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Abstract: The self-organization of pre-assembled aggregates is
an efficient stepwise strategy for fabricating nanostructures
with a second level of hierarchy. Herein, we report that
anisotropic spindle-like micelles, self-assembled from poly-
peptide graft copolymers with rigid backbones, can serve as
ideal pre-assembled subunits for constructing one-dimensional
materials with hierarchical structures. By adding organic
solvents and dialyzing against water, reactive points can be
generated at the ends of the spindle-like micelles, which
subsequently drive the anisotropic micelles to grow as rods in
a chain and eventually self-assemble into hierarchical nano-
wires in a stepwise manner. The second self-assembly step is
a hierarchical process that resembles step polymerization.
Hierarchical structures can be precisely synthesized by this new
type of polymerization. These nanostructures can be tailored
by the activity of the reactive points, which depends on the
nature of the solvent and the molecular architecture.

N atural materials, which possess fascinating hierarchical
structures, are typically created from hierarchical self-assem-
bly processes.!! For example, Streptobacillus, a genus of
anaerobic bacteria, exhibit hierarchical structures in which
a series of small rod-like bacilli are distributed along a long
chain.”! The chain-like structures are formed by hierarchical
self-assembly—growing in culture as rods in chains. This
natural phenomenon has inspired various bottom-up strat-
egies, such as stepwise self-assembly, to design and fabricate
intricate materials, particularly one-dimensional materials.”!

In the stepwise self-assembly of soft matter, such as
copolymers, the first step involves the molecular-level assem-
bly of amphiphilic copolymers into diverse aggregates, such as
micelles and vesicles,*! whereas the second step involves
further assembly of the aggregates into structures that have
a second level of hierarchy. The second assembly step can be
induced by temperature changes, electrostatic attraction,
crystallization, and solvent selectivity.?***>I Such a process
is analogous to polymerization in synthetic polymers but
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occurs at considerably larger length scales, similar to that
observed in nanoparticle and Streptobacillus systems.”” For
example, Pochan etal. prepared spherical micelles of
poly(acrylic acid)-block-poly(methyl acrylate)-block-poly-
styrene in solution.’! After introducing tetrahydrofuran
(THF) into the solution in the presence of diamines, the
micelles underwent a sphere-to-disk morphological transi-
tion, which allowed for preferential growth of the micelles in
one dimension to form cylindrical nanostructures with alter-
nating lamellae. The success in creating such nanostructures
by polymerizing pre-assemblies can be attributed to a directed
stepwise self-assembly process that is facilitated by the
anisotropy of the disk-like pre-assemblies and long-range
electrostatic interactions between charged blocks with multi-
valent counterions. Although reports are available on the
stepwise self-assembly process,””’ understanding the under-
lying principles still presents a challenge because of the
complexity of these processes.

Herein, we demonstrate a stepwise self-assembly method-
ology for achieving one-dimensional growth of anisotropic
pre-assemblies. Our previous studies revealed that poly-
peptide-based graft copolymers bearing rigid a-helix blocks
are able to self-assemble into distinct aggregates with unique
structures, for example, anisotropic spindle-like micelles.'”) In
this study, it was discovered that these spindle-like micelles
can act as pre-assemblies that further self-assemble into
nanowires. We begin by considering the active spindle-like
micelles that are formed by poly(y-benzyl-L-glutamate)-graft-
poly(ethylene glycol) (PBLG-g-PEG) graft copolymers in
THF/dimethylformamide (DMF)/water mixed solvents. The
weight average molecular weights of the PBLG backbone and
the PEG grafted chains were 170000 and 750 gmol *,
respectively, and the grafting degree of the PEG was
1.23%. In the first step, spindle-like subunits were typically
prepared by adding selective solvents (water, 2.5mL) to
PBLG-g-PEG/THF/DMF (10 mL of solution with a polymer
concentration of 0.67 gL.™"). The volume ratio of THF/DMF
in the initial solution is 1/1, from which well-structured
spindles can be obtained. Experimental details are provided
in Section 1 of the Supporting Information. In the second
step, 10 mL of DMF was pipetted into the initial subunit
solution to create reactive points at each end of the spindle-
like subunits, and then the solution was dialyzed against
water. As a result of the imperfect coverage of PEG chains at
both ends of the spindle, higher energy can be generated,
which endows the reactive points at the ends with sufficient
activity to induce further self-assembly of the subunits.

A TEM image of the pre-assembled subunits revealed
uniform spindle-like micelles with a mean length of approx-
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imately 400 nm (Figure 1a). In the second self-assembly step,
nanowire structures with connected subunits were formed
(Figure 1b). The connectedness of the subunits was also
confirmed using cryo-TEM (Figure 1c¢). Because cryo-TEM
revealed the same morphology as conventional TEM, the
possibility that drying effects could have contributed to the
formation of the observed connected structure can be ruled
out. The nanowire structures were further examined using
SEM (Figure 1d) and AFM (Figure 1e). The AFM image

Figure 1. a) TEM image of subunits self-assembled from PBLG-g-PEG
copolymers. b) TEM, c) cryo-TEM, d) SEM, and e) AFM images of
nanowire aggregates self-assembled from subunits. f) Number fraction
(fx) of the nanowires as a function of the degree of polymerization (X).
The dashed line is the theoretical number fraction (fy) of the nanowires

with X (f= (1—-p)p* 7).

revealed the shapes of the long micelles in three dimensions,
and the height profiles (Supporting Information, Figure S2)
indicated that the heights of the subunit body and connecting
points were approximately 60 nm and 30 nm, respectively,
thus confirming that the subunits were linked together.

Electron microscopy images also revealed that the length
of the nanowires (associated with the number of repeat
subunits) exhibited polydispersity. To obtain insights into the
structural details of the nanowires, we calculated the number
fraction fy of the nanowires with degree of polymerization
(X).""1 This value was obtained by collecting SEM images
with more than 400 micelles and then analyzing the images
using Image-Pro Plus software (Supporting Information,
Section 2). Here, the degree of polymerization is defined as
the number of spindles in a nanowire. As shown in Figure 1 f,
fx exhibited an exponential decay, and the number fraction of
unreacted spindles (X =1) was approximately 0.495. There-
fore, the probability of finding an unreacted spindle was
1—p =0.495 (note that p, the extent of polymerization in step
polymerization, is the fraction of spindles joining in the
polymerization). It was found that the fx data could be fitted
with the relationship fx = (1—p)p™ ' (dashed line), which is
a theoretical prediction of the number fraction distribution of
polymers in step polymerization.'!l The good agreement
between the experimental observations and theoretical pre-
dictions implied that the growth of nanowires follows the
rules of step polymerization of monomers (Supporting
Information, Section 4.6).
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The limitations of current experimental techniques make
obtaining a deep understanding of the mechanism underlying
the hierarchical self-assembly difficult. To address this
challenge, we performed dissipative particle dynamics
(DPD) simulations to better understand the hierarchical
self-assembly process. These simulations describe the com-
plex hydrodynamic behavior of a set of soft particles through
a set of forces on the particles, including the conservative,
dissipative, and random forces.'”? The simulation details are
presented in Section 3 of the Supporting Information. For this
analysis, we constructed a coarse-grained model of the graft
copolymer with a rigid backbone and flexible side chains to
represent the PBLG-g-PEG copolymers (Figure 2a). In the
DPD method, a; is defined as the maximum repulsion
between particle i and j. Higher a; values are correlated
with stronger incompatibility. The modeled copolymers self-
assembled into spindle-like micelles at repulsive parameters
of agre=40, agg=45, and a5 =25, consistent with our experi-
ments (Figure 2b). The inset shows that the rigid backbones
align and are oriented along the long axis in a manner similar
to nematic liquid crystals. To simulate the second step of self-
assembly, we varied the solvent conditions by tuning the
interaction parameters to age =40, arg=100, and ass=20.
Under these new solvent conditions, which corresponded to
addition of DMF to the initial solution of subunits and
dialyzing against water, the initial spindle-like subunits were
found to further aggregate and form long nanowires (Fig-
ure 2¢). The observed nanowire aggregates also presented
a polydisperse distribution in micelle size. Similar to the
experiments, the number fraction fx of the nanowires with
degree of polymerization (X) was determined by collecting
more than 400 micelles, obtained from repeated calculations.

(a) (b) (c)

PEG(C)

PBLG(R)

e

e)

R& ’

1.2 3 45
X

Figure 2. a) DPD model of a rod-g-coil graft copolymer. b,c) Simulation
snapshots of spindle-like subunits (azs=45 and acs=25) and nano-
wire aggregates (azs=100 and a.s=20), where a=40. d) Number
fraction (fy) of the nanowires with degree of polymerization (X) as

a function of X. The dashed line is the theoretical values of f.

e) Distribution of conservative energy in the subunits under new
solvent conditions (ags=100 and acs=20), where the insert shows the
energy distribution of a single subunit. The colors range from blue
(low-energy region) to red (high-energy region). f) Distribution of
conservative energy in nanowire aggregates at final equilibrium. The
arrow in the insert indicates that the high energy disappears at the
connection part of two spindle-like micelles.
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As shown in Figure 2d, the fx data could be well-fitted with
the relationship fx=(1-p)p™', which corroborated our
conclusion from the experimental data that the nanowires
are synthesized by a step polymerization mechanism (Sup-
porting Information, Section 4.6).

To understand the factors that drive the polymerization of
the spindle-like micelles into nanowires, we calculated the
conservative energies (Equation (1)):

Z i aij(ri*r/)z (1)

where a; represents the repulsive parameters, r; is the
distance between beads i and j, and r, is the cutoff radius
(calculation details are provided in the Supporting Informa-
tion, Section 3.2.6). The conservative energies reflect the total
energy contribution to a target bead resulting from the
conservative interactions with surrounding beads.'**! Calcu-
lations were performed for subunits under the new solvent
conditions and for nanowire aggregates at final equilibrium.
The 3D energy distributions of the aggregates were obtained
by coloring the backbones according to the energy values. The
energy distribution in the subunits showed that the energies at
the two ends of the micelles are higher than those in the body
of the micelle (Figure2e). This result indicates that the
micelle ends become energetically unfavorable and conse-
quently active (that is, they behave as reactive points) under
the new solvent conditions, creating a driving force to direct
the subsequent assembly of the subunits. By forming nano-
wires, the high-energy ends of the subunits disappear (Fig-
ure 2 f). The inset of Figure 2b shows that the rigid backbones
are packed parallel with respect to each other, whereas the
PEG chains protrude outside to maintain stability. Because of
the anisotropic nature of the spindle-like subunits, the
coverage of PEG around the cores is not homogeneous.
This anisotropy of the subunits enables the generation of
reactive points for subsequent reaction. When DMF is added
to the initial subunit solution, the polymer chains swell,
resulting in more exposure of PBLG segments to the solvents
at both ends. This change generates reactive points with
higher energies as selective solvents (water) are added. In the
second self-assembly step, PBLG segments in
both micelle ends from different subunits connect
with each other by physical bonding, resulting in
the formation of nanowires. The increases in
energy are lowered upon the formation of con-
nected subunits. The energy analysis based on
DPD simulations supports this mechanism.
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subscripts indicate the degree of polymerization per block)
were mixed with PBLG-g-PEG graft copolymers. Pre-assem-
bled subunits with two capped ends were obtained. With these
subunits, nanowire aggregates could not be obtained through
a second step of self-assembly because the reactive points
were not created by adding DMF (Supporting Information,
Figure S3).

To deepen our understanding of the mechanism for
nanowire formation, we investigated the effect of the
amount of added water on the dynamic process of aggregate
formation. Following the method adopted in the literature,"
we first prepared a group of subunit solutions by adding DMF
(10 mL) to the initial subunit solution. Subsequently, various
amounts of water were added into each subunit solution.
After equilibration, the aggregates were frozen by rapidly
adding a large amount of water and then dialyzing the
solution against the water. Using this method, we can observe
the growth progress of the nanowires. The SEM images shown
in Figures 3a-d revealed that the spindle-like subunits
present limited changes with small additions of water and
then gradually transformed into nanowires as the amount of
water increased. Such a tendency can be clearly observed
using a plot of the number fraction (fx) of the nanowires with
the degree of polymerization (X) against the value of X at
each observation point (Figure 3i). The connection of the
subunits is a hierarchical process of stepwise self-assembly,
analogous to the step polymerization of monomers. There-
fore, the nanowires can be considered products of a step
polymerization of pre-assembled subunits. Correspondingly,
the formation of nanowire aggregates was simulated by
varying the solvent conditions from azg=>55 and a-s=25 to
ags=100 and a-g=20 in a step-by-step manner. The equili-
brated structures showed that the initial spindle-like subunits
connected into long nanowires step-by-step, as shown in
Figures 3e-h and by the plots of fx against X (Figure 3j).
These simulation results verified the hierarchical self-
assembly process. From both the experiments and simula-
tions, we can observe some controllable characteristics of the
self-assembly of subunits. For example, the length of the
nanowires can be controlled by the amount of water added to

The above results revealed that the reactivity
of the subunit ends, which is created by adding
DMEF to the initial subunit solution and dialyzing
against water, drives the subunits to connect

together. We conducted a control experiment to
verify this mechanism. As shown in our previous
work,'™ during the preparation of hybrid
micelles consisting of graft and block copolymers,
the block copolymers can effectively cap the ends
of the cylindrical micelles to generate stable
cylindrical structures with lower energy ends.
Here, PBLG,(-b-PEG;; block copolymers (the
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Figure 3. SEM images of the aggregates self-assembled from PBLG-g-PEG subunits
with various amounts of water added to the subunit solution (scale bar, 400 nm):
a) 16.7, b) 20.0, c) 23.0, and d) 26.0 wt%. Snapshots of the structures obtained by
varying the solvent conditions: e) ags =55, acs=25; f) ags =60, acs=24; g) azs=80,
acs=22; and h) ags=100, acs=20. The ag- was fixed at 40. Plots of the number
fraction (fy) of the nanowires with degree of polymerization (X) against X at each
observation point for the i) experiments (A m; B m; C m; D ') and j) simulations
(Em; Fm;Gm; H ).
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the initial subunit
Section 4.3).

Figures 1-3 show that the emergence of reactive points is
responsible for the appearance of polymerization-like self-
assembly. The activity of the reactive points may affect the
stepwise self-assembly behavior, similar to the manner in
which functional group activity affects the step polymeri-
zation of monomers. To examine this effect, we varied the
amount of DMF added to the initial subunit solution. This
approach was used because the exposure of the hydrophobic
PBLG segments in the subunit ends can be manipulated by
the amount of DMF present. The effect of the DMF content
on the activity of the reactive points can be observed in the
SEM images presented in Figures 4a—d. When 1 mL of DMF
was introduced to 10 mL of the initial subunit solution
(volume fraction of DMF in subunit solution ¢pyr=0.44),
several spindle-like subunits were connected in the subse-
quent self-assembly process. The unconnected subunits had
a high number fraction, up to 0.85 (Figure 4¢). As the DMF
content increased, more subunits were assembled into nano-
wires with more repeat subunits, which was accompanied by
a gradual decrease in the number fraction of unconnected
subunits (Figure 4 e; Supporting Information, Figure S6). The
aggregate morphologies were also investigated using TEM,
and the information provided by the TEM images corrobo-
rated the SEM observations (Supporting Information, Fig-
ure S7). The effect of the degree of grafting of PEG chains
was subsequently studied. Tendencies in morphology evolu-
tion similar to that of PBLG-g-PEG copolymers were
observed for both PBLG-g-PEG-1 and PBLG-g-PEG-2
copolymers with higher grafting degrees of 2.78% and
5.90%, respectively (Supporting Information, Figure S8).
When the amount of DMF added to the initial subunits

solution (Supporting Information,

0 2 4 6 8 10
Added DMF content / mL

0 2 4 6 8 10
Added DMF content / mL

0 2 4 6 8

Added DMF content / mL
Figure 4. SEM images of nanowire aggregates self-assembled from
PBLG-g-PEG subunits with various amounts of DMF added to 10 mL
of initial subunit solution (scale bar, 400 nm): a) 1.0 (ppyr =0.44),
b) 2.5 (Pomr =0.50), €) 5.0 (Pour=0.57), and d) 7.5 mL (Ppye = 0.62).
e) Number fraction (fy) of the nanowires with various degrees of
polymerization (PBLG-g-PEG). Key: X=1 (—m——), X=2
(—e—), X=3 (—aA—), X=4 (——7—). f) Number-average
degree of polymerization (X,) of the nanowires and g) polydispersity
index (PDI) as functions of the amount of DMF added to the initial
subunit solution. Degrees of grafting of PBLG-g-PEG, PBLG-g-PEG-1,
and PBLG-g-PEG-2 were 1.23%, 2.78 %, and 5.90%, respectively. Key
(f) and (g): PBLG-g-PEG (—m—), PBLG-g-PEG-T (—eo—),
PBLG-g-PEG-2 (—A—).
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solution was increased, the extent of polymerization (p)
increased, and the nanowires lengthened under the present
conditions employed (Supporting Information, Figure S9).

To characterize the average micelle size and the size
distribution of the nanowire aggregates, we defined two
parameters: the number-average degree of polymerization of
the nanowires (X,), which describes the number-average
length of the nanowires, and the polydispersity index (PDI),
which characterizes the size distribution. Details of the
definitions and measurements are provided in Section 2 of
the Supporting Information. X, and PDI are shown in
Figures 4f and 4g as functions of the amount of DMF
added for PBLG-g-PEG graft copolymers with various
degrees of grafting. It can be observed that X, and PDI
increase with increasing amounts of added DMF for the three
graft copolymers. This result indicates that the hierarchical
nanowires become longer and their size distribution becomes
broader as the activity of the micelle ends increases. The
influence of the degree of grafting can also be observed in
Figures 4 f and 4g. These data show that a higher degree of
grafting leads to smaller X, and PDI, suggesting that the
nanowires become shorter and their size distribution becomes
narrower as more PEG chains are grafted. This effect can be
readily explained by the fact that the coverage of the subunit
ends can be enhanced as more PEG chains are grafted,
resulting in lower activity of the reactive points. We further
examined the correlation between PDI and X, for the data
from all the graft copolymer samples. According to the theory
of polymerization,'!! variations of PDI as a function of X,
satisfies PDI =2—1/X,, independent of monomer type, reac-
tion activity, and reaction time. The data analyses revealed
that the dependence of PDI on X, is consistent with the
theoretical predictions. This result further suggests that the
polymerization of subunits follows the rules of step polymer-
ization (Supporting Information, Section 4.6).

In addition to the degree of grafting, the effect of the
PBLG backbone length was also investigated. The PBLG-g-
PEG-3 graft copolymers, with a higher molecular weight of
PBLG backbone (M, =300000gmol '), were chosen to
conduct this experiment. The grafting degree of PEG in
PBLG-g-PEG-3 is 3.7%. We observed that, under similar
experimental conditions the subunits produced from the graft
copolymer with the longer PBLG backbone were approx-
imately 150 nm longer than the graft copolymers with the
shorter backbone (Supporting Information, Figure S12).
These pre-assembled subunits were observed to be capable
of self-assembling into nanowire aggregates (Supporting
Information, Figure S13). The obtained results also revealed
that the nanowire aggregates become longer as the amount of
DMF added increases and tends to be shorter when the
degree of grafting is higher (Supporting Information, Fig-
ure S14). This dependence is similar to the results observed
for graft copolymers with a shorter backbone. In a separate
experiment, we mixed these longer pre-assembled subunits
with the shorter subunits. Interestingly, nanowires with these
two types of subunits connected were obtained upon addition
of DMF and dialyzing against water (Supporting Information,
Figure S15). This suggests that hybrid nanowires can be
prepared by the copolymerization of different subunits, which
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further confirms the proposed mechanism for stepwise self-
assembly.

In summary, a promising route for synthesizing hierarch-
ical structures by supramolecular step polymerization is
described herein. By considering the variations in free
energy during the self-assembly process, we proposed a pos-
sible mechanism for the stepwise self-assembly. Figure 5
presents a schematic in which the calculation results for the
free energy changes in the stepwise self-assembly process are
plotted (calculation details are available in the Supporting
Information, Section 3.2.6). Briefly, the PBLG-g-PEG graft

10.5 Aﬁg Active at two ends
[}
@ 5!
> 10.0- g
o i 21
o First-step 5
< assembly < | Second-step
w | assembly
] Ll I
L 9.5-
EE s
0 500 1000 0 500 1000
Time /1t

Figure 5. Variation in free energy in units of ¢ (energy units in DPD) as
a function of simulation time for the two-step self-assembly of rod-g-
coil graft copolymers. Upon addition of DMF to a solution of pre-
assembled subunits, the subunits are activated and reactive points are
generated at each end, which drives the formation of nanowire
aggregates through a supramolecular step polymerization.

copolymers in THF/DMF/water mixed solvents first self-
assemble into spindle-like subunits. Accordingly, the free
energy decreases to an equilibrium state, as shown by the blue
line (free energy was calculated for the rod-g-coil model). The
micelles, consisting of PEG coronas and PBLG cores, are
stable in the solution. Upon addition of DMF, the local
structures of the spindles change in response to the change in
the solvent environment. By quickly dialyzing against water,
reactive points are generated at the ends of the micelles and
the spindle-like micelles are activated (see the dashed arrows
in Figure 5). At this point, the spindle-like micelles are far
from equilibrium. The reactive points behave analogously to
functional groups in a step polymerization. To reduce the
high-energy defects and achieve equilibrium, the micelles
self-assemble into nanowires by physical connecting PBLG
segments on both subunit ends. This process effectively
reduces the number of unfavorable ends and minimizes the
free energy, as shown by the red line in Figure 5. The present
work demonstrates a type of polymerization that occurs at the
supramolecular level. The polymerization units are micelles,
and the defects existing in the micelles enable the generation
of reactive points for polymerization. Such polymerization
could be generalized to some other polymer systems that
contain rigid chains, as long as the reactive points can be
produced in pre-assembled subunits (Supporting Informa-
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tion, Section 4.9). Using this principle, we can design and
prepare sophisticated materials with controlled structures,
which may find potential applications in various fields, such as
in biomedicine (Supporting Information, Section 4.10). More-
over, the present work provides a model system for studying
polymerization occurring at the supramolecular level and for
revealing the nature of such polymerization.

Experimental Section

PBLG was obtained by ring-opening polymerization of y-benzyl-L-
glutamate-N-carboxyanhydride (BLG-NCA), initiated by triethyl-
amine and with 1,4-dioxane as solvent.'" PBLG-g-PEG was prepared
by the ester exchange reaction of PBLG with mPEG-OH.!"" ! At the
end of the two polymerizations, the reaction mixture was precipitated
into a large volume of anhydrous methanol. The product was purified
twice by repeated precipitation from a chloroform solution into
a large volume of anhydrous methanol and dried under vacuum.
Details are shown in the Supporting Information.

Polymer assemblies were prepared in the following way. First,
PBLG-g-PEG graft copolymers were dissolved in THF/DMF (1/1,
v/v) mixed solvents by stirring at room temperature for 2 days to
obtain stock solutions. Typically, deionized water (2.5 mL) was added
to PBLG-g-PEG (10 mL) initial solution (polymer concentration is
0.67 gL ") with vigorous stirring to form subunits (initial subunit
solution). Subsequently, DMF (10 mL) was pipetted into the initial
subunit solution to form the subunit solution. The subunit solution
was dialyzed against deionized water for 3 days to ensure that all the
organic solvents were removed. The polymer concentration of the
subunit solutions was fixed at 0.3 gL' for all samples. Prior to
analysis, the solutions were stabilized for at least 5 days. The
nanowires can also be obtained by other methods, such as a one-
step self-assembling method, indicating that a similar structure can be
self-assembled by different paths (Supporting Information, Sec-
tion 1.2). The morphologies were characterized by TEM (JEM-
2100F, JEOL, 200 kV), SEM (S4800, Hitachi, 15kV), Cryo-TEM
(JEM-2200FS, CEVS, 200 kV, —174°C), and AFM (XE-100, Park
Systems, non-contact mode). Details are available in the Supporting
Information.

DPD is a particle-based mesoscopic simulation technique for
complex fluids."?**! In the simulation, each bead represents a block or
cluster of atoms or molecules. The time evolution of the beads obeys
Newton’s equation of motion. In this equation, the total force is the
sum of conservative, dissipative, and random forces. The simulations
were conducted in a cubic box of 30 x 30 x 30 with periodic boundary
conditions, and an NVT ensemble was adopted. Details regarding the
simulations can be found in the Supporting Information.
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