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Nanofibre structures of self-assembling peptides as biological materials have
recently been studied for their promising uses in tissue engineering and 
biomedical research. We report here a self-assembling peptide RADA16 that

forms nanofibre scaffold to be used as a three-dimensional (3D) cell culture matrix. The
16-residue peptide forms a β-sheet structure and undergoes molecular self-assembly
into nanofibres and eventually into a higher-order scaffold hydrogel. In this study, we
indicate that the nanofibres assemble into much stiffer scaffold networks which can
mimic the tumor microenvironment in vivo more effectively. Circular dichroism 
spectroscopy, atomic force microscopy, transmission electron microscopy, and 
rheology were used to study the structure of the peptide nanofibres and the kinetics of
the cell culture scaffold formation. The change of this assembly into stiffer scaffold is
important for a 3D cancer cell culture. We have studied cellular behaviour of human
lung cancer cell A549 within RADA16 nanofibre scaffold including morphology, growth,
drug resistance, and adhesion ability to elucidate its application in cancer cell research.
Different cell morphologies in a 3D scaffold and on two-dimensional (2D) plastic may
be related to the enhanced drug resistance of A549 cell colonies in a 3D culture which
forms a 3D gradient to mimic the in vivo conditions and modifies the cellular behaviour
that are missing in 2D monolayer culture. Adhesion assay also shows that the 3D cell
colonies have significantly different adhesion abilities to ECM proteins of laminin and
collagen IV due to the variations of cell-cell and cell-matrix interactions, compared to
the 2D cells. Our data suggest that self-assembling peptide RADA16 nanofibre scaffold
could provide new insights into cancer studies.

INTRODUCTION

The design, fabrication, and 
application of biological nanomate-
rials such as self-assembly peptides
have provided an advantageous
model for biomaterials and 
nanotechnology scientists for use in
tissue engineering and biomedical
research works [1-10]. RADARA-
DA RADARADA (RADA16) is a
16-residue peptide which was
designed and synthesized as an

ionic-complementary peptide 
containing a regular repeat of 
alternating hydrophobic and
hydrophilic amino acids [11].
Previous research works have
revealed that these types of 
peptides were synthesized and
formed extremely stable β-sheet
structures in water. They self-
assemble to form stable nanofibres,
and also form higher-order nano-

Available online at: http://journal.ippi.ac.ir 



fibre scaffolds, a hydrogel consisting of more than
99.5% water. Changing the pH to neutrality or adding
physiological concentrations of salt solutions can
accelerate the gelation [11-15]. 

Compared to bio-derived materials such as
Matrigel, the peptide matrices are pure and without
any animal derived materials, manipulated easily, and
do not elicit immune responses. Studies have shown
that self-assembly peptides can support the formation
of functional synapses using rat primary hippocampal
neurons in vitro [15]. They have been also applied in
many other research works including tissue repairing
such as chondrocyte extracellular matrix production
and cell division [16], brain repair and functional
return of vision [17], in vivo injection for animals
[18], the proliferation and differentiation of mouse
neural stem cell [19], etc. 

Still, the field of cancer cell biology is another
important aspect which needs more attention for 
biomaterials researchers to make good use of these
self-assembling peptides. Previously, most cancer
cell culture experiments have been performed under
adherent 2D conditions which could not truly reflect
the complex interactions between cancer cells and the
microenvironment and have been proved with many
limitations such as 3D gradient diffusion and 3D 
cell-cell contact interactions. A three-dimensional
(3D) culture of cancer cells has been used as a better
model to provide some invaluable insights into 
cancer biology [20,21] including drug resistance
which has also been associated with tumor progres-
sion and clinical therapy [22]. A multi-cellular 3D
structure was developed and has been shown more
closely to mimic some behaviours of tumor cells in
vivo which improves our understanding of the 
interactions between cancer cells and microenviron-
ment [23-25].

Here we investigated the structure of the self-
assembling peptide nanofibres and the kinetics of
higher-order nanofibre scaffold formation which
resulted into an assembly of stiffer scaffold which is
important for a 3D cancer cell culture and could 
better mimic the tumor microenvironment in vivo.
Then, we used the 3D RADA16 culture of cancer
cells to investigate the behaviours of human lung 
cancer cell A549 including morphology, growth, drug
resistance and adhesion ability to elucidate its 

application for cancer cell research. The results have
revealed the correlation of specific properties of
RADA16 and the cancer cell microenvironment in
vivo. This self-assembling peptide scaffold 
constitutes a network of extracellular matrix 
nanofibres with nanopores that create local 
microenvironments suitable for cancer cells.

EXPERIMENTAL

Materials 
RADA16 ([COCH3]-RADARADARADARADA-
[CONH2]) solution (1 w/v%) was purchased as
PuraMatrix from BD Bioscience, Bedford, MA. The
peptide was dissolved in water at a final 
concentration of 1% (w/v) and sonicated for 20 min
before use. DAPI (4',6-diamidino-2-phenylindole,
dihydrochloride), rhodamine phalloidin and Calcein
AM were purchased from Molecular Probes, USA. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) was purchased from Sigma, USA.
Fibronectin, laminin, and collagen IV was purchased
from BD Biosciences Bedford. To maintain the A549
cells, penicillin/streptomycin, 1640 medium and
Fetal Bovine Serum (FBS) were obtained from
Invitrogen, USA.  

Circular Dichroism Measurement
Circular dichroism (CD) spectroscopy was performed
on RADA16 peptide (100 μg/mL) water solution at
25ºC. Peptide stock solutions were made of 1% (w/v)
with Milli-Q water and stored at 4ºC before use. The
stock solution of RADA16 (10 mg/mL) was diluted
by water to a working concentration of 100 μg/mL.
CD data were obtained on an Aviv model 400 
spectrophotometer, USA, with 0.001-0.2 millidegrees
sensitivity and a 1-mm path length quartz cuvette.
The supported parameters: λ = 260-190 nm; 
λ (bandwidth) = 1 nm; time constant = 1 s [26]. 

Structural Study by Atomic Force Microscopy 
The stock solution of RADA16 (10 mg/mL) was
diluted with water to working concentration of 
100 μg/mL as described above. After stationary incu-
bation, 5 μL of sample was immediately deposited
onto a freshly cleaved mica surface and left for 15 s,
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then rinsed with distilled water to remove unattached
materials. The sample was then air-dried. Atomic
force microscopy images were collected by a SPI4000
Probe Station & SPA-400 SPM Unit (Seiko
Instruments Inc, Japan) with resonance frequency of 
120 kHz, spring constant 12 N/m, tip curvature radius
10 nm and 200 μm length [26]. AFM images were
obtained in Tapping Mode. AFM scans were taken at
512×512 pixels resolution and produced topographic
images of the samples in which the brightness of 
features increases as a function of height.

Structural Study by Transmission Electron
Microscopy
The stock solution of RADA16 was diluted with
water and 0.01 M PBS (pH 7.4) to a concentration of
100 μg/mL, respectively. The PBS buffer solution
could mimic the effects of cell culture medium when
culturing the cells and help to obtain good visual TEM
results, as well. A small amount of working solution
was negatively stained with 1% phosphotungstic acid
and placed on the surface of a TEM copper grid 
covered by a holey Formvar film. TEM images were
obtained by observing the TEM grid in TEM (H-600,
Hitachi, Japan).

Microrheological Analysis
Rheological property was determined by a rheometer
(AR2000, TA Instruments) by diluting RADA16 with
distilled water and preparing its hydrogel according to
cell culture procedures with culture medium. After 30
min, 80 μL solution or hydrogel of final concentration
of 5 mg/mL was placed on the plate of a rheometer. A
20-mm-diameter, 1° stainless-steel cone with a 
truncation at 25 μm was used and a solvent trap was
placed around the cone to avoid the evaporation of the
solution. Storage modulus G' and loss modulus G''
was measured by dynamic time sweep test performed
at a constant frequency of 1 Hz for 5 min at 25ºC.

Cell Culture
The A549 cell line was obtained from the American
Type Culture Collection (ATCC). The cell line was
cultured in 1640 medium supplemented with 10%
Fetal Bovine Serum (FBS) and 1% penicillin/
streptomycin. For 2D culture, after removing culture
medium, the cell layer was rinsed to remove all traces

of serum. Two millilitres of trypsin/EDTA solution
was added and cells were observed under an inverted
microscope until a cell layer was dispersed. Then 6.0
to 8.0 mL of complete growth medium was added and
cells aspirated by gentle pipetting. Appropriate
aliquots of the cell suspension were added to new 
culture vessels. Cultures were incubated at 37°C. 

For 3D RADA16 culture, cells were cultured on a
trypsinized plastic and then, washed and pelleted by
centrifugation. Experiments were carried out in 24-
well dishes using RADA16 (10 mg/mL) and single
cell suspensions (1×106/mL). Since the peptide
exhibits a pH of 2-2.5, it is necessary to equilibrate the
peptide to physiological pH by adding culture 
medium for 3D culture for cell viability. Cells were
suspended in sucrose solution which would help 
protect the cells until the pH is normalized by 
equilibration. The interacting cells were pre-mixed in
equal numbers in suspension prior to embedding.
After pouring a mixture of RADA16 and cell 
suspension by a 1:1 dilution ratio into the well, basal
medium was then slowly added onto it. Then the
whole system was allowed to self-assemble for 
20 min and rinsed thrice with culture medium. The 
medium was changed in two days intervals. 

Immunostaining
Three-dimensional cultures were washed with PBS
and fixed with 4% paraformaldehyde for 15 min at
room temperature, then washed with PBS three times
over 30 min. For immunostaining, cultures were
blocked with 10% goat serum (v/v) in immunofluo-
rescence (IF) buffer [0.2% Triton X-100, 0.1% BSA,
0.05% Tween 20 in PBS (pH 7.4; sterilized; 0.22 μm
filter)] [27]. Rhodamine phalloidin working solution
(5 U/mL) and DAPI working solution (300 nM) were
diluted in PBS buffer for F-actin and nuclei staining.
Immunofluorescent images were obtained by an
Olympus X 71 inverted microscope.

Drug Resistance Assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide (MTT) colorimetric assay was used to
assess 5-fluorouracil cytotoxicity to the cells. A549
cells were seeded in RADA16 scaffold with drug-free
medium in a 48-multiwell plate for 1 day and then 5
days, respectively. 5-Fluorouracil was added at a final
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concentration of 100 μg/mL. After 48 h incubation,
cell viability was determined by 4 h incubation with
MTT 5 mg/mL, treatment with 20% SDS-HCl 
solution overnight and measurement of optical 
densities at 590 nm. The surviving rate of cells was
determined by dividing the mean absorbance values
of drug treated samples by the mean absorbance of
untreated control samples.

Adhesion Assay
Ninety-six-well plate was coated with 50 μg/mL of
fibronectin, laminin, and collagen IV, and then air
dried at room temperature. Approximately 100 to 150
A549 2D cells and 3D colonies after cultured for 
5 days in 100 μL of serum-free medium were added
to the wells and incubated for 4 h at 37ºC. The total
number of colonies in each well was manually 
counted, and then non-adherent cells were gently
rinsed off with PBS 3 times. Adherent cells were then
manually counted under a light microscope [28].

RESULTS AND DISCUSSION 

Physicochemical Properties of Self-assembling
Peptide RADA16 
In order to investigate the structural properties of
self-assembling peptide RADA16, we studied the
secondary structure of peptide RADA16 solution in
water by CD measurement, and the structure of
nanofibre by AFM. Then we studied the higher-order
scaffolds of RADA16 by TEM, and the rheological
properties of hydrogelation kinetics by rheometry.
CD measurements (Figure 1) showed that peptide
RADA16 is able to adopt its typical β-sheet structure
(minimum at 216 nm and maximum at 197 nm) in its
stock solution and can be used without further 
purification. 

We used AFM with tapping mode to analyze the
self-assembling nanofibres in RADA16 water 
solution diluted from the stock solution. The presence
of nanofibres with ~20 nm in diameter was observed
which maintained as scattered fibres (Figure 2). 

In order to study the higher-order nanofibre 
scaffold formation, we used TEM to analyze the 
formation of nanofibre network scaffold of RADA16
[29] in PBS buffer solution which could mimic the 

Figure 1. The circular dichroism results of secondary 
structure of peptide RADA16 water solution recorded at
25ºC and the peptide adopted typical β-sheet structure
(minimum at 216 nm, maximum at 197 nm).

Figure 2. AFM images of self-assembling RADA16 
nanofibres in water solution. (a) magnification 17000× and
(b) magnification 43000×.
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Figure 3. TEM images of RADA16 peptide nanofibres in (a)
water (magnification 40000×) and (b) nanofibre scaffold net-
works assembled in PBS solutions (magnification 60000×).

effects of medium when culturing cells and obtain
good visual TEM results, as well. In the assay, the
self-assembling peptide nanofibres are ~ 20 nm in
diameter (Figure 3a) as what showed in AFM results.
The interwoven nanofibre networks in RADA16 scaf-
fold nanostructures resulting from the hydrogelation
are 20~120 nm in diameter (Figure 3b). 

The rheological properties of RADA16 water 
solution and hydrogel for cell culture were tested by
dynamic time sweep assays. For RADA16 solution,
G' (storage modulus) and G'' (loss modulus) 

Figure 4. Rheological properties of (a) RADA16 solution
and (b) nanofibre scaffold hydrogel. Storage modulus G'
(squares) and loss modulus G'' (circles) are shown as a
function of time.
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possessed low values (Figure 4a). While, for
RADA16 hydrogel prepared to use in 3D cell culture,
G' reached around 2200 Pa (Figure 4b) which was
nearly 150 times higher than that of its water 
solution. G' was greater than G'', and both remained
relatively constant with time indicating that the gel
has reached equilibrium with the medium solution,
maintaining stable hydrogel rheological properties
[30]. These data suggested that RADA16 formed rigid
hydrogel which could be due to the self-
assembling of longer nanofibres [11] and increased
number of cross-links and fibril entanglements
formed in the process of peptide self-assembling.
[31]. These findings were consistent with the 
nanostructures shown in TEM assays. Our data 
suggested that RADA16 could provide an ideal 
scaffold for cancer cell 3D culture, since they are

more likely to mimic the tumor tissues that are much
stiffer than normal tissues [32].

Morphology and Growth of A549 Cells in
RADA16 3D Culture
The A549 cell morphology and growth in response to
3D RADA16 nanofibre scaffold were identified by
light field microscopy after 3, 5, and 7 days (Figure
5). This indicated that in a 3D scaffold, cells form the
spheroid colony and keep growing larger during the
culture time. In order to distinguish clearly the inner
structure of cell spheroids, cells with various 
morphologies corresponding to different culture 
models were also identified by fluorescence
microscopy via localization of F-actin in colonies
after 5 days culture (Figure 6). In this study, cells
grown in RADA16 nanofibre scaffold showed a 
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Figure 5. Light microscope images of A549 cells cultured on (a) 2D plastics after plating and in RADA16 nanofibre scaffold after
(b) 3, (c) 5, and (d) 7 days culture, indicating the morphology and viability of A549 cells (magnification 200×).



Figure 6. Fluorescence images of A549 cell morphology on
(a) 2D plastic and (b) in RADA16 nanofibre scaffold. Cells
were stained for F-actin and nuclei were counterstained
with DAPI. In RADA16, cells form spheroids with disorgan-
ized nuclei while cells on 2D plastic present stretched
adherence morphology. 

phenotype of multi-cellular spheroids with 
disorganized nuclei, compared to the stretched 
adherence morphology of cells on 2D plastic with a
larger spread size of cells. The images revealed that in
RADA16 scaffold, cells were evenly distributed and
showed a good viability and compatibility with the
scaffold. A multi-cellular 3D structure was developed

and has been shown to be more closely mimicking
some behaviours of tumor cells in vivo and improve
the understanding of interactions between cancer
cells and the microenvironment [23-25,33,34].

Effect of RADA16 3D Culture and Spheroids
Formation on A549 Cells Resistance to 
5-Fluorouracil
In the studies of the morphology and proliferation of
lung cancer A549 cells in 3D RADA16 cultures, we
found that A549 cells formed colonies that constantly
grow and maintain the spheroid morphology. In order
to study the effect of 3D culture on the tumor cell
resistance to 5-Fluorouracil (5-Fu) compared to 2D
cells, we measured the survival rate of A549 cells
exposed to 5-Fluorouracil after 48 h by MTT assay.
A549 cells growing on 2D plastic were allowed to
expose to 100 μg/mL 5-Fu and resulted in a survival
rate of 47.297% ± 2.245. In the 3D cultures, the 
survival rate of A549 cells on day 3 was 60.115 % ±
9.558. The survival rate reached 75.319 % ± 5.45212
on day 7th which was significant against the survival
rate of 2D cells (p<0.05) (Figure 7). These data 
suggested that the cell resistance to 5-Fluorouracil
increased when cells formed multi-cellular colonies
and once the compact colonies formed, there was an
obvious increase of the survival rate compared to 2D
cells. 

Figure 7. MTT cell survival assays of A549 cells for 2D and
3D cultures after treatment with 5-Fluorouracil for 48 h,
respectively. The results are expressed as survival rate
against the untreated controls. Data are expressed as
Mean ± SD, n=3. *p < 0.05 suggesting it is significant
against the survival rate of cells grown on 2D plastic.
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Since in the 3D cultures of an animal derived
nanofibre matrix called Matrigel, A549 cells still 
present increased resistance to 5-Fluorouracil 
following the culture process and colonies formation,
we concluded that the result of drug resistance is due
to the formation of colonies instead of RADA16 
scaffold. A 3D culture induces 5-Fluorouracil 
resistance in A549 cells spheroids to increase which
could be a result of the decreased drug permeability in
the cellular mass as described by Sutherland [35]. The
data indicated that the 3D gradient formed in 3D 
culture is an advantageous model to mimic cell 
conditions in vivo that were lost in 2D culture and can
provide new insights to the study of cancer cell drug
resistance.

Different Adhesion Ability of A549 Cells to ECM
Proteins 
The ability of A549 3D colonies to adhere to ECM
proteins of laminin, fibronectin, and collagen IV was
analyzed to determine whether the cell colonies have
different adhesion capabilities compared to the 2D
cultured cells which might have indicated the 3D 
cell-cell and cell-microenvironment interactions.
A549 cell colonies and their 2D cells were allowed to 
adhere to wells coated with different ECM proteins
and then analyze them for the adhesion rate. The 

Figure 8. Adhesion of 2D cells and 3D culture cell colonies
of A549 to ECM proteins of collagen IV, fibronectin, and
laminin. Data are expressed as mean ± SD, n = 3. *p < 0.01,
**p<0.01 suggest that they are significant against the adhe-
sion rate of 2D cells to the corresponding ECM proteins.

results suggested that adhesion ability to ECM 
proteins of collagen IV and laminin was significantly
different between 2D cells and 3D cell colonies
(p<0.01) (Figure 8). 

Notably, the adhesion ability of A549 cells 
cultured in 3D RADA16 nanofibre scaffold with
adhesion to laminin decreased well over 60% 
compared to 2D cells. As a result, compared to the
maximal adhesion to laminin of 2D cells, the adhesion
to collagen IV of 3D cell colonies was the highest
among the three proteins. These data indicated that
different adhesions to ECM proteins implied different
cell-ECM interactions which resulted in a 3D culture
matrix microenvironment and the formation of a 
certain type of cell colonies.

CONCLUSION

Self-assembling peptide RADA16 forms β-sheet
structure and undergoes molecular self-assembly into
nanofibres. In our study, the nanofibres assembled into
much stiffer scaffold networks which could 
better mimic the tumor microenvironment in vivo. The
study of 3D culture of human lung cancer cell A549
within RADA16 nanofibre scaffold including mor-
phology, growth, drug resistance and adhesion ability
indicated that the 3D RADA16 culture could provide
an advantageous model to study cancer cell behaviour
which was lost in 2D monolayer culture. This work
provides new insights into biomedical studies. 
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