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Abstract: Peptide self-assembly is one of the promising bottom-up approaches for creating 

synthetic supermolecular architectures. Noncovalent interactions such as hydrophobic packing, 

electrostatic interaction, and polypeptide chain entropy (∆S
C
) are the most relevant factors that 

affect the folding and self-assembly of peptides and the stability of supermolecular structures. 

The GVGV tetrapeptide is an abundant repeat in elastin, an extracellular matrix protein. 

In this study, four GVGV-containing peptides were designed with the aim of understanding 

the effects of these weak interactions on peptide self-assembly. Transmission electron micros-

copy, circular dichroism spectroscopy, dynamic light scattering measurements, and rheometry 

assays were used to study the structural features of the peptides. Because self-assembling 

peptides with different amino acid sequences may significantly affect protein release, basic 

fibroblast growth factor (bFGF) was used as a model molecule and encapsulated within the P2 

(RLDLGVGVRLDLGVGV) hydrogel to study the release kinetics. The results showed that the 

balance among hydrophobic effects, electrostatic interactions, and chain entropy determined the 

molecular state and self-assembly of the peptide. Moreover, encapsulation of bFGF within the 

P2 hydrogel allowed its sustained release without causing changes in the secondary structure. 

The release profiles could be tuned by adjusting the P2 hydrogel concentration. Cell Counting 

Kit-8 and Western blot assays demonstrated that the encapsulated and released bFGFs were 

biologically active and capable of promoting the proliferation of murine fibroblast NIH-3T3 

cells, most likely due to the activation of downstream signaling pathways.

Keywords: peptide self-assembly, hydrogel, noncovalent interaction, growth factor delivery, 

proliferation, signaling pathways

Introduction
Molecular self-assembly is a powerful approach for fabricating the sophisticated 

structures and materials from the bottom up.1 Inspired by nature, a variety of biomole-

cules, including amino acids,2–4 peptides,5–8 proteins,9,10 DNA,11 saccharides,12 lipids,13,14 

and their derivatives,15–17 have been used as versatile building blocks for the design of 

functional structures at the nanoscale and microscale through molecular self-assembly. 

Building blocks have unique physical and chemical properties, which, if harnessed 

effectively, can result in materials with highly functional characteristics.

Recently, peptide-based self-assembling materials have gained much attention in 

several fields for their diverse applications such as drug/protein release,18,19 regenerative 

medicine and tissue engineering,20–23 three-dimensional (3D) cell culture,24,25 and 

nanotechnology,26 because their characteristics mimic the 3D structures of the 

extracellular matrix (ECM). Generally, these systems involve designing a peptide 
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monomer consisting of a structural motif that folds to 

adopt a known secondary structure such as the α-helix,15,27 

β-strand,8,23 and β-hairpin.7,19 Noncovalent interactions, 

including hydrophobic, hydrophilic, π-stacking, hydrogen 

bonding, and polypeptide chain entropy (∆S
C
), play important 

roles in triggering the assembly of peptide nanostructures.28 

It is still a challenge for scientists and engineers to incor-

porate these interactions into the fabrication of functional 

peptide-based materials.

The 16-residue peptide RADARADARADARADA 

(RADA16-I) is an ionic self-complementary peptide 

consisting of four repeats of a four-amino acid sequence: 

hydrophobic–positively charged–hydrophobic–negatively 

charged.8 This peptide can undergo spontaneous assembly 

into well-organized nanofibers and further forms scaffolds 

with pore sizes between 5 and 200 nm.29 The scaffold has a 

similar physical structure to the natural ECM and has been 

used in several applications, including 3D cell culture, tissue 

recovery, and controlled protein release. To date, although 

the self-assembly dynamics of RADA16-I are quite clear, a 

comprehensive understanding is lacking about the effects 

of amino acid sequences and noncovalent intermolecular 

interactions on peptide self-assembly.

The GVGV tetrapeptide is an abundant repeat in elas-

tin, an ECM protein that is responsible for the elastic and 

extensibility properties of vertebrate tissues. These GVGV 

repeats constitute the hydrophobic domain of tropoelastin, 

the monomeric precursor of elastin, whereas the hydrophobic 

domains confer properties of self-assembly and extensibility.30 

Poly-(GVGV), poly-(GVGVA), and poly-(GGVGV) are 

ambivalent sequences that form amyloid fibers under certain 

conditions,31 whereas poly-(GVGVP) adopts a β-sheet struc-

ture in the folded state and can be used as building blocks to 

create elastin-like polypeptides (ELPs)32,33 and silk–elastin-

like protein polymers (SELPs).34,35 In this study, the GVGV 

tetrapeptide was incorporated into the RADA16-I sequence 

to evaluate the effects of weak interactions on the folding and 

self-assembly of the peptide. Figure 1 shows the amino acid 

sequences of these peptides, which have different peptide 

chain entropies, charge distributions, and hydrophobic driving 
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Figure 1 Amino acid sequences of the designed peptides 1–4 used in this study.
Note: The N- and C-termini of these peptides were blocked by acetylation and amidation, respectively.
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forces for self-assembly and peptide chain entropies. Gener-

ally, two RADA repeat sequences of RADA16-I were replaced 

by two GVGV to increase the peptide chain entropy (P1 

[RADAGVGVRADAGVGV]). We also increased the hydro-

phobic nature of the P1 molecule by using leucine (L) instead 

of alanine (A; P2 [RLDLGVGVRLDLGVGV]). Finally, we 

changed the charge distribution pattern of the peptides by swap-

ping the charged amino acids (P3 [RARAGVGVDADAGVGV] 

and P4 [RLRLGVGVDLDLGVGV]) to study the effects of 

the intramolecular electrostatic interaction on peptide self-

assembly.

The goal of this study was to develop biomaterials that 

can undergo in situ gelation; thus, we evaluated the possibil-

ity that GVGV-containing peptides may be able to serve as 

potential carriers for the controlled release of drugs or growth 

factors. To this end, basic fibroblast growth factor (bFGF) 

was chosen and encapsulated within the designed peptide 

hydrogel to study the release kinetics. In addition, the effects 

of this controlled released system on cell proliferation and the 

possible underlying mechanisms were also investigated.

Materials and methods
Peptide design and synthesis
All the peptides (P1–P4, purity 95%) were commercially 

synthesized by GL Biochem (Shanghai) Ltd (Shanghai, 

People’s Republic of China), stored at -20°C, and used 

without further purification. The N- and C-termini of these 

peptides were protected by acetylation and amidation, 

respectively. Stock solutions of peptides were prepared in 

sterile water and stored at 4°C before use.

Preparation of P2 hydrogel
For the preparation of the P2 hydrogel, the P2 stock solution 

was diluted to a desired concentration. Self-assembly of 

P2 was triggered with the addition of an equal volume of 

phosphate buffer (pH 7.2) or cell growth medium (pH 7.4) 

without fetal bovine serum (FBS), followed by 30 min of 

incubation to allow the hydrogel formation.

Transmission electron microscopy (TEM) 
measurement
For TEM examinations, the peptide stocks were diluted to 

0.05% weight/volume (wt/vol) and incubated overnight at 

room temperature. Before observation, 5 µL of peptide solu-

tion was dropped on the surface of a copper grid covered by 

a perforated formvar film and negatively stained with 1% 

phosphotungstic acid. After drying in air for a few minutes, 

the grid was observed directly under the transmission electron 

microscope (H-7650; Hitachi, Tokyo, Japan).

Dynamic light scattering (DLS) 
measurement
Size distributions of nanostructures formed by the peptides 

were measured by using a Zetasizer Nano ZS instrument (Nano 

ZS90; Malvern Instruments, Malvern, UK). All the peptides 

were diluted to 0.05% wt/vol and sonicated for 15 min to break 

the weak interactions, followed by standing at room tempera-

ture for 4 h before measurements. For each sample, 1 mL of 

the peptide solution was added into a low-volume disposable 

cuvette and kept at equilibrium at 25°C for 3 min prior to 

measurement. Intensity data from each sample were recorded, 

and size-versus-fraction distribution plot was obtained.

Circular dichroism (CD) spectroscopy
Stock solutions of the peptides were diluted to 0.025% wt/vol 

(0.25 mg/mL), and far-UV CD spectra were recorded on a 

model 400 CD spectrophotometer (Aviv Biomedical, Inc., 

Lakewood, NJ, USA). To investigate the effects of pH on 

the self-assembly of the peptides, 50 mM potassium chlo-

ride buffer (pH 2), phosphate buffer (pH 6–8), and borate 

buffer (pH 9–10) were mixed with an equal volume of the 

peptide stock solutions, respectively. The software CDPro 

(Colorado State University, Fort Collins, CO, USA) was 

applied to estimate the secondary structure contents of the 

peptides. The peptide secondary structure fractions at various 

pH values were calculated by the SELCON3 method with 

comparison to the selected reference protein set (IBasis7 

[SDP48]). For bFGF release experiment, freshly prepared 

bFGF solution was used to examine the possible secondary 

structure changes after 12 h of diffusion from 1% wt/vol 

(10  mg/mL) of P2 hydrogel. CD spectra were recorded 

between 195 and 250 nm at room temperature.

Rheology measurement
Time and dynamic frequency sweep rheology experi-

ments 1% wt/vol of P2 hydrogel were performed at room 

temperature on a rheometer (HAAKE RheoStress 1; Thermo 

Fisher Scientific Inc., Waltham, MA, USA) with a cone 

and plate geometry system (cone diameter 2 cm, angle 1°, 

truncation 51 µM). In brief, the P2 solution was mixed with 

an equal volume of phosphate buffer (pH 7.2), and an aliquot 

of 100 mL of the mixture was quickly placed on the plate. 

The time sweep experiment was performed at constant strain 

amplitude (0.5%) and constant frequency (1 Hz) for 16 min to 

monitor the hydrogel storage modulus (G′) and loss modulus 

(G″). Meanwhile, the hydrogel strength was measured via 

frequency sweep measurement over a range of frequencies 

of 10–0.01 Hz at fixed strain amplitude (0.5%) after 30 min 

incubation with the phosphate buffer.
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bFGF release experiment
Various concentrations of P2 solution were mixed with the 

bFGF solution (pH 7.2). The final concentration of bFGF was 

5 µM. Then, 50 µL of the mixtures was transferred into the 

wells of a 96-well plate before the formation of hydrogels. 

Subsequently, 350 µL of the phosphate buffers was care-

fully pipetted into the hydrogels. The release experiments 

were carried out at room temperature, where 150  µL of 

the supernatants was collected and replaced by the same 

volume of phosphate buffer at discrete time points. The col-

lected supernatants were frozen until required and were then 

assayed for protein content by using Micro BCA Assay Kit 

(Thermo Fisher Scientific Inc.) with a standard curve of BSA 

(0–40 µg/mL) on a plate reader at an absorption wavelength 

of 562 nm. These data allowed for the direct determination 

of released protein amounts as a function of time.

Cell culture in hydrogel
NIH-3T3 cell line (obtained from American Type Culture 

Collection [ATCC], Manassas, VA, USA) was cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo 

Fisher Scientific) supplemented with 10% FBS (Thermo 

Fisher Scientific). Prior to 3D culture, bFGF (Thermo Fisher 

Scientific) was added (40 ng/mL) into the media and cells 

were trypsinized and resuspended in bFGF containing media 

at a concentration of 5×105 cells/mL. The cell suspension was 

mixed with an equal volume of P2 stock solution to trigger 

the hydrogel formation (1% wt/vol), and 40 µL of the mixture 

was pipetted into each cell of the 96-well plate. Then, 150 µL 

of the bFGF (20  ng/mL) containing media was carefully 

added and followed by 30 min incubation in a 5% CO
2
 incu-

bator at 37°C. After incubation, the upper bFGF containing 

media was replaced by bFGF-free media with FBS.

Cell proliferation assay
The Cell Counting Kit-8 (CCK-8; Sigma-Aldrich Inc., St. 

Louis, MO, USA) was used to analyze cell proliferation 

on days 0, 2, 4, and 6. For traditional two-dimensional 

(2D) petri dish culture and 3D hydrogel culture, NIH-3T3 

cells were seeded at 5×103 cells/well and 104 cells/well in 

96-well plates, respectively. To perform the CCK-8 assay, 

each sample was carefully washed with phosphate buffer 

three times and incubated with 10 µL of CCK-8 agent in 

150 µL of serum-free DMEM for 2 h at 37°C. The absor-

bances at 450  nm were measured using a plate reader 

(μQuant; BioTek, Winooski, VT, USA). The 2D petri 

dishes without cells and 3D hydrogels without cells were 

subjected to the same process, to use as blanks. The data of 

both 2D culture samples and 3D hydrogel constructs were 

normalized to day 0. Three parallel samples were analyzed 

in each group.

Western blot analysis
Cells were collected and lysed in cold radioimmunopre-

cipitation assay buffer (Thermo Fisher Scientific) containing 

protease inhibitor cocktail (Sigma-Aldrich). Cell lysates 

were boiled and subjected to 10% gradient sodium dodecyl 

sulfate polyacrylamide gel electrophoresis. The proteins were 

transferred from gels to a polyvinylidene difluoride (PVDF) 

membrane (Merck Millipore, Billerica, MA, USA). The mem-

branes were blocked by immersion for 1 h at room temperature 

in 5% nonfat skim milk/Tris-buffered saline and Tween 20 

(TBST) and then incubated with primary antibodies against 

extracellular signal-related kinase (ERK) 1/2 (1:500; Abcam 

Inc., Cambridge, MA, USA), phospho-extracellular signal-

regulated kinase 1/2 (p-ERK1/2, 1:1,000; Cell Signaling 

Technology, Danvers, MA, USA), p27 (1:300; Thermo Fisher 

Scientific), cyclin D1(1:1,000; Cell Signaling Technology), 

and actin (1:1,000; Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA) overnight at 4°C. After washed in TBST, mem-

branes were incubated with horseradish peroxidase-conjugated 

secondary antibodies (1:3,000; Thermo Fisher Scientific) for 

1 h and then developed using an electrochemiluminescence 

blotting reagent (GE Healthcare, Piscataway, NJ, USA).

Results and discussion
Peptide self-assembly in aqueous solution
TEM images of the peptide samples in aqueous solution are 

shown in Figure 2. P1 and P2 formed fibrillar assemblies 

with widths of 4.9±0.8 nm and 4.2±0.6 nm, respectively, 

and lengths ranging from hundreds of nanometers to several 

micrometers in aqueous solution (Figure 2A and B). Mean-

while, P3 formed a globular aggregate with a diameter of 

21.0±5.0 nm (Figure 2C). Both types of assemblies could be 

observed repeatedly in P4 solution, regardless of the peptide 

concentration. The nanofibers formed by P4 were wider 

(6.0±1.3 nm) but significantly shorter (,1 µM) than those 

formed by P2 (Figure 2D). These results reveal the distinct 

innate self-assembly abilities of peptides with different 

sequence properties. DLS is a powerful tool for studying the 

ability to form nanostructures in solution. In this study, size 

distribution obtained by DLS experiments revealed the poly-

morphological size distributions of the nanostructures formed 

by the designed peptides (Figure 3). Combined with the TEM 

results, observation of a monodisperse population ranging 

in size from 670 to 6,000 nm for P1 and P2 indicated the 

dominant distribution of the nanofiber structures. The aver-

age size distribution of P2 was larger than that of P1. With 
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regard to P3, the population observed at a range of 10–23 nm 

suggested the formation of globular aggregates. Interestingly, 

two peaks with dimensions ~10–50 nm and 400–1,000 nm 

could be found for P4. These peaks likely represent the two 

populations of globular aggregates and nanofibers seen in 

Figure 2D, as the globular aggregates were generally smaller 

in diameter than the nanofibers. Data from the DLS experi-

ments were in good accordance with the TEM results and 

were not influenced by pH changes (data not shown). It should 

be noted that the hydrodynamic diameter obtained from the 

DLS measurements was not equivalent to the actual struc-

tural diameter because nonspherical nanostructures such as 

vesicles, tubes, and fibers do not follow the Stokes–Einstein 

equation.36 In these cases, DLS can be used as a means for 

confirming the presence of nanostructures and for studying 

the relative size distributions of nanostructures.37

Secondary structure of the designed 
peptides
CD spectra of 0.125 mg/mL of peptides 1–4 in Milli-Q water 

are shown in Figure 4. A significant difference in secondary 

structure was seen among these peptides. The CD spectra 

of P1 and P2 demonstrated a sharp minimum at ~215 nm, 

indicating the predominant presence of β-sheets, which are 

crucial for peptide self-assembly and nanofiber formation. 

However, P3 displayed typical unordered structures with a 

minimum at 196 nm. Interestingly, CD signals of P4 at ~216 

Figure 2 TEM images of the nanostructures formed from P1 (A), P2 (B), P3 (C), and P4 (D) in Milli-Q water.
Note: All the peptides were diluted with Milli-Q water to 0.05% wt/vol (~0.3 mM) and negatively stained with phosphotungstic acid before observation.
Abbreviations: P1, RADAGVGVRADAGVGV; P2, RLDLGVGVRLDLGVGV; P3, RARAGVGVDADAGVGV; P4, RLRLGVGVDLDLGVGV; TEM, transmission electron 
microscopy; wt/vol, weight/volume.

Figure 3 Size distribution of nanostructures formed by P1 (A), P2 (B), P3 (C), and 
P4 (D) as determined by DLS measurements.
Notes: All the peptides were diluted to 0.05% wt/vol and sonicated for 15 min 
followed by standing at room temperature for 4 h before measurements.
Abbreviations: DLS, dynamic light scattering; P1, RADAGVGVRADAGVGV; 
P2, RLDLGVGVRLDLGVGV; P3, RARAGVGVDADAGVGV; P4, RLRLGVGVD
LDLGVGV; wt/vol, weight/volume.
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and ~196 nm indicated the presence of both β-sheets and 

unordered structural components. The β-sheet content of 

P4 was much lower than that of P1 and P2. According to 

CDPro software analysis, the β-sheet contents of P1, P2, 

and P4 were 34.6%, 40.8%, and 26%, respectively (regular 

β-strand [s (r)]; distorted β-strand [a partial but far-from-

complete distortion of the regular β-strand, due to lack of 

some hydrogen bonds] [S (d)]) (Table 1). These results are 

in accordance with the TEM images, suggesting that higher 

β-sheet content and lower unordered structures are required 

for peptide self-assembly and nanofiber formation.

We also investigated the effects of pH on the self-

assembly of the designed peptides. The results showed that 

the secondary structures of the peptides were not significantly 

altered at different pH levels (Figure 5). All the peptides 

had two positively charged arginines and two negatively 

charged aspartic acid residues at a neutral pH. Arginine and 

aspartic acid had a pKa of 12.5 and 3.9, respectively, in 

proteins. Similar to RADA16-I, only slight changes in the 

structural stability of the peptides were observed at all the 

pH values tested. With regard to P1 and P2, the difference 

in microdegree at ~218 nm between each pH point was very 

small (Figure 5A and B), and all the spectra indicated a 

stable β-sheet structure. This implies that the overall β-sheet 

structure was not significantly altered at different pH values; 

even the negatively charged aspartic acid residues are neutral-

ized at pH 2.0. This stability may be due to complementary 

electrostatic interactions and hydrogen bonds that are present 

when peptides self-assemble into β-sheet structures.

Rheological properties of the hydrogel 
formed by P2
To test the gel formation abilities of the peptides, P1 and 

P2 were subjected to rheological measurements. The results 

showed that the hydrogel formation process from 1% wt/vol 

of P2 took place in a few minutes once the P2 solution was 

mixed with an equal volume of phosphate buffer (pH 7.2), 

whereas P1 remained viscous and failed to form a hydro-

gel. Time sweep and frequency sweep measurements were 

performed at room temperature to further study the elastic 

property of the hydrogel formed by P2. First, the mixture 

was treated with a constant strain amplitude of 0.5% at a 

constant frequency (1 Hz), after which the G′ values of the 

P2 hydrogel increased over time, whereas the G″ values did 

not change with time (Figure 6A). The increasing G′ value 

reflects the spontaneous growth of P2 nanofibers under self-

assembly conditions. The frequency sweep measurements 

of the hydrogel displayed a frequency-independent modulus 

elastic response because the G′ and G″ values were relatively 

constant and the G′ values were much greater than zero 

(Figure 6B). Furthermore, we found that the G′ values of 

P2 hydrogel increased to nearly 1,200 Pa after 1 month of 

incubation (data not shown). These results clearly demon-

strate the gel-like properties and stability of the P2 hydrogel 

in aqueous solution.

Effects of weak interactions on ionic 
complementary peptide self-assembly 
and hydrogel formation
The ionic self-complementary peptide forms a β-sheet with a 

hydrophobic face and a hydrophilic face once it self-assembles 

into high-aspect-ratio nanofibers. The hydrophobic effect is 

the main driving force for peptide self-assembly, but this 

assembly is hindered by like-charge repulsion between the 

hydrophilic faces.38 Hence, the peptides remain swollen until 

the hydrophobic effect dominates over this repulsion. In our 

Figure 4 Secondary structures of the designed peptides 1–4 (0.125  mg/mL) in 
Milli-Q water.
Notes: CD spectra of peptides 1–4 were recorded at room temperature. The CD 
spectrum of P2 shows a typical β-sheet conformation, whereas P1 and P3 display 
unordered structures. With regard to P4, the CD spectrum ranging from 200 to 
220 nm reflects the coexistence of β-sheets and unordered structures.
Abbreviations: CD, circular dichroism; P1, RADAGVGVRADAGVGV; P2, 
RLDLGVGVRLDLGVGV; P3, RARAGVGVDADAGVGV; P4, RLRLGVGVDL
DLGVGV.

Table 1 Estimated structure fractions of the designed peptides 
in aqueous solution

Peptide Secondary structure fractions (%)

H (r) H (d) S (r) S (d) Turn Unrd

P1 0.0 5.4 24.6 9.0 16.9 44.0
P2 1.1 7.5 25.6 15.2 16.4 34.1
P3 0.1 6.1 12.7 8.0 15.7 56.6
P4 2.8 6.6 16.2 9.8 17.5 47.2

Notes: H (r), regular α-helix; H (d), distorted α-helix; S (r), regular β-strand; 
S (d), distorted β-strand (a partial but far-from-complete distortion of the regular 
β-strand, due to lack of some hydrogen bonds); Turn, β-turn structure; Unrd, 
unordered structure.
Abbreviations: P1, RADAGVGVRADAGVGV; P2, RLDLGVGVRLDLGVGV; P3, 
RARAGVGVDADAGVGV; P4, RLRLGVGVDLDLGVGV.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

665

Peptide self-assembly as a carrier for controlled bFGF release

Figure 5 CD spectra of P1 (A), P2 (B), P3 (C), and P4 (D) in solutions from pH 2–10 at room temperature.
Note: The peptides were incubated in potassium chloride buffer (pH 2), phosphate buffer (pH 6–8), and borate buffer (pH 9–10), respectively, to give a final concentration 
of 0.125 mg/mL.
Abbreviations: CD, circular dichroism; P1, RADAGVGVRADAGVGV; P2, RLDLGVGVRLDLGVGV; P3, RARAGVGVDADAGVGV; P4, RLRLGVGVDLDLGVGV.

′
″

′
″

′ ′′

Figure 6 Rheology measurements of the hydrogel formed by P2 at 1% wt/vol.
Notes: Time sweep (A) and frequency sweep (B) for the P2 hydrogel. The hydrogel was made by mixing with an equal volume of phosphate buffer (pH 7.2), and the 
frequency sweep measurement was performed after a 30-min incubation at room temperature.
Abbreviations: G′, storage modulus; G″, loss modulus; P2, RLDLGVGVRLDLGVGV; wt/vol, weight/volume.
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case, with regard to P1, the incorporation of two GVGV 

repeats into RADA16-I resulted in an increase in hydropho-

bic effects and a decrease in like-charge repulsion. P1 could 

undergo spontaneous assembly into well-defined nanofi-

bers with an internal β-sheet structure during aggregation 

(Figure 2A). The secondary P1 structure was quite stable at 

various pH values; however, it was viscous and failed to form 

a hydrogel even though its net charge was almost zero in phos-

phate buffer (pH 7.2; data not shown). It has been reported 

that bringing the peptide net charge to zero should eliminate 

the kinetic barrier to assembly and facilitate gelation.7,16,38 

This contradiction can be explained by the increasing peptide 

chain entropy, because incorporating glycine increases the 

entropic cost of constraining the peptide backbone during 

β-sheet formation.31 Peptide self-assembly is favored by the 

hydrophobic effect but opposed by peptide chain entropy 

since the assembly events dramatically decrease the number 

of accessible conformations. Hence, we propose that the bal-

ance among electrostatic repulsion, chain entropy, and hydro-

phobic effects determine the molecular state and assembly of 

the designed peptides and even formation of the hydrogel. To 

further validate this hypothesis, the side chain hydrophobicity 

was increased by substitution of As with Ls (P2). The β-sheet 

content of P2 was increased (Figure 4) compared with that 

of P1, and hydrogel formation occurred when charges on 

the arginine and aspartic acid side chains were screened in 

phosphate buffer (Figure 6). This can be explained by the fact 

that the side chain hydrophobicity of P2 is larger than that 

of P1. As a result, increasing the hydrophobicity level leads 

to hydrogel formation because formation and the associated 

mechanical properties are influenced by the level of peptide 

hydrophobicity.39,40 This phenomenon can also be seen in 

P3 and P4. The increasing hydrophobicity of the side chain 

indeed increased the driving force for assembly, although only 

partial P4 molecules tended to adopt the β-sheet structure and 

subsequently self-assemble into fiber-like microstructures. 

In addition, in some cases, the intramolecular electrostatic 

interaction played a role in the folding and self-assembly 

of the peptides. Swapping an arginine with an aspartic acid 

residue results in a change in the charge arrangement (P3), 

that is, from a positive–negative–positive–negative pattern to 

a positive–positive–negative–negative pattern. For example, 

at an intermediate pH, P3 appeared to have a stronger 

intramolecular electrostatic interaction between positively 

charged arginine residues and negatively charged aspartic 

acid residues than P1. The unique characteristic of glycine 

lacking a side chain allowed the GVGV sequences to twist 

without steric hindrance. Consequently, the P3 molecule 

may be able to bend to form a hairpin-like structure driven 

by the intramolecular electrostatic interaction. The resulting 

bent molecules may continue to grow into larger globular 

assemblies (Figure 2D).

In vitro release of bFGF through the 
hydrogel
Self-assembling peptides have been increasingly studied as 

3D matrices for numerous biomedical applications, including 

tissue engineering and controlled drug/protein release. The 

physicochemical properties of these nanofibers may affect 

not only the release rate but also protein conformation and 

function.41 Self-assembling peptides with different amino 

acid sequences may significantly affect protein release.18 

To test this theory, bFGF was used as a model molecule 

and was encapsulated within the P2 hydrogel. bFGF is a 

recognized mitogen for multiple cell types, including fibro-

blasts, and it also promotes cell proliferation by inducing 

progression of the cell cycle from the G0/G1 to S phase.42 

Its release profile through P2 hydrogels of different peptide 

nanofiber densities is presented in Figure 7A. The hydrogels 

consisted of self-assembling P2 with concentrations of 0.7, 

1.0, 1.5, and 2.0 wt/vol%. Two distinct stages, including the 

initial burst stage and plateau stage, were observed. With 

regard to the 1% wt/vol concentration of P2, ~36% of bFGF 

was released through the hydrogel in the first 5 h, although 

the release decreased over time and seemed to plateau after 

22 h. The overall release rate increased concomitant with 

an increase in peptide concentration, which also led to a 

higher nanofiber density that hindered the release of bFGF 

molecules. These results show that the P2 hydrogel can be 

used as a potential carrier for protein release; the release of 

bFGF could be tuned by adjusting the concentration of the 

P2 hydrogel and the growth factors encapsulated within. 

The interactions between proteins and between proteins and 

peptides and their assemblies may lead to structural disrup-

tions during peptide self-assembly and nanofiber formation 

and during the release process. Structural disruptions in 

proteins often result in aggregation and decreased biological 

activity. Far-UV light CD spectroscopy was used to obtain 

further insights into the conformational state of the released 

protein. The results showed that the secondary structure 

of native bFGF was quite similar to that reported earlier43 

(Figure 7B). The secondary structure of the released bFGF 

closely resembled that of native bFGF, suggesting that the 

interaction of proteins with the nanofiber hydrogel did not 

induce changes in the secondary structure, which is crucial 

for maintaining the activity of bFGF.
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Encapsulated bFGF promotes the 
proliferation of NIH-3T3 cells
Next, we used the NIH-3T3 mouse embryo fibroblast cell line 

to determine if the released bFGF could elicit its biological 

functions in vitro. To determine the effects of controlled 

bFGF release on cell proliferation, cells were subjected to 

traditional 2D culture or were embedded within the P2 hydro-

gel with or without 20 ng/mL bFGF. As shown in Figure 8B, 

the cells survived and continued to divide in the P2 hydrogel 

during the course of the experiment. The NIH-3T3 cells 

began to aggregate into clusters without losing their spheri-

cal morphology after 4 days of culture. To evaluate the cell 

proliferation in 3D hydrogel and 2D culture, a CCK-8 assay 

was used to test the metabolic activity on days 0, 2, 4, and 6. 

The results showed that, compared with day 0, cells embed-

ded in P2 hydrogel alone showed 1.6-fold proliferation on  

∞

θ

Figure 7 In vitro release of bFGF through the self-assembling P2 hydrogel.
Notes: (A) Release profiles for bFGF through P2 hydrogels of different peptide nanofiber densities. The P2 concentrations are 0.7, 1.0, 1.5, and 2.0 wt/vol%. Release 
experiments were performed in PBS (pH 7.4) at room temperature. Data points represent the average of five samples. (B) CD spectra of native and released bFGF solutions 
through the hydrogel (1% wt/vol) in PBS (pH 7.4). Spectra were recorded at room temperature. Data points represent the average of four samples. Mt and M∞ are the 
cumulative mass of the diffusing compound released from the hydrogel after t and infinite time (∞), respectively.
Abbreviations: bFGF, basic fibroblast growth factor; CD, circular dichroism; P2, RLDLGVGVRLDLGVGV; PBS, phosphate-buffered saline; wt/vol, weight/volume.

Figure 8 Effect of hydrogel-released bFGF on NIH-3T3 cell proliferation.
Notes: (A) Proliferation curve of cultured NIH-3T3 cells as determined by the CCK-8 test. The P2 hydrogel alone and a traditional 2D petri dish were used as the controls. 
The data from both 2D culture samples and 3D hydrogel constructs were normalized to day 0. One asterisk (*) indicates a P-value smaller than 0.05 (P,0.05). Two asterisks 
(**) indicate a P-value smaller than 0.01 (P,0.01). Data points represent the average of three samples. (B) Optical micrograph of NIH-3T3 cells embedded in the bFGF-
releasing hydrogel after 4 days of culture.
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; bFGF, basic fibroblast growth factor; CCK-8, Cell Counting Kit-8; P2, RLDLGVGVRLDLGVGV.
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day 2, 3.0-fold proliferation on day 4, and 5.3-fold prolifera-

tion on day 6, whereas cells in hydrogel/bFGF constructs 

showed 2.0-fold proliferation on day 2, 3.5-fold proliferation 

on day 4, and 6.9-fold proliferation on day 6. The number of 

cells cultured on the 2D petri dish on days 2, 4, and 6 was 1.8-, 

3.2-, and 4.3-fold greater than that at day 0. The proliferation 

rate was highest in the hydrogel/bFGF constructs and was 

significantly higher when cultured in P2 hydrogel compared 

to the 2D petri dish (Figure 8A). These data confirm that the 

encapsulated bFGF remained biologically active after release. 

Considering that there was no addition of bFGF during the 

experiment, encapsulation within the P2 hydrogel led to a 

continuous release of biologically active bFGF. These data 

collectively suggest that encapsulation within the P2 hydrogel 

does not change the ability of bFGF to stimulate the prolifera-

tion of NIH-3T3 cells and the biological activity of bFGF can 

be maintained when encapsulated within the hydrogel.

Encapsulated bFGF can activate 
downstream signaling pathways
Our data show that the proliferation of NIH-3T3 cells 

was promoted by encapsulated bFGF and suggest that 

encapsulated bFGF can be released from the hydrogel into 

the local milieu with biological activity. To determine if 

the encapsulated bFGF can activate downstream signaling 

pathways, ERK, p27, and cyclin D1 levels were analyzed. 

ERK is a subfamily member of mitogen-activated protein 

kinases (MAPKs), which have been implicated in diverse 

cellular processes, including proliferation, differentiation, 

and migration.44 Once activated, ERK translocates from the 

cytoplasm to the nucleus, where it phosphorylates various 

nuclear targets, resulting in cell proliferation.45,46 We found 

that the encapsulated bFGF led to an increased p-ERK/ERK 

ratio after 2 days of culture (Figure 9A). Interestingly, the 

p-ERK/ERK ratios in the P2 hydrogel culture groups were 

significantly higher than those in the 2D culture groups. These 

results are in accordance with data from the CCK-8 analyses 

and can be explained by the fact that the P2 hydrogel has 

3D nanofiber structures similar to that of the natural ECM. 

Thus, the hydrogel supports attachment of NIH-3T3 cells and 

enhances the ECM–cell interactions, resulting in stimulation 

of cell proliferation. These findings indicate that combined 

treatment with P2 hydrogel and bFGF might be superior to 

either one alone for improving NIH-3T3 cell proliferation. 

Figure 9 Growth factor signaling after bFGF was encapsulated within the P2 hydrogel.
Notes: Western blot analysis of ERK, p-ERK, p27, and cyclin D1 after 2 days of culture and quantitative analysis of the protein levels. Two asterisks (**) indicate a P-value 
smaller than 0.01 (P,0.01).
Abbreviations: 2D, two-dimensional; bFGF, basic fibroblast growth factor; ERK, extracellular signal-regulated kinase; p-ERK, phospho-extracellular signal-regulated kinase; 
P2, RLDLGVGVRLDLGVGV.
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Cyclin D1 is a protein required for progression through the 

G1 phase of the cell cycle, and p27 is a negative regulator 

of the cell cycle that restricts the G1/S phase transition and 

inhibits cell proliferation.47 ERK activity contributes to 

the induction of cyclin D1 and downregulation of p27.45,48 

Here, we examined the protein levels of cyclin D1 and p27 

and found that encapsulated bFGF led to increased levels 

of cyclin D1 and reduced levels of p27 in NIH-3T3 cells 

(Figure 9B), indicating that growth factor signaling pathways 

were not disrupted by hydrogel encapsulation. Together, 

these experiments show that encapsulated and released 

bFGF is biologically active and can activate downstream 

signaling pathways.

Conclusion
In this study, the GVGV tetrapeptide, an elastin-derived 

sequence, was incorporated into the RADA16-I sequence to 

evaluate the effects of weak interactions on the folding and 

self-assembly of the peptide. The results demonstrated that 

the balance among the hydrophobic effects, intermolecular 

electrostatic interactions, and chain entropy determined the 

molecular state and assembly of the designed peptides. The 

intramolecular electrostatic interaction also contributed to 

the secondary structure formation. Among the four designed 

peptides, P2 could undergo a structural transition and form an 

elastic hydrogel when exposed to phosphate buffer. Encap-

sulation of bFGF resulted in a low, steady release from the 

hydrogel into the local milieu in a biologically active form, 

and the release rate was related to the peptide concentration. 

The self-assembly of the peptide and encapsulation within the 

hydrogel did not induce changes in the secondary structure of 

bFGF. In addition, the released bFGF promoted the prolifera-

tion of NIH-3T3 cells and activated downstream signaling 

pathways, such as ERK pathways. Taken together, our data 

suggest that the P2 hydrogel has the potential to be used in 

fine-tune growth factor delivery.
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