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Therapeutic proteins require controlled delivery to the target
tissue to maintain the local concentration over a prolonged
period of time. A common approach is to delay protein
release with a hydrogel matrix, which provides affinity
interactions or diffusive barriers.[1] Physical entrapment of
proteins in a matrix allows sustained release due to free
volume, hydrodynamic drag, and obstruction effects.[2] Affin-
ity-based approaches exploit specific binding interactions
between natural[3] or engineered binding ligands[4] attached to
the hydrogel matrix and therapeutic proteins. However,
hydrogel-based approaches inherently involve relatively
large amounts of carrier material compared to the entrapped
protein therapeutic. Toxicity concerns may arise from syn-
thetic crosslinkers or initiators used in polymerization,[5] or
modification of biological polymers.[6] Biocompatibility
issues, such as the foreign body response, may be present at
the interface between tissue and materials.[7] Thus, a strategy
that uses no or a minimal amount of carrier material is ideal,
to eliminate these challenges. Herein, we demonstrate that
the concept of “carrier-free” can be realized by adopting
a different physical principle, protein self-assembly.

Self-assembly has been exploited as a useful tool to
fabricate ordered structures from peptides[8] or proteins.[9]

While much effort has been focused on fabrication of self-
assembled matrices,[10] recent studies reported that protein
properties, including binding avidity,[11] bioactivity,[12] and
stability,[13] are modulated by protein self-assembly. In this
study, we describe a self-assembly system in which proteins
self-control their molecular transport in a model extracellular
matrix (ECM). Engineered protein building blocks sponta-
neously self-assemble into particles in the ECM, become
trapped, and dissociate to be released at a controlled rate.
This protein self-assembly is mediated by temperature-
responsive coacervation and dissociation, and by specific
binding of high-affinity protein motifs under physiological
conditions. Since the ECM selectively regulates microscopic

motion of objects depending on their size,[14] the diffusion of
protein building blocks is modulated as they form particles
under non-equilibrium conditions.

The system is built from two different di-block fusion
proteins. The first component (mCherry-ZE) is constructed
from a globular fluorescent protein mCherry,[15] which serves
as a model for a therapeutic protein, and a glutamic acid-rich
leucine zipper (ZE). An arginine-rich leucine zipper (ZR) and
elastin-like polypeptide (ELP) comprise the second compo-
nent (ZR-ELP)[16] (Figure 1a). ELP is composed of a penta-
peptide repeat derived from tropoelastin, which undergoes
a temperature-responsive inverse phase transition from
soluble to coacervate phase.[17] The leucine zipper motifs ZE

and ZR form heterodimeric a-helical coiled-coils with a dis-
sociation constant, KD� 10�15

m.[18] The fusion proteins were
produced separately by using bacterial protein synthesis and
purified (see the Supporting Information for experimental
details).[16] In aqueous solution, ZR-ELP showed the expected
inverse phase transition as characterized by an increase in
light scattering upon temperature elevation (Figure 1 b). The
transition temperature is dependent on the concentration of
ZR-ELP in phosphate-buffered saline (PBS containing
137 mm NaCl, pH 7.4), and ZR-ELP at 1.9 to 24 mm formed
coacervates when the solution was heated from 25 to 37 8C.
Subsequent addition of mCherry-ZE resulted in rapid binding
to the ZR-ELP coacervates within a minute (Figure S4 in the
Supporting Information), showing an association rate con-
stant of kon� 1.5 � 105

m
�1 s�1 (Figure 1c). As elucidated by

kinetic analysis and circular dichroism, ZR/ZR coiled-coils of
ZR-ELP simultaneously unfold during the phase transition
followed by subsequent refolding of ZR/ZE heterodimer
coiled-coils upon binding of mCherry-ZE (see the Supporting
Information).

Next, we performed the two-step self-assembly of the
fusion protein components in the ECM as illustrated in
Figure 1d, using a reconstituted ECM hydrogel (Matrigel) as
a model for the native ECM. The inverse phase transition of
soluble ZR-ELP (25 8C) that permeated through the ECM
hydrogel (37 8C) resulted in the in situ formation of coacer-
vated particles. In the second step, mCherry-ZE was added
and bound to the particles through the high-affinity inter-
action between the leucine zipper motifs. As a result, we
observed formation of fluorescent particulates of mCherry-
ZE/ZR-ELP in the ECM hydrogel (Figure 2a,b) with diame-
ters ranging from 330 nm to 1.6 mm. Interestingly, we found
particulates with irregular shapes that seemed to be from
incomplete coalescence of coacervated ZR-ELP nanoparticles
(Figure 2c). In aqueous solution, ZR-ELP grows into micro-
spheres with smooth surfaces by the coacervation–coales-
cence process, and the binding of mCherry-ZE does not
influence the surface morphology (Figure S4). Therefore, the
observation of non-spherical particles in the ECM hydrogel
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indicates that the coalescence of the coacervates is limited by
the presence of the matrix. When ZR-ELP was premixed with
ECM solution at 4 8C and warmed up, it formed large
coalesced particles (ca. 10 mm) due to initial absence of the
matrix (Figure S5c). Hindered by the matrix, the self-assem-
bled mCherry-ZE/ZR-ELP particles formed in the ECM
hydrogel showed reduced diffusivity. Estimated from particle
trajectories, the diffusivity of mCherry-ZE/ZR-ELP particles
was 2.5-fold lower in the ECM hydrogel than in aqueous
solution, and 500-fold lower than that of monomeric
mCherry-ZE in the ECM hydrogel (Figure 2d). Indeed, the
in situ self-assembly resulted in entrapment of the model
protein, mCherry, in the ECM hydrogel by the self-assembly
process. The low diffusivity of the self-assembled mCherry-
ZE/ZR-ELP particles is based on the hydrodynamic and steric

interactions of the particles with the ECM,[19] and their
insignificant electrostatic interactions with the matrix (zeta
potential, z��2.6 mV)[20] allow the protein particles to be
locally dynamic at a reduced mobility rather than immobi-
lized on the matrix.

Estimated using a mathematical model,[21] the coacerva-
tion by inverse phase transition of ZR-ELP has a rate
constant, kc� 0.7 min�1 (Figure S3a). The characteristic time
for coacervation, tc (� 1/kc) is ca. 90 s. The characteristic
length for the system L (� (D/kc)

0.5) is approximated as
100 mm if tc is on the same order with the characteristic time
for the diffusion of dispersed ZR-ELP, td (�L2/D). Thus, the
scaling analysis accounts for the simultaneous diffusion and
temperature-responsive coacervation of ZR-ELP in the ECM.
This is a reaction–diffusion system, which allows formation of
self-assembled particles in a layer of thickness, L. The
coacervated ZR-ELP particles accumulated in the layer and
mCherry-ZE rapidly bound to the particles during the second
step of self-assembly. We observed formation of a fluorescent
layer near the ECM hydrogel–solution interface in Figure 3,
and the initial concentration of ZR-ELP controlled the
amount of particles in the layer, as indicated in the
fluorescence images (Figure 3b). The diffusion, coacervation,
and affinity-binding of the protein building blocks in the ECM
hydrogel were modeled by a one dimensional reaction–
diffusion equation [Eq. (1)], where x is distance from the
solution–hydrogel interface, Ci is concentration, Di is diffu-
sivity, and Ri is the reaction term for a protein or particle
component i (see the Supporting Information for details).

@Ci

@t
¼ Di

@2Ci

@x2 þ Ri
ð1Þ

Figure 1. Protein building blocks and their self-assembly in solution
phase and in ECM. a) The recombinant engineered protein building
blocks, mCherry-ZE (PDB ID for mCherry: 2H5Q) and ZR-ELP, are
produced separately, but self-assemble by formation of coiled-coils.
b) The inverse phase transition of ZR-ELP in aqueous solution: Temper-
ature vs. optical density (OD at l =350 nm) measured at different
concentrations of ZR-ELP (1, 2, 4, 8, 16, 32 mm). c) The binding kinetics
estimated by fluorescence intensity changes of the ZR-ELP coacervates
upon incubation with mCherry-ZE (0.04, 0.2, 1 mm in aqueous solu-
tion). The measured intensities (dots) were fitted to a bimolecular
binding model (lines) (experimental details are provided in the
Supporting Information). d) Schematic illustration of the in situ self-
assembly of mCherry-ZE and ZR-ELP in ECM.

Figure 2. The mCherry-ZE/ZR-ELP particles that self-assembled in ECM
hydrogel. a) Fluorescence micrographs of particles formed in Matrigel
(inset scale bar 1 mm) b,c) Scanning electron micrographs of the
particles (arrowed): the particle-embedded Matrigel was fixed with
glutaraldehyde for 2 h, and freeze-dried. For comparison, the Matrigel
treated with only PBS was imaged. Inset in (b), scale bar 5 mm; insets
in (c), scale bars 500 nm. d) Diffusivity (D) of mCherry-ZE (mChZ) and
self-assembled particles (SAPs) in Matrigel or PBS (see the Supporting
Information for details).
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In our model, coacervation of ZR-ELP from soluble
proteins to particles was included in the reaction term, and
the diffusivity of the particles was assumed to be constant
since their size does not change significantly once they form.
The modeling results were consistent with the experimental
results (Figure 3c), supporting the theoretical argument of
in situ self-assembly in the ECM hydrogel. Although the
model does not duplicate the experimental mCherry fluores-
cence profile exactly, it demonstrates the ability to control the
amount of mCherry-ZE in the ECM hydrogel.

The self-assembled mCherry-ZE/ZR-ELP particles in the
ECM hydrogel are metastable, and ZR-ELP dissociates from
the particles when the local concentration of ZR-ELP drops
below the minimum phase transition concentration (ca.
1.9 mm at 37 8C). As a result, the in situ self-assembled
particles shrank over time in the ECM hydrogel. The average
diameter (d) decreased from 828� 354 nm to 542� 158 nm
during the first 24 h (Figure 4a). The size distribution of the
particles also narrowed, indicating that the particles larger
than 1 mm shrank more rapidly. The surface erosion from
larger particles (d>� 1 mm) is faster than smaller particles
due to the ouzo effect that smaller particles are thermody-
namically favored when the concentration of ZR-ELP
decreases.[22] Concurrently, the fluorescence intensity of the
particles was reduced by half after 12 h of dissociation
proceeded, and there was further reduction in fluorescence
to 37.8% of the initial value after 24 h (Figure 4b). The initial
drop in intensity is attributed to the rapid shrinking of the
large particles (d> 1 mm), when the rate of decrease in
intensity is proportional to the shrinking rate of the particles.
While the average size of particles gradually decreased, the
concentration of mCherry on the particles remains approx-
imately constant after an initial decrease of 46 % in the first
12 h (calculated from the fluorescence intensity per unit area
of particles). It indicates that dissociation of ZR-ELP from the
particles seems to also induce release of mCherry-ZE/ZR-ELP.

As suggested by the dissociation kinetics of particles, self-
assembly resulted in an enhanced retention of proteins in the
ECM hydrogel (Figure 4c). The in situ assembled protein
building blocks in the ECM hydrogel were exposed to
a reservoir of 37 8C PBS to simulate the ECM environment
in vivo and generate a concentration sink to induce dis-
assembly and diffusion. The overall retention of mCherry-ZE

with ZR-ELP was enhanced by 100 % compared to mono-
meric mCherry-ZE, of which less than 30% remained in the
ECM hydrogel after 24 h. Consistent with the observed
dissociation kinetics in Figure 4b, dissociation of mCherry-ZE

from the self-assembled particles led to an initial clearance of
mCherry-ZE (ca. 36% loss over 12 h), which was much slower
than soluble mCherry-ZE (ca. 58% loss). Considering the
drastic difference in diffusivities of soluble proteins and
particles (ca. 500-fold), the controlled release of mCherry-ZE

in the ECM hydrogel should have resulted from dissociation
of mCherry-ZE from the particles. Furthermore, when
mCherry without the ZE domain was added together with
ZR-ELP in the ECM hydrogel, the release profile of mCherry/
ZR-ELP was very close to that of mCherry-ZE alone. This
result indicates that mCherry does not have specific inter-
actions with ZR-ELP and that the coacervates do not alter the
release without the specific ZR/ZE interaction.

Compared to the conventional recombinant conjugation
of therapeutic protein directly to ELP, the two-component
system based on the leucine zippers (ZR/ZE) shows new
features in the inverse phase transition behavior of ELP.
ELP–peptide or ELP–protein conjugates have been engi-
neered to self-assemble into nanoparticles upon the inverse
phase transition,[23] which has led to remarkable progress in
delivery of chemo-[24] and protein therapeutics.[25] While ELPs

Figure 3. The layer of self-assembled particles in ECM hydrogel.
a) Schematic illustration of the model system. b) Fluorescence micro-
graphs of the layer where particles are located. c) The corresponding
profiles of fluorescence intensity at distance (L) from Matrigel-solution
interface: the experimental results of averaged profiles (solid) were
compared with the profiles from modelling (dashed). The initial
concentration of ZR-ELP was varied (4, 8, 16 mm), and the computa-
tional modelling was performed based on reaction-diffusion equations.

Figure 4. Dissociation of mCherry-ZE/ZR-ELP particles. a) Particle size
distribution changes with time: the frequency of particles are indicated
for corresponding diameter, d. b) Fluorescence intensity changes upon
particle dissociation: the overall average intensity (black) and the
intensity per unit area of the particles (blue). c) The release of
mCherry-ZE imbedded in Matrigel as a soluble protein (black, mCherry-
ZE) or self-assembled particles (red, SAPs), and of mCherry in the
presence of ZR-ELP (blue, mCherry/ZR-ELP).
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of more than 60 repeats of the pentapeptide exhibit less
concentration dependence, ZR-ELP (25 repeats) undergoes
inverse phase transition at relatively low temperatures (40 to
20 8C) with a strong concentration dependence (1 to 100 mm).
This allows self-assembly and disassembly due to concen-
tration gradients at 37 8C. Also, the ratio of functional protein
to ELP is very flexible as they can be conjugated at different
molar ratios after coacervation.

Our system is widely applicable for local delivery of
protein therapeutics to diseased sites, where proteins could be
topically applied or injected, and upon contact will warm to
body temperature and start the assembly process. We note
that this system has several advantages as a new strategy for
protein delivery. First, carrier-free delivery based on protein
self-assembly does not involve use of excessive synthetic or
biological materials with potential biocompatibility or tox-
icity issues.[5–7] The self-assembling motifs, ELP and ZR/ZE,
are derived from extra-[26] and intracellular[18] human proteins,
and toxicity potential is decreased.[26, 27] Furthermore, ELP
has been reported to stimulate granulation in wounds,[28]

which could have synergetic effects for protein delivery
specifically in wound healing applications. Second, 100 % of
dosed protein is spatially distributed in the ECM, and the
temporal concentration gradient resulted by the dissociation
of particles could yield optimal responses in applications with
therapeutic proteins.[29]

In summary, we have described a protein self-assembly
system where the protein components self-assemble in the
ECM and become entrapped as particles, demonstrating
potential as a new type of “carrier-free” protein delivery
approach. Our analysis shows spontaneous diffusion–coac-
ervation and high-affinity binding processes that mediate
in situ formation of self-assembled particles that shrink and
release protein in the ECM. Though demonstrated with
a model fluorescent protein, this new concept is widely
applicable for a variety of protein therapeutics, including
growth factors and cytokines.
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