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Abstract

In vivo, stem cells reside in a three-dimensional (3D) extracellular microenvironment in which com-

plicated biophysical and biochemical factors regulate their behaviors. Biomimicking of the stem

cell�matrix interactions is an ideal approach for controlling the stem cell fate. This study investi-

gates the effects of the incorporation of cell-adhesive ligands in 3D self-assembling peptide

hydrogels to modulate stem cell survival, proliferation, maintenance of stemness, and osteogenic

differentiation. The results show that the composite hydrogels were non-cytotoxic and effective for

maintaining human amniotic mesenchymal stem cell (hAMSC) survival, proliferation and pheno-

typic characterization. The expression levels of pluripotent markers were also upregulated in the

composite hydrogels. Under inductive media conditions, mineral deposition and mRNA expression

levels of osteogenic genes of hAMSCs were enhanced. The increasing expression of integrin a-

and b-subunits for hAMSCs indicates that the ligand�integrin interactions may modulate the cell

fate for hAMSCs in composite hydrogels.

Keywords: peptide hydrogel; cell-adhesive ligand; human amniotic mesenchymal stem cells; stemness maintenance; osteogene-

sis differentiation; integrin

Introduction

MSCs (Mesenchymal stem cells) are mesenchymal-derived pluripo-

tent cells originated from various types of tissues and have been

proved an alternative resource for regenerative medicine applica-

tions [1, 2]. MSCs can remodel and repair aged, diseased and dam-

aged tissues through direct differentiation [3], paracrine actions [4]

and mitochondrial transfer [5]. However, there are still many techni-

cal hurdles that need to be overcome as research progresses in this

rapidly growing field. For example, culturing or passaging on tradi-

tional tissue culture plastic may constrain the expansion potential

and differentiation capability of MSCs with increased passage num-

bers [6]. Furthermore, for many therapeutic applications, steps on

guiding the differentiation of the stem cells toward a specific lineage

is still a challenge.

Novel culture systems based on nanofibrous hydrogel may pro-

vide a promising opportunity to these challenges [7]. In vivo, stem

cells reside within a dynamic extracellular microenvironment. The

behaviors of stem cells, such as survive, proliferation, differentiation

and stemness maintenance are modulated by the complicated micro-

environment factors [8]. Stem cells adhere to their surrounding ex-

tracellular matrix (ECM) through cell-surface receptors, which can

diffuse along the cell membrane and bind to the ligands in ECM via

a specific amino acid sequence [9, 10]. These cell-adhesive ligands

can be appended to the C-termini of self-assembling peptide sequen-

ces directly through solid-phase synthesis and presented as flexible

pendent units upon assembly. Such modifications may improve the

cellular compatibility, direct desired host cell responses and even en-

dow it with particular functionality [11, 12]. Recent advances
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suggested that strategies to represent the cell-adhesive ligands in the

hydrogels can maintain stemness [13, 14] and guide stem cell differ-

entiation [14�16]. The design and study of such new systems may

also be helpful for better understanding of how specific ECM prop-

erties contribute to controlling stem cell fate.

For this study, cell-adhesive ligands RGDSP, TTSWSQ and

GFOGER derived from fibronectin, angiogenesis inducer CCN1 and

type I collagen, respectively [17], were chosen and covalently

connected to the C-termini of RADA16-I (Ac-

RADARADARADARADA-COHN2) (Fig. 1A). RADA16-I is able

to self-assembly into high aspect ratio nanofibers and spontaneously

forms transparent scaffold [18]. Thanks to its biocompatibility,

RADA16-I hydrogel can be utilized for regenerative medicine, such

as hemostat solutions, tissue recovery, in vivo protein/drug delivery

platform and 3D cell culture scaffold [19]. One or two glycine resi-

dues were employed as spacer between the cell-adhesive ligand and

the assembling portion. The incorporating ligands were extending

out from the bilayer nanofibers (Fig. 1B). Herein, the influence of

various cell-adhesive ligand-bearing self-assembling peptide hydro-

gels was studied for their effects on human amniotic mesenchymal

stem cells (hAMSCs) in terms of the survival, proliferation, mainte-

nance of stemness, as well as osteogenesis differentiation effects.

The results show that all of these composite hydrogels were suitable

for 3D culture of hAMSCs in vitro as a biomimetic scaffold.

Importantly, the incorporated ligands involved in cell signaling initi-

ated by cell�matrix interaction, indeed, improved the surface prop-

erties of scaffold and influenced the hAMSC behaviors in distinct

ways.

Materials and methods

Materials
Peptide RADA-RGD, RADA-TTS and RADA-FOG (purity>95%)

were commercially synthesized by SciLight Biotechnology LLC.

These peptides were blocked with acetyl and amide groups at the N-

and C-terminal ends, respectively. High performance liquid chroma-

tography and matrix-assisted laser desorption ionization time-of-

flight mass spectrometry analyses of these peptides are shown in

Supplementary Figs S2�S4. Peptide RADA16 (purity> 95%) was

purchased from Beaver Biosciences, Inc. In brief, the peptide pow-

ders were dissolved in deionized water at 1% wt/vol, followed by

sonication with an ultrasonic cleaner for 20 min. All the stock

solutions were stored at 4�C. The amino sequences of peptide

RADA-RGD, RADA-TTS, and RADA-FOG are shown in Fig. S1.

Transmission electron microscopy
For TEM experiments, the peptides were diluted in deionized water

to 0.05% wt/vol using 50 mM PBS (pH 7.2) 1 day before imaging.

Then 5ml of peptide was pipetted on the top of a formvar film-

coated grid for negative staining with 1% phosphotungstic acid so-

lution for 1 min. After washing and drying in air, the transmission

electron microscope (H-7650, Hitachi) was used to capture the

images.

Circular dichroism
CD (Circular dichroism) spectra of peptide samples diluted in deion-

ized water or 50 mM PBS (pH 7.2) to 0.01% wt/vol were collected

on a Chirascan Plus spectrophotometer (Applied photophysics) at

25�C with a bandwidth of 1 nm. The CD spectra of the peptides

were analyzed by the SELCON3 program from the CDPro package

(Colorado State University), using the SDP48 reference proteins set.

Fluorescence spectroscopy
The measurements of Thioflavin T (ThT) (Fluorochem) fluorescence

were performed using a Fluoromax-4 spectrophotometer (Horiba

Scientific) with excitation of 450 nm. Right before test, the peptide

solutions were diluted in 50 mM PBS (pH 7.2) to 1.65 mM and incu-

bated at room temperature overnight and then mixed with ThT sol-

utions. The final concentration of ThT was 5mM.

Rheology measurement
Time sweep rheology experiments of 1% wt/vol of hydrogel or com-

posite hydrogel were determined using a DHR-2 rheometer (TA

Instruments). A cone and plate geometry system (cone diameter

25 mm, angle 1�, truncation gap 51mM) was used. In brief, 150ml of

mixture which contained the same volume of peptide solution and

PBS buffer (pH 7.2) was immediately loaded on the center of the

plate. To analyze the elastic characteristic, the mixture was treated

with a strain and frequency of 0.5% and 1 Hz for 15 min.

hAMSCs isolation and characterization
Human placentas were obtained after uncomplicated Caesarean de-

livery form term pregnancies. Written informed consents were

obtained from participants who tested negative for HIV-I and hepa-

titis virus B and C. The protocol used in the research was assessed

and approved by the Medical ethics committee of Zunyi Medical

University (ZMUER2018-1-154).

The fresh amniotic membrane was washed in sterile D-Hank’s

buffer (containing 1% Penicillin�Streptomycin) until it was totally

cleared. Then the membrane was cut into pieces and incubated twice

with 0.05% trypsin/0.02% EDTA solution [20]. After gentle agita-

tion at 37�C for 40 min, the remaining tissue was filtered and

washed. Then a solution of 0.75 mg/ml of collagenase II (Sigma-

Aldrich) and 0.075 mg/ml of DNase I (BioBasic) in DMEM was

added. The mixture was gentle agitated at 175 rpm for 1 h to isolate

hAMSCs. The isolated cells were cultured with low glucose DMEM

(Gibco-BRL) containing 10% FBS (Ausbian), 1% glutaMAX

(Gibco-BRL) and 10 ng/100 ml of human FGF basic (R&D Systems)

in an incubator at 5% CO2. hAMSCs with passage number <5 were

used in this study.

To characterize the hAMSCs, the cells suspension was incubated

with a cocktail of antibodies containing of CD90-FITC, CD105-

Figure 1. (A) Molecular models of RADA-RGD, RADA-TTS, RADA-FOG and

RADA16. Atoms are colored by atom type (C, white; N blue; O, red; H gray).

(B) Schematic model of a self-assembling nanofiber with ligand TTSWSQ

(1:1). the designer peptides folded into amphiphilic b-sheets which stacked

into a bilayer structure with a hydrophobic core. The incorporating sequences

were extending out from the nanofibers.
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PerCP-Cy5.5, CD73-APC, and PE-conjugated anti-CD44, CD45,

CD34, CD11b, CD19 and HLA-DR antibodies (BD Biosciences) or

the isotype controls. The specific surface antigen phenotypes were

examined by a FACSCalibur flow cytometry (BD Biosciences). At

last, the expression of vimentin (Sigma-Aldrich) was detected by

immunohistochemistry.

Cell culture in composite hydrogels
The RADA-RGD/TTS/FOG solutions (1% wt/vol) were mixed at a

ratio 7:3 with RADA16 solution (1% wt/vol), respectively, and soni-

cated for 20 min to break the molecular interaction. All the mixed

peptide solutions were made at least 2 days prior to the cell encapsu-

lation process. The hAMSCs were harvested, washed and resus-

pended in 10% sterile sucrose at a density of 2�106 cells/ml. Then

the equivalent volume of the mixed peptide solution was added to

the cell suspension to trigger hydrogel formation. After quickly mix-

ing, the freshly made hydrogel was pipetted into each cell of the

multi-well plate before culture medium was added. Depending on

the experiments, cells were cultured for 3�21 days. The medium

was changed regularly. For mineralization experiment and gene ex-

pression analysis, the growth medium was replaced with human um-

bilical cord MSC osteogenic differentiation medium (Cyagen

Biosciences, 2 mmol/l b-glycerol-phosphate, 50mmol/l ascorbic acid,

0.1mmol/l dexamethasone). The differentiation medium was

changed every 3�4 days.

Cell viability and proliferation in composite hydrogel
Fifty microliters of the cell�hydrogel mixture were used per well of

a 96-well micro-plate. After 3 days of culture, hAMSCs were labeled

using LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probe) and

EdU Labeling/Detection Kit (Ribobio), respectively. In general, the

stock solutions of calcein AM and EthD-1 were diluted in PBS

according to the manufacturer’s protocol to obtain the working so-

lution. The hydrogels were washed and 100ml of PBS and 100ml of

the working solution were added sequently. The cells were stained

at 37�C for 45 min. After that, the staining solutions were discarded

and rinsed gently to remove the free dye form the hydrogels. The

percentages of live/dead cells were calculated. The EdU stock solu-

tion was diluted to 20mM with culture media and the cells encapsu-

lated in various hydrogel were incubated in the EdU labeling

medium for 18 h at 37�C, followed by fixation with 4% paraformal-

dehyde for 30 min. The hydrogels were gently washed by PBS for

three times and then treated with 100ml of Apollo reaction cocktail

for 30 min at 37�C. After the cells were permeabilized with 0.5%

Triton X-100 in PBS, 1� Hoechst 33342 solution was added. The

percentage of proliferating cells was calculated.

For CCK-8 assay (Sigma-Aldrich), 50ml of the cell�hydrogel

mixture was used per well of a 96-well plate (N¼4). At each inter-

val, the culture medium was changed once followed by addition of

CCK-8 agent to the wells at a ratio of 1:10 and incubated for 3.5 h

at 37�C. A plate reader (mQuant, BioTek) was employed to measure

the absorbance of the 96-well micro-plate at 450 nm. The data were

correlated with hydrogel without cells.

RNA isolation and real-time polymerase chain reaction
At each time point, each cell�hydrogel construct was washed and

followed by RNAiso Plus (Takara) extraction (N¼3). The total

RNA was extracted from the composite hydrogel and 100 ng of total

RNA was reverse transcribed using the PrimeScript RT reagent Kit

(Takara) into cDNA. RT-PCR was performed with SYBR Premix

Ex Taq II (Takara) and the CFX96 Real-Time PCR detection system

(Bio-rad). The data were normalized by GAPDH and represented as

fold-change over RADA16 group at Day 7. Genes and related spe-

cific primers were listed in Supplementary Table S1.

Alizarin red staining
After 21 days of incubation, the hAMSCs�hydrogel constructs were

rinsed twice in PBS and further fixed with 4% paraformaldehyde for

30 min. Then the constructs were stained with 0.35 mg/ml of alizarin

red (Sigma-Aldrich) for 20 s and mounted for observation under an

inverted optical microscope.

Quantification of calcium content in the constructs
After 7, 14 or 21 days of incubation, each cell�hydrogel construct

was removed from the 24-well plates and washed twice with PBS,

incubated with 500ml lysis buffer (0.25% Triton X-100 in 0.5 M 2-

amino-2-methyl-1-propanol). After vortexing, the extracted mix-

tures were centrifuged and the supernatants were collected for cal-

cium and DNA analysis (N¼3). Calcium contents of the

encapsulated hMSCs were quantified using a calcium assay kit

(Cayman Chemical). The absorbances were measured at 570 nm on

a microplate reader. Calcium concentration of each sample was cal-

culated based on the standard curve. DNA contents were also ana-

lyzed using a DNA Quantitation Kit (Sigma-Aldrich) and

fluorescence intensities of the dye-conjugated DNA solutions were

measured using a fluorescence spectrophotometer (Horiba

Scientific). All calcium contents were normalized by DNA contents.

Statistical analysis
Data are expressed as means 6 standard deviation (SD). Statistical

significance was determined by analysis of variance (one-way

ANOVA) with **P<0.01 or *P<0.05.

Results

Characterization of the functionalized peptides
The secondary structure of the peptide is crucial for the peptides

self-assembly. Above a critical concentration, noncovalent interac-

tions, such as hydrophobic and electrostatic forces, p�p hydrogen

bonding and van der Waals forces combine to minimize exposure to

competitive water molecules and enable hydrogel formation [21,

22]. Thus, the incorporated cell-adhesive sequences that extended

from the RADA16 may prevent the self-assembly into nanofibers

and hydrogel formation. To address this concern, the characteriza-

tions of these functionalized peptides were achieved.

TEM images of the peptide samples in 50 mM phosphate buffer

(PBS, pH 7.2) are shown in Fig. 2. All of the functionalized peptides

(RADA-RGD, RADA-TTS and RADA-FOG) could self-assemble

into well-ordered nanofibers, with widths 20.8 6 3.5, 24.9 6 5.6

and 21.5 6 4.5 nm, respectively, and lengths ranging from hundreds

of nanometers to several micrometers. The nanofibers formed by

RADA-RGD and RADA-FOG (Fig. 2A and C) were significantly

longer than those formed by RADA-TTS (<1 lM, Fig. 2B).

The CD spectra of 0.01% wt/vol of the functionalized peptides

incubated in pure water or PBS (pH 7.2) are shown in Fig. 3. Their

CD spectra showed a negative band with a maximum around

217 nm, indicating a high content of b-sheets and a low content of

a-helix conformation. The b-sheet contents of RADA-RGD and

RADA-FOG were similar to that of RADA16 and the b-sheet con-

tent of RADA-TTS was much lower than that of the others.
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According to the CDpro analysis, the b-sheet contents

(Supplementary Table S2; S(r) þ S(d)) of RADA-RGD, RADA-TTS,

RADA-FOG and RADA16 were 39.4, 34.2, 44.3 and 42.9% in pure

water and were 34.8, 30.4, 37.7 and 35.3% in PBS, respectively.

Interestingly, the incubation of PBS implies b-structure CD spectra

in the 195 nm region. CDpro analysis shows that the b-sheet content

of those peptides slightly decreases, while the unordered structures

significantly increase (Supplementary Table S2). This change may

reflect the structural alteration of the backbone twists of the hydro-

phobic nanofiber core and the incorporating ligands [23, 24].

This observation was confirmed by the ThT binding assay that

has been used for studying the b-sheet formation of amyloid-like

Figure 2. TEM images of the nanostructures formed from (A) RADA-RGD, (B) RADA-TTS and (C) RADA-FOG in phosphate buffer. All of the peptides were diluted

with 50 mM PBS (pH 7.2) to 0.05% wt/vol and negatively stained with phosphotungstic acid before observation.

Figure 3. Secondary structures of the peptides RADA-RGD, RADA-TTS, RADA-FOG and RADA16 in (A) pure water and (B) PBS. The peptides were incubated in

pure water or 50 mM PBS (pH 7.2), respectively, to give a final concentration of 0.01% wt/vol. CD spectra were recorded at 25�C.
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fibrils. ThT did not produce the characteristic fluorescent signal

alone; the fluorescence appears with the maximum at 480 nm upon

addition of nanofibers, leading to RADA-RGD, RADA-TTS and

RADA-FOG (Fig. 4). The dramatic increases in fluorescence emis-

sion confirm the b-sheet structure of these peptides [25].

Furthermore, RADA-TTS had a significantly lower fluorescence

peak than the others. This observation was consistent with the CD

data that RADA-TTS had the lowest b-sheet content (Fig. 3;

Supplementary Table S2). Since ThT is reported to bind as a mono-

mer on the cross b-sheet surfaces along the long axis of amyloid-like

fibrils [26]. According to the ThT binding model proposed in [27],

the lower b-sheet content of the RADA-TTS led to a decrease of the

number of ThT binding sites on the nanofibers, and thus a decrease

of the fluorescence intensity.

Rheological measurements were performed to test the gel forma-

tion abilities of the peptides. In accordance with the above observa-

tions, the hydrogel formation process of 1% wt/vol of RADA-RGD

and RADA-FOG occurred in a few minutes once they were mixed

with an equal volume of PBS (pH 7.2). The storage modulus of the

hydrogel increased as the time goes on, whereas the volume of loss

modulus did not change with time (Supplementary Fig. S5). The in-

creasing storage modulus reflects the elongation of the nanofibers

under self-assembling conditions. In contrast, peptide RADA-TTS

behaved like a liquid and failed to form a self-supporting hydrogel.

These data indicate that the functionalized sequences, indeed, in-

fluence the self-assembly and hydrogel formation. To increase the

mechanical strength of these soft hydrogels, the functionalized pep-

tide solutions (1% wt/vol) were individually mixed at a ratio of 7:3

with RADA16 (1% wt/vol) and sonicated for 20 min. The mixed

solutions were held at room temperature for at least 2 days to ensure

nanofiber network formation. The RADA16 peptide was integrated

into the individual RADA-RGD, RADA-TTS and RADA-FOG

nanofibers as presented in the molecular model (Fig. 1B). The com-

posite hydrogels (abbreviated as RGDmix, TTSmix and FOGmix,

respectively) were also subjected to rheological analysis. The me-

chanical strength was greatly increased for all of the peptide mix-

tures (Supplementary Fig. S6), and each composite peptide self-

assembled into a much more structurally stable hydrogel without

producing any obvious changes in the physical appearance. The

composite hydrogels can be handled and transported more easily

and then used for the following purposes.

Characterization of hAMSCs
The hAMSCs were isolated from human amnions by enzymatic diges-

tion. The passage 1�3 cells exhibited a typical adherent cell monolayer

with a uniformly spindle, fibroblast-like morphology in a swirling ar-

rangement (Fig. 5A). Flow cytometry indicated that hAMSCs highly

positive for the mesenchymal stem cell (MSCs) surface markers CD90,

CD105, CD73 and CD44, but negative for hematopoietic markers such

as CD45, CD34, CD19 and CD11b as well as class II antigen HLA-DR

(Fig. 5B). Furthermore, immunohistochemical staining revealed that

hAMSCs highly expressed MSC surface marker vimentin (Fig. 5C).

These findings agree with the criteria for MSCs identification by The

Association of International Cell Therapy [28].

hAMSCs proliferation in composite hydrogels
A suitable bioactive scaffold should provide an optimal environment

for the cell to survive, grow, and achieve the desired cellular func-

tions. Thus, the potential of the composite hydrogels as biomimetic

scaffolds was tested. hAMSCs were encapsulated into the composite

hydrogels and these cells adopted a spread morphology after hours

of culture (Supplementary Fig. S7). After 1 day, the viability of

hAMSCs was measured by live/dead staining, in which live cells

fluoresce green and dead cells fluoresce red. Supplementary Fig. S8

shows that >96% of the encapsulated hAMSCs were alive (without

statistical significance), indicating that the composite hydrogels are

non-cytotoxic and effective for maintaining cell survival.

hAMSC proliferation encapsulated in various composite hydro-

gels were detected via EdU staining and CCK-8 assays. EdU can

readily incorporate into cellular DNA during the S phase of the cell

cycle, and it has been successfully employed in the detection of cell

proliferation [29]. Figure 6A�E shows that hAMSCs cultured in an

RGDmix hydrogel had the highest EdU-positive rate among differ-

ent composite hydrogel groups, suggesting that the hAMSCs spend

less time on adapting to the hydrogel environment. It is not surpris-

ingly that the fibronectin-derived RGDSP sequence stimulates vari-

ous integrins and cell proliferation [17]. The EdU-positive rate of

cell cultured in TTSmix (12.91 6 0.53%) and FOGmix hydrogel

(13.14 6 0.46%) was lower than that of cells cultured in RADA16

(15.37 6 0.71%) and RGDmix hydrogel (17.40 6 0.39%). To fur-

ther confirm this result, we performed a CCK-8 proliferation assay.

Consistent with the EdU staining results, the number of hAMSCs en-

capsulated in RGDmix hydrogel was significantly higher than the

other groups after 7 days of culture. The hAMSCs in TTSmix and

FOGmix hydrogel still had a slower proliferation rate than that for

RGDmix hydrogel. These results suggested that the proliferation of

hAMSCs was varied by the functionalized hydrogels. This may be

due to the various ligands that recognize and bind to specific integ-

rins influencing the proliferation of hAMSCs in different ways.

Stemness of hAMSCs embedded in composite

hydrogels
To maintain stemness, stem cells should constantly express proteins

characteristic of their stem cell state. Here, the phenotypic charac-

terizations of hAMSCs embedded in various composite hydrogels

were performed after 28 days of culture in noninductive media with-

out passage. Figure 7A and Supplementary Table S3 show that the

percentages of CD90 and CD73 positive hAMSCs seeded in

RGDmix, TTSmix and FOGmix were significantly higher than that

Figure 4. Fluorescence spectra of ThT in PBS with peptide RADA-RGD,

RADA-TTS and RADA-FOG. The measurements of ThT fluorescence were

recorded at 450 nm excitation. Before measurement, the peptide solutions

were diluted with 50 mM PBS (pH 7.2) to 1.65 mM and incubated at room tem-

perature overnight and then mixed with ThT solutions. The final concentra-

tion of ThT was 5mM.
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in RADA16, while the percentage of cells in RADA16 hydrogel posi-

tive for the hematopoietic markers CD45/CD34/CD19/CD11b/

HLA-DR was significantly higher than that in the TTSmix and

FOGmix. These results suggested that more hAMSCs seeded in

RADA16 hydrogel had lost their stemness features and differenti-

ated into multiple lineages.

Pluripotent markers, such as Oct4a, Nanog and Sox2, have been

identified in hAMSCs. They play an important role in self-renewal

and differentiation capabilities of hAMSCs [6]. To further investi-

gate the changes in the stem cell characteristics of hAMSCs embed-

ded within the composite hydrogel microenvironment compared

with hAMSCs in the RADA16 hydrogel (Fig. 7B), the relative

Figure 5. Morphology and characterization of human amniotic mesenchymal stem cells (hAMSCs). (A) morphology of passage 1�passage 3 hAMSCs. (B)

Expression of hAMSCs surface markers. hAMSCs were positive for CD90, CD105, CD73, CD44 and negative for CD45, CD34, CD19, CD11b and HLA-DR. (C)

Expression of vimentin of hAMSCs by immunohistochemistry.

Figure 6. EdU Staining of hAMSCs encapsulated in hydrogels (A) RADA16, (B) RGDmix, (C) TTSmix and (D) FOGmix after 3 days of culture (red: EdU; blue:

Hoechst 33342 for nuclei staining); and (E) percentage of EdU-positive hAMSCs (%). 15.37 6 0.71, 17.40 6 0.39, 12.91 6 0.53 and 13.14 6 0.46% of the hAMSCs en-

capsulated in RADA16, RGDmix, TTSmix and FOGmix were positive for EdU, respectively. *P<0.05 compared with RADA16, ##P<0.01 compared with RGDmix.

All data shown are means 6 SD of three independent experiments. (F) Proliferation curves of cultured hAMSCs as determined by the CCK-8 test. RGDmix: RADA-

RGDþRADA16, TTSmix: RADA-TTSþRADA16, FOGmix: RADA-FOGþRADA16 (all mixture ratio is 7:3). individual RADA16 hydrogel (1% wt/vol) was used as

control.
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expression levels of stemness-associated genes were analyzed (via

mRNA). Real-time PCR analysis showed that the relative mRNA

expression of Oct4a, Nanog and Sox2 in hAMSCs seeded in the

TTSmix and FOGmix hydrogels were significantly higher than those

seeded in the RADA16 hydrogel, and the RGDmix hydrogel failed

to promote the expression of the pluripotency-associated genes com-

pared with the RADA16 hydrogel.

Osteogenesis differentiation of hAMSCs in composite

hydrogels
To evaluate the effect of functionalized sequences on the osteogene-

sis differentiation of hAMSCs, the cell�hydrogel constructs were

submerged in commercial osteogenesis differentiation medium for

up to three weeks. The extent of mineralized ECM formed in the

various composite hydrogels was examined by Alizarin Red staining

after 3 weeks of incubation in the differentiation medium

(Fig. 8A�D). TTSmix and FOGmix hydrogels showed intense

Alizarin red staining compared with RADA16 and RGDmix hydro-

gels, indicating that more calcium was deposited in the former. The

calcium content was significantly increased in RGDmix hydrogels

(P<0.05) and TTSmix and FOGmix hydrogels (P<0.01) compared

with RADA16 after 14 days (Fig. 8E). TTSmix and FOGmix hydro-

gels gave the highest values, and thus, led to more calcium deposi-

tion. The calcium content in all of each hydrogel continued to

increase with time. The capacity to accumulate calcium in the ECM

proved that the hAMSCs encapsulated into the hydrogels differenti-

ated into mature osteoblasts that could deposit calcium in the ECM.

We further estimated the osteogenic gene expression of hAMSCs

cultured in various hydrogels on Days 14 and 21 by qRT-PCR

(Fig. 9) to determine the extent of the differentiation process.

Alkaline phosphatase (ALP), osterix (Osx), type I collagen (Col1a1)

and runt-related transcription factor 2 (Runx2) are early-stage

markers of osteogenic differentiation of MSC while bone sialopro-

tein (BSP) and osteocalcin (Ocn) are later ones. Almost all of the os-

teogenic gene expression data were significantly increased after

2�3 weeks incubation in the differentiation medium. The expres-

sion levels of Runx2 and ALP were significantly upregulated when

hAMSCs were cultured in composite hydrogels compared with the

hAMSCs in RADA16 on days 14 and 21; the expression of Runx2

and ALP could more rapidly increase in TTSmix and FOGmin

hydrogels. The maximum Osx expression was observed on day 14

for all of the hAMSCs�hydrogel constructs and was dramatically

decreased at day 21. The expression levels of Osx in TTSmix and

FOGmin hydrogels were significantly higher than that in the

RGDmix hydrogel. After 21 days of incubation in osteogenesis dif-

ferentiation medium, the BSP and Col1a1 genes showed maximum

expression in all of the hAMSCs�hydrogel constructs, while the ex-

pression levels of both genes in the RGDmix hydrogel were signifi-

cantly lower than that in the TTSmix hydrogel, but higher than that

in the FOGmix hydrogel. All of the composite hydrogels could also

increase the BSP gene expression on day 14, but a reversal was seen

for the Col1a1 gene. The expression levels of Ocn in the functional-

ized peptide hydrogels were higher than those in the RADA16 group

at day 21, and there was no significant difference between groups at

day 14. These results indicate that the incorporation of cell-adhesive

ligands upregulated the mineralization process to varying extents.

Discussion

MSCs can be derived from multiple tissue sources including bone

marrow, adipose tissue, peripheral blood [1, 2]. Among them,

hAMSCs which isolated from human amnions have the potential to

be used in many areas of regenerative medicine because of their high

plasticity, viability, ultralow immunogenicity and tumorigenicity

[30]. Moreover, hAMSCs can be acquired non-invasively and do not

involve medical ethical or legal problems, because amniotic mem-

brane is a waste product of perinatal tissue sources, which is rou-

tinely discarded after delivery [20, 31]. Therefore, hAMSCs have

been successively serviced as a viable resource to treat diseases, such

as neurological disorders [32], liver [33] and lung injury [34],

chronic wound [35], and acute inflammatory diseases [36], and ex-

hibit great potential in bone and osteochondral regeneration [31,

37].

MSCs isolation and expansion can be efficiently performed on

traditional petri dishes, but the in vitro 2D culture will alter their

behaviors and result in constant senescence [38], a rapid loss of

MSC phenotype and stemness, and decreased differentiation capac-

ity [6, 39], Thus, only hAMSCs at low passage numbers (less than 5)

were used for in vitro or in vivo experiments. Both regenerative

medicine approaches to construct functional tissue replacements

form stem cell and clinical transplantation require a large number of

functional cells [40]. Overcoming this limitation relies on

Figure 7. Composite hydrogels allow long-term maintenance of stemness of hAMSCs. (A) Expression of hAMSCs surface markers in composite hydrogels. (B)

mRNA expressions of stemness-associated genes were measured after 3 days of culture in composite hydrogels. The relative expression was analyzed by the 2-

DDCt method, with normalization by the Ct of GAPDH and calibrated to RADA16 group. *P< 0.05, **P< 0.01 compared with RADA16. ##P<0.01 compared with

RGDmix. All data shown are means 6 SD of three independent experiments. RGDmix: RADA-RGDþRADA16, TTSmix: RADA-TTSþRADA16, FOGmix: RADA-

FOGþRADA16 (all mixture ratio is 7:3).
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constructing well-defined cell culture platforms for stem cell expan-

sion and directed differentiation.

Key elements, such as ECM composition, architecture,

cell�ECM interactions, cell–cell interactions and mechanical sig-

nals, contribute to the regulation of the stem cell by niche [41].

Thus, closely mimicking the stem cell niche may provide a plausible

approach to enhancing the efficiency expansion and directed

differentiation of stem cells [40]. Engineered hydrogel scaffold prop-

erties, including stiffness, composition, microstructure, degradation

rate, and cell-scaffold adhesion, mediated by integrins could main-

tain stemness [13, 40, 42]. Thus, the long-term maintenance of the

MSC phenotype and upregulated expression of pluripotent markers

could be interpreted in at least two ways. First, the functionalized

cell-adhesive ligands RGDSP, TTSWSQ and GFOGER that present

Figure 8. Functionalized self-assembling peptide hydrogels promoted hAMSCs mineralization. (A�D) Alizarin red staining images of hAMSCs�hydrogel con-

structs after 3 weeks of culture in osteogenic medium. (E) Quantification of calcium deposits within various constructs. All calcium content measurements were

normalized by DNA content within each construct. *P<0.05, **P<0.01 compared with RADA16. ##P<0.01 compared with RGDmix. All data shown are means 6

SD of three independent experiments. RGDmix: RADA-RGDþRADA16, TTSmix: RADA-TTSþRADA16, FOGmix: RADA-FOGþRADA16 (all mixture ratio is 7:3).
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to the encapsulated hAMSCs at high density bind to distinct integrin

receptors and can elaborate the stem cell�matrix interactions by ac-

tivating various signaling pathways [43]. Mimicking the native tis-

sue microenvironment with high density of cell-adhesive ligands can

contribute to the promotion of stem cell viability and proliferation.

This, in turn, optimizes the ligation of integrins a5b1, avb5, a6b1

and a9b1 through a combination of multiple adhesion peptides. The

functionalized poly(ethylene glycol) (PEG) hydrogel could strongly

upregulate the mRNA expression of stemness-related genes, includ-

ing Oct4a, Nanog, and Sox2 [13, 42]. Meanwhile, an immobilized

laminin-derived pentapeptide, YIGSR, can promote adhesion and

survival of the MSCs, as well as the expression of Oct4a, Nanog and

Sox2 in these cells [44]. Second, an increase in the pluripotent

marker expression may also be interpreted by the hydrogel stiffness.

Cells mechanically adhere to the ECM through integrins via specific

adhesive ligands presented by ECM proteins. At focal contacts,

integrins mediate the physical linkage between the ECM and the in-

tracellular actin fibers of a cell. They activate various signaling path-

ways that ultimately result in changes to gene expression [45]. By

mimicking the ECM mechanical stiffness, nanofibrous biomaterials

provide stem cells with 3 D environment to maintain the stem cell

stemness. For instance, studies have shown that embryonic stem cell

cultured on soft polyacrylamide gels (�600 Pa) have increased self-

renewal [46, 47]. Soft dextran-based hydrogels (�250 Pa) strengthen

the expression of Oct4a, Nanog and Sox2 in adipose-derived stem

cells [48]. In our work, all of the composite hydrogels are quite com-

pliant (G0<650 Pa; Supplementary Fig. S6A) compared with most of

the gels formed by natural or synthetic materials. The most compli-

ant composite hydrogel (TTSmix) exhibited a significantly enhanced

stemness biomarkers expression, while these biomarkers were

unchanged for the stiffest hydrogel (RGDmix). Both the cell-

adhesive ligands and the hydrogel compliant stiffness may have a

synergistic effect on the enhanced stemness and biomarker

expression.

Differentiated cells rather than stem cells are required for many

cell-based regenerative medicine applications. Designing an engi-

neered culture platform to guide the differentiation of stem cells to a

desired linkage may facilitate the translation of MSCs from labora-

tory to clinic. Many of the same niche factors that promote stemness

may also enhance stem cell differentiation capabilities [49, 50].

Thus, we evaluated the osteogenesis differentiation capability of

hAMSCs under differentiation medium. As expected, the hAMSCs

that exhibited higher stemness characteristics were induced more

easily to differentiate into an osteogenic lineage. The results suggest

that the increasing osteogenesis differentiation may be attributed to

the enhanced expression of pluripotent factors because they exert a

great effect on both renewal and differentiation capabilities.

Meanwhile, the identity of cell-adhesive ligands could also regulate

the stem cell differentiation. For instance, both the laminin mimetic

IKVAV (when presented in combined with RGD sequences) [43]

and collagen-derived ligands DGEA [15] and GFOGER [51, 52]

could promote the MSCs osteogenic differentiation. The incorpora-

tion of RGD-containing peptides will enhance osteogenesis and ma-

trix mineralization of BMSCs cultured in the hydrogels [53–55].

To further estimate whether the adhesive ligands influence the

maintenance of stemness and enhancing differentiation capabilities,

we next measured the mRNA expression of integrin a2, a5, a6, av,

b1 and b5 subunits (Fig. 10). Increased expression was seen for a2

and av for RGDmix and for a2, a5, a6 and b1 for TTSmix and

FOGmix, respectively. The cell�ECM interaction is important for

the modulation of stem cell fate and is mediated by the binding be-

tween the integrins and adhesive ligands [8, 43]. Each cell-adhesive

ligand can be recognized by various integrins. Specifically, the

RGDSP sequence can be recognized by multiple integrins, including

integrin a5b1 and avb5 [42]. The sequences TTSWSQ and

GFOGER bind specifically to integrin a6b1 and a2b1, respectively

[42, 52, 56]. The binding between these ligands and these counter

integrin receptors elicits signals that are transmitted into the cell,

Figure 9. Osteogenic gene expression of hAMSCs cultured in various hydrogels. The relative expression was analyzed by the 2-DDCt method, with normalization

by the Ct of GAPDH and calibrated to RADA16 group on Day 7. *P<0.05, **P<0.01 compared with RADA16. #P<0.05, ##P<0.01 compared with RGDmix. All

data shown are means 6 SD of three independent experiments. RGDmix: RADA-RGDþRADA16, TTSmix: RADA-TTSþRADA16, FOGmix: RADA-FOGþRADA16

(all mixture ratio is 7:3).
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which induces a vast number of structural and signaling changes

within the cell and ultimately results in the integrin-dependent regu-

lation of cell behaviors, e.g. survival, adhesion, proliferation, migra-

tion, stemness and differentiation [8, 45]. More detailed studies of

these possible pathways should be conducted to have a better under-

standing of the interactions between stem cells and the mimicking

environments. In addition, physical cues, such as mechanical simula-

tion, nanofiber alignment and peptide motifs, lead to changes in

integrin expression. Upregulation of various integrin a- and b-subu-

nits have also been observed for embryonic stem cells on poly(L-lac-

tic acid) scaffolds [57]. Encapsulation in RADA16 hydrogels could

promote the expression of integrin a2, a4, a5 and av, as well as b1

subunits, for both MSCs and hematopoietic stem cells by mimicking

key features of marrow physiology [58]. The RGD peptide bearing a

PEG hydrogel was found to upregulate the survival and avb3 and a4

production of hMSCs [59]. The mechanical simulation and aligned

features of nanofibers composed of poly(lactide-co-glycolide) may

also contribute to an enhanced expression of a2, a5 and b1 subunits

[60]. The a5 integrin complexes with a b1 subunit in human MSCs

is upregulated by binding to the poly(amidoamine) functionalized

surfaces [61]. The elevated expression of these integrin subunits is

likely due to the natural response for cell seeding in a 3D biomimick-

ing environment because more integrin subunits are required to en-

sure the development of mature focal contact assembly and signal

transduction from outside to inside.

Conclusion

Overall, hydrogels incorporated with three individual cell-adhesive

ligands could preserve the hAMSCs phenotype, promote the expres-

sion of pluripotent markers, and enhance the osteogenesis differenti-

ation and matrix mineralization under induction conditions to

different extent. The varying upregulation of integrin a and b subu-

nits suggests that distinct integrin mediated pathways may be in-

volved in the fate regulation of hAMSCs. Mechanical simulation

may also play a synergetic effect with the cell-adhesive ligands on

the modulation of stem cell fate. Our findings provide clues for de-

signing new cell-adhesive ligands bearing materials that regulate

stem cell fate. These results will guide further design of multifunc-

tional hydrogel materials for biomedical applications.

Supplementary data

Supplementary data are available at REGBIO online.
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