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Malignancy is a state that emerges from a tumour-host microenvironment in which the
host participates in inducing, selecting, and expanding tumour cells. The tumour
environment modifies the malignant phenotype of the tumour cells, including morphology,
survival, proliferation, and invasion. In this study, we investigated effects of the
self-assembling peptide RADA16-I, compared with Matrigel and Collagen I, on the
malignant phenotype of a pancreatic cancer cell line, MIAPaCa-2, in three-dimensional
culture and in vivo. We showed that MIAPaCa-2 cells adjusted their malignant phenotype
in these differing extracellular matrices. RADA16-I creates a nanoscale matrix, without
animal-derived materials, and can greatly suppress the malignant phenotype of
MIAPaCa-2 cells in three-dimensional culture and in vivo. These results suggest that the
self-assembling peptide RADA16-I is a potential nanomaterial for pancreatic cancer
research and treatment.
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1. Introduction
The tumour microenvironment has been widely accepted as playing a crucial role in
cancer initiation and progression, containing vessels and lymphatic ducts, a neuronal network and
immune/inflammatory cells in an extracellular matrix (ECM)[1, 2]. Most tumours cannot survive
without tumour microenvironment support[3]. Studies of the tumour microenvironment could
improve our understanding of tumours and provide novel strategies for diagnosis and treatment.
Pancreatic cancer is the most lethal malignant disease and has a poor prognosis, largely
due to aggressive growth and early metastases. A typical property of pancreatic cancer is its
prominent desmoplastic reaction. There is increasing recognition of the crucial role played by the
pancreatic cancer microenvironment in tumour initiation and distant spread[4, 5]. Thus, the
interaction of pancreatic cancer cells and the tumour microenvironment should be intensely
evaluated, in both basic and clinical research into pancreatic cancer[6, 7].
Studies of oncology, based on traditional two-dimensional (2D) cultures, have helped us to
understand many aspects of cancer. However, 2D cultures cannot comprehensively mimic
morphology, cell-to-cell and tumour-environment interactions in vivo. There is increasing
recognition that three-dimensional (3D) culture, which recaptures the phenotype and genotype of
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tumour in vivo, is a promising model for studying cancer biology and developing novel
treatments[8, 9].
The most common used ECMs for 3D culture are animal-derived materials, such as
Matrigel and Collagen I but their compositions are complex and the materials are undefined, so
their applications are limited[10]. Recent studies have also revealed that self-assembling peptides
used in 3D cultures have shown promising potential in various fields, such as membrane protein
stabilizers[11], drug delivery vehicles[11, 12], hemostasis agents[13], scaffolds for cell culture and
tissue engineering[14, 15], cell sheet technology[16], and regenerative medicine[17].
Self-assembling peptides could create a novel class of nanoscale biomaterials. Furthermore, these
peptides do not contain animal-derived materials, are facilitatively controlled, and do not induce
immune responses[18].
In the present study, we compared, for the first time, the effects of the self-assembling
nanofiber peptide RADA16-I with those of Matrigel and Collagen I on a human pancreatic cancer
cell line, MIAPaCa-2. We identified the malignant phenotype, including the morphology,
proliferation and invasive potential, and the effects of these ECMs on MIAPaCa-2 in vivo.
2. Experimental section
2.1 Materials
PuraMatrix: RADA16-I ([COCH3]-RADARADARADARADA-[CONH2) solution (1%)
was purchased from BD Bioscience (Bedford, MA, USA). PuraMatrix was sonicated for 30 min
before cell culture. Matrigel and Collagen I were purchased from BD Bioscience. Calcein AM,
Tubulin Tracker Green reagent for live-cell tubulin labelling (Oregon Green 488 Taxol, bis-acetate,
T34075), and 4’,6-diamindino-2-phenylindole (DAPI) were purchased from Molecular Probes
(Eugene, USA). A DNA Quantitation Kit and rhodamine phalloidin were purchased from Sigma
(St. Louis, MO, USA). The Click-iT EdU HCS assay was purchased from Invitrogen (Carlsbad,
California, USA). Dulbecco's Modified Eagle's Medium/high glucose medium, fetal bovine serum
(FBS), phosphate buffered saline (PBS) and penicillin/streptomycin were purchased from HyClone
(Logan, UT, USA).
2.2 Structural studies
Stock solutions of RADA16-I, Matrigel, and Collagen I were diluted with 0.01 M PBS to
concentrations of 0.1, 0.06, and 0.05 mg/ml, respectively. Working solution was negatively stained
with 1% uranyl acetate and placed on a transmission electron microscopy (TEM) copper grid,
covered by a perforated poly(vinyl formal) film. After drying, TEM images were analyzed by
observing the TEM grid on a JEM-100 electron microscope (JEOL Ltd., Tokyo, Japan)[14].
2.3 Cell culture
The MIAPaCa-2 human pancreatic cancer cell line was gifted by Professor Friess at the
Department of Surgery, Technische Universitt, München, Germany. The cell line was cultured in
DMEM/high glucose medium supplemented with 10% FBS and 1× penicillin/streptomycin.
Cancer cells were cultured in the 3D system according to the protocols for a different matrix.
Briefly, cells cultured in a monolayer were trypsinized, washed and pelleted, and in the RADA16-I
peptide 3D culture, cells were suspended in 10% sucrose solution. After mixing the cell suspension
and RADA16-I at a ratio of 1:1, the mixture was placed into the culture well and the well was then
filled with medium. The peptide was allowed to self-assemble for 30 min and then half of the
culture medium was changed until a pH of 7.4 was reached. The medium was changed every 2
days[19]. Cells were cultured in a 1:1 dilution of Matrigel with a concentration of 5 mg/ml[20].
Collagen I was prepared at a concentration of 1.5 mg/ml[21]. The cancer cells were cultured in an
8-well-culture plate. The number of cells was equal at the beginning of embedding in the different
ECMs. After 30 min incubation at 37 °C, the gels were covered with complete culture medium,
which was changed at 2-day intervals. A LEICA DMIL phase-contrast microscope (Leica, Wetzlar,
Germany) was used for routine observation.
2.4 DNA-content measurement
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The density of cells in the different ECMs was evaluated by cellular DNA, analyzed by
fluorometric quantification. The 3D cultures were washed with PBS, placed in 50×10-3 M sodium
citrate buffer solution, and stored at –80 °C. After thawing, the cells were lysed with sodium citrate
solution. 10 μM of the cell lysate was mixed with the assay buffer and fluorescent dye. The
fluorescent intensity was measured by a fluorescence spectrometer. The calibration relationship
between cell density and DNA was evaluated over a range of cell densities[22].
2.5 Immunostaining
The 3D culture was fixed with 4% polyoxymethylene for 10 mins. For immunostaining,
the culture was blocked by the immunofluorescence buffer containing 10% goat serum[23].
Calcein AM working solution (2×10-6 M) was diluted with PBS to investigate living MIAPaCa-2
cells. Tubulin Tracker Green reagent for live-cell tubulin labeling (125 nM), rhodamine phalloidin
working solution (5 U/ml), and DAPI working solution (300 nM) were diluted with PBS for
tubulin, F-actin, and nuclei staining, respectively. The images were analyzed by an UltraVIEW
VoX-3D live cell imaging system (Waltham, MA, USA).
2.6 EdU Assay
The Click-iT EdU HCS assay was used to detect and quantify newly synthesized DNA.
The cultures of MIAPaCa-2 cells were prepared following the above methods. The assay steps
were performed according to the supplier’s instructions. Briefly, cells in 3D culture were fixed
with 3.7% formaldehyde in PBS for 15 min. Cell permeabilization was attained by adding 0.1%
Triton X-100 in PBS to the well and incubating for 15 min. After the wash solution was removed,
the Click-iT reaction cocktail was added and incubated for 30 mins. Samples were rinsed with the
Click-iT reaction rinse buffer. Nuclei staining was carried out using 1× HCS Nuclear Mask Blue
stain solution for 30 min. EdU-labeled nuclei were scored using 200 cells per experiment and the
indices were expressed by the percentage of the labeled nuclei[24].
2.7 Invasive assay
Briefly, MIAPaCa-2 cells were serum-deprived for 24 h. Subsequently, 2.0×104 cells were
seeded in the upper chamber as 3D cultures, using an 8 μm transwell membrane. The lower
chamber contained medium with 5% FBS as a chemoattractant. The cells were incubated for 48 h.
The inserts were then fixed with methanol and stained with DAPI. The cells on the lower surface
of the membrane were counted in 5 random fields at ×200 magnification.
2.8 In vivo experiments
MIA PaCa-2 cells were cultured in a monolayer, then trypsinized, centrifuged and
resuspended, and mixed with Matrigel, Collagen I, and RADA16-I (final concentrations of 5, 1.5,
and 5 mg/ml, respectively). Subsequently, 3×106 cells were subcutaneously injected into the
axillary mammary fat pads of 4- to 6-week-old BALB/c nude mice. MIAPaCa-2 cells, alone, were
injected as negative controls. Eight mice were used in each group. After forty days of
transplantation, the tumours were harvested. The volume of each tumour was calculated as follows:
π/6× (L×W×W), where L is the largest and W the smallest diameter of the tumour, respectively.
Animal procedures complied with the guide for the care and use of laboratory animals[25].
2.9 Statistical analysis
Statistics analysis was performed using the one-way ANOVA test, and differences were
judged to be significant at P < 0.05.
3. Results
3.1 Structure of RADA16-I, Matrigel, and Collagen I
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TEM was applied to evaluate nannofiber form
mation. It haas been show
wn that RAD
DA16-I
transfoorms to a β-strand structture, self-asssembles into nanofibers and finally a hydrogel scaffold
s
[26]. S
Similar nanoofibers weree also obserrved in RAD
DA16-I afterr self-assem
mbly in PBS
S. TEM
imagess of RADA16-I, Matrigel, and Collaggen I are shown in Figuree 1.

Fig. 11. TEM imagees of (A) RADA
A16-I peptidee nanofiber ma
atrices, (B) Matrigel,
M
and (C
(C) Collagen I (Bar:
100 nm)

3.2 The morphology
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o the MIAP
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D culture in
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To investiigate MIAPaaCa-2 cell ddistribution and viabilitty in the 3D
M
cells were ccultured for 3 days and stained withh calcein AM
M. The
differeent ECMs, MIAPaCa-2
viabilities of MIA
APaCa-2 cells cultured inn the three ECMs were good (Figuure 2). The cells
c
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oblast form, w
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A16-I and Matrigel
M
Collaggen I showedd a myofibro
while, in con
maintaained a spherroid form durring 3D cultuure.

Fig. 2. Thrree-dimensiona
al culture of MIA PaCa-2 cells in (A) RADA16-I, (B
(B) Matrigel,
and (C) Coollagen I usin
ng calcein AM
M staining for living canccer cells for 3 days. MIA
PaCa-2 cellls showed myo
ofibroblast-likke shapes in Collagen
C
I, while the cells m
maintained a
m
multicellular
sp
pheroid form iin RADA16-I and Matrigel.. (Bar: 70 μm))

To investiggate the 3D morphologiees of MIAPaaCa-2 cells in the differeent ECMs, th
he cells
ulin after 5 days
d
(Figure 3). Cells grrown in
were oobserved on the localizattion of F-acttin and tubu
RADA
A16-I and Matrigel
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heroids. How
wever, cells in the
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Collaggen I 3D cuulture showed a myofiibroblast-likee shape, wh
hich indicatees a mesenchymal
phenottype.

Fig. 3. Dif
iffering morphologies of MIA PaCa-2
2 cells in diffferent ECMs
Ms: (A) light
microscopy images of cells in RADA166-I, Matrigel, and Collagen
n I for 3 days.. (B) F-actin
n
(blue)) fluorescencee images of morphology
m
inn RADA16-I,
cytoskeletonn (red) and nuclear
Matrigel, and Collagen I.
I (C) Tubulinn (green) and
d nuclear (bluee) fluorescencce images of
morphologyy in RADA16-1, Matrigel, aand Collagen I.
I (Bar in row A: 200 μm. B
Bar in rows
B annd C: 14 μm)

3.3 The prroliferation of MIA PaC
Ca-2 cells in different EC
CM
Ms were
MIAPaCa--2 cells cultured in thee RADA16--I, Matrigel, and Collaggen I ECM
investiigated for proliferation by measuringg DNA conteent (Figure 4A). In Matriigel and Colllagen I,
the celll density inncreased duriing the periood of culture and the ceell density inn Matrigel was
w the
highesst. On the othher hand, thee cell density
ty in the RA
ADA16-I incrreased beforee day 5 but did not
significantly increaase thereafterr.
Correspondingly, the percentage
p
off EdU labellling in MIAP
PaCa-2 cells in the threee ECMs
was exxpressed as the
t EdU labeelling indicess at days 3, 5, and 7 (Fig
gure 4B). Ouur study shows that
approxximately 89%
% of the MIA
APaCa-2 cellls in RADA
A16-I stopped proliferatinng on day 7.
7 Thus,
the ressults of incorrporating EdU into the D
DNA matched
d the results of DNA conntent measurrements
of MIA
APaCa-2 cellls in differen
nt ECMs.
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Fig. 4. The
T proliferatiion of MIAPa Ca-2 cells in 3D
3 culture with different EC
CMs. (A)
MIAPaCa-22 cell density in different EC
CMs evaluated by DNA mea
asurements affter 3, 5, and
7 days of
o culture. (B)) The percentaage of EdU lab
belling in MIA
A PaCa cells ggrown in
diffe
ferent matricess, expressed ass the EdU lab
belling index at
a days 3, 5, annd 7.

3.4 The in
nvasive poten
ntial of MIA
A PaCa-2 cellls in differeent ECM
n different EC
CMs, the cellls were
To investiggate the invaasive potentiaal of MIAPaCa-2 cells in
ber assays (Fiigure 5). Com
mpared with MIAPaCa-22 cells in Colllagen I,
analyzzed with transswell chamb
52.60%
% of the cellls in Matrigeel and 3.44%
% of the cellss in RADA16
6-I invaded tthrough the matrix.
Signifiicant differennces were ob
bserved betw
ween the threee groups (p < 0.001).

Fig. 5. Invaasion of MIAP
PaCa-2 cells inn Collagen I, Matrigel,
M
and
d RADA16-I. E
Each column
rep
epresents an in
nvasion percenntage against Collagen I (%
%). ** P < 0.0001
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3.5 Tumour growth in vivo
To evaluate the effects of different ECMs on tumour growth in vivo, we transplanted
MIAPaCa-2 cells with RADA16-I, Matrigel, and Collagen I into nude mice, while MIAPaCa-2
cells alone were transplanted (the 2D group) as a control group. Forty days after implantation, we
observed that adding Matrigel and Collagen I prominently enhanced the weight and volume of the
tumours, compared with the RADA16-I group (P < 0.001) (Figure 6A, B and C).

Fig. 6. (A) Effects of RADA16-I, Matrigel, and Collagen I on the tumor weight of
MIAPaCa-2 cells. RADA16-I significantly reduced the tumour weight compared with other
groups (** P < 0.001). (B) Effects of RADA16-I, Matrigel, and Collagen I on the tumour
volume of MIAPaCa-2 cells. RADA16-I significantly reduced the tumor volume compared
with other groups (** P < 0.001). (C) Tumours formatted in RADA16-I, Matrigel,
Collagen I and 2D culture. Eight mice were used in each group.

4. Discussion
Although traditional 2D culture has contributed greatly to pancreatic cancer research, it
has limitations that have promoted the development of 3D culture. 3D culture can mimic the
interactions between tumour and the surrounding microenvironment in vivo. Several studies have
investigated pancreatic cancer cells in 3D culture using animal-derived materials [27, 28]. The
resultant malignant phenotype is remarkably different from that seen in 2D culture. However, the
components of animal-derived materials, such as Matrigel, Collagen I, are complex and
undefined[10]. This makes control difficult with these materials.
The self-assembling peptide RADA16-I (Ac-RADARADARADARADA-CONH2), a
simple model oligopeptide, is characterized by repeats of alternating ionic hydrophilic and
hydrophobic amino acids[19]. RADA16-I can self-assemble to form stable nanofibers scaffolds in
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the presence of monovalent cations or physiological media[26]. RADA16-I has been used to
mimic the 3D microenvironment for various cell cultures [14, 19]. In present study, we applied
RADA16-I as an ECM in 3D culture for the pancreatic cancer cell line-MIAPaCa-2 and compared
this with Matrigel and Collagen I, and investigated the effects of these different materials on the
malignant phenotype of MIAPaCa-2 cells.
Studies have demonstrated that RADA16-I supports the differentiation of rat
pheochromocytoma cells[18], hepatocyte progenitor cells[29], and hippocampal neurons[30], the
tubulogenesis of endothelial cell[31], and the attachment of some primary and transformed cell
types[19]. Additionally, RADA16-I forms a more rigid hydrogel, which may provide a suitable
scaffold for tumour cells[32]. In our study, the distribution and viabilities of MIAPaCa-2 cells
cultured in RADA16-I were good.
Morphology and malignant phenotype significantly differed between these materials.
MIAPaCa-2 cells in Collagen I showed a myofibroblast-like phenotype, while, on the other hand,
MIAPaCa-2 cells in RADA16-I and Matrigel maintained a phenotype of multicellular spheroids.
Epithelial-mesenchymal transition (EMT) has been found to contribute to many aspects of tumour
biology and therapeutic resistance[33]. EMT is characterized by the loss of cell-to-cell adhesion,
with the disintegration of tight adherents and gap junctions, and a phenotype change from an
“epithelial” morphology to a motile, fibroblast-like morphology[34]. Thus, the myofibroblast-like
phenotype of MIAPaCa-2 cells in Collagen I may be partially due to EMT, compared with
RADA16-I and Matrigel.
Our results reveal that MIA PaCa-2 cells have differing proliferation potentials in different
tumour-surrounding microenvironments: the pancreatic cancer cells in Matrigel proliferated
prominently, due to the various growth factors; however, the cells in RADA16-I stopped
proliferating gradually during the culture process, which may be due to the lack of animal-derived
material. Matrigel is a mixture of components such as laminins, Collagen , heparin sulfate
proteoglycans, different growth factors and some undefined components[35]. Because Matrigel
contains complex components, its mechanism for promoting tumour cell growth has not been
comprehensively elucidated. Because RADA16-I consists of standard amino acids, without
animal-derived factors, its scaffold is likely to be a promising alternative that creates a “clear” 3D
nanostructure in the ECM. More studies using the RADA16-I peptide scaffold are under way to
investigate different cell types [36, 37].
MIAPaCa-2 cells in RADA16-I clearly had reduced invasive potential in this study. The
decline in proliferation and invasion of MIAPaCa-2 cells in RADA16-I is possibly due to the
nanostructure of RADA16-I and the interactions between RADA16-I and MIAPaCa-2 cells. The
study suggests that cells sense or respond to the nano-scale ECM, which may be regulated by the
interaction between nano-structure and cells[38]. In RADA16-I, the different cell-surface
components and mediators may play a crucial role in non-integrin mediated cell attachment to the
RADA16-I[19]. The interactions change the way by which the integrins and the ECM interact
through the receptor transduction pathways that regulate cell growth and invasion[39, 40], leading
to the decline in proliferation and invasion by MIA PaCa-2 cells. However, the mechanisms behind
these behaviours are not completely clear.
Furthermore, the results of tumour formation in vivo might be attributable to the suitable
structure of Matrigel and Collagen I for MIA PaCa-2 cells during the process of transplantation of
MIAPaCa-2 cells, and the presence of complex components, which include many growth factors

289

promoting the growth of pancreatic cancer cells in vivo. However, RADA16-I reduced the tumour
weight and volume of MIA PaCa-2 cells in vivo, compared with Matrigel, Collagen I, and
MIAPaCa-2 cells alone (control). We hypothesize that this may be due to the growth-inhibitory
effect of RADA16-I on MIA PaCa-2 cells. A recent study showed that RADA16-I can suppress the
formation of prostate cancer stem cell colonies in vitro. This study also suggested that the
RADA16-I peptide scaffold could recreate cell-to-cell interactions, thus inhibiting cells, halting
their proliferation, and suppressing tumour progression and metastasis[15].
5. Conclusions
In this study, we showed, for the first time, that the self-assembling peptide RADA16-I
suppresses the malignant phenotype of pancreatic cancer cell line MIAPaCa-2 in three
dimensional culture and in vivo. Our study also suggests that the microenvironment surrounding
pancreatic cancer cells modifies their cellular behaviour. Research into the communication
between cancer cells and the microenvironment will lead to the development of novel therapies.
Furthermore, the self-assembling peptide RADA16-I may be a potential nanomaterial for
pancreatic cancer research and treatment.
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