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Abstract

Thrombosis is a principle cause of various life-threatening cardiovascular diseases. However, 

current antithrombotic treatments using drugs only offer limited efficacy due to short half-life, low 

targeting ability to the thrombus site, and unexpected bleeding complications. Taking into account 

of the biological characteristics of thrombus including upregulation of hydrogen peroxide (H2O2) 

and abundance of fibrin, we engineered a H2O2-responsive nanocarrier for thrombus-targeting 

delivery of an antithrombotic agent (i.e., tirofiban). The nanocarrier was composed of a drug-

conjugated dextran nanocore and a red blood cell (RBC) membrane shell, and its surface was 

functionalized with a fibrin-targeting peptide, CREKA. Tirofiban was conjugated to dextran 

through a H2O2-cleavable phenylboronic ester linkage. The fibrin-targeting RBC membrane-

cloaked dextran-tirofiban conjugate nanoparticles (i.e., T-RBC-DTC NPs) can scavenge H2O2 and 

provide controlled release of tirofiban to achieve site-specific antithrombotic effects. In RAW 

264.7 cells and HUVECs, the T-RBC-DTC NPs effectively scavenged H2O2 and protected cells 

from H2O2-induced cytotoxicity. In the ferric chloride-induced carotid thrombosis mouse model, 

the T-RBC-DTC NPs efficiently accumulated at the injured carotid artery and exhibited 

significantly enhanced antithrombotic activity compared to free drug. The T-RBC-DTC NPs also 

exhibited good biocompatibility according to histology analysis. Overall, our results indicated that 

this bioengineered nanocarrier offers a promising therapeutic strategy for thrombotic disorders.
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1. Introduction

Thrombosis is the major pathogenesis of various life-threatening cardiovascular diseases 

such as myocardial infarction [1], ischemic stroke [2], and pulmonary embolism [3]. Acute 

blood vessel obstruction caused by thrombosis can dramatically reduce the blood flow, 

leading to extensive cell death, organ dysfunction, and even death. For thrombus therapy, 

rapid removal of clots is a key requirement to recanalize the occluded vessels. Both surgical 

intervention and antithrombotic therapy are effective treatment methods clinically. However, 

due to the high risk, high cost, and invasiveness of surgical procedures, antithrombotic drugs 

remain a preferable choice [2,3]. Nevertheless, these drugs are unable to target the thrombus 

and may impair normal hemostatic capabilities, and subsequently generates a high risk of 

undesirable bleeding complications. Moreover, the short half-life of most antithrombotic 

drugs requires repeated administration, leading to additional cost, inconvenience, and risks. 

Therefore, innovative strategies for targeted delivery of antithrombotic drugs to the thrombus 

site are urgently needed to reduce side effects and extend the half-life of drugs for better 

therapeutic outcomes.

Reactive oxygen species (ROS) are upregulated at the thrombus site, which are generated by 

the injured endothelium and activated platelets [4,5]. The elevated ROS levels in turn lead to 

further endothelial dysfunction and platelet activation, thereby facilitating the propagation of 

thrombus [6,7]. ROS also mediate endothelial expression of inflammatory cytokines and 

promotes platelet-endothelium interactions and vessel occlusion [8,9]. Therefore, scavenging 

excessive ROS would be a promising therapeutic strategy for thrombus [10]. Moreover, for 

thrombus-targeting drug delivery nanosystems, elevated ROS levels in the thrombus 

microenvironment can be utilized as a smart trigger for controlled drug release. The 

incorporation of targeting ligands in drug delivery nanosystems can improve localization and 

accumulation of drug to the desired thrombus site. Biological factors in the thrombus 

microenvironment, such as glycoprotein [11–15], P-selectin [16–18], collagen [19], fibrin 

network [20–22], and thrombin [23], have been widely explored as targets for the design of 

clot-targeting therapeutics. Among these biological factors, fibrin has been described as a 

significant hallmark of thrombus with high specificity [24,25]. During thrombus formation, 

fibrins can be generated locally from the circulating fibrinogens catalyzed by thrombin and 

coagulation factors. Fibrins can crosslink and form a dense biopolymeric mesh that protects 

the clot from mechanical stress and proteolytic attack and promotes the recruitment of 

activated platelets. Given that fibrins are only abundantly present at the thrombus site, fibrin-

targeting drug delivery systems can enable thrombus-targeting therapy. A peptide, CREKA 

(Cys-Arg-Glu-Lys-Ala), identified through a phage display, has been reported as a clot-

binding peptide, which showed favorable targeting ability to fibrin [21,26,27]. CREKA is a 

desirable targeting ligand as it is linear and contains only 5 amino acid residues. In addition, 

cysteine, the terminal amino acid in CREKA, allows for convenient bioconjugation via a 

thiol-maleimide reaction [28].

A number of nanoplatforms have been developed for the delivery of antithrombotic drugs, 

including liposomes [15], polymers [17,29], prodrugs [13], and mesoporous silica 

nanoparticles [30]. However, it remains challenging to simultaneously achieve thrombus 

targeted drug delivery, stimulus-controlled drug release, ROS scavenging and long 
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circulation time. To address these challenges, we sought to develop a polymer-drug 

conjugate that can take advantage of the physiological and biological characteristics of 

thrombus. Considering hydrogen peroxide (H2O2) is involved in the signaling pathways in 

the vasculature [7], H2O2-responsive thrombus-targeting red blood cell (RBC) membrane-

cloaked dextran-tirofiban conjugate nanoparticles (T-RBC-DTC NPs) were developed for 

antithrombotic therapy. As a proof-of-concept, tirofiban was chosen as the model 

antithrombotic drug. Tirofiban is a synthetic, non-peptide antagonist of the platelet 

glycoprotein IIb/IIIa receptor with a half-life about 2 h, which specifically inhibits 

fibrinogen-dependent platelet aggregation and has been described as an effective antiplatelet 

agent in the management of acute coronary syndromes [31,32]. As shown in Fig. 1, the 

dextran-tirofiban conjugate (DTC) was first synthesized by conjugating tirofiban to dextran 

through phenylboronic ester linkage. This linkage can be rapidly oxidized and cleaved by 

H2O2, and thus can scavenge H2O2 during the oxidation reaction. Moreover, the H2O2-

responsive linker can inhibit drug leakage during circulation, and provide controlled drug 

release at the thrombus site. Once the polymer-drug linkage is cleaved at the thrombus site, 

tirofiban can be restored to its original chemical structure, thereby maintaining its drug 

efficacy. Thereafter, the T-RBC-DTC NPs were fabricated by coating CREKA-

functionalized RBC membrane on the surface of the self-assembled dextran-tirofiban 

conjugate nanoparticles (DTC NPs). CREKA-functionalized RBC membrane provides 

thrombus-targeting capability and can enhance the biocompatibility and circulation time of 

the nanosystem [33–36]. Notably, platelet membrane may be more suitable than RBC 

membrane for thrombus targeting, due to its thrombus-homing property in nature and the 

role of platelet in the thrombotic processes. However, tirofiban, an antiplatelet agent, is 

likely to compromise the receptor on the platelet membrane and thus may impact the 

targeting capability. Instead, we used RBC membrane coating and incorporated fibrin-

targeting peptides to achieve thrombus targeting. In this work, the H2O2 scavenging 

capability of the T-RBC-DTC NPs was first demonstrated by cell culture models. In vivo 
imaging study demonstrated robust homing of the T-RBC-DTC NPs at the thrombus site. 

Furthermore, the T-RBC-DTC NPs significantly suppressed thrombus formation in a ferric 

chloride (FeCl3)-induced carotid arterial thrombosis mouse model.

2. Materials and methods

2.1. Materials

2-(4-(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and diethanolamine 

were purchased from TCI (Tokyo, Japan) and Alfa Aesar (Tewksbury, MA, USA), 

respectively. 2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (DSPE-PEG2000-Mal), CREKA (Cys-Arg-Glu-Lys-Ala), and 4’,6-

diamidino-2-phenylindole (DAPI) were obtained from NOF Corp (Tokyo, Japan), ABI 

Scientific Inc. (Sterling, VA, USA), and Abcam (Cambridge, MA, USA), respectively. 

Dextran (molecular weight ~ 20 kDa), poloxamer 188, 2,7-dichlorofluorescein diacetate, and 

dihydroethidium were purchased from Sigma-Aldrich (St. Louis, MO, USA). The whole 

blood from female ICR mice was purchased from BioIVT elevating science (Winchester, 

VA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 
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obtained from VWR (Radnor, PA, USA). Other reagents were purchased from ThermoFisher 

Scientific (Fitchburg, WI, USA) and used as received unless otherwise stated.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial basal 

medium supplemented with growth supplements at 37 °C in 5% CO2 atmosphere. Mouse 

macrophage cell line RAW 264.7 cells were maintained with RPMI-1640 cell culture 

medium (Gibco, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco, USA) and 

100 U/mL penicillin-streptomycin (Gibco, USA), in a humidified atmosphere containing 5% 

CO2 at 37 °C.

2.3. Synthesis and characterization of the dextran-tirofiban conjugate

2.3.1. Synthesis of the phenylboronic acid-tirofiban conjugate—Tirofiban 

(516.3 mg), 2-(4-(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (504.6 

mg), K2CO3 (647.8 mg), and KI (194.5 mg) were dissolved in 30 mL of anhydrous DMF 

and stirred at room temperature for 16 h. The product was purified and obtained by repeated 

precipitation in diethyl ether for 4 times and dried under vacuum. 1H-NMR (Fig. S2, 400 

MHz, DMSO-d6, ppm): 7.6 (d, 2H), 7.3 (d, 2H), 7.1 (d, 2H), 6.7 (d, 2H), 3.9 (t, 2H), 3.6 (m, 

1H), 3.4 (s, 2H), 2.9–3.2 (d, 2H), 2.6–2.8 (m, 4H), 1.9 (m, 2H), 1.1–1.7 (m, 13H), 1.3 (s, 

12H), 0.8 (t, 3H).

2.3.2. Deprotection of the phenylboronic acid-tirofiban conjugate—
Phenylboronic acid-tirofiban conjugate (306 mg) and diethanolamine (245.1 mg) were 

dissolved in 9 mL of anhydrous methanol. The reaction was stirred at room temperature for 

16 h. The product was precipitated in diethyl ether and collected by centrifugation. The 

precipitate was dissolved in methanol. The pH of the resulting solution was adjusted to ~3 

by adding HCl solution. Thereafter, the reaction was carried out at room temperature for 3 h. 

After precipitation by diethyl ether, the supernatant was collected and concentrated under 

vacuum to obtain the deprotected product. 1H-NMR (Fig. S3, 400 MHz, DMSO-d6, ppm): 

7.6 (d, 2H), 7.3 (d, 2H), 7.1 (d, 2H), 6.7 (d, 2H), 4.3 (t, 2H), 3.9 (m, 3H), 3.3 (m, 4H), 2.7–

3.1 (m, 4H), 1.0–1.9 (m, 15H), 0.8 (t, 3H).

2.3.3. Synthesis of the dextran-tirofiban conjugate—Deprotected phenylboronic 

acid-tirofiban conjugate (55 mg) and dextran (Mw~20 kDa, 15.5 mg) were dissolved in 1 

mL of anhydrous DMSO in a dry round bottom flask equipped with molecular sieves. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) (17.4 μL) was added to the solution and stirred 

overnight at room temperature. The polymer was purified by dialysis using a dialysis bag 

(molecular weight cut off, 3.5 kDa) against DMSO and 1 % DBU. Then, the product was 

precipitated into ethyl acetate and dried overnight under vacuum. 1H-NMR (Fig. S4, 400 

MHz, DMSO-d6, ppm): 6.5–8.0 (m, 3.87H), 3.0–4.0 (m, 10.2H), 1.0–2.0 (m, 10.51H), 0.8 

(m, 1.8 H).

2.3.4. Synthesis of the Cy 5.5-tagged dextran-tirofiban conjugate—Dextran-

tirofiban conjugate (30 mg), disuccinimidyl carbonate (DSC, 237.2 mg), and pyridine (74.6 

uL) were dissolved in 2 mL of anhydrous DMSO. The reaction was stirred at room 
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temperature for 24 h. The solution was dialyzed against DMSO. Then, the product was 

precipitated into ethyl acetate and dried overnight under vacuum. Subsequently, the DSC-

conjugated polymer and Cy 5.5-amine at the same mole ratio were dissolved in 2 mL of 

anhydrous DMSO under nitrogen. The reaction was carried out in the dark overnight. After 

dialysis against DMSO, the product was precipitated into ethyl acetate and dried overnight 

under vacuum.

2.4. Synthesis of the DSPE-PEG-CREKA

DSPE-PEG-CREKA was synthesized via a Michael addition reaction. CREKA bearing a 

thiol group terminal and DSPE-PEG-Mal were dissolved in DMSO/chloroform solution 

(1:1, v/v) at the molar ratio of 1.2:1. The resulting solution was gently stirred at room 

temperature overnight. Thereafter, the DMSO/chloroform solution was dried by a rotary 

evaporator. The product was purified by dialysis with a dialysis tubing (MWCO = 3.5 kDa) 

against DI water to remove residual CREKA followed by lyophilization.

2.5. Preparation and characterization of the T-RBC-DTC NPs

2.5.1. Preparation of RBC membrane-derived vesicles—The RBC membrane-

derived vesicles were prepared using the hypotonic hemolysis method [33–35]. Briefly, 

whole blood collected from female ICR mice was centrifuged (3000 rpm, 5 min) at 4 °C to 

separate erythrocytes from serum and leukocytic cream. The resultant erythrocytes were 

washed with 1 × PBS (pH 7.4) 3 times and then suspended in 0.25 × PBS at 4 °C for 1 h. 

After this hypotonic buffer treatment, the solution was centrifuged (12000 rpm, 10 min) to 

remove the released hemoglobin. The process was repeated until the hemoglobin was 

completely removed. The pellet was then resuspended in water and sonicated. The resulting 

vesicles were subsequently extruded 11 times through 400 nm polycarbonate porous 

membranes using an Avanti mini extruder. The membrane protein concentration was 

determined by the BCA assay.

2.5.2. Preparation of the DTC, RBC-DTC and T-RBC-DTC NPs—The DTC NPs 

were prepared by self-assembly of the dextran-tirofiban conjugate, by dissolving 4 mg of 

dextran-tirofiban conjugate in 1 mL of poloxamer 188 solution (0.1%, w/v). To prepare RBC 

membrane-coated dextran-tirofiban conjugate nanoparticles (RBC-DTC NPs), the RBC 

membrane-derived vesicles were mixed with freshly made DTC NPs at a membrane protein 

to polymer weight ratio of 1:1. The mixture was then extruded through a 400 nm and a 200 

nm polycarbonate porous membrane sequentially using an Avanti mini extruder.

To prepare CREKA-functionalized RBC membrane-derived vesicles, the RBC membrane-

derived vesicles containing 5 mg of membrane protein were first incubated with 1 mg of 

DSPE-PEG-CREKA at 37 °C for 30 min to ensure the complete insertion of DSPE-PEG-

CREKA into the lipid bilayer of the vesicles. The resulting DSPE-PEG-CREKA-

functionalized RBC membrane-derived vesicles were mixed with the DTC NPs and then 

extruded to yield the T-RBC-DTC NPs [37]. Similarly, the Cy 5.5-tagged DTC NPs, RBC-

DTC NPs, and T-RBC-DTC NPs were prepared with the aforementioned processes by using 

Cy 5.5-tagged DTC.
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2.5.3. Characterization—The hydrodynamic size and zeta potential of the nanoparticles 

were measured by dynamic light scattering (DLS, ZetaSizer Nano ZS90, Malvern 

Instruments, USA) at a 90° detection angle at a concentration of 0.1 mg/mL. The 

morphology of different nanoparticles was visualized by transmission electronic microscopy 

(TEM, FEI Tecnai G2 F30 TWIN 300 KV, E.A. Fischione Instruments, Inc. USA) after 

negative staining with a phosphotungstic acid solution (1%, w/w). The particle size of the T-

RBC-DTC NPs in PBS containing 10% FBS was monitored by DLS over one week to 

evaluate the stability of the nanoparticles. Dissociation of the nanoparticles triggered by 

H2O2 was performed by incubation with 100 μM H2O2 at 37 °C. Particle size was monitored 

by DLS at 1 h after incubation.

In vitro release kinetics of tirofiban from the T-RBC-DTC NPs were studied by a dialysis 

method. 1.5 mL of T-RBC-DTC NPs suspension (1 mg/mL of tirofiban) was sealed in a 

dialysis bag with a molecular weight cutoff of 3.5 kDa and immersed in 50 mL of 1% Tween 

80 containing PBS (0.1 M, pH 7.4) with or without 100 μM H2O2 under gentle shaking at 37 

°C. At certain intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 48 h), 0.2 mL of the solution 

outside the bag was collected to determine the released tirofiban amount by reversed-phase 

high-performance liquid chromatography (HPLC) with a UV detector measuring absorbance 

at 227 nm. An equal volume of pre-warmed fresh medium was added back to the release 

medium.

The ability of the T-RBC-DTC NPs to scavenge H2O2 was evaluated by the Amplex Red 

assay (Invitrogen, #A22188) [38]. Various amounts of the T-RBC-DTC NPs were added to a 

H2O2 solution with an initial H2O2 concentration of 100 μM. The resulting solution was 

incubated at 37 °C under gentle shaking. At 1 h post-treatment, the solution was centrifuged 

to precipitate the nanoparticles. The residual level of H2O2 was measured by the Amplex 

Red assay according to the manufacturer’s protocol.

2.6. Cytotoxicity assay

The cytotoxicity of various formulations on RAW 264.7 cells and HUVECs was tested by an 

MTT assay. Cells were cultured in a 96-well plate (1 × 104 cells/well) and incubated till 

around 80% confluence. The cells were then treated with various concentrations of 

nanoparticles and incubated with or without H2O2 (100 μM) for 24 h. Then, the cell media 

was discarded, and the cells were washed with PBS for 3 times. Subsequently, 200 μL of 

MTT solution (0.5 mg/mL in PBS) was added to each well and incubated at 37 °C for 

another 4 h. The resulting purple precipitates were dissolved in 150 μL of DMSO. Cell 

viability was measured by monitoring the difference between the absorbance at 560 nm and 

650 nm using a GloMax-Multi Microplate Multimode Reader (Promega, WI, USA). Cell 

viability was calculated as a percentage relative to untreated cells.

2.7. Intracellular ROS detection

The intracellular ROS was monitored using the 2,7-dichlorofluorescein diacetate (DCFH-

DA) assay kit. RAW 264.7 cells and HUVECs were seeded in 24-well culture plates and 

incubated for 24 h. Then, cells were treated with various formulations in the presence of 

H2O2 (100 μM). After incubation at 37 °C for 24 h, cells were washed and treated with 10 
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μM DCFH-DA for 30 min in the dark at 37 °C. Then, cells were harvested and washed to 

measure the intracellular ROS concentration by detecting the dihydrodichlorofluorescein 

(DCF) fluorescence through flow cytometry (Attune NxT flow cytometer system, 

ThermoFisher, USA) and analyzed with FlowJo 7.6. The untreated cells were used as a 

negative control. 1 × 104 events in total were counted for each sample. For fluorescence 

microscopy imaging, cells were washed with PBS, fixed with 4% (w/v) paraformaldehyde, 

and stained with DAPI. The cells were imaged under a fluorescence microscope.

2.8. Animal studies

2.8.1. A FeCl3-induced carotid thrombosis mouse model—All animal studies 

conform to the Guide for the Care and Use of Laboratory Animals (National Institutes of 

Health) and protocols approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Wisconsin. ICR mice (female, 22–24 g, Charles River) were 

maintained in an SPF level animal room at 22 °C under a 12 h light-dark cycle and food and 

water ad libitum. A FeCl3-induced carotid artery thrombosis model was established as 

previously described [39]. Briefly, after the mouse was anesthetized with isoflurane (3% for 

inducing and 1% for maintaining anesthesia), the hair of the whole neck was shaved off. 

Thereafter, a longitudinal incision of the neck skin was made, and the carotid artery was 

exposed. A 1 mm × 2 mm piece of filter paper soaked with 10% FeCl3 was used to wrap 

around the carotid artery for 3 min to generate vascular injury. The body temperature of the 

mice was maintained at around 37 °C using a heating pad during the surgery.

2.8.2. Thrombus imaging—The Cy 5.5-labeled nanoparticles were tail-vein injected 

immediately after vascular injury. At scheduled time points, the Cy 5.5 fluorescence images 

at the carotid artery were captured via an in vivo imaging system (IVIS) equipped with an 

excitation bandpass filter at 676 nm and emission at 705 nm. After euthanasia of the mice, 

injured and non-injured carotid arteries and major organs including heart, liver, spleen, lung, 

and kidney were collected.

2.8.3. Histological examination—To assess the in vivo therapeutic potential of the T-

RBC-DTC NPs, mice were divided into six groups including saline, tirofiban, DTC NPs, 

RBC-DTC NPs, T-RBC-DTC NPs, and the sham group. The dose of tirofiban in all 

tirofiban-containing groups was constant at 80 μg/kg. After the FeCl3-induced thrombosis 

mouse model was established, the different formulations were immediately injected via the 

tail vein. In the sham group, the carotid arteries were exposed and incubated with saline-

soaked filter paper instead of FeCl3-soaked one. After 24 h of therapy, carotid arteries 

excised from mice were embedded in optimal cutting temperature (OCT) compound blocks. 

Then, the arterial tissue blocks were sectioned at a microtome setting of 7 μm. To observe 

the antithrombotic effect, the sections were stained with hematoxylin and eosin (H&E) and 

examined under an optical microscope. The thrombosis degree of the carotid artery was 

analyzed using Image J software and calculated by the blood clot area/total vascular area. 

For dihydroethidium (DHE) staining, tissue sections were incubated with 5 μM DHE at 37 

°C for 30 min in the dark. Then, DAPI was applied to the sections. The sectioned carotid 

artery tissues were observed using a fluorescence microscope.
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2.8.4. Measurement of the levels of TNF-α and sCD40L—Blood was collected 

into a tube freshly pretreated with 1% heparin and centrifuged at 3000 rpm for 10 min at 4 

°C to obtain plasma. The levels of TNF-α and sCD40L were measured with a mouse TNF-α 
ELISA kit (R&D Systems, MTA00B) and a mouse sCD40L ELISA kit (Invitrogen, 

BMS6010), respectively, according to manufacturer’s instructions.

2.9. Biocompatibility

Mice were administrated either with saline or T-RBC-DTC NPs (containing tirofiban at 80 

μg/kg) every day for a week. After euthanasia, organs including heart, liver, spleen, lung, 

and kidney were excised for histological examination. Organs were fixed with 

paraformaldehyde for 24 h and embedded in OCT and the blocks were sectioned for H&E 

staining. The image of tissues was acquired using an optical microscope.

2.10. Statistical analysis

Data are presented as mean ± standard deviation (SD). Statistical analysis was conducted 

using a One-way ANOVA or t-test by GraphPad Prism software version 7.0. Significance 

was reported as * when p < 0.05, ** when p < 0.01, and *** when p < 0.001.

3. Results and Discussion

3.1. Biomimetic thrombus-targeting T-RBC-DTC NPs were successfully synthesized and 
well characterized

To develop thrombus-targeting and H2O2-scavenging antithrombotic nanoparticles, a H2O2-

responsive prodrug polymer was synthesized by conjugating tirofiban to dextran through a 

H2O2-cleavable phenylboronic ester linkage (Fig. S1). We chose dextran as a substrate to 

synthesize the prodrug polymer because it is an FDA-approved volume expander with good 

biodegradability and biocompatibility. Tirofiban was conjugated to phenylboronic acid via 

an amine alkylation reaction. After deprotection of pinacol ester, the prodrug was then 

conjugated to dextran through a coupling reaction between the phenylboronic acid 

functional group on the prodrug and the diol group on dextran. The structure of all 

intermediate and final products (Fig. S2–4) were confirmed by 1H NMR. The tirofiban 

conjugation ratio quantified by NMR was 60% (i.e., 60 tirofiban molecules were conjugated 

per 100 dextran saccharide units).

For rapid and specific thrombus-targeting, CREKA was chosen as a targeting ligand because 

of its high affinity for fibrins which are abundantly present at thrombus sites. DSPE-PEG-

CREKA was synthesized via a Michael addition reaction between the thiol group of 

CREKA and the maleimide group of DSPE-PEG-Mal. It is used to facilitate the integration 

of the CREKA peptide into the RBC membrane-derived vesicles. The successful synthesis 

of DSPE-PEG-CREKA was confirmed by 1H NMR (Fig. S5–6). Chemical shifts of the 

methoxy group (−OCH2) from PEG were observed at 3.6 ppm, while those from the C-H 

lipid chain were found at 0.8, 1.2 and 1.5 ppm. After CREKA was conjugated to DSPE-

PEG-Mal, the original chemical shifts of maleimide groups (at 6.92 ppm) disappeared, 

suggesting the successful conjugation of CREKA.
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The T-RBC-DTC NPs were prepared using a three-step process based on a previously 

published method [37]. In the first step, the RBC membrane was extracted by the 

combination of hypotonic lysis and mechanical disruption to yield RBC membrane-derived 

vesicles. To achieve the targeting capability, DSPE-PEG-CREKA was integrated into the 

RBC membrane-derived vesicles by co-incubation. Meanwhile, due to its amphiphilic 

nature, DTC can self-assemble into a nanoparticle core with an anionic surface via 

hydrophobic interactions between the phenylboronic acid-tirofiban segments of the 

polymers. Thereafter, the CREKA-decorated RBC membrane-derived vesicles were 

subsequently coated onto the surface of DTC NPs through an extrusion process. The 

hydrophilic glycans and the negatively charged sialic acid residues on the surface of the 

RBC membranes contribute to the unilamellar coating of the RBC membranes onto the 

nanoparticles surface in a right-side-out orientation [40]. DLS measurements revealed that 

with RBC membrane coating, the average hydrodynamic diameter of the RBC-DTC NPs 

increased from 160.6 ± 3.9 to 176.5 ± 2.6 nm and the surface zeta potential decreased from 

−13.5 ± 1.0 to −28.5 ± 1.2 mV (Fig. 2A). An increase around 16 nm in diameter is 

consistent with the addition of a lipid bilayer membrane onto the exterior of a polymeric 

nanoparticle [41]. Additionally, the surface zeta potential of the RBC-DTC NPs was more 

negative than that of the cores but comparable to the RBC membrane-derived vesicles (−31.1 

± 0.8 mV). This phenomenon is commonly observed after membrane coating to 

nanoparticles and indicates shielding of the less negatively charged DTC NPs with the more 

negatively charged outer cell membrane surface [41]. As shown in the TEM images, the 

RBC-DTC NPs and T-RBC-DTC NPs exhibited a characteristic core-shell structure, which 

further demonstrated a successful and complete cell membrane coating on the DTC NPs 

(Fig. 2B). In addition, the drug loading content of the T-RBC-DTC NPs was 13% by weight. 

The sizes of the T-RBC-DTC NPs in PBS containing 10% FBS remained relatively stable 

for one week at both room temperature (i.e., 20 °C) and 37 °C, indicating good stability.

3.2. The T-RBC-DTC NPs effectively released drugs in response to an elevated H2O2 level, 
and efficiently scavenged H2O2 to protect cells in vitro

In order to evaluate the H2O2 sensitivity of the T-RBC-DTC NPs, the morphology change of 

the nanoparticles was monitored in the presence of H2O2 (100 μM) at 37 °C by DLS. As 

shown in Fig. 2C, the sizes of the nanoparticles changed dramatically in response to the 

presence of H2O2. The addition of H2O2 resulted in rapid dissociation of the DTC NPs 

because the phenylboronic ester functional groups in the polymer were oxidized by H2O2 

and were quickly cleaved, leading to a decrease of hydrophobic interaction between 

polymers. Moreover, the RBC membrane coating may be ruptured by H2O2-induced 

hydrophobic to hydrophilic conversion of the polymer. As presented in Fig. S1, oxidation of 

H2O2 can lead to DTC degradation, which generate three types of water soluble small 

molecules, i.e., tirofiban, 4-(hydroxymethyl)phenol, and boronic acid. These compounds 

together with the recovered hydrophilic dextran dramatically raised the osmotic pressure 

within the RBC vesicles, thereby possibly leading to the rupture of the RBC membrane 

coating. The in vitro drug release profile of the T-RBC-DTC NPs was evaluated in the 1% 

Tween 80 containing PBS (0.1 M, pH 7.4) with or without H2O2 at 37 °C (Fig. 2D). There 

was only about 14% drug release within 48 h in the absence of H2O2. However, almost all 

the drug (95%) loaded in the T-RBC-DTC NPs was released with a rapid initial burst release 
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in the presence of H2O2 (100 μM). The H2O2-dependent drug release behavior further 

confirmed the cleavage of the phenylboronic ester linker between the drug and the polymer. 

The H2O2 scavenging capability of the T-RBC-DTC NPs was also investigated. A H2O2 

solution was treated with various amounts of the T-RBC-DTC NPs and the concentration of 

remaining H2O2 was measured using the Amplex Red assay. As shown in Fig. 2E, the T-

RBC-DTC NPs were able to efficiently scavenge H2O2 in a concentration-dependent 

manner. The H2O2 scavenging capability was attributed to the phenylboronic ester linkages 

of the prodrug polymer that undergo H2O2-triggered oxidation to consume H2O2.

To investigate the cytotoxicity of the nanoparticles, the MTT assay was performed using 

RAW 264.7 cells and HUVECs. DTC NPs showed negligible toxicity at concentrations less 

than 150 μg/mL (Fig. 3A and Fig. 4A). No obvious cytotoxicity was observed in the 

tirofiban, RBC-DTC NPs, and T-RBC-DTC NPs treatment groups, demonstrating their 

excellent biocompatibility at the tested concentrations. We also assessed the protective 

effects of the nanoparticles from the H2O2-induced oxidative stress. Stimulation with H2O2 

(100 μM) induced a remarkable reduction in cell viability for untreated cells. Tirofiban also 

exhibited no effect on the viability of H2O2-stimulated cells. However, the DTC NPs 

effectively protected cells from H2O2-induced cell death in a DTC concentration-dependent 

manner because of the H2O2-scavenging ability of the phenylboronic ester functional 

groups. In the presence of DTC NPs (150 μg/mL DTC), the viability of RAW 264.7 cells 

increased from 35% to 69%. The viability of HUVECs increased from 31% to 61% after the 

treatment of DTC NPs (150 μg/mL DTC). The RBC-DTC NPs and T-RBC-DTC NPs 

showed similar protective effects with the DTC NPs when the DTC concentration was 150 

μg/mL. However, an equivalent amount of free tirofiban did not show any protective effect 

on cells subjected to H2O2 treatment.

We next investigated the effects of the nanoparticles on the intracellular ROS level in H2O2-

stimulated RAW 264.7 cells and HUVECs using DCFH-DA as an ROS probe, which can be 

oxidized by ROS and subsequently become fluorescent DCF. The intracellular fluorescence 

intensity of DCF was measured by flow cytometry. As demonstrated in Fig. 3B and Fig. 4B, 

H2O2-stimulated cells showed a dramatically higher level of intracellular ROS compared to 

normal cells. However, the DTC NPs, RBC-DTC NPs, and T-RBC-DTC NPs significantly 

reduced the intracellular ROS levels (Fig. 3C and Fig. 4C). In contrast, an equivalent amount 

of free tirofiban showed no anti-oxidative ability. The ability of the nanoparticles in reducing 

intracellular ROS was further substantiated by fluorescence microscopy (Fig. 3D and Fig. 

4D). ROS production is related to both cellular and tissue injuries induced by oxidative 

stress. These results suggested that judiciously designed nanoparticles can be applied to 

relieve the pathological conditions by consuming excessive ROS, which was in agreement 

with recent reports that certain nanoparticles can function as scavengers of ROS [42].

3.3. The T-RBC-DTC NPs effectively homed to the injured carotid artery

The fibrin-targeting CREKA peptide is decorated on the surface of the T-RBC-DTC NPs to 

enhance the accumulation of the nanoparticles at the fibrin-abundant thrombus site. To 

evaluate the targeting efficiency, a mouse carotid arterial thrombosis model was used in this 

study. One of the carotid arteries was isolated and incubated with filter paper soaked with 
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FeCl3 to induce the formation of thrombus. The Cy 5.5-tagged RBC-DTC NPs or T-RBC-

DTC NPs prepared by the Cy 5.5-tagged DTC was intravenously injected. In vivo 
fluorescence imaging of the carotid arteries were carried out at various time points post-

injection. A weak fluorescence signal was observed in the non-injured carotid artery, likely 

due to the circulating nanoparticles. In contrast, the FeCl3-treated artery exhibited a very 

strong fluorescence signal only 5 min after T-RBC-DTC NPs administration (Fig. 5A). The 

fluorescence intensity gradually increased within the first 30 min post-injection because 

more circulating T-RBC-DTC NPs bound to fibrin and accumulated at the thrombus site. 

After that, the fluorescence signal slightly reduced as shown in Fig. 5B and Fig. 5C. The 

fluorescence intensity in the injured carotid artery in the T-RBC-DTC NPs treatment group 

was 5 times higher than that in the RBC-DTC NPs treatment group at 30 min, demonstrating 

the fibrin-targeting ability of the T-RBC-DTC NPs through surface modification with the 

CREKA peptide (Fig. 5B).

Although the surfaces of the T-RBC-DTC NPs were functionalized with the fibrin-targeting 

CREKA peptide, these nanoparticles also accumulated in liver, spleen, and kidney, since 

these organs are responsible for the elimination of xenobiotic substances (Fig. 5D). In fact, 

this is very common for nanoparticle-based targeted delivery [43–45]. However, as shown in 

Fig. 5E, the FeCl3-injured artery showed a drastically higher fluorescence intensity per unit 

mass in comparison with all major organs as well as the non-injured artery, demonstrating 

the superior targeting capability of the T-RBC-DTC NPs to the thrombus site.

3.4. The T-RBC-DTC NPs effectively inhibited thrombosis in vivo with good 
biocompatibility

We then examined the antithrombotic activity of the prodrug nanoparticles via histological 

examination. The DTC NPs, RBC-DTC NPs, and T-RBC-DTC NPs were intravenously 

injected immediately after vascular injury. In parallel, additional controls including saline 

and free drug were injected. The sham group is used to study whether the surgery could 

induce vascular injury. As shown in Fig. 6A and Fig. 6B, no thrombus was found in the 

sham-operated mice, suggesting that the surgery did not induce mechanical vascular 

damage, while a large thrombus was formed in FeCl3-treated mice. Compared to the DTC 

NPs-treated group (80.3% thrombosis degree), the RBC-DTC NPs showed better 

antithrombotic efficiency (64.4% thrombosis degree). More remarkably, treatment with the 

T-RBC-DTC NPs effectively inhibited the thrombus development (14.9% thrombosis 

degree) compared to the equivalent amount of tirofiban (88.1% thrombosis degree), despite 

its potent antiplatelet activity. This result indicated that the delivery of tirofiban in a targeted 

manner using the T-RBC-DTC NPs can enhance the antithrombotic effect.

The DHE staining was also performed to investigate the impact of the prodrug nanoparticles 

on the level of ROS in thrombosed vessels. DHE, a fluorescent probe, can be oxidized by 

ROS to form ethidium oxide with red fluorescence. A qualitative analysis of the red 

fluorescence signal was conducted by fluorescence microscopy. As revealed in Fig. 7, the 

thrombus and endothelium of the FeCl3-treated carotid artery showed a high intensity of 

DHE fluorescence, indicating that a large number of platelets were recruited to the 

thrombosed blood vessel and were activated to generate massive ROS. The T-RBC-DTC 
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NPs significantly suppressed ROS generation compared to the equivalent amount of 

tirofiban. The superior anti-oxidative activity of the T-RBC-DTC NPs than the free drug 

(i.e., tirofiban) can be attributed to the multifunctionalities offered by the nanoplatform 

including thrombus targeting, H2O2 scavenging, and H2O2-triggered release of the 

therapeutic drug at the thrombus site.

We next measured the level of TNF-α to evaluate the anti-inflammatory effect of the 

prodrug nanoparticles (Fig. 6C). Treating the carotid artery with FeCl3 significantly 

increased the level of TNF-α (89.9 ± 8.0 pg/mL). As expected, T-RBC-DTC NPs exhibited 

much stronger inhibitory effects on the level of TNF-α (25.7 ± 3.5 pg/mL) than free 

tirofiban (80.0 ± 4.7 pg/mL), DTC NPs (68.1 ± 6.8 pg/mL), and RBC-DTC-NPs (52.7 ± 5.1 

pg/mL), suggesting that T-RBC-DTC NPs possess highly potent anti-inflammatory activity. 

Moreover, sCD40L is produced primarily by activated platelets and interacts with CD40 on 

endothelial cells or immune cells to mediate the thrombotic and inflammatory processes 

[46]. We therefore investigated the inhibitory effects of the nanoparticles on the expression 

of sCD40L (Fig. 6D). FeCl3 treatment induced a significant upregulation of sCD40L (8.7 ± 

0.3 ng/mL). T-RBC-DTC NPs suppressed the expression of sCD40L drastically (2.5 ± 0.3 

ng/mL) and was much more effective than free tirofiban (7.9 ± 0.3 ng/mL), DTC NPs (7.0 ± 

0.4 ng/mL), and RBC-DTC-NPs (4.9 ± 0.5 ng/mL). These observations implied that T-RBC-

DTC NPs can simultaneously provide anti-inflammatory, antiplatelet, and anti-oxidation 

effects via thrombus targeted delivery of tirofiban and an anti-oxidation effect via the ROS-

scavenging nanocarriers.

To further evaluate the in vivo biocompatibility of the T-RBC-DTC NPs, the T-RBC-DTC 

NPs were intravenously administered to mice every day for one week. H&E staining of the 

tissue samples including heart, liver, spleen, lung, and kidney after the treatment with saline 

and T-RBC-DTC NPs were conducted. There was no evidence of pathological differences or 

inflammatory cell infiltration in the tissue sections, demonstrating the good in vivo 
biocompatibility of the T-RBC-DTC NPs (Fig. 8).

Regarding the clinical translation of the T-RBC-DTC NPs, many opportunities and 

challenges lie ahead. The T-RBC-DTC NPs hold a great potential for translation due to the 

thrombus-targeted and controlled drug delivery capability, enhanced antithrombotic efficacy, 

reduction in the drug dosage, and good biocompatibility. The excellent accessibility (the 

most abundant cell in the human body) of RBC membrane can further facilitate the 

translation of T-RBC-DTC NPs. Furthermore, surface functionalization including targeting 

ligand conjugation can be conveniently achieved by inserting modified lipids to the RBC 

membranes, thereby offering versatility for various potential clinical applications. The T-

RBC-DTC NPs can also enable personalized therapy for enhanced therapeutic outcome with 

little risk of immunogenicity by using RBC membranes from individual patients. The 

fabrication process of the RBC membrane-coated nanoparticles includes RBC membrane 

extraction, preparation of the nanocores, and membrane coating procedures. This is an 

environmentally friendly fabrication process as it does not involve any organic solvents. 

However, each fabrication step requires a proper protocol to ensure scalability and 

reproducibility of the final product. More efforts are thus needed to alleviate the gap 
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between preclinical research and clinical translation of the RBC membrane-coated 

nanotherapeutics.

In addition, for thrombus targeting, platelet membrane can also be used as the nanocarrier 

surface coating due to its thrombus-homing property and the role of platelet in the 

thrombotic processes. However, in the present study, tirofiban was selected as the model 

drug for antithrombotic therapy, which is an antagonist of the platelet glycoprotein IIb/IIIa 

receptor. Tirofiban is likely to compromise the receptor on the platelet membrane and thus 

impact the targeting capability. Instead, we used RBC membrane coating and incorporated 

fibrin-targeting peptides to achieve thrombus targeting. The T-RBC-DTC NPs can 

accumulate at thrombus sites, where abundant fibrin is present, and it may be suitable for 

treating various thrombus-associated diseases, including arterial thrombosis, pulmonary 

embolism, ischemic stroke, acute myocardial infarction, and deep vein thrombosis. 

Furthermore, since our conjugation chemistry to achieve H2O2-responsive drug release is 

versatile for drugs that bear an amino group, we envision our nanoplatform can be applied 

for a broad range of applications by varying the types of drug, cell membrane coating and 

targeting ligand.

4. Conclusion

A biomimetic core-shell drug delivery system was designed for thrombus-targeting delivery 

of antithrombotic agent. The nanocarrier consisted of a H2O2-activatable dextran-drug 

conjugate nanocore and a RBC membrane coating integrated with the fibrin-targeting 

CREKA peptides. Upon intravenous administration, the T-RBC-DTC NPs were able to 

rapidly accumulate at the fibrin-rich blood clots and were also able to effectively suppress 

the thrombus development in the injured vessels through the combination effect of anti-

oxidation enabled by the nanocarriers and the antithrombotic effect from tirofiban. Based on 

these unique features, including thrombus-targeting capability, H2O2 scavenging, and ROS-

triggered therapeutic action at the thrombus site, the rationally engineered T-RBC-DTC NPs 

can be potentially used to treat various life-threatening thrombosis diseases.
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Highlights

• H2O2-responsive thrombus-targeting red blood cell membrane-cloaked 

dextran-tirofiban conjugate nanoparticles (T-RBC-DTC NPs) were developed 

for antithrombotic therapy.

• The T-RBC-DTC NPs conjugated with fibrin-targeting peptide, CREKA, 

efficiently accumulated at the injured carotid artery.

• The T-RBC-DTC NPs effectively scavenged H2O2 and protected cells from 

H2O2-induced cytotoxicity.

• The T-RBC-DTC NPs significantly suppressed thrombus formation, and the 

levels of H2O2 and inflammatory cytokine in a ferric chloride-induced carotid 

arterial thrombosis mouse model.
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Fig. 1. 
A schematic diagram of the T-RBC-DTC NPs as potent thrombus-targeting antithrombotic 

agents.
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Fig. 2. 
Characterizations of the nanoparticles. (A) Particle size and zeta potential of various 

nanoparticles. Data is shown as mean ± SD (n=3). (B) TEM images of the DTC NPs, RBC-

DTC NPs, and T-RBC-DTC NPs. Scale bar: 200 nm. (C) Size distribution of the DTC NPs 

and T-RBC-DTC NPs in response to 100 μM H2O2. (D) Kinetics of tirofiban release from 

the T-RBC-DTC NPs in PBS containing 1% Tween 80 with or without 100 μM H2O2. Data 

is shown as mean ± SD (n=3). (E) H2O2-scavenging capability of the T-RBC-DTC NPs. 

Data is shown as mean ± SD (n=3). ***p < 0.001.

Zhao et al. Page 18

Nano Today. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Anti-oxidative effects of the T-RBC-DTC NPs in H2O2-stimulated RAW 264.7 cells. (A) 

Cytotoxicity and protective effects of different treatments on H2O2-induced RAW 264.7 

cells. 50,100, and 150 μg/mL is the concentration of dextran-drug conjugate in the DTC 

NPs. In the RBC-DTC NPs and T-RBC-DTC NPs groups, the cells were treated with the 

nanoparticles with the dextran-tirofiban conjugate (DTC) concentration of 150 μg/mL. In the 

tirofiban group, the cells were treated with 78 μg/mL of tirofiban, an equivalent amount of 

drug in 150 μg/mL of DTC. Data is shown as mean ± SD (n=6). (B) Flow cytometry 

histogram of intracellular ROS level in H2O2-stimulated RAW 264.7 cells subjected to 

different treatments. (C) Quantitative analysis of the intracellular ROS level in RAW 264.7 

cells. Data is shown as mean ± SD (n=3). (D) Fluorescence microscopy images of 

intracellular ROS in RAW 264.7 cells subjected to different treatments. Blue channel: 4’,6-

diamidino-2-phenylindole (DAPI) stained nucleus. Green channel: 

dihydrodichlorofluorescein (DCF) fluorescence illustrated intracellular ROS. Scale bar: 100 

μm. ***p < 0.001.
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Fig. 4. 
Anti-oxidative effects of the T-RBC-DTC NPs in H2O2-stimulated vascular endothelial cells. 

(A) Cytotoxicity and protective effects of different formulations on H2O2-induced vascular 

endothelial cells. Data is shown as mean ± SD (n=6). (B) Flow cytometry analysis of 

intracellular ROS in H2O2-stimulated HUVECs subjected to different treatments. (C) 

Quantitative analysis of the intracellular ROS level in HUVECs. Data is shown as mean ± 

SD (n=3). (D) Detection of intracellular ROS using an ROS indicator in HUVECs subjected 

to different treatments via fluorescence imaging. Blue channel: 4’,6-diamidino-2-

phenylindole (DAPI) stained nucleus. Green channel: dihydrodichlorofluorescein (DCF) 

fluorescence illustrated intracellular ROS. Scale bar: 100 μm. ***p < 0.001.
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Fig. 5. 
Targeting ability of the T-RBC-DTC NPs to the thrombosed vessels. (A) In vivo 
fluorescence images of the carotid arteries treated with the Cy 5.5-labeled RBC-DTC NPs 

and T-RBC-DTC NPs, respectively. I and N represent the injured and non-injured artery 

(outlined by the black rectangle), respectively. (B) Quantification of fluorescence intensity 

of carotid arteries in (A). Data is shown as mean ± SD (n=3). (C) The ratio of normalized 

fluorescence intensity between the FeCl3-treated artery and non-injured artery as a function 

of time in the T-RBC-DTC NPs group. Data is shown as mean ± SD (n=3). (D) Ex vivo 
fluorescence image of the Cy 5.5-labeled RBC-DTC NPs and T-RBC-DTC NPs in the major 

organs, and injured and non-injured carotid artery. H, L, S, Lu, K, I and N represent heart, 

liver, spleen, lung, kidney, injured artery, and non-injured artery, respectively. (E) 

Quantitative analysis of the mean fluorescence intensity per unit mass in each organ or tissue 

shown in the ex vivo images. Data is shown as mean ± SD (n=3). *p < 0.05, **p < 0.01, 

***p < 0.001.
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Fig. 6. 
Therapeutic potential of the T-RBC-DTC NPs in the FeCl3-induced carotid artery 

thrombosis mouse model. (A) H&E staining of the carotid arteries from the mice subjected 

to various treatments. Scale bar: 200 μm. (B) Quantitative analysis of the thrombosis degree. 

Data is shown as mean ± SD (n=5). (C) The levels of TNF-α after various treatments as 

detected by ELISA. Data is shown as mean ± SD (n=5). (D) The levels of sCD40L after 

various treatments. Data is shown as mean ± SD (n=5). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 7. 
Dihydroethidium (DHE) staining of the sectioned carotid arteries from the mice subjected to 

various treatments. Scale bar: 200 μm.
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Fig. 8. 
Representative histological images of different organs from mice with daily injection of 

saline or the T-RBC-DTC NPs for a week. Scale bar: 200 μm.
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