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ABSTRACT: An ordered surface nanostructure endows materials advanced functions.
However, fabricating ordered surface-patterned particles via the polymer self-assembly
approach is a challenge. Here we report that poly(γ-benzyl-L-glutamate)-block-poly-
(ethylene glycol) rod−coil block copolymers are able to form uniform-surface micelles on
polystyrene microspheres through a solution self-assembly approach. The size of the
surface micelles can be varied by the molecular weight of the block copolymers. These
surface micelles are arranged in a manner consistent with the Euler theorem. Most of the
micelles are six-fold coordinated, and the number difference between the five-fold and the
seven-fold coordination is 12. Simulations on model systems qualitatively reproduced the
experimental findings and provided direct observations for the surface-patterned particles,
including the polymer chain packing manner in surface micelles at the molecular level and
the array feature of the surface micelles through 2D projections of the surface patterns.

Ordered surface nanostructures of materials lead to unique
and intriguing properties.1−6 Particles with ordered

surface nanostructures have attracted increasing attention
recently.7 Nature has provided an excellent example emphasiz-
ing the importance of the ordered surface nanostructure of
particles. For example, viruses possess uniform surface
nanostructures formed by proteins, and these proteins arrange
in high order, which relates to their special functions, such as
high cellular internalization efficiency.8−10 Block copolymers
(BCPs) are able to self-assemble into diverse nanostruc-
tures,11−14 whereas on surface of microparticles they usually
produce homogeneous films or irregular surface nanostruc-
tures.7,15−18 There are very limited examples regarding BCP
self-assembly into well-defined surface micelles on particulate
substrates. In a recent work, Zhao et al. reported that poly(2-
(dimethylamino)ethyl methacrylate)-block-polystyrene BCPs
self-assemble into surface micelles on silica particles. These
silica particles were grafted with polystyrene brushes, and the
polystyrene brushes served as core-forming blocks for the
surface micelles.19 Although it has received considerable
attention recently, the self-assembly of BCPs on particles
into high-order surface nanostructures remains a challenge. In
addition to the morphology of surface nanostructures, their
array feature is another important structure characteristic for
surface-patterned microparticles.20−22 However, little is known
about the arrangement characteristics of the surface nano-
structures on particles.
Herein we report that poly(γ-benzyl-L-glutamate)-block-

poly(ethylene glycol) (PBLG-b-PEG) rod−coil BCPs self-
assemble into uniform and orderly arrayed surface micelles on
the cross-linked polystyrene (PS) microspheres. Such surface-

micelle-patterned microparticles exhibit some similarities to
the hepatitis virus in structure and morphology (Scheme 1).
The preparation process is as follows. First, the PBLG-b-PEG
BCPs and PS microspheres were dissolved/dispersed in
tetrahydrofuran/N,N′-dimethylformamide (THF/DMF)
mixed solvents (3/7 v/v). Then, water was slowly added to
the solution. Finally, through dialysis against water, an aqueous
solution of the surface-micelle-patterned microparticles was
obtained. In addition, dissipative particle dynamics (DPD)
simulations on model systems were applied to gain deep
insights into the inner structure and array feature of the surface
micelles. In the following content, we first investigate the
formation process and the structure of the surface micelles and
then focus on the array features of the surface micelles.
The formation process was investigated by monitoring the

surface morphology of the PS spheres under various water
additions (Figure 1). The concentrations for BCPs and PS
spheres were 0.125 and 0.375 g/L in the initial solution. As
shown in Figure 1a, the scanning electron microscopy (SEM)
image revealed that the PS spheres possess a smooth surface
when mixed with the PBLG29.5k-b-PEG5k BCPs (the subscripts
denote the number-average molecular weight, Mn, for each
block) in the initial organic solvent. When 13.0 vol % water
(i.e., the volume percentage of the added water relative to the
whole volume) was added, the PS spheres exhibited a rough
surface (Figure 1b), which indicates that the PBLG-b-PEG
BCPs were adsorbed on PS spheres. The average thickness of
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the BCP film on the PS spheres is ∼10.0 nm, which is obtained
by comparing the diameter of the microparticles formed at
13.0% water (∼629.6 nm) and that of the original PS spheres
(∼609.6 nm). When increasing the water content to 28.6 vol
%, as shown in Figure 1c, a dot pattern on the surface of PS
spheres appeared, which should be self-assembled from the
BCPs. Note that for the samples observed in Figure 1a−c, no
dialysis was performed before the SEM testing. Finally, after
dialysis against water, the well-defined surface-micelle-
patterned microparticles were obtained (Figure 1d). For
these finally formed surface-patterned microparticles, the
height of the surface micelles is ∼23 nm. (For details, see
the later content.)
These observations suggested an adsorption−assembly

process of the BCPs, including the adsorption of the PBLG-
b-PEG BCPs on PS spheres and the subsequent assembly of
the BCPs into surface micelles. In the THF/DMF mixed
solvents, the PBLG-b-PEG BCPs are well dissolved, and the PS
spheres can be homogeneously dispersed under stirring. (Both
THF and DMF are good solvents for the PBLG, PEG, and PS

segments.) With the addition of water, because of the
hydrophobicity of the PBLG and PS segments, the BCPs
tend to attach on the surface of the PS spheres to lower the
contact of both the PS microspheres and the PBLG blocks
with water. Additionally, the π−π attractions between PBLG−
PS pairs could enhance the stability of the BCP/PS sphere
assemblies in solution.23,24 Because of the rigid nature of the
PBLG segments,25 the PBLG-b-PEG BCPs could lie down on
surface of the spheres, and the surface film contains a
multilayer of the BCPs. When more water is added, the
adsorbed BCPs self-assemble into surface micelles (PBLG as
the core and PEG as the corona) to further reduce the contact
of the PBLG blocks with water.
Importantly, the rod−coil nature of the PBLG-b-PEG BCPs

is essential for preparing such surface micelles. (PBLG is a rod
polymer that has a persistence length up to 200 nm.25).
Because PS is a flexible polymer25,26 and the interaction
between PBLG−PS pairs is comparable to that between PS−
PS pairs,27,28 we replaced the PBLG-b-PEG rod−coil BCPs
with PS-b-PEG coil−coil BCPs to cooperatively assemble with
the PS spheres under similar conditions. Three PS-b-PEG
BCPs with the same PEG blocks and various PS block lengths,
that is, PS10.3k-b-PEG5k, PS15.5k-b-PEG5k, and PS30.2k-b-PEG5k,
were used in the studies. It was found that the PS spheres can
be stabilized by the PS-b-PEG BCPs in water, but a rough
surface instead of ordered surface micelles was formed on the
PS spheres. (See Figure S3 in the Supporting Information.)
The PS-b-PEG coil−coil BCPs could form a polymer brush on
the spheres, with the PS blocks attached to the surface and the
PEG blocks stretching into the solvent.29,30 These results
indicated the importance of the rod−coil nature of the building
BCPs for the construction of uniform surface micelles.
Typical morphologies of the microparticles were charac-

terized by SEM and atomic force microscopy (AFM) analyses
(Figure 2). As shown in Figure 2a, bare PS microspheres have
a smooth surface, and their diameter is uniform (∼609 nm).
After self-assembling with PBLG29.5k-b-PEG5k BCPs, the
microparticles are fully covered by uniform dot-like surface
micelles (Figure 2b). The distance between the neighboring
surface micelles (corresponding to the diameter of the surface
micelles) is ∼55 nm. AFM testing gives a similar average
diameter value of the surface micelles (Figure 2e). The height
of the surface micelles was indirectly obtained by comparing
the size of the PS microparticles before and after assembling
with the BCPs (Figure S4). For the PBLG29.5k-b-PEG5k surface
micelles, the height is estimated to be 23 nm. Because the
height is close to half of their diameter, these dot-like surface
micelles are inferred as hemispherical micelles.31,32

Scheme 1. Scheme of the Self-Assembly of PBLG-b-PEG Rod−Coil BCPs into Ordered Surface Micelles on PS Microspheresa

aCartoon on the right shows the structure of a hepatitis virus. The blue sphere, green lines, and red lines represent the PS microsphere, PBLG
blocks, and PEG blocks, respectively.

Figure 1. Morphology evolution of the surface nanostructures with
the addition of water. (a−c) SEM images observed under various
water contents: (a) 0, (b) 13.0, and (c) 28.6 vol %. No dialysis was
performed before SEM observation in panels a−c. (d) After dialysis
against water.
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The size of the surface micelles can be regulated by Mn of
the PBLG blocks. As can be seen from Figure 2c,d, both
PBLG20.1k-b-PEG5k and PBLG39.3k-b-PEG5k BCPs form uni-
form surface micelles, and they fully cover the PS micro-
spheres. As shown in Figure 2f, it was found that the diameter
of the surface micelles increases approximately linearly with the
Mn value of the PBLG blocks, that is, from ∼43 (Mn of the
PBLG block is 20.1 kg·mol−1) to ∼55 nm (Mn of the PBLG
block is 29.5 kg·mol−1) and then to ∼67 nm (Mn of the PBLG
block is 39.3 kg·mol−1). Simultaneously, the height of the
surface micelles also increases with the Mn value of the PBLG
blocks and retains about half of their diameter (Figure 2f).
However, when the Mn value of the PBLG block is much
smaller (e.g., Mn = 15.3 kg·mol−1) or much larger (e.g., Mn =
61.5 kg·mol−1), no ordered surface nanostructures are
obtained. Details regarding the effect of the Mn value of the
PBLG blocks on the surface morphology and the size of the
surface micelles can be found in the Supporting Information
(Figure S5).
Because of the rigid nature of the PBLG blocks, their length

can be calculated from their molecular weights.33 For example,
the PBLG block withMn = 29.5 kg·mol−1 has a length of ∼20.2
nm. By analyzing the relationship between the diameter of the
surface micelles and the length of the PBLG blocks, a head-to-
head packing mode of the BCPs in the surface micelles is
deduced (Figure 2g).34−36 For the surface micelles, the
hydrophobic PBLG blocks form the core, and the hydrophilic
PEG chains form the corona extending to the solution.
We then analyzed array features of these surface micelles. It

is well known that on a flat substrate spherical particles could
arrange into a simple lattice of triangles, which prefer to form
six-fold coordinated lattices,37−41 whereas on a curved surface,
other array modes, typically five-fold and seven-fold coordi-
nated lattices, should exist. The five-fold and seven-fold
coordinated lattices are characterized by +1 and −1
disclinations, respectively. On the basis of the Euler theorem,
for ordered packed lattices on spheres with an ideal array
mode, the total excess disclinations (the difference in numbers

between +1 disclinations and −1 disclinations) are +12.38,40

For the present systems, as shown in Figure 3a,e,f, the array
types of the surface micelles, including six-fold coordinated,
five-fold coordinated, and seven-fold coordinated, are dis-
cerned. Figure 3b−d shows enlarged images for these array
types, respectively.
Because SEM images reflect only the top side of the spheres,

an extrapolation method was used to deduce the total number
of surface micelles on a sphere. For example, Figure 3a shows a
limited area delineated by a black circle accounting for ∼19.2%
of the total area. (See Figure S6 in the Supporting
Information.) The number of surface micelles in this area
can be counted, and the total number of surface micelles on
one sphere can be obtained by extrapolating this number to the
whole sphere surface. Analysis results revealed that the average
number of surface micelles formed by PBLG20.1k-b-PEG5k,
PBLG29.5k-b-PEG5k, and PBLG39.3k-b-PEG5k BCPs is 544, 362,
and 242, respectively.
The array feature analysis revealed that the six-fold

coordination is the majority array type for the surface micelles
in all of the systems, and the total excess disclinations for these
systems are in the range of 12.5 to 13.5, which are close to the
theoretical value of 12. These results indicated that the surface
micelles on the microspheres packed in high order. The details
regarding the arrangement of the surface micelles formed by
various BCPs are summarized in Table 1.
In addition to the array features of the surface micelles, the

dislocation structure is also analyzed. It is well known that
seven-fold coordinated surface micelles are always tightly
bound to five-fold coordinated surface micelles, forming a
dislocation, which is also clearly observed in the present
system. The 5−7 pair dislocations usually form a chain of 5−
7−5−7−...−5, which is called a scar. As shown in Figure 3,
several scars are observed, and their length increases with a
decrease in the Mn of the PBLG blocks (corresponding to
increases in the number of surface micelles). These
observations are consistent with the theory that increasing
the number of particles on the spherical surface will introduce

Figure 2. Morphology and structure of the surface micelles. (a) SEM images of original PS spheres. (b−d) SEM images of particles with dot-like
surface nanostructures self-assembled from (b) PBLG29.5k-b-PEG5k BCPs, (c) PBLG20.1k-b-PEG5k BCPs, and (d) PBLG39.3k-b-PEG5k BCPs,
respectively. (e) AFM image and the height profile of the particles shown in panel b. (f) Plots of the length of the PBLG block versus the diameter
and height of the surface micelles formed by various PBLG-b-PEG BCPs. (g) Scheme of the structure of the surface micelles.
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more scars to balance the configuration of surface defects on
the spheres.38 Besides the 5−7−5−7−...−5 chains (scars),
some 5−7−5−7−...−7 chains, namely, pleats are also
observed. Pleats are an interesting dislocation structure,
which, unlike the scars, possess zero topological charge. The
existence of pleats has no effect on the total excess disclinations
but lowers the ordering of the surface patterns. Usually, pleats
are observed on surfaces with a negative Gaussian curvature.42

For the present system, the formation of pleats could be
attributed to the uneven surface of the PS microspheres. (See
Figure S2 in the Supporting Information.) Additionally, more
pleats are formed by the BCPs with shorter PBLG blocks
(Figure 3e). This phenomenon should be related to the smaller

diameter of the surface micelles, which makes them more
sensitive to the uneven parts of the surface of the PS spheres.
To support the experimental findings, coarse-grained DPD

simulations are used to examine the self-assembly behav-
iors.14,43 A model consisting of rod−coil BCPs (R6C5) and
cross-linked homopolymer spheres (P) was constructed
(Figure 4a). The R segments representing the PBLG blocks
are hydrophobic and rigid, and the hydrophilic and flexible C
segments represent the PEG blocks. In the model of the
homopolymer sphere, cross-linking was created by generating
random covalent bonds between neighboring homopolymer
chains, and the diameter of the sphere was ∼56rc. (rc is the
cutoff distance in DPD simulations.) The interaction
parameter between the R blocks and the sphere (aRP) was
set as 25 to guarantee the adsorption of the RC BCPs on the
spheres. Accordingly, the interaction parameter between the
rod block and the solvent (aRS) was set to 70. The self-
assembled structures in the simulations were collected after the
system reached the steady state. Details of the simulation
methods and parameter settings can be found in the
Supporting Information (Section 10).
As shown in Figure 4b, the simulations revealed that

spherical surface micelles were formed by R6C5 BCPs on the
surface of the sphere. The cross-sectional images revealed that
these surface micelles have a hemispherical structure (Figure
4c). Furthermore, as seen in Figure 4d, the R blocks in the core
of the surface micelles arrange in a head-to-head manner, and
the C blocks extend outside the core and form the shell. These
simulations prove the models we proposed from the
experimental observations. The effect of the rod block length
of the RC BCPs on surface nanostructures was studied (Figure
S8). To model a change in the molecular weight of the PBLG-
b-PEG BCPs, the number of R beads was changed from 5 to 7,
and the number of C beads was set to 5. It was found that with
an increase in the bead number of the R block from 5 to 7, the
diameter of the surface micelles increases, and the number of
surface micelles on the sphere decreases, which is consistent
with the experimental studies.
The array features of the surface micelles formed by the

model rod−coil BCPs were then analyzed. To make clear
observations, a Winkel Tripel projection of spheres with
surface micelles was plotted (Figure 4e).44 As can be seen, the
majority of the surface micelles were six-fold coordinated, and
five-fold and seven-fold coordinated surface micelles were also
observed. By counting all of the coordinated lattices, we found
that the total excess disclination number is 12, which is
consistent with the theoretical value. In addition, scars (5−
7...7−5 chains) were observed, but no pleats were found. The
absence of pleats could be due to the smooth surface of the
sphere built in the simulations, whereas pleats are usually

Figure 3. Array feature analysis of the surface micelles formed by
PBLG-b-PEG BCPs with various Mn values of the PBLG blocks. (a)
Mn = 29.5 kg·mol−1. (b−d) Enlarged views of six-, five-, and seven-
fold coordinated hemispherical micelles, respectively. (e) Mn = 20.1
kg·mol−1. (f) Mn = 39.3 kg·mol−1. The small blue dots and red and
yellow circles represent six-, five-, and seven-fold coordinated
hemispherical micelles, respectively. Typical scars and pleats are
indicated by purple and green dashed ovals, respectively.

Table 1. Array Features of Surface Micelles Formed by PBLG-b-PEG BCPs with Various Mn Values of the PBLG Block

six-fold
coordinated

surface micelles

five-fold
coordinated

surface micelles
(+1 disclina-

tion)

seven-fold
coordinated

surface micelles
(−1 disclina-

tion)

Mn of PBLG (kg·mol−1) number of the surface micelles on each sphere number % number % number %
total excess disclination

number

20.1 544.5 ± 15.3 256.6 47.1 150.2 27.5 137.7 25.3 12.5
29.5 361.9 ± 12.5 222.2 61.4 76.2 21.1 63.5 17.5 12.7
39.3 242.0 ± 11.0 147.9 61.1 53.8 22.2 40.3 16.7 13.5

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b02606
J. Phys. Chem. Lett. 2019, 10, 6375−6381

6378

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02606/suppl_file/jz9b02606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02606/suppl_file/jz9b02606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02606/suppl_file/jz9b02606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02606/suppl_file/jz9b02606_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b02606


generated on a surface with a negative Gaussian curvature. For
the surface micelles formed by R5C5 and R7C5, they possess
similar array features, and the total excess disclination number
remains 12 (Figure S8). The simulation results qualitatively
reproduce the experimental observations for the array feature
of the surface micelles, which confirm the highly ordered arrays
of the surface micelles in experiment.
In summary, we demonstrated that PBLG-b-PEG rod−coil

BCPs are capable of assembling into uniform surface micelles
with a high-order arrangement on microparticles. The
structures and array features of the surface micelles were
explored by a combination of experiments and simulations.
The sizes of the surface micelles are uniform and can be
controlled by the molecular weight of the BCPs. The
arrangement of the surface micelles obeys the Euler theorem;
that is, the majority arrangement of the surface micelles is six-
fold coordination, and the excess disclination number is 12.
These prepared surface-patterned microparticles could find an
application in the following fields. (1) These core−shell

microparticles with ordered surface nanostructures show some
similarities to the natural virus in the surface morphology,
which could enable them to be models for the natural virus.5,45

(2) The surface micelles, a kind of Janus nanoparticle (one side
comprises hydrophilic PEG chains and the other side is
hydrophobic PBLG chains), could serve as nanosurfactants
when they are exfoliated from the microparticles.46,47 (3)
Furthermore, the terminating chains of 5−7 pair dislocations
(both scars and pleats) could act as chemical reaction sites or
initiation sites of bacterial cell division.37,48 This work expands
the research scope of BCP self-assembly, and the information
gained could guide the fabrication of materials with highly
ordered surface nanostructures.
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