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Abstract

Elastin-like polypeptides (ELPs) are biopolymers inspired by human elastin. Their lower critical

solution temperature phase transition behavior and biocompatibility make them useful materials

for stimulus-responsive applications in biological environments. Due to their genetically encoded

design and recombinant synthesis, the sequence and size of ELPs can be exactly defined. These

design parameters control the structure and function of the ELP with a precision that is unmatched

by synthetic polymers. Due to these attributes, ELPs have been used extensively for drug delivery

in a variety of different embodiments—as soluble macromolecular carriers, self-assembled

nanoparticles, cross-linked microparticles, or thermally coacervated depots. These ELP systems

have been used to deliver biologic therapeutics, radionuclides, and small molecule drugs to a

variety of anatomical sites for the treatment of diseases including cancer, type 2 diabetes,

osteoarthritis, and neuroinflammation.
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1. Introduction

Stimulus-responsive biomaterials are a promising resource with applications in controlled

drug delivery. Elastin-like polypeptides (ELPs) are one such biomaterial whose composition

is inspired by the repetitive hydrophobic domains of human tropoelastin [1]. ELPs are

biopolymers composed of short repeating peptide motifs, of which the most common is the

pentapeptide VPGXG where X is a guest residue that is any amino acid except proline.

ELPs exhibit stimulus-responsive lower critical solution temperature (LCST) phase

transition behavior. They are soluble at temperatures below a characteristic cloud point

temperature (Tt) (also known as the inverse transition temperature) and aggregate into

micron scale coacervates above the Tt [2]. This phase transition occurs over a short time
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scale and is typically reversible, such that ELP coacervates will resolubilize when returned

to a temperature below the Tt.

ELPs are useful materials in a variety of applications since their stimulus-response is highly

tunable [3]. The Tt is precisely controlled by intrinsic parameters including the composition

and molecular weight (MW) of the ELP (Figure 1) and is also influenced by extrinsic factors

such as concentration, solutes, and, for some ELP sequences, by solution pH. The

hydrophobicity of the guest residue is a primary intrinsic parameter that controls the Tt, as

hydrophobic guest residues depress the Tt, while hydrophilic guest residues elevate the Tt [2,

4, 5]. The MW of the ELP is inversely related to the Tt, such that an increase in MW leads to

a decrease in the Tt [6]. The concentration of an ELP solution also influences the Tt in an

inverse relationship, such that an increase in ELP concentration results in a lower Tt [6]. The

ELP Tt is additionally influenced by cosolutes, such as salts. Most notably, kosmotropic

salts (Cl− and higher on the Hofmeister scale of anions) depress the ELP Tt, with increasing

concentration of salt enhancing this effect [7]. Furthermore, the local pH can influence the

Tt of ELP sequences that include ionizable guest residues [8, 9].

ELPs are typically produced recombinantly from synthetic genes, whose construction

requires specialized methods for assembling repeating genes with precise control over gene

length. Concatemerization is the oldest technique to create a library of repetitive ELP genes

with varying lengths. In concatemerization, genes with cohesive ends self-ligate to create

oligomers within a receiving cloning vector. Although this provides a rapid method to

assemble ELP genes of varying length, the genes created by concatemerization have a

distribution of lengths, which does not ensure that a desired gene length will be achieved.

Concatemerization is therefore less desirable when an exact MW of an ELP, and thus an

exact ELP gene length, is required. Furthermore, successful insertion of concatemerization

products into the cloning vector is biased to a low degree of polymerization (typically ≤30

pentapeptides), such that this technique is less useful for applications where a higher degree

of polymerization is required.

Concatemerization is useful, however, when paired with other assembly methods to quickly

build ELP genes with a precise length. Recursive directional ligation (RDL) is one such

method that involves the step-wise oligomerization of short ELP genes derived from

concatemerization [10]. Recursive gene addition builds the length of the encoded ELP in an

existing vector by using a single cut site for the insertion of an ELP gene with

complementary sticky ends. However, RDL runs the risk of self-ligation of both the

receiving plasmid and the ELP gene insert, which decreases the efficiency of this method.

Recursive directional ligation by plasmid reconstruction (PRe-RDL) solves the problem of

self-ligation by introducing restriction sites that deconstruct two parent plasmids containing

ELP genes, such that reconstruction of a functional plasmid is only achieved by successful

ligation of the two plasmid fragments containing the ELP-encoding components [11]. Due to

the step-wise nature of both RDL and PRe-RDL, these methods can be used to create ELPs

with complex architecture at their sequence level, such as multi-block copolymers. These

techniques also allow insertion of peptide or protein sequences at the N- and C-terminals of

an ELP gene, providing chemical or biological activity for drug delivery applications.
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However, these techniques require multiple cloning steps to create an ELP gene with a high

degree of polymerization.

Rapid synthesis of ELP genes with a high degree of polymerization can be achieved in one

step with overlap extension rolling circle amplification (OERCA) [12]. This assembly

method uses a circular ssDNA that encodes a desired repeat unit of the ELP gene. Rolling

circle amplification (RCA) is first carried out to create a linear ssDNA containing several

copies of the circular template. RCA is followed by polymerase chain reaction (PCR) with

primers that are complementary to the ends of the product from the RCA reaction, resulting

in dsDNA and further lengthening of the genes by overlap extension. OERCA is a powerful

method for multiplexed synthesis of repetitive genes, whose size range is tunable and is

typically longer than that achieved with concatemerization. We note, however, that OERCA

is limited to the synthesis of homopolymer ELPs and thus cannot be used to create genes

that encode alternative architectures, such as block copolymers.

ELP genes are typically expressed in E. coli, although ELPs have also been expressed in

yeast [13–15], fungus [16], and plants [17–19]. Purification of ELPs from E. coli lysate is

achieved by exploiting the ELP’s thermal responsiveness using a non-chromatographic

separation method called inverse transition cycling (ITC) [20]. ITC has four sequential

steps: (1) selective aggregation of the ELP by raising the solution temperature above the Tt

or by depressing the Tt below the solution temperature with the addition of kosmotropic

salts; (2) centrifugation above the Tt to pellet the aggregated ELP and discard soluble

contaminates in the supernatant; (3) recovery of soluble ELP with dissolution of the pelleted

material by reversing its phase transition in a buffer at a temperature below the Tt; and (4)

centrifugation below the Tt to pellet insoluble contaminants and collect purified soluble ELP

in the supernatant. Repeating cycles of centrifugation above and below the Tt increases the

purity of the ELP product. ITC is a powerful alternative to chromatography that allows easy

purification of ELPs with equipment found in most biology laboratories.

As biologically inspired recombinant materials, ELPs have distinct properties that make

them useful for applications in drug delivery. ELPs are biocompatible and are therefore

suitable for local and systemic administration, as they induce minimal inflammatory and

immune effects in animal models [21–23] and can be administered to humans without

eliciting an adverse immune response [24]. Additionally, the genetically encoded design of

ELPs permits exact control over the sequence of the ELP, which can be exploited to

precisely specify the location at which a biological drug—peptide or protein—is fused to an

ELP, or the location at which a reactive residue is placed for covalent conjugation of the

ELP with small molecule drugs. Furthermore, their genetically encoded design leads to

perfectly monodisperse polymers. As MW influences important biological parameters, like

circulation clearance, this monodispersity allows improved prediction of the ELP behavior

in vivo, as compared to alternative polydisperse materials.

The biological composition of ELPs also ensures their biodegradation, permitting their safe

break down into peptides and amino acids that can be easily cleared from the body. The

kinetics of ELP degradation have been analyzed both in vitro and in vivo with 14C-labeled

ELPs, where the degradation products were visualized by SDS-PAGE and quantified by
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radioactivity [25]. A degradation rate of approximately 2.5 wt%/day was observed following

intravenous administration of a 59.4 kDa 14C-labeled ELP [26]. This degradation rate

suggests that ELPs can strike a good balance between in vivo stability, over the time course

required for many drug delivery applications, and clearance over several weeks. Although

all ELPs are susceptible to eventual clearance by mechanisms of degradation, it is important

to consider the effect of ELP aggregation on degradation kinetics for ELPs that are used in

vivo in their aggregated coacervate phase. Ex vivo experiments have shown that soluble

ELPs below their Tt were enzymatically degraded by both elastase and collagenase.

However, a decrease in enzymatic degradation by collagenase was observed at temperatures

above the Tt of a homopolymer ELP, in which the ELP was aggregated into micron-scale

coacervates, or at temperatures above the critical micelle temperature of diblock copolymer

ELPs, at which the hydrophobic ELP domain was sequestered in the micelle core [27]. This

differed from degradation by elastase, which was efficient regardless of ELP aggregation.

These experiments demonstrated that aggregation can be a factor in the degradation rate of

ELPs and their higher order assemblies, and that these effects are protease specific.

2. Architectures and assemblies of ELP drug carriers

2.1 Soluble ELP unimers

Due to their recombinant design and stimulus-response, ELPs can serve as useful carriers for

drug delivery in a variety of sequences, architectures, and higher order assemblies (Table 1).

ELPs in their soluble state—which we term unimers to distinguish them from their self-

assembled or aggregated counterparts—are useful materials for enhancing the size and

stability of appended cargo and conferring stimulus-responsive behavior to these conjugates.

These ELPs are typically designed as homopolymers (wherein the guest residue is a single

amino acid) or as pseudorandom ELPs (wherein the guest residue is a mixture of residues)

that are chosen to impart a Tt above body temperature so that they are soluble in vivo. These

features, in combination with the ease of ELP purification by ITC and their genetically

encoded design, make ELPs excellent purification tags for fusion partners such as

recombinant peptide and protein drugs [28]. ITC can be used for the purification of these

genetic fusions because the ELP retains its LCST behavior in the fusion, although the Tt of

the ELP fusion may vary from the Tt of the ELP alone [29]. The simplicity and low cost of

ITC purification provides advantages over alternative methods for recombinant protein

purification, such as chromatography. After purification, the ELP tag can be retained as a

macromolecular drug carrier or alternatively, if free recombinant peptide or protein is

desired, the ELP tag can be cleaved and removed from its peptide or protein partner.

A recombinant fusion partner can be released from the ELP tag by inclusion of an

intervening cleavable peptide linker. Peptide linkers cleaved by enzymes (e.g., thrombin [20,

30], enterokinase [31], human rhinovirus 3C [32], or small ubiquitin-related modifier [32,

33]), and chemical reagents (e.g., hydroxylamine [34]), as well as self-cleaving inteins [35–

37] have been exploited for release of ELPs from recombinant peptides and proteins. The

application of ELPs for the synthesis and purification of recombinant therapeutics has been

demonstrated by the production of antimicrobial peptides in E. coli. Antimicrobial peptides

have been fused to large ELP unimers and exhibited poor activity, which allowed their
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overexpression in their bacterial host without toxicity. However, following their release

from the ELP purification tag, these peptides regained their antimicrobial function.

Antimicrobial peptides such as cecropin AD [31], halocidin18 [34], moricin CM4 [37], and

human β-defensin 4 [37] have been purified as ELP fusions, cleaved from their ELP tag, and

shown to exhibit antimicrobial activity against a spectrum of bacterial targets such as E. coli,

S. aureus, M. luteus, and P. aeruginosa.

An alternative means of cleaving recombinant proteins from ELP purification tags has

recently been developed using the transpeptidase Sortase A (SrtA). Protein ELP fusions with

an intervening SrtA recognition site (an LPETG peptide) can undergo site-specific cleavage

from the ELP that is accompanied with the addition of a short nucleophilic triglycine

peptide. Use of a SrtA ELP fusion as the cleavage enzyme provides additional convenience

to this method as it allows removal of the cleaved ELP tag and SrtA ELP fusion in one final

round of ITC. Dialysis is necessary, however, to recover pure recombinant protein by

removing the excess triglycine that is added to trigger the cleavage reaction. This technique

was first used to produce recombinant tumor necrosis factor α (TNFα), an apoptosis-

inducing cytokine, which exhibited equivalent activity to commercially available TNFα in

an in vitro fibrosarcoma cytotoxicity assay [38]. Due to the inherent addition of the

nucleophilic triglycine peptide following SrtA-mediated liberation of the recombinant

protein from the ELP tag, this method also provides the option to site-specifically

functionalize the recombinant protein at its C-terminus. This approach has been used to

functionalize tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with the

small molecule chemotherapeutic camptothecin (CPT). The SrtA-catalyzed reaction of a

TRAIL ELP fusion with a CPT-functionalized triglycine created a TRAIL-CPT conjugate

that exhibited in vitro cytotoxicity in adenocarcinoma breast cancer cells that was

comparable to a physical mixture of TRAIL and CPT.

After purification, the ELP tag can alternatively be retained on the peptide or protein ELP

fusion if a macromolecular carrier is useful for the delivery of the appended biologic drug.

ELP fusions have been investigated with a variety of biologic therapeutics, including

cytokines IL-1ra [39], IL-4 [40], IL-10 [19, 40], and erythropoietin (EPO) [17] as well as

antibodies, including anti-TNF single-domain antibody (TNF-VHH) [18] and anti-human

immunodeficiency virus neutralizing antibody (HIV-nAb) fragments [41]. A unimer ELP

carrier can provide advantages in drug delivery by improving the pharmacokinetics and

biodistribution of its drug cargo, as compared to the behavior of free drug alone. For

example, an intravenously administered TNFVHH ELP fusion exhibited a 24-fold increase

in serum half-life compared to TNF-VHH alone (Figure 2), likely due to the enhanced MW

of the fusion leading to decreased renal clearance as compared to TNF-VHH [18]. In vivo

activity of this TNF-VHH ELP fusion was confirmed with the inhibition of pro-

inflammatory TNF activity, as measured by animal survival, equivalent to TNF-VHH alone

in a mouse model of induced septic shock.

Depending on the peptide or protein fusion, the ELP tag may influence the activity of the

therapeutic moiety. EPO fusions, for example, with ELP tags from 5–240 pentapeptides in

length did not exhibit a change in binding to human EPO receptor, as compared to

recombinant human EPO alone, demonstrating that ELP fusions can remain biologically
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active [17]. For other fusions, however, the ELP tag can result in decreased therapeutic

efficacy. An IL-10 fusion with ELP demonstrated cytokine function, but 80-times higher

levels of IL-10 ELP fusions were required to induce cytokine activity equivalent to

commercially available recombinant IL-10 [19]. IL-10 acts as a homodimer and although

dimerization was not believed to be affected by the ELP fusion [19, 40], it was likely that

the ELP either changed the folding and conformation of IL-10 or sterically hindered binding

to its receptor, resulting in decreased activity.

Recombinant functionalization of ELP unimers can alternatively be used as a tool to

improve drug delivery as fusion with targeting or internalization peptides can enhance the

accumulation or intracellular delivery of drug carriers at the disease site. Cell-specific

affinity targeting has been demonstrated by ELPs functionalized with peptide ligands that

recognize receptors upregulated in diseased tissues. For example, an ELP unimer with a

tumor-homing AP1 peptide embedded in the ELP sequence was shown to preferentially

accumulate in tumors that overexpressed the AP1 target, the interleukin 4 receptor [42].

Alternatively, enhanced cellular uptake by non-specific, receptor-independent mechanisms

has been achieved by functionalization of ELPs with cell-penetrating peptides (CPPs), such

as peptide fragments from the Drosophila Antennapaedia transcription factor (penetratin),

HIV trans-activator of transcription (TAT), and Kaposi fibroblast growth factor signal

peptide (MTS) [43]. The increased intracellular delivery of CPP-functionalized ELP could

enhance the interaction of drug cargo with intracellular therapeutic targets and thereby

increase drug efficacy. This was first demonstrated with kinase inhibitor peptide p21 drug

cargo, which induced enhanced cancer cell death when delivered by penetratin-

functionalized ELP, as compared to a non-functionalized ELP control [43].

As an alternative to the gene-level fusion with peptide and protein therapeutics, the

recombinant design of ELPs also allows the site-specific incorporation of reactive residues

that can be used for covalent conjugation of small molecule drugs. Lysine [44] and cysteine

[45, 46] residues, for example, have been used as unique reactive sites in an ELP sequence

for the conjugation of the small molecule chemotherapeutic doxorubicin. In these systems,

release of free drug is enabled by the incorporation of a cleavable linker between the ELP

and the drug molecule, such as an acid-labile hydrazone bond [44, 45] or a cathepsin

enzyme-cleavable GFLG peptide linker [46]. These linkers release the free drug

intracellularly after endocytic uptake and accumulation in the acidic, enzyme-rich

environment of endosomes and lysosomes. These ELPdrug conjugates thus serve as

macromolecular carriers for small molecule drugs, while also providing release of active

drug inside the cell.

2.2 Diblock copolymer ELP assemblies

Precise control over the ELP sequence can be used to create sequence architecture that

encodes ELP self-assembly. This has been extensively demonstrated with ELP diblock

copolymers (ELPBCs), consisting of a hydrophobic ELP segment fused to a hydrophilic ELP

segment. The guest residues and lengths of the two segments are designed such that below a

critical temperature the ELPBC is well solvated and thereby exists as a soluble unimer.

However, when the temperature is raised above a critical temperature the selective
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dehydration of the hydrophobic ELP segment increases the amphiphilicity of the ELPBC,

which drives self-assembly of the ELPBCs into micelles. The hydrophobic ELP segment

stabilizes the micelle core while the hydrophilic ELP segment remains solvated and forms

the micelle corona. A further increase intemperature causes the hydrophilic segment to also

dehydrate, which results in aggregation of the micelles into micron-scale particles. This self-

assembly behavior was first demonstrated with an ELPBC composed of a hydrophilic

[VPGEG(IPGAG)4]14 block and hydrophobic [VPGFG(IPGVG)4]16 block connected via a

VPGEG linker [60]. The stark difference in hydrophobicity between hydrophilic guest

residues glutamic acid and alanine versus hydrophobic guest residues phenylalanine and

valine led to self-assembly into spherical and cylindrical nanoparticles at a temperature

above the Tt attributed to the hydrophobic block (<25°C).

Design parameters that control self-assembly have been systematically explored with

ELPBCs composed of a hydrophilic (VPGXG)n [X=V1A8G7; n=64, 96, or 128] domain and

hydrophobic (VPGVG)m [m=60, 90, or 120] domain [47]. Dynamic light scattering, static

light scattering, and cryogenic transmission electron microscopy analysis confirmed that

ELPBCs with block ratios (n:m) between 1:2 and 2:1 self-assembled into monodisperse

spherical micelles above their critical micellization temperature (CMT), defined as the

temperature at which the unimer-to-micelle transition occurs. ELPBC unimers were

approximately 5–10 nm in hydrodynamic radius (Rh), while the temperature-triggered self-

assembled micelles had an Rh of 30–40 nm. The overall length of the ELPBC as well as the

hydrophilic-to-hydrophobic block ratio influenced the size of the self-assembled micelles,

whereas the Tt of the hydrophobic ELP segment controlled the CMT. Further elucidation of

the effects of design parameters on ELPBC self-assembly have recently been achieved with

mathematical modeling of the ELPBC phase transitions, such that the CMT and micelle

aggregation transition of the ELPBC could be predicted by the thermal behaviors of the

individual ELP blocks from which the ELPBC was constructed [61].

Due to the complex environment that self-assembled ELPBCs will encounter in vivo, efforts

have been made to enhance the stability of self-assembled ELPBCs in the presence of

proteins, such as albumin. To improve the stability of ELPBC assemblies, a hydrophilic

VPGEG[(VPGVG)(VPGEG)(VPGVG)(VPGEG)(VPGVG)]10 block and hydrophobic

[(IPGVG)2(VPGYG)(IPGVG)2]12 or 15VPGYG block were joined via a cysteine-rich C4G3

linker [62]. The local cysteine concentration at the boundary between hydrophobic and

hydrophilic ELP domains was proposed to increase stability of the self-assembled micelles

by formation of thiol cross-links between ELPBCs within the assembly. Indeed, greater than

90% of cysteines were believed to participate in disulfide bonds, with less than 10% of

cysteines existing in their reduced state. This self-assembled ELPBC was able to resist a

significant change in nanoparticle size in the presence of 3 mg/mL bovine serum albumin

(BSA), whereas breakage of cysteine interactions with the reducing agent tris(2-

carboxyethyl)phosphine led to a 6-fold increase of the nanoparticle Rh in the presence of

BSA. Local cross-linking within the micelle may thus improve stability in biological

environments like blood plasma, in which albumin is the most abundant protein.

The organized assembly of ELPBC micelles can be exploited for multivalent presentation of

biologically active motifs on the micelle corona. Due to their genetically encoded design,
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ELPBCs are particularly suited for functionalization with peptide motifs. For example, RGD

and NGR peptides, which are ligands for receptors overexpressed on tumor vasculature,

have been genetically fused at the hydrophilic terminus of an ELPBC [47]. Appending these

peptides to the hydrophilic terminus of the ELPBC did not perturb micelle formation, and

thus upon temperature-triggered assembly the peptides were multivalently presented on the

micelle corona. This multivalent presentation led to greater internalization of NGR-

functionalized ELPBC micelles, as compared to non-functionalized ELPBC micelles, in

HT-1080 cells expressing the NGR receptor, aminopeptidase N (CD13). In vivo, NGR-

decorated ELPBC micelles showed increased interaction with vasculature in tumors that

overexpressed CD13 and exhibited greater accumulation in the extravascular space of the

tumor, compared to normal tissue, as observed by intravital confocal microscopy in murine

dorsal fold window chamber tumors [48]. Furthermore, the internalization of NGR-

functionalized ELPBC micelles could be controlled in vitro by manipulation of the NGR

multivalency with ELPBC self-assembly, such that cellular uptake was higher for NGR-

ELPBC micelles above their CMT, as compared to soluble NGR-ELPBC unimers below their

CMT [47]. These results support the role of multivalency in targeted receptor-mediated

uptake and provide a mechanism of controlling cell uptake by manipulating multivalency

with self-assembly of ELPBC micelles. When the ELPBC CMT is carefully tuned to

clinically relevant thermal conditions, then self-assembly can be controlled in vivo by

extrinsic triggers, such as mild hyperthermia. Applications of ELPBCs using hyperthermia-

triggered self-assembly are discussed in Section 3.2.

ELPBCs can also support multivalent presentation of proteins for purposes of targeted

cellular uptake. The knob domain of adenovirus serotype 5 fiber protein (knob) binds the

coxsackievirus and adenovirus receptor (CAR), which is expressed in various tissues

through the body, including the liver. The knob domain was genetically appended to the

hydrophilic terminus of an ELPBC and, despite the size of the protein (>10 kDa), did not

perturb ELPBC micelle assembly [49]. The knob-functionalized ELPBCs formed

nanoparticles approximately 40 nm in diameter at 37°C, which achieved greater

internalization in hepatocytes that overexpressed CAR, as compared to non-functionalized

ELPBC micelles (Figure 3). Protein functionalization can therefore also serve as a means to

increase the intracellular delivery of ELPBCs by targeting upregulated cell surface receptors.

Protein functionalization of ELPBCs can furthermore be exploited for drug loading and

retention when the appended protein specifically binds to a therapeutic cargo. This was

demonstrated by ELPBCs functionalized with FK506 binding protein 12 (FKBP), which is

the binding partner of the small molecule drug rapamycin. ELPBC nanoparticles that both

encapsulated rapamycin in the hydrophobic nanoparticle core and bound rapamycin on the

FKBP-functionalized nanoparticle corona exhibited biphasic drug release, with fast (1.9 h

half-life) and slow (57.8 h half-life) drug release phases attributed to the release of

encapsulated and corona-bound drug, respectively [50]. Due to rapamycin’s

immunosuppressant and antiproliferative properties, this drug loading method of protein-

functionalized ELPBCs demonstrated efficacy in vivo both by suppressing autoimmune

effects in murine Sjogren’s syndrome [51] and regressing tumor growth of breast cancer

xenografts in mice [50], while limiting toxicity as compared to free drug.
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2.3 Conjugation-driven ELP assemblies

Self-assembly of soluble ELP unimers can also be induced by asymmetric attachment of

hydrophobic moieties to one end of the ELP. This phenomenon was first observed with a

pseudorandom hydrophilic ELP unimer conjugated with multiple copies of the hydrophobic

small molecule chemotherapeutic doxorubicin [52]. The hydrophilic ELP included a short

conjugation domain (GGC)8 at the C-terminus, which provided eight unique reactive sites

for covalent drug attachment through an acid-labile hydrazone linker with a terminal

maleimide. The attachment of approximately five drug molecules per ELP imparted

sufficient local hydrophobicity at the ELP’s C-terminus to induce self-assembly, leading to

sequestration of the hydrophobic drug in the core of spherical nanoparticles approximately

40 nm in diameter, while the hydrophilic ELP formed the solvated nanoparticle corona.

These doxorubicin-loaded nanoparticles exhibited prolonged circulation half-life, increased

tumor accumulation, decreased off-target accumulation, and enhanced survival time in mice

bearing C26 tumors, as compared to free drug, demonstrating the advantages of nanoparticle

carriers for delivery of small molecule drugs.

This conjugation-driven self-assembly is not unique to doxorubicin, but is rather a general

phenomenon based on the hydrophobicity of the covalently attached cargo. The rules for

conjugation-driven self-assembly were explored by the attachment of 14 different small

molecules displaying a range of hydrophobicity as quantified by their LogD octanol-water

distribution coefficient from −1.0 (hydrophilic) to 4.0 (hydrophobic) [53]. Each small

molecule contained a maleimide group for covalent attachment to the cysteine-rich

conjugation domain on the ELP’s C-terminus. Attachment of small molecules with a LogD

less than 1.5 did not trigger self-assembly, while attachment of small molecules with LogD

greater than 1.5 induced self-assembly of particles with diameters between 60 and 120 nm.

This threshold in hydrophobicity required to drive self-assembly was confirmed by the

conjugation of drug molecules, where attachment of chemotherapeutic gemcitabine (LogD

of −2.2) and analgesic oxycodone (LogD of 1.2) did not induce self-assembly, while the

attachment of chemotherapeutic paclitaxel (LogD of 4.0) did result in self-assembly of

nanoparticles approximately 110 nm in diameter. Conjugation-driven self-assembly of ELP

unimers can thus be predicted by the hydrophobicity of the drug cargo, which facilitates the

design of new drug-loaded ELP nanoparticles.

This approach, however, depends on a reproducible level of drug conjugation to ensure

adequate hydrophobicity at the chain terminus to drive self-assembly, which is not always

well controlled for covalent conjugation. New approaches are currently being explored in

our laboratory to genetically encode hydrophobic moieties at the chain end. This alternative

approach will provide a mechanism of self-assembly that is independent of drug loading and

drug hydrophobicity, which will also circumvent the batch-to-batch variability that is

inherent in covalent conjugation.

2.4 ELP polyplexes

ELP assembly can also be induced by charge effects, such that ionic interactions between an

ELP and drug cargo can produce nanoparticles. This is exemplified by ELP polyplexes for

the delivery of gene therapies, wherein a positively charged ELP can condense negatively
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charged DNA into nanoparticles that enable the intracellular delivery of therapeutic genes.

Although positively charged ELPs have been created by inclusion of cationic guest residues

[63, 64], this low charge density was not ideal for DNA condensation as compared to the

high charge density provided by contiguous cationic residues. ELPs for DNA condensation

have thus been specifically designed as a genetic fusion of an ELP and a cationic domain

consisting of an eight-residue oligolysine peptide [54]. This cationic ELP successfully

condensed plasmid DNA into particles approximately 32–115 nm in radius, depending on

the N/P ratio (the ratio of cationic amine groups contributed by the ELP to anionic

phosphate groups contributed by the DNA). Furthermore, when loaded with green

fluorescent protein (GFP)-encoding plasmid this ELP polyplex successfully induced

expression of GFP following transfection of MCF-7 breast cancer cells. Although the

transfection efficiency of ELP polyplexes was less than that achieved by a positive control

polyethylenimine (PEI) vehicle, the greatly decreased toxicity of the ELP carrier, as

compared to PEI, demonstrated the potential advantage of ELP-based polyplexes for the

delivery of gene therapies over alternative carriers with toxic side-effects.

2.5 Coacervate ELP nanoparticles

ELP assembly can alternatively be induced by an external stimulus when the temperature-

triggered ELP aggregation results in the spontaneous coacervation of ELPs into nanoscale

particles. This has been demonstrated by an ELP variant composed of the repeating

pentapeptide VPAVG, which aggregates into polydisperse nanoparticles when raised above

its Tt of approximately 30°C. This ELP exhibits significant hysteresis, such that its transition

is not reversible at its Tt upon cooling and disassembly of these coacervates does not occur

until the temperature is depressed approximately 15°C lower than the Tt [65]. These unique

properties were explored for the encapsulation of drug cargo and prolonged drug release for

the promotion of bone growth. Bone morphogenetic protein (BMP) −2 and −14 were mixed

with ELP and heated to 37°C to create drug loaded nanoparticles approximately 190–295

nm in diameter [55]. An initial burst of drug release followed by sustained release over 14

days allowed these BMP-loaded ELP nanoparticles to promote bone formation in vitro by

increasing alkaline phosphatase activity and mineralization in C2C12 myoblast cells.

In alternative applications, the ELP coacervate can serve as both the carrier and a therapeutic

component of the nanoparticle drug vehicle. In wound healing applications, the inherent

bioactivity of the elastogenic [VG-(VPGVG)4-VPG]8-[VG-(VPGVG)2-VPGCGVPGVG-

VPG]2 ELP motif was used in combination with keratinocyte growth factor (KGF) by

genetic fusion of these two components [56]. The ELP provided bioactivity and self-

assembly, as the temperature-triggered aggregation of the KGF ELP fusion at 37°C created

nanoparticle coacervates approximately 200 nm in diameter. KGF ELP nanoparticles

increased reepithelialization of wounds in a diabetic mouse model, as compared to either

component alone, and resulted in optimal granulation of the wound, as compared to

excessive granulation induced by a physical mixture of the components, supporting the

advantage of dual delivery of this therapeutic fusion in a nanoparticle carrier. Although the

mechanism by which the KGF ELP fusion outperformed a physical mixture of the two

components was not elucidated, it is plausible that the coacervated nanoparticles may serve
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as a local depot for sustained release of both biologically active components, which could

favorably impact re-epithelialization and tissue granulation.

2.6 Cross-linked ELP particles

Cross-linking of ELPs provides a mechanism for assembly in which ELP structures can be

stabilized while retaining their thermal properties. Cross-linking of ELPs has been achieved

with a variety of approaches including photoirradiation [66], chemical cross-linking [67],

and enzyme-catalyzed cross-linking [68]. These strategies differ in their specificity of cross-

linking and create materials with variable properties such as mechanical strength and drug

release kinetics [67]. Furthermore, these crosslinking processes differ in their

biocompatibility, which precludes the use of some of these strategies for in vivo cross-

linking. Key cross-linking parameters, such as cross-link length and density, can be

controlled by the ELP design, as reactive residues for cross-linking can either be placed

periodically along the ELP [64] or clustered within cross-linking domains that are

segregated within the ELP [69].

As an alternative to physical interactions leading to particle formation by temperature-

triggered ELP coacervation, covalent interactions can also be used to create stable

microparticles via cross-linking. Mixtures of albumin and ELPs that contain lysine as a

fraction of their guest residues formed microspheres (> 200 µm in diameter) in a water-in-oil

emulsion, and were stabilized by glutaraldehyde cross-linking [57]. In their cross-linked

state, the ELP microspheres retained their thermal response, exhibiting a Tt of

approximately 39°C that could be exploited for temperature-triggered drug release. Upon

heating above the Tt, the ELP microspheres decreased in volume and increased in porosity

due to the cross-link-constrained ELP aggregation (Figure 4). Model drugs, including

albumin and prednisone acetate, were loaded into the microspheres by coincubation first

above and then below the ELP Tt. Subsequent drug release was achieved first by a burst

release from the microsphere surface, followed by a sustained release that could be

accelerated by an increase in temperature above the Tt, leading to expulsion of drug by the

decrease in particle volume and increase in particle porosity. Covalent cross-linking of ELPs

can thus provide stable assemblies while retaining stimuli-responsive behavior for

temperature-triggered drug release.

An alternative two-step cross-linking procedure was used to form microparticles by water-

in-oil emulsion of ELP albumin mixtures, from which a core-shell microcapsule was created

by temporary ρ-phthalaldehyde cross-linking followed by stable glutaraldehyde cross-

linking of the microcapsule shell [58]. This architecture behaved similarly to the solid

microparticles, where an increase in temperature above the ELP Tt led to a decrease in

volume and an increase in porosity. The thermal responsiveness of the core-shell

microparticles allowed loading and temperature-dependent release of model drugs including

rhodamine B, FITC, and rhodamine-labeled BSA.

Hollow ELP spheres have also been synthesized by templating techniques, where ELPs were

adsorbed on a negatively charged sulfonated polystyrene beads by aggregation and ionic

interactions, then enzymatically cross-linked by transglutaminase via reactive lysine and

glutamine residues, after which the polystyrene supports were dissolved with

MacEwan and Chilkoti Page 11

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tetrahydrofuran [59]. Varying the polystyrene template size resulted in 100–1000 nm

diameter hollow spheres that were exploited for gene delivery by the addition of polyplexes

composed of GFP-encoding plasmid DNA and block copolymers of poly(2-dimethyl-

aminoethyl-methacrylate) (PDMAEMA) and poly ethylene glycol methyl ether methacrylate

(PEGMEMA)/ethylene dimethacrylate (EDGMA). These hollow spheres exhibited higher

loading of plasmid DNA polyplexes, as compared to solid ELP spheres, and induced greater

expression of the model plasmid encoding GFP, as compared to both free plasmid DNA and

DNA-loaded polyplexes. TEM imaging suggested that the hollow ELP spheres may enable

endosomal escape, thereby protecting the DNA cargo from degradation and hence

increasing the amount of intact DNA that is delivered to the cytosol. Furthermore, polyplex-

loaded hollow ELP spheres exhibited reduced cytotoxicity compared to polyplexes alone,

demonstrating that this drug vehicle facilitated cellular uptake and intracellular delivery of

gene cargo while also decreasing toxic side-effects typical of alternative gene carriers.

3. Hyperthermia-targeted drug carriers

3.1 Tumor-targeted unimer aggregation

The LCST behavior of ELPs can be triggered in vivo by an external thermal stimulus,

providing an extrinsically controlled stimulus response that can be exploited for targeted

delivery (Table 2). This approach for targeted delivery is particularly useful for cancer

therapy, where a solid tumor can be locally heated to trigger the ELP phase transition only at

the site of disease. Tuning the ELP phase transition to occur at temperatures of mild clinical

hyperthermia (40- 44°C) [70] enables a clinically relevant external stimulus to be applied

with spatial precision in patients using focused microwaves [71], radiofrequency [72], or

ultrasound [73].

In its simplest application, the aggregation of ELP unimers can be exploited to target ELP

accumulation to tumors by local hyperthermia. This was first observed with a

fluorophorelabeled temperature-sensitive ELP unimer with a Tt of ~40°C that was delivered

systemically to mice bearing tumors implanted in a dorsal fold window chamber. The

temperature-sensitive ELP formed aggregates in the vasculature of tumors heated to 42°C

(T>Tt) that grew in size over the 50 min duration of imaging, as observed with fluorescence

videomicroscopy [74]. These aggregates were not observed in tumors treated with

temperature-sensitive ELP under normothermic conditions (T<Tt) or in tumors treated with

hyperthermia and a temperature-insensitive ELP control whose high Tt (>42°C) prevented

its aggregation. Quantification of image fluorescence intensity confirmed that the tumor

accumulation of temperature-sensitive ELP in hyperthermia treated tumors was

approximately 2-fold higher than in tumors at physiologic temperature [74, 75].

Enhanced accumulation was further confirmed by the quantification of 14C-labeled ELP in

hyperthermia-treated subcutaneous xenografts on the mouse hind limb. Measurement of

radioactivity in the mouse tumor confirmed a 1.8-fold increase in accumulation of

temperature-sensitive ELP in heated tumors, as compared to temperature-sensitive ELP in

tumors without heat, and a 1.5-fold increase in accumulation, as compared to temperature-

insensitive ELP in heated tumors [26]. Visualization of 14C-labeled ELP distribution in

tumors by autoradiography revealed that temperature-sensitive ELP exhibited a more
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homogeneous distribution in the tumor, as compared to controls, suggesting that targeted

ELP delivery by locally triggering ELP unimer aggregation can increase the overall

accumulation and improve the spatial distribution of ELP in the tumor.

At the organ level, this temperature-induced accumulation is initiated by ELP aggregation in

the tumor vasculature that increases the local concentration of ELP. Due to the reversible

nature of the ELP transition, these aggregates dissolve upon cessation of tumor heating. The

ELP resolubilization creates a steep concentration gradient, such that the ELP is then driven

out by diffusion from regions of high concentration in the vasculature to regions of low

concentration in the extravascular space. After 45 min of tumor hyperthermia, followed by

15 min of tumor cooling, temperature-sensitive ELP exhibited an increase in the rate of

extravasation that accompanied the dissolution of the ELP aggregates (Figure 5) [76]. This

effect was not seen with temperature-insensitive ELP. With tumor cooling, a 2.8-fold

increase in tumor accumulation was achieved as compared to tumors without heat and a 1.6-

fold increase was achieved as compared to hyperthermia-treated tumors with temperature-

insensitive ELP. This boost in accumulation caused by heating and cooling suggests that

accumulation could be further enhanced by thermal cycling, in which this process is

repeated several times. Proof-of-concept of this approach was first shown by heating and

cooling the tumor three times over 90 min. ELP particles repeatedly formed with each round

of hyperthermia, with only slight decrease in total particle mass with subsequent rounds of

heating [76]. This approach may therefore serve to increase drug delivery by repeatedly

creating a concentration gradient in the tumor vasculature that pumps the ELP carrier and its

cargo into the extravascular space.

Visualization and quantification of temperature-triggered ELP accumulation in heated

tumors indicated that the enhanced accumulation was dominated by ELP aggregation, while

hyperthermia alone played a minor role, as determined by the accumulation of temperature-

insensitive ELP controls. The organ-level effects of hyperthermia, such as enhanced

extravasation, act in combination with cell-level effects of hyperthermia, such as enhanced

cellular internalization, to increase the accumulation observed in hyperthermia-treated

tumors. This cell-level effect appeared to not be cell-type specific, as the enhanced

accumulation of temperature-sensitive ELP in heated cells in vitro was observed in human

ovarian carcinoma, squamous cell carcinoma, and cervical cancer cells [77]. Heat alone was

not responsible for this increased internalization, as temperature-insensitive ELP showed

lower cellular uptake than temperature-sensitive ELP in cells heated to 42°C.

It is likely that enhanced cellular uptake of temperature-sensitive ELP is induced by

formation of nanoparticle aggregates with increased hydrophobicity, which are readily taken

up by endocytosis. However, it is unlikely that cells can endocytose larger micron-scale

aggregates. This enhanced cellular uptake induced by the ELP transition can furthermore be

conferred to other drug delivery vehicles, as demonstrated by ELP-functionalized PEGylated

liposomes that achieved greater cellular uptake above the ELP Tt, as compared to below the

Tt or as compared to PEGylated liposomes alone [78]. Thus, the triggered hydrophobic

aggregation of ELP can even overcome the hydrophilic sheathing effect of PEG coatings

that tends to decrease cellular uptake of PEG-functionalized carriers.
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Thermally enhanced uptake of temperature-sensitive ELPs can be further amplified by

functionalizing the ELP with cell-penetrating peptides (CPPs), which promote non-specific

cellular uptake of attached cargo by endocytic mechanisms. CPP-ELPs were previously

shown to increase cellular uptake, as compared to a non-functionalized ELP control [43], but

when the Tt of these unimer CPP-ELPs was tuned to occur between physiologic temperature

and mild hyperthermia the intracellular uptake could be further enhanced by the ELP

transition. For a penetratin-ELP fusion, hyperthermia-induced aggregation at 42°C increased

cellular uptake by 13-fold, as compared to cells treated at 37°C [79]. This increased

intracellular delivery enhanced the efficacy of a genetically fused c-Myc inhibitor peptide

drug (H1), inducing 2-fold greater cell death when delivered by temperature-sensitive ELP

to hyperthermia-treated cells, as compared to non-heated cells or cells treated with a

temperature-insensitive ELP that did not aggregate. This approach to hyperthermia-assisted

cellular uptake for peptide drug delivery has also been exploited for the in vitro delivery of

H1 c-Myc inhibitor peptide by Bac-ELP [80], p21 kinase inhibitor peptide by Bac-ELP [81],

L12 cancer cell lytic peptide by TAT-ELP [82], and GRG mRNA splicing inhibitor by

SynB1-ELP [83]. However, not all of these CPP-ELPs were found to be suitable as drug

carriers due to their inherent toxicity in some cell lines [80, 84].

Hyperthermia-assisted intracellular delivery of peptide drugs with CPP-ELPs was further

combined with hyperthermia-targeted accumulation in vivo to improve anti-cancer outcomes

in rodent models. The delivery of the H1 peptide by Bac-ELP was shown to effectively

reduce tumor burden in mammary pad breast tumors, following intraperitoneal

administration [85], and also demonstrated increased tumor accumulation and prolonged

survival in a model of rat glioma, following intravenous administration [86]. In both

applications, four cycles of tumor heating and cooling enhanced local tumor accumulation of

temperature-sensitive CPP-ELPs and improved therapeutic response, as compared to tumors

that were not heated.

Hyperthermia-targeted CPP-ELPs have similarly been used to deliver small molecule drugs.

Hyperthermia-assisted intracellular drug delivery of doxorubicin conjugated to TAT-ELP

via a cathepsin cleavable GFLG linker [46, 87] and paclitaxel conjugated to SynB1-ELP via

an acid cleavable hydrazone linker [88] have been investigated in vitro for anti-cancer

applications. Furthermore, delivery of doxorubicin conjugated to SynB1-ELP via an acid

cleavable hydrazone linker was shown to have efficacy against murine breast cancer tumors

in vivo, such that the increased cellular uptake [89], prolonged circulation time, enhanced

tolerated dose, and increased drug accumulation in the tumor [90] led to a decrease in tumor

burden for mice treated with hyperthermia-targeted ELP drug carrier as compared to animals

not receiving hyperthermia treatment or animals treated only with free drug [89, 90].

3.2 Tumor-targeted unimer-to-micelle transition

ELP unimer aggregation increases local accumulation by inducing the thermally triggered

coacervation of an ELP into micron-scale aggregates in the heated tumor. Alternatively, the

transition of an ELPBC from unimer to micelle may be used to enhance interactions with the

tumor, as self-assembled ELP nanoparticles can function as a nanoscale scaffold to

selectively display bioactive functionalities on their exterior. ELPBCs that are functionalized
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with peptide ligands of cell-surface receptors on their hydrophilic terminus have been

developed in an approach that has been termed temperature-triggered multivalent affinity

targeting. The ligands appended to these ELPBCs were chosen due to their low affinity

toward receptors typically overexpressed on tumor-related endothelium. Assembly of the

ELPBCs into spherical micelles greatly enhances the local density of the ligand on the

micelle corona, which increases the avidity toward the targeted receptor and can potentially

lead to increased tumor accumulation and enhanced tumor cell uptake of the ELPBC carrier.

This temperature-triggered approach can thus provide a mechanism of enhancing receptor-

targeted uptake in the tumor, while avoiding off-target interactions in healthy tissues.

Proof-of-concept of temperature-triggered multivalent affinity targeting was first shown

with ELPBCs functionalized with either a NGR peptide that targets the CD13 receptor [47],

or a RGD peptide that targets the αvβ3 integrin [91]. These targets were chosen because they

are overexpressed on angiogenic tumor vasculature. Both peptide-functionalized ELPBCs

exhibited greater uptake by cells overexpressing their respective target receptors in their

micellar state, as compared to their unimer state. This effect was mediated by the

modulation of ligand multivalency, as uptake of non-functionalized ELPBC did not increase

upon temperature-triggered micelle assembly. Additionally, the defined spatial organization

of the peptide functionalization on the micelle corona was imperative for maximizing uptake

by affinity modulation in the case of RGD-ELPBCs, as the disordered aggregation of RGD-

functionalized single segment ELP, which forms polydisperse micron-scale aggregates

above its Tt, did not result in increased cellular uptake comparable to RGD-ELPBC micelles.

The functionalization of ELPBCs with larger protein ligands has similarly been shown to

promote temperature-triggered uptake via self-assembly. Fusion of a fibronectin type III

domain (Fn3), an αvβ3 receptor ligand, to the hydrophilic terminus of an ELPBC did not

perturb temperature-triggered micelle assembly, despite the hydrophobicity and size

(approximately 10 kDa) of this protein. Above the CMT, the Fn3 was presented

multivalently on the micelle corona, and showed enhanced uptake by human leukemia cells

overexpressing the αvβ3 receptor, as compared to cells maintained at a temperature below

the CMT. This effect was not observed in wild-type cells with low-level αvβ3 expression

[92].

The extrinsic control over micelle assembly can also be applied to non-specific, receptor-

independent mechanisms of uptake to provide a method of targeted internalization that is

entirely independent of tumor cell type. This approach was demonstrated with CPP-

functionalized ELPBCs, where the low density of a single arginine-rich CPP (Arg5)

appended to the ELPBC’s hydrophilic domain minimized uptake in the unimer state, while

the enhanced density of arginine-rich CPP on the micelle corona after self-assembly

significantly enhanced cellular uptake [93]. By optimization of the sequence and size of the

ELPBC domains, the self-assembly of this Arg5-ELPBC was tuned to occur at a CMT of

approximately 40°C, between physiologic temperature and 42°C typical for mild

hyperthermia of solid tumors, allowing temperature-triggered cellular uptake to be

controlled by a clinically relevant trigger. Varying the CPP-functionalization of the ELPBC

modulated the level of cellular uptake below and above the CMT, such that intracellular

delivery could be tuned to achieve controlled therapeutic efficacy following delivery of drug

MacEwan and Chilkoti Page 15

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cargo. For example, Arg8-functionalized ELPBC appended with a proapoptotic BH3 peptide

drug through an enzyme-cleavable linker demonstrated controlled cytotoxicity in vitro,

where significant cell death was induced by enhanced intracellular drug delivery at 42°C,

while cells at 37°C were spared [94]. This approach therefore extends the concept of affinity

ligand modulation for receptor targeting, such that modulation of the local interfacial density

of CPPs can control receptor-independent intracellular drug delivery by a clinically feasible

thermal stimulus.

3.3 Tumor-targeted micelle aggregation

There are limitations when exploiting the transition of systemically delivered ELP unimers

for drug delivery that can be overcome by the delivery of temperature-sensitive ELP self-

assemblies. One major limitation of ELP unimers is the strong concentration dependence of

their Tt, such that a decrease in concentration leads to an increase in Tt. For systemically

delivered ELP unimers, this change in Tt with dilution requires careful analysis of plasma

clearance, such that the concentration of ELP unimers in circulation will exhibit the desired

Tt over the course of tumor heating. In contrast, self-assembled ELP nanoparticles exhibit a

nearly constant Tt over a large concentration range [53].

ELP nanoparticle assemblies driven by doxorubicin conjugation, discussed in Section 2.3,

retained the thermal properties of their ELP component, such that doxorubicin-ELP micelles

exhibited temperature-triggered aggregation into micron-scale coacervates. The Tt of

doxorubicin-ELP micelle aggregation was tuned to occur between physiologic temperature

and mild hyperthermia by manipulating the hydrophobicity of the ELP’s guest residues,

such that temperature-triggered aggregation of doxorubicin-ELP micelles occurred within a

narrow temperature window (39–42°C) across a wide range of concentration (1–100 µM)

[95]. This near insensitivity of Tt to concentration, as compared to the strong concentration

dependence of ELP unimer Tts, is attributed to the highly conserved local ELP concentration

in each micelle. This feature of micelle aggregation should thus allow the delivery of ELP

nanoparticles whose thermal behavior is predictable over a range of concentrations

encountered in systemically administered drug carriers that are cleared from the circulation

over time.

Consistent with in vivo experiments exploiting ELP unimer aggregation, temperature-

triggered aggregation of doxorubicin-ELP micelles achieved increased accumulation in

hyperthermia-treated tumors implanted on the mouse hind limb. A hyperthermia cycle

schedule of 10 minutes tumor heating followed by 10 minutes tumor cooling repeated six

times maximized tumor accumulation as compared to non-heated tumors or tumors

receiving an equivalent 60 minutes of continuous heating. Temperature-sensitive

doxorubicin-ELP micelles showed 2.6-fold greater tumor accumulation in hyperthermia-

cycled tumors, as compared to non-heated tumors, and approximately 1.6-fold greater tumor

accumulation as compared to temperature-insensitive micelles in hyperthermia-cycled

tumors [96]. These doxorubicin-ELP micelles are thus a promising system that can provide

advantages of both nanoparticle drug carriers and thermally targeted drug delivery by

externally focused mild hyperthermia.
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4. Therapeutic ELP depots

4.1 ELP depots for applications in cancer

Due to their tunable phase transition, ELPs are a natural choice for temperature-triggered

depot formation in a variety of applications for the local and sustained delivery of

therapeutics (Table 3). Cancer is one such application where prolonged local drug exposure

within the tumor can significantly increase therapeutic efficacy while also avoiding systemic

toxicity. Local tumor therapy has been explored with ELP-radionuclide conjugates that form

a depot by coacervation of the ELP at body temperature. These ELPs, designed to have a Tt

below 37°C, are injected as soluble unimers into a tumor, and form a depot in situ because

of their temperature-triggered coacervation. Local administration of 125I –labeled ELP

depots prolonged the residence of radionuclide in murine tumors, as compared to a

temperature-insensitive ELP control that remained soluble at body temperature [97].

Furthermore, the ELP depot decreased dehalogenation of the conjugated radionuclide, likely

due to the reduced accessibility of dehalogenase enzymes to the ELP coacervate. This

advantage of the ELP depot could further contribute to the prolonged local residence of the

radionuclide within the tumor. 131I-labeled ELP depots achieved significantly improved

tumor regression and survival in murine xenograft tumors, as compared to a soluble ELP

control, however this particular ELP depot did not achieve complete tumor regression.

The design of an ELP depot for local tumor radiation therapy was further optimized by

controlling the ELP Tt with manipulation of the ELP injection concentration, chain length,

and composition, where the ELP composition was changed by appending the ELP C-

terminus with increasing number of tyrosine residues, which served as both reactive residues

for iodine conjugation and as hydrophobic moieties to depress the ELP Tt. Tumor retention

of 125I-labeled ELP was prolonged with increasing injection concentration, increasing chain

length, and increasing number of tyrosine residues (Figure 6) [98]. Increasing the ELP chain

length from 60 to 120 pentapeptides significantly prolonged tumor retention, but the

additional increase in length to 240 pentapeptides resulted in only slight increase in tumor

retention that did not justify the increased ELP dosage that would be required of this high

MW construct. Furthermore, the incorporation of seven tyrosine residues was found to

maximize retention, as an increasing number of these hydrophobic residues depressed the

ELP Tt. The effect of these parameters strongly suggested that tumor retention correlates

with a decrease in the ELP Tt. This allowed selection of an optimal ELP with a length of 120

pentapeptides (50 kDa), functionalized with seven tyrosine residues, which was delivered at

a concentration of 1000 µmol/L. This optimized ELP was labeled with 131I and

demonstrated 100% response and over 67% complete regression over 60 days in two

xenografts–FaDu squamous cell carcinoma and PC-3 prostate cancer– implanted

subcutaneously on the mouse hind limb.

Prolonged retention is a primary concern for local drug delivery depots in the tumor;

however, distribution of the depot and its drug cargo throughout the tumor tissue also has

important implications on the anti-cancer efficacy of local drug delivery. Slower kinetics of

depot gelation, as compared to the rapid gelation achieved by temperature-triggered ELP

coacervation, may provide improved tumor distribution if spreading of the injected ELP
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occurs throughout the tumor prior to gelation. This approach has been investigated with

ELPs that incorporate multiple cysteine residues along the ELP backbone that can

participate in ELP cross-linking by formation of inter chain disulfides to create a stable ELP

depot. Because disulfide formation is slow, cross-linking between cysteines was accelerated

by the co-injection of 0.3 wt% hydrogen peroxide, which led to a gelation time of

approximately 2.5 min [99]. Intratumoral delivery of 125I-labeled cysteine-containing ELP

and hydrogen peroxide led to prolonged tumor retention, and near-infrared imaging of

fluorophore-labeled cysteine-containing ELPs revealed a more homogenous distribution

throughout FaDu xenografts on the mouse leg 8 h after intratumoral injection, as compared

to the cysteine-containing ELP delivered without the oxidant. This gelation technique

furthermore showed promise as a mechanism for prolonged therapeutic delivery, as gelation

of a mixture of ELP, hydrogen peroxide, and the model protein BSA achieved prolonged

BSA release ex vivo, with complete release achieved in 5 days, while ELPs lacking cysteines

showed much faster BSA release. This alternative technique of ELP gelation may thus

provide therapeutic benefits by providing prolonged exposure to drug homogeneously

throughout the tumor tissue.

4.2 ELP depots for applications in joint degeneration

ELP depots provide an advantageous route of drug delivery to sites in the body that cannot

easily be reached by systemic administration. One such application is the treatment of

degenerative joint diseases, such as osteoarthritis, as joints are composed primarily of

avascular tissue and are thus not easily accessible from systemic circulation. 14C-labeled

ELP depots delivered by intra-articular injection exhibited a half-life in the rat knee joint

over 85 h, far exceeding the half-life of less than 4 h exhibited by a soluble ELP control

[100]. Furthermore, the levels of 14C-labeled ELP in the blood remained lower for ELP

aggregates than soluble ELPs. An ELP depot can therefore provide advantages of both

prolonged local presence in the joint and decreased systemic exposure to the ELP carrier.

Application of ELP depots for drug delivery in the joint has been explored by the thermal

gelation of an ELP fusion with the anti-inflammatory interleukin-1 receptor antagonist

(IL-1Ra). The IL-1Ra ELP fusion retained bioactivity, although binding of the fusion

protein to the IL-1 receptor was weaker than the binding of free IL-1Ra. However, the

IL-1Ra ELP fusion could moderate inflammatory processes such as IL-1 stimulated

proliferation in vitro, albeit at higher protein concentrations than IL-1Ra alone [101].

Proteolytic degradation of the ELP by tissue enzymes, such as collagenase, appeared to

liberate IL-1Ra that demonstrated superior bioactivity compared to the full IL-1Ra ELP

fusion. A local depot of IL-1Ra ELP fusions thus has the potential to prolong the local

presence of IL-1Ra and release free IL-1Ra within the joint as the depot is proteolytically

degraded.

As an alternative to depot formation purely through thermal gelation, covalent cross-linking

of ELPs can also be used to create drug-loaded formulations that may be locally injected

while retaining their temperature-responsive properties. This approach was investigated for

the delivery of small molecule antibiotics vancomycin and cefazolin, as local delivery of

antibiotics is often necessitated by surgical orthopedic interventions. An ELP containing
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periodic lysine residues was cross-linked by β-[Tris(hydroxymethyl) phosphine] proprionic

acid (THPP), creating a porous ELP network [102]. Lyophilized cross-linked ELPs were

loaded with drug by rehydration in antibiotic solutions. Antibiotics released from the

thermally triggered depots of cross-linked ELPs retained their activity against Bacillus

subtilis. In the case of vancomycin delivery, the rate of antibiotic release could be controlled

by the ELP concentration, where higher ELP concentration led to slower release of drug.

Covalently cross-linked ELP depots thereby provide an alternative approach for the

sustained delivery of physically loaded small molecule therapeutics from thermally

responsive ELP hydrogels.

4.3 ELP depots for applications in neuroinflammation

Neuroinflammation is another pathological target in which local treatment is useful to

improve anti-inflammatory therapeutic outcomes and avoid systemic side effects.

Temperature-triggered aggregation of ELP depots has been investigated for prolonged local

drug delivery proximal to the dorsal root ganglion. ELP depots increased the half-life of

tritium-labeled ELP at the perineural site and decreased the fraction of ELP that was

released into circulation, as compared to a soluble ELP control [103]. Since TNFα is one of

the primary drivers of local neuroinflammation, inactivating TNFα is a valuable route of

treatment. However, TNFα-directed drugs are often accompanied with dangerous off-target

side effects, including immunosuppression. Local delivery is therefore advantageous for

therapeutics such as soluble tumor necrosis factor receptor type II (sTNFRII), which binds

to and thereby inactivates TNFα. A recombinant sTNFRII ELP fusion exhibited TNFα

binding, albeit at attenuated levels compared to free sTNFRII [104]. In rat dorsal root

ganglion explants with artificial inflammation stimulated by TNFα, sTNFRII ELP depots

reversed inflammatory responses, as seen by recovery in the balance of pro- and anti-

inflammatory cytokines, IL-6 and IL-10 [105]. The trade-off between lower bioactivity of

the sTNFRII ELP fusion and longer residence time at the site of inflammation, as compared

to free protein, ultimately must be investigated in vivo, where advantages of prolonged local

residence and decreased systemic exposure could lead to better therapeutic outcomes for an

ELP fusion depot as compared to free drug.

Neuroinflammation can alternatively be treated with ELPs covalently conjugated to small

molecule therapeutics. Curcumin, a small molecule drug that also antagonizes TNFα

function, was conjugated to ELPs containing periodic reactive glutamate residues via a

degradable carbamate linker. Activity of curcumin in the ELP depot was largely conserved,

as compared to free drug, when measured by in vitro protection against TNFα-mediated

cytotoxicity [106]. Curcumin ELP depots placed near the sciatic nerve by intramuscular

injection retained 5-fold higher levels of curcumin at 96 hours, as compared to free drug.

Furthermore, the ELP depots reduced systemic exposure of the drug as the plasma

pharmacokinetics for curcumin ELP depots had 7-fold lower area under the curve than free

drug. The preliminary evaluation of this approach further suggests that thermally responsive

ELP depots can serve to retain drug at the delivery site, regardless of drug cargo type.
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4.4 ELP depots for applications in diabetes

An ELP depot does not have to reside at the site of disease to provide a therapeutic effect.

This has been demonstrated by subcutaneous drug depots for the control of type 2 diabetes.

Peptide drugs such as glucagon-like peptide 1 (GLP-1) have shown promise for the

treatment of type 2 diabetes, but their fast plasma clearance and rapid enzymatic degradation

necessitate frequent administration to achieve therapeutic efficacy. A recombinant fusion of

GLP-1 and ELP can form an injectable depot if the ELP’s Tt is tuned below body

temperature. Upon slow dissolution of the GLP-1 ELP fusion depot the ELP then provides a

long-circulating macromolecular carrier for its peptide drug cargo. Fluorophore-labeled

GLP-1 ELP fusion depots were retained at the subcutaneous site of administration in the

mouse torso over the course of 5 days, as visualized by near-infrared imaging (Figure 7)

[107]. In C57BL/6 J mice this prolonged residence of a single subcutaneous injection of

depot forming GLP-1 ELP fusion reduced fed glucose levels approximately 30% for 5 days.

This outcome differed greatly from free GLP-1 and GLP-1 ELP fusions that did not

aggregate at body temperature, as these soluble controls resulted in a rapid decrease in fed

glucose levels that was not sustainable. This approach confirmed that GLP-1 could retain its

therapeutic bioactivity when fused to an ELP, while achieving prolonged therapeutic effects

by fusion to a depot-forming macromolecular carrier.

Alternatively, GLP-1 can be genetically fused to a depot-forming ELP in a way that

provides prolonged release of free GLP-1 peptide. This has been achieved by a system

called protease operated depots (PODs) in which the GLP-1 peptide is oligomerized and

fused to an ELP with arginine residues placed between the GLP-1 repeats, such that

proteolytic cleavage at the arginine residues releases GLP-1 from the depot into the

subcutaneous space. A POD with six GLP-1 repeats on each ELP demonstrated reduced

glucose levels over 5 days, significantly longer than the duration of glucose control achieved

with a soluble ELP control (6 h) or free GLP-1 alone (1 h) [108]. Thermally responsive ELP

fusions can thus provide multiple mechanisms of peptide drug delivery, as either depots for

prolonged release of peptide ELP fusions, or as depots that provide sustained release of free

peptide drug.

5. ELP-functionalized hybrid drug delivery systems

5.1 ELP-functionalized plasmonic nanoparticles

The controlled synthesis and stimulus-response of ELPs alone have been exploited for a

multitude of applications in drug delivery. However, ELPs can also serve as useful

components in other drug delivery systems, by conferring stimuli-response to other

materials (Table 4). One example of these hybrid systems is ELP-functionalized plasmonic

nanoparticles. ELP-functionalized gold nanoparticles were first created by ELP adsorption

onto mercaptoundecanoic acid (MUA)-modified spherical gold nanoparticles [109]. The

thermal response of the ELPs was conferred to the hybrid particles, such that the ELP-

functionalized gold nanoparticles reversibly aggregated in solution when the ELP transition

was triggered by an increase in temperature. The ELP aggregation could be monitored by

inter-particle plasmon coupling, as aggregation resulted in a red shift in the nanoparticle

absorbance likely due to decreased inter-nanoparticle distances in the aggregates as
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compared to soluble nanoparticles in solution. A similar effect was observed when the ELP

was covalently attached to the particle surface by coupling an amine group on the ELP’s N-

terminus to the activated MUA surface on the gold nanoparticles [110]. However, adsorbed

and covalently grafted ELP showed differences in the reversibility of thermally triggered

aggregation, as the aggregation achieved with covalently grafted ELPs was less reversible

than the aggregation achieved with adsorbed ELPs [109].

The unique stimulus-response of gold nanoparticles can also contribute to the behavior of

these hybrid assemblies, such that the plasmon resonance of gold nanoparticles can be

exploited to heat the particles in response to illumination and thereby trigger the local

aggregation of covalently attached ELPs. This approach has been explored with an ELP

containing two cysteine guest residues that allowed coupling to gold nanorods by

chemisorption of the thiols onto the gold nanorod surface [111]. The local plasmon

resonance of the nanorods resulted in heating of the particles in response to illumination

with near-infrared light. This light-induced heating of the gold nanorods in turn triggered the

phase transition of the attached ELPs. Thus, in this hybrid system the ELP transition was

optically triggered, such that illumination in the near-infrared ultimately induced

aggregation of the ELP-decorated nanorods.

Increasing the number of cysteines in the ELP sequence resulted in ELP-functionalized gold

nanorod assemblies that exhibited a similar ELP transition in response to near-infrared

illumination. However, after aggregation at temperatures above the ELP Tt, these assemblies

did not reversibly disassemble, likely due to the increased cysteine content that encouraged

extensive cross-linking between the ELP-functionalized gold nanorods. These cysteine-rich

ELP-functionalized gold nanorods hence formed stable composite matrices at temperatures

below the ELP Tt (approximately 31°C) while retaining their thermal responsiveness upon

subsequent excitation of the nanorods with near-infrared illumination [112].

These composite coacervates provided an interesting combination of both thermal and

chemotherapeutic therapy when the heat-shock protein 90 inhibitor 17-(allylamino)-17-

demethoxygeldanamycin (17-AAG) was encapsulated by physical mixing prior to

coacervation of the ELP-functionalized gold nanorod matrix. Minimal release of drug was

observed by diffusion alone, but near-infrared laser illumination of the ELP-gold nanorod

composite matrix led to significant drug release due in part to the thermal response of the

ELP, presumably because the phase transition of the ELP led to desolvation-driven

expulsion of the encapsulated 17-AAG. 90% of prostate cancer cells cultured on drug-

loaded ELP-functionalized gold nanorod matrices were killed by the combination effects of

hyperthermia and the triggered release of heat shock protein inhibitor 17-AAG (Figure 8). In

contrast, laser illumination without drug resulted in less than 10% cell death that was

spatially confined to the spot of laser illumination [112]. This approach thus provides a

mechanism to exploit hyperthermia induced by near-infrared illumination for drug release

from a stimulus-responsive composite matrix.

5.2 ELP-functionalized liposomes

ELPs can also be used to endow temperature-triggered drug release from drug carriers such

as liposomes. Fatty-acid-functionalized ELPs permit the decoration of these carriers by
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insertion into the bilayer of PEGylated liposomes. The close proximity of the ELP to the

lipid bilayer causes temperature-induced changes of ELP conformation to destabilize the

membrane and release liposomal contents. Doxorubicin-loaded PEGylated liposomes

functionalized with short ELPs (three pentapeptides in length) exhibited stable drug

encapsulation at physiologic temperatures, due in part to the incorporation of cholesterol and

fatty-acid ELP that decreased fluidity of the liposome bilayer, while providing rapid drug

release above the ELP Tt, which was tuned between 39–42°C for hyperthermia-targeted

drug delivery [113]. Less than 20% of loaded doxorubicin was released from ELP-

functionalized liposomes at 37°C, while greater than 95% was released at 42°C. In vitro, this

resulted in the nuclear delivery of doxorubicin in HeLa cells only when treated at 42°C.

Alternatively, temperature-sensitive lysolipid liposomes, which release drug in response to

phase transition of the lipid membrane, exhibited greater instability and less defined drug

release, such that more drug was lost at 37°C and less drug was released at 42°C, as

compared to ELP-functionalized PEGylated liposomes. The enhanced stability of ELP-

functionalized liposomes likely contributed to their prolonged circulation and increased

tumor accumulation in vivo, while the enhanced temperature-triggered drug release led to

improved drug delivery at the site of the tumor. These factors resulted in slightly enhanced

anti-cancer activity in subcutaneous murine tumors treated with hyperthermia and

intravenously administered ELP-functionalized doxorubicin-loaded PEGylated liposomes as

compared to doxorubicin-loaded lysolipid liposomes.

As an alternative to concurrent delivery of ELP-decorated liposomes and tumor

hyperthermia, functionalization of liposomes with an ELP can promote tumor-targeted

intracellular localization that can then be followed by hyperthermia-triggered drug release.

Cyclic RGD, a ligand for the αvβ3 integrin that is upregulated in the angiogenic vasculature

of many tumors, was appended to PEGylated liposomes containing fatty-acid functionalized

ELPs and induced increased cellular uptake of doxorubicin cargo as compared to ELP-

functionalized PEGylated liposomes without RGD [114]. Hyperthermia was only applied

after a period in which the liposomes were allowed to interact with the cell surface and

potentially induce endocytosis. Hyperthermia-mediated drug release after intracellular

accumulation of RGD-decorated ELP-functionalized PEGylated liposomes led to enhanced

cell death in vitro, as compared to both ELP-functionalized PEGylated liposomes with

hyperthermia but lacking RGD, and RGD-decorated ELP-functionalized PEGylated

liposomes without heat. Increased tumor accumulation at physiological temperature of

intravenously administered RGD-decorated ELP-functionalized PEGylated liposomes, as

compared to ELP-functionalized PEGylated liposomes lacking the RGD ligand, further

supported the potential of this approach for increasing local drug delivery with temperature-

responsive intracellular drug release.

5.3 ELP-functionalized dendrimers

Stimulus-responsive behavior can also be endowed to dendrimer drug carriers by ELP-

functionalization. Conjugation of (VPGVG)1 [115, 116] or (VPGVG)4 [116] to the amine

terminus of a generation-4 polyamidoamine (PAMAM) dendrimer conferred the thermal

response of ELPs to this hybrid carrier. The ELP component alone did not exhibit

aggregation upon heating [115], likely due to the extremely small MW of the ELP, which is

MacEwan and Chilkoti Page 22

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



consistent with the fact that the Tt of ELPs follows an inverse dependence on the ELP chain

length. However, the high density of ELP pentapeptides on the dendrimer recapitulated the

observed thermal response typical of much larger ELPs, such that the ELP-functionalized

dendrimer displayed thermally triggered aggregation, suggesting that there is an additive

effect on the Tt of short ELP segments that are packed at an interface with high local

density. Furthermore, the thermal response of the ELP dendrimers was influenced by salt

[115] and pH [115, 116], demonstrating that ELP-functionalization of dendrimers could

confer responsiveness to multiple stimuli. The model drug rose bengal was encapsulated in

(VPGVG)1-functionalized dendrimers and exhibited release rates over 24 hours, equivalent

to those achieved by the dendrimer alone [115]. These results suggest that ELP-

functionalization may provide stimulus-responsive behavior to dendrimers while retaining

the dendrimers’ capacity as drug carriers.

6. Conclusions, future directions, and challenges

ELPs are biologically inspired materials whose LCST behavior make them useful

biopolymers for stimulus-responsive applications in biological settings. Their genetically

encoded design has enabled the production of homogeneous monodisperse polypeptides in a

variety of architectures, which serve a range of applications in drug delivery. ELPs have

been employed as soluble macromolecular carriers, nano- and microparticle vehicles, and

macroscopic local depots. Their stimulus-response has been exploited for purification of

peptide and protein drugs, triggered drug release, disease targeting, sustained drug retention,

and prolonged drug delivery.

The ease with which diverse ELPs can be genetically designed and recombinantly produced

will continue to stimulate their use in drug delivery. There are several areas that are

particularly exciting in considering the future of ELPs as drug delivery vehicles. First, the

recombinant synthesis of ELPs will provide a wealth of opportunities for growth, as

advancements in molecular biology techniques can be translated to this class of biologic

materials. New methods of ELP gene synthesis, expression, and functionalization are thus

imaginable by means of novel techniques in recombinant cloning, translation, and

posttranslational modification. Advances in techniques of incorporating unnatural amino

acids into biopolymers, for example, may be applied to ELP synthesis to introduce new

functional properties beyond those endowed by the natural library of amino acids [117–119].

Second, the morphologies of ELPs exploited for drug delivery will realize a growing

diversity as we obtain a greater understanding of the parameters that can drive ELP self-

assembly. Structures such as vesicles [120], nanofibers [121], and nanoworms [122] have

already been observed with vehicle systems containing an ELP component. Advances in the

de novo design of such morphologies by experimental determination—or alternatively,

theoretical prediction—of the phase diagrams of these systems is critical because it will

allow the a priori design, at the amino acid sequence level, of drug carriers with tunable

sizes and morphologies. Third, exploring new peptide polymers that go beyond the current

sequence space of the ELP pentapeptide repeat will reveal new materials with properties that

expand upon the reversible LCST behavior of the majority of ELPs that currently exist in the

field. For example, biopolymers that exhibit tunable hysteresis in their LCST driven

aggregation behavior [12] and biopolymers that exhibit tunable upper critical solution
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temperature phase transition behavior (unpublished data) are two examples of novel

behaviors that are beginning to emerge as we look beyond the standard framework of the

(VPGXG)n repeat. Finally, a more detailed exploration of hybrid drug delivery systems

thatcombine ELPs with synthetic moieties by exploiting emerging approaches in chemical

biology will further extend the functionality of ELPs, resulting in new designs of delivery

vehicles.

At the same time, challenges still remain in the clinical translation of this class of materials,

as an ELP carrier is yet to receive clinical approval for applications in drug delivery, though

an ELP fusion with a peptide drug has successfully completed a phase 2 clinical trial. One

challenge in the clinical translation of ELPs—and indeed all peptide derived materials—is

their potential to trigger an unfavorable immune response. Despite these concerns, ELP drug

carriers for treatment of diabetes and heart disease are successfully progressing toward the

clinic, as preliminary clinical trials have demonstrated that ELPs are well tolerated in

humans and do not induce a significant immune response in most individuals. We believe

ELP drug carriers— and more broadly, peptide polymers—have a bright future as building

blocks of molecularly engineered drug delivery systems.
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Figure 1.
Intrinsic design parameters of ELP length and guest residue composition (alanine guest

residue titration into a 100% valine guest residue sequence) provided precise control of the

Tt. Quantitative modeling of (VPGXG)n, with variables X=guest residue of alanine and

valine (expressed as fraction of alanine content) and n=chain length inpentapeptides,

allowed prediction of the Tt over a broad temperature range for ELPs at 25 µM in PBS.

Adapted with permission from [3]. Copyright 2013 American Chemical Society.
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Figure 2.
ELP unimers confer improved pharmacokinetics to therapeutic protein fusions. Anti-TNF

antibody fused to an ELP unimer expressed in Nicotiana tabacum (NTTNF-VHHELP)

exhibited increased serum half-life (t1/2) as compared to free anti-TNF antibody expressed in

E. coli (EcTNF-VHH) following intravenous injection in mice. Adapted from [18]. Copyright

2011 John Wiley & Sons.
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Figure 3.
Knob-functionalized ELPBCs exhibited enhanced cellular uptake in CAR-expressing

hepatocytes after 30 min incubation. Rhodamine-labeled block copolymers (Rh-S48I48)

demonstrated significant localization at the cellular membrane, while rhodamine-labeled

knob-functionalized block copolymers (Rh-knob-S48I48) demonstrated enhanced

intracellular localization. Further evidence of enhanced cellular uptake was apparent in the

colocalization of knob-functionalized ELPBC and a lysosomal marker. Green-LysoTracker;

Red-ELPBC; Scale bars 10 µm. Reprinted from [49], Copyright 2011, with permission from

Elsevier.

MacEwan and Chilkoti Page 34

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Microparticles composed of glutaraldehyde-cross-linked ELP and albumin mixtures at a

ratio of 3:1 exhibited temperature-induced changes in volume and porosity, evident both on

the particle surface (left) and particle interior (right), as observed with field-emission

scanning electron microscopy. Scale bars 20 µm. Reprinted with permission from [57].

Copyright 2010 American Chemical Society.
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Figure 5.
Local aggregation of fluorophore-labeled temperature-sensitive ELP (ELP1) in

hyperthermia-treated tumors increased accumulation (measured by fluorescence intensity of

the extravascular compartment) over the course of heating, as compared to temperature-

insensitive ELP (ELP2) with tumor hyperthermia or temperaturesensitive ELP without heat.

Upon tumor cooling, resolubilization of local aggregates increased the accumulation of

temperature-sensitive ELP in the extravascular space. Reprinted from [76]. Copyright 2007

American Association for Cancer Research.
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Figure 6.
Parameters of ELP depot design influence the tumor retention by their effect on the ELP Tt.

The tumor retention of various 125I-labeled ELP depots 7 days after intratumoral injection

was reported in relation to ΔTt, the difference between Tt of the depot-forming ELP and the

subcutaneous temperature of the tumor (~ 31.7°C in anesthetized mice). Adapted from [98].

Copyright 2012 American Association for Cancer Research.

MacEwan and Chilkoti Page 37

J Control Release. Author manuscript; available in PMC 2015 September 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Depot-forming GLP-1 ELP fusions ((GLP-1)-ELPDepot 175 nmol/kg or 700 nmol/kg)

demonstrated prolonged presence at the subcutaneous site of injection over 120 hours, as

compared to a soluble GLP-1 ELP fusion control ((GLP-1)-ELPSol 175 nmol/kg). High

concentration GLP-1-ELPDepot at 700 nmol/kg was capable of prolonged reduction in fed

glucose levels over 5 days. Adapted from [107], Copyright 2013, with permission from

Elsevier.
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Figure 8.
ELP-functionalized gold nanorods formed composite matrices after incubation at

temperatures above the ELP Tt. Near-infrared laser illumination induced hyperthermia by

gold nanorod plasmon resonance, which in turn induced temperature-triggered release of 17-

AAG drug mediated by ELP aggregation, resulting in significantly enhanced cell death as

compared to either hyperthermia or drug treatment alone. Adapted from [112] with

permission of Future Medicine Ltd, Copyright 2011.
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Table 1

Architectures and assemblies of ELP drug carriers

Application ELP sequence Pertinent functionalization Ref

Recombinant protein purification

(VPGXG)36 X=K1V7F1

Cecropin AD antimicrobial
peptide with enterokinase
cleavage site

[31]

(VPGXG)90 X=V5A2G3 Halocidin18 antimicrobial peptide
with hydroxylamine cleavage site

[34]

(VPGXG)110 X=V5A2G3 Moricin CM4 and human β-
defensin 4 antimicrobial peptides
with intein cleavage sites

[37]

(VPGVG)240 SrtA transpeptidase for site-
specific cleavage and triglycine
addition

[38]
(VPGXG)90 X=A2G3V5 TNFα and TRAIL apoptosis-

inducing cytokines with SrtA
cleavage sites

Therapeutic protein ELP fusions

(VPGXG)90 X=V5G3A2 IL-1ra anti-inflammatory cytokine [39]

(VPGVG)27 IL-4 and IL-10 anti-inflammatory
cytokines

[19, 40]

(VPGVG)n n=5–240 IL-10 anti-inflammatory cytokine
and EPO hematopoietic cytokine

[17]

(VPGXG)100 X=V, G, or A HIV neutralizing antibody [41]

(VPGXG)100 X=V5G3A2 TNF-VHH inhibitor for
prevention of septic shock

[18]

Targeted peptide ELP fusions

[AP1-(VGVPG)12]6
AP1 peptide for tumor homing to
IL-4 receptor

[42]

(VPGXG)120 X=V1G7A8 TAT, MTS, and penetratin CPPs
for enhanced cellular uptake and
intracellular delivery of p21
peptide drug

[43]

Therapeutic small molecule drug
ELP conjugates

(VPGXG)150 X=V5A2G3 and (VPGXG)160 X=V1A8G7

Lysine residue for conjugation of
chemotherapeutic doxorubicin
with acid-cleavable hydrazone
linker

[44]

(VPGXG)180 X=V5A2G3 Cysteine residue for conjugation
of chemotherapeutic doxorubicin
with acid-cleavable hydrazone
linker

[45]

(VPGXG)150 X=V5A2G3 and (VPGXG)160 X=V1A8G7 Cysteine residue for conjugation
of chemotherapeutic doxorubicin
with enzyme-cleavable peptide
linker and TAT CPP for enhanced
cellular uptake

[46]

Block copolymer ELP assemblies

(VPGXG)96 [X=V1A8G7]-(VPGVG)60

RGD and NGR peptide at
hydrophilic terminus for
multivalent display of ligands for
receptors on tumor vasculature

[47]

(VPGXG)64 [X=V1A8G7]-(VPGVG)90 NGR peptide at hydrophilic
terminus for multivalent display
of ligand for CD13 receptors on
tumor vasculature

[48]

(VPGSG)48-(VPGIG)48

Knob protein at hydrophilic
terminus for multivalent display
of CAR ligand

[49]
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Application ELP sequence Pertinent functionalization Ref

FKBP protein at hydrophilic
terminus for rapamycin drug
binding

[50, 51]

Conjugation-driven ELP assemblies (VPGXG)160 X=V1A8G7

(GGC)8 peptide for conjugation
of chemotherapeutic doxorubicin

[52]

C(GGC)7 peptide for conjugation
of chemotherapeutic paclitaxel

[53]

ELP polyplexes
(VPGXG)60 X=V5A2G3

K8 cationic peptide for ionic
complexation with GFP-encoding
plasmid DNA

[54]

Coacervate ELP nanoparticles

(VPAVG)220

Physical encapsulation of BMP-2
and BMP-14 cytokines for
promotion of bone growth

[55]

[VG-(VPGVG)4-VPG]8-[VG-(VPGVG)2-VPGCG-VPGVG-VPG]2 KGF protein for promotion of
wound healing

[56]

Cross-linked ELP particles

[(VPGVG)4-(VPGKG)]8-(VPGVG)40

Lysine residues for
glutaraldehyde cross-linking of
solid microparticles with physical
loading of model drugs BSA and
prednisone acetate

[57]

[(VPGVG)14-(VPGKG)]8-(VPGVG)40 Lysine residues for
glutaraldehyde cross-linking of
core-shell microparticles with
physical loading of model drugs
rhodamine B, FITC, and
rhodamine-BSA

[58]

EP20–244 (composed of exons from human elastin: 20-
(21-23-24)4)

Lysine and glutamine residues for
transglutaminase cross-linking of
hollow spheres with physical
loading of plasmid DNA
polyplexes

[59]
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Table 2

Hyperthermia-targeted drug carriers

Application ELP sequence Pertinent functionalization Ref

Tumor-targeted unimer aggregation
Temperature-sensitive ELP: (VPGXG)150*
X=V5G3A2 and Temperature-insensitive
ELP: (VPGXG)160 X=V1G7A8

Lysine residue for rhodamine
conjugation and visualization of
tumor accumulation in vivo

[74, 75]

14C labeling for autoradiography of
tumor accumulation in vivo

[26]

Lysine residue for Alexa Fluor 488/
Alexa Fluor 546 conjugation and
visualization of tumor accumulation
by thermal cycling in vivo

[76]

Lysine residue for fluorescein
conjugation and quantification of
intracellular uptake in vitro

[77]

Penetratin CPP for enhanced
intracellular delivery of H1 peptide
drug

[79]

Bac CPP for enhanced intracellular
delivery of H1 (*n=130 for in vitro
applications [80]) or p21 peptide
drug

[80, 81,
85, 86]

TAT CPP for enhanced intracellular
delivery of L12 peptide drug [82]

SynB1 CPP for enhanced
intracellular delivery of GRG
peptide drug

[83]

TAT CPP for enhanced intracellular
delivery of doxorubicin conjugated
to cysteine residue with enzyme-
cleavable peptide linker

[46, 87]

SynB1 CPP for enhanced
intracellular delivery of paclitaxel
or doxorubicin conjugated to
cysteine residue(s) with acid-
cleavable hydrazone linker

[88–90]

Tumor-targeted unimer-to-micelle transition

(VPGXG)96 [X=V1A8G7]-(VPGVG)60

NGR at hydrophilic terminus for
temperature-triggered multivalent
targeting of CD13 receptor

[47]

(VPGXG)64 [X=V1A8G7]-(VPGVG)90 RGD at hydrophilic terminus for
temperature-triggered multivalent
targeting of αvβ3 integrin

[91]

(VPGXG)96 [X=V1A8G7]-(VPGVG)90 Fn3 at hydrophilic terminus for
temperature-triggered multivalent
targeting of αvβ3 integrin

[92]

(VPGVG)40-(VPGXG)60 X=A1G1 Arg5 or Arg8 CPP at hydrophilic
terminus for temperature-triggered
non-specific cellular uptake and
controlled delivery of pro-apoptotic
BH3 peptide drug

[93, 94]

Tumor-targeted micelle aggregation (VPGXG)150 or 160 X=AaVb where a:b=1:0,
14:1, 9:1, or 4:1

C(GGC)7 for conjugation of
doxorubicin with acid-cleavable
hydrazone linker

[95]
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Table 3

Therapeutic ELP depots

Application ELP sequence Functionalization Ref

Depots for cancer

(VPGVG)120
Tyrosine residue for conjugation of 125I or 131I
radionuclides

[97]

(VPGVG)60, 120, or 240 1, 4, or 7 tyrosine residues for conjugation of 125I or 131I
radionuclides

[98]

(VPGXG)160 or 168 X=A14V1C1 or
VaCb where a:b=15:1, 9:1, or 5:1

Cysteine residues for disulfide cross-linking and tyrosine
residues for conjugation of 125I radionuclide

[99]

Depots for joint degeneration

(VPGVG)47 kDa
14C labeling for visualization of prolonged residence in
rat knee joint

[100]

(VPGXG)90 X=V5G3A2 and
(VPGVG)30

IL-1Ra for anti-inflammatory treatment of osteoarthritis
[101]

[(VPGKG)-(VPGVG)16]6 Lysine residues for THPP cross-linking and physical
encapsulation of vancomycin and cefazolin antibiotics

[102]

Depots for neuroinflammation

(VPGVG)120
Tritium radiolabeling for visualization of prolonged
residence in perineural space

[103]

(VPGVG)60 sTNFRII for anti-inflammatory treatment of dorsal root
ganglion

[104, 105]

(VPGXG)60, 80, or 160 X=V1I3E1 Glutamate residues for conjugation of curcumin with
degradable carbamate linker

[106]

Depots for diabetes

(VPGVG)120
GLP-1 fusion for release of macromolecular peptide drug
carrier

[107]

(VPGVG)240 (GLP-1)6 fusion via protease cleavable arginine linkers
for release of free peptide drug

[108]
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Table 4

ELP-functionalized hybrid drug delivery systems

Application ELP sequence Functionalization Ref

ELP-functionalized plasmonic nanoparticles

(VPGXG)180 X=V5G3A2

Lysine residue
(and N-terminal
amine) for
electrostatic
adsorption or
covalent grafting
to MUA-
functionalized
gold nanoparticles

[109, 110]

[VG-(VPGVG)4-VPG]8-[VG-(VPGVG)2-VPGCG-VPGVG-VPG]2 Cysteine residues
for
functionalization
of gold nanorods
through gold thiol
bonds

[111]

[VG-(VPGVG)4-VPG]8-[VG-(VPGVG)2-VPGCG-VPGVG-VPG]8 or 12 Cysteine residues
for
functionalization
of gold nanorods
and cross-linking
of composite
matrices with
physical
encapsulation of
17-AAG drug

[112]

ELP-functionalized liposomes

(VPGVG)3

Stearyl group
functionalization
for incorporation
into bilayer of
doxorubicin-
encapsulating
PEGylated
liposomes and
cyclic RGD-
decorated
doxorubicin-
encapsulating
PEGylated
liposomes

[113, 114]

ELP-functionalized dendrimers

(VPGVG)1

Boc-
functionalization
for conjugation of
ELP C-terminus
to amines on
PAMAM
dendrimers with
physical
encapsulation of
model drug rose
bengal

[115]
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