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Abstract: Bioactive mediators, cytokines, and chemokines have an important role in regulating 

and optimizing the synergistic action of materials, cells, and cellular microenvironments for tissue 

engineering. RADA self-assembling peptide hydrogels have been proved to have an excellent 

ability to promote cell proliferation, wound healing, tissue repair, and drug delivery. Here, we 

report that D-RADA16 and L-RADA16-RGD self-assembling peptides can form stable second 

structure and hydrogel scaffolds, affording the slow release of growth factor (transforming 

growth factor cytokine-beta 1 [TGF-beta 1]). In vitro tests demonstrated that the plateau release 

amount can be obtained till 72 hours. Moreover, L-RADA16, D-RADA16, and L-RADA16-

RGD self-assembling peptide hydrogels containing TGF-beta 1 were used for 3D cell culture of 

bone mesenchymal stem cells of rats for 2 weeks. The results revealed that these three RADA16 

peptide hydrogels had a significantly favorable influence on proliferation of bone mesenchymal 

stem cells and hold some promise in slow and sustained release of growth factor.

Keywords: molecular self-assembly, self-assembling peptide, hydrogel scaffolds, controlled 

release, TGF-beta 1, bone mesenchymal stem cells

Introduction
Ideal hydrogel scaffolds consisting of natural or synthetic materials are important for regen-

erative medicine and tissue engineering. Materials such as alginate, agarose, and collagen 

have been widely applied in medical and drug research. However, there are some problems 

such as poor biocompatibility, immune rejection, and degradation product toxicity. There-

fore, it is crucial and urgent to develop a novel and ideal biomaterial hydrogel.1–3

Recent studies have shown that self-assembling peptide nanofiber hydrogel scaffolds 

have been found to exert a significantly favorable influence on bone and cartilage regen-

eration, wound healing, as well as drug delivery.1–5 These ionic self-complementary 

peptides can spontaneously self-assemble into beta sheet secondary structure and 

peptide nanofiber after stimulation with electrolyte solutions. In addition, these pep-

tide nanofibers with a diameter of 10–20 nm can then form highly hydrous hydrogels 

with pore sizes ranging from 5 nm to 200 nm and water content .99.5% w/v.6–10 

Self-assembling peptide hydrogels have been proved to have good biocompatibility, 

and they can completely degrade without any toxicity of degradation products.9,11,12 

They also have the ability to deliver signal molecules and functional proteins.13–15 

For example, RADA16 peptide hydrogel scaffolds afforded the controlled release of 

various functional proteins, including fibroblast growth factor, vascular endothelial 

growth factor, brain-derived neurotrophic factor, lysozyme, trypsin inhibitor, BSA, 

and IgG. Further studies have demonstrated that these released functional proteins can 

maintain their original protein structure and function based on conformation analysis 
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and bioactivity detection.9,14 Many studies have demonstrated 

that self-assembling peptide hydrogel scaffolds have been 

widely applied for drug and protein delivery, tissue regenera-

tion, and cell culture.1–5,9

Previous studies have demonstrated that L-RADA16 pep-

tide hydrogels can mimic cell microenvironment and promote 

cell proliferation, whereas D-form peptide hydrogels have 

the ability to induce cell growth and rapid hemostasis.10,16 

In addition, peptide hydrogels could be functionalized with 

active motifs such as IKVAV and RGD, which benefited to 

regulate cell behaviors, including differentiation, attachment, 

and migration.17,18 This study focused on the secondary struc-

ture of D-RADA16 peptide and D-RADA16-RGD peptide 

hydrogel scaffold using circular dichroism spectroscopy, their 

microstructural feature using transmission electron micros-

copy (TEM) and rheometry assays, as well as the capability of 

promoting the proliferation of bone mesenchymal stem cells 

(BMSC) of rats compared with L-RADA16 peptide hydrogel 

scaffolds. It was known that transforming growth factor beta 1 

(TGF-beta 1) cytokine can promote osteogenesis and chon-

drogenesis and can be used for cell function assays or blood 

vessel regeneration.19–21 Peptide hydrogel scaffolds containing 

TGF-beta 1 were used to explore their potential in controlled 

release of TGF-beta 1 for the functions of BMSC.

Materials and methods
Peptide synthesis and purification
D-RADA16 peptide sequence is Ac-RADARADARADA 

RADA-CONH
2
 (containing all d-amino acids). L-RADA16 

sequence containing all l-amino acids is Ac-RADAR 

ADARADARADA-CONH
2
, and L-RADA16-RGD 

sequence containing all l-amino acids is Ac-RADAR 

ADARADARADARGDS-CONH
2
. These peptides were com-

mercially custom-synthesized by solid-phase peptide synthesis 

(Shanghai Biotech Bioscience and Technology Co, Ltd, Shang-

hai, People’s Republic of China). The N-terminus and C-terminus 

of these peptides were acetylated and amidated, respectively, and 

the peptides were purified by high-performance liquid chroma-

tography and characterized by mass spectroscopy. The final 

purity of the D-RADA16, L-RADA16, and L-RADA16-RGD 

was 97.78%, 97.45%, and 96.68%, respectively.

Circular dichroism spectroscopy
The sample was composed of RADA peptide (20 mg/mL) 

dissolved in NaCl solution, and the concentration was 

regulated to 50 μM. The sample was prepared at 25°C and 

equilibrated for 30 seconds. A total of 500 μL of sample solu-

tion was added in a circular dichroism colorimetric cuvette. 

Tests were conducted using a J-810 CD spectrometer (J-810; 

JASCO Corporation, Tokyo, Japan). We measured the entire 

190–310 nm wavelength range, and the wavelength ranging 

from 190 to 260 nm was used for the analysis.

Transmission electron microscopy
TEM peptide solution samples (5 mg/mL) were prepared at 

25°C by dissolving lyophilized peptide powder in phosphate-

buffered saline (PBS, pH 7.4). After 48 hours, a micropipette 

was used to load 5 mL of this peptide solution to a carbon-

coated copper grid. The excess solution was removed by a 

piece of filter paper. Then, the peptide solution sample was 

dyed using 10 mL of uranyl acetate for 30 seconds and dried 

overnight in a desiccator, and then bright-field images were 

taken using a transmission electron microscope (Philips 

Tecnai G2 F20, Koninklijke Philips N.V., Amsterdam, the 

Netherlands) operating at 200 kV.

Rheometry
Rheology assays were carried out using a 1° stainless steel 

cone-controlled rheometer with a diameter of 20 mm (Thermo 

Fisher Scientific, Waltham, MA, USA). Samples were dis-

solved in PBS (pH 7.4) at a concentration of 10.0 mg/mL. The 

peptide solution was mixed with PBS (pH 7.4) at a volume 

ratio of 1:1 or 1:3 and stored at 4°C in a refrigerator over night, 

and 150–200 μL of samples were used for analysis at 25°C.

Cell culture
The BMSC were obtained from the femurs of 4–5 weeks old 

female Sprague Dawley rats from the experimental animal 

center of Chongqing Medical University. Conventional 

reagents were used, and cells prepared for 2D cell culture 

and a modified 3D culture were grown in 10% fetal bovine 

serum (PAN Biotech UK Ltd., Dorset, UK). All cells were 

subcultured to third to fifth generation for follow-up experi-

ments. Our study followed the principles of Medical Ethics 

and Declaration of Helsinki, and judged by the Ethics Com-

mittee of the First Affiliated Hospital of Chongqing Medical 

University. This experimental protocol was approved by the 

Institutional Animal Care and Use Committee of Chongqing 

Medical University of China, and Chinese national guidelines 

for the care and use of laboratory animals were applied.

TGF-beta 1 release
RADA self-assembling peptide hydrogels with or with-

out BMSC were used to release TGF-beta 1 at 37°C. The 

TGF-beta 1 solution was mixed with 1% v/w RADA self-

assembling peptide solutions (20 mg/mL), and the final mixed 

peptide solution consisted of 10 ng of TGF-beta 1 and 40 μL of 

peptide solution. A total of 20 μL of mixed solution was added 
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into a 24-multiwell plate (NEST Biotechnology Co. Ltd., 

Rahway, NJ, USA) and then was stimulated to self-assemble 

after adding 180 μL of PBS (7.4 pH) in each well for at least 

30 minutes. Empty wells filled with PBS were used as the 

control group. BMSC of adult Sprague Dawley rat were 

cultured in the 24-multiwell plate, and the concentration was 

2×104 cells per well. Standard DMEM/F12 culture medium 

without growth factors was used for the test, and the dose 

was 500  μL per well. Cell proliferation was assessed in 

3 days, 7 days, and 14 days using a VersaMax microplate 

reader. Enzyme-linked immunosorbent assay (ELISA) kit 

(eBioscience, San Diego, CA, USA) was used to measure 

the amount of TGF. A total of 40 μL of supernatant of the 

mixed solution in each well was taken away at the time point 

of 1 hour, 2 hours, 4 hours, 8 hours, 24 hours, 72 hours, and 

168 hours, while the same dose of fresh PBS solution was 

added into each well slowly and gently. These supernatant 

samples were stored in a −80°C refrigerator for the following 

ELISA determination. The amounts of TGF-beta 1 in each 

group were then obtained and the diffusion coefficients were 

calculated according to the 1-D unsteady state form of Fick’s 

second law.9,22

Cell imaging and proliferation assay
We observed cells through an inverted microscope (Olympus 

Corporation, Tokyo, Japan) after coculturing for 2 weeks. 

CCK-8 assay was applied to investigate the effect of TGF-

beta 1 released from RADA peptide hydrogel scaffolds on 

cell viability. CCK-8 kit (Dojindo Laboratories, Kumamoto, 

Japan) was added into the culture medium of wells in the 

ratio of 1:10, and then the 24-multiwell plate was incubated 

at 37°C for 1 hour. The absorbance was measured using a 

VersaMax microplate reader (Thermo Fisher Scientific) at 

an absorption wavelength of 450 nm. Data were expressed 

as arbitrary absorbance units.

Statistical analysis
SPSS software was used for statistical analysis. An unpaired 

t-test was used to compare the two groups. Comparisons 

between multiple groups were performed by one-way 

analysis of variance followed by least significant difference 

or Student–Newman–Keuls as post hoc tests. Data were 

expressed as mean ± standard error of the mean, and a P-value 

of ,0.05 was defined as statistically significant.

Results
Secondary structure of L-RADA16-RGD
The β-sheet structure of L-RADA16-RGD is shown in 

Figure  1, indicating that L-RADA16-RGD peptide could 

produce stable secondary structures in 20 mM NaCl at 25°C. 

This result indicates that the 3D cell culture should be handled 

quickly at room temperature.

Nanostructures of RADA16 self-
assembling peptide nanofiber scaffolds
TEM was applied to observe the microstructure of the 

RADA16 peptide hydrogels. TEM images showed that the 

RADA16 peptides were able to self-assemble into interwoven 

nanofibers at 25°C (Figure 2). These nanofibers were ~10 nm 

in diameter and formed pores ,200 nm, whereas the diameter 

of nanofibers of L-RADA16-RGD was wider than that of the 

other peptides. The physical network and these structures 

coincided with the mechanism of interwoven formation in 

these peptide hydrogels.

Rheological tests of L-RADA16 and 
D-RADA16
These peptides can self-assemble into nanofibers and further 

hydrogelation occurs. The earliest few minutes of hydroge-

lation are crucial to keep cells in the truly 3D microenvi-

ronment. However, gelation nanomechanical properties 

in the cell media are poorly clear, especially in the initial 

phase. We chose typical ions (Na+/K+) in the cell media to 

investigate the gelation nanomechanical properties. Rheo-

logical experiments measure a storage modulus (G′) and a 

loss modulus (G″) by evaluating elastic response (rigidity) 

and viscous response of material, respectively, by varying 

frequencies of applied oscillatory stress. Upon comparing 

the rheological property of D-RADA16 and L-RADA16 

(1 mg/mL) self-assembly in water or salt solution (0.01 M 

PBS, Na+/K+), D-RADA16 peptide is more sensitive to 

θ

Figure 1 Circular dichroism spectra of the chiral peptides.
Notes: Peptide L-RADA16-RGD of 50 μM has stable secondary structures in 20 mM 
NaCl at 25°C, 193.5 nm (13.5827), 193 nm (12.4508), and 198 nm (−15.8484).
Abbreviation: deg, degree.
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ions than L-RADA16, and the frequency G′ was greater 

than G″ (Figure 3A). High concentration of peptides was 

revealed to result in higher frequency G′ (20.0 mg/mL), both 

D- and L-RADA16 .12 Pa (Figure 3A and B), and D-form 

peptide showed a little bit lower frequency G′ (Figure 3B). 

High concentration of D-RADA16 and L-RADA16 dem-

onstrated similar mechanical properties and Na+/K+ can 

affect them immediately. A reasonable explanation is that 

Figure 2 TEM images of microstructure of (A) L-RADA16, (B) D-RADA16, and (C) L-RADA16-RGD (200 nm).
Note: Magnification: (A) ×75,000; (B) ×60,000; and (C) ×75,000.
Abbreviation: TEM, transmission electron microscopy.

′

′
′′ 

Figure 3 Rheological assays: 2.5, 5.0 mg/mL peptide hydrogels in PBS (pH 7.4), 25°C.
Notes: (A) The rheological properties of 2.5 and 5.0 mg/mL L-RADA16 hydrogels in 10.0 mg/mL PBS (pH 7.4) at 25°C. (B) The rheological properties of 2.5 and 5.0 mg/
mL D-RADA16 hydrogels in 10.0 mg/mL PBS (pH 7.4) at 25°C. 
Abbreviation: PBS, phosphate-buffered saline.
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Na+/K+ can induce the peptides to self-assemble into short 

nanofibers rapidly. Our result is useful in a process of 3D 

cell culture.

In vitro TGF-beta 1 release from three 
types of RADA16 hydrogels
The release experiments were observed for 14  days. The 

release profiles of TGF-beta 1 from the RADA peptide hydro-

gels are shown in Figures 4 and 5. Results revealed that ~18% 

(Figure 4) and 31% (Figure 5) of incorporated TGF were 

released from 1% w/v L-RADA16-RGD hydrogel within 

the first 24 hours. In contrast, only 17% (Figure 4) and 20% 

(Figure 5) of TGF-beta 1 were released from the D-RADA16 

hydrogel within 24 hours. These results demonstrated that 

protein release rate in different types of peptide hydrogel 

was dissimilar. Compared with the D-RADA16 hydrogel, 

the initial burst effect of the L-RADA16-RGD hydrogel 

was higher.

Released TGF-beta 1 activity assays
TGF-beta 1 has been proven to have the ability to stimulate 

and promote proliferation of BMSC by adjusting mitotic 

process. To assess the activity of the TGF-beta 1 released 

from the RADA peptide hydrogel scaffolds CCK-8 assay 

was used (Figure 6), which indicated that there was enhanced 

proliferation of BMSC on L-RADA16, D-RADA16, and 

L-RADA16-RGD scaffolds, especially on L-RADA16 scaf-

folds incorporating TGF-beta 1, whereas the proliferation of 

BMSC cultured on RADA16 scaffolds was not significantly 

different from the control group. Collectively, asymptotical 

delivery of TGF-beta 1 from these peptide scaffolds was 

shown within the first 8 hours, and after that initial burst 

and similar release continued for the next days on condition 

that the whole release systems should not be disturbed and 

the diffused and released TGF-beta 1 should be kept in 

balance. The initial burst release might also be affected by 

the covered TGF-beta 1 on the surface peptide scaffolds. 

This result suggested that the release effect of active TGF-

beta 1 was possibly able to continue for at least 2 weeks till 

the storage of the diffused growth factor was exhausted, and 

the electrostatic charges in the self-assembling nanofibers 

may interact with the TGF. These findings may be helpful 

for tissue regeneration strategies with sustained release of 

TGF-beta 1 to stimulate and promote the chondrogenesis 

or osteogenesis.

Discussion
Physicochemical properties of self-
assembling peptide nanofiber hydrogel
Self-assembling peptide nanofiber hydrogel provides the 

possibility of slow and sustained release of growth fac-

tors mainly due to its stable network structures. Circular 

dichroism spectroscopy image showed that L-RADA16-

RGD had stable β-sheet structure in NaCl solution at 25°C 

(Figure 1). But the secondary structure of this peptide can be 

affected by high temperature. CD spectrum also showed the 

L-RADA16 and D-RADA16 had a stable β-sheet secondary 

structure at 4°C. The change in the secondary structure of 

D-RADA16 after the stimulation of PBS is much stronger 

than L-RADA16 suggesting that D-RADA16 is more eas-

ily affected by ions than L-RADA16 (unpublished data). 

Rheometry assays showed that L-RADA16 and D-RADA16 

nanofiber hydrogels (5.0  mg/mL) had stable mechanical 

features. The increase in concentration can improve the 

stability of hydrogels.

∞

Figure 4 Release profiles for TGF-beta 1 through three types of self-assembling 
peptide hydrogels (data points represent the average of three samples).
Abbreviations: h, hours; TGF, transforming growth factor.

∞

Figure 5 Release profiles for TGF-beta 1 through three types of self-assembling peptide 
hydrogels 3D cells coculture (data points represent the average of three samples).
Abbreviations: h, hours; TGF, transforming growth factor; 3D, three-dimensional.
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Growth factor release through the self-
assembling peptide hydrogel
It is critical to apply biomaterials for regulating cellular 

microenvironment and tissue regeneration.1,2,23 RADA self-

assembling peptide nanofiber hydrogels formed 3D pores 

with diameter similar to spherical protein and provided an 

ideal network structure for cell growth. They also provided 

a natural physical barrier for controlled release of functional 

proteins. Figure 2 shows that the nanofiber and pore size of 

D-RADA16 hydrogel was smaller than that of L-RADA16 

and L-RADA16-RGD, which may account for the slow release 

rate of TGF-beta 1 from D-RADA16 hydrogel than other 

hydrogels (Figures 4 and 5). However, the secondary structure 

of D-RADA16 was found to be more easily affected by high 

temperature and ions.24,25 An initial burst of TGF-beta 1 that 

occurred in the first 8 hours maybe due to the surface location 

of protein molecules (Figures 4 and 5). Molecular motion 

might exist in the highly interwoven nanofiber network of the 

hydrogel.9,14,22 In addition, the release rate of TGF-beta 1 from 

the peptide hydrogel (1% w/v) was slowed down for 24 hours, 

after that a plateau value occurred asymptotically. However, 

a 100% molecule release is seldom observed in the hydrogels. 

Protein molecules in the interwoven nanofiber network struc-

ture of the hydrogel scaffold are physically obstructed and held 

Figure 6 Proliferation effect of released TGF-beta 1 over bone mesenchymal stem cells.
Notes: The cells and RADA16 hydrogels contained TGF were co-cultured for 3 days (A), 7 days (B), and 14 days (C). CCK-8 assay for proliferated progeny (n=5). In the 
case of L-RADA16, a long-term effect of released TGF-beta 1 is evidenced by significantly higher total cell population. The TGF-beta 1 mitogenic activity can be appreciated 
till 2 weeks after being mixed with the self-assembling scaffolds. *P0.05.
Abbreviations: TGF, transforming growth factor; OD, optical density.
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back and most diffusate cannot move freely, which might be 

the cause for that.7,26 Besides, our study also demonstrated 

that RADA16 self-assembling peptide would not affect the 

activity of TGF-beta 1 in cell proliferation.

Cell proliferation
Self-assembling peptide hydrogels are composed of amino 

acids, which have the function of biological recognition and 

good compatibility. RADA16 self-assembling peptide hydro-

gel can highly simulate the extracellular matrix and form suit-

able microenvironment for cell growth and functional protein 

action. During the release process, protein structure and bioac-

tivity are maintained. TGF-beta 1 can promote the prolifera-

tion of mesenchymal stem cells.19,20 In Figure 6, all experiment 

groups had better cell proliferation than the control group. 

Besides, cell proliferation on the L-RADA16 + TGF-beta 1 

group was significantly better than that on the L-RADA16 

group, indicating the promotion of released TGF-beta 1 

to proliferation of mesenchymal stem cells. In  Figures  4 

and 5, the release rate and release amount of TGF-beta 1 

of L-RADA16 + TGF-beta 1 group were higher compared 

with those of the D-RADA16 + TGF-beta 1 group on 7 days. 

Previous studies showed that D-form self-assembling peptide 

hydrogels had the ability of being resistant to natural pro-

teases degradation and promoting cell proliferation, which 

were beneficial to tissue regeneration and repair.10,27 The 

L-RADA16 + TGF-beta 1 group also showed a better effect 

on cell proliferation than that in the L-RADA16-RGD + TGF-

beta 1 group. But the effect of L-RADA16-RGD on promoting 

cell differentiation, migration, and adhesion is greater than 

that of L-RADA16.28–32 These results indicated that the 

sustained release of TGF-beta 1 from L-RADA16 hydrogel 

had better promotion to cell proliferation than L-RADA16-

RGD hydrogel, which was consistent with the release 

profiles of TGF-beta 1 from peptide hydrogel. In Figure 7, 

compared with the control group, BMSC in RADA16 peptide 

Figure 7 The morphological results of BMSC in each group under a light microscope (×100).
Notes: (A) L-RADA16 group, (B) L-RADA16 + TGF-beta 1 group, (C) D-RADA16 + TGF-beta 1 group, (D) L-RADA16-RGD + TGF-beta 1 group, and (E) negative control.
Abbreviations: BMSC, bone mesenchymal stem cells; TGF, transforming growth factor.
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hydrogel showed no obvious change in morphology, cell 

apoptosis, and degenerescence, which also demonstrated 

that the RADA16 peptide hydrogels were atoxic and safe 

for cells. Thus, RADA16 hydrogel can be used as an ideal 

tissue engineering material for the regeneration and repair 

of tissues or organs.

Conclusion
Our studies focused on controlled release of TGF-beta 1 from 

RADA16 functional self-assembling peptide hydrogels as well 

as the promotion to cell proliferation. With 3D cell culture to 

the microenvironment formed by peptide hydrogels, there was 

a significant difference in high cell viability and low-level 

cell apoptosis between the L-form self-assembling peptide 

and D-form peptide scaffolds. This study using two chiral 

self-assembling peptides and functional motifs benefited to 

stimulate and promote the development of new biomaterials 

for tissue engineering at amino acids level and may further 

enhance the application of designer self-assembling peptides 

in clinical medicine and nanomedicine.
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