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Abstract Nanostructures/patterns formed by biomolecules

can produce different physicochemical properties in terms

of hydrophobicity, zeta-potential, color, etc., which play

paramount roles in life. Peptides, as the main bio-building

blocks, can form nanostructures with different functions,

either in solutions or on interfaces. Previously, we syn-

thesized a short peptide with the inspiration of an Alzhei-

mer’s disease-related peptide: amyloid b peptide (A-b),

namely GAV-9, which can epitaxially self-assemble into

regular nanofilaments on liquid–solid interfaces, and it was

found that both the hydrophobicity and charge state of the

interfaces can significantly influence its assembling

behavior. It was also reported that another A-b-containing

dipeptide, FF, can self-assemble into nanostructures in

solutions. Owing to the close relationship between these

two short peptides, it is interesting to conjugate them into a

de novo peptide with two separated structural domains and

study its self-assembling behavior. To this end, herein we

have synthesized the GAV-FF peptide with a sequence of

NH2-VGGAVVAGVFF-CONH2 and verified its self-

assembling property using the in situ liquid-phase atomic

force microscopy. The results show that the GAV-FF

peptide can self-assemble into nanofilaments both in

solutions and on aqueous–solid interfaces, but with dif-

ferent morphologies. The FF domain accelerates the tem-

plate-assisted self-assembling (TASA) process of the GAV

domain, which in return enhances the solubility of FF in

aqueous solutions and further participates in the fibrilliza-

tion of FF. The current results could help deepen the

understanding of the aggregation mechanism of disease-

related peptides and could also shed light on the strategies

to create artificial bio-functional nanostructures/patterns,

which hold a significant potential for biomedical

applications.

Keywords Amyloid peptide � Nanofilament � Self-

assembly � Structural domain � Atomic force microscopy

1 Introduction

Molecular self-assembly has been considered as a nat-

ural technique for constructing functional nanostructures,

and the most complex molecular machines, such as

enzymes and protein motors, are formed by biomolecule’s
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self-assembling [1–3]. In general, the main driving force of

molecular self-assembly (including folding proteins into

three-dimensional structures) normally involves noncova-

lent interactions such as electrostatic interaction (including

the p–p stacking interaction), hydrophobic interaction, and

hydrogen-mediated bonding, or the combination of the

above-mentioned different interactions. To maintain their

stabilities, molecules in aqueous solutions are either

charged or neutral. The charge states can be evaluated by

the f-potential measurement, and some uncharged mole-

cules can still be stable in aqueous solutions owing to the

hydrophilic groups conjugated on their surface, such as

polyethylene glycol (PEG) and polysaccharides. In life,

besides creating useful functional structures, molecular

self-assembly can also lead to some disorders such as

Alzheimer’s disease (AD), Parkinson disease (PD), and

other protein aggregation-related diseases [4–6]. Self-

assembly is normally concentration dependent, whereby

the same molecule with different concentrations can form

different morphologic structures, which can be dramati-

cally affected by other conditions such as ionic strength

(including pH), temperature, and solvent polarity. Some

molecules can not only undergo self-assembly in solutions,

but also epitaxially grow into nano-/microstructures on

templates, which could be either organic or inorganic

substrates. For example, both A-b and a-synuclein (a PD-

related protein) can self-assemble into nanofilaments in

solutions and on inorganic substrates such as the hydro-

philic mica and the hydrophobic graphite [7–9]. In prin-

ciple, the critical self-assembling concentration (CSC) of

molecules on interfaces is much lower than that in solu-

tions, which can be explained by both the space-dimen-

sional confinement effect and the affinity between

molecules and templates. With the motivation to reveal the

biomolecular self-assembling mechanisms, scientists have

been focusing on the self-assembling processes of short

protein segments (peptides), and this has already resulted in

great advances for deepening the understanding of bio-

logical and pathological processes [10].

Atomic force microscopy (AFM) has been accepted as a

powerful tool for studying the template-assisted self-

assembling (TASA) of biomolecules on different inorganic

substrates [9, 11–13]. Because of its easy cleavage and

flatness on the millimeter level, mica has become a popular

inorganic substrate for AFM imaging. After cleavage, mica

normally adsorbs water molecules from the humid air and

becomes negatively charged owing to the ionization of

potassium ions from the surface, which has been used to

mimic the cell membrane in some situations [11, 14, 15].

With liquid-phase AFM and using such substrates, one can

observe and record the in situ self-assembly process with a

molecular-scale resolution, which until now has not been

realized with other high-resolution microscopes, i.e.,

electron microscopy (EM). Using a very soft and sharp tip

(normally with a spring constant lower than 1.0 N/m and

curvature radius lower than 10 nm), nanostructures can be

highly resolved or in situ constructed on the substrates/

templates, and the whole construction process can also be

dynamically recorded [9, 11, 12]. Nowadays, one can

purchase some commercial ultrasharp tips (type: PEAK-

FORCE-HIRS-F-B, Bruker Company) with curvature

radius of approximately 1.0 nm, which claims to be able to

resolve the minor and major grooves of DNA in liquid

phase.

Compared to DNA, peptides possess more versatile

properties in addition to their self-assembling capability,

because the building blocks of peptides, amino acids, not

only have more types, but also have more functional groups

that can be readily modified and conjugated with other

interesting molecules or nanostructures. Therefore, pep-

tides should be the best candidate for creating artificial

nanostructures with predesigned functionalities, even

though DNA origami has already been developed to a

much higher level for constructing nanostructures [16–18].

The other strong evidence is provided by life itself, because

life also selects amino acids as the main building blocks for

producing bio-nanostructures/machines, which could be

also the ultimate goal for scientific researching.

In organisms, long-chain peptides translated from

mRNA normally have to experience both intermolecular

interactions and intramolecular folding to form bioactivity

centers, which are called structural domains in the bio-

logical field. In this sense, the folding of peptides could

also belong to molecular self-assembly. In this way, the

design of dual-functional peptide nanostructures could also

be learned from natural biomolecules, so-called bionics. In

fact, dual-functional proteins and peptides have been

already constructed for different applications [19, 20].

Kang’s group, using a bacterial superglue, engineered dual-

functional protein cage nanostructures, which act as mul-

tiplex fluorescent cell imaging probes that can visualize

two or more target cells individually without the need for a

set of individual probes [19]. Hamley’s group reported a

bioactive lipopeptide that combines the capacity to pro-

mote the adhesion and subsequent self-detachment of live

cells. This peptide, in addition to self-assembling into

3-nm-diameter spherical micelles, can form a coating film

that is sensitive to metalloproteases expressed endoge-

nously by the attached cells [20]. Nomizu’s group con-

structed a combined peptide by conjugating a fibronectin

active sequence or a scrambled sequence to an amyloid

fibril-forming peptide, which can keep their capacities for

both fibril formation and cell attachment [21]. Different

techniques have also been developed to efficiently screen

functional peptides, such as phage display biopanning and

split-and-mix library screening based on solid-phase
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synthesis. Both techniques make it possible to either study

natural peptide systems or create de novo sequences cov-

ering a broad spectrum of novel functional molecules and

materials [22].

Previously, our research group systematically investi-

gated the self-assembling of a short peptide (GAV-9) on

inorganic substrates, such as mica and graphite, which has

already attracted significant attention [11, 15]. The inter-

esting part is that the GAV-9 peptide cannot self-assemble

into fibrils in pure water solutions (as monitored by thio-

flavin T (ThT) assay and dynamic light scattering). How-

ever, another very short peptide, the FF dipeptide, shows a

strong self-assembling capacity in organic solutions but is

not soluble in aqueous solutions [23–26]. Therefore, it is a

natural idea (also arising from curiosity) to combine these

two short peptides together to form a dual-mode assem-

bling peptide, where some interesting questions could be

investigated, for example, among the interesting and

valuable topics to consider, whether the combined peptide

sequence can also show different modes of self-assembling

(such as the TASA mode on substrates) and how the

competition could be between the hydrophobic and the

electrostatic interactions at their different self-assembling

modes. Given that the number of biosynthesis systems and

possibilities for engineering is nearly infinite, it is wise to

restrict the investigation to such a system, which is rela-

tively simple but meaningful with regard to structures and

bioactivities [27].

With the aim to construct an artificial peptide with dual

self-assembling modes, herein we have synthesized two

peptide oligomers called GAV-FF (Fig. 1) and GAV-9,

respectively. By using the in situ AFM imaging technique,

we have successfully recorded the dynamic TASA process

of the GAV-FF peptide on the surface of mica. Further, by

comparing the morphologies of the self-assembled GAV-

FF nanostructures formed in aqueous solutions and on the

surface of mica, we have proposed different self-assembly

modes for the GAV-FF peptide. The obtained results reveal

the possibility to produce dual-functional peptides with

known capacities by non-genetic means.

2 Experimental section

2.1 Peptide synthesis and preparation

Both GAV-9 (NH2-VGGAVVAGV-CONH2) and GAV-

FF (NH2-VGGAVVAGVFF-CONH2) were custom syn-

thesized by a Chinese peptide synthesis company (Taopu

Peptide Synthesis Ld. Co.). The carboxylic terminals of

both peptides are blocked by acetylation. The peptides

were stored at minus 20 �C in a lyophilized powder state,

and their purities before use were normally higher than

97%, as verified by both high-performance liquid chro-

matography (HPLC) and mass spectrum (MS). Due to the

difference in peptide solubilities, the stock solutions were

prepared as follows: For GAV-FF, 0.5 lg of peptide lyo-

philized powder was first dissolved in 50 lL of dimethyl

sulfoxide (DMSO) and then mixed with 450 lL of Milli-Q

water, so that the GAV-FF peptide’s concentration was

1.0 mg/mL. For GAV-9, 2.0 mg of peptide powder was

dissolved in 1.0 mL of Milli-Q water directly to obtain a

concentration of 2.0 mg/mL. The peptide solutions were

centrifuged at 10,000 rpm for 10 min to remove any pos-

sible aggregates, and they were finally stored in a refrig-

erator at 4 �C waiting for use. Muscovite mica

[KAl2(Si3Al)O10(OH)2] was purchased from Sichuan

Meifeng Company (China) and freshly cleaved by adhesive

tapes to expose a non-contaminated surface before use. All

other chemicals, such as DMSO, were purchased from the

Sigma-Aldrich Company.

Fig. 1 (Color online)

Molecular model and sequence

of GAV-FF peptide. The GAV-

FF peptide contains two

structural domains: One is

VGGAVVAGV and the other is

FF. G, A, V, and F denote

amino acid residues of glycine,

alanine, valine, and

phenylalanine, respectively
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2.2 Atomic force microscopy (AFM)

A commercial AFM (Nanoscope IIId, Bruker) equipped

with either a J-scanner (125 lm 9 125 lm) or an

E-scanner (12 lm 9 12 lm) was employed to record the

whole in situ dynamic process or ex situ nanostruc-

tures/patterns of peptide self-assembling on mica surfaces.

For the characterization of nanofilaments grown in aqueous

solutions, a drop of approximately 2.0 lL of incubated

peptide solution was casted on the freshly cleaved mica

surface and let it be absorbed for approximately 5 min.

Then, it was gently rinsed by Milli-Q water several times,

and finally, the sample was dried by compressed air. As for

the in situ dynamic observation of TASA on mica, nor-

mally a special liquid cell was used, and the holes were all

blocked, except for the middle one, for adding peptide

solutions with higher concentrations. In brief, approxi-

mately 30 lL of Milli-Q water was firstly added into the

liquid cell and then started imaging until a stable imaging

state was obtained. Then, the highly concentrated peptide

solutions were gradually added into the liquid cell drop-

wise, which somehow is similar to the microtitration

reaction operation. During the imaging procedure, the

setpoint value was frequently adjusted to keep a minimal

force exerted on the samples. The tapping mode was used

for both the air and liquid environments, and commercial

silicon nitride cantilevers/tips with nominal spring con-

stants, such as smaller than 1 N/m (SNL-10, Bruker) and

larger than 40 N/m, were used for the liquid and air

imaging modes, respectively. All the images were captured

with a scan rate at 1–2 Hz and a resolution of no less than

256 lines 9 256 pixels. Using the offline software Nano-

scope Analysis version 1.40 (provided by the Bruker

Company), all AFM images were processed with the

‘‘Flatten’’ function to remove the tilts during imaging, and

both the cross section and growth speed of the peptide

nanofilaments could be analyzed.

2.3 Thioflavin T assay

As for the preparation of ThT stock solutions, 0.88 mg

of ThT powder was dissolved in 1.0 mL of Milli-Q water

to obtain a concentration of 1.0 lM. For the dynamic

monitoring assay of the growth of peptide nanofilaments, a

dilution of the ThT stock solution was made by adding

10 mL of ThT solution (1 lM) into 198 mL of GAV-FF

solution, and they were mixed thoroughly. Then, the

mixture solution was added into a 96-well microplate,

covered by a piece of sealing film, and placed in the

microplate reader (BioTekTM SynergyTM H1 Hybrid Multi-

Mode) at 37 �C with a vibration frequency of approxi-

mately 567 count per minute (cpm), and the excitation and

emission wavelengths were set to 440 nm and 493 nm,

respectively. The fluorescence intensity was recorded every

other 10 min (Fig. 6).

3 Results and discussion

3.1 Design of dual-functional peptide

and characterization of its self-assembled

nanostructures

Using ex situ AFM, it was found that GAV-FF peptides

can form nanofilaments on mica surfaces, but they show

different morphologies and growth speeds compared to

those of the GAV-9 peptide reported previously [11].

Though GAV-FF grows into membranes/islands with a

much higher speed compared to that of GAV-9, the edges

of the membrane/island still show three-dimensional pref-

erence, indicating that the growth behaviors of both pep-

tides were directed by the atomic lattice of mica, the so-

called epitaxial growth. In neutral and basic solutions, the

freshly peeled mica surface should be negatively charged

and the N-terminal of GAV-9 should be positively charged.

Therefore, the electrostatic interaction between the N-ter-

minal of GAV-9 and the mica surface becomes the driving

force for the TASA of GAV-9. Figure 2a depicts the

morphology of the GAV-9 nanofilaments grown on the

surface of mica. It can be seen that the preferred angles

between the nanofilaments were 60�, 120�, and 180�,
showing triangle, parallel, and quadrilateral shapes from

the top view. Because the average center distance of two

adjacent amino acid residues is 0.34 nm, the theoretical

length of GAV-9 should be 3.06 nm. However, the average

height of the GAV-9 nanofilaments is measured as

2.2 ± 0.1 nm (Fig. 2b), which is mainly due to dehydra-

tion when water is dried in air, and is partially due to the

spring constant of the AFM cantilevers used for imaging in

air, which is much greater than that used in liquid imaging.

From the previous studies, we know that GAV-9 grows

into nanofilaments in a ‘‘standing up’’ manner, meaning

that GAV-9 molecules adapt a vertical orientation to the

mica surface [11].

Figure 2c shows that the morphology of GAV-FF

nanofilaments is different from that of GAV-9, and the

nanofilaments formed by GAV-FF are much shorter and

thicker compared with those of GAV-9, indicating the

significant effect on nanofilament morphology with the

addition of F residues to the C-terminal of GAV-9. F is a

typical aromatic amino acid with a benzene ring. With a

diphenylalanine FF modification of GAV-9, the accumu-

lation of p–p interactions occurs between the benzene rings

of the GAV-FF molecules, which results in stronger

intermolecular interaction, namely affinity among peptide

molecules. Compared with GAV-9 molecules, the TASA
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of GAV-FF has higher speed, the nanofilament products

pile up together quickly, and the growth not only prefers to

be one-dimensional, but also shows a fast widening on the

lateral directions. In this way, the GAV-FF nanofilaments

are shorter and thicker compared to the GAV-9 nanofila-

ments. As shown in Fig. 2d, the height of the GAV-FF

nanofilament is determined to be 2.5 ± 0.1 nm in air,

which is about 0.3 nm higher than that of the GAV-9

nanofilaments measured in air. This indicates that the

height contribution should come from the addition of FF,

and the heights also indicate that both peptides should be

still standing up to form nanofilaments on the surface of

mica.

FF can self-assemble into nanofilaments in solutions but

not on mica surfaces [24], while GAV-9 cannot self-

assemble into nanofilaments in aqueous solutions [28] but

can epitaxially grow into nanofilaments on mica [11], so it

is also interesting to know whether these two different self-

assembling capacities/modes could influence each other.

Here, by comparing the growth speeds, we found that the

addition of FF to the C-terminal of GAV-9 can signifi-

cantly increase the TASA speed on mica, and in the

meanwhile, GAV-FF can also self-assemble into nanofila-

ments in aqueous solutions, indicating that the addition of

GAV-9 to the N-terminal of the FF dipeptide can still

maintain its self-assembling capacity. This further proves

that the affinity formed by the p–p stacking interaction

between aromatic amino acids is much stronger than the

hydrophobic interaction between GAV-9 sequences, and

we envision that this robust binding could be used for

designing other nanostructures.

3.2 Observation of the peptide TASA

The liquid AFM imaging technique allows us to suc-

cessfully realize in situ observations of the dynamic growth

process of peptide nanofilaments on the surface of mica.

With this powerful technique, the whole growth of

nanofilaments can be recorded from nothing to filaments

and to multilayered nanofilament membranes covering the

substrates [11, 14]. For the GAV-FF peptide, it was found

that the dynamically formed nanofilaments almost cover

more than half of the mica surface after 16 min with a

concentration of 1.0 mg/mL (Fig. 3), indicating that the

growth rate of the nanofilament was much higher than that

in GAV-9, with even higher concentration (1.6 mg/mL) as

reported previously [11]. In this sense, it can be concluded

that the CSC of GAV-FF should be much lower than that of

GAV-9 peptide, which can be ascribed to the following two

reasons: One is that the solubility of GAV-FF is lower than

that of GAV-9, which also increases the hydrophobic

interaction among the peptide molecules; the other is that

the p–p interaction between FF domains dramatically

increases the peptide intermolecular affinity. Due to the

rapid growth, especially in the lateral widening directions,

the epitaxial growth somehow deviates from the atomic

lattice of mica, showing other angles between the

nanofilaments after 8 min (Fig. 3d–f). The deviated growth

directions could be also affected by the wiping force of the

scanning AFM tip. In addition, the rapid growth results in

the difficulty to observe single nanofilaments during

dynamic in situ imaging, which could be resolved by the

Fig. 2 (Color online) AFM

images and cross-sectional

analysis of peptide

nanofilaments in air.

Morphologic images of

nanofilaments formed by GAV-

9 (a) and GAV-FF (c),

respectively. Cross-sectional

analysis of nanofilaments

formed by GAV-9 (b) and

GAV-FF (d), respectively. All

images were taken in air. The

cut lines for cross-sectional

analysis are indicated by the

arrows inside the inset images
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fast scanning function of some novel models of AFM in the

future.

The cross-sectional analysis shows that the average

height of the GAV-FF filaments obtained in the solutions is

3.2 ± 0.1 nm (Fig. 4a, b), which is approximately 0.6 nm

higher than the nanofilaments formed by GAV-9 in pure

water on mica (data not shown). Owing to the smaller force

that AFM exerts under tapping mode on the nanofilaments

during the liquid imaging process, the height of nanofila-

ments is not compressed; therefore, it can reflect the true

height compared with those obtained for the AFM images

recorded in air. In addition, the peptide might be more

outstretched in solutions than in a dried state, such as in air.

Because the single nanofilaments were difficult to resolve

with the current AFM system, the growth speed is shown

by plotting the covering area against growth time. From

this, we can deduce that the nanofilament growth involves

a positive cooperativity, in which the plot curve shows an

exponential growth model (Fig. 4c), and this phenomenon

further proves that the formed nanofilaments might act as

‘‘seeds’’ to accelerate the growth of new nanofilaments.

The lateral widening of nanofilaments due to the increased

Fig. 3 (Color online) In situ observation of the GAV-FF peptide self-

assembling procedure. Series snapshots of the self-assembling process

of GAV-FF (a–f). The used concentration of GAV-FF was 1.0 mg/

mL. The time taken by the snapshot is shown on the images. Both the

horizontal scale and height bars are applied for all images. The AFM

tip’s scanning direction was horizontal

Fig. 4 Height and growth speed analysis of GAV-FF peptide

nanofilaments. a One AFM height mode image obtained from the

in situ imaging process conducted in water. b Cross-sectional analysis

of the GAV-FF nanofilaments obtained from the AFM height mode

image from (a). The height is measured to be 3.2 ± 0.1 nm. Because

the height analysis is conducted for many nanofilaments grown

adjacently in parallel, the measured value can reflect an average

height of the GAV-FF nanofilaments. c Growth curve of GAV-FF

nanofilaments obtained by plotting the covering area of the nanofil-

aments on the surface of mica against the observation time. The

covering area of the nanofilaments was obtained by using the ImageJ

analysis software
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intermolecular interactions could account for the positive

cooperativity of the GAV-FF nanofilament growth on

mica, in which the more the peptide molecules participate

into the nanofilaments, the more the periphery interacting

interface is exposed around the nanofilaments. Then, more

GAV-FF can be attracted to join in the formation of

nanofilaments, which in return drives the TASA process

positively.

3.3 Characterization and kinetics of GAV-FF

nanofilaments formed in solutions

To verify the fibrillization capacity of the GAV-FF

peptide in aqueous solutions, GAV-FF peptide solutions

were prepared and incubated at room temperature without

agitation for 24 h. Further, to avoid the TASA influence,

the samples were diluted at least three times before being

casted on the freshly cleaved mica surface, and the

absorption time was also limited within 5 min with the aim

to avoid the rise in concentration due to water evaporation.

As a result, it was found that GAV-FF formed a large

number of nanofilaments in aqueous solutions (Fig. 5),

indicating that the FF structural domain maintains its self-

assembling capacity even after conjugating with the GAV

structural domain. This phenomenon tells us that the short

nanofilament-forming peptide can attract other interesting

molecules into its nanostructures. This has actually been

used for vaccine design and has already been demonstrated

by several groups [29–33]. Because of the strong interac-

tion of the FF structural domain, GAV-FF peptides were

brought together to form one-dimensional nanofilaments in

solutions. In this sense, the addition of the FF structural

domain also affects the self-assembling nature of the GAV-

9 peptide. Figure 5 shows that the nanofilament heights are

not homogenous, and the measured heights are mainly

distributed between 1.0 nm and 3.0 nm, indicating a hier-

archical self-assembling mode involved in the formation of

GAV-FF nanofilaments.

In general, the uneven nanofilaments formed by peptides

or proteins could be cataloged into two classes of hierar-

chical self-assembling: In one case, the molecular building

blocks firstly form the basic one-dimensional nanofilament/

protofilaments, and then these nanofilaments can twist

together to further form thicker nanofilaments with peri-

odic peaks and valleys along their growth axis [34]. In the

other case, the process extends from monomers to oligo-

mers and final assemble into nanofilaments [35]. These two

self-assembling modes share common morphologies such

as the coexistence of both types of nanofilaments with

different diameters and the periodic peaks and valleys

along the growth axis of nanofilaments. These two types of

self-assembling modes can be distinguished by considering

whether the periodicity along the growth axis changes as

the nanofilament diameter changes. This is because the

second mode normally maintains the periodicity, while the

first mode changes significantly. In our case, the horizontal

distances between the adjacent peaks or valleys along the

growth axis of the nanofilaments were differentiated by

approximately 10.8 ± 0.1 nm among nanofilaments with a

vertical peak-to-valley difference of approximately 0.2 nm

(Fig. 5). In combination with the above-mentioned self-

assembling modes, we conclude that the current self-

assembling mode should belong to the first case in that the

hierarchical self-assembling exhibits different periodicities

along the fast growth axis of the nanofilaments.

To study the dynamic fibrillization process of GAV-FF

in solutions, the ThT assay was employed. As is known,

ThT is a b-sheet-specific molecular probe, which changes

its fluorescence quantum yield upon binding/inserting to b-

sheet structures, and ThT has been successfully used to

quantify the amyloid fibril structure mainly for amyloido-

genesis [36–38]. As reported by Takeda’s group, the fluo-

rescence change of ThT can be linear from 0 to 2.0 lg/mL

amyloid fibrils [36]. Since its first description in 1959, the

ThT assay has become the most widely used ‘‘gold stan-

dard’’ for selectively staining and identifying amyloid fib-

rils both in vivo and in vitro [39]. Until now, scientists have

discovered the principle of ThT fluorescence upon binding

b-sheet structures, in which the rotation of the benzene ring

of ThT will be confined/restricted as they insert into the

lamella of b-sheet structures, resulting in the mechanical

energy transferring to radiation energy, fluorescence. This

has been called aggregation-induced emission (AIE) [40].

In practice, the maximum emission at 493 nm can be

dramatically increased as ThT binds to b-sheet structures

with an optimized excitation wavelength at 440 nm. In the

current study, the fluorescence signal gradually rises as the

GAV-FF solution was incubated at room temperature

within 4 h (Fig. 6). In contrast, the fluorescence intensity

of pure ThT did not change within this period, which

verifies the feasibility of the ThT assay for quantification of

GAV-FF nanofilaments. After 50 min of incubation, the

fluorescence intensity reached its plateau, in which the

fluorescence intensity remained unchanged, indicating that

the nanofilaments reached the growth equilibrium. The

rapid fibrillization speed further proves the strong affinity

between GAV-FF peptides in solutions. Meanwhile, the

dramatic fluorescence change also indicates that the major

components of the nanofilaments should be b-sheets as

they can be specifically bonded by ThT.

3.4 Molecular mechanism of GAV-FF fibrillization

In comparison with the nanofilaments formed both on

mica surfaces and in solutions, one can clearly consider

that the different self-assembling modes should account for
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the formation of nanofilaments. On the surface of mica, it is

apparent that peptides adopt the TASA mode, in which the

fast growth axis of the nanofilaments exhibits three pre-

ferred orientations despite being confined inside the two-

dimensional plane. Moreover, owing to the positive coop-

erative effect driven by the strong p–p interactions between

FF structural domains, the lateral widening speed of

nanofilaments significantly increased compared to that of

the GAV-9 peptide, which results in the rapid formation of

an island-like monolayer, although its edges show small

deviations to the regular triangles as formed by GAV-9

peptide. In combination of the homogenous height and the

three preferred fast growth orientations, we propose that

the GAV-FF peptide maintains the epitaxial growth man-

ner (Fig. 7a) as the GAV-9 peptide does [11]. While in

solutions, the GAV-FF peptide forms freestanding

nanofilaments with periodical peaks and valleys distributed

along the fast growth axis of the nanofilaments. According

to statistics, different nanofilaments show different peri-

odical distances between the adjacent peaks or valleys,

which resembles one typical hierarchical self-assembling

mode: The peptides first form single nanofilaments and

then further twist into hemp cord-like one-dimensional

nanostructures (Fig. 7b).

As can be seen, the different regions of the same

nanofilament show different heights (Fig. 5a, b), and the

Fig. 5 (Color online) AFM characterization of GAV-FF nanofila-

ments formed in solutions. a AFM height mode image of GAV-FF

nanofilaments formed in solutions. b Cross-sectional analysis of

nanofilaments of GAV-FF formed in solutions. The black line in the

inset image denotes the cut line for the cross-sectional analysis, and

the height between two red marks indicates the diameter of the

measured GAV-FF nanofilament, 2.9 ± 0.1 nm. As for the longitu-

dinal periodicity analysis of the GAV-FF nanofilaments formed in

solutions, AFM height mode images of GAV-FF nanofilaments

formed in solutions are shown in (c) and (e). The longitudinal cross-

sectional analysis of GAV-FF nanofilaments with different diameters

is shown in (d) and (f). The black lines in (c) and (e) denote the

cutting lines for the longitudinal cross-sectional analysis, and the

colored arrows denote the measurements for both height (green

colored) and length (red colored). The average periodicities of the

nanofilaments are approximately 44.3 nm in (c) and 33.5 nm in (e),

respectively. The average peak-to-valley heights are approximately

0.9 nm and 0.7 nm, as denoted in (d) and (f), respectively
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periodicities of different nanofilaments are not regular

(Fig. 5c–f). By cross-sectional analysis of the nanofilament

heights, we found that the biggest height was measured to

approximately 2.7 ± 0.1 nm, which is even less than the

height of GAV-FF nanofilaments formed on mica surface.

On the one hand, the dehydration of nanofilaments may

reduce their diameter, and on the other hand, the AFM

images obtained in air could also reduce the real diameter

of nanofilaments. In addition, it might be complicated than

the schematic illustration of nanofilaments as shown in

Fig. 7b. However, we believe that the FF structural

domains provide the driving force and they should firstly

bind together to form the lowest/simplest level of nanofil-

aments, which further twist together to form higher hier-

archical nanofilaments. By measuring the longitudinal

periodicity of a single nanofilament, we obtain that the

difference between the peak and valley of the thinner

nanofilament is approximately 0.9 nm, and the distance

between two adjacent peaks is 44.3 nm. However, the

difference between the peak and the valley of the thicker

nanofilament is of approximately 0.7 nm and the distance

between two adjacent peaks is 33.4 nm. We speculate that

the larger the periodicity exhibited along the fast growth

axis of the nanofilaments, the more the protofilaments twist

together.

Fig. 6 ThT assay of GAV-FF nanofilaments formed in solutions. The

curves were obtained by plotting the fluorescence intensity (F) against

the incubation time (min). A control experiment, denoted by ThT

only, was conducted with the same condition. All the data were

collected from a 96-well microplate reader at 37 �C under vibration

conditions. The excitation and emission wavelengths were set to

440 nm and 493 nm, respectively

Fig. 7 (Color online) Schematic illustration of GAV-FF nanostruc-

tures formed on mica and in aqueous solutions. The GAV-FF peptide

is simplified to a stick with a head, in which yellow balls represent the

FF structural domains, and gray sticks represent the GAV-9 sequence.

a Self-assembling mode of GAV-FF peptide on mica: The nanofil-

aments form triangle-like islands on mica, and the peptides adopt a

‘‘standing up’’ manner to form nanofilaments with a homogenous

height which is equal to the theoretical length of the GAV-FF peptide

(* 3.2 nm). b Possible nanofilaments formed by two twisting

protofilaments (the simplest nanostructures) formed by GAV-FF

peptide in solutions
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4 Conclusion

Multifunctional nanostructures are an active area of

scientific research. With the aim to demonstrate a novel

idea, we have constructed and synthesized a de novo

designed peptide oligomer just by combining two self-

assembling short peptides together. By making best use of

the in situ liquid AFM imaging technique, the self-

assembled nanofilaments formed both on the surface of

mica and in the aqueous solutions have been thoroughly

characterized and analyzed. It is found that both structural

domains can carry out their own functionalities, meaning

that the novel GAV-FF peptide not only can grow epitax-

ially into nanofilaments on the surface of mica, but also can

self-assemble into freestanding nanofilaments in aqueous

solutions, indicating that both structural domains maintain

their own functionalities. With the comprehensive analysis

of the morphologies and kinetics of GAV-FF nanofila-

ments, we have proposed the possible self-assembling

mechanisms for the nanofilaments formed both on the

surface of mica and in aqueous solutions. In brief, the

GAV-FF peptide adopts the TASA mode and stands up in

lines to form nanofilaments on the surface of mica, in

which the GAV-9 structural domain plays a dominant role,

and the FF domain enhances the intermolecular interac-

tions and exhibits a more rapid speed of TASA. While in

solutions, the FF structural domain plays the dominant role

to fibrillate into freestanding protofilaments, which further

twist into hemp cord-like nanofilaments with variable

periodicities. The kinetics of the GAV-FF self-assembling

has been also studied by using ThT assays, and the results

show a typical sigmoidal growth curve. Meanwhile, this

indicates that the nanofilaments formed in solutions should

consist of b-sheet structures. In combination with all these

results, we have proposed a hierarchical self-assembling

mode for GAV-FF peptide in solutions. The results of this

research are helpful to better understand the aggregation

mechanism of disease-related peptides and also could shed

light on strategies for constructing functional nanostruc-

tures of artificial organisms, which holds great potential for

biomedical applications.
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