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The de novo design of new peptide assemblies that

expands the repertoire of biomaterial nanostruc-

tures has been of a tremendous challenge. Hence,

it is evident that a successful research achievement

in this area would increase the understanding of

molecular interactions in supramolecules and create

novel scaffolds exploitable in biotechnology and

synthetic biology. The manipulation of cyclic peptide

self-assembly is particularly intriguing for this

purpose. Herein, we report that a novel type of

cyclic peptides, referred to as chiral tether con-

strained cyclic peptides (CCP), shows promising

self-assembly properties. CCPs are the first example

of a controllable assembly of all-L-α-cyclic peptides

with different ring sizes. A noteworthy feature of the

CCP system is good tolerance of different secondary

structures, ring size, and peptide sequence. Based

on this system, a variety of nanostructures could

be constructed, which display different physical

properties, rendering it an excellent platform for

molecular interaction studies. Further, demonstrate

potential applications of these peptide assemblies in

bioimaging and energy storage.
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Introduction
Self-assembly, by nature, is ubiquitous and considered a
bottom-up strategy for fabricating nanomaterials.1,2

Peptide molecules are excellent building blocks for
tunable, hierarchical self-assembly due to their numerous
possible sequences, diverse conformations, and rich
chemical functionalities.3,4 Commonly used building
blocks for peptide self-assembly include dipeptide of
phenylalanine (FF) or their derivatives,4,5 D,L-cyclic
peptides,6 peptide amphiphiles,7 collagens,8 coiled coils,9

and foldectures.10 These materials have shown great po-
tential formany applications, including energy storage and
conversion,11,12 optical devices,13,14 and nanomedicine.15,16

The manipulation of cyclic peptide assembly is emerg-

ing as a new direction for hierarchical nanostructure

fabrication.17,18 Cyclic peptides usually possess rigid

backbones and have high thermodynamic stability, com-

pared to their linear counterparts; therefore, they are

excellent building blocks for constructing advanced self-

assembling architectures.19,20 There exist two main types

of self-assembly-based cyclic peptides: The first type is

the widely used D,L-cyclic system, developed by Ghadiri

and co-workers in 1993. The D,L-cyclic peptides assemble

into hollow tubes via molecular stacking. This system has

two crucial advantages: (1) tunable internal diameter21

and (2) changeable ‘external’ functionality.22 Tubular

structures made by D,L-cyclic peptides assembly have

been used as antibacterial agents,23 ion channels,24 and

in molecular electronics.25 However, the nanostructure is

limited to small hollow tubes, which do not fulfill the

requirements of some types of nanotechnologies, such

as polarized nanorods and microrods for piezoelectro-

nics26 and nanogenerators,11 or peptide vesicles and

membranes for optical chiroptics, chiral sensing, and

separation.27,28 To overcome these limitations, the second

type of self-assembly based on constrained all-L-cyclic or

all-R-cyclic peptides was developed. One of the advan-

tages of this latter group of peptides is their derivation

from single L- or R-amino acids enabling them to adopt

various secondary structures, such as helices, sheets, and

turns, and depending on the structure of the component

monomer, various nanostructures could be assembled.

So far, nanostructures such as nanotubes, nanofibers, and

nanowires have been reported to be assembled from

constrained cyclic peptides.18,29 However, due to the scar-

city of constrained peptide assembly systems and their

typically unpredictable assembly behaviors, it is arduous

to deduct rules for de novo design of peptide assemblies

based on single L- or R-cyclic peptides.

To create a novel all-L-α-cyclic peptide assembling plat-

form,we invented an in-tether chiral center–inducedpep-

tide self-assembly (CIA) system,18 dominated by in-tether

substitutional group, with the configuration of the chiral

center being the determinant of the secondary structure

of the peptides, and an aromatic substitutional group

providing thedriving forceof the self-assembly. Addition-
ally, we have demonstrated that the CIA system could be
applied to different peptide sequences. However, tomake
the CIA system a global platform for cyclic peptide as-
sembly, it must be tested in peptides with different ring
sizes (Figure 1a). In our previous study, we showed that
the CIA system was feasible with helical i/i+4 peptides.
Nonetheless, it was unclear whether this method is appli-
cable in other peptides with different ring sizes. Here, we
studied the ring size effects on the assemblingbehavior of
the CCP peptides (Figure 1b) to establish the relationship
between ring size and self-assembly. Our study has pro-
vided insights into the molecular interactions of cyclic
peptide assemblies. In previous endeavors, the design of
the de novo peptide assembly structures remained im-
peded by a lack of new designs for assembling building
blocks. Thus, this study might provide a promising solu-
tion through the design of CCP-assembling sequences.

Experimental Methods
Peptide self-assembly

For assembling study, the lyophilized peptide powders

were dissolved in deionized (DI) water with assigned

concentration. The concentrated peptide solutions were

sonicated for 10min, and then the peptide solutions were

examined for self-assembly.

CD spectroscopy measurements

The peptides were dissolved in 300 μL ddH2O to 0.10mM

final concentration. Then, we employed the Chirascan

Figure 1 | Conceptual design of self-assembly of CCP.

(a) Three factors determine the topological space of

CCPs. (b) Schematics of tuning peptide assembly by

varying the ring size. The i and i+n represent the residue

positions for cyclization.
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Plus CD Spectrometer (Applied Photophysics Ltd,

Leatherhead, United Kingdom), set at 20 °C to record

the circular dichroism (CD) spectra of the peptides. The

parameters used for the CD studies were as follows:

wavelengths = 190–250 nm; resolution =0.5 nm; scan

speed =0.5 nm/s. Each of the samples was scanned

twice, and the averaged spectrum was smoothed using

the Pro-Data Viewer by Applied Photophysics with a

smooth window of 10.

X-Ray diffraction measurements

The CCP peptide nanomaterials were mounted in a ver-

tical position onto the goniometer using a Gemini X-ray

diffractometer (Oxford Instruments, Abingdon, United

Kingdom) equipped with a Sapphire 3 charge-coupled

device detector, with a sample-to-detector distance of

45 mm. CLEARER software (a free program, L.C. Serpell

et al., J. Appl. Crystallorg., 2007, 40, 966–972) was uti-

lized as a sharpness monitor to reduce the data in

two-dimension into intensity profiles in one-dimension.

The peptide structures obtained from the samples were

studied employing an X-ray diffractometer (XRD; PANa-

lytical X’Pert Pro, Almelo, The Netherlands) with a Cu Kα
radiation. The powder obtained from each sample was

scanned in the range of 2q = 2°–60° with a step size

of 0.02°.

Transmission electron microscopy

Samples (10 mL) of the peptide assemblies were soni-

cated for 5 s using a bath sonicator. Subsequently, the

samples were placed on Formvar/carbon mesh 400

copper grids (Electron Microscopy Sciences, Hatfield,

PA) for 20 s, followed by removal with nitrocellulose

papers. Then the Cu grids were allowed to dry at room

temperature (RT). Transmission electron microscopy

(TEM) images were recorded using a high-resolution

TEM (JEM-100 F, 200 kV; JEOL, Peabody, MA).

Scanning electron microscopy

Each of the pentapeptide samples was placed on

silicon slides and allowed to dry at RT. Then, the samples

were viewed using an scanning electron microscopy

(SEM) (ZEISS Supra 55, 20 kV; Oxford Instruments

X-Max 20 mm2).

Atomic force microscopy

Pentapeptide solutions were prepared at 5 mg/mL con-

centration using water (ddH2O) as the diluent. A droplet

of each solution was placed on a siliconized glass for

>30min to allow solvent volatilization. Large areas of the

dried samples were imaged at varying magnifications by

Axio optical microscopy (Carl Zeiss Axio Scope Imager,

Jena, Germany). Atomic force microscopy (AFM)

analysis was performed using a Bruker AFM multimode

(MultiMode 8; Bruker, Billerica, MA). The probes used for

the AFM were 40 N/m antimony (Sb) doped (n) silicon

(Si) cantilevers with a spring constant and a resonance

frequency of 300 kHz (Bruker, Shanghai, China). We

carried out observations using a scan rate of 0.9 Hz at

a tapping mode. After the acquisition of the AFM images,

the pentapeptide data were analyzed using the Nano-

Scope Analysis program (Bruker, Billerica, MA).

Peptides characterization by
photoluminescence

We performed photoluminescence/photoluminescence

excitation (PL/PLE) measurements of the peptide nano-

fibers using the Horiba FL3-11 spectrofluorimeter (Jobin

Yvon Inc., Shanghai, China). The PL/PLE measurements

of both peptide nanofibers and the monomers were

taken using a standard cuvette, and the fluorescence

measurements of the peptide nanofiber films were

acquired on glass coverslips.

UV–Visible spectroscopic measurements

We obtained UV–visible spectra using an MCPD 7000
UV–visible spectrophotometer (Otsuka Electronics,
Tokyo, Japan) equipped with fiber optics, an ultra-
high-sensitive charge-coupled device, and an array
cooled Peltier device. The sample environment was
custom-made with a dark box for versatile measure-
ments, including LB film transmission performance
assessments. The transmitted light was gathered via an
integral sphere, and a quartz plate, purchased from
Hangzhou Shalom supplies (Hangzhou, China), was used
for visible spectrometric measurements.

Preparation of PET@Au/peptide electrode
and electrochemical measurements

A large photoinduced electron transfer (PET) substrate

was coated with 20 nm Au film by using a DCmagnetron

sputtering system (Denton Vacuum, Beijing, China).

Then, the coated PET was cut into small regular pieces,

fromwhich active ink materials were prepared as follows:

(1) An amount of 2 mg of the peptide was dispersed in

1 mL of deionized (DI) water. (2) Nafion copolymer

(Electrochemical Technology Inc., Beijing, China), 80mL,

obtained as a 5 weight percent (wt %) solution, was

added, and the mixture was sonicated for 30 min to form

a homogeneous ink. (3) The resultant generated ink

(5mL)wasdrop-castedonto thePET@Ausubstrate elec-

trode, followed by air-drying. After that, we obtained a

mass loading of ∼1 mg/cm2. (4) The electrode was tested

using a CHI 660e electrochemical workstation (Chenhua,

Shanghai, China) in three-electrode electrochemical

cells using 0.05 M KH2PO4/0.5 M KCl or 0.1 M H2SO4. Pt

wire and Hg/HgO were used as the counter and
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reference electrodes, respectively. For the PET@Au/

peptide electrode, the areal capacitance (F/cm2) was

calculated from the charging/discharging curves using

the equation CV = IDt/SDV, where I denotes the dischar-

ging current (A); S, the glass carbon geometrical area

(cm2), Dt, the discharging time (s), and DV, the potential

window (V). Electrochemical impedance spectroscopy

(EIS) was obtained using Princeton PARSTAT 4000

(AMETEK Scientific Instruments, Shanghai, China) and

employing a range of 100 kHz–0.01 Hz with an AC ampli-

tude of 10 mV at open circuit.

Results and Discussion
Peptide synthesis and conformation analysis

To prevent perturbations from the peptide backbone on

the assembly behavior of peptides, cyclic peptides,

acetyl (Ac)-C(A)n−1S5(Ph)-NH2 [CCP-i/i+n] (Figure 2a),

were chosen as model peptides to investigate their

self-assembling behavior. These peptides do not contain

amino acid residues with significant hydrophobic inter-

actions or hydrogen bonding features. Consequently,

their peptide assembly is exclusively due to the

in-tether substitutional aromatic group.18 These CCP

peptides contained the same residues for cyclization

[cysteine at the N terminal and S5(Ph) at the C terminal]

but varied in terms of the number of residues between

the cycling residues. We used the enantiomeric-pure

unnatural amino acids S5(R/S) to synthesize the con-

strained peptides.18 Consequently, we obtained three

pairs of constrained peptides, CCP-i/i+3-S/R (1-S/R),

CCP-i/i+4-S/R (2-S/R), and CCP-i/i+5-S/R (3-S/R).

The peptide secondary structures were assayed

using CD spectroscopy. 2-S showed an uncharacterized

nonhelical conformation, and 2-R showed a helical con-

formation inwater. Unfortunately, the initial CD spectra of

1-S/R and 2-S/R deviated from the standard curves of

known conformations according to currently existing

algorithms of CD (Figure 2b).30 To overcome this chal-

lenge, we utilized the BeStSel (Beta Structure Selection;
OmicX software, Seine Innopolis, Le Petit-Quevilly,

France) method to estimate the secondary structures of

these peptides.31 After the user inputs the ellipticity data

of the peptides, BetStSel deconvolutes the spectra into a

conformation distribution, with an estimated percent

prevalence of every secondary structure in the sample.

Using this program, we analyzed the CD spectra and

conformation distributions of the six peptides (Table 1).

1–S and 1-R are mostly in helix conformation, but the helix

content of 1-S is higher than that of 1-R. 3-S is 55.5% of

other conformations, probably, random coils. Moreover,

55.2% of the peptides of 3-R was in antiparallel confor-

mation, while 2-R was estimated to be 100% helix, and

2-S was, on average, random coils (54.6%). These results

were highly consistent with previous experiments,32

indicating excellent reliability of this program for the

analyses of the secondary structure of CCP peptides.

Self-assembly and morphology
characterization

Accordingly, we sought to investigate the self-assembly

behavior of CCP peptides. Since their appropriate

concentration is pivotal for triggering self-assembly,

we examined peptide concentrations ranging from 2 to

Figure 2 | CCP conformation and assembled structures. (a) Representative chemical structure of CCP. (b) CD spectra

of CCP peptides in H2O, obtained at 20 °C. (c) SEM images of assemblies by peptide 1-S (1–3), 1-R (4), 2-R (5), and

3-R (6). Figure 2 depicts an enlarged view of the selected area (represented by a yellow dashed box a) in picture 1.

Image 3 (up) is a perpendicular view of the end of one nanorod, indicating that the nanorod is solid (represented by a

yellow dashed box b). Image 3 (bottom) is a side view of the end of the nanorods, suggesting a slender shape of the

end of the nanorods (represented by a yellow dashed box c).
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8 mg/mL at RT, using water as the solvent/diluent. We

observed that all of the peptides completely dissolve

when the concentration was <2 mg/mL, indicating no

self-assembly. However, at concentrations >2 mg/mL,

some of the peptides tended to form a suspension,

indicating the presence of insoluble species. Upon further

increasing the concentration to 5 mg/mL, all of the pep-

tides formed insoluble species. In order to achieve the

optimum concentrations required for self-assembly, we

made supersaturated peptide solutions at >5mg/mL and

observing the self-assembly process.

In addition to examining their thermodynamics, the

assembly kinetics of the peptides was considered anoth-

er critical factor that drives the programmable assem-

bling process of peptides.33 Kinetics are especially crucial

at the initial stage of the assembly. Therefore, the sam-

ples were sonicated for 10 min to facilitate assembly.

During the sonication, some of the solutions gradually

became turbid. Four out of the six peptides samples, 1-S,

1-R, 2-R, and 3-R, showed visible suspended solids under

an optical microscopic view (Supporting Information

Figures S1). The other two samples, 2-S and 3-S, showed

no such assemblies. These results might be attributable

to the secondary structures assumed by the CCP pep-

tides. The 2-S and 3-S peptides mostly adopted random

coil conformations, which are unfavorable for assembly.34

The other CCP peptides were in either helical or anti-

parallel conformations, which are typical conformations

adopted in peptide assemblies.

Further, we performed SEM to inspect the morphology

of the suspended solids. As shown in Figure 2c–1, 2, and 3,

peptide 1-S adopted a rod-like morphology with dia-

meters ranging from tens to several hundreds of nan-

ometers (nm) and lengths in the tens of microns (μ).
High-magnification SEM images revealed an ordered an-

gular square shape of the rod structures. Moreover, the

rods were solid rather than hollow tubes (Figure 2c–3).

In contrast, 1-R formed amorphous aggregations

(Figure 2c–4), which might have been caused by its un-

stable secondary structures (Table 1). Peptide 2-R asse-

mbled mostly into nanotubes or nanobelts (Figure 2c–5),

consistent with previous results.18 3-R formed truncated

tubular structures. Undoubtedly, the fragile nature of

these nanomaterials was caused mainly by the relati-

vely weak intermolecular interactions. So far, we have

demonstrated that the CIA could apply to nonhelical

peptides with different ring sizes and that the assembled

structures were comodulated by ring size and the

in-tether chiral configurations.

Then morphology of the assembled structures was

characterized in detail by further imaging using TEM.

The TEM images verified the observations from SEM that

Table 1 | Conformation Distribution of CCP-1,2,3-S/R.

Helix Antiparallel Parallel Turn Others

1-S 79.4 – – 20.6 -

1-R 36.2 26.7 7.4 7.6 22.1

2-S 6.7 25.3 – 13.4 54.6

2-R 100 – – – –

3-S 22.1 55.2 – – 22.7

3-R 9.7 22.5 – 9.3 55.5

All numbers mean percentage. The value is generated by BeSt-
Sel based on the CD data.

Figure 3 | Characterization of self-assembled nanomaterials. (a) High-resolution TEM images of 1-S/R, 2-R, and 3-R

peptide assemblies. (b) AFM images of peptides 1-S and 2-R assemblies. (c, e) Sectional height plots along with the

labeled arrows in B, respectively. (d, f) The powder XRD pattern of 1-S and 2-R peptides assemblies, respectively.
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the 1-S and 2-R assemblies were tubular structures, and

1-R and 3-R were irregular shapes (Figure 3a). The

stacked-layer structures of 1-S and 2-R implied that the

hierarchical assembly preferred in-the-plane rather than

nucleation to form nanospheres or nanoparticles. The

uniform structures of the 1-S and 2-R assemblies

rendered them appropriate materials for comparison in

detail. AFM was performed to gain insight into the struc-

ture of the peptides; the images showed a rod-like shape

of the 1-S assemblies and slender tube/needle shape of

the 2-R assemblies, which were in good agreement with

the SEM figures (Figure 3b). The section plots analysis

of the nanopeptides to monitor height and diameter

variations provided information about the size of the

nanomaterials. Peptide 1-S nanorods possessed an

average height of ∼300 nm (Figure 3c). The peptide

2-R nanotubes were estimated to be 100 nanometers

(nm) in height and tens to hundreds of microns (μm) in

length (Figure 3e). The large aspect ratio of those nano-

structures implied that the growth kinetics preferred the

axial direction.35

The assemblies were examined further by powder

X-ray diffraction (XRD). The diffraction peaks appeared

at 5.8°, 11.2°, 17.1°, and 20.5° for 1-S assemblies (Figure 3d)

and at 5.2°, 8.0°, 10.5°, 15.7°, and 26.3° for 2-R assemblies

(Figure 3f), which could be attributable to the lattice

spacing of the assemblies. The diffraction peaks in both

of the assemblies were sharp and intense, indicating a

highly crystalline material. Almost no impurity peaks

were observable, confirming the high purity of the two

peptide assemblies.

Optical characterization of peptide
assemblies

We investigated themolecular interactions in the peptide

1-S and 2-R assemblies using UV–vis spectroscopy and

fluorescence spectrophotometry. The UV–vis spectra

showed a broad absorption range, from 230 to 600 nm

for peptide 1-S. The absorbance of 1-S was stronger than

that of 2-R at the same concentration, indicating stronger

interactions between the stacked aromatic groups

Figure 4 | Optical study of CCP assemblies. (a) UV–Vis absorbance spectra of peptide 1-S and 2-R assemblies. a.u.,

arbitrary units. (b) Photoluminescence emission spectra of 1-S assemblies dispersed in water (2 mg/mL, 20 °C). The

green area (em-1) represents the emission curve when a 245 nm excitation light was used. The red area (em-2)

represents the emission curve when a 286 nm excitation light was used. The dashed lines represent the excitation

(c) Optical and fluorescence image of 1-S and 2-R. The visible luminescence was obtained by using UV-blue,

blue-green, and green-red filters, respectively.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.019.201900047

CCS Chem. 2020, 2, 42–51

47

https://doi.org/10.31635/ccschem.019.201900047


(Figure 4a).18,36 The fluorescence spectrophotometer was

used to measure the photoluminescence of the assem-

blies. The emission wavelength of the 1-S assemblies

spanned from the UV to the visible region, em-1 and

em-2, from 260 to 520 nm (Figure 4b), a similar emission

profile to that of 2-R.18 This wide range of emission (the

area covered by the green and red lines) indicated that

the electron delocalization was significant, which sug-

gested strong π–π stacking interactions in the assembly

and the formation of J-aggregates.37,38

Fluorescence microscopy imaging was performed

using standard UV-blue, blue-green, and green-red filters

for detecting emissions (Figure 4c). The results show

that, with a suitable excitation wavelength, the 1-S and

2-R assemblies were able to emit blue, green, or red

fluorescence. The photoluminescence of the CCP assem-

blies at a broad range wavelengths makes them promis-

ingmaterials for bio-optical and bioimaging applications.

Application of peptide assemblies in a
supercapacitor

The use of peptidematerials in supercapacitors (SCs) has

attracted tremendous attention.18,39 Constrained pep-

tides display superior chemical and thermal stability,

compared to their linear counterparts, making them ex-

cellent candidates for peptide-based SCs. However, the

performance of peptide-based SCs is still far behind

that of their inorganic counterparts, revealed by their

comparatively low power and energy densities, and

their long-term cycling stability is also a concern. High-

performance peptide-based SCs are yet to be achievable,

despite methods such as atomic layer deposition show-

ing some promise of enhanced performance of peptide

electrodes.40 The slow development of peptide-based

SCs is likely caused by a lack of theoretical rules to guide

research in this area. Therefore, investigation of the cor-

relation between peptide structure and their energy

storage capacity is necessary, as it could provide

fundamental knowledge to enlighten SC design. The

CCP-based CIA system, which has been demonstrated

applicable to peptides with variable sequence, confor-

mation, and ring size, is a suitable platform for such

investigations.

The electrochemical performance of SCs based on

peptide 1-S and 2-R assemblies were investigated

(Figure 5a). The tests were performed according to pre-

viously described methods.18,40 Cyclic voltammetry (CV)

measurements were obtained using a three-electrode

cell in 0.05 M KH2PO4 +0.5 M KCl electrolyte at RT.

The CV curves of the electrodes were based on 1-S, or

2-R peptide assemblies obtained at scan rates ranging

from 10 to 80 mV/s at a voltage range of −0.5 to 0.5 V,

using Hg/HgO as a reference electrode (Supporting

Information Figures S2). We calculated the specific

areal capacitance by integrating over the full CV curves

to determine the average value (Figure 5b and

Supporting Information Figures S3). Peptide 2-R-based

electrode delivered an areal capacitance of 3.0 mF/cm2

Figure 5 | Application of peptide assemblies in SCs. (a) Schematic illustration of the peptide-based electrodes.

(b) Cyclic voltammograms at 10 mV/S for 1-S and 2-R assemblies-based electrodes, respectively. (c) Nyquist plots of

the peptide electrodes at open circuit potential with 10 mV amplitude between 0.01 Hz and 100 KHz.
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at 10 mV/S and 1.3 mF/cm2 at 80 mV/S. In contrast,

electrode based on peptide 1-S exhibited a lower areal

capacitance, showing only 0.9 mF cm−2 at 10 mV/S and

0.45 mF/cm2 at 80 mV/S.

To investigate the difference in specific capacitance,

we performed an EIS study of the peptide-based elec-

trodes.41 Nyquist plots obtained from the analysis are

shown in Figure 5c. The equivalent series resistances (Rs)

were approximately 98 and 140 ohms for 1-S and 2-R

electrodes, respectively. Additionally, the charge-transfer

resistance (Rct) of the 1-S electrode was ∼89 ohms, much

lower than that of 2-R (128 ohms). These results sug-

gested that electrode 1-S had a superior charge-transfer

capability and closer contact between the peptide

nanostructures and the collector than 2-R.40,42,43 More-

over, the lines in the low-frequency range of 1-S displayed

a slope greater than those in 2-R, suggesting good

capacitive behavior with less ion diffusion retardation.

The EIS results appear to contradict the CV measure-

ments. This might be explained by the comodulation of

the performance of the peptide-based SC by several

factors, including electrical conductivity of the materials,

available surface area, and accessible wettability of the

nanomaterials. Although the conductivity of 1-S was bet-

ter than that of 2-R, the surface area for ion absorption of

1-S was much less than that of 2-R, as both hollow tubes

and solid tubes exist in the 2-R assembly18, contrary to the

only solid nanorods present in 1-S. Additional details

about the energy storage mechanism warrant further

investigation.

Since the compelling first demonstration of cyclic DL-α-
cyclic peptide assembly into a hollow tubular structure

via the stacking of DL-cyclic rings by Ghadiri et al. in

1993,44 the applications of these materials has been ex-

panded in chemistry45, biochemistry,46,47 and material

science.48,25 One of the advantages of cyclic DL-peptide

nanotubes with respect to their β-helical counterparts is

the ability to control the internal diameter of the nano-

tube rigorously by simply varying the size of the peptide

ring.21 However, their planar structure prevents diversified

assembly into tertiary structures other than hollow

tubules. Accordingly, other cyclic peptide systems for

self-assembly have recently attracted much attention,

including that of the all L-α-cyclic peptide. The design of

cyclic peptide assemblies based on the all-L-α-cyclic pep-

tides is a synthetic challenge due to the massive entropy

loss during the cycling, and the assembling process

demands a significant driving force for molecular pack-

ing. Currently, most investigative efforts are relying on

exploiting the assembling of cyclic peptides that adopt β-
sheet or α-helix conformation.29,49 However, the majority

of those systems are sequence size- or ring-size-depen-

dent and represent a limited potential for constructing

various nanostructures. In this study, we have further

explored our previously published CIA system by

studying the relationship between ring size and

self-assembly behavior. We confirm that the CIA ap-

proach is generally applicable to different sequences,

conformations, and ring sizes, rendering it a versatile

platform for fabricating peptide assemblies.

Conclusions
We have synthesized a library of CCPs and studied their

conformation and assembly behavior and discovered

that the peptide assemblies possessed intriguing

photoluminescence and electrochemical properties. The

results described herein demonstrate for the first time

that constrained cyclic peptides with different ring sizes

could self-assemble into different nanostructures. A

noteworthy feature of the CCP system is good tolerance

of different secondary structures, ring size, and peptides

sequences. Based on this system, a variety of nanostruc-

tures could be constructed, which display variable

physical properties, rendering it a versatile platform for

molecular interaction studies and comparative investiga-

tions of the structure–performance relationship of pep-

tide assemblies. Furthermore, we have acquired some

ability to predictably design and synthesize peptide

assemblies with desirable properties using the CIA sys-

tem, although we have not yet solved the assembly

mechanism of those assemblies. We envision that the

functional materials made by the CIA system might have

broad applications in chemistry, biology, and engineer-

ing. Future work would focus on uncovering the mole-

cular packing mechanisms in these assemblies.
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