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ABSTRACT: The helical and tubular structures self-as-
sembled from proteins have inspired scientists to design
synthetic building blocks that can be “polymerized” into
supramolecular polymers through coordinated noncovalent
interactions. However, cooperative supramolecular polym-
erization from large, synthetic macromolecules remains a
challenge because of the difficulty of controlling the struc-
ture and interactions of macromolecular monomers. Herein
we report the synthesis of polypeptide-grafted comb poly-
mers and the use of their tunable secondary interactions in
solution to achieve controlled supramolecular polymeriza-
tion. The resulting tubular supramolecular structures, with
external diameters of hundreds of nanometers and lengths
of tens of micrometers, are stable and resemble to some
extent biological superstructures assembled from proteins.
This study shows that highly specific intermolecular inter-
actions between macromolecular monomers can enable the
cooperative growth of supramolecular polymers. The general
applicability of this strategy was demonstrated by carrying
out supramolecular polymerization from gold nanoparticles
grafted with the same polypeptides on the surface.

lobular proteins can form helical and tubular superstruc-

tures through multiple coordinated interactions (ie., co-
operative supramolecular polymerization), as exemFliﬁed by the
formation of actin filaments and microtubules.” Numerous
efforts have been devoted to the design of synthetic building
blocks that can mimic such cooperative supramolecular poly-
merization and be used for controlling the formation of complex,
hierarchical structures.” While much progress has been made in
assembling small molecules to form supramolecular polymers via
multiple noncovalent interactions,” success has been limited in
attempts to use large synthetic polymers as such building blocks.*
It is still unclear how to accomplish the rational design of
macromolecular building blocks that are subject to controlled
supramolecular polymerizations.

In order to understand cooperative supramolecular polymeriza-
tion of macromolecules and eventually use this process to produce
well-ordered helical/tubular superstructures, the macromolecular
monomers should have well-defined molecular architectures, and
the supramolecular polymerization must be controllable and
reproducible. We believe that two basic design requirements
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Scheme 1. Schematic Illustration of Supramolecular Poly-
merization of Polypeptide-Grafted Comb Polymers into
Tubular Superstructures

should be met in order to facilitate cooperative supramolecular
polymerization from macromolecular monomers. First, the
macromolecular monomers should have multiple sites that allow
strong intermolecular interactions to form the stable supramolecular
polymers. Second, the interactions among the macromolecular
monomers should be specific, directional, and cooperative,la'2b
as illustrated in Scheme 1. For these reasons, highly branched
polymers® containing moieties that can be subject to multivalent
H-bonding may be excellent macromolecular monomers for
helical/tubular supramolecular polymerization. We recently re-
ported the synthesis of comblike polynorbornene-graft-polypep-
tides (PN-g-PPs) via ring-opening metathesis polymerization
(ROMP) of N-TMS-containing norbornenes followed by con-
trolled ring-opening polymerization of amino acid N-carboxyan-
hydrides (ROP-NCAs) (Scheme 2).° Because the pendant poly-
peptides are excellent materials for H-bonding-directed assembly,™’
we explored the possibility of utilizing PN-g-PP as the macromolec-
ular monomer for supramolecular polymerization and subsequent
molecular assembly (Scheme 1).

For tubular polymerization as illustrated in Scheme 1, the
PN-g-PP macromolecular monomer should be soluble in the
“polymerization” solution (e.g., water). Because poly(L-glutamic
acid) (PLG) is highly water-soluble and can be readily prepared
via ROP of L-glutamic acid NCA (Glu-NCA), we chose it as the
PP to be grafted on PN. The PN-g-PLG synthesized and used in
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Scheme 2. Synthesis of PLG-Grafted Comblike Polymers
(PN,-g-PLG,,) by controlled ROMP and ROP-NCAs
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Figure 1. (A) Conformational changes in grafted PLGs at different
pHs, as monitored by CD spectroscopy. The concentration of PN ;-g-
PLG,; was 0.02 mg/mL. (B) TEM image of dispersed PN, ;-g¢-PLG 0,
in a freshly made solution at pH 7 and 4 °C. The sample was stained with
uranyl acetate. The inset shows DLS data for PN;;-g-PLG; in the
solution.

this study is denoted as PN,-g-PLG,, where x and n are the
degrees of polymerization (DPs) of ROMP and Glu-NCA,
respectively. PN,-g¢-PLGo; with a short PN backbone (DP =
11) and a long PLG (DP = 101) was synthesized using the
method we previously reported;® its structure and composition
were confirmed by gel-permeation chromatography and 'H
NMR spectroscopy (Figures S1 and S2 and Table S1 in the
Supporting Information).

As shown in the pH dependence of the molar ellipticity of
PN ,-g-PLGj; at 222 nm (Figure 1A), PLG has protonated side
chains at low pH, adopts a helical conformation, and becomes
less water-soluble.® PNy;-g-PLGjo; was found to form non-
water-soluble aggregates rapidly at pH < 5 instead of forming
ordered structures. At pH > 8, the side-chain carboxylate groups
of the PLGs are ionized, and the PLGs thus adopt extended
coil conformations as a result of charge repulsion.® The strong
electrostatic repulsion between PNj;-g-PLGjo; molecules at
high pH also hinders their controlled assembly (i.e., the tubular
polymerization of PN} ;-g-PLG,, as illustrated in Scheme 1).

Appropriate pH is therefore critical for the controlled supra-
molecular polymerization of PN;;-g-PLG ;. Ideally, the PLG
side chains should be partially protonated, allowing the PLGs to
be water-soluble but reducing the charge repulsion in order to
facilitate the intermolecular PLG-chain intercalation and subse-
quent formation of the antiparallel 5-sheet conformation (see
the PLG—PLG interaction illustrated in green in Scheme 1). The
formation of antiparallel 3-sheets is thermodynamically more favor-
able than parallel -sheets or extended coils, which provides the
required driving forces for the supramolecular polymerization.

Thus, the pH for supramolecular polymerization of PNy;-g-
PLGo; was selected from the middle point of the pH-induced
helix—coil transition of grafted PLGs (Figure 1A). At pH 7 and
reduced temperature (4 °C), PN, ;-g-PLG,; was well-dispersed

Figure 2. (A—D) TEM and FESEM images of supramolecular struc-
tures assembled from (PN-g-PLGy,);, in solution after incubation for
14 days at pH 7 and 4 °C. (E) TEM image of a supramolecular polymer
embedded in epoxy resin and ultramicrotomed. The arrow indicates the
edge of the supramolecular polymer as a result of microtome sectioning.

in its monomeric form initially, as evidenced by the transmission
electron microscopy (TEM) and dynamic light scattering (DLS)
analysis (Figure 1B), but started to form tubular supramolecular
structures after a few days. Tubular polymerization of PNy,-g-
PLGjg; presumably starts with a slow nucleation step until an
oligomer is formed with the first turn of the helix, as shown in
Scheme 1. Subsequently, the number of interactions formed
upon monomer addition increases, allowing for the cooperative
growth of the supramolecular polymer."**® The rate of the
supramolecular polymerization depended on the initial concen-
tration (My) of PN ;-g-PLG ;, the monomer of supramolecular
polymerization. Large tubular supramolecular structures appeared
in solution within 7 days at pH 7 and 4 °C for M, = 30 M. When
M, was reduced to 3 uM, large supramolecular structures
appeared after 60 days. After the formation of supramolecular
structures, we found that the concentration of PN;;-g-PLG0;
was reduced substantially (Figure S3).

Poly(PN,,-g-PLG,), the supramolecular structures assembled
from PN;;-g-PLGjo;, were examined by electron microscopy
and found to form very long tubular structures (Figure 2A—D).
The typical poly(PN,,-g-PLG ;) with a length of 30 um con-
tains at least 10* PN, 1-¢-PLGj; repeating units, as estimated from
the ratio of the effective volumes of the tubular structures and PN ;-
&-PLG; ;. The diameter of the tubular supramolecular structure was
measured to be 170 &= 20 nm. The assertion of the supramolecular
structure as tubules instead of solid rods or flat ribbons was based on
the combination of TEM and field-emission scanning electron
microscopy (FESEM) observations (Figure 2B,D). Solid cylindrical
rods with such a large cross section would have shown prominent
contrast between the center and the edge of the cylinders, which
was not observed in our TEM experiments (Figure 2B). The
FESEM image (Figure 2D) clearly shows the three-dimensional
features expected from flexible tubular structures. For further
characterization of the supramolecular structures, we removed
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Figure 3. (A) Fluorescence microscopy image of a supramolecular
polymer in solution after staining with ThT. (B) FTIR spectrum of
poly(PN,;-¢g-PLGyo;) and the assignment of the absorption peaks.

poly(PN;,;-gPLG,0;) from the solution by centrifugation and
embedded the supramolecular polymers in epoxy resin for micro-
toming. Under TEM, the edge of the poly(PN|;-g-PLG;) from the
microtome sectioning (indicated by the arrow in Figure 2E) revealed
the characteristics of a hollow tube with a thin wall. Interestingly,
some of the long, tubular supramolecular structures were further
braided into superhelical structures, as evidenced by TEM analysis
(Figure 2A), in particular at high magnification (Figure 2C).
While the grafted PLGs in PN;;-g-PLGjq; had partially
extended coil structures when dispersed in the pH 7 solution
(Figure 1), their conformational structures changed upon as-
sembly into the supramolecular polymers, adopting the anti-
cipated antiparallel fS-sheet conformation. The formation of
p-sheet structures was confirmed via staining of poly(PNj;-g-
PLG ) with thioflavin T dye (ThT) (Figure 3A), a fluorescent
molecule that is known for its strong, specific affinity to -sheet
structures.” The antiparallel nature of the 3-sheet structures was
revealed by FTIR analysis (Figure 3B and Figure S4), as the
amide absorption peaks were consistent with the characteristic
antiparallel 3-sheet conformation on the basis of the assignment
of the absorption peaks at 1689 cm ™' (amide I), 1632 cm™'
(amide T), and 1530 cm ™" (amide II). The peak at 1590 cm ™'
was due to the ionized carboxylate groups.'® The conclusion was
further supported by wide-angle X-ray scattering (WAXS) analysis
of an unoriented sample of poly(PN;,-g-PLG,(;) (Figure SSA).
The scattering pattern exhibited Bragg diffraction signals consis-
tent with a semicrystalline polymer. The positions of the diffraction
rings (g = 0.68, 0.97, and 1.32 A™") correspond to the lattice
spacing predicted for polypeptide chains arranged with a [3-sheet
conformation. " In comparison, the scattering pattern of a sample
prepared by drying a freshly made PN;;-g-PLGjo; solution
showed only amorphous structures (Figure S5B). The structural
change of the polypeptide-grafted comb polymers during the
assembly process is in excellent agreement with the proposed
supramolecular polymerization mechanism illustrated in Scheme 1.
We then examine whether the supramolecular polymerization
is a cooperative process. Cooperativity due to the formation of
tubular supramolecular polymers can arise from the unique
disposition of repeating units in the tubular structures, as each
unit is simultaneously in contact with multiple neighbors after
formation of the first helical turn (Scheme 1). Accordingly, the
initial polymerization is thermodynamically less favorable than
propagation, which results in a time-dependent lag in the growth
of the polymers (nucleation step).”® The kinetic process of the
supramolecular polymerization was studied by monitoring the
concentration change of a PN;y-g-PLGys polymer in solution
with time using circular dichroism (CD) spectroscopy (Figure 4).
Three polymer solutions (M, = 56, 35, and 14 uM) were first
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Figure 4. Kinetic study of the supramolecular polymerization from
PN,5-g-PLGys at pH 7 and 4 °C. (A—C) Change in ellipticity of the
supernatant with time, as monitored by CD spectroscopy. For each
measurement, S0 #L solutions were removed from individual stock
solutions and centrifuged at 10 000 rpm at 4 °C for 20 min to remove the
supramolecular polymers. The supernatants were then diluted 20X for
CD spectroscopy. (D) Supramolecular polymerization kinetics of PN -
g-PLGyg, starting from initial polymer concentrations of 56 uM (black),
35 uM (blue) and 14 uM (red).

filtered to remove dust and other impurities in order to avoid
nucleation on a foreign substrate, after which they were incu-
bated at 4 °C without stirring. The formation of supramolecular
polymers depleted the freely dispersed PN;o-g-PLGgs in solu-
tion, corresponding to the decrease in the ellipticity of the
supernatants (Figure 4A—C). As shown in Figure 4D, the growth
of the supramolecular polymers occurred in two distinct stages,
with a slow nucleation step followed by faster chain propagation.
The rate of polymerization depended moderately on the con-
centration, suggesting a large critical nucleus size. The sigmoidal
transitions found in all of the kinetic experiments indicate a highly
cooperative process in the supramolecular polymerization.”® Much
higher polymerization rates were found for solutions contain-
ing a small amount of polymerization “seeds” (data not shown).
A complete kinetic analysis is the subject of future studies, which
may elucidate the exact molecular mechanism of the cooperative
supramolecular polymerization from these comb polymers.

We next prepared a few other comblike polymers with
different lengths of PN or PLG (PN,;-g-PLGg, and PNig-g-
PLGs) and demonstrated the general applicability of the
supramolecular polymerization (Tables S1 and S2 and Figure
S6). The external diameters of the tubular structures were found
to correlate with the size of macromolecular monomers, with
values of 70 £ 10 nm for PN;;-g-PLGg, and 420 £ 50 nm for
PN 3-g-PLG g (Figure S6). It is unclear how the diameter of the
poly(PN-g-PLG) correlates with the lengths of PN and PLG, but
apparently, both parameters substantially affect the packing of
PN-g-PLG in the supramolecular structures. We also found that
the multivalent nature of the comblike polymers is crucial for the
cooperative supramolecular polymerization; no supramolecular
polymerization was observed with diblock PLG with a disulfide
linker [(PLGy,),] or a Y-shaped PLG [(PLGo,)3] (Scheme S1
and Tables S1 and S2), although their PLG chain lengths were
similar to that in PN;;-g-PLGjo;.
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Figure S. (A) Synthesis of PLG-grafted gold NPs (NP-g-PLG,). (B)
TEM image of tubular supramolecular structures assembled from NP-g-
PLGss in pH 7 solution after incubation for 7 days at 4 °C.

PN-g-PLG at pH 7 has partially charged PLG side chains that
are likely spherically extended in space because of intramolecular
PLG—PLG repulsion. The supramolecular polymerization of
PN-g-PLG appears to be dictated by the intermolecular
PLG—PLG antiparallel 3-sheet formation, and PN is unlikely
to provide any critical molecular interaction force for the
polymerization. It is reasonable to believe that the backbone of
the monomer does not have to be a polymer for the controlled
tubular supramolecular polymerization to occur, and any glob-
ular nanoparticles (NPs) with surface-grafted PLGs should also
be subject to controlled polymerization. To test this hypothesis,
we synthesized gold NPs with surface-grafted PLGs (NP-g-PLG)
(Figure SA; also see the Supporting Information) and performed
the supramolecular polymerization experiments under condition
similar to those for PN-g-PLG. Our study demonstrated that NP-
g-PLG can undergo a similar polymerization process to form
tubular supramolecular structures [poly(NP-g-PLG)] (Figure SB)
that is facilitated by inter-NP PLG-chain intercalation and
subsequent formation of an antiparallel 3-sheet conformation.

In conclusion, by controlling the interactions of polypeptide-
grafted comblike polymers, we achieved supramolecular polymeriza-
tion of these large macromolecular monomers under specific solution
conditions. The resulting tubular supramolecular structures have
external diameters of hundreds of nanometers and lengths of up
to 50 um. The tubular supramolecular structure could withstand
extensive centrifugation and be isolated from the solution and
was remarkably stable (it could be stored at room temperature for
more than 6 months). Therefore, this supramolecular polymeriza-
tion process allows us to access tubular poly(macromolecules)
and poly(nanoparticles) as a new class of materials with their
collective properties and applications to be explored. Further
investigation may pave the way to the development of artificial
systems that may approach the level of sophistication and
complexity found in nature’s self-organized, supramolecular
polymers with desired material properties.'>
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