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Abstract

Co-assembled peptide amphiphile nanofibers designed to target atherosclerotic plaque and 

enhance cholesterol efflux are shown to encapsulate and deliver a liver X receptor agonist to 

increase efflux from murine macrophages in vitro. Fluorescence microscopy reveals that the 

nanofibers, which display an apolipoprotein-mimetic peptide, localize at plaque sites in LDL 

receptor knockout mice with or without the encapsulated molecule, while nanofibers displaying a 

scrambled, non-targeting peptide sequence do not demonstrate comparable binding. These results 

show that nanofibers functionalized with apolipoprotein-mimetic peptides may be effective 

vehicles for intravascular targeted drug delivery to treat atherosclerosis.
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Communication Text

Atherosclerosis is a chronic systemic disease of the vasculature characterized by impaired 

lipid metabolism and associated inflammatory responses, leading to stenotic or occluded 

arteries and tissue ischemia.[1] Current interventions include pharmacological treatments to 

optimize the body’s lipid profile and procedures to restore normal blood flow impeded by 

arterial stenosis or occlusion. HMG-CoA reductase inhibitors (i.e., statins) are the most 

commonly prescribed lipid regulators, as they effectively increase LDL catabolism.[2] 

However, there is still a recurrence rate of over 20% within 30 months of an acute coronary 

syndrome in patients on statin therapy.[3,4] Balloon angioplasty and stenting, surgical 

endarterectomy, or bypass grafting may be required when arterial stenosis or occlusion 

becomes severe, but restenosis or re-occlusion often occurs post-intervention due to 

neointimal hyperplasia.[5] Hence, there is great need for alternative therapeutic strategies, 

and targeted nanoparticle-based drug delivery is a promising solution. In particular, our 

laboratories found that collagen IV-targeted self-assembling peptide amphiphile (PA) 
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nanofibers successfully localize to injured arterial walls, while nanospheres of similar 

diameter and with the same targeting group do not, suggesting that PA nanofibers are a 

viable platform for targeting along the vasculature.[6] Nanofibers self-assemble from PA 

molecules comprising a hydrophobic alkyl tail, a β-sheet region involving amino acids with 

high propensities to form β-sheets, a charged region composed of acidic or basic amino 

acids, and an epitope for specific biological activity.[7] PA nanofibers are of particular 

interest here because of their structural and functional modularity. Furthermore, PAs can be 

co-assembled with diluent PAs (without a bioactive epitope) as an approach to control the 

density of biological signals[8] and therefore attain enhanced bioactivity in cases where 

steric effects play an important role in signaling.[9] This ability to vary the chemical and 

physical properties of PA supramolecular nanostructures has enabled their design to address 

diverse medical needs, including treating spinal cord injury,[10,11] inducing angiogenesis,

[12–14] drug delivery,[15] regenerating hard or connective tissue,[16–19] inhibiting tumor 

growth,[20,21] and stopping hemorrhage,[22] amongst other applications.

In this work, we explore the use of a nanofiber-forming PA co-assembly that displays an 

apolipoprotein A1 (ApoA1) mimetic peptide known as “4F”[23] as the bioactive epitope to 

target the nanofiber to areas of atherosclerotic plaque. ApoA1 is the primary protein 

component of high-density lipoprotein (HDL) particles, and its amphipathic α-helices are 

instrumental in lipid binding, transport, and metabolism.[24] By displaying an ApoA1 

mimetic peptide on the nanofiber, we take advantage of the peptide’s lipid-binding 

capabilities. We then investigate drug encapsulation using co-assembled PA to deliver the 

LXR agonist GW3965 to mouse macrophages. LXR agonists increase the expression of 

cholesterol efflux-associated genes; however, in a previous study in which atherosclerosis-

prone apolipoprotein E knockout mice were fed GW3965 with a high-fat diet, a reduced 

lesion area was accompanied by elevated plasma triglyceride levels compared with controls,

[25] indicating that GW3965 may benefit from a plaque-targeted delivery vehicle for 

optimal anti-atherosclerotic activity. Herein, we report on the characterization of PA 

nanostructures that encapsulate LXR agonist and their effect on cholesterol efflux from 

macrophages in vitro. We then demonstrate PA targeting of atherosclerotic plaques in an in 
vivo low density lipoprotein receptor knockout (LDLR KO) mouse model.

The targeting PA (ApoA1 PA) molecule was designed with a C16 aliphatic tail, the β-sheet-

forming sequence V2A2, negatively-charged E2 amino acid residues, a single glycine residue 

as a spacer, and the 4F ApoA1 mimetic sequence (DWFKAFYDKVAEKFKEAF-NH2) 

displayed as the epitope (Figure 1a). The two glutamic acid residues were incorporated to 

render overall negative charge to the PA, since negatively charged particles are typically 

more soluble in physiologic solutions and are more likely to be taken up by macrophages.

[26] Furthermore, previous work from the Stupp laboratory found that PA supramolecular 

nanostructures with high positive charge may be cytotoxic,[27] a phenomenon commonly 

reported with positively charged nanoparticles.[26] The 4F peptide was developed by the 

Segrest and Ananthamaraiah research groups as a variant of a parent peptide 18A,[23] a 

synthetic structural mimetic of apolipoprotein α-helices.[28] These α-helices promote high 

affinity binding of lipids – especially oxidized lipids – to the 4F peptide sequence.[29] Since 

oxidative modification of LDL has been shown to correlate with atherosclerotic severity, 
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high-affinity binding to oxidized lipids could offer a valuable targeting strategy.[30–32] 

Hence, we developed the ApoA1 PA as a platform to use oxidized-lipid binding to 

selectively target atherosclerotic plaques. The ApoA1 PA alone did not form nanofibers, but 

instead formed aggregated mesh-like networks (Figure S1). It was therefore co-assembled 

with a diluent PA (C16V2A2E2-NH2) that on its own self-assembles into long nanofibers 

(complete experimental details can be found in the Supporting Information). Co-assembly 

was achieved by mixing solutions of the component PAs in HFIP (1,1,1,3,3,3-hexafluoro-2-

propanol), a peptide-disaggregating solvent later removed by evaporation. After co-

assembly, nanofibers were observed by cryogenic-transmission electron microscopy (cryo-

TEM) (Figure 1b). From a series of co-assembled structures characterized by TEM, the 40 

mol% co-assembly with diluent PA incorporated the highest epitope concentration without 

compromising the fiber morphology. The PA nanofibers’ high aspect ratio makes their exact 

lengths difficult to determine. However, the presence of fiber ends visible for example in 

Figure 1b indicates their discrete nature. While the fibers in this image tend to exceed 1 μm 

in length, other images taken show individual fibers with shorter end-to-end lengths on the 

order of 300 nm. Circular dichroism (CD) measurements confirmed that the 4F targeting 

peptide displayed on the ApoA1 PA maintained the expected α-helical conformation 

(Figure S2) upon nanofiber assembly (Figure 1c).[33]

HFIP was also used to dissolve and encapsulate the LXR agonist GW3965. Since HFIP is 

highly volatile and each sample was placed under vacuum twice, any residual HFIP would 

have been negligible in the final PA or PA samples containing encapsulated drug. Addition 

of base was required for solubilizing the PA co-assembly itself, and since the LXR agonist 

was supplied as a hydrochloride salt, excess sodium hydroxide was added to neutralize the 

acid. Upon addition of this excess base to pH 7.5, 40% ApoA1 PA encapsulated LXR 

agonist in a 1:1 weight ratio (the encapsulation will be referred to as LXR-40% ApoA1 PA). 

Encapsulation did not impact the ability of the PA to form nanofibers (Figure 2a). CD 

measurements on the encapsulation showed that the presence of LXR agonist diminished the 

overall intensity of the CD signal compared with that of PA alone and somewhat reduced the 

α-helicity of the PA (Figure 2b), suggesting a slight conformational change upon binding. 

As discussed below, the drug-free and drug-containing PA nanostructures showed similar 

plaque-binding efficacy in vivo. However, in this context one cannot discount the possibility 

that conformational changes occur upon lipid binding in vivo, something which is at this 

time very difficult to establish experimentally.

Since the ApoA1 mimetic peptide contains a tryptophan residue near its N-terminus, and 

tryptophan is a highly sensitive solvatochromic fluorophore, we compared the fluorescence 

emission spectra of 40% ApoA1 PA in the absence and presence of the LXR agonist to 

determine if its interaction with the PA would result in a change to the emission profile. 

LXR agonist encapsulation resulted in tryptophan fluorescence quenching (Figure 2c), but 

did not shift the λmax of emission (338 nm) as typically occurs when tryptophan solvent 

exposure changes.[34] Tryptophan quenching is commonly used to study ligand–protein 

interactions, with quenching occurring due to the inner filter effect (significant absorption at 

the excitation wavelength), collisional quenching, or ligand binding.[35] Absorption values 

at the excitation wavelength used in this work (295 nm for exclusive excitation of tryptophan 
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residues over tyrosine residues[36]) were almost identical between 40% ApoA1 PA and 

LXR-40% ApoA1 PA (Figure S3), which means inner filter effects were not contributing 

significantly to the observed quenching. Hence, collisional quenching or binding-associated 

interactions, or both, were likely occurring, indicating close interactions between the PA and 

LXR agonist. Together the CD and fluorescence results suggest that the LXR agonist 

interacts closely with the α-helices presented on the PA nanofibers. The peptide epitopes are 

amphiphilic and each has a nonpolar face consisting of most of the peptide’s hydrophobic 

residues;[37] it is therefore likely that the encapsulation of LXR agonist, a molecule with 

very low water-solubility, is stabilized by hydrophobic interactions between the agonist and 

peptide nonpolar residues. Another possible stabilizing interaction is that of pi-pi stacking 

between the agonist’s aromatic rings and the aromatic side chains on the PA molecules. Both 

hydrophobic interactions and pi-pi stacking have been used successfully in designing self-

assembling nanomaterials with enhanced encapsulation efficiency, drug retention, and 

controlled release of hydrophobic drugs.[38–41]

Since cholesterol efflux is a key step in reverse cholesterol transport, we investigated the in 
vitro efflux activity of PA-encapsulated LXR agonist. J774.2 mouse macrophages were 

loaded with the fluorescent cholesterol analogue NBD-cholesterol for 24 hours, equilibrated 

for 18 hours with 0.2% bovine serum albumin, and then treated with each condition in 

triplicate for t = 1 or 4 hours. This was performed in serum-free DMEM culture medium to 

avoid confounding affects with the lipoproteins present in serum, which could also enhance 

efflux. After 1 hour, none of the treatment conditions resulted in significantly different 

cholesterol efflux compared with the DMEM culture medium control (Figure 2d). However, 

after 4 hours cholesterol efflux was significantly higher in macrophages treated with 

LXR-40% ApoA1 PA in comparison to DMEM (p=0.0127), 4F (p=0.0142), 40% ApoA1 PA 

(p=0.0154), diluent PA (p=0.0007), and LXR at 20 μg/mL (p=0.0171). We also examined 

the effects of two- and three-fold higher concentrations of LXR, but did not see any 

significant increases in LXR effects upon macrophage efflux (data not shown). These results 

may be due to limits in LXR solubility within the culture media as the LXR-40% ApoA1 PA 

at similar concentrations did not show solubility issues and demonstrated a therapeutic 

effect. In order to analyze the effect of each treatment on cell viability, we carried out a 

MUSETM Count and Viability experiment (Figure 2e). Although treatment with the 

LXR-40% ApoA1 PA co-assembly significantly decreased cell viability in comparison to 

DMEM (p=0.0010), 4F (p<0.0001), ApoA1 PA (p=0.0002), and diluent PA (p=0.0019), 

there was not a significant difference in comparison to treatment with LXR agonist alone 

(p=0.3785). It has been found that LXR agonists reduce cell viability in some cell lines, 

particularly at higher concentrations (e.g. 20 μM; we used a concentration of 20 μg/ml or ~ 

32 μM)[42,43] whereas when used at lower concentrations (e.g. 1 μM)[44,45] viability is not 

affected, suggesting that the observed toxicity may be due to the higher concentration of 

LXR agonist used in the treatments.

Dialysis experiments with LXR-40% ApoA1 in PBS at 37°C yielded no release of drug 

from the dialysis chamber over 24 hours (Figure S4). No release was observed for up to one 

week in PBS (pH 7.4) at room temperature either. However, dialysis with non-encapsulated 

LXR agonist in PBS with excess base (final pH 8–8.5; necessary for dissolution) showed 
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rapid release over first hour, confirming that GW3965 alone was capable of crossing the 

dialysis membrane (Figure S4). Cholesterol efflux suggested that macrophages were able to 

access LXR agonist. The drug molecule may be too hydrophobic to diffuse passively out of 

the PA nanofiber in PBS, but in the presence of lipid-binding proteins in the cell under 

physiologic conditions, it may be induced to leave the nanofiber. To investigate this 

possibility, dialysis with non-encapsulated LXR agonist was repeated in serum-containing 

culture medium, as serum contains lipoproteins, albumin, and other potential lipid-carriers, 

and binding between the drug molecule and proteins would prevent LXR agonist from 

crossing the dialysis membrane. Compared with dialysis in PBS, dialysis in culture medium 

resulted in both slower initial release and greatly reduced overall release over 24 hours 

(Figure S4), suggesting binding between LXR agonist and culture medium components. 

Since “release” of non-encapsulated LXR agonist across the membrane appears to plateau at 

around 25%, this reduced amount of drug may be enough to enhance efflux. It is also 

possible that other yet-to-be-discovered mechanisms are responsible for the efficacy of 

LXR-40% ApoA1 PA in macrophage cholesterol efflux. It is true that the dialysis set-up 

with PA-containing samples does not mimic the in vivo situation in which proteins and 

protein-lipid complexes are present. However, due to the nature of the measurements (i.e. 

analysis of remaining sample post-dialysis via LC-MS), including such complexes would 

confound our ability to measure the remaining quantity of PA or drug, as their associated 

m/z peaks could overlap. Regardless, the lack of LXR agonist crossing the dialysis 

membrane in the LXR-40% ApoA1 PA experiment also provides further confirmation of 

encapsulation of the drug molecule, since the experiments performed with LXR agonist 

alone show that any non-encapsulated drug crosses the dialysis membrane readily.

After in vitro characterization of the PA nanofiber, we completed in vivo proof of concept 

studies in a murine model. The LDLR KO mouse was used for experiments rather than the 

ApoE KO one because the former model more closely resembles a known human condition 

(familial hypercholesterolemia)[46] compared to the latter which does not emulate a human 

disease. Wild type C57/Bl6 mice do not develop atherosclerosis on regular chow and LDLR 

KO mice fed a high fat diet develop atherosclerosis in the aortic root (Figures 3a-b). 

Quantification of Oil Red O staining shows that approximately 45% of the aortic root area in 

the high fat diet-LDLR KO model contained lipid droplets, while less than 1% did in the 

C57/Bl6 fed regular chow (Figure 3c). LDLR KO mice fed the high fat diet for 14 weeks 

were administered ApoA1 PA and LXR-40% ApoA1 PA intravenously. Nanofiber solutions 

were prepared under sterile conditions and injected using surgical techniques. Fluorescent 

microscopy revealed localization of the nanofibers to areas of atherosclerotic plaque in the 

aortic root 24 hours after injection. Therefore, 40% ApoA1 PA may be a viable delivery 

vehicle for in vivo targeted therapy. Furthermore, addition of the LXR agonist GW3965 does 

not compromise the delivery vehicle’s ability to target atherosclerosis (Figures 3e-f). As a 

non-targeting control, we designed scrambled ApoA1 PA with identical composition to 

ApoA1 PA, but displaying a non-helical scrambled 4F sequence.[47] Intravenous injection 

of scrambled ApoA1 PA does not reveal evidence of nanofiber localization at areas of 

atherosclerosis 24 hours after intravenous injection in atherosclerotic LDLR KO mice fed 

the high fat diet for 14 weeks (Figure 3d; quantification of PA binding in Figures 3d-f 
shown in Figure 3g). Due to the marginalization to the periphery of the vascular lumen 
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conferred by the targeting peptide sequence and nanofiber shape, this serves as a promising 

platform for in vivo drug delivery and therapy for atherosclerosis in humans. There has been 

work suggesting that vessel margination occurs for microparticles but not nanoparticles.[48] 

However, these results are difficult to compare to ours since the polystyrene particles used 

are very different from PA nanofibers in terms of shape, mechanical properties, and 

chemistry. In fact, while Eniola et al. found that elongated micron scale rods do not have 

improved margination compared with spheres of similar volume, in our previous work 

targeted PA nanofibers localized to the vessel wall whereas targeted PA nanospheres did not 

as mentioned previously.[6] Mechanistic binding studies and in vivo testing are beyond the 

scope of this paper but will be required to determine binding constants, pharmacokinetics, 

extravascular effects, and optimum dose/concentration for safety and efficacy.

In conclusion, we have synthesized and characterized a targeting PA nanofiber-based drug 

delivery vehicle that is injected intravenously and reaches atherosclerotic sites with high 

specificity. Future studies will focus on the pharmacokinetics and therapeutic effect of both 

the LXR-40% ApoA1 PA and the 40% ApoA1 PA without LXR agonist in vivo. The 

nanofiber morphology and multivalent presentation of ApoA1-mimetic peptides combine to 

offer a robust plaque-targeting strategy. Hence, results from our in vitro structural 

characterization and study on cholesterol efflux from macrophages, together with in vivo 
targeting of atherosclerotic plaques, all support this PA nanofiber as a promising vehicle for 

drug delivery and targeted therapy for atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure and characterization of ApoA1 PA and 40% ApoA1 PA co-assembled with 60% 

diluent PA. (a) Chemical structures of ApoA1 PA and diluent PA along with a molecular 

graphics representation of the co-assembly. (b) Cryo-TEM of 40% ApoA1 PA (1 mM in 1X 

PBS). (c) CD spectra of 40% and 100% ApoA1 PA (500 μM in 1X PBS).
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Figure 2. 
Characterization of LXR-40% ApoA1 PA encapsulation. (a) Cryo-TEM shows formation of 

nanofibers similar to those of PA without encapsulated LXR agonist. (b) LXR-encapsulation 

by 40% ApoA1 PA resulted in a more β-sheet-like CD spectrum. (c) Tryptophan 

fluorescence quenching of PA occurred upon encapsulation of LXR agonist. (d) Neither the 

PA, 4F, LXR, nor the LXR-PA treatments increased percent cholesterol efflux above the 

control (DMEM) at t = 1 h, but LXR-40% ApoA1 PA did induce significant (*p < 0.05) 

efflux above the control, 4F, 40% ApoA1 PA, Diluent PA, and LXR at t = 4 h. (e) Effect of 

PA, peptide, and LXR treatments upon macrophage cell viability in vitro. * indicates p<0.05 

vs. LXR-40% ApoA1 PA and LXR.
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Figure 3. 
Bright field images of aortic roots of (a) a non-atherogenic wild type C57/Bl6 mice on 

regular chow stained with H&E and (b) an atherosclerotic LDLR-KO mice fed a high fat 

diet for 14 weeks stained with H&E and oil-red-O, note lipids/atherosclerosis stained in red. 

(c) Quantification of Oil Red O staining of aortic root regions in (a) and (b). Fluorescent 

microscopy of aortic roots of LDLR-KO mouse fed a high fat diet for 14 weeks, injected 

with (d) non-targeted PA (e) targeted PA (ApoA1 PA), and (f) therapeutic targeted PA 

(LXR-40% ApoA1 PA); all mice in C-E sacrificed 24 hours after injection. Red fluorescence 

represents Alexa Fluor 546 and indicates presence of nanofibers. The elastic laminae of the 

vessel walls are auto fluorescent and were visualized with a green filter. (g) Quantification of 

PA binding to the aortic root in (d)-(f). Injections were given at a dose of 6 mg/kg PA or 6 

mg/kg PA + 6 mg/kg LXR. All images were taken with the 5× objective.
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