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a b s t r a c t

The biocompatibility and biodegradability of peptide self-assembled materials makes them suitable for

many biological applications, such as targeted drug delivery, bioimaging, and tracking of therapeutic

agents. According to our previous research, self-assembled fluorescent peptide nanoparticles can over-

come the intrinsic optical properties of peptides. However, monochromatic fluorescent nanomaterials

have many limitations as luminescent agents in biomedical applications. Therefore, combining differ-

ent fluorescent species into one nanostructure to prepare fluorescent nanoparticles with multiple emis-

sion wavelengths has become a very attractive research area in the bioimaging field. In this study, the

tetrapeptide Trp-Trp-Trp-Trp (WWWW) was self-assembled into multicolor fluorescent nanoparticles (TP-

NPs). The results have demonstrated that TPNPs have the blue, green, red and near infrared (NIR) fluores-

cence emission wavelength. Moreover, TPNPs have shown excellent performance in multicolor bioimag-

ing, biocompatibility, and photostability. The facile preparation and multicolor fluorescence features make

TPNPs potentially useful in multiplex bioanalysis and diagnostics.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Peptide self-assembled materials have attracted great in-

terest in biomedical applications, due to its biocompatibility,

biodegradability, intrinsic fluorescence, and flexible modulation

[1–3]. Self-assembly of peptides is a spontaneous thermodynamic

and kinetic driven process, which is mainly based on the in-

termolecular non-covalent interactions like hydrogen bonding,

π-π stacking, electrostatic, hydrophobic, and van der Waals

interactions [4–6]. Peptides can self-assemble into a variety of

nanostructures, such as nanoparticles, nanotubes, nanobelts and

nanofibers [7–10]. Based on these properties of peptide self-

assembly, its applications in biomedical field have been extremely

broadened. For example, autophagy-inducing peptide Beclin-1

(Bec1) was self-assembled into micelle-like nanoparticles (P-Bec1),

which could effectively induce autophagy and inhibit the growth

of tumors [11]. l-diphenylalanine (FF-MTs) was self-assembled

into nanotubes that can be applied to drug delivery, especially for

the delivery of a hydrophilic compound [12]. The cyclic peptide

(l-histidine-d-histidine) can self-assemble into peptide material

with the high-fluorescence efficiency [2]. However, conventional

peptide self-assembly requires complex modification of peptides

to achieve specific functions. Therefore, we have developed a

universal peptide self-assembly strategy regulated by metal ion
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coordination, which could utilize peptides without additional

modifications to explore their fluorescence properties [13–18].

In our previous work, tryptophan–phenylalanine self-assembled

dipeptide nanoparticles (DNPs) with blue fluorescence were syn-

thesized. DNPs can shift the peptide’s intrinsic fluorescent signal

from the ultraviolet fluorescence region to the blue fluorescence

region (423 nm). It has been proved that DNPs could be used for

bioimaging and real-time monitoring of drug release [13]. After

that, in order to verify the universality of the peptide self-assembly

strategy regulated by metal ion coordination, fluorescent cyclic

peptide nanoparticles (f-PNPs) were self-assembled for the treat-

ment of esophageal cancer [19]. The antitumor dipeptide carno-

sine could self-assemble into fluorescent carnosine nanoparticles

(f-Car NPs), which have near-infrared (NIR) fluorescence emission

and can be used for in vivo bio-imaging. Moreover, F-Car NPs also

has the ability to enhance anti-tumor efficiency and biostability of

carnosine [14]. These studies mainly focused on monochromatic

fluorescent nanomaterials, which have limitations for biomedical

applications due to unpredictable factors such as biological back-

ground fluorescence, instrumental efficiency, and environmental

conditions [20–24]. Multicolor fluorescent nanomaterials such as

semiconductor quantum dots, polymer dots, and organic fluores-

cent dyes can display multi distinguishable emission signals [25–

28]. However, the potential of high toxicity, photobleaching and

complex preparation process have hampered their practical appli-
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Fig. 1. Design and synthesis of TPNPs. (a) WWWW was self-assembled with Zn(II) to construct TPNPs through π-π stacking, zinc coordination and hydrogen bonding. (b)

Multicolor fluorescence emission spectra of TPNPs. (c) XPS survey spectrum of TPNPs. (d) AFM image of TPNPs.

cations [29–32]. Because of the great biocompatibility and photo-

stability, peptide self-assembled fluorescent nanomaterials have at-

tracted much attention in recent years [15,33–35].

In this study, peptide nanoparticles with multicolor fluores-

cence were self-assembled successfully. Tetrapeptide Trp-Trp-Trp-

Trp (WWWW) was self-assembled into multicolor fluorescent

nanoparticles (TPNPs) through π-π stacking, Zn(II) coordination,

and hydrogen bonding. The morphological and optical properties,

as well as the biosafety of self-assembled TPNPs were character-

ized. The results showed that TPNPs possess blue (421 nm), green

(530 nm), red (635 nm), and NIR (824 nm) fluorescence emis-

sion wavelength. TPNPs also have the ability for multiple fluores-

cent imaging of MCF-7 breast cancer cells in vitro. Moreover, TPNPs

showed excellent performance in biocompatibility and photostabil-

ity, which would raise the accuracy and reliability for biological

analysis and detection.

Detailed experiment procedures are shown in supplementary

material. According to previous reports, the π-π stacking in-

teraction can provide a driving force for peptide self-assembly

[13,36,37]. Peptides and Zn(II) have high binding affinity, and zinc

ions can enhance the fluorescence emission [38,39]. Moreover, hy-

drogen bonding can promote the reaction of peptide self-assembly

[40]. Therefore, in this study, tetrapeptide WWWW and Zn(II) self-

assembled into multicolor fluorescent nanoparticles TPNPs through

π-π stacking, Zn(II) coordination, and hydrogen bonding (Fig. 1a).

After the self-assembly process, the size distribution of the self-

assembled TPNPs were characterized by atomic force microscopy

(AFM). The results demonstrated that TPNPs with an average diam-

eter of 25 nm (Fig. 1d). Dynamic light scattering (DLS) experiment

also revealed that the size of TPNPs was around 25 nm (Fig. S1

in Supporting information), which is consistent with the results of

AFM. Then, the composition of the TPNPs were analyzed by X-ray

photoelectron spectroscopy (XPS). The characteristic peaks related

to Zn 2p1/2, Zn 2p3/2, O 1s, N 1s, and C 1s could be detected in the

XPS spectrum of the TPNPs, which implied that the zinc ions coor-

dinated with WWWW successfully. Furthermore, according to the

structure of WWWW and the quantitative results of XPS, the ratio

of zinc ions and WWWW within the TPNPs was about 1:1 (Fig. 1c

and Table S1 in Supporting information).

The optical properties of TPNPs were characterized by fluores-

cent emission spectra and confocal images. The results showed

that TPNPs have multicolor fluorescence emission properties. The

spectral range of TPNPs covered the blue, green, red and NIR emis-

sion wavelengths (Fig. 1b). With the 370 nm excitation wavelength,

TPNPs showed blue fluorescent with emission wavelength around

421 nm. Under the excitation wavelength of 387 nm, the fluo-

rescence emission of TPNPs is about 530 nm, which is a green

light in the visible light range. Under the excitation wavelength

of 465 nm, the fluorescence emission of TPNPs is about 635 nm

with a red light. With the 603 nm excitation wavelength, TPNPs

showed NIR fluorescent with emission wavelength around 824 nm.

The benzene rings of tryptophan can occur π-π stacking interac-

tion, which is the driving force for the self-assembly process. The

π-π stacking interactions can also reduce the excited state energy

and increase the excitation and emission wavelengths, thus shift-

ing the peptide’s intrinsic ultraviolet fluorescence signal to the vis-

ible range and promote the self-assembly [14]. The zinc ions co-

ordination can reduce fluorophore mobility and limit the energy

dissipation through thermal relaxation pathways for better fluo-

rescence intensity [13]. In addition, WWWW has straight and long

chain, which structure is more flexible that have more possibilities

to produce different structures through self-assembly for multi-

color fluorescence. More intuitively, the aggregated TPNPs showed

clear blue, green, and red colors using the confocal microscope

(Fig. S2 in Supporting information). The fluorescent images also

showed the similar multicolor properties. The multicolor fluores-

cence property of TPNPs could reveal the exact location, number

and state of cells, which can improve the accuracy of biological

analysis and detection.

Organic fluorescent dyes DAPI, Rh6G, RhB and ICG were uti-

lized to test the photostability of TPNPs (Fig. S3 in Supporting in-

formation). All of the selected organic fluorescent dyes have the

corresponding fluorescence to the TPNPs with different emission

wavelengths. The photostability were investigated by the fluores-

cence emission spectrum of TPNPs. The comparative tests of TP-

NPs and DAPI with 421 nm emission wavelength (Fig. S3a), TP-

NPs and Rh6G with 530 nm emission wavelength (Fig. S3b), TPNPs

and RhB with 635 nm emission wavelength (Fig. S3c), TPNPs and
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Fig. 2. The effects of peptide sequences on the fluorescent properties. (a) AFM results of tetrapeptides EEEE, YYYY and FFFF self-assembled materials. (b) The fluorescence

emission spectra of tetrapeptides self-assembled materials: WWWW (1), YYYY (2), FFFF (3), and EEEE (4) self-assembles.

ICG with 824 nm emission wavelength (Fig. S3d) showed that af-

ter continuous irradiation for 120 s, the fluorescence intensity of

TPNPs remained stable. However, the fluorescence intensity of all

the corresponding organic dyes decreased accordingly. This result

indicated that TPNPs have a better photostability compared with

organic fluorescent dyes. The optical properties of TPNPs demon-

strated that TPNPs not only have multicolor fluorescence, but also

have a high photostability, highlighting its potential for bioimaging.

Furthermore, the stability of TPNPs in DI water, PBS, and culture

medium was tested (Fig. S4 in Supporting information). After 24 h,

the fluorescence still could be observed and the relative intensity

were all higher than 50%. The result showed that the structure of

TPNPs is stable.

To get a deeper insight of the self-assembly process, tetrapep-

tides Tyr-Tyr-Tyr-Tyr (YYYY), Phe-Phe-Phe-Phe (FFFF) and Glu-Glu-

Glu-Glu (EEEE) were self-assembled under same experimental con-

ditions (Fig. 2). The π-π stacking interaction between the benzene

rings is the driving force for the self-assembly process [13]. So, the

tetrapeptides of two other amino acids with benzene rings YYYY

and FFFF were chosen as controls. Moreover, EEEE without benzene

ring was also selected as control, which could reveal the impor-

tance of π-π stacking in the process of peptide self-assembly. Ac-

cording to the AFM images and diameter analysis, the tetrapeptide

EEEE cannot self-assemble into nanoparticles, tetrapeptides YYYY

and FFFF can successfully self-assemble into nanoparticles. The di-

ameter of YYYY and FFFF self-assembled nanoparticles are around

60 nm and 10-30 nm respectively (Fig. 2a). EEEE has no ben-

zene ring in its structure, but YYYY and FFFF have benzene rings,

which indicates that the π-π stacking between benzene rings can

serve as a driving force for self-assembly. After that, the fluores-

cent properties of those three samples were also obtained. EEEE

self-assembles have no fluorescent properties. YYYY and FFFF self-

assembles only have fluorescent emission in UV ranges. Both of

them do not have any other fluorescent colors like WWWW self-

assembles (Fig. 2b). Compared to the other three amino acids, tryp-

tophan has long emission wavelength and high quantum yield [13],

so WWWW self-assembled nanoparticles TPNPs have excellent flu-

orescence properties.

The effects of reaction conditions on self-assembly process were

studied with fluorescence emission spectra (Fig. 3). As control, the

experiment with Zn(II) at room temperature and without Zn(II) at

room temperature were also established. According to the results,

under the excitation wavelength of 370 nm, the fluorescence emis-

Fig. 3. Optical characterizations of TPNPs. The emission wavelength of TPNPs syn-

thesized under different conditions at an excitation wavelength of 370 nm (a),

387 nm (b), 465 nm (c) and 603 nm (d): (1) WWWW self-assembly with Zn(II) after

heating, (2) WWWW self-assembly with Zn(II) at room temperature, (3) WWWW

self-assembly without Zn(II) at room temperature.

sion peak of WWWW self-assembly with Zn(II) after heating is

about 421 nm, which has an obvious higher fluorescence intensity.

However, both of the control groups WWWW self-assembly with

Zn(II) at room temperature and without Zn(II) at room tempera-

ture showed a very low fluorescence emission peak (Fig. 3a). Simi-

larly, under the excitation wavelength of 387 nm (Fig. 3b), 465 nm

(Fig. 3c) and 603 nm (Fig. 3d), the similar results were obtained.

Furthermore, at these three emission wavelengths, WWWW self-

assembly without Zn(II) at room temperature almost have no flu-

orescence. It can be concluded that Zn(II) coordination and heat-

ing are necessary for the self-assembly of TPNPs. Zn(II) has high

polarizability so that it can form a rigid chelate structure with

the peptide. Furthermore, the Zn(II) rigid chelate structure reduces

fluorophore mobility, which can limit the energy dissipation dur-

ing thermal relaxation pathways and obtain better quantum yield

and fluorescence intensity. In addition, after heating, the reac-

tion system becomes more active, which speeds up the movement

of the molecules and further speeds up self-assembly. Therefore,

WWWW self-assembly with Zn(II) under heat is the optimal con-

dition for synthesizing TPNPs.
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Fig. 4. Confocal fluorescence images of MCF-7 cells incubated with TPNPs after 3

h. The excitation wavelengths are 370 nm (blue fluorescence), 387 nm (green fluo-

rescence) and 465 nm (red fluorescence).

To monitor the multicolor bioimaging properties of TPNPs, the

confocal fluorescence cellular imaging of MCF-7 breast cancer cells

incubated with TPNPs in vitro were conducted (Fig. 4). After 3 h

incubation, TPNPs showed multicolor fluorescence emission at dif-

ferent wavelengths of excitation. When the TPNPs were excited at

370, 387 and 465 nm, the corresponding multicolor fluorescence

was clearly observed in the blue (421 nm), green (530 nm) and red

(635 nm) channels, respectively. However, the control group did

not display any fluorescence signal. This result demonstrated that

the multicolor fluorescence characteristic of TPNPs may find po-

tential applications in multiplex bioassays without complex instru-

mentation and processing. Generally, monochromatic fluorescent

nanomaterials have limitations in biomedical applications, due to

the factors such as biological background fluorescence, instrumen-

tal efficiency, and environmental conditions. Thus, this multicolor

fluorescent imaging could avoid these unpredictable factors.

Toxicity is a major consideration in biological applications. In

this case, the cytotoxicity of TPNPs was determined by cell cul-

ture using HaCaT cells. The cell counting assay kit-8 (CCK-8) assay

was used to evaluate the viability of HaCaT cells after exposure to

the TPNPs for 24 h at various concentrations (10-50 μg/mL) (Fig.

S5 in Supporting information). Over 90% cell viability is observed

after incubation of HaCaT cells with TPNPs, and there are no sig-

nificant changes in viability values compared the evaluated groups

with the control group, which indicate that TPNPs possess excel-

lent biocompatibility. These data revealed that TPNPs would have

great benefits for biomedical applications, especially for practical

imaging applications.

In summary, we report the synthesis of multicolor fluorescent

nanoparticles (TPNPs) through π-π stacking, Zn(II) coordination

and hydrogen bonding. Tryptophan has long emission wavelength

and the structure of WWWW is more flexible, thus it is more pos-

sible to produce multicolor fluorescence through self-assembly. TP-

NPs have blue (421 nm), green (530 nm), red (635 nm), and NIR

(824 nm) emission wavelength. Compared with the organic fluo-

rescent dyes DAPI, Rh6G, RhB and ICG, TPNPs have a better pho-

tostability. Moreover, TPNPs exhibit excellent multicolor cellular

imaging capability, good biocompatibility, and almost have no toxic

effect on cells. In conclusion, the multicolor fluorescence character-

istic, photostability and biocompatibility of the TPNPs make them

highly suitable for bioimaging and have potential applications in

multiplexed bioimaging and bioanalysis.
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