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ABSTRACT: Inspired by marine siderophores that exhibit a
morphological shift upon metal coordination, hybrid peptide—
polymer conjugates that assemble into different morphologies
based on the nature of the metal ion coordination have been
designed. Coupling of a peptide chelator, hexahistidine, with
hydrophobic oligostyrene allows a modular strategy to be
established for the efficient synthesis and purification of these
tunable amphiphiles (oSt(His)s). Remarkably, in the presence of
different divalent transition metal ions (Mn, Co, Ni, Cu, Zn, and
Cd) a variety of morphologies were observed. Zinc(II), cobalt(II),
and copper(Il) led to aggregated micelles. Nickel(II) and
cadmium(II) produced micelles, and multilamellar vesicles were

metal coordinating
amphiphile U
diverse
morphologies
DIRECTED
SELF-ASSEMBLY

obtained in the presence of manganese(II). This work highlights the significant potential for transition metal ion coordination as

a tool for directing the assembly of synthetic nanomaterials.

B INTRODUCTION

Living organisms exploit a variety of stimuli to create nanoscale,
responsive materials leading to complex macroscale functions.
Structural change in response to a stimulus is critical for such
functions (e.g, the release of a signaling molecule in a cascade
or active transport across a membrane). Significantly, these
dynamic responses allow for an array of structures/functions to
be derived from a limited set of building blocks. In the pursuit
of synthetic nanomaterials with comparable functionality, a
toolbox of strategles including materials that respond to light,"
pH,” temperature,” and chemical® stimuli has been developed.
These strategies provide a valuable foundation for the
development of responsive materials, but thus far they are
largely limited to generating structures that interchange
between two morphologies in response to various stimuli.
Transition metal jons are a unique tool for engineering
responsive character based on their various binding stoichio-
metries and geometries, allowing a single material to have a
diverse set of responses to different metal ions. This allows
structural control in small molecules®™® and proteins,g_11 with
the dynamic nature of the coordination bonds being utilized to
develop responsive films,'>" self-healing soft materials,"*~"®
subcomponent self-assembly of polymeric materials,’’ ~*' and
hierarchical assemblies of nanoparticles.””** However, the only
example of metal ion coordination leading to a controllable
change in the morphology in an aqueous amphiphilic self-
assembled system is demonstrated with natural siderophores
that are secreted by marine bacteria.”*** Butler and co-workers
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have demonstrated that these siderophores, composed of a
hydrophilic peptide-based chelator and a fatty acid tail, can
undergo an unprecedented metal-induced morphology tran-
sition. In the absence of metal ions, assembly occurs to give
micelles, while coordination with an excess of Fe(III), Zn(II),
Cd(II), or La(Ill) results in dimerization of the amphiphile,
inducing a substantial shift in the packing parameter and
formation of new morphologies (vesicles or multilamellar
vesicles).

B RESULTS AND DISCUSSION

Inspired by these natural siderophore systems, we sought to
design a synthetic amphiphile that forms tunable morphologies
in the presence of different transition metal ions (Figure 1). A
modular synthetic approach was therefore devised based on a
tunable macromolecular hydrophobic unit**~** and a peptide
chelator (Scheme 1).”7°° Oligostyrene was selected as the
hydrophobic tail due to its high hydrophobicity, chemical
inertness, and glass transition temperature above room
temperature. These features impart chemical and kinetic
stability to the assembled structures. Hexahistidine, known to
dimerize in the presence of transition metal ions,”*"*> was
chosen as the hydrophilic chelating domain. Key features of this
design are the high degree of structural control over

functionality and molecular weight with the peptide component
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Figure 1. Schematic illustrating a single amphiphilic material that can
be transformed into a variety of unique morphologies in response to
the presence of different divalent transition metal ions.

Scheme 1. Modular Design Strategy for the Synthesis of
oSt(His),
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being discrete and the synthetic oligomer with a narrow
distribution (D = 1.2). This allows accurate tuning of assembly
and dynamic behavior.

To probe the impact of metal ions on the assembly, a metal-
free synthesis of the amphiphile was required. Therefore,
efficient and metal-free chemistry (thiol-maleimide reaction)
was selected to couple the peptide and oligostyrene.”® To
increase the modularity of this system, polymerization from a
preformed, protected maleimide initiator was employed with
atom transfer radical polymerization (ATRP),** allowing for a
more controlled polymerization, noncoordinating chain ends,
and limited in situ deprotection of the initiator (Figure 2a).
Oligomers (degree of polymerization (DP) < 10) of styrene
were targeted to provide a hydrophobic block of comparable
molecular weight to drive the self-assembly of a peptide
containing a hexahistidine unit with a terminal cysteine for
conjugation to the maleimide. A narrow molecular weight
distribution centered at a pentamer and high retention of the
furan-protected chain end was confirmed by size exclusion
chromatography (SEC) and 'H NMR analysis (Figure 2b,
Figure S3). The reactive maleimide was then exposed by
heating the oligostyrene to 120 °C to release the furan followed
by coupling to the peptide in DMF with HEPES buffer salt.
Quenching with 0.1% trifluoroacetic acid (TFA) then gave the
crude peptide—oligomer amphiphile (Figure 3a), which was
initially characterized by high-performance liquid chromatog-
raphy (HPLC). Isolation and purification of amphiphiles is
traditionally challenging, and therefore the stoichiometry of the
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Figure 2. Synthesis of maleimide-terminated oligostyrene. (a)
Synthetic scheme; (b) "H NMR spectrum of the protected-maleimide
oligomer demonstrating chain end fidelity.
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Figure 3. (a) Synthetic scheme for the coupling of oligostyrene to
hexahistidine peptide via maleimide—cysteine reaction; (b) MALDI
MS confirming synthesis of the peptide—polymer amphiphile. The
arrow indicates the difference of a single styrene monomer unit.

coupling reaction was optimized to ensure high yields and
minimization of side products. Efficient purification of the
desired amphiphile from residual peptide and disulfide dimer
was achieved by reverse-phase chromatography eluting with 3:1
water/acetonitrile containing 0.1% TFA to give pure oSt(His)s,
which was fully characterized by mass spectrometry (Figure 3b)
and HPLC (Figure S5).

The critical aggregation concentration (CAC) and assembled
morphology of oSt(His)s were initially studied in the absence
of transition metals. The CAC was determined to be less than
10 uM by incubating oSt(His)s (concentrations of 0.3—600
uM) with solvatochromic Nile Red using a procedure similar to
that described by Stupp and co-workers™ (Figure S6). To
ensure complete self-assembly of the amphiphiles, 600 yM was
then selected as the concentraction of oSt(His)s for all
subsequent experiments. The assembly proceeded in a
noncoordinating buffer,** HEPES (100 mM, pH 7), at 80 °C
for 30 min to allow equilibration above the glass transition
temperature of the styrene oligomers. Following imaging with
transmission electron microscopy (TEM; cryogenic, Figure 4;
negative staining, Figure S and Figure S7), vesicle formation
was observed in the absence of any divalent metal ions.
Additional characterization by dynamic light scattering (DLS,
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Figure 4. Schematic of the oSt(His)s and assembled structures in the absence (left) and presence (right) of Zn(II) (15 mM) in addition to cryo-
TEM images. Scale bars represent 200 nm (larger image) and 20 nm (inset image).
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Figure 5. Varying concentrations of Zn(II) lead to different degrees of aggregation. Negative-stained TEM images of 0St(His)s (600 ;M) assembled
with 0—15 mM Zn(II). Negative staining was performed with uranium formate, and all scale bars represent 200 nm. All assembly was performed in

buffered solution (HEPES, 100 mM, pH 7).

Figure S15) confirmed vesicle formation with only minimal
aggregation. This low level of aggregation is presumably due to
secondary interactions between the noncoordinating zwitter-
ionic buffer and the positively charged peptide corona.

Zinc has been previously demonstrated to dimerize
hexahistidine peptides’’ and was initially investigated for
directing amphiphile assembly. An excess of Zn(II) (15 mM)
was therefore added to a buffered oSt(His)4 solution (600 uM
oSt(His)s and 100 mM HEPES) at a neutral pH (confirmed
with bromothymol blue) and assembly conducted by heating
the mixture to 80 °C and slowly cooling it to room
temperature. Imaging with TEM (cryogenic, Figure 4; negative
staining, Figure S and Figure S7) revealed a definitive change in
morphology. In direct contrast to the vesicles formed in the
absence of transition metals, zinc induced the formation of
networks of aggregated micelles. It is particularly noteworthy
that the metal ion was able to both change the size of the
spherical assembly and lead to network-like aggregates.

The impact of zinc concentration, temperature, ionic
strength, and salt counterion on the assembly was then
examined to probe the factors controlling the formation of the
aggregated micelle networks. Incubating oSt(His)s with
increasing concentrations of ZnCl, from 120 yM (~0.1
equiv, with respect to oSt(His)s) to 15 mM (~2S5 equiv)
results in an observable transition from vesicles to micelles to
aggregated micelles (Figure S and Figure S8). Further
characterization was performed at 15 mM Zn(II), as this
provides the clearest difference in morphology when compared
to the metal-free assemblies. To monitor formation of these
networks, samples were heated at 40, 60, and 80 °C, all above
the T, of the oligostyrene (34 °C), and the respective
morphologies characterized via TEM after different incubation
times (Figure S6e). Significantly, the incorporation of micelles

into the aggregated network was observed to increase with
increasing temperature (Figure 6, Figure S6). For each 20 °C
decrease in temperature, approximately 4 times longer was
required for full incorporation into aggregated networks.

Samples heated to 40 °C do not appear to assemble fully,

60 30

Temperature (°C)

Figure 6. TEM images of oSt(His)s assembled in the presence of
Zn(1I) with different incubation times and temperatures. Samples
negatively stained with uranium formate. All scale bars represent 200
nm.
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likely due to this temperature being close to the reported T,.
Additionally, networks that were assembled at 80 °C (30 ming>
were cycled again through the same assembly conditions and
demonstrated to be unaffected by reheating (Figure S8a),
confirming the robustness of the final morphology. The impact
of diluting the structure postassembly was tested via imaging a
10-fold dilution of the original assembled solution (Figure
S8b), revealing a similar aggregated network morphology.
PIPES, as an alternative to HEPES (Figure S8c), and
Zn(NO;), and Zn(OAc), (Figure S8e) as replacements for
ZnCl,, also led to the assembly of a network of aggregated
micelles as visualized by TEM. Finally, when Zn(II) was
replaced by noncoordinating Mg(II), spherical assemblies
similar to those formed under metal-free conditions were
observed (Figure S8d), reinforcing that specific interactions
between the peptide domain of the amphiphile and Zn(II) lead
to the network morphology.

Encouraged by the morphological change induced by Zn(1II),
additional transition metal ions were selected to evaluate how
ions with different properties (e.g., ionic radius and
coordination stoichiometry/geometry) impact assembly.
Under identical conditions, assembly of oSt(His)s in the
presence of Mn(II), Co(1), Ni(1I), Cu(II), Cd(II), and Fe(III)
was conducted, leading to a diverse array of morphologies
(Figure 7, Figure S14, DLS Figure S15, negatively stained TEM
Figures $9—13). Co(II)-directed assembly led to aggregated
micelle networks similar to those formed in the presence of
Zn(Il), as visualized by cryogenic TEM. Comparable
aggregation was also observed in the presence of Cu(II) with
preliminary cryo-TEM visualization showing a more organized
network. In contrast, Mn(II)-, Ni(II)-, and Cd(II)-directed
assembly led to isolated particles as characterized by TEM and
DLS, indicating that these metal ions did not induce secondary
aggregation (Figure 7). Interestingly, micelles were observed in
the presence of Ni(Il) and Cd(II), whereas multilamellar
vesicles were formed in the presence of Mn(II). A hollow core
and thick corona with faint rings can be observed in the
cryogenic images. Assembly in PIPES buffer allowed for clear
visualization of multiple layers (Figure S13d); the particles
formed in this buffer are larger, likely due to the higher ionic
strength, as has been observed with phospholipids.”” On
progressing to the Fe(II) ion, only unstructured aggregates
that separated from the aqueous solution were observed
(Figure S14). The wide range of morphologies obtained clearly
indicate that the nature of the transition metal ion and
associated atomic-scale differences in coordination significantly
affects nanoscale assembly, further highlighting the promise of
metal binding in the development of responsive materials.

Intrigued by the observation that Ni(II) and Cd(II), ions
with relatively large differences in ionic radius, both assembled
into micelles, we turned our attention to the role of
coordination geometry. With the exception of Mn(II), all of
the ions have been demonstrated to dimerize hexahistidine;*"
therefore, we hypothesized that the structures are composed of
amphiphiles binding in a 2:1 oSt(His)smetal ion ratio.
Different binding geometries of these 2:1 coordination
complexes may lead to the distinct assemblies visualized by
cryo-TEM. For proteins engineered to contain imidazole-based
binding sites, X-ray crystallography’® has shown a tetrahedral
binding geometry for Zn(II),”” square planar for Cu(II), and
octahedral for Ni(II).** On the basis of these reported assembly
profiles,"" we propose coordination modes for each of the
morphologies (Figure 7) with square-planar (Cu(Il)) and
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Figure 7. Assembly of oSt(His) in the presence of divalent transition
metals. Cryo-TEM images show oSt(His)s assembled in the presence
of Mn(II), multilamellar vesicles; Co(II)/Cu(II), aggregated micelles;
and Ni(II)/Cd(II), micelles. Scale bars represent 200 nm (larger
image) and 20 nm (inset image).

tetrahedral (Zn(II) and Co(1I)) leading to aggregated micelle
networks, whereas an octahedral geometry (Ni(II) and Cd(1I))
with coordinated water (common in proteins” and observed in
subcomponent assembly’’) leads to isolated micelles. Unlike
the prior transition metal ions, Mn(Il) does not dimerize
hexahistidine' and assembly is dictated by binding stoichiom-
etry instead of geometry. To further evaluate this difference,
oSt(His)s was assembled in the presence of differing
stoichiometries of Mn(II) and Ni(Il) with the size of the
resulting nanostructures being characterized by DLS. As shown
in Figure 8, only 0.5 equiv of Ni(I) are needed for micelle
formation, while approximately 5.0 equiv are required for
Mn(II) to form the final multilamellar vesicle. We therefore
conclude that multiple Mn(II) ions are bound to each
oSt(His),.

B CONCLUSIONS

In conclusion, we describe the formation of tunable nanoscale
morphologies directed by metal ion coordination. A peptide
polymer amphiphile, 0St(His),, was synthesized with a modular
strategy and observed to assemble into vesicles in the absence
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Figure 8. Proposed binding modes of oSt(His) to divalent transition
metals. (a) Illustration of the proposed coordination of oSt(His), to
divalent ions. Number distributions from DLS for oSt(His)4 assembled
in the presence of different numbers of equivalents of (b) Ni(I) and
(c) Mn(II).

of transition metals and aggregated particles in the presence of
Zn(II). The aggregation was determined to be due to the
coordination of the Zn(II) ion. Aggregated particles were also
observed in the presence of Co(Il) and Cu(Il), isolated
micelles directed by Ni(II) and Cd(II) were observed, and
multilamellar vesicles were formed when oSt(His)4 coordinated
to Mn(Il). Proposed models for binding geometry and
stoichiometry illustrate the control over nanoscale morpholo-
gies dictated by small differences in the nature of the transition
metal ion. This design principle illustrates the wide variety of
nanoscale materials that can be assembled from a well-defined
oligomer—peptide amphiphile and provides an attractive
avenue for the development of multistimuli-responsive nano-
materials. Future directions of this work are aimed at
continuing to probe the mechanism and limitations of the
role of metal ions in directing the assembly of amphiphiles.
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