Article
Journal of
Nanoscience and Nanotechnology

Copyright © 2020 American Scientific Publishers
All rights reserved
Printed in the United States of America

Vol. 20, 3239–3245, 2020
www.aspbs.com/jnn

Peptides Co-Assembling into
Hydrangea-Like Microstructures
Zhen Guo1 3 , Zhiwei Shen1 3 , Yujiao Wang1 3 , Tingyuan Tan1 3 , and Yi Zhang1 2 ∗
1

Key Laboratory of Interfacial Physics and Technology, Shanghai Institute of Applied Physics,
Chinese Academy of Sciences, Shanghai 201800, China
2
Zhangjiang Lab, Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China
3
University of Chinese Academy of Sciences, Beijing 100049, China
Supramolecular assembly in vitro is a simple and effective way to produce multi-level biostructures to mimic the self-assembly of biomolecules in organisms. The study on peptide assembly
behaviors would benefit a lot to understand what goes on in life, as well as in the construction
of plenty of functional biomaterials that have potential applications in various fields. Since cellular
microenvironments are crowded and contain various biomolecules, studying protein and peptide
co-assembly is of great interest. Here, we introduced the co-assembly of 5-FAM-ELVFFAE-NH2
(EE-7) and (CY5)-KLVFFAK-NH2 (KK-7), which are sequences derived from the core of the amyloid
 (A) peptide, a key protein in Alzheimer’s diseases. Morphologic studies employing atomic force
microscopy and scanning electron microscopy indicated that the co-assembled entities had a novel
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EE-7 or KK-7, respectively. Copyright:
Fluorescence
co-localization
experiments
confirmed that the hydrangeaDelivered
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like microstructures were indeed made
of both EE-7
and KK-7. We suggest that the formation of
the hydrangea-like microstructures is driven by both the electrostatic and hydrophobic interactions
between EE-7 and KK-7. A molecular mechanism has been provided to explain the formation of
the hydrangea-like microstructures.

Keywords: Peptide, Co-Assembly, Scanning Electron Microscope (SEM), Atomic Force
Microscope (AFM), Hydrangea-Like Microstructures.

1. INTRODUCTION
Self-assembly of peptides and proteins is one of the ubiquitous phenomena in life. In recent years, researchers
have paid a lot of attention to the self-assembly of amyloid peptides [1–10], which are believed to be helpful in
revealing the pathogenesis of some neurodegenerative diseases [11–13]. On the other hand, self-assembled highly
ordered peptide nanostructures have showed great potential
for broad applications in materials design and manufacturing due to their excellent biocompatibility, degradability,
and simple synthesis processes [14, 15]. Therefore, it is
of great significance to study the peptide self-assembly
behaviors in biological phenomena [16] and biomimetic
preparations [17–22], including functional material preparation [23–28], disease mechanisms [16, 29, 30], and other
aspects [31, 32]. There are many factors that influence
peptide self-assembly, such as peptide concentration,
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temperature, pH, and ionic strength [33–35]. Among
them, peptide co-assembly is one of the important means
for fabricating biological nanomaterials with rich structure and diversity functions [36]. For example, Shah
et al. [37] reported the co-assembly of amphiphilic peptide molecules to form nanofibers for cartilage regeneration. Jung et al. [38] designed multi-peptide co-assembling
hydrogels, which were used as defined modular extracellular matrices for endothelial cells. Hudalla et al. [39]
provided a simple yet versatile strategy for inducing multiple proteins to co-assemble into nanomaterials. In addition, peptide co-assembly is a good model system for
studying the interactions between biomolecules in complex biological systems. Cui et al. [40] found that glutamate receptor (GluR) family members GluR5, GluR6, and
GluR7 can co-assemble into heteromeric kainate receptors, which explains why the functional properties of native
kainate receptors differ from those of recombinant kainate
receptors.
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custom synthesized from Chinese Peptide and verified
by high-performance liquid chromatography (HPLC) and
mass spectrometry (MS).
2.2. Peptide Co-Assembly
For a uniform dissolution in water, the peptide powder
was firstly dissolved in small amount of 1, 1, 1, 3, 3, 3hexafluoro-2-isopropanol (HFIP) before use, then stored
at −20  C. For this experiment, 0.15 mg of either CY5KLVFFAK-NH2 or 5-FAM-ELVFFAE-NH2 powder was
dissolved in 5 L of HFIP, respectively, and were then
mixed together. The mixed solution was ultrasonicated for
5 min. Then, 100 L of deionized water was added into
the mixed solution. The pH of the solution was adjusted to
7 using NaOH or HCl. After 5 min of ultrasonication, the
solution was incubated at 37  C with shaking at 900 rpm
for a certain period of time.
2.3. Atomic Force Microscope (AFM)
A commercial AFM instrument (NanoScope VIII, Bruker)
Figure 1. Molecular structures of the fluorescence-labeled peptides
equipped with a 100-m scanner was used to measure the
EE-7 (top) and KK-7 (bottom). The amino acids in the middle of
morphology of the assembled peptide structures. A silicon
both peptides are hydrophobic, while the amino acids at both ends are
nitride cantilever (XSC-11, MIKROMASCH) with a nomhydrophilic.
inal force constant of 7 N/m was used. Experiments were
carried out in the air in Peak Force Quantitative NanoMeSince amyloid  (A is a key protein in Alzheimer’s
chanical AFM (PF-QNM) mode. Newly cleaved mica was
disease [9, 41, 42], it is of great interest to study the assemused as a substrate. All images were analyzed using the
bly and co-assembly properties of
full sequence On:
[43],Sun,NanoScope
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Software
(NanoScope Analysis Version 1.40)
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amyloid peptides originally from A were designed
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co-assemble. One peptide, Ac-KLVFFAL-NH2 (K), is
2.4. Scanning Electron Microscope (SEM)
positively charged [45], while the other, Ac-(pY)LVFFALSilicon wafer was used as the substrate for sample prepaNH2 (pY), is negatively charged [46] at neutral pH,
ration. A gold film was sprayed on the silicon wafer after
and the two peptides differ only in their N-terminal
the sample was deposited on it. The gold spraying current
residues (phosphotyrosine vs. lysine). Results indicated
was 5 mA and the time was 160 s. SEM instrument model:
that they co-assembled into asymmetric peptide bilayer
Carl Zeiss AG, LEO 1530VP.
membranes [47]. As inspired by this paper, we propose
that, if charged amino acids are introduced to both ends
2.5. Confocal Imaging
of the peptides, asymmetric bilayer membranes would not
Mature assemblies were diluted 100 times, mixed in a
be produced during co-assembly due to severe electro500:1 concentration ratio with FAM-5 or Cy5, and then
static repulsion; however, some other novel peptide nanoloaded onto a glass bottom dish. Fluorescence images were
structures may be formed. Based on this conjecture, we
captured using a Leica SP8 Confocal Microscope using
synthesized two kinds of peptides with LVFFA as the
an Olympus 60× oil immersion objective lens. Each flucore fragment, with either positively (CY5-KLVFFAKorescence intensity acquisition consisted of one frame at
NH2 , KK-7) or negatively (5-FAM-ELVFFAE-NH2, EE-7)
1024 × 1024 pixels, and the images were acquired approxcharged groups at both ends of the peptide (Fig. 1);
imately 2–5 m below the glass surface.
moreover, we carried out co-assembly studies under various conditions. It was found that, under neutral pH,
2.6. Circular Dichroism (CD) Spectroscopy
the peptides could co-assemble into a hydrangea-like
Ultraviolet CD [48] spectra were obtained using a Chirasmicrostructure.
can Circular Dichroism Spectrometer with a 1-mm path
length cuvette (Applied Photophysics, UK). The previ2. EXPERIMENTAL DETAILS
ously prepared stock solution was diluted to concentrations
2.1. Peptide Synthesis and Purification
of 0.3 mg/mL for all the solutions. The spectra of the
The 5-FAM-ELVFFAE-NH2 (EE-7) and CY5-KLVFFAKsolutions with and without peptides were recorded in the
NH2 (KK-7) peptides with a purity of 98.88% were
far-UV CD spectra between 190 and 260 nm at 37  C.
3240
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2.7. Fourier-Transform Infrared (FTIR) Spectroscopy
FTIR spectra [49–52] were collected from potassium bromide pellets (KBr) on a Bruker Tensor 27FT-IR spectrometer (Bruker Optics, Germany). Infrared spectra were
recorded between 4000 and 600 cm−1 , and only data
between 1700 and 1500 cm−1 were used. The spectra were
the averages of 128 scans with a resolution of 4 cm−1
performed with the OPUS software (Version 6.5, Bruker
Optics Inc., Billerica, USA).

3. RESULTS AND DISCUSSION
3.1. Monocomponent EE-7 or KK-7
Self-Assembling into Nanosheets
The peptide solutions were incubated at 37  C in a shaker.
After three days, as revealed by AFM, SEM, and confocal
fluorescence microscopy, both of them formed sheet-like
microstructures of various sizes (Fig. 2). AFM measurements indicated that the thickness of the nanosheets was
1 nm (Figs. 2(c and d)), approximately equal to the
radial diameter of the peptide molecules, suggesting that
it is a single-molecular layer. This is very different from
the bilayer membrane structures self-assembled from the
monocomponent Ac-KLVFFAL-NH2 or Ac-(pY)LVFFALNH2 [47], even though the peptide sequences only differed
by the amino acids at the terminal ends. The thickness is
also quite different from that of the nanosheets [15] we
fabricated with the same peptide sequence
but withoutOn:
flu- Sun, 05 Jan 2020 08:48:54
IP: 83.171.252.32
orescent label, suggesting that peptides
take different
ori- Scientific Publishers
Copyright:
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Delivered by Ingenta
entations in the two kinds of nanosheets.
3.2. EE-7/KK-7 Co-Assembling into
Hydrangea-Like Microstructures
The assemblies in the EE-7/KK-7 bi-component solution
tended to be amorphous in the early days, but stable
sphere-like structures (Fig. 3(a)) formed after one week.
The sphere sizes ranged from 4 to 12 m (Fig. 3(b)) as
measured from SEM images. Interestingly, the zoomedin SEM images showed that the spheres were not
smooth, but consisted of a petal-like layer structure with
which novel hydrangea-like microstructures were formed
(Figs. 3(c and d)).
Previously, a spherulite consisting of radially oriented
amyloid fibrils [53] regulated by the salt conditions in the
solutions has been reported. In our case, co-assembly of
EE-7/KK-7 resulted in spheres consisting of radially oriented layers, indicating the several structures that can be
formed from amyloid peptide assembly under various conditions, as well as the complex interactions between coassembling peptide molecules in biological systems.
To make sure that the hydrangea-like microstructures
were the result of the co-assembly of EE-7 and KK-7 peptides, a fluorescence co-localization study was carried out.
The fluorescent dye used in EE-7 was 5-FAM, with excitation at 492 nm and emission at 512 nm (Fig. 4(a)), while
Cy5 was used in KK-7, with excitation at 649 nm and
J. Nanosci. Nanotechnol. 20, 3239–3245, 2020

Figure 2. AFM (a–d), SEM (e–f), and fluorescence microscopy (g–h)
studies on the microstructures self-assembled from monocomponent peptides, EE-7 or KK-7. (a) AFM image of EE-7 assemblies. (b) AFM image
of KK-7 assemblies. (c) Linear profile indicating the thickness of the
sheet structure formed by EE-7. (d) Linear profile indicating the thickness
of the sheet structure formed by KK-7. (e) SEM image of EE-7 assemblies. (f) SEM image of KK-7 assemblies. (g) Fluorescent image of EE-7
assemblies. (h) Fluorescent image of KK-7 assemblies. The fluorescent
dye used in EE-7 was 5-FAM, while Cy5 was used in KK-7.

emission at 670 nm (Fig. 4(b)). From the overlay confocal image (Fig. 5(c)), it is clear that both 5-FAM and Cy5
were present in the assemblies, confirming that they were
a result of co-assembly.
In order to check out if the molar ratio would affect
the morphology of the co-assembled microstructures, we
set up a series of mixtures of EE-7 and KK-7 with different ratios (i.e., 2:1, 2:3, 1:2, and 1:4) and incubated them
under the same conditions. SEM images (Fig. 5) indicated
that these mixtures resulted in products of various shapes,
though none of them was hydrangea-like in shape. Therefore, the molar ratio of the two peptides affected their coassembling products, and a 1:1 molar ratio is required for
3241
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SEM images of the co-assembled hydrangea-like microstructures (a, c, d) and the size distribution of the hydrangea-like microstructures (b).

EE-7/KK-7 to co-assemble into hydrangea-like structures.
or KK-7 solutions was an anti-parallel -sheet. Whereas,
At a ratio of 1:2, petal-like layers were also found; howin the 1:1 mixture of EE-7/KK-7, besides the absorption
ever, the morphology of the assembled products were not
peaks at 1620 cm−1 , 1639 cm−1 , and 1688 cm−1 , there
IP: 83.171.252.32 On: Sun, 05 Jan 2020 08:48:54
sphere-shaped (Fig. 5(g)).
were alsoPublishers
absorption peaks at 1657 cm−1 (Fig. 6(a)), which
Copyright: American Scientific
Delivered byindicates
Ingenta the presence of an -helix structure. The presence of an -helix structure in the mixture of EE-7/KK-7
3.3. The Secondary Structure of the
was also confirmed by CD spectroscopy (Figs. 6(b and c)).
Peptides in Co-Assembly
Perhaps it is the interaction between EE-7 and KK-7 that
Amyloids are typically studied using FTIR [54–57] and
drives the peptides in the mixture to have an -helical
CD spectrometry [47, 48, 55] because the secondary
structure and tend to co-assemble into hydrangea-like
structures of the amyloids can be easily identified with
microstructures.
these techniques. In this study, the secondary structures of
the peptides were characterized using the aforementioned
3.4. Possible Co-Assembly Mechanism
methods. As shown by FTIR spectroscopy (Fig. 6(a)), in
the monocomponent EE-7 or KK-7 solution, there were
According to the information given above, we suggested
strong absorption peaks at 1620 cm−1 and 1639 cm−1 ,
a possible scenario for the co-assembly of the peptide
and a weak absorption at 1688 cm−1 , indicating that the
EE-7 and KK-7 (Fig. 7). Since a 1:1 molar ratio for
main secondary structure of the peptide in either the EE-7
EE-7/KK-7 was required to form hydrangea-like structures

Figure 4.

3242

Confocal fluorescence images of (a) 5-FAM, (b) Cy5, and (c) overlay of the co-assembled hydrangea-like microstructures.
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Figure 5. SEM images of the microstructures co-assembled in the mixtures of EE-7 and KK-7 with different molar ratios. The molar ratio of EE-7:
KK-7 was 2:1 (a, e), 2:3 (b, f), 1:2 (c, g), and 1:4 (d, h), respectively.

IP: 83.171.252.32 On: Sun, 05 Jan 2020 08:48:54
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spectroscopy (b, c) of EE-7, KK-7,
and theirbymixture,
respectively. CD spectra
Delivered
Ingenta

Figure 6. FTIR (a) and CD
in (b) were recorded after 15 days of
incubation. (c) Software analysis of the CD spectra in (b) in the range of 190–260 nm, which reveals the ratio of the -sheet and -helix contents of
the peptides in solution.

that were composed of laminar “petals,” we speculate
that equal amounts of EE-7 and KK-7 molecules assembled alternatively with each other in each petal. The EE-7
and KK-7 molecules were oppositely charged under neutral conditions so that the petal structures could be stabilized by their electrostatic interactions, hydrogen bonds,
and hydrophobic interactions [58]. We also tried to coassemble the two peptides in solutions with pH values of 2,
5, 9, or 11, in which the net charges on the KK-7 and EE-7
peptides were no longer neutralized. No hydrangea-like
structures were found, further emphasizing the importance
of the electrostatic interaction between the two peptides in
their co-assembly.

Figure 7. The possible mechanism of the co-assembly between EE-7
and KK-7. EE-7 and KK-7 with different charges interact to form a
laminar structure and a hydrangea-like structure.

J. Nanosci. Nanotechnol. 20, 3239–3245, 2020

4. CONCLUSION
In conclusion, we studied the self-assembled and coassembled microstructures of EE-7 and KK-7 peptides
and obtained novel hydrangea-like microstructures. Fluorescent co-localization experiments confirmed that the
hydrangea-like microstructures were indeed a result of the
co-assembly of the two peptides. FTIR and CD spectroscopy analyses indicated that the secondary structures
of the peptides changed upon co-assembly, with increasing amounts of -helix. A simple discussion on the
mechanism of co-assembly of the two peptides was provided. Since the co-assembled hydrangea-like microstructures have the advantage of a large specific surface area, it
may serve as carriers for drugs, nanoparticles, or fluorescent dyes, and find potential applications in the biomedical
fields, which will be our future research topics.
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