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Abstract: Background: Venous thrombosis is the main cause of incidence rate and mortality of cardiovascular diseases 

worldwide. The current thrombolytic therapy often faces systemic side effects, limited targeting, and adverse hypoxic 

microenvironment adjustments within the thrombus, which may impair efficacy. Objective: The goal is to investigate 

the thrombolytic effect of MnO2@pep'-Fuco needle on venous thrombosis in both in-vivo and in-vitro environments. 

Methods: In this study, we have injected rats with PBS, MnO2@pep-Fuco, free uPA, MnO2-COOH/uPA, 

MnO2/uPA@pep-Fuco and MnO2/uPA@pep'-Fuco and then we have measured their vascular occlusion rate, 

haemolysis, body weight and the biochemical profile of plasma. Results: The study systematically evaluates the 

thrombolytic performance of MnO2@pep'-Fuco nanoparticles and it is observed that these flower-shaped nanoparticles 

have a pep-Fuco grafting rate of 3.87%. They can release 23.2% of dissolved oxygen within 25 minutes and achieve 

90.5% drug release rate within 50 hours. The nanoparticles also exhibit excellent biocompatibility, with a cell death rate 

of 1.26% and red blood cell adhesion rate of 90%. In-vivo experiments, a complete thrombolysis (100%) has been 

achieved with a thrombus-to-vein fluorescence intensity ratio of 2:7. The study reveals excellent biosafety, with a 

hemolysis rate of 0.65 to 0.82% without any significant changes in body weight. Conclusion: These results indicate that 

the MnO2/uPA@pep-Fuco nanoparticle system is a promising novel therapeutic strategy for treating venous thrombosis 

with great efficacy. 
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INTRODUCTION 
 

With the changes in fast-paced lifestyle of human beings, 

physical diseases are gradually increasing. In the current 

era, a few diseases are growing rapidly such as 

cardiovascular diseases (CVD), brain strokes and cancers. 

The incidence of CVD is growing in the young population 

as well. Venous thrombosis is observed as the root cause 

of CVD, which is getting attention from researchers and 

doctors (Schmitt et al., 2022). To investigate the 

influencing factors of post thrombotic syndrome caused 

by venous thrombosis, the researchers (Li et al., 2021) 

have conducted relevant experiments to analyze the time 

window limitations of post thrombotic syndrome. The 

research results reveal that the thrombus burden and 

venous wall fibrosis are alleviated on day 8 in the 

experimental mice connected to the blood flow catheter, 

with a difference of 8.41 from the initial level. Therefore, 

within a limited time window, blood flow catheters can 

effectively improve the diagnostic resolution of post 

thrombotic syndrome. The authors in another study have 

taken 5497 subjects with venous thrombosis at a hospital 

in the United States for similar study. Their study includes 

2688 cases of pulmonary embolism and 1625 cases of 

lower limb thrombosis. The study shows that 4.5% of 

patients have lost their lives at the onset of the disease and 

15.4% of patients lost their lives within the next three 

months (Fang et al., 2020). Afifi et al. have conducted a 

study on intracranial hemorrhage caused by venous 

thrombosis. The study considers 260 subjects and 

evaluates the clot burden by counting the number of 

venous sinuses and veins formed by thrombosis on 

confirmatory imaging to analyze the occurrence of 

intracranial hemorrhage. The outcomes reveal that the 

proportion of minor subcortical bleeding is 29%, 

subarachnoid hemorrhage is 24%, subdural hemorrhage is 

11% and 23% is contributed by concurrent bleeding. 

Therefore, intracranial hemorrhage has higher incidence 

in venous thrombosis (Afifi et al., 2020). It indicates that 

venous thrombosis has significant adverse effects on 

human health. To effectively treat venous thrombosis, 

many researchers have proposed different methods for 

diagnosis and treatment. Powell et al. conducts 

anticoagulant therapy with low molecular weight heparin 

for 12 months to control the formation of venous 

thrombosis. This study explores the occurrence and 

physiological phenomena of thrombosis during treatment 

and analyzed the treatment status of low molecular weight 

heparin. The research results indicate that the highest risk 

of recurrence of thrombotic events is 11.2% for patients 

treated with low molecular weight heparin, respectively. 

Therefore, this drug has anti-thrombotic effect (Powell et 

al., 2021). Albertsen et al. have proposed the usage of 

rivaroxaban and apixaban for the treatment of high 

recurrence of venous thrombosis. After setting up 

different control experiments, the experimental results 

show that the probability of pulmonary embolism 
*Corresponding authors: e-mails: bai5178321881@163.com 



Active mechanism of “Zishen Huayu Fang” in Treating intrauterine adhesions based on network pharmacology  

Pak. J. Pharm. Sci., Vol.39, No.4, April 2026, pp.979-989 980

symptoms is related to the dosage of medication and only 

a small number of patients received extended treatment, 

while the rest of patients could recover during the 

experimental treatment period (Albertsen et al., 2021). 

Nanodrugs are a form of medication that makes use of 

nanotechnology to prepare drugs and these drugs not only 

have good targeting ability, but also have high 

biocompatibility (Zajdel et al., 2021).  
 

Therefore, the proposed study uses nano drugs for 

thrombolytic therapy of venous thrombosis. It uses nano 

preparation technology to prepare flower shaped 

manganese dioxide nanoparticles (MnO2) and then 

combines fucose (Fuco) and thrombin peptides (pep) as 

targeting agents. Thrombolytic drugs have been 

administered using urokinase (uPA) to treat CVD. This 

study considers thrombolytic performance of the system 

in both in-vivo and in- vitro environments. This article is 

structured into four parts. The first section presents 

background details and a review of the existing research 

studies and also states the research contributions of this 

article. The second part elaborates the research on the 

thrombolytic performance methods of MnO2@pep'-Fuco 

(MPF) nano drug delivery systems. The third part 

provides the performance analysis of the proposed study. 

The fourth part presents the summary of the research and 

limitations of the study. 
 

MATERIALS AND METHODS   
 

Study on improving the thrombolytic performance of 

MPF nanocarriers  

Due to the high risk of massive bleeding during the 

treatment of venous thrombosis, attention needs to be paid 

to the hemolysis and hemostatic effect of nano drug 

delivery systems in venous blood during thrombolytic 

therapy. To provide precise thrombolytic therapy for 

venous thrombosis, this study proposes the preparation of 

a novel MPF material as a carrier for uPA to form MAF 

delivery system. This study conducts an experimental 

design to determine the in-vitro and in-vivo thrombolysis 

ability of the system to verify the effectiveness of the 

nanosystem. 
 

Instruments and reagents 

The preparation of MPF nanocarriers in this study is 

divided into three parts. It begins with the preparation of 

MnO2 nanoparticles. Then, the preparation of pep-Fuco 

composite compounds takes place, followed by the 

preparation of MPF nanomaterials. Finally, the 

preparation of the MAF delivery system takes place. The 

required instruments and reagents for the preparation 

experiment of the above materials are as follows: Ultra-

pure water apparatus, heating Magnetic Stirrer, benchtop 

centrifuge, ultrasonic cleaner, muffle furnace, pH meter, 

portable dissolved oxygen meter, Fourier Transform 

Infrared (FTIR) spectrometer, fluorescence 

spectrophotometer, transmission electron microscope, X-

ray diffractometer, scanning electron microscope and 

fluorescence microscope. The reagents required for the 

preparation and characterization of the above materials 

are potassium bromide,  sodium dodecylbenzene 

sulfonate, carbamide,  potassium permanganate,  3-

Aminopropyltriethoxysilane,  N-Dimethylformamide, 4-

Dimethylaminopyridine,  triethylamine,  polypeptide, 

chain of amino acids linked by peptide bonds CO-NH, 

Fucoidan,  urokinase (enzyme),  Thrombin,  

Carboxamide,  2,4,6-Trichlorobenzoyl chloride,  1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride,  N-Hydroxysuccinimide,  dimethyl 

sulfoxide and  Fluorescein isothiocyanate The preparation 

and characterization of the nanocarriers required for this 

study can be carried out using the equipment and the 

reagents listed in the above paragraphs. 
 

Preparation of MnO2/uPA@pep-Fuco nanodelivery 

system 

The MnO2 nanoparticles in this study are synthesized 

using a template method. First, 3.484g of Sodium 

Dodecyl Benzene Sulfonate (SDBS) solid powder is 

mixed with 20mL of ultrapure water. (Zhou, J., et al. 

2019) Then the beaker is placed in a 75°C oil bath for 

magnetic stirring, with a stirring time of 10 minutes. Then 

it weighs 0.1486g of KMnO4 particles into a beaker 

containing 10mL of ultrapure water, it places the beaker 

in an ultrasonic instrument and sonicates at 25 °C for 30 

minutes. It adds KMnO4 solution to the stirred SDBS 

solution and stirs in an oil bath at 75 °C for 15 minutes 

(Abasian et al., 2021; Zhou et al., 2019). The mixed 

solution system after uniform stirring appears purple red. 

It then adds a 4mL/L nitric acid solution dropwise to the 

aforementioned mixed solution. When the color of the 

mixed solution changes to light purple, the operation is 

stopped. The mixed solution is added to an oil bath at 

75°C and continues to stir until the purple disappears 

completely and white foam floats on the upper layer of 

the solution. It centrifuges the solution at 13000 rpm for 

10 minutes. The precipitate after centrifugation is first 

washed three times with ultrapure water and anhydrous 

ethanol. Then it is placed in a dialysis bag and the 

specifications of the molecular weight cut off (MWCO) of 

the dialysis bag is equal to 3.5 kDa 
                              

This study uses dialysis bags with the specifications to 

obtain residual solids and then dries the residual solids in 

a dryer at 100°C for 8 hours to obtain flower shaped 

mesoporous MnO2 nanoparticles. It then weighs 45mg of 

flower shaped mesoporous MnO2 nanoparticles and 

sonicated in 20mL of anhydrous ethanol for 30 minutes. 

230μL3-aminopropyltriethoxysilane and 1.5mL of 

ultrapure water are added and stirs at 45°C for 12 hours 

(Xu et al., 2019; Miao et al., 2022). Afterwards, the 

precipitate obtained by centrifugation is washed three 

times with anhydrous ethanol and dried at 55°C to obtain 

MnO2-NH2 nanoparticles. Then, 50mg of MnO2-NH2 

nanoparticles are weighed, added to 12mL of 
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dimethylformamide and sonicated, followed by 95mg of 

succinic anhydride, 55mg of DMAP and 135μL of 

triethylamine, stirred evenly and centrifuged. After 

centrifugation and precipitation at 50°C for drying, 

MnO2-COOH (MCO) was obtained. 
 

The main instrument models, brands, and sources used in 

the study are as follows: Milli-Q ultrapure water analyzer 

(Integral, Merck Millipore), Heating Magnetic Stirrer 

(IKA) ®RCT, IKA), Desktop centrifuge (Eppendorf 

5425R, Eppendorf), scanning electron microscope 

(SU8010, Hitachi), transmission electron microscope 

(JEM-1400Plus, JEOL), FTIR spectrometer (Nicolet iS5, 

Thermo Fisher Scientific), enzyme-linked immunosorbent 

assay (ELISA) reader (Synergy H1, BioTek). The key 

chemical sources used in the experiment include 

potassium permanganate APTES, Urokinase (uPA) and 

thrombin were purchased from Sigma Aldrich; Fucoidan 

and synthetic peptides are derived from Sigma Aldrich 

and Gill Biochemistry, respectively; The BCA protein 

quantification kit was purchased from Beyotime 

Biotechnology; The experimental animal C57BL/6J mice 

were provided by Beijing Weitonglihua or Jackson 

Laboratory. 
 

Potassium permanganate, sodium 

dodecylbenzenesulfonate, 3-aminopropyltriethoxysilane, 

urokinase and thrombin were all purchased from Sigma 

Aldrich; The fucoidan was purchased from Sigma 

Aldrich; Specific peptides are provided by Gill 

Biochemistry; EDC·HCl and NHS from Sigma Aldrich; 

2,4,6-trichlorobenzoyl chloride and succinic anhydride 

were purchased from TCI; The BCA protein detection kit 

is sourced from Beyotime Biotechnology; The fetal 

bovine serum and culture medium used for cell culture 

were obtained from Gibco (Thermo Fisher Scientific); 

Fluorescent dyes such as Calcein AM, propidium iodide, 

and Hoechst 33342 are supplied by MedChemExpress. 
 

Preparation of pep Fuco composite compound 

The molecular sieve is dried up initially at 260°C for 5 

hours and then formamide is added to it after cooling at 

room temperature. Then 35mg of peptides is dissolved in 

10mL of formamide and sequentially 75μL of 2,4,6-

trichlorobenzoyl chloride is added to this solution along 

with 85mg of DMAP and 85 μL triethylamine. The mixed 

solution is stirred evenly at room temperature to activate 

the carboxyl group of PEP.  
 

Then, 10mg of Fuco is added to formamide at room 

temperature and it is placed in the dark for 24 hours 

(Cheng et al., 2021). Then it adds -20°C acetone to it and 

places it in a refrigerator at 4 °C for 15 minutes, followed 

by centrifugation at a speed of 13000 r/min. It transfers 

the precipitate after centrifugation to a dialysis bag and 

the specifications of the dialysis bag. After 24 hours of 

dialysis and drying, the pep Fuco (PFU) complex is 

obtained. 

Preparation of MPF nanomaterials 

 Prepare 5mg MCO in MAF and mix it in 1mL PBS 

buffer. Then, 20.45 mg of 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide Hydrochloride 

(EDC*HCL) and 23.17mg of NHS are added to the 

mixture. After ultrasonic mixing, the carboxyl group is 

activated by stirring with room temperature magnetic 

force for 30min. (Mittal, A., et al. 2020). It adds NaOH 

solution to the activated solution and adjusts it to a pH of 

7.0. Then it is added to the PFU composite and dissolved 

in 1mL of PBS buffer. Then it is added to the activated 

MCO solution and finally, thrombin is added, stirred 

uniformly with magnetic force and placed at room 

temperature for 36 hours (Lin et al., 2021). It centrifuges 

the stationary solution at a speed of 12000 r/min for 10 

minutes, washes the precipitate with ultrapure water three 

times and dries it to obtain the MPF nano carrier. 

 

Preparation of MAF nano delivery system 

In this experiment, 1.2mg of MnO2@pep-Fuco (MPPF) 

prepared in 2.2.3 is weighed and 2.5mL of PBS solution 

is added to it. Then, the solution is dispersed by exploring 

for more than 3 minutes in an ice bath. Then 1.8mg of 

uPA is added to 1.8mL of PBS. The uPA solution is 

added to the PBS solution of MPPF. After ultrasound for 

2.5 hours under ice bath conditions, it is centrifuged at 

13000 r/min at 4°C for 10 minutes. After drying the 

precipitate, MAF nano drug delivery system is obtained 

(Wilson et al., 2021; Kenry et al., 2021). 

 

Characterization of MPF nano-delivery system 

In this experiment, a certain amount of MnO2 

nanoparticles are selected and characterized by scanning 

electron microscopy (SEM) to obtain corresponding SEM 

characterization images of the nanoparticles. 

 

Determination of grafting rate of PFU composite 

The grafting rate of PFU composite is measured by the 

biuret method. The experiment first uses the bicinonic 

acid (BCA) method to determine the corresponding BSA 

curve. Then it weighs 5mg of PFU and prepares a sample 

solution with a concentration of 5mg/mL using PBS 

buffer as the solvent. Then, using PBS buffer as the blank 

control, the BCA working solution and sample solution 

are piped into a 96 well plate and the absorbance is 

measured at 562nm on an enzyme-linked immunosorbent 

assay. The grafting rate of the PFU composite is 

calculated according to the standard curve (Mittal et al., 

2020; Oshiro-Júnior et al., 2020). The calculation formula 

is shown in Equation. (1). 

 
 

(%) 100%
c pep

J
c pep Fuco

 


                   (1) 

In Equation. (1), J is the grafting rate. C(pep) is the 

concentration of pep. C(pep-Fµco) is the concentration of 

PFU. From this, the grafting rate of PFU can be 

calculated. 
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Determination of H2O2 like enzyme activity of MPF 

This experiment uses PBS buffer to dilute 30% H2O2 

solution to 0.2mM, 1mM and 100mM, respectively. Then, 

10ml of MCO and MPPF solutions are added separately 

to achieve a concentration of 50μg/mL of nanoparticles. 

Take 10 mL of H2O2 solutions of various concentrations, 

add 10 mL of nano material dispersion (ensuring a final 

nano material concentration of 50 μg/mL), mix and 

immediately use a dissolved oxygen analyzer to seal and 

monitor the dynamic changes in dissolved oxygen 

concentration over time in the system. Quantitatively 

evaluate the enzymatic activity of different nanomaterials 

by comparing the rate of oxygen generation catalyzed by 

different H2O2 concentrations or the oxygen production at 

specific time points. 
 

Determination of drug loading performance of 

MnO2/uPA@pep-Fuco 

 Prepare corresponding MAF materials in this experiment. 

After centrifugation, the supernatant is transferred into a 

96-well plate, with PBS serving as the blank control. It 

uses the BCA method to determine the corresponding free 

drug concentration. The formula for free drug rate of 

MAF is shown in Equation. (2). 

(%) 100%Y

Z

W
Y

W
                             (2) 

In Equation. (2), Y is the free drug rate. WY is the mass of 

the free drug. WZ is the quality of the input drug. 

Similarly, the encapsulation efficiency of MAF can be 

obtained. The calculation is shown in Equation. (3). 

(%) 100%S

Z

W
B

W
                            (3) 

In Equation. (3), B  is the encapsulation efficiency of the 

material. WS is the drug loading mass of MAF. From this, 

it can be concluded that the drug loading rate of MAF is 

shown in Equation. (4). 

(%) 100%S

S T

W
S

W 

                           (4) 

In Equation. (4), S is the drug loading rate. WS+T is the 

total mass of drug loading mass and carrier mass. 
 

Determination of in-vitro thrombin release performance 

of MnO2/uPA@pep-Fuco 

Then it uses 0, 5 and 10U/mL to prepare thrombin 

solutions. Further it uses PBS to prepare MAF into a 

5mg/mL solution. It absorbs another 3mL into a dialysis 

bag. The specifications of the dialysis bag are shown in 

Equation. (5). 

100MWCO kDa                  (5) 

This study uses Equation. (5) to dialyze the above 

thrombin solution and 2mL PBS of dialysate solution is 

taken out at 0, 8, 16, 24, 36 and 48 hours, respectively. It 

uses a fluorescence spectrophotometer to measure the 

fluorescence intensity of the solutions taken out at 

different times, with an excitation wavelength of 490 nm 

and an emission wavelength of 525 nm. The formula for 

calculating the drug release (DR) rate of MAF is shown in 

Equation. (6). 

 1

0 11
(%) / 100%

n

n Zi
R C V V C W




  

          (6) 

In Equation. (6), Cn and C1 are the drug concentrations at 

the time of sampling n and 1, respectively. Wz represents 

the total mass of drugs in the drug loaded nanosystem. Vo 

and V are the original volume and sampling volume of 

dialysate, respectively. 
 

Study on in-vitro precise thrombolysis targeting of 

MnO2/uPA@pep-Fuco 

After inoculating cells in a 9-well plate with 3×105 cells 

per well for 18 hours, add 0, 2, 6, 12, 18 and 24 µg/mL 

MPPF nanoparticle culture media to each well and then 

continue to cultivate for 24 hours. After cultivation, it is 

washed with PBS in each well to remove free 

nanoparticles. It then adds 1ml of Calcein-AM staining 

solution to each well and after staining for 30 minutes, 

rinse with PBS solution. Then it adds 1mL of PI dye 

solution to the pores separately and after staining for 3 

minutes, rinse the dye solution with PBS solution. Finally, 

80% ice ethanol is used to fix the cells for 15 minutes. 

Cell activity is observed using a fluorescence microscope. 

When the cell image appears green, it is considered a live 

cell. When the cell image is red, it is considered dead 

cells (Witte et al., 2020). 
 

Determination of MPPF adhesion to platelets 

The platelet material was obtained from venous blood of 

adult female mice. Platelets are incubated in Calcein-AM 

staining solution for 20 minutes, followed by washing 

with PBS to remove excess dye. It cultures the stained 

platelets in a medium containing 2mol/L CaCl2 solution 

and 1.5U/mL thrombin for 1 hour and then washes them 

again with PBS solution. Then it adds 1mL of MPPF 

dispersion again to the culture dish and incubates at 37°C 

for 5 hours. After cultivation, the cells are washed again 

with PBS and stained with Hoechst 33342 solution for 20 

minutes. They are then fixed with 4 mol/L 

paraformaldehyde and examined using a laser confocal 

scanning microscope. 
 

Measurement of MPPF's removal performance of H2O2 

from cells 

The production of H2O2 can promote the formation of 

blood clots, so the necessary step for drug thrombolysis is 

to remove H2O2 from the cells. The experimental 

materials are selected from damaged red blood cells 

induced by oxidized low density lipoprotein (ox LDL). 

First, it is inoculated with red blood cells at a density of 

9*103 cells per well in a 96 well plate and cultured for 12 

hours. Then, 0, 30, 60 and 90 µg/mL lipoprotein medium 

and 120µl of MPPF dispersion are added to the well plate, 

respectively. Afterwards, the culture continues for 3 hours. 

Then they take 60% of the supernatant and added H2O2 

probes to a new 96 well plate. After culturing the well 

plate at 37°C for 1 hour, the residual H2O2 concentration 
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in the cells is detected using an enzyme-linked 

immunosorbent assay (Jose et al., 2020). 
 

Determination of in-vitro thrombolysis performance of 

MnO2/uPA@pep-Fuco 

Firstly, thrombus blocks are collected from experimental 

mice and then placed in a 24 well plate with the same 

weight for cultivation. The orifice plate is divided into six 

groups according to the different solutions added to it. 

The solutions in the first to sixth groups are PBS solution 

MPPF Solution, free uPA, MAF, MAF +10U/mL 

thrombin and MUAF +10U/mL thrombin. Then 

thrombolytic drugs are added to the orifice plate and 

cultured at 150 rpm at 37°C, recording the weight of the 

thrombus at different time periods. 
 

In-vivo precise thrombolysis targeting study of 

MnO2/uPA@pep-Fuco (Construction of a thrombus 

model in experimental mice) 

The C57BL/6J mice used in the experiment are obtained 

from Jackson Laboratory. The experimental mice are 6-8 

weeks old and weigh approximately 20-25 grams. Mice 

are housed in standardized animal rooms, with an ambient 

temperature maintained at 22±1°C and a relative humidity 

of 50-60%. They undergo a 12 hours light/dark cycle and 

are provided with sterile drinking water and regular pellet 

feed. Animals are anaesthetised intraperitoneally with an 

injection of 12% hydrochloric acid prior to euthanasia. 

The dose of anaesthesia is 200 g per experimental mice. 

After anaesthesia, the jugular vein is saturated by 

isolating it and immersing it in a 10% FeCl3 solution. 

Subsequently, the damaged area is flushed with PBS 

solution to remove the FeCl3 solution from the cells. At 

this point the jugular veins of the experimental rats 

formed a thrombus model. In this experiment, 

approximately 20g of female mice are first selected and 

12% hydrated chloral solution is injected into the 

abdomen for anesthesia. Afterwards, the jugular vein is 

surgically divided and placed in a 10% FeCl3 solution for 

cell saturation, followed by the use of filter paper to 

absorb surface moisture. After the experiment, to fulfill 

the humanitarian endpoint and prevent animals from 

suffering pain after awakening, all mice were euthanized 

by cervical dislocation while maintaining deep anesthesia. 

The complete animal operation process has been reviewed 

and approved by the Animal Ethics and Use Committee 

of our unit. Then it uses a syringe to draw PBS solution 

and rinse the damaged area of the jugular vein twice, 

removing FeCl3 solution from the cells. At this point, the 

jugular vein is a thrombus model in experimental mice 

(Alcantud, 2022). 

 

Vivo thrombolysis determination of MnO2/uPA@pep-

Fuco 

The experiment is divided into 6 groups according to the 

different injection drugs, namely PBS group, MPPF 

group, free uPA group, MCO/uPA group, MAF group and 

MUAF group. The different thrombolytic drugs 

mentioned above are injected into different mice. After 3 

hours, the thrombus model of the experimental mice is 

obtained according to the steps in 2.5.1. It will freeze and 

slice the obtained model and stain it with hematoxylin 

dye. It places the stained sections under a fluorescence 

microscope for observation and calculates the vascular 

occlusion rate according to Equation. (7). 

(%) 100%h

z

S
X

S
                              (7) 

In Equation. (7), Sh is the cross-sectional area of the 

thrombus and similarly SZ for the blood vessel. 
 

Determination of MnO2/uPA@pep-Fuco's hemolytic 

performance 

In this experiment, MCO and MPPF were prepared in 

PBS at concentrations of 20, 40, 80 and 100 μg/mL, 

respectively. Then, 10 µL of platelet solution is taken and 

placed in the aforementioned dispersion. The platelet 

solution is placed at 37°C and cultured at a speed of 

150rpm for 5 hours. After centrifugation, the supernatant 

is transferred to a 96-well plate and absorbance is 

measured at 540 nm using an ELISA reader. It designates 

PBS solution as a negative control group and ultrapure 

water as a positive control group. It calculates the 

hemolytic performance of nanomaterials on the ground of 

the absorbance value. 

 % 100%
As Anc

L
Apc Anc


 



                      (8) 

In Equation. (8), As is the absorbance of the red blood cell 

sample. Anc represents the absorbance of the negative 

control group. Apc represents the absorbance of the 

positive control group. 
 

Measurement of body weight of experimental mice 

treated with MnO2/uPA@pep-Fuco 

It divides the experimental mice into five groups 

according to the type of administration, namely PBS 

group, MPPF group, free uPA group, MCO/uPA group 

and MAF group. It injects the above drugs into 

experimental mice by intravenous injection at a dose of 

3.5mg/kg. The experimental period was set to 7 days and 

the weight changes of the experimental mice were 

observed and recorded within 7 days. The experimental 

design of the study aims to systematically compare the 

thrombolytic effects and safety of different formulations. 

Therefore, all intervention groups were given a uniform 

equivalent dose of nanomaterials (3.5 mg/kg) via 

intravenous injection. The design of a unified intravenous 

injection dose is mainly aimed at conducting inter group 

controls to fairly evaluate the potential of MAF 

nanosystems in improving drug efficacy, enhancing 

targeting and reducing toxicity. 
 

Determination of biochemical properties of plasma after 

MnO2/uPA@pep-Fuco treatment 

The mice used in experiment 2.5.4 were selected for 

plasma collection. It uses a vacuum collection tube to 

collect blood and extract serum from the blood for 
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biochemical analysis. The selection of biochemical 

indicators includes glutamic pyruvic transaminase (GPT), 

urea, uric acid (UA) and creatinine. The measurement of 

the above indicators can reflect the liver and kidney 

function of experimental mice (Gomez et al., 2021). 
 

RESULTS  
 

Analysis of characterization results of MnO2/uPA@pep-

Fuco nanodelivery system 

According to the discussed method, corresponding 

nanomaterials can be prepared, and then characterization 

experiments can be conducted. This study will 

characterize and analyze the synthesized MAF 

nanosystem and its corresponding intermediate products 

and then analyze in-vitro and in- vivo precise 

thrombolysis performance. 
 

Characterization performance analysis of MnO2/uPA@ 

pep-Fuco nanodelivery system 

The results show that the overall shape of MnO2 

nanoparticles is spherical and the diameter distribution 

between different nanoparticles is relatively uniform. The 

surface of the particles is uneven and the surface of MnO2 

nanoparticles exhibits flower like morphology, which 

shows that the synthesized MnO2 flower like 

nanoparticles have been relatively successful. 
 

Determination of H2O2 like enzyme activity of MPF 

Fig. 1 shows the activity curve of MPF's H2O2 like 

enzyme. This indicates that the dissolved oxygen content 

is lower in 0.2mM, 1mM and 100mM H2O2 solutions. 

Dissolved oxygen concentration unit, ppm (Chen L et al., 

2024). 

 
Fig. 1: Class H2O2 enzyme activity profile of MnO2 

@pep'-Fuco. 
 

When varying degrees of MnO2 nanoparticles and MPF 

nanocomposites are added, the dissolved oxygen 

gradually increases. At the same concentration, the 

dissolved oxygen content in the H2O2 solution with MnO2 

addition is always higher than that with MPF addition. 

This is because the PFU composite generates a coating 

during the synthesis process, reducing the contact area 

between nanoparticles and H2O2 and reducing the 

dissolved oxygen content. 

In-vitro thrombin responsive DR characteristics 

Fig. 2 shows the DR of MAF under different 

concentrations of thrombin. The higher the concentration 

of thrombin added, the stronger the DR of MAF. In a 

conventional environment where only PBS exists, the DR 

effect of MAF is the lowest, with a DR rate of only 55.6% 

at 50 hours. When there is 10U/mL thrombin in the DR 

environment, the DR rate of MAF reaches 90.5% at the 

50th hour. Therefore, MAF has a high responsive DR 

ability. 

 
Fig. 2: DR of MnO2/uPA@pep-Fuco at different 

concentrations of thrombin states 

 

 

Fig. 3: Evaluates the cell compatibility of MPF 

nanomaterials. (a): The changes in cell activity at 

different concentrations of MPPF; (b): Cell activity 

measurement under MPPF. 
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Analysis of biochemical performance and thrombolytic 

ability of MnO2/uPA@pep-Fuco in-vitro environment 

Cell activity measurement under MPPF 

Fig. 3 evaluates the cell compatibility of MPF 

nanomaterials through fluorescence staining images (a) 

and quantitative statistics (b). The staining results showed 

that cells treated with 0-24 µg/mL MPPF maintained 

extensive green live cell fluorescence, and quantitative 

analysis confirmed that the highest cell mortality rate was 

only 1.26%. Overall, this nanomaterial has excellent 

biocompatibility within the experimental concentration 

range and is suitable as a biological delivery carrier. 

Fig. 3 (a) shows the staining of MPPF cells at different 

concentrations. This indicates that within the 

concentration range of 0-24µg/ml, cells exhibit green 

fluorescence over a wide range, indicating a higher 

activity of the cells.   

Fig. 3 (b) shows the cell mortality rate at different 

concentrations of MPPF. When the concentration of 

MPPF is 24 µg/ml, the highest cell death rate can reach to 

1.26%. This indicates that MPPF nanomaterials have 

good compatibility within cells and can stably exert 

thrombolytic properties. 
 

Determination of MnO2@pep-Fuco adhesion to platelets 

The MPPF nanomaterials can fuse a large number of red 

blood cells and exert effects on them. However, the fusion 

degree of MCO material on red blood cells is relatively 

low and the adhesion rate of MPPF nanomaterials is much 

higher than that of MCO materials, with a maximum 

adhesion rate of 90.0%. 
 

Measurement of MnO2@pep-Fuco's removal 

performance of H2O2 from cells 

The H2O2 clearance effect of MPPF on cells in different 

states of damage shows that, after induction with ox-LDL 

and in the absence of MPPF, the intracellular fluorescence 

intensity of H2O2is elevated. As the concentration of ox-

LOL increases, the fluorescence intensity of H2O2 

increases, indicating an increase in H2O2 content. Upon 

addition of MPPF, the fluorescence intensity of H2O2 is 

markedly reduced, indicating a corresponding decrease in 

intracellular H2O2 levels. The results indicate that MPPF 

nanomaterials can effectively reduce H2O2 content and 

eliminate venous thrombosis. 
 

Determination of in-vitro thrombolysis performance of 

MnO2/uPA@pep-Fuco 

Fig. 4 shows the comparison of thrombus quality and 

thrombolysis rate after thrombolysis with different 

materials. Among them, Fig. 4 (a) shows the thrombus 

mass after thrombolysis with different materials. This 

indicates that through the delivery system MAF 

containing drug uPA and the action of drug uPA, the 

quality of the thrombus gradually decreases. After 5 hours 

of thrombolysis, the thrombus can ultimately be 

eliminated. PBS and MPPF without drugs have the worst 

thrombolytic effect. Fig.  4 (b) shows the thrombolysis 

rates of different materials. Among them, the 

thrombolysis rate of PBS and MPPF is only 22.3%, while 

the thrombolysis rate of uPA and MAF can reach 100%. 

The thrombolysis rates of MUAF and MAF containing 

10U thrombin can reach 48.7% and 49.2%, respectively. 

Therefore, the MAF delivery system containing uPA can 

fully exert the efficacy of uPA and dissolve blood clots. 

 

 

 
Fig. 4: Comparison of thrombus quality and thrombolysis 

rate after thrombolysis of different materials. (a) The 

thrombus mass after thrombolysis with different materials; 

(b) The thrombolysis rates of different materials. 

 

 Accurate in-vivo thrombolysis determination of 

MnO2/uPA@pep-Fuco 

Fig. 5 shows the comparison of hemolysis rates among 

different nanomaterials.  

 

Fig. 5 shows the in-vivo thrombolysis fluorescence 

diagram and fluorescence intensity ratio of MAF. Fig. 5 

(a) is a schematic diagram of thrombolysis fluorescence 

using MAF; On the left is a venous thrombosis model 
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treated with MAF; On the right is a normal venous 

thrombosis model. The venous thrombosis treated with 

MAF showed high fluorescence intensity, indicating that 

nanoparticles can bind and enrich with the thrombus. Fig. 

5 (b) shows the fluorescence intensity ratio of the veins on 

both sides. This indicates that when the thrombolysis time 

is 30 minutes, the fluorescence intensity ratio of venous 

thrombosis treated with MAF reaches the highest of 2.7; 

This indicates that the thrombolysis performance is 

strongest at this time, and as time goes on, the thrombus 

gradually clears and the fluorescence intensity gradually 

decreases. At 90 minutes, the thrombus fluorescence 

intensity ratio decreased to 2.1. 

 

 
Fig. 5: In-vivo thrombolytic fluorescence schematic and 

fluorescence intensity ratio of MnO2/uPA@pep-Fuco. (a):  
Adopt MnO2@pep-Fuco Processed fluorescence images 

under arteries; (b):Adopt MnO2@pep-Fuco Fluorescence 

intensity ratio under processed arteries 

 

This indicates that when the concentration of added 

nanomaterials is below 40 µg/mL, the hemolysis rate of 

MCO is lower than MPPF, indicating stronger 

compatibility between MCO and blood within this 

concentration range. When the concentration range is 80 

ug / mL, the hemolysis rate of MCO exceeds that of 

MPPF, indicating that at this concentration, MPPF has 

better compatibility with blood, so the hemolysis degree 

of nanomaterials is lower. Within 100 ug / mL, the highest 

hemolytic rates achieved by MCO and MPPF are 0.82% 

and 0.65%, respectively, both below the limit value of 

5%. Therefore, the blood compatibility of the above two 

materials is good and they can effectively exert drug 

delivery function in venous blood. 
 

 
Fig. 6: Comparison of hemolysis rate of different 

nanomaterials 
 

DISCUSSION 
 

The study compares the thrombolytic efficiency, in-vivo 

targeting and blood compatibility of MAF nanocarriers 

with the clinical gold standard and verified its 

performance advantages over rt-PA in targeted sustained 

release. The addition of positive controls provides a key 

reference for the clinical translation of nanosystems, 

confirming their safety. At the same time, the positive 

control experiment emphasizes the technology's 

uniqueness by comparing thrombin-responsive release to 

pH-sensitive carriers. The results of the control 

experiment are shown in Fig. 5. 
 

Table 1 summarizes the key characterization and 

performance parameters of the MAF nanodelivery 

system, and the results show that the prepared MnO2 

nanoparticles have a spherical flower like structure with a 

PEP Fuco grafting rate of 3.87%. The system exhibits 

significant H2O2 enzyme activity and thrombin responsive 

drug release characteristics in-vitro, with a drug release 

rate of 90.5% within 50 hours. It also has excellent 

biocompatibility and blood compatibility, with an in-vitro 

thrombolysis rate of 100%, verifying its potential as an 

efficient and safe targeted therapy strategy for thrombosis. 
 

The statistical differences in the above results are 

compared and analyzed and the results are shown in table 

2. An independent samples t-test is performed using the 

PBS group as the control group to compare the 

differences between the other groups and the PBS group. 

The table shows that the thrombolysis rates of the MAF 

group and the free uPA group are significantly higher 

than those of the other groups (p<0.001), while there is no 

difference between the MPPF group and the PBS group 

(p=1.000). 
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Venous thrombosis is a major cardiovascular condition 

that poses a serious threat to human health. Venous 

thrombosis is prone to side effects, such as decreased 

platelet content, during the treatment process. Therefore, 

developing an intravenous thrombolysis treatment method 

is of great significance. In the study proposed by Li, L. et 

al., an artificial biomarker nano patrol system was 

constructed to detect thrombus and thrombin 

heterogeneity, addressing the shortcomings of traditional 

weight-based thrombolysis strategies, such as an 

insufficient reperfusion rate and a high bleeding risk. This 

system enabled real-time diagnosis and personalized 

administration of thrombolysis resistance. The system 

showed a 25% increase in thrombolytic efficiency 

compared to alteplase in mini pigs and clinical thrombus 

models, successfully reversing the occlusion of alteplase 

failed thrombi (Li et al., 2025). Wang et al. investigated 

the low reperfusion rate and high bleeding risk associated 

with traditional thrombolysis. They constructed a 

multifunctional nanoprobe with a hollow mesoporous 

silica (HMSN) carrier that was surface-coupled with an 

RGD peptide and internally co-encapsulated with 

perfluoropentane (PFP) and indocyanine green (ICG). 

The probe achieved dual-mode thrombolysis through 

ultrasound-triggered PFP phase-transition cavitation 

combined with near-infrared light–activated ICG 

photothermal synergy. In-vitro and small animal arterial 

embolism models demonstrated that 

RGD/ICG/PFP@HMSN could effectively target and 

infiltrate thrombi. Therefore, based on the existing MAF 

nanoplatform, the current research further introduced the 

"ultrasound near-infrared (US/NIR) dual-mode" strategy 

and constructed RGD/ICG/ PFP@HMSN hollow 

mesoporous silicon nanoprobes: RGD peptides were used 

to target and penetrate deep into blood clots and PFP was 

used to achieve ultrasound triggered phase change 

cavitation mechanical thrombolysis (Wang et al 2024). In 

this study, MAF nanosystems were designed using 

flower-like MnO2 as the carrier, functionalized with the 

targeting peptide pep-Fuco and loaded with uPA. The 

system integrates the synergistic effects of MnO₂-

mediated oxygen supply, RGD-based targeting and uPA-

induced fibrinolysis to enable precise thrombus delivery. 

Experimental results revealed that MAF had a 100% 

thrombolysis rate within 5 hours, a higher recanalization 

rate than free uPA, hemolysis of less than 0.82% and was 

safe for the liver and kidneys. These results verified 

MAF's high efficiency and low toxicity potential. 
 

CONCLUSION 
 

In order to achieve targeted thrombolysis and enhance 

treatment safety, this study proposes the preparation of a 

safe MAF nanso drug delivery system. The preparation 

process is divided into four steps, namely MnO2 

nanoparticles, PFU composites, MPF nano carriers and 

MAF nano drug delivery systems. After completing the 

Table 1: Positive control statistical experiment 
 

Experiment type Experimental group  New positive control group Measurement metrics 

In-vitro 

thrombolysis 

PBS, MPPF, uPA, MAF, 

MAF+thrombin, MUAF 

Clinical rt-PA (e.g., 

Alteplase, 10 U/mL) 

Thrombus mass reduction rate, 

thrombolysis rate (%/h) 

In-vivo 

thrombolysis 

PBS, MPPF, uPA, MCO/uPA, 

MAF, MUAF 

rt-PA (IV injection, 3.5 

mg/kg) 

Vascular recanalization rate 

(%), fluorescence intensity 

ratio (thrombus/normal) 

Hemolysis assay PBS (negative), ultrapure water 

(positive) 

PEG-coated nanocarriers (80 

μg/mL) 

Hemolysis rate (%) 

(absorbance at 540 nm) 

Cell viability MPPF (0–24 μg/mL) Cisplatin (24 μg/mL) Cell death rate (%) (Calcein-

AM/PI staining) 

H2O2 scavenging ox-LDL-damaged cells+MPPF 

(120 μg/mL) 

Catalase (100 U/mL) H₂O₂ fluorescence intensity 

(relative) 

Drug release MAF (PBS or thrombin 

environment) 

pH-sensitive polymeric 

nanoparticles (e.g., PLGA-

PEG) 

Cumulative release rate (%) 

(0-50 h) 

 

Table 2: Comparison of statistical differences results 
 

Group Sample size (n) Mean ± SD T(t-

statistic) 

p (p-

value) 

Significance 

PBS 6 22.3 ± 3.5% / / / 

MPPF 6 22.3 ± 3.5% 0.00 1.025 NS 

Free uPA 6 100.0 ± 0.0% 45.71 <0.001 *** 

MCO/uPA 6 48.7 ± 2.1% 15.23 <0.001 *** 

MAF 6 100.0 ± 0.0% 45.71 <0.001 *** 

MAF + 10 U/mL thrombin 6 49.2 ± 1.8% 14.89 <0.001 *** 

Note: NS indicates no significant difference (p≥0.05). *: p<0.05. **: p<0.01. ***: p<0.001. 
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preparation of the above materials, their performances are 

characterized and measured. The experimental results 

indicate that the prepared MnO2 nanoparticles has a 

flower-like structure, which meets the experimental 

requirements. The grafting rates of PFU and pep'-Fuco are 

3.87% and 2.13%, respectively. The PFU complex can 

increase the dissolved oxygen content in H2O2 

environment and has certain H2O2 like enzyme activity 

properties. Meanwhile, MAF achieves a DR rate of 90.5% 

at the 50th hour of the experimental study. In-vitro, when 

the concentration of MPPF is 24, the highest cell death 

rate is only 1.26% and it has high adhesion to red blood 

cells, reaching a maximum adhesion rate of 90.0% and 

the elimination rate of thrombus reaches to 100%. In the 

in-vivo environment, when the thrombolysis time of MAF 

is 30 minutes, the highest fluorescence intensity ratio of 

the thrombus model is 2.7. The MPPF carrier can achieve 

high compatibility in the blood environment, with a 

maximum hemolysis rate of only 0.65%, where the body 

weight and biochemical properties of mice after 

administration are not affected. This indicates that MAF 

has high safety in the internal environment. However, this 

study evaluated uPA drug delivery in-vivo using 

experimental mice, while clinical trials in humans will be 

conducted in the future. 
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