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Abstract

Well-defined tunable nanostructures formed through the hierarchical self-assembly of peptide
building blocks have drawn significant attention due to their potential applications in biomedical
science. Artificial protein polymers derived from elastin-like polypeptides (ELPS), which are
based on the repeating sequence of tropoelastin (the water-soluble precursor to elastin), provide a
promising platform for creating nanostructures due to their biocompatibility, ease of synthesis, and
customizable architecture. By designing the sequence and composition of ELPs at the gene level,
their physicochemical properties can be controlled to a degree that is unmatched by synthetic
polymers. A variety of ELP-based nanostructures are designed, inspired by the self-assembly of
elastin and other proteins in biological systems. The choice of building blocks determines not only
the physical properties of the nanostructures, but also their self-assembly into architectures
ranging from spherical micelles to elongated nanofibers. This review focuses on the molecular
determinants of ELP and ELP-hybrid self-assembly and formation of spherical, rod-like, worm-
like, fibrillar, and vesicle architectures. A brief discussion of the potential biomedical applications
of these supramolecular assemblies is also included.
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Introduction

Advances in biotechnology and material science have stimulated the development of nature-
imitating materials in the past few decades. The ability to fabricate biological
macromolecules such as collagen!] and exosomesl?l in their native hierarchical form has
emerged from an improved understanding of the requirements for recreating cellular and
extracellular environments in the laboratory. Mimicry of biological macromolecules has
produced self-assembling nanostructures and scaffolds useful in biomedical applications
such as tissue engineering,[3-31 drug delivery,[6-8] and theranostics.[2°]

Molecular self-assembly is a thermodynamic process in which molecules assemble into an
ordered structure due to attractive and repulsive intramolecular and/or intermolecular
interactions.[10:11] These interactions are noncovalent and include hydrogen bonding,
electrostatic interactions, hydrophobic and hydrophilic interactions, and van der Waals
forces.[10-131 Molecular self-assembly can be categorized as either static or dynamic.[14] The
more common and extensively studied is static self-assembly, in which the systems involved
approach local or global equilibrium and do not dissipate energy. Formation of an ordered
structure through static self-assembly may require energy, but the product is stable.
Examples of static self-assembly include lipid bilayer, and self-assembled monolayers. In
dynamic self-assembly, an ordered equilibrium state occurs only when the system dissipates
energy.[12] Prototypical examples of dynamic self-assembly include dynamic macro- and
mesoscopic structures, organization of cellular organelle.

Nature has evolved an array of biological nanostructures through self-assembly, including: i)
higher-order polypeptide structures (secondary, tertiary, quaternary); ii) the DNA double
helix; iii) lipid bilayers; and iv) RNA-ribosome complexes. Of these, polypeptide self-
assembly has gained the most momentum for creating nature-imitating materials due to the
stability and diversity of polypeptide structures, as well as their intrinsic biocompatibility,
high yield, and applicability in the biomedical field.[25-17] In particular, elastin-like
polypeptides (ELPs)—a class of self-assembling peptides derived from the repeated amino
acid sequence in the hydrophobic domain of human tropoelastin—have received significant
attention.[6:818.19]

The most common ELP sequence motif is a multimeric repeat of the pentapeptide unit
VPGXG, where X is any canonical amino acid except proline. This class of biopolymers
undergoes a lower critical solution temperature (LCST) phase separation in aqueous solution
above a transition temperature ( 7;), to form an inhomogeneous coacervate—a viscous liquid
phase that is immiscible in water. The LCST transition is reversible: the ELP coacervate is
resolubilized when the solution temperature is lowered below 7;. In addition to temperature,
a variety of other stimuli can be used to trigger this phase transition, including kosmotropic
salts,[20-22] light,[23] crosslinking,[24] pH,[2%] and redox potential.[26] Throughout this review
we will explore how intrinsic and extrinsic parameters influence the phase transition
behavior of ELP and ELP-hybrid materials and their organization into hierarchical
supramolecular structures (Figure 1). We will focus on the synthesis of these materials and
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how the choice of molecular building blocks determines their self-organization into higher-
order structures. Potential biomedical applications will also be discussed briefly.

2. A Brief Overview of ELPs

ELPs can be synthesized using several approaches. ELPs have been created through
chemical synthesis (solid-state peptide synthesis) methods,[27:28] put this approach poses
several challenges.[829 For example, during Boc-protected solid-state synthesis, the peptide
can be degraded by hydrogen fluoride.[29] In addition, it is costly to synthesize long,
complex peptides using solid-state synthesis.[3% ELPs are more affordably synthesized by
recombinant DNA methods (Figure 2), which also allow more precise control of molecular
weight and architecture.[31] There are two general approaches to using recombinant DNA
methods to synthesize ELPs: concatemerization and directional ligation. Concatemerization
involves ligating DNA oligomers with sticky ends successively using a ligase or thermal
cycling (Figure 2a).[32] Concatemerization is straightforward and quick, but has two
disadvantages: low yield and no control of ELP molecular weight.[?1] As a result, directional
ligation is more popular (Figure 2d). One type of directional ligation, called recursive
directional ligation (RDL),[?X] involves inserting an ELP oligomer into a linearized vector
with a repetitive gene of interest to dimerize the original gene.

Using RDL to synthesize ELP genes poses two challenges: i) circularization of the insert can
prevent insertion into the vector and cause low-efficiency ligation; and ii) the symmetric
Type Il endonucleases required for RDL limit the peptide sequence that can be oligomerized
due to overlap required between the recognition sequence of the enzyme and coding region.
[33] Consequently, a variation of this approach called “RDL by plasmid reconstruction”
(PRe-RDL) was developed (Figure 2¢). In PReRDL, two halves of a parent plasmid, each
with an oligomer, are ligated to generate the desired ELP product. This method places no
restriction on the peptide sequence because it uses Type II’s restriction enzymes, which
cleave at a specific position located away from the recognition sequence. In addition, these
enzymes create overlaps that are complementary, and the two halves of the plasmid ligate to
join genes seamlessly (with no extraneous nucleotides at the ligation junction). Furthermore,
the plasmid is reconstructed only after successful ligation of the two gene products, ensuring
that the vector contains both of the desired genes fused together.[33]

Another variation of RDL, overlap extension rolling circle amplification (OERCA), uses
PCR to amplify repetitive sequences from a circular gene template (Figure 2b).[34] In
OERCA, antisense primers bind to and extend the template—a circular, single-stranded
DNA encoding repeats of the motif of interest— generating linear oligomers by rolling
circle amplification. Then, sense primers bind to the extended linear sequences to produce
double-stranded products of different lengths. Through a single cloning step, these products
are blunt ligated into an expression vector and transformed into a host cell for protein
production.[33] OERCA offers an advantage over other concatemerization methods because
the use of a circular template provides significantly longer products than is possible with
concamerization and overlap extension PCR for polymers with both short and long repeat
units.[34:36] While OERCA generates double-stranded DNA oligomers with an expansive
and adjustable range of DNA repeats simply by changing primer concentration and the
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number of PCR cycles, the technique’s stochastic nature remains limiting. In particular, if
the polymer is made up of more than one type of monomer, the random distribution of
monomers precludes precise control over the sequence.[3¢]

Until recently, PCR-based methods were not useful for engineering ELPs.[37] The
characteristics of ELPs, notably their high GC content and repetitive nature, result in errors
during PCR. The high GC content of ELPs increases their stability, and thereby, facilitates
formation of secondary structures (i.e., hairpin loops), which impedes their denaturation
during PCR. Furthermore, the repetitive nature of ELPs makes its gene fragments highly
complementary to one another, leading to annealing of ELP fragments at multiple sites and
generation of polydisperse products.[38] Tang and Chilkoti addressed these issues by creating
a codon-scrambling algorithm that enables amplification of DNA sequences encoding
repetitive polypeptides.[38] Based on the degeneracy of the genetic code (codon
redundancy), this algorithm mathematically generates the least repetitive DNA sequence that
encodes a repetitive polypeptide. The DNA sequence can then be chemically synthesized as
oligonucleotides that are used to assemble long, repetitive gene sequences (Figure 2c).

Following the synthesis of genes that encode ELPs, the protein polymers can be expressed in
Escherichia coliand purified using a simple non-chromatographic separation process called
inverse transition cycling (ITC).[22] ITC exploits the ELP’s ability to undergo LCST phase
transition at its inverse transition temperature ( 7;).120] Below its 7;, an ELP adopts a random
coil conformation and is well solvated; as temperature increases above its 7;, the solution
phase separates into an insoluble, ELP-rich coacervate phase and an ELP-poor aqueous
phase.[20.21] This phase separation is reversible and can serve as an effective strategy to
purify ELP (and ELP fusions) from contaminants by using temperature and salt to trigger
the LCST phase transition.[22] When fused to a protein of interest, an ELP can act as a
stimulus-responsive tag to enable purification of the fused protein by ITC.[20] An alternative
approach to ELP purification is indirect ITC, in which ITC is combined with affinity capture
methods. For example, Kim et al. tagged staphylococcal protein A (SpA), an antibody-
binding protein, with an ELP, allowing ITC for the ELP-SpA fusion protein to be used to
purify antibodies and antibody—antigen complexes.[3°]

Urry et al. carried out the first biophysical studies on ELPs and determined that the
(VPGVG), pentapeptide at 7> 200, like crosslinked elastin, exhibits unique temperature-
dependent behavior that is unlike that of classical rubber.l4% In the absence of a load and
under a constant applied force, both elastin and ELPs decrease in length as temperature is
increased. Urry et al. determined that the phase transition temperature ( 7;) of ELPs could be
controlled by altering the hydrophobicity of the guest residue, X, in the VPGXG motif.[41]
Building on this work, McMillan et al. determined that hydrophobic groups lower 7;, while
hydrophilic groups increase 7;.[421 Meyer and Chilkoti later devised an equation to account
for the effect of such sequence changes as well as two other important variables—molecular
weight and concentration—on transition temperature.[43] This equation suggests that at a
fixed pH, the chain length of the ELP is inversely related to 7;. Therefore, the ELP has a
lower T7; at a higher molecular weight given the same composition and concentration. The
transition temperature can be further tuned by incorporating noncanonical or unnatural
amino acids as the guest residue.[44] In an extension of this line of enquiry, MacKay et al.
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developed a quantitative model using the Henderson—Hasselbalch relationship to explain the
effect of pH—along with molecular weight and solution concentration—on the 7; of an ELP
that contains ionizable guest residues. They designed two libraries of ELPs with pH-
responsive phase behavior—one library with basic (histidine) guest residues, and the other
library with acidic (glutamic acid) guest residues—to validate the model by evaluating phase
separation of these ELPs. Their model predicts that the 7; of ELPs containing basic amino
acids, such as histidine, decreases above the pKj, of the basic residue, while the 7; of ELPs
containing acidic amino acids, such as glutamic acid, increases above the pK, of the acidic
residue. This model is useful to design ELPs that exhibit phase transition behavior due to a
specific change in pH.[25] Finally, McDaniel proposed a quantitative model that predicts the
7; of a family of ELPs based on their composition, chain length, and concentration. Unlike
the previous models described that do not incorporate composition in the model, this model
accounts for the effect of composition on the 7; and thus provides—as the output—ELPs
with a specific amino acid sequence and chain length based on two inputs—the desired 7 at
a specified concentration.[4%]

3. Self-Assembly of ELP Block Copolymers

ELP block copolymers have been used extensively to create self-assembling micelles due to
their ease of synthesis, biocompatibility, solubility, stimuli responsiveness, and potential
applications in drug delivery.[21:47:48] Most previous work in self-assembly of protein
polymers has focused on ELP diblocks. ELP diblocks are amphiphilic, with a hydrophobic
block (containing a hydrophobic guest residue) and a hydrophilic block (containing a
hydrophilic guest residue). The 7; values of each block are designed to be sufficiently
different to allow independent desolvation of each block. At temperatures below the critical
micelle temperature (CMT), the diblock ELP is soluble. Upon raising the temperature above
the CMT, the hydrophobic block selectively desolvates, which turns the diblock ELP into an
amphiphile and drives its self-assembly into a micelle, in which the more hydrophobic,
desolvated block forms the core of a micelle, and the solvated hydrophilic block forms the
corona.l371 These ELP micelles are stable over a range of temperature above the CMT. As
the temperature is increased above a critical temperature, the hydrophilic block desolvates
and undergoes hydrophobic collapse, resulting in a micelle-to-coacervate transition.[4?] This
critical—bulk transition—temperature is referred to the 7; of the diblock ELP. Changing the
length or guest residue of either block allows control of the CMT and the 7.

Conticello and colleagues provided the first example of an ELP diblock copolymer that
exhibited temperature-triggered micelle assembly.[47] The ELP diblock was composed of a
hydrophilic [VPGEG-(IPGAG)4]14 block and a hydrophobic [VPGFG-(IPGVG)4]16 block.
The guest residues (in bold) were glutamic acid (E) and alanine (A) in the hydrophilic block,
and phenylalanine (F) and valine (V) in the hydrophobic block. The large difference in
polarity between the guest residues in the two blocks allowed temperature-triggered self-
assembly into mostly spherical—and in some instances—cylindrical, micelles above the
CMT. The presence of the ionizable glutamic acid also allowed the use of pH to control the
size and shape of the micelles, making them sensitive to both pH and temperature.

Adadv Ther (Weinh). Author manuscript; available in PMC 2021 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saha et al.

Page 6

Chilkoti and colleagues expanded the field of ELP diblock copolymers by systematically
studying the behavior of ELP diblocks by varying the molecular weight and the molar ratio
of hydrophilic and hydrophobic blocks.[®% Using a series of ten ELP diblocks, Dreher et al.
showed (Figure 3a,b) that the unimer-to-micelle transition temperature is controlled by the
length of the hydrophobic block, while the micelle size is controlled by both the length of
the ELP diblock copolymer and the ratio of hydrophilic and hydrophobic blocks. They also
showed that the ELP diblock copolymers exhibited monodisperse spherical micelles only
within a certain range of hydrophilic-to-hydrophobic block ratios, while outside this range, a
unimer-to-bulk transition occurred.

Janib and colleagues furthered our understanding of design parameters that control
temperature-triggered ELP diblock assembly by developing a mathematical model that can
predict the CMT and the bulk transition temperature of ELP diblocks from the 7; values of
their individual blocks.[?1] Hassouneh et al. studied the assembly of six ELP diblocks and
developed a theoretical—polymer physics—maodel that explains the mechanism of ELP
diblock self-assembly into micelles.[21 They found that ELP diblocks assemble into “weak”
spherical micelles with dense cores and unstretched coronas, making them distinct from
micelles formed by analogous synthetic polymers that also undergo self-assembly.

Self-assembly of ELP block copolymers containing domains that target peptides, proteins,
and receptor ligands allows multivalent display of the targeting moiety.[50.53-63] These
biofunctional ELP block copolymers can be engineered to self-assemble in response to
clinically relevant stimuli such as temperature or pH,[5%.64] allowing modulation of the
multivalency, affinity, and avidity of the targeting moiety to optimize cellular uptake.[65]
Dynamic affinity modulation (DAM), developed by Chilkoti and co-workers, enables the use
of a clinical stimulus to create drug carriers with a high-affinity “on” state and a low-affinity
“off” state, for selective accumulation at a diseased site with low nonspecific activity.
Simnick and co-workers demonstrated the proof-of-concept behind DAM by using a small
tripeptide motif, RGD, that binds the a,bs integrin receptor expressed in the tumor
vasculature.[56] They showed that incorporating RGD in the hydrophilic sequence of the
ELP block copolymer does not disrupt its self-assembly, and that multivalent display of
RGD ligands on the corona of ELP micelles resulted in an increase in a,bz-mediated cell
uptake of micelles compared to unimers of the diblock ELP that present a monovalent RGD
peptide below the CMT (Figure 3c). The increased uptake was due to higher-affinity
interactions between cells and multivalent micelles than between cells and monovalent
micelles. Simnick et al. then compared cellular uptake of ELP diblock micelles displaying
multivalent ligands with ELP monoblock aggregates after bulk transition and showed that
the uptake of micelles was greater than the uptake of the ELP monoblock aggregates (Figure
3c). These results demonstrate the benefit of multivalent targeting in cellular uptake using
nanostructures such as micelles.

Applying the DAM phenomenon, MacEwan et al. developed a “nanopeptifier” system that
provides controlled intracellular delivery of anti-cancer peptide drugs by using the CMT of
ELP diblocks to modulate the density of cancer cell-penetrating peptides displayed on the
micelle corona.l57:61] Temperature-triggered self-assembly of micelles can be used to
improve the accumulation of ELP-based therapeutics at diseased sites, especially for tumors
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that can be heated externally by mild hyperthermia. By using a tumor-targeting ELP diblock
that exists as a unimer at body temperature (37 °C) and self-assembles at a clinically relevant
hyperthermic temperature (42 °C), self-assembly can enhance accumulation of drugs
delivered with ELP diblocks due to specific, high-affinity interactions between the tumor
and multivalent micelles.

Adding proteins to ELP diblocks is well tolerated in nanoparticle formation.[58.60]
Hassouneh et al. showed that adding proteins of 95-110 residues (*10 kDa) at the
hydrophilic end of ELP diblocks does not significantly affect their self-assembly.[60] They
genetically appended two proteins, thioredoxin and the fibronectin Type I11 (Fn3) domain, to
the hydrophilic block of two different ELP diblocks, and found that upon increasing the
temperature to 39 °C: the diblocks self-assembled into micelles with a hydrodynamic radius
(R,) of 24-36 nm, and displayed multiple copies of the protein in the corona. Multivalent
display of Fn3 resulted in increased avidity for a,bs integrin. Similarly, Costa et al.
developed an ELP micelle in which the hydrophilic block contained a hanobody—a small
antibody fragment derived from camelid single-chain antibodies—to target human epidermal
growth factor receptor.[58! In this system, the hydrophobic block incorporated the unnatural
amino acid p-acetylphenylalanine for doxorubicin attachment. They found that the ELP
diblocks retained their temperature-triggered self-assembly behavior and displayed the
nanobody on the micelle corona, with doxorubicin sequestered in the core. These studies
showed that addition of proteins of around 100 amino acids to the corona of ELP diblock
micelles is well tolerated, demonstrating significant structural flexibility in the self-assembly
of ELP diblocks into micelles.

To create ELP-based tumor drug carriers, Callahan et al. designed ELP diblocks that
assemble at 37 °C and disassemble at the low pH found in the extracellular environment of
solid tumors (~pH 6).1641 To achieve this, they used a histidine-rich hydrophobic block. The
pKj of histidine is near physiological pH (7.4). These diblocks self-assemble into micelles at
pH 7.4, but dissemble when the pH drops to pH 6, as found in tumor tissue. At pH 6, the
histidines are ionized, causing an increase in the 7; of the histidine-rich block, bringing its 7;
value closer to that of the hydrophilic block. When the 7; values of the two blocks are no
longer sufficiently different, micelle formation is energetically unfavorable, leading to
micelle disassembly. Callahan et al. used autoradiographic imaging to show that these
ionizable ELP nanoparticles disassemble at the low pH in tumor tissue, resulting in
enhanced accumulation and penetration of ELP polymers in the tumor. They studied the
intratumoral distribution of ELP polymers following intravenous administration of
radiolabeled, pH-responsive micelles, and found enhanced and homogeneous tumor
distribution in mice versus pH-insensitive micelles, possibly due to the increased diffusivity
of the single ELP chains from the dissembled histidine-rich micelle. The pH-insensitive
micelles accumulated at the periphery of the tumor, possibly due to a diffusion barrier. This
is a promising work as it shows that control of micelle disassembly can address the tumor
penetration limitation faced by many nanocarriers. The use of self-assembled ELPs as drug
carriers is discussed in the next section.

An alternative to block copolymers to drive ELP self-assembly is fusing a hydrophobic
peptide to the ELP C-terminus to create an amphiphile.[5¢] McDaniel et al. fused peptides of
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the repeat sequence (XGy), (Figure 4), where X is hydrophobic, to an ELP C-terminus, and
showed that self-assembly could be controlled by varying X and y (the number of glycines).
(671 This is interesting and unusual because the length of the (XGy), domain is only a few
mass percent of the ELP, so that these diblock polymers are highly asymmetric amphiphiles,
that would not, a priori, be expected to show self-assembly behavior. Surprisingly, these ELP
peptide amphiphiles assembled into cylindrical micelles, with a cylinder length that could be
tuned by varying the peptide sequence.[68:6%] In an extension of this work, Bhattacharyya et
al. used ELP-peptide amphiphiles as carriers for water-soluble chemotherapeutics.[”% They
showed that various hydrophilic therapeutics could be conjugated within the core of the
micelle, and that the ELP micelle improved the pharmacokinetics, biodistribution, and
antitumor efficacy of the chemically conjugated—and sequestered—drug in vivo.

More recently, MacKay and colleagues showed that fusing small proteins or peptides to
hydrophilic ELP blocks can enable self-assembly into other nanoscale morphologies that
include worm-like micelles and vesicles.[7273] They showed that fusing an scFv with an
ELP block results in self-assembly of a worm-like micelle with an scFv core and ELP
corona. Although the scFv was located in the core, it remained active, likely because the
corona was loosely packed.[73] When tested using a lymphoma xenograft model in vivo,
these drug-loaded nanoworm structures outperformed their free monoclonal antibody
counterpart (Rituximab). Another interesting example of ELP self-assembly is the formation
of hollow spheres or vesicles. Pastuszka et al. demonstrated that fusing a small a-helical
peptide L4F to an ELP forms vesicles with a radius of 49 nm and a 8 nm lamellae.["2] Self-
assembly into a vesicle is driven by the amphipathic and self-association nature of L4F
peptide.

The work described above used ELPs containing tens to hundreds of pentapeptide repeats.
Shorter ELPs, with <10 pentapeptide repeats, are difficult to study due to their lack of phase
behavior and the difficulty in synthesizing them recombinantly. Kiick and co-workers
studied the self-assembly of short ELP sequences by using solid phase peptide synthesis and
conjugating the ELP with hydrophilic, triple-helix-forming collagen-like peptides (CLPs).
[74-771 A fusion of the ELP sequence (VPFGF)g with the CLP motif (GPO)g showed self-
assembly of nanoparticles 50-200 nm in diameter, at temperatures ranging from 4 to 65 °C.
These results were unexpected because the 7; of ELPs (and other thermoresponsive
polymers) was thought to always increase when fused to a hydrophilic protein.[21.78-80] The
pentameric repeat, (VPFGF)g, alone, was found to have a 7; of #37 °C in physiological
buffer; fusing it to the hydrophilic (GPO)g reduced the 7; dramatically, to less than 4 °C,
which resulted in formation of nano-assemblies.[”] This large decrease in 7; was caused by
the formation of a triple helix by the (GPO)g collagen-like peptide, bringing three ELP
domains together, raising the local ELP concentration that is ~100-fold higher than that of
ELP monomers in solution. This increased local crowding reduces the entropy necessary for
ELP aggregation, thereby reducing the 7;. These nanostructures disassembled above 65 °C,
the temperature at which the triple helix melts. Codon et al. subsequently demonstrated this
ELP-crowding effect in atomistic and coarse-grained molecular dynamics simulations.[74]
Self-assembly of ELP-CLP diblocks can also result in additional morphologies, including
vesicles and platelets. Vesicle formation was achieved by using phenylalanine as a guest in
the ELP motif, while platelet-like structures were formed when a more hydrophobic amino
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acid—tryptophan—was used as a guest residue.[’”] Assembly into the platelet-like structures
is thought to be driven by the stability afforded to the ELP layer from pi—pi stacking

between the tryptophan indole side chains. TEM imaging experiments confirmed the
predicted bilayer morphology with hydrophobic ELP chains forming the interior. The
hydrophobic aromatic rings in the bilayer also allowed encapsulation of hydrophobic drugs
within the bilayer, and hydrophilic drugs in the interior of the vesicle.[76] These
nanostructures are highly stable, with a thermal stability up to 80 °C, making them useful for
drug delivery applications.

Only a few studies have characterized multiblock ELP copolymers. MacEwan et al. studied
the self-assembly of 11 multiblock ELP copolymers into higher-order structures as a
function of temperature.[81] They maintained a constant overall amino acid composition and
chain length while varying the size and distribution of the hydrophilic block (VPGSG) and
hydrophaobic block (VPGVG). The designs included alternating triblocks, alternating
diblocks, and an architecture known as a gradient copolymer. They observed formation of
micelles only when the number of contiguous hydrophobic pentapeptides was >35, which
suggested that the hydrophobic block must be sufficiently long in order to drive self-
assembly. The size and compactness of the micelles varied between the different block
designs and were controlled by the block architecture (the gradient between the hydrophobic
and hydrophilic blocks).[82] Martin et al. synthesized linear triblock ELP copolymers of the
form “AEA,” where the A block was based on (VPGAG) and the E block was based on
[(VPGVG),-(VPGEG)-(VPGVG),].[82] They showed that this triblock formed a hollow
sphere or vesicle, observed initially as particles having a shape ratio (o, the ratio of the
radius of gyration to the hydrodynamic radius) of 0.91, and confirmed by imaging the
particles with TEM and AFM.

4. Self-Assembly of ELPs by Drug Conjugation

The clinical utility of many small molecule drugs is limited by their short half-life and
nonspecific toxicity in vivo. Most small molecule therapeutics used in clinics are
hydrophobic, which makes systemic administration inefficient. Packaging these drugs within
hydrophilic macromolecular carriers can improve their solubility and efficacy. Moreover,
packaging hydrophobic drugs within the core of soluble polymeric nanoparticles can also
increase the accumulation of drugs in tumors via the enhanced permeation and retention
effect that arises as a consequence of the leaky vasculature and poorly developed lymphatic
drainage system present in the tumors.[83.84]

Many efforts have been made to improve the solubility and delivery of hydrophobic
chemotherapeutics by using nanoscale formulations. Our group has demonstrated a simple
method called attachment-directed assembly of micelles (ADAM) to create self-assembled
ELP nanoparticles that sequester hydrophobic drugs within a micelle core.[85-881 ADAM
enables the synthesis of ELP micelles by covalently attaching multiple copies of a small
hydrophobic (CGG)g domain to the C-terminus of a hydrophilic ELP.[37] This 1.6 kDa
cysteine-rich domain provides eight sites for conjugating hydrophobic molecules with a
diglycine spacer to minimize steric hindrance between conjugated drugs. Attachment of
multiple copies of hydrophobic drugs to this ELP segment provides sufficient amphiphilicity
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to the ELP to trigger its self-assembly into near-monodisperse spherical micelles (Figure
5a,b). In an extensive study of 14 maleimide derivatives of small molecules spanning a range
of hydrophobicity (measured using their octanol-water distribution coefficient, log D),
McDaniel et al. found that a log D> 1.5 was necessary to trigger ELP self-assembly upon
conjugation.[87] This work provides a basis for rationally designing micelle forming ELPs as
drug carriers by predicting the propensity of a small molecule to trigger self-assembly of the
ELP, based on the hydrophobicity of the drug.

Applying this methodology to clinically relevant small molecule therapeutics, we showed
that conjugation of doxorubicin and paclitaxel to ELPs triggers self-assembly into
monodisperse spherical micelles <100 nm in diameter (Figure 5c¢). Conjugation of
doxorubicin or paclitaxel was mediated by a pH-labile hydrazone linker that enabled drug
release in the acidic tumor microenvironment and endolysosomal compartments. In vivo,
ELP-doxorubicin nanoparticles exhibited 14-fold greater drug accumulation in tumor than
free drug.[8%] A single dose of ELP-doxorubicin at its maximum tolerated dose (MTD)
abolished subcutaneous C26 (colon carcinoma) tumors in mice (Figure 5c). Similarly, ELP-
paclitaxel micelles showed favorable pharmacokinetics, with a sevenfold improvement in
bioavailability versus free drug and a twofold improvement versus Abraxane, an FDA-
approved taxane nanoformulation that is considered to be the gold standard for paclitaxel
delivery (Figure 5d).[88] Notably, when mice with highly aggressive triple-negative breast
cancer or prostate cancer were treated with a single dose of ELP-paclitaxel nanoparticles,
their median survival was greater than 70 days, a significantly greater survival than when
using Abraxane or free paclitaxel, consistent with the greater tumor growth inhibition
achieved by treatment with ELP-paclitaxel than free drug or Abraxane.

Despite advances in cancer drug delivery using nanoparticles, upon systemic administration,
most nanoparticles are taken up by macrophages in the liver and spleen and are cleared
rapidly from the body. Rapid clearance leads to poor drug accumulation in the tumor, with a
median of <1% of administered dose reaching the tumor. The other 99% is thought to
accumulate in off-target organs or to be cleared by the liver and spleen.[8%] A major
advantage of the ELP drug delivery system is the ability to modify the micelle corona with
stealth coatings that can increase drug circulation time. To that end, Banskota et al. showed
that engineering the ELP repeat motif with two oppositely charged amino acids (a
zwitterionic pair) can impart stealth behavior and increase the pharmacological efficacy of
the carrier.[0] The optimal repeat unit of this class of stealth biopolymers, named
zwitterionic polypeptides (ZIPPs), were identified by systematically varying the identity of
the oppositely charged amino acids (X and Y) in the VPXYG repeat unit and the chain
length to determine the sequence and chain length that optimizes the pharmacokinetics for
intravenous and subcutaneous administration. A combination of lysine and glutamic acid in
the ZIPP repeat unit was found to confer superior pharmacokinetics compared to an
uncharged ELP of similar chain length and molecular weight. Similar to the parent ELPs
that ZIPPs are derived from, ZIPPs also form self-assembled nanoparticles when
hydrophobic molecules are conjugated to one end of the ZIPP chain, and drug-loaded ZIPP
nanoparticles also exhibit stealth behavior and outperform ELP-drug nanoparticles in
treating tumor xenografts in mice (unpublished).
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In another approach to impart stealth properties to ELP nanoparticles, Yousefpour et al.
developed a method to spontaneously coat the corona of ELP-doxorubicin nanoparticles
with endogenous albumin in vivo.[9 This was achieved by fusing a ~5 kDa protein—an
albumin-binding domain (ABD)—to the N-terminus of a hydrophilic ELP which contains a
(CGG)g domain at the C-terminus for conjugation of doxorubicin or other hydrophobic
drugs. Chemical conjugation of multiple doxorubicin molecules to one end of the ABD-
ELP-triggered self-assembly into spherical micelles of ~100 nm diameter. ABD-ELP-
doxorubicin nanoparticles bound albumin with high-nanomolar affinity and had a
significantly longer half-life and bioavailability in vivo than nonalbumin decorated ELP-
doxorubicin nanoparticles. Moreover, the albumin coating lowered the uptake of
nanoparticles by the liver and spleen, likely by preventing adsorption of serum proteins such
as opsonins that help in phagocytosis of nanoparticles by macrophages.[92-941 The lower
uptake in the liver and spleen resulted in higher accumulation in the tumor. The ability of
these drug conjugation-triggered ELP micelles to outperform free drugs in tumor regression
studies across multiple murine cancer models indicates that this ELP self-assembly platform
is a robust approach to improving the efficacy of hydrophobic drugs.

Protein Order and Disorder in Hierarchical Assembly

A unique feature of ELP polymers that is useful for therapeutic applications is their LCST
phase behavior, which allows stimulus-triggered assembly or disassembly.[43.98-100] Thjs
LCST behavior is intricately tied to the ELP molecular structure—or more accurately, the
lack thereof.[191] Chilkoti—and others—have argued that ELPs represent a near-ideal
elastomeric disordered protein,[192-104] and that the molecular malleability afforded by this
disorder is a critical component of the thermodynamic origin of the polymer’s phase
behavior.[101.105.106] Though critical for stimuli-responsive behavior, the structural disorder
of ELPs limits the structural complexity available after aggregation. ELPs alone are largely
constrained to the formation of micelles or microscale liquid-like coacervates with no
internal architecture.[%5:81.107] Tg expand on the nanostructures available to elastin-derived
polymers, researchers have focused on introducing order into this otherwise disordered
system.

Although the importance of protein disorder throughout the proteome (and its disruption of
the well-established structure—function paradigm) is only now emerging,[108-116] the
significance of molecular disorder has long been understood by researchers studying
structural proteins such as silk, collagen, and tropoelastin. Such structural proteins derive
their unique material properties from the synergistic combination of amorphous and
structured regions.[217] Because ELPs provide a disordered stimuli-responsive template, they
have been at the forefront of research to understand and exploit order—disorder interactions
to create functional materials. Structured domains, ranging from short cell-binding domains
to large globular proteins, have also been linked to, or encoded within ELPs to impart
biological activity.[60.65.118-120] Thijs article will not cover these efforts, as they are primarily
concerned with adding biological activity while minimizing changes in architectural or
biophysical properties. Rather, we will focus on the deliberate incorporation of ordered
protein domains to affect the assembly of ELPs and other elastin-derived polymers.
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5.1. Beta Structures

Silk has been studied intensively as a biomaterial due to its extensibility and strength.
[113,115,116,121-126] Thjs unique combination of material properties is derived from
molecular interactions between amorphous protein chains and insoluble, tightly packed, 5
sheet crystalline regions.[116] Efforts to functionalize silk for biomedical applications led to
the development of silk-elastin-like polypeptides (SELPs), which combine tandem repeats of
silk-like domains adopted from Bombyx mori silk heavy chains (GAGAGS) with ELP
peptide blocks.[121.127] This work was pioneered in the mid-1990s by Ferraril28] and
Cappello[1291 who, having recently developed new methods to create recombinant protein
block copolymers,[13%] sought to decrease the overall crystallinity of recombinant silk
proteins. These first SELPs formed biocompatible, irreversible gels at body temperature with
an increase in the number of silk blocks reducing the gelation time.[131] The first reversible
SELPs were developed by Nagas et al. by substituting glutamine for a portion of the ELP
guest residues, increasing the hydrophilicity of the polymer and making gelation sensitive to
pH.[132] Though SELPS are known to create porous hydrogels, their self-assembly
mechanisms have only recently been described. Xia et al. proposed that SELP aggregation
proceeds via a two-step process where the structured silk domains promote the formation of
micelles, which then serve as nucleation sites for gel formation above the polymer’s 7;.[133]
Their work showed that increasing the ratio of B-sheet to disordered blocks reduces gel
reversibility and leads to more fibrous assemblies. Zeng et al. showed that microscale porous
hydrogels are derived from interconnected clusters of polymer nanofibers (Figure 6).[134]
The stimuli-responsive behavior of SELPs and the diversity of structures they form,
combined with post-processing techniques such as electrospinning or thin film deposition,
[135.136] have made them useful for various applications in drug delivery (chemoembolics,
(1371 jn situ enemas,[138] and adenovirus delivery!139]) as well as in tissue engineering,[140]
and wound healing.[141]

5.2. Alpha Helices

Unlike B-sheets, a-helices can introduce rigidity into a polymer via intramolecular
interactions. This is similar to tacticity in synthetic polymers, where the organization of
monomer chirality can be used to vary flexibility across the polymer backbone,[142] a
strategy that has been used in the thermoresponsive protein PNIPAAM to tune its phase
behavior.[143.144] g-helices can also be used to align amino acids via intermolecular
interactions. The combination of both of these mechanisms is important in the formation of
elastin fibers. Tropoelastin, the soluble precursor to elastin and the source of the ELP repeat,
is composed primarily of alternating disordered hydrophobic domains and ordered
polyalanine helical domains.[14] Initial coacervation is driven by tropoelastin’s disordered
domains, followed by alignment of the more rigid helical domains, leading to crosslinking of
the helical domains and assembly of fibers and networks,[106:146-149]

Building on this tropoelastin model, Roberts et al. recently developed a library of protein
polymers for applications in tissue engineering and wound healing via the controlled
introduction of helical polyalanine domains into an ELP backbone.[150] By systematically
encoding helical domains similar to those of native elastin, they demonstrated that
temperature-triggered phase separation of these partially ordered polymers (POPs) does not
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yield homogeneous coacervates, but instead yields porous, physically crosslinked,
viscoelastic networks (Figure 6). By altering the composition and spatial distribution of the
helical domains, mechanically stable protein networks could be created with controlled
porosity, high surface-to-volume ratio, and fractal dimensions similar to native elastin
networks. These physically crosslinked networks are formed by a unique a-helical domain
swapping mechanism which provides them high kinetic and thermodynamic stability.
Though the networks retain the thermal reversibility of disordered ELPs, the aggregation and
dissolution temperatures can be controlled separately by adjusting the helical domains. The
reversibility of phase separation could be tuned because the ordered components that drive
thermal hysteresis are distinct from the disordered sequences that control the initial phase
separation on heating.

Helical domains in ELPs can also be used to create hierarchical structures through sequence-
designed biological interactions with high specificity and affinity. For example, dimerization
of an a-helical leucine zipper has been used to drive ELP assembly. Leucine zippers are a-
helical domains characterized by heptad repeat units that dimerize into coiled coils that are
stabilized by intermolecular electrostatic and hydrophaobic interactions. Leucine zippers have
been used in biocompatible hydrogels,[151.152] and are particularly useful in protein
polymers as they can be encoded into the protein backbone, eliminating the need for
modification. Fernandez-Colino et al. created ELPs with paired leucine zippers at the N- and
C-termini.[153] Above the 7; of the ELP, the synergistic effect of hydrophobic interactions of
ELP and the dimerization domains resulted in the formation of an interconnected
microporous network that could be used as a cell culture scaffold. Park and Champion used
a single terminal leucine zipper to noncovalently bind globular fluorescent proteins to ELPs
(Figure 6).[354] Unexpectedly, these constructs were able to self-assemble into microscale
protein vesicles above the 7; of the ELP. The vesicles were stable for several days and could
encapsulate a payload of polystyrene nanoparticles. The authors proposed that the rigid, rod-
shaped conformation of the coiled coils, combined with the steric hindrance of the globular
fluorescent proteins drove the formation of these vesicles.[15%]

6. ELP-Hybrid Self-Assemblies

ELPs can be engineered with peptide domains to obtain higher-order structures. These ELPs
are, in most cases, synthesized using recombinant DNA methods and using the 20 canonical
amino acid sequences, which restricts their design space. Their recombinant expression can
be precisely controlled because of the highly regulated transcription and translation
processes that create monodisperse polypeptides. In contrast, synthetic polymers have a vast
chemical repertoire to tune their chemical and physical properties, but control over their
structure, stereochemistry, and dispersity is limited. Hybrid materials that combine the far
larger chemical space accessible to synthetic polymers with the precision of recombinant
polypeptides have been created by modifying ELPs with various biomolecules and synthetic
molecules, including: lipids, unnatural amino acids, silica, hyaluronic acid, and synthetic
polymers such as poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), polyethylenimine,
poly(y-benzyl-l-glutamate) (PBLG), poly(2-vinyl-4,4-dimethylazlactone), and
polydimethylsiloxane. This has been achieving using recombinant DNA methods, chemical
synthesis, and a combination of the two (Table 1).
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ELP-Lipid Hybrid Materials

Adding only a single lipid moiety to an ELP can provide sufficient amphiphilicity to drive
self-assembly. The first ELP-lipid hybrid that could independently self-assemble into a
nanostructure was reported by Aluri et al. in 2012 (Figure 7a).[15% They used Fmoc
chemistry to conjugate two palmitoyl chains to the N-terminal lysine of an ELP consisting of
(VPGXG)3, where X is alanine, valine, or isoleucine. This ELP-palmitoyl hybrid was
insoluble in water with valine or isoleucine as the guest residue, but was soluble with alanine
as guest residue and underwent a phase transition to form a nanofiber at ~56 °C at 1 mm
concentration. Without the palmitoyl chains, the ELP sequence exhibited no phase
separation below 100 °C. At 25 °C, CD spectra of the ELP alone showed a random coil
structure, while spectra of ELP-palmitoyl showed significant proportion of both random coil
and B-sheet conformation. As the solution temperature approaches the 7;, the proportion of
B-type-1 turn increased. Interestingly, a highly disordered structure of ELP-palmitoyl
(similar to native tripeptide) above its 7; led the author to suggest that the free energy of
mixing during bulk phase separation may be partly compensated by the change in entropy
from a highly ordered state (below the 77) to a disordered state (above the 7;). The length of
the ELP-palmitoyl nanofiber could be tuned by using dioleoylphosphatidylethanolamine
(DOPE) as a capping agent without affecting the nanofiber width: increasing the
concentration of DOPE reduced the fiber length. The aspect ratio of the nanofiber correlated
with cell uptake, which increased with DOPE concentration. It has been proposed that
nanoparticle-biomembrane interaction, cellular uptake, and intracellular trafficking of the
nanoparticle invariably depend on the physicochemical properties of the nanoparticle such as
shape, size, and surface chemistry.[173] The increased cellular uptake of ELP-palmitoyl
nanostructure could be due to increased fusogenicity of the particle (doped with DOPE) to
the phospholipid bilayer of the cells or due to the reduced size of the ELP-palmitoyl
nanofiber caused by adding DOPE. The reduced size of the nanofiber may increase cellular
internalization through nonphagocytic pathways like clathrin-mediated endocytosis.[159] The
hydrophaobic core of the fiber effectively solubilized paclitaxel, and the nanostructure
showed cytotoxicity against multiple cancer cell lines.[159]

The attachment of lipids to ELPs to create an amphiphile and drive self-assembly can also
be achieved recombinantly by post-translational modification (PTM), a strategy evolved by
nature to diversify the proteome beyond the 20 canonical amino acids. This approach was
first used by Luginbuhl et al. through in situ enzymatic myristoylation of an ELP that
contained a peptide substrate for myristoylation at the N-terminus (Figure 7b).[16%] They did
so by a single step, one-pot recombinant synthesis that used the transcription machinery of
an E. colireprogrammed to perform enzymatic lipidation within the cell. To do so, a 11
amino acid substrate peptide from the native myristoylated yeast protein Arf2[174] was fused
to the N-terminus of a hydrophilic ELP consisting of (VPGXG),, where X is 90% alanine
and 10% valine and /7= 40, 60, and 120. The ELP-peptide fusion was co-expressed with an
N-myristoyltransferase in BL21(DE3) £. coli using a bicistronic expression vector. N-
myristoyltransferase catalyzes the reaction between the A~terminal amine of the glycine and
the activated thioester of myristoyl-CoA.[173] The addition of exogenous myristic acid
during protein expression enabled in situ myristoylation of the ELP backbone.
Myristoylation of the ELP introduced sufficient amphiphilicity to drive self-assembly, with
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myristic acid forming the core, and the hydrophilic ELP forming the corona. Interestingly,
the larger 80- and 120-meric ELPs formed more stable spherical micelles, whereas the
smaller 40-meric ELP formed a rod-like micelle which grew in hydrodynamic size over
time. These lipid-ELP biopolymers differ from ELP diblocks and ELP-peptide fusions
because the micellar core of lipid-ELPs contains lipids rather than only peptides, so it is
significantly more dehydrated, allowing physical encapsulation of hydrophobic molecules in
the core. Indeed, the ELP-myristoyl micelle encapsulates hydrophobic chemotherapeutics
such as paclitaxel and doxorubicin more efficiently than the ELP diblock micelle.[160]

To induce the formation of additional structures by ELP-myristoyl, Mozhdehi et al.
introduced a S-sheet-forming peptide with a myristoylation substrate at the ELP N-terminus
to create a peptide amphiphile which they name a fatty-acid-modified elastin-like-
polypeptide, or FAME (Figure 8a).[161] Upon myristoylation, the g-sheet-forming peptide
acts as a peptide amphiphile (PA) that is known to exhibit an array of self-assembled
structures with different morphologies.[176.177] They hypothesized that upon myristoylation,
the peptide amphiphile would drive formation of hierarchical structures. This lipid-modified
polypeptide formed a worm-like micelle below the ELP 7;, and above the 7;, underwent a
phase transition to a liquid-like coacervate and formed spherical droplets. Above a critical
temperature 7, (7. > T;), as the ELP corona was dehydrated, promoting noncovalent
crosslinking in the core and irreversible formation of bundled fibers (Figure 8b). The
attractive feature of FAMEs is that they retain both the temperature-triggered phase
separation behavior of ELPs and hierarchical self-assembly of PAs. The ability of a FAME
to transition from a solution to bundled fibers between room and body temperature make
them attractive as injectable biomaterials for tissue regeneration and repair. In a similar
example, Karla et al. co-assembled a peptide amphiphile containing a saturated alkyl chain
and a short peptide sequence with an ELP in aqueous solution, resulting in dynamic
interfacial assembly into a 3D tube above the ELP 7;.1162]

PTM of ELPs is not limited to the ELP N-terminus or to incorporation of saturated alkyl
chains. The Chilkoti group incorporated a cholesterol moiety at the C-terminus of an ELP
fusion.[162] previous work by Beachy and colleagues had demonstrated that PTM with
cholesterol could be achieved by using proteins in the Hedgehog family.[279] In Hedgehog
(Hh) proteins, an N-terminal signal processing domain (HhN) is fused to an autoprocessing
C-terminal domain (HhC). HhC is homologous to intein-like proteins and contains a sterol-
binding site that undergoes an N—$S acyl shift upon binding cholesterol.[18%] This
intramolecular rearrangement leads to the formation of an active thioester intermediate that
reacts with the 34-hydroxyl of the bound cholesterol, resulting in modification of the signal
processing domain with cholesterol and the release of HhC. To attach a cholesterol moiety
recombinantly, Chilkoti and co-workers designed a fusion protein with three segments: ELP,
HhC, and a histidine tag. The hydrophilic ELP replaces the N-terminal signaling domain of
Hh and contains a linker peptide, (GGS),, at the C-terminus to ensure minimal interference
with the autoprocessing activity of the HhC. The HhC processes exogenous cholesterol to
tether it to the fusion protein. The histidine tag allows visualization of the expressed protein
by Western Blot and purification by affinity chromatography. The fusion peptide was
expressed in BL21(DE3) £. coliand cholesterol was solubilized in the cell lysate by addition

Adadv Ther (Weinh). Author manuscript; available in PMC 2021 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saha et al.

Page 16

of a surfactant, leading to efficient lipidation of the ELP at the C-terminus and concomitant
release of HhC-His.

These cholesterol-modified polypeptides (CHaMPs) exhibited programmable self-assembly,
forming spherical micelles. A hydrophilic ELP was chosen to compensate for the attachment
of cholesterol (log £> 7) so that the 7; would be physiologically relevant. To demonstrate
the utility of CHaMPs, Mozhdehi et al. decorated ELP-HhC micelles with the peptide
exendin-4, a peptide drug approved for the treatment of Type 11 diabetes.[16] The exendin-
ELP-cholesterol conjugate (ExeELP-HhC) self-assembled into spherical micelles.
Depending on the blood glucose level, exendin-4 binds glucagon-like peptide-1 receptor
(GLP-1R) to increase the intracellular concentration of cyclic adenosine monophosphate
(cAMP), which initiates a cascade of signaling leading to secretion of insulin. By using
HEK?293 cells that express GLP-1R, they demonstrated that the Exe-ELP-HhC micelle is a
potent agonist of GLP-1R that outperforms monomeric Exe-ELP.

6.2. ELP-Liposomes

Liposomes—biomimetic spherical vesicles that enclose a watery interior—are composed of
lipid bilayers. As drug carriers, liposomes exhibit extended plasma circulation,
biodegradability, immunogenicity, and low toxicity in vivo.[*81] Stimuli-responsive
liposomes have been developed for drug release triggered by pH, ultrasound, light, magnetic
fields, and temperature.[182-191] Recently, thermoresponsive ELP-liposomes have gained
attention for their ability to allow release of drugs when exposed to mild hyperthermia.
[163-167.192] Dye to the hydrophobicity of the lipid bilayer, ELPs in ELP-liposomes have
been modified with either a reactive group to decorate the hydrophilic head group of the
liposomes that is exposed to aqueous solution,[163.164] or a lipid moiety to anchor the ELPs
into the lipid bilayer.[165-167] The 7; of the ELPs has been tuned to ~40 °C to match the
temperature suitable for mild clinical hyperthermia of tissues. The hydrophilic head group of
lipid amphiphiles such as DSPE-PEG-amine has been designed to accommodate an active
ester functionality that can be reacted with the N-terminus of the ELP.[163.164] sych
modification results in exposure of the ELP on the outer surface of liposomes, making the
liposomes thermosensitive. Above their 7;, ELPs conjugated to the liposome surface
desolvate and become hydrophobic, leading to aggregation of the liposomes. This
aggregation distorts the liposome membrane, triggering release of cargo. Kyunga et al.
showed that the ELP phase transition leads to enhanced cell uptake of ELP-liposomes
compared to PEGylated liposomes at 42 °C, while at 37 °C both types of liposomes were
internalized to the same extent.[163] Above 7;, the dehydrated ELPs on the liposome surface
improved cell adhesion, presumably by creating a lower steric barrier to cell adhesion than
PEGylated liposomes.[193.194]

Anchoring ELP into the liposome lipid bilayer requires adding a hydrophobic tail to the
ELP. A saturated, 18C stearyl group is often added at the ELP N-terminus to append a
hydrophobic tail. Kim and co-workers showed that by controlling the ELP length, ELP-
stearyl concentration, and co-lipids, it is possible to create a liposome which releases
doxorubicin under mild hyperthermia.[165-167] Under hyperthermic conditions, ELP-stearyl
conjugates phase separate and the ELP undergoes a conformational change from random
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coil to B-turn that destabilizes the liposome membrane, leading to release of doxorubicin.
Veneti et al. used a pH-sensitive ELP linker to decorate a liposome surface with the cRGD
tumor cell targeting domain.[192] They showed that a pH-triggered conformational change of
the ELP can activate RGD-mediated cancer cell targeting of liposomes when the pH changes
from 7.4 to 6.

6.3. Unnatural Amino Acids in ELP Self-Assembly

Incorporation of noncanonical amino acids into ELPs expands the design space and allows
additional functionality to the ELP and the option of bio-orthogonal conjugation of extrinsic
moieties to the ELP. Different strategies have been used to introduce noncanonical amino
acids into ELPs. Wu et al. used £. coli MRA30, which supports multi-site suppression for
noncanonical amino acid incorporation to produce elastin-mimetic polymers with
noncanonical amino acids at up to 22 positions.[195] Amiram et al. incorporated
noncanonical amino acids in polypeptides by £. coli expression by developing aminoacyl-
tRNA synthetases with tunable specificities for 14 noncanonical amino acids.[1%] They
synthesized ELPs with a VPGXG scaffold, where X is a noncanonical amino acid, and
incorporated 30 noncanonical amino acids per ELP with yields of up to ~50 mg L1 in
shaker flask culture. The site-specific incorporation of the noncanonical amino acids o
azidophenylalanine and p-acetylphenylalanine in these studies allow biorthogonal click
chemistry and ketone-mediated conjugation to ELPs. Similarly, Teeuwen et al. replaced an
ELP guest residue with azidohomoalanine and homoproparylglycine and showed that the
resulting ELPs could be coupled through copper-mediated click chemistry to various
biomolecules including probes, polymers, and enzymes.[197]

Incorporation of unnatural amino acids can affect ELP self-assembly. Kim et al. assessed the
role of stereoelectronic effects on the conformational stability of elastin-mimetic
polypeptides with the motif VPGVG.[198] They synthesized three different ELPs—that they
named elastin-1, elastin-2, and elastin-3—Dby incorporating (2S)-proline, (2S,4S)-4-
fluoroproline, and (2S,4R)-4-fluoroproline, respectively, into the elastin scaffold. They then
conducted calorimetric and spectroscopic analyses of these protein polymers. Elastin-3
exhibited a lower 7; and a greater Type Il S-turn population versus the parent ELP, while
elastin2 demonstrated the opposite. The experimental data supported the notion that proline
substitution alters the energetics of the g-turn conformation peptide self-assembly via
stereoelectronic effects. These results were confirmed by density functional theory modeling
of the turn types for the elastin-mimetic repeat. Incorporation of (2S, 4R)-fluoroproline
stabilized Type Il B-turn structures, while incorporation of (2S, 4S)-fluoroproline
destabilized these S-turn structures when compared to unmodified ELP.

Costa et al. developed a bio-orthogonal crosslinking approach by genetically encoding a
photoreactive unnatural amino acid, para-azidophenylalanine (pAzF), into an ELP at the X
position of the VPGXG repeat (Figure 9).[168] They designed two pAzF-containing ELPs: i)
a monoblock photocrosslinkable ELP (PCE) consisting of (VPGVG)gg with four regularly
spaced pAzF residues, and ii) a self-assembling photocrosslinkable diblock (PCD) with an
N-terminal hydrophobic ELP block containing four equispaced photocrosslinkable pAzF
residues and a C-terminal hydrophilic ELP block that did not contain any pAzF residues.
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Following synthesis, crosslinked hydrogel particles were fabricated by tuning the
temperature and by UV crosslinking with sizes that spanned multiple orders of magnitude
from the nanoscale to microscale. At the nanoscale, a solution of the PCD formed spherical
micelles above its CMT, and the micelles could be photocrosslinked by UV irradiation to
form a nanogel. At the mesoscale, they created particles that ranges from several hundred
nanometers to a micrometer by using a mixture of a PCE with PCD, where the PCD acts as a
surfactant. By tuning the ratio of the PCD to PCE, the size of the coacervate of the PCE
could be systematically tuned from several hundred nanometers to the micron size regime.
UV irradiation was then used to photocrosslink the coacervate particles and the size of the
particles was dictated by the ratio of the diblock ELP surfactant and PCE in solution. At the
microscale level, a microfluidic droplet generator was used to generate microscale water-in-
oil emulsion droplets with the photocrosslinkable ELP. Coacervates were formed by
increasing the temperature above the 7; of the ELP, and the coacervates were then UV
crosslinked to form microscopic gel particles. This work illustrates the incorporation of
unnatural amino acids into ELP scaffolds as a strategy to create hydrogels with a range of
particle sizes.

6.4. Synthetic Polymer-ELP Hybrids: The Best of Both Worlds

PEG has been studied extensively as a hydrophilic polymer block that drives self-assembly
of hydrophobic core-forming polymers and confers colloidal stability and stealth properties
to the PEG decorated nanoparticle. Nanoparticle delivery vehicles have often been decorated
with small (1-5 kDa) PEG chains to escape opsonization and prevent enzymatic
degradation.[200.201] The use of PEG as the hydrophilic corona of ELP-micelles was first
studied in 2014 by Hest and co-workers.[169] They modified the two free amine groups of an
ELP with azide using a metal-free diazo transfer reaction, and modified the PEG backbone
with a bicyclo-nonyne moiety. The ELP-PEG conjugate was synthesized by using a strain-
promoted alkyne—azide cycloaddition (SPAAC). Conjugation of the hydrophilic PEG to the
ELP lowered the 7; of the conjugate compared to the unmodified ELP. The ELP-PEG
conjugate self-assembled into a spherical micelle in which the ELP formed the core and
PEG formed the corona of the micelle. The micelle size and polydispersity depended on i)
ELP length, ii) PEG molecular weight, and iii) the number of PEG chains per ELP. They
showed that di-PEGylated ELPs formed monodisperse micelles with a lower polydispersity
index than their mono-PEGylated counterpart. However, even with mono-PEGylated ELPs,
higher molecular weight PEG formed micelles with lower polydispersity than lower
molecular weight PEG. The data also showed that polydispersity increased with decreasing
ELP chain length, possibly because of diminished hydrophobic interactions within the
micellar core.[169]

Kiick and co-workers synthesized PAA containing elastin-mimetic copolymers by using
copper-catalyzed azide—alkyne cycloaddition of poly(tert-butyl acrylate) diazide and a short
elastin-like peptide X(VPGVG),X (X: propargyl glycine).[170] These block polymers
formed a polydisperse spherical aggregate upon slow titration of dimethyl sulfoxide
(DMSO) solution with water. Interestingly, the block polymers did not contain a specific
hydrophobic domain; instead, their self-assembly was driven by inter- and intramolecular
hydrogen bonding. By using coarse-grained modeling in conjunction with replica-exchange
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molecular dynamics simulations, the authors showed that self-assembly was driven by intra-
and intermolecular interactions of the polymer block. The interactions between ELP blocks
did not significantly influence the shape, size, or conformational stability of the aggregates.
The authors concluded that the PAA block is not ideal for use in a polymer-polypeptide
hybrid in which protein domain interactions are intended to drive assembly.

ELPs have been also used as the hydrophilic domain in ELP-synthetic hybrid polymers. A
study by Le Fer et al. showed that self-assembly and hierarchical nanostructure of these
hybrid polymers depended not only on the ratio of hydrophilic and hydrophobic repeats in
the block, but also on the methods used to induce self-assembly.[171] They synthesized a
diblock polypeptide with a high control of polymerization by using the N-terminal group of
a hydrophilic ELP as the macroinitiator for a ring-opening polymerization of y-benzyl-I-
glutamate N-carboxyanhydride (»-BLG NCA). Using this approach, they synthesized a
series of hybrid co-polypeptides with different PBLG block lengths (and thus different
hydrophobic contents) with low dispersity. The amphiphilic hybrid diblocks were self-
assembled using direct dialysis against water or by using a microfluidic chip system where
the solvent polarity was controlled by changing the DMSO:water ratio. Diblocks with lower
hydrophobic fractions (25-37%) formed spherical micelles irrespective of the self-assembly
method. When the hydrophobic fraction was increased to 55%, the diblocks formed
interconnected worm-like micelles. However, when the DMSO content was reduced,
distorted aggregates were formed. The decrease in DMSO reduced the solubility of the
hydrophobic block, likely reducing the chain mobility of the polymer to the extent that self-
assembly and structural reorganization of the aggregates became too slow to establish a
dynamic equilibrium.[171] The authors concluded that a diblock polymer with higher
hydrophobic content became kinetically trapped during the experimental time scale to form
a metastable, distorted aggregate. Direct dialysis against water resulted in a polydisperse
spherical micelle, whereas the microfluidic chip produced a well-defined vesicular structure
when the hydrophobic content was further increased to 70%.[171]

Lopez and colleagues reported the synthesis of near-monodisperse, discrete hybrid ELP-
silica particles by inducing a silification reaction on the micellar corona.[172.202.203] o
silicon affinity domain from lysine-rich silaffin R5 peptide was fused with the hydrophilic
N-terminus of a diblock ELP.[172] Formation of the micelle exposed the silaffin domain,
resulting in a high density of positively charged residues at the corona. This facilitated
mineralization of silica on the corona in presence of silicic acid. The silification reaction in
the presence of phosphate anions (at 37 °C for 30 s) resulted in large, highly polydisperse,
clustered silica spheres. The control diblock ELP, lacking the silaffin domain, did not induce
mineralization. Interestingly, in the absence of the phosphate anion, the silification produced
discrete, monodisperse ELP-silica particles. Cryo-TEM images showed solid particles
packed in a near-hexagonal lattice.[!72] Similar ELP-silica conjugates have been developed
for drug delivery[202] and for functional modification of silica surfaces.[203]

Injectable ELP Drug Depots and Hydrogels

Precise control of the ELP 7 via sequence, size, concentration, and solvent allows the
creation of hydrogels from soluble ELPs or ELP-hybrids via phase separation. ELP 7; can
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be designed to have a 7; below physiological temperature and can be injected in their soluble
form at room temperature. The physiological temperature experienced by the injected ELP
then triggers their phase separation into an insoluble coacervate in vivo. The 7; can be tuned
to between room and physiological temperature by control of two sequence-specific
variables: 1) hydrophobicity of the guest (X residue). ELPs that contain guest amino acids
with moderately hydrophobic side chains (e.g., valine, isoleucine, and alanine) phase
separate below 37 °C across a range of ELP MWs.[204-212] 2y MW: for a given ELP
sequence the 7; can be further tuned by its MW as the 7; decreases with increasing MW.
Simultaneous optimization of both variables is usually sufficient to design an ELP that will
phase separate at a defined concentration in a narrow temperature range of interest. Chilkoti
and co-workers have previously published number of papers that provide similar analytical
models that relate ELP composition and MW to its 7;.[2543:45] Optimization of the ELP MW
for in vivo applications also needs to take account into the impact of MW on
pharmacokinetics and tissue distribution.

Chilkoti and co-workers have used the hydrogel-forming polymeric VPGVG repeat
extensively to synthesize conjugates and fusion proteins for biomedical applications.
(VPGVG)g, with its subphysiological 7; of ~28 °C, forms a viscous coacervate upon
intratumoral (i.t.) injection.[297.208] |n 3 tumor xenograft mouse model, radiolabeled ELPs
containing (VPGVG)gp Were found to be distributed across the tumor and was retained in the
tumor for more than a week.[207] These ELPs exhibited low systemic toxicity even at high
radionuclide doses and resulted in enhanced tumor regression and enhanced survival in
tumor-bearing mice when compared to a soluble ELP radioconjugate. Liu et al.
systematically analyzed the parameters that affect the physical properties of the hydrogel,
including ELP molecular weight, concentration, composition, and attachment of a tyrosine-
rich peptide for radiolabeling.[208] They found that a decrease in 7; in response to increased
ELP concentration resulted in a higher tumor retention time. However, the 7; reached a
plateau as the number of ELP repeats increased beyond 120. A systematic increase in the
number of repeats of the hydrophobic, tyrosine-rich peptide (YG) increased the ELP’s
viscosity and tumor accumulation. Attachment of the tyrosine-rich sequence also reduced 7;
and resulted in a significant micelle population for (VPGVG)120-(YG)7, but only soluble
unimers for the shorter YG repeats (VPGVG)120-(YG)or(VPGVG)120-
(YG)4.Thisoptimized(VPGVG)120-(YG)7 sequence, which forms rod-shaped micelles,
provides three advantages for cancer therapy: i) it can be labeled with radioiodine at the
tyrosine; ii) it allows a large range of injection concentrations since 7; is independent of ELP
concentration; and iii) the micelle-to-coacervate phase separation is less responsive to in
vivo dilution than a unimer-to-coacervate transition. Upon i.t. administration, the radioiodine
conjugate formed a seed-like hydrogel with prolonged intratumoral retention, potent
antitumor efficacy, and degradation into nontoxic peptides. The radiation also induced
irreversible crosslinking between tyrosine moieties that provided secondary stabilization of
the coacervate (Figure 10).[209]

A similar strategy was used to deliver the type 2 diabetes drug, glucagon-like peptide 1
(GLP-1)[210.211] and fibroblast growth factor 21.212] Unlike i.t. administration to a solid
tumor in which the site of treatment is local, s.c. therapeutic depots for systemic treatment of
diabetes require diffusion of the drug from the depot into the blood to reach specific organs
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and tissues to exert their therapeutic effect.[211] By adjusting the molecular weight of the
ELP and the hydrophobicity of the guest residue, a GLP-1-ELP formulation was created that
quickly formed an insoluble coacervate upon s.c. injection; showed sustained release from
the coacervate depot with zero-order kinetics; exhibited excellent potency to control the
blood glucose for up to 10 days following a single administration in three different mouse
models of type 2 diabetes; and exhibited sustained drug release for up to 17 days in
nonhuman primates.[211]

ELPs can also be physically or chemically crosslinked to create hydrogels. The first
examples of ELP hydrogels were reported by Urry and co-workers who used radiation to
crosslink ELPs into hydrogels.[213-215] The first studies on chemical crosslinking were
carried by Conticello and co-workers who used the electrophilic crosslinker
bis(sulfosuccinimidyl) suberate to covalently crosslink a lysine-rich ELP to form hydrogels
in either phosphatebufferatpH8.50ranhydrousdimethylsulfoxide. They found that choice of
solvent affected the crosslinking density and the resulting microstructure of the gel.[42.216]
Trabbic-Carlson et al. also used lysine-based ELPs to form hydrogels by chemically
crosslinking with tri-succinimidyl aminotriacetate in an organic solvent mixture of
dimethylsulfoxide and dimethylformamide. The physical properties of the gel were found to
be tunable by control of three parameters: ELP molecular weight, concentration, and lysine
content.[24]

Because many applications of hydrogels involve the encapsulation of cells, radiation
crosslinking is not a viable strategy. In order to create cytocompatible crosslinked hydrogels,
Lim et al. synthesized ELPs with periodic Lys residues and crosslinked them using a
nontoxic water-soluble organophosphorous crosslinker, 5
[tris(hydroxymethyl)phosphino]propionic acid (THPP) that reacts with the amines of the
lysine residues in the ELP to create trifunctional intra- or intermolecular crosslinks. The
ELPs undergo gelation within minutes under physiological conditions, indicating that they
are suitable for use as injectable biomaterials. These hydrogels are noncytotoxic and
maintain cell survival.[217] Following up on these studies, Heilshorn and co-workers showed
that hydrogel formation using an ELP composed of repeats of [(VPGIG),(VPGKG)
(VPGIG),] requires stabilization through intermolecular crosslinking between two ELP
strands and/or between an ELP strand and a secondary polymer.[218] Using a similar
crosslinking strategy as Lim et al., they chemically crosslinked the ELP using a bifunctional
disuccinimidyl suberate crosslinker and trifunctional g-[tris(hydroxymethyl) phosphino]
propionic acid. These multifunctional amine-reactive crosslinkers reacted with the free
amine groups of ELP lysine residues to form 3D hydrogels.

Another challenge in the design of hydrogels for biological applications is the need to
reserve optical transparency so that encapsulated cells in the hydrogel can be imaged.
Mathew et al. demonstrated the modification of the ELP sequence to create translucent ELP
hydrogels.[219] Two peptide sequences, (XPGVG)sg and (XPAVG)sg, where X = VI 4:1,
both had a 7; of 37 °C; however, (XPGVG)sg formed an ELP-rich coacervate while
(XPAVG)s( formed a rigid hydrogel with >95% translucency for a 1 mm thick gel. Using
temperature-dependent turbidimetry, rheology, and differential scanning calorimetry, they
showed that gelation of (XPAVG)sq solutions occurred due to the interactions of
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hydrophobic chains and arrested phase separation above 7; at a threshold concentration of
15 wt%. Rheological measurements showed that an increase in ELP chain length or
hydrophobic content of the guest residue (X = V:1 2:3) stiffens the hydrogel network.[219]

ELPs have also been modified with hydrazide to form hydrogels by allowing dynamic
covalent condensation with aldehyde groups of oxidized hyaluronic acid.[220.221] The ELP-
hyaluronic acid conjugates formed a stiff hydrogel at body temperature that has been applied
to regenerating cartilagel?29] and delivering stem cells.[221] The stiffness of the hydrogel can
be tuned by varying temperature, ELP concentration, and the stoichiometry of the aldehyde
and hydrazide groups. These hydrogels are attractive for regenerative cell delivery therapies
because their shear-thinning nature makes them injectable without any need of predefined
shape/mold, and the phase transition of their ELP domains at body temperature allows them
to self-heal and form a potentially cell-adhesive scaffold with a long retention time. The ELP
phase transition stabilizes the hydrogel and results in tenfold slower erosion than a hydrogel
that is not thermally responsive.[221] To reduce the opacity of RGD-fused ELP hydrogels to
make them suitable for light-based observation of encapsulated cells, Wang et al.
synthesized a hydrogel network by crosslinking PEG bis(amine) and the ELP lysine via a
Mannichtype condensation with tris(hydroxymethyl)-phosphine, a trifunctional crosslinker.
[222] Grafting hydrophilic PEG onto the hydrophobic ELP backbone reduced the formation
of hydrophobic aggregates within the hydrogel (even at 37 °C), resulting in greater optical
transmittance.

ELPs with cysteine residues can also be chemically modified to yield novel hydrogels. Asai
et al. demonstrated that ELPs with periodic cysteines can form crosslinked hydrogels based
on the formation of intermolecular disulfide crosslinks.[223] Similarly, Xu et al. reported that
cysteine containing ELPs can be mixed with hydrogen peroxide to form cysteine-ELP
hydrogels with covalently crosslinked networks.[224] Because these ELPs are thermally
responsive and form gels under physiological conditions, they are also useful for drug
delivery and tissue engineering applications. Zhang et al. synthesized a highly elastic ELP
hydrogel by including a pair of cysteine residues which formed disulfide bonds when
exposed to UV light.[225]

Enzymatic crosslinking is an alternative to chemical crosslinking to create cytocompatible
hydrogels. McHale et al. showed that ELPs containing glutamine and lysine residues can be
crosslinked by the enzymatic activity of tissue transglutaminase in a biocompatible process.
The resulting ELP hydrogels were used to encapsulate chondrocytes, which were then able
to synthesize a cartilage matrix rich in sulfated glycosaminoglycans and Type Il collagen.
They also recorded an increase in mechanical integrity after the incubation with
chondrocytes, suggesting that the ELP matrix had been restructured by the deposition of
cartilage ECM components.[226]

8. Conclusions and Future Prospects

The studies described in this review highlight the versatility of ELP self-assembly systems.
The ability to tune self-assembly of these nanoarchitectures by manipulating the ELP
sequence and composition gives us the power to trigger phase separation and self-assembly
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using external stimuli such as temperature, pH, and light. Advances in genetic engineering,
synthetic biology, and chemistry have enabled incorporation of structural motifs such as
bioactive peptides, leucine zippers, S-sheet-forming domains, unnatural amino acids, lipids,
and synthetic polymers into the ELP backbone to create self-assembled biofunctional
nanostructures for a range of biomedical applications including drug delivery, regenerative
medicine, and biosensing.

With their scalability and customizable structure and bioactivity, ELPs and ELP-hybrid
nanostructures will continue to influence the understanding of self-assembly phenomena and
the development of new biotechnologies. There are a few especially promising areas of
research in ELP self-assembly. While substantial efforts have been made to understand
extrinsic and intrinsic variables that influence the self-assembly of ELP block copolymers,
this has not been done thoroughly for ELP-synthetic hybrid materials. Advances in
molecular biology will push production of hybrid ELP material by recombinant DNA rather
than chemical synthesis methods and will take advantage of PTM and via incorporation of
unnatural amino acids. Selective and quantitative chemical synthesis reactions such as
cycloaddition, click reactions, g-elimination, and substitution will continue to be useful for
appending synthetic motifs. Harnessing new external stimuli to trigger self-assembly into
new morphologies will continue to be important. De novo design of morphologies based on
experimental results, theoretical calculation, and molecular simulations will improve the
understanding of the structure—function relationships for self-assembled nanostructures and
will enable the creation of new architectures. Although much of our present understanding
of self-assembly comes from the study of static systems, the greatest challenges and
opportunities lie in the study of dynamic systems. Substantial effort is needed to better
understand dynamic self-assembling ELP-hybrid materials, particularly in terms of the
interactions of ordered motifs with disordered ELP systems. This effort requires a systemic
search for new peptide polymers that go beyond the commonly used VPGXG ELP
pentapeptide repeat.[34:227]
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Figure 1.
Various hierarchical self-assemblies of elastin-like-polypeptide and their hybrids. Created

with BioRender.com.
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Recursive Directional Ligation (RDL)

ELP
So—,

1
/ Restriction with B £p

ELP RE1 and RE2 \

Restriction with
RE1

Recursive Directional Ligation by
plasmid reconstruction (PRe-RDL)

ELP

Aculand Bgll
restriction

ELP

BseRland Bgll
restriction

Different methods to assemble genes encoding ELPs: a) concatemerization; b) OERCA,; ¢)
codon scrambling; d) recursive directional ligation (RDL); e) recursive directional ligation
by plasmid reconstruction (PRe-RDL). (a—c) Reproduced with permission.[36] Copyright
2017, Wiley. (d,e) Reproduced with permission.[46] Copyright 2010, American Chemical

Society.

Adadv Ther (Weinh). Author manuscript; available in PMC 2021 July 22.

w




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saha et al. Page 34

a Elastin-like polypeptide block copolymer
| ELP[V1A3G7-n]

Body temperature = 37 °C Tumor temperature = 42 °C
»
B A

2, o
~ g\ —= v
g S dn v
y A
Freely soluble ELPgc Spherical micelle

b c T<CMT T>CMT

,\120:

-
o
o

80
60
40 3

20 3

Hydrodynamic radius (nm

25 30 35 40 45 50 55
Temperature (°C)

Figure 3.
Temperature-triggered self-assembly of an ELP block copolymers. a) An N-terminal

hydrophilic ELP[V1AgG7-n] gene and C-terminal hydrophobic ELP[Vs-n] gene are
seamlessly fused together to create a gene that encodes an ELP block copolymer. When the
size and ratio of the blocks are correctly selected, the ELP block copolymer self-assembles
into a micelle close to body temperature. b) Hydrodynamic radius (/}) and optical density
profile at 350 nm of ELP[V1AgG7-64)/[[Vs5-90] block copolymer at 25 pm in PBS shows that
ELPs exist as unimers (&} of 5-10 nm) below CMT at 35 °C and form micelles (A} 30-80
nm) above their CMT. c) Confocal fluorescence images of K562/a, 83 cells treated with 10
pum ELP block copolymer with N terminal RGD ligand (green). Fluorescence images
showed that there was no binding/uptake of RGD-ELP below the CMT but above the CMT
there was significant binding/uptake of RGD-ELP due to the temperature-triggered
multivalent display of RGD ligands. (a,b) Reproduced with permission.[5%] Copyright 2007,
American Chemical Society. (c) Reproduced with permission.[6] Copyright 2010, American
Chemical Society.

Adv Ther (Weinh). Author manuscript; available in PMC 2021 July 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saha et al. Page 35

Elastin-like polypeptide Assembly domain
(VPGAG), H (xG), |

/\/

Figure 4.
Self-assembly of highly asymmetric ELPs with a short (XG;)g assembly domain. a)

Schematic of ELP asymmetric amphiphiles, where nis the number of pentameric repeats, X
is an aromatic hydrophobic amino acid (Tyr, Phe, or Trp) responsible for driving self-
assembly and zis the number glycine residues (G). b) Cryo-TEM micrographs of
(VPGAG)150-(FGG)g shows that this asymmetric amphiphile assembles into cylindrical
micelles. Scale bar represents 200 nm. Reproduced with permission.[71] Copyright 2014,
American Chemical Society.
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Figureb.
Self-assembly of ELP (labeled chimeric polypeptide (CP) in the figure panel) by drug

conjugation. a) Attachment of three to six copies of small molecules with log D above 1.5
(shown in red) triggers self-assembly, whereas small molecules with log D less than 1.5
(shown in blue) does not trigger self-assembly. b) Hydrodynamic radius (/}) (black curve)
and transition temperature ( 77) (red curve) of ELP-small molecule conjugates as a function
of log D. Below a log D of 1.5, conjugation of molecules does not trigger self-assembly, as
the conjugates have an /&, of 6 nm, consistent with ELP unimers. As the log D of conjugate
small molecules increase above 1.5, the ELP-conjugate self-assembles into micelles with an
R, of 30 nm. The concentration dependence of the 7; also decreases, indicating micelle
formation. ¢) Conjugation of doxorubicin (Dox) to ELP triggers self-assembly into
monodisperse micelles with an /&, of 22 nm as seen by freeze fracture scanning electron
microscopy. In the C26 colon cancer model, ELP-Dox micelles (CP-Dox) at their MTD
outperformed free Dox in reducing tumor growth rate and promoting survival. d)
Conjugation of paclitaxel (PTX) to ELPs (labeled CP in the figure panel) drives self-
assembly into mono-disperse spherical micelles as seen in the cryo-TEM micrographs. A
single dose of ELP-PTX (CP-PTX) micelles outperformed both free PTX and Abraxane in a
subcutaneous human prostate tumor model, PC3. All the mice in ELP-PTX group survived
beyond 70 days (scale bar = 200 nm). (a-b) Reproduced with permission.[9! Copyright
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2013, John Wiley and Sons. (c) Reproduced with permission.[%6] Copyright 2015, Springer
Nature. (d) Reproduced with permission.[®7] Copyright 2009, Springer Nature.
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Figure 6.
Incorporation of an ordered peptide domain into otherwise random ELP structure results in

hierarchical self-assembly. a) Silk-elastin-like polypeptide self-assembles into nanofibers
that form micrometer-sized clusters. The clustures are further organized into
macroscopically continuous structures with defined microscale order as revealed by SEM
images (scale bar 50 and 5 um). b) Confocal micrographs show that incorporation of leucine
zipper coiled coil into ELP backbone forms vesicles (scale bar 10 pm and in inset 1 pm). c)
SEM analysis illustrates that at the mesoscale, a partially ordered polymer (POP) consisitng
of an ELP and multiple copies of a periodically spaced oligoalanine helix forms a network
of interconnected beads (scale bar 10 um). Temperature-triggered phase separation of these
POPs yields porous, physically crosslinked, viscoelastic networks. (a) Reproduced with
permission.[156] Copyright 2014, AIP Publishing. (b) Reproduced with permission. [157]
Copyright 2014, American Chemical Society. (c) Reproduced with permission [158]
Copyright 2018, Springer Nature.

Adadv Ther (Weinh). Author manuscript; available in PMC 2021 July 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Saha et al.

a

o

/\/\/\/\/‘\/\/\)L

/\/\/\/\/\/\/\)(LNH Y Mri'ogm}"l)?“‘\%w

3
(C46H3,0,),-K(VPGXG); or dpX3

Figure7.

Page 39
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Drugs encapsulate into the hydrophobic core with

stirmng overnight at room temperature
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@ encapsulated small
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Conjugating two C4¢ lipids to a short ELP oligomer leads to formation of cylindrical
micelles with a) inverse phase transition behavior whereas attaching a single C4 lipid to a
long ELP results in formation of b) monodisperse spherical micelles. The lipid chain can be
appended through multi-step chemical synthesis in a reaction vessel (a) or recombinantly via
a single step, one-pot post-translational modification in a reprogrammed bacterial cell (b).
(a) Reproduced with permission.[15%] Copyright 2012, American Chemical Society. (b)
Reproduced with permission.[169] Copyright 2017, John Wiley and Sons.
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Increasing temperature
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Elastin-like polypeptide (ELP) domain

Figure8.
a) There are three distinct building blocks in FAMEs: a myristoyl group, an ordered S-sheet-

forming domain, and a disordered ELP domain. The myristoyl group and S-sheet-forming
domain together forms a peptide amphiphile (PA). b) Below 7; (7 < 7y), cylindrical micelles
are formed due to the attractive forces of the PA core and the repulsive force of the hydrated
ELP corona (stage 1). Above 7; (7. > T > T;) the dehydrated ELP domain undergoes an
LCST phase transition into a liquid-like coacervate and forms spherical droplets (stage 2).
Above 7 the ELP gets further dehydrated decreasing repulsion between the coronas that
drive macroscale self-assembly (stage 3). Reproduced with permission.[178] Copyright 2018,
Springer Nature.
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thermoresponsive gel particles with controllable sizes. a) Schematic representation of the
two disordered ELPs—PCE and PCD. b) SDS-PAGE gel electrophoresis of PCE, PCD, and
NCE (non-crosslinkable ELP, (VPGVG)gp) stained with DBCO-Cy5. Strategy for
generating: ¢) nanoparticles, d) mesoparticles, and e) microparticles. f) Chip-based
microfluidic droplet generator yields g) monodisperse ELP containing water droplets.

Reproduced with permission.[1%] Copyright 2018, John Wiley and Sons.
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Figure 10.
a—e) Schematic of ELP depot formation for brachytherapy. f—g) Pre-clinical anti-tumor

efficacy study of 1311-ELP brachytherapy for the treatment of f) orthotopic, human PC-3 M-
luc-C6 prostate tumor xenografts and g) orthotopic BxPc3-luc2 pancreatic tumor in athymic,
nude mice. Reproduced with permission.[2991 Copyright 2016, Elsevier.
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