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Abstract

L4F, an alpha helical peptide inspired by the lipid-binding domain of the ApoA1 protein, has 

potential applications in the reduction of inflammation involved with cardiovascular disease as 

well as liver fibrosis. In addition to its biological activity, amphipathic peptides such as L4F are 

likely candidates to direct the molecular assembly of peptide nanostructures. Here we describe the 

stabilization of the amphipathic L4F peptide through fusion to a high molecular weight protein 

polymer. Comprised of multiple pentameric repeats, elastin-like polypeptides (ELPs) are 

biodegradable protein polymers inspired from the human gene for tropoelastin. Dynamic light 

scattering confirmed that the fusion peptide forms nanoparticles with a hydrodynamic radius of 

approximately 50 nm, which is unexpectedly above that observed for the free ELP (~5.1 nm). To 

further investigate their morphology, negative and cryogenic transmission electron microscopy 

were used to reveal that they are unilamellar vesicles. On average, these vesicles are 49 nm in 

radius with lamellae 8 nm in thickness. To evaluate their therapeutic potential, the L4F 

nanoparticles were incubated with hepatic stellate cells. Stellate cell activation leads to hepatic 

fibrosis; furthermore, their activation is suppressed by ApoA1 mimetic peptides. Consistent with 

this observation, L4F nanoparticles were found to suppress hepatic stellate cell activation in vitro. 

To evaluate the in vivo potential for these nanostructures, their plasma pharmacokinetics were 

evaluated in rats. Despite the assembly of nanostructures, both free L4F and L4F nanoparticles 
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exhibited similar half-lives of approximately 1 hr in plasma. This is the first study reporting the 

stabilization of peptide-based vesicles using ApoA1 mimetic peptides fused to a protein polymer; 

furthermore, this platform for peptide-vesicle assembly may have utility in the design of 

biodegradable nanostructures.
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Introduction

The prevalence of secondary diseases associated with obesity, such as non-alcoholic fatty 

liver disease (NAFLD), are expected to rise with the high prevalence of obesity in Western 

nations [1]. NAFLD, characterized by the deposition fat and the presence of inflammation, 

can progress to hepatic fibrosis and cirrhosis [2]. A candidate for the prevention of 

progression of NAFLD is the apolipoprotein A-1 mimetic peptide D4F, which prevents 

hepatic fibrosis in murine models [3]. D4F, a peptide comprised of D-amino acids, and its 

natural enantiomer L4F, made up of L-amino acids, has been extensively studied in animal 

models related to lipid oxidation and inflammatory diseases. Based on the 18A peptide[4], a 

synthetic 18 amino acid peptide designed to mimic amphipathic helices found in 

apolipoproteins and originally intended to displace apolipoproteins from HDL[5, 6], the 4F 

peptides are amphipathic and create type A α-helices due to their 4 hydrophobic 

phenylalanine residues. The 4F peptides bind oxidized lipids with an affinity 4–6 orders of 

magnitude higher than ApoA-1[7]. 4F’s anti-inflammatory properties are attributed to their 

affinity for pro-inflammatory oxidized lipids. L4F has been demonstrated to decrease 

inflammatory cytokines including IL-6, TNF-α, and IL-1β in obese mice[8, 9] as well as 

inhibit activation of the inflammatory transcription factor NF-κB in chronic kidney disease 

rat models[10]. D/L-4F’s ability to decrease systemic inflammation is the basis for its 

exploration in inhibiting the localized inflammation and activation of hepatic stellate cells 

and the progression of liver fibrosis.

While D4F is anti-fibrotic in vivo [3], we chose to develop the L-amino acid L4F peptide for 

three reasons. First, unlike D4F, the L4F peptide can be directly engineered onto an 

recombinant ELP protein polymer to modulate its self-assembly properties, which may 

impact its biodistribution and efficacy. Secondly, chronic use of D-amino acids results in 

high tissue accumulation due to impaired breakdown, which is not an obstacle using 

biodegradable enatiomers[4]. Lastly, when administered subcutaneously, the L form of the 

4F molecule was just as effective at treating atherosclerosis as the D form[11, 12]. It is 

therefore likely that D4F’s anti-fibrotic mechanism is conserved in its L4F enantiomer.

To capitalize on ability of the L4F to form an amphipathic secondary structure, we here 

explore the addition of high molecular weight elastin-like polypeptide (ELPs) to modulate 

its assembly properties. ELPs are derived from the human gene for tropoelastin and are 

repetitive polypeptide chains of the amino acid sequence (Val-Pro-Gly-Xaa-Gly)n, where 

Xaa can be substituted with virtually any amino acid[13]. ELPs phase separate above a 
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transition temperature, Tt, which can be tuned by selection of Xaa and n. ELPs are emerging 

as a platform to display and manipulate the assembly of protein polymer nanoparticles, 

partly because they are biodegradable, biocompatible, and non immunogenic[14, 15]. Since 

they are genetically encoded, they lend themselves to direct fusion with biologically 

functional proteins. In addition, the fusion of ELPs to low molecular weight peptides has 

been shown to both increase the half-life of the peptide as well as decrease systemic 

clearance[16, 17].

In this study, we report the surprising formation of L4F ELP fusion proteins into 

nanoparticles 50 nm in radius at 37 °C, significantly below the transition temperature of the 

parent ELPs. We also demonstrate L4F nanoparticles inhibit the activation of hepatic stellate 

cells in vitro; furthermore, we show that the pharmacokinetics of these nanoparticles are not 

compromised in comparison to the free peptide. We expect these data to act as a springboard 

for the development of a biologically active nanostructures assembled by ApoA-1 mimetic 

peptides.

Materials and Methods

Construction of L4F ELP fusions

A DNA sequence encoding for the peptide L4F followed by a thrombin cleavage site and 

ELP insertion site (IDT Technologies, Coralville, IA) was cloned into a pET25b+vector 

(Clonetech, Mountain View, CA). A forward primer 

(TATGGATTGGTTCAAAGCGTTTTATGATAAAGT 

GGCGGAAAAATTCAAAGAAGCGTTCGGTCTGGTTCCGCGTGGTTCTGGTTACTG

ATC TCCTCG) and a reverse primer 

(GATCCGAGGAGATCAGTAACCAGAACCACGCGGAAC 

CAGACCGAACGCTTCTTTGAATTTTTCCGCCACTTTATCATAAAACGCTTTGAAC

CAA TCCA) were annealed, and ligated into a pET25b+ vector digested with NdeI/ BamHI 

to generate a 2 base pair overhang created by digestion of at an amino terminal BseRI cut 

site. Various ELP genes[18] were ligated downstream of the L4F encoding sequence using 

BseRI/BamHI cut sites in both L4F and ELP plasmids to digest and 1 μL T4 DNA ligase 

(Invitrogen, Carlsbad, CA) to ligate, resulting in N-L4F-thrombin-ELP-C (Table 1). The 

resulting fusion protein constructs were expressed in BLR E. Coli and purified using the 

ELP-mediated phase separation[19]. Purity was determined by running 20 μg of polymer on 

a 4–20% SDS-PAGE gel stained with copper chloride.

Optical characterization of the ELP phase diagram

The phase behaviors of ELPs were characterized as a function of molecular weight and 

concentration by measuring the solution turbidity at 350 nm of protein polymer as a function 

of temperature. 300 μL of protein polymers in phosphate buffered saline (PBS, 0.2 g/L KCl, 

0.2 g/L KH2PO4, 8 g/L NaCl, 1.15 g/L Na2HPO4), concentrations ranging 5–100 μM were 

observed in a Beckman Tm microcell at a constant ramp rate of 1 °C min−1 and 

measurements were captured 3x min−1 by a UV visible spectrophotometer (DU800 

Spectrophotometer, Beckman Coulter, CA). The maximum first derivative of the curve was 

defined as the transition temperature, Tt.
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Dynamic Light Scattering

A Dynapro plate reader (Wyatt Technology Inc., Santa Barbara, CA) was used for all 

hydrodynamic radius and polydispersity measurements. Polymers were prepared at 25 μM 

concentrations in PBS, filtered through 0.2 μm cellulose acetate filters, and centrifuged at 4 

°C, 1200 rpm to remove air bubbles. Mineral oil was added to the top of the sample to 

prevent evaporation. Polymers were observed over a range of temperatures from 4 to 60 °C 

in 1 °C increments.

Negative and cryogenic transition electron microscopy

TEM and Cryo-TEM images were captured on an FEI Tecnai 12 TWIN Transmission 

Electron Microscope, operating at 100 kV for TEM and 80 kV for cryo-TEM. 25 μM TEM 

samples were pipetted onto a carbon-coated copper grid (Electron Microscopy Sciences, 

Hatfield, PA). Filter paper was used to wick away excess solution. 10uL of 2 wt% aqueous 

uranyl acetate was used to stain samples. For cryo-TEM, 25 μM samples were pipetted onto 

lacey carbon coated TEM grids (LC325-Cu, Electron Microscopy Sciences) pre-treated with 

plasma air to make the lacey carbon film hydrophilic. Samples were vitrified by plunging 

them into a liquid ethane reservoir precooled with liquid nitrogen. Both TEM and Cryo-

TEM images were acquired with a 16 bit 2k × 2k FEI Eagle bottom mount camera 

(Hillsboro, OR). Images were processed with ImageJ (NIH, Bethesda, MD). Nanoparticle 

size was averages from three areas of view with more than 50 particles per image for TEM 

and 20 particles for Cryo-TEM. Bilayer thickness was averaged across three points along the 

circumference of the vesicle. Numbers are presented as averages ± 95% confidence interval.

α-Smooth Muscle Actin Assay

Primary mouse hepatic stellate cells (HSCs) were isolated by collagenase/pronase digestion 

and Stractan density gradient centrifugation before being cultured on plastic for 3 days with 

or without L4F-A192 (Table 1) at 37 °C [3]. HSCs were fixed with 10% formaldehyde. 

Primary antibody staining was done using a mouse monoclonal anti-α-SMA antibody 

(1:100, Sigma), followed by a fluorescein isothiocyanate-conjugated goat anti-mouse 

secondary antibody (Sigma). Images were acquired using a Nikon PCM-2000 confocal 

microscope with a thickness of 0.8 μm.

Pharmacokinetics of L4F-A192 nanoparticles

All animal experiments were performed in compliance with the guidelines established by the 

USC Institutional Animal Care and Use Committee. Rats were administered doses of 10 

nanomoles of rhodamine covalently linked to the amino terminus of recombinant L4F-A192. 

Rats were administered fluorescein L4F, at doses up to 50 nanomoles. L4F was chemically 

synthesized as follows, Met-Asp-Trp-Phe-Lys-Ala-Phe-Tyr-Asp-Lys-Val-Ala-Glu-Lys-Phe-

Lys-Glu-Ala-Phe-Leu-FITC (LifeTein, South Plainfield, NJ). Rats were bled at indicated 

time points from the tail into plasma separator tubes with lithium heparin (Becton, 

Dickinson and Co, Franklin Lakes, NJ). Serum was collected by spinning down blood 

samples and collecting supernatant. Plasma concentrations were determined using a 

calibrated fluorescence microplate assay run on a BioTek Synergy H1 Hybrid Multi Mode 

Microplate Reader (Biotek, Winooski, VT).
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Results

Characterization of L4F ELP fusions

To develop a soluble ELP carrier for the L4F peptide, two ELPs were evaluated (Table 1). 

Both A192 and V2A192 have the same number of 192 pentameric repeat units, resulting in 

similar molecular weights. L4F was ligated at the N-terminus of the ELP of interest (Fig. 

1A). ELPs reversibly phase separate in response to heating (Fig. 1B); however, the goal of 

this project was to determine if fusion to the amphiphilic L4F peptide is sufficient to mediate 

the assembly of a nanoparticle of much higher hydrodynamic radius (Fig. 1C). All four ELP 

constructs were purified using ELP-mediated phase separation, which resulted in highly 

pure samples with expected molecular weights (Fig. 1D).

Next, these fusion proteins were characterized for their phase behavior using optical density 

measurements with respect to temperature and concentration. Below their phase transition 

temperature, ELPs are soluble in water and have low optical density. Above their transition 

temperature, there is a sharp increase in solution turbidity (Fig. 2A–D). As has been 

observed previously[18], the transition temperature depends on the logarithm of 

concentration (Fig. 2E, F). This increase signifies the phase transition, or transition 

temperature of the ELP. Above this temperature, the ELP become insoluble and forms 

microparticles called coacervate[20]. An ELP’s transition temperature is highly contingent 

on the hydrophobicity of the guest residue, Xaa, in the ELP sequence, Val-Pro-Gly-Xaa-

Gly[21]. Guest residues that are more hydrophilic have higher transition temperatures 

relative to residues that are more hydrophobic. For example, an ELP with alanine guest 

residues will have a higher transition temperature relative to an ELP with valine guest 

residues[22].

The ELP A192, with a high molecular weight of 74 kDa and the relatively hydrophilic guest 

residue alanine, phase separates between 58 and 70 °C (Fig. 2A). The fusion of the 2.2 kDa 

L4F to the N-terminus of the ELP has a surprisingly large effect on the transition 

temperature. L4F-A192, at 25 μM, phase separates above 47 °C, which is 14 °C below the 

parent ELP. Similarly, at 25 μM, V2A192 phase separates above 46 °C, and again the L4F 

peptide decreases the transition temperature to 35 °C, below body temperature (Fig. 2D). 

This depression of the phase transition temperature for L4F-V2A192 will prevent this 

formulation from remaining soluble at physiological temperatures; however, L4F-A192 is an 

excellent candidate for solubility during systemic administration or in vitro evaluation in cell 

culture.

L4F mediates the assembly of ELP nanoparticles

Having observed the significant depression in the transition temperature upon fusion to the 

amphipathic L4F peptide, we speculate that this short peptide may possess the ability to 

drive self-association into nanostructures prior to ELP-mediated bulk phase transition. When 

assaying the hydrodynamic radius using dynamic light scattering, both L4F-A192 and L4F-

V2A192 form nanoparticles that are stable up to a temperature of 46 and 34 °C respectively 

(Fig. 3A, B). In contrast, both ELP monoblocks A192 and V2A192, which lack the L4F 

domain, do not exhibit any signs of nanoassembly. Monoblock ELPs are not expected to 
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have a large hydrodynamic radius because they remain unimeric until they phase 

separate[18]. Since A192 and V2A192 do not assemble into nanostructures alone, the 

assembly of nanostructures upon fusion to the L4F peptide suggests that these amphipathic 

peptides mediate the assembly of these particles. In fact, when in an alpha helical secondary 

structure, L4F is thought to orient 4 hydrophobic phenylalanine to one face[23]. Therefore, 

the most straightforward explanation for this data is that the L4F-mediated hydrophobicity is 

responsible for the assembly of structures decorated by ELPs (Fig. 1C). Investigation of L4F 

nanoparticle size distribution at 37 °C further supported the difference in radius between 

L4F ELP fusions and plain ELPs (Fig. 3C, D). A192 and V2A192 controls have low 

hydrodynamic radii, both measuring only 5 nm. In contrast, both L4F nanoparticles have a 

much higher average radius. The particle radius for L4F-A192 is at 50 nm with a 

polydispersity of 9 nm. Similarly, L4F-V2A192 also has a hydrodynamic radius of 42 nm.

To further investigate the morphology of these peptide nanoparticles, the L4F-A192 

nanoparticles were subsequently imaged using transmission electron microscopy (TEM) 

(Fig. 4). These images support the polydispersity and median sizes measured by DLS. To 

verify that the imaged samples were representative of the total solution and also the filtered 

solution evaluated by DLS, both unfiltered and filtered samples were evaluated. For 

negative TEM imaging, the samples were stained using 2 % uranyl acetate. Unfiltered L4F-

A192 yielded a radius of 41 ± 16 nm (Fig. 4A). Filtered through 0.2 μm pores, this radius 

decreases to 28 ± 11 nm. When imaged by cryo-TEM, unfiltered L4F-A192 nanoparticles 

averaged 36 ± 13 nm (Fig. 4C), while filtration results in a radius of 43 ± 17 nm. The 

differences in particle size between filtered and unfiltered samples on TEM and Cryo-TEM 

were found to be statistically insignificant; furthermore these results confirm that these 

particles can be sterile filtered without a change in their size (Supplementary Fig. S1). 

Additionally, cryo-TEM images reveal the wall thickness of the observed vesicular 

structures is consistently 8.4 ± 1.3 nm, a value that is close to twice the size of the individual 

fused proteins. Collectively, our results suggest that the L4F amphipathic peptide promotes 

the assembly of the fused proteins into unilamellar vesicles.

L4F nanoparticles prevent hepatic stellate cell activation

Having demonstrated that the L4F peptide mediates the assembly of nanoparticles stabilized 

by ELP, it was unclear if the peptide would remain accessible to cellular targets. To evaluate 

this possibility, we selected hepatic stellate cells as an in vitro model for assessing L4F 

activity. Quiescent hepatic stellate cells have a compact morphology with cytoplasmic lipid 

droplets that are lost with activation. When cultured on plastic, hepatic stellate cells 

spontaneously activate and secrete extracellular matrix proteins. Murine hepatic stellate cells 

(HSCs) were cultured on plastic for 3 days in the presence or absence of L4F-A192 and 

A192 alone. Control hepatic stellate cells show morphologic evidence of activation and stain 

positive for α-smooth muscle actin, a known marker of stellate cell activation[24] (Fig. 5A). 

Co-culture with A192 ELP does not appear to inhibit stellate cell activation (Fig. 5B). 

However, HSCs cultured in the presence of L4F-A192 retain the compact morphology and 

cytoplasmic lipid droplets characteristic for quiescence cells (Fig. 5C). Thus, it appears that 

despite the involvement of the L4F peptide in the stabilization of peptide vesicles, they 
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retain their intrinsic ability to act on a biological target associated with their anti-

inflammatory properties.

Having determined that L4F-A192 assembles unilamellar vesicles with evidence of 

biological activity in a model of hepatic stellate cell activation, we next explored whether or 

not the assembly of these much larger structures would have a deleterious effect on the half-

life of with respect to the peptide. To accomplish this, fluorescently labeled samples 

containing either the L4F-A192 vesicles or the free L4F peptide were administered to rats 

(n=3) and sampled over a period of approximately three observed half-lives (Fig. 6). Despite 

the assembly of a nanostructure for L4F-A192, both peptide formulations showed a 

surprisingly similar half-life, on the order of 1 hr (Table 2). No significant differences were 

observed in the half-life or clearance. The main difference observed, was that the vesicles 

showed approximately twice the volume of distribution observed for the free L4F peptide. 

Based on these findings, it appears that the assembly of these nanostructures does not lead to 

premature clearance from the plasma; furthermore, this study supports their potential 

therapeutic evaluation.

Discussion

Unexpectedly, the addition of a high molecular-weight protein polymer to the relatively 

short L4F peptide leads to the stabilization of nanoparticles. As protein polymers, ELPs 

were utilized due to their potential biocompatibility and biodegradability[25]. In addition, 

the temperature sensitivity of ELPs has recently been exploited to create micelles for the 

encapsulation of chemotherapeutics[26, 27]. However, these schemes rely on a temperature 

triggered self-assembly of a hydrophobic ELP block to create the internal portion of the 

micelle[18]. In contrast, the L4F ELP fusion assembles nanoparticles without the need to use 

heat as a trigger. The same amphipathic characteristics of L4F that make it a potent binder of 

oxidized lipids, also drives the hydrophobic regions of L4F to self-assemble in the absence 

of lipid membranes or a thermal stimulus. Most surprisingly, the addition of a large 

hydrophilic ELP tail to these interacting L4Fs results in unilamellar vesicles. The lamellar 

structures arise from a 74 kDa hydrophilic ELP linked to a 2.2 kDa hydrophobic L4F, which 

suggests that the ELP hydrophilic fraction exceeds 95%. When a synthetic diblock 

copolymer’s hydrophilic fraction exceeds 50 %, the resulting morphology is typically 

micellar, not vesicular[28]. In contrast, peptide diblock copolymers have been reported 

forming vesicles at much higher hydrophilic fractions. For example, peptide diblock 

copolymers composed from poly-lysine and poly-leucine have been reported that form 

unilamellar vesicles with a hydrophilic fraction as high as 88 % by Deming and 

coworkers[29]. Thus, the behavior observed for L4F-A192 is consistent with prior reports of 

peptide stabilized vesicles; however, the intriguing possibility remains that a region of the 

ELP proximal to the L4F peptide phase separates and stabilizes the lamellar phase.

DLS measurements indicate that L4F ELP fusions form nanoparticles that are stable up to 

the transition temperature of the fused ELP (Fig. 3). L4F-V2A192 retains a 42 nm radius up 

to 45 °C, above which a larger hydrodynamic radius is observed owing the imminent phase 

separation of the ELP V2A192. This is consistent with L4F-V2A192’s increase in optical 

density observed on a UV-Vis spectrophotometer (Fig. 2). Due to the greater hydrophilic 
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nature of A192 over V2A192, the L4F-A192 fusion remains stable at temperatures slightly 

higher than L4F-V2A192. L4F-A192 retains a hydrodynamic radius of 50 nm up to 50 °C, 

again consistent with its increased in turbidity demonstrated with spectrophotometry. While 

the vesicles used here have been optimized for thermal stability under physiological 

conditions, it is certainly plausible that vesicles composed similarly to the L4F-V2A192 

could be induced to deposit or release contents in response to local heating[30–32].

Nanoscale vesicles composed from amphiphilic copolypeptides have previously been 

reported[33–35]. To achieve radii below 50 nm, these authors performed multi-step 

extrusion to decrease vesicle diameter from a few micrometers down to the nanoscale. We 

present an alternate approach to the formation of nanoscale vesicles furthermore, the 

formation of ~50 nm radius particles from L4F ELP fusions does not require extrusion. 

Additionally, the majority of literature describing peptide-derived vesicles has used 

chemically synthesized polymers as precursors[29]. In contrast, this manuscript uses 

biological synthesis of protein polymers to produce vesicles that self-assemble.

The presence of L4F ELP fusion nanoparticles was confirmed using both negative TEM and 

Cryo-TEM. Cryo-TEM images of L4F-A192 show peptide vesicles with a 43 nm radius. 

This radius is consistent with the hydrodynamic radius of L4F-A192 measured using DLS. 

Interestingly, Cryo-TEM images also captured what appears to be a unilamellar polypeptide 

membrane. Unfiltered vesicles have a membrane thickness of 8.4 nm and filtered vesicles 

have a similar membrane thickness of 6.8 nm. Greater than the thickness of a phospholipid 

bilayer (4–5 nm)[36], this membrane thickness is consistent with the thickness of a bilayer 

composed from the L4F peptide attached to a sterically-stabilizing ELP[28].

Having discovered that the L4F peptide fusion results in the assembly of peptide vesicles, 

we next ascertained whether or not the peptide would be sufficiently accessible to retain its 

known biological activity, namely the potential to reduce inflammation resulting from 

oxidized lipids[3]. To demonstrate this, we employed a well-characterized assay for the 

activation of hepatic stellate cells, whereby HSCs are seeded on plastic and observed for 

changes in cellular morphology. In vivo activated HSCs deposit of collagen involved with 

liver fibrosis; furthermore, when plated on tissue culture polystyrene HSCs also adopt an 

activated morphology. Inactivated HSCs maintain a compact morphology, characteristic to 

quiescent stellate cells. However, in the absence of an inhibitor, HSCs seeded on plastic lose 

their compact morphology and cytoplasmic lipid droplets and increase in α-smooth muscle 

actin. Similar to past studies of D-4F[3], the addition of L4F-A192 nanoparticles to the 

media inhibits the activation of HSCs. This indicates that despite the addition of a 74 kDa 

ELP and its assembly into 50 nm radius nanoparticles, the proposed anti-fibrotic activity of 

L4F is retained.

For their therapeutic development, these peptide vesicles must remain in circulation for a 

sufficient period. Some of the best examples of long circulating nanoparticles are pegylated 

liposomes, which circulate for days[37]. While the pharmacokinetics of ELPs and their 

particles have only been explored in rodents[19], recent reports suggest that other 

recombinant polymeric materials have potential circulation in humans on the order of a 

week[38]. Despite their small size, the ApoA1 mimetic peptides (L-18A) have already been 
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reported with a relatively long a plasma half-life of approximately 1 hour in rats[4]. In the 

same species, this manuscript confirms that the free L4F peptide also is cleared with a 1 

hour plasma half-life (Fig. 6B). To determine if vesicle assembly promotes shorter (via 

increasing reticuloendothelial system clearance) or longer (via reducing renal clearance) 

half-life, the pharmacokinetics of L4F-A192 vesicles were similarly evaluated. Surprisingly, 

despite their 50 nm radius the both free L4F and L4F-A192 vesicles displayed nearly the 

same 1 hr plasma-have life and clearance (Table 2). The mechanisms for clearance for these 

L4F-A192 vesicles will require additional study if they are to be translated into therapeutic 

nanoparticles.

Herein we fused the amphipathic ApoA1 mimetic peptide L4F to a high molecular weight 

ELP. Unexpectedly, fusions to the ELP protein polymer not only increased the 

hydrodynamic radius, but also lead to the assembly of nanoparticles with a vesicular 

morphology. These vesicles maintained both in vitro biological activity and as well as a 

similar in vivo pharmacokinetic profile to the free peptide. To the best of our knowledge, 

this is the first report of a protein polymer fused to a biologically active peptide domain 

(L4F) that both assembles vesicles and maintains the therapeutic potential of its active 

domain[39].

Conclusions

Herein we present a scheme for the assembly of stable, potent nanoparticles driven by the 

amphipathic nature of L4F, an Apolipoprotein A1 derived peptide. We genetically 

engineered a L4F peptide with high molecular weight ELP protein polymers. At body 

temperature, L4F-A192 self assembles into nanoparticles with a hydrodynamic radius of 50 

nm. This self-assembly is driven by the amphipathic nature of L4F. Using cryogenic TEM, 

we observed the formation of unilamellar vesicles with a membrane thickness of 6.8 nm. 

Despite forming nanoscale vesicles, L4F retained its anti-inflammatory properties as 

reported by a hepatic stellate cell activation assay. Because they assemble vesicles of about 

50 nm in radius, this L4F ELP fusion strategy has the potential to serve as an assembly 

platform for other amphipathic peptides, and enable co-encapsulation of soluble therapeutics 

into the aqueous interior of the vesicle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fusion of an amphipathic peptide and an ELP designed to assemble nanostructures
A) The amphipathic L4F peptide was appended at the amino terminus of two ELP genes 

called V2A192 and A192 to drive nanoparticle assembly and increase hydrodynamic radius. 

B) ELPs undergo temperature-mediated phase separation called coacervation, which can be 

used for purification. C) The amphipathic peptide L4F (triangle) mediates assembly of 

nanostructures that are sterically stabilized by ELPs and these structures also phase separate 

in response to heating. D) A library of purified protein polymers (Table 1) were evaluated 

for identity and purify using SDS-PAGE and stained with copper chloride. The Left lane 

contains molecular weight standards with the mass indicated to the left of the marker.
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Figure 2. Fusion of the L4F peptide depresses the ELP transition temperature
Two ELPs of the same length and different transition temperatures were appended to L4F 

and observed using optical density as a function of temperature and concentration. A) 

Unmodified A192 phase separates near 60 °C. B) Addition of L4F to A192 depressed the 

transition temperature to about 45°C. C) Unmodified V2A192 phase separates around 47°C. 

D) Addition of L4F to V2A192 decreases the transition temperature to about 34°C. E–F) 

The concentration-temperature phase diagrams for all constructs follow a log-linear 

relationship. L4F suppressed both the magnitude and the slope (Table 1) of the line for both 

E) A192 and F) V2A192.
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Figure 3. Fusion to the L4F peptide mediates nanostructure assembly
Dynamic light scattering was used to characterize the thermal stability of the fusion proteins 

(25 μM, PBS). A) The hydrodynamic radius for L4F-A192 is greater than for A192 even 

below the ELP transition temperature. B) Similarly, the hydrodynamic radius for L4F-

V2A192 is greater than V2A192 even below the transition temperature. Both C) L4F-A192 

and D) L4F-V2A192 form a population of nanoparticles with a hydrodynamic radius near 50 

nm at 37 °C.
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Figure 4. The nanostructures formed by L4F fusions are peptide vesicles
TEM and Cryo-TEM were used to characterize purified L4F-A192 that was A–B) unfiltered 

and C–D) filtered through a 0.2 μm membrane. A, C) TEM images of negatively stained 

L4F-A192 revealed evidence of nanoparticles. Unfiltered, nanoparticles averaged 41 ± 16 

nm and filtered vesicles are 28 ± 11 nm. B, D) Similarly, cryo-TEM revealed the presence of 

unilamellar vesicles with an average radius of 36 ± 13 nm unfiltered and 43 ± 17 nm when 

filtered. Consequently, the average membrane thickness of unfiltered particles is 8.4 ± 1.3 (n 

= 18) and 0.2 um filtered particles is 6.8 ± 0.7 nm (n = 8). The scale bar indicates 200 nm.
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Figure 5. L4F-A192 nanoparticles inhibit activation of hepatic stellate cells (HSCs)
Murine HSCs were seeded on plastic for 3 days then stained for α-smooth muscle actin. A) 

Without treatment, HSC seeded on plastic lose their compact morphology and cytoplasmic 

lipid droplets and stain positively for α-smooth muscle actin[3]. B) 10 μM A192 added to 

the media resulted in minimal inhibition of HSCs activation C) 10 μM L4F-A192 treated 

HSCs exhibit characteristic compact morphology for quiescent stellate cells. Scale bar = 20 

μM. D) The fluorescence intensity of α-smooth muscle actin was quantified and compared 

between HSCs treated with A192 and L4F-A192. *p<0.05; **p<0.01. Values represent the 

mean ± 95% CI.
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Figure 6. Pharmacokinetics of L4F-A192 nanoparticles and free L4F do not differ significantly
Rats were injected via the tail vein with a bolus of either fluorescently labeled L4F-A192 or 

the free L4F peptide. Plasma concentrations were quantified over a three-hour window and 

data were fit by a single exponential decay. Both treatments revealed an approximately 1 

hour half life and no significant difference was detected between in clearance; however, the 

volume of distribution for the L4F-A192 vesicles was approximately twice that observed for 

the free L4F peptide (Table 2).
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