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ABSTRACT: Valency is a fundamental principle to control macromolecular interactions
and is used to target specific cell types by multivalent ligand−receptor interactions using
self-assembled nanoparticle carriers. At the concentrations encountered in solid tumors
upon systemic administration, these nanoparticles are, however, likely to show critical
micelle concentration (CMC)-dependent disassembly and thus loss of function. To
overcome this limitation, core-crosslinkable micelles of genetically encoded resilin-/elastin-
like diblock polypeptides were recombinantly synthesized. The amphiphilic constructs were
covalently photo-crosslinked through the genetically encoded unnatural amino acid para-
azidophenylalanine in their hydrophobic block and they carried different anticancer ligands
on their hydrophilic block: the wild-type tenth human fibronectin type III domain, a
GRGDSPAS peptideboth targeting αvβ3 integrinand an engineered variant of the third
fibronectin type III domain of tenascin C that is a death receptor 5 agonist. Although
uncrosslinked micelles lost most of their targeting ability below their CMC, the crosslinked
analogues remained active at concentrations up to 1000-fold lower than the CMC, with
binding affinities that are comparable to antibodies.

■ INTRODUCTION

The past three decades have seen a dramatic increase in the
number of nanoparticle-based delivery systems that have been
developed to improve the delivery of therapeutic drugs and/or
diagnostic markers.1,2 These systems were largely limited to
liposomes and lipid emulsions until the 1990s,3−5 but since
then many more nanoscale delivery vehicles have been
developed such as solid lipid nanoparticles, polymersomes,
polymer micelles, inorganic nanoparticles, and dendrimers.6−9

These delivery systems greatly increase the serum half-life of
small molecule drugs and can improve targeting to the diseased
tissue.10 In cancer therapy, these nanoparticle carriers provide
an added benefit, as their size (10−200 nm) has been
associated with higher uptake rates into solid tumors compared
to other tissues.11,12 Moreover, active targeting of tumors by
nanoparticles that present tumor-selective ligands can enhance
the delivery of small molecule drugs conjugated to or
sequestered within the nanoparticles compared to non-targeted
analogues.13 Depending on the choice of the ligand, receptor
engagement by the ligand can itself modulate intracellular
signaling pathways in cancer cells, leading to the down-
regulation of oncogenes14 or the induction of apoptosis.15

Because nanoparticles often present multiple copies of a
ligand on their surface, they can engage tumors cells by
multivalent interactionsthe simultaneous formation of
multiple ligand−receptor bonds in close spatial proximity.
Increasing ligand valency has been shown to not only improve

the tumor targeting by nanoparticles but to also promote
induction of cell signaling cascades, for instance, by ligands
targeting integrins,16 death receptor 5 (DR5),17,18 or trans-
ferrin receptors.19 Typically, these multivalency-dependent
effects proceed through signal amplification or by facilitating
signal transduction, for instance, when receptor clustering is
necessary on the cell membrane.20

However, this effect strongly depends on the stability of the
particles, as the intratumoral concentration after passive
accumulation must be high enoughrelative to the avidity
of the nanoparticles for the target receptor(s)to enable
multivalent engagement with the tumor cell surface receptors.
This requires that the nanoparticles must remain assembled in
vivo as they transit from the site of injection to the tumor
microenvironment. This problem is especially acute for self-
assembled nanoparticles that are held together by weak non-
covalent interactions and exist in thermodynamic equilibrium
between the self-assembled nanoparticles and their unimer
building blocks. Upon dilution below their critical micelle
concentration (CMC)often in the micromolar to nanomolar
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range in phosphate-buffered saline (PBS) and substantially
higher in serumthey dissociate into unimers.21−24 Thus, the
CMC of a nanoparticle is an important determinant of its in
vivo performance, as renal excretion and tissue accumulation
rapidly dilute the particles in circulation, leading to
disassembly, loss of multivalency, and consequently loss of
function.
This situation is further exacerbated by recent improvements

in the design of anticancer ligands. Using computational design
or library-based screening approaches, we now not only have
the ability to engineer complex antibodies with femtomolar
binding affinity25,26 but also simple peptides that have an
affinity for their targets in the nanomolar range.27,28 Their high
avidity upon multivalent display, however, is irrelevant if the
self-assembled nanocarriers disassemble at far higher concen-
trations.18,29,30 One solution to this dichotomy is to introduce
covalent crosslinks between the building blocks, thereby
completely removing the CMC from the equation. Though
several such systems, typically core-crosslinked polymer
micelles, have already been created through in situ cross-
polymerization,31 disulfide bridges,32 or boronate esters33 and
have shown to improve particle stability in circulation and
improved tumor accumulation,34 the impact on multivalency
and tumor targeting has not been investigated in detail.35

To fill this gap, we designed a genetically encoded diblock
polypeptide construct consisting of elastin- and resilin-like
polypeptides (ELPs/RLPs)bioinspired and highly biocom-
patible materialsalready being used for many biomedical
applications.30,36−39 ELP/RLP diblock copolypeptides also
have the unique advantage that due to their recombinant
nature, we have absolute control over the length and sequence
of the individual blocks at the gene level, which allows the
morphology of the self-assembled nanoparticles to be precisely
modulated, which in turn dramatically influences the activity of
the nanoparticles.30,40 The construct for this study consists of a
hydrophobic RLP block of 40 repeats of the octapeptide
QYPSDGRG and a hydrophilic ELP block of 80 G[G:A]GVP
repeats and is hereafter referred to as RLP40−ELP80. Previous
studies on this diblock polypeptide have shown that it self-
assembles into spherical micelles with a ∼60 nm diameter and
that its self-assembly into spherical micelles is not perturbed by
the genetically encoded presentation of peptide and protein
ligands on its corona.30,40 To covalently crosslink the core of
these micelles, we recombinantly introduced the unnatural
amino acid para-azidophenylalanine (pAzF) into the core-
forming RLP block.41−44 By subsequent exposure to UV
irradiation, the pAzF residues readily enter into any nearby N−
H or C−H bonds, thereby forming irreversible intra- and
intermolecular crosslinks.45,46

In this study, we recombinantly presented three different
anticancer ligands on the coronal end of the RLP/ELP micelles
to create core-crosslinkable micelles that target the αvβ3
integrin and DR5 receptors that are commonly upregulated
in many solid tumors.47−51 Direct comparison of crosslinked
and uncrosslinked micelles showed that core crosslinking
increases the potency of targeting by up to 3 orders of
magnitude into a concentration range well below the CMC of
the micelles and thus demonstrates the critical role of
nanoparticle stability on multivalent activity.

■ MATERIALS AND METHODS
Materials. Competent BL21 (DE3) and NEB 5-alpha Escherichia

coli strains were obtained from New England Biolabs (Ipswich, MA,

USA). Amber-suppressor C321.ΔA E. coli as well as the orthogonal
pEVOL vector were generously provided by Prof. Farren J. Isaacs
(Yale University, USA). Para-azidophenylalanine was supplied by
Chem-Impex International (Wood Dale, IL, USA). Kanamycin sulfate
was purchased from EMD Millipore (Billerica, MA, USA) and
chloramphenicol from Sigma-Aldrich (St. Louis, MO, USA).
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was bought from
Gold Biotechnology (St. Louis, MO, USA) and PBS tablets from
Calbiochem (San Diego, CA, USA). Bacterial cultures were sonicated
using a QSonica Q500 sonicator (Newtown, CT, USA) and purified
with a Beckman Coulter J2-HC centrifuge equipped with a JA-20
rotor (cold spin, Beckman Coulter, Brea, CA, USA) as well as a
Sorvall RC 5B centrifuge equipped with a SS34 rotor (Thermo Fisher
Scientific, Waltham, MA, USA). SimplyBlue stain and NHS ester
Alexa Fluor 488 dye were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using stain-free Mini-
PROTEAN TGX precast gels and imaged on a Gel Doc XR+ imager
both manufactured by Bio-Rad Laboratories (Hercules, CA, USA).
Lyophilization was performed using a Labconco FreeZone 2.5 Plus
lyophilizer (Labconco, Kansas City, MO, USA). Colo205 and K562
cells were bought from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured following the instructions
provided in their manuals on the ATCC website.

Vectors and Gene Assembly. The plasmid genes were
assembled using the “plasmid reconstruction through recursive
directional ligation” technique (PRe-RDL) described elsewhere.52

Most gene fragments were already available from previous experi-
ments but if they were not, they were ordered as DNA
oligonucleotides from Integrated DNA Technologies (Coralville, IA,
USA) and inserted into the linearized PRe-RDL pET-24+ vector
using the Gibson Assembly cloning kit supplied by New England
Biolabs (Ipswich, MA, USA). During gene assembly exclusively, NEB
5-alpha competent E. coli were used for transformation and plasmid
amplification. For native constructs containing no pAzF-encoding
“TAG” codons, the fully assembled plasmid was transformed into
BL21(DE3) competent E. coli for protein expression. For “TAG”-
positive, crosslinkable constructs, the assembled gene was transferred
into a modified pET-24+ vector that does not contain AcuI, BseRI,
and BglI restriction sites but has an pTAC promotor and rrnB
terminator instead of the T7 equivalents.41 For the expression step,
this plasmid was transformed into C321.ΔA competent E. coli that
through a separate transformation already contained the pEVOL
plasmid carrying the orthogonal tRNA/aaRS pair required for pAzF-
introduction.42−44

Protein Expression and Purification. For the pAzF-free
constructs, protein expression was performed in 1 L 2xYT cultures
(16 g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl)
supplemented with kanamycin (45 μg/mL) using a 50 mL starter
culture (grown overnight in the same medium at 37 °C and 210 rpm)
to inoculate the flasks. The cultures were grown at 37 °C and 210 rpm
in a shaker incubator. Once the cultures reached an OD600 of 0.6−0.8,
IPTG was added to a final concentration of 1 mM. 24 h after
inoculation, the cells were harvested from the suspension using
centrifugation (3000 rpm for 10 min at 4 °C), resuspended in PBS
and lysed by sonication on ice for 3 min (intervals of 10 s on and 40 s
off). Subsequently, polyethyleneimine (0.7% w/v) was added to
precipitate the nucleic acid contaminants, and the mixture was spun
down (15,000 rpm for 30 min at 4 °C). The supernatant was purified
by one round of inverse transition cycling (ITC). An inverse
transition cycle comprises a hot and cold spin at solution conditions
above and below the lower critical solution temperature phase
transition of the constructs, respectively. For the hot spin, up to 3 M
NaCl were added to isothermally trigger the phase transition of the
RLP/ELP constructs and the coacervate was centrifuged at 15,000
rpm for 30 min at 37 °C. The supernatant was discarded and the
pellet was resuspended on ice in deionized water. For the cold spin,
the suspension was centrifuged at 15,000 rpm for 30 min at 4 °C and
the supernatant was retained to complete one inverse transition cycle.
The purity of the samples after one inverse transition cycle was
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analyzed by SDS-PAGE and found to be >95% for all constructs
investigated in this study. After purification by ITC, salt contaminants
were removed by dialysis against deionized water over 36 h using
SnakeSkin dialysis tubing (3500 MWCO, Thermo Fisher Scientific,
Waltham, MA, USA). Finally, the samples were lyophilized and stored
in aliquots at −20 °C until further use. The yield of the purified
nativepAzF-freeRLP/ELP diblock polypeptide was ∼50 mg/L of
shaker flask culture.
For the pAzF-containing constructs, there were only a few

differences to the expression and purification protocol described
above: first, the growth medium contained three additional
components [arabinose (0.2% w/v), chloramphenicol (25 μg/mL),
and para-azidophenylalanine (1 mM)]. Second, the cultures were
grown at 34 °C before and at 25 °C after IPTG induction. Third, the
samples were protected from UV light at all times to prevent
premature crosslinking of the polypeptides. Finally, yields of purified
polypeptide were typically lower at 5−25 mg/L of shaker flask culture.
Chemical Crosslinking. pAzF-containing polypeptides were

crosslinked in PBS by exposure to high-intensity UV irradiation
(OmniCure S1000 UV source with a 320−500 nm filter, Nordson
Corporation, Westlake, OH, USA). Each sample was exposed to the
UV source for three intervals of 20 s with mixing steps in between
each exposure.
Dynamic Light Scattering. Dynamic light scattering (DLS) data

was acquired using a DynaPro plate reader (Wyatt Technology,
Goleta, CA, USA). Wells of a 96-well plate were loaded with 50 μL of
analyte solution and covered with mineral oil (25 μL) to prevent
solvent evaporation. The measurements were analyzed by fitting the
autocorrelation function with a Rayleigh sphere cumulant fit model to
determine Rh.
Zeta Potential Measurements. The zeta potential measure-

ments were performed on a Malvern Zetasizer instrument (Malvern
Panalytical, Malvern, UK) using 15 μM solutions of diblock
constructs in deionized water at 25 °C. The samples were loaded
into a disposable folded capillary cell (DTS1070, Malvern Panalytical,
Malvern, UK) and the zeta potential determined over five technical
replicates per sample. To check if the nanoparticles had formed
analogously in deionized water as in PBS, the Rh was measured
analogously as described above. Finally, the pH of the sample
solutions was also determined on an Orion Star A211 pH meter
(Thermo Fisher Scientific, Waltham, MA, USA) to ensure
comparability between the individual samples.
Cryogenic Transmission Electron Microscopy. Cryogenic

transmission electron microscopy (Cryo-TEM) images were taken
using a FEI Tecnai G2 Twin transmission electron microscope (FEI,
Hillsboro, OR, USA) at a voltage of 80 kV. Prior to imaging, the
samples were prepared as follows: lacey holey carbon grids (Ted Pella,
Redding, CA, USA) were glow discharged using a PELCO easiGlow
apparatus (Ted Pella, Redding, CA, USA) and loaded into a Vitrobot
Mark IV vitrification instrument (FEI, Hillsboro, OR, USA).
Subsequently, 3 μL of the sample was carefully deposited onto the
grid, blotted for 3 s at a force of −3 and with a drain time of 1 s and
then vitrified in liquid ethane. The grids were transferred onto a Gatan
626 cryoholder (Gatan, Pleasanton, CA, USA) which was inserted
into the TEM instrument.
AF488 Labeling. To obtain AF488-labeled proteins, some

lyophilized protein sample was dissolved in aq sodium bicarbonate
solution (0.1 M and pH, 8.3) to which the NHS ester derivative of the
AF488 dye (Invitrogen, Carlsbad, CA, USA) was added in large
excess (>5 equiv). After incubation at room temperature for 1 h, the
sample was dialyzed and lyophilized analogously as for regular protein
purification.
Cell Uptake Experiments. Cell uptake experiments were run

using samples with a protein-to-dye ratio of 10:1 determined using a
NanoDrop 1000 instrument (Thermo Fisher Scientific, Waltham,
MA, USA). Protein samples (typically 100−500 μL) were then mixed
with spun down K562 cells (500 g for 5 min) to reach a final density
of 1 million cells/mL. After coincubation for 2 h at 37 °C and 200
rpm, the mixture was spun down at 800 g for 5 min and the
supernatant was carefully removed. After two washing steps

(resuspension in 1 mL of Hanks’ buffered salt solution, centrifugation
at 1000g for 7 min and removal of the supernatant), the cell pellet was
finally resuspended in PBS + 1% bovine serum albumin at a cell
density of 1 million cells/mL. To analyze the cellular uptake levels, 30
μL of the sample was loaded onto a 384-well plate with a #1.5
coverslip at the bottom and imaged using the 40× oil-immersion
objective on a Dragonfly 500 spinning disk confocal microscope
(Andor Technology, Belfast, UK). Moreover, cell uptake levels were
also quantified on an Accuri C5 flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA). The cell fluorescence intensity was
quantified after gating to remove false positive measurements.

Surface Plasmon Resonance. The surface plasmon resonance
(SPR) measurements were carried out using a Biacore T200
instrument (GE Healthcare, Chicago, IL, USA) at 25 °C. The flow
channels of the CM5 sensor chip (GE Healthcare, Chicago, IL, USA)
were normalized using 70% glycerol. Recombinant αvβ3 integrins
(Novus Biologicals, Littleton, CO, USA) were immobilized using
NHS/EDC coupling. Upon immobilization, the integrins reached a
surface density of around 1200 response units (RU). For the control
channel, analogous methods were used to immobilize the crosslinked,
unfunctionalized RLP20−ELP80 construct to reach a surface density of
around 4500 RU. The SPR measurements were carried out using
crosslinked and uncrosslinked nanoparticles at various concentrations
in PBS. All samples were injected into the flow cells at a flow rate of 5
μL/min for 3 min and then allowed to dissociate for 10 min. The
surface was subsequently regenerated using 2 mM aq NaOH at a flow
rate of 5 μL/min for 40 s. After subtraction of the signal from the
reference channel, the final SPR sensorgrams were analyzed using the
1:1 Langmuir binding model on BIAevaluation software (GE
Healthcare, Chicago, IL, USA).

Cell Viability Assays. Wells of a 96-well plate were seeded with
10,000 Colo205 cells each in complete growth media (90 μL, RPMI +
10% v/v fetal bovine serum). After 24 h of incubation at 37 °C, 10 μL
of protein sample in PBS was added in duplicates. After 24 h, 15 μL of
CellTiter-Glo (Promega Corporation, Madison, WI, USA) was added
to each well and mixed by gently tapping the 96-well plate. After 40
min of incubation at room temperature under exclusion of light, cell
viability was determined by measuring the luminescence of each well
on a PerkinElmer Wallac 1420 VICTOR2 microplate reader
(PerkinElmer, Waltham, MA, USA).

■ RESULTS AND DISCUSSION

To introduce pAzF residues into RLP40−ELP80, we genetically
engineered five regularly spaced UAG amber codons into the
RLP block, using a previously described recursive ligation
cloning strategy.52 The resulting constructhereafter referred
to as RLP40,5pAzF−ELP80was expressed in a genetically
recoded, amber-suppressor E. coli in shaker flask culture and
isolated using ITC with a yield of ∼40 mg/L of purified
polypeptide.53 To prove successful incorporation of free azides,
we incubated the purified polypeptide with a DBCO-
functionalized fluorophore, yielding a single fluorescent band
at the target mass of 66 kDa as seen by SDS-PAGE (Figure
S1).
DLS measurements of RLP40−ELP80 and RLP40,5pAzF−ELP80

in both uncrosslinked and crosslinked states yielded hydro-
dynamic radii (Rh) of 28−35 nm, which is in agreement with
previous studies (Table 1).30,40 Though the differences are
small, there is a trend toward an increase in size upon
introduction of the pAzF residues as well as upon crosslinking
of the particles, most probably due to minor rearrangements in
the particle core. Further characterization of the particles by
zeta potential measurements (Table S1) and cryo-TEM
(Figure S2a) showed that both the interfacial properties as
well as the spherical morphology of the particles remained
unaffected by pAzF introduction and crosslinking.
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To analyze how photo-crosslinking affected the stability of
the micelles, we exposed both uncrosslinked and crosslinked
RLP40,5pAzF−ELP80 samples to 7.2 M guanidinium hydro-
chloride (GuHCl), a potent chemical denaturant. Subsequent
DLS (Figure S2b) and cryo-TEM (Figure 1) demonstrated
that the crosslinked nanoparticles retained their spherical
morphology upon GuHCl exposure, whereas the uncrosslinked
nanoparticles disassembled into unimers, as seen by the lack of
nanoparticles in the cryo-TEM field of view. The observed
swelling of the crosslinked particles in GuHCl can be
attributed to the denaturing agent dissolving the phase-
separated RLP core, thereby also causing a decrease in
contrast in the cryo-TEM images.
To determine how many pAzF residues were actually

necessary to create stable particles, we performed analogous
stability tests with crosslinked mixed micelles containing pAzF-
free and pAzF-carrying RLP40−ELP80 constructs at different
ratios. The cutoff was found to be at an average of 1 pAzF
residue per polypeptide chain (Figure S3). Finally, by acquiring
DLS measurements over a dilution series of the RLP40−ELP80
construct, its CMC was estimated to be ∼1 μM (Figure S4).
Motivated by these results for the unfunctionalized

polypeptides, we designed RLP40,5pAzF−ELP80 constructs
carrying anticancer ligands on their C-terminal, hydrophilic

end. There were two basic requirements that dictated the
choice of the ligands for this study: first, the ligands needed to
be sufficiently potentat least in their multivalent formsuch
that the induced effects upon receptor binding were still
detectable with our assays even at mid-nanomolar concen-
trations below the CMC. Second, the mono- and multivalent
form of the ligand needed to be significantly different in
activity for us to clearly be able to experimentally differentiate
between the two states.
The first ligand we chose that fulfilled both criteria was a

single domain protein based on the third type III fibronectin
domain of tenascin C (Tn3) that had been engineered to bind
to the apoptosis-inducing DR5, a systematically upregulated
cell surface receptor in cancer cells (Figure 2).51 In the initial
publication, mono- and divalent constructs of this ligand failed
to show any cytotoxic effect, whereas tetra-, hexa-, and
octameric constructs showed picomolar efficacy.18 The strong
dependence of function on the multivalent display is thought
to arise from the requirement for trimerization of DR5-
receptors to trigger the downstream signaling pathway that
ultimately leads to apoptotic cell death.54 We have previously
reported on a depot-forming, linear ELP-(Tn3)6 fusion
construct with improved in vivo activity over monomeric
TRAILthe current gold-standard DR5 agonist.55

The second and third ligand we chose both contain an RGD
tripeptide motif (Figure 2). RGD ligands are amongst the most
commonly used ligands for tumor targeting as their molecular
targetsmultiple members of the integrin family56have
been shown to be upregulated in many different types of
cancer.48−50 They are also one of the most widely investigated
ligands in the context of multivalent display.16,57,58 The two
ligands we chose were the wild-type tenth type III domain
from human fibronectin (Fn3) that shows binding specificity
for the αvβ3 integrin59 which is known to be highly

Table 1. DLS characterization of unfunctionalized RLP/
ELP nanoparticles before and after photo-crosslinking:
Measurements were performed at 25 °C at a concentration
of 15 μM in PBS. Rh: hydrodynamic radius

diblock architecture sample state pAzF residues Rh [nm]

RLP40−ELP80 uncrosslinked no 28.0 ± 1.0
RLP40−ELP80 uncrosslinked yes 29.8 ± 0.2
RLP40−ELP80 crosslinked yes 34.3 ± 0.3

Figure 1. Construct overview and stability analysis of unfunctionalized RLP/ELP nanoparticles before and after photo-crosslinking: to enable
photo-crosslinking, the diblock polypeptide contained 5 evenly spaced pAzF residues in the RLP block. Successful crosslinking was shown by
incubation of nanoparticles with 7.2 M GuHCl: cryo-TEM micrographs show that crosslinked samples (particles indicated by arrows) retained
their spherical morphology upon exposure to GuHCl, whereas the uncrosslinked nanoparticles disassembled into unimers that are not detectable by
cryo-TEM. Scale bars represent 200 nm.
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overexpressed in growing tumors during angiogenesis47 and a
linear GRGDSPAS octapeptide taken from the recognition site
in the FG loop of the Fn3 scaffold that also binds the αvβ3
integrin, though with decreased efficacy and specificity.60 The
former has an equilibrium dissociation constant (Kd) for the
αvβ3 integrin in the high nanomolar range59,61 whereas the Kd
for the αvβ3 integrin for the latter is expected in the mid-
micromolar range based on reports using similar peptide
ligands.62,63 In a previous work, we showed that the
multivalent display of the Fn3 domain on a spherical
RLP40−ELP80 micelle can improve its binding avidity for the
αvβ3 integrin by more than 10-fold compared to the soluble
unimer.30

All constructs also contained a K8D4 linker between the ELP
block and the ligand that consisted of eight lysine and four
aspartic acid residues (Figure 2). This hydrophilic spacer has
been shown to greatly improve ligand accessibility on ELP
micelles, particularly for short hydrophobic peptide ligands.64

In addition, introducing a net 4+ charge at the particle−
solution interface may also improve the nanoparticles’ ability to
target the negatively charged cell surface.65

After successful expression and purification of the fusion
constructs (Figure S5), characterization of the corresponding
crosslinked nanoparticles by DLS and cryo-TEM showed that
the C-terminal presentation of the ligands on the corona of the
RLP40,5pAzF−ELP80 micelles did not influence their spherical
morphology or their stability (Figure S6).
To analyze the in vitro bioactivity of the Tn3-functionalized

nanoparticles, we performed cell viability experiments using
the colorectal cancer cell line Colo205 that is known to have a
high DR5 density.66 Cell viability analysis after 24 h of
treatment with nanoparticle solutions showed that the
uncrosslinked constructs had an EC50 of 1.16 μM, whereas
the crosslinked analogues were ∼5000-fold more potent, with
an EC50 of 246 pM (Figure 3). In conjunction with the
measured CMC of ∼1 μM (Figure S4), the data strongly
suggests that the observed increase in potency for the
crosslinked formulation is a direct consequence of preserving
multivalent interactions below the CMC. Below ∼1 μM, the
uncrosslinked micelles disassemble into unimers and lose their
activity, whereas the core-crosslinked micelles remain intact
and continue to bind their cognate receptors on the cell surface
with high avidity, ultimately leading to far greater bioactivity
than their uncrosslinked analogues.
These results also suggest that the architectureformat of

presentation, ligand spacing, and flexibilityof multivalent
ligand presentation has an important role in modulating the
avidity as the potency of our crosslinked spherical nano-
particles is decreased compared to that of linear Tn3
oligomers.18,55 The estimated ligand density on these nano-
particles is less than 10% compared to the linear oligomers,
which might help explain the observed effects. Nevertheless,

our nanoparticles reached a sub-nanomolar EC50 value, which
is sufficient for most applications. Moreover, experiments with
mixed micelles containing both unfunctionalized and Tn3-
bearing constructs revealed that the ligand density can be
reduced by another 50% without significantly compromising
the potency (Figure S7). One could thus envision mixed
micelles that present two different moieties that target separate
receptors to enhance the targeting specificity and efficacy.
We next investigated the cell internalization of the

crosslinked and uncrosslinked nanoparticles that present the
integrin-targeting Fn3 and GRGDSPAS ligands. To do so, we
conjugated the fluorescent dye Alexa Fluor 488 to the N-
terminus of the diblock constructs, and incubated the labeled
nanoparticles with an engineered K562 leukemia cell line that
had been transfected to express the αvβ3 integrin.

30 After 2 h of
incubation at two different concentrations3.5 μM and 70
nM, chosen because they bracket the CMC of the
uncrosslinked micellescellular uptake was visualized by
confocal fluorescence microscopy and quantified by flow
cytometry. Both methods revealed that nanoparticle cross-
linking greatly increases cellular internalization at low
concentrations below the CMC (Figure 4): whereas treatment
with the uncrosslinked micelles resulted in comparable uptake
levels (vs crosslinked samples) at 3.5 μM, there was almost no
detectable uptake of the uncrosslinked micelles at 70 nM,
presumably because the monovalent affinity upon nanoparticle

Figure 2. Architecture of the ligand functionalized, photo-crosslinkable RLP/ELP constructs: the anticancer ligands were genetically encoded to be
presented on the C-terminal, hydrophilic end of the construct with a hydrophilic K8D4 linker between the ligand and the ELP block.

Figure 3. Cell viability experiments for DR5-targeting constructs: cell
survival curves for Colo205 cells after coincubation with DR5-
targeting constructs over 24 h in complete media showed that the
EC50 value for the uncrosslinked sample closely matched the CMC of
the unfunctionalized RLP/ELP diblock micelles. Photo-crosslinking
significantly increased the potency of Tn3-functionalized nano-
particles to concentrations well below the CMC.
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disassembly below the CMC is far too low to lead to efficient
receptor-mediated internalization. The crosslinked micelles, on
the other hand, showed the same level of uptake at 70 nM as at
3.5 μM, indicating that even at a 500-fold lower concentration,
the avidity of the crosslinked nanoparticles remains intact, thus
enabling efficient cell uptake.
Interestingly, the data also strongly indicates that switching

from the Fn3 protein ligand to the GRGDSPAS peptide
ligandthereby decreasing the monovalent binding affinity by
2 orders of magnitudedoes not significantly compromise the
cellular uptake of the crosslinked nanoparticles. Comparison of
the uptake by αvβ3 integrin-positive and -negative K562 cell

lines showed that high levels of nanoparticle internalization can
be predominantly attributed to specific ligand−receptor
interactions (Figure S11). Thus, we conclude that in
multivalent systems, the monovalent binding affinities of the
ligands only have a minor influence on the overall targeting
efficacy, which appears to be dominated by ligand valency.
These observations are consistent with previous studies
showing that the ligand density as well as the ligand-to-
receptor ratio are the main drivers of nanoparticle
activity.30,67−69 In fact, Maguire et al. reported that multivalent,
integrin-targeted, recombinant adenoviruses with two different
RGD peptides showed no difference in transfection efficiency,

Figure 4. Quantification of cellular uptake for integrin-targeting constructs: (A) representative images of K562 cells after coincubation with AF488-
labeled (green), functionalized nanoparticles over 1.5 h in PBS. Scale bars represent 20 μm. (B) Quantification of cell uptake levels using flow
cytometry. Boxes indicate 3rd and 7th percentiles, bars represent 1st and 9th percentiles over >30,000 events. Note that all constructs have a
RLP40,5pAzF−ELP80 base and carry the C-terminal functionalization denoted on the respective images or figure legend. See Figures S8−S10 for
additional microscopy images and flow cytometry histograms ***p < 0.001 (unpaired Student’s t-test).

Figure 5. SPR data for the integrin-targeting RLP/ELP diblock polypeptides both above and below their CMC: (A−D) SPR sensorgrams for
ligand-functionalized RLP/ELP constructs at concentrations below the CMC, showing that for both ligands integrin-binding is only retained for
photo-crosslinked nanoparticles but not for their uncrosslinked analogues. (E,F) SPR sensorgrams at concentrations above the CMC show
moderate binding avidities for uncrosslinked, functionalized nanoparticles. Note that the dotted vertical line represents the point at which the buffer
was exchanged during the SPR measurement. See Figure S12 for SPR sensorgrams for the untargeted control constructs.
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even though the monovalent binding affinities of the ligands
differed by more than 100-fold.70

The findings of the cell uptake experiments were supported
by SPR measurements. In general, the experimental layout for
these measurements was identical to the uptake experiments:
binding kinetics were determined for uncrosslinked and
crosslinked nanoparticles at concentrations both above and
below the CMC. In agreement with the cell uptake
experiments, the uncrosslinked constructs showed moderate
binding in the concentrated regime but no detectable binding
below the CMC (Figure 5). The crosslinked nanoparticles, on
the other hand, showed exceptional binding kinetics in the
dilute regime, with the Kd values for both ligands in the low
nanomolar range, consistent with preservation of their
spherical nanoparticle morphology.
As opposed to the uptake experiments, the SPR sensorgrams

also indicated some differences between the Fn3- and
GRGDSPAS-functionalized nanoparticles: though the overall
Kd values were quite similar, the kon and koff differed
significantly. The lower koff for the Fn3-functionalized particles
suggests that they hold onto the integrins more strongly than
the GRGDSPAS-carrying micelles, which is expected based on
the differences in monovalent binding affinity. Regarding the
differences in kon, we hypothesize that this is caused by
conformational restrictions due to the more complex three-
dimensional architecture of the Fn3 protein ligand compared
to that of the small GRGDSPAS peptide.71

Finally, SPR data was also acquired for the Tn3-function-
alized constructs in an analogous manner (Figure S13). As
opposed to the integrin-targeting nanoparticles, the SPR
measurements revealed that for the DR5-targeted micelles,
the uncrosslinked constructs also showed a strong binding at
concentrations below the CMC. As the dependency on
multivalent display for the Tn3 ligand stems from the
downstream trimerization of ligand-bound DR5 receptors
rather than the binding process itself, these results are not
surprising. With an exceptionally low Kd of 21 pM, the
crosslinked nanoparticles showed improved binding by around
3 orders of magnitude compared to the monovalent construct
reported by Swers et al.18 These affinities compare to the ones
found for many engineered antibodies and antibody frag-
mentsthe current gold standard for high affinity protein
ligands.25,72,73

■ CONCLUSIONS AND OUTLOOK

In summary, this study demonstrates the great potential of
core-crosslinked RLP/ELP nanoparticles in the context of
multivalent ligand display. Whereas the self-assembled nano-
particles held together solely by thermodynamic forces
immediately became inactive upon dilution below their
CMC, their photo-crosslinked analogues retained their activity
even after a further 1000-fold dilution.
Our data reinforces the importance of valency on molecular

interactions. Though the two αvβ3 integrin-targeting ligands we
investigated were very different in size, complexity, and
monovalent binding affinity, the corresponding nanoparticle
formulations demonstrated almost identical cellular internal-
ization rates. Remarkably, with a measured Kd of 3 nM, the
GRGDSPAS-functionalized, crosslinked nanoparticles ex-
hibited a binding avidity that is more than 1000-fold greater
than the monomeric sequence.62,63 Since our nanoparticles are
furthermore expected to have a greatly improved serum half-

life in vivo,41 they represent a real alternative to antibodies for
high-affinity tumor targeting.
In summary, our method enables the creation of

monodisperse, highly potent nanoparticles with remarkable
stability by recombinant protein expression methods. As the
amphiphilic RLP/ELP building block is genetically encoded,
peptide and protein ligands can be fusedat the gene level
without requiring a separate conjugation step. Furthermore,
these diblock polypeptides spontaneously and reliably self-
assemble into spherical nanoparticles regardless of their corona
modification and without the need for any additional
processing. Also, the cores of these nanoparticles can be easily
covalently crosslinked by brief UV exposure without the
necessary addition of a chemical crosslinker or the removal of
any by-products after crosslinking. Finally, by introducing drug
conjugation sites into the RLP block that are spatially
separated from the pAzF residues to prevent cross-reactivity,
the presented platform can easily be expanded to create drug-
loaded core-crosslinked micelles. This nanoparticle system
now sets the stage for future studies that will focus on
understanding the impact of ligand presentation and nano-
particle stability on their in vivo pharmacokinetics, tumor
accumulation, and ultimately tumor regression.
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