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Fine structural tuning of the assembly of ECM peptide 
conjugates via slight sequence modifications
Jingya Qin1, Jennifer D. Sloppy1, Kristi L. Kiick1,2*

The self-assembly of nanostructures from conjugates of elastin-like peptides and collagen-like peptides (ELP-CLP) 
has been studied as means to produce thermoresponsive, collagen-binding drug delivery vehicles. Motivated by 
our previous work in which ELP-CLP conjugates successfully self-assembled into vesicles and platelet-like nano-
structures, here, we extend our library of ELP-CLP bioconjugates to a series of tryptophan/phenylalanine-containing 
ELPs and GPO-based CLPs [W2Fx-b-(GPO)y] with various domain lengths to determine the impact of these modifi-
cations on the thermoresponsiveness and morphology. The lower transition temperature of the conjugates with 
longer ELP or CLP domains enables the formation of well-defined nanoparticles near physiological temperature. 
Moreover, the morphological transition from vesicles to platelet-like nanostructures occurred when the ratio of 
the lengths of ELP/CLP decreased. Given the previously demonstrated ability of many ELP-CLP bioconjugates to 
bind to both hydrophobic drugs and collagen-containing materials, our results suggest new opportunities for 
designing specific thermoresponsive nanostructures for targeted biological applications.

INTRODUCTION
Over the past few decades, the self-assembly of amphiphilic mole-
cules has proven to be a valuable strategy for assembling smart drug 
delivery vehicles and tissue engineering substrates (1), with peptide-
based conjugates being particularly useful owing to their tunable 
secondary structures, self-association, biodegradability, and bio-
compatibility (2). The chemical structure, molecular geometry, and 
solvent conditions can be tuned to affect the size, shape, and inter-
facial curvature of peptide-containing assembled structures (1, 2), 
and the development of systematic design rules for the manipula-
tion of architectures via small changes in sequence would offer sub-
stantial opportunities to expand their use (2, 3). Stimuli-responsive 
domains have been incorporated that can undergo substantial prop-
erty changes in response to small external changes in their envi-
ronment, with triggers such as temperature, pH, and solvent (1, 3); 
thermoresponsiveness is perhaps the most widely used owing to its 
ease of application (4), and the fact that peptide conformations such 
as helix,  turn, and coiled-coils can be manipulated by temperature 
(2). Accordingly, stimuli-responsive peptide-amphiphilic copolymers 
have demonstrated significant promise as drug carriers (4, 5).

An important class of molecules developed for these applica-
tions is the elastin-like (poly)peptides (ELPs), which mimic features 
of the mammalian protein elastin, are composed largely of Val-Pro-
Gly-Xaa-Gly amino acid repeat units (in which Xaa is any residue 
except proline) and exhibit the widely exploited lower-critical solu-
tion temperature (6) in which they are soluble in water below their 
transition temperature (Tt) but will collapse into a coacervate phase 
above that temperature (7). ELPs have thus been enormously versa-
tile as smart hydrophobic domains in thermally responsive peptide 
amphiphilic copolymers and in peptide conjugates (8) and have been 
investigated for manipulating Tt in drug delivery systems and also 
for targeting cells via thermally responsive mechanisms (6, 8). How-
ever, short synthetic ELPs with high inverse Tt have been rarely 
studied as smart biomaterials for biological application (9), despite 

the versatility they would afford, largely because at low molecular-
weights, the ELPs are fully soluble under physiologically relevant 
conditions and do not mediate assembly. Expansion of the use of 
short ELPs would open important opportunities to not only ex-
plore molecular details of the lower critical solution temperature 
(LCST)–like transition of these molecules but also new possibilities 
for making amphiphiles with tailored shapes, hydrophobicity, and 
tissue-targeting capabilities.

As for the hydrophilic building block in stimuli-responsive peptide-
based amphiphiles, short synthetic collagen-like peptides (CLPs), 
which adopt triple helix conformations, also have been widely stud-
ied given the thermoresponsiveness of the conformational transition 
(10–14) and the prevalence of collagen remodeling in the extracel-
lular matrix under both homeostatic and pathological conditions 
(15). Many studies have demonstrated that unfolded CLPs can tar-
get native collagens or collagen substrates via the formation of triple 
helix (16, 17), and that short CLPs can be used to form and modify 
hydrogels, liposomes, and other structures (18–20). Despite their prev-
alence in these types of investigations, however, they have not been 
used as a design element to affect LCST-like transitions and assem-
bled morphologies; this application of CLPs should be very fruitful 
given their hydrophilicity, rod-like triple-helical structure and abil-
ity to integrate in collagen-containing matrices.

In our previous work, we conjugated short synthetic ELPs (pep-
tides, rather than polypeptides) with short synthetic triple-helical 
CLP domains and have shown that the association of the CLP triple 
helix substantially lowers the high inverse Tt of the short peptide-
based ELP domain into experimentally tractable and, in some 
cases, physiologically relevant temperature ranges (21, 22). Sub-
sequently, we demonstrated the formation of assembled ELP-CLP 
conjugates by tuning the hydrophobicity of ELP domains compris-
ing (VPGXG)4, in which the number of repeats equipped with phe-
nylalanine (F) or tryptophan (W) residues in the X position was 
varied (23). In contrast to vesicle structures, these W-containing ELP-
CLP conjugates formed nanoscale platelet morphologies under 
aqueous conditions. Both vesicular and platelet-like nanostructures 
(24) offer significant opportunities in drug delivery systems owing 
to the shape-dependent influence on retention and cell uptake, and 
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CLP-modified structures should be similarly useful with the added 
benefit of targeting to select collagens. Meanwhile, self-assembled 
peptide-based soft biomaterials remain attractive in biomedical ap-
plications due to their biocompatibility and ease of “bottom-up” 
fabrication (25, 26).

Given the great flexibility of peptides as building blocks and the 
demonstrated assembly of select ELP-CLP conjugates, we expected 
that the thermal Tt and morphologies of ELP-CLP conjugates could 
be sensitively manipulated by making slight changes in the hydro-
phobicity and length of the ELP and CLP domains. We produced 
a library of peptide domains comprising a series of tryptophan/
phenylalanine-containing ELPs and glycine-proline-hydroxyproline 
(GPO)–based CLPs with various domain lengths. Electrospray ion-
ization mass spectrometry (ESI-MS) and high-performance liquid 
chromatography (HPLC) were used to confirm the purity of ELP-
CLP conjugates, and the conformational and self-assembly behav-
ior was characterized via circular dichroism (CD) spectroscopy, 
dynamic light scattering (DLS), transmission electron microscopy 
(TEM), and atomic force microscopy (AFM). Our studies clearly 
demonstrate the ability to tune the transitions and morphologies of 
these dually responsive conjugates, with a level of precision over the 
domain compositions and ratio of domain lengths in the ELP-CLP 
conjugates largely not possible in other polymer-based and/or peptide-
containing conjugates.

RESULTS
We have previously reported a select set of ELP-CLP conjugates that 
can self-assemble into either thermoresponsive vesicular (21, 22) or 
nonthermoresponsive platelet-like nanostructures (23). The forma-
tion of these structures is mediated by the thermally mediated phase 
separation of the ELP domain in the center of a bilayer-like struc-
ture, with triple-helical CLP domains at the surfaces of the bilayer. 
While conjugates comprising a (VPGFG)6 domain chemically at-
tached to the N-terminal end of CLP domains of different lengths 
and compositions uniformly adopted thermoresponsive vesicular 
structures, a set of (VPGXG)4-(GPO)8 bioconjugates (with X com-
prising W or F) were demonstrated to assemble into bilayer, platelet-
like morphologies, although lacked thermoresponsiveness (23, 27). 
On the basis of these results, we sought to establish that the fine 
level of control in the compositions and lengths of these peptide-
based, thermally triggered amphiphiles would serve as a sensitive 
handle for generating collagen-binding nanostructures with differ-
ent morphologies and thermal responsiveness. On the basis of pre-
vious literature showing the impact of hydrophobic/hydrophilic 
ratios on the morphologies and sizes of self-assembled amphiphiles, 
we anticipated that this control would be possible, with the innova-
tions that the transitions should be triggered with only small chang-
es in peptide composition and length and that the assembly could 
be triggered by slight changes in temperatures relevant for clinical 
therapies.

Twelve W2Fx-b-(GPO)y conjugates were produced via copper(I)-
mediated azide-alkyne cycloaddition reactions in which ELP vari-
ants include W2F, W2F2, W2F3, and W2F4 were conjugated with CLP 
domains comprising (GPO)6GG, (GPO)8GG, or (GPO)10GG se-
quences. C-terminally alkyne-functionalized ELP domains and 
N-terminally azide-functionalized CLP domains were synthesized 
via solid-phase peptide synthesis (SPPS) methods and purified via 
reverse-phase HPLC. Then, ELPs were conjugated to the CLPs via 

copper(I)-catalyzed azide-alkyne cycloaddition at 90°C for 4 hours 
(scheme S1) (28). All bioconjugates were purified via HPLC with 
column heating above their CLP triple-helix unfolding temperature 
to avoid triple helix formation on the column. Analytical HPLC 
and ESI-MS were used to verify the purity and expected composi-
tion of the peptides and ELP-CLP conjugates (figs. S1 and S2).

Conformational behavior of ELP-CLP conjugates
The triple helix conformation adopted by the CLP domain in the 
ELP-CLP conjugates was confirmed via CD spectroscopy. The full-
wavelength scan from 200 to 250 nm for the different W2F4-CLP 
conjugates is presented in fig. S3. The clear maximum at 225 nm 
indicated that the CLP domains are capable of forming triple helix 
after conjugation with any of the studied ELP domains. The unfold-
ing behavior of the triple helix was detected with the reduction of 
the intensity of the band at ca. 225 nm upon heating. The first deriv-
ative of the melting curve (red curve) suggested the melting tem-
perature (Tm) for each ELP-CLP conjugate. The CD data for the CLP 
triple helix formation for the different conjugates show no significant 
changes in the mean residue ellipticity between ELP-CLPs in which 
the ELP domain changes in length while the CLP domain remains 
constant, suggesting that this slight change in molarity does not 
significantly affect the triple helical stability of the conjugates (fig. S3).

The features of these spectra are completely consistent with 
those reported for triple-helical structures of a variety of different 
CLPs, indicating that these ELP-CLP conjugates adopted a triple 
helical conformation under the conditions reported here. Compared 
with the W2F4-(GPO)6GG conjugate (Tm of 64.7°C) and W2F4-(GPO)8GG 
conjugate (Tm of 65.1°C), to the W2F4-(GPO)10GG conjugate exhibited 
a slightly higher Tm of 66.5°C, indicating that longer CLP domain 
presented a more stable triple helix structure. For ELP-(GPO)6GG 
conjugates and ELP-(GPO)8GG conjugates (shown in table S1), the 
collapsed ELP domains anchor the CLP domain and stabilize it 
against unfolding, as the Tm values of these conjugates were higher 
than that of isolated CLP domains (shown in table S1 and fig. S3). 
However, for longer CLP-based conjugates, the Tm of ELP-(GPO)10GG 
conjugates (shown in table S1) is slightly lower than that of isolat-
ed (GPO)10GG, indicating the decreased stability of the CLP do-
main against unfolding, which may be a result of the morphology 
observed for these conjugates (see below). Furthermore, the re-
sponsiveness of the shorter CLP domains may be more substan-
tially affected by the hydrophobicity of ELP domains due to the 
CLP’s lower triple helical stability. For instance, the Tm of the four 
ELP-(GPO)6GG conjugates shows a steady and significant in-
crease in Tm with an increase in ELP hydrophobicity, which is more 
pronounced than those observed for the (GPO)8- and (GPO)10-
based conjugates.

Temperature responsiveness of ELP-CLP assembly
DLS studies were conducted to characterize the temperature sensi-
tivity of assembly and the resulting diameters of assembled ELP-CLP 
bioconjugates. The hydrodynamic diameter (Dh) of the nanostruc-
tures was plotted as function of temperature upon heating at tem-
peratures ranging from 4° to 80°C (Fig. 1). ELP domains alone (not 
conjugated to CLP) show Dh below 10 nm for the entire tempera-
ture range of the experiment, indicating that no assembly occurred 
and that the ELP domains are soluble over the full temperature range 
investigated (Fig. 1A). For the 12 ELP-CLP conjugates (Fig. 1, B 
to D), only the Dh of the W2F-(GPO)6GG conjugate (Fig. 1B, red 
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curve) remained below 20 nm over the entire temperature range, 
suggesting a lack of assembly. However, the other 11 ELP-CLP con-
jugates are shown to assemble into nanostructures with various Dh, 
at temperatures that exceed the Tt of the ELP domain in the ELP-
CLP conjugate, consistent with our previous reports. We note the 
initially large diameter of the ELP-(GPO)10GG bioconjugates that 
suggests a Tt that is below 4°C; the observed transition at ca. 30° to 
40°C (Fig. 1D) arises as a result of the aggregation of the nanoparti-
cles (and not a Tt-mediated assembly), so the DLS measurements 
indicate a correspondingly larger size, which is also consistent with 
our TEM data (below and fig. S4). This aggregation is likely a result 
of possible interaggregate association of the longer (GPO)10-based 
sequences. The subsequent rapid reduction in diameters observed 
for several of the conjugates with further increases in temperature 
(Fig. 1, B and C), results from the unfolding of the CLP domain at 
its Tm, which then results in the resolubilization of the monomeric 
conjugate. The temperature at which this transition occurs general-
ly increases with the length of the ELP (for a given CLP) owing to 
the increased stability of the ELP coacervate and also generally in-
creases as the CLP length increases. Because Tm denotes the midpoint 
of the unfolding transition, diameters indicative of assembly can be 
observed for the ELP-CLP conjugates at temperatures slightly above 
the reported Tm [e.g., for the -(GPO)6GG and -(GPO)8GG conjugates; 
the -(GPO)10GG conjugates aggregate at elevated temperatures, and 
thus dissociation at Tm is not observed].

Table 1 illustrates the Tt (from DLS) and Tm (from CD) values 
for each of the ELP-CLP conjugates. The addition of a greater num-
ber of VPGFG repeats in the W2Fx domains significantly reduces 
the Tt of the conjugates due to the greater hydrophobicity of the 
longer, F-containing ELP domains (29). For example, the Tt of the 
W2F2-(GPO)6GG conjugate is 17°C, which is lowered by more than 

60°C compared to the Tt of the W2F-(GPO)6GG (which exceeds 
80°C). The Tt of the W2F3-(GPO)6GG and W2F4-(GPO)6GG conju-
gates, with longer ELP domains, is lower than 4°C, which is also con-
sistent with the lower Tt expected for hydrophobic ELPs of increasing 
length. Thus, the Tt of the W2F2-(GPO)8GG conjugate, with its 
longer ELP domain, would be expected to be lower than that of the 
W2F-(GPO)8GG (42°C); it is actually similar/slightly higher (45°C), 
which, given the very similar peptide (and ELP) concentrations in 
the two samples (see above), most likely arises from the platelet-like 
morphology that is observed for these two conjugates (see below) 
(30). The ultimate solubility of the platelets is likely higher given the 
greater solvent exposure of the hydrophilic CLP bilayer surfaces, 
which would support a higher Tt that may be less sensitive to the 
length of the ELP domain. The remaining ELP-(GPO)8GG conju-
gates show the expected reduction in Tt with increasing ELP length 
with Tt values of less than 4°C for the W2F3-(GPO)8GG and W2F4- 
(GPO)8GG.

An increase in the length of the CLP domain also generally re-
sults in a reduction in the Tt of the ELP-CLP conjugates, despite the 
hydrophilicity of the CLP domain (which would be expected to 
cause an increase in the Tt as the CLP becomes longer). For exam-
ple, the Tt of W2F-(GPO)6GG is higher than 80°C, while the Tt val-
ues of W2F-(GPO)8GG and W2F-(GPO)10GG are 42°C and below 
4°C, respectively. This likely results from the increased stability of 
the longer CLP domains, which would be expected to increase the 
local concentration of the ELP domains to a greater extent and 
cause the reduction of the observed Tt. A notable exception to this 
trend is the W2F2-(GPO)8GG conjugate, which, by this reasoning, 
would be expected to exhibit a lower Tt than that of the W2F2-
(GPO)6GG (17°C), rather than the observed value of 45°C. As de-
scribed above, this significant deviation from expectation is likely 

Fig. 1. Hydrodynamic diameters of nanostructures as a function of temperature upon heating. (A) ELP domains with sequence W2F, W2F2, W2F3, and W2F4. (B) Each 
ELP-(GPO)6GG conjugate. (C) Each ELP-(GPO)8GG conjugate. (D) Each ELP-(GPO)10GG conjugate. All samples were dissolved in deionized water with concentration of 
1 mg/ml.
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related to the platelet-like morphology of the W2F2-(GPO)8GG, 
which may have more favorable interactions with water than the 
vesicles formed by W2F2-(GPO)6GG, resulting in a substantially in-
creased Tt. All (GPO)10GG conjugates, regardless of the composition 
of the ELP domain, however, exhibit Tt values below 4°C because of 
the longer length and stability of the CLP domain.

In addition, the dimensions of the various nanostructures differ 
significantly with the identity of the specific ELP-CLP conjugate. As 
shown in Fig. 1 (B and C) and delineated in Table 1, ELP-CLP con-
jugates forming spherical structures exhibited Dh values of approx-
imately 80 to 250 nm, at temperatures above the Tt. In contrast, 
ELP-CLP conjugates, which self-assembled into platelets (confirmed 
via TEM, see below), show larger apparent Dh values of approxi-
mately 1000 nm (but no significant precipitation). The nanostruc-
tures began to dissociate at temperatures above the CD-determined 
Tm of the CLP domain [with the exception of the -(GPO)10GG con-
jugates, which aggregated at elevated temperatures].

The dual-temperature responsiveness of the assembly of these 
structures is illustrated in Fig. 2. Soluble ELP-CLP diblock trimers 
can self-assemble into nanostructures (vesicles or platelets) when 
the temperature is increased above the Tt, but remains below the Tm, 
of an ELP-CLP conjugate; the collapsed ELP domain is sequestered 
in a bilayer structure between the relatively hydrophilic, folded CLP 
domains on the surfaces. With an increase in temperature above the 
Tm of a given conjugate, these nanostructures dissociate into ELP-
CLP conjugate monomers, which are soluble in aqueous solution 
and thus yield significantly reduced Dh values similar to those of the 
soluble trimer. Some ELP-CLP conjugates exhibit thermoresponsive 
transitions in clinically relevant ranges [e.g., W2F2-(GPO)6GG with 
Tt value of 17°C and Tm value of 33°C], which might be useful in bio-
logical applications for drug delivery under hypothermic conditions.

Morphological features of ELP-CLP conjugates
TEM and cryogenic TEM (cryo-TEM) were conducted to investi-
gate the morphology of the nanostructures self-assembled from the 
ELP-CLP conjugates at various temperatures. With the exception of 
the W2F-(GPO)6GG conjugate, which does not assemble at any tem-
perature below 80°C, all other ELP-(GPO)6GG conjugates self-

assembled into structures with diameters/dimensions ranging from 
80 to 250 nm (fig. S4A), which is consistent with the DLS data 
(Fig. 1). Figure 3 shows the morphology of the ELP-(GPO)8GG 
conjugates, which form platelet-like nanostructures for the conju-
gates with shorter ELP domains, with a transformation to spherical 
nanostructures with an increase in length of the ELP domain. The 
ELP-(GPO)8GG conjugates with longer ELP domains (higher ELP/
CLP ratio) (W2F3-(GPO)8GG and W2F4-(GPO)8GG) self-assembled 
into spherical nanostructures (Fig. 3, C and D), at select temperatures, 
similar to those formed by the ELP-(GPO)6GG conjugates (fig. S4A). 
In contrast, nonspherical, platelet-like nanostructures were detected 
when the ELP/CLP ratio decreased, as illustrated in the TEM images 
for the W2F-(GPO)8GG and W2F2-(GPO)8GG conjugates (Fig. 3, A and B); 
the use of the term “platelet-like” refers only to the shape of these 
structures. In contrast to the thermal nonresponsiveness of the nano
platelets we have reported in our previous work, these two ELP-CLP 
conjugates self-assembled into thermoresponsive nanoplatelets, 
which could expand their versatility in delivery applications. The 
entire series of ELP-(GPO)10GG conjugates formed platelets, all 
with apparent Tt values lower than 4°C (fig. S4B).

Cryo-TEM was conducted to further determine the vesicular 
structure and thickness of the nanoparticles from ELP-CLP conju-
gates incubated at 37°C. The spherical nanostructures observed in 
the cryo-TEM clearly are confirmed to be vesicular in nature (Fig. 4 
and fig. S5), with spherical structures formed by a bilayer. The vesi-
cles for W2F2-(GPO)6GG, W2F3-(GPO)6GG, W2F4-(GPO)6GG, 
W2F3-(GPO)8GG, and W2F4-(GPO)8GG were indicated to have 
diameters of approximately 250 ± 18, 150 ± 8, 90 ± 7, 120 ± 13, 
and 80 ± 9 nm, respectively. In both ELP-(GPO)6GG and ELP-
(GPO)8GG series, the conjugates formed vesicles with assembly 
into smaller vesicles observed as the length of the ELP domain in-
creased. Image analysis of the vesicle walls (Fig. 4 and fig. S7) indi-
cates that the thickness of these vesicle walls is 13.7 ± 1.8 nm, 
12.5 ± 1.9 nm, 12.9 ± 1.5 nm, 14.4 ± 2.1 nm, and 16.3 ± 2.2 nm, re-
spectively, which is consistent with the estimated Rg of the collapsed 
ELP domains summed with two triple-helical CLP domains (31), 
suggesting a bilayer with the CLP domains at both inner and outer 
surfaces (Fig. 2).

Table 1. Summary of the Tt and morphologies of ELP-CLP conjugates. N/A, not applicable. 

ELP-CLP conjugate Tt (°C) Tm (°C) Ratio of ELP/CLP 
length Morphology Diameter (m) Thickness (nm)

W2F(GPO)6GG >80 33.1 0.6 N/A N/A N/A

W2F2(GPO)6GG 17 33.1 0.66 Vesicle 0.25 13.7

W2F3-(GPO)6GG <4 49.1 0.71 Vesicle 0.15 12.5

W2F4-(GPO)6GG <4 64.7 0.75 Vesicle 0.09 12.9

W2F-(GPO)8GG 42 64.1 0.46 Platelet 0.5 × 1.0 20.4

W2F2-(GPO)8GG 45 57.2 0.51 Platelet 0.6 × 1.0 20.3

W2F3-(GPO)8GG <4 64.1 0.54 Vesicle 0.12 14.4

W2F4-(GPO)8GG <4 65.1 0.58 Vesicle 0.08 16.3

W2F-(GPO)10GG <4 67.4 0.37 Platelet 0.5 × 0.6 21.3

W2F2-(GPO)10GG <4 68.3 0.41 Platelet 0.4 × 0.6 21.9

W2F3-(GPO)10GG <4 67.7 0.44 Platelet 0.4 × 0.6 21.8

W2F4-(GPO)10GG <4 66.5 0.47 Platelet 0.4 × 0.6 22.6
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AFM confirmed the platelet-like structure and thickness of the 
assemblies of six different ELP-CLP conjugates. The platelets for W2F-
(GPO)8GG, W2F2-(GPO)8GG, W2F-(GPO)10GG, W2F2-(GPO)10GG, 
W2F3-(GPO)10GG, and W2F4-(GPO)10GG were demonstrated to 
have diameters of approximately 500 nm by 1000 nm, 600 nm by 
1000 nm, 500 nm by 600 nm, 400 nm by 600 nm, 400 nm by 600 nm, 
and 400 nm by 600 nm, respectively. Analysis of the each AFM im-
ages indicates that the thicknesses of the platelets were 20.4 ± 2.6, 
20.3 ± 2.2, 21.3 ± 1.7, 21.9 ± 1.6, 21.8 ± 1.7, and 20.6 ± 2.9 nm, re-
spectively (Fig. 5 and figs. S6 and S7), which is perfectly consistent 
with the expected length of two CLP triple helices combined with 
the expected size of the collapsed ELP domain, as in our previous 
conjugates (23), and suggesting an ELP-CLP bilayer structure (Fig. 2).

Because of the relatively low molecular weights of the conjugates, 
the ratio of the dimensions of the ELP domain to that of the CLP 
domain conjugates was calculated in contrast to the volume calcu-
lations based on homopolymer mass densities; the ratio in lengths 
was determined by dividing the approximate Rg of the collapsed 
ELP domains (e.g., as in a bad solvent) with the expected length of a 
folded CLP triple helix (based on known structures of CLPs). As 
shown in Table 1, these ELP/CLP ratios span values of approximately 
0.35 to 0.75 for this set of conjugates. For a set of conjugates with a 
given CLP domain, platelet-like structures are observed for the conju-
gates with shorter ELP domains (lower ELP/CLP ratios, below ca. 0.5), 
while ELP-CLP conjugates with longer ELP domains (higher ELP/
CLP ratios) self-assemble into vesicles (summarized in Fig. 6). For 

Fig. 2. Proposed assembly/disassembly and bilayer structure of ELP-CLP vesicles and platelets. 

Fig. 3. TEM images of nanostructures self-assembled from water solutions of ELP-(GPO)8GG conjugates at various temperatures after staining with 2% phos-
photungstic acid. (A) W2F-(GPO)8GG, (B) W2F2-(GPO)8GG, (C) W2F3-(GPO)8GG, (D) W2F4-(GPO)8GG. Scale bars, 500 nm.
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this full set of ELP-CLP conjugates, those with an ELP/CLP ratio lower 
than 0.51 [value for W2F2-(GPO)8GG)] self-assemble into platelet-
like nanostructures, while those with a ratio greater than 0.54 (value 
for W2F3-(GPO)8GG) form nanoscale vesicles. Moreover, vesicle-
forming ELP-CLP conjugates with longer ELP domains assemble into 
vesicles with smaller diameters, indicating that the ratio of ELP-

CLP length directly affects packing, repulsion energy, and ultimately 
morphology as generally consistent with block copolymer literature 
(32). The platelet-like ELP-CLP conjugates with shorter CLP do-
mains form slightly larger, more well-defined platelets perhaps due to 
the difference in the packing of the CLP domain, which has also 
been observed in some rod-coil copolymer assembly studies (33, 34).

Fig. 4. Cryo-TEM images of nanostructures self-assembled from water solutions at 37°C. (A) W2F2-(GPO)6GG, (B) W2F3-(GPO)6GG, (C) W2F4-(GPO)6GG, (D) W2F3-(GPO)8GG, 
and (E) W2F4-(GPO)8GG. Scale bars, 200 nm.

Fig. 5. AFM two-dimensional images of platelet-like assemblies with sample preparation at 45°C. (A) W2F-GPO8. (B) W2F2-GPO8. (C) W2F-GPO10. (D) W2F2-GPO10. 
(E) W2F3-GPO10. (F) W2F4-GPO10. Scale bars, 500 nm.
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DISCUSSION
Amphiphilic copolymers and small molecules self-assemble into 
various morphologies depending on architectural and chemical fea-
tures, including block composition, block molecular weight, solvent 
condition, and the ratio of lengths of the hydrophilic/hydrophobic 
blocks (32, 35). The change in assembled morphology with varia-
tions in the relative volume ratios of the hydrophilic and hydropho-
bic domains has been widely reported in the literature on synthetic 
amphiphilic and block copolymers (36–39), and the morphologies 
of block copolymer nanoparticles can be controlled by a variety of 
factors including the degree of stretching of the core-forming blocks, 
the repulsive interactions among chains of the hydrophilic domain, 
and the interfacial tension between the core and the solvent outside 
the core (40–42). For example, in polystyrene-b-poly(acrylic acid) 
(PS-b-PAA) copolymers reported by Eisenberg and coworkers, the 
degree of stretching and repulsion can be tuned by variations in 
block length, solvent, and pH to yield various morphologies, with 
increased repulsion between longer hydrophilic chains driving the 
morphological transition from vesicle to lamellae (32, 43, 44). 
In other specific cases, such as poly(4-vinylpyridine) (P4VP) and 
poly(-caprolactone) (PCL) block copolymers (38), when the volume 
fraction of the hydrophobic P4VP in the block copolymer decreases 
from 0.95 to 0.33, a morphological transition from vesicles to 
unclosed bilayer lamellae was observed. In some poly(styrene)-
block-poly(acrylic acid) (PS-PAA) studies, an increase in hydro-
phobic block length was also reported to stabilize vesicle structures 
with increasingly smaller diameters as the length of the hydrophobic 
segment increased (43, 45). These previous reports are consistent 
with our observations, in which, for example, the W2F4-(GPO)6GG 
conjugate (with a longer hydrophobic ELP domain) formed small-
er vesicles compared to conjugates with shorter ELP domains [e.g., 
W2F2-(GPO)6GG, W2F3-(GPO)6GG]. It is likely in these cases that 
a longer ELP domain occupies a larger volume and would induce 

greater interfacial curvature between the ELP and CLP domains so 
that smaller vesicles with a smaller number of ELP-CLPs would 
be formed (Fig. 7) (43, 46).

Polypeptide-based amphiphilic molecules can produce sophisti-
cated superstructures as well (47–52). Chilkoti and coworkers (53) 
have reported recombinant resilin/elastin-like block copolypeptides 
and studied their morphological transitions between cylindrical micelles 
and spherical micelles with hydrophilic blocks of various lengths. In 
their studies, macromolecules with the same ELPA/G,80 hydrophilic 
block exhibited different morphologies depending on the molecular 
weight (MW) of the hydrophobic resilin-like polypeptide (RLP) 
block. Increasing the length of the hydrophobic RLP block led to a 
morphology transition from spherical to cylindrical nanoparticles 
(53), which is in contrast to our observations in which increasing 
the length of the hydrophobic domain results in morphologies with 
greater curvature. This difference in observed behavior may be 
due to the difference in molecular weights between the two sys-
tems and/or due to the rod-coil nature of the ELP(coil)-CLP(rod) 
conjugates, which likely also supports the ready formation of relatively 
large nanoscale platelets for conjugates with low ELP/CLP ratios 
(33, 34); these structures are not observed at all for the resilin/elastin 
polypeptides.

While many such stimuli-responsive amphiphilic copolymers 
are widely used as drug carriers (54, 55), dual-responsive copolymer 
systems are significantly less studied despite their utility. Synthetic 
polymer-drug conjugates—based largely on polymers such as 
poly(ethylene glycol), poly(n-isopropylacrylamide), poly(lactic-co-
glycolic acid), and poly(caprolactone) and sensitive to triggers in-
cluding pH, temperature, and redox conditions—have shown cleavage 
of surface groups and/or drugs to control cell trafficking and drug 
release, self-assembly into polymeric vesicles to control the release 
of small molecules with cooling (25°C) or heating (60°C), and thiol-
responsive delivery of cargo (54–56). Similar studies have been 
accomplished with peptide-containing molecules. Amphiphilic 
short peptides and surfactants (C14DMAO) have been used to pre-
pare micellar structures, which are both pH- and metal-ion respon-
sive (56), and pH-sensitive PAMAM-based dendrimers decorated 
with thermally sensitive elastin-like oligopeptides show LCST transi-
tions that are responsive to physiologically relevant tempera-
tures and pH (57). Photo- and pH-responsive polypeptides with 
a cell-penetrating peptide sequence (CGRRMKWKK), a photo-
decomposable group (4,5-dimethoxy-2-nitrobenzyl moieties), and 
a pH-sensitive inhibitory peptide (EEEERRRR) can enhance the 
membrane translocation efficiency and transport cargos more se-
lectively and efficiently to tumor cells (58). However, dual thermal-
responsive (poly)peptide-based biomaterials have not been reported 
despite their potential use in ECM targeting of drug delivery vehicles.

In contrast to these previous studies, our reported [W2Fx-b- 
(GPO)y] conjugates clearly illustrate important morphological con-
trol and triggered responsiveness. The ratio of lengths of the ELP 
and CLP domains was found to be a critical parameter that can be 
manipulated to affect the thermoresponsiveness and morphology 
of resulting ELP-CLP nanostructures. For lower ratios, the assem-
bled conjugates form platelets, with a well-defined transition ratio 
(ca. 0.50), above which conjugates assemble into vesicles. With in-
creasing ELP/CLP ratio, vesicular nanostructures with signifi-
cantly smaller diameters were observed, consistent with multiple 
previous reports of larger copolymer systems. Our report also sug-
gests the impact of the ELP/CLP ratios and assembled morphologies 

Fig. 6. Diagram indicating transitions in ELP-CLP self-assembly behavior. R is 
the value of ELP/CLP length ratio. The green line indicates the lack of assembly of 
the conjugate under all conditions tested. The blue circle indicates vesicles with 
reported diameters as observed via DLS and TEM in the temperature range of as-
sembly, with wall thicknesses determined via cryo-TEM. The red rectangle indicates 
platelets with reported dimensions as observed via DLS and TEM in the tempera-
ture range of assembly, with thicknesses determined via AFM.
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on the inverse Tt and Tm of the assembled structures over the full 
range of experimentally probed temperatures (4° to 80°C), which 
can be tuned depending on the ELP length, CLP length, and ELP/
CLP ratio. These results suggest new opportunities for specific 
dual temperature-responsive delivery vehicles, which can carry 
hydrophobic drugs and be used in targeted biological applications. 
For example, as shown in Table 1, the Tm of W2F3-(GPO)6GG is 
49°C so that the nanostructures should dissociate and/or more 
rapidly release drugs at temperatures relevant for hyperthermic 
drug delivery. Meanwhile, the Tt of W2F2-(GPO)8GG is near 43°C, 
which suggests that with minor modification and/or drug loading, 
the nanostructures would be suitable for hypothermic targeting 
applications.

Our studies demonstrate the fine degree of manipulation possi-
ble in the transitions and morphologies of dual thermal-responsive 
conjugates with relatively small changes in conjugate structure. 
The nanostructures would be useful for the controlled release of drugs 
by cooling to their Tt or heating to their Tm. The peptidic nature of 
these conjugates, coupled with their conformational dissimilarity 
and thermally triggered transitions, offers unique opportunities 
to finely tune behavior with significantly greater sensitivity than 
in previous reports. Morphology can be easily tuned with small 
changes in ELP/CLP and temperature, which promises signifi-
cant versatility in controlling drug delivery rates and ECM-based 
targeting of cargo for treatment of diseases characterized by high 
levels of ECM turnover.

MATERIALS AND METHODS
Materials
Fmoc (9-fluorenyl methoxycarbonyl)–protected amino acids in-
cluding Fmoc-propargyl glycine, N,N,N′,N′-tetramethyl-O-(1H-
benzotriazol-1-yl) uronium hexafluorophosphate, and piperidine 
for SPPS were purchased from AAPPTEC Inc. (Louisville, KY). 
Rink amide polystyrene resin for SPPS was purchased from CEM 
Corporation (Matthews, NC). HPLC-grade acetonitrile (ACN) and 
dimethylformamide (DMF) was purchased from Thermo Fisher 
Scientific (Fairlawn, NJ). Copper (I) acetate, 4-azidobutanoic acid, 
trifluoroacetic acid (TFA), triisopropylsilane (TIS), triethylamine, 
anhydrous DMF, anhydrous dimethyl sulfoxide (DMSO), diiso-
propylethylamine, ethyl cyanohydroxyiminoacetate (Oxyma), and 

diisopropylcarbodiimide (DIC) were purchased from Sigma-Aldrich 
(St. Louis, MO).

Peptide synthesis
All of the CLPs [with the sequences (GPO)6GG, (GPO)8GG, and 
(GPO)10GG] and tryptophan/phenylalanine-containing elastin-like 
peptides (W2Fx) [with sequences VPGWGVPGWGVPGFGG′ 
(W2F), VPGWGVPGWGVPGFGVPGFGG′ (W2F2), VPGWGVP-
GWGVPGFGVPGFGVPGFGG′ (W2F3), and VPGWGVPGW-
GVPGFGVPGFGVPGFGVPGFGG′ (W2F4) (G′: propargyl glycine)] 
were synthesized via traditional SPPS methods using a Liberty Blue 
Automated Microwave Peptide Synthesizer (CEM Corporation, 
Charlotte, NC). Rink amide polystyrene resin with a loading capac-
ity of 0.19 mmol/g was used for the synthesis. Oxyma was used to 
activate the amino acids for coupling in the presence of 1 M DIC in 
DMF. Deprotection of the Fmoc group was conducted using 20% 
piperidine in DMF. Double coupling of each amino acid at 90°C for 
10 min with a 4:1 amino acid/resin ratio was used for the conjuga-
tion reactions. For each CLP domain, 4-azidobutanoic acid was then 
manually attached to the N terminus of CLPs while on resin. The 
alkyne group from propargyl glycine was introduced to the C terminus 
of each of the ELP sequences. The cleavage of these peptides from 
the resin was conducted in 92:4.5:2.5 (v:v:v) TFA:TIS:water for 4 hours. 
The TFA was evaporated under the flow of nitrogen for 30 min, and 
the cleaved peptide was precipitated in cold ether. The peptide was 
then redissolved in water and lyophilized. Crude peptides were 
purified via reverse-phase HPLC (Waters Inc., Milford, MA) on a 
Waters XBridge BEH130 Prep C-18 column with an ultraviolet de-
tector at 214 nm and after that were collected and lyophilized. The 
purity of the peptide (>97%) was confirmed via analytical scale, 
reverse-phase HPLC (Waters 2996; Symmetry C18, 3.5 m, 4.6 × 
75 mm), and the expected mass of each peptide was confirmed via 
an ultraperformance liquid chromatographic unit in line with ESI-
MS Xevo G2-S QTof (denoted as UPLC-MS) (Waters Corporation, 
Milford, MA). All samples were dissolved in ACN/water solution at 
room temperature with concentration of 100 M. (GPO)6GG 
[1844.8 Da (Calc), 1844.5 Da (Exp)], (GPO)8GG [2380.4 Da (Calc), 
2380.2 Da (Exp)], (GPO)10GG [2916.9 Da (Calc), 2916.3 Da (Exp)], 
W2F [1566.7 Da (Calc), 1565.8 Da (Exp)], W2F2 [2021.2 Da (Calc), 
2021.9 Da (Exp)], W2F3 [2476.7 Da (Calc), 2476.3 Da (Exp)], and 
W2F4 [2931.3 Da (Calc), 2931.6 Da (Exp)].

Fig. 7. Proposed morphological transformations for ELP-CLP vesicles. 
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ELP-CLP conjugate synthesis
The synthesis of these ELP-CLP conjugates was performed via cop-
per(I)-mediated azide-alkyne cycloaddition reaction. In contrast to 
our previous report in which click chemistry coupling was conducted 
in aqueous solution overnight and then ELP-CLP conjugates were 
purified by dialysis for 7 days (23), in the studies, here, three differ-
ent reaction protocols were required for the current conjugates 
owing to the solubility differences of the different CLP domains, 
and purification of conjugates was conducted via HPLC. For ELP- 
(GPO)6GG conjugates, equivalent molar concentrations of CLP 
(3 mol) and ELP (3 mol) were dissolved in 1.0 ml of anhydrous 
DMF. For ELP-(GPO)8GG conjugates, the peptides were dissolved 
at the same concentration and stoichiometry but in 1.0 ml of anhy-
drous solution of DMF and DMSO (at a volumetric ratio of 
7:3 DMF:DMSO). Last, for ELP-(GPO)10GG conjugates, the peptides 
were dissolved as for the shorter conjugates but in 1.0 ml of deion-
ized (DI) water and anhydrous DMF (at a volumetric ratio of 7:3 DI 
H2O:DMF). Then, Cu(I) acetate (0.25 equiv. to alkyne) was added 
to the solution. The mixture was stirred at 90°C under nitrogen for 
4 hours. After the reaction, for ELP-(GPO)6GG and ELP-(GPO)8GG 
conjugates, the resulting peptide conjugate was precipitated into a 
sevenfold volume of cold diethyl ether and redissolved in 25% ACN/
water solution. The conjugate solution was then purified via HPLC 
with the gradient set from 25 to 60% ACN over 50 min [for the ELP-
(GPO)6GG and ELP-(GPO)8GG conjugates]. For ELP-(GPO)10GG 
conjugates, the conjugate solution was directly injected into HPLC 
with the gradient set from 30 to 60% ACN over 50 min.

CD spectroscopy
CD spectroscopy (Jasco 810 CD spectropolarimeter, Jasco Inc., 
Easton, MD, USA) was conducted to characterize the secondary 
structure of the CLP domain and ELP-CLP conjugates. (GPO)6GG, 
(GPO)8GG, ELP-(GPO)6GG conjugates, and ELP-(GPO)8GG con-
jugates were dissolved at a concentration of 100 M in DI water at 
room temperature. (GPO)10GG and ELP-(GPO)10GG conjugates 
were dissolved at a concentration of 100 M in 70% H2O/30% ACN 
(59) solvent to dissolve the samples at room temperature. Then, these 
samples were incubated at 4°C overnight before measurement. The 
CD spectra were recorded using quartz cells with a 0.2-cm optical 
path length. Full wavelength scans were collected to study the con-
formation of the triple helix CLP domains at 4°C. The scanning rate 
was 50 nm/min, with a response time of 4 s. The wavelength scans 
were obtained from 200 to 250 nm and were recorded every 1 nm. 
To precisely measure the Tm of the CLP domain, variable tempera-
ture experiments were conducted at the maximum wavelength in 
each ELP-CLP conjugate with a 10°C/hour heating rate from 4° 
to 80°C.

Dynamic light scattering
Analysis of particle sizes in solution was conducted via DLS on a 
ZetaSizer Nano Series (Nano ZS, Malvern Instruments, UK) at a 
scattering angle of 173°, and data fitting using the cumulant method. 
All samples (1 mg) were dissolved in DI water at a concentration of 
1 mg/ml. ELP-CLP conjugates were incubated at 80°C for 30 min so 
that they melted and formed particles when cooled down at room 
temperature for overnight before measurement. The inverse Tt of 
the ELP-CLP conjugates were obtained by measuring the average 
diameters of particles at temperatures from 4° to 80°C at an interval 
of 3°C. The samples were uniformly opaque with no evidence of 

settling during the DLS experiment. Samples were incubated at 
each temperature for 5 min before data collection. The first deriva-
tive of the curve was used to determine the inverse Tt for each ELP-
CLP conjugate. The reported data represent an average of at least 
three measurements with the SEM to better represent the spread of 
the measurements.

Transmission electron microscopy
Samples for TEM were prepared on carbon-coated copper grids 
(CF300-Cu, Electron Microscopy Sciences Inc.). ELP-CLP conjugates 
were dissolved in water at concentration of 1 mg/ml [consistent with 
DLS experiments and to prevent precipitation of the phosphotung-
stic acid (PTA) stain]. The samples were agitated before sample 
preparation. The sample solution (5 l) was drop casted on the grid 
and blotted after 60 s. For staining, 1% PTA (pH adjusted to 7.0 
using 1 M NaOH) as a negative stain was used. The grids, pipette 
tips, and samples were incubated in an isothermal oven (VWR Sig-
nature Forced Air Safety Ovens, VWR Inc.) at desired temperature 
(4°, 25°, 37°, 50°, and 80°C) for at least 1 hour before sample 
preparation, which was also conducted in the oven. The PTA solu-
tion (3 l) was drop casted on the grid and blotted after 10 s. The 
samples were dried in the oven at the desired temperature for 1 hour 
and then were air-dried for more than 2 hours. TEM images were 
taken on a 2.1 TEM Tecnai 12 (JEOL USA Inc., Peabody, MA) at an 
acceleration voltage of 120 keV. Each ELP-CLP conjugate was pro-
duced and characterized by three separate times, indicating the re-
peatable for each ELP-CLP conjugate.

Cryogenic transmission electron microscopy
The thickness of the vesicles prepared by ELP-CLP conjugates was 
performed in a Talos Cryo-TEM microscope (The Thermo Scientific 
Talos) operated at 200 kV. Four microliter of the ELP-CLP conju-
gate solution with concentration (1 mg/ml) in DI water was placed 
on a copper holey carbon grid (SPI Supplies Inc., West Chester, PA) 
for 30 s. These samples were blotted twice for 2 s with the blot force 
of approximately 5 N and then quickly plunged into a liquid ethane 
reservoir cooled by liquid nitrogen. The vitrified samples were 
transferred to a Gatan 626 cryo-holder and cryo-transfer stage cooled 
by liquid nitrogen. During observation of the vitrified samples, the 
cryo-holder temperature was maintained below −176°C. The images 
were recorded digitally with a Gatan charge-coupled device camera 
with 4000 × 4000 pixel resolution.

Atomic force microscopy
The thickness of the platelets prepared by ELP-CLP conjugates was 
conducted by AFM (Dimension 3100 V SPM, Bruker). Samples 
with a concentration of 0.5 mg/ml in DI water were prepared ac-
cording to the protocol described previously (23). For every sample, 
ELP-CLP conjugate solution and glass substrates were incubated in 
a 45°C oven (to exceed the Tm of ELP-CLP conjugates) for 1 hour, 
and 50 l of solution was then dropped on the surface of the glass 
substrate. The AFM sample was dried in the 45°C oven for 2 hour. 
AFM tips (40 N/m, 320 kHz, Burker) equipped with a 117-m by 
33-m rectangular silicon probe were used to image the platelet-like 
nanoparticles in the sample.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabd3033/DC1
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