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1  | INTRODUC TION

Bone defect repair, a serious problem in clinical practice, occurs 
in cases of trauma, tumor resection, congenital malformations, 
infections, or reconstructive surgery (Majidinia et  al.,  2018; Xin 
et  al.,  2017). The current strategies for bone defects are nature 
bone grafting (autologous, allogeneic) and synthetic bone graft-
ing (ceramics metals polymers and their combinations); however, 

shortages and complications of donor sites, graft rejection, and 
high expenditure limit their clinical applications. Bone is a highly 
vascularized tissue that relies on the close connection between 
blood vessels and bone cells to maintain skeletal integrity (Aryal 
et al., 2014; Garcia et al., 2016; Kanczler & Oreffo, 2008). Hence, 
bone reconstruction requires an efficient blood supply to deliver 
nutrients, oxygen, and cells to regenerating sites (Zigdon-Giladi 
et  al.,  2017). Unfortunately, current strategies for bone repair 
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Objectives: The reconstruction of bone defects remains a major clinical 
issue. Our study aims to investigate the ability of RATEA16 (RA, [CH3CONH] 
RADARADARADARADA-[CONH2]) for the sustained delivering VEGF and BMP-2 to 
promote angiogenesis and osteogenesis in bone reconstruction.
Materials and methods: We prepared and investigated the characterization of 
RATEA16. The survival of human umbilical vein endothelial cells (HUVECs) and 
human stem cells of the apical papilla (SCAPs) encapsulated in RATEA16 hydrogel 
was detected. Then, we established RA-VEGF/BMP-2 drug delivery systems and 
measured their drug release pattern. The effects of RA-VEGF scaffolds on HUVECs 
angiogenesis were investigated in vitro. Then, osteoblastic differentiation capacity 
of SCAPs with RA-BMP-2 scaffolds was analyzed by ALP activity and expression of 
osteoblast-related genes.
Results: A porous nanofiber microstructure endowed this scaffold with the ability 
to maintain the survival of HUVECs and SCAPs. The RA-VEGF/BMP-2 drug deliv-
ery systems exhibited several advantages in vitro: injectability, biodegradability, good 
biocompatibility, and noncytotoxicity. Released rhVEGF165/BMP-2 were proved to 
promote angiogenesis of HUVECs as well as osteogenesis of SCAPs abilities.
Conclusion: RATEA16 loading with VEGF and BMP-2 might be a potential clinical 
strategy for tissue engineering, especially in bone reconstruction, due to its ability of 
delivering growth factors effectively and efficiently.
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are limited by insufficient vascularization (Quinlan et  al.,  2017). 
To address this problem, bone tissue engineering, for instance, is 
expected to provide new therapeutic methods (Dou et al., 2019; 
Quinlan et  al.,  2015). Recognized strategies in bone tissue engi-
neering combine three essential elements—scaffolds, stem cells, 
and growth factors—to produce a tissue-engineered system (Vieira 
et al., 2017). A variety of biomaterials, such as polymeric matrices 
(Taleb et al., 2019; J. Xu, Han, et al., 2019; Y. Xu, Han, et al., 2019), 
ceramic scaffolds (Diaz-Rodriguez et al., 2018) or hydrogel-based 
materials (Barati et  al.,  2016), encapsulating different functional 
factors to induce the formation of bone and blood vessels have 
been designed and optimized.

Hydrogels, a kind of viscoelastic material, hold promise in 
a number of complex applications, including drug delivery and 
tissue engineering (Qi et al., 2018; Zhao et al., 2008). One kind 
of hydrogel made from self-assembled peptides exhibits several 
advantages: a rational design, easy synthesis, forming hydrogels 
with various viscoelastic properties, injectability, biocompatibil-
ity, biodegradability, and the ability to incorporate different bio-
active motifs or molecules (Cho et al., 2012; Zhou et al., 2016). 
For instance, a hydrogel self-assembled by oligopeptide RADA16 
([CH3CONH]RADARADARADARADA-[CONH2]) has been com-
mercialized (Yokoi et  al.,  2005). However, to achieve its sol-
gel transition, a complex procedure in which pH of its solution 
changes gradually from acidic to neutral by solvent substitution 
is required. Moreover, precipitation occurs when the hydrogel is 
stirred in a neutral environment (Zhao et al., 2008). To overcome 
these obstacles, we utilized the RATEA16 (RA, [CH3CONH]-
RATARAEARATARAEA-[CONH2]) previously designed by our 
group in this study. This peptide consists of four cationic and 
two anionic residues, allowing it to establish a different self-
organized structure at neutral pH, leading to spontaneous for-
mation of stable and transparent hydrogels following a simple 
procedure without importing any external toxic initiator (Zhao 
et al., 2008). The hydrogels are constructed by interconnecting 
β-sheet nanofibers with extremely high water content (>99.5% 
[w/v]). Moreover, they could undergo pH-reversible transitions 
from viscous solution to elastic hydrogel and to precipitate, 
which can be used in controlled release of therapeutics (Zhao 
et al., 2008).

As an important morphogenic factor, bone morphogenetic 
protein 2 (BMP-2) has been shown to be odontogenic and os-
teogenic both in vitro and in vivo (W. Wang, Dang, et al., 2016). 
Similarly, the widely used vascular endothelial growth factor 
(VEGF) has routinely been delivered to increase vascularization 
in vivo by promoting early events in angiogenesis, particularly 
in vascular endothelial and epithelial cell proliferation and sur-
vival, vascular endothelial cell migration, and blood vessel for-
mation (Adini et al., 2017; Ferrara, 2004; Senger DR & Peruzzi 
CA, 1996). However, the short half-life, high cost, need for re-
peated administration, high-cumulative dose, and toxicity to 
cells limit the direct injection of VEGF into a defect site (W. 
Wang, Dang, et  al.,  2016). Meanwhile, exposure to high-dose 

levels of BMP-2 may be sufficient to induce ectopic bone for-
mation. High-dose BMP-2 treatment is also associated with 
increased inflammation, leading to the production of inflamma-
tory cytokines, heterotopic ossification, and reduced bone qual-
ity. As the bioactivity of BMP-2 and VEGF is concentration- and 
time-dependent, their sustained delivery from biodegradable 
matrices is essential for bone regeneration but remains unful-
filled, therefore warranting an in-depth investigation (Barati 
et al., 2016).

Stem cells of the apical papilla (SCAPs) are a population of den-
tal stem cells that have been shown to hold great potential in re-
generative endodontics and bone formation (Ruparel et al., 2013). 
SCAPs exhibit multipotency of differentiating into osteogenic, an-
giogenic, and other lineages (Bakopoulou et al., 2011; Sonoyama 
et al., 2008). In addition, studies demonstrated that when SCAPs 
and scaffolds were subcutaneously implanted into immunocom-
promised mice, bone-like mineralized tissues were produced in 
situ ultimately (Abe et al., 2008; Kang et al., 2019). SCAPs are eas-
ily harvested from premolars or wisdom teeth extracted during 
orthodontic treatment, they appear to be a reliable source of 
stem cells for tissue engineering, particularly in bone regeneration 
(Yuan et al., 2015).

Herein, we utilized the RATEA16 hydrogel scaffold encapsu-
lating rhVEGF165 and BMP-2 to establish drug-loading hydrogel 
systems, then investigated their release patterns and functions 
through the vasculogenic/osteogenic differentiation of human 
HUVECs and SCAPs in vitro. This research aims to provide evi-
dence demonstrating the injectable self-assembled RATEA16 hy-
drogel as an efficient drug delivery carrier that sustained release of 
VEGF and BMP-2 to promote vascular and bone formation. These 
systems may serve as options for bone regeneration with future 
clinical applications.

2  | MATERIAL S AND METHODS

2.1 | Hydrogel formation and characterization

2.1.1 | Hydrogel formation

Lyophilized RATEA16 peptide (synthesized by Top-peptide 
Corporation, Shanghai, China) was dissolved in DMEM at a concen-
tration of 5 mg/ml (wt/vol; 0.5%). The pH of the peptide solution was 
adjusted to neutral (~pH 7.4) using a pH 7.5 Tris·HCl buffer, at which 
point the peptide solution immediately adopted a hydrogel state.

2.1.2 | Scanning electron microscopy (SEM) analysis

The morphology of the hydrogel was observed using SEM (S-4800, 
Hitachi, Japan). The hydrogel was immersed in liquid nitrogen by the 
freeze-fracture method, freeze-dried, sliced, sputter coated with gold, 
and subjected to observation by SEM. To observe the microstructure 



     |  725ZHANG et al.

of cells encapsulated in the RATEA16 hydrogel, the gel was fixed in 
2.5% glutaraldehyde for 2 hr immersed in 0.18 mol/L sucrose for 2 hr 
at 4°C, rehydrated in an ethanol series, and then subjected to the 
freeze-fracture method above. Image J software (1.48v, National 
Institutes of Health, USA) was used to analyze SEM images and cal-
culate their porosity. Porosity (%) = (pore area ÷ total area) ×100%.

2.1.3 | In vitro degradation studies

Hydrogel samples were weighed and then immersed in distilled 
water (~pH 7.4) at room temperature for 30 days. The percent weight 
loss (% WL) of the hydrogel was determined during the incubation at 
specified time points. The following formula was used: % WL = [(Wi-
Wf) / Wi] ×100%, where Wi and Wf are the weights of the hydrogel 
before and after incubation in distilled water, respectively.

2.1.4 | Formation of RA-VEGF/BMP-2 scaffolds and 
in vitro drug release assay

rhVEGF165 and BMP-2 solutions were prepared by dissolving lyophi-
lized rhVEGF165 and BMP-2 powders, respectively, in a sterile PBS/
HCL solution containing 0.1 wt% BSA. Then, these solutions were 
mixed with 200 µl of 0.5% RATEA16 peptide to form VEGF-loaded and 
BMP-2-loaded hydrogels, respectively, containing 100 ng of rhVEGF165 
and 300 ng of BMP-2, respectively, as described above. To further in-
vestigate the drug release characteristics of the RATEA16 hydrogel, 
200 µl of RA-VEGF hydrogel or RA-BMP-2-loaded hydrogel was care-
fully transferred into 24-well Transwell inserts (Corning, USA) with 1 ml 
of distilled water in the lower chambers and then incubated at 37°C. 
Wells with chamber that were not filled with distilled water were used 
as controls. A total volume of 100 µl of the supernatant in each well 
were obtained after 1, 3, 6, 9, and 12 days, and the same volume of 
fresh distilled water was then added. Supernatant samples were stored 
in a − 80°C freezer, and the rhVEGF165/BMP-2 protein concentrations 
were later measured by ELISA.

2.2 | Cell culture and cytotoxicity studies

2.2.1 | Cell culture

HUVECs were purchased from ScienCell Research Laboratories 
(San Diego, CA, USA) and cultured in ECM (ScienCell) containing 
5% FBS (ScienCell), 1% endothelial cell growth supplement (ECGS, 
ScienCell), and 1% penicillin/streptomycin (P/S) (Invitrogen, Eugene, 
OR, USA). We obtained apical papilla from the extracted third 
molars of healthy patients (3 donors aged 8–17 years) required by 
orthodontic treatment. Then, SCAPs were isolated according to a 
published procedure and cultured in DMEM (Invitrogen) supple-
mented with 5% FBS and 1% P/S (Ruparel et al., 2013). All cells were 
maintained in humidified air with 5% CO2 at 37°C and subcultured 

for between 3 and 6 generations for subsequent experiments. This 
study was approved by the Peking University of Stomatology of 
Hospital Ethics Committee.

2.2.2 | Cytotoxicity assay

To investigate the cytotoxicity of the RATEA16 hydrogel, extract liquid was 
collected after incubation in ECM or DMEM at 37°C for 72 hr and stored 
at − 20°C. HUVECs or SCAPs were seeded into 96-well plates at a density 
of 2 × 103 cells/well, starved with free-serum medium for 24 hr, and then 
incubated with extract liquid for 24 hr and 48 hr. A CCK-8 assay was car-
ried out following the manufacturer's instructions, and the absorbance at 
a wavelength of 450 nm was measured using an automatic enzyme-linked 
immunosorbent assay reader (ELx800, BioTek Instruments, Inc., USA).

2.3 | Effects of RA-VEGF scaffolds on HUVECs 
angiogenesis

2.3.1 | Cell proliferation assay

In our preliminary experiments, the proliferation of HUEVCs in 
different concentrations of rhVEGF165 was tested by CCK-8 assay, 
which revealed that 50ng/ml of rhVEGF165 had the most significant 
effect (data not shown). Then, HUVECs were seeded into 24-well 
plates at a density of 6 × 103 cells/well and incubated under three 
conditions: RA-VEGF scaffolds loading in the upper chambers of 
Transwells, medium containing free rhVEGF165 (50 ng/ml), and com-
plete medium. The CCK-8 assay was performed at the expected 
time points (1 d, 3 d, 5 d, 7 d) as described by the method above.

2.3.2 | Determination of cell migration by wound 
healing assay

HUVECs were cultured in 6-well plates (5 × 105 cells/well) until they 
reached monolayer confluence and then scratched horizontally with 
a sterile pipette tip. The cells were then administrated of fresh me-
dium containing 2% FBS with or without rhVEGF165 (50 ng/ml), or 
RA-VEGF scaffolds for 24 hr. Five images of each well were taken, 
and the percentage of regeneration was analyzed with Wimasis 
website (https://www.wimas​is.com/en/).

2.3.3 | Determination of cell migration by 
transwell assay

HUVECs were cultured in Transwell inserts (8 mm pore-size) at a den-
sity of 1 × 104 cells/well in 24-well plates, while RA-VEGF scaffolds and 
ECM were placed in the bottom chambers. After 6 hr of incubation, non-
migrated cells in the upper chambers were removed, and the remaining 
cells were fixed and successively stained with 0.5% crystal violet for 

https://www.wimasis.com/en/
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30 min. To quantify the cells passed through the porous membrane, im-
ages were captured with an inverted phase-contrast microscope. Four 
fields of each well were then selected randomly for cell counting.

2.3.4 | Tube formation assay

After thawing on ice overnight, 200 µl/well of growth factor-reduced 
Matrigel was added to prechilled 24-well plates and polymerized for 
1 hr at 37°C. Then, HUVECs (9 × 104 cells/well) were seeded onto the 
Matrigel layer, followed by starvation in medium containing half volume 
of serum without ECGS overnight. Once HUVECs had attached, cham-
bers coated with RA-VEGF scaffolds were inserted into wells, while 
medium containing free 50 ng/ml rhVEGF165 was added to wells used 
as the control group. After 24 hr and 72 hr of incubation, tube forma-
tion was observed and captured using an inverted phase-contrast mi-
croscope. The total branching length of the tubules was analyzed with 
ImageJ software.

2.4 | Effects of RA-BMP-2 scaffolds on SCAPs 
osteogenesis

Different concentrations of BMP-2 were first administrated to 
SCAPs to verify their osteoinductive ability by testing ALP activity 
and osteogenic-related gene expression. We final selected BMP-2 of 
100 ng/ml for the working concentration as it promoted osteogenic 
differentiation of SCAPs mostly (data not shown). Human SCAPs 
were then seeded into 12-well plates at a density of 4 × 104 cells/well. 
When the cells reached 80% confluence, RA-BMP-2 scaffolds were 
placed into inserts, while complete medium or complete medium with 
free BMP-2 (100 ng/ml) in the lower chambers without insert were 
used as a negative or positive control group, respectively. The medium 
was changed every third day, and cells were cultured for 7 and 14 days.

2.4.1 | Alkaline phosphatase (ALP) staining and ALP 
activity assay

SCAPs were fixed with 4% paraformaldehyde and then processed 
with an ALP histochemical staining kit (Beyotime, Shanghai, China). 
The images were obtained with a scanner (HP, CA, USA). To further 
evaluate ALP activity, an ALP activity assay kit (Beyotime, Shanghai, 

China) was used. The absorbance of the solution at 520 nm was de-
termined with a spectrophotometer (PerkinElmer, Waltham Mass, 
MA), while the total protein was measured with a BCA kit (Thermo 
Fisher Scientific, Waltham, MA) and used to normalize ALP activity.

2.4.2 | Real-time reverse transcriptase PCR (real-time 
RT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen) and re-
verse transcribed into cDNA with 5 × PrimeScript RT Master Mix 
(TaKaRa). Real-time PCR was performed with a SYBR Green PCR kit 
(Roche Applied Science, IN, USA) on an ABI 7,500 Real-time PCR 
System (Applied Biosystems, CA, USA) to determine the mRNA ex-
pression levels of alkaline phosphatase (ALP), osteopontin (OPN), 
osteocalcin (OCN), collagen I (Col I), osterix (OSX), and GAPDH. The 
primers sequences were based on our previously published paper 
(Liu et  al.,  2019) Relative gene expression levels were calculated 
using the 2-ΔΔCT method and normalized to the mRNA level of 
GAPDH. Primer sequences are listed in Table 1.

2.5 | Statistical analysis

All experiments were repeated three times independently, and the results 
are presented as the means ± SD. Data represent the average of three 
independent experiments. Differences among groups were assessed 
by one-way analysis of variance (ANOVA) and Tukey's post hoc test. 
Differences with a P-value < 0.05 were considered statistically significant.

3  | RESULTS

3.1 | Characterization of the RATEA16 (RA) 
hydrogel

When a neutral pH was reached, the dissolving RATEA16 peptide 
immediately achieved sol-gel transition. Hydrogel formed under this 
process was defined as self-supporting since it was possible to invert 
the container without any collapse (Figure 1a). Our observation that 
this hydrogel could be injected through a needle attached to a syringe 
demonstrated its injectable property (Figure 1b). The RATEA16 hydro-
gel presented a porous microstructure with the porosity of (67.3 ± 9.4) 

Gene Forward primer Reverse primer

GAPDH CGACAGTCAGCCGCATCTT CCAATACGACCAAATCCGTTG

ALP GACCTCCTCGGAAGACACTC TGAAGGGCTTCTTGTCTGTG

OSX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA

OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT

OPN ATGATGGCCGAGGTGATAGT ACCATTCAACTCCTCGCTTT

Col la1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC

TA B L E  1   Sequences of primers used 
for real-time RT-PCR
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% and interconnected interior structure in SEM micrographs (Figure 1c 
and 1d). The degradation ability of the hydrogel was further tested. 
10% of the hydrogel dissolved for the first 3-day period, following 
which its degradation rate remained slow, and the hydrogel exhibited 
an 83.13% residual weight at the end of a 1-month duration (Figure 1e).

3.2 | Kinetics of rhVEGF165/BMP-2 release 
from the scaffolds

The Kinetics of released rhVEGF165/BMP-2 from the scaffolds were 
measured by the weighting mode and the release curves were pre-
sented in Figure 1f, respectively. The burst release of VEGF was clearly 
observed over the first 6  days, following which the rate of release 
gradually decreased. Finally, a total of 1.6% of the VEGF were released 
from the scaffold over 12 days. By contrast, the release of BMP-2 from 
the RA-BMP-2 scaffolds was slow over the first 6 days but then gradu-
ally increased. At the end of 12 days, 0.4% of the loaded BMP-2 had 
been released. These results revealed that a low but sustained dose of 
VEGF/BMP-2 could be released from the scaffolds.

3.3 | Survival of HUVECs and SCAPs encapsulated 
in the RATEA16 hydrogel

To detect the cytotoxicity of the hydrogel, HUVECs and SCAPs 
were cultured in the supernatant of the RATEA16 hydrogel for 24 hr 

and 48 hr and evaluated by CCK-8 assay. Cell viability was slightly 
enhanced by 10%-12% in hydrogel supernatant comparing with 
those in complete culture medium (ECM for HUVECs and DMEM 
for SCAPs) without significant difference (Figure 2a and 2b). Cells 
were then implanted in the RATEA16 hydrogel and cultured for 
3 days to explore the potential utilization of the hydrogel as a biomi-
metic scaffold for cell growth, proliferation, and differentiation. As 
shown in Figure 2c, HUVECs and SCAPs in this hydrogel appeared 
round shape and were evenly distributed in the gel under an inverted 
phase-contrast microscope, meanwhile presented great cell viability 
under SEM observation. Furthermore, cells cultured in the RATEA16 
hydrogel proliferated efficiently within 14 days (Figure 2d).

3.4 | Effects of RA-VEGF scaffolds on proliferation, 
migration, and vascularization of HUVECs

3.4.1 | rhVEGF165 released from RA-VEGF scaffolds 
promoted proliferation of HUVECs

We further applied cell proliferation assay to confirm that the re-
lease of VEGF from RA-VEGF scaffolds could maintain an efficient 
dose throughout to promote HUVECs proliferation. As shown in 
Figure 3a, HUVECs cultured with RA-VEGF scaffolds displayed 1.4-
fold enhancement of cell growth compared to cells cultured in the 
absence of VEGF, which was even greater than VEGF (50  ng/ml) 
added directly to the medium.

F I G U R E  1   (a) The RATEA16 hydrogel (0.5% [wt/vol]) formed completely at pH 7.4. (b) Exhibition showing that the RATEA16 hydrogel 
could be injected through a syringe. SEM of RATEA16 scaffolds at a 0.5% (wt/vol) concentration at low magnification (c) (scale bar, 100 μm) 
and high magnification (d) (scale bar, 50 μm). (e) Curve showing degradation of the RATEA16 hydrogel within 30 days. (f) Graph showing 
the kinetics of BMP-2/VEGF release from the scaffold. The results are expressed as the mean ± SD [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.4.2 | rhVEGF165 released from RA-VEGF scaffolds 
enhanced the migration of HUVECs

Migration is an essential procedure in the angiogenic process. We 
employed two methods to verify the migration of HUVECs under 
the treatment of RA-VEGF hydrogel. The scratch assay showed that 
free rhVEGF165 enhanced cell migration by 4.5-fold compared with 
that in the control group. Encouragingly, cell migration in RA-VEGF 
scaffolds treated group exhibited 1.3-fold increase than that in free 
rhVEGF165 group (Figure 3b and 3c). In addition, Transwell assay was 
performed to further measure the influence of VEGF released from 
the scaffolds on HUVECs migration. A clear promotion of cell migra-
tion was observed in free rhVEGF165-treated HUVECs. HUVECs mi-
grated more active under the stimulation of VEGF released from the 
scaffolds by 12-fold when comparing with those incubated in me-
dium without VEGF administration, and by 1.3-fold when compared 
with those incubated in medium enriched with free VEGF, indicating 

a greater capability of RA-VEGF scaffold to cell migration improve-
ment than that of free VEGF (Figure 3d and 3e).

3.4.3 | Effect of RA-VEGF scaffolds on 
tube formation

Cell tubule formation assay was applied to verify the angiogenesis 
of HUVEC. As shown in Figure  4a, VEGF released from the scaf-
folds increased tubule formation of HUVEs compared to cells cul-
tured without VEGF for 12 hr, which exhibited similar effect with 
free rhVEGF165 enriched medium. Surprisingly, the tubules in free 
rhVEGF165 treatment appeared to be decomposed at 72 hr, while the 
cells incubated with RA-VEGF scaffolds still displayed intact tubules 
at that moment. These manifestations indicated that the sustained 
and low-dose release of VEGF from RA-VEGF scaffolds could pro-
mote tube formation continuously (Figure 4b).

F I G U R E  2   CCK-8 assays demonstrated 
that the RATEA16 hydrogel was not 
cytotoxic in HUVECs (a) and SCAPs 
(b). (c) Photograph of HUVECs/SCAPs 
encapsulated in the RATEA16 hydrogel by 
inverted microscopy (scale bar, 200 µm) 
and SEM (scale bars, 10 µm and 5 µm). (d) 
Proliferation of HUVECs and SCAPs in 
the RATEA16 hydrogel over 2 weeks. The 
results are expressed as the mean ± SD 
(n.s., p > .05.)
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3.5 | Stimulation of osteogenic differentiation by 
RA-BMP-2 scaffolds

The function of BMP-2 released from RA-BMP-2 scaffolds in the 
osteogenic differentiation of SCAPs was investigated. ALP stain-
ing showed that ALP expression was significantly increased in free 
BMP-2 group and RA-BMP-2 group. ALP activity assays further con-
firmed those results by showing higher ALP activity in RA-BMP-2 
scaffolds group compared with control group at 7 and 14 days (1.6-
fold and 3.3-fold), respectively, while it was lower than in free BMP-2 
group (Figure 5a and 5b).

Real-time RT-qPCR analysis demonstrated that the expression 
of ALP, OPN, OCN, and Col I in RA-BMP-2 scaffolds treated group 
increased by 1.5–3 folds compared with their expression in the 
control group at 7 and 14 days; meanwhile, the expression of OSX 
was enhance by 85-fold and 230-fold at 7 and 14 days, respectively 
(p <  .05, Figure 5c). Interestingly, at 14 days, OCN was even more 
highly expressed in the group incubated with RA-BMP-2 scaffold 

than in the group incubated with free BMP-2 (p < .05), while ALP and 
OSX expression were lower. As contrast, Col I and OCN expression 
levels at 7 days as well as Col I expression levels at 14 days were not 
significantly different between the groups (Figure 5c).

4  | DISCUSSION

The reconstruction of bone defects due to infection, trauma, tumor, 
heredity, periodontal disease, anatomical, or congenital abnormali-
ties remains a major clinical issue for oral surgeons. Scaffolds have 
played a crucial role as supporting materials for various cell growth 
processes and gradually evolved into bioactive matrices that also 
supply pro-regenerative factors to enhance tissue regeneration 
(Quinlan et  al.,  2017). The short self-assemble peptide RATEA16 
with high water content, network nanostructure, ability to recover 
from mechanical breakdowns has been designed by our group previ-
ously (Zhao et al., 2008). The hydrogel also can be used in controlled 

F I G U R E  3   (a) Effect of VEGF released from RA-VEGF scaffolds on HUVEC proliferation. (b) Influence of VEGF released from RA-VEGF 
scaffolds on HUVEC migration determined by scratch assay. Scale bar, 200 μm. (c) Quantification of HUVEC migration by scratch assay. 
The results are expressed as the mean ± SD (**** p < .0001; **p < .01). (d) Influence of VEGF released from RA-VEGF scaffolds on HUVEC 
migration determined by Transwell assay. Scale bar, 200 μm. (e) Quantification of HUVEC migration by Transwell assay. The results are 
expressed as the mean ± SD (**** p < .0001; *p < .05) [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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release of therapeutics through pH-response and in diffusion re-
lease. The aim of our study was to establish a sustained release 
drug delivery system with the RATEA16 hydrogel that could release 
bioactive agents in a slow and continuous manner while maintaining 

their biological effects. The results demonstrated that the RA-
VEGF/BMP-2 scaffolds underwent a rapid self-assembly process, 
exhibited nanofibers microstructures, benefited for cell survive and 
proliferation, and facilitated the sustained release of rhVEGF165 and 

F I G U R E  4   Effects of VEGF 
released from RA-VEGF scaffolds on 
tube formation in HUVECs. (a) Images 
showing tube formation after 12 and 
72 hr of culture under a phase-contrast 
microscope. Scale bar, 100 μm. (The 
images are representative experiments.) 
(b) Quantification of tube formation. The 
results are expressed as the mean ± SD 
(*** p < .001; *p < .05)

F I G U R E  5   Influence of BMP-2 
released from the RA-BMP-2 scaffold 
on ALP activity and the expression of 
osteoblast-associated genes in SCAPs. 
(a) ALP staining of SCAPs after induction 
with RA-BMP-2 scaffold for 7 days or 
14 days. (b) Analysis of ALP activity in 
SCAPs after incubation with RA-BMP-2 
scaffold for 7 days or 14 days. The 
results are expressed as the mean ± SD 
(*** p < .001; *p < .05). (c) Quantitative 
determination of the mRNA levels of ALP, 
OPN, OSX, COI-I, and OCN in SCAPs 
after induction with RA-BMP-2, free 
BMP-2 or proliferation medium for 7 days 
or 14 days. The results are expressed as 
the mean ± SD (**** p < .0001; ** p < .01; 
*p < .05) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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BMP-2, which increased the angiogenesis of HUVECs and the osteo-
genic differentiation of SCAPs. This RATEA16 hydrogel-based drug 
delivery system would be a favorable system for bone regeneration.

An injectable hydrogel system is an appealing option for use in 
bony defects because it can be gelatinated in situ and effectively 
enter difficult sites of injury as a less invasive procedure, and then 
form a composite irrespective of shape and defect geometry. As 
a result, the treatment expenditure of surgery for patients could 
be reduced (Kondiah et  al.,  2016; C. Wang, Dang, et  al.,  2016). 
Interestingly, RATEA16 scaffolds possess the advantage of being 
injectable as they could feasibly be injected through a needle into a 
target location. As it exhibits rapid, simple self-assembly in a neutral 
environment and viscoelastic properties, the RATEA16 hydrogel se-
lected for this study would be a candidate material for future clinical 
applications in the field of orthopedic science or even regenerative 
endodontics, in which tissue engineering procedures are limited in 
narrow and solid root canals.

To enhance the osteoinductivity of scaffolds for bone regener-
ation, several studies have applied delicate techniques to impreg-
nate materials containing various growth factors, such as bone 
morphogenetic proteins (BMPs), VEGF, and fibroblast growth fac-
tors (FGFs) (Li et  al.,  2016). Nevertheless, current growth factor 
delivery approaches for VEGF and BMP-2 frequently exhibited 
unsuccessful delivery due to the uncontrolled release, potential 
cytotoxicity, and excessively expenditure (Quinlan et  al.,  2017). 
Previous studies have also shown that free VEGF has a relatively 
short half-life of 33.7 ± 13 min (Eppler et al., 2002), its burst re-
lease at high concentrations may induce the generation of heman-
giomas and malformed vessels (Ozawa et  al.,  2004). In contrast, 
the slow and steady release of VEGF seems to be a preferable 
strategy. In our study, with the characterization of slow biode-
grading, rhVEGF165 was released from the RA-VEGF scaffolds in a 
relatively consistent way at an extraordinary low dose. To detect 
the bioactive activity of the released VEGF, a RA-VEGF scaffold 
containing the same amount of rhVEGF165 in the positive control 
group (incubation with free rhVEGF165) was designed. rhVEGF165 
released from the RA-VEGF scaffolds retained its biological activ-
ity, which manifested as the successfully inducing cell proliferation 
and migration in the horizontal and vertical directions of HUVECs. 
Moreover, tube formation assays revealed that rhVEGF165 deliv-
ered from the RA-VEGF scaffolds had an even longer and stronger 
angiogenesis effect than free VEGF-treated group.

The RA-BMP-2 scaffolds we established displayed a drug release 
pattern analogous with that of the RA-VEGF system. These results 
suggested that even a small amount of BMP-2 released into the me-
dium could still exhibit biological activity to promote osteogenesis 
differentiation. The expression of osteoblast-specific genes was sig-
nificantly induced by BMP-2 released from scaffolds, for example, 
the level of OCN expression under this treatment was even higher 
than that in the free BMP-2-induced group.

The RATEA16 scaffolds developed in our group combined a 
highly porous nanofiber structure with properties specifically op-
timized to promote cell infiltration and proliferation. HUVECs and 

SCAPs implanted in the RATEA16 hydrogels were present as spher-
oids and exhibited steady cell proliferation. A spherical cellular mor-
phology was proved to lead to advanced cell-to-cell contacts and 
cell-matrix interactions, which were more resistant to a hypoxic 
environment, inhibited apoptosis (Bhang et  al.,  2011, 2012), and 
enhanced the production of various growth factors (Lars Gaedtke 
et al., 2007).

The injectable scaffolds described herein represented a promis-
ing approach for overcoming the shortages of traditional hydrogel 
utilized bone defects repairing. The RA-VEGF/BMP-2 scaffolds could 
be synthesized easily and formed spontaneously in 5 min without 
importing any external toxic initiator. VEGF released from RA-VEGF 
scaffolds displayed enhanced capillary-like tube formation, similarly 
with free VEGF group, and even exhibited better on prolonging the 
regression of tubules which was normally observed between 12 and 
24 hr as previously reported (McCoy et al., 2013). Meanwhile, the 
release of VEGF/BMP-2 from the scaffolds presented a continuous 
low-dose manner, which could reduce total dose of drug intake com-
paring to a single or serial local administration, and thus lower the 
risks of side effects caused by irritation from high drug concentra-
tion. Therefore, the RATEA 16 hydrogel has great potential in bone 
engineering, not only because it could be a drug delivery carrier for 
different growth factors, but also it may be used as a scaffold in en-
gineering vascularized bone. In addition, this injectable RATAE16 
hydrogel would be easily applied into certain narrow tissues, such 
as periodontal intrabony defects and periapical lesions. To further 
confirm the in vivo properties of this approach, animal models will 
have to be further implemented.

5  | CONCLUSION

All in all, this study demonstrated the injectable hydrogel RATEA16 
into RA-VEGF/BMP-2 scaffolds that facilitate the sustained release 
of growth factors. This hydrogel showed superiority with features of 
easy synthesis and achieving sol-gel transition in normal physiologi-
cal environment. It is also characterized by biodegradability, injecta-
bility, and biocompatibility. Cells implanted in the hydrogel exhibited 
round shape and continuous proliferation over time. Meanwhile, 
the bioactivity of released VEGF and BMP-2 was maintained, lead-
ing to enhanced cell proliferation, migration, and tube formation of 
HUVECs as well as cell osteogenesis of SCAPs. Furthermore, these 
hydrogel-based drug delivery systems serving as a potential ap-
proach in tissue engineering, especially in bone regeneration, need 
to test in vivo in future research.
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