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I Peptide Microstructures

Capillary Force-Driven, Hierarchical Co-Assembly of
Dandelion-Like Peptide Microstructures

Yuefei Wang, Renliang Huang, Wei Qi,* Yanyan Xie, Mengfan Wang, Rongxin Su,
and Zhimin He

The wetting and drying of drops on flexible fibers occurs ubiquitously in nature,
and the capillary force underlying this phenomenon has motivated our great interest
in learning how to direct supramolecular self-assembly. Here, the hierarchical
co-assembly of two aromatic peptides, diphenylalanine (FF) and ferrocene-
diphenylalanine (Fc-FF), is reported via sequential, combinatorial assembly. The
resulting dandelion-like microstructures have highly complex architectures, where FF
microtube arrays serve as the scapes and the Fc-FF nanofibers serve as the flower
heads. Homogeneous FF microtubes with diameters tailored between I and 9 um
and wall thickness ranging from 70 to 950 nm are initially formed by controlling the
degree of supersaturation of the FF and the water content. Once the FF microtubes
are formed, the growth of the dandelion-like microstructures is then driven by the
capillary force, derived from the wetting and drying of the Fc-FF solution on the FF
microtubes. This simple and ingenious strategy offers many opportunities to develop
new and creative methods for controlling the hierarchical self-assembly of peptides
and thus building highly complex nano and microstructures.
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1. Introduction

The hierarchical self-assembly of complex micro or nano-
structures from simple building blocks is of fundamental
interest to researchers in the nanoscience field. The ability to
program the formation of such structures is crucial to enabling
their use in technological applications.'*l One promising
research direction involves the use of such methods to create
self-assemblies of short peptides. This direction has been an
active area of research over the past few decades, and a wide
variety of peptide nanostructures, such as nano or microtubes,
nanofibers, nanohelices, nanovesicles, and nanoarrays, have
been generated.[*1?! In biological systems, highly functional
and complex structures are built via the co-assembly of mul-
tiple components under dynamic conditions (e.g., enzyme-
substrate recognition and biomineralization).!'! Inspired by
these phenomena, several peptide-based, co-assembly sys-
tems have been developed to produce functional materials
with hierarchical architectures, such as biomolecular neck-
laces and multi-functional porous microspheres.['*'8] How-
ever, most of the strategies reported to control hierarchical
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self-assembly processes are still focused primarily on defining
the initial conditions. On the contrary, the emergence of
complex architectures is attributed to changes in conditions
during growth in natural or biological systems.!'] We typi-
cally have little control over this process, despite the fact that
we can choose the starting conditions; thus, it is difficult for
us to control the interactions between components and pre-
cisely tailor the resulting complex architectures during hier-
archically self-assembly processes. As a result, it is compelling
for us to design novel peptide co-assembling systems through
rationally programmed modulations of the reaction condi-
tions during the hierarchical assembly process. Such control
may allow for the formation of highly functional and com-
plex peptide micro or nanostructures.

Wetting—drying phenomena abound in nature (e.g., the
“coffee ring” effect,?! tears of wine,?!l wetting of fibers.[?>-24
The capillary forces underlying these phenomena could be
used to control hierarchical self-assembly processes. For
instance, using the “coffee ring” effect as inspiration, Lin
and co-workers rationally designed a series of geometric
modules to precisely control the self-assembly of nano-
particles, polymers, or DNA strands into periodic patterns
on surfaces.[>?] Wetting—drying effects were also utilized
with carbon nanotube arrays and polymeric nanobristles to
form diverse, complex patterns via the forming or twisting
of fibers driven by elastocapillary forces.?32] However, the
translation of these physical regimes to the process of molec-
ular co-assembly, in which hierarchical, complex micro or
nanostructures are formed, has not yet been reported. Our
group is devoted to the study of the self-assembly of short
aromatic peptides, including diphenylalanine (FF)[123334]
and designed ferrocene-diphenylalanine (Fc-FF).[8l Previ-
ously, it has been demonstrated that FF could self-assemble
into nano or microtubes and nanowires as well as vertically
aligned arrays and be used in applications involving templa-
tation,[*353] drug release,’”! the formation of superhydro-
phobic surfaces,?] biosensing,*] piezoelectric devices,[*04!]
and optics.[*>*3] Fc-FF has a redox-active ferrocene moiety at
its N-terminal, and it can self-assemble into nanospheres and
nanofibers under kinetic control.[8! The research community
is interested in being able to control the co-assembly of these
short functional peptides, and it has shown great interest in
the preparation of highly complex structures.

In this work, we report the capillary force-driven, hierar-
chical co-assembly of FF and Fc-FF moieties into dandelion-
like peptide microstructures; this process is achieved via the
rational design and stepwise assembly of the structures. We
changed the reaction conditions at different stages of the
hierarchical self-assembly process by modulating particular
experimental parameters, such as the degree of supersatura-
tion, water content, and the nature of the solvent evaporation,
to construct intricate, predefined peptide microstructures. FF
microtubes with tunable diameters and wall thickness were
initially achieved, which provided the essential geometry to
induce capillary forces during the evaporation of the sol-
vent. Because the Fc-FF peptides showed different assembly
behavior from that of the FF peptides at the different water
contents that were examined, the subsequent wetting and
drying of the liquid drops containing Fc-FF molecules on
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the FF microtube arrays triggered the growth of the Fc-FF
nanofibers at the cross-points of the FF microtubes. This hier-
archical co-assembly behavior finally led to the formation of
novel dandelion-like peptide microstructures, where the FF
microtubes served as the “scapes” and the Fc-FF nanofibers
served as the “flowers.” The co-assembled FF/Fc-FF micro-
flowers, which are considered a type of biocompatible pep-
tide material, may have great potential for use as components
in biosensing schemes, optical devices, and superhydrophobic
surfaces.

2. Results

2.1. Wetting and Drying of Fc-FF Solution on Two Parallel
Glass Fibers

Recently, Stone and co-workers undertook a comprehen-
sive investigation of the wetting and drying of liquid drops
on flexible fibers, a common physical process in both natural
and industrial applications.?>24 To simplify the physical
model, they used drops of silicone oil, a perfectly wetting
liquid that does not contain any solutes. However, the wet-
ting and drying phenomena for drops of solutions containing
self-assembling peptides are not well understood. Thus,
we investigated the wetting and drying of a solution (20%
H,0/80% HFIP, v/v) containing Fc-FF (5 mg mL™!) on two
parallel flexible glass fibers (50 um in diameter, 2.6 cm in
length). Figure 1a shows a typical wetting and drying scenario
achieved by depositing 1 pL of a Fc-FF peptide solution
on a pair of parallel fibers (150 pm apart) that are clamped
at one end and free to move at the other end. When drops
were placed on the fiber arrays close to the clamped ends,
the fibers deflected inwards, and the drops moved toward the
free ends as a result of capillary forces. Then, the drops at the
free ends adopted a compact shape because of the balance
between fiber elasticity and capillary force. With the evapora-
tion of solvent, the drop elongated and spread spontaneously
between the fibers, drawing them together to form a liquid
column between the coalesced fibers. Intriguingly, further
solvent evaporation allowed the long liquid column to shrink
and accumulate again at the free end of the deflected fibers.
In this case, the Fc-FF molecules were concentrated within
the drops at the free end due to capillary flow. As a result, the
free ends of these two fibers adhered to each other after the
solvents were fully evaporated, and a “V” shaped geometry
was formed. Figure 1b schematically illustrates the wetting
and drying processes (also shown in Video S1, Supporting
Information). In this process, the fiber arrays served as a
“pump” to transport the liquid drops from the clamped ends
to the free ends. It is reasonable to assume that similar wet-
ting and drying behavior could occur for Fc-FF solutions on
arrays of other small-diameter fibers, such as FF microtubes,
allowing for the fabrication of hierarchically complex micro
or nanostructures.

Therefore, we designed a sequential, combinatorial co-
assembly system composed of FF and Fc-FF peptides in which
we applied the capillary forces underlying wetting and drying
phenomena to control the formation of hierarchical structures.
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desired structure, one can control the
degree of supersaturation, which sig-
nificantly influences the size, shape, and
crystal system of the products.[*4]
Inspired by this concept, we designed a
novel strategy that can be used to direct
the hierarchical self-assembly of FF into
microtubes by controlling the degree
of supersaturation. As illustrated in
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Figure 1. Wetting and drying of Fc-FF drops on arrays of two parallel fibers. a) A series of
microscopy images showing the wetting and drying of 1 pL of solution (20% H,0/80% HFIP)
containing Fc-FF (5 mg mL™) on two parallel fibers (150 pm apart) that are clamped at one end
and free to move at the other end. b) Schematic illustration of the wetting and drying process.

In this system, two key issues needed to be addressed at dif-
ferent stages of the co-assembly process. First, uniform FF
microtubes must be synthesized with the desired flexibility;
flexibility is closely related to fiber geometry (i.e., the diam-
eter and wall thickness of the FF microtubes, crucial param-
eters affecting the wetting and drying of drops on parallel
fibers).[2224 Second, the assembly order of the FF and Fc-FF
peptides must be controllable under the same conditions. The
FF microtubes were initially required to generate a suitable
fiber geometry. This geometry then induced capillary forces
during the wetting and drying of the Fc-FF solution and led
to the self-assembly of Fc-FF on the microtube arrays. In par-
ticular, previous studies have demonstrated the formation of
FF microtubes via a hierarchical self-assembly process where
FF molecules first self-assembled into nanotubes, and then
these nanotubes further packed together to form hexagonal
microtubes.[*?] In this work, the FF microtubes were synthe-
sized by first dissolving FF in ultrapure water at 65 °C, then
annealing this solution at room temperature for one day. How-
ever, it is difficult to use this method to precisely control the
structures (e.g., diameter or wall thickness) of the FF micro-
tubes. The resulting FF microtubes were heterogeneous, and
the sample contained tubes with a large distribution of diam-
eters. Moreover, many solid FF microrods or nanowires were
also formed in this process. To address this issue, we developed
a new strategy to control the self-assembly of FF peptides into
homogeneous microtubes with precisely tailored architectures.

2.2. Self-Assembly of Homogeneous, Hexagonal FF
Microtubes with Precisely Tailored Diameters and Wall
Thickness

The crystallization process is ubiquitous in chemistry and
chemical engineering. To obtain homogenous crystals of a
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Figure 2a,b, the lyophilized FF powder
was dissolved in 1, 1, 1, 3, 3, 3-hexafluoro-
2-propanol (HFIP) and then diluted in
methanol (CH;OH) to create a supersatu-
rated FF solution. Then, a small amount
of water was added to trigger the self-
assembly of the FF peptides into homo-
geneous hexagonal microtubes. Here, we
defined two experimental parameters: R,
(the volume ratio of methanol to HFIP)
and R,, (the mole ratio of H,O to FF). The
solubility of FF in these solvents is HFIP
> methanol > water, so we can control
the degree of supersaturation of the FF
solutions at different R, and R,, values.
The formation of hexagonal microtubes is highly dependent
on the hydrogen bonding between FF (-NH;* groups) and
H,0 molecules. By controlling the water content in the FF
solution (R,, values), we were able to precisely adjust the
strength of the hydrogen bonding interactions as well as
the other weak interactions (e.g., hydrophobic interactions)
during the hierarchical self-assembly process. As shown in
Figure S2, Supporting Information, homogeneous FF micro-
tubes with an average diameter of =6 um were formed at R,
and R,, values of 0.625 and 25, respectively. We further inves-
tigated the change in diameter (D) of the FF microtubes by
altering the R, values (for R,, = 40). As shown in Figure 2c,e
and Figure S3, Supporting Information, the average diameter
of the FF microtubes decreased gradually from 9 to 1.2 pym
as the R, value increased from 0.5 to 1.5. Surprisingly, when
the R, value was held constant at 0.625 and the R,, value was
increased from 25 to 120, a change in the average diameter
of the FF microtubes was not observed (the average diam-
eter remained constant at =6 um); however, the wall-thick-
ness (W) of the microtubes linearly increased from =70 to
=950 nm (Figure 2d,f).

The effect of R,, with a value larger than 120 on the wall
thickness of FF microtubes was also investigated. As shown
in Figure S4a,b, Supporting Information, rigid FF microtubes
with a wall thickness of =2 pym was formed at R,, = 200. The
wall thickness is much larger than that at a lower R,, value,
as demonstrated in Figure 2f. Intriguingly, further increase
of R,, value to 300 led to the formation of FF microrods, as
shown in Figure S4c,d, Supporting Information. These results
confirm that the structural parameters, D and W, of the FF
microtubes could be precisely adjusted by controlling the
R, and R,, values, respectively. In addition, the high-magni-
fication scanning electron microscopy (SEM) images and
the polarized optical microscopy graphs showed that the
microtubes were composed of parallel-packed FF nanotubes

-
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Figure 2. Self-assembly of homogeneous hexagonal FF microtubes with precisely tailored diameters and wall thickness. a,b) Schematic illustration
forthe hierarchical self-assembly of FF into hexagonal microtubes with tailored diameters (D) and wall thickness (W). ¢) SEM images of FF microtubes
prepared using different R, values (the R,, value was held constant at 40). The scale bar is 20 pm for all images. d) SEM images of FF microtubes
prepared using different R, values (the R, value was held constant at 0.625).The scale bar is 3 pm for all images. ) The change in the average
diameter of FF microtubes with increasing R, values. f) The change in the average wall thickness of the FF microtubes with increasing R, values.

(Figure S5, Supporting Information), indicating the existence
of a hierarchical assembly mechanism similar to that previ-
ously demonstrated by Yan et al.[?l It is worth noting that
the FF microtubes formed at R,, = 8 exhibited different IR
adsorption properties (Figure S6, Supporting Information)
and X-ray diffraction (XRD) patterns (Figure S7, Supporting
Information) from those microtubes formed using R,, values
of 25 and 85, respectively, indicating the important role that
H,O content plays in directing FF self-assembly likely via
hydrogen bonding and hydrophobic interactions.

In this work, the initial concentration of FF in the HFIP/
CH;OH solvent ranged from 40 to 66.7 mg mL™'; these con-
centrations are much higher than those used in previous
studies.**2] In these cases, the average distance between
individual FF molecules is very short. The solvent volume
assigned to an individual FF molecule (V;) is calculated as
7.772 nm? following the Equation (1)

M
V'_cNA M
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where M and c are the molecular weight and mass concen-
tration of FF, respectively, and N, is the Avogadro's number.
When we take into account the volume of an individual FF
molecule, the distance between two FF molecules is calcu-
lated to be less than 1 nm, approaching the distance required
for the formation of non-covalent interactions. As a result,
when H,O molecules are introduced, networks of peptide—
peptide and peptide-water hydrogen bonds are formed
immediately, triggering the rapid self-assembly of FF mol-
ecules into hexagonal FF microtubes. Due to the high degree
of supersaturation derived from the high concentration of
FF in the HFIP/CH;OH solvents, large quantities of crystal
seeds are formed in the self-assembly process, leading to the
growth of homogeneous FF microtubes with tailored diam-
eters. In particular, only a small amount of H,O (e.g.,0.23 mL
of H,0/100 mg of FF, R,, = 40) was required to trigger and
direct the self-assembly of FF. In this case, we are able to pre-
cisely control the hydrogen bonding and hydrophobic inter-
actions in the hierarchical self-assembly process and produce
hexagonal FF microtubes with tailored diameters and wall
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thickness. This method provides precise control over the
uniformity, diameter, and wall thickness of the resulting FF
microtubes. It is essential to be able to control such proper-
ties if such materials are to be used in practical applications.
This method is thus deserving of further investigation.

2.3. Distinct Self-Assembly Behavior of FF and Fc-FF in HFIP/
CH30H/ H,O Solutions with Different Water Contents

The distinct self-assembly behavior of FF and Fc-FF mol-
ecules in HFIP/CH;0OH/H,O solvents is another issue that
must be considered when designing the co-assembly system.
Water is both a good hydrogen bond donor and acceptor,
and it plays a role in the generation of hydrophobic inter-
actions. Thus, the water content (C,,) is expected to greatly
influence the self-assembly behavior of these two aromatic
dipeptides. We investigated the assembly behavior of FF in
HFIP/CH;OH/H,0 solvents (R, = 0.625) with water contents
ranging from 0 to 33% (v/v) (R, ranging from 0 to 120) and
observed that FF microtubes slowly formed when the water
content was approximately 2.76% (R,, = 8). However, the
XRD pattern of the FF microtubes was not identical to that
typically observed for single-crystal structures (Figure S7,
black curve, Supporting Information), likely because the
water molecules did not sufficiently form hydrogen bonds
with the FF molecules. By increasing the water content
to 8.15% (R,, = 25), the self-assembly rate significantly
increased, and the formation of FF microtubes (D =6 pm, W =
70 nm) was visually observed immediately when water was
added (Figure 3, black curve). As mentioned above, a further
increase in water content up to 33% (R,, = 120) thickened the
walls of the FF microtubes (the diameters remained constant
at 6 um) (Figure 2d). The self-assembly behavior of Fc-FF
was also investigated using the same procedure. As expected,
well-defined assemblies were not observed when the water
content was lower than 50%; however, when the water
content was increased above 50%, Fc-FF self-assembled

Concentration —

2.76% 33%  50% 90%

Water content —>

75%

Figure 3. Self-assembly behavior of FF (black curve) and Fc-FF (red
curve) in HFIP/CH;0H/H,0 solvents for different water contents.
The value of R, was kept constant at 0.625. For FF molecules, water
contents of 2.76% and 33% (v/v) correspond to R,, values of 8 and
120, respectively.
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into uniform nanospheres likely due to the presence of
enhanced hydrophobic interactions (Figure 3, red curve).
With a further increase in water content (up to 75%), a struc-
tural transition from nanospheres to nanofibers was observed
via transmission electron microscopy (TEM) (Figure 3, inset
images). Intriguingly, rectangular nanotubes were formed
when the water content was increased to 90%. Fourier trans-
form infrared (FTIR) spectra indicated that the Fc-FF mole-
cules in the nanotubes were stacked in a -sheet arrangement
(Figure S8a, Supporting Information). Moreover, small-angle
X-ray diffraction (SAXD) and SEM results revealed that the
rectangular nanotubes were composed of Fc-FF nanofibers
that were packed in a parallel fashion and had an average
diameter of =15 nm (Figure S8b-d, Supporting Information).
The distinct self-assembly behavior of FF and Fc-FF allowed
us to design and control their hierarchical co-assembly for
the preparation of highly complex microstructures.

2.4. Hierarchical Co-Assembly of FF and Fc-FF into Dandelion-
Like Peptide Microstructures

Our abilities to both prepare homogeneous FF microtubes
with tailored diameters and wall thickness and understand
the distinct assembly behavior of FF and Fc-FF motivated
our efforts to program the formation of FF/Fc-FF hybrid
complex structures by applying capillary forces in the wetting
and drying process. FF and Fc-FF were initially dissolved in
HFIP/CH;OH solvents (R, = 0.625) at final concentrations of
61.54 mg mL~! and 3.08 mg mL"!, respectively. Subsequently,
a certain amount of water (8.15%, R,, = 25) was added to the
resulting mixture. Upon the addition of water, FF instantly
self-assembled into microtubes (observable with the naked
eye), and gel-like microtube networks containing yellow
Fc-FF solution formed due to the capillary force (Figure S9a,
Supporting Information). The wetted FF microtube networks
were then placed on glass coverslips, and solvent evapora-
tion was allowed to occur at a relative humidity of 30% at
295 K. After drying, yellow aggregates, indicative of the self-
assembly of Fc-FF molecules, were clearly observed on the
surface (Figure S9b, Supporting Information). The forma-
tion of yellow aggregates at the edges of the networks was
attributed to the “coffee ring” effect that is usually observed
during the drying of liquid suspensions.2’}

Scanning electron microscopy was employed to charac-
terize the resulting samples. As shown in Figure 4, a novel
dandelion-like peptide microstructure was observed; the FF
microtubes served as the “scapes” and the Fc-FF nanofibers
served as the “flowers.” Specifically, high-magnification SEM
images (Figure 4c) revealed that the “dandelion scapes” were
well-organized arrays composed of several microtubes, while
the “dandelion flowers” were vertically aligned nanofibers
that were formed at the ends of the microtube arrays. The
distribution of tube numbers in the scape was further evalu-
ated by SEM analysis. As shown in Figure S10, Supporting
Information, the number of FF microtubes ranges from 2
to 7 and it has a maximum value of 5. The dandelion-like
peptide microstructures around the edges of the array was
also characterized by SEM to observe the morphology of
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Figure 4. Scanning electron microscopy (SEM) images of the dandelion-
like peptide microstructures formed via the capillary force-driven
hierarchical co-assembly of FF and Fc-FF (R, = 0.625, R, = 25).

Fc-FF nanofibers. As shown in Figure Sl1la, Supporting
Information, the density of Fc-FF “flowers” is higher around
the edges because of the coffee ring effect. In addition, the
slightly longer Fc-FF nanofibers were also observed around
the edges (Figure S11b, Supporting Information) compared
to that localized inward (Figure 4a, right). Figure 5 shows
the micro-area elemental analysis of the dandelion-like pep-
tide microstructures obtained using energy dispersive X-ray
spectroscopy (EDX). As expected, the EDX spectra indicate
iron contents of 1.72 wt% and 8.47 wt% in the microtube
arrays and nanofibers, respectively. The iron content of the
nanofibers was close to the theoretical iron content (10.69 wt
%) of the Fc-FF molecules, indicating that the self-assembled
nanofibers and microtubes predominantly consisted of Fc-FF
and FF molecules, respectively. These results are also con-
sistent with those demonstrated in the single self-assembly
systems (Figure 3).

We further investigated the influence of R, and R,, values
on the formation of dandelion-like peptide microstructures.
As shown in Figures S12 and S13, Supporting Information,
the dandelion-like microstructures were formed at R, = 0.625
and R,, = 25-80. Particularly, the R, values have a significant
effect on the formation of such microstructures. For instance,
at R, = 0.75 and 1.5, the FF microtubes were horizon-
tally arranged and no dandelion-like microstructures were
observed (Figure S12c¢,d, Supporting Information). As for the
R,, values, the results show that the dandelion-like micro-
structures were formed over a large range of R,, values from
25 to 80 at R, = 0.625 (Figure S13a—c, Supporting Informa-
tion). In these cases, the wall thickness of FF microtubes was
in the range of 70 to 700 nm (Figure 2f). However, further
increase the R,, to 120, no dandelion-like microstructures was
observed (Figure S13d, Supporting Information), possibly
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Figure 5. Micro-area elemental analysis of dandelion-like peptide
microstructures by energy dispersive X-ray (EDX) spectroscopy. a) EDX
spectrum and iron content of the microtube arrays that are labeled in
the inset. b) EDX spectrum and iron content of the nanofibers that are
labeled in the inset.

due to the rigid structure derived from a large wall thickness
(950 nm, Figure 2f).

Figure 6 illustrates the detailed capillary force-driven,
hierarchical co-assembly process of FF and Fc-FF. Specifi-
cally, FF and Fc-FF moieties were dissolved in HFIP/CH,OH
solvents in their monomeric states, and the FF molecules
were supersaturated (Figure 6a). When a small amount of
H,0 was added, the FF molecules quickly self-assembled
into homogeneous FF microtubes. Here, the Fc-FF molecules
were still in the monomeric state owing to their low sensi-
tivity to water (Figure 3). The assembled FF microtubes cre-
ated a gel-like three-dimensional (3D) network that held a
large amount of solvent and Fc-FF molecules due to capillary
forces (Figure 6b). Similar behavior is seen with supramo-
lecular hydrogels,*7#31 although the microtube network is not
a soft gel because of the rigidity of the FF microtubes. The
solvent at the surface of the microtube network evaporates
faster than that inside the network, generating a sustainable
capillary force along the direction of the microtubes that
drives the flow of Fc-FF solution toward the upper surface.
This flow leads to the formation of “V” shaped microtube
arrays (similar to those seen in the case of the two parallel
fibers, Figure 1) and the accumulation of Fc-FF molecules at

small 2015, 11, No. 24, 2893-2902
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small amount of H,0. The water content at this stage is relatively low, and Fc-FF molecules were still dispersed in the solvent mixture. c) Evaporation

of solvents from the 3D FF microtube network. The capillary force coul
arrays. d) Growth of dandelion-like peptide microstructures due to the

d drive the accumulation of Fc-FF drops at the ends of the FF microtube
self-assembly of Fc-FF at the ends of the FF microtube arrays. To clearly

illustrate the co-assembly mechanism, we used two FF microtubes as the scape model. ) Schematic representation of the wetting and drying of

a Fc-FF drop on two parallel FF microtubes. With the evaporation of so

lvents, Fc-FF molecules self-assemble into nanospheres and accumulate

at the cross-points of the coalesced FF microtube arrays due to capillary forces. f) Structural transition of Fc-FF nanospheres into nanofibers with
further solvent evaporation. g,h) Formation of dandelion-like peptide microstructures with FF microtubes as the scapes and Fc-FF nanofibers as

the dandelion-like flower heads.

the ends of the arrays (Figure 6¢). Moreover, in this process,
the water content in the solution increases gradually because
HFIP and methanol evaporate faster than water. As a result,
Fc-FF molecules self-assemble into semi-stable nanospheres
at the cross-points of the microtube arrays (Figure 6e). As
water content increases further, the accumulated Fc-FF
nanospheres undergo a structural transition into nanofibers
(Figure 6f). Meanwhile, the capillary forces induced by
the evaporation of the solvent could direct the growth of
Fc-FF nanofibers along the long axes perpendicular to the
periphery of the liquid drops, forming free-standing Fc-FF
nanofibers (Figure 6g). A similar phenomenon also occurs
as liquid drops evaporate on surfaces (known as the “coffee
ring” effect).?’] This capillary force-driven, hierarchical co-
assembly of FF and Fc-FF molecules leads to the formation
of highly elegant and complex dandelion-like peptide micro-
structures (Figure 6d,h).

3. Discussion

For this work, the inspiration to program such complex pep-
tide microstructures arose from a very simple physical phe-
nomenon — the wetting and drying of flexible fiber arrays.
Despite their ubiquity in both natural and engineered sys-
tems, comprehensive and visual studies of such processes
were not reported until recently.”>24l Based on these recent
findings, we deposited a tiny drop of Fc-FF solution on a pair
of parallel fibers and observed that Fc-FF solutes accumu-
late at the free ends of these fibers due to capillary forces. As
mentioned before, the free ends of the fibers adhere to each
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other after the complete evaporation of the solvents, leading
to the formation of a V-shaped geometry (Figure 1). These
results suggest a possible strategy for directing molecular
self-assembly.

In capillary force-driven co-assembly processes, the fiber
geometry of the system (corresponding here to the diameter
and wall-thickness of the FF microtubes) is a crucial param-
eter that can affect the formation of dandelion-like peptide
microstructures. In regard to the microtube diameter, as
shown in Figure 4 and Figure S12, Supporting Information,
the SEM results show that the dandelion-like microstruc-
tures were formed only when the microtube diameter was
approximately 6 um (R, = 0.625). Since the diameter of FF
microtubes is highly dependent on the R, value, a significant
shift of the diameter is achieved when the R, value is varied
from 0.5 to 0.75 (Figure 2e). The microtubes with a large (e.g.,
9 um at R, = 0.5) and small (e.g., 1-3 pm at R, = 0.75-1.5)
diameter are too rigid or flexible and thus cannot provide a
fiber geometry suitable for the generation of capillary forces
that are essential for the formation of dandelion-like micro-
structures. As for the wall thickness, the SEM results show
that the dandelion-like microstructures were formed over
a large range of wall thickness from 70 to 700 nm (R, =
25-80) (Figure S13a-c, Supporting Information), indicative
of a suitable geometry for the generation of capillary forces.
However, further increase the wall thickness to 950 nm at
R,, = 120 leads to a rigid structure and thus no dandelion-
like microstructures were observed (Figure S13d, Supporting
Information).

Another apparent feature in the capillary force-driven
co-assembly processes is the growth of Fc-FF nanofibers on
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the ends of FF microtube array. In views of the hydrophobic
interactions between FF and Fc-FF, FF microtubes may be
able to nucleate growth of the Fc-FF nanofibers at appro-
priate water content. For the self-assembly of Fc-FF alone, as
shown in Figure 3, Fc-FF nanospheres and nanofibers were
formed at a critical water content (C,,) of 50% and 75%,
respectively. We further investigated the effect of microtube-
induced nucleation of Fc-FF on the critical water content. For
this purpose, the self-assembly of Fc-FF in the presence of FF
microtubes at a water content of 40% and 65%, respectively,
were characterized by SEM analysis. In the experiments, FF
microtubes were prepared at R, = 0.625 and R,, = 25, filtrated
for solvents removal, and then added the Fc-FF assembly
media to a final concentration of 4 mg mL~!. As shown in
Figure S14a, Supporting Information, no Fc-FF nanospheres
was observed at C,, = 40%, indicating that the microtube-
induced nucleation cannot significantly reduce the critical
water content for the formation of nanospheres. As expected,
Fc-FF nanospheres, but no nanofibers, were observed at C,,
= 65% (Figure S14b, Supporting Information). Moreover, the
dandelion-like peptide microstructures formed by the co-
assembly of FF/Fc-FF show that the growth of Fc-FF nano-
fibers occurred on the ends of FF microtubes, rather than
on the outer surfaces of the tube walls, which also exhibit
hydrophobic character similar to the tube ends. Therefore,
we infer that the Fc-FF nanofibers grow on the ends of FF
microtubes mainly due to the increased water content in that
area during the evaporation process. In this process, the ends
of FF microtubes may also be able to nucleate the growth of
the Fc-FF nanofibers at appropriate water content. It is worth
noting that the drying speed is an important parameter for
the formation of such microstructures. To demonstrate this
point, we investigated the formation of complex structures
in a very fast drying manner. As shown in Figure S15, Sup-
porting Information, when the mixture was vacuum-dried,
no dandelion-like peptide microstructures was observed. In
this case, no accumulation of Fc-FF droplets at the ends of
FF microtube arrays due to the rapid evaporation of solvent.
It appears that many microtubes come together into large
bundles, possibly due to the self-assembly or aggregation of
Fc-FF among the FF microtubes. As illustrated in Figure 6,
the formation of dandelion-like peptide microstructures is
a sequential, combinatorial self-assembling process, which
involves the accumulation of droplets at the ends of FF
microtubes array. Therefore, this process should proceed at a
slow drying speed.

Additionally, the self-assembly of Fc-FF into nanospheres
and the structural transition of these spheres into nanofibers
occurred at higher water contents (Figure 3) are essential
to the formation of such complex microstructures. A con-
trol experiment was performed using another self-assem-
bling peptide, N-fluorenylmethoxycarbonyl diphenylalanine
(Fmoc-FF, Figure S16a, Supporting Information).*7#8] Fmoc-
FF is a well-known gelator that can self-assemble into flexible
and long nanofibers in an aqueous solution. In this study, the
results indicate that the Fmoc-FF gel composed of flexible
nanofibers was formed when the water content is up to 40%,
as shown in Figure S16b,c, Supporting Information. There-
fore, when the co-assembly of FF and Fmoc-FF occurred
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under the same conditions, as the evaporation proceeded, a
large amount of the flexible Fmoc-FF nanofibers were gener-
ated when the water content increased to 40%. It is difficult
for these entangled nanofibers to move in the FF microtube
arrays. Therefore, the co-assembly of FF and Fmoc-FF just
led to the microtubes-nanofibers mixture, rather than dan-
delion-like peptide microstructures (Figure S16d, Supporting
Information).

Traditional strategies employed to control supramo-
lecular self-assembly involve the modification of molecular
structure,®8] solvent,® temperature,?%] and pH,*! among
other parameters. In addition, some other strategies exist in
which templates,>% interfaces,['%341] pathway control,l'l or
external forcesl®? play key roles in directing molecular self-
assembly. However, most of these strategies have focused
primarily on defining the initial conditions. The driving force
to sustain a self-assembly process is determined at the begin-
ning and will not be changed or controlled during the hierar-
chical assembly process. It is impossible for a single strategy
to satisfy all the requirements necessary to control hierar-
chical self-assembly processes. Our findings demonstrate
that highly complex peptide microstructures can be formed
by applying control at different stages of the hierarchical co-
assembly process. By controlling the degree of supersatura-
tion, a chemical engineering concept from the field of drug
crystallization, we were able to achieve homogeneous FF
microtubes with arbitrarily tailorable diameters and wall
thickness (Figure 2). Because FF and Fc-FF exhibited dis-
tinct self-assembly behavior depending on the water content
of the system (Figure 3), we further employed the capillary
forces derived from the wetting and drying process to pro-
gram the assembly of dandelion-like peptide microstructures
(Figure 4). We believe that the concepts and strategies pro-
posed in this study open new avenues for controlling hierar-
chical co-assembly processes and achieving highly complex
nano or microstructures.

Furthermore, there are several reasons why we selected
FF and Fc-FF as the model components in our investigation.
First, FF is a small self-assembling peptide that has important
implications in the field of supramolecular self-assembly. The
investigation of this peptide can be traced back ten years.l*!
Studies have revealed that FF can self-assemble into various
architectures with potential applications in templation,*353]
drug release,?”] the creation of superhydrophobic surfaces, ]
biosensing,?! piezoelectric devices,[**#!] and optics.[*243
However, it is still challenging to precisely control the struc-
ture of FF assemblies, making it difficult to use FF-based pep-
tide materials in applications. The procedure proposed herein
provides a simple and feasible approach for the preparation
of homogeneous FF microtubes with arbitrarily tailorable
diameter and wall thickness, and this strategy is important
for their use in practical applications. Second, FF and Fc-FF
are two functional self-assembling peptides. The ferrocenyl
moiety may endow the Fc-FF molecule with special redox,™!
optical,’*%] and molecular recognition*®7] properties that
could be useful in many areas of nanoscience. We believe
that the co-assembly of FF and Fc-FF peptides can lead to
the formation of elegant dandelion-like peptide microflowers,
which may have potential applications in biosensing, optics,

small 2015, 11, No. 24, 2893-2902



M \110'5

www.MaterialsViews.com

and the formation of superhydrophobic surfaces. These topics
are worthy of further investigation.

4. Conclusions

In conclusion, we demonstrated that homogeneous FF micro-
tubes with precisely tailored diameters and wall thickness
could be synthesized by controlling the degree of supersatu-
ration and water content. Furthermore, inspired by the wet-
ting and drying phenomena observed with two parallel fibers,
we developed a novel co-assembly system that employs FF
and Fc-FF in the fabrication of dandelion-like microstruc-
tures. In this process, gel-like FF microtube networks were
initially formed upon the addition of water as a triggering sol-
vent. Afterwards, the capillary forces derived from the wet-
ting and drying of the Fc-FF solution on the FF microtube
arrays drove the flow toward the ends of the arrays, leading
to the accumulation and self-assembly of Fc-FF at the cross-
points of the FF microtubes. This hierarchical, combinatorial
self-assembly finally led to the formation of novel dandelion-
like peptide microstructures, where the FF microtube arrays
served as the scapes and the Fc-FF nanofibers served as the
flower heads. The simple and ingenious strategies presented
in this study offer a creative way to control the hierarchical
self-assembly process and thus to build highly complex and
functional nano or microstructures.

5. Experimental Section

Chemicals and Materials: Diphenylalanine peptide (FF) and
Fmoc-FF were purchased from Bachem (Switzerland). Ferrocene-
diphenylalanine (Fc-FF) was synthesized according to literature
procedures.l® Ferrocene carboxylic acid was purchased from
J&K Scientific Ltd (China), O-(Benzotriazol-1-y)-N, N, N’, N’-
tetramethyluronium tetrafluoroborate (TBTU) was obtained from
Alfa Aesar (China), and 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol
(HFIP) was purchased from Aladdin Reagent Corporation (China).
All other chemicals were purchased from Tianjin Guangfu Fine
Chemical Research Institute (China).

Wetting and Drying of the Fc-FF Solution on Two Parallel Glass
Fibers: A drop (1 pL or 2 pL) of solvent (80% HFIP and 20% H,0
containing 5 mg mL™! Fc-FF) was deposited on a pair of parallel
fibers that were clamped at one end and free to move at the other
end. The diameters and lengths of the glass fibers were 50 pm and
2.6 cm, respectively. The movies and images were captured using
a polarized optical microscope (POM, Sunny Instruments Co., Ltd,
China) equipped with an attached charge-coupled device video
camera.

Fabrication of Homogeneous FF Microtubes with Tailored
Diameters and Wall Thickness: The fabrication of homogenous FF
microtubes was achieved by controlling the degree of supersatu-
ration. In a typical experiment, FF powder was dissolved in HFIP
at a concentration of 100 mg mL™%, and this solution was then
diluted in methanol to give a final concentration of 61.54 mg mL™!
(R, = 0.625); in this way, a highly supersaturated FF solution was
prepared. Subsequently, a small amount of water (e.g., 0.23 mL
H,0/100 mg FF, R,, = 40) was added to the FF solution, leading
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to the formation of a large quantity of microtubes, which could be
observed with the naked eye. The effects of the volume ratio of
methanol to HFIP (R, = 0.5-1.5) and the mole ratio of H,0 to FF
(R, =25-300) on the diameter (D) and wall thickness (W) of the FF
microtubes were investigated.

Self-Assembly of Fc-FF in a HFIP/CH;0H/H,O Solvent Mixture:
In a typical experiment, lyophilized Fc-FF powder was dissolved
in a HFIP/CH;0H mixture (R, = 0.625) at concentrations ranging
from 2.5 to 20 mg mL~L. Then, the mixture was diluted with the
appropriate amount of deionized water (H,0) to give a final con-
centration of 2 mg mL~%. The water content in the mixture could
be adjusted by changing the initial Fc-FF concentration in the HFIP/
CH;0H mixture. The resulting Fc-FF solution was then incubated for
12 h at 25 °C without being disturbed.

Co-Assembly of FF and Fc-FF into Dandelion-Like Peptide Micro-
structures: In a typical experiment, FF and Fc-FF powders were
first dissolved in a HFIP/CH;0H solvent mixture (1.625 mL, R,
= 0.625) to a final concentration of 61.54 mg mL™! and 3.08 mg
mL~1, respectively. Then, 0.15 mL of H,0 (8.45% v/v, R,, = 25) was
added to the solution. FF microtubes were formed immediately as
observed with the naked eye, producing a three-dimensional (3D)
gel-like network containing yellow Fc-FF solution. Subsequently,
the FF microtube networks were placed on a glass coverslip,
allowing the solvent to evaporate at ambient temperature (295 K,
30% relative humidity). The formation of yellow assemblies was
observed visually on the surface of the FF microtube networks as
the solvent evaporated and the samples dried.

Characterization: The morphologies of the peptide assemblies
were characterized using a S-4800 field emission scanning elec-
tron microscope (FESEM, Hitachi High-Technologies Co., Japan) at
an acceleration voltage of 3 kV. Energy-dispersive X-ray (EDX) spec-
troscopy was performed using a S-4800 SEM equipped with an
energy-dispersive X-ray spectrometer (Hitachi High-Technologies
Co., Japan). Transmission electron microscopy (TEM) analysis was
carried out using a JEOL 1200EX electron microscope operated at
80 kV. Small- and wide-angle X-ray diffraction (XRD) measurements
were performed using a PANalytical/X’Pert PRO MPD system with a
Cu/Ka radiation source (A = 1.5406 A). Fourier transform infrared
(FTIR) spectroscopy was recorded on a JASCO FT/IR-660 Plus spec-
trophotometer. Optical microscopy imaging was performed using
a polarized light microscope (Sunny Instruments Co., Ltd, China)
equipped with an attached charge-coupled device video camera.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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