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a b s t r a c t

We report here the design of a biomimetic nanofibrous hydrogel as a 3D-scaffold for anchorage-
dependent cells. The peptide-based bioactive hydrogel is formed through molecular self-assembly and
the building blocks are a mixture of two aromatic short peptide derivatives: Fmoc-FF (Fluo-
renylmethoxycarbonyl-diphenylalanine) and Fmoc-RGD (arginine-glycine-aspartate) as the simplest
self-assembling moieties reported so far for the construction of small-molecule-based bioactive hydro-
gels. This hydrogel provides a highly hydrated, stiff and nanofibrous hydrogel network that uniquely
presents bioactive ligands at the fibre surface; therefore it mimics certain essential features of the
extracellular matrix. The RGD sequence as part of the Fmoc-RGD building block plays a dual role of
a structural component and a biological ligand. Spectroscopic and imaging analysis using CD, FTIR,
fluorescence, TEM and AFM confirmed that FF and RGD peptide sequences self-assemble into b-sheets
interlocked by p–p stacking of the Fmoc groups. This generates the cylindrical nanofibres interwoven
within the hydrogel with the presence of RGDs in tunable densities on the fibre surfaces. This rapid
gelling material was observed to promote adhesion of encapsulated dermal fibroblasts through specific
RGD–integrin binding, with subsequent cell spreading and proliferation; therefore it may offer an
economical model scaffold to 3D-culture other anchorage-dependent cells for in-vitro tissue
regeneration.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A major challenge in the design of new biomaterials is to
exploit the versatility of biology while keeping systems simple,
cheap, robust and reproducible. A key objective in this context is
the design of extracellular matrix (ECM) mimics, providing the
essential characteristics of a natural ECM in its ability to direct
and control cell behaviour, yet with minimal complexity. Here we
report the development of a biomimetic scaffold for 3D culture of
anchorage-dependent cells with three-fold novelty: (i) its unique
supramolecular architecture allows bioactive peptides to be pre-
sented at the surface of the nanofibres, similar to the peptides’
orientation in natural ECM; (ii) the building blocks are simple
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and act simultaneously as structural and functional components;
(iii) the hydrogel has been applied successfully in 3D culture of
anchorage dependent HDFa (human adult dermal fibroblast)
cells.

In natural extracellular matrix a plethora of complex biomole-
cules exist within the 3D-network of interlaced protein-nanofibres
to communicate with resident cells [1]. One approach to mimicking
natural ECM is the development of hydrogels through molecular
self-assembly of peptides and their derivatives; these hydrogels
comprise nanofibrous networks which imitate the structural
architecture of ECM [2–10]. In order to incorporate biologically-
active components, the termini of certain oligopeptide derivatives
may be modified with bioactive ligands and upon assembly these
groups are usually presented as flexible pendant groups [11–14].

One commonly exploited bioactive ligand is the tri-peptide
sequence of RGD which was identified in the early 1980s within the
hydrophilic loop of fibronectin as an independent cell attachment
site [15]. It binds to transmembrane integrins which are cell-surface
receptors and forms linkages coupling the ECM with the
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cytoskeleton. As a prerequisite to the regulation of cell behaviour
within a scaffold, cell adhesion is often promoted by introducing
the RGD ligand into polymeric or supramolecular substrates
[12,14,16–19]. Critical density and lateral spacing of the incorpo-
rated RGD ligands were demonstrated as vital for the enhancement
of cell adhesion [20,21]. Ligand arrangement and configuration
further influence the extent of cell adhesion where RGD clusters
and cyclic RGDs were adopted [14,22].

In this work, we have adopted a ‘minimalist approach’ to use
Fmoc-protected di/tri-peptides instead of longer peptides and
derivatives [4–8,10–14,19], for the fabrication of self-assembled
scaffolds that possess bioactivity. Our previous report on Fmoc-FF
demonstrated its ability to self-assemble into nanofibres and form
macroscopic hydrogels at neutral pH [9]. Based on the molecular
architecture that we recently proposed for the self-assembled
Fmoc-FF nanofibres [23], we sought to incorporate bioactive
ligands through the same self-assembly mechanism giving rise to
a next generation of Fmoc-peptide hydrogels which are bioactive.
Since Fmoc-FF self-assembles under physiological conditions (pH
7.0 and 37 �C) [9], it offers a stable structural component to mix
with Fmoc-RGD for the formation of hydrogels suitable as cell
scaffolds. The unique molecular architecture was confirmed by
various imaging and spectroscopic techniques and visco-elasticity
was measured using a rheometer. Human dermal fibroblasts were
cultured in 3D within the gels and analysed for viability and
morphology using a live/dead assay, F-actin staining and a prolif-
eration/viability assay. Integrin binding to the RGD ligands was
determined using an integrin blocking antibody. Cell responses to
the RGD gels were compared to gels containing RGE (a chemical
analogue of RGD but does not promote cell adhesion [15]).

2. Materials and methods

2.1. Hydrogel preparation

Purity of Fmoc-FF (Bachem, Germany), Fmoc-RGD (Synthetech, USA), and Fmoc-
RGE (Synthetech, USA) was measured to be >99.5% using high performance liquid
chromatography (HPLC) and mass spectroscopy (MS) (as shown in Supplementary
data, S1–S6). To prepare an aqueous solution of 10–20 mM Fmoc-FF, 2 mL distilled
water (dH2O, Gibco, UK) were pipetted into a 10 mL glass-vial which contained
0.0107–0.0214 g of Fmoc-FF. 0.5 M sodium hydroxide (NaOH, Fisher, UK) solution
was added to the suspension to adjust pH to 10.0; alternating vortex and ultra-
sonication were applied until a clear solution was obtained. This solution was then
neutralized to pH¼ 7.2 by a dropwise addition of 0.5 M hydrochloric acid (HCl,
Aldrich, UK) and kept at 20 or 37 �C for gelation. To prepare an aqueous solution of
10–20 mM Fmoc-RGD or Fmoc-RGE, 2 mL dH2O were added into a glass-vial with
0.0228 g of Fmoc-RGD or 0.0232 g Fmoc-RGE and 0.5 HCl solution was added
dropwise to adjust pH to 3.0. Continuous ultra-sonication was applied until
a transparent solution was formed and the solution was kept at 4 or 20 �C for
gelation. To prepare mixed Fmoc-FF/RGD or Fmoc-FF/RGE solutions, 20 mM Fmoc-FF
at pH 10.0 and 20 mM Fmoc-RGD (Fmoc-RGE) at pH 3 were mixed in various volume
ratios within a 10 mL glass-vial and vortex was applied until the mixture appeared
homogeneous. The mixed solution was further neutralized to pH 7.0 with dropwise
addition of 0.5 M HCl or NaOH and kept at 37 �C for gelation with/without the
addition of an equal volume of DMEM.

2.2. Atomic force microscopy

The morphology and width of the nanofibres within the self-assembled
hydrogels were investigated using a Veeco Multimode atomic force microscope
(AFM) in intermittent contact mode with a Nanoscope IIIa controller and an ‘‘E’’
scanner. Samples were prepared by an adaptation of the method reported by
Sherratt et al. [24]. Briefly, hydrogels were diluted with dH2O to a concentration of
1 mmol/L (total peptide concentration), and 100 mL aliquot of the diluted solution
was allowed to deposit onto a freshly cleaved mica surface (Agar Scientific, UK) for
60 s. Excess liquid was removed by capillary action and then the surface was rinsed
twice with 500 mL of dH2O and left to air-dry overnight. For imaging, Olympus high
aspect ratio etched silicon probes (Veeco, France) were used with spring constant of
42 N/m. Cantilever oscillation varied between 300 and 350 kHz, the drive amplitude
was determined by the Nanoscope software, and height images were captured at
a scan rate of 1.49 Hz with scan sizes of 5 or 2 mm2. Height data was first-order
flattened, and mean fibre widths were determined, using the software package
WSxM. Correction for overestimation of lateral dimension due to tip geometry was
performed as reported by Sherratt et al. [24], and widths at 3 points along 100 fibres
were measured and averaged.

2.3. Transmission electron microscopy

The morphology of the self-assembled fibres was further assessed using a Tecnai
10 transmission electron microscope (TEM) operated at 100 keV using a reported
protocol [23]. To prepare samples, carbon-coated copper grids (No. 400) were glow
discharged for 5 s and placed shiny side down onto a 10 mL droplet of diluted
hydrogel (total Fmoc-peptide concentration: 5 mmol/L) for <5 s. Loaded grids were
immediately placed on a 10 mL droplet of dH2O for 60 s, and then stained with
a 10 mL droplet of 4% (w/v) uranyl acetate for 60 s and blotted. Data were recorded
onto Kodak SO-163 films and images were subsequently scanned using
a UMAX2000 transmission scanner providing a specimen level increment of 3.66 Å/
pixel. A crystallographic analysis suite (CRISP (Hovmoller)) was used to process and
select a variety of scanned images with fibres of different lengths/widths. Selected
individual fibres were CTF (contrast transfer function) corrected and fast Fourier
transform (FFT) analysis was performed on cropped areas of 1024�1024 pixel
boxes. Following tuning and zero scale adjustment, FFT was lattice filtered using an
inverse filter with 5 pixel edge smoothing and then used to calculate a back
projection of an averaged fibre section.

2.4. Circular dichroism

Information on Fmoc-peptide arrangements within the self-assembled fibrils
was collected using circular dichroism (CD). To prepare samples, 0.5 mL of each
hydrogel (total Fmoc-peptide concentration: 10 mmol/L) were pipetted into
a cuvette and degassed. Data between wavelengths of 190–320 nm were collected
with a bandwidth of 1 nm on a Jasco J-810 circular dichroism spectrometer.
Temperature stability was controlled at 20 �C by a water circulator. The data were
collected three times in the wavelength range and accumulated to obtain a single
spectrum.

2.5. Fourier transform infrared spectroscopy

To supply complementary information on Fmoc-peptide arrangements, Fourier
transform infrared (FTIR) spectra were obtained on a Nicolet 5700 FT-IR spectro-
photometer accompanied with the Omnic software. A sample of each Fmoc-peptide
hydrogel (total Fmoc-peptide concentration: 20 mmol/L) was placed onto a dia-
mond ATR-accessory sample stage and excess water from the sample was absorbed
by a filter paper (Whatman, UK). The samples were then scanned between the
wavelengths of 4000 and 400 cm�1 over 128 scans at an interval of 1.9285 cm�1.

2.6. Fluorescence spectroscopy

Interactions between the fluorenyl-groups of the Fmoc-peptide molecules were
investigated by fluorescence spectroscopy. 1.5 mL of each Fmoc-peptide solution
(total peptide concentration: 20 mM) were pipetted into a 1.0 cm quartz cuvette and
mixed with an equal volume of DMEM for gelation. Emission data of the self-
assembled hydrogels were recorded on a Jasco FP-750 spectrofluorometer with
a mixture of 1.5 mL dH2O and 1.5 mL DMEM as the background. Data between the
wavelengths of 300 nm and 600 nm were collected with an excitation wavelength of
265 nm and bandwidth of 5 nm.

2.7. Rheometry

The visco-elasticity of the hydrogels was measured on a Bohlin C-VOR rheo-
meter with a 20 mm/2� cone-plate geometry. The elastic and viscous moduli of the
hydrogels were recorded as a function of frequency between 0.1 and 100 Hz. A
solvent trap was used to keep the sample hydrated and an integrated temperature
controller was used to maintain the temperature of the sample stage at 25 �C.

2.8. 3D-culture of human adult dermal fibroblasts

Human adult dermal fibroblasts (HDFa, Cascade, UK) were cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM, Gibco, UK) supplemented with 10% FCS (fetal
calf serum, Gibco, UK) and 1% Antibiotic–Antimycotic solution (Gibco, UK). Prior to
3D-culture, cells within a sub-confluent monolayer were trypsinized using trypsin
(0.05%)–EDTA$4Na (0.53 mM) solution (Gibco, UK) and resuspended in serum-free
DMEM to obtain a cell concentration of 1�106 to1�107/mL. Prior to preparation of
the Fmoc-peptide solutions, the powders of Fmoc-FF, Fmoc-RGD and Fmoc-RGE
were weighed into separate vials and sterilized by UV light for 30 min. The mixed
Fmoc-FF/RGD solutions with the two Fmoc-peptides in various molar ratios were
prepared as described in Section 2.1 and pre-warmed in a 37 �C/5% CO2 incubator.
The 100% Fmoc-FF and mixed Fmoc-FF/RGE solutions were prepared as controls
following the same procedure and were also pre-warmed to 37 �C. To encapsulate
HDFa cells, 100 mL aliquots of either Fmoc-peptide solution were pipetted into tissue
culture inserts (Greiner Bio One, UK) placed in a 12-well plate and an equal volume
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of cell suspension was pipetted into the solution-containing inserts. An immediate
yet gentle shaking was applied to ensure the homogeneity of these mixtures. 2 mL
aliquots of complete medium (DMEM plus 10% FCS and 1% Antibiotic–Antimycotic
solution) were pipetted into the wells, and the 12-well plate was maintained in
a 37 �C/5% CO2 incubator. After 30 min an extra 200 mL of complete medium was
placed on top of each cell-gel construct. The medium surrounding the inserts and on
top of the constructs was changed 2 h post culture and then daily.

2.9. Live–dead assay

Viability of encapsulated cells was tested by a Live–Dead assay (Molecular Probes,
UK) performed 3 h and then daily post culture. A 500 mL aliquot of the assay solution
containing 4 mM EthD-1 (ethidium homodimer-1) and 2 mM calcein AM was pipetted
onto each cell-gel construct. After 30-min incubation at room temperature, the
constructs were mounted onto glass coverslips using Prolong� gold antifade reagent
(Invitrogen, UK) and observed using a Nikon Eclipse 50i fluorescence microscope
with excitation filters of 494 nm (green, Calcein) and 528 nm (red, EthD-1).

2.10. F-actin staining

Morphology and F-actin arrangement of encapsulated cells were investigated
with an FITC (fluorescein isothiocyanate) conjugated phalloidin staining assay
(Sigma, UK). After 24 and 48 h in culture, cell-gel constructs were fixed in 4% (w/v)
paraformaldehyde (Sigma–Aldrich, UK) for 30 min and permeabilized in 0.5% (v/v)
Triton X-100 solution (Sigma–Aldrich, UK) in phosphate buffered saline (PBS, Gibco,
UK) for 5 min. The samples were then soaked in FITC–phalloidin solution (50 mg/mL)
for 24 h and counterstained with 1 mg/mL DAPI (Sigma–Aldrich, UK) in PBS for 1 h.
Stained samples were mounted with Prolong� Gold antifade reagent and observed
using a Nikon Eclipse 50i fluorescence microscope with excitation filters of 495 nm
(green, FITC) and 340 nm (blue, DAPI).

2.11. MTS assay

To quantify cell proliferation inside the cell-gel constructs, an MTS ((3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) salt in combination with electron coupling reagent PES (phenazine
ethosulfate)) assay (Promega, UK) was performed at a series of time points. A 3D-
culture standard was made by encapsulating cells into the Fmoc-peptide hydrogels
following the above 3D-culture procedure and carrying out the assay (seeding
concentrations for the standard specimen: 3.75�106 to 1.25�107/(mL of gel)). To
perform the MTS assay, each cell-gel construct was transferred into a 24-well plate
and incubated with 20% (v/v) MTS reagent in complete medium. The plates were
then kept in the dark and shaken in a 37 �C orbital shaker for 2 h. Absorbance of the
supernatants was measured by a LabSystems Ascent colorimetric plate reader at
a wavelength of 492 nm.

2.12. Integrin blocking

To determine if cells were directly binding to the RGD sites via the a5b1 integrins,
a blocking antibody was used. 2�106 HDFa cells in 980 mL serum-free DMEM were
incubated with 20 mL of anti-human a5b1-integrin antibody (Chemicon, Millipore,
UK) at 37 �C for 45 min.100 mL aliquots of the cell–antibody mixture were then mixed
with 100 mL aliquots of either Fmoc-FF/RGD or Fmoc-FF/RGE solutions in 12-well
inserts. Normal cells with unblocked integrins encapsulated in the two hydrogels
were set as comparisons (Cell density: 106 cell/mL of gel). 2 mL complete medium
were then added to soak each insert, with 200 mL extra placed onto the top of each
cell-gel construct. After 20 h in culture, an F-actin staining assay was performed on
the cell-gel constructs using the protocol described in Section 2.10.

3. Results and discussion

3.1. Hydrogel formation

Formation of the Fmoc-FF/RGD hydrogels utilizes the pH-
sensitivity of the Fmoc-peptide self-assembly process. Previous
work showed that Fmoc-FF (Fig. 1A) has low solubility at neutral pH
but dissolves in alkali solutions; upon approaching pH 7, the Fmoc-
FF molecules self-assemble and a macroscopic hydrogel is formed
[9,23]. In contrast, Fmoc-RGD (Fig. 1A) dissolves in acid solutions
and solutions of 10–20 mM Fmoc-RGD form transparent hydrogels
at pH 3 at temperatures between 4 �C and 25 �C. Raising the
temperature of the Fmoc-RGD hydrogels to 37 �C or applying
mechanical forces (vortex or agitation) cause disassembly of the
structure and dissolution of the gels, however the transparent gels
can reform on standing at lower temperatures (4–20 �C), and the
time for recovery depends on the agitation previously applied to
the hydrogel and the temperature. To develop hydrogels that are
both bioactive and stable under physiological conditions, solutions
of Fmoc-FF (pH 10) and Fmoc-RGD (pH 3) in various volume ratios
were mixed giving rise to translucent Fmoc-FF/RGD hydrogels
containing 10–50 M% Fmoc-RGD at 37 �C/pH 7.0 (Fig. 1B). Mixing
DMEM into an equal volume of either Fmoc-FF/RGD solution at
37 �C can accelerate the molecular self-assembly, and in 1 min self-
supporting hydrogels were observed to form. The metal ions within
DMEM may play a role in this self-assembly acceleration as they
screen charged residues in order to reduce molecular repulsion.
This responsiveness of Fmoc-FF/RGD to culture medium provides
a simple way to encapsulate cells for 3D culture, as cells suspended
in culture medium can be mixed with the Fmoc-FF/RGD solutions
to yield cell-gel constructs within 1 min.

3.2. Nanofibre morphology

A dried layer of the diluted Fmoc-FF/RGD hydrogels observed
under AFM exposed an interwoven network of numerous nanofibres
with bundles and entanglements, suggesting the existence of
a three-dimensional nanofibrous structure within the hydrogels (a
typical AFM height image of the nanofibre network is shown Fig.1C).
Morphology of individual nanofibres within the network was visu-
alized by AFM and TEM, and as shown in Fig. 1C and D, the fibres
observed for Fmoc-FF/RGD hydrogels appeared to be organized as
‘flat ribbons’ which were of heterogeneous widths and large aspect
ratios. All Fmoc-FF/RGD hydrogels that contained 10–30 M% Fmoc-
RGD comprised nanofibres with this ‘flat ribbon’ appearance and
this morphology resembled that previously observed for 100%
Fmoc-FF (as shown in Supplementary data S7) [23]. Evidence for the
inner structure of these ‘flat-ribbons’ was collected on a variety of
the ribbons captured by TEM for each hydrogel. It was revealed that
regular ‘diffraction’ spots with spacings of around 3 nm existed
perpendicular to the length of the ‘flat ribbons’ (Fig. 1D inset). These
3 nm repetitions corresponded to the width of the fibrils which were
organized parallel to each other within the ribbons; These 3 nm
fibrils were also detected within the ribbons in 100% Fmoc-FF
system, again implying the similarity between Fmoc-FF and mixed
Fmoc-FF/RGD (with �30 M% Fmoc-RGD) systems. When the Fmoc-
RGD concentration was increased to >30% within the Fmoc-FF/RGD
gels, nanofibres with regular twists along their length were
observed by TEM and the mixed gels contained a mixture of twisted
fibres and flat ribbons. When the hydrogel comprised 100% Fmoc-
RGD molecules, all nanofibres within the structure possessed
regular twists according to AFM and TEM (as shown in Supple-
mentary data, S7). This twisted morphology might therefore reflect
the molecular arrangement dominated by Fmoc-RGD, and was
different from that observed in 100% Fmoc-FF or Fmoc-FF/RGD with
�30% Fmoc-RGD, where the Fmoc-FF molecules dominated the self-
assembly to form mixed Fmoc-FF/RGD fibres.

3.3. Molecular model

Using the information that both Fmoc-FF and Fmoc-FF/RGD
(Fmoc-RGD: �30 M%) contained similar flat ribbons that were
composed of 3 nm wide fibrils, a molecular model for Fmoc-FF/RGD
was proposed based on the hierarchical assembly of Fmoc-FF as
previously reported [23]. This model was later verified by spec-
troscopic tests shown in Section 3.4. In the model (Fig. 1E), the two
peptide sequences of FF and RGD self-assembled through inter-
molecular hydrogen bonds forming anti-parallel b-sheet structures.
The Fmoc-groups on both peptides interacted with one another and
formed p–p stacks to interlock the b-sheets. As a consequence of
the inherent twisted nature of beta sheets [23], a cylindrical



Fig. 1. The self-assembled hydrogel of Fmoc-FF/RGD, its nanofibrous structure and the supramolecular model. (A) The chemical structures of the hydrogel building blocks: Fmoc-FF
and Fmoc-RGD. (B) The mixture of Fmoc-FF and Fmoc-RGD self-assembles into a translucent hydrogel at 37 �C. (C) The AFM height image of the hydrogel shows an overlapping
mesh of nanofibres, with bundles and entanglements. (D) The TEM image shows that the nanofibres are ‘flat ribbons’ and they comprise parallel-aligned fine fibrils across their
width. The fine fibrils have an average 3 nm diameter revealed by periodic repeats in reciprocal space (Fast Fourier Transform (FFT) analysis shown in the right corner of image D).
(E) The proposed supramolecular model demonstrates the formation of the 3 nm fibrils and their further lateral assembly into larger ribbons. RGD sequences are presented on the
fibre surface enhancing their accessibility and bio-availability.
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structure of 3 nm in diameter was formed which further extended
longitudinally into a supramolecular nano-fibril with RGD
sequences presented at the fibril surface. These fibrils then aligned
parallel to each other into larger ‘flat-ribbons’ until a stable struc-
ture was reached stopping the width expansion of these ribbons. As
suggested by the model, the whole of the RGD sequences confined
on the 3 nm wide fibril (thus the flat ribbon) surfaces may present
high accessibility to the cells, and the bioactivity of these nanofibres
was later verified as shown in Section 3.5.

3.4. Supramolecular arrangement

Spectroscopic tests were performed to verify the model. The CD
spectra of the Fmoc-RGD, Fmoc-FF, and Fmoc-FF/RGD hydrogels
(total peptide for each gel: 10 mmol/L) were collected between the
wavelengths of 190 and 320 nm. For Fmoc-FF and Fmoc-FF/RGD
(with Fmoc-RGD �30%), a broad negative peak was present at the
wavelength of 218 nm, together with the spectra crossing the x-axis
at 200 nm (Fig. 2A). This suggested that the peptides (FF or RGD)
assembled into b-sheet structures. For 100% Fmoc-RGD, the nega-
tive peak between 210 and 230 nm was weak suggesting rare b-
sheet structures were present compared to Fmoc-FF and Fmoc-FF/
RGD with �30% Fmoc-RGD (Fig. 2A). For mixed gels with >30%
Fmoc-RGD, the negative peak at 218 nm was replaced by a positive
feature. This was probably due to the positive fluorenyl-peak
interfering with the negative b-sheet peak; when relatively low
amounts of b-sheets existed within the mixed gels (Fmoc-RGD
>30%), the positive peak became dominant.

Complementary to CD, FTIR spectra were collected between the
wavenumbers of 1400 and 1800 cm�1 with the hydrogels prepared
in H2O (Fig. 2B). For mixed gels with 10–30% Fmoc-RGD, two
dominant peaks were located at the wavelengths of 1635 and
1691 cm�1, suggesting that the main secondary structures were all
antiparallel b-sheets confirming the results obtained by CD. This
antiparallel b-sheets structure resembled that observed for 100%
Fmoc-FF (Fig. 2B) thus confirmed the similarity of molecular
arrangement for both systems. Additional peaks at 1656 and
1676 cm�1 started to appear when the Fmoc-RGD concentration
within the Fmoc-FF/RGD hydrogel increased to �30%, while for
100% Fmoc-RGD, the 1656 peak dominated (Fig. 2B), which indi-
cated that a major proportion of random-coil structure existed [25].

The arrangements of fluorenyl groups in the supramolecular
structures were followed by fluorescence emission spectroscopy
for Fmoc-FF, Fmoc-RGD, and Fmoc-FF/RGD with 10–50% Fmoc-RGD.
The total peptide concentration within each hydrogel was fixed at
10 mmol/L. The spectra were collected between wavelengths 300
and 600 nm with an excitation wavelength of 265 nm. A broad
feature at around 450 nm was detected for the Fmoc-FF and the



Fig. 2. Spectroscopic analyses and rheology of the self-assembled hydrogels. (A) CD spectra of the Fmoc-FF/RGD with 0–30% RGD show a broad negative peak at 218 nm suggesting
formation of b-sheets. This peak is absent for the 100% Fmoc-RGD. (B) Two split peaks at around 1630 and 1690 cm�1 are present on the FTIR spectra of the Fmoc-FF and Fmoc-FF/
RGD hydrogels (with 0–30% RGD) suggesting the b-sheets are anti-parallel. For the 100% Fmoc-RGD, the two peaks are replaced by a broad peak at around 1655 cm�1, indicative of
random coil. (C) The fluorescence spectra (as shown in Supplementary data, S8) suggest that increasing the Fmoc-RGD concentration within 10–30% in the Fmoc-FF/RGD hydrogel
(the total peptide concentration is fixed) decrease the intensity of the 450 nm peak which indicates subtle changes in fluorenyl interactions resulting in less extensive J-aggregates.
(D) The Fmoc-RGD concentration influences the hydrogel visco-elasticity: The gradual increase of RGD mole fraction from 0% to 50% alters the elastic modulus (G0) of the hydrogel,
however in a non-monotonic way.

M. Zhou et al. / Biomaterials 30 (2009) 2523–2530 2527
Fmoc-FF/RGD gels (original spectra shown in Supplementary data,
S8), which indicated the presence of extensive J-aggregates formed
by the fluorenyl and phenyl rings through p–p interactions [26].
With the increase of the Fmoc-RGD component, the intensity of the
450 nm peak decreased (Fig. 2C), suggesting less effective
p-stacking interactions. This was probably related to the fact that
for 100% Fmoc-FF hydrogels, the relatively-high 450 nm peak cor-
responded to the J-aggregates consisted of heterogeneous stacks of
phenyl rings (from the second phenylalanine residue) and fluorenyl
rings, while the Fmoc-RGD molecules lack the terminal phenyl and
therefore the mixed gels had a decreased 450 nm peak. However,
when the Fmoc-FF molar fraction was kept constant (10 mmol/L)
with increasing Fmoc-RGD (�30%), the 450 peak continued to rise
suggesting the interactions of Fmoc groups was regardless of the
peptide attached to them, and Fmoc-groups of Fmoc-RGD were
incorporated as regular stacks in the supramolecules (as shown in
Supplementary data, S9). When the Fmoc-RGD component excee-
ded 30%, the intensity of the 450-nm peak dropped, and this peak
virtually disappeared for the 100% Fmoc-RGD gel (as shown in
Supplementary data, S9). In the spectra, peaks at 320 nm or slightly
red-shifted towards 333 nm were also observed, presenting fluo-
renyl monomers and anti-parallel fluorenyl excimers [27,28]. This
red-shift became smaller when more Fmoc-RGD was added. A 2 nm
shift was detected for the 100% Fmoc-RGD suggesting the majority
of the Fmoc-groups remained as un-assembled monomers. Overall,
the above spectroscopic analyses suggested that at �30% Fmoc-
RGD no significant disruption to the peptide interactions occurred
although subtle changes in p-stacking interactions were detected.

3.5. Rheometry

Apart from the alteration in microscopic supramolecular struc-
ture, the Fmoc-RGD concentration also macroscopically influenced
the visco-elasticity of the Fmoc-FF/RGD gels. Gels for rheometry
analysis were prepared by mixing Fmoc-peptide solutions with an
equal volume of DMEM. The resulting medium-containing hydro-
gels were rapid gelling and reflected the stiffness of the gels used in
3D-cell culture. In the oscillating rheometrical spectra collected for
all the gels, the elastic modulus G0 appeared 4–7 times higher than
the viscous modulus G00 indicating the systems were solid gels (as
shown in Supplementary data, S10). The G0, as an indicator for
hydrogel stiffness, changed with the increase of the Fmoc-RGD
concentration yet in a non-monotonic way (Fig. 2D). With 10–30%
Fmoc-RGD incorporated, the Fmoc-FF/RGD gels were stiffer than



Fig. 3. The Fmoc-FF/RGD hydrogel promotes cell adhesion with subsequent cell spreading and proliferation. (A) The structures of the two chemical analogs: Fmoc-RGD and Fmoc-
RGE. (B) Cell adhesion and morphology in the Fmoc-FF/RGD and Fmoc-FF/RGE hydrogels: human adult dermal fibroblasts (HDFa) are well-spread in the Fmoc-FF/RGD hydrogels,
and form a three-dimensional cell network 48 h post culture (B1); HDFa in the Fmoc-FF/RGE hydrogels maintain a round morphology after 48 h (B2). (C) The Fmoc-RGD
concentration also influenced cell spreading: in the hydrogels with 30–50% Fmoc-RGD incorporated, adequate cell spreading occurs with over 90% spread cells. (D) Integrin blocking
experiments proved direct interaction of the cells with RGD after 20 h: Cells with unblocked a5b1 integrins were able to spread and directly attach to the RGD sites on the
nanofibres (D1); Cells with blocked a5b1 integrins were unable to attach to the RGD sites and remained rounded (D2). (E) Cell proliferation in the Fmoc-FF/RGD and Fmoc-FF/RGE
hydrogels: HDFa cells in Fmoc-FF/RGD undergo significant proliferation up to 3 days post culture. Between days 3 and 7 cell density started to decrease along with gradual gel
contraction; however between days 7 and 14, cell density remained similar as gel size became stabilized. Final cell density was higher than the original culture density in Fmoc-FF/
RGD. Cell number in Fmoc-FF/RGE decreased between days 1 and 3 and dropped lower than the original culture density by day 14. (F) Contraction of the cell-gel constructs: Fmoc-
FF/RGD hydrogels contracted by approximately 60%, with the main contraction occurring between days 3 and 7. Fmoc-FF/RGE hydrogels contracted later, reducing their size to 45%.
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the 100% Fmoc-FF (G0 z 1.9 kPa) with their G0 ranging between 4
and 10 kPa; the gel with 20% Fmoc-RGD possessed the maximum G0

of 10 kPa which was higher than or comparable to other self-
assembled hydrogel systems [8,14]. However, the gels with >30%
RGD were softer (G0 z 0.8–0.9 kPa) than the 100% Fmoc-FF.
Combined with the spectroscopic data, these rheological data
suggested that there are complex relationships between molecular
composition, supramolecular organization and hydrogel charac-
teristics; further understanding of the relationships may open up
opportunities to match various hydrogels to specific cell types, as
matrix stiffness may regulate cell morphology and differentiation
as previously reported [29,30].

3.6. 3D culture and cell adhesion

The potential of these Fmoc-FF/RGD hydrogels as bioactive 3D-
scaffolds for anchorage-dependent cells was then investigated. As
a comparison, Fmoc-RGE (Fig. 3A) was chosen as a chemical analog
and Fmoc-FF/RGE gels were prepared. To encapsulate HDFa (human
adult dermal fibroblasts) cells into the hydrogels, a cell suspension
in serum-free DMEM was mixed with an equal volume of either
Fmoc-FF/RGD or Fmoc-FF/RGE solutions. The cell-gel constructs
formed within 1 min at 37 �C, thus the homogeneity of the cell
distribution was ensured throughout the hydrogels. The molecular
self-assembly process did not affect cell viability according to
a Live-Dead assay performed 3 h post culture. Living (green) cells
with well-defined round contours were visualized and no dead
cells (shown as red nuclei) were detected within the gels.

Within the first 24 h of culture, a cell-spreading process
occurred in the Fmoc-FF/RGD (with 30–50% Fmoc-RGD) hydrogels,
which suggested direct cell adhesion to the 3D-scaffold. The cells
adopted a spindle or polyhedral shape with fine filopodia. After
48 h, the spread cells formed 3D-networks in the Fmoc-FF/RGD gels
(Fig. 3B1); phalloidin-stained F-actin showed highly-elongated
cells with clearly-defined stress fibres. Regular cell alignment was
observed, possibly following aligned fibrous features of the
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hydrogel. In contrast, cells in the Fmoc-FF/RGE gels maintained
a spherical or ellipsoidal shape and phalloidin staining showed
peripheral deposition of poorly organized F-actin that followed the
cell contours (Fig. 3B2). The extent of cell spreading was influenced
by the Fmoc-RGD concentration within the Fmoc-FF/RGD hydrogels
(Fig. 3C). Approximately 90% of the cells were spread within the
gels which contained �30% RGD; the percentage of spread cells
dropped to under 50% when �20% RGD was incorporated. Cells
maintained a round morphology in the gels with 0–10% RGD.

3.7. RGD–integrin binding

To determine whether the cells were directly binding to the RGD
sequence via their RGD–integrin (a5b1), a blocking antibody was
used. Prior to 3D-culture, cells were incubated with JBS5dan a5b1-
integrin blocking antibody. These cells were then encapsulated into
the hydrogels. Cells with unblocked integrins were observed to
spread in the Fmoc-FF/RGD gels within 24 h with reorganized
cytoskeletal F-actin filaments (Fig. 3D1), whereas the cells with
blocked a5b1 integrins lost their ability to recognize the extracel-
lular RGD-ligands on the self-assembled nanofibre surface, and
failed to attach and spread (Fig. 3D2). As expected, the a5b1
integrins had no influence on cell adhesion to the Fmoc-FF/RGE
hydrogels; whether or not their integrins were blocked, the cells
remained rounded with disorganized F-actin similar to cells in
suspension (as shown in Supplementary data, S11). This observa-
tion therefore suggested the fibronectin integrin a5b1 acted as
a mediator linking cells to the Fmoc-FF/RGD matrix.

3.8. Cell proliferation and gel contraction

Proliferation of the HDFa cells in the Fmoc-FF/RGD hydrogels
was followed by a quantitative MTS assay for 14 days (Fig. 3E). The
RGD concentration was chosen at 30% as this yielded a gel which
possessed relatively high stiffness and still promoted 90% cell-
spreading. With the process of cell adhesion and spreading in the
Fmoc-FF/RGD gels, number of metabolically-active cells was
continuously increasing during the initial 3-day culture. Contrac-
tion of the cell-gel constructs then occurred, and the number of
metabolically-active cells decreased with it. This phenomenon
persisted until day 7 when construct contraction was significantly
slowed, and cell number remained similar between days 7 and 14.
The final cell density for the Fmoc-FF/RGD was 30% higher than the
original culture density. In the Fmoc-FF/RGE gels, cell number
started to decrease between days 1 and 3 due to the lack of cell
attachment, and this continued up to day 14 with a final cell density
46% lower than the initial cell density (Fig. 3E).

Both the Fmoc-FF/RGD and the Fmoc-FF/RGE hydrogels under-
went contraction (Fig. 3F), with the Fmoc-FF/RGD gels contracting
to a greater extent. The final hydrogels were 38% of the original size
for the Fmoc-FF/RGD, compared to 55% for the Fmoc-FF/RGE. The
major contraction of the Fmoc-FF/RGD occurred between days 3
and 7, and the contraction was significantly slowed between days 7
and 14 when cell number reached a plateau. For the Fmoc-FF/RGE,
the contraction started later and continued steadily up to day 14.
The greater contraction of the Fmoc-FF/RGD gels suggested that
when spread cells formed a 3D network between day 1 and day 3,
cells pulled the nanofibres that they had adhered to and remodeled
the extracellular fibrous matrixda phenomenon similar to wound
contraction in vivo [31].

4. Conclusions

In summary, by following a minimalist approach, self-assembled
bioactive hydrogels composed of simple Fmoc-FF and Fmoc-RGD
were developed to successfully culture human dermal fibroblasts
three-dimensionally in vitro. The unique molecular structure of the
nanofibres allowed the complete presence of the RGD sequences at
the fibre surface with their conformation stabilized by the hydrogen
bonds with neighboring peptide sequences. These simple small-
molecule hydrogels have great potential as cost-effective model
scaffolds for the 3D-culture of other anchorage-dependent cells. The
study of cells within a 3D environment rather than the common 2D
substrate will lead to advances in areas such as cell therapy, tissue
engineering and fundamental cell biology. Based on the current self-
assembled systems of Fmoc-FF/RGD, possibilities of recruiting other
bioactive ligands into these systems exist (such as the synergistic
sequence PHSRN [32] and other peptides) to enhance the effects of
RGD or supply other bio-functions for the fulfillment of other
requirements in biology.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular parts of Figs. 1 and 3 are difficult to
interpret in black and white. The full colour images can be found in
the online version, at doi:10.1016/j.biomaterials.2009.01.010.

Appendix. Supplementary data

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.biomaterials.2009.01.010.
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