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ARTICLE INFO ABSTRACT

Article history:

Spherical nanostructures with striped patterns on the surfaces resembling the essential structures of
natural virus particles were constructed through a two-step self-assembly approach of polystyrene-b-
oligo(acrylic acid) (PS-b-oligo-AA) and poly(y-benzyl L-glutamate)-b-poly(ethylene glycol) (PBLG-b-
PEG) copolymer mixtures in solution. On the basis of difference in hydrophilicity and self-assembly
properties of the two copolymers, the two-step self-assembly process is realized. It was found that PS-b-
oligo-AA copolymers formed spherical aggregates by adding a certain amount of water into polymer
solutions in the first step. In the second step, two polymer solutions were mixed and water was further
added, inducing the self-assembly of PBLG-b-PEG on the surfaces of PS-b-oligo-AA spheres to form
striped patterns. In-depth study was conducted for the indispensable defects of striped patterns which
are dislocations and +1/2 disclinations. The influencing factors such as the mixing ratio of two
copolymers and the added water content in the first step on the morphology and defects of the striped
patterns were investigated. This work not only presents an idea to interpret mechanism of the
cooperative self-assembly behavior, but also provides an effective approach to construct virus-like
particles and other complex structures with controllable morphology.
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1. Introduction

Amphiphilic copolymers are able to self-assemble into various
supramolecular aggregates [ 1-8]. Inspired by biological systems in
nature, researchers have regarded the fabrication of hierarchical
nanostructures that resemble natural materials as one of the topics
of macromolecular self-assembly in recent years [9-13]. For
example, virus is an ideal model for polymer self-assembly which
possesses well-defined architectures with a protein capsid and
encapsulated genetic materials as the core [14]. Virus-like particles
(VLPs) are promising for biomedical potential in drug/gene
delivery and functional imaging [12,15-17]. Amphiphilic polypep-
tides gained special attentions for the fabrication of VLPs, as they
are analogous with natural protein in chemical component [13,18-
25]. Furthermore, polypeptide-based VLPs could be more stable
and feasible in functionalization due to the high molecular weight
and abundant modifiable groups of polypeptides [26-31].
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Due to the precise core-shell structure of the virus, the
fabrication of VLPs is a challenging work. In our previous works,
polypeptide-based spherical VLPs were obtained by the self-
assembly of poly(y-benzyl L-glutamate)-b-poly(ethylene glycol)
(PBLG-b-PEG) rod-coil block copolymer and polystyrene (PS)
homopolymer mixtures [22,23]. It was found that PS homopol-
ymers aggregated into spheres and PBLG-b-PEG block copolymers
formed striped patterns on the surfaces of the PS spheres.
However, since the primarily formed hydrophobic PS spheres
are not stable in solution, the specific formation process and the
details of the complex structures cannot be confirmed. As
indicated by literatures, for the construction of complex nano-
structures, multi-step self-assembly processes have been proven to
be rather elegant and feasible. This method not only provides a
versatile approach to design complex nanostructure in a control-
lable way, but also gives a clear pathway for the aggregation
process [32-38].

Herein, a two-step solution self-assembly method was applied
to achieve controllable fabrication of spherical VLPs from
polystyrene-b-oligo-(acrylic acid) (PS-b-oligo-AA) copolymers
and PBLG-b-PEG copolymers. Copolymers were dissolved in
THF/DMF mixture solvent separately, and a self-assembly was

1001-8417/© 2017 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cclet.2016.12.040&domain=pdf
undefined
undefined
http://dx.doi.org/10.1016/j.cclet.2016.12.040
http://dx.doi.org/10.1016/j.cclet.2016.12.040
http://www.sciencedirect.com/science/journal/10018417
www.elsevier.com/locate/cclet

840 S. Zhang et al./ Chinese Chemical Letters 28 (2017) 839-844

driven by adding water. In the first step, with adding water PS-b-
oligo-AA self-assembled into spherical aggregates (PS spheres
covered with oligo-AA shell). In the second step, further assembly
of PBLG-b-PEG on the surfaces of PS-b-oligo-AA spheres into strips
was induced by mixing the two polymer solutions and subsequent
addition of water. The morphologies and structures of the final
aggregates were found to be controlled by the mixing ratio of the
two polymers and the added water content in the first step.

2. Results and discussion

The two-step self-assembly process fabricating the virus-like
particles with strip-pattern surface is illustrated as follows. PS-b-
oligo-AA copolymers and PBLG-b-PEG copolymers were initially
dissolved separately with THF/DMF mixture solvent (1/1, v/v). In
the first step, with a certain amount of water added to the
solutions, PS-b-oligo-AA copolymers were able to self-assemble
into spheres with oligo-AA chains outspreading and providing
colloidal stability for the aggregates, while PBLG-b-PEG copoly-
mers packed loosely forming irregular aggregates. In the second
step, the two solutions were mixed together, and more water was
added, which induced the self-assembly of PBLG-b-PEG block
copolymers on the surfaces of PS-b-oligo-AA spheres. The
structure of the VLPs and the influencing factors on the structure
of the formed VLPs are studied.

2.1. Structure of VLPs self-assembled through a two-step self-assembly
process

We first investigated the self-assembly behaviors of the two
single copolymers, respectively. Fig. 1a shows the turbidity of the
copolymer solutions against water content. At lower water
content, the absorbance values of the two copolymer solutions
are close to zero and negligible changes in the magnitude of
absorption are observed. As water content reaches a certain value,
the turbidity intensity increases dramatically, corresponding to the
onset of aggregation of the copolymers. The amount of the added
water at which aggregates start to form is defined as the critical
water content (CWC) and obtained from the sudden change in the
absorbance value during turbidity testing (the water addition
process) [21,42-45]. As can be seen, the CWC values of the PS-b-
oligo-AA and PBLG-b-PEG copolymer solutions are about 8.6 wt%
and 14.4wt%, respectively, which indicates that PS-b-oligo-AA
copolymer is more hydrophobic than PBLG-b-PEG copolymer.

In addition, as revealed by the turbidity curves, the absorbance
value of PS-b-oligo-AA copolymer solution increases sharply with
water content and reaches a plateau after the water content
exceeds 16 wt%. TEM image shows that PS-b-oligo-AA copolymers
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Fig. 1. (a) Turbidity (optical density) curves of PBLG-b-PEG and PS-b-oligo-AA
solutions in THF/DMF=1/1 in volume at the initial concentration of 0.2gL~" as a
function of the amount of water added to the solution. (b) Typical TEM image of PS-
b-oligo-AA at water content of 16wt%. Inset plot is hydrodynamic radius
distribution of aggregates in solution (scattering angle is 90°).

formed spherical aggregates (PS-b-oligo-AA spheres) with diame-
ter ranging from 250 nm to 350 nm at the water content of 16 wt%
(Fig. 1b). In the following content, we use “PS spheres” to refer the
PS-b-oligo-AA spheres as the AA chains hardly have any effect. The
size of the PS spheres is further characterized by DLS testing. As
shown in the inset of Fig. 1b, the PS spheres possess a mean
hydrodynamic radius (<R,>) of 143nm with a narrow size
distribution, and the polydispersity index (PDI) is around 0.04.
The DLS result is in good consist with TEM observation. After the
water content exceeds 16wt%, no obvious change of the
morphology and size of the PS spheres was observed (see
Supporting information, Fig. S2a and 2b), suggesting that the
structure of the PS-b-oligo-AA copolymer aggregates remains
unchanged and stable in a wide range of water content.

For PBLG-b-PEG copolymers, as shown in Fig. 1a, the absorbance
value keeps increasing with the water content in a relative wide
range above the CWC value. This indicates that PBLG-b-PEG
copolymers cannot form stable aggregates in such a wide range of
water content. As revealed by TEM testing (picture is not shown),
no aggregate is observed at the water content of 16 wt% (close to
CWC value). While at a higher water content of 32 wt%, irregular
structures are observed, which indicates that PBLG-b-PEG copoly-
mers do not form stable aggregates and the copolymer chains have
high mobility (for details, see Supporting information, Fig. S2c).

The above experiments revealed that, PS-b-oligo-AA copoly-
mers formed stable PS spheres in a wide range of added water
content in the first step (for example, 16-32 wt%), while PBLG-b-
PEG copolymers still had high mobility. It can be deduced that after
mixing these two copolymer solutions prepared in the first step
and further adding water in the second step, PBLG-b-PEG
copolymers can self-assemble on the surfaces of PS spheres.
SEM observations of the aggregates obtained through the two-step
self-assembly confirmed our predictions. The results are shown in
Fig. 2 and Fig. S3. It was found that when the weight fraction of
PBLG-b-PEG in the mixture was low, for example, fpgi6-p-pEG = 0.1,
spheres with smooth surfaces were formed (Fig. 2a). Increasing the
weight fraction of PBLG-b-PEG in the mixture, spherical aggregates
with ordered striped patterns on the surfaces (strip-pattern
spheres, like “wool-balls”) were obtained. The patterns are formed
by the ordered packing of rigid PBLG blocks, and hydrophilic PEG
chains stabilize the aggregates. Details for the structure of the
striped patterns can be found in our previous works [22,23]. Shown
in Fig. 2b-d are the SEM images of the strip-pattern spheres
formed with fppic.p-PEG =0.3, 0.5, and 0.7, respectively. As can be
seen, the thickness of the shell and the width of the strips increase
with the weight fraction of PBLG-b-PEG in the mixtures. Especially
in Fig. 2d, the strips formed by the further self-assembly of PBLG-b-
PEG block copolymers are found to be much thicker. This
phenomenon caused that the VLPs look special and the cores
(PS spheres with oligo-AA shell) look small. Shown in Fig. 2e is a
typical TEM image of the aggregates formed with fpg;c_p_pec = 0.5,
which confirms the formation of strip-pattern spheres. When the
weight fraction of PBLG-b-PEG in the mixtures is higher
(feBLG-p-PEG > 0.7), the strips become very thick and the morphol-
ogy of the aggregates becomes irregular. Meanwhile, some small
aggregates which should be formed by PBLG-b-PEG copolymers
were observed (Fig. S3a in Supporting information).

The size of the aggregates was further characterized by DLS
testing. For the aggregates formed with fppic_p_pEg in the range of
0.1-0.5, the size distribution shows a narrow single peak,
indicating the aggregates are uniform in size. Shown in the inset
plot of Fig. 2e is a typical DLS result for the aggregates formed with
feBLc-b-PEG =0.5 which gives a mean hydrodynamic radius of
168 nm and a PDI value of 0.05. When fpp;6-5-pEG is higher than
0.7, a broader peak is observed in DLS result (Fig. S3b in Supporting
information), which is in correspondence with the fact that the
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Fig. 2. Typical SEM images of aggregates self-assembled through a two-step process with various fppic-p-peG: (@) feeLc-b-PEG = 0.1, (D) fepL-b-PEG = 0.3, (C) fPBLG-b-PEG = 0.5,
and (d) fpeic-b-pPEG =0.7. (e) Typical TEM image of aggregates self-assembled through a two-step process with fppic-p-peG =0.5. Inset plot of (e) is hydrodynamic radius
distribution of aggregates in water (scattering angle is 90°). (f) Plot of <Rn> versus the fppic-p-pEG. The added water content in the first step is 16 wt%.

solution contains additional small aggregates formed by PBLG-b-
PEG copolymers themselves. The size variation of the aggregates as
a function of fppig-p-PEG iS plotted in Fig. 2f. As can be seen, the
radius of the aggregates gradually increases from 151 nm (fppLg-b-
peG =0.1) to 173 nm (fpeig-p-pEG =0.7). These DLS results are in
good agreement with SEM and TEM observations.

For the strip-pattern spheres, there exist defects, i.e. disloca-
tions, +1/2 disclinations, and —1/2 disclinations, which is an
important natural geometrical phenomenon [46-50]. In the
present system, —1/2 disclination defect was rarely observed,
while dislocation and +1/2 disclination defects were identified.
SEM images of the dislocation and +1/2 disclination defects are
presented in Fig. 3a and b, respectively. The insets display
schematic illustrations of the defects. In addition, for the striped
patterns on spheres, the total disclination charges is a constant

value (+2) [23,50]. Therefore, each strip-pattern sphere should
contain four +1/2 disclination defects. Hence, the dislocation
number variation of these strip-pattern spheres is investigated in
the following context.

The dependence of the dislocation number on mixing ratio was
plotted in Fig. 3c. The dislocation number was counted based on
large number of SEM images. It should be noted that, SEM images
only reflect approximately 3/8 of the total area of the spherical
surface for each ball, therefore, only the defect number in this
observed area can be counted. And the total number of defects is
calculated based on the reasonable assumption that the defects on
sphere surface are randomly distributed. As can be seen, with
increasing fpeic-p-pEG, the total number of dislocation defects
decreases first and then becomes constant. The main reason could
be the decrease of the number of strips on the surfaces of PS
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Fig. 3. SEM images of classical defects configuration: (a) dislocations and (b) +1/2 disclination. Inset plots are schematic illustration. (c) Statistic dislocation number as a
function of fppic-p-pEc. The added water content in the first step is 16 wt% with fpgic_p-pec =0.5.
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spheres with increasing fppig-»-pEG. AS shown in Fig. 2b-d, when
feLG-b-PEG — 0.5, the width of the strips increases and the number
of strips on each sphere decreases markedly with increasing
feeLc-p-PEG. Considering the average size of the core PS spheres
does not change with fppic_p_pEG in the mixtures, the dislocation
number on each sphere decreases about from eleven to nine. while
at highfPBLG—b—PEG (for example,prLG_b_pEG > 05), both the width
of the strips and the number of strips on each sphere almost keep
constant with fppig.p-pec. The number of dislocations is un-
changed, which maintains around nine.

2.2. Effect of the added water content in the first step on the structure
of VLPs

As mentioned above, PBLG-b-PEG copolymers form unstable
aggregates and possess a high mobility in a relative wide range of
water content. Therefore, it can be deduced that VLPs would be
obtained in a wide range of added water content in the first step.
As shown in Fig. 4, it was found that when the added water content
in the first step increases from 16 wt% to 20 wt% and 24 wt%, the
striped patterns on spheres become thinner (Fig. 4a and b). The
strips almost disappear when the added water content in the first
step increases to 32wt% (Fig. 4c). Meanwhile, more small
aggregates formed by pure PBLG-b-PEG were observed with
increasing the added water content in the first step. These results
indicate that the mobility of PBLG-b-PEG copolymer chains is
dramatically weakened when the added water content in the first
step is higher. With further adding water in the second step, few
PBLG-b-PEG copolymers can be adsorbed onto the PS spheres. As a
result, the striped patterns become thinner and more irregular and
the number of dislocations increases obviously with added water
content in the first step (Fig. 4d).

Based on the investigations, the mechanism of the two-step
self-assembly process fabricating the spherical virus-like par-
ticles with strip-pattern surface is illustrated (Scheme 1). Initially,
PS-b-oligo-AA copolymers and PBLG-b-PEG copolymers were
dissolved with THF/DMF mixture solvent (1/1, v/v) respectively.
In the first step, with certain amount of water added into the two
copolymer solutions in THF/DMF mixture solvent (1/1 in volume),
PS-b-oligo-AA copolymers self-assembled into spherical aggre-
gates, while PBLG-b-PEG copolymers packed loosely and formed
unstable and irregular aggregates. In the second step, the two
solutions were mixed together. Upon further addition of water, the
PBLG-b-PEG copolymers self-assembled on the surfaces of PS
spheres and packed orderly to form striped patterns. From the
formation mechanism (Scheme 1) we can see the distinguished
structural feature of the aggregates and the clear core-shell
structure which mimics the essential structure of natural virus. 1)
PS-b-oligo-AA copolymers form spheres and serve as template

@®  Adding certain content of water

@ Mixing up, adding water further and dialyzing against water

Scheme 1. Schematic representation for the fabrication of spherical virus-like
particles with strip-pattern surface through a two-step self-assembly process.

mimicking the role of nucleic acid in virus core; 2) PBLG-b-PEG
copolymers cover the PS-b-oligo-AA spheres and pack orderly into
specific patterns mimicking the role of the capsid protein.

The two-step self-assembly process is believed to provide
attractive advantages in achieving controllable hierarchical
structures. Interpretation of some cooperative self-assembly
mechanism and intense research on supramolecular chemistry
can also be achieved by the approach. The investigation of virus-
like particles with hierarchical nanostructures resembling natural
biological structures such as poxviridae can promote better
understanding of the biological patterns in nature.

3. Conclusion

In summary, spherical virus-like particles with strip-pattern
surface were prepared through a two-step self-assembly process.
In the first step, small amount of water was added into PS-b-oligo-
AA and PBLG-b-PEG solutions (in THF/DMF mixture) separately,
which induced the self-assembly of PS-b-oligo-AA copolymers into
spherical aggregates (PS spheres with oligo-AA shell). While PBLG-
b-PEG copolymers formed irregular and unstable aggregates due to
different hydrophobicity of the two copolymers. In the second step,
two copolymer solutions were mixed up and more water was
added, which drives the further self-assembly of PBLG-b-PEG on
the PS-b-oligo-PAA spheres to form striped patterns. The strip-
pattern spheres possess the defects of dislocations and +1/2
disclinations. The number of +1/2 disclinations is fixed at four for
each strip-pattern spheres, while the number of dislocations
decreases with decreasing the added water content in the first
step.
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Fig. 4. (a-c) Typical SEM images of aggregates self-assembled through a two-step process with various added water contents in the first step: (a) 20 wt%; (b) 24 wt% and (c)
32 wt%. (d) Statistic dislocation number as a function of added water content in the first step. fppic-p-pEc =0.5.
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4. Experimental

Materials and regents: PS;gy-b-oligo-AAg copolymers and
PBLGs5-b-PEG11; copolymers (the subscripts denote the degree
of polymerization for each segment) were synthesized according
to the literatures [39-41]. The details for the synthesis and
characterization of the polymers are presented in the Supporting
Information Section 1. Tetrahydrofuran (THF), N,N’-dimethylfor-
mamide (DMF), and all the other regents were of analytical grade
and used as received (purchased from Adamas-beta). Deionized
water was prepared in a Millipore Super-Q Plus Water System to a
level of 18.2 M{) cm resistance. Dialysis bag (Membra-cel, 3500
molecular weight cutoff) was provided by Serva Electrophoresis
GmbH.

Turbidity testing of the polymer solutions: The optical density
(turbidity) was measured at a wavelength of 690 nm (which was
far from the absorption of the benzene chromophore) using a
quartz cell (path length: 1cm) with a UV-vis spectrophotometer
(UV-vis UV-2550 Shimadzu). Both the PS-b-oligo-AA and the
PBLG-b-PEG copolymers were first dissolved in THF/DMF mixture
solvent (1/1, v/v) separately with a concentration of 0.2g/L.
Deionized water was then added drop by drop (0.02 mL per drop to
2mL of polymer solution) with vigorous stirring. And after each
drop of deionized water was added, the solution was stirred for
1 min and then left to equilibrate for 2 min or more until the optical
density was stable.

Preparation of aggregates through a two-step self-assembly
process: The polymeric self-assemblies were prepared using a
selective solvent method through a two-step process. In the first
step, PS-b-oligo-AA and PBLG-b-PEG block copolymers were
separately dissolved in THF/DMF mixture solvent (1/1, v/v) by
stirring at room temperature for 2 days to obtain stock solutions.
Then, a certain amount of deionized water (typically 0.32 mL, 16 wt
%), a selective solvent for oligo-AA and PEG, was added into the two
solutions (2 mL) respectively at a rate of 0.5 mL/min with vigorous
stirring. The weight percent of the added water is defined as the
ratio of water weight to the original weight of organic solutions. In
this situation, PS-b-oligo-AA copolymers self-assemble into
spherical aggregates (PS spheres covered with oligo-AA shell),
while PBLG-b-PEG copolymers pack loosely forming irregular
morphology. In the second step, the two solutions were mixed up
with various volume ratios and stabilized with stirring (4 hours).
Typically, the weight fraction of PBLG-b-PEG, fpsic-p-PEG, Which is
defined as the ratio of weight of PBLG-b-PEG to the total weight of
mixture copolymers, was in the range of 0.1-0.7. Then more
deionized water was added to the mixed solution. Finally, by
dialysis against deionized water for 3days to remove all the
organic solvents, spherical virus-like core-shell aggregates were
obtained. Before analysis, the solutions were stabilized for at least
5 days.

Testing apparatus and method: The morphologies of aggregates
were examined by TEM (JEM-1400, JEOL) operated at an
accelerating voltage of 100kV. The TEM samples were prepared
by placing drops of solution on a copper grid coated with carbon
film and then dried at room temperature. The morphologies of
aggregates were also observed by SEM (S4800, Hitachi) operated at
an accelerating voltage of 15 kV. The samples were prepared the
same as TEM samples. Before the observations, the samples were
sputtered by Aurum. Dynamic laser scattering (DLS) was measured
by a LLS spectrometer (ALV/CGS-5022F) equipped with an ALV-
High QE APD detector and an ALV-5000 digital correlator using a
He-Ne laser (the wavelength A =632.8 nm) as the light source. All
the samples were filtered through 0.8 um filters to remove dust
before DLS measurements, and all the measurements were carried
out at 25°C.
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