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Preface

Nanotechnology is the creation of useful materials, devices, and systems
through the control of matter on the nanometer-length scale. This takes
place at the scale of atoms, molecules, and supramolecular structures. In the
world of chemistry, the rational design of molecular structures and optimized
control of self-assembly conditions have enabled us to control the resultant
self-assembled morphologies having 1 to 100-nm dimensions with single-
nanometer precision. This current research trend applying the bottom-up
approach to molecules remarkably contrasts with the top-down approach in
nanotechnology, in which electronic devices are miniaturizing to smaller than
30 nm. However, even engineers working with state-of-the-art computer tech-
nology state that maintaining the rate of improvement based on Moore’s law
will be the most difficult challenge in the next decade.

On the other hand, the excellent properties and intelligent functions of
a variety of natural materials have inspired polymer and organic chemists to
tailor their synthetic organic alternatives by extracting the essential structural
elements. In particular, one-dimensional structures in nature with sophisti-
cated hierarchy, such as myelinated axons in neurons, tendon, protein tubes of
tubulin, and spider webs, provide intriguing examples of integrated functions
and properties.

Against this background, supramolecular self-assembly of one-dimensional
architectures like fibers and tubes from amphiphilic molecules, bio-related
molecules, and properly designed self-assembling polymer molecules has at-
tracted rapidly growing interest. The intrinsic properties of organic molecules
such as the diversity of structures, facile implementation of functionality, and
the aggregation property, provide infinite possibilities for the development of
new and interesting advanced materials in the near future. The morphologi-
cally variable characteristics of supramolecular assemblies can also function
as pre-organized templates to synthesize one-dimensional hybrid nanocom-
posites. The obtained one-dimensional organic-inorganic, organic-bio, or
organic-metal hybrid materials are potentially applicable to sensor/actuator
arrays, nanowires, and opto-electric devices.

The present volumes on Self-Assembled Nanofibers (Volume 219) and Nano-
tubes (Volume 220) provide an overview on those aspects within eight chapters.
Different points of view are reflected, featuring interesting aspects related to (a)
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the self-assembly of supramolecular nanofibers comprising of organic, poly-
meric, inorganic and biomolecules (N. Kimizuka, in Volume 219, Chapter 1),
(b) controlled self-assembly of artificial peptides and peptidomimetics into
nanofiber architectures (N. Higashi, T. Koga, in Volume 219, Chapter 2), (c)
self-assembled nanostructures from amphiphilic rod molecules (B.-K. Cho, H.-
J. Kim, Y.-W. Chung, B.-I. Lee, M.. Lee, in Volume 219, Chapter 3), (d) the produc-
tion of functional self-assembled nanofibers by electrospinning (A. Greiner,
J. H. Wendorff, in Volume 219, Chapter 4), (e) the synthesis of tailored -
electronic organic nanotubes and nanocoils (T. Yamamoto, T. Fukushima,
T. Aida, in Volume 220, Chapter 1), (f) preparation and fundamental aspects
of nanotubes self-assembled from block copolymers (G. Liu, in Volume 220,
Chapter 2), (g) f-1,3-glucan that can act as unique natural nanotubes and incor-
porate conjugated polymers or molecular assemblies (M. Numata, S. Shinkai,
in Volume 220, Chapter 3), and (h) the fabrication of self-assembled polymer
nanotubes involving the use of a nanoporous hard template (M. Steinhart,
in Volume 220, Chapter 4). A variety of nanofibers and nanotubes with well-
defined morphologies and dimensions are discussed in terms of self-assembly
of molecular and polymer building blocks in bulk solution or confined geom-
etry like nanopores.

Current materials and manufacturing technologies strongly require tech-
nological advances for reducing environmental load combined with energy
and resource savings in production. In order to develop such technologies for
the development of a sustainable society, research on materials production
based on the self-assembly technique is of great interest. Hopefully, these vol-
umes will be beneficial to readers involved with self-organization in the field
of bottom-up nanotechnology as well as those concerned with industrial fiber
processing.

Tsukuba, June 2008 Toshimi Shimizu
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Abstract The development of functional nanofibers via self-assembly is an area of grow-
ing interest. Whereas self-assembly has been successful in creating nanostructures, the
fabrication of hierarchical architectures from multiple functional components and the de-
velopment of synergistic functions are emerging as challenging issues. In this chapter,
various self-assembly approaches that are used to construct nanofibers are summarized.
Self-assembly of amphiphilic supermolecules provides a key strategy to hierarchically fab-
ricate multicomponent architectures. Amphiphilic pairs of nanofiber-forming molecules
can be screened from a wide range of functional molecules, including biomolecules.
As examples of nanofibers whose functions are dynamically controlled based on self-
assembly, lipophilic one-dimensional metal complexes and their unique characteristics
are introduced.

Keywords Charge Transfer - Hydrogen-bonding - Mesoscopic supramolecular assembly -
Metal complex - Nanofiber - Self-assembly - Spin crossover
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1
Introduction

One dimensional nanostructures have been gathering much attentions as
building blocks for nanodevices. Biological systems are replete with such
nanoarchitectures which are spontaneously formed by ingeniously employ-
ing noncovalent interactions [1]. One of the most elaborated supramolecular
fibers with pivotal biological significance is neurons, whose fundamental task
is to receive, conduct and transmit signals. Neurons are typically composed
of a cell body called soma, a dendritic tree and an axon (Fig. 1) [2]. The
axons of many vertebrate neurons are wrapped by the plasma membrane
of glial cells, which insulate the axonal membranes and prevent the current
leaks across them. This supramolecular packaging enables action potentials
to travel faster than in unmyelinated axons.

The fine superarchitecture of myelinated axons inspires us to design a new
generation of supramolecular fibers. First, they clearly indicate the impor-
tance of hierarchical architectures, where heterogeneous molecular compo-
nents or supramolecular assemblies are self-organized to perform integrated
functions. In contrast to conventional nanofiber structures formed from
identical molecular components, molecular organization of such heteroge-
neous molecular components would allow the design of synergistic functions.
The components of supramolecular nanofibers can be selected widely from
organic, polymeric, inorganic and bio-molecules (Fig. 2). Each categories -
organic, inorganic and biomolecules - are replete with materials classified
according to chemical structures and properties, and molecular components
can be selected from each category. There are uninvestigated combinations
of molecular components especially in the interdisciplinary area (I-IV), in
which a wealth of new phenomena and functions are expected. Ordered

k U
cell body
myelin sheath

Layers of myelin

nucleus
axon

Fig.1 Schematic illustration of a myelinated axon from a peripheral nerve [2]
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Fig.2 Three categories of supramolecular components and interdisciplinary area I-IV

self-assembly of hetero-components inevitably produces molecular or nano-
interfaces; this would exert decisive roles in determining the property and
function of molecular systems. Second, imparting responsive and adaptive
natures are important to develop smart molecular systems whose functions
are expressed in harmony with the environmental or physicochemical stim-
uli. They would provide a basis to design neuromorphic properties, as exem-
plified by self-wiring and self-restoration. They may also lead to molecular
systems with self-learning functionalities [3]. In this chapter, progress in the
self-assembly of supramolecular nanofibers will be reviewed especially from
these perspectives.

2
Nanofibers Self-Assembled from Classical Amphiphiles

Nanofibers are self-assembled from properly designed synthetic amphiphiles
in aqueous or in organic environments [4]. In addition to nanofibers, a wide
variety of mesoscopic-scale structures such as vesicles, tubes, disks, lamellas,
and helices are formed from suitably designed amphiphiles - bolaamphi-
philes, gemini surfactants in addition to the classical amphiphiles. These
amphiphilic systems contain a polar head group and one, two or multi-
ple hydrophobic tails (Fig.3) [4-10]. The aqueous systems that assemble
into discrete, nanofibers from dilute solution usually require sufficient am-
phiphilicity, and such condition is nowadays expanded to a variety of syn-
thetic amphiphiles as exemplified by peptide-amphiphiles [11-14], oligopep-
tides [15-17], block copolymers [18-20] and rod-like molecules [21-23].
These nanofibers show extremely diverse properties and were shown to exert
potentials in numerous bio-nanotechnologies. Increase in the inter-nanofiber
interactions causes thickening of dispersions and gelation, where amphiphilic
molecular designs for hydrogelators [24] and organogelators [25, 26] are more
tolerated compared to the dispersed systems.
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Fig.3 Schematic chemical structures of bilayer-forming amphiphiles

The soluble nanofiber-forming systems discussed here are single am-
phiphilic molecules that are comprised of a solvophilic group and solvo-
phobic group connected via covalent bonding. However, they can be also
designed from heterogeneous molecular components, which interact with
each other through non-covalent interactions. To design soluble nanofibers,
interaction of nanofiber surfaces with solvent molecules needs to be con-
sidered. In this context, the popular strategy of supramolecular polymers,
defined as: “polymeric arrays of repeating molecular units that are assem-
bled by reversible and directional non-covalent interactions” [27] does not
give sufficient guidelines, since it only refers to their primary structures.
Similar to the protein folding in aqueous environment, interactions with
the environment determine their secondary and ternary structures. As de-
scribed in the introduction, self-organization includes the interaction with
environments. Therefore, a comprehensive concept of mesoscopic supramo-
lecular assemblies would be defined as “hierarchically self-assembled am-
phiphilic supermolecules whose ternary and higher assembly structures are
controlled through the solvophilic-solvophobic interactions” [10]. Here, pairs
of molecules brought by secondary interactions are designed, which ac-
quire amphiphilicity upon complexation. They become units of self-assembly,
and hierarchically grow into mesoscopic-scale supermolecules which are dis-
persed stably in aqueous or organic media.
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3
Self-Assembly of Supramolecular Nanofibers in Aqueous Media

3.1
Molecular Recognition-Based Approach

Amphiphilic structures can be formed from combination of molecular com-
ponents, which interact with each other via non-covalent interactions. A clas-
sical example of such hybrid amphiphiles is “catanionic surfactants” (Fig. 3G)
[28,29]. Mixtures of anionic and cationic surfactants display varied aggre-
gate structures, such as globular and rodlike micelles, vesicles and lamel-
lar phases. Amphiphilic metal complexes “metalloamphipihles” are formed
from metal ions and lipophilic ligand molecules (Fig. 3H) [30,31]. Thus,
electrostatic interactions and coordination bonding have been employed to
design hybrid amphiphiles. In contrast to supramolecular complexes formed
via complementary hydrogen bonding in aprotic organic media [32-35],
hydrogen bonding has not been employed as assembly directing interac-
tions in water. This is because enthalpic gain by the formation of hy-
drogen bonds in water is cancelled by the enthalpy to break hydrogen
bonds, which priorly existed between these molecules and water [36]. To
compensate the entropic disadvantage, hydrogen bonding in the aqueous
media requires integration of the other noncovalent interactions - such
as hydrophobic interactions or aromatic stacking found in DNA double

_<D_/\/\/°
JH; Oy

N

HN ‘h H:NQ Haﬂ‘f‘ﬁ,

S 2

4 (n=2,4,6,8,18, 38)

Hy

Fig.4 Specific molecular pairs that give amphiphilic supermolecules
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Fig.5 Spontaneous self-assembly of 1 and 2 in water gives helical nanofibers consisting
of supramolecular membranes 1-2 [37]

helices. In these duplexes, complementary base pairs are formed inside,
forming a hydrophobic column of base pairs that are stabilized by stack-
ing [2].

By applying the principle of nucleic acid hybridization, a hydrogen-bond-
mediated bilayer membrane can be designed from a pair of complementary
molecular subunits 1, 2 (Figs. 4 and 5). When amphiphilic hydrogen bond
pairs of alkylated chiral melamine (hydrophobic subunit 1) and quaternary
ammonium - derivatized azobenzene cyanuric acid (hydrophilic subunit
2) were mixed in water, helical nanofibers (thicknesses: 14-28 nm, widths:
30-50 nm, pitches: 180-430 nm) were immediately formed (Fig. 5, associa-
tion constant: 1.13 x 10° M~!') [37]. These helical nanofibers are typical of
the ordered chiral bilayer membranes [38] and are distinct from the aggre-
gate morphology observed for the individual subunits. It is noteworthy that
the presence of water directs the self-assembly. The hydrophobic melamine
subunits are located in the interior, and the ammonium-containing counter-
parts constitute the hydrophilic surface of the assemblies. Among the possible
combinations of complementary hydrogen bond networks, such as circular
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(rosette), crinkled tape, and linear tape [32], only the linear network struc-
ture was selected since it provides the most amphiphilic superstructure. This
feature is common to the supramolecular hybridization of biological poly-
mers and also to the protein folding. It provided the first example of artificial
nanofibers self-assembled from two complementary subunits via hydrogen
bonding in water.

Shimizu et al. reported formation of helical nanofibers with a width
of 7-8nm by mixing nucleotide-appended bolaamphiphile 3 and oligo-
adenylic acids 4 [39]. The nanofiber length and their thermal stability are
increased when longer oligoadenylic acids are employed, suggesting the as-
sembly is templated by the oligonucleotide. Molecular recognition - driven
self-assembly of bio-active small molecules has also been demonstrated by
Xu et al. [40]. Vancomycin 5, clinically important antibiotics in treating
Gram-positive bacterial infections, was employed as a receptor, and mix-
ing of a pyrene-conjugated D-Ala-D-Ala derivative 6 in water gave hydro-
gel at the minimum gel concentration of 5 mM. This concentration is lower
than the nanofibrous hydrogel formed by 6 alone (ca. 30 mM) and storage
modulus of the gel was raised by 10° fold for the binary mixture 5 + 6.
Electron microscopy of the 5 + 6 hydrogel give sheetlike two-dimensional
structures, and host-guest interactions caused extensive cross-linking of the
complexes.

3.2
Nanofibers Formed by Molecular Pairing

Nanofibers are also formed in water by amphiphilic ion pairs. Huc et al.
showed formation of helical nanofibers and hydrogels from Gemini surfac-
tants 7 with L-tartrate and D-tartrate counterions (Fig. 6) [41]. These chiral
structures are originating from tartrate molecules, and their molecular orien-
tation and hydrogen bonding at the membrane surface are responsible the
morphology. The ion pairs of dialkyldimethylammonium (8, n = 12, 14) and
guanosine 5-monophosphate (GMP), adenosine 5'-monophosphate (AMP)
were recently shown to form nano to micrometric left-handed helices in wa-
ter [42].

The electrostatic molecular pairing approach can be used to develop func-
tional nanofibers. Inspired by the peptide-assisted organization of chloro-
phylls in photosynthetic systems, light-harvesting supramolecular hydrogels
were developed [43]. Cationic L-glutamate derivatives 9, 10 are designed
as self-assembling scaffolds which bind anionic fluorophores through the
electrostatic and van der Waals interactions. Compounds 9 and 10 pos-
sess shorter alkyl chains compared to the conventional bilayer-forming am-
phiphile 11. Such short alkyl chains prevent precipitation upon the forma-
tion of hydrophobic ion pairs. Equimolar mixtures of 9/NaphSO; (3 mM),
10/NaphSO3 and 10/AnthSO3 (10 mM) spontaneously formed hydrogels as
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Fig.6 Chemical structures of nanofiber-forming ion pairs

schematically shown in Fig.7. They gave bundled nanofibers which are
physically crosslinked, due to reduced electrostatic repulsions between the
fibers. Interestingly, hydrogel of 9/NaphSOj3 showed efficient energy transfer
characteristics.

NaphSO, or
AnthSO,-
/ nanofiber
networks
10 Nanofibers consisted of

chromophore/scaffold pairs

Fig.7 Light-harvesting hydrogels self-assembled from anionic fluorophores and cationic
molecular scaffolds [43]
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3.3
Nanofibers Formed by Biological Molecular Components

Hetero-component nanofibers self-assembled in aqueous media have been
more recently extended to biologically important molecules. To date, studies
on the self-assembly of biological molecules have been focused on biopoly-
mers such as proteins [44], oligopeptides [16] and nucleic acids [45]. Smaller
biomolecules have been important targets for bio- and chemosensors, but
they have not been considered as building blocks for creating functional
supramolecular systems. For example, ATP, a universal energy currency in all
of the biological systems, has been recognized by synthetic host-guest recep-
tors [46], peptides [47] and RNA aptamers [48], development of ATP-directed
artificial self-assembly has been unexplored. We have searched for cationic
chromophores that display color changes in the presence of ATP and came
across a thiacarbocyanine dye 12. When ATP was added to an aqueous so-
lution of 12 at a varied molar ratio, immediate color change occurred from
pink to orange [49]. Induced circular dichroism (ICD) with exciton coupling
was observed for the absorption band of achiral chromophores, indicating
excitonic interactions among them. In transmission electron microscopy, de-
veloped nanofibers with a minimum width of ca. 10 nm and lengths of several
pum were observed (Fig. 8b). The observed width of nanofibers is larger than
the molecular size of 12 (ca. 1.6 x 0.7 nm) and ATP (ca. 1.4 x 1.0 nm), indi-
cating that they consist of bundled 12/ATP complexes. The ATP-directed self-
assembly is thermally reversible. The excitonic nanofibers formed at room
temperature are dissociated into non-aggregated ion pairs at elevated tem-
peratures, while upon cooling nanofibers with regular widths of ca. 40 nm are
reassembled. The binding ratios of 12: ATP as determined spectrophotomet-
rically was 6 : 1, which is deviated from the value expected from electrostatic
interactions. The excess binding of 12 to ATP indicates that multiple sec-
ondary forces such as van der Waals interactions, hydrophobic interactions
and aromatic stacking are involved in the self-assembly, in addition to the
electrostatic interactions.

The above molecular pairing approaches, however, were not applicable
to small, neutral ionic molecules, such as zwitterionic amino acids. Though
the molecular structure of amino acids (i.e., chirality, structure of side
chains) is fundamental molecular information in the study of biology, mo-
lecular recognition of small amino acid residues remains difficult, and there
exist no general strategy to amplify their structural information by using
self-assembly. To extend the heterogeneous molecular pairing approach to
amino acids, an in situ pre-modification technique has recently been de-
veloped (Fig. 8c) [50]. Amino acids are converted to isoindole derivatives
(I-amino acid) by the reaction with ortho-phthalaldehyde (OPA) and alkylth-
iols. 2-Mercaptoethanesulfonic acid (MES) was employed since it gives an
anionic charge tethered to the isoindole unit. Upon mixing amino acids, OPA
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Fig.8 a Schematic illustration of nanofibers self-assembled from ATP and cyanine
dye 12 [49]. b Transmission electron microscopy of ATP/12 nanofibers ¢ one-pot conver-
sion of aminoacids to isoindole-derivatives [50]

and MES in water, I-amino acids are immediately formed, as confirmed by
the appearance of fluorescence and a new absorption peak at 333 nm. Intro-
duction of isoindole and anionic groups enhanced interactions with cationic
molecules, since addition of cyanine dye 12 to aqueous I-amino acids caused
immediate color changes from pink to reddish pink or orange, depending
on the amino acid employed. These color changes were not observed when
amino acids and cyanine dyes 12 were mixed in the absence of OPA and MES.
Therefore, the observed color changes originated from interactions between
I-amino acids and dyes. In transmission electron microscopy (TEM), de-
veloped nanofibers are abundantly observed for I-Glu/12 and I-Ala/12 (width,
ca. 50 nm. length, several um). Interestingly, I-Glu/12 and I-Ala/12 showed
intense induced circular dichroism (ICD) spectra with complex exciton coup-
ling patterns. It is notable that the difference in chemical structure of side
chains and chirality was readily distinguishable by ICD patterns. Moreover,
the intensity of these visible ICD peaks is enhanced by more than 100 times
compared to CD spectral intensity of I-amino acids in the ultraviolet region.
Therefore, molecular information of amino acids is amplified and translated
in UV-Vis absorption and circular dichroism, through self-assembly.
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These observations indicate that biologically important small molecules
turn to building blocks for the functional nanoarchitectures. It should be
emphasized that the chemical structure of components and combination of
multiple interactions, van der Waals forces, hydrophobic interactions, coordi-
nation interactions, hydrogen bonds in addition to the long-ranged electro-
static interactions, determine the composition and molecular orientation in
the heteromolecular nanoassemblies.

Electrostatic complexation of polyelectrolytes, a series of charged dyes
with oppositely charged surfactants has been investigated by Faul and An-
tonietti et al. [51-54]. As neutralization of electric charges and formation
of polyioncomplexes tend to dehydrate the ion pairs, nondirectional sec-
ondary aggregation often lead to precipitation of the complexes in water.
However, by employing charged tectons like cationic perylenediimide 13 and
copper-phtalocyanine tetrasulfonate 14, nanofibers with an average thick-
ness of 2.4 nm were formed, as observed by cryo-transmission electron mi-
croscopy (Fig. 9) [54]. The composition of the complex was found to be
(13)2(14), and helically arranged dye tectons in fiber-like structure was pro-
posed (Fig. 9a). Shelnutt et al. reported formation of porphyrin nanofibers
in dichloromethane from the combination of cationic oxo-antimony(V) por-

M = 2H, Cu Ni, Ag, Zn

Fig.9 Nanofiber-forming ionic pairs of 13-14 [54] and 15-16 [55]. a Schematic illustra-
tion of nanofiber formed from 13-14. b TEM and SEM pictures of nanofibers formed
from 15-16
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phyrin 15 and anionic porphyrins 16. Bundles of nanofibers with diameter of
20-40 nm were observed by TEM and SEM (Fig. 9b) [55].

4
Organic/Inorganic Nanofibers Self-Assembled in Organic Media

Formation of supramolecular polymers in organic media have been exten-
sively reviewed, especially for complementary hydrogen bonded systems [10,
34,35, 56,57]. To avoid inclusion of duplicate information, we focus here
on the nanofibers self-assembled from organic/inorganic components in or-
ganic media. To date, a variety of supramolecular architectures have also
been created by the use of metal coordination. Among them, synthesis of
catenanes, knots [58] and double-helical metal complexes (helicates) [59]
are the prominent examples. Nanostructured supramolecular squares and
capsules are also formed by self-assembly [60]. These supramolecular com-
plexes have been attracting widespread interest, however they consist of dis-
crete metal complexes. Consequently, their applications are largely limited
to the shape-related functions such as host-guest inclusion. It is only re-
cently that interactions among the connecting metal ions at low temperatures
are being investigated [61]. At the same time, the control on the magnetism
and electronic states in the solid metal complexes represent other import-
ant issues in inorganic chemistry [62]. It would be natural to envisage that
nanofibers in the next generation would integrate these two features, and
conjugated electronic structures would be generated in response to the self-
assembly.

4.1
Pseudo One-Dimensional Halogen-Bridged Mixed Valence Complexes

Molecular wires are indispensable elements of future molecular-scale elec-
tronic devises, and their fabrication has been attracting much interest.
Conventional research has been focused on the synthesis of 7-conjugated
oligomers and supramolecular polymers [56]. The introduction of inorganic
elements or one-dimensional inorganic complexes in main chains would ex-
pand the potential of these nanomaterials and lead to new interfacial phe-
nomena, which have not been observed in the single component system.
However, one-dimensional complexes have not been considered candidates
for molecular wires, since they exist only in three-dimensional solids. They
are usually not soluble, and when they are dissolved, the one-dimensional
structure is disrupted and the structure is not maintained.

There are two approaches to solubilize one-dimensional metal complexes.
We have developed a supramolecular strategy to package one-dimensional
metal complexes by synthetic lipid molecules [63-74]. The other approach
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is to employ lipophilic bridging ligands [75-80]. In the first approach, we
have focused on a family of quasi-one-dimensional, halogen-bridged M"'/M!V
mixed valence complexes [MY(en), ][IMIVX,(en),]Ys (M = Pt, Pd, Ni, X =
Cl, Br, I; Y : counterions, such as ClO;) (Fig. 10). They have been attract-
ing interests among solid-state physists and chemists, because of their strong
electron-lattice interactions and unique physicochemical properties, such as
intense intervalence charge-transfer (CT) absorption, semiconductivity, and
large third-order nonlinear optical susceptibilities [81,82]. In these com-
pounds, the 1-D electronic structure is comprised mainly of d2 orbital of
the metals and p, orbital of the bridging halogens, where z axis is par-
allel to the chain. The ground state can be expressed as a mono-valence
state (spin density wave state, SDW) or a mixed-valence state (charge dens-
ity wave state, CDW), where SDW state has only been reported for the
Ni compounds [83]. In the case of [Pt(en),][Pt"VX,(en),] compounds,
the halogen bridging anions are located nearby Pt!V(en),, with an off-
center displacement of § (Fig. 10c). This structural change is ascribed to the
Peierls transition, which is a characteristic of the one-dimensional electronic
systems.

/\NHZ /\NHz /\NHz /\NHZ /\NHZ /\NHZ
WAL e e

X MM X M X— M= XM X
\ \ / \ / \
NH, NH, NH, NH, NH, NH,
H,N HN /' HN / HN _/  HN H,N
(b) Spin density wave (SDW) (c) Charge density wave (CDW)
MM x— mx— Mt M XM M M
Z i
%’ B 4 S — S T—
d d
5 7
di2 | a2 [
!
—M—X—M — — M L X— MV —

Fig.10 a Schematic structure of halogen-bridged mixed valence complex
[M(en), ] [MX;(en), ]2* (M = Pt, Pd, Ni; X = Cl, Br, I). Counteranions are omitted for clarity.
b Spin density wave state (reported for M = Ni), ¢ Charge density wave state (M = Pt, Pd
etc.)
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4.2
Formation of 1D Conjugated Electronic Structures
in Response to Self-Assembly

To convert the solid complex [Pt!(en);][Pt!YX;(en),](Cl04)4 to lipophilic
structures, we have introduced lipid counteranions (Fig. 11) and prepared
ternary inorganic/organic polyion complexes [Pt(en),][PtCly(en);](lipid)4 as
schematically shown in Fig. 12. [Pt(en),;][PtCly(en);](17, 18, 19, 20 or 21)4
displayed yellow (lipid = 17, 20) or indigo colors (lipid = 18, 19, 21), depend-
ing on the chemical structure of amphiphiles [63-73]. These colors are typi-
cal of the intervalence charge-transfer (CT: Pt!l/Pt'V — Pt!l/Pt!!l) of halogen-
bridged linear complexes. The [Pt(en);][PtCl,(en),](lipid)4 complexes can be
dispersed in organic media with the maintenance solid-state colors, indicat-
ing that the one-dimensional Pt!!-Pt'V complexes are maintained in organic
media with the help of solvophilic alkyl chains [65].

Interestingly, in the case of the supramolecular complex consisting of di-
hexadecyl sulfosuccinate 18 and [Pt(en), ][PtCl,(en),]**, indigo-colored dis-
persion was obtained at room temperature, whereas the color disappeared
upon heating the solution to 60 °C. As the CT transition requires the ex-
istence of a chloro-bridged extended coordination structure, the observed
thermochromism indicates disruption of the one-dimensional complex struc-
ture at 60 °C. The color reappeared reversibly upon cooling and the observed
thermochromism indicates that the one-dimensional complex undergoes re-
versible re-assembly in solution (Fig. 12, supramolecular thermochromism).
A TEM picture of [Pt(en);][PtCly(en);](18)4 in chloroform, after the heat
treatment is shown in Fig. 12, where nanofibers with a minimum width of
18 nm and lengths of 700-1700 nm are seen in abundance [65]. The observed
widths of the nanostructures are larger than the bimolecular lengths of 18,
and therefore they must consist of aggregates of the amphiphilic supramo-
lecular structure.

o) H O
CH3(CHp),0 //0 CHs_(CH2)15'O_&_CH_SO3- CH3*(CH2)1170*(“2*(.“,H*lh*é‘2*CH-fSO3'
CH3(CH,),.~O" 0" CHy-(CH,);5-O-C—CH, GH,
S CH3*(CH2)11707$’:-CH2
17 18 0 19
2 e ? HOQ
CH?F(CHZH1’0’0*?H*N*COSO{ CHy~(CH,);"CH = CH{(CH,)g0-C~CH-N-C-CH,SOy’
THe CH3-(CH,);-CH = CH~(CH2)8-O—C—§:Z
CH3*(CH2)11*O*C7CH2 1]
5 20 o 21

Fig. 11 Chemical structure of anionic amphiphiles used to package metal complexes
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Fig.12 Schematic illustration of self-assembling nanowires and supramolecular ther-
mochromism [65]. a Schematic illustration for halogen-brideged mixed valence complex
[Pt(en),][PtX;(en),], b [Pt(en),][PtX;(en); ] (lipid), dispersed in organic media and TEM
picture (sample without staining). ¢ Heat-dissocated complexes of [Pt(en),](lipid), and
[PtX;(en),](lipid),

4.3
Supramolecular Band Gap Engineering and Solvatochromic Nanowires

The electronic structures of lipid/one-dimensional mixed valence complexes
can be controlled based on the combination of metal ions [64]. On the other
hand, the lipids also exert significant effect on the electronic structures. For
example, the CT absorption peaks observed for [Pt(en),][PtX;(en),](19)4 in
chlorocyclohexane (X = Cl, 2.15 éV; X = Br, 0.87 éV; X =1, less than 0.56 eV).
These CT peaks are significantly red shifted compared to those observed for
the crystalline perchlorates [Pt(en),][PtX3(en);](ClO4)s (X =Cl,2.72eV; X =
Br, 1.95 V) [82].

The observed red-shift is ascribed to the enhanced delocalization of the
excited Pt(III)-Pt(III) states in the coordination chain, which decreases the
LUMO-HOMO energy gap of the one-dimensional complex. In the lipid
complexes, densely packed sulfonate groups seem to direct the electrostati-
cally bound Pt(en), and PtCly(en), complexes to coordinate in higher dens-
ity. This causes the increase in the overlap between d,2 and p orbitals,
depending on the molecular packing and chemical structure of the lipid
molecules. The shortened inter-platinum (Pt"!-CIl-Pt!V) distance would pro-
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mote the excitation delocalization along the chains (Supramolecular band gap
engineering) [68,70]. The different colors observed for lipid complexes of
[Pt(en),][PtCly(en)2](17, 18, 19, 20 or 21)4 clearly indicate that the molecular
information of organic molecules are reflected in the electronic structures of
the linear conjugated chains.

Another unique characteristic of the lipid-complexes is solvatochromism.
In the case of [Pt(en);][PtCl(en);](20)4, intense intervalence CT absorption
was observed at 473 nm (e: 13846 units M~! cm™) in chloroform, whereas
it is observed at 513 nm (e: 15017 units M~! cm™") in dichloromethane [69].
The observed solvatochromism is ascribed to the different degree of sol-
vation and molecular orientation of the lipids, which significantly affected
the morphology and electronic structure of these assemblies as depicted
in Fig. 13. In orange chloroform dispersion, nanofibers with thickness of
20-200 nm and length of more than 20 um were observed. On the other
hand, rectangular nanocrystals (width 100 nm, length 200-300 nm) were ob-
served in the red dichloromethane dispersion. Solvatochromism was also
observed for [Pt(en),][PtCly(en);](19)4, in this case after re-assembly of the
heat-dissociated complexes [73].

The lipid packaging of low-dimensional inorganic solid enables cre-
ation of self-assembling nanofibers. This strategy has been widely applied
to inorganic complexes such as [Mo3zSes]” chains [84], linear iron(II)
complexes [85], wheel-shaped polyoxometalate [86] and halogen-bridged
platinum complexes [87]. Another class of lipophilic linear complexes
are designed by introducing 1-aminoalkanes as ligands in Magnus
green salt [Pt(NH,R)4][PtCly] [88,89]. Field-effect transistors comprising
[Pt(NH2dmoc)4][PtCly] (dmoc: (S)-3,7-dimethyloctyl group) as the active
semiconductor layer were produced by dipping a friction-deposited transfer
film of poly(tetrafluoroethylene) (PTFE) film into a super-saturated toluene
solution of the Pt compound [89].

Fig. 13 Solvatochromic nanofibers formed from [Pt(en),][PtCl,(en);](20)4. a In chloro-
form, b in dichloromethane. 0.6 unitmM, 15 °C [69]
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44
Self-Assembly of Nanofibers at Interfaces

One of the important applications of the lipid (surfactant)-inorganic com-
plexes is development of self-assembling molecular- or nano-scale elec-
tronic devices. The ability to fabricate technologically useful architectures
on surfaces should be developed on the basis of a non-lithographic, self-
organization process. The halogen-bridged mixed valence complexes in
organic media allow the formation of thin films, which open applica-
tions of these unique nanomaterials. By spreading chloroform solutions of
[Pt(en),][PtCly(en),](18)4 at the air-water interface, surface monolayers are
obtained [66]. To get stable monolayers which can be deposited on solid
surfaces by Langmuir-Blodgett technique, it was necessary to spread the
dissociated colorless complexes and to form the coordination chains at the
air-water interface.

To enhance the lipophilic nature of the lipids, oleyl chains are in-
troduced in the L-glutamate amphiphile 21 [70]. When the complex
[Pt(en),][PtCl,(en),](21)4 is dissolved in chloroform at room temperature,
the indigo color of the solid disappears, due to dissociation of the polymeric
complex into the component complexes. Upon casting the colorless solution
on the quartz plate, purple films were formed immediately after evapora-
tion of the solvent. It indicates that polymerization of [Pt(en),](21), and
[PtClz(en);](21); complexes occurred during the solvent evaporation. Inter-
estingly, when the dilute chloroform solutions are dropped on carbon-coated
copper TEM grid under a humid air, regular, double-layered honeycomb ar-
chitecture were observed in scanning electron microscopy (Fig. 14, one side
of the hexagons: ca. 650-750 nm, width of the wires: ca. 100 nm) [70]. The
top honeycomb layer is connected to the basal honeycomb layer via perpen-
dicularly oriented pillars (height: ca. 320-370 nm) at the corner of hexagons
(Fig. 14, right). Self-assembling characteristics of [Pt(en);][PtCly(en),](21)4
in the course of rapid solvent evaporation seem to be an essential factor for
the formation of such unique stereo-nanostructures.

Fig.14 TEM (a) and SEM (b,c) images of stereo-honeycomb nanoarchitectures formed
from [Pt(en),][PtCly(en);](21)4 [70]
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Formation of two-dimensional honeycomb morphology has been ob-
served in the solvent evaporation of copolymers [90-94], fluorinated silver
nanoparticles [95] and also for carbon nanotubes [96]. In these systems, wa-
ter droplets condensed from moisture on the evaporating solutions act as
the template to direct formation of the honeycomb patterns. Similar mech-
anisms would be involved in the present system, where the rigid coordi-
nation chains formed during the solvent evaporation stabilize the stereo-
honeycomb architectures. A recent report also indicates the importance of
rigid polymer structures in the formation of double-layered honeycomb
structure [97, 98].

45
Nanofibers Self-Assembled from Lipophilic Bridging Ligands
and Metal lons

1,2,4-Triazoles are known as bridging ligands and their linear iron(II) com-
plexes have been extensively studied, because of the spin-crossover (SC)
characteristics between low-spin (LS, purple, S = 0) and high-spin (HS, col-
orless, S = 2) configurations [99-102]. The changes in magnetism and col-
ors are induced by external perturbation, rendering these complexes pow-
erful candidates for information storage materials. Similar to the case of
halogen-bridged mixed valence complexes, studies of the triazole complexes
have been limited to the crystalline samples. Kahn et al. attempted to pre-
pare Langmuir-Blodgett films by employing Fe!' complex of 4-octadecyl-
1,2,4-triazole, however it resulted in deterioration of the complex at the
air-water interface [101]. To develop soluble triazole complexes, we have
designed a lipophilic triazole ligand 22 (C;,0C3Trz) and synthesized their
Fell and Co!' complexes (Fig. 15) [75,76]. When Co'(22)3Cl, is dissolved
in chloroform, a blue gel-like phase is formed at room temperature. Net-
works of nanofibers with widths of 5-30 nm are observed in atomic force
microscopy. The blue color is characteristic to the tetrahedral cobalt(II)
(Tg,*A; —* T1(P)). Interestingly, the blue gel-like phase turns into a pale
pink solution upon cooling, which color indicates the formation of frag-
mented rod-like octahedral (Oy) complexes. The gel-like phase is reversibly
generated by heating, and these features give a clear distinction from the
conventional organogels that dissolve upon heating [25, 26]. This is a first ex-
ample of reversible formation of heat-set gel-like networks in organic media,
where the heat-set transition (from the Oy, complexes in solution to the Tq4
complexes in gel-like phase) is enthalpically driven [76]. It is also important
to note that the introduction of flexible ether-linkage in 22 promotes phys-
ical gelation and provides higher temperature responsiveness. Introduction
of ether linkages in alkyl chains serves to decouple molecular orientation of
different structural modules, and it often leads to superior self-assembling
properties [103].
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Fig.15 Lipophilic triazole complexes. Schematic illustrations for a Fe(II)(22)3Cl, and
b thermochromic heat-set gelation observed for Co(II)(22)3Cl, in chloroform [76].
¢ Schematic illustration of coordination structural changes induced by guest binding on
the surface of Co(II)(22)3Cl, [77]

The surface of Co''(22);Cl, nanofibers in chloroform possesses chlo-
ride counterions, which can serve as acceptor for ionic hydrogen bonding.
When long-chained alcohols were added to pink Co'(22)3Cl;, solutions at
0°C, blue organogels were obtained [77]. It occurred as a consequence of
ionic hydrogen bond formation between long-chained alcohols and chlo-
ride ions (Fig. 15c), which seemingly suppressed coordination of crystal
water molecules to the fragmented Op complexes. It induced coordination
structural changes from Oy to Ty and spontaneous bundling of lamellar
nanofiber networks. X-ray diffraction of alcohol-doped xerogels showed in-
crease in lamellar long spacings from 35.6 to 44.3 A, indicating that alkyl
chains adopted more perpendicular orientation with respect to the coor-
dination main chains. That is, binding of alcohol molecules to the sur-
face of Co!l (22)3;Cl, induced T4 coordination structures in which alkyl
chains of ligands and alcohols are regularly aligned. Thus, the lipophilic
Co'(22);Cl, can accommodate guest alcohol molecules by changing coordi-
nation structures and orientation of alkyl chains. The binding space created
on the surface of 1D complexes was referred to as “adaptable molecular
clefts”.
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4.6
Supramolecular Control of Nanofiber Morphology and Spin Crossover

The host-guest interaction at the surface of linear triazole complexes was
applied to control spin crossover of the Fe!(22);Cl, complex. This Fe'!
complex is in purple low spin (LS) state in a powdery form, while it is
transformed into pale-yellow high spin (HS) organogels by dissolving in
chloroform [75,78]. These gels are formed by nanofibrous aggregates, as
confirmed by transmission electron microscopy. The casting of chloroform
solutions on solid supports produced purple transparent films (LS state).
The cast films exhibit sluggish spin crossover (LS = HS) behavior without
thermal hysteresis. At the same time, the co-casting of equimolar dode-
canol or tetradecanol with Fe'l(22);Cl, produced composite films in which
alcohol molecules are bound to the complex by both ionic hydrogen bond-
ing (ROH- - -Cl") and van der Waals interactions. At room temperature, the
cast films exhibit regular lamellar structures before and after the doping
of alcohol, as confirmed by wide-angle X-ray diffraction (WAXD) meas-
urements. Interestingly, the ternary films Fe!l(22);Cl,/CnOH (n = 12, 14)
showed reversible abrupt spin crossover accompanied by thermal hystere-
sis [78]. The observed bistability is related to dynamic structural trans-
formations between lamellar and hexagonal structures. It provides a novel
supramolecular strategy for controlling the bistability of spin crossover
phenomena.

The structural dynamism of metal complex nanofibers in response to tem-
perature changes and interactions with guest or solvent molecules prompted
us to further investigate photochemical regulation of their nanostructures.
A triazole ligand containing the azobenzene group formed a 1D iron(II)
complex Fe(23)3;(BF4);, which was soluble in common organic solvents.
Atomic force microscopy (AFM) of the sample in dilute chloroform solu-
tions showed flexible molecular wires (length: 10-100 nm, width: ca. 7 nm,
Fig. 16). At the same time, Fe(23)3(BF4), formed organogels when dispersed
in chlorocyclohexane. UV-light irradiation of Fe(trans-23)3(BF,); in yellow
chlorocyclohexane gel (10 mM) caused fluidization into orange-colored so-
lution of Fe(cis-23)3(BF4), (Fig. 16, b — c¢). Visible-light illumination of the
Fe(cis-23)3(BF4), complex reversibly afforded Fe(trans-23)3(BF4), complex,
which is accompanied by physical gelation. Thus, the molecular wire of
Fe(23)3(BF4), shows reversible conformational changes with maintaining the
linear complex structures [79].

Clérac et al. reported that the Fe'l(4-octadecyl-1,2,4-triazole); complex
gelatinizes dodecane and shows thermal spin-crossover [104]. Aida et al.
showed that Fe!l complex of double-chained 1,2,4-triazole ligands display
spin-crossover, which was accompanied by dissolution of the dodecane
gel [105]. In these systems, however, LS complexes are maintained only in the
solid state or in organogels composed of crystalline aggregates. In addition,
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Fig.16 a AFM image of Molecular wires formed in chloroform from azobenzene-
containing Fell(23)3(BF4),. b Organogel formed in chlorocyclohexane (trans-form) and
¢ after UV irradiation (cis-form) [79]

covalent modification of triazole ligands with bulky substituents generally
causes lengthening of Fe!l-ligand bonds, resulting in the destabilization of
LS states [106]. To address above issues, the lipid-packaging strategy was re-
cently applied to Fell(triazole); complexes [74]. L-Glutamate derived lipid
19 was introduced as lipophilic counteranion, and 4-amino-1,2,4-triazole
(NH;trz), 4-(2-hydroxyethyl)-1,2,4-triazole (HOC;trz) were employed as
ligands.

These complexes show sharp and reversible spin crossover (SC) in toluene
(Fig. 17). The powdery lipid complexes give a spin crossover temperature
(Tsc) of 280K (for 24) and 170K (for 25), respectively (Fig. 17a). To our
surprise, these SC temperatures observed for toluene dispersions are sig-
nificantly higher (by 20-100 K) than those observed in the crystalline states
(Fig. 17b). The remarkable stabilization of low spin (LS) configuration in so-
lution indicates increase in the ligand-field splitting energies, which occurs
as a consequence of contraction in Fe-N and/or the nearest neighbor Fe- - -Fe
distances. This phenomenon is unusual, since such interactions are usually
weakened in solution because of the enhanced thermal motions and inter-
actions with solvent molecules. The unique enhancement of metal-ligand
interactions in solution was ascribed to solvophobic contraction of charged
coordination chains in nonpolar media [74].

AFM observation of complex 24 and 25 showed nanofibers (widths:
20-30 nm, heights: ca. 7nm) in the LS states. In contrast, fragmented
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nanofibers or dots are observed for HS complexes. These observations clearly
indicate that nanofibers of LS complexes undergo thermal SC to labile HS
complexes and dissociation into fragments. Lipids with enhanced thermal
mobility would render the fragments to adopt a HS state, as indicated by
the abrupt spin state changes. The observations of developed nanofibers
after cooling the heat-dispersed samples and the recovery of LS complexes
clearly indicated reversible self-assembly of HS fragments into the original,
LS nanofibers. The reversible self-assembly was confirmed by copolymer-
ization of 24 and 25 after the heat treatment (Fig. 17c). As spin crossover
premises an unchanged coordination number at central atoms, the changes
in spin state involving disintegration of coordination bonds would be better
described as spin conversion directed by self-assembly.

The lipid-packaging of charged coordination chains not only provides
solubility to the linear metal complexes, but also improves their potential
functions. The solvophobic contraction of charged metal complexes in or-
ganic media is a new concept, which would be widely applicable to developing
functional nanofibers that show improved performances compared to those
in the solid state. It would push back the boundaries of existing coordination
polymer chemistry.
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5
Conclusion and Outlook

Self-assembly offers an attractive strategy to construct functional nanofibers.
Amphiphilic self-assembly of components that belong to different mo-
lecular families or disciplines allows development of unique properties
that have not been created in the framework of conventional studies. The
solvophilic-solvophobic interactions play a pivotal role in the determination
of mesoscopic-scale supramolecular architectures, and this is a feature not
appreciated in classical supramolecular chemistry. Since many supramolecu-
lar nanofibers have been developed, one of the next issues would obviously be
finding functions unique to their nanoarchitectures. Introduction of biologi-
cal molecules as essential components for nanofiber self-assembly has been
shown to provide bridges that link materials science and in vivo applications.
From a chemical point of view, it is interesting to create new properties
which are based on the interplay of components self-organized in nanoar-
chitectures. The generation of unique electronic structures based on self-
assembly (Supramolecular band gap engineering), the heat-set gel-like net-
works in organic media, and unusual stabilization of low spin states in or-
ganized solutions are examples of surprise results that were not previously
found. The growth of electronically conjugated networks is reminiscent of
neural development, and we envisage that such nanofibers would be appli-
cable to the design of neuromorphic nanodevices, which display growth and
self-restoration in response to chemical or electronic stimuli. The combina-
tion of bottom-up self-assembly and top-down techniques will also provide
an opportunity for design of molecular systems, where elements of molecular
information, their transmission and translation, amplification and feedback
are integrated in supramolecular circuits to achieve synergistic functions.
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Abstract Molecular self-assembly is a powerful approach being explored for novel supra-
molecular nanostructures and bio-inspired nanomaterials. In this article, we focus on
recent research concerning the self-assembly of de novo designed artificial peptides and
peptidomimetics into nanofiber structures, specifically towards developing a new class of
soft-materials. These nanofiber architectures have potential use not only in biomedical
applications, such as 3D-matrix scaffolds for tissue engineering and biomineralization,
but also in nanotechnology such as nano-templates and dimension-regulated functional
nano-objects.

Keywords Artificial peptides - Coiled-coil structure - Helix structure -
Nanobiotechnology - Nanofiber - Self-assembly - 8-Sheet structure

Abbreviations
Amino Acids:

Ala
Arg
Asn
Asp
Cys
Gln
Glu

Alanine (A)
Arginine (R)
Asparagine (N)
Aspartic acid (D)
Cysteine (C)
Glutamine (Q)
Glutamic acid (E)
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Gly Glycine (G)

His Histidine (H)
Ile Isoleucine (I)
Leu Leucine (L)

Lys Lysine (K)

Met Methionine (M)
Phe Phenylalanine (F)
Pro Proline (P)

Ser Serine (S)

Thr Threonine (T)
Trp Tryptophan (W)
Tyr Tyrosine (Y)
Val Valine (V)

1
Introduction

A number of natural biomaterials exhibit intelligent functions and extraor-
dinary properties, at which various biopolymers (such as proteins, polynu-
cleotides, and polysaccharides) assemble appropriately at nano-scale and
construct structural frames based on their optimized and rational molecu-
lar design. In nature, such structuring processes by biopolymers are usually
guided via self-assembly, and those components work separately and/or co-
operatively with each other. Progress in the design and characterization of
such self-organization principles and growing interest in nano-scale mo-
lecular engineering provide strong incentives not only to fabricate novel
nanostructured materials but also to our understanding of such bio-related
macromolecular assembly, including protein folding. In this context, several
molecular assembling systems based on peptides, proteins, DNA, and RNA
have been explored. Our focus has been on peptide-based nano-assemblies.
Peptides and proteins are especially versatile building units for this purpose,
because they have ability to hierarchically self-organize into precisely defined
three-dimensional (3D)-nanostructures with a much higher level of regu-
larity than those which can be produced from conventional synthetic block
copolymers.

For example, o-helix and f-sheet are the major secondary structural mo-
tifs with well-regulated geometry organizing the 3D-structure of proteins. In
the a-helix, the peptide bond planes are parallel to the axis of the helix. In
this geometry, each peptide forms two intra-molecular hydrogen bonds, one
to the peptide bond of the fourth residue above and the second to the peptide
bond of the fourth amino acid below in the primary structure. The side chains
in an a-helix are on the outside of the spiral structure. On the other hand,
in the S-sheet, a polypeptide chain is hydrogen bonded to another polypep-
tide chain aligned in a parallel or an antiparallel direction (inter-molecular
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hydrogen bond). Hydrogen bonded g-strands appear like a pleated sheet, and
the side chains project above and below the sheet-like structure. It is gener-
ally considered that the sequence of amino acids is important in determining
the properties of the protein secondary structure. The protein high-order
structure formed by the specific interaction among such secondary structural
elements plays a key role in defining their functions and natures. In other
words, transferring such protein self-organization systems at the molecular
level by the use of artificial peptides and peptidomimetics with appropriate
conformations towards the fabrication of synthetic nanostructured materials
would be of great interest. This approach enables the construction of 3D-
structures with diverse shapes, sizes and functions and will complement the
limit of a conventional top-down lithographic approach.

In this paper, we review recent research concerning the controlled self-
assembly of artificial peptides and peptidomimetics into nanofiber archi-
tectures, and their potential applications in the field of biotechnology and
nanotechnology. This field is undergoing a rapid growth from the viewpoint
of both materials science and biological studies aimed at understanding the
protein aggregation. Numerous molecules, such as native proteins, synthetic
peptides, and lipid-like amino acid(short peptide)-based amphiphiles, have
been reported to self-assemble into one-dimensional fibrous nano-objects.
In particular, since the it is easy to prepare, functionalize, and manipulate
synthetic peptides’ self-assembling characteristics by changing the amino
acid sequence, artificial S-strand and «-helical building units have mainly
been employed as structural elements to fabricate the organized nanofiber-
architectures. Therefore, this paper focus mainly on the (1) B-sheet-based
and (2) a-helix-based self-assembled nanofibers from de novo designed syn-
thetic peptides, specifically towards developing a new class of soft-materials.

2
B-Sheet-Based Self-Assembled Nanofibers

The self-assembly of peptides and proteins into S-sheet-rich fibrillar struc-
tures has attracted much attention as a powerful approach for designing novel
functional nanomaterials, and because of their association with neurode-
generative diseases, such as Alzheimer’s disease [1-6]. Several proteins were
identified in amyloid aggregates [7, 8], and these aggregates were found to
have a similar core structure (a straight, long, cross-8 structure) [9]. Non-
pathogenic proteins and synthetic peptides also form amyloid-like fibrils
that structurally resemble in vivo fibrils [10-12]. Thus, the ability to form
amyloid-like fibrils from a wide range of synthetic peptides gives access to
a large number of model systems with which to study the process of fibril for-
mation in more detail. On the other hand, from the standpoint of materials
science, the S-sheet motifs are attractive as a building block in the design of



30 N. Higashi - T. Koga

supramolecular nanofibers with well-defined structures. Such unique struc-
tures are expected to have potential as novel nano-scaled soft-materials with
diverse applications in the fields of nanotechnology and biotechnology.

In this section, we focus on the research of B-sheet-based self-assembled
nanofibers from de novo designed artificial peptides and peptidomimetics
aimed for applying in materials science.

2.1
Nanofiber Formation from Artificial Peptides and Peptidomimetics
Through Self-Assembly

Three main types of artificial peptide motifs have been developed to con-
struct B-sheet-based nanofibers through self-assembly, as shown in Fig. 1.
These peptides and peptidomimetics have hydrophobic and hydrophilic seg-
ments as a common feature. The hydrophobic segment seems to provide an
important driving force for self-assembly, as well as hydrogen bonding and
electrostatic interactions, especially in aqueous media.

The first type of self-assembling building units are synthetic poly(oligo)pep-
tides, which consist of natural amino acids with hydrophobic and hydrophilic
characters (type I in Fig. 1). The self-assembling properties and the resultant
nanostructures, including the physical property of these building units, are
strongly affected by amino acid sequence, stereochemistry, molecular size,
and environmental conditions such as pH and ionic strength.

We have first prepared block-type simple and amphiphilic peptides com-
posed of 16-residue Leu and Lys as self-assembling building units (amino
acid sequences: LLLLKKKKKKKKLLLL (LKL16), KKKKKKKKKKKKLLLL
(LK16), and KKKKKKLLLLKKKKKK (KLK16)) [13]. The LKL16, LK16, and
KLK16 were designed to have a tetra-Leu domain, which provided the hy-
drophobic driving force for self-assembly, and was located at either both ends
(N- and C-termini), at one end (C-terminus), or the center of the peptide, re-
spectively. These peptides should clarify the effect of the arrangement of the
hydrophobic domain in the peptide chain on their self-assembling properties
in water. In addition, we anticipated that it might be possible to control the
distribution on the high-order structures by manipulating solution pH, owing
to the charged condition of the Lys residues.

For LK16 and KLK16 (40 pM), the CD spectra gave a typical pattern of
right-handed «-helical peptides with two negative maxima, one at 222 nm
and one at 204 nm in the high pH region at 10.6. By lowering the pH value to
5.8, both peptides of LK16 and KLK16 formed random coil structures. These
conformations were time-independent within the period of 1 week. On the
other hand, conformational property of LKL16 differed considerably from
those of LK16 and KLK16. Although the LKL16 also existed as a random coil
structure at pH 5.8, the structural transition into 8-sheet were observed by
elevating the pH value up to 9.4. At above pH 9.5, the CD spectra showed
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the aggregated S-sheet structure. Interestingly, in the case of LKL16 (40 pM),
spontaneous a(random)-to-8 conformational transition with incubation time
were observed in the narrow pH range of 8.8-9.4 (Fig. 2B). The FTIR spec-
trum of the LKL16 obtained after 24 h-incubation at pH 9.2 supported the
CD results and suggested that the S-structures are classified as antiparallel 8-
strands on the basis of the absorptions at 1687 and 1625 cm™!. Depending on
the variety of conformational properties, these designed peptides showed the
diverse self-assembly. Figure 3 shows the self-assembly of LKL16 associated
with the f-sheet formation at pH 9.2. The AFM image obtained at 3 min re-
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Fig.2 A Molecular structure of the amphiphilic triblock-type oligopeptide, LKL16, used as
a building unit for self-assembly. B CD spectral change of LKL16 in Tris-buffer at pH 9.2.
The peptide was incubated at room temperature for the time indicated. [LKL16] = 40 pM

vealed the presence of only globular aggregates (Fig. 3A). The average height
of the globular species was determined to be 0.8 +0.3 nm, indicating that the
LKL16 exists in aqueous solution as a monomer. On the other hand, well-
developed peptide nanofibers were observed instead of globular species after
incubation for 5-24 h (Fig. 3B). The nanofibers mainly possessed a diameter
of ca. 6.0 nm and a clearly visible left-handed twist that repeats along the fiber
length (Fig. 4, left image). The periodicity of this repeat was ca. 50 nm, and
the fiber height oscillated between 5.5 nm and 6.5 nm. The observed twist in
LKL16-nanofiber and its handedness are probably due to the right-handed
twist along the backbone of a B-strand made of L-amino acids [14]. Simi-
larly, left-handed S-sheet assemblies (helical ribbons, tapes, fibrils) have also
been observed from synthetic amphiphilic L-oligopeptides [15-17, 26, 32]. It
is considered that the packing of right-handed S-strands a causes left-handed
spiral in the B-sheet [18]. In fact, the nanofiber formed by LKL16(D), which
consisted of D-amino acids, showed identical periodicity and were also clearly
twisted, but the twist direction was right-handed (Fig. 4, right image) [19].
In other words, this result indicates the possibility that the helicity of self-
assembled nanofibers can be controlled by the chirality of the amino acids
in the constituent peptide species, although some peptides have been re-
ported to form non-twisted S-sheet nanofibers [20,31]. The morphological
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Fig.3 Tapping-mode AFM images of LKL16 obtained after incubation for 3 min (A) and
24h (B) at pH 9.2. [LKL16] = 40 uM. z-Scales: 60 nm (A) and 300 nm (B)

property of LKL16 was strongly affected by solution pH. At a lower pH (7.0)
region, no aggregation was observed, indicating that the LKL16 is predom-
inantly in the monomeric random coil conformation. On the other hand, at
higher pH of 10.6, the peptide was assembled rapidly and formed poorly
organized amorphous aggregates. Such rapid aggregation of LKL16 seems
to restrict mobility of the peptide chains, resulting in prevention of appro-
priate packing of peptide chains necessary for further organization. Thus,
it seems that the development of regular intermolecular interactions involv-
ing extended regions of peptides are important for the formation of highly
organized nanofibers. At ca. pH 9, the Lys residues of LKL16 are partly proto-
nated, and this charge will probably provide sufficient intermolecular repul-
sion to permit controlled growth of nanofibers as well as sufficient mobility
of peptide chains for appropriate packing. Note that this self-assembly of
LKL16 into nanofibers is reversible by pH adjustment, namely the nanofiber
is decomposed into monomeric random coil by lowering the solution pH.
Self-fabricated nanostructure could also be controlled by tuning the peptide
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Fig.4 Amplitude AFM images of LKL16-nanofiber, LKL16(D)-nanofiber, and their plausi-
ble models

sequence, namely the arrangement of hydrophobic domain in the peptide
chain. It was found that spherical aggregates with ca. 3.0-5.0 nm heights
were formed from LK16 (Fig. 5). The measured dimensions of these aggre-
gates are in good agreement with the twice value of the molecular length of
o-helical LK16 (ca. 2.4 nm), indicating the formation of micelle-like struc-
tures consisting of a hydrophobic Leu domain core and the shell of a Lys
domain (see Fig. 5). The peptide LK16 has the tetra-Leu domain at only one
chain terminus, and this diblock-type structure will probably stabilize such
micelle-structures. On the other hand, the «-helical KLK16, in which the
tetra-Leu domain was arranged at the center, self-assembled into plate-shape
aggregates with height of around 1.5nm and lengths of 100-500 nm. The
observed heights of the plates correspond to the diameter of a polylysine
helix (ca. 1.4 nm). Therefore, these plate-shaped aggregates probably con-
sist of a helix monolayer, in which KLK16-helices interact with each other in
two-dimensions through the hydrophobic interaction between Leu residues
located at the center, as well as the helix-macrodipole interaction [21]. Thus,
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Fig.5 A Chemical structure of the amphiphilic diblock-type oligopeptide, LK16, and
its molecular dimension in «-helical form. B Tapping-mode AFM image of the self-
assembled nanoparticle obtained from LK16. C Proposed model of the nanoparticle from
a-helical LK16

by tuning the peptide sequence (e.g., location of hydrophobic domains) and
environmental conditions, such as solution pH and reaction time, a wide
variety of self-organized 3D-architectures with various nanostructures were
obtained by these self-assembling systems.

Most typical peptide sequences for B-sheet formation in type I series al-
ternate placement of hydrophobic and polar amino acids. These sequences
provide two distinctive faces: one hydrophobic and the other hydrophilic in
B-strands. The hydrophobic faces shield themselves from water thus facili-
tating their self-assembly in water. The hydrophilic face forms the outside of
the B-sheet, which can be designed to interact with each other through com-
plementary electrostatic interactions. A number of S-sheet-forming peptides
with alternating hydrophobic and hydrophilic patterns were prepared, and
their self-assembling behaviors were examined in the view of the hydropho-
bic side chains, charged side chains, and molecular weight, etc. [20,22-32].
These peptides not only self-assemble to form stable nanofibers, but also
form high-order nanofiber-scaffolds, namely hydrogels. Table 1 listed a part
of this series of peptides. This class of oligopeptides was originally dis-
covered by Zhang et al. [22]. They designed 16-mers alternating peptide,
made up of hydrophobic (Ala) and hydrophilic (Glu and Lys) amino acids,
Ac-AEAEAKAKAEAEAKAK-CONH,; (EAK16-II), and demonstrated that the
EAK16-1I self-assembled into stable S-sheet nanofiber 3D-matrix with ~10-
20 nm in diameter in aqueous solution under the presence of monovalent
metal ions, such as Li* and Na*. The critical aggregation concentration of
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Table 1 Primary structures of vaious B-sheet nanofiber-forming peptides with alternating
sequence of hydrophobic and hydrophilic amino acids

Peptides Amino Acid Sequences
EAK16-II AEAEAKAKAEAEAKAK
EAK16-IV AEAEAEAEAKAKAKAK
EAK16-1 AEAKAEAKAEAKAEAK

poly(EAK)q (AEAEAKAKAEAEAKAK),
KFE8 FKFEFKFE

KFE12 FKFEFKFEFKFE

KFE16 FKFEFKFEFKFEFKFE

KIE12 IKIEIKIEIKIE

LKVE1Z VKVEVKVEVKVE ...
00 FEFEFKFKFEFEFKFK
81 GEAEVKLKIELEVKAK
82a IELEVKAKGEAEVKLK
....... 83 . ........JEAEGKGKIEGEAKIK
.RADA16  RADARADARADARADA
MAX1 (VK),VPPPT(KV),
CMAXIL)  (VKMVPPT(RV),
FF PKFKFFEFEP
Fl PKFKIIEFEP
Vi PKVKIIEVEP

the EAK16-II was estimated to be ~ 0.1 mg/ml by surface tension measure-
ments [23]. Zhang and Chen et al. also investigated the effect of the charge
distribution of EAK16 on the nanostructure formation [24, 25]. For this pur-
pose, three types of EAK16 were studied: EAK16-1, -II, and -IV, which have
the same amino acid composition, but have the different charge distribu-
tion (-—++--++ for EAK16-II, -———++++ for EAK16-IV, and —-+-+-+-+
for EAK16-I). AFM measurements showed that EAK16-I and -II formed
nanofiber assemblies regardless of pH value, whereas EAK16-IV formed glob-
ular structures at neutral condition of pH between 6.5 and 7.5. When the
pH value was lowered below 6.5 or raised above 7.5, a transition from glob-
ular to fibrillar structures was observed for EAK16-IV. From the FTIR and
theoretical studies, they showed that the hairpin structure is energetically sta-
ble for EAK16-1V, but the chain entropy of EAK16-I and -II favors relatively
stretched conformation. Based on these results, they concluded that individ-
ual EAK16-1V peptides fold first into S-hairpins, exposing their hydrophobic
faces to water, and these hairpins then aggregate into globular structures by
hydrophobic interactions. In the class of one sequence of the family, named
KFE, phenylalanines are employed as hydrophobic side chains instead of ala-
nine. These peptides self-assemble into left-handed helical ribbons [26, 27],
and also form a S-sheet-based 3D-matrix that behave as an elastic gel upon
addition of a sufficient concentraion of salt. Lauffenburger et al. examined
the effect of the number of repeats of KFE sequence on the B-sheet-based
3D-matrix formation by using KFE8, KFE12, and KFE16 at pH 3 [28]. From
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a rheometric study, they determined critical coagulation concentration (CCC)
of NaCl salt required to 3D-matrix (gel) formation. The CCC values were es-
timated to be 1.0 ~ 5.0 mM NaCl for KFES8, 0.1 ~ 1.0 mM NaCl for KFE12,
and 1.0 ~ 5.0 mM NaCl for KFE16 at pH 3, meaning the biphasic trend was
observed as oligopeptide length was increased. The authors explained that
such a biphasic trend was due to an unequal competition between a greater
hydrophobic (favorable) effect and a greater entropic (unfavorable) effect
as the peptide length was increased. Muller et al. successfully prepared the
polymeric EAK16-II, poly(EAK), by recombinant DNA method, and also
compared the self-assembling behavior of high-molecular weight peptides
with that of low molecular weight peptides (EAK16-II) [29]. The poly(EAK)q
was demonstrated to form well-defined antiparallel 8-sheet nanofibers with
10-20 nm diameter, that structurally resembled that from EAK16-II. On the
other hand, the poly(EAK)o-based hydrogels obtained under physiological
condition (10 mM sodium phosphate buffer at pH 7) was significantly more
elastic than a lower molecular weight EAK16-II of the same structure. Al-
though both researches indicate the influence of the molecular sizes of the
peptides, the relation between molecular size and self-assembling behavior
still remains unclear. Further study is needed to clarify the definite relation-
ship. The effect of the variation of hydrophobic side chains on self-assembly
was also investigated based on the KFE series. The three sequences of KFE12,
KIE12, and KVE12 were studied first and demonstrated the importance of
hydrophobicity for 3D-gel matrix formation [28]. In addition to the hy-
drophobicity, the sequence and steric size of the hydrophobic residues were
also found to cause variations in peptide conformation and create signifi-
cant differences in the matrix morphology of self-assembled peptides [30].
Hydrogel 3D-matrices from S-sheet peptide-00 (this peptide corresponds
to KFE16-II. Amino acid sequence; see Table 1) had many terminations,
fine mesh size, and uniform diameter of ~ 20 nm. On the other hand, 3D-
matrices formed by peptides-81 and -82a had fewer terminations or branch
points, a large mesh size, and thicker diameter than that from peptide-00.
Peptide-83 did not form hydrogel, and existed in random coil structures.
The authors explained these differences in self-assembly of S-strands as the
different steric topologies of non-polar side chains as follows. Similar steric
sizes of non-polar residues for peptide-00 permit strong hydrophobic inter-
actions anywhere along the peptide, although steric buldges in peptides-81
and -82a create a much more selective environment for hydrophobic inter-
actions to take place. Moreover, there is a very high entropic barrier for
peptide-83 B-strands to bind (Fig. 6). Other peptides with hydrophobic and
hydrophilic patterns have also been designed to learn about the relation-
ship between peptide primary structure and the consequent morphology of
the self-assembled nanostructures, e.g., from the view point of the effects of
turn sequence (MAX1 and MAX1(L)) [31], and terminal Pro residues (FF, FI,
VI) [32].
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Fig.6 Schematic representation of the packing between B-sheets of peptides with various
hydrophobic bulges. (Adapted from [30])

The second type of self-assembling building unit is “peptide-amphiphile
(PA)”, which consists of a hydrophobic alkyl tail coupled to a peptide block
and includes B-sheet forming segments and charged residues (type II in
Fig. 1). These PA molecules have been developed by Stupp et al. [33-38].
The tendency of the alkyl tail to aggregate in aqueous solution is the driving
force for self-assembly. It has been found for many PAs that the self-assembly
leads to the formation of well-defined nanofibers in excess of 1 um long
and 5-10 nm in diameter upon application of a trigger, such as a change in
pH or ion-concentration. In this nanofiber, the alkyl chains are in the core
while the hydrophilic peptide region is displayed on the nanofiber surface,
and the S-sheet formation between peptide region stabilizes the nanofiber
structure. Hartgerink et al. investigated the role of hydrogen bonding in self-
assembly of PAs in detail by using a series of 26 PA derivatives, including
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Table2 Sequences of N-methylated and alanine-substituted PAs (1-26), consist of a C16
hydrophobic tail, a glycine containing region, and a charged head group, designed by
Hartgerink et al. (Adapted from [36])

o

Position of G residues 1234567

G Position

1 2 3 4 5 6 7
PA1 G G G G G G G
PA2 G G G G G Gweg
PA3 G G G G GGG
PA4 G G G GNVeGNMeGNveG
pAs G G G NMeG NMeG NMeG NMeG
PA6 G G NMeG NMeG NMeG NMeG NMeG

PA7 G NMeG NMeG NMeG NMeG NMeG NMeG
PAS NMeG NMeG NMeG NMeG NMeG NMeG NMeG
PA9 ™G G G G G G
PA10 G™G G G G G
PA11 G G™G G G G
PA12 G G G™G G G
PA13 G G G G™G G
PA14 G G G G G™G
PA1§ WeGgMeG G G G G
PA16 NVeG NMeG NMeG G G G
PA17 NMeGG NMeG NMeG NMeGG G G
PA18 NMeG NMeG NMeG NMeG NMeG G
PA19 NMeG NMeGG NMEG NMeG NMe(G NMe(G
PA1 9 NMeG NMeG NMeG NMeG NMeG
PA20
PA21
PA22
PA23
PA24
PA25
PA26

(9Xalokalalob doXaloXokalaloXaXaYaYo N

POOOOOO
OPOOOOO
OOPOOOO
OOOPOOO
OO0
(2 X2k XnXnk XnNn)

19 N-methylated variants and 7 alanine mutants, as shown in Table 2 [36].
As a result, they found that the four amino acids closest to the alkyl core of
the nanofiber form g-sheet hydrogen bonds, and that disruption of these hy-
drogen bonds causes the PA to self-assemble into spherical micelles instead
of nanofibers. Since the various functional peptides, such as bioactive epi-
topes, can be easily incorporated into the PA self-assembling system, these
PA molecules are finding many applications in the fields of nanotechnology
and biotechnology (Sects. 2.4 and 2.5). It has also been shown that two differ-
ent PA molecules with complementary charges can be co-assembled into the
same nanofiber [37, 38].

The third type of self-assembling units are peptidomimetics [39-42], in
which the amphiphilic oligopeptides are combined with hydrophobic syn-
thetic compounds (Type III in Fig. 1). For example, Kelly et al. prepared
a dibenzofuran-based simple peptidomimetic and showed that the pep-
tidomimetic formed polymorphic S-sheet assemblies including protofila-
ments, filaments, ribbons, and fibrils [39]. On the basis of the TEM, AFM,
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and X-ray analyses, they proposed the hierarchical self-assembly of the pep-
tidomimetic as follows. At first, the peptidomimetic self-assembles affording
quaternal structures with an average width of 25 A and height of 6 A, corres-
ponding to the width and height of a single cross-8 monolayer. Face-to-face
dimerization of the cross-8 monolayer mediated by hydrophobic interactions
provides a 10-12 A thick bilayer, referred to as protofilaments. These protofil-
aments further elongate and interact via lateral association to form filaments
with a width of 50-60 A, composed of two protofilaments. Finally, the fila-
ments can associate to form ribbon and fibrils (Fig. 7). In this molecular sys-
tem, the dibenzofuran-template not only pre-organizes the peptidomimetic
for dimerization and further assembly, but also provides a hydrophobic edge
to promote protofilament and filament assembly. Mihara et al. synthesized
the peptide (Ad-2«), which composed of two amphiphilic o-helix segments,
each modified with a 1-adamantane carbonyl group (Ad) at the N-terminus
as a hydrophobic defect [40]. This peptide folded into a 2«-helix structure at
initial state, but gradually self-assembled into amyloid-like fibrils (ca. 10 nm
width) with «-to-8 structural transition in neutral aqueous solution (e.g.,
Fig. 11). In this case, exposed Ad hydrophobic defects in the peptide were re-
sponsible for both the structural transition and self-assembly. They have also
developed the Ad-2« self-assembling system to enable the co-assembly from
three- or four-different peptides into the same nanofiber by complementary
electrostatic interactions, which seems to be important step for the design of
multi-functional nanofiber materials [41].

These studies will undoubtedly make an important contribution not only
to our understanding of the mechanism of the peptide aggregation as a simple
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Fig.7 Schematic illustration of hierarchical self-assembly envisioned for 2,8-dibenzofuran-
based peptidomimetic in water. (Adapted from [39])
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and useful model, but also in establishing a novel molecular self-assembling
system for the fabrication of the designed 3D-nanoarchitectures.

2.2
Stimuli-Responsive Self-Assembling System into Nanofibers

In Sect. 2.1 above, we focused on the formation and regulation of f-sheet-
based nanostructures, including nanofibers, from chemically synthesized
artificial peptides. Generally, B-strand peptides self-assemble uncontrollably,
affording pB-sheet-rich materials that may be thermodynamically stable and
display limited responsiveness. Therefore, it is also important to establish
facile and practical guidelines to control the spontaneous peptide self-
assembling process in addition to nano-structural control, that is temporal
control, in order to advance a bottom-up nanobiotechnology (programmable
peptide self-assembly). Some groups have reported the construction of
stimuli-responsive peptide self-assembling systems [43-45].

Imperiali’s group reported the photo-controlled peptide self-assembling
system into fibrillar structures [44]. They designed amyloidogenic pep-
tide (PrP174-195 fragment) modified with a “fibril-inhibitory unit (N,N-
dimethyl-ethylendiamine-tagged oligo(Asn) (DMDA-Asn))” through a photo-
labile linker (3-amino-3-(2-nitrophenyl)-propionic acid (ANP)) (Fig. 8).
HPLC and TEM analyses clearly showed that the DMDA unit stabilized
the peptide as a soluble species without UV-irradiation for at least 12h

Heoof

NE

HN
OuN
o : o | o
N
N My N
H © 5 H H

Fibril-inhibitor AcHN
Photolabile Linker

CICICCI)

QPE0®

/o

e S Asmby
PRRED

eeee

FVHDSVNITIKQHTVTTTTKG-CONH;
o

Fig.8 Photo-triggered peptide self-assembling system designed by Imperiali’s group.
In this molecular system, fibril-inhibitory unit was attached to the amyloidogenic unit
through photolabile linker. (Adapted from [44])
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in a phosphate buffer at pH 7.5. However, when the solubility DMDA unit
was photo-dissocinated from the amyloidogenic peptide, the photo-product
showed rapid aggregation into fibrillar nanostructure. Thus, photo-triggered
self-assembly was successfully constructed by controlling the amphiphilic-
ity of the target peptide. Controlling the amphiphilic balance of the peptide
by external stimuli, such as light, is one of key technology to accomplish
a temporal control of peptide self-assembly.

We have also fabricated a unique and programmable peptide self-assembly
system by using poly(ethylene glycol)(PEG)-attached amphiphilic oligopep-
tide, which shows rapid self-assembly into well-organized B-sheet nanofibers
in response to an enzymatic reaction [45]. This peptide (LKL16-PEG) was
composed of B-sheet forming amphiphilic peptide (LKL16), thrombin-
cleavable amino acid sequence (VPRGS), and hydrophilic PEG segment
(Fig. 9A). MALDI-TOFMS spectra clearly showed that the site-specific di-
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Fig.9 A Molecular structures of poly(ethylene glycol)-conjugated S-sheet peptides,
LKL16-PEG and its control peptide with scrambled thrombin-active sequence (SGRPVL),
which were used as building blocks for self-assembly. B Time dependences of A[6];5 for
LKL16-PEG (a and b) and control peptide (c and d) with (solid lines; a and c) and without
the addition of thrombin (dashed lines; b and d) under above condition. The arrow indi-
cates the time at which thrombin was added in the peptide-solution. [peptide] = 40 WM.
(Adapted from [45])
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gestion of LKL16-PEG took place smoothly at the R-G bond within 30 min
and that, as a result, the LKL16-VPR peptide was generated by detach-
ing the PEG-based unit. The conformational properties of the LKL16-PEG
in response to the enzymatic reaction were subsequently investigated by
means of CD spectroscopy in buffer at pH 9.0. With freshly prepared sam-
ple solution, the CD spectrum gave mixed patterns of a-helix and random
coil structures. This a-helical conformation of LKL16-PEG was maintained
even after 8 h-incubation. On the other hand, interestingly, the addition
of thrombin was found to cause a remarkable «-to-8 structural transition
(Fig. 9B). Together with such conformational change by thrombin add-
ition, AFM measurements demonstrated the formation of well-organized
nanofibers with nearly uniform diameters of ca. 5-6 nm, although the LKL16-
PEG without thrombin-digestion formed amorphous aggregates (Fig. 10).
Thus, the observed enzyme-triggered self-assembly of LKL16-PEG into a -
sheet nanofiber would be driven by the detaching of the GS-PEG unit from
the original peptide, permitting attractive hydrophobic and van der Waals
forces among the resultant LKL16-VPR peptides to dominate. More re-
cently, we have successfully accomplished OFF-to-ON switching of peptide
self-assembly into B-sheet nanofibers by thrombin digestion, at which a D,L-
alternating oligolysine ((KpKp)3;) unit was employed as a hydrophilic and
non-conformational tail instead of a PEG-based hydrophilic tail [46]. Mutter’s
group used enzymes to trigger an acyl migration that allowed switching of
a conformation and self-assembly of various peptides [47].
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Fig. 10 Tapping-mode AFM images (3 x 3 um) of LKL16-PEG (A) and thrombin digested
LKL16-PEG (B) at 24h, pH 9.0. Note that the digestion of LKL16-PEG by thrombin was
carried out after 2.5 h-incubation. z-Scale: 30 nm. [LKL16-PEG] = 40 uM
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Fig. 11 Schematic illustration of the -cyclodextrin(B-CDx)-controlled conformation and
self-assembly of Ad-2« peptide established by Mihara et al. Self-assembly of Ad-2« with
hydrophobic defects into S-sheet nanofibers was prevented by the complexation with
B-CDx. (Adapted from [40])

Guest additive-regulated peptide self-assembling systems have been re-
ported [40, 48-50]. For example, Mihara’s group fabricated the B-cyclodextrin
(B-CDx)-controlled peptide self-assembling system by using above men-
tioned Ad-2o having 1-adamantane carbonyl groups [40]. This peptide
gradually self-assembles into amyloid-like fibrils with «-to-g structural tran-
sition due to strong hydrophobicity of terminal Ad groups in neutral aqueous
solution. Interestingly, the addition of B-CDx (5.0 equiv to the Ad group)
inhibited «-to-f transition of Ad-2« by forming an inclusion complex spe-
cific to the Ad group, which diminishes or shields the hydrophobic defects
in Ad-2« (Fig. 11). In contrast, guest (metal)-induced nanofiber formation
was archived by the same group using a designed S-sheet peptide with His
residues at the both N- and C-termini, HPKFKIIEFEPH [48]. The peptide was
in random coil in a neutral buffer, but underwent the structural transition to
a f-sheet structure and self-assembled into tape-like nanofibers in response
to Cu?* ion. In this case, interaction of terminal His residues with Cu?* ions
acted in an important role in causing such self-assembly, which was also sup-
ported by the fact that the tape-like nanofibers were broken by the addition
of EDTA (Fig. 12).

Photo-isomerization of the exogenous anionic azobenzene (Az(COO7);)
has also been employed to control a self-assembling process of cationic pep-
tide [49]. Azobenzene is well known to change the overall geometry from
planar to non-planar and the polarity of azo-linkage by trans-cis photoiso-
merization. This polarity change of azobenzene can be transferred to the
target peptide by complexation as a slight change of total hydrophobicity. Fig-
ure 13 shows the transition kinetics of the cationic LKL16 peptide into the
B-sheet structure at pH 9.2 with trans-isomer and cis-isomer. In the presence
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Fig.12 Schematic illustration of the tape-like nanofiber formation of HPKFKIIEFEPH
peptide induced by Cu?* and the destruction by EDTA. (Adapted from [48])
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Fig.13 Time dependences of [0],15 values in CD spectra of LKL16 in the presence of
trans-azo(COO™), (e) and cis-azo(COO™); (o) in borate buffer (containing 5% TFE) at
pH 9.2. The peptides were incubated for the time indicated (0-4 h). [LKL16] =40 uM.
[azo(COO7),] = 80 uM. (Adapted from [49])

of cis-isomer, the [0],15 value in CD spectra decreased sigmoidally and the
B-sheet formation was accelerated at around 2-3 h. In contrast, a remarkable
acceleration of the «(random)-to-8 transition was observed in the presence of
trans-Az(COO™),. It seems that the hydrophobic trans-Az(COO~), (0-0.5D)
triggered a rapid formation of the B-sheet nucleus, which leads to the disap-
pearance of the lag-phase before conformational transition, by increasing the
total hydrophobicity of LKL16, in contrast to the case of relatively hydrophilic
cis-isomer (3 D).

The ability to regulate the peptide self-assembly temporally should be
useful in establishing a programmable molecular assembling system for the
fabrication of designed 3D-nanoarchitectures at controlled timing.
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23
Hybridization of Peptide Nanofibers and Synthetic Polymers

Peptide self-assembly into B-sheet nanofiber is attractive strategy to con-
struct one-dimensional (1D) nanostructures. These self-assembled 1D-nano-
structures lend themselves to a wide range of applications, including use in
biomedical engineering (such as tissue engineering) (Sect. 2.4) and in nano-
template engineering (Sect. 2.5). Transferring these organization principles
towards the structuring of synthetic polymers at the nano-scale would be in-
novative, and expand the potential applications drastically of self-assembled
nano-architectures. Thus, peptide-polymer hybrids will open a new gener-
ation of self-assembled nanofibers with unique properties.

In order to fabricate the peptide-polymer hybrid nanofibers, two ap-
proaches have been devised. One attractive approach is the work on a co-
valent attachment of synthetic polymers to oligopeptide-organizer units, i.e.,
nanofiber- or nanotube-formable short oligopeptides. Burkoth et al. utilized
a conjugate of poly(ethylene glycol) with the C-terminus of AB(10-35) frag-
ment of the amyloid 8 sequence (Fig. 14A) [51]. The AB(10-35)-PEG self-
assembled into water-soluble amyloid-like uniform aggregates with diameters
of >8nm at pH 5.7. Messersmith et al. demonstrated that shorter oligopep-
tides (7-mers and 11-mers; EG12-Q7 and Q11-PEG) also have the inherent
potential to self-organize PEG or oligo(ethylene glycol) into water-soluble
nanofibers (Fig. 14B) [52]. In both cases, interestingly, the lateral fiber aggre-
gations were obviously suppressed, and the nanofibers existed without pair-
ing under TEM observations. Generally, self-assembled pB-sheet nanofibers
have a propensity for uncontrollably aggregating into disordered tangles.
Thus, the PEGylation of 8-sheet nanofiber-forming peptides enable the mod-
ulation of nano-scale association of the nanofibers, particularly their lateral
packing. It should be noted that the PEGylation of 8-sheet peptide sometimes
changes its primary self-assembling property as described in Sect. 2.2, which
is probably based on the difference in aggregation tendency of the peptide-
organizer unit.

In order to strengthen a self-assembling tendency of peptide-organizer
unit in peptide-PEG hybrid, Borner et al. employed the carbazole-template
pre-organized oligopeptide instead of linear oligopeptide (Fig. 15) [53]. It has
been shown by Kelly et al. that the restriction of the conformational freedom
of oligopeptides and their pre-organization into optimized geometry strongly
promotes the anti-parallel g-sheet formation [39]. CD, AFM, and TEM meas-
urements revealed that the PEG-block-(template-oligopeptide) formed uni-
form B-sheet nanofibers with a height of ca. 1.4 nm and a maximum length
in the range of a micrometer under neutral conditions (Fig. 15). By com-
parison of the pre-organized conjugate with a linear PEG-block-oligopeptide
analog, it was demonstrated that pre-organization strongly enhanced the ag-
gregation behavior. The author noted that the tendency of such oligopeptide
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Fig.14 Chemical structures of various peptide-polymer hybrids that self-assemble into
B-sheet-based fibrous nanostructures

organizer units to form well-defined nanostructures can be potentially mod-
ulated over a wide range of tailor-made aggregators with tunable aggregation
strength and responsiveness as well as different target nanostructures. Based
on this concept, different types of peptide-polymer hybrid have already been
prepared by the same research group [54]. The peptide-polymer hybrid was
composed of a (D-alt-L)-cyclicpeptide as aggregator domain and a poly(n-
butyl acrylate)-graft chain (Fig. 14C). The controlled self-assembly of the
hybrid led to uniform nano-scale tube structure in organic solvent, in which
a tubular peptide-core was built by stacking the cyclic peptides and wrap-
ping poly(n-butyl acrylate)-graft chains around the peptide tube. In contrast,
we prepared an artificial peptide-grafted synthetic polymer: poly(y-methyl-
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Fig.15 Proposed structure for the aggregation of PEG-block-(template-oligopeptide) into
fiber-like aggregates showing a peptide core and a PEG shell. (Adapted from [53])

L-glutamate)-grafted polyallylamine (PMLG-g-PAA) (Fig. 14D) [55, 56]. The
PMLG segment with relatively short chain length (n = 14), which was em-
ployed as a secondary structure module, provides the hydrophobic driving
force for self-assembly in water. The secondary and quaternary structures of
the PMLG-g-PAA could be easily controlled by manipulating the pH, solu-
tion composition, and salt concentration, reflecting the propertiy of synthetic
PAA polymer unit. Only under the condition of low pH (< 8) or that of low
salt concentration (< 30 mM) did the electrostatic repulsive force based on the
protonated amino groups of PAA permit the controlled growth of PMLG-g-
PAA-aggregates and the tight packing of hydrophobic PMLG chains, resulting
in induction of highly-ordered nanofiber formation with «-to-g structural
transition (Fig. 16). On the other hand, at a higher pH (> 8) region or higher
salt concentration (> 30 mM), the PMLG-g-PAA was assembled rapidly with
o-helical conformation and formed poorly organized amorphous aggregates.
At high pH or high salt concentration, the positive charges present on the
PMLG-g-PAA will be screened or disappeared (pK, of amino groups of PAA
segment: ca. 8.0). This increased tendency for intermolecular interactions be-
tween PMLG-g-PAAs, which cause rapid aggregation of PMLG-g-PAA, is due
to a drastic decrease in electrostatic repulsion and an increase in hydropho-
bicity. Thus, this result demonstrated the possibility of a peptide-polymer
hybrid to regulate the self-assembling behaviour of artificial peptides depend-
ing on the property of synthetic polymer segments.

Another approach for fabricating the peptide-polymer hybrid nanofibers
is the polymerization method at the surface of self-assembled S-sheet
nanofibers (or nanotubes). In the §-sheet structure, adjacent g-strands align
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Fig. 16 Tapping mode AFM image (3 x 3 um) for PMLG-g-PAA after incubation for 48 h in
water/TFE (8:2 v/v) (pH 4.0) at room temperature. The PMLG-g-PAA formed nanofiber
structures with conformational transition from «-helix to antiparallel -sheet structure.
z-Scale: 0-40 nm. [MLG] = 1.1 x 107* M

at a distance of 4.3-4.8 A depending on the amino acid sequence, typic-
ally 4.8 A [57]. Mori et al. incorporated a diene as the polymerizable group
into the side chain of Lys residue (Lys(DE)), which is located in the center
of the S-sheet peptide sequence (KFE type) in order to cross-link g-strands
(Fig. 17) [58]. It is known that diene aligned at a distance of 4.9-5.1 A in the

Ac-Phe-Lys-Phe-Glu-Lys(DE)-Lys-Phe-Glu-Phe-NHz2

CAAAAS
P/ /-

~ 51-_ [-Sheet Nanofiber

l Photo-polymerization

V/ (/.

Fig.17 Radical polymerization of diene (DE) groups attached to the S-sheet peptides at
the surface of self-assembled nanofibers. (Adapted from [58])
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crystalline state undergoes topochemical polymerization [59]. When the pep-
tide containing Lys(DE) formed an anti-parallel S-sheet structure through
self-assembly, the diene groups aligned ca. 5 A apart on the S-sheet. As a re-
sult, photopolymerization of the diene groups was successfully proceeded
without distorting the S-sheet structure (Fig. 17). The obtained polymer-
ized nanofiber showed high stability against acid-denaturation and added
1,1,1,3,3,3-hexafluoroisopropanol (HFIP).

Such -sheet-templated topochemical polymerization of diacetylenes has
been reported by Jahnke et al. [60]. They designed the macromonomer
(Fig. 18), which includes four functional units; (1) a hydrogenated poly(iso-
prene) segment to provide solubility in organic solvents and prevent global
ordering; (2) a tetra(Ala) segment to induce anisotropic self-assembly by
B-sheet formation; (3) a diacetylene moiety integrated directly into the peptide
segment as a photo-polymerizable unit; and (4) an NHAc end group capable of
forming hydrogen bonds to promote a parallel arrangement of the molecules.

H : /T\
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CH3

\

Fig.18 Self-assembly and topochemical polymerization of diacetylenes functionalized
with a 8-sheet-forming oligopeptide. (Adapted from [60])
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The macromonomer self-assembled into a supra-molecular fibrillar structure
with a double-helical topology that was then converted into the corresponding
poly(diacetylene) by UV irradiation (Fig. 18). Such highly-conjugated organic-
nanofiber is expected to exhibit electronic and optical properties of interest for
applications ranging from molecular-wires to biosensors based on extended
m-electron delocalization along their backbones.

Atom transfer radical polymerization (ATRP) is also an interesting strat-
egy to construct peptide-polymer hybrid 1D-arrays. Graft-polymerization of
N-isopropylacrylamide was carried out from the surface of self-assembled
peptide nanotube in water, and as a result, cyclicpeptide-poly(N-isopropyl-
acrylamide) hybrid nanotube was successfully prepared (Fig.19) [61]. In
other words, this research indicates that surface chemistry of 1D-peptide
nano-assembly can be adjusted by the grafted synthetic polymers, such as
thermo-sensitive PNIPAM and polyelectrolytes.
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Fig.19 Schematic outline of the synthesis of peptide-polymer hybrid nanostructure.
A cyclicpeptide with ATRP initiators self-assembles to form a peptide nanotube through
B-sheet formation. A subsequent surface-initiated ATRP of NIPAM monomer coats the
peptide nanotube by PNIPAM-shell. (Adapted from [61])
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24
Applications in Biomedical Engineerings

Self-assembling f-sheet peptides have provided the de novo designed nano-
scaffolds with potential applications in biomedical engineering, such as tissue
engineering, biomineralization, and ultimately, regenerative medicine [33, 35,
62-71]. For example, Stupp et al. used a cylindrical §-sheet of nanofibers pre-
pared through self-assembly of PA molecules to serve as a template for the
mineralization of hydroxyapatite (HA) crystals in the correct crystallographic
orientation [33]. As we introduced in Sect. 2.1, these PA molecules consist of
a hydrophobic alkyl tail, covalently coupled to a charged peptide head group
containing a B-sheet forming segment, and a bioactive segment. By incorpo-
rating a phosphorylated Ser within the peptide region, calcium or other ions
can be attached, which enables direct mineralization of HA (Fig. 20). At the
lowest structural level in bone tissue is the organization of collagen fibrils
with respect to HA crystals. The collagen fibrils are formed by self-assembly
of collage triple helices and the HA crystals grow inside grooves and chan-
nels of these fibrils in such a way that their c-axes are oriented along the long
axes of the fibrils [64, 65]. In the case of PAs, preferential alignment of the
HA crystallographic c-axis with the long axis of self-assembled PA-nanofiber
with ca. 8 nm in diameter was observed as well as the case of collagen fibril in
bone [33].

The C-terminus of the PA was further modified with a three amino acid
moiety of Arg-Gly-Asp (RGD). This RGD sequence has been found by Pier-
schbacher et al. to play an important role in integrin-mediated cell adhe-
sion [66]. Since the peptide head group is displayed at high density along the
nanofiber periphery in this molecular system, incorporation of RGD motif
into the PA system promotes cell attachment. In fact, the efficient adhesions
of mesenchymal stem cells [67] and bladder smooth muscle cells [68] to the
RGD-containing PA-nanofibers have been demonstrated. Bioactive sequence
of IKVAV, which is found in laminin and known to promote neurite sprout-
ing and to direct neurite growth, has also been employed in these PA systems
to act as epitope for influencing cell behavior as well as RGD sequence. The
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Fig.20 Chemical structure of self-assembling peptide-amphiphile (PA) with bioactive
sequence (designed by Stupp et al.)



Self-Assembled Peptide Nanofibers 53

IKVAV-containing PA-nanofiber scaffold induced very rapid differentiation
of neural progenitor cells into neurons based on the amplification of bioac-
tive epitope presentation to cells by the nanofibers (roughly estimated to be
7.1 x 10'* IKVAV epitopes/cm?) [35].

Another kind of peptides containing 12-20 alternating hydrophobic and
hydrophilic amino acids are induced to self-assemble into nanofibers, and
ultimately form self-supported hydrogels with great potential applications
in tissue engineering. For instance, Kisiday et al. proved the usefulness of
peptide hydrogel scaffold from 12-mers amphiphilic peptide, KLD-12 (AcN-
KLDLKLDLKLDL-CNHj,), for cartilage repair [69]. During 4 weeks of culture
in vitro, chodrocytes seeded within the hydrogel, retained their morphology,
and developed a cartilage-like extracellular matrix rich in proteoglycans and
type II collagen. Such S-sheet-3D-scaffold made from RADA16 [20] has been
used for controlled differentiation of putative adult rat progenitor cells [70].
Another 20-mer amphiphilic peptide, consisting of alternating K and V
residues and flanking a type II' B-turn (MAX1 in Table 1), has been reported
to form rigid hydrogel in Dulbecco’s modified eagle’s medium (DMEM). This
hydrogel fostered the ability of the NIH3T3 cells to attach to the hydrogel scaf-
fold in the absence and presence of serum proteins, and was able to support
fibroblast proliferation to confluency [71].

The cytocompatibility and mechanical strength of these peptide 3D-
scaffolds, as well as the easy incorporation of bioactive motifs to the scaffolds,
make them attractive candidates for use in biomedical engineering.

2.5
Applications for Nano-Templates

Self-assembled peptide nano-objects, including nanofibers and nanotubes,
are expected to possess potential as templates for producing nano-scale elec-
tronic components, and accomplishing dimension-regulated nano-organiza-
tion of functional molecules such as metal particles, proteins, and synthetic
polymers.

Gazit et al. showed the synthesis of metal nanowire using peptide nano-
tube, which was prepared through self-assembly of very short H,N-Phe-Phe-
COOH dipeptide [72]. This dipeptide appeared to be highly soluble in the
organic solvent of HFIP (> 100 mg/ml), but showed a rapid assembly into
discrete and stiff nanotubes with a diameter of ca. 100-150 nm and a 8-sheet-
like conformation after dilution into aqueous solution at a final concentration
of uM range. Reduction of ionic silver (Ag") within the nanotubes, followed
by enzyme degradation of the peptide mold, enabled the production of dis-
crete silver nanowire with ca. 20 nm diameter (Fig. 21).

Peptide nanofibers were also utilized as nano-template for the synthe-
sis of metal nanowires and for the spatial control of inorganic nanopar-
ticles [73,74]. Wang et al. prepared p-sheet-based peptide nanofiber with
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Fig.21 Casting of silver nanowires with the peptide nanotubes. The nanowires were
formed by the reduction of silver ions within the nanotubes, followed by enzymatic
degradation of the peptide mold. (Adapted from [72])

positive charge from 12-mers synthetic peptide (T1: HN-RGYPWAGDYNYP-
COOH). It is well known that metal colloidal nanoparticles are usually nega-
tively charged due to the adsorption of anionic stabilizer. Therefore, the metal
nanoparticles would self-organize at the nanofiber surfaces through electro-
static interactions. In fact, the author demonstrated one-dimensional arrays
of Au and Pd nanoparticles along the nanofiber-template from TEM measure-
ments. In addition, when a PdCl, solution was repeatedly added to a suspen-
sion of T1-Pd hybrid nanofiber followed by reduction of Pd"! ions with hydro-
gen (Pd! + H, — Pd° + 2H"), Pd nanoparticles grew and more Pd particles
aggregated on the template, resulting in the formation of Pd nanowires [74].
These strategies are limited, however, to water-soluble nanoparticles, be-
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Fig.22 Schematic illustration of the immobilization of diaminopyridin-functionalized Au
nanoparticles onto thymine-modified self-assembled B-sheet nanofiber through comple-
mental base-pairing in apolar solvent. (Adapted from [75])
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cause the templates used require water as a solvent. To address this issue,
Stupp et al. devised a strategy for the creation of one-dimensional assemblies
of lipophilic inorganic nanoparticles in apolar solvents by using peptide-
based nanofibers with surface-binding motifs [75], as illustrated in Fig. 22.
Lipophilic Au nanoparticles modified with diaminopyridin (DAP) groups
were immobilized onto thymine-modified nanofibers through thymine-DAP
base pairing in CCly. This research introduces new insights for developing
biological/inorganic hybrid nanomaterials.

Peptide nanofibers were used as nano-templates not only for inor-
ganic materials, but also for 1D-protein array. The biotinylated peptides
were incorporated into the nanofibers co-assembled with non-biotynylated
peptides, allowing regular immobilization of streptavidin (SAv) onto the
nanofibers [76, 77]. Since the SAv has four biotin-binding sites, the additional
and versatile functionalization of SAv-immobilized nanofiber would be pos-
sible by using various biotin derivatives. Our group successfully accomplished
the introduction of chemically synthesized biotin-terminated PNIPAM onto
the biotin-functionalized nanofiber through biotin-avidin complexation at
pH 9 (Fig. 23). The resultant PNIPAM/SAv-immolized nanofibers showed
thermo-response based on the character of surface-bound PNIPAM segment.
Figure 23C shows the TEM images of PNIPAM/SAv-immolized nanofibers.
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Fig.23 A Chemical structures of biotin-terminated LKL16 and PNIPAM used as build-
ing units for the thermo-responsive nanofiber architecture. B Schematic illustration of
the nano-organization of PNIPAM onto biotin-LKL16/LKL16-mixed nanofiber template
through biotin-SAv complexation. ¢ TEM images of PNIPAM/SAv-immolized nanofibers
prepared onto carbon-coated copper grids at 20 °C (below LCST of PNIPAM) or 45°C
(above LCST of PNIPAM)
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TEM samples were prepared onto carbon-coated copper grids at 20 °C (below
LCST of PNIPAM) or 45 °C (above LCST of PNIPAM), and Au nanoparticle-
modified SAv was used to make SAv visible under TEM observation. At below
LCST of PNIPAM segments (20 °C), the SAv located on nanofiber discretely.
On the other hand, at above LCST of PNIPAM segments, the nanofibers ag-
gregated with each other due to dehaydrated PNIPAM-PNIPAM interaction.

Thus, the engineered peptide nanofibers can be applied to develop nano-
arrays of various chemical and biological molecules.

3
Helix-Based Self-Assembled Nanofibers

Peptide self-assembly as a tool for nanofabrication has been given a lot
of attention in recent years. As we described above, such assemblies have
potential as novel nanobiomaterials. Considerable work has been done to
fabricate fibrous peptide assemblies by using S-sheet-forming peptides (see
Sect. 2). Relatively less has been done with «-helix-based nanofiber architec-
tures. However, the potential of using helical peptides for the construction of
well-defined peptide nanofibers remains great,considering the fact that fibrils
derived from «-helical coiled-coil motifs exist widely in native biological sys-
tems, such as in an extracellular matrix. Collagen triple helix structures will
also be useful as structural motif for nano-organization. Thus, molecularly
engineered helical peptides are also an attractive target as self-assembling
building units for structurally-regulated nanofiber formation. In this section,
we focus on the recent works for the design concepts and characterization of
fibrous nano-assemblies from helical peptides.

3.1
Coiled-Coil Motif

Coiled-coil helix is one of the most common folding motifs in proteins.
This conformation has been found in a wide variety of proteins including
structural proteins and leucine zipper proteins of transcription factors. The
former, for example, o-keratin is known to adopt coiled-coil helices, which
pack parallel orientations with straight axes, and the axes of individual helices
pursuing a helical course to form multi-stranded fibers [78,79]. In the later
case, GCN4, a special type of coiled-coil protein that belongs to a class of
transcription factors, regulates the expression of many different genes in both
simple and complex organisms [80]. One structural feature of coiled-coil
is a bundle of two- or more right-handed amphiphilic «-helices wrapping
around each other into a slightly left-handed superhelix. The typical amino
acid sequence of a coiled-coil is a seven amino acid repetition, (a, b, ¢, d, ¢, f,
g)n where a and d amino acids are hydrophobic residues, and other residues
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are usually polar ones. The hydrophobic interaction between residues a and
d at the hydrophobic core, which is formed by the side-by-side packing of
two «-helices, constitutes the main force for stabilizing the super coiled he-
lices (e.g., Fig. 24C). Ionic residues are often used at positions e and g in the
designed coiled-coil peptides. The stabilization of the supercoiled helix is en-
hanced or diminished by positioning attractive or repulsive charged groups
at e and g positions. It is also possible to design polypeptides that have the
propensity to form parallel and anti-parallel orientation based on charge-
charge interactions at the e and g positions on adjacent helices. A number
of studies have been performed on the use of the coiled-coil motif as a func-
tional peptide-based material [81-83]. In the course of such research, some
of fabrications of designed «-helical coiled-coil-based nanofibers have been
accomplished.

Woolfson et al. have produced nanofibers with a design based on a dimeric
coiled-coil structure [84-89]. They successfully fabricated self-associating
coiled-coil nanofibers by using a “sticky-end” design, similar to that found
in DNA assembly. Figure 24 shows their design concept and sequences of the
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Fig.24 Coiled-coil-based self-assembling peptide system designed by Woolfson’s group.
A Amino acid sequences of self-assembing fiber (SAF) peptides (SAF-pl, -p2 and -p3).
B Concept for a sticky-end assembly process. Complementary charges in companion pep-
tides direct the formation of staggered, parallel heterodimers; the resultant sticky-end
are also complementary and promote longitudinal association into extranded nanofibers.
C Helical wheel representation of coiled-coil conformation. (Adapted from [85])
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first generation self-assembling fiber (SAF) peptides [85]. They first designed
two 28-residue SAF peptides (SAF-pl and SAF-p2) to form extended fibers
when mixed by folding them into a staggered heterodimer with overhang-
ing ends (Fig. 24A). Each peptide comprised of a heptad repeat (a, b, ¢, d, e,
f> &) with Ile at a and Leu at d to form coiled-coil dimers. In order to stabi-
lize the staggered dimmer with sticky-ends, oppositely charged Glu and Lys
residues were incorporated at positions e and g. Interestingly, Asn residues,
which preferentially form a hydrogen bonding pair with each other in coiled-
coil dimer, were introduced to cement the above conformation and to favor
parallel structures. For comparison, SAF-p3 was also designed as a circular
permutation of SAF-p1 with residues 15-18 swapped for residues 1-14. CD
spectra clearly showed a coiled-coil helix formation with negative bands at
222nm and 208 nm when the SAF-pl and SAF-p2 were mixed at 100 uM,
pH 7 and 5 °C. Prolonged incubation for 1 h caused the spectral change: the
signal at 222 nm doubled in intensity while the signal at 208 nm remained
almost unchanged. In parallel with such structural change, TEM images
demonstrated that the matured nanofiber possessed a width of ca. 40-50 nm
and alength > 10 pm. In contrast, such nanofiber formation was not observed
in the mixed systems of SAF-p2 and SAF-p3, which formed heterodimers with
“blunt-ends”. Interestingly, the observed nanofibers were thicker than the
average diameter of two-stranded coiled-coil (ca. 2 nm). Therefore, the author
concluded that the designed two-stranded coiled-coil nanofibers associated
laterally into high-order assemblies. In fact, this lateral assembly was also
confirmed by using fluorescently labeled SAF-p1 and SAF-p2 [86]. Woolfson’s
group also developed second-generation SAF peptides that enable the intro-
duction of kinking and branching structures into the nanofibers [87-89].
They first tried to add non-linear specific peptides, SAF-C2Y and SAF-D2€,
into the above mentioned standard SAF peptides mixture [88, 89]. Figure 25A
shows the primary structures of newly designed specific SAF building units.
The amount of kinking and branching was changed by the type and con-
centration of the specific peptides, but this SAF system was more susceptible
to kinking [87]. In order to introduce the branching structure into coiled-
coil nanofiber, they next designed a mixed system of standard SAF peptide
and “T-shaped” peptide as shown in Fig. 25B [89]. For SAF-pl and SAF-p2
alone, TEM and SEM analyses revealed linear nanofibers (ca. 50 nm thick
and a length > pum) without junctions or branches. On the other hand, when
T-shaped SAF was co-assembled with SAF-p1 and SAF-p2 (100 M each pep-
tides, pH 7.0, 20 °C), branching points were produced in nanofibers. The
authors claimed that one problem with this system was that the branching
structure appeared not to be completely tolerated by the nanofibers; in which
~ 30% of the nanofibers had branches.

Some other excellent works concerning coiled-coil helix-based self-
assembling nanofibers have been accomplished in last 5-10 years [90-97].
Ogihara et al. reported another strategy to create one-dimensional organi-
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Fig.25 Molecular structures of the 2nd-generation of SAF and T-shaped SAF building
blocks developed by Woolfson’s group

zation of coiled-coil helix by controlling the topology [91]. They employed
three-dimensional domain-swapped protein, consisting of a three coiled-coil
helix bundle with an up-down-down topology (Fig. 26). TEM, CD, and FTIR
clearly showed the long fibrous aggregates with a width of 40-70 nm, and
coiled-coil helical conformation at both acidic and neutral pHs. The fibrils
were considered to be composed of several protofibrils, which corresponded
to the thickness of one to three triple-stranded «-helical bundles. Potekhin et
al. proposed a structural model for the rational design of «-helical nanofibers
with five-stranded coiled-coil through self-assembly of 34-mer oligopeptide
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Fig.26 Design of a domain-swapped open aggregate (DSAg) of Mon 2 with up-down-
down topology. The designed e-g salt bridges stabilizing the conformation for DSAg
(right figure). Helical wheel diagram and amino acid sequence of DSAg (left figure).
(Adapted from [91])

(QLAREL(QQLAREL)4) [92]. On the basis of their model, an oligopeptide
with a heptad repeat sequence can self-assemble into an n-stranded rope (n:
degree of oligomerization of the helix bundle) and the shifts Al of the ad-
jacent «-helices should be equal to a value divisible by one heptad (Fig. 27).
On the other hand, the staggered helices of the n-stranded rope complete
one turn without overlapping, if the Al shift is more than (L + éI)/n, where
L = amino acid residues, 8l = residue equivalents (usually 1 or 0, for sin-
gle space for head-to-tail packing of a-helices). The shift of more than
(L + 8I)/n, may be unfavorable because it leads to the head-to-tail gap and
exposure of some hydrophobic amino acids at a and d positions to the
solvent. Therefore, they concluded that the most favorable minimal length
of the a-helix for an n-stranded rope was (n x 7 - 1) residues, i.e., 20, 27,
and 34 residues for three-, four-, and five-stranded fibrils, respectively, as
shown in Fig. 27. Zimenkov et al. constituted an experimental verification of
the Potekhin model. They observed the formation of long aspect-ratio he-
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Fig.27 Schematic structural model of the self-assembly of a 34-mer «-helical peptide
(QLAREL(QQLAREL),) into a five-stranded coiled-coil fiber reported by Potekihin et al.
(Adapted from [92])

lical nanofiber with uniform diameter ranged from ca. 20-50 nm, in which
the fundamental structural subunit corresponded to a dimeric coiled-coil
associated laterally by thermal annealing of 42-mers peptide (YZ1; Ac-
ETAQLEKEIQALEKENAQLEKKIQALRYKIAQLREKNQALRE-CONH;) under
controlled conditions [93]. Reversible assembly of helical filaments was
also reported by Frost et al. from de novo designed 18-mers short pep-
tide (KIA13: AKAIAATAKAIAATAKAG) in buffer at pH 7 [94, 95]. From the
CD spectroscopy, turbidity and in-situ TM-AFM measurements, KIA13 pep-
tide was found to form insoluble nanofibers with coiled-coil association at
high NaCl concentrations (> 850 mM), soluble fibers at intermediate NaCl
concentrations (150-850 mM), and exist in an unfolded state at low NaCl
concentrations. Reducing the NaCl concentration completely reversed the
above process. In this molecular system, hydrophobic interactions were used
to drive assembly into nanofibers. Similarly, Fairman et al. also pointed
out that using the hydrophobic effect to drive self-assembly circumvents
problems of uncontrolled self-assembly using electrostatics as a mode of self-
assembly [96]. They designed a peptide, CpA, consisting of two GCN4-like
sequences separated by two Ala-residues. The Ala-Ala insertion introduced
a phase shift in the heptad repeat, generating two hydrophobic faces oriented
at 200° with respect to each other on the a-helix, and, as a result, a CpA dim-
mer with hydrophobic “sticky ends” was produced to initiate a well-regulated
polymerization into nanofilaments and nanoropes (Fig. 28).

CpA: CKQLEDKIEELLSK AA CKQLEDKIEELLSK

R

Hydrophaobic Surface

Fig.28 Molecular model of a self-asembled polymer from the CpA. The two-alanine
insertion results in a phase-shift of ca. 200° of the C-terminus hydrophobic surface, rela-
tive to the N-terminus hydrophobic surface, leading to a CpA dimer with hydrophobic
sticky-end. (Adapted from [96])
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These coiled-coil helix-based nanofibers are expected to be used as nano-
templates and nano-scaffolds in chemical and biological fields, as also
expected in f-sheet-based nanofibers. More recently, in fact, coiled-coil self-
assembling nanofiber was reported to act as a template for polypeptide
synthesis [97].

3.2
Another Class of Helix Nanofibers

Another type of helix-based nanofiber using the self-assembly “bottom-up”
approach was also fabricated using collagen-like triple helix foldamer as
a building unit. Collagen is the major protein constituent of diverse tis-
sues such as bone, skin, and cornea [98]. Its high natural abundance and
intrinsic plasticity have accelerated the development of collagen as a biome-
terial [99, 100]. Collagen is a rod-like macromolecule with ca. 280 nm length,
a diameter of 1.2 nm, and consists of three strands that wind into a coax-
ial helix (triple helix) [101-103]. Each strand has the repeating sequence
Xaa-Yaa-Gly with the most typical triplet being Gly-Pro-Hyp. Various chem-
ically synthesized collagen-mimetics have been reported, but such triple he-
lices are limited to the length (< 10 nm) in many cases. To overcome such
a problem, Raines et al. applied the “sticky-end” strategy to a collagen self-
assembling molecular system [104]. Figure 29 shows the primary structures

al: (ProYaaGly)s-(ProYaaGly);-CysGly

|
a: (ProYaaGly),-GlyCysCysGly{ProYaaGly)s
|
al''  (ProYaaGly)s-(ProYaaGly);-CysGly  yaa= Pro or Hyp

Intramolecular
R,' triple-helix formation

fufemm'ecm‘nr triple-helix formarion

Fig.29 Molecular structures of multi-branched self-assembling collagen-models, and
representation of the self-assembly process of the collagen models through triple-helix
formation. (Adapted from [104])
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of their collagen-mimetics with sticky-end. The (ProHypGly)s segments in
the two identical strands (a1 and «l’) and third strand («2) form an in-
tramolecular triple helix. The data of CD, DLS, ultracentrifugation, AFM,
and TEM measurements indicated the formation of natural collagen-like long
nanofibers (> 400 nm) through the intermolecular assembly of the overhang-
ing (ProHypGly)s segments (Fig. 29).

Our research group also fabricated a peculiar «-helix-based nanofiber by
the precise design of helix-helix interaction. Figure 30 shows the amino acid
sequence and structural model of the amphiphilic «-helical 18-mers pep-
tide used as a building unit for self-assembly. The designed peptide contains
the following sequence: AEAQAQAEAARAQAQARA. Due to the high Ala
content, the peptide is helical, and provides hydrophobic and hydrophilic

Non-Polar Face
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A 23 A
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Fig.30 A Structural model of de novo designed «-helical 18-mers oligopeptide with
distinct polar and non-polar faces, AEAQAQAEAARAQAQARA. B CD spectrum of the
peptide in Tris/HCI buffer at pH 7.0. The CD spectrum was time-independent within the
period of 24 h. [peptide] = 40 uM
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surfaces. Oppositely charged Arg and Glu residues were incorporated to ce-
ment the helix-helix interaction with each other. The Gln residues, as well
as the Arg and Glu residues, promoted solubility in water (Fig. 30A,B). CD
spectra demonstrated that the peptide formed «-helix structure in a buffer
in both cases at pH 3.1 and pH 7.0 (Fig. 30C), although the helix content at
pH 7.0 was slightly higher than that at pH 3.1. It was found from an AFM
study that the a-helical peptide self-assembled into tape-like thin and straight
nanofibers with a height of 0.8-1.0 nm at pH 7.0 (Fig. 31A). The observed
height corresponds well to the diameter of the a-helix. Therefore, these «-
helix nanofibers probably consist of a helix monolayer, in which the peptide
helices interact with each other in two-dimensions, through the hydropho-
bic interaction between Ala residues and electrostatic interaction between
Glu and Arg residues. In fact, such nanofiber formation was not observed
at the condition of pH 3.1, at which the negative charges present on the Glu
residues were shielded or had disappeared. Moreover, the helix-macrodipole
interaction (namely, the head-to-tail antiparallel orientation of the helices,
which is energetically more favorable) may also contribute to the stability of
the tape-shaped, high-order structure. The dipole moments of amino acid in
an «-helical peptide align in the same direction, nearly parallel to the helix
axis, then the resulting macroscopic dipole generates an electrostatic poten-

10 nm

0 nm

(B)

Fig.31 A Tapping-mode AFM image of AEAQAQAEAARAQAQARA obtained at pH 7.0.
[peptide] =40 uM. z-Scale: 10 nm. B Structural model of the observed «-helical nano-
fibers
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tial, directed from the N-terminus to the C-terminus [21]. We reported direct
evidence for helix-helix macrodipole interaction by exploring an attractive
interaction between the disulfide-modified poly(L-glutamic acid)(PLGA) self-
assembled monolayer on gold and redox active PLGA derivatives as guest
helices [105-107]. Thus, this macrodipole interaction, as well as the hy-
drophobic interaction and ionic pairing, should be one of the useful medi-
ators used to construct the high-order structure of «-helix-based nanofiber
(Fig. 31B).

Thus, these works offer intriguing possibilities of precisely designed syn-
thetic helical peptides for the construction of functional nano-scaled materi-
als, including new types of nanofibers.

4
Summary

Molecular self-assembly is a good candidate for a breakthrough technology
that enables the fabrication of complicated three-dimensional objects from
the bottom-up in the region scaled between nanometers and submicrons,
which is difficult to accomplish by the conventional top-down approaches.
In this paper, we reviewed some recent powerful strategies for fabricating
various supramolecular nanoarchitectures, focusing especially on nanofiber
architectures, through controlled self-assembly of artificial peptide build-
ing blocks. Interest in polypeptides as building blocks is driven by their
ability to form well-regulated high-order structures such as «-helix and g-
sheet, and to hierarchically self-organize into 3D-nanostructures. Moreover,
such conformations of artificial peptides can fundamentally be designed by
selecting the amino acid sequence and environmental conditions, and as
a result, various types of peptide nanofibers have been constructed. The
possible applications for such peptide-based nanofibers as a new class of soft-
materials are wide, from the field of biomedical engineering, such as tissue
engineering and biomineralization, to the nanotechnology field for engin-
eering devices, sensors, and electronic nanocomponents. Investigating the
self-assembly of synthetic peptides is also likely to make an important con-
tribution to our understanding of the mechanism of protein folding and
aggregation.
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Abstract This review introduces recent research in the area of self-assembled nanostruc-
tures from rod molecules in solutions; in particular one-dimensional nano-aggregates
such as fibers, ribbons, tubules are highlighted. Self-assembled nanostructures are well-
known to be strongly dependent upon the architecture of molecular building blocks; thus,
in this review we discuss assembling behavior and the related functions associated with
molecular shapes such as simple rod-coils, macrocycles, dendron-rod-coils, dumbbells,
wedges and conjugated rods with lateral chains. In addition, biomimetic or bioconjugate
amphiphilic rod systems are described.

Keywords Cylindrical micelles - One-dimensional nanostructures - Molecular rod -

Nanofibers - Self-assembly - Supramolecular objects

Abbreviations

AFM  Atomic force microscopy

CD Circular dichroism

DLS  Dynamic light scattering

DRC  Dendron-rod-coil

DSC  Differential scanning calorimetry
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ED Electron diffraction

EHMA 2-Ethylhexyl methacrylate

EMA  Ethyl methacrylate

FESEM Field emission scanning electron microscopy
FRET Fluorescence resonance energy transfer
HOMO Highest occupied molecular orbital

HP Hexa-para-phenylene

LUMO Lowest unoccupied molecular orbital
op Oligo(para-phenylene)

OPV  Oligo(para-phenylene vinylene)

OPE  Oligo(para-phenylene ethynylene)

PEO  Poly(ethylene oxide)

PPO  Poly(propylene oxide)

SANS  Small-angle neutron scattering

SAXS  Small-angle X-ray scattering

SEM  Scanning electron microscopy

STM  Scanning tunneling microscopy

TEM  Transmission electron microscopy
WAXS Wide-angle X-ray scattering

XRD  X-ray diffraction

1
Introduction

Creation of supramolecular architectures that have a well-defined shape and
size has been one of the major research areas of materials science, nanochem-
istry, and biomimetic or bioinspired chemistry. Fine tuning of supramolecu-
les is particularly important due to the operative functions. Self-assembly
of molecules via secondary forces including hydrogen bonding, electrostatic,
van der Waals interactions, and the hydrophobic effect is a powerful tool to
develop desired supramolecular functional materials and artificial biomate-
rials [1-5]. Among a variety of self-assembling soft materials, e.g. coil-coil
block copolymers or small molecular surfactants, in recent years, molecu-
lar rods containing flexible coils have received plenty of attention as self-
assemblers [6]. The peculiar self-assembling power of the molecular rod
system which stimulates researchers’ interest is the distinct conformational
and shape contrasts between rigid rod and flexible coil blocks, as well as am-
phiphilicity from designed block compositions. Via these driving forces, rod
molecules with coil segments can show microphase-separation into ordered
structures. In addition, the enhanced segregation leads to assembled struc-
ture with relatively small dimensions (a few nanometers), compared to con-
ventional coil-coil block copolymers. Many researchers have studied supra-
molecular structures using diverse molecular rod blocks such as helical pep-
tides [7, 8], isocynates [9], mesogenic phenyl units [10] and rigid conjugate
aromatic units [11, 12]. Researchers have found that observed morphologies
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are determined by the cooperative effects of several molecular parameters
such as volume fraction, rod anisotropy, molecular structural topology and
coil-cross sectional area [13-15].

Meanwhile, block molecules may associate to form aggregates when they
are exposed to a selective solvent that is a good solvent for one block
and a poor solvent for the other block. The solvent-assisted supramolecu-
lar structures are strongly dependent upon solvent polarity, block composi-
tion/architecture, temperature and molecular weight, which substantially de-
termine solvent-block interactions [16-19]. Several self-assembling molecu-
lar systems such as glycolipids [20], lipid-peptides [21,22], polymer-metal
molecular hybrids [23] and coil-coil block copolymers [24] have been studied
extensively and show a wide variety of aggregate structures including spheres,
cylinders, vesicles and toroids. Several review articles have discussed solution
behavior of the above molecular building blocks [25,26]. A newly emerg-
ing molecular candidate, i.e. rod building blocks bearing flexible coils, may
self-assemble into ordered nanostructures as long as the molecular struc-
tures are rationally designed to be endowed with self-assembling features.
Although diverse morphologies are expected, one-dimensional nanostruc-
tures like fibers, tubules and ribbons with well-defined shape and size are one
of the most important subjects in material or bio-related chemistry. For ex-
ample, a 1-D shape with micro-length scales can be used for electro-active
supramolecular wires for the development of nanodevices, scaffolding units
of stable gel materials, structure-directing agents for shape-specific mineral-
ization etc. [27-31]. From the beginning of the rod system, rod blocks have
employed non-mesogenic units such as polyferrocenes [32] polypeptides [33]
and polyisocyanides [34, 35] where 1-D hollow nanotubes, stimuli-responsive
vesicles, and helical superstructures were revealed in the solutions. Mean-
while, in recent years, rod molecules have adopted aromatic rod segments
because aromatic rods exhibit their particular functions via 7-m interaction,
in addition more well-defined molecular structures can be obtained by step-
wise coupling pathways [36] as compared to non-mesogenic rod segments
that mainly rely on polymerization methods [37,38]. Thus, self-assembling
aromatic rod systems would be an ideal model to define correlations between
solution properties and molecular parameters. Although non-1-D structures
were observed and are interesting, in this review we focus on 1-D assem-
blies, the so-called nanofibers and related nanostructures, of molecular rods
in solutions.

As far as the criterion for sectioning this review article is concerned, it
is not straightforward. For convenience, we will review 1-D assemblies of
molecular rods in terms of molecular architecture. We classify rod assem-
blers into six molecular categories; (1) rod-coil molecules, (2) macrocyclic
molecules, (3) dendron-rod-coil molecules, (4) dumbbell-shaped molecules,
(5) wedge-typed molecules, and (6) conjugate rods with lateral chains. We
will describe biomimetic or bioconjugate amphiphilic rods in the last section.
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2
One-Dimensional Assemblies of Molecular Rods in Solutions

One-dimensional nanostructures such as fiber, ribbon and tubules in solution
states by self-assembly of rod molecules, and their related functions will be
introduced.

2.1
Rod-Coil Molecules

Rod-coil molecules are composed of conformationally rigid rod and flexible
coil blocks in a molecular structure. Among possible amphiphilic rod can-
didates, they would have the simplest molecular structure, and thus are easy
to approach via simple synthetic pathways. So far, several rod-coil molecules
that form one-dimensional fibrous aggregates in solution have been reported.

In comparison to achiral molecules, chiral molecules have optical activities
due to their asymmetric chiral centers, resulting in rotating a plane polar-
ized light in a preferred way of either right or left direction. Introduction
of an optically active chiral group particularly near the interface of rod/coil
building blocks might be able to induce a preferred rod packing direction,
leading to a supramolecular chirality, i.e., a helical arrangement of the rod
segments. In 2002, Meijer et al. reported on an ABA-typed triblock coil-
rod-coil molecule (1) that consists of chiral penta(ethylene oxide) coils and
a hexathiophene rod [39, 40]. As confirmed by the AFM image of Fig. 1a, the
molecules formed chiral helical aggregates in n-butanol or water, accompa-
nied by a hypsochromic shift of the UV-Vis absorption, a hypochromic effect
of the fluorescence and bisignate CD data.

The helical aggregates show a phase transition at a certain temperature,
the so-called “melting temperature” at which it loses the CD activity. How-
ever, somewhat different CD behavior between butanol and water solutions
was observed. Upon heating, in butanol the aggregates directly transform into
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Fig.1 a AFM image of 1, showing left-handed helical aggregates. b Cotton effect as a func-
tion of the mol of “sergeant” 1 compared to “soldier” 2. ¢ Cotton effect observed after fast
and slow cooling of a mixture of 1 and 2. Reprinted with permission from [40]. © (2002)
American Chemical Society
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molecularly dissolved species at 30 °C, while in water they pass through achi-
ral aggregates. In this rod-coil system, Meijer et al. also proved a “sergeant
and soldiers” phenomenon which means that chirality in aggregates can be
produced in the presence of a small amount of chiral molecules (in this work,
compound 1) in an assembly of major achiral molecules (in this work, com-
pound 2) (Fig. 1b). On slow cooling, monitoring of CD spectra indicated that
a mixture with 25% of 1 shows a similar CD spectrum to that of pure 1
(Fig. 1c). Strikingly, upon fast cooling the chirality inversion was observed,
from which the authors proposed that in this case the inversed chirality is
favored kinetically.

Lee et al. have employed rod-coil molecular systems consisting of
oligo(para-phenylene) (OP) rod units for the study of self-assembled nanos-
tructures in the solution state [41]. Amongst a variety of rod building blocks,
OP-based rod segments would be one of the closest molecular units to ideal
rod segments due to their high aspect ratio and rigid conformation. Lee’s
group began with a simple coil-rod-coil molecule (3) where a linear type
hexa-para-phenylene (HP) rod is connected to two equivalent hydrophilic
poly(ethylene oxide) (PEO) coils at both rod ends. As expected from the en-
dowed molecular amphiphilicity, the molecule was observed to self-assemble
into an aggregate structure in the aqueous solution. From the DLS study, the
aggregate structure from 3 showed discrete spherical micelles at the early
stage, and then slowly transformed into cylindrical fibers over a week. Ac-
cording to TEM analysis, the thermodynamically stable fibers have a uniform
diameter of about 10 nm and lengths up to several hundreds of nanome-
ters (Fig. 2a). Meanwhile, the solution containing cylindrical fibers could be
gelled by the addition of over 10 wt. % of rod-coil-rod molecule 4. In this
event, the rod-coil-rod molecules are considered to act as supramolecu-
lar cross-linkers, the rod segments of which are integrated into aromatic
rod domains of cylindrical fibers. Finally, the rod-coil-rod molecules in-
terconnect individual fibers into bundles, as confirmed by the TEM image
of Fig. 2b.

Yu et al. reported a rod-coil molecule (5) consisting of oligo(phenylene
vinylene) rod and PEO coil [42]. The molecule showed remarkable self-
assembling features, and self-assembly into cylindrical micelles in THF/water
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Fig.2 TEM images of a 3 with negative staining (scale bar = 50 nm), and b nematic gel
with 10% 4 relative to 3 (scale bar = 100 nm), with density profile inset. Schematic rep-
resentation of reversible bridging between isotropic fluid and nematic gel of 3 with 4.
Reprinted with permission from [41]. © (2005) American Chemical Society

solvents. On the basis of TEM and AFM studies, the cylindrical micelles
were observed to be interwoven fibers with lengths up to several thousand
nanometers and entangled with one another (Fig.3a). The OPV cores of
the micelles showed a monodisperse diameter of 8-10 nm. In addition, the
authors prepared a homologous diblock copolymer (6) consisting of the same
rod block and poly(propylene oxide) (PPO) coils [43]. Similar to the observed
fibrous morphologies from compound 5, these molecules exhibited interwo-
ven fibers with lengths of several thousand nanometers and diameters of
about 8-10 nm. On the basis of SANS, SAXS and TEM results, the authors
proposed a packing model in which a hydrophobic OPV inner core is sur-

b)

Fig.3 a TEM image of copolymer 5 film. Reprinted with permission from [42]. © (2000)
American Chemical Society. b Schematic representation of possible packing model for
5-7 copolymers. Reprinted with permission from [43]. © (2004) Wiley
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rounded by a PPO shell. Furthermore, on the basis of the radius of 8.9 nm of
the cylindrical fiber assembled by ABA type compound 7, the authors suggest
an interdigitated monolayer packing of 6 (Fig. 3b).

Sung et al. synthesized sugar-based small rod-coil molecules (8a-d), and
investigated the self-assembly behavior as a function of coil length [44].
Arising from the amphiphilicity between hydrophilic sugar and hydropho-
bic residual moieties, the chiral rod-coil molecules gave rise to the formation
of aggregates in the aqueous solution. As evidenced by TEM and FESEM,
an interesting transformation from a platelet (from 8a) to helical twist mor-
phologies (from 8b-d) was observed (Fig. 4a,b). According to the authors, the
formation of helical twists originated from the bending and twisting forces of
the sugar-based chiral entity.
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Fig.4 TEM images of compounds a 8a, and b 8d. Reprinted with permission from [44].
© (2006) American Chemical Society

2.2
Macrocyclic Molecules

As compared to non-cyclic compounds, it is quite probable that cyclic rod-
coils show a distinct assembling behavior in bulk and solution, because in
a packing structure most coil parts will inevitably be concentrated near rod
segments, significantly inhibiting inter-rod packing. Despite such a straight-
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forward expectation, it has been challenging to study the self-assembly of
macrocyclic systems due to synthesizing difficulties.

Recently, Lee’s group successfully synthesized a rod-coil macrocycle (9)
consisting of an HP rod and a PEO coil [45]. The well-defined cyclic molecule
was prepared by ring-close metathesis reactions of allylic groups bearing
rod-coil precursors. Aside from interesting bulk morphologies such as supra-
molecular ribbons and barrel-like micelles with ordered superlattices, the
most striking is the formation of a barrel-like tubular structure in the water
environment. In the aqueous solution, the discrete tubular objects have a hy-
drophilic exterior and interior consisting of PEO coils and water molecules
(Fig. 5a,b). On the basis of DLS studies, the barrel-type aggregation showed

Fig.5 a Top view and b side view of a barrel-like structure by molecular modeling of 9
(rod segments are colored green, oxygen and hydrocarbons are colored red and grey, re-
spectively). ¢ TEM image of barrel-like tubular structures of 9 in an aqueous solution. The
scale bar represents 20 nm. Inset: higher-magnification image showing contrast between
the periphery and center. The dark areas arise because the rod segments are stained
more than the coils. The scale bar represents 5 nm. Reprinted with permission from [45].
© (2005) Nature Publishing Group
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a uniform size of average diameter of about 7 nm. From TEM observations of
a distinctive contrast between the periphery and center in the object, a barrel
structure with a uniform hydrophilic channel was suggested for the aqueous
solution (Fig. 5¢).

As inspired by helical and tubular architectures observed in proteins and
nucleic acids, Lee et al. prepared a modified macrocycle (10) which has chiral
centers near both termini of the HP rod [46]. The preparation of the chiral
macrocycle was implemented like the achiral macrocycles except for em-
ploying chiral PEO coils. The authors investigated supramolecular assembly
behavior dependent upon chirality introduction, using circular dichroism
(CD) spectra in the aqueous solution.

CD data above a certain concentration (from 0.005 wt. %) showed a nega-
tive Cotton effect first, followed by a positive Cotton effect at higher wave-
length with the CD signal passing through zero near the absorption max-
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Fig.6 TEM images of a negatively stained left-helical tubular structure of 10 with density
profile inset, and b magnification of the left-helical tubular structure. ¢ Schematic repre-
sentation of a proposed mechanism for the formation of the helical tubular structure of
10. Reprinted with permission from [46]. © (2006) American Chemical Society
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imum of the chromophore, suggesting the formation of a helical superstruc-
ture with a preferred handedness. TEM analysis of the unstained sample
demonstrated fibrous aggregates with lengths up to several micrometers and
a uniform diameter of about 20 nm (Fig. 6a). Through more detailed interpre-
tation of individual fibers, they were shown to feature helical tubules (Fig. 6b).
The internal diameter and the wall thickness were estimated to be 14 and
3 nm, respectively. Notably, TEM images of the samples stained with uranyl
acetate showed tubules with a left-handed helical arrangement and a regu-
lar pitch (4.7 nm) corresponding to the extended molecular length (Fig. 6¢).
The authors explained the observed tubular structure with coiled ribbons
by interplay of the energy balance between repulsive interactions among the
adjacent flexible chains and w-7 stacking interactions. The mechanism sug-
gested is that macrocycles self-assemble in a coiled fashion to form a helical
tubular structure, relieving space crowding of coil segments without sacrific-
ing a parallel arrangement of the rod segments.

2.3
Dendron-Rod-Coil Molecules

Dendritic blocks with a monodisperse branched shape would be very versa-
tile building units for the engineering of supramolecular architectures and
functions because of their molecularly uniform fanwise shape and the ability
to introduce multiple functional groups [47].

Stupp et al. reported a so-called dendron-rod-coil (DRC) (11) by introduc-
tion of an aromatic dendron moiety with hydroxyl peripheries into a diblock
rod-coil molecule [48,49]. The DRC molecules formed a one-dimensional
aggregate structure in the CH,Cl, solution. When cast from a 0.004 wt. %
CH,Cl; solution, a TEM analysis observed 1-D objects with a uniform width
of 10 nm and lengths on the order of micrometers (Fig. 7a). Considering that
the fully extended length of a DRC molecule is about 6.5 nm, the estimated
width suggests a dendron head-to-dendron head bimolecular packing of DRC
molecules (Fig. 7b). This is consistent with the crystal structure of the model
compound where eight hydrogen bonds are formed into a tetrameric cross-
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Fig.7 a TEM image of unstained 11 nanoribbons formed in dichloromethane. b Schematic
representation of the proposed structure for 11 nanoribbon. Reprinted with permission
from [48]. © (2001) American Chemical Society

section of the ribbon [50]. The AFM image of the 1-D object revealed the
thickness of 2 nm, indicative of a ribbon-type fiber. These DRC molecules
were observed to undergo gelation, producing a soft solid with a blue-violet
hue in styrene, 2-ethylhexyl methacrylate (EHMA) as well as CH,Cl, [51].
The polymerizable styrene solution containing 1wt.% of DRC molecules
was heated to polymerize the monomer. In marked contrast to ordinary
polystyrenes, in the gel state the polymerized solid revealed signatures of
order such as birefringence and fiber formation with much greater molecular
orientation, indicating that a small quantity of supramolecular nanoribbons
function as a structural scaffold in the media (Fig. 8). To investigate the role
of each block for the gelation, the authors altered a number of hydroxyl
groups and biphenyl units, and coil components. By comparing the gelation

Fig.8 a An optical micrograph between cross-polarizers shows the scaffolded solid poly-
styrene has a birefringent texture (1 wt.% of 11) at 100 °C. b TEM image of a thin film
(75 nm thick) ultramicrotomed from the scaffolded material (containing 1 wt. % 11) and
stained with osmium tetroxide. Reprinted with permission from [51]. © (2002) Wiley
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Fig.9 Schematic representation of templating pathways. Nucleation and growth on one
side of the twisted ribbons (dark) leads to single helices of CdS (bright), while nucle-
ation and growth on both sides of the ribbon leads to double helices. Reprinted with
permission from [53]. © (2005) Wiley

tendencies of respective molecules, they demonstrated that gelation of DRC
molecules occur by interplay of m-7 interaction between aromatic rods and
directional hydrogen bonding.

Stupp et al. investigated the details of supramolecular assembled struc-
tures upon solvent variation. In contrast to the flat nanoribbons in the
CH;Cl; solution, they found that nanoribbons in other solvents such as ethyl
methacrylate (EMA) or 2-ethylhexyl methacrylate (EHMA) twist into helical
ribbons. The authors took advantage of hydrophilic core regions composed
of dendron hydrogen-bonding sites for the mineralization of CdS [52, 53]. As
evidenced by TEM and ED studies, grown CdS nanocrystallites templated by
twisted helical ribbons turned out to be either single- or double-stranded
coiled-helix with a pitch of 40-60 nm. The authors suggested that the twisted
helical ribbons act as structure-directing agents for the formation of CdS
with well-defined nanoarchitectures due to the affinity of Cd** ions for the
hydrophilic dendron region in hydrophobic environments (Fig. 9). Conse-
quently, the intact twisted helical shape of the ribbons could be interpreted to
govern the peculiar coiled helical morphology of CdS by guiding the crystal
growth along the face of the template.

24
Dumbbell-Shaped Molecules

As an alternative approach, flexible coil parts in rod-coil molecules can be
structurally modified into dendritic shapes. In comparison to linear-type
coils, dendritic coils would cause a larger steric repulsion at the rod/coil inter-
face, which influences rod-packing structures. Lee et al. devised a dumbbell-
shaped molecule (12) based on an elongated dodeca-para-phenylene rod
block and aliphatic polyether dendritic coils with chiral carbon centers, and
investigated the self-assembly behavior in aqueous solution [54]. In remark-
able contrast to ordinary one-dimensional fibers, the aggregate structures
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from the dumbbell molecules exhibited helical cylinders with left-handedness
(Fig. 10a). As confirmed by TEM and CD data, the helical fibers have a diam-
eter of a molecular length, a pitch of 5.6 nm and lengths up to several mi-
crometers (Fig. 10b). The authors proposed that the helical fibers are driven
by a microphase separation between the incompatible molecular components
and directional rod packing associated with the bulky chiral dendritic coils.
Moreover, supramolecular assemblies of another dumbbell molecule (13)
were investigated by Lee et al. [55]. Similar to the above dumbbell (12), these
dumbbells showed helical fibers in the aqueous solution. However, in this
study the authors emphasized that the helical fibers turn into nanocages
with the addition of aromatic guest molecules such as 4-bromonitrobenzene
which are selectively intercalated between the rod segments. From a thermo-

Fig.10 a TEM image of 12 with negative staining, with density profile inset. b Schematic
representation of a proposed mechanism for the formation of the helical nanofiber of 12.
Reprinted with permission from [54]. © (2005) American Chemical Society
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Fig. 11 Representation of the reversible transformation of helical fiber into a spherical
capsule. Reprinted with permission from [55]. © (2006) Wiley

dynamic point of view, the intercalated guest molecules would leave some
distance between the vicinal dumbbells, relieving the steric hindrance be-
tween bulky dendritic segments. The authors proposed that such a packing
variation drives the twisted helical arrangement into a parallel arrangement,
leading to a transformation into a cage-like structure (Fig. 11). Interestingly,
the authors demonstrated that the inter-conversion between the helical fiber
and the nanocage is feasible upon addition/removal of the guest molecules.
Unlike symmetric dumbbells, ABC-type asymmetric dumbbells (14a-c)
with hydrophilic (A) and hydrophobic (C) bulky chains at the rod ends were
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also prepared by Lee and his co-workers [56]. The authors examined the
self-assembly behavior of these asymmetric dumbbells in 0.01 wt. % aqueous
solution as a function of hydrophobic alkyl chain length. From TEM stud-
ies with cast samples stained with uranyl acetate, compound 14a with the
shortest hexyl hydrophobic chains demonstrated the coexistence of spherical
and short cylindrical micelles with diameters of about 15 nm, indicative of
interdigitated bilayer packing of molecular dumbbells (Fig. 12a). Compound
14c, with the longest tetradecyl chains, displayed elongated and entangled
cylindrical micelles with a uniform diameter of 18 nm and lengths of at least
several micrometers (Fig. 12c). More remarkable phenomena were found in
compound 14b with intermediate decyl chains. The molecules in the same
concentrated aqueous solution formed unprecedented nanorings which have
a cross-sectional diameter of 16 nm, and ring diameters of 70 to 300 nm

Fig.12 TEM images of a spherical, short cylindrical morphology of 14a and b toroidal
morphology of 14b in aqueous solutions (0.01 wt. %), ¢ long cylindrical morphology of
14c in an aqueous solution (0.01 wt. %). Reprinted with permission from [56]. © (2006)
American Chemical Society
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Fig.13 Schematic representation of nanorings from amphiphilic molecular dumbbell 14b.
Reprinted with permission from [56]. © (2006) American Chemical Society

(Figs. 12b and 13). The author performed a time-dependent TEM in order
to gain insight into the formation mechanism of these unusual toroidal ag-
gregates. Consequently, they found that kinetically driven spherical micelles
at the initial stage spontaneously transform into thermodynamically stable
toroids for a week. The authors suggested that the hydrophobic effect asso-
ciated with hydrophobic alkyl chain length dominates the overall interfacial
area, thus giving rise to the transformation of discrete spherical, toroidal into
elongated cylindrical aggregates.

Very recently, Wiirthner et al. reported a series of rigid perylene bisimide-
based wedge- and dumbbell-shaped molecules (15 and 16a,b) [57]. All the
molecules showed aggregate structures in THF-water mixture solutions, con-
firmed by excimer formations at 600-800 nm in the fluorescence spectra.
Detailed morphological studies through TEM experiments found that the
AB-type wedge molecule 15 shows spherical micelles with a diameter of
4-6 nm, which are correlated with Israelachvili’s packing parameter of 0.252
for 15 (Fig. 14a) [58]. Symmetric dumbbell molecules 16b exhibited one-
dimensional fibers due to the non-conical molecular shape (Fig. 14c). Inter-
estingly, the authors observed that a mixture (15:16a = 8: 1, molar ratio)
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Fig. 14 Schematic illustration for the formation of micelles from wedge-shaped 15 (fop),
bilayer vesicles from the co-self-assembly of 15 and dumbbell-shaped 16a (middle),
and rod aggregates from dumbbell-shaped 16b (bottom). Reprinted with permission
from [57]. © (2007) American Chemical Society

of molecular wedge 15 and asymmetric ABC-type dumbbell 16a co-assemble
into hollow vesicles with the average diameter 94 nm and a wall thickness
of 7-8 nm, and an increase of 16a relative to 15 (15:16a = 4:1, molar
ratio) leads to the expansion of vesicle diameter up to 133 nm (Fig. 14b). The
authors explained the observed co-assembly behavior in terms of the change
of the interfacial curvature depending on the molar ratio of the wedge and the
dumbbell molecules.

25
Wedge-Type Molecules

Analogous to dendritic-rod molecules, Lee et al. designed a tree-like wedge-
coil (17) with a wedge-shaped rigid aromatic segment [59]. Interestingly, they
proved that the stiffness of nanofibers assembled by the wedge-coil molecules
can be switched as a function of solvent polarity. From TEM and DLS stud-
ies, the molecules showed one-dimensional fibrous assemblies in water and
hexane solutions (0.01 wt. % in both) because of the amphiphilic character-
istics. Further in-depth analysis of the TEM images indicated that the fibers
in the aqueous solution look like random coils, while the fibers in the hex-
ane solution form rigid rods with a preferred orientation (Fig. 15). On the
basis of DSC and WAXS results, the authors stated that the stiffness contrast
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Fig.15 Schematic representation of the flexible coil-like and stiff rod-like nanofibers of
17. Reprinted with permission from [59]. © (2006) Wiley

that depends on solvent polarity is attributed to the crystallization feasibil-
ity of components in the cylindrical core regions of respective supramolecular
fibers.

Wedge-type molecules (18a,b) bearing a diamino triazine group with mul-
tiple hydrogen bonding sites were prepared by Meijer et al. [60]. These
molecules were found to form hydrogen-bonding-mediated chiral hexameric
rosette structures at the solid-liquid interface using graphite as a substrate
and 1-phenyloctane as a solvent. Chiralities of the rosettes, i.e. rotation direc-
tions, could be tuneable depending on the molecular chirality, as confirmed
by STM images (Fig. 16a,b). The authors speculated that the rosette struc-
ture observed on the substrate can be extended to tubular fibers by stacking
themselves via 7-7 interaction in solutions. As characterized by absorption,
AFM, CD and SANS data, they found that fibrous aggregates in hydropho-

Scheme 10
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Fig. 16 STM images of a 18a and b 18b rosettes. Red arrows indicate the rotation direction
of the rosette. Reprinted with permission from [60]. © (2004) Wiley
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Fig.177 a AFM image of drop-cast 18b solution in heptane on graphite, b height profile
of a fibril, and ¢ SANS data revealing columnar structures in dodecane solutions of 18b.
Reprinted with permission from [60]. © (2006) Wiley

bic solvents (heptane and dodecane) are optically chiral, and the diameter of
the fibers (~6.4 nm) is consistent with the diameter of the hexameric rosettes
from the STM image (Fig. 17). From these experimental observations, the
authors suggest the formation of self-assembled tubular aggregates in the hy-
drophobic solvents.

2.6
Conjugate Rods with Lateral Chains

Modified conjugated rod segments with lateral chains can be rod building
blocks that self-assemble into a variety of supramolecular one-dimensional
fibers and related structures. Furthermore, if rod segments are composed of
electro-optically active conjugate moieties, the self-assembled nanostructures
would provide interesting supramolecular platforms for versatile functional
materials [12,61, 62].
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The Ajayaghosh group adopted oligo(para-phenylenevinylene)s (OPVs)
(19a,b) as self-assemblers where apolar alkyl chains are attached as lateral
groups, and polar hydroxyl groups exist at both ends of the rod [63]. From
absorption and fluorescence spectroscopic data, Ajayaghosh et al. proved that
amphiphilic OPV 19a form fibrous gel nanostructures in a hydrophobic sol-
vent such as hexane. The SEM image showed entangled nanostructures with
a diameter of 100-150 nm (Fig. 18a), and XRD exhibited d-spacings of 23.4 A
in the small-angle region, and 3.8 A in the wide angle-region, indicating a 7-
stacked lamellar packing. On the experimental evidence, the authors concluded
that cooperative hydrogen bonding and -7 stacking forces are crucial factors
for the formation of gel nanostructures (Fig. 18b). The authors took advantage
of the gels to devise light-harvesting materials [64]. Particularly, absorption
and emission studies demonstrated that OPV 19b and Rhodamine B (20) could

Fig. 18 a SEM image of a dried gel of 19a from toluene. b Probable self-assembly of the
gel in hexane. Reprinted with permission from [63]. © (2001) American Chemical Society
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be ideal energy donor and acceptor molecules for a light-harvesting system,
respectively. The authors prepared a light-harvesting gel material with the add-
ition of rhodamine B into the OPV gel. Surprisingly, an enhancement of energy
transfer in the gel state was observed, which was explained by the fact that the
gel-trapped dye molecules are within the Forster radii (Fig. 19).

Also, the group prepared energy donor (21) and acceptor (22) rod
molecules which can form aggregates in decane, and by complexation showed
an efficient fluorescence resonance energy transfer (FRET) system [65]. Co-
assembly of the donor and acceptor molecules produced stable organogels.
Interestingly, these gels radiated different colors, from green to red, depend-
ing on the amount of added acceptor molecules (0-20 mol %) (Fig. 20a). The
authors described that first, a fast exciton migration from donors to acceptors
occurs, and statistically distributed aggregates of acceptor 22 with a differ-

a) 49 b)
08 R
] &6 i = 2
) - -, %
0.4 . o
" ﬁ‘-"‘“@'ﬁh
450 500 550 600 850 700 L e e
Alom —— R ]

Fig. 19 a Normalized emission (ex = 380 nm) from the film of 19b (M), film of 19b + Rho-
damine B (2 : 1 mol ratio; o), and from direct excitation (ex = 535 nm) of Rhodamine B
(A), which illustrates the amplified emission from rhodamine B by energy transfer.
b Probable self-assembly of the gel in hexane. Reprinted with permission from [64].
© (2003) Wiley

o OR 22 R=CigHy 23 R=CyyHys R'=CgHy7

Scheme 12



92 B.-K. Cho et al.

b) 380 nm 380 nm 380 nm

2% A t 20% A pt
\ cceptor '\ cceptor '\
-~ - i 5 '-,.‘
tem, - ilige
I X A
509 nm 555 nm 610 nm

Fig.20 a Photographs of gels of 21 and 22 at different compositions of 22 (i) 0 mol %,
(ii) 1 mol %, (iii) 2 mol %, (iv) 6 mol %, (v) 12 mol %, and (vi) 20 mol % under illumina-
tion at 365 nm. b Schematic representation of the FRET process within the coassemblies
having different amounts of the acceptor. Reprinted with permission from [65]. © (2006)
American Chemical Society

ent HOMO-LUMO gap produce an energy gradient (Fig. 20b). As a further
extension, the group utilized a conjugate polymer (23), so-called PYPV, as
an acceptor instead of mini-rod molecules for an efficient supramolecular
light-harvesting antenna [65]. From this approach, the authors observed a re-
markable FRET efficiency by encapsulating an extremely small amount of 23
(1.53 mol %) within a donor gel scaffold. The remarkable overlap between
the emission band of the donor and the absorption band of the acceptor as
well as the large extinction coefficient of the acceptor, satisfied the conditions
for a high-efficiency FRET system. OPV derivative 19b with hexadecyl chains
as energy donors formed strong gels in cyclohexane which were maintained
after adding a small amount of 23, as evidenced by observed ribbon-type
fibers in fluorescence microscopy and AFM images (Fig. 21a,b). By combina-
tion of the OPV fluorescence decay profiles where the emission decay of 19b
was observed to be faster with increasing 23, and the absorption/emission
spectra, the authors concluded that the designed gel-assisted FRET system
could be an efficient artificial light-harvesting antenna. Also, they emphasized
that the result is the first example employing a semiconducting molecular
wire as an energy trap (Fig. 21c).

To develop supramolecular chiral assemblies, Ajayaghosh et al. simply
modified the molecular structure by addition of chiral groups at the lateral
chains [67]. Although the presence of chiral groups generally reduces the pos-
sibility of gel formation, molecule 24 with two chiral groups at the middle
phenyl unit formed gels consisting of helical fibers. The authors found an
interesting hierarchical assembly of helical fibers, monitored by CD signals,
as a function of either concentration or temperature. At low concentrations
or higher temperatures, the molecules formed randomly distributed helical
aggregates as suggested by weak non-bisignate CD signals. At higher con-
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1.53 mol %
PYPV

Fig.21 Fluorescence microscopy images of the drop-cast 19b-cyclohexane gel (1.12 mM):
a in the absence and b presence of 23 (1.53 mol %), the insets show photographs of the
gels under the respective conditions when illuminated at 365 nm. ¢ A schematic repre-
sentation of a 23-encapsulated 19b tape. Reprinted with permission from [66]. © (2007)
Wiley
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Scheme 13

centrations or low temperatures, an observed strong bisignate Cotton effect
indicated a well-ordered helical architecture, which was further confirmed
by an AFM image revealing coiled-coil rope-like structures of individual
fibers (Fig. 22). Ajayaghosh et al. also prepared chiral and achiral molecules
(25a,b) composed of an oligo(para-phenyleneethynylene) (OPE) rather than
OPV [68]. The authors demonstrated a particular reversible supramolecular
transition from vesicles to helical tubules in decane via a “sergeant-and-
soldiers” coassembly approach. According to CD data, the respective solu-
tions of the achiral and the chiral compounds did not show any Cotton effect,
while mixture solutions (1 x 10~ M) containing 5-30 mol % of chiral com-
pound 25a resulted in a positive Cotton signal and two negative signals.
Structural details of the chiral aggregate were visualized by AFM and TEM
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Fig.22 Schematic representation of the hierarchical self-assembly of 24 into helical coiled-
coil gel nanostructures. A magnified AFM image of the coiled-coil rope is shown on the
right. Reprinted with permission from [67]. © (2004) Wiley

studies. Vesicular aggregates with an average diameter of 94 nm were ob-
served in the achiral compound solution, while in the solution with 25 mol %
of chiral compound 25a only tubular helical fibers with a uniform pitch of
140 nm were shown (Fig. 23).

As another approach to the engineering of helical features, Ajayaghosh
et al. designed monocholesterol-functionalized OPV (26) and bis-cholesterol-
functionalized OPV (27) molecules, and then investigated packing structures
in the organogels [69]. The two compounds showed distinct behavior in the
gelation, CD spectra and optical texture, suggesting a fundamental morpho-
logical difference between the two. AFM studies showed that compound 26

% B omoassembly 25a

coassembly/‘. \ m .+ 25b
S

- i coassembly
kst L
9 %

Fig.23 Self-assembly of vesicles and subsequent transformation into helical tubes in
decane. Reprinted with permission from [68]. © (2006) Wiley
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Fig.24 Probable mode of self-assembly of a 26 and b 27 in decane. Reprinted with per-
mission from [69]. © (2006) Wiley
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organizes into ribbon-like fibers; on the other hand, compound 27 assem-
bles into branched and entangled helical fibers. On the basis of CD, emission,
absorption and AFM data as well as molecular architectural consideration,
the author suggested that a hydrogen-bonding-assisted coiled helix is formed
by a pseudo-] aggregation of 26, and 27, with two bulky cholesterol groups,
organizes into a twisted helix in a pseudo-H aggregation (Fig. 24).

2.7
Biomimetic or Bioconjugate Amphiphilic Rods

Self-assembly phenomena based upon secondary forces have been widely ob-
served in biological systems such as DNA, viruses, bacterial cell surface layers
etc [70-73]. Nature-made supramolecular objects are very sophisticated in size
and shape, and show tremendous specific and efficient functions. For example,
we know many enzymes are responsible for specific catalytic processes. In this
context, creation of supramolecular architectures with biomimetic or biocon-
jugate features would be desirable and worth investigating. In particular, a few
examples related to the title of this review article have been reported.
Recently, Shimizu et al. prepared a biomimetic OPV-based bolaamphiphile
(28) appending 3’-phosphorylated thymidine moieties at both ends of the
rod, and complexed them with complementary 20-meric adenylic acid 29
in the aqueous solution, resulting in A-T base pairs like DNA double

o
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SO OH CH,
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\
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Scheme 15
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strands [74]. On the basis of in-depth structural analysis by UV-Vis, CD and
AFM techniques, the templating process of 28 with 29 turned out to induce
right-handed helical fibers whose widths and lengths could be controlled as
a function of T/A ratio in a given complex. The determined diameters of two

'IH!liﬁu.!Il"" )!lllll

nnRRRR RARANR PEENEN
Fig.25 Proposed structure for the binary self-assembly of a 28/29 (T:A = 1:1) and
b 28/29 (T: A =2:1). Possible elongation mechanism for the helical stacks self-assembled

from ¢ 28/29 (T:A=1:1)and d 28/29 (T: A = 2:1). Reprinted with permission from [74].
© (2006) American Chemical Society
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complexes (T/A =1:1 and 2: 1) from AFM images could be understood by
the sum of the length of 28 (3.9 nm) and either one or two 29 (1.2 nm), and
the elongated length of the 1: 1 complex was interpreted by possible partial
overlapping of 29 at the end of the stacked 28/29 complex (Fig. 25).

More recently, Schenning et al. employed a single-stranded DNA (ssDNA),
ie., an oligothymine (30), as a template for a supramolecular strand of
oligo(p-phenylene)vinylenes (31) [75]. The OPV chromophore contains hy-
drophilic penta(ethylene oxide)s and a diamino triazine unit which can be
bound to the oligothymine via a triple hydrogen-bonding (Fig. 26). Com-
plexes of 30 with n =40 and 31 have a right-handed helical formation as
evidenced by a positive Cotton effect above 300 nm from a CD measurement.
With electrospray ionization mass spectrometry (ESI-MS), it was found that
up to five 31 molecules are attached to 30 with n = 10. The authors explained
that this specific association between the ssDNA and the OPV molecules oc-
curs on the basis of hydrogen bonding and w-7 interactions, and suggests
that this approach could be a versatile molecular design concept applied to
functional supramolecular electronics.

According to several publications, supramolecular objects bearing carbo-
hydrate groups were shown to act as outstanding multiple ligands toward
receptor proteins, and furthermore the shape and size of supramolecular ob-
jects are crucial parameters for biological activities [76,77]. Recently, Lee
et al. synthesized rod-coil amphiphiles (32-34) containing mannose carbo-
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Fig.26 Schematic illustration of ssDNA templated self-assembly of OPV 31. Reprinted
with permission from [75]. © (2007) American Chemical Society
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Fig.27 Molecular structure of 32-34 and schematic representation of vesicles and spher-
ical and cylindrical micelles. TEM images of a 32, b 33 without staining, and ¢ 34 with
negative staining. Reprinted with permission from [78]. © (2005) American Chemical
Society
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hydrates at one end of the coil segment which can bestow enhanced stability
and bioactivities on supramolecular objects [78]. The molecular design was
implemented by variation of either PEO coil length or rod number. From
this molecular approach, the authors fine-tuned the size and shape includ-
ing vesicles (from 32), spherical (from 33) and cylindrical (from 34) micelles
in the aqueous solutions (Fig. 27). The aggregates were observed to act as
multivalent ligands in the presence of a natural receptor such as lectin con-
canavalin A (Con A). From increased object sizes in TEM images, lectin pro-
teins were thought to tightly surround supramolecular objects through multi-
valent interactions (Fig. 28a-c). Such a specific binding was found exclusively
in mannose-based rod-coils; on the other hand, galactose-coated objects did
not show the specific object-Con A association. Through a hemagglutina-
tion inhibition assay with Con A (to inhibit Con A-promoted erythrocyte
agglutination), the authors investigated the influence of object architecture
on the binding activity. As a result, they found that spherical micelles with
higher curvature from compound 33 showed the highest inhibitory potency
(Fig. 28d).

Relative activity per mannose

Fig.28 TEM images of aqueous solutions of a 32 and Con A, b 33 and Con A, and
¢ 34 and Con A at the hemagglutination inhibition concentration. d Relative activity of
Con A-induced hemagglutination inhibition based on the minimum inhibitory concentra-
tion (MIC) of 32-34. Reprinted with permission from [78]. © (2005) American Chemical
Society
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More recently, Lee and co-workers also designed a carbohydrate-conjugate
molecular wedge (35) that can endow aggregates with enhanced stability, ex-
ternal stimuli responsive character as well as biological functions [79]. These
molecules were found to self-assemble into nanofibers that could reversibly
transform into spheres upon addition of guest aromatic small molecules, i.e.
Nile Red (Fig. 29). The structural transformation could be interpreted by the
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Fig.29 The schematic representation of the reversible transformation of cylindrical mi-
celles into spherical micelles. Reprinted with permission from [79]. © (2007) American
Chemical Society



102 B.-K. Cho et al.

Fig.30 TEM images with negative staining of a sectioned area of pili of the E. coli
ORN 178 strain bound with a cylindrical (35) and b spherical micelles (35-Nile Red).
A portion of an E. coli is shown in the lower right. Reprinted with permission from [79].
© (2007) American Chemical Society

intercalation of the guest molecules between the aromatic cores, causing the
packing of the aromatic wedges to be loose. Moreover, the cylindrical and
spherical objects were able to bind to the multiple mannose binding proteins
(MBPs) of bacterial pili in Escherichia coli (ORN 178) (Fig. 30). Interestingly,
the degree of E. coli motility turned out to be different depending on the
shape of attached supramolecular objects. As a consequence, the authors ob-
served that cylindrical objects inhibit motility of E. coli more significantly
than spherical objects, and speculated that the cylindrical micelles act as
cross-linkers to cause intra-bacterial pili aggregation.

3
Conclusions and Outlook

Molecular rods containing flexible coils have been explored as self-assemblers
that could organize spontaneously into diverse nanostructures. Relative to
phase-rich bulk-morphologies, self-assembled nanostructures in solutions
have not been studied widely. Supramolecular assemblies of rod building
blocks in solutions can provide a powerful tool to create functional nanoma-
terials due to the unique shape and electro-optical functions of rod building
blocks. Among the observed solution morphologies, one-dimensional struc-
tures such as fibers, tubules and ribbons can be considered as foundations for
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nanodevices, supramolecular conducting wires, structural scaffolds for gel
materials etc.

Rational design of rod amphiphiles into rod-coils, macrocycles, dendron-
rod-coils, dumbbells, wedge-coils, and conjugate rods with lateral chains
can generate diverse one-dimensional supramolecular architectures respon-
sible for specific material functions. Such a molecular design concept would
play a key role in the determination of rod-to-solvent/coil-to-solvent interac-
tions, packing parameters of rods etc. For example, the design of macrocyclic
rod amphiphiles in Sect. 2.2, showed a unique formation of tubules with
finite tube length, i.e. supramolecular barrels, in the aqueous solution, in
contrast to nanotubules with infinite length. In addition, asymmetric dumb-
bells in Sect. 2.4, displayed an interesting transformation of discrete micelles,
supramolecular “rings” into infinite cylinders. Among the structures, the un-
precedented toroidal structure molecular rod is an excellent example that
shows the importance of the molecular design for tailoring supramolecular
assemblies.

As can be observed in natural peptide and DNA strands, in some cases he-
lical features of nanofibers can be obtained by introduction of chiral moieties
to rod building blocks. The employment of chiral coils may make it possible
to fine tune rod packing structures into helical patterns, leading to supramo-
lecular ribbons or screws. As described in the text, helical strand formation
was observed in rod-coils, macrocycles, wedge-coils and conjugate rods with
lateral chains. More interestingly, dendron-rod-coils without molecular chi-
rality can self-assemble into a twisted helical structure in certain solvents,
which acts as a template for the formation of single- or double-stranded in-
organic helices.

Like intelligent robots, the one-dimensional fibers from molecular rods
can respond to external stimuli such as small guest molecules. As noted in
Sect. 2.4, molecular dumbbells can switch their assembled nanostructures
from helical fibers to giant vesicles upon addition/removal of small aromat-
ics. Also, the addition of chiral OPV rods to achiral OPV rods in solution
exhibited a similar supramolecular transformation from giant vesicles to he-
lical tubules, as explained by a “sergeant-and-soldiers” coassembly approach
(Sect. 2.6). These switchable supramolecular systems, particularly those in
water environments, may be utilized as a potent drug delivery system.

The outstanding optical activities of conjugate OPV rods can be upgraded
by adopting supramolecular concepts. As described in Sect. 2.6, fibrous aggre-
gates of OPV rod molecules were able to enhance light-harvesting behavior,
and further fine-tune emissive colors via donor-acceptor complexes.

It is also interesting that rod assemblies can be applicable to biomimetic or
bioconjugate systems. In Sect. 2.7, artificial nucleic acid complexes consisting
of amphiphilic rods and linear nucleic acid polymers showed single twisted
right-handed helical fibers. In addition, carbohydrate-coated supramolecular
objects self-assembled by rod-coils or wedge-coils revealed outstanding lig-
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and activities toward natural receptors such as lectin proteins or bacterial pili
of Escherichia coli.

Although at present only a few studies related to one-dimensional or the
related supramolecular assemblies of rod building blocks have been reported,
it is obvious that more intensive research efforts will be made because of the
fascinating functionalities of the molecular rod units. Moreover, it is expected
that the self-assembling nanostructures would be widely applicable to ad-
vanced research areas ranging from material chemistry and nanotechnology
all the way up to biological science.
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Abstract Electrospinning constitutes a unique technique for the production of nanofibers
with diameters down to the range of a few nanometers. In strong contrast to conventional
fiber producing techniques, it relies on self-assembly processes driven by the Coulomb in-
teractions between charged elements of the fluids to be spun to nanofibers. The transition
from a macroscopic fluid object such as a droplet emerging from a die to solid nanofibers
is controlled by a set of complex physical instability processes. They give rise to extremely
high extensional deformations and strain rates during fiber formation causing among
others a high orientational order in the nanofibers as well as enhanced mechanical prop-
erties. Electrospinning is predominantly applied to polymer based materials including
natural and synthetic polymers, but, more recently, its use has been extended towards
the production of metal, ceramic and glass nanofibers exploiting precursor routes. The
nanofibers can be functionalized during electrospinning by introducing pores, fractal
surfaces, by incorporating functional elements such as catalysts, quantum dots, drugs,
enzymes or even bacteria. The production of individual fibers, random nonwovens, or
orientationally highly ordered nonwovens is achieved by an appropriate selection of elec-
trode configurations. Broad areas of application exist in Material and Life Sciences for
such nanofibers, including not only optoelectronics, sensorics, catalysis, textiles, high ef-
ficiency filters, fiber reinforcement but also tissue engineering, drug delivery, and wound
healing. The basic electrospinning process has more recently been extended towards com-
pound co-electrospinning and precision deposition electrospinning to further broaden
accessible fiber architectures and potential areas of application.

Keywords Co-electrospinning - Electrospinning - Fiber architectures -
Functions and applications - Nanofibers - Nonwovens - Precision electrospinning

1
Introduction

Spider webs are impressive for their complex architecture that gives rise to
specific functions and in particular for their high performance ultrafine func-
tionalized fibers from which the webs are constructed [1]. Several different
types of silk are being used in web construction, including a “sticky” capture
silk or “fluffy” capture silk, depending on the type of spider. Silk obtained
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from cocoons made by the larvae of the silkworm Bombyx mori has a shim-
mering appearance which originates from the triangular prism-like structure
of the fibers. This allows silk cloth to refract incoming light at different an-
gles. Silk fibers possess highly impressive mechanical properties, in particular
a high ductility, related to intrinsic structural features again being ultrafine in
nature. Nature proves by these examples and many more not discussed here
to be extremely efficient in creating functional materials in the shape of fine
fibers.

This also holds for natural fibers such as cotton, wool, hairs, etc. [2]. These
fibers are not as small in fiber diameter as the ones discussed above yet
they are constructed in a highly complex hierarchical way which provides
them not only with unique mechanical properties but also with another set
functions which make them of interest for various types of applications. The
diameter of such natural fibers may well be in the 10-20 pm range and above;
human hair, for example, typically has a diameter around 50 um. Strong
correlations exist between a variety of functions displayed by natural fibers
and their molecular and supermolecular structure devised by nature. Natu-
ral fibers composed of silk, wool, or cotton are used predominantly for textile
applications providing functions such as thermal insulation, wind resistance,
exchange of water vapor, etc., but they also contribute in unique ways in fash-
ion design which frequently relies on the optical effects of silk produced by
the prism-shaped fibers.

Man-made fibers, composed of materials such as polyamides or polyethy-
lene terephthalate and produced via synthetic routes, have to a significant
extent replaced natural fibers in textiles. They are advantageous, because they
are cheaper to produce and easier to process, dye, or introduce high strength
and stiffness in a controlled way [3]. Yet, to a certain extent, they miss quite
a number of functions that are beneficial for textile applications and which
are displayed by natural fibers. Wearing a shirt made purely from polyamide
on a hot humid day makes the difference between textiles for example, from
cotton and from man-made fibers very obvious. One major reason besides
a chemical composition that is different from the one of the natural fibers dis-
cussed above is that their internal molecular and supermolecular structures
tend to be rather simple. Solid fibers with constant composition and constant
structural features along the cross section are characteristic of man-made
fibers. Hollow fibers and also fibers with cross-sectional shapes that differ
from the circular one have been produced, yet nevertheless such architectures
are far from the complex ones displayed by nature [4]. Furthermore, specific
microfibers have been produced along various ways, to enhance among other
things, textile properties. A further strong reduction of the diameter of fibers
used in textiles would at least greatly enhance thermal insulation, wind re-
sistance, moisture absorption, exchange of vapor etc. It even seems possible
that complex fiber morphologies may become accessible through control by
confinement effects.
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In fact, the application of man-made fibers is not only restricted to textiles.
Fibers play a major role in the reinforcement of thermoplastic and thermoset
polymer matrices for high-end applications [3, 5]. Reinforcement of high end
elements of ships, trains, and airplanes are well known, but fiber reinforced
materials can also be found in day to day appliances. As far as fiber reinforce-
ment is concerned, the important parameters are the axial ratio, which should
be well above 100 to 1000 (thus the use of fibers), and the enhanced stiff-
ness and strength of the fiber combined with a good mechanical coupling to
the matrix. Fiber reinforcement is in the majority of cases not done with nat-
ural fibers [2, 3], although such approaches are being considered more and
more for ecological reasons, but is conventionally done by using very specific
synthetic fibers (such as carbon fibers produced among others via precursor
polymer polyacrylonitrile (PAN) fibers or Kevlar fibers, produced from lyo-
tropic polymer solutions) [3]. Fiber reinforcement could stongly benefit from
fibers much smaller in diameter, even at the same magnitudes of stiffness
and strength, since the length could be reduced at constant axial ratio com-
pared to thicker fibers reducing thus rupture during polymer processing. In
addition, fibers small in diameter compared to the wavelength of light would
not cause turbidity in otherwise transparent matrices. It follows that the me-
chanical coupling between matrix and fibers will be enhanced, and, thus, the
ductility, due to the much larger internal surface areas.

A further area for the application of fibers, again predominantly of man-
madefibers, concerns filters for either gas or fluid filtrations including coalescer
filters [6]. The chemical, thermal, and mechanical stability of the fibers together
with the costs to produce the fibers are important features, but the absolute
magnitude of the diameter of the fibers is of particular importance. The diam-
eter determines the size of the pores provided by the filters and thus the size
of the impurities to be filtered out. The reduction to fiber diameters within the
nanometer range will affect the flow pattern around the fibers significantly and
should strongly enhance the filter efficiency with respect to smaller scale impu-
rities in the air, in gasoline, etc. The specific surface area acting as adsorption
site also increases strongly as the diameter is reduced.

The discussion about fiber applications in the areas of textiles, fiber rein-
forcement, and filters has made it apparent that these areas would benefit to
a great extent from a further strong reduction of the fiber diameters by several
orders of magnitude well into the nanometer range. The low value of the diam-
eter and small nonwoven pore sizes, as well as the huge surface area which goes
along with small fiber diameters, are key factors in such applications. Yet, it is
obvious that the extremely small diameter is just one side of the coin. Further
features are the onset of confinement effects for structural features and proper-
ties and the increasing truly 1-dimensional nature of the fibers as the diameter
decreases. The potential for rapid diffusional processes into and out of the fiber
characteristic of nanoscalar dimensions, the close resemblance in architecture
of electrospun fibers, and the fibrillar extracellular matrix in living systems are
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further specific features favorable to specific applications. It may, of course, be
necessary for such fibers to carry functional units such as chromophores, cat-
alysts, sensor molecules, quantum dots, drugs, or bacteria depending on the
application in mind, and they may have to be composed of organic, inorganic
materials, or corresponding hybrids.

Conventional processing techniques will not be able to yield such ex-
tremely fine functionalized fibers. This inability also holds for melt blowing
and similar special techniques [7, 8]. The technique of choice is electrospin-
ning. Prior to the year 2000 electrospinning was the domain of a few special-
ists; the average number of papers published per year on this topic was well
below 20. This situation has changed dramatically in the last few years. In
2007, more than 500 papers have been published on electrospinning. It is es-
timated that more than 200 research groups in academia and industry work
currently on this topic, and the number of conferences and conference ses-
sions devoted to electrospinning is continuously increasing. Electrospinning
has become a widely appreciated nanostructuring technique in academia and
industry and, in fact, has a lot to offer [9-13].

Basically it allows production of nanofibers with diameters down to a few
nanometers from a broad range of polymers. Yet, due to the unique self-
assembly processes happening in electrospinning, it is a highly versatile tech-
nique in terms of the materials that can be spun to nanofibers, the control
of their morphology, their surface topology, as well as the properties of the
fibers and nonwovens composed of them. Figure 1 illustrates the broad range
of fiber architectures available from electrospinning including thin smooth
fibers, porous fibers, and fibers with fractal surface structures, with spindle-
type disturbances, ribbonlike fibers or odd-shaped fibers, such as “barbed”
nanowires.

A multitude of functions can be incorporated into these fibers, and an
extremely broad range of potential applications exists in which electrospun
fibers can make major contributions. These include not only textile, filter and
mechanical reinforcement applications but also extend to tissue engineering,
drug delivery, wound healing, sensorics, optoelectronics, catalysis, and many
more applications. The progress achieved in electrospinning in a time span
covering less than one decade, coupled with the strong impact it has made
and continues to make on Material and Life Science are unique features. A set
of review articles have recently been published that provide an insight into the
vast opportunities afforded by electrospinning [9-13].

It is of particular importance for the discussions that follow to point out
that fiber formation processes in electrospinning differ fundamentally from the
ones in conventional technical approaches, such as extrusion and subsequent
elongation, melt blowing, or even techniques exploiting converging flow, which
all involve mechanical forces and geometric boundary conditions [14, 15]. In
melt or solution extrusion the shape and diameter of the die, as well as mechan-
ical forces inducing specific draw ratios and drawing speeds, to a major extent
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Fig.1 Nanofiber architectures available from electrospinning: a Thin smooth fibers with
circular cross section (PA 6), b Ribbonlike fibers (PA 6) ¢ Porous fibers (PLA) and d Fibers
with spindle-type disturbances (PAN), e Fibers with fractile shape (PLA), f “Barbed”
nanofibers (PVA)

determine dimensional and structural properties of the resulting fibers. Fiber
formation is thus controlled by mechanical deformation processes to which the
original solution or melt are subjected. In an extension of the extrusion tech-
nique, multicomponent fibers consisting of segments of different polymers can
be fabricated by extrusion. The subsequent preparation of fine fibers is induced
by splitting up the fiber by treatment with, for example, water jets [8]. The melt
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blowing process is a technically advanced process leading to fibers with diam-
eters below 500 nm. In the melt-blown technology polymer melts are pumped
through an array of nozzles. In the process, the formation of fibers from the
melt is obtained via cooling in a strong countercurrent of air again imposing
specific mechanical forces.

Another interesting approach is the exploitation of converging flow to
first produce droplets, as in electrospraying, but in specific cases, including
nanofibers [14, 15]. The concept in one particular setup is to start from a fluid
layer arrangement composed of two immiscible fluids, one of which serves
as processing fluid and the other constituting the material to be processed to
fibers. These fluid layers are sucked by mechanical forces through a die which
imposes a converging flow. For slow sucking speeds only the upper sacrifi-
cial fluid layer is subjected to the converging flow, yet at higher speeds the
lower fluid layer is also sucked in, yielding a compound jet with the sacrificial
material forming the outer shell. The fluid core fiber is subsequently either
subjected to a breakup, yielding droplets, or solidifies, yielding fibers with
diameters well below the micrometer range. Using three layer arrangements,
core shell fibers or hollow fibers can be produced in this way. Again fiber for-
mation is controlled in this approach by mechanical forces as in conventional
extrusion, although the strong correlation existing between die diameter and
final fiber diameter is relaxed to a certain extent.

Fiber formation in electrospinning differs strongly from the formations
occurring in the approaches discussed so far, since self-assembly processes
dominate in electrospinning (which will become apparent in detail as the
theory of electrospinning is explained below). Features that are basically
governed by self-assembly processes induced by specific electrostatic interac-
tions of elements of the original source droplet or similar geometries from
which fiber formation starts include: the evolution of the final diameter of the
nanofibers resulting from electrospinning, the intrinsic orientational order,
the morphology, the cross-sectional shape, gradients along the cross section,
specific phase morphologies, as well as the distribution of solid particles
dispersed within the fiber, undulations of the fiber diameter, and droplets
arranged along the fibers in a regular fashion.

In the case of supramolecular structure formation self-assembly is known to
be controlled by specific, generally attractive, forces such as hydrogen bonding,
charge transfer interactions, etc. [16, 17]. Self-assembly in electrospinning, on
the other hand, is controlled by Coulomb interactions between charged elem-
ents of the fluid body. Self-assembly follows the general Earnshaw theorem of
electrostatics according to which it is impossible to prepare stable fluid struc-
tures such as stable fluid jets in which all elements interact only by Coulomb
forces [18, 19]. Charges located within the fluid jet, in the case considered here,
move the polymer elements to which they are attached along complex path-
ways in such a way that the Coulomb interaction energy is minimized. Droplet
deformation, jet initiation, and, in particular, the bending instabilities that to
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a major extent control fibers’ properties are apparently predominantly con-
trolled by this kind of self-assembly principle. Simple as well as highly complex
fiber architectures, the deposition of flat fibers, of fibers with vertical protru-
sions, and splayed fibers can be considered as a manifestation of the variety of
self-assembly processes happening in electrospinning (see examples in Fig. 1).
Keeping this general theorem in mind it should be possible to come up with
completely novel fiber architectures - Fig. 1f may serve as an example - and
thus novel functions in the future. In view of this very specific character of fiber
formation via electrospinning, it seems reasonable to first consider the electro-
spinning process in detail, both from an experimental and theoretical point of
view, before embarking on the Material Science aspects and application sides
of electrospinning.

2
Nature of the Electrospinning Process

2.1
Experimental Setups

At first glance, electrospinning gives the impression to be a very simple and
therefore easily controllable technique to produce fibers with dimensions
down into the nanometer range. In electrospinning on a simple laboratory
scale, a polymer solution or melt is pumped through a thin capillary act-
ing as a die with inner diameters in the range of some 100 um (Fig. 2). The
die may simultaneously serve as an electrode to which high electric fields
in the range of typically 100 to 500 kV/m are applied. The distance to the
counter electrodes typically amounts to 10 up to 25 cm in laboratory systems
and currents flowing during electrospinning are in the range of some 100
nanoamperes up to several microamperes. The substrate on which the elec-
trospun fibers are collected is either the counter electrode material itself or
specific substrates selected in view of the target application. It may be brought
into electric contact with the counter electrode but it can also be on a dif-
ferent potential. Frequently a top-down arrangement of the die/electrode and
the counter electrode is used (Fig. 2), but in principle electrospinning can
be carried out with the jet flowing from bottom to top, top to bottom, and
horizontally.

To discuss other types of electrospinning devices one has to take into ac-
count the fact that electrically initiated jets will generally not start easily on flat
fluid surfaces but rather at protrusions [20, 21]. Such protrusions can have the
shapes of pending droplets located at the tip of syringe-like dies, an approach
used typically in laboratory style electrospinning device, or of sessile droplets
positioned on flat solid surfaces [21]. In more technically oriented spinning
devices such protrusions may also be formed via metal spikes arranged along
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capillary
with 1
polymer solution

counter electrode

Fig.2 Electrospinning device, laboratory scale, schematic representation

metal wires or along metal cylinders immersed into or carrying the spinning
fluid. The spikes thus assume two roles: they act as solution feeding elements
as well as initiation elements. Another unique approach towards the creation
of protrusion on fluid surfaces consists in inducing statistical surface rough-
ness modulations, for instance via superparamagnetic particles immersed in
the spinning solution via their interactions with magnetic fields [22]. Magnetic
fields tend to induce spike structures for such systems. Many more approaches
along thisline seem feasible and possibly necessaryif one intends to scale up the
production rate considerably. Multiple die arrangements have been used to this
end with limited success. One reason is that the equally charged jets emanating
from these dies tend to reject each other and that such an arrangement can only
be optimized to deposit fibers on a substrate in a completely homogeneous way
with great difficulties.

2.2
Experimental Observations on Fiber Formation

Experimental observations employing, for example, high-speed video analysis
reveal for electrospinning devices of the kind introduced above (i.e., for labo-
ratory scales) a sequence of complex fiber forming processes resulting finally
in the deposition of extremely fine fibers, of nanofibers, on the counter elec-
trode or substrates such as glass, silica, filter paper or textiles located on top
of the counter electrode. The first step towards fiber formation consists in the
deformation of fluid drops emerging from the die by the interaction of the ap-
plied field with the charged fluid [23] (Fig. 3). With increasing electric field,
the shape of the droplet becomes increasingly prolate and approaches a con-
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d e f
Fig.3 Deformation of a pending droplet by electric fields [23] (see discussion below)

ical shape with the half angle of the cone assuming values of the order of 30°
(Fig. 3a-d). The cone is furthermore characterized by a tip with a very low ra-
dius of curvature, well below 1 yum, and thus not readily resolvable by optical
means [19-21].

A fluid jet emanates from this tip as a critical electric field is surpassed
(Fig. 3e and f). This jet moves towards the counter electrode in a linear fash-
ion for a short distance amounting typically to several centimeters. At the
end of the straight path unstable bending motions occur with growing am-
plitudes and the jet begins to follow a spiralling and looping path in space
(Fig. 4).

Fig.4 Path of a fluid jet in electrospinning, schematic representation as adapted from [19]
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2.2.1
The Straight Path of the Jet

In the following, experimental observations on dynamics related to this
straight path of the jet collected from tracer particle tracking techniques
based on high-speed photography will be discussed [13, 24]. The fluid jet is
found to experience a very strong acceleration as it leaves the die going up
to 600 m/s?, which is close to two orders of magnitude larger than the ac-
celeration coming from gravitational forces. Gravitational forces thus play no
significant role in electrospinning. This is the reason why top-down, bottom-
up, and other types of die/counter electrodes work similarly. The velocity of
the jet amounts typically to 3-5m/s at the end of the straight part of the jet.
Further characteristic values are a strain rate which goes up to values of the
order of 1000 s™! and an elongational deformation approaching values of up
to 1000. An important fact is that an increase of the voltage causes on one
side the jet diameter to increase, whereas with the acceleration, the jet vel-
ocity as well as the strain rates decrease with significantly increased voltage.
The interpretation is that a lower voltage gives rise to a lower feeding rate of
the fluid, which in turn causes the jet to be thinner thus allowing larger sur-
face charge densities. The surface charge density is a controlling parameter in
fiber formation via electrospinning.

The strain rates characteristic for the straight part of the jet are sufficiently
large enough to induce chain extension. Arguments on requirements to be
met by the strain rate relative to the hydrodynamic relaxation in order to in-
duce chain orientation have been put forward by de Gennes [25]. These lead
to the conclusion that the product of the viscoelastic relaxation time and the
strain rate should be larger than 0.5 for the induction of chain extensions. In
fact, this product goes up to 50 in the straight path of the jet and again it goes
down significantly - to 30 and below - as the electric field is increased, e.g.,
from approximately 50 to approximately 70 V/mm. It is thus not surprising
that, in fact, birefringence has been observed for this part of the jet, which
is still, of course, fluid. A further observation is that the birefringence tends
to be stronger at the surface of the jets. Some reasons are that the surface
charges are located just there, that polymer chains located at the surface pos-
sess lower degrees of freedom which tends to make them more susceptible to
deformation, and that the surface layers tend to have a higher concentration
of polymer chains due to the evaporation of the solvent.

222
The Looping Part of the Jet

At some distance away from the die the jet is no longer able to follow
a straight path in the direction of the counter electrode. It bends, turns side-
ways, and begins to perform spiralling, looping motions. In each loop the jet
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becomes thinner and elongated as the loop diameter increases. The envelope
of these loops, which is apparent in electrospinning to the naked eye, resem-
bles a cone with its opening oriented towards the counter electrode. This type
of instability - bending (also known as whipping instability) - repeats itself
in a self-similar fashion on a smaller and smaller scale as the jet diameter
is reduced, contributing to a further reduction of the jet diameter. Finally,
the jet is so thin or the fiber becomes so stiff that the bending instability
can no longer govern the fiber formation process. The deposition of solidi-
fied nanofibers onto the counter electrode or substrates located on top of the
counter electrode is the final step in electrospinning. The radius of the en-
velope cone which typically assumes a value of the order of 10 up to 15cm
over a characteristic distance between the die and the counter electrode of
approximately 10 to 15 cm also controls the radius of the planar nonwoven,
which is deposited in the plane of the counter electrode of similar magnitude.

Nonwovens are defined in this context as textiles which are neither wo-
ven nor knit, for example felt. Nonwoven fabric is typically manufactured by
putting small fibers together in the form of a sheet or web. Note that in elec-
trospinning the deposition texture depends on the electrode configurations.
In the case of planar counter electrodes, a planar texture results, i.e., the fibers
are randomly oriented within the plane of the substrate as shown in Fig. 5 for
the case of fibers from polyvinyl acetate (PVA). A highly porous nonwoven re-
sults with the sizes of the pores, which is on the average much larger than the
diameter of the fibers.

Both the elongation and thinning of the fiber within the linear pathway
and within the looped pathway are accompanied by solvent evaporation, con-
tributing also to jet diameter thinning and to the final diameter of the solid
nanofibers deposited on the counter electrodes. Again using high-speed video
analysis and laser Doppler velocimetry, the magnitudes of the total elongation
of the jet during electrospinning, the deformation rate, and the speed with

Fig.5 Nanofiber nonwoven obtained by electrospinning shown at two different magnifi-
cations
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which the fibers are deposited on the counter electrode can be estimated [26].
The total time which a fluid element experiences within the fiber formation
process from leaving the die until becoming deposited on the counter elec-
trode as element of the solid nanofiber is estimated to be approximately 0.2 s.
The overall draw ratio is estimated to be of the order of 10°> and the over-
all strain rate to be of the order of 10° s™! [13, 19]. These are extremely high
values reflecting the reduction of the jet diameter from around 100 um down
to 100 nm and below in a very short time (well below a second), when taking
into account the evaporation of the solvent and the corresponding reduction
in diameter. It is obvious that chain molecules tend to become highly oriented
in the jet during electrospinning and that this should show up in the orienta-
tional order within the final solid fibers as well as in the crystal morphology.
Furthermore, such a strong mechanical deformation should also be reflected
in the stiffness and strain of the fibers (these topics will all be discussed later
in some detail).

In general solid fibers are deposited on the counter electrodes despite the
short fiber formation times well below a second and even if solvents with
high boiling points, such as water, are used for the spinning solutions. Yet, de-
pending on the relative humidity, high solvent concentrations, and the use of
polymer materials with glass transition temperatures close to or below room
temperature, soft fibers are deposited giving rise to partial coalescence effects
(Fig. 6a). Coalescence processes set in whenever two soft fibers within the
fiber network resulting from electrospinning come in close contact or when-
ever two such nanofibers cross each other, respectively [89]. Coalescence of
fluid droplets in close contact and also of elliptically deformed droplets have
been studied widely experimentally as well as on a theoretical basis, yet it
seems that such calculations were not extended to fiber coalescence in non-
wovens.

Fig.6 Coalescence of soft nanofibers. a Directly during deposition of soft fibers in electro-
spinning of cellulose acetate, b Result of annealing of polylactide nanofibers at enhanced
temperatures [89]
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The observation is that coalescence sets in at the contact points of the
nanofibers yielding distinct geometries for the junction points, which de-
pend on the angle with which the fibers contact each other and also on the
diameters of the two fibers in question, i.e., whether they have a similar
diameter or different diameters. The common feature of these geometries is
that the disrupted directional variations characteristic of the crossing of two
fibers that have still retained their circular cross section is replaced by ge-
ometries characterized by more continuous variations of the curvature. The
coalescence figures that result during electrospinning are frequently kineti-
cally controlled, as governed by the simultaneous processes of jet deposition
and solidification due to solvent evaporation. To obtain coalescence figures
corresponding more closely to the equilibrium one may anneal electrospun
nanofibers crossing each other at elevated temperatures above the glass or
melting temperatures for some minutes [89]. The geometries which result are
displayed in Fig. 6b. They quite obviously correspond to low surface free en-
ergy configurations spontaneously produced by the tendency of the system to
approach the lowest state of surface free energy. Such coalescence processes
lead to a mechanical cross-linking of the nonwovens. Such features may be
of interest for a set of applications including filter, textile, or tissue engineer-
ing applications. Cross-linking may enhance the stiffness and strength of the
nonwovens, and cross-linked nonwovens tend to keep their integrity even in
the presence of mechanical forces.

It is helpful at the end of this section to compare specific textile fiber prop-
erties of conventionally produced fibers with diameters in the micrometer
range with fibers in the nanometer range that are produced by electrospin-
ning. From one gram of polyethylene fibers, a total length of 13 km can be
produced if the fiber diameter is 10 wm, but a length of 130000 km if the
diameter is 100 nm. In the first case the specific surface, which is the surface
given in m? per gram fibers, amounts to about 0.4 m?/g while in the second
case it amounts to 40 m?/g. In fiber technology the unit denier is often used of
as a measure of fiber fineness. It determines the mass of a fiber with a length
of 9000 m. For a 10 um fiber the fineness amounts to 1 denier, for a 100 nm
fiber the fineness is 10~ denier. Further properties of nanofibers made by
electrospinning will be discussed later in some detail.

23
Theoretical Analysis

2.3.1
Droplet Deformation and Jet Initiation

The transition of a bulk fluid material — either a melt or a solution - into ex-
tremely fine fibers, i.e., nanofibers with diameters down to a few nm, possibly
with unique morphological and topological features, involves a sequence of
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complex deformation processes. These depend, on the one hand, on external
parameters characteristic of the electrospinning technique itself (such as the
applied field, the electrode configurations, or the feeding rate of the fluid to
be spun) and, on the other hand, on intrinsic parameters characteristic of the
spinning fluid itself (such as the surface free energy, the electric conductivity,
and the viscous and elastic properties).

2.3.1.1
Droplet Deformation

The primary step in nanofiber formation involves the initiation of a fluid jet
emanating from the spinning fluid due to its interaction with the electric field.
This jet will in general not be initiated on flat fluid surfaces but rather at pro-
trusions. Such protrusions can have the shapes, as previously discussed, of
pending droplets located at the tip of syringe-like dies or of sessile droplets
positioned on flat solid surfaces. They may also be formed via metal spikes
arranged along metal wires or along metal cylinders encapsulated by the spin-
ning fluid or even through statistical surface modulations induced by various
means. Many more approaches along this line seem feasible.

The interactions of droplets/fluid protrusions with electric fields were con-
sidered in a set of papers going back as far as to the year 1882 concentrating
predominantly on pendent and, to a lesser extent, on sessile droplets [27].
A frequent assumption is that the fluids to be spun such as polymer solutions
or polymer melts tend to display an ionic conductivity to some degree. Within
the electric field the anions or cations become nonuniformly distributed on
the surface of the droplets in such a way that the surface becomes equipoten-
tial and the field inside the droplet zero. The general result of the theoretical
analysis is that such droplets are deformed within the electrical field and dis-
play a stable critical shape even when close to a critical electric field beyond
which jet formation occurs from the tip of the deformed droplet (Fig. 3). The
shape should in principle be controlled by the equilibrium between the elec-
tric forces and surface tension as far as viscous and viscoelastic fluids are
concerned, whereas nonrelaxing elastic forces may also affect the shape of
the droplet. Yet, the papers on droplet deformation differ in the mathemati-
cal approaches taken and in their predictions on the shapes of the deformed
droplets.

The interaction of fluid droplets with electric fields is a topic which was
met with interest as long as 100 years ago. One motivation was the belief that
the disintegration of water droplets in strong electric fields plays a major role
in the formation of thunderstorms. In 1882 Rayleigh calculated the limited
charge an isolated droplet can carry before it becomes unstable [27]. Using
the same approach Zeleny analyzed the deformation of a droplet in an ex-
ternal electric field representing the shape of the droplet by a steroid [28].
Rayleigh subsequently argued that this approach is unsound for a droplet in
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an external electric field and calculated the deformation of the droplet due to
the balance between internal pressure, surface tension, and electric forces (as-
suming also a spheroid as the representative shape of a water droplet) [29].
One problem of the analysis is the field dependence of the shape of the
charged droplet and vice versa so that approximations have to be introduced
in the analysis of the balance of forces. One approach, for instance, is con-
cerned with the balance just at the poles and the equator of the deformed
droplet. To be able to consider not only droplet deformation but also the me-
chanics of jet formation additional assumptions had to be introduced, such
as a power law scaling of the electric potential [13,29]. Predictions of the
treatment by Tailor are that the droplet assumes a prolate shape and becomes
unstable if the ratio of the length to the equatorial diameter approaches 1.9.
Furthermore, the droplet is predicted to approach a conical shape close to the
critical field with a half angle of the cone of 49.3° at the tip of the droplet. One
finds half angles significantly smaller than this value in experiment (Fig. 3).

The problem of the shape of droplets in electrical fields was therefore revis-
ited in the context of electrospinning (in particular by Yarin et al. [20]). First,
they pointed out the self-similar nature of the treatment by Taylor. Second,
they stated that the likely shape of a droplet in electrospinning must be very
close to a hyperboloid of revolution. They then looked for self-similar and
non-self-similar solutions for the balance of electric and mechanical forces
and the corresponding shapes for hyperboloidic liquid droplets. The self-
similar approach turned out to fail whereas the non-self-similar approach
yielded results in agreement with the experimental ones. Based on the hyper-
boloidic approach, they predicted that the stationary critical shape assumed
by the droplet in the critical electric field can be represented by hyperboloids
approaching a conical asymptotic with a half angle of 33.5°. For sessile
droplets the experimental analysis yielded values for the half angle that were
close to the tip of the droplet of about 37° decreasing to 30.5° at locations
farther away from the tip. In fact, the half angle experimentally observed for
pending droplets close to the tip amounts to 31° decreasing to 26° at locations
on the droplet surface further removed from the tip. In all cases these values
are closer to the ones predicted by the hyperboloidal approach as compared
to the spheroidal approach. A further interesting result of this analysis was
that the curvature of the deformed drop at its tip is very small, amounting to
about 600 nm. It can thus not easily be analyzed by optical means.

2.3.1.2
Jet Deformation

A highly important step in electrospinning that controls the fiber diameter
as well as the orientational order and mechanical properties of the result-
ing nanofibers via self-assembly steps is the onset and further evolution of
the bending instabilities. These were consequently analyzed in some detail by
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a set of theoretical approaches. It was pointed out by Yarin et al. that this fea-
ture in electrospinning and possibly other related phenomena seem to follow
a very general theorem of electrostatics formulated by Earnshaw [18, 19]. Ac-
cording to this theorem it is impossible to prepare stable structures such as
fluid jets in which all elements interact only by Coulomb forces. Charges lo-
cated within the fluid jet, in our case, move the polymer material to which
they are attached along complex pathways in such a way that the Coulomb
interaction energy is minimized.

To be more specific even a simple linear arrangement of three equal
charges arranged along a chain becomes unstable towards lateral deflections.
Following this line of arguments Yarin et al. modeled the bending instabilities
and the jet path resulting from them by a system of connected viscoelas-
tic dumbbells with the beads in the dumbbells having masses and electrical
charges representative of the charged polymer jet to be modeled [19]. The
beads, in turn, interact among each other via springs and dashpots represent-
ing the mechanical interactions in the jet as well as its viscoelastic response
towards the elongation during electrospinnning. The beads furthermore in-
teract with each other by Coulomb forces since they carry charges. Finally,
the interactions between the charged beads and the applied electric field are
taken into account. Based on this straightforward model the evolution of
the path of the fluid jet in the presence of bending perturbations was cal-
culated. It turns out that the model provides a quite accurate description
of the path of the jet, including the complex looping and spiraling motions
(Fig. 4). This holds, for instance, not only for the conic envelop of the path
within the bending instability range, but also for the magnitudes of the diam-
eter reduction, total elongation, and deformation rate to which the jet is
subjected.

This model, however, does not take into account the evaporation of the
solvent during fiber formation or the onset of solidifications induced by the
evaporation and the glass formation or crystallization, respectively. In fact,
these processes affect the path of the jet to a considerable extent. The conic
envelope representing the looping and spiraling of the jet in its bending
mode is strongly extended both in the lateral and longitudinal directions
as compared to the case neglecting evaporation and solidification. Further,
the magnitudes of the total elongation and rate of elongation are affected as
already discussed above [30]. The authors point out that details of the evapo-
ration process and solidification process could not be taken into account since
these details depend on the system studied, are actually unknown for most
experimental systems, and have to be analyzed for the specific system of inter-
est. Thus, the theory is able to give general estimates that definitely point into
the right directions, as made obvious from a comparison between the exper-
imentally observed features and the calculated ones. An interesting point of
the theoretical analysis is that the formation of bending instabilities becomes
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suppressed if the surface energy of the jet becomes sufficiently large, keeping
all other spinning parameters constant [13].

The observation that electrospinning does not always give rise to fibers
with uniform diameter, but rather - for specific operating parameters - to
fibers displaying modulations of the diameter, droplets or spikes arranged
along the fiber length, to the deposition simultaneously of fibers and droplets
on the counter electrode, or even just of droplets (Fig. 7a,b) are indications
that the electrospinning process is even more complex than discussed so far.
Observations show that frequently droplets form along the length of the jet
in its straight part and that the slender jet/droplet arrangement subsequently
becomes subjected to bending motions. On the positive side, these observa-
tions point out in which way, by a suitable choice of spinning parameters, the
range of nanofiber architectures can be considerably expanded, which might
be beneficial for specific applications.

Through their theoretical approaches, Hohman et al. have investigated
the richness of structure formation processes taking place in electrospinning
going beyond the bending instability (such as the axisymmetric instability
depicted in Fig. 8 in addition to the bending instability) [31-34].

In fact, they were able to predict first of all phase diagrams specifying for
which spinning parameters which kind of structure formation process/type
of instability is dominant, and they secondly specified operating diagrams
for electrospinning in terms of the feeding rate of the spinning solution and
the applied electrical field for given properties of the spinning fluids. Such
diagrams (to be discussed in more detail below) allow selection of electro-
spinning parameter sets in such a way that the bending mode becomes dom-
inant yielding smooth fibers with homogeneous fiber diameters. Yet, they also
allow selection of these parameters in such a way that other types of insta-
bilities take over yielding, e.g., fibers with droplets attached to them, thus
corresponding to the electrospraying mode.

Fig.7 Electrospun nanofibers: a With beads (PS) and b With spikes (barbed nanowires)
along the fibers (PVA)
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Fig.8 Schematic sketch of an axisymmetric instability (leff) and bending instability
adapted from Shin et al. [33]

Hohman et al. based their theoretical analysis on classical hydrodynam-
ics adapted to the particular case of long fluid cylindrical elements carrying
charges and being located in an electric field - mimicking the jet in electro-
spinning [31-34]. Details of the theoretical analysis will not be spelled out
in this contribution but should be explored in the respective papers. This
contribution will rather concentrate on major predictions of interest for the
experimentalist. In this context it is sufficient to point out that the treatment
has to consider in addition to the conservation laws for the mass and the
charges the presence of viscous dissipation, of electric forces arising from
the coupling of the charged fluid elements to the electric field but also of
gravitational forces. Electrostatic terms were thus introduced into the hydro-
dynamic equation. Furthermore, to facilitate the theoretical treatment and to
adapt it to the situation of a long, slender fluid cylinder with a specific axial
ratio expression for the flow velocity and electric field components (radial
and tangential) were expanded in a Taylor series in powers of the aspect ratio
of the slender fluid cylinder and introduced into the electro-hydrodynamic
equations.

The theoretical analysis comprises two different steps:

(i) In the first step, the stability of this fluid electrically charged element is
investigated at fixed charge density, surface tension, viscosity, and dielec-
tric constant.

(ii) In a second step the treatment takes into account the fact that these prop-
erties vary along the jet as it moves from the die to the counter electrode.

The analysis first of all specifies the types of instabilities to which such a fluid

element is subjected.

The first one is the electric counterpart of the classical Rayleigh instability
known from uncharged fluid threads, already discussed above. This type of
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instability is controlled by surface energy contributions, and it consists in the
growth of diameter perturbations eventually causing a breakup of the long
cylindrical element into individual isolated droplets. The presence of surface
charges tends to reduce the effect of the controlling parameter surface energy
on the growth of the instability. The instability becomes weaker with increas-
ing electric fields and surface charges, respectively, and it becomes totally
suppressed above a critical field for which the electric pressure coming from
the surface charges exceeds the surfaces tension pressure. The critical field de-
pends linearly on the surface tension and inversely on the radius of the jet.
Furthermore, the analysis shows that this type of instability does not cause
a breakup of the jet for the set of spinning parameters usually used in elec-
trospinning. One exception is the situation in which the jet diameter becomes
very small, close to its deposition on the counter electrode.

The second type of instability observed (also for slender fluid elements)
causing a growth of diameter perturbations with a final breakup is totally
controlled by charge contributions rather than by surface energy. In the case
of the charge driven axisymmetrical instability, a statistic variance of the jet’s
radius causes a modulation of the surface charge density. This in turn gen-
erates tangential electrical forces that couple to the radius modulation and
amplify it. The formation of beads is the end result of such a coupling loop. In
fact, during electrospinning fibers on which drops along the fiber are aligned
like pearls on a string can be observed for certain sets of spinning parameters
(Figs. 7 and 8).

Finally, the theoretical analysis by Hohman et al. [31-34] yields not un-
expectedly the bending instability discussed already in detail previously and
called whipping instability in these papers. An important outcome of this the-
oretical analysis for experimentalists is the prediction of phase diagrams for
the various instabilities and of operating diagrams specifying for which set
of operating parameters electrospinning can be performed to produce the
bending instability yielding homogeneous fibers respectively: the whipping
or bending mode is enhanced if the local electrical field near the jet is domi-
nated by its own charges, and it is suppressed if the local field is governed by
the external tangential field (Fig. 9).

Figure 9 displays a characteristic operating diagram specifying the dom-
inance of either the bending or the conductive axisymmetric instability as
a function of the operating parameters flow rate of the spinning solution and
applied field for given values of fluid parameters (such as the surface tension,
viscosity, electric conductivity, and dielectric constant).

The general trends of such operating diagrams do not change significantly
as the fluid properties are modified but rather just the absolute numbers vary.
The operating diagram reveals which way the field and flow rate have to be
controlled to yield the bending instability and thus ensure stable electrospin-
ning of smooth nanofibers. In experiments, one has to determine the fluid
parameters mentioned above and then one should be able to optimize elec-
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Fig.9 Example of an operating electric field versus feeding rate diagram for electrospin-
ning adapted from Hohman et al. [32, 33]. The upper shaded area shows the theoretically
predicted onset of bending instabilities; the lower one shows the corresponding onset
of axisymmetric instability. The lines represent experimental results on the instability
thresholds for the two types of instabilities for PEO solutions for a given set of electric
conductivity, viscosity, dielectric constant, and surface free energy values corresponding
to the ones assumed in the theoretical treatment

trospinning by a suitable choice of field and flow rate on an absolute scale.
Further, following the theoretical treatments discussed above, Fridrikh et al.
presented a simple analytical model in terms of current and feeding rate,
allowing prediction of the terminal jet diameter (beyond which a further
thinning due to bending instabilities no longer occurs, as the stresses from
surface tension and from surface charge are in balance) [35].

Finally, as far as investigating the electrospinning processes is concerned,
it should be pointed out that more phenomena may be observed during elec-
trospinning. One is the occurrence of jet branching characterized by periodic
arrangements of the branches extending perpendicular to the jet [13]. Yarin
et al. developed a electrohydrodynamic theory which shows that the surface
of conducting fluid jets can display complex static undulations at strong elec-
tric fields [36]. Such undulations can become unstable for specific conditions
leading to the ejection of regular arrangements of lateral branches from the
primary jet. It seems feasible that various types of fiber structures may re-
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sult such as fluffy columnar networks, called garlands fibers, or even barbed
nanofibers as shown in Figs. 1f and 7b.

3
Nanofiber Properties

3.1
Nanofiber Diameters

The diameter of the nanofibers produced by electrospinning is a key param-
eter for most of the applications envisioned for such fibers. Fiber diameters
down to just a few nanometers can be produced by electrospinning from
polymer solutions but the diameter can also be extended up to more than
10 pm if required. The most influential spinning parameter to control the
fiber diameter is the polymer concentration within the spinning solution.
A lower polymer concentration will cause first of all a stronger fiber diameter
shrinkage solely by solvent evaporation. Yet, the effect of polymer concen-
tration goes well above this direct contribution, since, in general, polymer
concentrations suitable for spinning can be varied only by a factor of well be-
low 10, though fiber diameter variations amounting to a factor of 100 and
more are known. A major effect of a variation of the polymer concentration
on resulting fiber diameters comes from the corresponding strong variation
of the viscosity and the viscoelastic response of the fluid jet to deformations.
Both the viscosity and viscoelasticity of polymer solution represented, e.g.,
by the corresponding relaxation time, are known to strongly depend on the
polymer concentration. As far as electrospinning is concerned the variation
of these parameters in elongational deformations involving high deformation
speeds has to be taken into account. Studies on the capillary thinning process
of threads of dilute and semidilute polymer solutions revealed that the defor-
mation happens in two stages the first involving the viscoelastic stretching of
polymer coils and the second a quasi-Newtonian flow in which fully stretched
coils flow past each other giving rise to a constant elongational viscosity [37].
A further finding which may also be of importance for electrospinning is that
such strong and rapid elongational deformation tends to induce chain rup-
ture to a considerable extent.

The dependence of the fiber diameter on the polymer concentration has
been investigated for a set of polymers including among others polyamides,
polylactides, polyacrylonitrile, polyvinyl acetate or polyethylene oxide [9-13].
One characteristic example is revealed in Fig. 10 for PA 6 dissolved in acetic
acid [38].

The diameter changes for polyamide 6 by a factor of more than 10 cov-
ering the range from about 150 nm up to about 1.7 um keeping all other
spinning parameters, such as the applied voltage, electrode distances con-
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Fig. 10 a Dependence of the fiber diameter on the polymer concentration for solution
electrospinning [38] for polyamide 6 in acetic acid; in the shaded area band-structures
rather than fibers with circular cross sections are obtained, b Corresponding variation for
polylactide in different solvent mixtures
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stant, etc. It should be pointed out that one is able to reduce the fiber diameter
of polyamide 6 even further to below 50 nm, yet this involves further varia-
tions of the spinning parameters beyond the polymer solution concentration.
The finding displayed in Fig. 10 a is that the fiber diameter tends to increase
in a strongly nonlinear fashion with the polymer concentration, particularly
at higher concentrations (similar to the case of corresponding variations of
the viscous and viscoelastic properties). The fiber diameters achieved are not
strictly constant for a given concentration but rather show a certain distribu-
tion which increases in absolute numbers as the diameter increases, yet the
relative width of the distribution frequently tends to remain about constant. It
is an interesting observation (also indicated in Fig. 10a) that a concentration
range exist in which flat band-shaped fibers rather than fibers with spherical
cross section are formed. This aspect will be considered below in more de-
tail. Polymer solutions with concentrations below the range showed in Fig. 10
cannot be spun to nanofibers since their tendency to droplet formation is
strong at such low concentration unless specific additives modifying the con-
ductivity and other properties are added. On the other hand, solutions with
polymer concentrations above the upper values shown in Fig. 10 are, in gen-
eral, so viscous that again electrospinning fails.

Figure 10b shows corresponding polymer concentration-fiber diameter
results for polylactide in dichloromethane. It is obvious that suitable varia-
tions of the polymer concentration and of the resulting fiber diameters are
much smaller than found for polyamide and that the distribution of the fiber
diameters at a given concentration is also broader. These results reflect the
different nature of the polylactide solutions in terms of molecular weight, mo-
lecular weight distribution, entanglement, interaction with the solvent (which
affects both the viscous and viscoelastic properties of the solution). In fact,
detailed studies are still sparse trying to relate fiber properties to real data
on viscous and viscoelastic properties. A major reason is, of course, that
fiber spinning is performed with extremely high strains and strain rates and
that, in general, very limited data are available for the viscous/viscoelastic
properties for such extreme conditions. Thus, for the time being one has to
investigate fiber diameter-polymer solution correlations experimentally for
each case of polymer/solvent combinations.

An interesting approach to modify the viscous at viscoelastic properties of
a given polymer solution during electrospinning involves the application of
ultrasonic agitation to the solution just as it leaves the capillary die [39, 40].
Two effects have been reported. One is that electrospinning of fibers can be
extended to higher polymer solution concentration well outside the range ac-
cessible without ultrasonic agitation and the other one is that fiber diameter
can be modified to a certain extent in this way.

A second spinning parameter which can be exploited to adjust the fiber
diameter is the feeding rate, i.e., the amount of polymer solution that is fed
per time unit into the spinning apparatus at constant die diameter, and keep-
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ing all other spinning parameters constant. Among the examples to be found
in the literature are studies on polyacrylonitrile (PAN) which was studied
both experimentally and from a theoretical point of view [41]. The result is
that again the fiber diameter can be varied in this case by more than a fac-
tor of 10 by controlling the feeding rate. Similar results have been reported
for other polymer solutions yet it seems that the magnitude of fiber diameter
modifications induced via the feeding rate depends strongly on the polymer
system under investigations and frequently tends to be rather small.

Polymer concentration and polymer solution feeding rate are not the only
spinning parameters that have been evaluated with respect to their impact on
fiber diameters in electrospinning. The jet diameters and the fiber diameters
can be controlled to a certain extent also by the applied voltage, though again
the achieved results vary strongly with the polymer system. It was reported,
for instance, for electrospinning of acrylic nanofibers that the jet diameter
may decrease initially with increasing voltage, yet that it increased again as
the voltage was further increased [42, 43]. This is obviously due to a strong in-
crease of the amount of polymer solution drawn out by the electric field from
the capillary. A further approach towards controlling the fiber diameter con-
sists in extending the range of polymer concentrations suitable for spinning
to much smaller concentrations and thus smaller polymer fiber diameters by
adding components which vary the electric conductivity of the solvent [44].
An increased conductivity tends to increase the charge density at the surface
of the jets, thus decreasing the tendency of droplet formation during electro-
spinning. Finally, a variation of the distance between the spinning die and the
counter electrode has been used to affect the fiber diameter. Various effects
may contribute to fiber diameter variations, e.g., as the distance is decreased
among them an increase in the electric field, a suppression of later stages of
elongational processes induced by the bending instability, or the suppression
of the complete evaporation of the solvent may have effect. It is for this reason
that again the induced fiber diameter variations vary strongly with the poly-
mer system under consideration. Thus, the general conclusion is that as far
as solution spinning is concerned the concentration of the polymer solution
is the most direct and most general parameter to control fiber diameters in
electrospinning.

3.2
Shape of the Fibers

The goal of electrospinning will be in the majority of cases the production of
nanofibers uniform in diameter along their complete length and with a spher-
ical cross-sectional shape. In fact, electrospinning tends to produce just such
a type of fibers in the range of polymer solution concentrations in which
droplet formation is suppressed. This is not really surprising since the ge-
ometries of the dies, of the applied field, and, thus, of the deformation of
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the droplets are in the majority of cases axially symmetric. Furthermore,
the fibers tend to be straight for a significant persistence length often larger
than 10 cm and above. This becomes particularly evident if the fibers are de-
posited in a parallel fashion due to particular electrode configurations to be
discussed below in more detail. Yet, in several cases fiber shapes have been
reported showing strong buckling (Fig. 11) [19]. Buckling obviously results
from the presence of longitudinal compressive forces acting on the imping-
ing thread. Detailed investigations of the buckling phenomenon have revealed
a surprising richness of buckling pattern including sinusoidal trajectories,
meandering, coiled structures, figure eight structures double pattern, and
many more. Further, the trajectories of the deposited nanofibers may result
from a superposition of the looping motions due to bending instabilities and
buckling.

Nanofibers with spherical cross sections are the general target for the
majority of applications introduced previously. Yet, considering the prism-
shaped silk fibers and the corresponding peculiar optical properties, other
types of fiber cross sections may be beneficial for specific applications. In fact,
electrospinning yields, either by poor controlling or on purpose by an appro-
priate controlling, a variety of fiber cross-sectional shapes originating from
the complex self-assembly processes intrinsic in electrospinning.

One frequent observation is the formation of band-shaped fibers charac-
terized by a flat rectangular cross-sectional area [45]. An example of such
a fiber shape is shown in Fig. 1b. It results, for instance, in a very limited range
of polymer concentrations in the case of polyamide 6 spun from acetic acid
solutions, while fibers with spherical cross-sectional shape are formed out-
side this concentration range. Band-shaped fibers have also been reported for
polymers such as polycarbonate and many more.

A tentative explanation for the formation of such band-shaped fibers in
electrospinning is that the solvent evaporates particularly rapidly in many in-

Fig.11 Buckling PA 6 nanofibers electrospun from formic acid solutions. (Fibers shown
for different magnifications)
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stances from the surface of the fluid jet giving rise to a solid surface shell [45].
The subsequent evaporation of the remaining solvent in the core area gives
rise to hollow fibers. These in turn are assumed to collapse in such a way
that band-shaped fibers result. In fact there are indications based on optical
studies that such a process actually takes place in certain cases. Yet, the ob-
servation for polyamide 6 systems that the formation of band-shaped fibers
is restricted to a very narrow concentration interval with fibers displaying
a spherical cross section forming on both sides of this concentration inter-
val suggests that this may not be the only mechanism yielding such special
fiber shapes [38]. In any case such fiber cross-sectional shapes can be pre-
pared reproducibly and they could well be of interest for specific applications.
Nonwovens composed of them should display total porosities, pore sizes, and
permeation properties differing significantly from those composed of fibers
with spherical cross-sectional areas.

Fibers characterized by droplets or spindle type elements arranged along
the fiber in a regular or random fashion is a further frequently observed
nanofiber structure in electrospinning. Figures 1d and 12a give examples of
such structures. The origin of such structures seems to be that the bend-
ing instability tending to produce nanofibers with uniform diameter becomes
superimposed by other instabilities notably the axisymmetric instability as
suggested by the theoretical operating diagram discussed previously. Spin-
ning nanofibers from dilute solutions, from solutions in which the electric
conductivity is below a critical value, and also spinning polymers for which
the molecular weight is too small (meaning no chain entanglements are
formed) are reasons for such fiber structures. These are in the majority of
cases unwanted and can be suppressed by a suitable variation of the process-
ing parameters. Adding specific low molar mass compounds to enhance the
ionic conductivity is one possible approach that has been demonstrated for
various polymer systems [44]. On the other hand in special cases like drug
delivery such structures may be beneficial and can thus be produced repro-
ducibly.

Another feature of interest is fragmentation of electrospun nanofibers to
linear segments or droplets. In general the integrity of the nanofibers is
a major requirement for many of the applications introduced above among
them textiles, filter applications and in particular also nanofiber reinforce-
ment. This integrity should survive processing steps involving heat treat-
ment occurring during filter formation or textile production, or during the
incorporation of the fibers into a polymer matrix to be reinforced. Fur-
thermore, applications may also require the nanofibers to be stable at en-
hanced temperatures for longer time intervals. Nanofiber modified surfaces
displaying ultrahydrophobic properties [46] might also be subjected to fur-
ther coating steps involving again enhanced temperatures. The integrity of
the fibers is a requirement in all cases, i.e., fragmentation processes should be
absent.
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Fig.12 a Beaded fibers (PS), b PA 6 nanofibers decomposing into droplets via Rayleigh
instabilities. ¢ Polystyrene nanofibers decomposing to linear segments as intermediate
states of fragmentation [89]

In other cases fragmentation might be something which is wanted. A com-
plete or partial fragmentation of nanofibers to nanodroplets may be of in-
terest for further modification of surface properties of substrates involving
superhydrophobicity [46]. To induce such structures in a highly controlled
way one may also start from solid nanofibers and anneal them at elevated
temperatures where the polymers become soft. Conventional Rayleigh insta-
bilities controlled by the surface energy can thus be induced, which cause the
formation of a pearl necklace structure with a uniform size and spacing of the
droplets along the fiber, as obvious from Fig. 12b [47, 48, 89]. The diameter of
the droplets and their distance is controlled to a major extent in this case by
the original fiber diameter. As intermediate state, a fragmentation into linear
segments that can be conserved by cooling may appear as shown in Fig. 12c.
Self-organization may thus be used to produce nanowires from nanofibers.

Finally, complex fiber structure with branchings, spikes extending from
the fiber backbone, have been observed (see examples in Figs. 1f and 7b). Up
to now no explanations exist for their formation other than that they may be
the consequence of a further pathway following self-organization controlled
by Coulomb interactions possibly involving splaying at its early stage. Again
such structures can be produced in a reproducible manner and may find spe-
cific applications in the future.

33
Nanofiber Topologies, Porous Fibers

Electrospinning generally yields fibers with smooth surfaces, as shown in the
discussions above, if the key electrospinning parameters are controlled in
such a way that the self-assembly processes are directed along this line. Yet,
keeping these spinning parameters constant but choosing the spinning solu-
tion appropriate to other types of self-assembly effects can be superimposed.
Phase separation between solvents and polymer species both for the case of
a single solvent or solvent mixtures, phase separation effects between poly-
mers in spinning solutions composed of more than one polymer, between
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a polymer and low molar mass additives, and condensation effects of water
vapor initiated on the surface of the jet can be exploited in a controlled way
to give rise not only to specific supermolecular structures but also to specific
surface topologies.

It is well known from thermodynamics of mixtures that phase separa-
tions may take place leading to two types of phase structures depending on
the concentration ranges considered, the molecular interactions between the
components, the temperature, on the time scale in which separation takes
place and also on the mechanical stresses present. It is rather difficult to make
quantitative predictions for the electrospinning process even if the phase di-
agrams are known for the solutions under study. Qualitatively two types of
phase morphologies, the bimodal or the spinodal type, should occur if phase
separation takes place during electrospinning respectively [49]. Phase sep-
arated domains dispersed within a continuous matrix are characteristic for
the bimodal case and a co-continuous phase morphology with a certain reg-
ularity of the arrangements of the different phases for the spinodal case. In
electrospinning of fibers the final phase morphology found in the fibers and
the composition of the phase are modified by the evaporation of the solvent
and the strong elongational deformation.

One direction which has been investigated along this line is preparation
of porous fibers with various types of pore sizes, pore arrangements as well
as with various magnitudes of the total porosity and thus of specific surface
areas. These are of interest for a variety of applications, e.g., tissue engin-
eering, filter technique, catalysis, drug delivery, nanofiber reinforcement, and
many others. Pores can function as anchorage for cells in tissue engineer-
ing. They may increase the surface in filter applications or catalysis by up to
one order of magnitude, may modify wetting properties and thus matrix fiber
coupling in the case of fiber reinforcement, and can be exploited to modify
the release kinetics of drugs. Pores can also influence the kinetics of biodegra-
dation of biodegradable nanofibers.

The most direct way to produce porous fibers consists in spinning the
fibers still containing solvents on very cold surfaces or directly into liquid
nitrogen causing in both cases an instant phase separation into solvent and
solid polymer [50]. Freeze-drying approaches can then be used to remove the
solvents from within the solid polymer fibers yielding highly porous poly-
mers. This was shown for polystyrene, polyacrylonitrile, polycaprolactone, as
well as polyvinylidenfluoride. One disadvantage of this approach is that one
needs a subsequent treatment of the fibers (freeze drying) and a transfer of
the fibers to the target substrate

A second and somewhat more direct approach is based on water vapor
condensation processes in humid environments [51,52]. The model consid-
eration is that the spinning jet is cooled down due to solvent evaporation and
that the tiniest droplets of water consequently precipitate onto the spinning
jet. These droplets then form the pores in the solidified fibers. The extent of
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pore formation and also pore sizes can be tuned by variation of humidity.
The pores which result tend to assemble predominantly on the surface of the
fibers and to display a spherical shape. It thus seems that they frequently do
not experience longitudinal deformations taking place in electrospinning to
an appreciable extent.

Another approach towards porous structures relies on phase separation
into polymer rich and polymer depleted regions as evaporation of the solvent
takes place (this can generally be roughly estimated from phase diagrams),
yielding polymer rich regions and polymer depleted regions that will form
pores in the solid phase if the solvent is completely evaporated [53]. The ex-
tent of the pore formation is thereby defined by the relative percentages of
both phases. Employment of solvent mixtures allows a selective adjustment
of porosities. Figure 1c illustrates examples of porous polylactide nanofibers
that were fabricated by this method. It is apparent that the degree of porosity
can be varied strongly and that the pores may be elongated.

Entirely different fiber topologies are obtained if nanofibers are spun from
a solution of mixtures of immiscible polymers in the same solvent [53]. Phase
separation occurs with the evaporation of the solvent, leading to binodal or
spinodal structures, respectively, in the nanofibers depending on the system.
To generate porous fibers of high overall porosity two strategies are pos-
sible [54]:

1. Highly swelling solvents induce significant increases in fiber diameter and
a highly porous structure (Fig. 13) with porosities of 75% and more re-
mains after removal of the swelling agent.

2. Removal of one of the phases in the case of the previously mentioned
binodal or spinodal segregation by specific solvents yields highly porous

Fig. 13 Porous nanofibers obtained via phase separation processes during electrospinning
for mixtures of polylactide and polyethylene oxide [54]
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fibers even with periodic arrangements if a spinodal phase separation be-
tween the two polymers under consideration has taken place.

Approaches based on phase separation of polymer components and the se-
lective removal of one of the components may also be directed in such a way
that fibers without pores yet characterized by fractal surfaces (Fig. le) result.
Such types of fibers can be predominantly obtained for specific concentration
ranges of the two polymers and for spinodal decompositions.

34
Internal Morphology

The internal structure of electrospun nanofibers will be controlled in princi-
ple by three major contributions:

1. Glass formation and crystallization as in the bulk, governed by thermody-
namic and kinetic factors;

2. Rapid mechanical deformation characteristic of the jet deformation in
electrospinning;

3. Confinement effects arising from the small scale of the resulting fiber
diameters.

In the majority of cases nanofibers are produced by electrospinning from
solutions. Fiber formation is controlled by the simultaneously proceeding
processes of solvent evaporation and strong elongation of the solidifying
fibers. A volume element of the jet travels the whole way from the spinning
die to the final deposition of the solid fiber on the counter electrode in a time
frame of typically 107! s. The time span for the structure formation within
the resulting nanofibers is therefore typically 1072 s and below. In this respect,
electrospinning resembles spincoating in which nanofilms are cast from solu-
tion by transferring droplets of the solution onto a rapidly rotating substrate.
Freezing-in of amorphous regions into a glassy state, a partial crystalliza-
tion incorporating the formation of lamellas, the formation of orientational
orders for the chain molecules and the crystals, and the formation of super-
molecular structures (such as spherulitic structures or phase domains as far
as blends are concerned) (see above) are processes happening in both electro-
spinning and spincoating within the solidifying fibers or films during a very
short time scale. One major topic to be discussed in the following is the ef-
fect of the short time scale on the structure formation and on the properties
of the resulting structures. The second major topic is the effect of the confine-
ment imposed by the small diameter of the fibers on structure formation and
properties. It is well known that confinement affects structure formations,
molecular dynamics and properties [55]. In the following the discussion will
distinguish between polymers unable to crystallize, e.g., atactic polystyrene,
atactic polymethylmethacrylate, and those that can, e.g., polyamides, polylac-
tides, polyethylene oxide and many more.
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3.4.1
Amorphous Polymers

A polymer that is unable to crystallize will experience a freezing-in process
in a specific temperature range, which depends on the individual polymer
that is being considered [56]. The freezing-in process does not correspond
to a thermodynamic phase transition but is rather a kinetic transition from
the supercooled molten state (a thermodynamically equilibrium state) to the
nonequilibrium state of a frozen melt. This transition is accompanied by
a rapid increase in relaxations times, viscosities, mechanical moduli. A char-
acteristic feature of the glass transition is that the location of the transition
temperature depends on the thermal history. It increases as the speed with
which the cooling process proceeds is increased. Yet, despite the rapid fiber
formation and solidification process characteristic of electrospinning no sig-
nificant deviation of the glass transition temperature of nanofibers from the
one of the bulk material has been reported so far.

The glass transition temperature has furthermore been claimed to depend
strongly on confinement effects. A decrease of the glass transition temperature
of several 10 K has been claimed for nanofilms as the film thickness approaches
values of 10 nm and below. Yet, it seems that such strong shift can frequently be
accounted for by degradation processes taking place during preparation and
annealing of such thin films at elevated temperatures and that nanofilms pre-
pared in vacuum or in nitrogen atmosphere do neither show degradation nor
a significant depression of the glass transition temperature even for films with
thicknesses in the 10 nm range [57, 58]. It is therefore not surprising that no de-
pression of the glass transition temperature of nanofibers relative to the value
of the bulk material has been reported so far.

A further feature of the freezing-in process is that not only the glass tran-
sition temperature but also properties within the glassy state, i.e., density,
enthalpy, moduli, etc., depend on the speed with which the glassy state is
approached [56]: the properties of the glassy polymers in nanofibers might
strongly differ from those of fibers formed more slowly. One feature which
can be looked upon as a manifestation of the particular state of the glass
is the physical aging process. The nonequilibrium glassy state tends to relax
towards the equilibrium state of the supercooled melt and this relaxation de-
pends on the speed with which the glass was formed. Enthalpy relaxations
related to aging and volume relaxations, again related to aging, can be ana-
lyzed by calorimetry and dilatometry respectively. Calorimetric studies reveal
the glass transition in the absence of aging processes by a stepwise increase
of the specific heat at the glass transition temperature on heating due to the
onset of additional degrees of freedom. Aging processes of the enthalpy mani-
fest themselves by the superposition of this stepwise increase by additional
maxima or minima in the heat flow. There are only few statements concerning
this phenomenon in electrospun nanofibers in the literature [59]. Electrospun
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nanofibers of semi-crystalline polylactide nanofibers show distinct deviation
of the heat flow from the usual step-like increase for the amorphous regions,
indicating aging processes

The induction of chain orientation via electrospinning in glassy polymers
is a topic of considerable interest in basic research but also with respect to ap-
plications. The experimental analysis of electrospinning processes shows, as
discussed above, that the elongation of the fibers is very high, up to a factor
of 10°, while the elongation rates simultaneously reach values of 10° s~!. Es-
timations are made according to which chains become highly oriented, as in
the case of when the product of the elongation rate and chain relaxation time
is higher that 0.5 [25]. For polymer solutions suitable for electrospinning, the
appropriate ranges of their molecular weights and polymer concentration re-
laxation times of 1072 to 1072 s were reported [13, 19, 37]. A significant chain
orientation should thus be generated during electrospinning. It is still an
unanswered question whether the deposited fibers continue to contain traces
of solvent that would promote chain relaxation. This should depend on the
vapor pressure of the solvent, amongst other parameters.

As a matter of fact the results of experimental studies on the occurrence
of birefringence are rather inconsistent. In some cases a slight birefringence
was observed, e.g., in polybenzimidazol nanofibers with diameters around
300 nm, as well as in nanofibers from styrene-butadiene-styrene triblock
copolymers with diameters of about 100 nm, as shown by Kim et al. [60]. The
latter systems, of course, already contain some kind of order. In other cases
nanofibers that did not show birefringence and therefore obviously feature
no chain orientation were obtained from purely amorphous polymers, such
as polystyrene and others. It is not entirely understandable why amorphous
nanofibers do not generally show high chain orientations in view of the de-
formation rates typical for electrospinning and of the relaxation times charac-
teristic for the spinning solutions. There still quite clearly remains a need for
systematic investigations. In any case it has to be anticipated that nanofibers
displaying orientations will shrink if heated to higher temperatures or come
into contact with solvents which cause swelling.

34.2
Partial Crystalline Nanofibers

An opinion which is frequently voiced as far as nanofibers formation by elec-
trospinning is concerned is that the structure in nanofibers and the properties
of the growing crystals should deviate strongly from the one of bulk systems
due to rapid structure formation and confinement effects imposed by the
small diameter of the fibers. Melting point depressions originating from a re-
duction in size of the crystals are well known from metals or semi-conductor
systems. Yet, no such effects actually seem to be of general significance in
electrospun polymer nanofibers. One has to take into account in this con-
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text that the crystallization in polymers, resulting crystal sizes and crystal
shapes differ in many aspects from the one taking place in low molar mass
materials [61].

One feature is that polymers tend to crystallize only to a certain extent
characterized by a degree of crystallinity, which may amount to significantly
less than 50%. The depression of crystallization originates primarily from
the strong entanglements of the polymer chains in the melt or in highly
concentrated solutions. These restrict configurational changes necessary for
crystallization. A further feature is that polymers tend to form lamellar crys-
tals with lamellar thicknesses in the few nanometer to 10 nm range already
in the absence of confinement. The lamellar thickness and thus the melting
temperature of the lamellae depend predominantly on the thermal history
for kinetic reasons. Finally, the crystal structures usually contain defects, e.g.,
coming from chain ends. These features suggest the possibility that solidifi-
cation of nanofibers comprising crystallization will not be too different from
the one taking place in the bulk, which turns out to be true.

In fact, there are no explicit indications in the literature that solidification
processes in electrospun nanofibers related to crystallization are significantly
different from those in bulk. It was, for instance, reported for the case of
nanofibers from PET, polyethylenenaphthalate, and mixtures of these poly-
mers that the melting points are not modified to an appreciable extent by
the processing of the polymers into nanofibers. At the same time, it was re-
ported that the degree of crystallinity may be increased as well as the glass
transition temperature and the crystallization temperature [62]. The authors,
however, indicated that transesterification processes occurred in the polymer
mixtures and that, therefore, a decrease of chain lengths of chain molecules
during electrospinning has to be anticipated. In the case of polylactide, it
was observed that the degree of crystallinity as well as the melting point of
the electrospun fibers were very similar to those of macroscopically prepared
samples [63].

There are several studies concerning electrospinning of polyamides. It was
reported that electrospinning of PA6 yields nanofibers that form the less
ordered y-crystal modification as obvious from X-ray diffraction and Ra-
man investigations [64, 65]. Crystallization from bulk solution resulted in the
ordered «-form. In this regard it is interesting that in the case of conven-
tional fibers fabricated by melt extrusion the formation of crystals proceeds
similar to the one of the crystal formation during electrospinning, despite
all differences in the fabrication of the fibers. This holds especially when the
elongation after extrusion exceeds a definite limit. In this case the less ordered
y-phase is observed. Therefore, the reasoning is that the development of the
y-form in nanofibers is a distinct indication of strong mechanical deforma-
tions occurring during electrospinning. This phase can be converted into the
higher ordered «a-phase by annealing of the nanofibers at higher tempera-
tures.
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Fig. 14 Selected area electron diffraction diagram (SAED) obtained for a single PA 6
nanofiber [63, 65]

Of particular significance for mechanical properties of the fibers is the
chain orientation and the orientation of the crystallites, which show up in
the electrospun fibers as again made obvious from Raman investigations, X-
ray or electron diffraction studies, and other indicators. Very high crystallite
orientations in nanofibers from poly(ferrocenyldimethylsilan) were shown
by Chen et al. who pointed out that the perfection of orientation could be
substantially increased by annealing the fibers [66]. This orientational order
is particularly striking if diffraction experiments are carried out on single
fibers. Applying the so called SAED (selected area electron diffraction) tech-
nique the degree of orientation of the crystals in a PA6 nanofiber with a thick-
ness of 50 nm was analyzed [63]. These diffraction experiments revealed the
presence of very high crystallite orientations in the individual nanofibers pro-
duced by electrospinning (Fig. 14). This is apparent from the inhomogeneous
azimuthal distribution of the diffraction intensity. Comparable orientations
can only be achieved in macroscopic fibers produced by melt extrusion if the
extrusion is followed by extreme deformations.

For the particular case of nanofibers made from liquid crystalline poly-
mers, using a polyhexylisocyanate as example, it was demonstrated that the
degree of orientation can depend greatly on the fiber thickness. Jaeger et al.
furthermore report that in PEO fibers especially surface layers may be highly
oriented [67]. Finally, polymer nanofibers composed of a single nematic mon-
odomain were observed for main chain liquid crystalline elastomers, which
were cross-linked during electrospinning via UV-light irradiation [68].

3.5
Mechanical Properties of Single Nanofibers

Single nanofibers produced by electrospinning can be expected to display
quite unusual mechanical properties. The intrinsic structure of nanofibers
as controlled by the freezing-in, crystallization, and elongational processes
was already discussed above. Strong orientations of both chain molecules and
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crystals are known to affect mechanical properties such as the tensile stiffness
and tensile strength considerably [69]. One reason is that these mechanical
properties become more and more controlled by deformations of the cova-
lent chemical bonds - i.e., their length and the angle between the bonds along
the chain backbone - rather than by the corresponding deformations of van
der Waals bonds acting between the chain molecules. A second reason is that
the strong deformations of the polymers during electrospinning may give
rise to modified crystal modifications, perhaps showing enhanced mechan-
ical properties. Finally, it is known from other materials that a reduction in
fiber diameter tends to enhance the strength of fibers as demonstrated by the
so-called Griffin criterium [70].

Experimental investigation on the stress strain behavior of single electro-
spun nanofibers can only scarcely be found in literature so far, the analysis
being mostly carried out via AFM methods. These studies very explicitly show
that electrospun nanofibers possess very good mechanical properties. For ex-
ample, moduli of up to 50 GPa and above were reported for polyacrylonitrile
fibers [71]. The fibers showed high orientations according to X-ray analy-
sis. Bulk samples of PAN without orientational order display moduli of only
1.2 GPa; the increase of the modulus by electrospinning is therefore quite sig-
nificant. For polyethylene oxide nanofibers moduli were observed that were
distinctly higher than the ones of bulk samples [72]. In this case again the
orientation induced by electrospinning is the principal reason. In contrast
to these results moduli of only 0.9 GPa were observed for nanofibers based
on polyvinylpyrrolidone and containing titanium dioxide nanoparticles [73].
However, there are no statements on the orientational state in this case. It is
in any case obvious that nanofibers feature very high moduli if the crystal-
lite and chain orientation is high. Such fibers are thus of great interest among
others for the application in nanofiber reinforcement.

4
Nonwovens Composed of Electrospun Nanofibers

Standard electrospinning devices such as the single or multiple syringe type
die arrangements arranged opposite to a flat extended counter electrode (see
Fig. 2 as an example) will give rise to so-called nonwovens displayed in Fig. 5.
As far as the deposition of infinitely long fibers is concerned, fibers or seg-
ments of the fibers are deposited continuously within a certain area of the
counter electrode or substrates on top of it. The layer thickness is controlled
via the thickness of the fibers and the total coverage as specified, for instance,
by the total weight of fibers per unit area. The planar extension of the non-
woven is controlled on the one hand by the bending instability giving rise to
extended loops (see above) for a given electric field and on the other hand by
the distance between the two electrodes. Taking a distance of 15 cm as an ex-
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ample the diameter of the deposited nonwovens tends to amount to 10-25 cm
for a single syringe type die.

Such nonwovens also arise from electrospinning setups in which the feed-
ing electrode consists of a wire or cylinders with spikes attached to them,
again using a nonstructured counter electrode. A specific feature of such non-
wovens that is already obvious from Fig. 5 and that will be discussed below in
more detail is that it is highly porous. In fact, the total porosity, i.e., the vol-
ume taken by the pores relative to the one of the total nonwoven, may amount
to 90-95%. The pore sizes are subjected to a significant distribution to be
discussed below and the average pore dimensions tend to be different in the
plane of deposition and perpendicular to it. Such nonwovens are of interest
for filter and textile applications as well as for tissue engineering the filter effi-
ciency, thermal insulation, or the growth of stem cells depending strongly on
details of the pore structures. Furthermore, thin layers of such nonwoven may
serve as surface coating, e.g., for modification of the wetting properties of the
substrate all the way towards self-cleaning in analogy to the lotus effect.

4.1
Fiber Arrangement in Nonwovens

Electrospinning performed with planar counter electrodes, substrates located
on them, and also moving substrates such as filter paper or textiles will give
rise to a random planar deposition of the nanofibers (Fig. 5). Nonwovens thus
result with an isotropic fiber orientation within the plane of the nonwovens
and a layer-like arrangement of such nanofibers in the third dimension speci-
tying the thickness. Yet, electrospinning is really not limited to the production
of such nonwovens with a statistical planar orientation. The orientation of
nanofibers along a certain direction is of interest for nanofiber reinforcement
or for tissue engineering in order to allow a distinct growth direction for the
cells and for many more applications to be discussed later.

Parallel fibers can, for example, be obtained using rapidly rotating cylin-
drical collectors which either serve as counter electrode or are combined with
further electrode arrangements [64]. The collectors usually have the shape
of long rotational cylinders but can also be wheel-shaped. Furthermore, par-
allel fibers can be realized by special electrode arrangements consisting of
two flat plates aligned parallel to each other or corresponding frame-shaped
electrodes, respectively [62,74]. The degree of orientation of the fibers can
be increased quite significantly by this method (Fig. 15). Another possible
modification of the electrodes is a quadratic arrangement of four electrodes
that leads to a cross-shaped deposition of nanofibers [75]. Further variations
along this directions suggest themselves.

High degrees of orientations were achieved also by a distinct decrease of
the distance between the electrodes down into the mm or even pum range
in combination, for instance, with a finely tip-shaped spinning electrode or
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Fig.15 Parallel PA 6,6 fibers obtained via electrospinning on rotating type electrodes

counter electrode respectively [76-78]. To obtain three-dimensionally ori-
ented fiber arrangements within the nonwovens the needle punching tech-
nique known from conventional nonwovens made of macroscopic fibers or
the solidifications using water jet treatment are possible means. Yet, there is
no reference in literature referring to this technique as far as nonwovens made
of nanofibers are concerned. Finally, it has to be pointed out that strong inter-
est currently exists towards the formation of textile fibers via electrospinning.

4.2
Heterogeneous Nonwovens

It is generally the aim to prepare nonwovens with fibers of uniform thickness
and from material of a particular chemical composition throughout the non-
woven. The reason is that in such case both the pore structure and the nature
of the surfaces are uniform which allows better predictions for pore struc-
ture and adsorption properties (see below) and which may be of benefit for
specific applications

Yet, it is also beneficial to a variety of applications to construct nonwo-
vens with fibers of non-uniform thickness to, for example, introduce pore size
gradients or modify transport properties. Experimental studies already dis-
cussed above and also theoretical treatments show that by proper choices of
solvent and concentration of the spinning solution the fiber diameter for one
and the same material can be varied by a factor well above 10. Good examples
are polyamide or polyacrylonitrile, respectively. A possible approach towards
nonwovens composed of nanofibers with different yet specified diameters
consists in using a multi-jet electrospinning setup as represented by a par-
allel arrangement of several syringe type dies close to each other. Spinning
solutions containing different concentrations of the same polymer, which are
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Fig.16 Nonwoven composed of: a Thick nanofibers and thin PA 6 nanofiber, b Thick
polyamide 6 (PA 6), and thin polylactide fibers [38]

fed through these dies, will give rise to nonwovens with nonuniform fiber
diameters [38]. Two examples are given in Fig. 16, showing that the ratio of
the fiber diameters within one nonwoven can be well above a factor of 10.
Furthermore, by selecting the composition of the spinning solutions appro-
priately, one is even able to construct the nonwoven from fibers with spherical
and flat cross-sectional shapes. This way, one becomes able to modify pore
structures and adsorption properties correspondingly.
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intercept length), and total porosity for arrangements of unimodal nanofibers, adapted
from [81-83] as obtained from Monte Carlo simulations
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Along the same line chemically inhomogeneous nonwovens can be pro-
duced with multi-jet arrangements accordingly by pumping polymer solu-
tions composed of chemically different polymers through the dies, an ex-
ample for a nonwoven is displayed in Fig. 16b. It is composed in this case of
polyamide and polylactide nanofibers. In addition one can, of course, also
control the fiber diameters of the two polymers with respect to each other,
adding a further degree of inhomogeneity to the nonwoven.

Such chemically inhomogeneous nonwovens are of interest for specific
applications. For tissue engineering, for example, heterogeneous carrier ma-
trices based upon micro- and nanofibers, e.g., from PEO, collagen and seg-
mented polyurethane, were fabricated by either sequential or simultaneous
electrospinning [79]. A cylindrically shaped structured tissue based on thin
collagen nanofibers as inner layer and thick polyurethane fibers as outer layer
was found to constitute a good carrier matrix for artificial blood vessels.

43
Porosity and Pore Structures

The pore structures characteristic for these kind of fiber-based nonwovens
determine the gas diffusion through the fibers, the resistance towards airflow,
filter effectiveness, and the suitability as carrier for tissue engineering, e.g.,
for stem cells. So far only a limited number of experimental results on pore
dimensions and internal surface areas were obtained. Scanning electron mi-
croscopical observations such as the ones displayed in Figs. 5 and 16 indicate
that the pores are not spherical but rather anisometric assuming odd shapes
as given by the multitude of linear fiber segments crossing each other, thus
defining the surface of the individual pore. The average pore diameters are
broadly distributed and are for fiber diameters of some 100 nm in a range be-
tween some 10% and 10* nm. However, these values can be distinctly modified
by the control of the overall porosity defined as the volume taken by the pores
relative to the total volume of the nonwoven. This parameter can, for instance,
be determined from the total volume of a piece of nonwoven and its mass tak-
ing the density of the nanofiber material into account. More detailed informa-
tion becomes available by using various types of porosimeters, e.g., mercury-
porosimetry or nitrogen porosimetry detailing the total pore volume, average
pore sizes, as well as the magnitude of the total specific surface area [80]. Such
studies are currently extremely limited for nanofiber nonwovens.

In fact, the analysis of details of the pore structures of nonwovens par-
ticularly composed of nanofibers is not an easy task particularly if one is
interested in their dependence on the orientational distribution of the fibers
within the nonwovens. Planar isotropic arrangements, arrangements of par-
allel fibers in a given plane or fiber arrangements characterized by a three-
dimensionally isotropic arrangement should result in different pore struc-
tures and corresponding permeation properties. It is of interest to learn how
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pore sizes are controlled by fiber diameters and perhaps at given diameters
by the specific mechanical properties of the fibers, whether they be stiff or
flexible.

Theoretical studies both analytical ones and simulations often dating back
several decades have already proven themselves to be extremely helpful in this
matter. In fact, such studies were motivated in the context of classical non-
wovens composed of fibers with diameters well in the 10 micrometer range
aiming at applications in filters or textiles. The predictions of such theoretical
studies were displayed in reduced quantities, scaling with the fiber diameters
so that the predictions can also be, to a certain extent, directly adapted to
nonwoven prepared from nanofibers. One has to keep in mind, however, that
the flow pattern may change significantly as the fiber diameter approaches
the few nanometer scale as controlled by corresponding Knudsen numbers.
The Monte Carlo approach taken for predicting nonwoven properties is par-
ticularly transparent since it mimics the deposition process taking place in
electrospinning closely [81-83]. It will be used therefore in the following for
the discussion of the pore structure of nonwovens.

In these Monte Carlo simulations linear fiber segments with a given fiber
diameter are deposited on a model plane one after the other. Their individual
orientations are chosen by various methods in such a way that either planar
isotropic, planar parallel, or even three-dimensionally isotropic fiber orien-
tations are mimicked. Furthermore, the fiber coverage per unit area can be
specified, thus yielding nonwovens of different total porosity. The next step
concerns the analysis of the pore structures. To this end quantities such as
the mean intercept length can be calculated from the simulated structures. An
intercept length typically represents the length of a linear segment oriented
in a given way, which just fits into a pore bordered by the nanofibers. Within
the framework of this paper the intercept length is given relative to the fiber
diameter. The average is then taken with respect to all segment orientations
and all positions in the nonwoven. Such a quantity can be taken as a good
representation of the average linear dimension of a pore. Figure 17 displays
a general correlation between the reduced fiber diameter and the reduced
intercept length as a function of the total porosity.

One obvious result is that the higher the porosity the bigger the average
pore size in nonwovens for fibers of constant radius. Values of the specific
surface of nanofibers are typically in the range of 500 m?/g and 10 m?/g for
nanofibers in the range of 10 to 500 nm. One rather surprising prediction is
that as far as diffusion and permeation properties are concerned the orienta-
tional order of the fibers in nonwovens does not really play a significant role
for larger total porosities as characteristic for electrospun nonwovens. Strong
differences occur at small total porosities in agreement with the predictions
of corresponding analytical treatments.

Monte Carlo simulations show furthermore that the overall porosities
of nonwovens are significantly decreased with increasing flexibility of the
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fibers [84] (Fig. 6a) and that a chemical vapor deposition (CVD) [85] which
leads to the construction of a shell around the fibers can distinctly decrease
the porosity as well [86]. The simulations have been extended to predict the
diffusional properties of gases in such nonwovens, the pressure drop in air
filtration, the filter efficiency in aerosol filtrations, the permeation of viscous
fluids, etc. [81-83, 87]

4.4
Mechanical Properties of Nonwovens

The mechanical properties of the nonwoven are of interest if, for example,
they are used as template for seeding stem cells in tissue engineering.
The mechanical properties should be similar in this case to the ones of
the tissue to be replaced. Tissues such as cartilage tissue for example or
also skin tissue are typically characterized by elongation moduli (stiff-
ness) ranging between some 10 to some 100 MPa, by maximum deforma-
tion stresses (strength) of some 10 MPa and maximum deformations of
about 10 to 200%. To obtain corresponding data for nonwovens made of
nanofibers these nonwovens are subjected to stress-strain investigations,
for instance, with commercially available mechanical testers. For electro-
spun nanofibers which do not show a specific molecular orientation along
the fiber axis and which are based on soft elastomers values for the mod-
ulus of about 3 MPa, for the maximum stress of about 9.6 MPa and for
the maximum elongation of about 360% are reported [88]. In contrast
nonwovens made of significantly stiffer polyamide fibers (Fig. 18) display
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values for the modulus of about 100 MPa, the tensile strength amounting
to 20 MPa and the maximum elongation to 53% [89]. It is furthermore ev-
ident that nonwovens in which the fibers are oriented along a preferred
direction within a plane should exhibit enhanced mechanical properties. In
fact, the modulus increases due to fiber orientation from 100 to 900 MPa
for PA 6 fibers oriented along the elongation direction. The tensile strength
is increased from 20 to 70 MPa and the elongation at break is reduced
from 53% to 18% [89]. For electrospun fiber nonwovens acting as scaf-
fold for tissue engineering and prepared from collagen with fiber diameters
of about 100 nm moduli of 52 and 26 MPa for elongation along and per-
pendicular to the orientation direction, respectively, were measured for ori-
ented fiber arrangements with the strength amounting to 1.5 and 0.7 MPa,
respectively.

5
Recent Electrospinning Developments

Electrospinning, the resulting nanofibers and nonwovens composed of these
nanofibers quite obviously offer unique opportunities in terms of functional
nanoobjects and corresponding applications. Yet, despite the richness of fea-
tures characteristic for electrospinning and the resulting structures the ap-
proaches discussed in detail so far may meet with limitations for specific
areas of application. Extensions of the basic electrospinning techniques were
developed for this reason characterized by other kinds of self-organizations.
In particular, these are electrospinning with strongly reduced electrode dis-
tances as well as co-electrospinning. Furthermore, electrospun fibers can be
used as template to produce hollow fibers.

5.1
Electrospinning with Strongly Reduced Electrode Distances

The patterning of surfaces via a spatially controlled deposition of nanofibers
as well as a deposition of nonwovens with well defined geometry and orien-
tation meets with increasing demand. Possible applications include nanoflu-
idics, superhydrophobic patterning, and the integration of nanofibers or
nanofiber assemblies into hierarchical structures comprising nanoelectronic
or nanophotonic circuits. Among others, current approaches include the de-
sign of appropriate counter electrode configurations or the manipulation of
the nonwovens composed of such nanofibers once it has been prepared by
electrospinning. What is needed is an approach which allows a direct and
precise deposition of nanofibers or nanofiber assemblies onto the designated
target area.
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More recently the so called near field electrospinning was proposed
[76-78]. A droplet suspended at an AFM tip is subjected to an electric field

existing between the tip and a counter electrode which is located at a distance
well below the micrometer range [76]. The droplet is deformed as expected
and subsequently deposited in the shape of a rod/short fiber on a moving
substrate. The scale is in the nanometer range as the droplet diameter is also
in the nanometer range. A further approach involves a microfluidic feed-
ing setup with very fine tips and a rapidly moving take-up substrate [77].
A larger scale technical realization devoted to continuously patterning of ex-
tended surfaces or to the continuous incorporation of nanofibers/nanorods
into particular nanoelectronic devices is not obvious at this stage.

Another approach working in a continuous fashion - called high pre-
cision deposition electrospinning (HPDE) - is based on the experimental
die-counter electrode setup used for conventional continuous electrospinning
and consists in reducing the distance between the two electrodes from the
usual 10-20 cm down to a range extending from 100 pum up to a few millime-
ters [78]. To induce a continuous spinning process under such conditions, one
often has to monitor the spinning process by optical means and to couple the
optical signals to the control of the electric field. A reduction in distance will
certainly give rise to a decrease of size of the area in which the nonwoven
is deposited. Yet, one might also expect that the reduction in electrode dis-
tances gives rise to a suppression of the tendency towards the onset of the
bending instability and the corresponding strong reduction in fiber diam-
eters. Furthermore, the deposition of wet fibers which subsequently merge to
films or are decomposed via Rayleigh instabilities to droplets might lead to
problems. The surprising finding was that one becomes able to deposit indi-
vidual nanofibers or nonwovens in a highly controlled way both in terms of
small fiber diameters and of the deposition location and orientation as shown
in Fig. 19. Various types of fiber depositions (straight or with loops, with
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Fig.19 Precision deposition of nonwoven pattern composed of PEO via the precision
deposition approach [78]. a Linear trace of nonwoven, b Writing of a test pattern



Functional Self-Assembled Nanofibers by Electrospinning 151

droplets incorporated or without them) can be deposited in a controlled way,
and one is able to “write” specific figures, or pattern by moving the substrates
accordingly, as also shown in Fig. 19. The expectation is that this type of pre-
cision deposition will give rise to novel applications among others in areas
relying on surface properties such as sensorics, microfluidics, and possibly
the modification of surfaces of implants.

5.2
Co-Electrospinning

Co-electrospinning has been developed to produce core/shell fibers com-
posed of polymer shells and cores, of low molar mass materials as core and
a polymer shell, or even hollow fibers. Two dies arranged in a concentric
configuration are connected to two reservoirs containing different spinning
solutions in this approach. Compound droplets are formed at the tip of the
two dies and deformed in the electric field. A compound jet is formed and
a compound core-shell fiber is deposited at the counter electrode or sub-
strates located on top of it [90]. The theoretical analysis has revealed that the
entrainment of the core droplet may pose a problem. One possible solution
is to choose the relative position of the interior die relative to the outer die
appropriately [91].

Important features of co-electrospinning with respect to the incorpora-
tion of biological objects are: first, that the core can be a low molar mass
fluid, including water or oil, providing a natural environment for the biologi-
cal object, and, second, that the electric charges are located only at the outer
surface, so that the inner droplet, and thus biological objects dispersed in it,
do not carry charges at all. Yet, they are affected mechanically by the viscous
stresses in the jet during spinning. Predictions of these forces are available
from theory [91]. The estimate is that biological subjects such as proteins,
viruses or bacteria might experience dangerous viscous stresses in specific
cases and yet can be adjusted by suitable means to stay moderate.

Co-electrospinning has been applied so far for the preparation of polymer
core shell fibers, hollow polymer core shell fibers, hollow fibers composed not
only of polymers, but also of ceramics, as well as for the immobilization of
functional objects in droplets dispersed in the core that are arranged along
the fiber axis. Among the examples reported in the literature are: core shell
fibers spun from polystyrene and polyethylene oxide, two kinds of polyethy-
lene oxide (one with and the other without a chromophore), and core shell
fibers with the electrically conductive polymer polyhexathiophene and the
insulation polymer polyethylene oxide (Fig. 20). Hollow core shell fibers in
which one polymer (polycaprolactone) forms the shell onto which the core
material is deposited (polyethylene oxide) as inner wall is another example
for the broad spectrum of fiber architectures which can be produced by co-
electrospinning. The formation of the two-layer hollow fiber is based on the
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Fig.20 Core shell nanofibers produced by co-electrospinning PVDF core/PC shell [90]

evaporation of the core solution through the shell yielding the deposition of
the core material onto the inner shell layer.

Fluorescent dyes and biological objects such as the green fluorescent pro-
tein (GFP) were dispersed in core shell fibers in which the core region consists
of water and the functional units. The architecture may be characterized in
this case by droplets that are regularly arranged along the fiber axis as pearls
in a necklace [92, 93]. Such fibers can be used, for instance, for sensorics: the
GFP reversibly looses its capability to display fluorescence if in contact with
denaturizing compounds such as urea. Furthermore titanium hollow fibers
were produced using in this case a precursor route. The core materials were
chosen to be a mineral oil, and the shell material consisted of a mixture of
polyvinylpyrrolidone and the precursor compound TiO [94]. The removal of
the oil from the core shell fibers followed by a calcinations step yields tita-
nium hollow fibers.

The interest in co-electrospinning is continuously increasing, while ap-
plications related to tissue engineering, microfluidics, optoelectronics, and
sensorics are being discussed in the literature. It should finally be pointed out
that a coaxial jet generation has already been considered previously in the
context of electrospraying of compound droplets [95].

5.3
Core Shell Fibers and Hollow Fibers via Templates (TUFT Approach)

Another concept on how to produce core shell fibers or hollow fibers is
based on the exploitation of electrospun nanofiber as a template (TUFT: tubes
by fiber templates) onto which a second material is deposited as shell ei-
ther from solution or melt, via layer by layer techniques or from the vapor
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phase [96-99]. It is frequently preferable to apply the shell from the vapor
phase rather than from a fluid phase since the latter may give rise to me-
chanical forces causing a disruption of the tiny template fibers towards an
inhomogeneous coating or to a swelling of the template disturbing the ori-
ginal dimension of it.

Metals, glasses, or ceramics have been deposited as shell material from
the vapor phase onto the template fiber and polymers, though the vapor
phase deposition is limited in this case to very special polymers. Examples
are polyparaxylylene (PPX) and its derivatives. A precursor, paracyclophane,
and corresponding derivatives are pyrolized at 650 °C in this case yielding ac-
tivated monomers which polymerize on deposition at room temperature on
a substrate. One particular feature of the TUFT approach is that several layers
of different materials can be deposited yielding nanofibers of complex archi-
tecture. The core shell fibers can be functionalized by incorporating nanopar-
ticles and functional molecules such as chromophores, drugs, or catalysts into
the core fiber via electrospinning. The shell layer is then being used either to
control the kinetics of delivery of the functional molecules or to immobilize
them, at the same time allowing them access to the functional molecules from
the environment (see below). PPX has particular advantages as shell material
for such applications, since it is insoluble in most solvents even at higher tem-
peratures; yet, specific molecules are able to diffuse through PPX-layers via
the amorphous regions.

To obtain hollow fibers the core fiber is removed by thermal decompos-
ition, selective solvents or by biodegradation. The internal surface of the
hollow fibers is structured in this case by the surface topology of the template
fibers. Porous template fibers, for instance, give rise to hollow fibers show-
ing an internal assembly of spikes. Among other reasons, this is of interest
for microfluidic applications, since these spikes will affect both the wetting

Fig.21 a Hollow fibers composed of PPX and palladium nanoparticles produced via the
TUFT-approach [99], b Aluminium oxide hollow fibers
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of the nanotubes by a given fluid and its transport through the nanotube.
Using the TUFT approach hollow fibers made from polymers and metals
such as aluminum, chromium, copper, gold, nickel, and others composed
of titanium dioxide have been prepared (Fig. 21). Titanium tetraisopropylate
was deposited in another example as precursor material onto a polyamide
template fiber, the template fibers were pyrolized, and the precursor was cal-
cinated yielding titanium dioxide [98]. It is obvious that the TUFT-approach
broadly extends the range of applications of electrospun fibers.

6
Brief Review of Materials Which have been Electrospun to Fibers

6.1
Spinning of Technical Polymers

Electrospinning is currently applied predominantly to polymers of synthetic
and natural origin. The major reason is that polymer solutions and polymer
melts possess specific flow properties that support the fiber forming process
in electrospinning taking place via self-assembly. These flow properties have
their origin in the particular conformation of long chain molecules - statis-
tical Gaussian coils have sizes of the order of several 10 nm (as far as long
flexible chain molecules are concerned) - and their interaction with each
other via entanglements in melts or more concentrated solutions [100, 101].
Such chain entangled fluids are characterized by very unique viscoelastic
properties [37], and they are, in turn, able to sustain the strong elongational
strains, strain rates and the looping and spiraling pathways characteristic
of the bending instability in electrospinning without rupture. A decrease
of the molecular weight of a given polymer decreasing towards oligomers,
keeping the spinning parameters constant, tends to give rise to the forma-
tion of beaded fibers rather than smooth fibers and finally, if the molecular
weight is further decreased, to the formation of just droplets. Experimental
methods are available - also on a commercial basis - allowing one to deter-
mine the viscoelastic response, viscoelastic relaxation times of polymer melts,
and, in particular, of polymer solutions. The analysis is based on the time-
dependent changes in the diameter of a fluid meniscus located between two
plates [37].

6.1.1
Spinning from Polymer Melts

Electrospinning can obviously be applied to both the viscoelastic molten state
as well as to the viscoelastic solution state. Yet, so far only a very small
number of the studies have been published in the literature considering elec-
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Fig.22 PA 6 nanofibers produced by melt electrospinning [106]

trospinning from the molten state [102-106]. This holds despite the fact
that two topics of great technical importance, i.e., the need to get rid of the
large amount of solvents involved in solution electrospinning and the need
to increase the production rate, are met by melt electrospinning. The prob-
lem which melt spinning still encounters is that the resulting fibers tend
to possess diameters well outside the nanometer range, i.e., of the order of
a few micrometers up to several 10 um. The high viscosity and the peculiar
viscoelastic properties of melts as controlled by the exceedingly dense en-
tanglement network formed by the polymer chains are two reasons for this
problem. Electrospinning has, in any case, to be performed at elevated tem-
peratures well above the respective melting or glass transition temperatures.
Strong electric fields are beneficial in this context and, in fact, electrospinning
has been done even in vacuum or in the presence of electrically protective
gases such as SFs to achieve an electrical field as high as possible without
encountering an electric breakthrough.

Polypropylene, polyamide 12, polyethylene terephthalate, polyurethane,
polycaprolactone polyamide 12 are examples of polymers which have been
electrospun from the melt. In general the fibers’ diameters are still in the
micrometer range with PA 6 fiber diameters known today to be as low as
900 nm. Fibers with diameters even down to about 300 nm and below were
more recently reported for the electrospinning of a low melting polycapro-
lactone [105]. A reduction of molecular weights seems a promising approach
although properties of the solid materials tend to become poorer in this case.
Nevertheless these results indicate that one may be able to produce nanofibers
from polymer melts by tailoring polymer melt properties appropriately, for
instance, via a careful selection of the molecular weight and its distribution
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as well as of the processing temperature relative to the glass transition or
melting temperature. It is obvious that melt electrospinning is still in its in-
fancy. The progress which has been made recently nevertheless indicates that
one will succeed in the near future to produce electrospun fibers from the
melt with diameters down to a few 100 nm and even below. This would give
a major push to technical applications of electrospun nanofibers.

6.1.2
Electrospinning from Organic Solvents

Electrospinning from polymer solutions can be much more easily controlled,
since the viscoelastic properties, surface tension, or even electric conduc-
tivity can be modified via the choice of the solvent, solvent mixture, the
polymer concentration in the spinning solution, the temperature of the spin-
ning solution, and, in particular cases, also via specific additives. It has been
demonstrated that polymer fibers with diameters created to a few nanometer
can be achieved by a suitable choice of the spinning parameters. An extremely
broad range of technical, functional synthetic and natural polymers has thus
been spun to nanofibers and the number of novel polymer systems produced
as nanofibers is ever increasing [9-13].

Among the large number of polymers that have been electrospun from
organic solvents to nanofibers are polystyrene (PS), polyacrylonitrile (PAN),
polycarbonate (PC), aliphatic and aromatic polyamides (PA), polyimides (PI),
polybenzimidazol (PBI), poly(ethylenterephthalate) (PET), poly(trimethyl-
enterephthalate) (PTT), poly(hexamethylenterephthalate-co-hexamethylen-
2,6-naphthalate) (P(HT-co-HN)), polyurethanes (PU), poly(ethylene-co-
vinylacetate) (PEV), polyvinylchloride (PVC), polymethylmethacrylate
(PMMA), polyvinylbutyral (PVB), cellulose acetate (CA), polyvinyliden-
fluoride (PVDF), and many more as detailed in several review papers [9-13].
Poly-(p-phenylenterephthalate) (PPTA) also known under the trade names
Kevlar and Twaron) is an aromatic polyamide that cannot be melted with-
out decomposition, yet it can be electrospun from appropriate solvents and
at sufficient concentrations for which lyotropic solutions are formed, yielding
fibers with extremely high tensile strengths. Other polymers with high ther-
mal stability that cannot be melted without decomposition are PI and PBI.
These polymers can be prepared as nanofibers via electrospinning of solu-
ble precursors, which are subsequently transformed to the polymer species
by polymer analogous reactions. Electrospinning of polyacrylonitrile fibers
has been considered in detail. One reason for this consideration is that they
can be converted into carbon fibers by pyrolysis. With electrospinning of
poly(ferrocenyldimethylsilane), it was possible to show that organometallic
polymers can also be spun into very fine fibers.

The advantage of electrospinning from organic solvents is the broad scope
of polymer systems soluble in organic solvents. Disadvantages are, as pointed



Functional Self-Assembled Nanofibers by Electrospinning 157

out above, the properties of the organic solvents themselves, such as flamma-
bility, toxicity, corrosiveness, disposal, etc. These disadvantages may not be
an issue on a laboratory scale but will play a major role in industrial pro-
duction setups. Spinning of fibers from water soluble polymers constitutes
a major benefit in this respect.

6.1.3
Electrospinning of Water Soluble Polymers

Water is an ecologically preferable and safe solvent, its solubility can be ad-
justed by variations of the pH-value or the temperature, for instance. A major
disadvantage is, of course, that fibers composed of water soluble polymers
tend to decompose rapidly upon contact with water. While this may be
positive for biomedical applications, additional stabilization of these fibers,
among other techniques, by cross-linking, is necessary for other technical
applications, such as filters or textiles.

Extensive investigations have been carried out on water soluble polymers
such as polyethylene oxide PEO, polyvinylacetate PVA, poly(acrylic acid)
(PAA), poly(acrylic amide), polyelectrolytes, poly(vinylpyrrolidon) (PVP),
and hydroxypropylcellulose (HPC). PEO is especially versatile, because it
is also soluble in many organic solvents. Therefore, it can be electrospun
from a variety of solvents. Compared to PEO polyvinylalcohol offers an even
larger scope of variations. Starting from polyvinylacetate the degree of hy-
drolization of PVA can be adjusted and thus the solubility of the polymer
in water. The hydroxy groups present in PVA can be used either before or
after electrospinning to create chemical reactions for multiple purposes. PAA
can be electrospun from aqueous solution almost just as well as PVA. Fur-
ther modifications are possible by variation of pH-values and addition of
salts, respectively. The physical stability of PVA/PAA blends towards water can
be significantly improved by chemical cross-linking reactions. The water re-
sistance of electrospun PVA/PAA blend fibers can be increased by analogous
esterification reactions or by aldol reactions with polyaldehydes. An inter-
esting alternative to cross-linking of PVA with PAA or polyaldehydes can be
achieved with electrospun PVA/cyclodextrin fibers that show a strong pH-
dependent swelling behavior versus water after thermal cross-linking. Chem-
ical cross-linking of electrospun PVA derivatives can also be accomplished
for PVA functionalized with photo-crosslinkable substituents via exposure to
light.

One alternative for the cross-linking of electrospun fibers is the so-called
“reactive electrospinning”. In an example a mixture of 2-hydroxymethyl-
methacrylate, methacrylic acid, ethylenglycoldimethacrylate, 2,2’-diazo-iso-
butyronitril and a photo cross-linking agent were first pre-polymerized and
subsequently photochemically cross-linked during the electrospinning pro-
cess. Following a similar concept poly(dicyclopentadien) fibers can be ob-
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Fig.23 Nanofibers based on polystyrene latex particles spun from water dispersions yet
being water insoluble as electrospun fibers

tained by “reactive electrospinning”. Finally, polyvinylpyrrolidone, which
can also be electrospun from aqueous solution, was used to produce struc-
tured electrospun fibers by spinning of PVP blends and subsequent selective
extraction.

A highly interesting route towards water stable nanofibers using water as
solvent is based on colloidal dispersions of polystyrene latex particles [107].
To obtain fibers during electrospinning a water soluble polymer such as PVA
has to be added to the spinning solution in low concentrations (typically
about 6 wt. %), which is subsequently removed after fiber formation by rins-
ing the fibers in water. The latex particles fuse within the spun fibers yielding
water insoluble nanofibers. Figure 23 shows the resulting fibers, which in fact
are no longer soluble in water. It is very obvious that the fibers are com-
posed of nanoscalar spheres. This approach can be extended to other types of
polymer species.

6.2
Spinning of Biopolymers

Electrospun nanofibers, nonwovens composed of biopolymers are of ever
growing interest in medicinal applications, including surface modifications of
implants, tissue engineering, wound healing, and drug delivery. Some of these
areas will be discussed below in more detail. A set of biopolymers, modi-
fied biopolymers, and their blends with synthetic polymers were processed
into nanofibers by electrospinning often only under very specific conditions,
such as using special solvents or processing these materials as blends with
synthetic polymers such as PEO or PVA.

Collagen can be electrospun from hexafluoroisopropanol or as blend
with PEO, PCL, and PLA-co-PCL leading to collagen fibers with diameters
of 200 to 500 nm and denatured collagen, so-called gelatin, from aque-
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Fig.24 Nanofibers from: a Collagen, b Chitosan

ous solution and trifluorethanol, respectively, as pure polymer or as blend
(Fig. 24a) [108]. Chitin and chitosan can be electrospun to nanofibers in its
pure form and as blends as well (Fig. 24b) [109]. These fibers are of par-
ticular interest for wound dressings. Other proteins and enzymes such as
casein, lipase, cellulose, bovin serumalbumin, and luciferase can only be pro-
cessed by electrospinning as blends with synthetic polymers. A series of
papers have described electrospinning of silk and silk-like polymers mainly
for biomedical applications [110]. Cellulose as classic fiber material can be
electrospun from N-methylmorpholin-N-oxide/water systems, and dimethyl
acetamide/LiCl systems, respectively, into fibers with diameters in the sub-
micrometer range. Cellulose acetate as organosoluble cellulose derivative
and well established filter material was electrospun to fibers without any
problem.

Polymers which can be hydrolyzed under physiological conditions or
are biodegradable (summarized as bioerodible polymers), such as aliphatic
polyesters, polyanhydrides, polyphosphazenes, etc., are very important for
a large variety of applications. Electrospun fibers of such bioerodible poly-
mers are intensely studied for pharmaceutical applications or for the field
of regenerative medicine (tissue engineering). Polylactide (PLA), an aliphatic
polyester, is one of the classical bioerodible polymers that were success-
fully electrospun. One reason for the easy processing of the different PLA
isomers by electrospinning is their high solubility in halogenated aliphatic
solvents. Polyglycolid, in contrast, was used in electrospinning processes only
to a minor degree. Poly(e-caprolactone) (PCL), which is easily soluble in
different solvents, and PCL copolymers were extensively used for fabrica-
tion of electrospun scaffolds. An interesting alternative to PLA and PCL are
poly(hydroxybutyrate)s and their derivatives.
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6.3
Nanofibers from Polymer Hybrids, Metals, Metal Oxides

Nanofibers/nanowires composed of nonpolymeric materials, such as metals,
metal oxides meet with strong interest for applications in nanoelectronics,
nanooptics or nanomagnetism due to the specific dependence of their prop-
erties on the 1-d character of fibers, on the diameter of the fibers, and on
their axial ratio [111-113]. Various methods are now available to produce
nanowires including among others electron beam methods, interferomet-
ric lithography, microprobe assisted manipulations, or electrodeposition into
porous templates, such as aluminum templates prepared by electrochemical
approaches or into blockcopolymers [112]. Disadvantages, however, of these
methods include that they are in the majority of cases time consuming, ex-
pensive, and that the yield in terms of the weight or volume of the nanowires
that can be produced is very limited. Electrospinning offers, in principle,
a highly attractive alternative.

Yet, a major problem as far as the application of this technique for the pro-
duction of metal or oxide fibers for that matter is that — as already pointed
out above - solution or melt appropriate for electrospinning should display
specific viscous, in particular viscoelastic properties. Such specific rheolog-
ical properties are natural for polymer materials and it is for this reason
that the majority of papers dealing with electrospinning have concentrated
on polymer materials. Yet, electrospinning can be exploited for the prep-
aration of metal, metal oxide, semiconductor nanowires and of the corres-
ponding polymer hybrids following the precursor route. Precursors of the
target materials such as metal salts are introduced for this purpose into spin-
ning solutions containing polymers and an appropriate solvent able to solve
both the polymer and the salts. Electrospinning of such a ternary solution
is found to give rise to polymer nanowires in which the salts are homoge-
neously dispersed provided that the spinning parameters are chosen appro-
priately.

The precursor materials are, in a subsequent step, reduced to the target
metals or metal oxides via thermal treatment or the treatment in the pres-
ence of reducing agents such as hydrogen. The results are polymer hybrid
nanofibers. In a further step the polymer can be removed completely, in gen-
eral again by thermal treatment, for example, to yield nanofibers from the
pure metal or metal oxide material. All of these steps can be done on a tech-
nical scale yielding sizable amounts of nanowires.

6.3.1
Polymer Hybrids

Polymer hybrid nanofibers in which nanoparticles, composed of platinum,
rhodium, and palladium, are dispersed were prepared along the precursor
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Fig.25 Rhodium-palladium bimetallic nanoparticles for catalytic applications grown
within the nanofibers via the precursor route [114, 115]

route using appropriate salts, aiming at heterogeneous catalysis [114, 115]. To
obtain bimetallic particles the spinning solution has to be composed of the
two corresponding precursor salts in addition to the polymer species and
the solvent. The reduction yields nanoparticles within the polymer nanofiber
with diameters typically in the 3-5nm range, which are again highly dis-
persed (Fig. 25). An EDX analysis revealed that all bimetallic particles ob-
served by TEM are composed of the two metals in the ratio defined by the
concentration of the precursor salts in the original spinning solution. An
interesting feature of the approach described here is that bimetallic nanopar-
ticles become available with compositions that are not accessible on a macro-
scopic scale for which the observed compositions are located well within the
binodal regime. Catalytic test reactions with such polymer nanofibers were
highly successful.

In a similar way polymer hybrid nanofibers were produced contain-
ing nanoparticles with either ferromagnetic or superparamagnetic proper-
ties [115-117]. Fe30y, for example, is a well known ferrimagnetic material

0.5 pm

Fig.26 Compartimented nanofibers composed of PPX with superparamagnetic iron oxide
particles at interfaces [115]
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which, however, becomes superparamagnetic as the size of the particles is re-
duced down to the nm-scale. Superparamagnetism is characterized by a very
high magnetization in the presence of an external magnetic field, yet the
magnetization is not permanent and no hysteresis effects characteristic of fer-
romagnetism are observed. Highly interesting morphologies are developed if
the original nanofiber is coated by PPX using the TUFT-approach in order
to stabilize the nanofibers mechanically and thermally, and if the reduction
is subsequently performed at an elevated temperature [115]. The polylac-
tide melts in the selected temperature range; the polylactide core fiber then
tends to fragment into nanodroplets via the well known Rayleigh instabili-
ties. The final result is a compartmented fiber as shown in Fig. 26 in which the
nanoparticles have accumulated on the surface of these droplets. This enrich-
ment of nanoparticles at interfaces — colloidal jamming - has been the subject
of several papers in the literature. The fibers nevertheless display superpara-
magnetism despite the agglomeration at interfaces due to their separation by
polymer sheets.

6.3.2
Metal and Metal Oxide Nanofibers

Metal/metal oxide nanofibers become available if one succeeds in dispersing
high amounts of the precursor species in the spinning solutions well above
a weigh ratio precursor/polymer of 50% up to 80% and more [115, 118, 119].
The preparation of nanofibers composed of copper is an example. Copper ni-
trate was chosen as precursor salt. It was dispersed in a spinning solution
containing the solvent mixture water/isopropanol and polyvinyl butyral as
polymer component. Electrospinning gave rise to homogeneous nanofibers
with diameters in the 550 nm-range. The thermal reduction and a subse-
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Fig.28 a Co nanofibers and b Anisotropic magnetization diagram of ferromagnetic Co
nanofiber [115,119]

quent reduction in the presence of hydrogen yielded nanofibers composed
of pure copper (Fig. 27) displaying the reddish color characteristic of copper
and the X-ray analysis showed the crystal structure characteristic of copper.
The diameter of the copper nanofibers amounted to about 270 nm, which is
well below the diameter of the original fiber primarily due to the loss of the
polymer component. Electrical conduction investigations revealed a specific
conductance of 8.5 x 10° Q@' em™.

In a similar way nanofibers composed of nickel, iron, iron oxides, or cobalt
were prepared, displaying specific magnetic properties [115,119]. Cobalt
nanowires are shown in Fig. 28, as an example, the radius being controlled
from below 20 nm up to several 100 nm depending on the salt loading of the
spinning solution. Nanofibers composed of ferromagnetic materials are ex-
pected to show ferromagnetism rather than superparamagnetism even for
very small fiber diameters, since they are elongated in one dimension well
above the nanometer-scale [112,113] and in fact they display anisotropic
magnetization diagrams as shown in Fig. 28. The hysteresis displays different
shapes for the magnetic field oriented along the fiber axis as compared to the
perpendicular case.
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7
Applications for Electrospun Nanofibers

7.1
Technical Applications

The spectrum of applications that can be envisioned for electrospun
nanofibers is extremely broad due to their unique intrinsic structure, sur-
face properties, and functions. Applications both related to Material Science
and Life Science areas will be discussed in the following, though only briefly
since the focus of this contribution is primarily on the processes controlling
nanofiber formation in electrospinning by self-organization processes. For
each of the applications mentioned in the following the specific set of features
of electrospun fibers of particular benefit for this application will be pointed
out.

7.1.1
Template Applications

Electrospun polymer fibers can be used as examples for the preparation of
hollow fibers (tubes by fiber templates process = TUFT process) (e.g., see [97-
100]). According to the TUFT process electrospun biodegradable or soluble
polymer fibers are coated with polymers, metals or other materials. After se-
lective extraction or degradation of the template fibers hollow fibers whose
dimensions depict the negative replication of the template fibers are obtained.
Au, Cu and Ni hollow fibers were fabricated in an analogous way. In a further
development of the TUFT process hollow fibers with intricate architectures
were prepared by electrospinning using the layer by layer technique. Both, the
magnitude of the inner diameter as well as the surface topology of the inte-
rior wall are controlled by the template fiber properties, and the template fiber
allows the introduction of functional materials into the hollow fibers.

7.1.2
Textile Applications

Nanofiber based nonwovens can be used to strongly modify the properties
of conventional textiles composed of much thicker textile fibers (e.g., see
[121,122]). The nanofibers allow a great increase in wind resistance, ability to
adjust water vapor permeability, optimize thermal isolation behavior, and to
prepare textiles with special functionalities (such as the self-cleaning (lotus)
effect, aerosol filtering, and protection against chemical or biological hazards).
Features which control these functions are predominantly the intrinsic pore
structures, the corresponding permeation properties for gases and fluids, and
the high specific surface area that comes with the nanodimensions.
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713
Filter Applications

High filter efficiencies rely on the fact that the channels and pores within the
filter material can be adjusted to the fineness of the particles which are sup-
posed to be filtered out. By the transition from fibers with diameters in the
pm range to fibers with diameters in the nm range one becomes able to fil-
ter finer and finer particles (e.g., see [122,124]). Coalesence and aerosol filters
are characteristic applications for nanofiber nonwovens. Very recently aerosol
filtration was simulated for nanofiber filters concentrating on reduced op-
erating pressures [123]. It was pointed out in this paper that the flow lines
around nanofibers may differ strongly from the ones around pm-sized fibers,
in which case the free molecular flow regime may become dominant. Import-
ant results of the simulations are that the collection efficiency of the nanofiber
filters increase strongly with decreasing fiber diameter at constant pressure
drop and that the diameter of the particle which can be captured with high ef-
ficiency also decreases strongly with decreasing fiber diameter. Furthermore,
for gas filters a transition from depth filtration to surface filtration can be in-
duced which allows the filter to be cleaned by reverse pressure pulses very
effectively increasing the lifetime of such a filter by up to a factor of 10.

714
Catalysis

A huge problem in catalysis is the removal and recycling of the catalytic agent
after the reaction (e.g., see [115,116,125]). The implantation of homogeneous
as well as heterogeneous catalysts into nanofibers poses an interesting solu-
tion for these problems. The reaction mixture can circulate around the fibers
as is the case in the continuously working microreaction technique, or the
fibers fixed on a carrier can be immersed repeatedly into a reaction vessel to
catalyze the content of the vessel. Short diffusion distances within nanofibers
and the specific pore structures and high surface areas of nanofiber nonwo-
vens allow rapid access of the reaction components to the catalysts and of the
products back into the reaction mixture.

7.1.5
Nanofiber Reinforcement

Fiber reinforcement is controlled primarily by the mechanical properties of
the fibers, their axial ratio, and the mechanical coupling between the fibers
and the matrix (e.g., see [126]). Electrospun nanofibers tend to display en-
hanced mechanical properties due to the self-organization controlling fiber
formation during electrospinning. Furthermore, the axial ratio of the fibers,
nanofibers with diameters of about 10 or 100 nm, can be 100 to 1000 times
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shorter than for fibers with diameters in the range of 10 to 100 um. Due
to their small diameters nanofibers cause only negligible refraction of light
so that transparent matrices, which are reinforced by nanofibers, stay trans-
parent, even if the refraction indices of matrix and fibers do not match.
Finally, the large specific surface between nanofiber and matrix enhances re-
laxation processes, which improves the impact strength of the strengthened
matrix.

7.2
Medicinal Applications

7.21
Tissue Engineering

Tissue engineering aims at artificially growing diverse types of tissues used to
replace corresponding tissues destroyed by an accident or illness in the hu-
man body (e.g., see [127]). Cartilages, bones, skin, blood vessels, lymphatic
vessels, lungs, and heart tissue are targets for this kind of reconstruction. One
- in vitro or in vivo - approach in the field of tissue engineering is based
on the use of scaffolds onto which cells or human body cells, respectively,
can be settled. The scaffold has to facilitate anchorage, migration, and pro-
liferation of the cells, to provide the three dimensional structure model of
the tissue, and it has to fulfill a diverse range of requirements concerning
biocompatibility, biodegradability, architecture, sterilizability, porosity, in-
corporation and release of drugs, mechanical properties, etc. Scaffolds based
on nanofiber nonwovens and composed of synthetic biocompatible polymers
or of natural ones, such as collagen, are highly promising. A major rea-
son for this promise is that this approach allows the scaffolds to mimic the
architecture of the extracellular matrix enclosing the cells in tissues. Further-
more, functional components such as growth factors can be incorporated via
electrospinning.

7.2.2
Wound Healing with Nanofibers

An interesting application of nanofibers and especially electrospinning as
a method to produce such nanofibers is in the treatment of large wounds,
such as burns and abrasions. Observations are that these kinds of wounds
heal particularly fast and without complications if they are covered by a thin
web of nanofibers especially from biodegradable polymers (e.g., see [128]).
Such nanowebs provide enough pores for an exchange of liquids and gases
with the environment, but the pores are dimensioned in such a way that
no bacteria can enter. Electrospun nanofiber nonwovens generally show very
good adhesion even to moist wounds. Furthermore, the previously men-
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tioned large surface of up to 100 m? per gram is highly beneficial for liquid
adsorption and local release of drugs on the skin. In contrast to conventional
wound treatment nanofibers also prevent scarring.

7.2.3
Transport and Release of Drugs/Drug Delivery

Nanofiber systems for the release of drugs or other functional compounds are
generally not only of interest for wound healing or tissue engineering. Nano-
structured systems for tumor therapy and also for other types of therapies
like inhalation therapy or pain therapy are currently investigated worldwide
(e.g., see [129,130]). In an ideal case, they have to fulfill versatile jobs in this
function. The nanoobjects are supposed to protect the drugs in the case of
systemic application from decomposition, e.g., in the blood circuit. Further-
more they should allow controlled release of the drug at a release rate as
constant as possible over a longer period of time, adjusted depending on the
field of application. They have to be able to permeate certain membranes or
barriers, e.g., the blood-brain barrier, and they are supposed to concentrate
the drug release only on the targeted body area.

Electrospun nanofiber may serve in this context as carriers for drugs and
as controlled release agent. The domain of nanofibers loaded with drugs will
most likely be of little importance for systemic therapy but of great impor-
tance for loco-regional therapy, i.e., the fibers are localized at the exact part
of the body that is supposed to be treated with the carried drug. A currently
developing field of application is inhalation therapy based on nanorods. The
reason for this application is that the aerodynamic radius of such rods can
be adjusted via the dimension of the rods in such a way that the drug carri-
ers can be deposited at specific positions in the lung. It is well known from
extensive experimental and theoretical studies correlated with the asbestos
problem how fiber-shaped particles are deposited in the lung as a function of
their axis ratio, length, radius, density, and surface structure [130, 131]. This
knowledge can be used to place rod-shaped drug carriers at specific positions
in the lung for loco-regional release. An advantage of using rodlike instead of
spherical drug carriers is that the percentage of rods that remains in the lung
after inhalation and is not exhaled is significantly higher than in the case of
spherical particles. The treatment of tumors, metastases, pulmonary hyper-
tension, and asthma, as well as the administration of insulin or other drugs
via the lung are current research goals.

To be able to selectively adjust the aerodynamic diameters, the nanofibers
fabricated by electrospinning have to be shortened to a defined axis ratio.
This task can be achieved by laser or mechanical cutting. To control the aero-
dynamic radius via the density, highly porous fibers may be used. Inhalation
therapy will have to be based on polymers which are biocompatible with par-
ticular emphasis on the specific reactions within the lung.
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