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Printable Fluorescent Hydrogels 
Based on Self-Assembling Peptides
Yifan Xia1, Bin Xue  1, Meng Qin1, Yi Cao  1, Ying Li2 & Wei Wang1

Fluorescent hydrogels (FH) have a variety of potential applications in the field of soft electronics. 
However, fabrication of mechanically stable and printable fluorescent hydrogels remains challenging. 
Here, we report a kind of fluorescent hydrogel based on the co-assembly of peptide motif and 
transition metal ions. The metal ions are captured in the hydrogel network at specific positions through 
covalently linked ligands on the peptide hydrogelators. This efficiently prevents the aggregation and 
self-quenching of organometallic chromophores. In addition, the formation of metal-ligand complexes 
introduces additional interactions to stabilize the hydrogel network, making the FH even more stable 
after the incorporation of metal ions. The FH is optically transparent but highly fluorescent. By using 
three different metal ions, the white light fluorescent supramolecular hydrogel has been achieved. 
As a proof-of-principle, we demonstrate the printability of the hydrogels to various patterns. We 
anticipate that with the improved fluorescent performance and stability, this kind of FH can find broad 
applications in extrusion-based 3D printing for the construction of soft electronics.

Light-emitting materials have attracted significant attentions because of their broad potential applications1, such 
as light-emitting diodes2–5, displays5–7, photonics8, sensors9, 10, artificial photosynthesis11, 12, solar cell devices13–15 
etc. Especially in the field of the white light-emitting materials, an increasing need for the moldable solid white 
light source has appeared. Usually, the materials for generation of white light emission are based on inorganic 
complexes16, metal–organic frameworks17, 18, quantum dots19, organic molecules20–24, and nanomaterials25, 26.

Among the light-emitting materials, white-luminescent solid materials based on supramolecular design 
have been extensively investigated because the organization of donors and acceptors can be easily modulated by 
rationally designing the self-assembled supramolecular structures of the nanomaterials, such as hydrogel23, 27–30,  
nanofibres31–34, nanoparticles28, 35–37, and etc38–40. In particular, hydrogels41–47, known as soft yet moldable mate-
rials, are suitable to construct solid fluorescent light-emitting devices due to the convenient synthetic procedures 
and preparation methods. Fluorescent hydrogels (FH) can be readily prepared by introducing various chromo-
phores of organometallic complexes or fluorescent dyes into the hydrogels. The photo-luminescent properties 
of dyes can be specifically enhanced and tuned by the unique nanostructures and chemical environments of the 
hydrogels48–50. Moreover, by rational design, it is possible to further improve the fluorescent properties of FH by 
rigidifying the donor−acceptor pairs and reducing the nonradiative decay. Another advantage of FH, especially 
the supramolecular ones, is their unique physical properties: They are often elastic, injectable and healable after 
damage. They can even function in water, which is appropriate for artificial underwater robots24, 51, 52.

However, most FH reported so far were constructed by simply physically mixing the fluorescent dyes with hydro-
gelators or soaking preformed hydrogels in solutions containing fluorescent molecules53, 54. Lack of direct chemical 
bonding of the dye molecules with the hydrogel network may cause the leaking of the fluorescent materials as well 
as the aggregation of the chromophores, leading to fluorescence quenching and reduction of luminescence55, 56.  
Moreover, the introduction of chromophores may also affect the chemical and mechanical stabilities of the hydro-
gels, in that most chromophores are bulky and hydrophobic, which may destabilize the hydrogel network. It 
remains a significant challenge to generate bright and stable FH for practical applications.
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In this work, we have designed a novel FH based on the co-assembly of metal-ligand complexes with peptide 
hydrogelators in a single step. The ligands were covalently linked to the peptide hydrogelator. Such a design 
is kind of “killing two birds with one stone”. First, because the metal ions are fixed to the hydrogel network 
at specific positions, the aggregation and self-quenching of chromophores are prevented. Second, the forma-
tion of metal-ligand complexes could introduce additional interactions to stabilize hydrogel network, making 
the FH even more stable after the incorporation of metal ions. The structural, physical and optical properties 
of the hydrogels were studied in details. This type of FH based on self-assembled peptides shows high trans-
mittance, color-switchable luminescence and great stability in water. Moreover, by using three different metal 
ions, the white light fluorescent supramolecular hydrogel has been achieved with Commission Internationale 
de L’Eclairage (CIE) coordinates of (0.33, 0.33). As a proof-of-principle, we demonstrated the printability of the 
hydrogels to various patterns functioning in aqueous conditions. We anticipate that with the improved fluores-
cent performance and stability, this kind of FH can find broad applications in 3D printable soft electronics.

Results Section
Design of the fluorescent hydrogel. Many short peptides are well known for their ability to self-assemble 
into fibrous network structures and form supramolecular hydrogels. Among these peptides, ionic-complemen-
tary peptides were widely reported to form hydrogels by self-assembling into long β-sheet fibres57–60. As shown 
in Fig. 1A, the ionic complementary peptide sequence KFEFKFEF was chosen as the self-assembly motif for the 
White light fluorescent hydrogel61–65. Ionic complementary peptides are well known for its robust self-assembly 
properties. As far as the specific charge periodicity in the sequence is maintained, the chirality and sequence 
alternation do not affect the mechanical properties of the hydorgels66 (Figure S1). The N-terminus of the peptide 
was capped with the powerful ligand, 2,2′-bipyridine (bpy), for metal ion chelation. The final modified peptide 
was named as bpy-KFEFKFEF hereafter. Europium ion (Eu3+) was chosen as the metal ion center because of its 
outstanding fluorescent property. Moreover, it can chelate with three bpy ligands to form an octahedral complex 
(Fig. 1A). Introducing bpy did not affect the self-assembly of KFEFKFEF. Bpy-KFEFKFEF can still self-assemble 
into fibrous hydrogel structures at neutral pH due to the ionic interactions between positively charged proto-
nated amino groups on the side chain of lysine (K) and negatively charged carboxylate group on the side chain 
of glutamic acid (E) as well as the hydrophobic interactions and π-π stacking interaction among phenylalanine 
residues (Fig. 1B). The addition of Eu3+ could crosslink the peptide fibres through metal-ligand coordination 
(Fig. 1B)63. The hydrogels with and without Eu3+ ions are named as EFK-bpy-Eu hydrogel and EFK-bpy hydrogel, 
respectively.

Optical properties of FH. The UV-Vis spectra of EFK-bpy-Eu hydrogel were measured to investigate the 
light absorption properties. For comparison, the UV-vis spectra of EuCl3 solution and EFK-bpy hydrogel were 
also measured (Fig. 1C). EuCl3 only exhibits weak absorption between the wavelengths of 200–400 nm. However, 
the EFK-bpy shows strong absorption in this region with three peaks locating at 222, 250 and 300 nm, respec-
tively. The first two peaks can be attributed to the π-π* transition of phenyl groups of the peptide and the later 
one corresponds to the π-π* transition of bpy67. The presence of Eu3+ in the hydrogel lowers the intensities of 
these peaks but does not affect their positions. The hydrogel shows no optical absorption in the visible light 
region, indicating that it is transparent. In addition, the photo-luminescent properties of the hydrogel were also 
studied. The images of the EFK-bpy-Eu hydrogel under natural light, and two UV ranges (UV1: 330–390 nm and 
UV2: 220–280 nm) from the handheld UV lamp are shown in Fig. 1D, demonstrating the fluorescent properties 
of the hydrogel under UV excitation. Fluorescence spectra indicate that the strong fluorescent property of the 
EFK-bpy-Eu hydrogel is originated from Eu3+-bpy binding: There is a blue fluorescent peak at 420 nm when 
EFK-bpy-Eu is excited at 300 nm, while neither EFK-bpy nor EuCl3 is fluorescent (Fig. 1E). The fluorescence 
emission peak of EFK-bpy does not affect the emission color of the hydrogel since 80% of the peak was not in 
the visible range. Moreover, the emission wavelength of the hydrogel is switchable, depending on the excitation 
wavelength (Fig. 1F).

Mechanical properties of FH. The mechanical properties of hydrogels are important for the applications 
as solid fluorescent gels. As illustrated in Fig. 2A, the storage modulus (G′) of the EFK-bpy-Eu hydrogel is about 
20 kPa, more than 10 times higher than the loss modulus (G″) over a broad range of angular frequencies from 
1 to 100 Hz. This is a clear evidence of the solid rather than viscous response of the gel. Additionally, the G′ of 
EFK-bpy-Eu hydrogel is about 6 times larger than that of the EFK-bpy hydrogel, implying that the increased 
crosslinking density through Eu3+-bpy coordination strengthens the mechanical property of the hydrogel 
(Fig. 2B). The increased crosslinking density is also evidenced at the microscopic level by TEM imaging (Fig.  
2C and D). With Eu3+ ions, the peptide fibres in the hydrogel are thicker and more entangled due to the 
metal-ligand crosslinking. Eu3+-bpy binding also causes enhanced circular dichroism (CD) absorption of the 
hydrogel in the near-UV region, indicating that the secondary structure of the peptide fibres is stabilized in the 
EFK-bpy-Eu hydrogel (Fig. 2E). Because the hydrogel is stabilized by non-covalent interaction, it can recover its 
mechanical stability after damage. As displayed in Fig. 2F and S1, the initial hydrogel was destroyed by ultrasound 
for 30 min and then allowed to recover at room temperature for 2 h. After applying ultrasound treatment, the 
G’ reduced significantly from 2 × 104 Pa to 80 Pa. However, it can be fully recovered after self-healing for 2 h. To 
understand the change in the mechanical properties by ultrasound at the microscopic level, TEM images of the 
initial, destroyed and recovered hydrogels were also studied. As shown in Figure S2 and Figure S9, the long fibers 
of the hydrogel were broken into shorter ones under sonication and the hydrogel turned to liquid. However, in the 
recovered hydrogel, the short fibers again grew into longer ones, suggesting that the self-assembly of the peptide 
hydrogelators is dynamic and reversible. We expect such a mechanical feature of the hydrogel making it a suitable 
“ink” for extrusion-based bioprinting.

http://S1
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White light fluorescent hydrogel (WLFH). Among all the fluorescent materials, white ones are in great 
demand due to their potential applications in large-area flexible displays. Since 2,2′-bipyridine can form the orga-
nometallic complex with various ions, chromophores with different emitting light can be introduced into the 
hydrogel through the same coordination interactions. As shown in Fig. 3A, Eu3+, Ru2+, and Ir2+ were chosen 
to form the fluorescent metal complex with EFK-bpy peptide and prepared the WLFH, because their emission 
spectra are complementary in the visible light range. The chemical structures of the three different ionic com-
pounds used to form ionic complexes were shown in Figure S3. The hydrogels with Ir2+ and Ru2+ ions can be 
prepared using the same procedure for EFK-bpy-Eu hydrogel (Figure S4) and are denoted as EFK-bpy-Ir hydro-
gel and EFK-bpy-Ru hydrogel, respectively, hereafter. They both show entangled fibrous network similar to the 
EFK-bpy-Eu hydrogel (Figure S5). The mechanical properties of these hydrogels are summarized in Figure S6 and 
are all stronger than that of EFK-bpy hydrogels68–70.

Figure 1. Schematic illustration and fluorescence of the self-assembly peptides. (A) Molecular structures of 
the EFK-bpy peptide and the structures of the EFK-bpy-Eu peptide. (B) Proposed schematic representation of 
the co-assembled hydrogel and the energy-transfer process. (C) The UV-Vis absorption spectra of the EFK-bpy 
hydrogel (4 mM), EuCl3 (1.3 mM), and EFK-bpy-Eu hydrogel (1.3 mM). (D) Optical images of the EFK-bpy-Eu 
hydrogel under natural light (left), UV1 (middle, 330–390 nm) and UV2 (right, 220–280 nm) irradiation from 
the handheld UV lamp. (E) The fluorescence emission spectrum of the EFK-bpy hydrogel (λex = 300 nm; 
4 mM), EuCl3 (λex = 300 nm; 1.33 mM) solution, and EFK-bpy-Eu hydrogel (λex = 300 nm; 1.33 mM). (F) The 
fluorescence emission spectrum of the EFK-bpy hydrogel (λex = 254 nm; 4 mM), EuCl3 (λex = 254 nm; 1.33 mM) 
solution, and EFK-bpy-Eu hydrogel (λex = 254 nm; 1.33 mM).
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We then tuned the hydrogel composition for white light emission. We first characterized the UV-Vis absorp-
tion spectra of the hydrogels with only a single ligand (Fig. 3B). Obvious they all show strong absorption in the 
UV region. The emission spectra of the EFK-bpy-Eu, EFK-bpy-Ir and EFK-bpy-Ru hydrogels excited at 365 nm 
were shown in Fig. 3C. The emission spectra can cover the full visible light range, suggesting that it is possible 
to use these three components to construct white light fluorescent hydrogel. The EFK-bpy-Eu hydrogel exhibits 
blue emission at ~420 nm with CIE coordinates of (0.16, 0.14), the EFK-bpy-Ir hydrogel exhibits yellow emission 
at ~500 nm with CIE coordinates of (0.38, 0.44), and the EFK-bpy-Ru hydrogel mainly shows red emission at 
~600 nm with CIE coordinates of (0.16, 0.14) even though there is a minor peak at 416 nm. Moreover, we found 

Figure 2. Mechanical and recovery properties of the hydrogels. (A) The rheological properties of EFK-bpy 
(12 mM) and EFK-bpy-Eu (4 mM) hydrogels at 0.1% strain in the frequency range of 0~100 Hz. (B) The G′ and 
G″ of EFK-bpy (12 mM) and EFK-bpy-Eu (4 mM) hydrogels at 1 Hz and 0.1% strain. (C) TEM images about the 
s entangled fibrous network of the EFK-bpy hydrogel. (D) TEM images about the s entangled fibrous network 
of the EFK-bpy-Eu hydrogel. (E) CD spectra of the EFK-bpy hydrogel (0.24 mM), and EFK-bpy-Eu hydrogel 
(0.08 mM). (F) The G′ and G″ of EFK-bpy-Eu hydrogels (4 mM) before damage (initial), right after damage 
(destroyed), and 2 h after damage (restored).
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that there was Förster resonance energy transfer (FRET) in the EFK-bpy-Eu and EFK-bpy-Ru co-hydrogel system 
(Fig. 3D). This is reasonable because the emission spectrum of EFK-bpy-Eu overlaps with the excitation spectrum 
of EFK-bpy-Ru. However, no obvious FRET can be observed in the EFK-bpy-Eu and EFK-bpy-Ir co-hydrogel sys-
tem as well as EFK-bpy-Ir and EFK-bpy-Ru co-hydrogel system (Figure S7). Due to the complicated photophys-
ical processes in the hydrogel, the proper metal ion concentrations for white-fluorescent can only be obtained in 
a trial-and-error fashion. Luckily, we found that the peptide hydrogel containing Eu3+, Ir2+ and Ru2+ in a ratio of 
20:1:0.5 can emit white light when being excited under the irradiation of UV1 lamp (Fig. 4A). The WLFH excited 
at 365 nm has three maxima emission wavelengths at 420 nm, 500 nm, and 600 nm, corresponding to blue, yellow 
and red parts of the electromagnetic spectra (Fig. 4B). The CIE value of (0.33, 0.33) for white fluorescent light can 
be achieved in this hydrogel. With different ratios of the three metal ions, hydrogels with a broad colour gamut 
could be achieved (Fig. 4C). Moreover, the range of the fluorescence emission light can be adjusted by using dif-
ferent excitation wavelengths (Figure S8).

Potential applications of WLFH in aqueous conditions. A unique advantage of the supramolec-
ular hydrogel is that their quick self-healing properties. The hydrogel can fully recover its mechanical stabil-
ity after damage (Figure S9), suggesting that it can be used for extrusion-based 3D printing applications. A 
proof-of-principle demonstration of manually printing the hydrogels on silica glass surface by syringes was 
shown in Fig. 5. The stable hydrogel spots can form after being injected out of the syringes. These hydrogel spots 
were hard to be visualised by eyes because they are highly transparent. However, all the patterns showed excellent 
emission under the excitation of UV1 (Fig. 5A), illustrating the feasibility of using these hydrogels for fluorescent. 
Moreover, the hydrogels also functioned properly in water with low erosion rate because of the hyper-crosslinked 
network structure of the hydrogel (Fig. 5B). The hydrogel could retain its shape and fluorescent properties even 
after being placed in water for hours. The metal ion released into water was monitored by UV-vis spectroscopy. 

Figure 3. (A) Proposed schematic representation of the co-assembled hydrogel and the energy-transfer 
process. (B) The UV-Vis absorption spectra of the EFK-bpy-Eu (1.33 mM), EFK-bpy-Ir (4 mM), EFK-
bpy-Ru (4 mM) hydrogels, and WLFH (4 mM). (C) The fluorescence emission spectrum of the EFK-bpy-Eu 
(λex = 365 nm; 1.33 mM), EFK-bpy-Ir (λex = 365 nm; 4 mM), and EFK-bpy-Ru (λexc = 365 nm; 4 mM) hydrogels. 
(D) The Förster resonance energy transfer between EFK-bpy-Eu (λex = 254 nm; 1.33 mM) and EFK-bpy-Ru 
(λex = 254 nm; 4 mM). The concentration of EFK-bpy-Eu and EFK-bpy-Ru in the mixture were 0.66 mM and 
2 mM, respectively.
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The released percentage of all the ions is less than 15% after soaking the hydrogel in water for 48 hours (Fig. 5C). 
The mechanical stability of the hydrogel decreases slightly after the incubation in water (Fig. 5D), which is prob-
ably due to the loss of EFK-bpy molecules. The photo stability of fluorescent gels is also excellent. The peak 
locations and intensities of EFK-bpy-Eu, EFK-bpy-Ir, and EFK-bpy-Ru hydrogels remained almost unchanged 
after storing in centrifuge tubes and illuminated under the natural light for 7 days (Figure S10). Even being 
soaked in water for 48 hours, all hydrogels remained fluorescent with some loss in fluorescence intensity (~20% 

Figure 4. (A) The photographs of the WLFH (12 mM) under the illumination of natural light (top) and of UV1 
(bottom). (B) The emission spectra of the WLFH (λex = 365 nm and λex = 254 nm). (C) CIE 1931 chromaticity 
diagram of the EFK-bpy-Eu, EFK-bpy-Ir, EFK-bpy-Ru hydrogels.

Figure 5. The printability and stability of WLFH. (A) The gels printed on quartz sheets. The gels remain 
transparent after the printing and show different light emission under the UV1 irradiation. (B) The hydrogels 
remain the original shapes and fluorescent properties in water for 4 h. (C) The ion release from the WLFH 
(12 mM) in a time period of 48 h in deionized water. (D) The normalized mechanical properties after 48-h 
incubation in deionized water compared to the original WLFH (12 mM).

http://S10
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for EFK-bpy-Eu and EFK-bpy-Ru hydrogels and ~38% for EFK-bpy-Ir hydrogel) (Figure S10). All these demon-
strate the possibility of applying the hydrogel as photo-excitable underwater soft electronics.

Discussion Section
In this work, we have demonstrated the fabrication of White light fluorescent hydrogel based on self-assembling 
peptides. There are several merits of this new type of fluorescent hydrogel that is worth of further discussion. 
First, the hydrogel is made of merely non-covalent interactions yet shows remarkable mechanical and chemi-
cal stability, thanks to the hyper-crosslinked structure. Both intra-fibre interactions (ionic interaction, hydro-
phobic interaction and π-π stacking) and inter-fibre interactions (metal-ligand coordination) are reversible. 
Therefore, the hydrogel can reform after being mechanically destroyed, making it a suitable candidate for 3D 
printing. Second, the hydrogel shows remarkable chemical stability and low erosion rate. Weak non-covalent 
interactions are typically dynamic. Therefore, most short-peptide based hydrogels tend to erode when being 
placed in water. However, with the help of additional metal-ligand bonds, the structure become much more 
stable and can function in aqueous conditions for several hours. Third, the hydrogel can display a wide range 
of color when using different transition metal centers. Because bpy is a common ligand for various metal ions 
with distinct luminescence, the emission color of the hydrogel can be easily tuned using different metal-ligand 
chromophores. Moreover, the introduction of ligands to the hydrogel network makes the hybrid system of high 
photo-stability by suppressing the aggregation and diffusion of chromophores. Fourth, the emission color of the 
hydrogel is switchable by changing the photo-excitation wavelength. The white-fluorescent can be achieved with 
a broad color gamut. Therefore, it may be used as a unique photo-controlled light source for special displays. 
Combining transition metal ions with self-assembling peptide in hydrogels may represent a general route to 
engineer hydrogel-based white-light-emitters.

Conclusion
In summary, we report a new kind of fluorescent hydrogel based on self-assembly peptides hyper-crosslinked 
by coordination bonds. The hydrogel shows improved mechanical and chemical stability, broad colour gamut, 
switchable photo-induced emission spectra, and white light fluorescent properties. Moreover, it is printable and 
can be easily integrated into complicated electronic devices. The fluorescent properties and stability can be further 
tailored for different applications. We anticipate that it may find wide applications in the field of soft electronics.

Methods Section
Synthesis of peptides. The EFK-bpy peptide was bought from GL biochem (Shanghai) Ltd. The hydro-
gel based on ruthenium was prepared by mixing the EFK-bpy peptide (12 mM) with cis-bis(2,2′-bipyridine)
dichlororuthenium(II) dihydrate (12 mM) in water and kept at 80 °C for 48 hours. To obtain the hydrogel base on 
iridium, the EFK-bpy peptide (12 mM) and dichlorotetrakis(2-(2-pyridinyl)phenyl)diiridium(III) (6 mM) was 
refluxed with acetonitrile, dried and dissolved in water. The europium based hydrogel was made by dissolved 
europium (II) chloride (4 mM) and EFK-bpy peptide (12 mM) in water and kept at 80 °C for 48 hours. All the 
products were dialyzed in water for 24 hours and freeze dried. The high-performance liquid chromatography 
(HPLC) analysis of the components in EFK-bpy-Eu, EFK-bpy-Ir and EFK-bpy-Ru hydrogels using a reverse-
phase column (GE SOURCETM 5RPC ST 4.6/150) to investigate complexation degree was performed to confirm 
the reaction yield. As shown in Figure S11, the yield of EFK-bpy-Eu, EFK-bpy-Ir and EFK-bpy-Ru peptide were 
57.61%, 25.44% and 15.54%, respectively.

Preparation of hydrogels. For EFK-bpy, EFK-bpy-Ir hydrogel or EFK-bpy-Ru hydrogels, the peptide was 
dissolved in phosphate saline buffer (PBS, 10 mM, pH = 7.0) to the concentration of 12 mM. The peptide-PBS 
mixture was then thoroughly mixed by a vortex mixer (Scientific Instruments, USA) for 30 seconds at its max-
imum power and stored still for 1 h to hydrogelation. For EFK-bpy-Eu hydrogels, the EFK-bpy-Eu peptide was 
dissolved in phosphate saline buffer (PBS, 10 mM, pH = 7.0) to the concentration of 4 mM. For the WLFH, 
EFK-bpy-Eu, EFK-bpy-Ir and EFK-bpy-Ru were dissolved in phosphate saline buffer (PBS, 10 mM, pH = 7.0) 
to the concentration of 3.7, 0.56 and 0.28 mM, respectively. The mixture was thoroughly mixed by a vortex 
mixer for 30 seconds at its maximum power and the hydrogel was formed after the mixture was stored still for 
1 hour. The concentration of the WLFH was 12 mM. The concentration of WLFH was 4 mM after three times 
of dilution.

Mechanical Measurements. To study the mechanical property of these hydrogels, all hydrogels were pre-
pared by these protocols mentioned above and transferred to the rheometer plate with care. The volume of each 
measurement was 50 μL. The measurement was undertaken in a Thermo Scientific Haake RheoStress 6000 using 
a frequency sweep mode with the frequency from 0.1 to 100 Hz at 0.1% strain. All these experiments were carried 
out at 20 °C and 0.50 mm gap. The geometry was 1°/20 mm of the cone.

UV-Vis Spectroscopy and Fluorescence spectroscopy. All spectroscopy samples were prepared by 
diluting the hydrogel samples prepared above. The UV-Vis spectra were recorded by a JASCO FP-6500(JASCO 
Inc., Japan). The bandwidth was set as 0.2 nm. And fluorescence spectra were measured by a JASCO 
V-550(JASCO Inc., Japan) at different excitation wavelengths. Typically, 100 μL of hydrogels were suspended in 
200 μL of PBS buffer and fractured by a vortex mixer (Scientific Instruments, USA) for 15 min at its maximum 
power.

http://S10
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Circular dichroism (CD) spectra. All CD spectroscopy samples were measured in quartz cuvette with a 
path length of 1 mm. Typically, 20 μL of hydrogels were suspended in 980 μL of PBS buffer and fractured by a 
vortex mixer (Scientific Instruments, USA) for 15 min at its maximum power.

Transmission Electron Microscope (TEM). Transmission electron microscopic images were obtained 
using a JEM-200CX (JEOL Inc., Japan). The hydrogel was re-suspended in PBS (10 mM, pH = 7.0) 8 times of the 
original volume and mixed well. The sample solution was dropped on the Ultrathin Carbon Film on Copper and 
dried under the nitrogen.

Preparation of printing pattern. All hydrogels were prepared by the protocols mentioned above. The con-
centration of EKF-Bpy-Eu dyrogels uesd was 4 mM while the concentration of other hydrogels were all 12 mM. 
The hydrogels were printed by an injector. Each spot was 20 μL. The pattern was printed on quartz glass to reduce 
the influence of the fluorescence from the glass.

References
 1. Ranjan, S. et al. Realizing green phosphorescent light-emitting materials from rhenium (I) pyrazolato diimine complexes. Inorg. 

Chem. 42, 1248–1255 (2003).
 2. D’Andrade, B. W. & Forrest, S. R. White organic light‐emitting devices for solid‐state lighting. Adv. Mater. 16, 1585–1595 (2004).
 3. Higuchi, T., Nakanotani, H. & Adachi, C. High‐efficiency white organic light‐emitting diodes based on a blue thermally activated 

delayed fluorescent emitter combined with green and red fluorescent emitters. Adv. Mater. 27, 2019–2023 (2015).
 4. Reineke, S. et al. White organic light-emitting diodes with fluorescent tube efficiency. Nature 459, 234–238 (2009).
 5. Kido, J., Kimura, M. & Nagai, K. Multilayer white light-emitting organic electroluminescent device. Science 267, 1332 (1995).
 6. Bernius, M. T., Inbasekaran, M., O’Brien, J. & Wu, W. Progress with light-emitting polymers. Adv. Mater. 12, 1737–1750 (2000).
 7. Müller, C. D. et al. Multi-colour organic light-emitting displays by solution processing. Nature 421, 829–833 (2003).
 8. Willander, M. et al. Zinc oxide nanorod based photonic devices: recent progress in growth, light emitting diodes and lasers. 

Nanotechnology 20, 332001 (2009).
 9. Cui, Y., Chen, B. & Qian, G. Lanthanide metal-organic frameworks for luminescent sensing and light-emitting applications. Coord. 

Chem. Rev. 273, 76–86 (2014).
 10. Shinar, J. & Shinar, R. Organic light-emitting devices (OLEDs) and OLED-based chemical and biological sensors: an overview. J. 

Phys. D: Appl. Phys. 41, 133001 (2008).
 11. Tennessen, D. J., Singsaas, E. L. & Sharkey, T. D. Light-emitting diodes as a light source for photosynthesis research. Photosynth. Res. 

39, 85–92 (1994).
 12. Tennessen, D. J., Bula, R. J. & Sharkey, T. D. Efficiency of photosynthesis in continuous and pulsed light emitting diode irradiation. 

Photosynth. Res. 44, 261–269 (1995).
 13. Lo, S.-C. & Burn, P. L. Development of dendrimers: macromolecules for use in organic light-emitting diodes and solar cells. Chem. 

Rev. 107, 1097–1116 (2007).
 14. Green, M. A., Zhao, J., Wang, A., Reece, P. J. & Gal, M. Efficient silicon light-emitting diodes. Nature 412, 805–808 (2001).
 15. Cravino, A., Leriche, P., Alévêque, O., Roquet, S. & Roncali, J. Light‐emitting organic solar cells based on a 3D conjugated system 

with internal charge transfer. Adv. Mater. 18, 3033–3037 (2006).
 16. Wu, Z.-F. et al. Tunable photoluminescence and direct white-light emission in Mg-based coordination networks. Chem. Commun. 

51, 157–160 (2015).
 17. Zhu, H. et al. Highly efficient non-rare-earth red emitting phosphor for warm white light-emitting diodes. Nat. Commun. 5, 4312, 

doi:10.1038/ncomms5312 (2014).
 18. Yang, Q.-Y. et al. Pure white-light and yellow-to-blue emission tuning in single crystals of Dy (III) metal–organic frameworks. 

Chem. Commun. 50, 7702–7704 (2014).
 19. Zhang, Q., Wang, C.-F., Ling, L.-T. & Chen, S. Fluorescent nanomaterial-derived white light-emitting diodes: what’s going on. J. 

Mater. Chem. C 2, 4358–4373 (2014).
 20. Zhang, X., Görl, D. & Würthner, F. White-light emitting dye micelles in aqueous solution. Chem. Commun. 49, 8178–8180 (2013).
 21. Maiti, D. K. & Banerjee, A. A peptide based two component white light emitting system. Chem. Commun. 49, 6909–6911 (2013).
 22. Wang, M.-S. et al. A direct white-light-emitting metal− organic framework with tunable yellow-to-white photoluminescence by 

variation of excitation light. J. Am. Chem. Soc. 131, 13572–13573 (2009).
 23. Vijayakumar, C., Praveen, V. K. & Ajayaghosh, A. RGB emission through controlled donor self-assembly and modulation of 

excitation energy transfer: a novel strategy to white-light-emitting organogels. Adv. Mater. 21, 2059–2063 (2009).
 24. Rao, K. V., Datta, K., Eswaramoorthy, M. & George, S. J. Highly pure solid‐state white-light emission from solution‐processable 

Soft‐Hybrids. Adv. Mater. 25, 1713–1718 (2013).
 25. Lei, Y., Liao, Q., Fu, H. & Yao, J. Orange−blue−orange triblock one-dimensional heterostructures of organic microrods for white-

light emission. J. Am. Chem. Soc. 132, 1742–1743 (2010).
 26. Zhao, Y. S. et al. Tunable emission from binary organic one-dimensional nanomaterials: an alternative approach to white-light 

emission. Adv. Mater. 20, 79–83 (2008).
 27. Fichman, G. & Gazit, E. Self-assembly of short peptides to form hydrogels: Design of building blocks, physical properties and 

technological applications. Acta Biomater. 10, 1671–1682 (2014).
 28. Abbel, R. et al. Multicolour Self-assembled fluorene co-oligomers: from molecules to the solid state via white-light-emitting 

organogels. Chem. Eur. J. 15, 9737–9746 (2009).
 29. Hai, Z., Li, J., Wu, J., Xu, J. & Liang, G. Alkaline Phosphatase-triggered simultaneous hydrogelation and chemiluminescence. J. Am. 

Chem. Soc. (2017).
 30. Zheng, Z. et al. Cell Environment-differentiated self-assembly of nanofibers. J. Am. Chem. Soc. 138, 11128–11131 (2016).
 31. Yang, X. et al. Carbazole-based organogel as a scaffold to construct energy transfer arrays with controllable fluorescence emission. 

Langmuir 24, 13730–13735 (2008).
 32. Giansante, C., Schäfer, C., Raffy, G. & Del Guerzo, A. exploiting direct and cascade energy transfer for colour-tunable and white-

light emission in three-component self-assembled nanofibers. J. Phys. Chem. C 116, 21706–21716 (2012).
 33. Yan, X., Zhu, P. & Li, J. Self-assembly and application of diphenylalanine-based nanostructures. Chem. Soc. Rev. 39, 1877–1890 

(2010).
 34. Zhang, Y. et al. Unfolding a molecular trefoil derived from a zwitterionic metallopeptide to form self-assembled nanostructures. Nat. 

Commun. 6, 6165, doi:10.1038/ncomms7165 (2015).
 35. Ischakov, R., Adler-Abramovich, L., Buzhansky, L., Shekhter, T. & Gazit, E. Peptide-based hydrogel nanoparticles as effective drug 

delivery agents. Biorg. Med. Chem. 21, 3517–3522 (2013).
 36. Tseng, K.-P. et al. Spontaneous generation of highly emissive RGB organic nanospheres. Angew. Chem. Int. Ed. 50, 7032–7036 

(2011).

http://dx.doi.org/10.1038/ncomms5312
http://dx.doi.org/10.1038/ncomms7165


www.nature.com/scientificreports/

9Scientific REPORtS | 7: 9691  | DOI:10.1038/s41598-017-10162-y

 37. Vijayakumar, C., Sugiyasu, K. & Takeuchi, M. Oligofluorene-based electrophoretic nanoparticles in aqueous medium as a donor 
scaffold for fluorescence resonance energy transfer and white-light emission. Chem. Sci. 2, 291–294 (2011).

 38. Zhang, S. Fabrication of novel biomaterials through molecular self-assembly. Nat. Biotechnol. 21, 1171–1178 (2003).
 39. Scanlon, S. & Aggeli, A. Self-assembling peptide nanotubes. Nano Today 3, 22–30 (2008).
 40. Vauthey, S., Santoso, S., Gong, H., Watson, N. & Zhang, S. Molecular self-assembly of surfactant-like peptides to form nanotubes and 

nanovesicles. Proc Natl Acad Sci 99, 5355–5360 (2002).
 41. Du, M., Song, W., Cui, Y., Yang, Y. & Li, J. Fabrication and biological application of nano-hydroxyapatite (nHA)/alginate (ALG) 

hydrogel as scaffolds. J. Mater. Chem. 21, 2228–2236 (2011).
 42. Wang, H. et al. Enzyme‐Catalyzed Formation of Supramolecular Hydrogels as Promising Vaccine Adjuvants. Adv. Funct. Mater. 26, 

1822–1829 (2016).
 43. Ren, X. et al. Controlling the width of nanosheets by peptide length in peptoid–peptide biohybrid hydrogels. RSC Advances 6, 

67025–67028 (2016).
 44. Liu, X., Wu, D., Wang, H. & Wang, Q. Self‐recovering tough gel electrolyte with adjustable supercapacitor performance. Adv. Mater. 

26, 4370–4375 (2014).
 45. Wei, Q. et al. Printable hybrid hydrogel by dual enzymatic polymerization with superactivity. Chem. Sci. 7, 2748–2752 (2016).
 46. Zhang, Y. et al. Post-self-assembly cross-linking to integrate molecular nanofibers with copolymers in oscillatory hydrogels. J. Phys. 

Chem. B 117(21), 6566–6573 (2013).
 47. Frechet, J. M. The photogeneration of acid and base within polymer coatings: Approaches to polymer curing and imaging. Pure Appl. 

Chem. 64(9), 1239–1248 (1992).
 48. Giansante, C. et al. White-light-emitting self-assembled nanofibers and their evidence by microspectroscopy of individual objects. 

J. Am. Chem. Soc. 133, 316–325 (2010).
 49. Cao, X. et al. Iridium complex triggered white-light-emitting gel and its response to cysteine. J. Mater. Chem. 22, 2650–2657 (2012).
 50. Kumar, P., Soumya, S. & Prasad, E. Enhanced resonance energy transfer and white-light emission from organic fluorophores and 

lanthanides in dendron-based hybrid hydrogel. ACS Appl. Mat. Interfaces 8, 8068–8075 (2016).
 51. Bhattacharya, S. & Samanta, S. K. Unusual Salt‐induced colour modulation through aggregation-induced emission switching of a 

bis-cationic phenylenedivinylene-based π hydrogelator. Chem. Eur. J. 18, 16632–16641 (2012).
 52. Samanta, S. K. & Bhattacharya, S. Aggregation induced emission switching and electrical properties of chain length dependent 

π-gels derived from phenylenedivinylene bis-pyridinium salts in alcohol–water mixtures. J. Mater. Chem. 22, 25277–25287 (2012).
 53. Lee, C. Y. et al. Light-harvesting metal–organic frameworks (MOFs): efficient strut-to-strut energy transfer in bodipy and 

porphyrin-based MOFs. J. Am. Chem. Soc. 133, 15858–15861 (2011).
 54. Haldar, R., Rao, K. V., George, S. J. & Maji, T. K. Exciplex formation and energy transfer in a self-assembled metal–organic hybrid 

system. Chem. Eur. J. 18, 5848–5852 (2012).
 55. Zhang, X., Ballem, M. A., Hu, Z. J., Bergman, P. & Uvdal, K. Nanoscale light-harvesting metal–organic frameworks. Angew. Chem. 

123, 5847–5851 (2011).
 56. Zhang, X. et al. Nanoscale Ln (III)-carboxylate coordination polymers (Ln = Gd, Eu, Yb): temperature-controlled guest 

encapsulation and light harvesting. J. Am. Chem. Soc. 132, 10391–10397 (2010).
 57. Zhang, S. Building from the bottom up. Mater. Today 6, 20–27 (2003).
 58. von Maltzahn, G., Vauthey, S., Santoso, S. & Zhang, S. Positively charged surfactant-like peptides self-assemble into nanostructures. 

Langmuir 19, 4332–4337 (2003).
 59. Zhao, X. & Zhang, S. Molecular designer self-assembling peptides. Chem. Soc. Rev. 35, 1105-1110.
 60. Ulijn, R. V. & Smith, A. M. Designing peptide based nanomaterials. Chem. Soc. Rev. 37, 664–675 (2008).
 61. Caplan, M. R., Schwartzfarb, E. M., Zhang, S., Kamm, R. D. & Lauffenburger, D. A. Control of self-assembling oligopeptide matrix 

formation through systematic variation of amino acid sequence. Biomaterials 23, 219–227 (2002).
 62. Zhang, S. & Altman, M. Peptide self-assembly in functional polymer science and engineering. React. Funct. Polym. 41, 91–102 

(1999).
 63. Marini, D. M., Hwang, W., Lauffenburger, D. A., Zhang, S. & Kamm, R. D. Left-handed helical ribbon intermediates in the self-

assembly of a β-sheet peptide. Nano Lett. 2, 295–299 (2002).
 64. Kisiday, J. et al. Self-assembling peptide hydrogel fosters chondrocyte extracellular matrix production and cell division: implications 

for cartilage tissue repair. Proc. Natl. Acad. Sci. 99, 9996–10001 (2002).
 65. Holmes, T. C. et al. Extensive neurite outgrowth and active synapse formation on self-assembling peptide scaffolds. Proc. Natl. Acad. 

Sci. 97, 6728–6733 (2000).
 66. Luo, Z., Zhao, X. & Zhang, S. Structural dynamic of a self-assembling peptide d-EAK16 made of only D-amino acids. PLoS One 3(5), 

e2364, doi:10.1371/journal.pone.0002364 (2008).
 67. Ryu, J., Lim, S. Y. & Park, C. B. Photoluminescent peptide nanotubes. Adv. Mater. 21, 1577–1581 (2009).
 68. Xue, B. et al. Electroresponsive Supramolecular Graphene Oxide Hydrogels for Active Bacteria Adsorption and Removal. ACS Appl. 

Mater. Inter. 8(24), 15120–15127 (2016).
 69. Bai, Y., Chen, B. & Xiang, F. et al. Transparent hydrogel with enhanced water retention capacity by introducing highly hydratable salt. 

Appl. Phys. Lett. 105(15), 151903 (2014).
 70. Larson, C., Peele, B. & Li, S. et al. Highly stretchable electroluminescent skin for optical signaling and tactile sensing. Science 

351(6277), 1071–1074 (2016).

Acknowledgements
This work is funded by the National Natural Science Foundation of China (Nos. 21522402, 21373109, 11374148, 
and 11334004), and the 973 Program of China (No. 2012CB921801 and 2013CB834100).

Author Contributions
Y. Cao, Y. Li and W. Wang proposed and designed this work. B. Xue and Y. Xia were responsible for experimental 
design, execution of experiments, and/or data analysis. Y. Cao, B. Xue and Y. Xia wrote the manuscript. The 
corresponding authors, Y. Li and W. Wang assisted. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10162-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1371/journal.pone.0002364
http://dx.doi.org/10.1038/s41598-017-10162-y


www.nature.com/scientificreports/

1 0Scientific REPORtS | 7: 9691  | DOI:10.1038/s41598-017-10162-y

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Printable Fluorescent Hydrogels Based on Self-Assembling Peptides
	Results Section
	Design of the fluorescent hydrogel. 
	Optical properties of FH. 
	Mechanical properties of FH. 
	White light fluorescent hydrogel (WLFH). 
	Potential applications of WLFH in aqueous conditions. 

	Discussion Section
	Conclusion
	Methods Section
	Synthesis of peptides. 
	Preparation of hydrogels. 
	Mechanical Measurements. 
	UV-Vis Spectroscopy and Fluorescence spectroscopy. 
	Circular dichroism (CD) spectra. 
	Transmission Electron Microscope (TEM). 
	Preparation of printing pattern. 

	Acknowledgements
	Figure 1 Schematic illustration and fluorescence of the self-assembly peptides.
	Figure 2 Mechanical and recovery properties of the hydrogels.
	Figure 3 (A) Proposed schematic representation of the co-assembled hydrogel and the energy-transfer process.
	Figure 4 (A) The photographs of the WLFH (12 mM) under the illumination of natural light (top) and of UV1 (bottom).
	Figure 5 The printability and stability of WLFH.




