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T
he self-assembly of nanomaterials to
form well-ordered hierarchical struc-
tures provides great opportunities in

optical, electronic, and magnetic materials
and devices.1�4 In the past decades, great
efforts have been focused on self-assembly
of peptide molecules owing to their struc-
tural simplicity, biocompatibility, chemical
versatility, facile synthesis, and widespread
applications.5,6 Assembly could be effec-
tively achieved by hydrogen bonding, elec-
trostatic, hydrophobic, and π�π stacking
interactions. One well-known and the sim-
plest peptide building block is diphenylala-
nine (FF), the core recognition motif of the
Alzheimer's β-amyloid polypeptide. In dif-
ferent solvents and surfaces, FF could read-
ily self-assemble into nanotubes (NTs),7,8

microtubes (MTs),9 nanowires (NWs),10,11

nanovesicles (NVs),12 etc. The polymor-
phism of FF-based assembly can be influ-
enced and easily controlled by the experi-
mental conditions such as solvents, peptide
concentrations, pH, and temperature.
For example, our group has previously
demonstrated that the reversible transition

betweenNTs andNVs canbe simply achieved
by adjusting the peptide concentration.13

Ihee and co-workers realized NT and NW
morphology control through manipulating
the free-water content in the reaction medi-
um.10 A next and crucial step to make use of
these structures is the quantitative control of
the assembly to obtain solutions, with pure
morphology and free of defects, and studying
their function.
In this context, the self-assembly of FF

into nanofibers (NFs), microtubes (MTs), and
microrods (MRs) was conducted, as shown
in Scheme 1. By controlling the preparation
condition, such as ultrasonication time, the
amounts of FF, and HFP/water ratio, MRs
could be exclusively obtained. The obtained
FF MRs possess single-crystalline structure,
smooth surfaces, and flat end facets. More
interestingly, such assembled FF MRs exhibit
anexcellentopticalwaveguideproperty,which
is rarely observed in biological molecules.

RESULTS AND DISCUSSION

In a typical experiment, 1 mg of FF was
first dissolved in 30 μL of HFP, then 120 μL of
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ABSTRACT Diphenylalanine (FF) microrods were obtained by

manipulating the fabrication conditions. Fourier transform infrared

(FTIR), circular dichroism (CD), fluorescence (FL) spectroscopy, and

X-ray diffraction (XRD) measurements revealed the molecular

arrangement within the FF microrods, demonstrating similar

secondary structure and molecular arrangement within FF micro-

tubes and nanofibers. Accordingly, a possible mechanism was

proposed, which may provide important guidance on the design

and assembly manipulation of peptides and other biomolecules.

Furthermore, characterization of a single FF microrod indicates that

the FF microrod can act as an active optical waveguide material, allowing locally excited photoluminescence to propagate along the length of the microrod

with coupling out at the microrod tips.
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water was poured into the above solution followed by
ultrasonic treatment at room temperature for 5 min.
Figure 1 shows scanning electron microscopy (SEM)
images and transmission electron microscopy (TEM)
images of the obtained FF assemblies with FF NFs
(Figure 1b), MTs (Figure 1c,e), and MRs (Figure 1d,f). It
has previously been reported that FF can be self-
assembled in aqueous solution into NFs, NTs, NWs, or
MTs.8,10,14,15 However, FF rod structure has scarcely
been reported. The obtained MRs are 30�100 μm in
length and 2�3 μm in diameter. TEM demonstrated
their solid structure (Figure 1f) compared to the hollow
structure of MTs (Figure 1e). The selected area elec-
tronic diffraction pattern of FF MRs showed a pattern
similar to that of FF MTs, indicating similar molecular
arrangement and single-crystalline structure of MRs
and MTs.
To gain better insight into the molecular organiza-

tion of the FF MRs and exclusively obtain FF MRs,
preparation parameters were varied, and the obtained
products were analyzed on the molecular level by
Fourier transform infrared (FTIR), circular dichroism
(CD), fluorescence (FL) spectroscopy, and X-ray diffrac-
tion (XRD).

Sonication proved to be indispensable for the for-
mation of well-defined crystals, as it promotes crystal-
lite homogeneity.16,17 It is done routinely during
sample crystallization and is liable to result in the
formation of solid, nontubular crystals.18 This is be-
cause sonication reduces or eliminates the concentra-
tion gradients across growing crystal faces that are
necessary for tubular crystal formation.19 Here, differ-
ent ultrasonication times were set to manipulate the
assembly of FF, as shown in Figure 2. At 1min, both NFs
andMTswere formed viamolecular self-assembly of FF
(Figure 2a,b). When the ultrasonication time was set as
5 min, FF mainly assembled into MTs, accompanied by
small amounts of NFs and MRs (Figure 2c,d). As the
ultrasonication time increased to 20 min, FF MRs were
the predominant products, minglingwith some FFMTs
(Figure 2e,f). This result demonstrates that ultrasonica-
tion time influences the assembly of FF, and longer
ultrasonication time (20 min) facilitates the formation
of FF MRs. FTIR spectra (Figure 3a) of all FF assemblies
obtained with different ultrasonication time show the
characteristic peak of the amide I band at 1605 cm�1,
corresponding to a β-sheet secondary structure.15 XRD
patterns (Figure 3b) also demonstrate similar crystal
structure of MTs and MRs, which is also very similar to
the previously reported hexagonal structure of FF
single crystals.20 The same patterns were also found
in CD and FL spectra (Figure 3c,d). As shown in
Figure 3c, the CD spectra of all assemblies obtained
with different ultrasonication time yield features simi-
lar to the β-sheet arrangement of FF molecules, with a
negative band near 233 nm (n�π* transition).21�23 For
the FL spectra, all assemblies have an emission peak
around 286 nm with an excitation wavelength of
259 nm (Figure 3d). No peak shift was observed
compared to free FF molecules, indicating that no
strong π�π interactions occur between the aromatic
residues. This is consistent with the spectra of MTs

Scheme1. Self-Assembly of FF intoNanofibers,Microtubes,
and Microrods

Figure 1. SEM images of FF assemblies (a), nanofibers (b), microtubes (c), andmicrorods (d), and TEM images of FFmicrotube
(e) and microrod (f) (the inset is the selected area electronic diffraction pattern of microtube and microrod).
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reported in previous research,15 further confirming
similar crystal structure of MRs compared to MTs.
Therefore, despite the difference in their morpholo-
gies, the molecular arrangement in FF MRs is nearly
identical to that of MTs or NFs.
The concentration has been reported to exert a huge

influence on the assembly morphology by changing
the speed of crystallization. High concentration can
accelerate the assembly process and a large number of
solid rod-like products can be formed in the solution.16

In this work, different amounts of FF (1�4 mg) were
chosen to assemble in HFP/water (30 μL/120 μL) solu-
tions with ultrasonic treatment at room temperature
for 20 min. It can be seen in Figure 4a that 1 mg of FF
assembled in HFP/water solutions forms a substantial
fraction of FF MRs, mixing with small amounts of
MTs, scarcely any NFs. This result is consistent with
those obtained by adjusting the ultrasonication time

(Figure 2e,f). When the amounts of FF increased to
2, 3, and 4 mg, the obtained assembly was almost
entirely FF MRs with the average diameter of 2 μm
(Figure 4b�d). This result indicates that self-assembly
of FF is significantly dependent on the concentration,
similar to the assembly of nanotubes or nanowires.10,24

With increasing peptide concentration and optimized
ultrasonication time, solid MRs instead of hollow MTs
were formed. FTIR and FL spectra (Figure 5) of these
assemblies obtained with different amounts of FF
possess similar peaks, further confirming similar mole-
cular arrangement of MTs and MRs. Although the
organization of the crystals remained the same, a small
shift in the peak positions toward smaller angles was
observed in the FF MRs diffractogram with increased
amounts of FF (Figures 5b and S1), indicating that the
lattice parameters suffered a slight alteration. Similar
behavior has also been observed previously in FF NTs

Figure 2. SEM images of 1mg of FF assembled in HFP/water (30 μL/120 μL) solutions with different ultrasonication time, (a,b)
1 min, (c,d) 5 min, (e,f) 20 min.

Figure 3. FTIR spectra (a), XRD patterns (b), CD spectra (c), and FL spectra (d) of FF assembly obtained with different
ultrasonication time.
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and FF NWs,10 which suggests that the free-water
content plays an important role. Higher FF concentra-
tion makes the assemblies water deficient and leads to
lattice expansion in the crystalline unit cell structure as
a result of the reduced interactions between water and
FFmolecules.25 Besides XRDpatterns, the CD spectra of
the assembly obtained with different amounts of FF
also changedwith increased amounts of FF (Figure 5c),
shifting from 228 nm for the crystals obtained from
1 mg of FF to 235 nm for those obtained from 4 mg
of FF. This phenomenon could be attributed to the
increased degree of β-sheet twisting as the concentra-
tion increases.26

Aside from ultrasonic time and the amounts of FF,
solvent environment is surely another key factor in
directing FF self-assembly.27�29 Here, the influence of
the HFP/water volume ratio of the solution on the FF
assembly morphology was studied. As an optimized

condition for MR formation, 3 mg of FF was chosen to
assemble in different HFP/water solution with ultra-
sonic treatment at room temperature for 20 min. It can
be observed from Figure 6 that when the HFP/water
ratios are 10 μL/140 μL and 30 μL/120 μL, FF were
mainly assembled into MRs (Figure 6a,b); while the
content of HFP increased to almost half of that of the
solution, MTs were the predominant products with
some NFs (Figure 6c). Upon further increasing the
HFP content to 90 μL, substantial amounts of NFs
were mainly observed in addition to some hollow
microtubes (Figure 6d). However, as the ratio of
HFP increased to 11:4, no aggregation could be ob-
tained (Figure S2). This behavior may be attributed to
high hydrogen bonding ability of HFP, which form
stable intermolecular hydrogen bonds with FF mol-
ecules, leading to the solvation of FF. In this case, it is
difficult for the FF to migrate out of their solvation
shells to form aggregates.30 When this peptide solu-
tion was deposited on a silicon wafer, the evapo-
ration of HFP promoted the self-assembly of FF to
form microtubes, clusters, or amorphous structures
(Figure S3).
From the above results, one can conclude that

higher concentration, longer ultrasonication time,
and appropriate HFP/water volume ratio are crucially
important for the formation ofMR. It has been reported
in previous work that FF MTs were obtained by growth
of the assembled nanotube seeds.15,31 According to
the above molecular level analysis by FTIR, CD, FL
spectroscopy, and XRD analysis, the FF MRs may also
be obtained through this way, if a higher concentra-
tion, longer ultrasonication time, and appropriate
HFP/water ratio is adopted. In this case, we propose

Figure 4. SEM images of (a) 1 mg, (b) 2 mg, (c) 3 mg, and (d)
4 mg of FF assembled in HFP/water (30 μL/120 μL) solutions
with ultrasonic treatment at room temperature for 20 min.

Figure 5. FTIR spectra (a), XRD patterns (b), CD spectra (c), and FL spectra (d) of FF assembly obtained with different
amounts of FF.
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that the FFmolecules first self-assemble into nanotube
in the presence of water, and then reorganize with the
driving force of sonication and grow into microrods
through hydrogen bonding and hydrophobic interac-
tions between FF aromatic residues.15 As for the dif-
ferent morphologies, the nucleation and growth of the
nucleated clusters are directly related to the conditions
of self-assembly. For the formation of FF MRs, a higher
concentration was adopted to accelerate the assembly
process and make the whole assemblies lack water;
therefore, the hydrogen bond interactions between
water and FF molecules are reduced.25 As a conse-
quence, the growth along the wall is almost the same
as that in the middle of the nucleated clusters.32 The
1-D rod-like structure was then formed. Longer ultra-
sonication time eliminates the concentration gradients
across growing crystal faces and promotes crystallite
homogeneity, which is also the indispensable condi-
tion for the formation of solid nontubular crystals.16,33

Besides, an appropriate HFP/water volume ratio is vital
for FF MR construction, which determines the nuclea-
tion and crystal growth rate of FF. For example, as the
volume of HFP increases, the morphology of FF assem-
bly changes from MRs to MTs and NFs. This phenom-
enon is ascribed to the decreased supersaturation and
nucleation of FFmolecules. Although the concentration

of FF is not changed, the crystallization rate of FF is
reduced as the amount of HFP increases.29

Since FF MRs possess smooth surfaces and crystal
structures, they are desirable to be used as waveguide
materials. To endow the FF MRs outstanding photonic
properties, rhodamine B (RhB) was added into HFP/
water solution and coassembled with FF. After doping
with RhB, the assemblies still present the MR structure,
without significant change in morphology (Figure 7a).
Figure 7b presents XRD profiles from crystalline sam-
ples of bare FFMRs and FF-RhBMRs. One observes that
the XRD pattern does not significantly change after
doping. This implies that the addition of RhB does
not alter the molecular arrangement of the peptide
assemblies.34

The waveguide property of FF-RhB MR was then
investigated by local illumination microscopy with
individual assemblies (Figure 8a). When excited at
one end, a bright photoluminescence (PL) spot is
observed at the other end of the microrod, with the
rod body emitting nearly no PL (Figure 8b). If the
excited point is moved to the middle part, bright PL
spots are observed at both ends of the MR. This is a
typical characteristics of optical waveguide, suggesting
that FF-RhB MR can act as an optical waveguide
material.35 Furthermore, the distance-dependent
PL intensity at each end of the FF-RhB MR was
measured.36,37 As shown in Figure 8c, the out-coupled
light decreases almost exponentially with the increase
in propagation distance with an attenuation length of
about 40 μm. The waveguide losses in the FF-RhB MR
can be attributed to scattering and coupling between
the MR and substrate.32,35 These results demonstrate
that the FF-RhB MRs can act as potential optical
waveguide materials, although the attenuation length
still has to be increased by further improving the
crystalline quality.
Similarly, FF-RhB MTs were prepared and investi-

gated by local illumination microscopy. As shown in
Figure 9, when exciting at the intersections of crossed
MTs, bright PL spots were observed at the other end of
all the MTs with weaker emission observed along the
MTs bodies. It indicates that those MTs are also able
to absorb the excitation light and propagate the PL

Figure 6. SEM images of 3 mg of FF assembled in different
volume ratios of HFP/water solutions with ultrasonic treat-
ment at room temperature for 20 min: (a) 10 μL/140 μL,
(b) 30 μL/120 μL, (c) 70 μL/80 μL, and (d) 90 μL/60 μL.
The total solution volume is kept constant at 150 μL.

Figure 7. SEM image (a) of FF-RhB MR, and XRD patterns (b) of FF MRs and FF-RhB MRs.
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emission toward tips, demonstrating good waveguide
property of the MTs. The distance-dependent PL in-
tensity at the end of a single FF-RhB MT was also
measured (Figure S4). The out-coupled light was also
shown to decrease exponentially with the increase in
propagation distance, and the attenuation length is
about 80 μm. Compared to the solid FF-RhBMR, the FF-
RhBMT demonstrates lower waveguide loss during the
propagation of light. Such an optical loss in the FF-RhB

MT shall be ascribed to the reabsorption, while the
optical loss for the FF-RhB MR is due to the scattering
and coupling between the MR and the substrates.35

CONCLUSIONS

In summary, FFMRswere obtained by simply chang-
ing the fabrication conditions, such as ultrasonication
time, the amounts of FF, and HFP/water volume ratio.
The influences of these parameters in directing the
assembly morphology of FF were studied in detail.
FTIR, CD, FL spectra, and XRD patterns demonstrate
that FF MRs contain similar secondary structure and
molecular arrangement compared to FF MTs and NFs.
Accordingly, a possible mechanism was proposed,
which may provide important guidance on the design
and assembly manipulation of peptides and other
biomolecules. Furthermore, RhB introduction into FF
MRs and MTs yield fluorescent MRs and MTs, and both
of them have good optical waveguide properties.

METHODS
Materials. The lyophilizeddiphenylalanine (H-Phe-Phe-COOH,

FF) was purchased from Bachem (Budendorf, Switzerland).
1,1,3,3,6,6-Hexafluoro-2-propanol (HFP) was obtained from Alad-
din. Rhodamine B was purchased from Sigma-Aldrich. The water
used in all experiments was prepared in a three-stage Millipore
Milli-Q plus 185-purification system and had a resistivity higher
than 18.2 MΩ. All reagents above were used without further
purification.

Preparation of FF Nanofibers, Microtubes, and Microrods. In a typical
experiment, 1 mg of FF powders were first dissolved in 30 μL
of 1,1,1,3,3,3,-hexafluor-2-propanol (HFP). Then 120 μL of
water was poured into the above solution and ultrasonically
treated at room temperature for 5 min. The obtained white
precipitate formed at the bottom was used for further
characterization.

Characterization. The samples were characterized by scan-
ning electron microscopy (SEM, Hitachi S-4800) and transmis-
sion electron microscopy (TEM, JEOL JEM-1011). The selected
area electronic diffraction pattern was obtained by a Philips
CM200-FEG transmission electron microscope. The precipitate
was dried under vacuum and then pressed into a KBr pellet for
FTIR (Bruker TENSOR-27) spectroscopy measurement. X-ray
diffraction (XRD) patterns were measured at 25 �C using
Rigaku. Data were collected on a Rigaku D/max 2500 instru-
ment equipped with a Cu filter under the following conditions:
scan speed, 2�/min; Cu KR radiation, λ = 1.5405 Å. Circular
dichroism (CD) spectra were monitored with a JASCO J-810
spectropolarimeter at room temperature between 190 and
300 nm. Fluorescence (FL) spectra were scanned from 270 to
400 nm at an emission wavelength of 259 nm using a F-4500
fluorescence spectrophotometer. The optical waveguide

Figure 8. Schematic illustration of the experimental setup used for optical waveguide measurement (a). Bright-field image
and PL images (b) of a single FF-RhB MR when translating the excitation spot along the MR from left to right; the excited
wavenumber is 561 nm and scale bar is 10 μm. The excitation distance-dependent PL intensity at each end point (c); the
distance denotes the length between right end point and excitation spot.

Figure 9. Bright field image (a) and PL image of FF-RhBMTs
(b) excited at 561 nm.
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property of MRs was tested by self-assembled local illumina-
tion microscopy.
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