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Abstract

Drug-eluting stents are the most commonly employed method to control post-angioplasty 

restenosis. Unfortunately, they exacerbate life-threatening stent thrombosis because of 

endothelium damage caused by both drug and stenting. To solve this major medical problem, an 

endothelium-protective and stent-free anti-restenotic method is highly desirable. Here we have 

generated a biomimetic intravenous delivery system using dendritic polymer-based nanoclusters, 

which were coated with platelet membranes for targeting to the injured arterial wall where 

restenosis occurs. These nanoclusters were loaded with an endothelium-protective epigenetic 

inhibitor (JQ1) or an endothelium-toxic status quo drug (rapamycin), and compared for their 

ability to mitigate restenosis without hindering the process of re-endothelialization. Fluorescence 

imaging of Cy5-tagged biomimetic nanoclusters indicated their robust homing to injured, but not 

uninjured arteries. Two weeks after angioplasty, compared to no-drug control, both rapamycin- 

and JQ1-loaded biomimetic nanoclusters substantially reduced (by >60%) neointimal hyperplasia, 
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the primary cause of restenosis. However, whereas the rapamycin formulation impaired the 

endothelial re-coverage of the denuded inner arterial wall, the JQ1 formulation preserved 

endothelial recovery. In summary, we have created an endothelium-protective anti-restenotic 

system with biomimetic nanoclusters containing an epigenetic inhibitor. This system warrants 

further development for a non-thrombogenic and stent-free method for clinical applications.
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1. Introduction

Drug-eluting stents (DES) represent a major medical advance in reducing restenosis, the re-

blockage of angioplastied atherosclerotic arteries. However, stent thrombosis has become a 

major concern[1]. The problem is two-fold. First, implanting a stent, a foreign object, is pro-

inflammatory and thrombogenic, and also triggers neointimal hyperplasia (IH), the chief 

etiology of restenosis. Second, the anti-proliferative drugs coated on stents to curb IH 

including paclitaxel and rapamycin also block endothelial cell (EC) re-growth (termed re-

endothelialization), thereby exacerbating stent thrombogenicity[2]. The most adverse 

consequence of stent thrombosis is high rates (up to 50%) of death even though the 

incidence of stent thrombosis is no more than 1.5% [1]. Anti-coagulant therapies cannot 

completely prevent stent thrombosis, and they are associated with high costs and bleeding 

problems. Aside from all of these complications, compromised DES cannot be replaced, and 

hence a secondary, invasive revascularization such as bypass surgery is often required[1]. 

Therefore, there is a clear clinical need for the development of an endothelium-protective 

and stent-free anti-restenotic therapy via innovations in both drug and its delivery method.

The recent discovery of small molecule inhibitors (JQ1 as the first in class)[3] that 

selectively block the bromo and extraterminal (BET) domain family of epigenetic reader 

proteins has opened the door to effectively treating previously recalcitrant condition[4]. 

These inhibitors have shown excellent efficacy in treating proliferative and inflammatory 

diseases, such as cancer and heart failure, in preclinical tests or clinical trials[4]. Of 

particular interest, our study using a rat model showed that JQ1 is an effective inhibitor of 

restenosis[5]. More significantly, JQ1 also exhibited a prominent EC-protective effect in 

vitro and in vivo[5, 6], which is a rare feature among the numerous anti-restenotic agents[7]. 

Moreover, rapidly growing evidence supports a mechanism whereby JQ1 disrupts molecular 

complexes formed by BET proteins, transcription factors, super enhancers and/or other 

regulators that cooperatively define BET protein functional specificity[4]. As such, JQ1 and 

its analogs appear to be promising EC-protective candidate drugs suitable for next-

generation anti-restenotic therapy.

To administer JQ1 in a non-invasive stent-free fashion, targeted intravenous delivery to the 

injured arterial wall should be the preferable method. Both nanoparticle (NP)-based and cell-

based approaches have been extensively explored for targeted delivery[8]. While 

systemically delivered “alien” NPs can elicit inflammatory responses, effects of cell therapy 
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also are complicated by immune reactions. To reconcile the benefits and drawbacks of these 

two approaches, biomembrane-coated PLGA NPs have emerged as a novel biomimetic 

platform for delivery of therapeutics[9]. They have shown excellent homing to injured 

tissues and minimal immunogenicity in that proof-of-concept study.

In the current study, we applied this biomimicry/nanotechnology hybrid concept in a rat 

model of balloon angioplasty for targeted intravenous delivery of JQ1, an endothelium-

protective BET inhibitor[5, 6], in comparison to rapamycin, a status quo drug known to be 

EC-toxic[2, 7]. JQ1 or rapamycin was loaded into nanoclusters formed by multiple 

PAMAM-polyvalerolactone (PAMAM-PVL) ultrasmall unimolecular NPs. These 

nanoclusters were then coated with platelet membranes that were deprived of 

immunogenicity[9] yet retaining the ability to target injured tissues, hereby termed 

biomimetic nanoclusters. We observed their robust homing to balloon-injured areas in 

arteries. Remarkably, whereas rapamycin/nanoclusters inhibited IH as well as re-

endothelialization, JQ1/nanoclusters preserved the ability of the endothelium to recover 

while mitigating IH.

2. Materials and Methods

2.1 Ethics statement

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 Committees at the University of Wisconsin and The Ohio State University. Institutional 

review board (IRB) approval has been obtained for use of human samples.

2.2 Reagents and materials

Human platelets and platelet membranes were purchased from Zen-Bio Inc (Research 

Triangle Park, NC). RNAlater solution, TRIzol, SuperScript IV VILO Master Mix, and 

SYBR Green PCR Mastermix was purchased from Thermo Fisher Scientific (Waltham, 

MA). Poly(amidoamine) (PAMAM; 4th generation dendrimer), Evans Blue, dimethyl 

sulfoxide (DMSO), valerolactone (VL), and stannous (II) octoate (Sn(Oct)2) were purchased 

from Sigma-Aldrich (St. Louis, MO). Rapamycin was purchased from LC Laboratories 

(Woburn, MA). JQ1 was purchased from ApexBio (Houston, TX). Cy5 dye was obtained 

from Lumiprobe Co. (Hallandale Beach, FL). Reagents not otherwise specified were 

purchased from Thermo Fisher Scientific (Fitchburg, WI).

2.3 Synthesis of drug-loaded biomimetic nanoclusters

(a). Synthesis of Cy5-tagged ultrasmall unimolecular NPs (PAMAM-PVL-
COOH/Cy5)—PAMAM-PVL-OH was first prepared by ring-opening polymerization as 

reported previously[10]. Thereafter, PAMAM-PVL-OH (50 mg) was reacted with succinic 

anhydride (8.2 mg) in the presence of 4-dimethylaminopyridine (12.5 mg) to yield 

PAMAM-PVL-COOH. The PAMAM-PVL-COOH/Cy5 was prepared by the reaction 

between PAMAM-PVL-COOH and Cy5-NH2. Briefly, PAMAM-PVL-COOH (20 mg), N-

hydroxysuccinimide (0.9 mg), and dicyclohexylcarbodiimide (2.1 mg) were added into 

dimethylformamide (5 mL). The solution was stirred for 30 min at 0°C. Thereafter, Cy5 (3.1 
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mg) was added into the solution. The reaction was carried out in the dark overnight. The 

impurities were then removed by dialysis against DI water for 48 h. The final product was 

dried under lyophilization.

(b). Synthesis of drug-loaded PAMAM-PVL ultrasmall unimolecular NPs—
PAMAM-PVL-COOH (50 mg) and JQ1 (20 mg) were dissolved in DMSO (5 mL). DI water 

(15 mL) was added dropwise into the above solution over 30 min. Thereafter, the unloaded 

drugs and DMSO were removed by dialysis against DI water for 48 h. The JQ1-loaded NPs 

were obtained after lyophilization. The rapamycin-loaded ultrasmall unimolecular NPs were 

prepared following a similar method.

(c). Synthesis of drug-loaded biomimetic nanoclusters—The platelet membrane 

was derived as previously reported[9]. Biomimetic nanoclusters were prepared by dispersing 

and fusing platelet membrane vesicles with PAMAM-PVL-COOH or PAMMA-PVL-

COOH/Cy5 under sonication for 2 min (100 μg of PAMAM to 20 μl of platelet vesicle 

solution). The drug-loaded nanoclusters were prepared following a similar protocol by 

fusing drug-loaded (i.e., rapamycin and JQ1) ultrasmall unimolecular NPs with platelet 

membranes.

(d). Characterizations—1H NMR spectra of all polymer products were recorded on a 

Varian Mercury Plus 300 spectrometer in DMSO–d6 or CDCl3 at 25 °C. Molecular weights 

(Mn and Mw) and polydispersity indices (PDI) of the polymers were determined by a gel 

permeation chromatographer (GPC) equipped with a refractive index detector, a viscometer 

detector, and a light scattering detector (Viscotek, USA). DMF with 0.01 M of LiBr was 

used as the mobile phase with. Fourier transform infrared (FT-IR) spectra were recorded on 

a Bruker Tensor 27 FT-IR spectrometer. The sizes and morphologies of the NPs were studied 

by dynamic light scattering (DLS, ZetaSizer Nano ZS90, Malvern Instruments, USA) and 

transmission electron microscopy (TEM, FEI Tecnai G2 F30 TWIN 300 KV, E.A. Fischione 

Instruments, Inc. USA). The zeta potentials were measured by ZetaSizer Nano ZS90 

(Malvern Instruments, USA). The rapamycin loading level was measured by high-

performance liquid chromatography (HPLC) using ultraviolet (UV) detection at 278 nm. 

The JQ1 loading level was measured by UV-Vis spectrometer at 323 nm.

2.4 In vitro drug release

The in vitro drug release profiles from both rapamycin-loaded and JQ1-loaded biomimetic 

nanoclusters were studied in PBS (pH = 7.4)[11]. Briefly, drug-loaded biomimetic 

nanoclusters in the PBS (1 mg/mL, 5 mL) were enclosed in a cellulose membrane dialysis 

bag (molecular weight cut–off, 8 kDa). The dialysis bags were immersed in 100 mL of PBS, 

which was then kept in a horizontal laboratory shaker (100 rpm) at 37°C. At predetermined 

time intervals, 5 mL samples were collected and replaced with the same volume of PBS. The 

amounts of rapamycin and JQ1 in the collected samples were measured by HPLC and UV-

Vis spectrometer, respectively, as indicated above.
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2.5 Rat carotid artery balloon angioplasty

Carotid artery balloon angioplasty was performed in male Sprague–Dawley rats (Charles 

River; ~400 g) as previously described[5, 12]. Briefly, rats were anesthetized with isoflurane 

(5% for inducing and 2.5% for maintaining anesthesia). A longitudinal incision was made in 

the neck and carotid arteries were exposed. A 2-F balloon catheter (Edwards Lifesciences, 

Irvine, CA) was inserted through an arteriotomy on the left external carotid artery. To 

produce arterial injury, the balloon was inflated at a pressure of 2 atm and withdrawn to the 

carotid bifurcation and this action was repeated three times. The external carotid artery was 

then permanently ligated, and blood flow was resumed. Drug-loaded biomimetic 

nanoclusters or compound solutions were injected via rat tail vein. Animals were euthanized 

in a CO2 chamber at day 5 (for artery ex vivo imaging) or day 14 (for morphometric 

analysis) after balloon injury.

2.6 IVIS imaging for homing of biomimetic nanoclusters

Cy5-tagged nanoclusters were coated with platelet membranes, as described above, and tail-

vein injected (2.5 mg/kg animal weight) immediately after balloon angioplasty of the rat 

carotid artery. Animal were euthanized 5 days later. Various organs (see Figure S1) 

including balloon-Injured arteries and uninjured contralateral arteries were collected. Ex 

vivo fluorescence imaging was performed to track Cy5-tagged nanoclusters using an IVIS 

spectrum luminescence system (Ex/Em: 650/720 nm).

2.7 Morphometric analysis of neointima

Two weeks after balloon angioplasty, common carotid arteries were collected from 

anesthetized animals (under 2.5% isoflurane) following perfusion fixation at a physiological 

pressure of 100 mm Hg. The animals were then euthanized. Paraffin sections (5 μm thick) 

were excised from carotid arteries at equally spaced intervals and then Van Gieson stained 

for morphometric analysis, as described in our previous reports[5, 12]. Planimetric 

parameters as follows were measured on the sections and calculated using Image J: area 

inside external elastic lamina (EEL area), area inside internal elastic lamina (IEL area), 

lumen area, intima area (= IEL area – lumen area), and media area (= EEL area – IEL area). 

Intimal hyperplasia was quantified as a ratio of intima area versus media area. 

Measurements were performed by a researcher blinded to the experimental conditions using 

3–6 sections from each of animal. The data from all sections were pooled to generate the 

mean for each animal. The means from all the animals in each treatment group were then 

averaged, and the standard error of the mean (SEM) was calculated.

2.8 Re-endothelialization study with Evans Blue dye

Re-endothelialization in balloon-injured arteries was evaluated on day 5 after angioplasty 

using Evans Blue assay according to the previously published method with minor 

modifications[12]. Briefly, 1 ml of 0.5% Evans Blue dye was injected into tail vein under 

anesthesia by 2.5% isoflurane. After 30 min, rats were perfused with 10 ml of PBS buffer, 

followed by 10 ml perfusion with RNAlater to transiently preserve RNA in endothelium. 

The common carotid arteries were dissected and peri-adventitial connective tissues were 

trimmed to avoid contamination in downstream RNA extraction. Common carotid arteries 
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were collected starting from the proximal end to the aortic arch, and were then 

longitudinally opened and photographed on a white background. Denuded areas were 

stained blue; unstained areas indicate re-endothelialization and were quantified using Image 

J. For the calculation of re-endothelialization index refer to Figure 3 legend.

Immediately after images were taken, the carotid segments were rinsed in PBS multiple 

times, dried on Kimwipes, and snap-frozen in liquid nitrogen, until later processed for tissue 

RNA extraction.

2.9 Real-time Quantitative PCR (qRT-PCR)

mRNA was isolated from collected carotid segments using TRIzol following the 

manufacturer’s instructions. Purified mRNA (1 μg) was used for the first-strand cDNA 

synthesis and quantitative RT-PCR was performed using the 7500 Fast Real-Time PCR 

System (Applied Biosystems, Carlsbad, CA). Each cDNA template was amplified in 

triplicates using SYBR Green PCR Master Mix, with the following primer sets: Rat VCAM1 

forward primer CTCCTCTCGGGAAATGCCAC, reverse primer 

AACAACGGAATCCCCAACCT; Rat MCP1 forward primer 

CTTCCAAGTGGCTAAGGGCA, reverse primer TCAAAGGGAGTCGGGGATCT; Rat 

Flk1 forward primer CTTCCAAGTGGCTAAGGGCA, reverse primer 

TCAAAGGGAGTCGGGGATCT; Rat GAPDH forward primer 

GACATGCCGCCTGGAGAAAC, reverse primer AGCCCAGGATGCCCTTTAGT.

2.10 Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was 

conducted using one-way ANOVA followed by Bonferroni post-hoc tests. Data are 

considered statistically significant when a P value is at least < 0.05.

3. Results

3.1 Biomimetic nanoclusters effectively home to the balloon-injured carotid artery wall

Biomimetic (platelet membrane-coated) nanoclusters were prepared as indicated in Figure 1. 

Detailed characterization of the biomimetic nanoclusters (e.g., size, zeta potential, and drug 

release profiles) can be found in the supplemental file (Table S1 and Figure S2). Their post-

injection homing was visualized via the Cy5 fluorophores that were conjugated to the 

unimolecular NPs forming the nanoclusters. Immediately after balloon angioplasty in the rat 

carotid artery, biomimetic nanoclusters (2.5 mg/kg) which were readily dispersible, were 

injected into the tail vein. Five days later, arteries were collected for ex vivo Cy5 imaging 

using an in vivo imaging system (IVIS). We observed strong Cy5 fluorescent signals in 

injured artery segments, but could not detect Cy5 signals in the uninjured contralateral artery 

(Figure 2 and Figure S3). The imaging data suggest that systemically delivered platelet-

membrane-coated nanoclusters can effectively target, and then accumulate on the injured 

arterial wall.
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3.2 JQ1-loaded but not rapamycin-loaded biomimetic nanoclusters preserve re-
endothelialization of injured arteries

The major objective of this study was to create an endothelium-protective anti-restenotic 

system employing drug-containing biomimetic nanoclusters. We therefore compared the 

impacts of the rapamycin- and JQ1-containing nanocluster formulations on re-

endothelialization 5 days after angioplasty (Figure 3). Since the nanoclusters without platelet 

membrane coating were prone to form aggregates, which prevented injection, we did not 

include this condition in the experiments. As revealed in Figure 3A, right after angioplasty, 

the inner surface of balloon-injured artery was almost fully stained by Evans Blue, 

indicating denudation of endothelium. After 5 days without treatment, the proximal end of 

the injured artery could no longer be stained, indicative of re-coverage of this area by newly 

grown ECs. Consistent with a known EC-toxic effect[2], rapamycin delivered in biomimetic 

nanoclusters substantially impaired re-endothelialization. Remarkably, we found that this 

detrimental effect did not occur in the arteries treated with JQ1-loaded biomimetic 

nanoclusters. Rather, the treated arteries had even a greater endothelial coverage than empty 

nanoclusters (no drug), although the increase did not reach statistical significance in this 

experimental setting (Figure 3B). Re-endothelialization progressed mainly from the 

proximal side of the denuded artery likely because at the distal end it was too slow to 

observe, which is common with the balloon angioplasty model[13]. To further confirm this 

endothelium-preserving effect of the JQ1/nanocluster formulation, we determined its 

influence on EC phenotypic markers. Indeed, compared to control (vehicle, no drug), 

whereas the rapamycin/nanocluster formulation markedly increased the expression of 

VCAM-1 and MCP-1 mRNA, both markers of EC dysfunction or deterioration[14–17], the 

JQ1/nanocluster formulation did not increase the expression of these two markers (Figure 

3C). Consistently, JQ1/nanoclusters did not, but rapamycin/nanoclusters did reduce the 

expression of Flk-1, a vascular endothelial growth factor receptor and a well-established EC 

marker[18]. The eNOS level is an endothelial functional indicator[19]. Whereas JQ1/

nanoclusters elevated eNOS mRNA up to three-fold, rapamycin/nanoclusters did not 

produce a significant effect (Figure S4).

3.3 JQ1-loaded biomimetic nanoclusters effectively inhibit the development of neointima

We then compared the anti-restenotic effects of biomimetic nanoclusters loaded with 

rapamycin and JQ1, respectively. These drug-loaded biomimetic nanoclusters, or their 

respective drug-only controls (no nanoclusters), were intravenously injected immediately 

after balloon angioplasty. The injections were repeated 4 days later. In parallel, additional 

controls of PBS and empty biomimetic nanoclusters (no drug) were injected. The doses of 

rapamycin (0.25 mg/kg/injection) and JQ1 (5 mg/kg/injection) were chosen based on 

previous publications[2, 5] and our pilot experiments (data not shown). Two weeks after 

angioplasty, carotid arteries were collected for morphometric analysis. As shown in Figure 

4, compared to vehicle-only control, empty biomimetic nanoclusters did not affect IH 

(measured by the I/M ratio). Compared to these two controls or drug-only controls (no 

nanoclusters), both rapamycin- and JQ1-loaded biomimetic nanoclusters inhibited IH by 

>60% (Figure 4C) with the overall vessel size unaltered (Figure S5). Although both 

formulations increased the lumen size, the effect of JQ1-loaded nanoclusters appeared to be 

more prominent. Interestingly, intravenous delivery of the same dose of free rapamycin or 
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free JQ1 without using nanoclusters failed to mitigate IH. This indicates that delivery of 

rapamycin or JQ1 in a targeted manner using biomimetic nanoclusters can reduce the dose 

required for effective attenuation of IH. The JQ1/nanoclusters did not lead to systemic 

toxicity, as evidenced from the normal tissue morphologies of rat brain, heart, kidney, liver, 

and spleen (Figure S6) and the lack of increase of inflammatory cytokines in spleen and liver 

tissues (Figure S7). This is consistent with the lack of cell toxicity of membrane-coated 

nanoclusters (Figures S8 and S9). Moreover, similar to the control rats injected with vehicle/

nanoclusters, the animals injected with JQ1/nanoclusters showed a 10% increase of body 

weight in ten days (Day 4 to Day 14 post angioplasty), suggesting that the JQ1/nanoclusters 

did not disrupt the animals’ natural weight gain during growth (Figure S10). However, the 

rapamycin/nanoclusters caused ~6% decrease of body weight within these ten days. This 

acute weight loss possibly reflects a toxic effect. Toxicity of systemically circulated 

rapamycin has been previously reported[20–22].

4. Discussion

DES implantation has become a procedure prevailingly used in the clinic to control post-

angioplasty restenosis in the treatment of atherosclerosis. Unfortunately, it has been widely 

reported that DES exacerbates life-threatening stent thrombosis[1]. This adverse effect is 

believed to stem from both the EC-toxic drug (e.g., rapamycin) coated on the stent and the 

stent itself as a non-biological object that intrudes into vascular tissues[1, 2]. Here we have 

created a prototype stent-free biomimetic system that not only mitigates IH but importantly, 

also protects re-endothelialization, the healing step most critical to thrombosis prevention. 

This biomimetic formulation incorporates multiple innovations. First, it is injectable and 

hence stent-free. Second, the nanocluster is a more advanced drug nanocarrier than 

traditional NPs. Third, coating with biomembranes enables homing of drug-containing 

nanoclusters to the injury site where IH and thrombosis occur. Lastly, yet importantly, JQ1 

represents a novel anti-restenotic epigenetic modulator with a unique function of endothelial 

protection[5, 6, 23]. These features (further discussed below) together outline a new 

paradigm for a non-thrombogenic and stent-free anti-restenotic therapy.

Aside from a thrombogenic risk, other drawbacks inherent to DES are prominent as well. A 

stent insinuated into the arterial wall inflicts not only smooth muscle cell injury but also EC 

damage, both synergistically contributing to neointimal proliferation[24]. Ample clinical 

evidence indicates that neointima can grow into the lumen through the struts of DES, 

causing in-stent restenosis[1]. Because the stent is not replaceable, an invasive open surgery 

would become necessary to bypass the restenotic artery. In contrast, repeated intravenous 

injections of biomimetic nanoclusters are readily convenient. Taking advantage of this 

feature, the treatment regimen can be adjusted based on the specific needs of individual 

patients. As such, a treatment plan could be designed toward precision medicine in a 

personalized manner.

In this study, rather than using a traditional PLGA NP[9], we opted to use a nanocluster 

formed by multiple PAMAM-PVL ultrasmall unimolecular NPs, which brings several 

advantages to the biomimetic therapeutic system. The PAMAM-PVL dendritic polymer 

forms a unimolecular NP consisting of only covalent bonds which can be used to 
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encapsulate a hydrophobic drug[10]. Furthermore, the nanocluster allows for versatile 

chemical modifications. Both the core (i.e., PAMAM) and arms (i.e. PVL) can be readily 

modified for drug release profile optimization. Meanwhile, the dendritic polymers can be 

easily tailored (e.g., Cy5 in this study) to achieve multifunctionality. In addition, the 

nanocluster size can be controlled by adjusting the process parameters during the sonication 

or extrusion processes. Therefore, the nanoclusters are amenable to customization for 

optimal combination with biomembrane coating.

Coating nanoplatforms with biomembranes for targeted delivery represents a major 

innovation in nanomedicine[8]. Biomembranes serve as an interface between cells and their 

surrounding and mediate a myriad of interactions. They can thus be co-opted for targeting 

specific tissues or cells[25]. The platelet membrane coating of nanoclusters is well suited for 

targeting the angioplasty-injured vascular vessel wall where the sub-endothelial collagen 

matrix is exposed. This homing action is likely mediated by glycoprotein VI (GPVI), a 

physiological collagen receptor unique to the platelet cell membrane[26]. Whereas GPVI 

remains in the platelet membrane after membrane preparation, the cell contents essential for 

platelet activation are mostly depleted. As such, the platelet membrane coated on 

nanoclusters is still able to home to the injured arterial wall yet deprived of the signaling 

pathways that underlie platelet activation and aggregation[9]. Indeed, we did not observe 

thrombosis in the animals injected with platelet membrane-coated nanoclusters. Along this 

line, we speculate that injecting platelet membrane-coated nanoclusters prior to angioplasty 

may confer a temporal edge for them to occupy the injury site while warding off native 

platelets. It takes future experiments to test the therapeutic benefits of this approach.

A prominent benefit of targeted delivery is a drastic decrease in effective drug doses. For 

example, the total amount of JQ1 used in our biomimetic nanoclusters (two injections) is 

~70 fold lower than the combined free JQ1 (twice daily injections) used for systemic 

delivery[3]. This can be rationalized by reduced drug clearance rate, protection of drug by 

nanoclusters, and relatively high local drug concentrations at targeted sites. Lower effective 

JQ1 dose achieved using biomimetic nanoclusters should reduce side-effect concerns. While 

JQ1 is generally deemed nontoxic[27], it possibly blocks memory[28] or restrains bone 

growth in animals[29], underscoring the necessity of targeted delivery. It is worth noting that 

we did not observe obvious inflammatory responses resulting from the coated nanoclusters, 

either in animal tissues (Figure S7) or in cultured smooth muscle or endothelial cells 

(Figures S8 and S9). This is likely because the platelets were pre-inactivated with 

prostaglandin E1 and the platelet activation signaling machinery was sabotaged during 

membrane preparation [9]. In contrast, non-coated nanoclusters incited cell apoptosis and 

impaired cell viability (Figures S8 and S9), likely due to their tendency to aggregate. In 

addition, in our study platelet membrane coating renders drug-loaded nanoclusters readily 

dispersible in aqueous solutions and injectable. It is otherwise not practical to inject the non-

coated nanoclusters as they are prone to form large aggregates, likely due to the relatively 

hydrophobic nature of the nanoclusters, which in fact is desirable for the platelet-membrane 

coating process.

A unique feature of our anti-restenotic biomimetic system is its endothelium-protective 

effect, which is largely owing to JQ1. In a stark contrast, the rapamycin/biomimetic 
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nanocluster formulation impairs re-endothelialization. Previous studies including our own 

showed that JQ1 inhibits smooth muscle cell proliferation that forms neointima yet protects 

EC survival[5, 6]. This may be explained by different signaling networks in the two cell 

types[24]. Consistently, the epigenetic functions of JQ1’s target, the BET protein family, are 

highly cell type- and cell state-specific[4, 6]. While ECs are extremely susceptible to 

inflammatory insults, JQ1 proved to be a potent anti-inflammatory agent for ECs in vitro 

and in vivo[5, 6]. It has been recently shown that JQ1 treatment of human umbilical vein 

ECs inhibits TNFα-induced pathogenic EC activation which is indicated by increased 

expression of E-selectin and vascular cell adhesion molecule (VCAM1) and NFκB nuclear 

translocation[6]. Moreover, the inhibitory effects of JQ1 on pro-inflammatory activation of 

ECs and their monocyte recruiting were also observed in vivo in a hypercholesterolemic 

murine model of atherosclerosis[6]. The molecular mechanism involves BET/NFκB-

orchestrated super-enhancer remodeling that mediates inflammatory transcription and cell 

state transition in ECs. Though highly desirable, endothelium-protective anti-restenotic 

agents remain scarce[7]. In this regard, identification of BET epigenetic regulators as 

endothelium-protective molecular targets is significant[5]. The combined strengths of EC-

friendly agents such as JQ1 and stent-free, targeted delivery using biomimetic nanoclusters 

may open a new avenue for next-generation anti-restenotic therapy.

5. Conclusions

DES thrombogenecity is a grave concern; the key problem is impaired endothelial recovery 

caused by both the drugs delivered by DES and stenting[1, 2]. Developing an alternative 

method to DES has been a paramount challenge as it requires innovations in both drug and 

drug delivery device. Our site of injury-targeting biomimetic system radically departs from 

the status quo DES method. It has two prominent features, the use of an endothelium-

protective epigenetic inhibitor and the omission of EC-damaging stenting, both contributing 

to the highly desirable preclinical outcome of suppressed IH and protected re-

endothelialization. As endothelial damage is a common key etiology in major vascular 

diseases including atherosclerosis, restenosis, vein graft failure, and aneurysm[30], this anti-

restenotic biomimetic system is expected to find broad applications. Though future testing is 

required, this system is intuitively advantageous for combination therapy, as biomembrane-

coated nanoclusers containing different drugs can be mixed with varying ratios and co-

injected. This confers considerable adjustability of constituent drugs, doses, and injection 

frequency etc., particularly in favor of personalized and precision medicine, which DES 

cannot provide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The standard of care for atherosclerosis and restenosis (vessel re-narrowing) 

is balloon angioplasty followed by the implantation of a drug-eluting stent; an 

inherent problem is endothelial damage and associated thrombotic risks 

imposed by current drugs and stenting.

• We created a preclinical anti-restenotic system that incorporates the combined 

merits of an epigenetic modulator, its nanocarrier and their coating with a 

biomimetic membrane.

• This biomimetic system is intravenously injectable (stent-free) and can home 

to the injured arterial wall thereby attenuating post-angioplasty restenosis. Of 

particular significance, it also circumvents the impairment of endothelial 

recovery that occurs with the status-quo drug rapamycin.

• This system may confer an adjustability of therapeutic regimen (i.e., drugs, 

doses, and injection timing and frequency) and amenability toward 

combination therapy and precision medicine.
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Figure 1. Schematic preparation and characterization of biomimetic nanoclusters
A. Schematic illustration of a drug-loaded PAMAM-PVL ultrasmall unimolecular NP. B. 

Illustration for the preparation of a platelet membrane-coated nanocluster. C. TEM image of 

platelet membrane-coated nanoclusters. The inset shows an enlarged image of a single 

biomimetic nanocluster.
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Figure 2. Homing of biomimetic nanoclusters to injured carotid arteries
Cy5-tagged nanoclusters were coated with platelet membranes, as described in Figure 1, and 

tail-vein injected (2.5 mg/kg animal weight) immediately after balloon angioplasty of the rat 

carotid artery. A. Balloon-Injured arteries and uninjured contralateral arteries were collected 

5 days later for ex vivo imaging with an IVIS spectrum luminescence system (Ex/Em: 

650/720 nm). More images from other 5 rats were presented in Figure S2. B. Quantification: 

Mean ± SEM, n=6 rats; *p<0.05. The intensity of basal level fluorescence from uninjured 

control (presented as 1) was used for normalization of the fluorescence in injured arteries.
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Figure 3. Effects of drug-loaded biomimetic nanoclusters on re-endothelialization in balloon-
injured arteries
Injections of biomimetic nanoclusters were performed as described in the Methods section. 

Animals were euthanized at 5 days post-angioplasty. Carotid arteries were collected and 

stained with Evans Blue.

A. Representative images of Evans Blue staining of carotid arteries. Denuded areas were 

stained blue; the unstained artery length is indicated by a red bar. Day-0 arteries were 

stained immediately after balloon angioplasty injury, thus there was no re-endothelialization 

at this time point.

B. Quantification of re-endothelialization. In every rat carotid artery, balloon angioplasty 

commonly left the proximal end uninjured (see arrowhead in A, Day-0). The length of this 

uninjured segment was therefore used as a common denominator to normalize unstained 

artery lengths in all conditions. Re-endothelialization was then calculated by subtracting the 

normalized value of the Day-0 condition in which no re-endothelialization occurred. Mean ± 

SEM, n=3 rats; *p<0.05.

C. Analysis of endothelial cell markers. Evans Blue-stained arteries were transiently fixed 

with RNAlater solution and subjected to RNA extraction and qPCR analysis. Quantification: 

Mean ± SEM, n=3 rats; *p<0.05 compared to vehicle control.
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Figure 4. Anti-restenotic effects of drug-loaded biomimetic nanoclusters in balloon-injured 
arteries
Rapamycin- or JQ1-loaded biomimetic nanoclusters, or their respective drug-only controls 

(no nanoclusters) were injected into the rat tail vein right after the carotid artery angioplasty. 

The injection was repeated 4 days later. Injected additional controls included PBS (no drug, 

no nanoclusters) and empty biomimetic nanoclusters (no drug). Animals were euthanized at 

14 days post-angioplasty. Arteries were collected, and their cross-sections were prepared and 

Verhoeff-van Gieson (VvG)-stained for morphometric analysis. Neointimal hyperplasia (IH) 

was measured by the intimal/medial area ratio (I/M ratio); anti-restenotic effect was 

reflected by an increase (versus vehicle) of the lumen area. A. Representative images (10×) 

of VvG-stained artery sections. B. 40X images. C. Quantification of I/M ratios and lumen 

areas. One-way ANOVA followed by Bonferroni post-hoc analysis was performed. Mean ± 

SEM, n= 6–8 rats. **P<0.01 compared to any other condition except between Rapa and 

JQ1; *P<0.05 compared to the vehicle control (no nanoclusters); otherwise no significance 

was detected.
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