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Abstract: Islet transplantation is considered to be a curative treatment for type 1 diabetes 

mellitus. However, disruption of the extracellular matrix (ECM) leads to β-cell destruction and 

graft dysfunction. In this study, we developed a functionalized self-assembling peptide, KLD-F, 

with ECM mimic motifs derived from fibronectin and collagen IV, and evaluated its effect on 

β-cell function and proliferation. Atomic force microscopy and rheological results showed that 

KLD-F could self-assemble into a nanofibrous scaffold and change into a hydrogel in physi-

ological saline condition. In a three-dimensional cell culture model, KLD-F improved ECM 

remodeling and cell-cell adhesion of INS-1 β-cells by upregulation of E-cadherin, fibronectin, 

and collagen IV. KLD-F also enhanced glucose-stimulated insulin secretion and expression of 

β-cell function genes, including Glut2, Ins1, MafA, and Pdx-1 in INS-1 cells. Moreover, KLD-F 

promoted proliferation of INS-1 β-cells and upregulated Ki67 expression by mediating cell cycle 

progression. In addition, KLD-F improved β-cell function and proliferation via an integrin/focal 

adhesion kinase/extracellular signal-regulated kinase/cyclin D pathway. This study highlights 

the fact that the β-cell-ECM interaction reestablished with this functionalized self-assembling 

peptide is a promising method to improve the therapeutic efficacy of islet transplantation. 

Keywords: extracellular matrix, self-assembling peptide, islet transplantation, β-cell prolifera-

tion, insulin secretion

Introduction
Diabetes mellitus is a chronic metabolic disease caused by insufficient β-cell mass, 

which leads to hyperglycemia and serious complications, such as diabetic nephropathy, 

neuropathy, and retinopathy.1–3 There is increasing evidence that islet transplantation 

is an effective treatment for type 1 diabetes.4 Currently, a major problem in islet trans-

plantation is the high rate of primary dysfunction and early islet destruction.5 Therefore, 

research efforts have focused on developing more efficient strategies to improve β-cell 

function and achieve a higher survival rate after transplantation.

It has been reported that the extracellular matrix (ECM) plays a critical role in 

maintaining β-cell function and viability.6,7 In native pancreatic islets, β-cells are 

surrounded by various ECM substrates, including collagen I/IV, laminin, and fibronec-

tin, which support cell structure, mediate cell adhesion, and stimulate cell surface 

receptors to influence biological processes.6 During islet isolation and transplanta-

tion, enzymatic digestion and mechanical agitation disrupt cell-ECM and cell-cell 

contacts, causing loss of islet integrity and viability, resulting in matrix signaling-

related cell apoptosis (anoikis) and graft failure.8 In contrast, coculture of islets with 

ECM components such as collagen IV and fibronectin can maintain β-cell function 
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and viability in vitro,9,10 and improve islet graft survival 

and long-term blood glucose control in vivo.11 Therefore, 

regulation of the cellular microenvironment using ECM 

materials may be a useful strategy to improve the success 

of islet transplantation.

The self-assembling peptide (SAP) is a designed bio-

material that typically consists of alternating hydrophilic 

and hydrophobic amino acids.12,13 SAP can self-assemble 

into cross-linked nanofibers and form a hydrogel rapidly in 

response to stimulation with physiological saline. SAP has 

been widely used in many biomedical applications, includ-

ing three-dimensional (3D) cell culture, tissue engineering, 

and drug delivery.12,14,15 SAP can be designed with functional 

motifs, and therefore provides a superior microenvironment 

for specific applications. Recent studies have reported that 

functionalized SAP enhances angiogenesis, liver regeneration, 

skin cell proliferation, and the neural stem cell phenotype.16–19 

In a previous study, we found that SAP enhanced islet viability 

and function in vitro,20 and identified functionalized SAP as 

a potential scaffold for islet transplantation. 

To improve the ECM-cell adhesion and performance of 

β-cells, we specifically designed a functionalized KLD12 

(KLD-F) with ECM mimic motifs driven by collagen IV 

and fibronectin (Figure 1A), which are abundant in natural 
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Figure 1 Molecular design and characteristics of functionalized self-assembling peptide.
Notes: (A) Design and synthesis of KlD-F with FN and collagen IV mimic motifs, with KlD-F self-assembling into a nanoscale scaffold for encapsulating INs-1 β-cell. (B) 
atomic force micrographs of KlD12 and KlD-F (0.1 mg/ml, bar 500 nm). (C) Width and height of KLD and KLD-F nanofibers (*P0.05). (D) Photograph of KlD-F solution 
and hydrogel (10 mg/ml). (E) rheological properties of KlD-F solution and hydrogel (Pa).
Abbreviations: ECM, extracellular matrix; FN, fibronectin.
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islets. Fibronectin mimic motif (GGRGDSP) contains a 

well-defined cell-adhesion motif of RGD, which is located 

at the tenth type III repeating domain of fibronectin.21 The 

collagen IV mimic motif (GEFYFDLRLKGDK) con-

tains a triple helical sequence present in the α1 chain of 

collagen IV.22 These motifs have been widely used in tissue 

engineering, and can promote various biological activities, 

including cell adhesion, migration, and ECM production via 

binding to cell surface receptors.22

In this study, we conjugated KLD12 with collagen IV 

and fibronectin mimic motifs, and investigated its morpho-

logical and rheological properties. We also evaluated the 

effect of functionalized SAP on insulin secretion and cell 

proliferation in a 3D culture of INS-1 β-cells, and explored 

the molecular mechanism of ECM-cell cross-talk mediated 

by functionalized SAP.

Materials and methods
saP design and synthesis
SAPs, including KLD12 (Ac-KLDLKLDLKLDL-CONH

2
), 

KLD12-fn (Ac-KLDLKLDLKLDLGGRGDSP-CONH
2
),  

and KLD12-collagen IV (Ac-KLDLKLDLKLDLGGGE-

FYFDLRLKGDK-CONH
2
), were commercially synthe-

sized by Shanghai Biotech Bioscience and Technology Co 

Ltd (Shanghai, People’s Republic of China). Each peptide 

was purified to higher than 95% by high-performance 

liquid chromatography (Shimadzu, Kyoto, Japan). The 

lyophilized peptide powder was dissolved at 10 mg/mL 

in sterile water and used as a stock solution. KLD-F was 

prepared by mixing a stock solution of KLD12, KLD-fn, 

and KLD12-collagen IV at a volume ratio of 6:2:2, fol-

lowed by sonication for 20 minutes and storage at 4°C for 

further use.

atomic force microscopy
The morphology of SAP was observed by atomic force 

microscopy (SPI4000 Probe Station, Seiko Instruments Inc, 

Chiba, Japan) with a tapping mode. For preparation of the 

sample, 10 μL of diluted peptide solution was evenly placed 

on a freshly cleaved mica substrate. The mica surface was 

then rinsed with Milli-Q water to remove unattached peptide 

and air-dried. The atomic force microscopy test was per-

formed at room temperature and images were acquired with 

a resolution of 512×512 pixels. The typical scan parameters 

were set as follows: scan speed 1.00 Hz, amplitude 1–1.2 V, 

and integral and proportional gains of 0.2–0.3 and 0.03–0.04, 

respectively.

rheological analysis
Rheological analysis of the peptide was performed using a 

rheometer (AR2000, TA Instruments, New Castle, DE, USA) 

with a 20 mm diameter and a 1° steel cone with a 25 μm trun-

cation gap. In brief, 70 μL of the sample solution was placed 

on the plate of the rheometer, and gelation of the peptide 

was induced by addition of phosphate-buffered saline (PBS). 

After equilibrating for 1 minute, the excess PBS solution was 

removed. The frequency sweep tests of storage (G′) and loss 

(G″) modulus were measured at 37°C with parameters of 

strain 0.5% and a frequency range of 0.01–100 rad/sec. 

INs-1 cell culture 
A rat insulinoma (INS-1) β-cell line was cultured in 

Roswell Park Memorial Institute 1640 medium supplemented 

with 10% fetal bovine serum, 100 U/mL penicillin, 100 U/mL 

streptomycin, 1 mM sodium pyruvate (Sigma-Aldrich,  

St Louis, MO, USA), and 50 μm β-mercaptoethanol 

(Sigma-Aldrich) in an atmosphere of 5% CO
2
 at 37°C. For 

3D culture of SAP hydrogel, cells at 80% confluence were 

harvested from a cell culture flask by trypsinization, washed 

in PBS, and resuspended in 20% sucrose (w/v, 584.2 mM, 

dissolved in sterile water). The cell suspension was gently 

mixed with an equal volume of peptide solution (10 mg/mL), 

after which the mixture was pipetted into six-well plates and 

immediately equilibrated with culture medium to induce gel 

formation. The culture medium in the peptide group was 

changed after 30 minutes, and every 3 days thereafter.

glucose-stimulated insulin secretion test
The cells were collected and washed with Krebs-Ringer bicar-

bonate (KRB, pH 7.2) buffer containing 1% bovine serum 

albumin. Cells were first incubated in KRB with low glucose 

(2 mM) at 37°C for 1 hour. The buffer was then removed and 

replaced with fresh KRB containing high glucose (20 mM) for 

1 hour. The insulin concentration in KRB was measured using 

a commercial enzyme-linked immunosorbent assay kit for rat 

insulin (R&D Systems, Minneapolis, MN, USA). The glucose 

stimulation index (SI) was calculated as the insulin level in 

high glucose condition/insulin level in low glucose condition. 

After treatment with 20 mM glucose, the cells were collected 

and disrupted by sonication. The intracellular insulin level was 

measured and normalized to the DNA content of each sample 

to eliminate the influence of cell numbers.

cell proliferation assay
Cell proliferation was evaluated using Cell Counting Kit-8 

(CCK-8) and 5-bromo-2-deoxyuridine (BrdU) assays. For 
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the CCK-8 assay, cells were seeded in a 96-well plate and 

treated with different materials. Next, 10 μL of CCK-8 solu-

tion (Dojindo, Kumamoto, Japan) were added to each well. 

After incubation at 37°C for 1.5 hours, the medium was 

removed and its absorbance at 450 nm was measured using 

a microplate reader (BioTek Instruments Inc, Winooksi, VT, 

USA). For the BrdU enzyme-linked immunosorbent assay 

(Abcam, Cambridge, MA, USA), cells were replated in a 

96-well plate after treatment. BrdU solution was then added 

into each well, with incubation at 37°C for 6 hours. After 

fixation and denaturation, the cells were incubated with pri-

mary anti-BrdU antibody, followed by secondary horseradish 

peroxidase-conjugated goat anti-mouse immunoglobulin G 

antibody. TMB peroxidase substrate was added to the plate 

for reaction with peroxidase, and its absorbance at 450 nm was 

recorded. The glucose concentration of the culture medium at 

day 0 (Glu
d0

) and day 3 (Glu
d3

) was measured in each group, 

and glucose consumption (%) was calculated as (Glu
d0 

– Glu
d3

)/

Glu
d0

*100%.

cell cycle analysis
After the experimental treatment, the cells were harvested, 

washed with cold PBS, and fixed in 70% ethanol. The cell 

samples were washed, resuspended in PBS, and then incu-

bated with propidium iodide (100 μg/mL, Sigma-Aldrich) 

and RNase (10 μg/mL, Sigma-Aldrich) solution at room tem-

perature for 30 minutes in the dark. The stained cell samples 

were analyzed using a FC500 flow cytometer (Beckman 

Coulter, Brea, CA, USA), and the percentage of cells in 

each cell cycle phase was calculated. All cell samples were 

measured in triplicate. The proliferation index was calculated 

as (S + G
2
/M)/(G1 + S + G

2
/M) and the S-phase cell fraction 

as S/(G
1
 + S + G

2
/M).

real-time polymerase chain reaction 
analysis
Total RNA was extracted from the cells by Trizol Reagent 

(Gibco, Life Technologies, Carlsbad, CA, USA) according 

to the manufacturer’s instructions. RNA was quantified 

using a microspectrophotometer (NanoDrop 2000, Thermo 

Fisher Scientific Inc, Waltham, CA, USA). Complementary 

DNA was synthesized using an iScript cDNA synthesis 

kit (Bio-Rad, Hercules, CA, USA). The primers were 

synthesized by Invitrogen Inc (Waltham, MA, USA), and 

their sequences are listed in Table S1. Polymerase chain 

reaction (PCR) reactions were carried out on a CFX96 real-

time PCR detection system (Bio-Rad) with SYBR Green 

Supermix (SsoFast EvaGreen, Bio-Rad). Real-time PCR 

data were analyzed using Bio-Rad CFX Manager software, 

and relative changes in the mRNA level were calculated 

by the delta-delta Ct method with β-actin as the internal 

reference gene.

Immunocytochemistry
The cells were fixed with 4% paraformaldehyde in PBS for 

15 minutes at room temperature, and permeabilized with 

0.3% Triton X-100 in PBS for 10 minutes. After blocking 

with 1% bovine serum albumin and 0.3% Triton X-100 in 

PBS for 30 minutes, the cells were incubated with diluted 

primary antibodies to E-cadherin (1:100, BD Biosciences, 

Franklin Lakes, NJ, USA), fibronectin (1:100, BioWorld, 

Dublin, OH, USA), collagen IV (1:100, Abcam), insulin 

(1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

Pdx-1 (1:100, Abcam), and Ki67 (1:100, Santa Cruz, USA) 

overnight at 4°C, followed by incubation with fluorescein 

isothiocyanate or tetramethylrhodamine-conjugated second-

ary antibody (1:200, Millipore, Billerica, MA, USA) at 37°C 

for 1 hour. After staining with 4,6-diamidino-2-phenyllindile 

(Sigma-Aldrich) and washing with PBS, images of the 

stained cells were acquired using a fluorescent microscope 

(IX71, Olympus, Tokyo, Japan). The percentage of Ki67-

positive cells  in total cells present in the micrographs was 

analyzed using ImageJ software.

Western blot analysis 
Cells were collected and lysed in cold RIPA buffer, and the 

protein concentration was determined using a bicinchoninic 

acid assay kit (Pierce Biotechnology, Waltham, MA, USA). 

Protein samples were electrophoresed on 10% sodium dode-

cyl sulfate polyacrylamide gel and transferred to a polyvi-

nylidene difluoride membrane (PVDF, Merck Millipore). The 

PVDF membrane was blocked in 5% nonfat milk buffer and 

then incubated with primary antibodies against E-cadherin 

(1:500, BD Biosciences), fibronectin (1:500, BioWorld), 

Pdx-1 (1:500, Abcam), Ki67 (1:500, Santa Cruz), extracel-

lular signal-regulated kinase (ERK) 1/2 (1:500, Abcam), 

p-ERK1/2 (1:500, Cell Signaling Technology, Danvers, MA, 

USA), focal adhesion kinase (FAK, 1:500, Cell Signaling 

Technology), p-FAK (1:500, Cell Signaling Technology), 

Akt (1:500, Cell Signaling Technology), p-Akt (1:500, Cell 

Signaling Technology), integrin α5 (1:500, Abcam), integ-

rin β1 (1:500, Abcam), cyclin D1 (1:500, Santa Cruz), p27 

(1:500, Cell Signaling Technology), and β-actin (1:1,000, 

Santa Cruz) overnight at 4°C. The PVDF membrane was 

washed in PBST and incubated with horseradish peroxidase-

conjugated secondary antibodies (1:2,000, Santa Cruz) 
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at 37°C for 1 hour. The target protein band on the PVDF 

membrane was observed using an electrochemiluminescence 

kit (Pierce).

statistical analysis
Quantitative data are presented as the mean ± standard devia-

tion, and analyzed using Statistical Package for the Social 

Sciences version 11.5 software (SPSS Inc, Chicago IL, 

USA) with one-way analysis of variance using the Bonfer-

roni post hoc test. P0.05 was considered to be statistically 

significant. 

Results
Morphologic and rheological properties 
of functionalized saP
As shown in Figure 1B, KLD-F could self-assemble via 

cross-linked nanofibers, with some bulges and aggregates, 

and the width and height of the KLD-F nanofibers were 

higher than those of the KLD nanofibers (Figure 1C). After 

addition of PBS, the KLD-F solution rapidly changed to 

an obvious hydrogel (Figure 1D). In rheological analysis 

(Figure 1E), the value of the storage modulus (G′, response 

to elasticity) and loss modulus (G″, response to viscosity) 

in KLD-F solution (5 mg/mL) was lower than 10 Pa, while 

the storage modulus of KLD-F increased significantly 

(500–600 Pa) after addition of PBS, suggesting formation 

of a strong hydrogel. These results indicate that KLD-F can 

form an elastic hydrogel with a 3D nanofiber structure.

effect of KlD-F on ecM remodeling 
and cell-cell adhesion
To investigate the effect of KLD-F on ECM remodeling, 

INS-1 β-cells were cultured and tested. In the control group 

(Figure 2A), two-dimensional culture of INS-1 β-cells as 

a monolayer on a TCP dish showed loose clusters with an 

irregular shape, while clear islet-like cell aggregates formed 

in 3D culture of the KLD and KLD-F hydrogel. In addition, 

immunofluorescence staining (Figure 2A), real-time PCR 

(Figure 2B), and Western blot (Figure 2C) results showed that 

the INS-1 cells in the KLD-F group expressed higher levels of 

E-cadherin, fibronectin, and collagen IV than the other groups. 

These results indicate that KLD-F was able to improve ECM 

remodeling of β-cells and cell-cell interaction.

effect of KlD-F on insulin secretion
The insulin secretion of INS-1 cells was analyzed. Compared 

with the control and KLD groups, the KLD-F group showed 

increased insulin secretion (Figure 3A) and higher intrac-

ellular insulin content (Figure 3B) in response to 20 mM 

glucose, as well as an elevated SI (Figure 3C). Expression 

of β-cell function genes, including glucose transporter 2 

(Glut2), insulin I (Ins1), v-maf avian musculoaponeurotic 

fibrosarcoma oncogene homolog A (MafA), pancreatic and 

duodenal homeobox 1 (Pdx-1, see Figure 3D), and Pdx-1 

protein (Figure 3E), were also significantly upregulated in 

the KLD-F group. These results demonstrate that KLD-F 

enhanced β-cell function, and this effect may due to enhanced 

cell-ECM and cell-cell adhesion.

effect of KlD-F on cell proliferation
Compared with the control and KLD groups, INS-1 cells 

in the KLD-F group showed significantly increased cell 

proliferation rates, which was determined by a CCK-8 assay 

(Figure 4A), BrdU enzyme-linked immunosorbent assay 

(Figure 4B), and glucose consumption assay (Figure 4C). 

In addition, the protein level of Ki67, a cellular marker for 

proliferation, was increased significantly in KLD-F group 

(Figure 4D). Immunofluorescence staining also showed that 

the KLD-F group had more Ki67-positive cells than the other 

groups (Figure 4E). These results indicate that the KLD-F 

hydrogel promoted cell proliferation as well as insulin secre-

tion in INS-1 β-cells.

effect of KlD-F on cell cycle distribution
To investigate the potential effect of KLD-F on the cell 

cycle, INS-1 cells in each group were analyzed by flow 

cytometry (Figure 5A).  Compared with the other groups, 

the KLD-F group showed a reduced G1 phase population 

and an elevated S and G
2
/M phase population (Figure 5B), 

as well as an increased proliferation index and S-phase cell 

fraction (Figure 5C and D), suggesting enhanced cell division 

and DNA duplication on 3D culture in KLD-F hydrogel. 

Real-time PCR data showed that the KLD-F group had 

higher levels of Ccnd1, Ccne1, and Cdk2 (induction of cell 

cycle progression), and a lower level of Cdkn1a (inhibition 

of cell cycle progression) than the other groups (Figure 5E). 

These results suggest that the effect of KLD-F on promotion 

of β-cell proliferation may be via modulation of cell cycle 

progression.

effect of KlD-F on integrin/FaK/erK/
cyclin signaling
To explore the underlying mechanism of KLD-F on cell 

proliferation, expression of signaling molecules related to 

ECM-integrin and the cell cycle was analyzed. Although 
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the total levels of FAK and ERK did not change, the level of 

p-FAK and p-ERK in the KLD-F group increased significantly 

(Figure 6A and C). There was no significant difference in total 

Akt or p-Akt between the groups (Figure 6B).  INS-1 cells in 

the KLD-F group had a higher level of integrin α5 and β1 when 

compared to the control and KLD groups (Figure 6D and E). 

The level of key mediators in G1/S phase, including cyclin 

D1 and p27, was also analyzed. The data show that KLD-F 

group had elevated cyclin D1 and reduced p27 compared with 

the other groups (Figure 6D and F). These results suggest 

that KLD-F induces β-cell proliferation via an integrin α5/

β1-FAK-ERK-cyclin D1/p27 pathway (Figure 6G).

Discussion
Beta-cell death and dysfunction caused by disruption of ECM 

is a major problem in islet transplantation. Increasing evidence 
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suggests that encapsulation of islets within an ECM scaffold is 

a promising strategy to improve β-cell survival and function.7 

It is well documented that pancreatic cell lines have physi-

ological properties similar to those of primary islets, and serve 

as a useful tool for studies of the function and molecular events 

in β-cells, thereby overcoming the limited availability of 

primary islets.23 In this study, we developed a functionalized 

SAP with mimic motifs driven by collagen IV and fibronectin, 

and evaluated its effect on function and proliferation in a 3D 

culture model of a rat INS-1 β-cell line. 

To assess whether the linking of functional motifs to 

KLD12 affected formation of the nanostructure, atomic force 

microscopy and rheological analysis was performed. Our 

results showed that, under physiological saline conditions, 

KLD-F could self-assemble to form an elastic hydrogel con-

sisting of cross-linked nanofibers. We next investigated the 

effect of KLD-F on cell morphology and ECM in a 3D cell 

culture model. Unlike the cell monolayer in two-dimensional 

culture, INS-1 cells formed islet-like aggregates in SAP 

hydrogel, suggesting a possible difference in ECM between 

two-dimensional and 3D culture. It has been reported that 

natural or artificial materials induced ECM secretion of 

islets.6 Consistent with these reports, we observed increased 

ECM protein, including collagen IV and fibronectin, as well 
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as elevated E-cadherin in INS-1 cells cultured in the KLD-F 

hydrogel. E-cadherin is a Ca2+-dependent adhesion molecule, 

and plays an important role in cell growth and development.24 

Cell adhesion via E-cadherin had been shown to have a 

distinct role in the regulation of cell-cell communication 

between β-cell within islets, with potential repercussions 

for insulin secretion.25 Overall, our results indicate that 

ECM remodeling and cell-cell adhesion of β-cells could be 

enhanced by KLD-F. 

The ability of designed ECM materials to improve β-cell 

survival and function has been reported,7 and MIN6 β-cells 

cultured in gels containing collagen IV or laminin enhanced 

insulin release.10 Both islet structure and cell-cell interaction 

within islets are essential for the normal function of β-cells, 

and the dispersed islet is associated with a dramatic decline 

of glucose-induced insulin release.26 In this study, we 

observed an increased SI, increased insulin release, and 

increased intracellular insulin under high-glucose stimu-

lation in INS-1 clusters in the KLD-F group, suggesting 

improvement of β-cell function by KLD-F. Expression of 

key genes controlling insulin biosynthesis and secretion, 

including Glut2, Ins1, MafA, and Pdx-1, was upregulated in 

the KLD-F group. Pdx1 is a key transcription factor medi-

ating the development and function of β-cells, and affects 
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insulin secretion via generation of nicotinamide adenine 

dinucleotide phosphate, mobilization of intracellular Ca2+, 

and mitochondrial biosynthesis.27 These results suggest that 

KLD-F can improve β-cell function, and that this may due 

to the enhanced cell-cell and ECM-cell interaction. 

The effect of KLD-F on β-cell proliferation was also 

analyzed. BrdU is a uridine derivative that can be incor-

porated into DNA during the S-phase of cell cycle as a 

substitute for thymidine, and serves as a common marker for 

cell proliferation.28 In this study, BrdU and CCK-8 results 

demonstrated that INS-1 β-cells in the KLD-F group had 

higher proliferation rates than the other groups. The glucose 

consumption rate of INS-1 cells in the KLD-F group was also 

increased, corresponding to an increased number of living 

cells. Ki67 is a general marker for cell proliferation, and is 

highly expressed during the active phases of the cell cycle.28 

We observed increased numbers of Ki67+ cells and elevated 

Ki67 protein in INS-1 clusters in the KLD-F group, suggest-

ing a potential relationship between cell-cell interaction and 

proliferation. A previous study had reported that cell-cell 

contact positively regulated proliferation in endothelial 

cells.29 Although the exact mechanism is not clear, our 
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results indicate that KLD-F promoted β-cell proliferation 

via enhancing cell-cell and ECM-cell interaction, which 

may have an influence on the cell cycle. 

The cell cycle is a series of events leading to replication 

and division of the cell into two equal copies (proliferation). 

In eukaryotes, the cell cycle is divided into G
0
 (gap 0), 

G
1
 (gap 1), S (synthesis), G

2
 (gap 2), and M (mitosis) 

phase. DNA synthesis and cell division occur during S, 

G
2
, and M phase.30 INS-1 cells in the KLD-F group had 

a reduced G1 phase population and elevated S and G
2
/M 

phase populations, as well as an increased proliferation 

index and S-phase cell fraction, indicating that KLD-F 

induced cell cycle progression in β-cells. In addition, the 

mRNA level of signaling molecules that induce cell cycle 

progression, including Ccnd1 (cyclin D1), Ccne1 (cyclin 

E1), and Cdk2 (CDK2), were upregulated, while the mRNA 

level of the cell cycle inhibitor Cdkn1a (p21) was reduced 

in the KLD-F group. These results indicate that KLD-F 

induced β-cell proliferation by regulating cell cycle and 

its related pathways.

ECM-cell interaction is essential for cell proliferation, 

and the response of cells to ECM is mainly mediated by 

cell surface adhesion receptors such as integrins.31 The 

composition of integrins on islets is complex, including α3, 

α5, αv, β1, β3, and β5.6 Integrin β1 is the major receptor 

of type I and IV collagen, and has been shown to regulate 

development and function of the pancreas.32 Integrin α5β1 

is the primary receptor for fibronectin and is involved in cell 

adhesion, migration, and ECM formation.33 We observed 

increased integrin α5 and β1 in the KLD-F group, suggesting 

that KLD-F can interact with multiple integrins and thereby 

trigger downstream pathways in the β-cell. FAK is a tyrosine 

kinase that plays a key role in regulating intracellular signals 

in response to ECM stimuli.34 ECM-integrin interaction leads 

to phosphorylation of FAK, and further activates the mitogen-

activated protein kinase pathways. Mitogen-activated protein 

kinases, including ERK, play an important role in transition 

of extracellular signals to the nucleus.35 Upon activation, 

ERK translocates from the cytoplasm to the nucleus, where 

it phosphorylates various transcription factors that regulate 

cell cycle progression.36 We observed increased p-FAK and 

p-ERK in INS-1 cells in the KLD-F group, providing evi-

dence for the synergistic activation of FAK/ERK signals by 

KLD-F. Cyclin D is a key mediator of G1/S phase transition, 

which can be activated by ERK to form an active cyclin D/

CDK4/6 complex, thereby driving entry of the cell into the 

next phase of the cell cycle.37 In contrast, p27 is an impor-

tant inhibitor of the cell cycle, which restricted G1/S phase 

transition by inactivation of cyclin E/CDK2 and the cyclin 

A/CDK2 complex.34 INS-1 cells in the KLD-F group had 

increased cyclin D1 as well as reduced p27, which may be 

caused by activation of the FAK/ERK pathways by KLD-F. 

Therefore, our results indicate a possible mechanism whereby 

KLD-F interacted with integrin α5/β1 and led to activation 

of the FAK-ERK pathways, which in turn induced cell cycle 

progression by upregulation of cyclin D1 and inhibition of 

p27 signaling.

Naturally derived polymers often contain undefined 

residual factors and substances, which may induce an 

immune response or side effects in clinical therapies. SAP 

is made of natural amino acids and can be synthesized com-

mercially with high purity to solve these problems. SAP had 

been widely used in various cell culture and animal experi-

ments, and rarely showed any toxic or immune response.12,13  

Our results suggest that functionalized SAP is a promising 

scaffold for clinical islet transplantation. In our next experi-

ment, we are planning to encapsulate primary islets in SAP 

hydrogel and transplant them into diabetic monkeys.

Conclusion
In conclusion, we designed a functionalized SAP with ECM 

mimic motifs derived from collagen IV and fibronectin. 

KLD-F can self-assemble into an elastic hydrogel consisting 

of cross-linked nanofibers. Islet-like cell aggregates formed 

in 3D culture of INS-1 β-cells in KLD-F hydrogel. INS-1 

cells in the KLD-F group had higher levels of E-cadherin, 

fibronectin, and collagen IV, suggesting enhanced β-cell 

remodeling and cell-cell adhesion. INS-1 cells in the 

KLD-F group showed enhanced insulin secretion, and 

increased expression of Glut2, Ins1, MafA, and Pdx-1. In 

addition, KLD-F promoted β-cell proliferation by mediat-

ing cell cycle progression. Further, we found that KLD-F 

improved β-cell function and proliferation via an integrin 

α5/β1-FAK/ERK-cyclin D1/p27 pathway. Our study 

indicates that ECM-cell interaction is critical for β-cells, 

and functionalized SAP with ECM mimics is a promising 

method to improve β-cell function and proliferation for 

islet transplantation.
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Table S1 Primer sequence for real-time polymerase chain reaction

Gene Primer sequence
E-cad Forward: 5′-aagacagagcggaacTaT-3′

reverse: 5′-aTcaTccTcagcaTcagT-3′
Fibronectin Forward: 5′-gTcaccTacaacaTcaTa-3′

reverse: 5′-TacagTaacaaccTcTTc-3′
Collagen IV (Col4a1) Forward: 5′-TgagaagaacaTagTgaT-3′

reverse: 5′-TTaacaaTacaacaggag-3′
Ins1 Forward: 5′-caaTcaTagaccaTcagcaagc-3′

reverse: 5′-agaaaccacgTTccccac-3′
Glut2 Forward: 5′-cacaTccTacTTggccTaTcTg-3′

reverse: 5′-TcagTgccccTTagTcTTTTc-3′
MafA Forward: 5′-gTcTTcagggTcgccgTcTag-3′

reverse: 5′-gaggTTgggacgcagaacTg-3′
Pdx-1 Forward: 5′-cccgagcTTcTgaaaacTTTg-3′

reverse: 5′-cTTTTcaTTgTccTcagTTggg-3′
Ccnd1 Forward: 5′-cTTcagcaaggaggaggTcaTc-3′

reverse: 5′-gcgTagccgcggTTcTT-3′
Ccne1 Forward: 5′-gTcTTcagggTcgccgTcTag-3′

reverse: 5′-gaggTTgggacgcagaacTg-3′
Cdk2 Forward: 5′-gacTgaTgTTgTTgacagcca-3′

reverse: 5′-aTgcTTaggcaTaacgcacTaggTT-3′
Cdkn1a Forward: 5′-gacTgaTgTTgTTgacagcca-3′

reverse: 5′-aTgcTTaggcaTaacgcacTaggTT-3′
β-actin Forward: 5′-ggagaTTacTgcccTggcTccTa-3′

reverse: 5′-gacTcaTcgTacTccTgcTTgcTg-3′
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