1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017
January 01.

Published in final edited form as:
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2016 January ; 8(1): 123-138. doi:10.1002/wnan.1350.

-, HHS Public Access
«

Engineering structure and function using thermo-responsive
biopolymers

Martha K. Pastuszka and J. Andrew MacKay
Department of Pharmacology and Pharmaceutical Sciences, University of Southern California,
1985 Zonal Avenue, Los Angeles 90033-9121

J. Andrew MacKay: jamackay@usc.edu

Abstract

Self-assembly enables exquisite control at the smallest scale and generates order amongst
macromolecular building blocks that remain too small to be manipulated individually.
Environmental cues, such as heating, can trigger the organization of these materials from
individual molecules to multiparticle assemblies with a variety of compositions and functions.
Synthetic as well as biological polymers have been engineered for these purposes; however,
biological strategies can offer unparalleled control over the composition of these macromolecular
building blocks. Biologic polymers are macromolecules, themselves composed of monomeric
units that can be precisely tailored at the genetic level; furthermore, they can often utilize
endogenous biodegradation pathways, which may enhance their potential clinical applications.
DNA (nucleotides), polysaccharides (carbohydrates), and proteins (amino acids) have all been
engineered to self-assemble into nanostructures in response to a change in temperature. This focus
article reviews the growing body of literature exploring temperature-dependent nano-assembly of
these biological macromolecules, summarizes some of their physical properties, and discusses
future directions.
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Introduction

Multifunctional biomaterials offer the possibility to engineer systems with mechanical,
chemical, and physical properties that respond to environmental changes in nuanced
ways1-3. In the pursuit of these biomaterials, enhanced control is needed over their assembly
at the nanoscale. The rational design of self-assembling nanoscale systems is one strategy of
fabricating these materials from the bottom-up. In the medical arena, self-assembled
nanostructures are under evaluation as both diagnostics* and therapeutics®. Beyond medical
applications, nanoscale self assembly is being used in electronics to create clusters of
molecules that act as insulators, semiconductors, and even superconductors®. Non-covalent
forces drive the formation of ordered structures and patterns at the nanoscale, imbuing novel
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functions to systems that would not occur in the disordered state’. The shapes of higher
order nanostructures or patterns are largely determined by the individual parts comprising
the system. Therefore, the ability to engineer precision macromolecular parts is expected to
enable the rational design of multifunctional biomaterials.

The most complex examples of self-assembly are biological. Through the evolution of life,
interconnected networks of proteins, sugars, lipids, and oligonucleotides have been
genetically ‘programmed’ to assemble the multifunctional systems essential for biology.
Inspired by these natural systems, we have entered a new era of engineering, where intrinsic
properties of these natural building blocks can be reengineered for diverse applications. In
addition to harnessing the physical properties inspired by natural biomaterials, biologically
derived building blocks can result in more uniform synthesis, better biocompatibility8, and
utilization of endogenous biodegradation pathways®. Biologically derived systems can often
be processed by endogenous nucleases, proteases, and glycosylases, after which the
degraded products are naturally excreted or reutilized by the body?: 19,

Many polymers and biological materials undergo thermally-mediated assembly processes,
which have been proposed as strategies to enhance the assembly and functionality of
biomaterialsl 2 11, Assembly of nanostructures from synthetic polymers such as poly N-
isopropylacrylamide (PNIPAM) and poly lactic acid (PLA) have been extensively studied
and reviewed? 13, These ‘smart” materials have been engineered into temperature
responsive hydrogels, micelles, and vesicles!4-16, However, an emerging body of work now
characterizes the use of biopolymers to self-assemble structures using temperature as an
environmental cue. The purpose of this focus article is to review the current status of
thermally responsive biopolymers. For this manuscript, biopolymers are divided into three
broad categories: nucleic acids, polysaccharides, and proteins (Figure 1). Due to limitations
on space, it is impossible to delve deeply into each category. Instead we introduce unique
properties arising from each category of biopolymer. Examples have been identified that
produce structural features that might be engineered to assemble or respond to temperature
(Table 1). By juxtaposition of these three biopolymers, it may be possible to stimulate cross-
fertilization of their applications.

DNA Nanostructures

The high fidelity base-pairing specificity of nucleotides has been exploited by molecular
biologists for almost 30 years through applications of the polymerase chain reaction
(PCR)Y. As part of PCR, small oligonucleotides are used to recognize and pair with a very
specific sequence of melted single stranded DNA. A nucleobase on one DNA strand binds
its complementary nucleobase on the opposite strand8. Purine bases hydrogen bond with
pyrimidines and vice versa. Adenine bonds with thymine and cytosine bonds with guanine.
While having only 2 types of bonds appears a limitation, the linear combinations of 4
nucleotides of length, n, yield 4" possible permutations. A family of oligonucleotides with
10 nucleobases, could thus recognize and bind to over one million unique sequences of
DNA. This means that short oligonucleotides can encode for the many unique intersections
required to engineer specific nanostructures. Since nucleotide bases pair non-covalently,
oligonucleotide-stabilized structures assemble easily with a decrease in temperature. The
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melt temperature for each of these oligonucleotides can be tuned by adjusting the guanine-
cytosine content, the oligonucleotide length, or by introducing mismatches into the
recognition sequence. Thus, oligonucleotides possess thermally responsive properties,
tunability, and the ability to multiplex a large number of specific interactions within the
same structure.

Despite these opportunities to engineer oligonucleotide nanostructures, their full power to
assemble diverse structures has only recently exploded as a source of tunable and
biodegradable nanostructures. In part, this has been facilitated by the recent advancement of
DNA synthesis technology, which now allows for the production of kilobase strands of
nucleotides!®. When the design of these base pairings is aided by a computer, a vast array of
nanostructures can be constructed, including cubes, spheres, and even a map of the western
hemisphere20. Typically these structures are formed using bonding schemes between single
stranded DNA (ssDNA\) oligonucleotides??, long ssDNA scaffolds “stapled’ with shorter
oligonucleotides??, and also through the multimerization of branched DNA tiles22-24,

Nucleic acid-base pairing and any resulting structural assembly is a thermodynamic process,
which makes them amenable to thermal stimulation. Each annealed oligonucleotide
sequence has a specific melting temperature, which can easily be monitored using
intercalating fluorescent probes?3. The oligonucleotide melting temperature occurs where
half of all the nucleotide strands are paired with their complementary strand, which can
adopt a double helix that is relatively rigid in comparison with sSDNA. Sacca and coworkers
characterized the first and second temperature transitions of DNA strands that self-
assembled into DNA tiles23. In one example, oligonucleotides were mixed at equimolar
concentrations and melted at 90 °C. While the samples were slowly cooled, a first transition
was observed around 60 °C. At this point, single stranded nucleic acid sequences hybridize
and form double helices. After a controlled cooling step, these DNA double helices further
organize based into tiles with ordered three-dimensional structures determined by their
sequence. Both annealing processes are fully reversible.

Large scale DNA origami structures have recently been described that are comprised of
megadalton sized DNA-origami tiles?4. Previous work describes the formation of polyhedra
using a three arm “tripod’ tile22. The edges of the tile are comprised of 3 double helix
structures, which are connected by single stranded hinges. These tiles form shapes such as
nanoprisms and buckeyballs. However, scaling up this scheme to megadalton sized tiles
initially failed to produce well-formed shapes. linuma and coworkers circumvented this size
limitation by creating tripod tiles out of 3 distinct DNA strands4. DNA strands were mixed
with p8064, a circular ssDNA scaffold, and heated to 80 °C. The mixture anneals when the
system was rapidly cooled from 80 to 65 °C over 1 hour. This was followed by a slow
annealing step, where the sample was cooled from 62 to 24 °C over 42 hours. The shape
formed by the DNA origami “tripod’ tiles was determined by the angle between the tripod
legs. For example, tetrahedron formation requires monomeric tripod tiles with 60° - 60° -
60° angles between the tripod legs while cubes require 90° - 90° - 90° angles between tripod
legs. This scheme produced 20 MD tetrahedrons, 40 MD cubes, and 60 MD hexagonal
prisms. The edges on these polyhedra were approximately 100 nm.
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As mentioned in the introduction, a thermally responsive system can be created by the
addition of a thermally responsive element. For example, functionalizing a molecule or
particle with a thermally responsive DNA strand will impart thermal sensitivity to the parent
system. Qi and coworkers describe a system where DNA-functionalized hydrogels self
assemble into structures as large as 1 mm in length25. The system was engineered by
conjugating a short DNA primer to a polyethylene glycol(PEG-)NHS molecule. This DNA-
PEG-NHS solution was mixed with polyethylene glycol diacrylate (PEGDA), and exposed
to UV light. PEGDA undergoes photo-initiated crosslinking; therefore, the mixture
conforms to a mold when activated by UV light. This process yields hydrogel cubes with
short DNA primers extending from one face or many, depending on the pattern of DNA
functionalization achieved with photolithography. Using a circular DNA as a template, the
rolling circle amplification technique was able to extend DNA primers mounted in the
hydrogel?8. This resulted in a cube with sequences of ‘giant DNA’ extending off faces of the
hydrogel. Mixing giant-DNA functionalized hydrogels with hydrogels functionalized using
complementary DNA further yielded even larger nanostructures. The shape of these
nanostructures can be engineered by protecting faces of the hydrogel during
functionalization with giant DNA as well as by varying complementary pairing of DNA.
This method has generated hydrogel cuboids that self-assemble into 1 mm long chains as
well as 2 x 2 hydrogel squares. As with all DNA-mediated assembled structures, a sharp
increase in heat is expected to disassemble the structure; however, it remains to be seen if
the assembly temperature for these nanostructures can be tuned across a range of relevant
temperature. Some of these three-dimensional DNA origami systems are even being
evaluated as drug delivery systems?’.

Much of the literature on DNA nanostructure has described complex 2-D and 3-D designs,
however all of these are rigid, fixed structures. In contrast, Zhou and coworkers introduce a
method for creating DNA nanostructures with tunable mechanical properties?8. Using the
same annealing process described above, they designed a DNA structure with two arms
made up of 3 bundles of double stranded DNA flanking an inner structure composed of only
6 DNA helices and more flexible ssDNA oligonucleotides. At the center of the structure, a
fixed DNA strand serves as the hinge while a flexible ssDNA spring pulls tension on the two
arms. By adjusting the length of the sSDNA the resulting structures adopt different angles
(Figure 2). A short ssSDNA spring pulls the joint into a decreased angle. A longer ssDNA
spring relaxes the tension put on the bundle of double stranded DNA and results in a wider,
more linear angle. Such a mechanically flexible system can ultimately be used to control
motion of nanomechanical devices; furthermore, as these materials are designed from
oligonucleotide base paring, it is plausible that the angle adopted by these hinges might one
day be engineered to be temperature dependent.

Polysaccharides

Polysaccharides are polymeric carbohydrates obtained or inspired from a broad array of
sources including animals, plants, and microorganisms2®. The majority of polysaccharides
are anionic with the exception of cationic chitosan30. While their chemical structure is not
directly determined by the genetic code, they are biologically synthesized via well-
coordinated biochemical pathways resulting from conserved polysaccharide synthases.
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Thermal responsiveness has most frequently been conferred to polysaccharides using
synthetic polymers such as PNIPAM; however, gellan and xanthan gums, produced by
microorganisms, are intrinsically thermally responsive®0. This thermal responsiveness is
derived from a conformational change in structure; as the temperature increases, the
polysaccharide goes from ordered helix to disordered coil3L.

Chitosan, which is generated by the partial deacetylation of chitin, is the second most
abundant natural polysaccharide after cellulose32. It is found in bacterial and fungal cell
walls as well as in exoskeletons of crustaceans and insects. Chitosan undergoes a thermally
induced gelation based on the degree of deacetylation. The more deacetyled the chitosan
chain, the lower the temperature needed for gelation. This parameter allows bioengineers to
tune the formation of chitosan hydrogels to occur in the body. Temperature sensitivity has
also been conferred to chitosan using thermally responsive molecules. For example,
complexes of chitosan with ovalbumin create stable, self-assembled nanogels33. To form
these gels, a mixture of chitosan and ovalbumin is complexed at pH 5.4, and the mixture is
heated to 70 °C, past the denaturation temperature of ovalbumin. Once the solution reaches
70 °C, ovalbumin undergoes a conformational change from an a-helix to a mixed B-sheet
and coil structure. Additionally, it is believed that temperatures above 70 °C induce both
intermolecular hydrophobic association and the formation of disulfide bonds, which stabilize
the chitosan-ovalbumin association. When optimized, this strategy results in monodisperse
chitosan-ovalbumin nanogels with a 50 nm radius, as confirmed using TEM imaging.
Alternatively, thermal sensitivity has been conferred to chitosan using PNIPAM and
Pluronic34 35,

Thermo-reversible assembly is commonly explored in hydrogel systems. Many of these are
mediated by synthetic polymers such as PNIPAM, which confer lower critical solution
temperature properties to a protein or peptide3%. Extensively used in the food industry as a
thickening and gelating agent, k-carrageenan has recently gained prominence as a
thermosensitive material for nanogel formulations3’. Extracted from red seaweed, k-
carrageenan is a high molecular weight (200 to 800 kDa) polysaccharide made up of
repeating galactose and 3,6 anhydrogalactose units. Above the gelation temperature of
carrageenan, the carrageenan adopts a random coil conformation. Cooling below the
gelation point causes the polysaccharide to undergo a conformational change into a double
helix, which ultimately self assembles. Gelation temperature can be tuned by the
concentration of polymer in the system. This gelation has been utilized to form 100 nm
nanoparticles that can be induced to release drug above their gel to solution transition
temperature, engineered to occur at physiological temperatures (37 -45 °C)38. x-carrageenan
has also been mixed with methylcellulose to create a three-phase system. While k-
carrageenan solubilizes when heated, methylcellulose undergoes gelation when heated. By
varying the concentrations of k-carrageenan and methylcellulose from 1-2 wt%, Tomsic and
coworkers engineered the gel-sol-gel transition to occur in the physiologic range, from
30-60 °C39, paving the way for entrapment and release of therapeutic colloids.

In addition to carrageenan, polysaccharide-based hydrogels have recently been explored in
the tissue engineering community using gellan gum. Gellan gum is derived from the
fermentation of bacterium Sphingomonas elodea®. It is comprised of tetrasaccharide repeats
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Proteins

of glucose, D-glucuronic acid, glucose, and rhamnose. At high temperatures, gellan gum
polysaccharide forms random coils in solution with a low viscosity. Decreasing the
temperature allows the gellan to cross link through formation of double helices, which are
stabilized by the carboxylic acids on the glucuronic acid moieties. The carboxylic acid
participates in internal hydrogen bonds that stabilize antiparallel double helices. When in an
antiparallel double helix conformation, gellan gum'’s viscosity increases dramatically,
forming a gel. The mechanical properties of the gel can be tuned by controlling the degree of
acetylation. Highly acetylated gellan gum forms soft, elastic, pliable hydrogels. However,
gellan gum that is non-acetylated forms more brittle hydrogels. Pereira and coworkers
explored mixtures of gellan gum with two degrees of acetylation, which together can form
microparticles?0. Mixing highly acetylated gellan gum with non-acetylated gellan gum at a
ratio of 1:1 resulted in microparticles 741 um in diameter, larger than when either acetylated
or non-acetylated gellan gum are mixed in a 3:1 ratio. Oliveira and coworkers utilized gellan
gum's thermal responsiveness to form hydrogels in a broad range of geometrical forms
(Figure 3)*1. The gels were formed by heating to 90 °C, which disperses the polysaccharide.
CaCl, was added before slowly cooling the solution to 50 °C, at which point the solution
was cast into cylindrical molds and cooled to room temperature. This formed a hydrogel,
which was thermally reversible upon heating. Depending on the mold, the gel can maintain a
variety of geometries ranging from 10 mm discs, membranes, and porous scaffolds.

Another example of a thermally responsive polysaccharide hydrogel comes from xanthan
gum. Xanthan gum is a branched, high molecular weight exopolysaccaride produced by
Xanthomonas campestris*2. It is composed of D-glycosyl, D-mannosyl, and D-glucuronyl
acid in 2:2:1 molar ratio along with variable amounts of O-acetyl and pyruvyl residues®3. A
thermal stimulus causes xanthan gum to undergo a conformational change in aqueous
solution from an ordered helix, stabilized by non-covalent bonds, to disordered coil. This
order-disorder transition is reversible and can be modulated to occur at a range of
temperatures by altering the salt concentration and side chain substitution. Sereno and
coworkers used xanthan gum to form particles through extrusion3L. Based on
microcalorimetry, when extruded below their order-disorder transition temperature these
particles lose their helical structure and adopt more amorphous non-helical regions. This
results in intermolecular cross-linking, which creates large interconnected networks. The
extrusion process also aligns xanthan gum during particle formation. Similar to other
polysaccharides, this cross-linking property of xanthan can be reversed by reheating the
system past its order-disorder transition. Dropping the temperature back down, xanthan re-
adopts its original helical conformation and stabilizes non-covalent bonds.

Like polysaccharides and oligonucleotides, proteins display a range of thermally- responsive
properties that are often strongly associated with their assembly of specific secondary
structures. Most notably, the biological machinery responsible for protein translation can be
used to generate high molecular weight (8 to 80 kDa) repetitive amino acid sequences called
protein polymers. Protein polymers can be genetically engineered into a multitude of
compositions by varying their encoding DNA sequence. By selection of the repetitive motif,
the protein polymer can be designed to adopt specific secondary structures, which can be
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used to mediate assembly. Multiple classes of thermally responsive protein polymers are
under exploration for material sciences applications, which include leucine zippers, collagen
motifs, elastin-like polypeptides, resilin biomimetics, and protein polymers rationally
designed de novo. While elastin-like polypeptides stabilize into ordered structures with the
application of heat, leucine zippers and collagen motifs destabilize into smaller particles
under increased temperatures*. Resilin mimetic polymers exhibit both of these properties:
they assemble at low and high temperatures with a window from 6 -70 °C where they are
soluble®® 46 Another physical property of protein polymers is the reversibility of this
physical change. Elastin-like polypeptides, leucine-zippers, and resilin polymers undergo
this conformational change reversibly, while collagen motifs undergo conformational
changes irreversibly#4: 46,

Leucine-Zippers and Collagen Motifs

Leucine zippers, a class of coiled coils, are structural motifs that function as transcription
factor binding domains#’. The name leucine zipper is derived from regularity of
hydrophobic amino acids, such as leucine. Typically, leucine is found every seven residues
on the peptide sequence, which allows for the formation of an amphipathic alpha helix with
the leucine residues forming a hydrophobic region on one side*’. This hydrophobic leucine
region drives dimer formation between the two strands, creating a coiled coil of parallel
alpha helices*8. Leucine zippers reversibly unfold at elevated temperatures. Dimers
dissociate when the polymer secondary structure changes from an alpha helix to a random
coil. One example of a leucine-zipper derived polymer motif used in the formation of
structures is a parallel coiled coil derived from the yeast transcription factor GCN44. This
peptide takes two GCN4 sequences and separates them with 2 alanine inserts. The insertion
produces a phase shift in the GCN4 repeats that creates two hydrophobic ridges 200° apart.
The addition of cosolutes, or an increase in temperature causes the peptides to disassociate
from large nanofibrils into smaller, more discreet nanoropes. At 4 °C, the molecular weight
of the nanostructures is 1,800 kDa, but a shift in temperature up to 25 °C causes a decrease
in polymer weight to 420 kDa. Atomic force microscopy imaging illustrates the formation of
nanoropes from these peptides (Figure 4). The leucine zipper motif's ability to
heterodimerize has recently been exploited to drive the localization of cytosolic proteins in
E. coli%0. Additionally, leucine zipper domains have been used to drive formation of
hydrogels with mechanical properties strong enough to serve as scaffolds for tissue
engineering applications®?. Indicating the potential for crossover applications between
different biomaterials, the DNA origami concept described above has recently been co-opted
to fold an expressed polypeptide into a tetrahedron®2. Gradisar and coworkers linked 6
distinct complementary coiled-coils domains together, one of which is based on the GCN4
sequence. The denatured polypeptides formed perfect nanostructures upon either dialysis
and/or controlled cooling.

One of the most abundant proteins in the body, collagen has a unique tertiary structure: a
right-handed triple helix made up of three helical peptide strands. Collagen is comprised of
the amino acid sequence Xaa-Yaa-Gly with proline being the most abundant Xaa and L-
hydroxyproline being the most abundant Yaa®3. Multiple collagen-mimetic peptides have
been described, however one of the best characterizations of a self-assembling collagen
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mimetic is done on (Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly),, a collagen-mimetic
polypeptide that replaces arginine and glutamate residues with lysine and aspartate>*. This
peptide adopts a triple helix secondary structure, which mediates assembly of nanofibers and
a hydrogel. The assembly of this gel is temperature sensitive; furthermore, above 40 °C the
collagen triple helix unfolds into a random coil and the hydrogel disassembles®®.

Most of the collagen mimetic peptides are able to crosslink into larger hydrogels; however,
recently collagen-mimetic peptides were tuned to assemble two-dimensional assemblies
referred to as nanosheets®6. Using 3 blocks with differing electrostatic properties, each block
comprised of amino acid triads repeated 4 times, allowed Conticello and coworkers to
uniaxially orient collagen- mimetic fibrils. By replacing the original positively charged
arginine residue with the non-cannonical amino acid aminoproline, the resulting
polypeptides form a collagen triple helical conformation with thermal stability up to 32
°C56, Altering the original collagen-mimetic formulation further, the central block of triads
was lengthened from 4 to 7 repeats of (Pro-Hyp-Gly), which increased the thermal stability
up to 60 °C. The resulting collagen-mimetic assembles into multi-layered nanosheets with
well-defined morphology. This is the first collagen formulation to form two-dimensional
structures without the need for a non-native structural interaction such as metal promoted
crosslinking. Since self-assembling collagen motifs are derived from endogenous collagens,
a number of applications relating to tissue regeneration using collagen motifs have
emerged®’.

Elastin- like polypeptides
Elastin-like polypeptides, derived from the human gene for tropoelastin, are explored in a
variety of applications ranging from protein purification, drug delivery, to hydrogel
formation, due in part to their temperature responsive properties®8-60. At a critical
temperature, termed an inverse transition temperature (T;), ELPs undergo a conformational
change from random coils to type Il -turn spirals; furthermore, this change in secondary
structure precedes phase separation. The ELP transition temperature can be rationally tuned
by varying the amino acid composition and polymer molecular weight. ELPs are comprised
of the amino acid repeat Val-Pro-Gly-Xaa-Gly, where the hydrophobicity of the guest
residue, Xaa, largely determines the transition temperature. For example, a hydrophilic
amino acid such as alanine endows an ELP with a higher transition temperature than an
equivalent length ELP with a more hydrophobic guest residue such as valine. Additionally,
molecular weight has similar effects. An ELP with a molecular weight of 76 kDa will
undergo a conformational change and phase separation at a temperature below that of an
otherwise equivalent ELP with a molecular weight of 40 kDa®?,

The ability of ELPs to abruptly form insoluble assemblies in response to heating has been
exploited by our group to form intracellular microdomains. A plasmid encoding for an ELP
that phase separates near a physiologically relevant temperature is first transfected into
cultured cells®2: 63, These cells produce ELPs or ELP fusion proteins in their cytosol. In one
example, cells transfected with a 28 kDa ELP with valine guest residues, undergo
intracellular phase separation at 33 °C. This conformational change results in the formation
of genetically engineered protein microdomains (GEPMs), which can be visualized in living
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cells by attachment to fluorescent proteins (Figure 5a). Microdomain formation is reversible
with a decrease in temperature. Alternatively, by attaching an ELP to a functional protein,
such as the clathrin light chain, microdomains associate with a target protein complex
sequestered inside. In one example®4, these microdomains sequester clathrin heavy chain,
which functionally knocks-down clathrin-mediated endocytosis (Figure 5b,c). This strategy
results in a rapid, reversible blockage of target intracellular pathways, and may have broader
applications to processes ranging from cellular trafficking to signaling pathways.

While the thermally-mediated assembly of ELP microdomains appears to have potential
applications, genetic engineering with these polymers also allows for the construction of
amphiphilic block copolymers capable of assembling nanoparticles®®. Ligating in tandem
two ELPs of varying hydrophobicity results in the formation of stable protein nanoparticles.
The ELP with the more hydrophobic amino acids undergoes a conformational change at a
temperature below that of the more hydrophilic ELP block. Phase separation of the more
hydrophobic block mediates the assembly of a nanoparticle core, with the soluble
hydrophilic ELP block forming the corona. Interestingly, the critical micelle temperature for
ELP diblock copolymers depends mostly upon the properties of the more hydrophobic ELP;
furthermore, this can be predicted by a quantitative model®?. This scheme has been used to
load ELP micelles with therapeutics for drug delivery applications®®: 67. Of potential utility
in the manipulation of intracellular ELP microdomains, these nanoparticles (GFP-S48148)
appear to sort from ELP monoblocks (dsSRED-V96) co-expressed in the same cell (Figure
5a).

In other reports, ELPs have been incorporated into hybrid systems along with silk-like
polypeptide (SLP) domains to confer thermal responsiveness and decrease crystallinity of
SLP domains?0. Like ELPs, SLPs are composed of repetitive sequences of amino acids,
namely glycine and alanine. The most commonly used SLP motif is Gly-Ala-Gly-Ala-Gly-
Ser, derived from the silkworm Bombix Mori%8. Alone, GAGAGS domains assemble into
insoluble, B-sheets, making them difficult to use in aqueous environments. Incorporating
blocks of ELP allows for increased solubility of the silk-elastin-like polypeptide (SELP).

While SELPs have been explored for gelation upon tumor injection89, the Kaplan group has
recently engineered SELP micelles for systemic administration’?. The SELP nanoparticles
described by Xia and coworkers undergo a two-step thermal transition’1. Above 20 °C, but
below 40 °C, SELP polymers with a 1:8 silk to elastin ratio and 55.7 kDa spontaneously
form spherical structures with a 60 nm radius. Soluble ELP domains are expected to localize
at the corona of the micelle with silk domains stabilizing the core with intermolecular
hydrogen bonding. The second transition occurs above 60 °C when interactions between
SELP particles result in larger coacervate formations with a 241 nm radius. While this
assembly is reversible, it is interesting to note that upon cooling to 20 °C, SELP morphology
varies based on the silk to elastin ratio. For example, after cooling a 1:8 ratio silk to elastin
polymer returns to solution as a monomer. However, a 1:4 silk to elastin ratio, upon cooling
adopts a worm-like nanostructure composed of small spherical particles.
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Resilin

While elastin-like polypeptides are derived from the repetitive region of the mammalian
gene tropoelastin, the resilin-mimetic polymer recl-resilin is derived from the repeat
sequence found in the Drosophila melanogaster CG15920 gene. Resilin is highly elastic.
For example, Drosophila melanogaster only expresses resilin during its pupa stage, yet it
remains functional throughout the insect's lifetime®®. Rec1-resilin is composed of 18 copies
of the 15-residue repeat sequence Gly-Gly-Arg-Pro-Ser-Asp-Ser-Tyr-Gly-Ala-Pro-Gly-Gly-
Gly-Asn’2, Like an ELP, this sequence is rich in Gly and Pro residues; however, in contrast
to an ELP it lacks aliphatic residues with bulky side chains. As a stimulus responsive
biopolymer, rec1-resilin is of interest because it possesses not only lower critical solution
temperature (LCST) behavior observed for ELPs, but also an upper critical solution
temperature (UCST). Additionally, rec1-resilin maintains a self-assembled form both above
and below both critical solution temperatures. Below its UCST at 6 °C, recl-resilin is turbid
in solution. Cryo-TEM images show recl-resilin assembles a high-density network of
spherical particles approximately 5.4 nm in diameter (Figure 6). As the temperature is
increased above the UCST, the rec1-resilin solution becomes transparent. Cryo-TEM images
show discreet nanoparticles 9.5 nm in diameter, and DLS confirms this by characterizing
recl-resilin as having a Dy, of 11 nm with low polydispersity in the 15 to 70 °C temperature
span. Above recl-resilin's 70 °C LCST, recl-resilin forms larger discreet spherical
nanoparticles between 100 and 130 nm in diameter. Since recl-resilin is a 28.5 kDa protein,
the diameters observed between the UCST and LCST using DLS and cryo-TEM are
consistent with a population with a low aggregation number.

De Novo Protein Polymers

In addition to naturally occurring or biomimetic polymers such as ELPs and leucine zipper
domains, a number of stimulus responsive polypeptides have been rationally designed de
novo. One such polypeptide, 17-H-6, is an alanine-rich helical polypeptide. Amino acids like
alanine, glutamine, and glutamic acid are commonly used in de novo polypeptide designs
because of their high helical propensity”3. The 17-H-6 alanine-rich polypeptide is comprised
of Ala-Ala-Ala-GIn-Glu-Ala-Ala-Ala-Ala-GIn-Ala-Ala-Ala-GIn-Ala-Glu-Ala-Ala-GlIn-Ala-
Ala-GlIn. At acidic pH and low temperature, 17-H-6 adopts an alpha-helical, folded
conformation, which was confirmed using circular dichroism. This results in a globular
nanostructure between 10 and 20 nm in diameter. The increase in pH to 7.4 dissociates the
polypeptide. However, while maintaining an acidic pH yet increasing the temperature to 80
°C for 18 hr, the polypeptide dissociated and unfolds before undergoing a conformational
change to B-sheet 2 stabilized fibrils 5-10 nm in diameter’4. While the conformational
change induced by a low temperature and increase in pH is reversible, the temperature
mediated conformation change into nanofibrils is not.

Another example of thermally responsive fibrillar structures is the 687 amino acid
polypeptide pioneered by the Welch group, termed YEHK. The YEHK polypeptide contains
the repeating units (Gly-Ala)sGly-Tyr(Gly-Ala)3Gly-Glu(Gly-Ala)3Gly-His(Gly-Ala);Gly-
Lys. The GA residues drive the antiparallel 3 sheet formation with YEHK residues designed
to induce turns. At room temperature, the polypeptide forms face to face antiparallel 8-
sheets, stabilized by internal hydrogen bonds, that result in a fibrillar structure 15 nm in
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width and 10 to 1000 nm in length. At 90 °C, the polypeptide reversibly denatures and
adopts a random coil conformation’®: 76, YEHK's ability to reversibly unfold and refold due
to temperature stimuli makes it an excellent model to study protein-folding mechanisms of
globular B-sheet proteins.

Future directions

Biopolymers composed of carbohydrates, nucleic acids, and amino acids have excellent
potential to impact a wide variety of biomedical applications, which have been mostly
dominated by synthetic materials. As biopolymers are derived from biological sources, they
can utilize endogenous biodegradation pathways, often be encoded at the genetic level, and
provide a level of nanoscale control found only in biology. The biopolymers described
above are being explored to construct hydrogels for tissue engineering and nanoreactors for
biomanufacturing. Alternatively, biopolymers are being explored in drug delivery to confer
spatial control over targeting moieties and to trigger drug encapsulation and release. In these
applications, there remain fundamental limitations to current technology. For example, in
drug delivery the goal of creating a safe/responsive/targeted carrier remains elusive. Akin to
a viral particle, it is likely that multiple or even many distinct functionalities will need to be
engineered onto a nanostructure on the order of 10-100 nm to realize this goal. Biopolymers
offer unique opportunities to utilize the peptide, carbohydrate, and nucleotide
polymerization machinery to pattern functional macromolecules in the most optimal shape
and orientation at the nanoscale. Since these biopolymers can all be generated in a cell, they
can conceivably be fused into hybrid systems during biosynthesis. When our community
understands synthetic biology well enough, it may become feasible to create true
nanomachines that run assays on their environment, move with purpose toward targets, carry
out programmed functions, and report their findings. Traditional top-down approaches such
as photolithography have been extraordinarily powerful; however, it is unlikely that they
will ever be able to pattern multiple mechanical and electronic functions into particles
smaller than 100 nm. Current bottom-up approaches based on lipid and polymeric
amphiphiles are also powerful; however, neither approach has scratched the surface of what
has been achieved through eons of biological evolution. We contend that the biopolymers
presented herein are the tools with which the next generation of multifunctional
nanomachines can be engineered.

To realize this futuristic goal, substantial work will be required to explore the properties of
these biopolymers. In particular, better control over their expression, assembly, tunability,
and safety will be needed to engineer these biopolymers to overcome current limitations. For
instance, the number of independent functions that can be engineered into a single expressed
biopolymer have yet to be determined. More amenable to multifunctionality, DNA and
proteins can be directly engineered with high fidelity using chemically synthesized genes. In
contrast, modification of carbohydrate may be more challenging to control within an
organism. The abundance of glycoproteins in nature suggests there may be advantages to
developing hybrids between these biopolymers. Despite this, methods to coassemble distinct
peptides, oligonucleotides, and carbohydrates together into a hybrid system remain largely
unexplored. To design nanomachines that process environmental information, such as
temperature or the presence of biological analytes, a much tighter control over the factors
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that determine their tunability/responsiveness will be required. Lastly, as with any
biomaterial, they must be engineered to be biocompatible from the immunologic, mutagenic,
teratogenic, and cytotoxic perspective. A deeper understanding of biopolymer properties and
their interactions with biological systems is needed to facilitate future achievements.

Conclusions

Creating structures at the nanoscale requires self-assembling materials whose monomeric
composition dictates the ultimate multimolecular structure. Current technologies for
manufacturing biologic materials offer unprecedented control over the composition of these
monomeric units; furthermore, there now appear to be opportunities to directly assemble
these nanostructures within the living cell. Future advances in biopolymer engineering are
expected to further propel the field of molecular self-assembly into multifunctional and
biologically relevant nanomaterials.
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Figure 1.
Biological polymers represent a rich source for the engineering of nanostructures. Three

classes of biopolymers are evaluated within this review: DNA oligonucleotides,
polysaccharides, and protein-based sequences. Each has the ability to specifically self-
associate, which can modulate the formation of a wide variety of nanostructures. As their
association depends on kinetics and/or thermodynamics, these structures are responsive to
temperature. All produced from biological sources, they can be engineered by manipulation
at the genetic level to varying degrees. The exquisite control exerted by biological synthetic
pathways suggests that they are excellent candidates to engineer useful biomaterials.
Adapted with permission from the American Chemical Society28: 7981 Adapted with
permission from John Wiley and Sons*1. Adapted with permission from the Centre National
de la Recherche Scientifique and The Royal Society of Chemistry5L.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 January 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pastuszka and MacKay

Number of Particles

Page 18

10

40

8

8

-+

=

30 60 80 120 150 180
Joint Angle (%)

Figure 2. Oligonucleotide origami uses single stranded DNA (ssDNA) springsto engineer

precision joints
Two arms composed of 3 bundles of double stranded D

NA (18 helices total) were linked by

a single rigid bundle (6 helices) as well as a sSDNA spring. The length of the spring was
modified to produce different angles. Conformational analysis was performed using TEM
imaging. Typical particles and histogram distribution are presented with A) 0, B) 11, C) 32,
D) 53, and E) 74 bases in the ssDNA springs. The black lines show Gaussian fits to the data.
The angles corresponding to the peak values of Gaussian fits were 56.5° (n = 154), 70.2° (n
=213), 97.9° (n = 169), 110.0° (n = 252), 128.2° (n = 204). Bars = 20 nm. Adapted with

permission from the American Chemical Society?28.
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Figure 3. Structural versatility of biomaterials generated from gellan gum polysaccharides
A) discs; B) membranes; C) fibers; D) microparticles; E) and F) 3D lyophilized scaffolds.

Adapted with permission from John Wiley and Sons*L.
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Figure 4. Peptide-based leucine zippers from GCN4 form nanoropes
Nanorope formation is temperature and cosolute dependent. A) Phase image using tapping

mode AFM of nanoropes formed in 1.5 M NaCl. The scale bar represents 500 nm and the z-
scale represents 25 nm. B) Phase image of nanoropes formed in 0.75 M (NHy4)2SO4 shows
even longer structures than those in A). C,D) Circular dichroism was used to study the
formation of alpha helices (-©222 nm for 144 uM peptide in 10 mM Tris, pH 8.0) as a
function of C) cosolute concentration at 25 °C including Na,SO,4 (@), (NH,4) 2SO4 (A), and
NaCl (#) and glycerol (inset graph) and D) temperature as a function of NaCl concentration,
which shows that salt stabilizes the alpha helices until a higher temperature. Adapted with
permission from PNAS#9.
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Figure5. Intracellular assembly and function of elastin-like polypeptide microdomains
A) An amphiphilic ELP (GFP-S48148) and an ELP monoblock (dSRED-V96) with similar

transition temperatures and molecular weight sort into separate microdomains in live cells.
B) An ELP fused with the clathrin-light chain (V96-CLC) is soluble at 31 °C but assembles
into V96-CLC microdomains above 37 °C. Red = ELP, Green = the angiotensin Il receptor
(AnglIR) at the cellular membrane. C) V96-CLC microdomains sequester the machinery of
clathrin-mediated endocytosis and inhibit the internalization of AnglIR at 37 and 42 °C. The
V96-CLC fusion remains soluble at 31 °C and does not affect receptor internalization.
(**p<0.0001) Mean + 95% confidence interval (n=3). Adapted with permission from
Wiley-VCH Verlag GmbH & Co 6364,
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Figure 6. Resilin: A genetically engineered protein responsive to multiple stimuli
Cryo-TEM micrographs of rec1-resilin for solutions of A) Vitrified recl-resilin at 20 °C has

only dispersed spherical particles approximately 9.5 nm in diameter with poor contrast,
which is consistent with soluble proteins. B) Vitrified rec1-resilin just below UCST (4 °C),
shows a high-density network of well-dispersed interconnected spherical particles with 5.4
nm diameters and excellent contrast. C) Above LCST, large discrete spherical aggregates
with a size range of 100 nm to 130 nm diameters form. D) Increasing solution concentration
to 10 mg ml! causes the formation of an interconnected gel particle network at the UCST.
Adapted with permission from John Wiley and Sons’2.
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