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ABSTRACT: We describe a genetically encoded micelle for
targeted delivery consisting of a diblock polypeptide with
segments derived from repetitive protein motifs inspired by
Drosophila melanogaster Rec-1 resilin and human tropoelastin
with a C-terminal fusion of an integrin-targeting fibronectin
type III domain. By systematically varying the weight fraction
of the hydrophilic elastin-like polypeptide (ELP) block and
molecular weight of the diblock polypeptide, we designed
micelles of different morphologies that modulate the binding
avidity of the human wild-type 10th fibronectin domain (Fn3)
as a function of shape. We show that wormlike micelles that
present the Fn3 domain have a 1000-fold greater avidity for
the αvβ3 receptor compared to the monomer ligand and an avidity that is greater than a clinically relevant antibody that is driven
by their multivalency. The amplified avidity of these micelles leads to significantly increased cellular internalization, a feature
that may have utility for the intracellular delivery of drugs that are loaded into the core of these micelles.
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The last few decades have seen an explosion of interest in
the development of nanoparticle carriers for drug

delivery, much of it for the treatment of solid tumors. Many
different types of nanoparticles have been synthesized and
evaluated in preclinical models for cancer therapy, including
inorganic nanoparticles,1−4 dendrimers,5−9 polymer nano-
particles,10−12 and self-assembled nanostructuresmicelles
and polymersomes/liposomesof polymers13−15 and lip-
ids.16−18 There are two primary reasons nanoparticles have
attracted so much attention from the “nanomedicine”
community: First, they can be loaded with a range of small
molecules with diverse physicochemical properties, making
them nearly universal carriers for small-molecule drugs19−21

and imaging agents.22−24 Second, appropriately designed
nanoparticles can show good colloidal stability in blood and
can circulate for extended periods of time25−27 in systemic
circulation. Because of their potentially long blood circulation,
nanoparticles preferentially accumulate in solid tumors due to
the enhanced permeability and retention effect, which is a
consequence of the aberrant, leaky vasculature in many solid
tumors and a poorly developed lymphatic system.28,29 This
approach, via which moleculesand nanoparticlesthat have
extended blood circulation and that are smaller than a few
hundred nanometers in size can escape from the tumor blood
vessels and into the tumor, is termed passive targeting.
Passive targeting is enhanced through optimization of the

shape, size, and surface charge of nanoparticles.30−43 Recently,
particles with high aspect ratios with high flexibility, referred to

as filomicelles, have attracted much research interest due to
their long circulation time, high tumor penetration and
accumulation, and enhanced active target delivery.37,43−46

These particles are created via self-assembly or pattern-
molding,36 which are convenient to create precise particle
shapes but are somewhat incompatible with protein drug cargo
or the presentation of protein-targeting ligands, as the
conditions employed for their synthesis may denature proteins.
Passive targeting is a useful approach for locoregional

targeting of solid tumors, but it does not directly target tumor
cells, which are the ultimate destination of the drug or imaging
agent. The rationale for creating targeted nanoparticles for
cancer therapy or imaging stems from the fact that many
tumors have surface proteins that are either overexpressed
orin a few instancesare uniquely expressed on the surface
of tumor cells compared to normal, healthy cells. Homing the
nanoparticle to tumor cells by decorating it with a ligand
specific to a tumor-selective or tumor-specific markeronce
the carrier has accumulated to a high enough concentration in
the local environment of the tumorcan provide a second
stage of tumor-cell-specific targeting.
A common approach to synthesize targeted nanoparticles is

to functionalize the surface of the nanoparticle with a peptide
or protein by covalent conjugation. This approach however
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provides limited control of ligand valency, typically requires an
excess of ligand to drive the reaction, and is hence expensive to
scale up, and quality control and product validation remains a
significant challenge.47−49

Our solution to overcome these issuesand one that we
and others have pursuedis to leverage recombinant synthesis
of an amphiphilic diblock polypeptide fused to a protein ligand
that self-assembles into a ligand-decorated micellea micelle
that presents the targeting protein on the corona of the
particle. Motivated by this rationale, in a previous study we
reported on a new class of amphiphilic diblock polypeptide
with a segment derived from a repetitive hydrophobic peptide
motif inspired by Drosophila melanogaster Rec-1 resilin
termed resilin-like polypeptide (RLP)and a second, hydro-
philic segment derived from a peptide inspired by human
tropoelastintermed elastin-like polypeptide (ELP)that
self-assemble into spherical and wormlike micelles according
to simple design principles.50,51 These RLP−ELP diblock
polypeptides can be easily designed de novo to create thermally
stable nanoscale micelles of various sizes and shapes based on
the hydrophilic weight percentage of the diblock polypeptide,
can be readily manufactured in high yields by recombinant
synthesis, and form exceptionally stable micelles with a critical
micelle concentration (CMC) of ≤0.1 μM,52 features that
make them attractive for the design of micelles for the targeted
delivery of drugs and imaging agents.
The targeting domain chosen for this study is the 10th, type

III domain from human fibronectin (Fn3) that targets the
human αvβ3 integrin, a receptor that is upregulated in the
endothelium of many tumors53−55 and is also overexpressed on
several tumor cells such as glioblastoma,56 renal cell
carcinoma,57 ovarian carcinoma,58 and breast cancer meta-
stases.59 We chose an Fn3 variant that binds the αvβ3 integrin
with low affinity60,61 (KD > 1 × 10−7 M), and we have
previously shown that the Fn3 domain can be expressed in
Escherichia coli as a fusion to repetitive polypeptides such as
ELPs.62 The low affinity of the parent Fn3 domain is
important, as a multivalent presentation could amplify its
avidity, which may not be possible with ligands that possess
intrinsically high affinity, so that we could test for the effect of
self-assembly and multivalency on binding avidity and cellular
uptake.62,63

Results and Discussion. Utilizing gene assembly methods
that we have previously developed,64 we assembled the genes
for a set of diblock RLP−ELP diblock polypeptides and cloned
them into a modified pET24+ vector for overexpression of the
polypeptides in E. coli. This set of artificial genes encode RLP−
ELPs, wherein the chain length of the core-forming RLP block

is systematically varied while that of the corona-forming ELP
block is held constant. A variant of each gene was also
synthesized that incorporates the coding sequence for human
fibronectin’s tenth type III domain at the C-terminus of the
diblock polypeptide that binds to the αvβ3 integrin. The core
block consists of an RLP with the sequence (QYPSDGRG)n
where n = 20, 40 or 80, while the corona block consists of an
ELP with the repeat sequence ([A/G]PGVG)80. For simplicity,
these blocks are hereafter referred to as RLPn and ELP80,
respectively, where n refers to the number of core block
repeats. A summary of the amino acid sequence of RLP−ELP
diblock polypeptides synthesized in this study and that of the
Fn3 domain is in Table 1, and their gene sequences are shown
in Table S1.
After assembly of the genes in the expression vector, each

vector was transformed into the BL21(DE3) strain of E. coli
and overexpressed by a previously published protocol.65 The
diblock polypeptides were isolated from the soluble fraction of
the cell lysate and purified by inverse transition cycling, a
nonchromatographic method, to >95% purity as determined
by SDS-PAGE (Figure S1). Yields of all polypeptides were >20
mg L−1 of shaker flask culture without any optimization of the
expression protocol, similar to typical Fn3 expression and
purification schemes that yield 5−20 mg L−1.66

Each diblock polypeptide was analyzed by dynamic light
scattering (DLS) at several temperatures between 4 and 37 °C
to determine the thermal stability of the micelles, and to
determine their radius of hydration (Rh). The Rh’s of RLP20−
ELP80 and RLP20−ELP80−Fn3 were ∼7 nm, indicating that
these constructs did not assemble within this temperature
range and exist as soluble disordered polypeptides, as their Rh
is similar to that of denatured proteins with a similar molecular
weight (Rh ∼ 8 nm) and other elastin-like polypeptides of
similar size.52,67−69 In contrast, RLP40−ELP80 and RLP40−
ELP80−Fn3 self-assembled into micelles with an Rh of 30 and
32 nm, respectively, between 20 and 37 °C (Figures S3 and
S4). Likewise, RLP80−ELP80 (112 nm) and RLP80−ELP80−
Fn3 (47 nm) formed stable micelles over the same
temperature range. Interestingly, the Rh of RLP80−ELP80 is
dramatically affected by the presentation of the Fn3 domain on
the hydrophilic C-terminal end of the diblock polypeptide.
This result makes sense as RLP80−ELP80 exists on the edge of
the phase boundary that separates spherical and wormlike
micelles.52 Therefore, it is plausible that the incorporation of a
small folded protein could result in a change of shape.52 It also
appears that the Fn3 domain is not stable at temperatures
above 37 °C, as there is a precipitous increase in the Rh of
RLP40−ELP80−Fn3 between 36 and 40 °C. On the basis of

Table 1. RLP−ELP Diblock Polypeptide Sequence and Molecular Parameters

protein sequence
MW
(kDa)

hydrophilic
wt %

RLP20−ELP80−Fn3 G-(QYPSDGRG)20−[(A/G)GVPG)]80−Fn3-Y 57.74 0.70
RLP40−ELP80 G-(QYPSDGRG)40−[(A/G)GVPG)]80-Y 65.01 0.46
RLP40−ELP80−Fn3 G-(QYPSDGRG)40−[(A/G)GVPG)]80−Fn3-Y 74.96 0.54
RLP40−ELP40−Fn3 G-(QYPSDGRG)40−[(A/G)GVPG)]40−Fn3-Y 59.57 0.42
RLP80−ELP80 G-(QYPSDGRG)80−[(A/G)GVPG)]80-Y 99.46 0.30
RLP80−ELP80−Fn3 G-(QYPSDGRG)80−[(A/G)GVPG)]80−Fn3-Y 109.4 0.37
RLP80−ELP160−Fn3 G-(QYPSDGRG)80−[(A/G)GVPG)]160−Fn3-Y 138.9 0.50
Fn3 VSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGGNSPVQEFTVPGSKST

ATISGLKPGVDYTITVYAVTGRGDSPASSKPISINYRT
9.94 N/Aa

aN/A: not applicable.
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this result, samples were maintained on ice prior to flow
cytometry and confocal microscopy.
On the basis of our previous results,52 we speculated that

micelles with an Rh in the 30−40 nm range are likely to be
spherical, while micelles with an Rh > 100 nm are likely to be
cylindrical or wormlike in structure. To deduce the
morphology of these particles and to calculate their
aggregation number (Nagg), we next carried out static light
scattering (SLS) measurements. Increasing the size of the core-
forming block from 40 to 80 repeats of (QYPSDGRG)
increases the radius of gyration (Rg) from 29 to 39 nm, the Rh
from 29 to 49 nm, and the Nagg from 201 to 630 chains per
micelle (Table 2 and Figure S5). These results suggest that the
larger particles have a higher aspect ratio than the smaller
particles. Unfortunately, the SLS results were not conclusive, as
the form factor (ρ = Rg/Rh) did not change dramatically across
particles with putatively different morphologies. Typically, ρ
depends on the morphology of the particles with typical values
for spheres around 0.7 and increases as the scattering molecule
becomes more elongated (i.e., disc-shaped, cylindrical
structures).70 Therefore, we next directly visualized the
particles with cryo-TEM to confirm their morphology.
Previous studies of ELP-based micelles have demonstrated

that the desolvated core of the micelle can be visualized by
cryo-TEM, as it has significant differential contrast as
compared to the surrounding water, but the corona is far too
solvated to be visualized.52 Increasing the core-forming RLP
block size from 40 to 80 units without an Fn3 domain (Figure
1A,B respectively) shifted the morphology from spherical to
wormlike micelles, as reported previously.52 The core of these
micelles increased in diameter (Table S4) from 24 to 59 nm,
and the spacing between the particles changed from 27 to 42
nm, indicating the elongation of the corona ELP chain. RLPn−
ELP80−Fn3’s behave similarly. Increasing the core size
increased the core diameter of the micelles from 27 to 51
nm and the core spacing from 27 to 42 nm (Figure 1C,D
respectively). Image analysis suggests a shift in assembly as
RLP40−ELP80−Fn3 has >90% of particles with an aspect ratio
<2 while RLP80−ELP80−Fn3 has 45% of micelles with an
aspect ratio <2 (Figure S12). These results both indicate a shift
in morphology from spherical to a mixture of spherical and
wormlike micelles. These results also corroborate the DLS and
SLS experiments measurements indicating that increasing the
core block length elongates the micelle morphology, increasing
the density of chains in the corona and maintaining the overall
shape of the parent diblock polypeptide. These results also
demonstrate the importance of all three complementary
techniques to unequivocally determine the assembly state
under physiologically relevant conditions. Additional cryo-
TEM images can be found in Figure S7.
We next used surface plasmon resonance to characterize the

avidity of the RLPn−ELP80−Fn3 fusions to the ectodomain of
human αvβ3 integrin. SPR sensorgrams were generated for
binding of the Fn3-functionalized RLP−ELP80 diblock
polypeptides at concentrations ranging between 2.5 and 10
μM. Kinetic association (kon) and dissociation (koff) constants

are summarized in Table S3. As the core block size increases,
the kon increases in magnitude, and the koff decreases in
magnitude, both consistent with the increase in size of the
binding unit (unimer or larger diameter micelle).71 As seen in
previous studies,38,72 Fn3-decorated spherical micelles showed
a 10-fold increased avidity for the αvβ3 integrin compared to
the RLP20−ELP80−Fn3 construct that does not self-assemble
and hence only presents a single copy of the Fn3 domain.
Interestingly, elongating the particle from a spherical to
wormlike geometry can increase the avidity for the integrin
by ∼1000-fold compared to the monomer ligand, driving
avidity into picomolar concentrations (Figure 2). This result is
remarkable when one considers the unoptimized nature of the
Fn3, which has Kd in the micromolar range for the αvβ3
integrin. The effective Kd of the RLPn−ELP80−Fn3 wormlike
micelles is in fact many orders of magnitude lower than that of
a clinically relevant therapeutic antibodyLM609which has
a Kd of ∼20 nM.73 For context, these binding constants are at
the upper threshold of antibodies that are used for targeted
cancer therapy, highlighting their clinical relevance.74

To assess the intracellular uptake of these particles, we used
a cell line stably transfected with the αvβ3 integrin. The native
cell line, K562, has endogenously low levels of expression of
this receptor and therefore serves as the receptor-negative

Table 2. Light Scattering and Surface Plasmon Resonance Data of Block Polypeptides

diblock polypeptide Rg (nm) Rh (nm) Nagg ρ = Rg/Rh shape KD (nM)

RLP20−ELP80−Fn3 6.95 unimer 1190
RLP40−ELP80−Fn3 29.3 29.3 201 1.0 spherical 78.9
RLP80−ELP80−Fn3 39.2 48.7 630 0.8 sphere and wormlike 0.79

Figure 1. Cryo-TEM Micrographs of RLPn−ELP80 and RLPn−
ELP80−Fn3. (A) Spherical micelles formed by RLP40−ELP80. (B)
Wormlike micelles formed by RLP80−ELP80. (C) Spherical micelles
formed by RLP40−ELP80−Fn3. (D) Spherical and wormlike and
spherical micelles formed by RLP80−ELP80−Fn3. All scale bars
represent 200 nm. All data collected at 15 °C in 150 mM PBS at 10
μM.
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control, and the undecorated RLPn−ELP80 micelles serve as
ligand-negative controls for each typesize and shapeof
micelle. Cells were incubated for 2 h with a 10 μM solution of
various diblock polypeptides at 37 °C, a concentration that is
well above the CMC52 and Kd of all micelles. Confocal

microscopy was first used to study the internalization of the
diblock polypeptides by the αvβ3 integrin transfected cell line.
Ligand-negative spherical micelles showed low levels of uptake,
while that of ligand-negative wormlike micelles was slightly
higher (Figure S8A), consistent with previous observations

Figure 2. Shape-dependent avidity of RLPn−ELP−Fn3. Multivalency increases the observed KD as does increasing the aspect ratio of the micelle.
Representative SPR sensorgrams shown on top show a marked decrease in koff between the unimer and spherical and wormlike micelles. In contrast
the kon is similar for all constructs of interest. SPR sensorgram data collected in PBS at 10 μM.

Figure 3. Quantification of cellular uptake of block polypeptides. (A) Representative images of cellular uptake of RLPn−ELP diblock polypeptides
labeled with Alexa488 fluorophore (green) overlaid with DIC images (gray) after 2.5 h of incubation in serum-free minimal media at 10 μM. Scale
bar = 20 μm. (B) Quantification of cellular uptake by flow cytometry. *** = p < 0.001. Box indicates 25th and 75th percentile and bars indicate
10th and 90th percentile. (C) Flow cytometry data of nai  ve cells, LM609 antibody, RLP40−ELP80−Fn3 spherical micelles, and RLP80−ELP80−Fn3
wormlike micelles.
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that shape plays a role in controlling nonspecific uptake of
nanoparticles.75,76 However, far more dramatic differences
were seen for Fn3-decorated micelles. Compared to the parent
spherical micelle which showed a low level of uptake (Figure
S8A) that was barely above that of the autofluorescence of the
WTuntransfectedcell line, presentation of the Fn3
domain on the RLPn−ELP80 diblock polypeptide that forms
spherical micelles significantly increased its uptake (Figure 3A)
as quantified by the number of particles inside the cell
membrane (Figure S8B) and the mean fluorescence of the cell
(Figure 3B p < 0.001 unpaired Student’s t test). The wormlike
micelles that are decorated with the Fn3 ligand similarly
showed a much greater level of cell uptake compared to the
parent wormlike micelles (Figure 3A). In contrast, without
overexpression of the αvβ3 integrin on K562 cells, there were
low levels of internalization and uptake of the spherical and
Fn3-decorated micelles, showing that most internalization of
ligand-decorated micelles is driven by ligand−receptor engage-
ment (Figure S7).
The LM609 antibody showed a completely different cell

uptake than RLP−ELP80−Fn3 micelles. Although it has a high
level of fluorescence (Figure 3A), much of the fluorescence
was localized at the cell membrane, and there were far lower
levels of intracellular fluorescence, especially compared to the
Fn3-decorated micelles, indicating that this particular anti-
body−integrin binding event does not trigger internalization.
Flow cytometry was next used to quantify the cell uptake.

Unstained K562 cells had a background cell fluorescence of
2912 ± 3236 (geometric mean ± standard deviation) (Figure
3C) which increased to 8686 ± 8787 when incubated with
RLP40−ELP80 spherical micelles and to 24 904 ± 13 884 for
the RLP80−ELP80 indicating that there is a low-level but shape-
dependent nonspecific uptake of the micelles (p < 0.001,

unpaired Student’s t test) (Figure 3B). The positive control,
the LM609 antibody, had a statistically significantly higher
uptake of 36 708 ± 255 175, consistent with its known
specificity for the αvβ3 integrin (Figure 3B). A closer look at
the flow cytometry data indicates that there is a high-level and
low-level receptor expressing cell population, as seen by the
two distinct peaks in Figure 3C. Interestingly, spherical
micelles formed by RLP40−ELP80−Fn3 and wormlike micelles
formed by RLP80−ELP80−Fn3 have higher geometric fluo-
rescent intensity means of 15 539 ± 286 229 and 71 382 ±
251 919 that are 2-fold and 3-fold greater than the undecorated
controls (Figure 3C). Clearly receptor-mediated endocytosis is
shape-dependent, as seen by the significantly higher cell uptake
exhibited by the wormlike micelles compared to spherical
micelles, that is also consistent with their higher avidity for the
integrin. The Fn3-decorated spherical and wormlike micelles
also only exhibited a single flow cytometry peak, unlike LM609
that has a bimodal distribution of cell uptake. This result
implies that high-valency micelles are not sensitive to the
heterogeneity of receptor expression, presumably as long as the
receptor expression is above a certain threshold to enable
multiple ligands to engage the receptors on the cell surface.
High-valency micelles may therefore provide a more robust
strategy to target cells with inhomogeneous levels of receptor
expression than antibodies. A full description of the flow
cytometry data can be found in Table S2.
We next decided to visualize the kinetics of internalization

by imaging the cells at 20, 45, 90, 120, and 240 min
postincubation (Figure 4). Particle and area analysis of the
Alexa488 dye was performed on all cells in the visual field for at
least 3 separate images resulting in ∼50 individual cells
included for each time point. The analysis area was gated to
exclude the cell membrane to eliminate noninternalized areas

Figure 4. Cellular uptake of block polypeptides over time reveals increased binding and penetration of spherical and wormlike micelles. (A)
Representative confocal images of antibody (LM609), RLP20−ELP80−Fn3, RLP40−ELP80−Fn3, and RLP80−ELP80−Fn3 uptake as a function of
time. Scale bar = 20 μm. (B) Quantification of number of intracellular particles over time by image analysis. (C) Quantification of the area of
intracellular particles over time by image analysis. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars indicate standard deviation.
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of fluorescence. Compared to the LM609 antibody that
remains largely associated with the cell membrane, with only a
few isolated fluorescent puncta within the cell at later points,
spherical (RLP40−ELP80−Fn3) and wormlike (RLP80−ELP80−
Fn3) micelles are internalized faster, resulting in more particles
within the cell at all time points. Using a 3-way ANOVA for
time, shape, and decoration state (Fn3±) we observed a main
effect of shape, decoration state, and time for both the number
of particles and the area which they cover in the cell. Pairwise
interactions indicate that there are significant effects of micelle
shape on the number of particles per cell between spherical
and wormlike micelles (p < 0.01) and spherical micelles and
the positiveantibodycontrol (p < 0.05). There were
significant differences in the area these particles occupied in
the cell between spherical micelles and the antibody control
over time (p < 0.05) and wormlike micelles and the antibody
control (p < 0.05) over time. There was not a significant
difference in particle area between spherical and wormlike
micelles over time. The overall percentage of the cell
population that contained the fluorescent signal was evaluated
but did not produce a significant effect over time. The only
significant effects of this ANOVA analysis were pairwise effects
of micelle shape over time (p < 0.001) and decoration state
over time (p < 0.01) (Tables S5−S7). In summary these data
show that there is (i) a statistically significant increase in
cellular uptake with respect to particle morphology and (ii) a
statistically significant increase in cellular uptake by micelles
that present an integrin-binding Fn3 domain.
Discussion and Conclusions. Our results clearly show

that RLPn−ELP80 diblock polypeptides are a robust platform
for the multivalent display of Fn3 domains via self-assembly of
the polypeptides into micelles. The morphology of the parent
micellesspherical versus wormlikecan be tuned by
modulating the block ratios and the molecular weight of the
core. Decreasing the hydrophilic weight fraction from ∼0.7 to
∼0.46 to ∼0.30 changes the morphology from unimers to
spherical micelles to wormlike micelles, respectively. Impor-
tantly, the gene-level fusion of the Fn3 domain that targets the
αvβ3 integrin at the hydrophilic, C-terminal end of the diblock
RLP−ELP polypeptide does not abrogate self-assembly and
enables the high-density presentation of an Fn3 domain on the
corona of the micelles. Fn3 presentation does, however, have
an impact on morphology, as the parent micelle, RLP80−
ELP80, that exists on the phase boundary between spherical
and wormlike micelles, converts to a mixture of spherical
and wormlike micelles upon presentation of the Fn3 domain
on the corona of the diblock polypeptide.
Cell uptake studies of Fn3-presenting RLP−ELP diblock

polypeptides with an αvβ3 overexpressing cell line yielded four
notable results: First, compared to the parentligand-negative
micellesthat in the best casea wormlike micellehas 3-
fold greater cell uptake at 2 h, demonstrates that multivalency
can greatly enhance the targeting potency of a ligand simply by
virtue of the avidity effect. Second, compared to an RLPn−
ELP−Fn3 fusion that does not self-assemble into a micelle and
hence only presents a single copy of the Fn3 domain that
target the αvβ3 integrin, we found that multivalent spherical
and wormlike micelles have a higher avidity and greater cellular
uptake, showing the importance of multivalency in amplifying
the avidity of a ligand by presentation of multiple copies on a
nanoscale scaffold. Third, we observed a dramatic difference in
cell uptake as a function micelle morphology, where Fn3-
decorated wormlike micelles showed a 5-fold increase in cell

uptake compared to spherical micelles. Fourth, we believe that
morphology is more important than size, as wormlike micelles
with the same hydrophilic weight fraction as RLP80−ELP80−
Fn3, but that are smaller in size, exhibit higher levels of cell
uptake than a spherical micelle of comparable size (RLP40−
ELP80−Fn3). Likewise, spherical particles of a similar size as
compared to the wormlike micelle of RLP80−ELP80−Fn3
exhibit very low levels of uptake (Figures S10 and S11). These
data indicate that the elongated shape and flexibility of the
wormlike micelles increased the number of accessible Fn3
ligands available to bind the receptor. Fifth, the avidity and cell
uptake of the best performing wormlike micelles is greater than
that of a therapeutically relevant antibody that targets the same
receptor.
This class of self-assembling RLP−ELP diblock polypeptides

provides an exceptionally robust and versatile system for the
synthesis of recombinant micelles for delivery of drugs and
imaging agents for the following reasons, compared to other
ELP-based nanostructures:25,62,69,77−81 First, RLP−ELP di-
block polypeptides, unlike ELP diblock polypeptides,82 follow
canonical rules of polymer self-assembly via genetic encoded
sequences, which make it easier to program their morphology
de novo for specific applications. Second, these micelles have
significantly greater thermodynamic stability than ELP
micelles, as they have CMCs in the ≤0.1 μM range, compared
to the 5−10 μM CMC of ELP micelles. Third, these micelles
enable presentation of an Fn3 domain on their corona, which
is an attractive choice as a targeting ligand, as the Fn3 scaffold
is an enormously mutable targeting scaffold and allows variants
to be discovered by library screening approaches against
diverse targets. Fourth, we note that these targeted micelles can
be loaded with drug simply by conjugation of small-molecule
drugs into the core-forming, hydrophobic domain, in a manner
similar to our previous ELP micelles.25,69,77 Finally, their
manufacturingand hence clinical translationcan leverage
the bacterial fermentation and downstream purification
capabilities of the biopharmaceutical industry. In future work,
we plan to introduce small-molecule drugs and imaging
payloads into the core of these micelles for chemotherapy
and functional imaging of tumors.

Materials and Methods. Materials. Oligonucleotides
encoding ELP sequences were purchased from Integrated
DNA Technologies (Coralville, IA). Competent Escherichia
coli BL21 expression cells were purchased from New England
Biotech (Ipswich, MA). Terrific Broth (TB) dry powder
growth media was procured from MO BIO Laboratories
(Carlsbad, CA). Kanamycin sulfate was purchased from EMD
Millipore (Billerica, MA), and isopropyl-β-D thiogalactoside
(IPTG) was purchased from Gold Biotechnology (St. Louis,
MO). Calbiochem phosphate buffered saline (PBS) tablets (10
mM phosphate buffer, 140 mM NaCl, 3 mM KCl, pH 7.4 at 25
°C) and low-retention 0.45 μm Millex-HV filters were
procured from EMD Millipore (Billerica, MA). SimplyBlue
Stain and NHS Ester Alexa Fluor 488 dye were purchased from
Thermo Fisher Scientific (Waltham, MA). Mini-PROTEAN
TGX stain-free precast gels were purchased from Bio-Rad
Laboratories (Hercules, CA).

Gene Assembly. Plasmid genes were available from previous
studies for RLP20, RLP20−ELP80, RLP40−ELP80, RLP80−
ELP80, RLP100−ELP80, and an Fn3 domain that binds the
αvβ3 integrin.

52,60 This gene was then subsequently fused with
the gene that encodes the Fn3 domain.60 Similarly, genes
encoding RLP20−ELP80, RLP40−ELP80, and RLP80−ELP80
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were cloned to the N-terminus of an Fn3 with the same
directional ligation method.64 After successful confirmation of
gene assembly by Sanger fluorescent DNA sequencing, the
plasmids harboring each construct were isolated and trans-
formed into the BL21(DE3) expression strain of E. coli.
Aliquots of the cell stocks were stored at −80 °C until further
use.
Expression and Purification. Each block polypeptide was

expressed in BL21(DE3) E. coli using a previously published
hyperexpression protocol. Bacterial cultures (5 mL) were
grown overnight from frozen glycerol stocks and used to
inoculate 1 L flasks of TB Dry, supplemented with 45 μg mL−1

kanamycin. The flasks were then incubated at 37 °C for 24 h
and 190 rpm. Each construct was purified using inverse
transition cycling (ITC).65 Briefly, the cell suspension was
centrifuged at 3000 rpm for 10 min at 4 °C; the cell pellet was
then resuspended in PBS and then lysed by sonication on ice
for 2 min (10 s on, 40 s off) (Misonix S-4000; Farmingdale,
NY). Polyethyleneimine (PEI) 0.7% w/v was added to the
lysate to precipitate nucleic acid contaminants. The super-
natant was then subjected to multiple rounds of ITC as
follows: the solution was kept on ice, and 3 M NaCl was added
to isothermally trigger the phase transition of the RLP−ELP
diblock polypeptide. The coacervate was then centrifuged for
20 min at 14 000g and 30 °C; the supernatant was decanted
and discarded, and the pellet was resuspended in phosphate
buffer. The dissolved product was cooled to 4 °C and then
centrifuged for 10 min at 15 000g and 4 °C to remove any
insoluble contaminants. To remove excess salt from purified
protein solutions, the samples were dialyzed against ddH2O at
4 °C for at least 24 h using SpectrumTM Laboratories
Spectra/PorTM 2 12−14 Standard RC dry dialysis kits (Fisher
Scientific, Waltham, MA). The proteins were then lyophilized
and stored at −20 °C. Purity of the block polypeptides was
assessed by SDS-PAGE gel with SimplyBlue staining (Figure
S1).
Temperature-Dependent Dynamic Light Scattering (DLS).

Temperature-programmed DLS was carried out using a
Dynapro plate reader (Wyatt Technology; Santa Barbara,
CA) with samples filtered through 0.45 μm Millex-GV filters.
Data were collected at increments of 1 °C, and the DLS data
were analyzed by fitting the autocorrelation function with a
Rayleigh-sphere cumulant fit model to determine Rh.
Static Light Scattering (SLS). Static and dynamic light

scattering measurements (SLS/DLS) were performed on an
ALV/CGS-3 goniometer system (Langen, Germany). Samples
for the ALV/CGS-3 goniometer system were prepared at a
concentration of 10 μM in PBS and filtered through 0.45 μm
Millex-GV filters into a 10 mm diameter disposable
borosilicate glass tube (Fischer). Simultaneous SLS and DLS
measurements were carried out at 15 °C for angles between
30° and 150° at 5° increments, with each angle consisting of 3
runs for 15 s. SLS experiments were only carried out for the
block polypeptides that self-assemble into micelles, as the
molecular weights of polypeptide unimers were already known
from their amino acid sequence, and the Rg of a single chain is
below the detection limit of the SLS instrument. The
differential refractive index (dn/dc) was determined by
measuring the refractive index at different concentrations
using an Abbemat 500 refractometer (Anton Paar, Graz,
Austria). DLS data were analyzed by fitting the autocorrelation
function with a cumulant fit, using the built-in ALV software.
The Rh reported is an estimation of the Rh at zero angle from a

multiangle extrapolation. SLS data were analyzed by partial
Zimm plots using ALVSTAT software to determine the Rg and
molecular weight of the micelles (MW).

Cryo-TEM. Cryo-TEM experiments were performed at Duke
University’s Shared Materials Instrumentation Facility (Dur-
ham, NC). Lacey holey carbon grids (Ted Pella, Redding, CA)
were glow discharged in a PELCO EasiGlow cleaning system
(Ted Pella, Redding, CA). A 3 μL drop (10 μM RLPn−ELP80)
was deposited onto the grid, blotted for 3 s with an offset of −3
mm, and vitrified in liquid ethane using the Vitrobot Mark III
(FEI, Eindhoven, Netherlands). Prior to vitrification, the
sample chamber was maintained at 15 °C and 100% relative
humidity to prevent sample evaporation. Grids were trans-
ferred to a Gatan 626 cryoholder (Gatan, Pleasanton, CA) and
imaged with an FEI Tecnai G2 Twin TEM instrument (FEI,
Eindhoven, Netherlands), operating at 80 keV. Feature sizes
and spacing distances were measured in ImageJ by manual
measurement of at least 25 particles.

Surface Plasmon Resonance (SPR) Spectrometry. The
surface plasmon resonance experiments were performed using
a Biacore T200 instrument. Purified human αvβ3 integrin
(Chemicon, Temecula, CA) was immobilized on research
grade CM5 sensor chips using an amine coupling kit (BIAcore,
Piscataway, NJ). The integrin was diluted in 10 mM sodium
acetate buffer (pH 4.5) for conjugation with a surface density
of approximately 600 resonance units (RU). The measure-
ments of binding events were performed using block
copolypeptide concentrations ranging between 2.5 and 10
μM. The block polypeptides were diluted in HBS-P buffer (10
mM HEPES, 150 mM NaCl, 0.005% Triton-X, pH 7.4)
supplemented with 2 mM CaCl2 and injected into the flow
cells at a flow rate of 30 μL min−1 for 4 min. The complex was
allowed for dissociation for 10 min. The surface was
regenerated with 10 mM glycine−HCl (pH 2.5) at a flow
rate of 30 μL min−1 for 45 s, followed by 10 mM glycine−HCl
(pH 2.0) at a flow rate of 30 μL min−1 for 30 s. The surface
was regenerated using 10 mM glycine−HCl (pH 2.0). Kinetic
modeling and simulations were performed using BIAevaluation
software with the heterogeneous ligand model for self-
assembled proteins and with a 1:1 ligand model for the
unimeric protein (RLP20−ELP80−Fn3). The equilibrium
binding constants (KD1 and KD2) for each experiment were
calculated by dividing the kinetic dissociation rate (koff) by the
association rate (kon), from which the mean KD1/2 was derived
(Table S3). All SPR measurements were carried out at 25 °C.
The SPR measurements were carried out using polypeptide
concentrations ranging between 2.5 and 10 μM. Goodness-of-
fit was evaluated by analyzing residual plots and the residual
sum of squares.

Flow Cytometry. Approximately 1 × 106 cells were
harvested from either K562 or K562+ αvβ3 cell lines and
resuspended into 1 mL of serum-free medium containing 10
μM of the various Fn3-decorated and control block
polypeptides. LM609 antibody was also resuspended at 10
μM in serum-free medium. Micelles were prepared from a
mixture of ∼10% Alexa 488 dye-labeled RLP−ELP diblock
polypeptides and 90% unlabeled polypeptides on a molar basis.
The cells were incubated at 37 °C with the labeled micelles for
a specified time and then rinsed with 1 mL of Hank’s buffered
saline solution (HBSS), collected by centrifugation at 500 RCF
for 5 min at 20 °C, and resuspended in HBSS + 1% BSA. Cells
were maintained on ice until they were analyzed by flow
cytometry (BD Accuri C5). The cell fluorescence intensity of
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Alexa 488 (Green) was quantified after gating to remove
cellular debris on unstained control samples.
Confocal Microscopy. Approximately 1 × 106 cells were

harvested from either K562 or K562+ αvβ3 cell lines and
resuspended into 1 mL of serum-free medium containing 10
μM of the various decorated and undecorated block
polypeptides. Cells were incubated at 37 °C for various
times (20−240 min). After washing with HBSS thrice, 20 μL
of cell suspension was added to a 384-well plate with a #1.5
coverslip on the bottom. Cells were imaged on a Zeiss 710
inverted confocal (Oberkochen, Germany) equipped with a
live cell chamber maintained at 37 °C using a 40× oil
immersion objective.
Confocal Image Analysis. For analysis of the percentage of

cells that show uptake of the polypeptides, the fluorescent
channel and DIC channel were isolated and analyzed
independently. In the fluorescent channel the lowest 10% of
cell fluorescence was removed, to eliminate any autofluor-
escence from nai  ve K562 cells. Using this cutoff, locations and
the area of green fluorescence were identified using the
fluorescent channel only. The total number of cells was then
counted using the DIC channel.
Alexa Fluorophore Labeling. The N-terminus and lysine

residues in the RLP−ELP−Fn3 fusions were labeled with the
NHS-ester derivative of Alexa488. To bias the reaction toward
N-terminal labeling, the pH of the reaction mixture was
adjusted to 8.3. The RLP−ELP diblock polypeptides, dissolved
in 0.1 M sodium bicarbonate buffer (pH = 8.3), were
incubated with a molar excess of dye (with a dye-to-protein
molar ratio depending on the total number of reactive groups
in the proteins, which includes lysine residues and the N-
terminus (e.g., dye:RLP20 = 2:1, dye:RLP20−Fn3 is 5:1), for 2
h at room temperature with continuous agitation. Excess dye
was removed with 3 rounds of dialysis over 3 days at 4 °C with
a 1:500 volume ratio of reaction mixture to milli-Q water. The
samples were lyophilized and stored at −20 °C.
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