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ABSTRACT In the current issue of ACS Nano, Lobling, Haataja et al. craft
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polymeric nanoparticles with a hierarchy of nontrivial surface structures by

4

i

combining conventional interpolyelectrolyte complexation with steric control
from an uncharged copolymer block. Remarkable cylindrical and lamellar
nanodomains are produced on the polyionic coronae of spherical micelles. Here,
we discuss generalizing this elegant self-assembly strategy and provide
speculative perspectives for its future potential for new nanomaterials.

one are the days when one could

comfortably predict what every dis-

cipline stood for and what every
research group studied; nowadays, chem-
ists work on materials science, materials
scientists work on bioengineering, and
sometimes there seems no end to the per-
mutation and cross-fertilization between
scientific disciplines. Increasingly, the out-
put of scientific papers represents more
than any single person could accomplish
on their own. A generation ago, when P.-G.
de Gennes, the “Newton of his age”, re-
ceived the Nobel Prize for putting the field
of soft matter on strong principles of phys-
ics, the spirit of that time was to seek the
most general, the most universal, the most
fundamental. But today, we care more
about useful functionality, about innova-
tions whose value lies in particular materials
systems; today, without wishing to over-
generalize, nor to draw artificial distinctions,
it is fair to say that the concerns of our
scientific age have shifted from fundamen-
tals toward complexity. Today, our commu-
nity is intensely interested in the complexity
of strongly correlated systems—what emerges
from the balance of numerous interactions
that compete without any of them dominat-
ing decisively. Often, the best such work
marries two (or more) ways of thinking
for the first time. A telling statistic is that
scientific publications show increasing num-
bers of coauthors, more than 50% more on

TSANG ET AL.

average than a generation ago.' As for the
number of coauthors: the popular press
speaks of “hyperauthorship” and “rise of
the fractional author” As for the mix of
coauthors: scientifically, we live in an age
of mixed marriages.

We call attention to a beautiful embodi-
ment of this modern pattern: writing in this
issue of ACS Nano with two equal first
authors and eight coauthors in toto, a pub-
lication that unites four academic institu-
tions and two countries.* Their idea was
to build upward from ampholytic triblock
terpolymers, designed to form polymer
micelles with negatively charged coronae.
While their laboratory previously reported
such “onion” or “core-shell-corona” struc-
tures,> Coulombic attractions with addi-
tional charged chains give added value: they
zZipper the micelles together to form inter-
polyelectrolyte complexes with cationic/
neutral diblock copolymers.

We encourage readers to look at these
vivid structures, reproduced in Figure 1:
some of them resemble spiky sea urchins,
while others resemble the blades of tur-
bines, depending (in rationally understand-
able ways) on the cationic/neutral ratio of
the parent block copolymers. The demon-
stration of these new structures, which
previous workers had neither predicted
nor observed, epitomizes the appeal of
complexity: the surprise that comes from
careful study of complex systems. This
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In this issue of ACS
Nano, Lobling, Haataja,
and co-workers show
how triblock
terpolymers and
diblock copolymers
self-assemble to
structural shapes that
possess unprecedented
hierarchical

complexity.

strategic design of charge mixing
yields assembled structures effi-
ciently. Driven by thermodynamics,
this bottom-up approach to self-
assembly is economical and conve-
nient. This approach sidesteps alter-
natives that might be considered,
such as microfabrication and surface

patterning, which can be laborious.”
Moreover, the size of these structures
is dictated by the size of the parent
polymers, smaller than 100 nm; these
are length scales with which top-
down techniques might begin to
struggle.®

The subtle logic of the work by
Lobling, Haataja et al. is to sculpt
these electrostatic complexes micro-
scopically by steric control. While
it is true that precise Coulombic
control is commonplace in ionic
crystals such as NaCl and that it
can generate surprisingly complex
colloid crystals,® previously this
had not been achieved for polymer
chains. When these macro-ions of
opposite charge mix, their high
conformational flexibility usually
creates complex structures whose
molecular arrangement is random;
“complex coacervation” results, a
kind of phase separation such that
the macroions neutralize one an-
other in bulk solution while a popu-
lation of residual charged groups
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remain soluble.’®~'2 A similar lim-
itation underlies film preparation
through layer-by-layer (LBL) depo-
sition,”>'* versatile and useful as
this technique is. The innovation
by Lobling, Haataja et al. was to
stabilize the chunks of interpoly-
electrolyte complexation into regu-
lar patterns, capitalizing upon the
steric control afforded by attaching
a flexible polyethylene glycol (PEG)
block to the charged block. Then,
when the charged groups bundle
into cylinders, the steric influence of
PEG chains stabilizes the complexa-
tion domains that were formed in
coronae of the micelles. There were
hints of this approach in prior work:
bis-hydrophilic diblock copolymers
were formed by joining a nonionic
polymer with an ionic chain and mix-
tures with an oppositely charged
linear polyelectrolyte produced mi-
celles.”® But going beyond this, in
the new work reported here, phase
segregation on the surface of the
micellar nanoparticles is effectively

Isosurface model

Figure 1. Cryo-transmission electron microscopy and cryo-electron tomography images of different micelle morphologies
produced by control of cationic/neutral ratio of polyions. From top to bottom: (a) Lobling, Haataja et al. used cationic/neutral
copolymer to fabricate “sea urchin” micelles when the cationic part was short. Reprinted from ref 4. Copyright 2014 American
Chemical Society. (b) When a different polymer with a longer cationic part was used, the resultant micelle had a “turbine”
structure. Reprinted from ref 4. Copyright 2014 American Chemical Society. (c) By forming complexes with either all-cationic
long or short polymer blocks, the resulting micelles could be designed to form either Janus or continuous structures,
respectively. Reprinted from ref 17. Copyright 2013 American Chemical Society.
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two-dimensional: the charged lin-
ear polyelectrolyte chains first group
into coronae of micelles.
Remarkably, the phase diagram
of this system can be manipulated
depending on the chain length
of each of the block copolymer
segments. This is analogous to
the famous hydrophilic—lipophilic
balance (HLB) of lipid assembly;'®
the dominant steric influence can
be explained simply by the relative
volume fraction of PEG chains.
Hierarchical structures would arise
only for those coronae whose thick-
ness exceeds the diameter of the
hydrophobic core of the micelle; in
other words, the brushes must be
long enough. Then charge—charge
domains will develop either as iso-
lated cylindrical bundles or perco-
lated lamellar shells, depending on
the PEG chain length (Figure 1a,b).
By this logic, it is reasonable to ex-
pect that using only charged blocks
would produce phase-separated
electrostatic domain coronae of
micelles (Figure 1¢)."”” In addition,
micelles with too-thin coronae will
just produce homogeneous charge—
charge domains (Figure 1c)."” Over-
all, this approach to designing block
copolymers by a generalization of
the HLB idea'® holds great promise
as a versatile, generalizable route to
produce nanoparticles with naturally
developed surface patterns.
Without definitive characteriza-
tion of these structures, these hypo-
theses grounded by physical argu-
ments would be at best guesswork.
Going beyond the traditional cryo-
transmission electron microscopy
(cryo-TEM) characterization of poly-
meric micelles and coacervates,
Lobling, Haataja et al. show the val-
ue of cryogenic transmission elec-
tron tomography (cryo-ET), which is
a three-dimensional (3D) mapping
method (Figure 1ab). The image
contrast is sufficiently high between
the solvent (water) and the organic
phase (micelles). Previously, charac-
terization with such high accuracy
(0.1—1 nm resolution) in 3D might,
for most material scientists, have
seemed just a dream. With this and
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other related studies'® elucidating
otherwise-unidentifiable structures,
we foresee improved accuracy in
interpreting micelle structures using
this new 3D imaging tool as use of
the technique spreads, though the
technique is still troubled by dosage
damage from electron beams when
it is applied to all-organic materials.
It should be interesting to revisit

older supramolecular assembly iden-
20,21

tifications in the literature using
this new technique.
Beyond the polymeric

micelles studied in
this paper, the
three-dimensional
morphologies of
phase-separated
polymer blends and
nanocomposites may
also be interesting

candidates for study.

PROSPECTS

The classical block copolymer
phase diagrams, predicated on the
% parameter®® to quantify materials
incompatibility, can be rationally
extended to aqueous systems, al-
though we are at an early stage of
doing so with rigorous theoretical

Spherical

Cylindrical

models. Aqueous systems are now
fair game for rational design. This
comprises a rich playground and
exciting new opportunities for craft-
ing new polymeric nanomaterials.?*
There are potentials to impart new,
innovative functionality to applica-
tions such as biomaterial and drug
delivery design.?*

From physical reasoning, we
envision that interpolyelectrolyte
complexation should likewise po-
tentially enable other terpolymer
micelles, micelles with added struc-
ture. Whereas the study by Lobling,
Haataja et al. revolves around using
spherical micelles, it is natural to
extrapolate further. From the same
HLB argument, one can imagine
changing the shape of the micellar
precursor by changing the length
ratio between hydrophobic and hy-
drophilic blocks. With this strategy,
spherical micelles should be easily
transformed to wormlike chains
(cylindrical micelles) and even bi-
layers (platelet micelles) if the rela-
tive size of the hydrophobic block
is increased. Therefore, it seems
safe to predict that one can further
achieve similar bundles or lamellae
on cylinders or plates, provided
that these less symmetric micelles
are encouraged to form complexes
with charged diblock copolymers.
Figure 2 shows hypothetical struc-
tures when isolated domains and
lamellae are produced along a tube
or and a flat surface. It will be

Planar

Figure 2. By varying the hydrophobic—hydrophilic block ratio, we envision that
additional micellar template morphologies (spherical, cylindrical, and planar)
should be possible. As Lobling, Haataja et al. already demonstrated, mixing two
different polyions within the same charged micelle generated “sea urchin” and
“turbine” corona morphology. Extending this idea, one may imagine mixing such
polyions with cylindrical, oppositely charged micelles to give “cactus” or “cork-
screw” shapes, depicted schematically in this figure. Similarly, starting with planar
micelles, one may obtain “nail bed” or “fish scale” structures, also depicted here.
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Figure 3. Concept of “catanionic” vesicles inspired by interpolyeletrolyte complexation. While the oppositely charged blocks attract
and phase separate into the insoluble inner layer, the neutral hydrophilic blocks stabilize the structure in an aqueous medium.

intriguing to understand how this
surface complexation depends on
the curvature of the precursor mi-
celles, as can be expected on phy-
sical grounds. This can be tested in
both experiment and theory.
Second, we envision “catanionic
vesicles of block copolymers with
interpolyelectrolyte complexes, which,
if successful, would be an applica-
tion with evident use for microen-
capsulation, for example (Figure 3).
The known examples of mixing
cationic and anionic surfactants
are limited to producing catanionic
bilayer vesicles, however?>?® The
same success has not yet been met
for oppositely charged block co-
polymers; the pioneering work in
this field had succeeded only in
crafting spherical micelles by mixing
oppositely charged bis-hydrophilic
diblock copolymers in which the core
was insoluble due to charge neutra-
lization. Now that Lobling, Haataja
et al. have extended this princi-
ple potentially to one-dimensional
chains and lamellar layers, with
morphology controlled by the ratio
between uncharged steric block
and charged block, one should ex-
pect similar structures to formin the
bulk: wormlike chains and bilayer
vesicles. This self-assembly, induced
by charge mixing, could present
advantages relative to the more
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conventional assembly driven by
hydrophobicity, because of bet-
ter solubility in aqueous environ-
ments. Indeed, recognizing that
the strength of interpolyelectrolyte
pairing depends on ionic strength
in the aqueous solution, this can
potentially be used as a novel stim-
ulus response for encapsulation
nanomaterials.?’

Third, beyond the observation
of frozen cryo-electron microscopy
states reported in this paper, states
in which structural damage is mini-
mized owing to the low tempera-
ture, one can dream of observing
dynamics in situ, without the need
for low temperature. Recently, in
an explosion of technique develop-
ment, proteins and nanoparticles
suspended in water have been
observed in real-time in micro-
fabricated cells with silicon nitride
windows®® and in graphene liquid
cells.?® With improving detection
schemes and improved scanning
techniques®™® we might see 3D
in situ electron microscopy soon, to
make the “invisible” visible.

As afinal speculative observation,
we call attention to the fact the
promise and pitfalls of this field
as it continues to develop so well.
On the auspicious side, the numer-
ous parameters that matter in de-
signing triblock copolymers will
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give immense freedom to polymer
scientists to fabricate micelles of
different, tailored morphologies.
On the pitfall side, it is important
to make the experimental data in
the literature readily accessible to
researchers. We may take inspira-
tion from the massive protein data-
base in the biology community. In
fact, in the literature there is already
the suggestion®' that a data struc-
ture of block copolymer micelles
should be established in which the
lengths of the different constituent
are varied systematically (and to
this list, we add the wish to vary
the degree of charge). This may help
answer basic questions when all the
experimental results will have been
placed “on the table” and allow
scientists to mine data to search
for hidden patterns.

Conflict of Interest: The authors de-
clare no competing financial interest.

Acknowledgment. This work was sup-
ported by the U.S. Department of Energy,
Division of Materials Science, under
Award No. DEFG02-02ER46019.

REFERENCES AND NOTES

1. King, C. Single-Author Papers: A
Waning Share of Output, but Still
Providing the Tools for Progress.
http://sciencewatch.com/articles/
single-author-papers-waning-share-
output-still-providing-tools-progress
(accessed Nov 10, 2014).

11030-11034 =

2014 K@L%ﬁ\\

N\

WWwWW.acsnano.org

dAILOddSd4dd

11033



10.

11.

12.

13.

14.

15.

. Lobling, T. I;

. King, C. Multiauthor Papers: Onward

and Upward. http://sciencewatch.com/
articles/multiauthor-papers-onward-
and-upward (accessed Nov 10,2014).

. Plume, A.; van Weijen, D. Publish or

Perish? The Rise of the Fractional
Author. http://www.researchtrends.
com/issue-38-september-2014/
publish-or-perish-the-rise-of-the-
fractional-author/ (accessed Nov 10,
2014).

Haataja, J. S,
Synatschke, C. V., Schacher, F. H.;
Miller, M.; Hanisch, A.; Groschel,
A. H.; Miller, A. H. E. Hidden Struc-
tural Features of Multicompartment
Micelles Revealed by Cryogenic
Transmission Electron Tomography.
ACSNano2014,10.1021/nn504197y.

. Schacher, F; Walther, A, Miuiller,

A. H. E. Dynamic Multicompartment-
Core Micelles in Aqueous Media.
Langmuir 2009, 25, 10962-10969.

. Wei, B.Q, Vajtai, R; Jung, Y., Ward, J.;

Zhang, R, Ramanath, G, Ajayan,
P. M. Microfabrication Technology:
Organized Assembly of Carbon Nano-
tubes. Nature 2002, 416, 495-496.

. Kawata, S.; Sun, H.-B.; Tanaka, T.;

Takada, K. Finer Features for Func-
tional Microdevices. Nature 2001,
412,697-698.

. Brown, K. A,; Eichelsdoerfer, D. J.;

Shim, W.; Rasin, B.; Radha, B.; Liao,
X.; Schmucker, A. L,; Liu, G.; Mirkin,
C. A. A Cantilever-Free Approach to
Dot-Matrix Nanoprinting. Proc. Natl.
Acad. Sci. US.A. 2013, 110, 12921~
12924.

. Leunissen, M. E.; Christova, C. G.;

Hynninen, A-P; Royall C. P;
Campbell, A. I; Imhof, A, Dijkstra,
M.; van Roij, R; van Blaaderen, A.
lonic Colloidal Crystals of Oppositely
Charged Particles. Nature 2005, 437,
235-240.

Overbeek, J. T. G,; Voorn, M. J. Phase
Separation in Polyelectrolyte Solu-
tions. Theory of Complex Coacerva-
tion. J. Cell. Physiol. 1957, 49, 7-26.
Harada, A.; Kataoka, K. Formation
of Polyion Complex Micelles in an
Aqueous Milieu from a Pair of Op-
positely-Charged Block Copolymers
with Poly(Ethylene Glycol) Segments.
Macromolecules 1995, 28, 5294-
5299.

Chollakup, R.; Smitthipong, W,
Eisenbach, C. D; Tirrell, M. Phase
Behavior and Coacervation of
Aqueous Poly(Acrylic Acid)—Poly-
(Allylamine) Solutions. Macromole-
cules 2010, 43, 2518-2528.

Clark, S.L; Hammond, P. T. Engineer-
ing the Microfabrication of Layer-by-
Layer Thin Films. Adv. Mater. 1998,
10, 1515-1519.

Decher, G. Fuzzy Nanoassemblies:
Toward Layered Polymeric Multi-
composites. Science 1997, 277, 1232—
1237.

Pergushov, D. V. Muller, A. H. E;
Schacher, F. H. Micellar Interpoly-
electrolyte Complexes. Chem. Soc.
Rev. 2012, 41, 6888-6901.

TSANG ET AL.

19.

20.

21.

22.

23.

24,

25.

26.

27.

29.

30.

Israelachvili, J. N. Intermolecular
and Surface Forces, Revised 3rd ed.;
Academic Press: New York, 2011.
Synatschke, C. V. Lobling, T. I,
Fortsch, M.; Hanisch, A.; Schacher,
F. H.; Mdller, A. H. E. Micellar Inter-
polyelectrolyte Complexes with a
Compartmentalized Shell. Macro-
molecules 2013, 46, 6466-6474.
Mai, Y.; Eisenberg, A. Self-Assembly
of Block Copolymers. Chem. Soc. Rev.
2012, 41, 5969-5985.

Berlepsch, H. v.; Bottcher, C,;
Skrabania, K.; Laschewsky, A. Com-
plex Domain Architecture of Multi-
compartment Micelles from a Linear
Abc Triblock Copolymer Revealed
by Cryogenic Electron Tomography.
Chem. Commun. 2009, 2290-2292.
Aida, T,; Meijer, E. W.; Stupp, S. I.
Functional Supramolecular Polymers.
Science 2012, 335, 813-817.

Ortony, J. H; Newcomb, C. J;
Matson, J. B,; Palmer, L. C,; Doan,
P. E,; Hoffman, B. M.; Stupp, S. I
Internal Dynamics of a Supramolec-
ular Nanofibre. Nat. Mater. 2014, 13,
812-816.

Bates, F. S.; Fredrickson, G. H. Block
Copolymer Thermodynamics: Theo-
ry and Experiment. Annu. Rev. Phys.
Chem. 1990, 41, 525-557.

Groschel, A. H.; Walther, A,; Lobling,
T. I; Schacher, F. H.,; Schmalz, H,;
Muller, A. H. E. Guided Hierarchical
Co-Assembly of Soft Patchy Nano-
particles. Nature 2013, 503, 247-
251.

Rosler, A,; Vandermeulen, G. W. M.;
Klok, H.-A. Advanced Drug Delivery
Devices Via Self-Assembly of Am-
phiphilic Block Copolymers. Adv.
Drug Delivery Rev. 2012, 64 (Suppl),
270-279.

Kaler, E; Murthy, A.; Rodriguez, B.;
Zasadzinski, J. Spontaneous Vesicle
Formation in Aqueous Mixtures of
Single-Tailed Surfactants. Science
1989, 245, 1371-1374.

Andreozzi, P.; Funari, S. S.; La Mesa, C;
Mariani, P.; Ortore, M. G,; Sinibaldi, R;
Spinozzi, F. Multi- to Unilamellar Tran-
sitions in Catanionic Vesicles. J. Phys.
Chem. B 2010, 114, 8056-8060.
Soppimath, K. S.; Aminabhavi, T. M,;
Kulkarni, A. R, Rudzinski, W. E.
Biodegradable Polymeric Nano-
particles as Drug Delivery Devices.
J. Controlled Release 2001, 70, 1-20.
Jonge, N. d.; Peckys, D. B.; Kremers,
G. J; Piston, D. W. Electron Micro-
scopy of Whole Cells in Liquid with
Nanometer Resolution. Proc. Natl.
Acad. Sci. US.A. 2009, 106, 2159-
2164.

Yuk, J. M.; Park, J,; Ercius, P.; Kim, K,;
Hellebusch, D. J.; Crommie, M. F,;
Lee, J. Y., Zettl, A,; Alivisatos, A. P.
High-Resolution EM of Colloidal
Nanocrystal Growth Using Graphene
Liquid Cells. Science 2012, 336, 61-64.
Flannigan, D. J; Zewail, A. H. 4D
Electron Microscopy: Principles and
Applications. Acc. Chem. Res. 2012,
45,1828-1839.

VOL.8 =

31.

NO. 11

Gohy, J.-F. Block Copolymer Mi-
celles. In Block Copolymers Il, Abetz,
V., Ed.; Springer: Berlin, 2005; Vol.
190, pp 65—136.

= 11030-11034 = 2014

WWwWW.acsnano.org

dAILOddSd4dd

11034



