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Abstract
Acute kidney injury (AKI) involves the activation of intrarenal hemostatic and inflammatory pathways. Platelets 
rapidly migrate to affected sites of AKI and release extracellular vesicles (EVs) laden with bioactive mediators 
that regulate inflammation and hemostasis. While small interfering RNA (siRNA) is a potent gene-silencing tool 
for biomedical applications, its therapeutic application in vivo remains challenging. We developed an innovative 
nucleic acid delivery platform by hybridizing synthetic transformation-related protein 53 (p53) siRNA with 
autologous plasma and incubating the complex with autologous platelets. These engineered platelets selectively 
delivered p53 siRNA to injured renal tubular cells via EV-mediated cargo release, resulting in targeted p53 
suppression in renal cells and subsequent attenuation of AKI progression. This platelet-centric translational strategy 
demonstrates significant potential for advancing precision therapies in AKI by exploiting endogenous platelet 
trafficking to deliver therapeutics directly to injury sites.
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Introduction
Acute kidney injury (AKI), which is characterized by an 
abrupt decline in renal function, poses a substantial clini-
cal burden with high morbidity and mortality worldwide, 
afflicting over 13  million patients annually and caus-
ing ~ 2  million fatalities [1]. This heterogeneous syn-
drome arises from diverse insults, including nephrotoxic, 
ischemic, and septic injuries [1, 2], and is associated with 
a significant risk of progression to chronic kidney disease 
and end-stage renal failure [1]. Despite advances in eluci-
dating AKI pathophysiology, therapeutic options remain 
limited to supportive care modalities such as dialysis or 
transplantation, interventions burdened by cost-prohibi-
tive expenses and persistently poor survival outcomes [1]. 
The absence of targeted pharmacotherapeutics under-
scores the critical unmet need for mechanism-driven 
AKI therapies.

RNA interference (RNAi), a conserved eukaryotic 
mechanism, uses sequence-specific small interfering 
RNAs (siRNAs) to silence genes through complementary 
mRNA degradation [3]. This process has emerged as a 
transformative therapeutic strategy for selectively sup-
pressing pathogenic gene expression [3]. However, the 
clinical translation of RNAi faces a critical bottleneck: 
siRNA must evade systemic clearance and degradation to 
reach cytoplasmic targets intact [3]. Current efforts prior-
itize the development of efficient, tissue-specific delivery 
systems [3]. While viral vectors achieve high transfection 
efficiency, their clinical utility is limited by their cytotox-
icity, oncogenic potential, and immunogenicity [4]. Non-
viral alternatives, particularly nanoparticles, have gained 
traction because of their superior biocompatibility and 
safety profiles [4]. Engineered nanoparticles facilitate 
nucleic acid delivery through membrane penetration [5], 
offering advantages such as low cytotoxicity, robust cel-
lular uptake, and high transfection efficiency [6–8]. These 
attributes have spurred their widespread adoption across 
pharmaceuticals, biomedical engineering, and industrial 
applications [8–10]. Nevertheless, nanoparticle-based 
delivery systems face limitations, including poor colloidal 
stability, nonspecific biodistribution, accelerated reticu-
loendothelial clearance, residual immunogenicity, and 
suboptimal targeting precision [11].

Emerging strategies leveraging living cell-mediated 
delivery, particularly platelet-based systems, may cir-
cumvent these challenges [12]. Platelets, the sec-
ond most abundant type of circulating blood cell 
(150–400 × 109/L), constitute ~ 5% of total body cells [13]. 
Under physiological conditions, platelets maintain a qui-
escent, nonadherent state through endothelial-derived 
inhibitory signals [14]. In AKI, however, endothelial dys-
function disrupts these regulatory mechanisms, expos-
ing platelets to activating stimuli [14]. Activated platelets 
rapidly home to injury sites via adhesion molecule- and 

chemokine-mediated interactions, forming aggregates 
within damaged renal tissue. At these sites, platelets 
release soluble mediators and extracellular vesicles (EVs) 
carrying bioactive cargo (proteins, nucleic acids, and lip-
ids) that orchestrate tissue repair [14]. Platelet-derived 
EVs enhance renal recovery by promoting endothelial 
proliferation, tubular cell survival, and immunomodula-
tion, thereby fostering a regenerative microenvironment 
[14]. These observations have spurred interest in platelet 
EV-based or platelet membrane-biomimetic nanoparti-
cles for targeted renal therapy [15–17]. However, current 
EV engineering approaches require synthetic polymer 
encapsulation of siRNAs, which introduces procedural 
complexity and risks of polymer-associated cytotoxicity. 
Furthermore, EV isolation or platelet membrane extrac-
tion may induce unintended platelet activation or lysis, 
potentially exacerbating coagulation disorders. These 
technical and safety hurdles currently preclude rapid 
clinical translation for AKI treatment.

Preclinical studies have identified multiple siRNA tar-
gets with therapeutic potential in AKI, including Arg-2 
siRNAs [18], PHD2 siRNAs [19], TLR9 siRNAs [20], 
Mep1 siRNAs [21] and Trp53 siRNAs [21–27]. Among 
these proteins, p53 (transformation-related protein 53) 
has emerged as a central regulator of AKI pathogenesis 
and postinjury repair dynamics [1, 28]. The upregula-
tion of p53 in tubule cells is a pivotal response to cellular 
stressors such as DNA damage, hypoxia, and the gen-
eration of reactive oxygen species [1]. Pifithrin-α, a p53 
inhibitor, can mitigate tubule apoptosis and restore renal 
function [29]. However, its precise molecular mecha-
nism remains incompletely understood, as it inhibits 
only certain aspects of p53 function. In contrast, intrave-
nous injection of synthetic siRNAs targeting p53 appears 
to offer more precise and comprehensive protection of 
tubule cells, contributing to the restoration of renal func-
tion [27]. Nevertheless, despite their natural tendency 
to target the kidneys, free siRNA faces several pharma-
ceutical challenges in treating acute kidney injury (AKI). 
The macromolecular nature and strong negative charge 
of siRNA make it difficult for it to cross cell membranes 
and reach its site of action in the cytoplasm [27]. Conse-
quently, large amounts of free siRNA might need to be 
administered through a “hydrodynamic” dosing method 
to achieve the desired gene silencing effect in the kid-
neys [27]. Moreover, as a potent stimulator of the innate 
immune system, high doses of synthetic siRNA can lead 
to adverse immunostimulatory effects [30].

We previously demonstrated that synthetic small 
RNAs can rapidly self-assemble into nanoparticles in 
the presence of serum through phase separation, thereby 
enabling their entry into various cell types [31]. In the 
present study, we further confirmed that synthetic siR-
NAs can similarly self-assemble into approximately 
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150 nm nanoparticles in the presence of plasma, facilitat-
ing their entry into platelets. By leveraging this approach, 
we developed a novel siRNA delivery system that uti-
lizes autologous proteins and platelets for the treatment 
of AKI. Specifically, p53 siRNAs were first encapsulated 
within nanoparticles via autologous plasma proteins and 
then incorporated into autologous platelets. These engi-
neered platelets exhibit intrinsic homing to renal injury 
sites, where they release p53 siRNA via platelet-derived 
EVs, mediating targeted p53 protein knockdown and 
subsequent attenuation of tubular damage. In conclusion, 
we have established a clinically translatable, platelet-
mediated siRNA delivery platform that achieves targeted 
renoprotection with negligible systemic toxicity. This sys-
tem holds promise as a novel bedside therapeutic strat-
egy for AKI.

Materials and methods
Materials
The cyanine 5 (Cy5)-labeled (the cyanine 5 fluorophore 
attached at the 5′-terminus) or naked scramble RNA 
(siRNA-NC), TP53 siRNA and Trp53 siRNAs (siRNA-
Trp53) were 2′-O-methylated and synthesized by Gen-
Script (Nanjing, China). The reverse complementary 
sequence of siRNA-TP53 (siRNA-TP53 inhibitor) was 
synthesized by GenePharma (Shanghai, China). Cispla-
tin (CDDP) was obtained from TargetMol Chemicals, 
Inc. (Boston, USA). GW4869 was purchased from Med-
ChemExpress (MCE, HY-19363). To collect EV-free fetal 
bovine serum (EV-free FBS) and EV-free plasma, the 
FBS (Gibco, 10099141  C) and plasma were centrifuged 
at 3000 × g for 30 min and filtered through 0.45 μm fil-
ters (Millipore, HAWP04700), followed by a second spin 
at 10,000 × g for 30  min and a final high-speed spin at 
100,000 × g for 70 min [32].

Cell culture and CDDP treatment
Human renal tubular epithelial cells (HK-2 cells) were 
purchased from the American Type Culture Collec-
tion (Rockville, MD, USA) and cultured in DMEM/F-12 
medium (DF/12, Gibco, Grand Island, USA) supple-
mented with 1% antibiotics (penicillin and streptomy-
cin, P/S, Gibco) and 10% EV-free FBS. To induce damage 
in HK-2 cells, HK-2 cells were cultured in complete 
DMEM/F-12 supplemented with 10% EV-free FBS and 
CDDP (the final concentration of CDDP was 20 µM) for 
12  h. The cells utilized in this experiment were main-
tained at 37 °C and 5% CO2.

Platelet isolation
The whole blood of the mice or healthy human volunteers 
was collected in EDTA Vacutainer® tubes (BD, Frank-
lin Lakes, USA) and centrifuged at 300 ×g for 20  min. 
The cell pellet was discarded, and the upper solution 

was composed of platelet-rich plasma. The platelet-
rich plasma was then further centrifuged at 3000×g for 
15 min, and the resulting cell precipitate was composed 
of platelets and erythrocytes. The platelet-free plasma 
was subsequently carefully extracted and stored at 4  °C 
in a 1.5 mL RNase-free tube. The precipitate was subse-
quently resuspended in precooled red blood cell lysis buf-
fer (420301, BioLegend, San Diego, CA) and incubated 
on ice for 5 min to eliminate red blood cells. Afterward, 
the mixture was centrifuged at 3000×g for 10 min to iso-
late the platelets. The platelets in the precipitate were 
resuspended in aseptic normal saline and stored at 4 °C.

Characterization of the nanoparticles formed by synthetic 
SiRNAs and plasma
To investigate the nanoparticles formed by synthetic siR-
NAs and plasma, 1 ml of EV-free plasma was mixed with 
0.5 pmol siRNA-Trp53 at room temperature for 5  min. 
The mixture was then diluted with PBS to reduce the 
plasma proportion to 10% prior to analysis by nanopar-
ticle-tracking analysis (NTA) and transmission elec-
tron microscopy (TEM) in accordance with previously 
reported methods [33]. The zeta potential of the self-
assembled siRNA nanoparticles was determined via a 
Zetasizer NanoZS (Malvern Instruments, UK).

Mass spectrum
Five milliliters of EV-free plasma was combined with 2.5 
pmol synthetic siRNA-Trp53 for 10 min at room temper-
ature. The mixture was then diluted with 5 ml of PBS. A 
control group was established by diluting 5 ml of EV-free 
plasma with 5 ml of phosphate-buffered saline (PBS). All 
the groups were centrifuged at 120,000×g for 2  h, after 
which the sediment was resuspended in 100 µl of sterile 
PBS for protein mass spectroscopic analysis via LC‒MS/
MS.

Preparation of SiRNA (cy5-tagged or naked)-loaded 
platelets
One milliliter of EV-free plasma was incubated with 0.5 
pmol of synthetic siRNA-Trp53 (either Cy5-labeled or 
unlabeled) at room temperature for 10  min to facilitate 
nanoparticle formation. Next, 108 freshly isolated plate-
lets were combined with the nanoparticles and gently 
rotated to ensure thorough mixing. The mixture was then 
centrifuged at 3,000×g for 10  min. The resulting pellet 
was washed twice with PBS to yield platelets loaded with 
siRNA.

Simultaneous measurement of platelet aggregation and 
dense granule secretion
The aggregation of platelets and dense granules 
release were assessed simultaneously via a luminom-
eter (Chrono-log model 700). Aggregation curves were 



Page 4 of 17Wang et al. Journal of Nanobiotechnology          (2025) 23:256 

obtained as a function of increasing light transmittance 
through stirred PRP samples during platelet aggregation. 
During the same analysis, the ATP release from dense 
platelet granules from the samples was measured. A high-
gain photomultiplier recorded the light emitted dur-
ing the reaction between platelet-secreted ATP and the 
firefly luciferin-luciferase mixture (chronolume reagent), 
which was proportional to the amount of secreted ATP 
(expressed in nanomoles) following the addition of the 
stimulator. Aggregation and secretion were triggered by 
collagen (2 µg/ml final conc., Chronopar reagent).

Flow cytometry of the activated platelet marker CD62P 
and integrin ΑIIbβ3
Human platelets were stimulated with thrombin (0.01 U/
mL). PE-conjugated CD62P (P-selectin) antibody (Invit-
rogen, 12-0626-82) and GPIIb/IIIa (integrin αIIbβ3) anti-
body (Abnova, MAB5226) were used for labeling. The 
mean fluorescence intensity (MFI) was measured via flow 
cytometry (BD Biosciences), and the data were analyzed 
via FlowJo v10 software.

Coculture of HK-2 cells and platelets
For confocal fluorescence imaging, 4 × 106 Cy5-labeled 
siRNA-Trp53-loaded platelets were incubated with 
1 × 104 HK-2 cells in a 12-well plate at room temperature 
for 12  h. After incubation, the platelets were removed 
by washing the cells twice with PBS. The HK-2 cells 
were then stained with DAPI and imaged via laser scan-
ning confocal microscopy. For Western blotting and 
RT‒qPCR, 4 × 106 platelets loaded with siRNAs were 
cocultured with 1 × 104 HK-2 cells. In the CDDP-treated 
group, HK-2 cells were pretreated with 10 nM CDDP 
for 24  h prior to coculture with platelets. Before RNA 
and protein were extracted from HK-2 cells for Western 
blotting and RT‒qPCR, the cells were rinsed twice with 
PBS to remove any residual platelets. Similarly, for the 
functional assay in the CDDP-treated group, HK-2 cells 
were pretreated with 10 nM CDDP for 24 h before being 
cocultured with platelets. To verify that Trp53-siRNA 
was delivered into HK-2 cells via EVs, 4 × 106 platelets 
were first treated with GW4869 (final concentration of 5 
µmol/L) for 24 h. Subsequently, the platelets were incu-
bated with nanoparticles formed by Trp53 siRNAs in 
the presence of EV-free plasma for 4 h to collect the pre-
treated platelets. HK-2 cells (1 × 104) were treated with 
or without CDDP for 24 h. Then, the pretreated platelets 
were cocultured with HK-2 cells for 24 h, and the Trp53 
protein levels were investigated via western blotting, and 
the cell viability was determined via a CCK-8 assay.

Collection and characterization of platelet-derived EVs
HK-2 cells (5 × 10³) were initially treated with or with-
out 20 µM cisplatin (CDDP). Twelve hours later, the 

CDDP-containing medium was replaced with Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% EV-free plasma. Twenty-four hours later, 10 mL of 
the cell culture medium from the HK-2 cells previously 
treated with or without 20 µM CDDP was collected and 
subjected to sequential centrifugation at 3,000×g for 
30 min at 4 °C. The samples were then subjected to cen-
trifugation at 10,000×g for 30  min at 4  °C, followed by 
centrifugation at 100,000×g for 70 min at 4  °C in accor-
dance with a previously reported protocol [33]. EV-free 
cell culture medium was incubated with freshly separated 
platelets (5 × 106/ml) at 37  °C and 5% CO₂ for 48 h. The 
medium was subsequently collected and subjected to 
centrifugation at 3,000×g for 30  min at 4  °C to remove 
the platelets, 10,000×g for 30 min at 4  °C to remove the 
cell debris, and 100,000×g for 70 min to collect the EVs 
released by the platelets, as previously described in a 
published report [33]. The EVs released by the platelets 
were examined via transmission electron microscopy 
(TEM), nanoparticle tracking analysis (NTA), west-
ern blotting or RT‒qPCR in accordance with previously 
reported methods [33].

RNA extraction and reverse transcription quantitative PCR 
(RT‒qPCR)
For the detection of mRNA, total RNA was extracted 
via TRIzol™ reagents (Invitrogen, 15596026) in accor-
dance with the manufacturer’s instructions. cDNA was 
subsequently synthesized with the HiScript II 1st Strand 
cDNA Synthesis Kit (Vazyme, R212). Real-time qPCR 
(RT‒qPCR) was carried out via the ChamQ Universal 
SYBR qPCR Master Mix Kit (Vazyme, Q711). For siRNA 
detection, RNA was extracted via RNAiso for small RNA 
reagents (Takara, 9753). A MiRNA 1st Strand cDNA Syn-
thesis Kit (Vazyme, MR101) was used for miRNA reverse 
transcription. cDNA synthesis was conducted for 15 min 
at 50  °C, and the reaction was terminated by heating at 
85 °C for 5 min. Real-time quantitative polymerase chain 
reaction (qPCR) was then conducted with the miRNA 
Universal SYBR qPCR Master Mix Kit (Vazyme, MQ101). 
Two microliters of cDNA was subjected to 40 cycles of 
95 °C for 10 s and 60 °C for 30 s on an ABI 7500 Fast Real-
Time PCR System (Thermo Fisher Scientific). The abso-
lute quantitative calculation of siRNA was conducted in 
accordance with the provided operating instructions [31]. 
Briefly, siRNAs (1, 0.5, 0.25, 0.05, or 0.01 pmol) were dis-
solved in 1 ml of PBS, and total RNA was extracted from 
the mixture for qRT‒PCR. A linear curve between the CT 
value and the absolute number of corresponding siRNAs 
was drawn to calculate the number of siRNAs in the solu-
tion. The primers used are listed in Table S1.
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Western blot
The cells and tissues were harvested with radioimmuno-
precipitation assay buffer (RIPA buffer) (R0278, Merck), 
and the cell debris was depleted after centrifugation at 
12,000×g at 4  °C. The supernatant was boiled at 100  °C 
for 5 min before being loaded onto a 10% polyacrylamide 
gel. Proteins resolved by SDS‒PAGE were transferred 
onto polyvinylidene fluoride membranes. The mem-
branes were blocked for one hour and incubated with 
primary antibodies against Trp53 (1:2000, 2524; Cell Sig-
naling Technology) and GAPDH (1:5000, G9295; Sigma‒
Aldrich) at 4  °C. The membranes were subsequently 
washed with Tris-buffered saline and Tween-20 (TBST) 
and incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody (anti-mouse IgG, 1:2000, 
7076; Cell Signaling Technology) at room temperature for 
2 h. The luminosity of the protein bands was quantified 
and analyzed via ImageJ software (National Institutes of 
Health). To identify the markers of platelet-derived EVs, 
the platelet-derived EVs were lysed via radioimmunopre-
cipitation assay buffer (RIPA buffer) (R0278, Merck), and 
western blotting was performed with anti-CD63 (Cell 
Signaling Technology, 10112  S), anti-TSG101 (Protein-
tech, 28283-1-AP), and anti-ALIX (Abcam, ab117600) 
antibodies as previously reported [32].

Cell counting Kit-8 (CCK-8) assay
HK-2 cells (1 × 104) were treated with or without CDDP 
for 12 h. Then, 4 × 106 platelets were incubated with the 
HK-2 cells. After 24 h, cell viability was determined with 
a Cell Counting Kit-8 (CCK-8, Yeasen) in accordance 
with the manufacturer’s instructions. To assess the pro-
tective effect of siRNA-Trp53-loaded platelet-derived 
EVs on HK-2 cells against CDDP-induced toxicity, 8 × 102 
HK-2 cells were seeded in a 96-well plate. Subsequently, 
the HK-2 cells were treated with or without CDDP for 
12 h. Then, 0.5 µg (total protein) of platelet-EVs was incu-
bated with the HK-2 cells. After 24  h, cell viability was 
determined with a Cell Counting Kit-8 (CCK-8, Yeasen) 
in accordance with the manufacturer’s instructions. To 
identify the protective effect of siRNA-Trp53 on HK-2 
cells derived from platelet-derived EVs, 8 × 10² HK-2 cells 
were seeded in a 96-well plate and transfected with a 
siRNA-Trp53 inhibitor. The HK-2 cells were then treated 
with or without 20 µM CDDP. Following a 12-h incuba-
tion period, 0.5 µg (total protein) of platelet-derived EVs 
were added to the HK-2 cells and incubated for an addi-
tional 24 h. Cell viability was then determined with a Cell 
Counting Kit-8 (CCK-8, Yeasen) in accordance with the 
manufacturer’s instructions.

In vivo imaging
To demonstrate the distribution and efficacy of platelets 
in delivering drugs to injured kidneys, male C57BL/6 

mice (8 weeks old) were purchased from GemPharmat-
ech (Nanjing, China). Healthy C57BL/6 mice served 
as the control group. The acute kidney injury C57BL/6 
mouse model was induced by ischemia‒reperfusion or 
CDDP, as previously reported [34]. Briefly, for the isch-
emia‒reperfusion model, 8-week-old male C57BL/6 mice 
were anesthetized with isoflurane and placed on a heated 
pad to maintain their body temperature at 37  °C. The 
bilateral renal vessels were occluded via nontraumatic 
microaneurysm clamps for 30  min via flank incisions. 
The incisions were subsequently sutured, and the mice 
were returned to their cages. For the CDDP-induced 
model, CDDP was dissolved in normal saline, sonicated 
for 20 min, and chilled on ice. All the mice received an 
intraperitoneal injection of 0.5 mg of CDDP per mouse. 
Following a two-day period of ischemia‒reperfusion 
and CDDP treatment, the mice were administered Cy5-
labeled siRNA-Trp53 or scramble RNA-loaded platelets 
(5 × 107 per mouse) via the tail vein. Twenty-four hours 
later, the mice were euthanized and perfused through 
the heart. The brain, heart, lung, liver, kidney, and spleen 
were collected. Ex vivo imaging was subsequently con-
ducted to capture and analyze the average number of 
photons per pixel per millisecond of the image. The renal 
tissues were further sectioned to observe the distribu-
tion of the siRNAs and platelets in the renal tissue via 
immunofluorescence staining via laser scanning confocal 
microscopy. An anti-CD41 antibody (ab33661, Abcam) 
was used to label platelets, and an anti-MCP-1 antibody 
(ab308522, Abcam) was used to label damaged renal 
tubular cells.

Therapeutic effect of platelets in vivo
To demonstrate the therapeutic effect of platelets in 
delivering drugs to injured kidneys, male C57BL/6 mice 
(8 weeks old) were purchased from GemPharmatech 
(Nanjing, China). Two acute kidney injury mouse models 
were induced via ischemia‒reperfusion or CDDP, as pre-
viously reported [34]. The mice were randomly assigned 
to four groups: the siRNA-NC group, the siRNA-Trp53 
group, the scrambled RNA group, and the siRNA-Trp53 
group. The mice were grouped according to the injec-
tion schedule, with each mouse receiving 0.1 mg of naked 
siRNA [21] or 107 platelets injected through the tail vein 
every two days, for a total of four injections. Two days 
after the final injection, the serum was collected from 
the mice, and they were then euthanized to collect the 
kidneys and livers for western blotting and immunohis-
tochemical staining to evaluate the therapeutic effect. At 
least five to six mice were included in each experimental 
group.
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Quantification of BUN, creatinine and neutrophil 
gelatinase-associated Lipocalin
The urea nitrogen (BUN) levels were assessed via the 
DetectX Urea Nitrogen Detection Kit from Thermo 
Fisher Scientific (EIABUN), following the manufacturer’s 
instructions. The serum creatinine levels were quanti-
fied with a creatinine assay kit from Nanjing JianCheng 
Bioengineering Institute (C011-2-1) in accordance with 
the provided protocol. The concentration of neutrophil 
gelatinase-associated lipocalin in the serum was deter-
mined via the Mouse NGAL ELISA Kit from Proteintech 
(KE10045) in accordance with the provided manual.

Tissue histology and immunostaining
The kidneys, livers and hearts were fixed in 4% parafor-
maldehyde solution and embedded in paraffin for hema-
toxylin and eosin (HE) staining. Renal tubular injury is 
characterized by tubular dilation, tubular atrophy, tubu-
lar cast formation, sloughing of tubular epithelial cells, 
loss of the brush border, and thickening of the tubular 
basement membrane. A scoring system was used as fol-
lows: a score of 0 indicated no tubular injury, whereas 
a score of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 rep-
resented 0–10%, 10–15%, 15–20%, 20–25%, 25–30%, 
30–35%, 35–40%, 40–50% and > 50% of tubules injured, 
respectively. The presence of myocardial injury in each 
AKI mouse model induced by IRI and CDDP was deter-
mined by examining the morphology of myocardial cells. 
For immunohistochemical (IHC) staining, the slides were 
incubated with primary antibodies against p53 (10442, 
Proteintech), Bax (14796, CST), Bcl2 (26593, Protein-
tech), and cleaved caspase 3 (9661, CST).

Statistical analysis
Each experiment was repeated a minimum of three times. 
Qualitative data, including histological images, represent 
findings from at least three independent experiments. 
All the statistical analyses were conducted via Graph-
Pad Prism 8 software, and the results are presented as 
the means ± standard errors of the means (SEMs). Prior 
to analysis, all the data were assessed for a normal dis-
tribution and equal variance. Depending on the nature of 
the datasets, statistical comparisons were carried out via 
unpaired Student’s t tests and one-way ANOVA. Statisti-
cal significance among groups was considered for values 
of P < 0.05. For the Western blot experiments, the statisti-
cal outcomes are presented after data normalization. This 
normalization process was implemented to reduce back-
ground variations arising from diverse experimental con-
ditions. In this study, significance levels are denoted by 
*, **, and ***, representing P < 0.05, P < 0.01, and P < 0.001, 
respectively.

Results
Self-assembling SiRNA nanoparticles in the presence of 
plasma cationic proteins
As indicated in our previous study, synthetic small 
RNAs undergo serum-induced phase separation to form 
self-assembled nanoparticles [31], and we investigated 
whether analogous siRNA phase separation occurs in 
the presence of plasma. To test this hypothesis, synthetic 
TP53 siRNA was incubated with EV-free plasma, and 
nanoparticle assembly kinetics were quantified via NTA 
and TEM. NTA revealed rapid formation of nanoparticles 
(approximately 150 nm) when the siRNAs were exposed 
to EV-free plasma (Fig.  1a), in contrast with the nega-
tive controls, where neither the PBS-suspended siRNA 
nor the plasma alone produced detectable nanoparticles. 
TEM further confirmed the spherical morphology and 
size consistency (150  nm) of these assemblies (Fig.  1b). 
Crucially, these plasma-derived nanoparticles conferred 
significant siRNA stability, reducing RNase-mediated 
degradation (Figure S1a).

Prior studies have established that cationic polypep-
tides drive RNA nanoparticle assembly via phase sepa-
ration [31, 35, 36]. To investigate whether endogenous 
cationic plasma proteins mediate TP53 siRNA nanopar-
ticle formation, we isolated siRNA‒protein complexes 
from EV-depleted plasma via 100 kDa centrifugal filtra-
tion and performed quantitative proteomic profiling via 
high-resolution LC‒MS/MS. Proteomic analysis revealed 
that 84.79% of the nanoparticle-associated proteins 
were cationic (isoelectric points, pI > 7) (Fig. 1c; Supple-
mentary Datasets S1), with cellular origin mapping via 
CIBERSORT [37] showing predominant contributions 
from T cells, monocytes, and mast cells (Fig. 1d; Supple-
mentary Datasets S2). To functionally validate the cat-
ion dependency, we modulated the plasma pH (4–10) to 
titrate the protein surface charge–siRNA encapsulation 
efficiency inversely correlated with pH, which decreased 
4000-fold from pH 4–10 (Fig.  1e). Consistent with 
our findings in serum [38], cationic protein depletion 
(achieved by heparin-affinity chromatography) in EV-
depleted plasma completely abolished siRNA nanopar-
ticle formation (Figure S1b-c). These results collectively 
demonstrate that charge-mediated protein‒RNA inter-
actions govern plasma-driven phase separation, with 
cationic immune cell-derived proteins serving as natural 
RNA condensing agents.

To determine the concentration-dependent relation-
ship between EV-depleted plasma and siRNA nanopar-
ticle assembly, TP53 siRNA was titrated against serial 
plasma dilutions (0–100% v/v). NPs were isolated via 
100 kDa centrifugal filtration, and the partitioned siRNAs 
were quantified via RT‒qPCR. As shown in Fig.  1f, the 
amount of nanoparticle-encapsulated siRNA increased 
proportionally with the plasma concentration, whereas 
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the amount of free siRNA in the filtrate decreased 
reciprocally, confirming plasma dependency. Under 
physiological pH (7.4) and 100% plasma, the optimized 
nanoparticles exhibited a 66.35% ± 0.16 encapsulation 
efficiency and 0.3318 pmol/(108 particle) loading capac-
ity with a 6.33 mV ± 1.34 zeta potential. These parameters 
remained stable (> 90% retention) after 24 h, demonstrat-
ing formulation robustness.

Entry of SiRNA nanoparticles into platelets
Building on our previous discovery that serum-induced 
phase-separated small RNA nanoparticles enhance 
cellular internalization [31], we investigated whether 
plasma-protein/siRNA self-assemblies facilitate platelet 
transfection. Cy5-labeled TP53 siRNA was precomplexed 
with EV-depleted plasma (10  min, RT) and incubated 
with platelets (37  °C, 1  h). Confocal imaging revealed 
rapid cytosolic siRNA accumulation (Fig.  2a), which 
was corroborated by RT‒qPCR quantification (Fig.  2b). 
The uptake kinetics of TP53 siRNAs and Mep1b siRNAs 
demonstrated temperature- and plasma-dependent inter-
nalization (Fig. 2, c-f ). Notably, uptake was abolished at 
4  °C (energy-dependent endocytosis) or in plasma-free 
conditions (Fig.  2, c-f ), implicating phase-separated 
nanoparticles as obligate delivery vehicles. Crucially, 
nanoparticle-mediated siRNA loading did not alter plate-
let activation or function (e.g., the aggregation response) 
(Figure S2).

Platelets deliver TP53 SiRNA into renal tubule cells and 
protect them from CDDP-induced toxicity
To assess platelet-mediated siRNA delivery and subse-
quent gene silencing in renal tubule cells, siRNA-loaded 
platelets were cocultured with HK-2 cells (Fig. 3a). Con-
focal microscopy confirmed the efficient transfer of Cy5-
labeled TP53 siRNA from platelets to HK-2 cells (Fig. 3b). 
Quantitative RT‒qPCR analysis demonstrated success-
ful delivery of TP53 siRNA from platelets to HK-2 cells 
(Fig. 3c).

Cisplatin (CDDP) exposure induced HK-2 cell death 
by upregulating TP53 expression (Figure S3a) [2, 22, 27, 
28]. The efficacy of TP53 siRNA in reducing TP53 pro-
tein levels was validated by direct transfection via Lipo-
fectamine 3000 (Figure S3b-e). TP53 protein levels were 
significantly elevated in HK-2 cells treated with CDDP 
(Figure S3d-e), and TP53 knockdown via direct siRNA 
transfection rescued CDDP-induced cell death (Figure 
S3f ). Notably, the transfer of TP53 siRNA from platelets 
to HK-2 cells was significantly greater in the presence of 
CDDP than in the absence of CDDP (Fig. 3c). The incu-
bation of HK-2 cells with platelets loaded with siRNA-
TP5 significantly reduced TP53 protein levels (Fig.  3d) 
and attenuated CDDP-induced cell death (Fig. 3e).

EVs released by platelets transfer TP53 SiRNA into renal 
tubular cells
Activated platelets are known to secrete high levels of 
cytokines, chemokines, immunoglobulins, and EVs, 

Fig. 1  Self-Assembling Nanoparticles composed of Autologous Plasma Proteins and siRNAs. (a) Formation of 150 nm siRNA nanoparticles after mixing 
with 10% EV-free plasma, as assessed via NanoSight. (b) TEM images of 10% EV-free plasma, 10% siRNA, and a mixture of siRNA and 10% EV-free plasma. 
Scale bar: 200 nm. (c-d) The isoelectric point distribution and cellular source of proteins forming nanoparticles with siRNA. (e) Nanoparticles formed from 
small RNA and plasma proteins at different pH values. (f) Nanoparticles formed from small RNA and plasma proteins at different proportions of plasma. 
The plasma was isolated from human blood

 



Page 8 of 17Wang et al. Journal of Nanobiotechnology          (2025) 23:256 

Fig. 2  Direct uptake of siRNAs by platelets in the presence of plasma. (a-b) Uptake of 0.5 fmol of Cy5-siRNA by platelets under various conditions. a: 
Representative image (scale bar: 10 μm); b: quantification of Cy5-siRNA uptake by 105 platelets subjected to various treatments. The plasma and platelets 
were isolated from human blood. (c-d) Time course and dose course of 0.5 fmol Trp53 siRNA taken up by 105 platelets under various conditions. The 
plasma and platelets were isolated from human blood. (e-f) Time course and dose course of 0.5 fmol Mep1b siRNA taken up by 105 platelets under various 
conditions. The plasma and platelets were isolated from mouse blood. Each experiment was repeated three times. Statistical differences between groups 
were assessed by independent-samples t tests. UD: undetected. Data with a P value < 0.05 were considered statistically significant

 



Page 9 of 17Wang et al. Journal of Nanobiotechnology          (2025) 23:256 

which play key roles in wound healing, cell activation 
and proliferation, angiogenesis, immune cell recruit-
ment, inflammation, bone regeneration, and cartilage 
repair [39]. Platelet-derived EVs account for approxi-
mately 70% of total plasma EVs and have been shown 
to facilitate intercellular communication by transferring 
nucleic acids, proteins, and organelles [40]. To investigate 
whether platelets can transfer TP53 siRNA into tubular 
cells via platelet-derived EVs, platelet-derived EVs were 
isolated via ultrahigh-speed centrifugation as previously 

described [33, 40]. The isolated platelet-derived EVs 
were characterized by TEM, NTA, and western blot-
ting (Fig.  3f-g and Figure S4). Notably, the concentra-
tion of EVs released from platelets significantly increased 
when platelets were incubated with EV-free medium 
from CDDP-treated HK-2 cells (Fig. 3g and Figure S5a). 
These findings suggest that CDDP-stimulated HK-2 
cells could increase platelet EV secretion. As shown in 
Fig.  3h, platelet-derived EVs were enriched with siR-
NAs, and the siRNA content in platelet-derived EVs was 

Fig. 3  Platelets deliver TP53 siRNA to renal tubular cells and protect them from CDDP-induced toxicity. (a) Platelets deliver TP53 siRNA to tubule cells to 
reduce TP53 levels and protect them from CDDP-induced toxicity via EVs. (b) Images of HK-2 cells incubated with platelets. Blue: cell nuclear staining by 
PI; red: Cy5-labeled TP53 siRNA. Scale bar: 20 μm. (c) TP53 siRNA levels in HK-2 cells incubated with platelets. HK-2 cells were treated with or without CDDP. 
(d) TP53 protein levels in HK-2 cells incubated with platelets. HK-2 cells were treated with or without CDDP. (e) Viability of HK-2 cells treated with or without 
CDDP. (f) TEM image of EVs isolated from platelets. Scale bar: 100 nm. (g) NTA analysis of EVs isolated from platelets treated with control medium, HK-2 cell 
culture medium or CDDP-treated HK-2 cell culture medium. Platelets not treated with cell culture medium (untreated) served as controls. (h) TP53 siRNA 
levels in EVs isolated from platelets treated with control medium, HK-2 cell culture medium or CDDP-treated HK-2 cell culture medium. (i) TP53 siRNA 
levels in HK-2 cells incubated with EVs isolated from platelets treated with control medium, HK-2 cell culture medium or CDDP-treated HK-2 cell culture 
medium. (j) Viability of HK-2 cells incubated with EVs isolated from platelets treated with control medium, HK-2 cell culture medium or CDDP-treated HK-2 
cell culture medium. Each experiment was repeated three times. Statistical differences between groups were assessed by independent-samples t tests. 
Data with a P value < 0.05 were considered statistically significant. The plasma and platelets were isolated from human blood
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much greater when platelets were incubated with EV-free 
medium from CDDP-treated HK-2 cells. Furthermore, 
TP53 siRNA was successfully delivered into HK-2 cells 
via platelet-derived EVs, protecting them from CDDP-
induced cell death (Fig. 3i-j).

To verify that TP53 siRNA is delivered into renal tubu-
lar cells via platelet-derived EVs, we treated platelets with 
GW4869, a neutral sphingomyelinase inhibitor com-
monly used to block EV generation. GW4869 signifi-
cantly inhibited EV release from platelets (Figure S5b). 
Platelets were then incubated with nanoparticles formed 
by TP53 siRNA in the presence of plasma. GW4869 did 
not affect nanoparticle uptake by platelets (Figure S5c). 
However, when platelets loaded with TP53 siRNA were 
cocultured with HK-2 cells, GW4869 blocked the deliv-
ery of TP53 siRNA from platelets to HK-2 cells via EVs 
(Figure S5d). This inhibition prevented TP53 protein sup-
pression (Figure S5e) and attenuated the protective effect 
against CDDP-induced cell death (Figure S5f ).

To further confirm that the protective effect on renal 
tubular cells is specifically mediated by TP53 siRNA 
delivered via platelet-derived EVs rather than other 
components in platelet-derived EVs, we first transfected 
HK-2 cells with a TP53 siRNA inhibitor (TP53 siRNA 
antisense) that specifically binds to TP53 siRNA (Figure 
S6a). These cells were then incubated with EVs released 
from TP53 siRNA-loaded platelets. Compared with HK-2 
cells directly incubated with platelet-derived EVs, those 
pretransfected with the TP53 siRNA inhibitor presented 
no upregulation of TP53 siRNA (Figure S6b), no suppres-
sion of the TP53 protein (Figure S6c-d), and no protec-
tion against CDDP-induced cell death (Figure S6e). These 
findings indicate that the protective effect is specifically 
mediated by TP53 siRNA delivered via platelet-derived 
EVs.

The biodistribution of siRNAs delivered by platelets 
in vivo.

Platelets are the first cells to arrive at sites of acute 
injury during AKI, where they rapidly release a diverse 
array of bioactive mediators that play crucial roles in 
modulating inflammation and hemostasis [41]. Conse-
quently, strategies involving the manipulation of plate-
let-derived factors or the use of platelet-rich products, 
such as platelet-rich plasma or platelet-derived EVs, hold 
promise for facilitating renal regeneration and improv-
ing clinical outcomes in patients with acute kidney injury 
[15–17, 41–45]. The objective of this study was to inves-
tigate whether platelets could self-target damaged kid-
neys and deliver Trp53 siRNA into injured tubular cells. 
Thus, 24 h after AKI was induced via bilateral renal liga-
tion (IRI model) or intraperitoneal injection of cisplatin 
(CDDP model), the mice were injected with synthetic 
Cy5-labeled siRNA-loaded platelets (1 × 107 platelets per 
mouse) via the tail vein. The control group received a 

direct tail vein injection of synthetic Cy5-labeled siRNA. 
The mice were anesthetized and perfused via the heart 
after six hours, and tissues (brain, heart, lung, liver, kid-
ney, and spleen) were collected and analyzed for fluores-
cence signal intensity. The results showed that directly 
injected Cy5-labeled Trp53 siRNA accumulated predom-
inantly in the liver. In contrast, siRNAs delivered by plate-
lets aggregated specifically in kidneys damaged by IRI or 
CDDP (Fig.  4a-b). Notably, platelet-encapsulated siRNA 
did not enter tissues in normal mice, likely because plate-
lets do not actively infiltrate healthy tissues and remain 
in circulation until clearance (Fig. 4a-b). Further analysis 
by immunofluorescence revealed that platelet-delivered 
Cy5-labeled siRNA accumulated in damaged renal tubu-
lar cells, as indicated by colocalization with Mcp1, the 
activation marker of damaged tubular cells in acute kid-
ney injury [46] (Fig. 4c and Figure S7).

Autologous delivery of Trp53 SiRNA to platelets for the 
treatment of acute kidney injury
To further evaluate the biodistribution of autologous 
platelet delivery of self-assembling nanoparticles com-
posed of autologous plasma proteins and Trp53 siRNA 
in AKI mice, AKI mice induced by IRI or CDDP were 
injected with platelets or synthetic siRNA via the tail 
vein, with AKI induction occurring 48  h later. Each 
mouse received 1 × 107 platelets every two days for a total 
of four injections. Two days after the final injection, urine 
was collected, and the mice were euthanized to harvest 
the brain, heart, lung, liver, kidney, and spleen for West-
ern blotting and immunohistochemical staining to assess 
therapeutic efficacy (Fig. 5a). The concentration of Trp53 
siRNA in the tissues was measured via RT‒qPCR. Trp53 
siRNA delivered by platelets was predominantly local-
ized in the kidneys (Fig. 5b). In contrast, synthetic Cy5-
labeled Trp53 siRNA injected directly via the tail vein 
was almost undetectable (Fig.  5b). Trp53 mRNA and 
protein levels were assessed via RT‒qPCR, Western blot-
ting, and immunohistochemistry. RT‒qPCR revealed 
significant upregulation of Trp53 mRNA in the kidneys 
of mice with IRI- or CDDP-induced AKI (Figure S8a), 
which was markedly reduced in mice treated with Trp53 
siRNA-loaded platelets (Figure S8a). Trp53 mRNA lev-
els in other tissues (brain, heart, lung, liver, and spleen) 
remained unchanged (Figure S8a). Western blot analysis 
revealed a significant increase in Trp53 protein expres-
sion in the kidneys of AKI mice, which was significantly 
attenuated by Trp53 siRNA-loaded platelet treatment 
(Fig.  5c and Figure S8b). The results of immunohisto-
chemical staining for the Trp53 protein were consistent 
with these findings (Figure S8c-d).

The therapeutic potential of autologous platelet deliv-
ery of self-assembling nanoparticles composed of autol-
ogous plasma proteins and Trp53 siRNA was evaluated 
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Fig. 4  Platelets primarily self-target tubule cells in AKI model mice induced by IRI and CDDP. (a-b) Fluorescence of Cy5-siRNA delivered by platelets 
through tail vein injection in AKI model mice induced by IRI and CDDP. a: Representative image; b: Fluorescence intensity of Cy5-siRNA. (c) Fluorescence 
image of Cy5-siRNA in a kidney section. DAPI: nucleus; AQP1: renal tubular cells; Synaptopodin: glomerulus. Scale bar: 50 μm
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via acute renal injury markers, including blood urea 
nitrogen (BUN), serum creatinine (sCr), and neutrophil 
gelatinase-associated lipocalin (NGAL). Immunohisto-
chemistry and histopathological assessments (including 
hematoxylin and eosin (H&E) staining for pathological 
scoring and analysis of Trp53 downstream proteins such 
as B-cell lymphoma protein 2 (Bcl-2), Bcl-2-associated X 

(Bax), and cleaved caspase 3) were also performed. Addi-
tionally, the terminal deoxynucleotidyl transferase (TdT) 
dUTP nick-end labeling (TUNEL) assay was used to 
detect apoptotic cells. Consistent with previous reports 
[34], BUN, sCr and NGAL levels were significantly ele-
vated in mice with AKI induced by IRI or CDDP com-
pared with those in controls (Fig. 5d-f ). However, these 

Fig. 5  Platelet treatment modulates tubular cells following IRI and CDDP-induced AKI. (a) Experimental scheme of intravital imaging and Trp53 siRNA 
delivery. (b) Trp53 siRNA levels in the tissues of AKI model mice induced by IRI and CDDP and healthy control mice (mock). (c) Trp53 protein levels in 
the kidneys of AKI model mice induced by IRI and CDDP and healthy control mice injected with siRNA-NC-, siRNA-Trp53-, or siRNA-NC-loaded platelets 
or siRNA-Trp53-loaded platelets through the tail vein. (d-f) Serum BUN, creatinine and NGAL levels in the kidneys of AKI model mice induced by IRI and 
CDDP and healthy control mice injected with siRNA-NC, siRNA-Trp53, siRNA-NC-loaded platelets or siRNA-Trp53-loaded platelets through the tail vein. 
Statistical differences between groups were assessed by independent-samples t tests. Data with a P value < 0.05 were considered statistically significant
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Fig. 6 (See legend on next page.)
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indicators returned to normal levels in AKI mice treated 
with Trp53 siRNA-loaded platelets (Fig. 5d-f ). Histologi-
cal evaluation via H&E staining revealed increased tubu-
lar injury scores in AKI mice induced by IRI or CDDP. 
In contrast, the tubular injury score was significantly 
reduced in AKI mice treated with Trp53 siRNA-loaded 
platelets (Fig.  6a-b and Figure S9). Immunohistochemi-
cal analysis revealed that the expression of Bcl-2, an anti-
apoptotic protein downstream of Trp53, was significantly 
decreased in AKI model mice induced by IRI or CDDP 
(Fig. 6c-d and Figure S10). Conversely, Bcl-2 was upreg-
ulated in AKI mice treated with Trp53 siRNA-loaded 
platelets (Fig. 6c-d and Figure S10). Conversely, the lev-
els of Bax and cleaved caspase 3, proapoptotic proteins 
downstream of Trp53, were significantly increased in 
AKI model mice induced by IRI or CDDP (Fig. 6e-h and 
Figure S11-S12). However, these proteins were down-
regulated in AKI mice treated with Trp53 siRNA-loaded 
platelets (Fig.  6e-h and Figure S11-S12). The TUNEL 
assay, which detects apoptotic cells undergoing exten-
sive DNA degradation, also demonstrated a similar trend 
(Figure S13). The mRNA levels of Cxcl2, IL-1β, and Ccl2 
were also examined in both IRI- and CDDP-induced AKI 
model mice. As shown in Figure S14, these mRNA levels 
were significantly elevated in AKI mice subjected to IRI 
or CDDP, as shown in previous studies [1]. In contrast, 
AKI mice treated with Trp53 siRNA-loaded platelets pre-
sented markedly reduced mRNA levels of Cxcl2, IL-1β, 
and Ccl2 (Figure S14).

To assess the hepatotoxicity and cardiotoxicity associ-
ated with platelet-mediated siRNA delivery, histological 
analyses of the liver and heart were conducted via H&E 
staining. Extensive evidence has shown that intravenous 
injection of naked siRNAs can lead to liver and heart 
injury due to their accumulation in the liver and subse-
quent activation of pattern recognition receptor-induced 
inflammatory pathways [47–51]. This issue poses a sig-
nificant barrier to the widespread clinical application of 
siRNA-based therapies. Histological evaluation via H&E 
staining revealed that the overall structure, integrity, and 
immune infiltration levels of the liver and heart were 
nearly identical to those of healthy controls when siRNAs 
were delivered by platelets (Figure S15). Moreover, serum 
alanine aminotransferase (ALT) levels were significantly 
elevated in mice following direct injection of siRNAs 
(Figure S16a). However, the platelet-delivered siRNAs did 
not aggregate in the liver; instead, they accumulated in 

the damaged kidneys without causing an increase in the 
serum ALT level (Fig.  4a-b and Figure S16a). Addition-
ally, chemokines such as Cxcl2, IL-1β, and Ccl2, which 
are involved in the inflammatory pathways triggered by 
siRNA injection, were significantly upregulated in the 
liver following direct siRNA injection. In contrast, these 
chemokines remained unchanged in the liver when siR-
NAs were delivered by platelets (Figure S16b-d).

Discussion
Despite significant advances in our understanding of the 
pathophysiology of AKI, there remains a critical gap in 
effective and safe therapeutic options for treating isch-
emic AKI [1]. Consequently, mortality and morbidity 
rates remain high. The pathogenesis of AKI is multifac-
eted and involves mechanisms such as renal tubular cell 
apoptosis and necrosis, oxidative stress, and vascular 
injury [1]. The tumor suppressor p53 is a key factor in 
AKI pathogenesis and renal repair following injury [1, 
52], and inhibiting p53 in renal tubular cells has emerged 
as a promising strategy for treating AKI [21–25, 27–29]. 
Molitoris et al. demonstrated that p53 inhibition in renal 
tubules via siRNA could prevent apoptosis and renal 
impairment in AKI models induced by ischemia‒reper-
fusion injury (IRI) and cisplatin [27]. However, the effec-
tive dose in mice is as high as 12 mg/kg [27], rendering 
the treatment prohibitively expensive and increasing the 
risk of inflammation and side effects due to high siRNA 
concentrations. To address these issues, researchers have 
attempted to treat AKI with lower siRNA doses (e.g., 
0.1  mg/kg or 0.5  mg/kg) [21, 22]. Unfortunately, these 
reduced doses are ineffective at treating AKI [21, 23, 24, 
26]. Consistent with these findings, our study revealed 
that a dose of 0.1  mg/kg Trp53 siRNA, which was sig-
nificantly greater than that delivered by platelets, failed 
to produce therapeutic effects in mouse models of AKI. 
While siRNAs hold potential as therapeutic agents, their 
use is limited by several challenges, including degrada-
tion, inefficient delivery, and off-target effects. Hydrody-
namic injection of large doses of free siRNA is effective 
in mice but is not feasible in humans because of safety 
concerns [47, 53, 54]. To overcome these limitations, siR-
NAs must be encapsulated in a delivery system. Several 
studies have confirmed that siRNAs can be encapsulated 
in synthetic polymeric nanomaterials or natural EVs for 
in vivo delivery [47, 53, 54]. However, these methods 
involve either the use of synthetic nanomaterials with 

(See figure on previous page.)
Fig. 6  Histological evaluation of IRI- and CDDP-induced AKI mice treated with platelets. (a-b) The tubular injury scores of AKI model mice induced by 
IRI and CDDP and healthy control mice injected with siRNA-NC, siRNA-Trp53, or siRNA-NC-loaded platelets or siRNA-Trp53-loaded platelets through the 
tail vein were determined via H&E staining. (c-h) Bcl-2, Bax and cleaved caspase-3 levels in the kidneys of AKI model mice induced by IRI and CDDP and 
healthy control mice injected with siRNA-NC, siRNA-Trp53, or siRNA-NC-loaded platelets or with siRNA-Trp53-loaded platelets through the tail vein or left 
untreated by immunohistochemistry (six mice in each group). Statistical differences between groups were assessed by independent-samples t tests. Data 
with a P value < 0.05 were considered statistically significant. Scale bar: 50 μm
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potential side effects or the costly production of natural 
EVs by cells [47, 53, 54].

Previous studies have shown that RNA nanoparticles 
can be formed by mixing RNAs with positively charged 
proteins or peptides [31, 55]. These cationic proteins or 
peptides can serve as carriers for siRNA-based therapeu-
tics. Our study demonstrated that plasma cationic pro-
teins can spontaneously form nanoparticles with siRNA, 
as previously reported [31]. These nanoparticles can be 
utilized in siRNA drug therapy by combining a patient’s 
plasma proteins with siRNA to create delivery-capable 
nanoparticles. This approach eliminates the need for 
synthetic polymer nanomaterials or costly in vitro cul-
ture, representing an advancement in siRNA drug deliv-
ery. However, there are limitations to this method. The 
siRNA nanoparticles formed by mixing plasma proteins 
with siRNA lack inherent targeting capabilities. Modify-
ing plasma proteins or siRNAs to achieve targeted deliv-
ery remains challenging. To address this limitation, we 
leveraged platelets, the most abundant nucleated cells in 
the body, which possess an intrinsic targeting function. 
By incorporating platelets, we achieved targeted deliv-
ery of siRNA nanoparticles generated from the patient’s 
own plasma proteins and siRNA. This strategy effec-
tively overcomes the lack of targeting in siRNA nanopar-
ticles while maintaining the benefits of using autologous 
materials.

Platelets are highly sensitive to environmental changes 
and circulate in significant numbers (150–400  bil-
lion cells per liter of blood in humans), enabling a rapid 
response to biological perturbations from injury or infec-
tion [41]. They continuously monitor their surround-
ings via a plethora of cell surface receptors and adhesion 
molecules. During AKI, platelets aggregate at sites of 
renal injury, where they orchestrate AKI regulation by 
secreting proteins, EVs, and other bioactive substances 
[41]. Previous studies have extensively leveraged this 
mechanism to explore the delivery of drugs for treat-
ing AKI via platelets or nanoparticles formed by platelet 
membranes [15, 42–44, 56]. In this study, we leveraged 
the inherent targeting of platelets to injury sites to exploit 
autologous platelets to encapsulate nanoparticles con-
taining p53 siRNA. These platelets autonomously navi-
gate to the renal injury site, where they are regulated by 
signaling molecules to release numerous EVs. These EVs 
fuse with injured tubular cells to transfer p53 siRNA and 
inhibit p53 expression, thereby preventing tubular cell 
apoptosis and treating AKI. The utilization of autolo-
gous plasma proteins for siRNA encapsulation ensures 
in vivo delivery by autologous platelets. This approach 
is superior to conventional methods that utilize lipid 
nanoparticles (LNPs) or EVs for siRNA delivery, as it 
avoids the use of exogenous materials. It minimizes the 
use of chemically synthesized substances, as siRNAs are 

enveloped by proteins, platelets, and EVs throughout, 
reducing an organism’s exposure to foreign substances 
and the potential for side effects. Moreover, the use of 
autologous proteins and platelets for nucleic acid drug 
delivery could pave the way for bedside nucleic acid drug 
delivery systems. This approach may eliminate the need 
for cryopreservation required for lipid nanoparticle or 
extracellular vesicle delivery, reduce the material costs 
associated with siRNA drugs, and facilitate large-scale 
clinical applications of siRNA therapies. Building on our 
developed method, we conceptualized a bedside nucleic 
acid drug delivery system tailored for acute kidney injury 
(Figure S17). In future research, we will conduct further 
feasibility studies to validate this approach.

This study has several limitations that warrant 
acknowledgment. First, although we identified plasma 
cationic proteins that self-assemble with siRNA to form 
nanoparticles through protein mass spectrometry, we 
could not pinpoint the specific cationic protein that 
plays the most central role in nanoparticle formation. 
Identifying this core cationic protein could enable direct 
nanoparticle formation with siRNA for drug delivery, 
making the process more controllable and scalable. Sec-
ond, we did not investigate whether there is selectivity 
in the encapsulation of siRNA by platelets into plate-
let-derived EVs. Previous studies have shown that cells 
selectively encapsulate certain nucleic acids with specific 
sequences or modifications into EVs [57, 58]. These find-
ings suggest that similar selectivity may exist for platelet-
encapsulated siRNA. Therefore, when designing siRNAs, 
it may be necessary to incorporate specific sequences or 
modifications to increase the encapsulation efficiency. 
An incorrect design could result in the encapsulation 
of siRNAs into platelet-derived EVs, thereby reducing 
therapeutic efficacy. Conversely, optimizing the siRNA 
design could improve the encapsulation efficiency, poten-
tially lowering the required siRNA dosage and enhancing 
therapeutic outcomes. Third, our study confirmed only 
in vitro that inhibiting platelet-derived EV release can 
block siRNA delivery to renal tubular cells. We lack in 
vivo evidence. In future work, we aim to use gene edit-
ing techniques to completely inhibit platelet EV release 
and observe whether siRNA delivery to damaged renal 
tubular cells is still possible in vivo. Fourth, while we 
demonstrated that the culture medium of damaged renal 
tubular cells promotes platelet EV release, the underlying 
mechanism remains unclear. Future research will focus 
on elucidating the molecular pathways by which dam-
aged renal tubular cells increase platelet EV release, both 
in vitro and in vivo, to better understand the interaction 
between renal tubular cells and platelets in acute kidney 
injury (AKI). Fifth, our investigation of the distribution 
of platelet-derived siRNAs in mice relied on fluorescence 
imaging, confocal microscopy, and quantitative PCR. 
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However, the Cy5 wavelength limits our ability to obtain 
in vivo fluorescence images. We plan to employ advanced 
techniques, such as two-photon imaging, in future stud-
ies to observe platelet-delivered siRNA dynamics and dis-
tribution more accurately in animal models. Finally, our 
study primarily used cell and mouse models to assess the 
therapeutic effects of platelet-delivered siRNA in AKI. 
We lacked large mammalian models and clinical tri-
als. Moving forward, we aim to validate the therapeutic 
efficacy of platelet-delivered siRNA in larger mamma-
lian models and, ultimately, in clinical settings to lay the 
groundwork for its application in treating AKI.

In conclusion, our study demonstrated that synthetic 
siRNAs can rapidly form nanoparticles in plasma and 
be autonomously taken up by platelets. These platelet-
loaded siRNAs exhibit self-targeting properties, enabling 
their selective delivery to kidneys affected by AKI and 
subsequent uptake by renal tubular cells via extracellular 
vesicles. This process effectively reduces target protein 
levels and alleviates renal injury. Thus, the use of platelets 
as a delivery vehicle for siRNA represents a promising 
therapeutic approach for AKI, offering a direct intracellu-
lar delivery method for siRNAs to target cells and provid-
ing a valuable strategy for AKI management. Moreover, 
platelets can self-target other damaged tissues, such as 
the liver, lungs, and tumors [59]. Therefore, the platelet 
self-targeting strategy for drug delivery demonstrated 
in this study could be applied to other diseases beyond 
AKI. However, further studies using a broader range of 
disease models are needed to confirm the efficacy of this 
approach in conditions other than AKI.
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