a robust synergistic impact 
on enhancing sperm quality.

During the preservation period, the percentage of acro-
some integrity in the EGCG@PDA NPs-treated group 

exceeded that of the other three formulations (Fig.  4A-
C). Similarly, data analysis of mitochondrial membrane 
potential and ATP levels throughout the preservation 
period showed that EGCG@PDA NPs possess great 

Fig. 2 (A) DPPH inhibition rate of EGCG@PDA NPs and PDA NPs under different determination times. (B) ABST+ scavenging ability of EGCG@PDA NPs and 
PDA NPs in vitro under different determination times. (C) DPPH scavenging ability of EGCG@PDA NPs and PDA NPs at different concentrations and under 
different storage days. (D) Total antioxidant capacity of EGCG@PDA NPs and PDA NPs at different concentrations and under different storage days. (E) The 
stability of EGCG@PDA NPs under water solutions and the degradability of EGCG@PDA NPs under semen or H2O2 systems
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superiority in comparison with the other formulations 
(Fig. 4D-G).

In addition, as EGCG@PDA NPs would ultimately 
degrade into free EGCG and dopamine (DA) mol-
ecules, the safety of EGCG@PDA NPs as an alternative 

protective agent was comprehensively assessed using 
the same dose of DA (4  µg/ml). The effects of the DA 
on the vitality parameters of low-temperature preserved 
pig sperm were shown in Fig. 4H-I and Fig. S11. As the 
preservation time increased, both the control and DA 

Fig. 3 Effects of different concentrations of EGCG@PDANPs on sperm quality parameters. Total sperm motility at Day 5 (A), Day 7 (B) and Day 10 (C). 
Progressive motility at Day 5 (D), Day 7 (E) and Day 10 (F). Acrosome integrity at Day 5 (G), Day 7 (H) and Day 10 (I). Mitochondrial membrane potential at 
Day 5 (J), Day 7 (K) and Day 10 (L). (n = 15, P < 0.05)
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treatment groups (4  µg/ml) showed a decline in sperm 
vitality. However, at different preservation time points, 
the sperm motility of DA-treated group was markedly 
higher compared with that of the control group (p < 0.05). 
As shown in Fig.  4H-I, the changes in the progressive 
motility index of sperm were similar to the changes in 
sperm total motility (P < 0.05). These results illustrate 
that treatment with 4  µg/ml DA does not exert toxic 
effects on low-temperature preserved pig sperm and can 
improve sperm vitality, suggesting the good biocompat-
ibility and safety of EGCG@PDA NPs for use in boar 
semen preservation.

EGCG@PDA NPs enhance antioxidant ability of 
boar sperm and prevent sperm apoptosis via ERK sig-
naling pathway.

Moreover, the potential effects of EGCG@PDA NPs 
on the antioxidant ability of boar sperm were investi-
gated. The results revealed that EGCG@PDA NPs sig-
nificantly enhanced the antioxidant ability of boar sperm, 
as evidenced by the increased total antioxidant capabil-
ity (T-AOC) and reduced levels of ROS and MDA con-
tent in the treated group compared to the control group 
(Fig.  5A-C). Specifically, EGCG@PDA NPs exhibited 
superior ROS scavenging capacity compared to free 
EGCG or PDA NPs (Fig. 5D-F), highlighting the advan-
tage of EGCG@PDA NPs in antioxidative performance 
during boar semen preservation.

Remarkably, supplementation with EGCG@PDA NPs 
activated the ERK signaling pathway, as manifested by 
the augmented phosphorylation of ERK1/2 (Fig.  5G-
H), suggesting that the ERK signaling pathway might be 
involved in the anti-oxidation and anti-apoptotic effects 

of EGCG@PDA NPs on boar sperm. In conclusion, our 
study highlights the superior antioxidative performance 
of EGCG@PDA NPs compared to free EGCG or PDA 
NPs during boar semen preservation. Further, supple-
mentation with EGCG@PDA NPs enhances boar sperm 
antioxidatant ability and prevents apoptosis via the acti-
vation of the ERK signaling pathway (Fig. 5I).

EGCG@PDA NPs promote protein phosphorylation via 
D2DR-mediated cAMP/PKA signaling pathway
Intriguingly, the current study further explored the effect 
of varying concentrations of EGCG@PDA NPs on protein 
phosphorylation in boar sperm. The results revealed that 
the phosphorylation levels of PKA substrates (P-PKAs) 
were markedly higher in the treatment groups in contrast 
to the control group (P < 0.05) (Fig. 6A, B). Briefly, treat-
ment with 2, 3, and 4 µg/ml EGCG@PDA NPs resulted in 
significantly enhanced P-PKAs compared to the control 
group. Notably, supplementation with 3  µg/ml EGCG@
PDA NPs exhibited the most pronounced increase in 
P-PKAs levels compared to the other treatment groups 
(P < 0.05) (Fig.  6A-B). Similarly, EGCG@PDA NPs also 
enhanced tyrosine phosphorylation (PTP) levels, with the 
most substantial increase observed in sperm preserved 
with 3 and 4 µg/ml EGCG@PDA NPs (P < 0.05) (Fig. 6C-
D). Collectively, the above findings suggest that the 
optimal dosage of EGCG@PDA NPs for enhancing pro-
tein phosphorylation in boar sperm is 3  µg/ml or 4  µg/
ml. Additionally, immunolocalization analysis of PKA 
substrate-phosphorylated and tyrosine-phosphorylated 
proteins in boar sperm further confirmed the stimulatory 
effect of EGCG@PDA NPs on protein phosphorylation, 
consistent with the western blot results (Fig. 6E-F).

Another western blot analysis revealed a specific band 
around 51  kDa (Fig.  7A), which corresponds to the 
molecular size of D2DR and is comparable to mouse 
sperm samples (positive control). Immunofluorescence 
staining exhibited the highest level of D2DR immunore-
activity in the midpiece of boar sperm (Fig. 7B). To fur-
ther clarify the regulatory role of D2DR in EGCG@PDA 
NPs-promoted protein phosphorylation, the changes of 
P-PKAs and PTP in the 4 µg/ml EGCG@PDA NPs treat-
ment group with or without raclopride, a specific D2DR 
antagonist, were analyzed. As demonstrated in Fig. 7C-F, 
lower levels of P-PKAs and PTPs were observed in the 
EGCG@PDA NPs + raclopride treatment group after the 
same preservation period. Interestingly, total motility 
and progressive motility decreased substantially when 
raclopride was co-treated (Fig. 7G-I), which may be due 
to blockade of D2DR by raclopride. Therefore, our results 
indicate that EGCG@PDA NPs affect protein phosphory-
lation, at least partially, through the D2DR-mediating 
cAMP/PKA signaling pathway (Fig. 7J).

Table 1 Effects of different treatments on sperm total motility 
(MOT) during the preservation period
MOT (%) 3 day 5 day 7 day 10 day
Control 43.11 ± 4.44b 42.56 ± 4.47b 38.85 ± 5.42b 38.77 ± 5.25b

EGCG 35.47 ± 5.26a 33.58 ± 7.25a 26.75 ± 5.91a 25.30 ± 5.68a

PDA 36.50 ± 6.11a 36.61 ± 9.31a 26.56 ± 4.62a 27.23 ± 5.10a

EGCG + PDA 44.56 ± 6.20b 40.75 ± 6.17b 38.77 ± 4.16b 35.80 ± 5.52b

NPs 58.58 ± 5.85c 59.96 ± 7.60c 53.72 ± 6.67c 58.77 ± 5.24c

Data are presented as mean ± standard deviation from fifteen replicated 
experiments. Values with different superscript letters differed significantly 
(P<0.05)

Table 2 Effects of different treatments on sperm progressive 
motility (PRO) at different preservation times
PRO (%) 3 day 5 day 7 day 10 day
Control 26.22 ± 4.77b 25.18 ± 4.10b 22.54 ± 4.10b 22.75 ± 4.53b

EGCG 19.95 ± 4.04a 19.62 ± 6.67a 14.44 ± 3.32a 13.71 ± 3.56a

PDA 20.99 ± 6.30a 22.24 ± 7.21a 14.58 ± 2.40a 15.14 ± 2.76a

EGCG + PDA 26.28 ± 4.33b 23.97 ± 5.58b 22.07 ± 4.56a 20.02 ± 4.62b

NPs 35.71 ± 6.59c 37.87 ± 6.42c 30.12 ± 6.41c 34.85 ± 6.11c

Data are presented as mean ± standard deviation from fifteen replicated 
experiments. Values with different superscript letters differed significantly 
(P<0.05)
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Interactions of EGCG@PDA NPs with sperm
To explore the interaction of EGCG@PDA NPs with 
sperm cells, the cellular uptake of nanoparticles was 
detected via confocal laser scanning microscopy (CLSM) 
and flow cytometry. Fluorescein isothiocyanate (FITC), 
a fluorescent probe, was used to label the EGCG@PDA 
NPs to track the uptake efficiency of the nanostruc-
tures. Flow cytometry results showed that the fluores-
cence intensity of sperm treated with FITC-labelled NPs 
increased time-dependently (Fig. S12), indicating the cel-
lular adhesion or uptake of EGCG@PDA NPs. To further 
distinguish whether the fluorescence signal was primarily 
contributed by internalized or membrane-absorbed NPs, 
CLSM images revealed that the fluorescence intensity 
were mainly localized in the midpiece of sperm and rap-
idly increased in intensity as incubation time increased 

(Fig.  8A). However, it cannot be distinguished whether 
EGCG@PDA NPs entered the sperm cells. Meanwhile, 
to confirm the interaction of EGCG@PDA NPs with boar 
sperm, samples were observed with TEM. Ultrasmall 
EGCG@PDA NPs nanoparticles, either as aggregates or 
single nanoparticles, were found attached to the plasma 
membrane of boar sperm (especially in the midpiece 
region) or dispersed in the semen (Fig.  8B), which is 
inconsistent with the CLSM results and provided no evi-
dence for the internalization of EGCG@PDA NPs into 
sperm cells.

Inspiringly, since D2DR is primarily located in the mid-
piece of boar sperm and is a transmembrane receptor, we 
performed molecular docking simulations between dopa-
mine and D2DR. As presented in Fig. 8C, the dopamine 
binds to the surface of the active pocket of D2DR, where 

Fig. 4 The superiority of EGCG@PDA NPs in improving boar semen quality. (A-C) The change of acrosome integrity at different preservation times. (D-
F) The change of Mitochondrial membrane potential at different preservation times. (n = 10, P < 0.05) (G) ATP levels of sperm under different treatment 
conditions on day 5. (H-I) Effects of storage time and DA on motility parameters of boar sperm. (n = 10, P < 0.05)
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residues CYS130, VAL127, TRP398, PHE401, PHE402 
and others contributing to hydrophobic interactions with 
dopamine. The ligand forms hydrogen bonds with resi-
due SER205 of D2DR, along with a hydrogen bond and 
a salt bridge with residue ASP126. Additionally, it forms 
a π-cation (π-cationic) interaction with residue PHE401 
and a π-π interaction with residue PHE402. Taken 
together, we hypothesize that the attachment of EGCG@
PDA NPs to sperm may trigger D2DR-mediated cAMP/
PKA signaling pathway, thereby enhancing p-PKAs and 
PTP and ultimately improving sperm motility.

Discussion
Extensive research has highlighted the importance of 
protectants and additives in maintaining sperm qual-
ity during the hypothermic liquid storage of semen. 
Drawn from previous researches, oxidative damage and 
decreased sperm protein phosphorylation levels act as 
two main challenges influencing boar semen quality dur-
ing hypothermic liquid preservation [4, 52], making them 
ideal targets for improving semen quality. Further inves-
tigations are required to identify optimal protectants and 
additives that can extend the preservation period of boar 
semen.

Fig. 5 Effects of different concentrations of EGCG@PDANPs on total ROS content (A), MDA content (B) and T-AOC (C). Effects of different treatment 
groups on total ROS content (D), MDA content (E) and T-AOC (F) (n = 10, P < 0.05). (G) Western blot of ERK and p-ERK and relative amount analysis (H). (I) 
schematic illustration of the inhibition of EGCG@PDANPs on sperm apoptosis
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In this study, we aimed to develop a novel dual protec-
tive strategy targeting ROS-induced damage and reduced 
protein phosphorylation by constructing ROS-respon-
sive polydopamine nanoparticles loaded with EGCG 
(EGCG@PDA NPs) (Fig.  1). Our findings demonstrate 
the potential of these nanoparticles as an effective nano-
protectant for prolonging sperm survival, owing to their 
synergistic effect to scavenge ROS and upregulate pro-
tein phosphorylation through the activation of D2DR/
cAMP/PKA signaling pathway in boar sperm. One of the 
primary findings of this study is that 4  µg/mL EGCG@
PDA NPs significantly extended the preservation period 

from 3 days to 10 days, as evidenced by improvements 
in sperm motility parameters, acrosome integrity, mito-
chondrial membrane potential and ATP levels (Figs.  3 
and 4). Notably, the effective dose of our proposed nano-
protectant in the present study was relatively lower in 
contrast to the previous studies on boar semen preserva-
tion [7, 53], which may be attributed to the differences of 
species and preservation methods, further indicating the 
superior protective effects of our nanoprotectant.

Abundant evidence demonstrates that sperm motil-
ity, viability, and morphology are all adversely affected 
by excessive ROS production [54, 55], suggesting the 

Fig. 6 Effects of different concentrations of EGCG@PDA NPs on protein phosphorylation levels. WB results and quantitative analysis of sperm all-protein 
P-PKAs (A, B), and PY (C, D) in control and different EGCG@PDA NPs treatment groups on Day 5. (n = 3, P < 0.05) (E, F) Immunofluorescence localization of 
P-PKAs and PTP in sperm cells under different treatment groups. Sperm cells were observed with a confocal laser scanning microscope (×400)
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negative relationship between ROS levels and sperm 
quality. In this regard, EGCG@PDA NPs has also been 
validated as a beneficial antioxidant for sperm stor-
age at 4 ℃, supported by the enhancing antioxidative 

capacity and reducing intracellular ROS and MDA lev-
els (Fig.  5), which was inconsistent with earlier stud-
ies [4, 6]. Remarkably, EGCG@PDA NPs exhibited the 
strongest protective effect on boar semen compared with 

Fig. 7 Verification of D2DR in EGCG@PDA NPs induced protein phosphorylation. A and B are WB results and immunofluorescence localization of boar 
sperm membrane D2DR receptor; C and D represent the effects of raclopride and EGCG@PDA NPs treatment on P-PKA; E and F represent the effects of 
raclopride and EGCG@PDA NPs treatment on PTP; G, H, and I represent the effects of raclopride and EGCG@PDA NPs treatment on sperm motility param-
eters. (n = 10, P < 0.05); J is the proposed schematic of D2DR-mediated regulation mechanism of protein phosphorylation
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free EGCG, PDA NPs, EGCG/PDA NPs mixture groups 
(Fig.  4), which might be attributed to the controlled-
release of EGCG in the semen system and the synergistic 
effect of EGCG and PDA NPs, highlighting the superior-
ity of nanotechnology in fabricating novel protectants.

Another primary finding of this study is that EGCG@
PDA NPs could degrade into ultrasmall nanoparticles in 
response to ROS (Fig.  2) and these resulting ultrasmall 
nanoparticles could specifically target D2DR and activate 
the D2DR/cAMP/PKA signaling pathway to elevate pro-
tein phosphorylation levels in boar sperm (Figs. 6, 7 and 
8). Previous studies have shown that nanoparticles with 
smaller diameters possess higher antioxidant capabili-
ties [49], suggesting that this ROS-responsive character 
of EGCG@PDA NPs could be beneficial for pig semen 
preservation. Intriguingly, their diminutive size facilitates 
precise targeting of D2DR, further boosting the protec-
tive efficacy of EGCG@PDA NPs. Illustratively, D2DR 
is a crucial receptor primarily located into the midpiece 
of boar sperm, and it is involved in regulation of sperm 
function. For instance, D2DR stimulation increases tyro-
sine phosphorylation and accelerates boar sperm motil-
ity [27]. Additionally, dopamine also has been reported to 
enhance sperm motility characteristics and the acrosome 
response in humans, which are thought to be initiated 

by tyrosine phosphorylation [28]. Mechanistically, since 
PDA nanoparticles were self-polymerized by free dopa-
mine molecules, molecular docking in our study demon-
strated that dopamine binds to the surface of the active 
pocket of D2DR via multiple hydrogen bonds and hydro-
phobic interactions (Fig.  8), further suggesting the role 
of D2DR in mediating the effect of our nano-protectant. 
Taken together, we speculated that the attachment of our 
nanoprotectant to sperm may trigger D2DR-mediated 
cAMP/PKA signaling, thereby enhancing p-PKAs and 
PTP levels.

Coincidentally, EGCG@PDA NPs-induced elevation 
in p-PKAs and PTP levels following a similar trend with 
that of sperm quality parameters, which was in accor-
dance with the earlier reports on positive correlation 
between phosphorylation levels in sperm proteins and 
motility parameters [8]. This effect may be attributed to 
the fact that phosphorylation events can alter the activ-
ity, localization and interactions of proteins involved 
in sperm motility, thereby influencing their functional-
ity. In brief, protein kinases, including PKA and protein 
tyrosine kinases, are involved in the phosphorylation of 
specific target proteins in sperm cells. Accordingly, these 
phosphorylation events occur on serine/threonine and 
tyrosine residues and subsequently modulate the activity 

Fig. 8 Interactions between EGCG@PDA NPs and sperm. A. localization of FITC-labeled EGCG@PDA NPs in sperm cells. B. TEM images of sperm interacted 
with EGCG@PDA NPs. C. 2D and 3D images of dopamine docking with D2DR receptors
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of molecular motors, ion channels, and cytoskeletal com-
ponents, ultimately altering sperm motility [7, 56]. How-
ever, further research is needed to precisely identify the 
specific phosphorylated proteins in the cAMP/PKA sig-
naling pathway and their specific functions in regulating 
sperm motility, which could aid in developing effective 
therapeutic strategies for prolonged semen preservation.

Comparatively, the EGCG@PDA NPs nano-protec-
tant has its unique features and benefits, a comprehen-
sive comparison with other nanoparticles reveals both 
strengths and limitations that require further improve-
ment. Firstly, it shows excellent antioxidant proper-
ties, which can effectively protect sperm from oxidative 
damage during preservation, similar to the antioxidant 
nanoparticles such as cerium oxide nanoparticles [57], 
selenium nanoparticles [58], zinc oxide nanoparticles 
[59]. Additionally, EGCG@PDA NPs possess targeting 
ability to D2DR and hence activate D2DR/cAMP/PKA 
signaling pathway to regulate the protein phosphory-
lation status. This dual-task combination of oxidation 
resistance and up-regulation of protein phosphorylation 
confers EGCG@PDA NPs better protection efficiency 
compared with other nanoparticles with a single anti-
oxidant function [60]. However, like other nanoparticles, 
there are still challenges such as limitations of the precise 
fate of EGCG@PDA NPs in boar semen. For instance, 
how long NPs are maintained in spermatozoa and 
whether NPs are continuously maintained in spermato-
zoa even during transit to the female reproductive tract, 
which need to be carefully addressed in future, clarifying 
these questions will help explain the protective effects of 
NPs on boar sperm storage as well as fertility.

Conclusion
The durable and efficient antioxidant properties of 
EGCG@PDA NPs, their ability to disassemble into spe-
cific bio-targeting ultrasmall particles (< 10  nm), and 
the up-regulation of protein phosphorylation levels via 
D2DR activated-cAMP/PKA signaling pathways ren-
dered EGCG@PDA NPs as an elegant nano-protectant 
in semen systems for prolonging boar semen preserva-
tion. These findings provide valuable insights into the 
potential application of EGCG@PDA NPs as a novel 
strategy to enhance boar sperm quality and reproductive 
performance.
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