
Am J Transl Res 2021;13(4):1990-2005
www.ajtr.org /ISSN:1943-8141/AJTR0103470

Original Article
Substance P-induced RAD16-I scaffold mediated  
hUCMSCs stereo-culture triggers production of  
mineralized nodules and collagen-like fibers  
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Abstract: Tissue engineering has become an important therapeutic method for injuries. This study aimed to gener-
ate collagen-like matrix constructed by hUCMSCs combining self-assembled polypeptide and evaluate differentiated 
capacity, safety and biocompatibility. Human umbilical cord tissues were isolated and used to primarily culture 
hUCMSCs. hUCMSCs were identified using immunofluorescence and flow cytometry. Adipogenic- and osteogenic-
differentiation of hUCMSCs were evaluated using Oil-red O and Alizarin-Red staining. Self-assembling collagen pep-
tide RAD16-I hydrogel and substance P (SP) were prepared and combined together to form RAD16-I/SP complex. 
Surface morphology and ultrastructures were observed with scanning electron microscopic (SEM). hUCMSCs in 
simulated collagen-like matrix environment were plane-cultured and stereo-cultured. Cell viability was examined 
using CCK-8 and fluorescent staining assay. Osteogenic genes were detected with qRT-PCR and western blot as-
say. HE staining and Masson staining were used to assess production of mineralized nodules and collagen-like 
fibers, respectively. Collagen-like matrix complex by combining RAD16-I/SP complex with stereo-cultured hUCMSCs 
was successfully generated. hUCMSCs in collagen-like matrix complex demonstrated adipogenic-differentiation 
and osteogenic-differentiation potential. SP-induced RAD16-I mediated stereo-culture of hUCMSCs demonstrated 
higher cell activity and proliferation potential. SP-induced RAD16-I mediated stereo-culture of hUCMSCs promoted 
osteogenesis-related molecules expression. SP-induced RAD16-I mediated stereo-culture of hUCMSCs promoted 
production of mineralized nodules and triggered formation of collagen-like fibers. Cell-collagen-like matrix complex 
injection (RAD16-I/SP/hUCMSCs complex) exhibited better biocompatibility and no cytotoxicity. In conclusion, SP-
induced RAD16-I mediated stereo-culture of hUCMSCs remarkably promoted osteogenesis-related gene expression, 
triggered production of mineralized nodules and formation of collagen-like fibers. This established cell-collagen-like 
matrix complex (RAD16-I/SP/hUCMSCs) injection exhibited better biocompatibility, without cytotoxicity.

Keywords: Tissue engineering, self-assembled polypeptide, hUCMSCs, biocompatibility, multidirectional differen-
tiation

Introduction

Tissue and organ damage or dysfunction not 
only seriously affect the life quality of pati- 
ents, but also cause an increasingly serious 
economic burden to society [1, 2]. In the re- 
cent years, tissue engineering has become an 
important therapeutic method for the tissue 
injury [3]. The basic principle of tissue engin- 
eering is to inoculate seed cells into scaffolds 
with certain biological characteristics after in 

vitro culture and expansion [4]. Then, cell-scaf-
fold complex was implanted into the injured  
tissues and organs, and finally formed to re- 
pair and reconstruct the injured tissues. Tis- 
sue engineering is mainly restricted by three 
important factors, including seed cells, scaf- 
fold materials and signal factors. The scaffold 
material can provide a good three-dimension- 
al structure for the adherence and growth of 
seed cells, and is conducive to the transport 
and metabolism of nutrients [5, 6]. Therefore, 
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scaffold material is a key factor in the applica-
tion of tissue engineering to repair damage [7].

Generally, tissue engineering scaffolds must  
be non-toxic, safe, biologically explanatory and 
easy to produce [8, 9]. Self-assembled poly- 
peptide is a kind of biomaterial with good com-
patibility and high bioactivity [10]. Especially in 
recent years, with the continuous exploration  
of researchers, self-assembled polypeptides 
have become a hot topic in the field of tissue 
engineering [11, 12]. Self-assembled polypep-
tides demonstrate plenty of characteristics 
[13], including ① the polypeptide sequence  
of self-assembled polypeptide originates from 
nature, ② polypeptides have no toxic side ef- 
fects and immune reactions, ③ polypeptides 
have good biocompatibility and surface acti- 
vity, ④ polypeptides can be biodegraded, ea- 
sily accessible or artificially designed. There- 
fore, self-assembled polypeptides are consid-
ered to be suitable scaffolds for wound repair 
in tissue engineering centers. 

The previous studies [14, 15] have shown that 
self assembling collagen peptide (RAD16-I), as 
a water-soluble self-assembled collagen pep-
tide, can form hydrogel state and self assemble 
into Nano-network structure. In the process of 
self-assembly, cells can be embedded in three-
dimensional reticular matrix of RAD16-I, and 
can migrate freely and interact with each other 
[16]. Therefore, in this study, we chose human 
umbilical cord mesenchymal stem cells (hUC-
MSCs) as the seed cells. hUCMSCs have the 
functions of self-renewal and proliferation, and 
have strong multidirectional differentiation po- 
tential and cell stability [17]. Therefore, hUC-
MSCs have shown great potential in regenera-
tive medicine and tissue engineering.

Therefore, in this study, the collagen-like ma- 
trix constructed by hUCMSCs combining self-
assembled polypeptide was studied by cytolo- 
gical assays. At the same time, this study also 
attempted to explore the feasibility of tissue 
engineering scaffold materials in the pre-clini-
cal application.

Materials and methods

Collection and acquisition of human umbilical 
cord tissues

The umbilical cord tissue used in this study  
was derived from the remaining umbilical cord 

of healthy pregnant women who underwent ca- 
esarean section. The umbilical cord was freely 
presented by the Obstetric Ward of Xijing Hos- 
pital of Air Force Military Medical University, 
Xi’an, China. The umbilical cord was collected  
in a reagent bottle containing DMEM high su- 
gar medium (Hyclone, Logan, UT, USA), con- 
taining 5% Penicillin-Streptomycin (SolarBio. 
SciTech. Co. Ltd., Beijing, China) and stored in 
laboratory by cryo-preservation of a foam box 
containing crushed ice.

This study has been approved by the Ethi- 
cal Committee of the Fourth Military Medical 
University, Xi’an, China. Meanwhile, all of the 
pregnant women or their families have provid-
ed the written formed consents.

Isolation and primary culture of hUCMSCs

The hUCMSCs were isolated and cultured ac- 
cording to the previous study described [18]. 
The obtained cells were cultured and the pas-
saged 4 generation (P4 generation) cells were 
collected for the following experiments. Briefly, 
the isolated cells were cultured in DMEM medi-
um (Hyclone, Logan, UT, USA), containing 10% 
fetal bovine serum (FBS, Gibco BRL. Co. Ltd., 
Grand Island, New York, USA) and supplement-
ing with 5% Penicillin-Streptomycin (SolarBio. 
SciTech. Co. Ltd.). When, the cells were pas-
saged for 4 generations, the P4 cells were 
collected.

Identification for hUCMSCs

In this research, the isolated hUCMSCs were 
identified using immunofluorescence assay 
and flow cytometry assay. For the immunofluo-
rescence assay, which was conducted accord-
ing to the previous study [19]. In brief, hUC-
MSCs were fixed using 4% paraformaldehyde 
(Sigma-Aldrich, St. Louis, Missouri, USA) for 30 
min, permeabilized using Triton-X 100 (Sigma-
Aldrich) for 5 min and then blocked using 5% 
bovine serum albumin (BSA, Beyotime Biotech. 
Shanghai, China). Then, the cells were incubat-
ed with rabbit anti-human CD44 monoclonal 
antibody (Cat. No. ab189524, 1:500, Abcam 
Biotech., Cambridge, MA, USA) at 4°C over- 
night and then incubated with goat anti-rabbit 
Alexa Fluor 555 labeled IgG (ab150078, Ab- 
cam Biotech.) at 37°C for 1 h. The nuclei were 
also stained using DAPI (SolarBio. SciTech. Co. 
Ltd., Beijing, China). The immunofluorescence 
images were captured using laser scanning 
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confocal microscope (Model: FV3000, Olym- 
pus, Tokyo, Japan).

For the flow cytometry assay, which was con-
ducted based on description of previous study 
[17]. Briefly, hUCMSCs were harvested, wash- 
ed with PBS and labeled using CD29-FITC, 
CD44-PE, CD73-FITC, CD90-FITC, CD105-PE, 
CD34-FITC, CD45-PE and CD106-PE antibod-
ies (BD Bioscience, San Jose, CA, USA). Subse- 
quently, the above stained cells were analyzed 
using Coulter Epics XL flow cytometer (Coulter 
Corp., Miami, MI, USA).

Induction of hUCMSCs and adipogenic/osteo-
genic differentiation

The hUCMSCs were seeded in the 6-well plates 
(Corning-costar, Corning, NY, USA) in the adipo-
genic-differentiation medium (DMEM contain-
ing insulin, FBS, dexamethasone, indometacin, 
IBMX), all of which were purchased from Sigma-
Aldrich. (St. Louis, Missouri, USA) or osteogen-
ic-differentiation medium (DMEM containing de- 
xamethasone, β-glycerophosphate and ascor-
bic acid) for 2 weeks, based on the protocols of 
manufacturers. Post the above induction, adip-
ogenic- or osteogenic-potential was assessed 
using Oil red O staining (SolarBio. SciTech. Co. 
Ltd., Beijing, China) and Alizarin red staining.

Preparation of self-assembling collagen pep-
tide RAD16-I hydrogel and substance P (SP)

The self-assembling peptide RAD16-I hydrogel 
was prepared according to the former study 
described [20], with some modifications. In 
brief, the self-assembling peptide scaffold was 
generated by diluting 100 mg RAD16-I power 
(with molecular weight of 2315 Da. and purity 
of 98.0%, with peptide sequence of ARG-PRO-
LYS-PRO-GLN-GLN-PHE-PHE-GLY-LEU-MET-
NH2, Ahqzsw Bio., Anhui, China) into the 10 ml 
sterile double steamed water, mixing uniformity 
and keeping still for 30 min. Then, the generat-
ed self-assembling peptide RAD16-I hydrogel 
at concentration of 10 mg/ml was stored at 
4°C for following usage.

Total of 1.416 mg SP solid powder (with molec-
ular weight of 1348 Da. and purity of 95.2%, 
with peptide sequence of AcN-RADARADARA- 
DARADA-CNH2, Ahqzsw Bio., Anhui, China) was 
dissolved into 1 ml sterile double-steamed 
water. The concentration of SP solution was 

adjusted to 1 × 10-8 M and stored at 4°C for  
the following usage.

Scanning electron microscopic (SEM) evalua-
tion of scaffold materials with different com-
bining modes

The self-curing calcium phosphate (CPC) paste 
(Redpont BioTech., Anhui, China) was prepared 
by mixing proper amount of CPC powder parti-
cles and its solidified liquid in mass/volume 
(m/V) of 3.0 g:1 ml, which was assigned as CPC 
group. The RAD16-I was coated in a flat dish 
and assigned as RAD16-I group. The appropri-
ate amount of CPC powder was mixed with 1 × 
10-8 M SP solution in the same proportion and 
assigned as CPC/SP group. The CPC composite 
paste was mixed with prepared RAD16-I (10 
mg/mL) hydrogel in mass volume ratio (m/V)  
of 3.0 g:1 ml, which was assigned as CPC/
RAD16-I group. The mixture of 1 × 10-8 M SP 
solution and 10 mg/mL RAD16-I gel was mixed 
according to the volume ratio (1:1) of the pre-
cursor and then mixed with the powder in the 
above proportion to prepare CPC paste, which 
was assigned as CPC/SP/RAD16-I group. After 
the pastes were solidified in a 7 mm × 7 mm × 
2 mm casting mould, the samples of each 
group were placed on a glass plate. The vacu-
um freeze-drying machine was used to treat 
the CPC paste, at -60°C for 25 h. Then, the sur-
face of the combining models was treated us- 
ing spraying gold. The surface morphology and 
ultra-structure of the combining models were 
observed using the S-4800 Scanning Electron 
Microscopy (Hitachi Ltd., Tokyo, Japan) at an 
accelerated voltage of 5.0 kV.

Culture of hUCMSCs in simulated collagen-like 
matrix environment

The P4 generation of hUCMSCs was digested 
when the cell fusion reached to 80%. The cells 
were suspended in 10% sucrose solution (Red- 
pont BioTech., Anhui, China), and the cell con-
centration was adjusted to 1 × 105 cells/ml. 
24-well plates were added to complete culture 
medium for blank control group. Another 24- 
well plates were prepared and cultured in com-
plete culture medium containing 1 × 10-8 M SP 
solution for each hole as SP group. Control 
group and SP group were both plane-culture 
group.
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In the stereoscopic-culture group, a RAD16-I 
hydrogel with a concentration of 10 mg/ml was 
firstly added to the 24-well plate. The above 
RAD16-I hydrogel was cultured and incubated 
at 37°C and 5% CO2 incubator for about 24 h, 
until the gel was completely bonded. The hUC-
MSCs were transferred to the P4 generation. 
When its growth and fusion reached to 80%, it 
was digested using 10% sucrose solution, and 
the cell concentration was adjusted to 1 × 105 
cells/ml. This treatment of RAD16-I hydrogel  
as above was assigned as RAD16-I group. 
Another 24-well plate was prepared and cul-
tured in the complete medium containing 1 × 
10-8 M SP solution at dosage of 200 ml/well  
as the RAD16-I/SP group. RAD16-I group and 
RAD16-I/SP group were stereo-cultured group. 
The liquid was changed for the first time after  
1 day, and then every 2 days. Cell growth was 
observed by inverted microscope, and photo-
graphed and recorded.

Cell counting kit 8 (CCK-8) assay

The cell suspension (100 ml/well) was inocu-
lated into 96-well plates by adjusting cell dos-
age of 5 × 104 cells/ml. The cells were pre-cul-
tured for 1 day, 2 days, 3 days, 5 days and 7 
days in a humid incubator at 37°C and 5% CO2. 
Then, the cells were incubated with 10 μl CCK- 
8 solution (MP Biomedicals, Irvine, CA, USA) for 
2 h. The absorbance value (OD) was measured 
using enzyme linked immuno-analyzer (Model: 
ELX-800, Bio-Tek Inc., Winooski, VT, USA), at 
450 nm wavelength. The numerical values 
were plotted as cell proliferation curves.

Cell viability assay

Post the culture of 1st, 3rd, 5th and 7th day, 
the cells in each group were stained with live/

py and blue excitation light, the green repre-
sented the living cells and red represented the 
dead cells. Three random visual fields were 
selected for each well, and five multiple wells 
were set to measure the number of viable/ 
dead cells in each well, then the cell viability  
of each group was calculated. The formula for 
calculating viable cell force was listed as the 
following: percentage of viable cells = number 
of viable cells/(number of viable cells + number 
of dead cells) × 100%.

Quantitative real-time PCR assay (qRT-PCR)

RNAs in hUCMSCs were extracted using TRK 
cell lysate containing β-mercaptoethanol (Ke- 
hao BioTech., Hanzhou, China). Complementary 
DNAs (cDNAs) were also generated with Re- 
verse Transcription Kit (Cat. No. GA30333, 
Omega Bio-Tek, Inc., Atlanta, USA) based on 
manufacturer’s protocol. The mRNA expression 
of ALP, RUNX-2, COL-1, OCN and β-actin was 
measured with SYBR PrimeScipt Plus RT-PCR 
Kit (Cat. No. DRR096A, Takara BioTech., Da- 
lina, China) using the Real-time Fluorescence 
quantitative PCR reactor (Model: ABI-7500, 
Thermo Fisher Scientific, Waltham, MA, USA). 
The primers used in this study were listed in 
Table 1. All of the amplified genes were ana-
lyzed using professional Gel Scanning System 
(Model: GDS8000, UVP, Sacramento, CA, USA) 
due to the equipment’s protocol. The final ge- 
ne expressions were evaluated using method 
of 2-ΔΔct, depending on protocol of the previous 
document [21].

Western blot assay

Expression of osteogenic molecules, including 
ALP, RUNX-2, COL-1, OCN, were also examined 
with western blot assay. The hUCMSCs cells 

Table 1. Primer sequences for the RT-PCR assay
Genes Sequences Length (bp)
ALP Forward 5’-CCTTGAAAAATGCCCTGAAA-3’ 191

Reverse 5’-CTTGGAGAGAGCCACAAAGG-3’
RUNX-2 Forward 5’-GAGCTACGAAATGCCTCTGC-3’ 173

Reverse 5’-GGACCGTCCACTGTCACTTT-3’
COL-1 Forward 5’-TGGTCCTCAAGGTTTCCAAG-3’ 123

Reverse 5’-TTACCAGCTTCCCCATCATG-3’
OCN Forward 5’-CATGAGGACCCTCTCTCTGC-3’ 153

Reverse 5’-AGGTAGCGCCGGAGTCTATT-3’
actin Forward 5’-GCGACCTCACCGACTACCT-3’ 136

Reverse 5’-GCCATCTCGTTCTCGAAGTC-3’

dead fluorescent staining. Cell death 
fluorescent staining reagents were 
placed at room temperature, gently 
patted and blended. The Calcein AM 
solution (Dojindo, Kumamoto, Japan) 
and EthD-1 solution (Thermo Fisher 
Scientific, Hudson, NH, USA) were cen-
trifuged for following usage. The stain-
ing solution was prepared by mixing 
Calcein AM and EthD-1 solution accor- 
ding to volume ratio (v/v) of 1:1 and 
diluted for 200 folds. The staining so- 
lution was added to the cell pore and 
placed in the incubator at 37°C for 5 
min. Under the fluorescence microsco-
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were lysed with Trizol lysate (Beyotime Bio- 
tech.) for 10 min and centrifuged at 10000  
r/min to harvest protein. Protein’s concentra-
tion was determined with BCA protein assay  
kit (Beyotime Biotech). The obtained proteins 
were loaded onto SDS-PAGE gel and electro-
transferred onto PVDF membrane (AB, Pisca- 
taway, NJ, USA). Then, the PVDF membranes 
were treated with mouse anti-human OCN an- 
tibody (Cat. No. ab13418, Abcam, Cambridge, 
Massachusetts, USA), rabbit anti-human ALP 
antibody (Cat. No. ab83259, Abcam), rabbit 
anbti-human RUNX-2 antibody (Cat. No. 860- 
139, ZEN Bio., Chengdu, China), rabbit anti-
human COL-1 antibody (Cat. No. 14695-1-AP, 
Proteintech, Rosemont, IL, USA) and rabbit 
anti-human GAPDH antibody (Cat. No. ab181- 
602, Abcam) at 4°C overnight. Then, PVDF 
membranes were also treating using HRP-
labeled goat anti-rabbit IgG (Cat. No. 12-348, 
Sigma-Aldrich, St. Louis, Missouri, USA) or  
HRP-labeled goat anti-mouse IgG (Cat. No. 
12-349, Sigma-Aldrich) at room temperature 
for 2 h. Western blot bands were imaged with 
ECL imaging kit (Beyotime Biotech.) and ima- 
ges were analyzed using Labworks Analysis 
Software (Bio-Rad., Hercules, CA, USA). Rela- 
tive protein expression of ALP, RUNX-2, COL-1, 
OCN was represented as ratio of western blot 
band grey density normalized to grey density  
of GAPDH protein.

Histological staining

HE staining: After 4 weeks of incubation, the 
cells were washed using PBS and fixed with  
4% PFA for 15 min. Then, cells were paraffin-
embedded and cut into sections with thick- 
ness of 5 μm. Post the dewaxing, the dewaxed 
ethanol gradient was conducted to dehydrate 
the water from sections, which were then in- 
cubated with hematoxylin (Beyotime Biotech., 
Shanghai, China) for 15 min. Post washing with 
ddH2O, the sections were removed into the  
differentiating solution and incubated for 10 
min, flowing with washing for 30 min and stain-
ing with eosin (Beyotime Biotech.) for 5 min. 
The cells were dried after washing with run- 
ning water and sealed with neutral gum. The 
morphology and differentiation of cells were 
observed under a microscope (Model: CX22, 
Olympus, Tokyo, Japan) and photographed.

Masson staining: The paraffin embedded sec-
tions were dewaxed and washed using distill- 

ed water. Then, the sections were nucleated 
with Weigert hematoxylin (Beyotime Biotech.) 
for 5 s, stained with Masson Lichunhong acid 
reddish solution (Beyotime Biotech.) for 10  
min, differentiated with 1% phosphomolybdic 
acid solution (Sigma-Aldrich) for 5 min, and 
dyed with aniline blue (Sigma-Aldrich) for 5  
min. Subsequently, the sections were washed 
with 0.2% glacial acetic acid solution (Sigma-
Aldrich) for 5 s. Post the dehydration of 95% 
alcohol and anhydrous alcohol (Beyotime Bio- 
tech.), transparent with xylene (Fuyu Chem. 
Industry, Shandong, China) and sealed with 
neutral gum, the results were observed and 
analyzed under the microscope (Model: CX22, 
Olympus, Tokyo, Japan).

Cell viability measurement of cell-collagen-like 
matrix complex

The feasibility of injecting the cell-collagen- 
like matrix complex (RAD16-I or RAD16-I/SP)  
in Stereo-culture group was studied. The cells 
in the culture plates were sucked up by sy- 
ringe and then injected back into the culture 
plates. The cell viability was measured post  
the 24 h of incubation.

Scanning electron microscopic observation 
for osteoid-matrix environment simulated cell-
scaffold complex

CPC was injected into the cell-collagen-like 
matrix complex with a double-barrel syringe. 
After it was completely solidified, CPC was 
placed in a freeze-dryer for 25 h. The ultra-
structure and cell morphology of the material-
cell complex were observed under Scanning 
Electron Microscopy (Hitachi Ltd., Tokyo, Ja- 
pan).

Statistical analysis

The SPSS17.0 software (IBM SPSS, Inc., Chi- 
cago, IL, USA) was utilized for the statistical 
analysis. Student’s t test was applied to com-
pare values between two independent vari-
ables. In the case of homogeneity of variance, 
the ANOVA was applied to compare values of 
multiple samples, while the Kruskal-Wallis rank 
sum test was applied in case of variance het-
erogeneity. The multiple comparisons between 
two groups were analyzed using the least sig-
nificant difference t (LSD-t). When the p value 
less than 0.05, it was considered as the sta- 
tistically significant.
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Results

SEM findings for scaffold materials with differ-
ent combining modes

SEM findings showed that on surface of scaf-
fold materials in single CPC group (Figure 1A) 
and CPC/SP group (Figure 1B), the CPC was 
irregular and closely arranged with different 
particle diameters. Meanwhile, the pore diam-
eter between particles was about 10 microns. 
In RAD16-I group (Figure 1C), post freeze-dry-
ing, the surface was smooth, showing a spon- 
ge-like three-dimensional mesh porous colla-
gen-like structure. And the pore diameter was 
about 50-70 microns. The results of CPC/
RAD16-I (Figure 1D) and CPC/SP/RAD16-I 
(Figure 1E) demonstrated that the pore size 
between CPC and RAD16-I increased to 70 
micron post the mixture of RAD16-I and CPC 
was lyophilized.

Morphological evaluation and identification of 
hUCMSCs

The umbilical cord tissues were isolated and 
digested using type I collagenase to obtain  
the primary hUCMSCs (Figure 2A). The hUC-
MSCs were primarily passaged from P1 to P3 
generation and observed under the inverted 
microscope. The cells were gradually extended 
from round to long spindle shape with close 
adherence arrangement, and fused for about 
5-7 days (Figure 2B). Cell growth curve was 
drawn according to the number of primary  
cells and sub-cultured cells. The results indi-

cated that hUCMSCs amounts of P1, P2 and 
P3, were increased following with the prolong- 
ed culturing time (from day 1 to day 7) (Figure 
2C).

The immunofluorescence assay results show- 
ed that the specific marker CD44 was posi- 
tively expressed in hUCMSCs, and nucleus of 
cells stained with DAPI showed blue fluores-
cence (Figure 2D). The purity of hUCMSCs  
was over 90% due to the immunofluorescence 
identification. Moreover, the flow cytometry 
findings exhibited that the expression rates 
stem cell surface biomarkers, including CD29, 
CD44, CD73, CD90 and CD105 were 96.4%, 
95.2%, 84.7%, 92.7% and 98%, respectively. 
Meanwhile, expression rates of hematopoietic 
biomarkers, including CD34, CD45 and CD106 
were 1.9%, 2.9% and 4%, respectively (Figure 
2E). Therefore, the cultured cells were identi-
fied as hUCMSCs.

hUCMSCs demonstrated multidirectional dif-
ferentiation potential

The adipogenic induction Oil red O staining 
results indicated that hUCMSCs demonstra- 
ted no lipid droplets in Control group, while 
demonstrated the red-stained lipid droplets 
staining in Induction group (Figure 3A). The 
osteogenic induction Alizarin red staining re- 
sults showed that hUCMSCs demonstrated 
obvious reddish-brown mineralized nodules in 
Induction group and without obvious mineral-
ized nodules in Control group (Figure 3B).

Figure 1. Microstructures of each 
group evaluated using scanning 
electron microscope. A. CPC group. 
B. CPC/SP group. C. RAD16-I gro- 
up. D. CPC/RAD16-I group. E. CPC/
SP/RAD16-I group. Magnification, 
5000 ×.
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Growth of hUCMSCs under plane-culture and 
stereoscopic-culture 

Cell growth and morphological structure of 
plane cell culture group and three-dimensional 
cell culture group were observed using micro-
scope. The results showed that the cells in 
plane-culture groups (Control group (Figure  
4A) and SP group (Figure 4B)) and stereoscop-
ic-culture groups (RAD16-I (Figure 4C) and 
RAD16-I/SP group (Figure 4D)) grew well. Me- 
anwhile, the plane-culture group (2D group) 
illustrated no obvious cell colony (Figure 4E), 
and hUCMSCs in stereoscopic-culture group 
(3D group) were clustered and gradually ex- 
tended (Figure 4F).

CCK-8 results showed that the cell prolifer- 
ation rate of Control group was the lowest 
among all time points, compared with the oth- 
er 3 groups (Figure 4G). At the same time, the 
cell growth in each group increased logarith- 
mically from 3rd days to 5th days, while, the 
proliferation activity of the remaining three 

ally extended, showing long spindle or irregular 
polygon, and a few cells were red stained with-
out significant difference between groups (Fig- 
ure 5B, P>0.05). Cells in each group maintain- 
ed a high degree of stability, and there was no 
significant difference in cell activity and prolif-
eration potential among the components (Fig- 
ure 5B, P>0.05).

SP-induced RAD16-I mediated stereo-culture 
of hUCMSCs promoted osteogenesis-related 
molecules expression

After culturing for 4 weeks in different culture 
environments, expression of osteogenesis-re- 
lated genes, including OCN (Figure 6A), RUNX-2 
(Figure 6B), ALP (Figure 6C) and COL-1 (Figure 
6D), was evaluated using RT-PCR assay. The 
data showed that expression of osteogenesis-
related genes in 1 × 10-8 M SP-induced plane-
culture group and self-assembling collagen 
peptide RAD16-I structured stereo-culture gro- 
up was remarkably higher compared to that in 
Control group (Figure 6, P<0.05). Meanwhile, 
expressions of OCN, RUNX-2, ALP and COL-1 

Figure 2. Isolation, primary culture and identification of hUCMSCs. A. Isolated human umbilical cord tissues. B. 
Morphological observation of cells from P1 to P3 under inverted microscope (scale bar =200 μm). C. Growth curve 
of hUCMSCs from P1 to P3. D. Immunofluorescence detection for hUCMSCs (scale bar =100 μm). E. Flow cytometry 
detection of specific markers of hUCMSCs. 

Figure 3. Evaluation for adipogenic-differentiation and osteogenic-differenti-
ation of hUCMSCs under inverted microscope. A. Adipogenic-differentiation 
of hUCMSCs using Oil red O staining. B. Osteogenic-differentiation of hUC-
MSCs using Alizarin red staining. Scale bar =200 μm.

groups was significantly high-
er compared to that of the 
Control group on the 7th day 
(Figure 4G, P<0.05). How- 
ever, there was no significant 
statistical difference among 
SP group, RAD16-I group and 
SP/RAD16-I group (Figure 4G, 
P>0.05).

SP-induced RAD16-I medi-
ated stereo-culture of hUC-
MSCs demonstrated higher 
cell activity and proliferation 
potential

Calcein AM/EthD-1 staining  
of living/dead cells findings 
showed that most cells in dif-
ferent culture environments 
and conditions showed gre- 
en fluorescence staining, and 
the number of cells increased 
gradually with the prolonged 
time (Figure 5A). At the same 
time, cell morphology gradu-
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genes in SP-induced plane-culture group were 
significantly higher compared to those in pla- 
ne-culture group without SP induction (Figure 
6, P<0.01). For expression of RUNX-2 gene, 1 × 
10-8 M SP-induced RAD16-I stereo-culture gro- 
up was remarkably higher compared to that in 
SP-induced RAD16-I plane-culture group (Fig- 
ure 6, P<0.05). There was no significant differ-
ence in gene expression between RAD16-I ste-
reo-culture group and Control group (Figure 6, 
P>0.05). Therefore, different culture environ-
ments and conditions could obviously influence 
the expression of osteogenesis-related genes.

Moreover, the western blot assay was also  
conducted to clarify the effects of SP-induced 
RAD16-I mediated stereo-culture of hUCMSCs 

SP-induced RAD16-I mediated stereo-culture 
of hUCMSCs triggered formation of collagen-
like fibers

The hUCMSCs were cultured in different cul- 
ture environments for 4 weeks and then sta- 
ined with HE staining and Mason staining me- 
thod. HE staining results demonstrated that 
hUCMSCs in 1 × 10-8 M SP-induced plane-cul-
ture group were clustered and closely conne- 
cted with each other (Figure 8B). Meanwhile, 
comparing with Control group, the surface area 
of cell clusters significantly increased and the 
staining significantly deepened (Figure 8B). In 
the stereo-culture group, part of RAD16-I was 
red stained, which was the same as that of the 
simulated extra-cellular matrix (Figure 8B). The 

Figure 4. Growth and proliferation of both stereo-cultured and plane-cultured 
hUCMSCs. A. hUCMSCs growth of Control group within 1 week of culture. B. 
hUCMSCs growth of SP group within 1 week of culture. C. hUCMSCs growth of 
RAD16-I group within 1 week of culture. D. hUCMSCs growth of RAD16-I/SP 
group within 1 week of culture. E. Plane-cultured (2D cultrue) group observed 
under an inverted microscope (scale bar =200 μm). F. Stereo-cultured (3D 
culture) group observed under an inverted microscope. The arrow showed 
the cell mass (scale bar =200 μm). G. Comparison of cell proliferation be-
tween different groups in different culture environments. *P<0.05 represent-
ed the differences between the illustrated two groups.

on osteogenesis-related mol-
ecules expression (Figure 
7A). The western blot assay 
results consisting with the 
PCR assay findings that SP- 
induced RAD16-I mediated 
stereo-culture of hUCMSCs 
significantly promoted the 
OCN (Figure 7B), COL-1 (Fig- 
ure 7C), ALP (Figure 7D) and 
RUNX-2 (Figure 7E) protein 
expression compared to the 
other groups (P<0.05). 

SP-induced RAD16-I medi-
ated stereo-culture of hUC-
MSCs promoted production 
of mineralized nodules

The hUCMSCs were cultured 
in different culture environ-
ments for 4 weeks and then 
stained with Alizarin red me- 
thod. The results illustrated 
that obvious reddish brown 
mineralized nodules were ob- 
served in both plane-culture 
group and stereo-culture gro- 
up (Figure 8A). However, am- 
ounts of calcium nodules we- 
re remarkably increased in 1 
× 10-8 M SP-induced RAD16- 
I stereo-culture group and 
SP-induced plane-culture gro- 
up (Figure 8A). Meanwhile, no 
mineralized nodules were dis-
covered in Control group (Fig- 
ure 8A).
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Figure 5. Determination for the live/dead cell staining using fluorescence assay. A. Fluorescence staining of live/dead cells. B. Statistical analysis for cell viability 
and growth curve in each group (scale bar =200 μm).
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structure of collagen-like fibers was light pink, 
and the cytoplasm and surrounding areas were 
bright red with strong reflections. However, in 
the 1 × 10-8 M SP-induced RAD16-I stereo-cul-
ture group, a small amounts of bone matrix-like 
blue staining began to appear around the hUC-
MSCs post 4 weeks culture (Figure 8B).

Masson staining findings exhibited that the  
SP group demonstrated obviously higher cell 
aggregation and deeper staining compared to 
that of Control group (Figure 8C). The collagen-
like fibers were blue-stained in matrix around 
the RAD16-I cells in 1 × 10-8 M SP-induced 
RAD16-I stereo-culture group (Figure 8C). More 
importantly, the density of blue-stained colla-
gen-like fibers in 1 × 10 -8 M SP-induced RAD16- 
I stereo-culture group was remarkably higher 
compared to that of SP-induced RAD16-I ste-
reo-culture group (Figure 8C).

Cell-collagen-like matrix complex injection ex-
hibited no cytotoxicity

The cytotoxicity of cell-collagen-like matrix com-
plex (RAD16-I or RAD16-I/SP) injected hUC-

derly and tightly bound to the composites 
(Figure 10). The cells grew in a long spindle 
shape and had good biocompatibility.

Discussion

In field of tissue engineering, self-assembling 
technology of collagen-like polypeptide mole-
cules has been become a research hot-spot in 
constructing new small biological molecular 
carriers [22, 23]. Self-assembled collagen-like 
polypeptide molecules have special sequ- 
ences, polar and non-polar surfaces and spe-
cial structures of amino acid complementary 
bands. In recent years, self-assembled colla-
gen-like polypeptides have shown some sig- 
nificant advantages [24, 25], including favor-
able to cell attachment and growth, higher 
specificity and biological activity, huge surfa- 
ce-area allowing attachment of specific bioac-
tive and nutrient factors and demonstration  
of less immunogenicity/pathogenicity, without 
any cytotoxicity and side-effects.

Mesenchymal stem cells need to be expand- 
ed and cultured in vitro to obtain enough cells 

Figure 6. Examination for osteogenesis-related genes expression in 4 weeks 
cultured hUCMSCs of each group using RT-PCR assay. A. Statistical for OCN 
mRNA expression. B. Statistical for COL-1 mRNA expression. C. Statistical for 
ALP mRNA expression. D. Statistical for RUNX-2 mRNA expression. *P<0.05, 
**P<0.01, ***P<0.001 represented the differences between the illustrated 
two groups.

MSCs was evaluated using 
live/dead fluorescent stain-
ing. The results illustrated 
that the fluorescent staining 
of cells in each group be- 
fore and after injection was 
green, most of them were liv-
ing cells, and the cells were 
clustered and stretched in 
lumps (Figure 9A). The statis-
tical analysis findings showed 
that there was no significant 
difference for the cell viability 
between Control group and 
Injection group for both of 
RAD16-I or RAD16-I/SP cell-
collagen-like complex (Figure 
9B, P>0.05). 

Osteoid-matrix environment 
simulated hUCMSCs-scaffold 
(SP-induced RAD16-I) com-
plex exhibited better biocom-
patibility

SEM data showed that post 
the freeze-drying of CPC/
RAD16-I/hUCMSCs complex, 
the hUCMSCs expanded or- 
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before they can be used in basic and clinical 
research and treatment [26, 27]. Presently, in 
vitro cell expansion and culture is mainly plane-
culture (2D culture), but most normal human 
physiological cells grow in stereo-form (3D cul-
ture) and play normal physiological functions 
[28]. Therefore, plane-culture might result in 
decrease or loss of biological activity of me- 
senchymal stem cells, leading to premature 
aging of cells. In this study, in order to main- 
tain biological characteristics of hUCMSCs, we 
applied RAD16-I collagen peptide gel mate- 
rials for 3D stereo-culture. However, there is 
even no study [29] focusing on 3D stereosco- 
pic hUCMSCs cell culture based on self as- 
sembling collagen peptide hydrogel RAD16-I. 
Therefore, this study chose hUCMSCs as seed 
cells, selected the RAD16-I self-loaded poly-
peptide as three-dimensional scaffold to carry 
out the experiments. This study would provide  
a basis for future stereo-culture of mesenchy-

[32]. In our study, the CD44-stained immuno-
fluorescence assay showed that the purity of 
hUCMSCs even achieved over 90%. The previ-
ous literatures [33, 34] also reported that the 
stem cell surface antigens mainly include 
CD29, CD44, CD59, CD73 molecules, while 
hematopoietic cells markers mainly include 
CD34, CD45, CD106, CD117 molecules. The 
flow cytometry findings also demonstrated that 
the surface markers, including CD29, CD44, 
CD73, CD90 and CD105 of P4 hUCMSCs, were 
positively expressed while hematopoietic mark-
ers, including CD34, CD45 and CD106, were 
negatively expressed. These results suggest 
that the cells don’t originate from the hemato-
poietic cells. Therefore, the cells were identified 
as hUCMSCs. The adipogenic induction Oil red 
O staining showed the red-stained lipid drop-
lets staining and osteogenic induction Alizarin 
red staining showed the reddish-brown minerali- 
zed nodules in induced hUCMSCs. These resu- 

Figure 7. Determination for the osteogenesis-related molecules expression in 
4 weeks cultured hUCMSCs of each group with western blot assay. A. West-
ern Blot of OCN, COL-1, ALP and RUNX-2 protein expression. B. Statistical 
analysis of the OCN gene expression. C. Statistical analysis of the COL-1 gene 
expression. D. Statistical analysis of the ALP gene expression. E. Statistical 
analysis of the RUNX-2 gene expression. *P<0.05 and **P<0.01 represented 
differences between the illustrated two groups.

mal stem cells in transplanta-
tion therapy.

The tissue source of hUC-
MSCs mainly derives from  
the Wharton’s jelly and sub-
endothelial layer of umbilical 
vein [30, 31]. In this study, 
hUCMSCs were successfully 
obtained by enzymatic dige- 
sting the umbilical cord tis-
sues. The findings show- 
ed that the cell growth was 
stable, proliferation rate was 
high, and the adherence 
could be completed within a 
relatively short time. Micros- 
copic measurement also sh- 
owed that cell morphology  
of hUCMSCs in logarithmic 
phase was long spindle, and 
the degree of fusion could 
reach 90% at 9th days of  
cell growth, with closely po- 
larized cells.

Nowadays, the specific anti-
gen biomarkers of hUCMSCs 
are not clear, therefore, iden-
tification of which mainly con-
ducted using cell morphology 
analysis, flow cytometry as- 
say and multi-directional dif-
ferentiation ability method 
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lts hint that the hUCMSCs demonstrate mul- 
tidirectional differentiation potential, which is 
consistent with the previously published docu-
ments [35, 36].

In this study, the results of stereo-culture (3D 
culture) also showed that cells in RAD16-I/SP 
scaffolds could grow, adhere and proliferate in 

a short time, as well as aggregated and ex- 
tended in mass. With the passage of time, the 
cell mass gradually increased, showing long 
spindle or irregular polygon. SEM findings sh- 
owed that the self-assembled collagen-like 
polypeptide RAD16-I was composed of a large 
number of nano-fibers with three-dimensional 
reticular structure, which was conducive to cell 

Figure 8. Effects of SP and/or RAD16-I mediated hUCMSCs plane-culture and stereo-culture for 4 weeks on produc-
tion of mineralized nodules and formation of collagen-like fibers. A. Determination for production of mineralized 
nodules using Alizarin red staining (scale bar =200 μm). B. Determination for formation of collagen-like fibers using 
HE staining (40 ×, scale bar =500 μm. 100 ×, scale bar =200 μm). C. Determination for production of collagen-like 
fibers using Masson staining (40 ×, scale bar =500 μm. 100 ×, scale bar =200 μm).
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adhesion and growth. Fluorescence staining of 
living/dead cells on day 1, day 3, day 5 and day 
7 showed that most of cells in RAD16-I gro- 
up, SP group and RAD16-I/SP group showed 
green staining, and the number of cells gradu-
ally increased. Only a small number of cells in 
SP group were red stained, and the proportion 
of living cells was always above 90%. The ex- 
pressions of OCN, RUNX-2, ALP and COL-1 ge- 
nes [37] in SP-induced cell plane-culture gro- 
up and stereo-culture group were significantly 
higher than those in non-SP-induced plane- 
culture group and non-SP-induced stereo-cul-
ture group. This result fully demonstrates that 
SP plays an important role in inducing and 
mobilizing mesenchymal stem cells in process 
of osteogenic differentiation and expression. At 
the same time, RAD16-I also provides a stable 

microenvironment for the release of SP active 
factors.

The HE staining results showed that the hUC-
MSCs in SP group were clustered and closely 
connected with each other, and the surface 
area of cell clusters was larger and deeper  
than that in Control group. In stereo-culture 
group, RAD16-I was red, the structure of col- 
lagen-like fibers was light pink, and the cyto-
plasm and it’s surrounding were bright red  
with strong reflections. Especially in RAD16-I/
SP group, a small amount of bone matrix-like 
blue staining began to appear around hUC-
MSCs. Masson staining also indicated that SP 
group demonstrated higher cell aggregation 
and deeper staining than Control group. Mean- 
while, collagen-like fibers were blue stained in 
surrounding matrix of RAD16-I/hUCMSCs in 
three-dimensional culture group. The hUCMSCs 
density of RAD16-I/SP group was remarkably 
higher compared to that of RAD16-I group. 
These results indicate that the collagen like 
peptide molecules could completely simulate 
extra-cellular matrix components in hydrogel 
state, and demonstrated good biocompatibility 
[38]. The hUCMSCs stereo-culture induced by 
SP mobilization exhibits the tendency of osteo-
genic transformation. The feasibility of inject- 
ing the cell-collagen-like matrix complex in ste-
reo-culture group proved that the material-cell 
complex was injectable, and the number of liv-
ing cells in injected complex was more than 
90%. In this study, CPC composite solidified 
freeze-dried cells could adhere to RAD16-I 

Figure 9. Cytotoxic effects of RAD16-I and RAD16-I/SP injections on hUCMSCs. A. Fluorescence staining of live/
dead cells (scale bar =200 μm). B. Statistical analysis for hUCMSCs viability before and post the injection. 

Figure 10. Microstructure of cell-material compos-
ites observed under scanning electron microscope 
(Magnification, 1000 ×).
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composites tightly and could also construct 
composite materials to simulate the morpholo-
gy and structure of cancellous bone. This laid  
a foundation for the next step of material injec-
tion in animal experiments.

In conclusion, the present study successfully 
established a kind of collagen-like matrix com-
plex by combining self-assembling collagen pe- 
ptide RAD16-I/SP complex with stereo-cultured 
hUCMSCs. SP-induced RAD16-I mediated ste-
reo-culture of hUCMSCs promoted osteogene-
sis-related gene expression and triggered pro-
duction of mineralized nodules and formation 
of collagen-like fibers. The cell-collagen-like 
matrix complex (RAD16-I/SP/hUCMSCs) injec-
tion exhibited no cytotoxicity and exhibited bet-
ter biocompatibility.
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