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ABSTRACT: Stimuli-responsive nanostructures pro-
duced with peptide domains from the extracellular matrix
offer great opportunities for imaging and drug delivery.
Although the individual utility of elastin-like (poly)-
peptides and collagen-like peptides in such applications
has been demonstrated, the synergistic advantages of
combining these motifs in short peptide conjugates have
surprisingly not been reported. Here, we introduce the
conjugation of a thermoresponsive elastin-like peptide
(ELP) with a triple-helix-forming collagen-like peptide
(CLP) to yield ELP−CLP conjugates that show a
remarkable reduction in the inverse transition temperature
of the ELP domain upon formation of the CLP triple helix.
The lower transition temperature of the conjugate enables
the facile formation of well-defined vesicles at physiological
temperature and the unexpected resolubilization of the
vesicles at elevated temperatures upon unfolding of the
CLP domain. Given the demonstrated ability of CLPs to
modify collagens, our results not only provide a simple and
versatile avenue for controlling the inverse transition
behavior of ELPs, but also suggest future opportunities for
these thermoresponsive nanostructures in biologically
relevant environments.

In the past few decades, thermoresponsive polymers have been
intensely studied to develop new smart materials such as

hydrogels, films, and drug nanocarriers. Elastin-like polypeptides
(ELPs), in particular, which are derived from the hydrophobic
domain of tropoelastin1 and comprise many copies of the
pentapeptide repeat Val-Pro-Gly-Xaa-Gly (VPGXG), have also
been very widely studied owing to their lower critical solution
temperature (LCST)-like behavior. With heating above their
inverse transition temperature (Tt), the ELPs collapse into a
coacervate phase,2 enabling their use as building blocks for
temperature-sensitive smart biomaterials. Many studies have
demonstrated the outstanding versatility of the (VPGXG)n
consensus repeat for modulating inverse transition temper-
atures2,3 and in the formation of a range of drug delivery vehicles
that can be targeted to tissues and cells via either passive or
peptide- and stimuli-responsive mechanisms.4 The inverse
temperature transition can also be triggered by cations, such as
Ca2+, via functionalization of the ELP with a ligand-binding
protein domain.5 While these studies illustrate the utility of the
ELPs, essentially all of the ELPs employed have been

recombinant, comprising tens or even hundreds of pentapeptide
repeats. Short synthetic ELPs (e.g., those with fewer than 10
pentapeptides) have not been used widely for the thermores-
ponsive fabrication of nanoparticles, owing to their high
transition temperatures.3a,b,6 In addition, while many hydrogels
and films have been produced from ELPs combined with
domains of other structural proteins such as silk and resilin,7

there have been no reports of short ELP-based nanostructures
equipped with such domains.
Short synthetic collagen-like peptides (CLPs), similarly, have

been employed widely in studies aimed at collagen folding and at
development of therapeutic matrices and molecules. CLPs have
been shown to mimic the triple helix conformation of native
collagen,8 and thus have served as model systems for triple helix
structure and the stabilization effect of specific amino acid
residues in collagens,9 as well as to mimic collagen fibril
formation.10 Additionally, recent studies have illustrated that
single-stranded CLPs have a strong propensity to bind native
collagen via a strand invasion process.11 The high propensity of
CLPs for collagen permits detection of minute quantities of
collagen (e.g., 5 ng)12 with substantial promise for staining
collagens in human tissues (e.g., skin, cornea, bone,12 and
liver13), especially those with high ECM turnover (e.g., prostate
tumor xenografts, joints, and articular cartilage14). Despite this
widespread use, the utilization of CLPs as domains in responsive
nanoparticles has been described in only a very limited number of
reports.15

We postulated that the conjugation of short ELPs with CLP
domains would offer significant opportunities in the design and
application of thermoresponsive nanoparticles, and report here
the facile chemical production of these conjugates and their
unexpected thermally responsive behavior. The CLP sequence
(GPO)4GFOGER(GPO)4GG was employed, owing to the fact
that CLPs with eight or more GPO repeats exhibit melting
temperatures (Tm) above 37 °C,8a,b,16 which enables formation
of stable triple helix at physiological temperature. The peptide
sequence GFOGER was employed owing to the fact that it is
widely recognized by several kinds of integrins such as α1β2, α2β1,
and α11β1.

17 It has been reported more recently that the
introduction of the GFOGER peptide in a PEG-based hydrogel
provides not only a better chondrogenic microenvironment
compared with that imparted by the RGD peptide but also
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enhanced gene expression of type II collagen.18 Based on these
investigations, inclusion of the GFOGER domain should
facilitate the binding of these materials with cells in future
studies. An ELP with the sequence (VPGFG)6 was introduced as
the thermoresponsive domain, as it would be expected to have a
Tt below 37 °C,3b allowing the conjugate to assemble via collapse
of the ELP domain at physiological temperature.
An alkyne-functionalized ELP and azide-functionalized CLP

were synthesized via standard Fmoc-based solid-phase peptide
synthesis methods (Scheme S1) and purified via reverse-phase
high-performance liquid chromatography (HPLC). The purity
and expected composition of the peptides were verified by
analytical HPLC and electrospray ionization mass spectrometry,
respectively (Figures S1−S3). The ELP was then conjugated to
the CLP in dimethylformamide via standard copper-catalyzed
azide−alkyne cycloaddition methods (Scheme 1); successful

synthesis and purification of the conjugates in high yield were
verified via gel permeation chromatography, 1H NMR spectros-
copy, as well as FT-IR spectroscopy (Figures S4−S8).
The ability of the CLP domain to form a stable triple helix at

physiological temperature while conjugated to the ELP was
probed via circular dichroism (CD) spectroscopy. The CD
spectra of ELP−CLP at temperatures ranging from 5 to 80 °C
(Figure 1a) show a clear maximum at ca. 225 nm, indicating that
the CLP domain is competent to form triple-helical structures
after conjugation with ELP. The reduction of the intensity of the
peak with increasing temperature (Figure 1b) indicates the
expected unfolding of the triple helix upon heating, with the first
derivative of the melting curve (after correction for the
contribution from the ELP, Figure S9) suggesting a Tm of ca.
57 °C for the ELP−CLP conjugate, which is significantly higher
than that of the isolated CLP (ca. 50 °C, Figure S10).
Presumably, the collapse of the ELP domain at the elevated

temperatures anchors the CLP and stabilizes it against unfolding,
similar to our previously reported results for a polymer-
conjugated CLP.15b,19 The refolding of the CLP triple helix
(Figure 1c,d) is likewise accelerated by the ELP anchoring of the
CLP, owing to the increase in the local concentration of the CLP
strands.15,19,20 While a rate constant of 1.14 × 107 M−2·s−1 was
observed for the refolding reaction of the CLP, the diblock shows
a higher rate constant of 4.63 × 107 M−2·s−1.
The anticipated assembly of ELP−CLP nanostructures at

physiologically relevant temperatures was confirmed via dynamic
light scattering (DLS, Figure 2). Unexpectedly, the conjugates

formed structures with hydrodynamic diameters (Dh) that
ranged from approximately 50 to 200 nm at all temperatures
between 4 and 65 °C (Figure 2a), with aDh of approximately 160
nm at 37 °C (Figure 2b). These results are counterintuitive based
on the expected increase of the transition temperature of
thermoresponsive polymers and ELPs with conjugation to a
hydrophilic domain.21 Instead, conjugation of the short ELP to a
hydrophilic CLP results in a dramatic reduction of the Tt of the
ELP to below 4 °C; the lack of aggregation of the ELP alone
(Figure S11) indicates that this reduction exceeds 80 °C.
Just as the CLP triple helix is stabilized at high temperature by

the anchoring effect of ELP coacervation, the unexpected
assembly of the ELP−CLP conjugates at low temperatures is
almost certainly attributable to the anchoring effects of the CLP
triple helix, which would serve to locally isolate three ELP
domains at concentrations approximately 100-fold higher than
that of the ELP monomers in solution. Previous investigations
have illustrated that ELPs exhibit lower transition temperatures
with increasing concentration and length of the (poly)-
peptide,3a,b,22 as well as with covalent conjugation of short
ELPs as side chains of synthetic graft polymers;23 the
colocalization of three ELP chains by the CLP triple helix may
thus be expected to show similar trends.
The anchoring of the ELP by the noncovalent formation of

CLP triple helix, however, should offer unique and as yet
unreported opportunities to reversibly modulate the transition
temperatures of the ELP domain and to thus confer dual
thermoresponsiveness to the conjugates. Indeed, after an initial
increase in theDh of the ELP−CLP nanoparticles with heating to
50 °C (Figure 2),Dh begins to decrease once the sample is heated
above this temperature, which is also approximately the melting
temperature of the CLP (Figure 1b). With additional heating to
80 °C, the CLP unfolds completely (Figure 1b), and the
nanoparticles become fully solubilized as monomers with an
average Dh of only 5.6 nm (Figure 2b). Once the triple helix is
unfolded and the ELP is no longer anchored, the Tt of the

Scheme 1. Chemical Conjugation of ELP and CLP

Figure 1. (a) CD spectra showing representative full-wavelength scans
for the ELP−CLP conjugate. (b) Thermal unfolding profile for the
ELP−CLP conjugate; the first derivative of the unfolding curve with
respect to temperature is shown in red. (c) Refolding profile of CLP
after quenching from 80 to 5 °C. (d) Refolding profile of the ELP−CLP
conjugate after quenching.

Figure 2. Dynamic light scattering characterization of the assembly of
ELP−CLP conjugates. (a) Hydrodynamic diameter of nanostructures as
a function of temperature upon heating. (b) Size distributions of ELP−
CLP assemblies at select temperatures.
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unfolded ELP−CLP conjugate is above 80 °C, which is
consistent with our control results (Figure S11) and with the
expected behavior of the ELP with the addition of a hydrophilic
CLP domain. This behavior is fully reversible (Figure S12), thus
offering a new avenue for controlling the temperature
responsiveness of short ELPs.
Transmission electron microscopy (TEM) was conducted to

investigate the morphology of the nanostructures formed at 25,
37, 50, 65, and 80 °C (Figure 3a−e, respectively). Consistent
with the DLS results, nanoparticles with an average diameter of
approximately 80−100 nm were observed at room temperature,
and the diameter of these particles increased to 150−250 nm at
physiological temperature. Once the sample was heated above
theTm of the collagen domain (50 °C), the nanoparticles showed
some changes in morphology and size, with both porosity and
apparent monomer (indicated by black arrows) observed at 50
°C (Figure 3c), with increasing porosity and decreasing size
when the temperature was raised to 65 °C (Figure 3d). A
vesicular structure is suggested for the nanoparticles, although
only at the elevated temperatures, perhaps because the PTA stain
was capable of diffusing into the porous nanoparticles and thus
accumulating at both the exterior and interior surfaces of the
vesicles. At 80 °C (Figure 3e), the molecules are soluble and no
defined nanostructure was observed.
The vesicular structure of the nanoparticles was further

confirmed via cryo-TEM of conjugates incubated at room
temperature (Figure 3f); vesicles with a diameter of approx-
imately 100 nm were observed. Image analysis indicates that the
thickness of the vesicle walls is 22 ± 2 nm, which is consistent
with the presence of two CLP triple helices (9.1 nm each)
summed with the approximate Rg of the collapsed ELP domains

(3.4 nm).24 The results suggest a bilayer structure of the vesicle
walls, with collapsed ELP domains in the center and CLP triple-
helical domains at both interior and exterior surfaces (Scheme 2).
The presence of a small percentage of unfolded CLP chains is
rendered in the schematic, to reflect the unfolding of the CLP
domain observed in CD experiments.
The thermally induced assembly of ELP block copolypeptides

has been a subject of intense investigation over decades.
Essentially all previous reports, however, employ ELP-based
recombinant polypeptides that mainly form micellar structures,
although there are some reports of larger structures and
nanostructures that exhibit additional sensitivity to pH and di-
cations.4f,25 There have been very limited reports of thermores-
ponsive nanostructures that can be assembled from short
synthetic ELPs.6,26 Our studies illustrate that this barrier can
be overcome by simply anchoring three ELP chains to a collagen
triple helix. This not only exploits the reversibility of triple helix
formation to modulate the transition temperature of the
molecules over a wide range, but should also permit
manipulation of the size of the vesicles. In addition, there are
few reports of the assembly of thermoresponsive collagen-like
peptide containing copolymers,15a and none to our knowledge in
which nanovesicles are produced. The likely location of the
collagen domain at the exterior surface of the vesicles may serve
as a means to localize nanoparticles in collagen-containing
tissues, hydrogels, and films.14,27

Simple variations in the relative lengths of the ELP and CLP
domains, as well as variations in the sequences of the domains,
offer a wide range of options for tailoring the thermoresponsive
behavior of these systems. For example, preliminary studies of
ELP−CLP conjugates with shorter ELP sequences
((VPGFG)3−5) suggest that the transition temperature of
nanoparticle formation and disassembly can be tuned to fall
within the physiological range for the (VPGFG)5-CLP (Figure
S13). The large size and polydispersity of the aggregates,
however, suggest that the hydrophobic interactions of the shorter
(VPGFG)5 are insufficient to form well-defined nanoparticles.
Changes to the stability of the CLP block, when balanced with
the hydrophobicity of the ELP domain, could also be employed
to impart triggered assembly/disassembly under select con-
ditions. The prospects are promising for these approaches in
drug delivery, imaging, and materials modification.
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Figure 3. (a−e) TEM images of nanoparticles from ELP−CLP
conjugates at various temperatures, after negative staining with
phosphotungstic acid: (a) 25, (b) 37, (c) 50, (d) 65, and (e) 80 °C.
Scale bars = 500 nm. (f) Cryo-TEM image of nanoparticles of the ELP−
CLP diblock at 25 °C. Scale bar = 200 nm.

Scheme 2. Proposed Assembly/Disassembly and Bilayer
Structure of ELP−CLP Vesicles
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