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Molecular self-assembly of macromolecules and nanoreactors is
widely observed in nature1 but is also used in device fabrication, where
the deposition of organic or biological molecules on substrates is
controlled by the interplay of intra- and intermolecular as well as
interfacial interactions.2 Hydrogen bonding and π stacking are
particularly important driving forces for the self-assembly process and
have yielded various complex structures, including columnar organiza-
tions.3 The columnar stacking of hexa-peri-hexabenzocoronenes
(HBCs) under mesophase or fiber formation has been intensively
studied and shown to have enormous potential for the fabrication of
organic electronic devices.4 Thereby, the introduction of alkyl side
chains or functional groups and the mode of processing allow one to
control the self-assembly and fiber growth.5

The use of conjugated supramolecular architectures to dictate the
organization of biomolecules is a topic of current interest.6 The only
case of HBC assembly possessing a protein element is an amphiphilic
HBC complexed with poly(ethylene oxide)-block-poly(L-lysine) for
bioinspired columnar structures.7 For direct biological applications
utilizing HBC, it is necessary to design water-soluble HBC derivatives
for interaction with biological molecules such as proteins and DNA
in physiological solution. Carbon nanotubes and carbon fibers have
been further functionalized for biological applications through the
binding of proteins and nucleic acids.8 An analogous yet previously
elusive functionalization of HBC fibers with such biomolecules would
require the use of HBC-derived water-soluble nanotubes or fibers.
Herein, we introduce a novel water-soluble HBC derivative (4, Scheme
1) with peripheral functional groups, which facilitates a two-step
assembly process in water that includes fiber formation via π stacking
and subsequent peptide probing via electrostatic interactions (Scheme
2). In the first step, the HBC derivative self-assembles into water-
soluble fibers that serve as templates for further functionalization with
the biomolecules. In the second step, the peripheral functional groups
bind peptides, leading to the formation of well-defined second-step
fibers. Of great importance for the hybrid design is the well-studied
fluorescence of HBC chromophores,4,5a which enables one to monitor
the assembly process by fluorescence microscopy.

The synthetic strategy for the water-soluble HBC 4 is described in
Scheme 1. The starting hexahydroxy HBC derivative 1 was esterified
with commercially available 2-bromo-2-methylpropionyl bromide to
yield the desired macroinitiator 2. This macroinitiator contains six arms
of 2-bromo-2-methylpropionic ester groups serving as initiator sites
for the further construction of star molecule 3 (Figure S1 and Table
S1 in the Supporting Information) by a grafting-from protocol using

atom-transfer radical polymerization (ATRP).9 Subsequent deprotection
of the tert-butyl groups under acidic conditions provided the desired
negatively charged product 4 bearing carboxylic acid groups that
introduce water solubility and biomolecular interactions.10 The char-
acterization of the compounds by IR and 1H NMR spectroscopy is
shown in Figures S2 and S3.

The absorption and fluorescence spectra of 4 in water are shown
in Figure S4. To demonstrate the ability to grow fibers of 4, its
aqueous solution was first drop-cast onto a SiO2 wafer surface.
Remarkably, well-organized microfibers with diameters ranging
from 500 nm to 2 µm and lengths up to 200 µm were formed, as
revealed by scanning electron microscopy (SEM) (Figure 1A),
fluorescence microscopy (Figure 1B), and transmission electron
microscopy (TEM) (Figure 2A). High-resolution TEM disclosed
that the fiber was composed of highly ordered columnar structures
(Figure 2B) well-aligned along the fiber axis. Fast Fourier transform
analysis (Figure 2C) confirmed the pronounced columnar orientation
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Scheme 1. Synthesis of Negatively Charged HBC Derivative 4

Scheme 2. Schematic Drawing To Illustrate the Two-Step
Template Strategya

a In the first step, the negatively charged HBC 4 aggregates into a red
fluorescent fiber. In the second step, green fluorescein positively charged
5(6)-Fam-conjugated peptides bind to the negatively charged red fiber by
electrostatic interactions, resulting in the formation of a dual-color fiber in
double-fluorescence imaging.
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by the distinct reflections, which are only observed for HBCs with
intensive π-stacking interactions.11

Because of the peripheral side arms of 4 with multiple -COOH
groups, the HBC fibers from 4 are negatively charged in water.10a

Therefore, we hypothesized that the assembled fibers may act as
templates for binding of positively charged peptides by electrostatic
interactions. We rationalized that if the bound peptides were
fluorescein-labeled, the final fibers should be visualized as a dual-
color assembly in double-fluorescence imaging (Scheme 2).

In an initial spectral analysis, a nonfluorescent, positively charged
peptide (Arg-Lys-Arg-Lys-Arg-Arg) formed by the enrichment of the
amine groups was used to study the polyelectrolyte-polyelectrolyte
interactions in water. As shown in Figure S4, both the UV-vis
absorbance and the photoluminescence intensity of a mixture of 4 and
the peptide exhibited an enhancement relative to that of the isolated
compounds, indicating a strong electrostatic interaction. The peptide
is nonfluorescent and is not visible in a fluorescence microscope.
Therefore, it was conjugated to a green carboxyfluorescein, 5(6)-Fam.12

The green color of the fluorescein-conjugated peptide is complementary
to the red fluorescence of the HBC fibers and can be used in double-
fluorescence imaging, giving the final proof of the second-step
assembly (Scheme 2). To perform the second assembly step, a water
solution of the green fluorescein-conjugated peptide was dropped
directly onto the HBC fibers from 4 at the surface of a glass slide
(Figure 1C). After a 5 min incubation, the sample was scanned in the
fluorescence microscope to monitor the second-step assembly. Interest-
ingly, the clustered bunches of fibers on the glass slide (Figure 1C)
were dispersed into individual fibers in water (Figure 1D,D′ and Figure
S7). This increased dispersion can be ascribed to the new electrostatic
interaction. Excitingly, the peptides aggregated as fibers by electrostatic
interactions with the HBC fibers and emitted green fluorescence (Figure

1D,D′′). Thus, the red HBC fibers were coated with green fluorescein-
labeled peptides to form the second-step fibers; the latter were
detectable in dual-channel (green and red) when scanned in a
fluorescence microscope (Figure 1D). In the total emission spectra,
the second-step fibers (Figure 1D) appeared as two peaks corresponding
to HBC fibers and 5(6)-Fam (Figure S5). In a negative control, the
green fluorescein-conjugated peptide was also dropped onto neutral
nonfunctionalized hexadodecyl HBC (HBC-C12)5c fibers (Figure 1E′
and Figure S6), which did not show binding, as evidenced by the even
distribution of 5(6)-Fam peptide in the double-fluorescence images
(Figure 1E,E′′). Through these fluorescence measurements, we have
proven the functionalization of the negatively charged HBC fibers by
positively charged biological molecules.

In summary, we have described a novel water-soluble HBC
derivative with peripheral negatively charged side arms that self-
assembles into micro- and nanofibers via π stacking. Furthermore,
the negative charges of the HBC fiber periphery act as anchors to
recruit positively charged biomolecules via electrostatic interactions.
The two-step assembly process presented here is the first example
of a fiber-forming HBC derivative that can serve as a template for
further functionalization with biomolecules. Our strategy opens a
new way to design different HBC analogues with special functional
groups for use as specific biological sensors.
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Figure 1. (A) SEM and (B-E) fluorescence images of (A-D) negatively
charged HBC 4 fibers and (E) a neutral HBC-C12 fiber. Green-fluorescent,
positively charged 5(6)-Fam-conjugated peptides bind to the negatively charged
fiber and form a dual-color fiber in double-fluorescence imaging (D) but do
not bind to the neutral fiber and thus are evenly distributed (E). Separate
channels are shown in D′ (red, HBC 4 fiber), D′′ (green, fiber of 5(6)-Fam),
E′(red, HBC-C12 fiber), and E′′ (green, evenly distributed 5(6)-Fam).

Figure 2. (A) TEM image of the microfiber formed when 4 was drop-cast
from aqueous solution (1 × 10-5 M) onto a copper grid. (B) High-resolution
TEM image of the fiber, displaying its columnar structures. (C) Fast Fourier
transform analysis.
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