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Abstract

The objective of this study was to investigate the effect of combining two biomaterials on osteoblast proliferation, differentiation

and mineralised matrix formation in vitro. The first biomaterial has a well-defined architecture and is known as PolyHIPE polymer

(PHP). The second biomaterial is a biologically inspired self-assembling peptide hydrogel (RAD16-I, also called PuraMatrixTM)

that produces a nanoscale environment similar to native extracellular matrix (ECM). Our work investigates the effect of combining

RAD16-I with two types of PHP (HA (Hydroxyapatite)-PHP and H (Hydrophobic)-PHP) and evaluates effects on osteoblast

growth and differentiation. Results demonstrated successful incorporation of RAD16-I into both types of PHP. Osteoblasts were

observed to form multicellular layers on the combined biomaterial surface and also within the scaffold. Dynamic cell seeding and

culturing techniques were compared to static seeding methods and produced a more even distribution of cells throughout the

constructs. Cells were found to penetrate the scaffold to a maximum depth of 3mm after 35 days in culture. There was a significant

increase in cell number in H-PHP constructs coated with RAD16-I compared to H-PHP alone. Our results show that RAD16-I

enhances osteoblast differentiation and indicates that the incorporation of this peptide provides a more permissive environment for

osteoblast growth. We have developed a microcellular polymer containing a nanoscale environment to enhance cell: biomaterial

interactions and promote osteoblast growth in vitro.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a growing interest in developing
innovative biomaterials with improved functionality
that can be used for biomedical applications and
tissue engineering. These scaffolds serve as synthetic
extracellular matrix (ECM) to organise cells into a
three-dimensional (3D) architecture and to present
e front matter r 2005 Elsevier Ltd. All rights reserved.
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stimuli, which direct the growth and formation of a
desired tissue [1]. The discovery and design of novel
biomaterials has become increasingly important for
advanced tissue engineering and controlled drug deliv-
ery systems [2,3].

We have previously reported that osteoblastic cells
preferentially differentiated on hydroxyapatite (HA)
modified polymers and produced bone-like tissue [4].
The polymer used in our studies is a porous polymeric
foam known as PolyHIPE polymer (PHP), which is
fabricated using a high internal phase emulsion (HIPE)
polymerisation route producing a structural architecture
that can be optimised and modified. We have shown
that PHP can support osteoblastic differentiation and

www.elsevier.com/locate/biomaterials
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bone growth in vitro and determined that while pore
size (40–100 mm) does not influence cell differentia-
tion it can influence cell penetration [4]. The flexibility
of this polymer, its ease of production, the ability
for pore and interconnect sizes to be tailored as
required, make it a strong candidate for tissue engineer-
ing applications.

Several biomaterials composed of copolymers, syn-
thetic organic polymers and proteins, have been
introduced in the last decade. These include hydrogels,
a class of hydrated polymer materials (water content
X30% by weight) that are being employed as scaffold
materials [5] providing a 3D environment for cell growth
[6,7]. Such gels can be tailored by incorporation of
biologically active molecules such as laminin to improve
cell growth [8].

A new class of peptide-based biological materials were
discovered in yeast from the study of self-assembling
ionic self-complementary peptides [9,10]. The peptides
consist of alternating hydrophilic and hydrophobic
amino acids and are designated as type I self-assembling
peptides (sapeptides, now called PuraMatrixTM) be-
cause they contain amino acid sequences that facilitate
the formation of a hydrogel scaffold with 499% water
content (1–10mg/ml). These peptides have a motif,
RAD, that is similar to the ubiquitous integrin receptor
binding site RGD. While it is not known if the RAD
repeats behave in the same manner to RGD motifs, their
properties as cell adhesion molecules have been studied
in several different cell types [11]. Work using these
peptide has demonstrated that a variety of cells
encapsulated and grown in 3D peptide scaffolds show
functional differentiation, active migration, and exten-
sive production of their own extracellular matrices
[12,13]. For instance these peptides can be used as a
3D scaffold for the encapsulation of chondrocytes,
supporting characteristic spherical morphology and
abundant Type II collagen and GAG production [14].

These self-assembling peptides, including RAD16-I,
assemble into nanofibers at physiological pH simply by
altering NaCl or KCl concentration. Because the
resulting nanofibers are 1000-fold smaller than synthetic
polymer microfibers, they surround cells in a manner
similar to ECM. Moreover, biomolecules in such a
nanoscale environment diffuse slowly and are likely to
establish a local molecular gradient more closely
mimicking the in vivo scenario [15].

Given the strong metabolic demands of osteoblastic
cells during mineralised tissue formation, effective
nutrient delivery has long been considered an important
factor for successful tissue engineering of bone [16]. In
studies of osteoblastic cell growth on 3D constructs,
studies show preferential short-term growth of osteo-
blastic cells on exterior regions of scaffolds [4,17].
Therefore, to circumvent possible nutrient transport
limitations in static 3D culture and since mechanosti-
mulation is a potent regulator of bone cell behaviour,
dynamic culture systems have been developed.

We illustrate in this study the implementation of a
novel cell seeding technique and the utilisation of a
dynamic cell culturing system to improve cell penetra-
tion and growth. In addition, we set out to establish if
the combination of RAD 16-I peptide hydrogel with
HA-PHP or H-PHP provides an enhanced microenvir-
onment in which cells are able to attach, proliferate and
maintain their osteoblastic phenotype compared to PHP
alone. The integration of these two biomaterials and a
dynamic spinner cell culture system should provide an
excellent environment to encourage bone growth on a
3D support in vitro.
2. Materials and Methods

2.1. Preparation of PolyHIPE scaffold (PHP) and of

PHP-RAD 16-I constructs

We have previously described in detail the prepara-
tion and fabrication of PHP [4]. Briefly PHP foams were
prepared using the polymerisation of a HIPE as
described by Akay et al. [18]. The pore size used for
this study was 100 mm which was determined at the
HIPE stage. The oil phase contained 78% Styrene, 8%
DVB monomer (cross-linking agent) and 14% Span 80
surfactant, sorbitan monooleate. Two types of PHP
were manufactured and these differed in the composi-
tion of the aqueous phase. For polymers modified with
hydroxyapatite (HA-PHP) their aqueous phase con-
tained 1% potassium persulphate, 0.5% HA and 15%
phosphoric acid. Polymers without hydroxyapatite (H-
PHP) had an aqueous phase consisting of 1% potassium
persulphate only. Emulsification was carried at 80 1C to
achieve a pore size of 100 mm and the volume fraction of
the internal phase used was 95%. The processing
conditions were RD (dosing rate of the aqueous phase)
¼ 1.77ml/s, impeller speed, 0O ¼ 300 rpm: After emul-
sification, the HIPE was transferred to cylindrical
containers (26mm internal diameter) and polymerised
at 60 1C for 8 h. PHP samples were cut into discs, 26mm
in diameter and 3mm in thickness.

To prepare PHP scaffolds for cell culture, the PHP
discs were washed in isopropanol and then with dH2O in
a Soxhlet system. Polymer samples were finally dried in
a vacuum oven and then sterilised.

2.2. Peptide design and synthesis

The synthesis and characterisation of RAD16-I has
been described previously [13]. Briefly the peptide
RAD16-I with the sequence AcN-RADARADARA-
DARADA-CNH2 was synthesised (Sigma, Genosys) to
470% purity. RAD16-I was dissolved in 100 ml DMSO
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and then made up with 295mM sucrose solution at a
peptide concentration of 10mg/ml. The sucrose solution
was found to be a suitable medium for peptide
dissolution and subsequent self-assembly.

2.3. Cell isolation and culture

Culture media and supplements were obtained from
Invitrogen (Paisley, UK) unless otherwise stated.
Primary rat osteoblasts were isolated from neonatal
rat calvariae based on methods previously described
[19,20]. The collected cells were then grown in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS), 100 mg/ml streptomy-
cin and 100U/ml penicillin.

2.4. Cell seeding and dynamic culture

Trypsinised primary osteoblasts were resuspended in
2ml s�1 of peptide solution (0.5% (w/v)) at a cell seeding
density of 1� 106 cells/scaffold. The cell-peptide solu-
tion was then dynamically seeded onto PHP at a flow
rate of 25 ml/min. The flow rate was chosen after
preliminary experiments found this to be optimal for
seeding large numbers of viable cells in our system. The
cell seeding chamber was machined from a 28mm teflon
disc and consists of a cell loading chamber that
accommodated the PHP sample, a threaded lid and
inlet/outlet ports on either face of the disc. Flow
through the chamber was controlled by a syringe pump
(pHD 2000 Harvard apparatus).

For cell-peptide seeding, the construct was transferred
into PBS to initiate self-assembly. When the peptide is
exposed to an electrolyte solution like phosphate
buffered saline (PBS) the solution initiates b-sheet
assembly into interweaving nanofibers. Such self-assem-
bly occurs rapidly when the ionic strength of the peptide
exceeds a certain threshold, or the pH is such that the
net charge of the peptide molecules is near zero [10,11].
A cell-peptide control without PHP was also prepared.
After 4 h, successful self-assembly occurred, with the
formation of a hydrogel and then the 1�PBS was
replaced with DMEM and supplemented with 10% fetal
calf serum (FCS), 100 mg/ml streptomycin, 100U/ml
penicillin. The constructs were statically cultured at
37 1C in a humidified atmosphere with 5% CO2. After 7
days, the cell peptide-PHP constructs were transferred
into a spinner flask environment. To encourage differ-
entiation of these cells to an osteoblastic phenotype
cultures were supplemented with DMEM, 10% FCS,
5mmol/l b-glycerophosphate, 100 mg/ml ascorbic acid
phosphate and 10 nMol dexamethasone (Sigma). Cell-
peptide-PHP constructs were cultured for 35 days in
vitro. Media was changed every 4 days.

Cells were statically seeded onto PHP as follows; the
discs were immersed in 5ml of complete culture medium
overnight prior to cell seeding. The medium was
replaced and 1� 106 cells were added to the well and
the osteoblasts were allowed to settle onto the PHP
discs. Each well had a final volume of 5ml media. All
experiments were cultured in appropriate media at 37 1C
in a humidified atmosphere with 5% CO2.

2.5. Preparation of samples for SEM analysis

All constructs for analysis by SEM were fixed in 2%
gluteraldehyde/PBS, dehydrated, snap fractured and
critical point dried from CO2 at 38 1C and 1200 psi.
Samples were mounted, splutter coated with gold and
examined under SEM (Cambridge s240). PHP-RAD 16-
I constructs analysed by confocal laser scanning electron
microscopy (CLSM) were fixed in 4% paraformaldehye/
PBS and incubated with 16 units of phalloidin-TRITC
(Sigma) for 30min at room temperature; in order to
visualise the cytoskeleton, and with 40, 6 diamidine-20

phenylindole dihydrochloride (DAPI), (Sigma) for
approximately 5min to visualise the nuclei. Specimens
were examined with a BioRad MRC-600 CLSM
(BioRad Microscience Ltd, IK), equipped with an ion
argon laser source and two photomultiplier tubes.
Depth projection micrographs were visualised by 20 to
30 horizontal image sections throughout the samples
(serial optical section set).

2.6. Analysis of cell-scaffold construct cellularity

The DNA content of the lysates was determined by
using a fluorometric DNA assay [21]. Cell-scaffold
constructs were lysed by a freeze-thaw method in
deionised distilled water (ddH20). DNA standard curve
and study samples were mixed with 1.3ml of a 200 ng/ml
Hoechst 33258 dye (Sigma) in a 100mM NaCl and
10mM tris buffer solution. Fluorescence emission was
read at 455 nm and cells were excited at a wavelength at
350 nm on a fluorescence spectrophotometer.

2.7. Quantitative measurement of alkaline phosphatase

activity in constructs

Cell-scaffold constructs were lysed by a freeze-thaw
method in ddH20. Alkaline phosphatase (ALP) activity
was determined by a colorimetric assay kit using the
conversion of paranitrophenylphosphate to para-nitro-
phenol (104-LL Kit, Sigma) which was read at 405 nm
on a spectrophotometer. ALP activity was normalised to
the total cell number per scaffold for each time point.

2.8. Rat osteopontin ELISA assay

Osteopontin secreted in the culture media was
measured using a commercially available sandwich
immunoassay specific for rat osteopontin generously
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donated by Assay designs (Northampton, UK). The
assay is based on two rabbit polyclonal antibodies for
rat osteopontin. One antibody is immobilised on a
microtiter plate, and the second one is labelled with the
enzyme horseradish peroxidase. Undiluted conditioned
media was analysed as outlined in the manufacturer’s
protocol.

2.9. Histological preparation and analysis

Constructs were prepared for histology after 35 days
in culture. Samples were fixed in 4% formaldehyde.
Following dehydration, samples were paraffin-em-
bedded, sectioned at 7 mm and stained with Haematox-
ylin and Eosin (H&E) or Von Kossa. For Von Kossa
staining, the cells were fixed with 4% paraformaldehyde
and stained for mineral deposition. The cells were
incubated in 2% silver nitrate in front of a 60W white
light lamp for 1 h and rinsed three times with distilled
water. The final fixation was performed with 2.5%
sodium thiosulphate for 5min. Digital images were
captured on a light microscope, then analysed using
Scion Image for Windows (Freeware). Images from the
H&E sections were used to quantify cell penetration
with histomorphometric techniques. Three independent
sections from each specimen were analysed and the
distance of the deepest cell from the PHP surface was
determined in five equally spaced regions (each 0.2mm
in width) from three randomly selected fields (1mm in
width) within each section.

2.10. Statistical analysis

The data presented from DNA, ALP and osteopontin
assays were collected from three independent experi-
ments for each condition. Student’s t-test was used to
determine the statistical significance. Mann Whitney U

tests were performed to determine any significant
differences in the relationship between cell penetration
and culture type.
3. Results

3.1. Dynamic cell seeding improves spatial uniformity

Primary rat osteoblasts were seeded using the
dynamic technique onto HA-PHPs. Histological analy-
sis after 7 days in vitro, demonstrated more uniform cell
densities throughout the depth and across the polymer
(Fig. 1b and c) compared to the static seeding method,

where cells accumulated in pockets and some regions
inside the construct were essentially void of cells
(Fig. 1a). Reinforcing what was seen with the histolo-
gical analysis, confocal laser scanning microscopy
(CLSM) further demonstrated that the use of a dynamic
cell seeding method increased the penetration of cells
and produced an even distribution of cells throughout
the entire scaffold. The depth of penetration was
determined for cell-polymer constructs that were stati-
cally seeded and constructs that were dynamically
seeded. Cells were found to penetrate in dynamically
cultured cell-scaffold constructs to a significantly
(po0.005) greater depth than cells seeded and cultured
in a static environment (Fig. 1d) after 7 and 35 days in
vitro. Therefore, all subsequent scaffold constructs were
dynamically seeded and cultured.

3.2. PHP-RAD 16-I constructs support cell growth

When the PHP-RAD16-I constructs were examined
by SEM it was evident that the peptide had been
successfully integrated within the scaffold (Fig. 2a) and
found on the surface of PHP throughout each sample.
There was evidence of individual interwoven fibres,
whose structure was similar to published SEM micro-
graphs of RAD16-I [13]. After 35 days in culture, the
cell-peptide-HA-PHP and cell-peptide-H-PHP con-
structs were also analysed by SEM. Both construct
types supported osteoblastic growth (Fig. 2b–d). Cells
had formed a confluent layer and there were some
regions where cells had aligned in the absence of any
obvious topographical cue (Fig. 2b,c). Thick layers of
orientated cells were observed and ECM was deposited
both on the scaffold surface and within the constructs.
Cells within the peptide-H-PHP construct exhibited a
more fibroblastic appearance (Fig. 2c) suggesting good
cell adhesion, compared to the more rounded cells
observed in H-PHP alone (Fig. 2d). Cells cultured on
HA-PHP scaffolds adhered well [4] and exhibit similar
morphological features to cells on HA-PHP-RAD16-I
scaffolds (Fig. 3b and d). On H-PHP scaffolds, there
were only sporadic areas of cells although where cells
had collected ECM was formed (Fig. 3a). Inclusion of
RAD16-I with H-PHP increased the apparent number
of cells and cell colonies (Fig. 3c).

3.3. Analysis of cell growth on RAD16-I—PHP scaffolds

Levels of cellular DNA were assessed as a measure of
cell number for each of the construct types investigated
in this study (Fig. 4a). Analysis of these data showed
that proliferation proceeded significantly in HA-PHP
scaffolds with or without the inclusion of RAD16-I
compared to H-PHP scaffolds (po0.01). There was no
statistical significance in cell number when HA-PHP was
compared to HA-PHP-RAD16-I constructs. However,
the amount of DNA isolated from H-PHP-RAD16-I
constructs was significantly more than H-PHPs
(po0.05).

Cell growth was quantified by histomorphometric
techniques in all constructs studied and viable cells were
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(b)(a)

(c)

(d)

Fig. 1. Haematoxylin and Eosin transverse sections of seeded HA-PHP: (a) cells statically seeded and (b) cells dynamically seeded. Panel (c) shows a

CLSM image of a transverse section of cells penetrating PHP in a uniform manner. Cytoskeleton is stained with Rhodamine-phalloidin and the

nucleus with DAPI. Arrows indicate the surface of PHP and (d) box plot showing the effect of static seeding and culturing (SS) and dynamically

seeding and culturing on the depth of penetration of rat calvarial osteoblasts cultured for 7 and 35 days in vitro. Box plots show the median, quartiles

and extreme values. The box represents the interquartile range, which contains 50% of the values. The whiskers are lines that extend from the box to

the highest and lowest values, excluding the outliers. The line across the box represents the median value. ***Denotes statistically significant

differences between the different seeding and culturing systems used, po0.005.

M.A. Bokhari et al. / Biomaterials 26 (2005) 5198–52085202
identified to a maximal depth of 3mm (Fig. 4b). Cell
growth was supported inside HA-PHP more readily
compared to H-PHP constructs and this was also
observed with the addition of RAD16-I to either
polymer type (po0.005). Cell number and penetration
was significantly enhanced when RAD16-I was incor-
porated in HA-PHP constructs (po0.01). The addition
of RAD 16-I to H-PHP constructs was found not to
have a significant effect on cell penetration.

3.4. Osteoblast differentiation

The ALP activity of osteoblastic cells is an indication
of their commitment towards this lineage [22]. The ALP
activity of the constructs was normalised by the number
of cells per construct (Fig. 5). All PHP constructs were
found to express ALP. The presence of RAD16-I
resulted in a statistically significant difference in the
ALP activity for constructs with either PHP (po0:05).
Levels of activity were comparable between the HA and
H-PHP RAD 16-I constructs.

Osteopontin is a phosphorylated glycoprotein that is
synthesised by osteoblasts and is associated with
osteogenesis preceding mineralisation [23]. Osteopontin
secreted into the culture media of H-PHP and H-PHP-
RAD16-I was measured (Fig. 6) and detected in
both types of construct with significant increases
observed in H-PHP-RAD16-I constructs (po0.005) at
all time points. Osteopontin production increased in
a time-dependent fashion (po0.005) for both types
of constructs.

Von kossa staining identified areas of mineral
deposition indicative of expression of the mature
osteoblastic phenotype. Mineralised tissue was present
in large areas within the constructs in H-PHP-RAD16-I
(Fig. 7c). This is in marked contrast to H-PHP, in which
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(b)

(d)

(a)

(c)

Fig. 2. Scanning electron micrographs (SEM) of the RAD 16-I peptide hydrogel showing (a) RAD 16-I surface. The diameters of the filaments are

approximately 10–20 nm and the enclosures between the fibres are approximately 50–100nm; (b) primary osteoblast growth dynamically seeded and

cultured on the surface of HA-PHP-RAD 16-I; (c) shows osteoblast growth on H-PHP-RAD 16-I; (d) illustrates osteoblasts on the surface of H-

PHP. Cells for all experiments were cultured for 35 days in vitro.

(a) (b)

(c) (d)

Fig. 3. Haematoxylin and Eosin surface sections of primary rat osteoblasts cultured on H-PHP and HA-PHP with/without the incorporation of

RAD 16-I at 35 days in vitro: (a) H-PHP alone, (b) HA-PHP alone, (c) H-PHP-RAD 16-I and (d) shows cells cultured on HA-PHP-RAD 16-I. Scale

bar ¼ 0.1mm.

M.A. Bokhari et al. / Biomaterials 26 (2005) 5198–5208 5203
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Fig. 4. (a) The effect of combining RAD 16-I with HA-PHP or H-

PHP on cell number. DNA content was measured after 35 days. Each

bar represents the mean (n ¼ 3) 7SD. Statistical significance was

determined by student’s t-test, where po0.01 (**). (b) Depth of

osteoblast penetration from the surface of the biomaterial combina-

tions. Cells were dynamically seeded and cultured in a spinner

environment for 35 days in vitro on H-PHP or HA-PHP with or

without the addition of RAD 16-I. The box represents the interquartile

range which contains 50% of the values. The whiskers are lines that

extend from the box to the highest and lowest values. The line across

the box indicates the median. Extreme values are denoted ( ).

Statistical significance was determined by the students t-test where

po0:005***.

Fig. 5. Bar chart showing the effect of the combination of PHP and

RAD 16-I on the alkaline phosphatase activity of primary rat

osteoblasts cultured on HA-PHP and H-PHP for 35 days in vitro.

Each bar represents the mean (n ¼ 3)7SD. Statistical significance was

determined by the students t-test, where po0:05 *, po0:01:

M.A. Bokhari et al. / Biomaterials 26 (2005) 5198–52085204
only the surface appeared to show any mineralisation.
HA-PHP-RAD16-I (Fig. 7d) showed mineral deposition
throughout the sections, whereas in HA-PHP miner-
alisation was observed sporadically within the con-
structs (Fig. 7b).
4. Discussion

In tissue engineering, the microenvironment provided
by the scaffold must support cell attachment; prolifera-
tion and differentiation; neo tissue generation and
correct 3D organisation. One approach towards ideal
scaffold design is through biomimetic methodology [24],
using the modification of biomaterials with bioactive
molecules. For example, the modification of scaffolds
with peptide sequences can facilitate cellular functions
such as adhesion, proliferation and migration [3,24].

Recent studies have demonstrated the potential of
combining materials with bioactive molecules, for
example the generation of poly D, L-lactic acid (PLA)
films coupled with adhesion peptide sequences linked to
poly (L-lysine) (PLL) promote attachment of endothelial
cells and modulation of human osteoprogenitor activity
[26,27]. It has also been observed that peptide-modified
polymers demonstrate enhanced initial cell attachment
and a significant increase in parameters reflecting the
osteoblastic phenotype [27,28].

In this study, RAD16-I was used in conjunction with
PHP, to produce a hybrid material with a controlled
biosurface and micro-scale features (pores, intercon-
nects). RAD16-I possesses unique features making it an
exciting tissue engineering material. The peptide scaffold
spontaneously self-assembles into nanofibers (i.e.
10–20 nm in diameter) that are highly hydrated, trap-
ping water at total volume contents of 99.5%. In such a
‘‘nanofiber scaffold’’, cells are embodied in a truly 3D
environment [25]. We hypothesised that the combina-
tion of RAD16-I and PHP would enhance osteoblast



ARTICLE IN PRESS

Fig. 6. Osteopontin secretion from H-PHP and H-PHP-RAD 16-I constructs. Results are expressed as nanogram (ng) of osteopontin per scaffold.

Each bar represents the mean (n ¼ 3) 7SD. Statistical significance was determined by the students t-test, where ***po0.005.

M.A. Bokhari et al. / Biomaterials 26 (2005) 5198–5208 5205
growth and function by providing a more favourable
biomaterial microenvironment.

As well as biomaterial selection and optimisation, cell
seeding is also an important step in the in vitro
cultivation of engineered tissues. Optimisation of cell
seeding is therefore an essential component for the
success of in vitro cultivation of large tissue constructs.
Cell seeding of scaffolds should result in good cell
adhesion, growth and finally a spatially even distribu-
tion of attached cells, to provide a basis for uniform
tissue regeneration within the scaffold [29]. We have
shown in previous work that when cells are statically
seeded onto PHP a dense layer of cells accumulate on
the surface compared to within the scaffold. Although
many cells are found within the construct at early time
points and cells migrate within the scaffold over time,
most remain localised to the upper surface of PHP. It is
therefore likely that since the transport of low molecular
weight metabolites, waste products and other macro-
molecules within a statically seeded scaffold results
primarily from diffusion, cells tend to stay at the surface
of the scaffold where nutrient availability is high.
Therefore, to circumvent possible nutrient transport
limitations and to maintain a uniform distribution of
cells within the scaffold, we developed a dynamic cell
seeding and culture system in this study.

Our data shows that this system improved the
distribution of cells within the scaffold. Cells were seen
to grow throughout the polymer and the cells remained
viable during the 35 days in vitro, indicating that cells
were appropriately exposed to nutrients deep within the
scaffold. This is likely due to the hydrodynamic stresses
created in spinner flasks causing fluid flow across the
external surfaces which in turn form eddies around the
scaffold thereby improving nutrient transport into the
pores [30]. This system therefore offers a promising
approach although a disadvantage is the degree of
manipulation that is required to transfer the construct
from one system to another during the culture period.
Flow perfusion seeding and culture of cells all in one
bioreactor is being developed, both potentially avoiding
the risk of contamination and providing fluid flow-
induced mechanical stimulation [30,31].

In our study, two types of PHP (H-PHP and HA-
PHP) were investigated with RAD16-I. H-PHP that
provides an environment for osteoblast growth in which
osteoblast differentiation is delayed [4]. We showed
previously that modification of PHP with HA resulted in
more cells penetrating and migrating within the poly-
mer. These observations are in agreement with the work
of others that shows that HA improves osteoconductiv-
ity. Data presented here assesses whether the combina-
tion of RAD16-I with PHP enhances the scaffolds
properties to provide a suitable microenvironment for
osteoblast growth and proliferation.

Our results demonstrate that the combination of
RAD16-I and PHP significantly increase the depth at
which cell growth is supported in HA-PHP constructs at
35 days. This observation was not repeated for H-PHP-
RAD16-I constructs. Although, seeding cells in RAD16-
I did result in an increase in overall cell numbers for
both types of PHPs. It is likely that the stimulus for
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(a) (b)

(c) (d)

Fig. 7. Von Kossa staining showing transverse sections of primary osteoblast cells on HA-PHP and H-PHP with or without the incorporation of

RAD 16-I after 35 days in vitro: (a) H-PHP, (b) HA-PHP, (c) H-PHP-RAD 16-I and (d) HA-PHP-RAD 16-I. Scale bar ¼ 0.1mm. The intensely

stained black areas represent bone nodules forming. Red arrows indicate the bone-like nodules and black arrows indicate the upper surface of the

biomaterial.

M.A. Bokhari et al. / Biomaterials 26 (2005) 5198–52085206
increased cell numbers and growth observed in RAD 16-
I treated constructs is due to the ability of cells to attach
more firmly in this environment. RAD16-I is believed to
mimic RGD peptides and therefore provide a suitable
biological cue to promote cell adhesion and prolifera-
tion, thereby rendering the intrinsically less adhesive H-
PHP, cell adhesive and enhancing this construct for cell
growth. The SEM data shows H-PHP-RAD16-I con-
structs supported osteoblast morphology in a compar-
able manner to cells on HA-PHP constructs, with
elongated fibroblastic-type cell shape contrasted with
the rounded cellular morphology observed in plain H-
PHP constructs (Fig. 2d). The physio-chemical differ-
ence between hydrophobic, H-PHP and surface-mod-
ified HA-PHP may influence the stability of the interface
between RAD 16-I and the polymer which in turn could
account for the differences in cell behaviour observed in
this study. Cells grew preferentially on PHP-RAD16-I
constructs, although there was no statistical difference
observed between HA-PHP and HA-PHP-RAD16-I
constructs (Figs. 3 and 4). This therefore suggests that
HA-PHP constructs already provide a suitable micro-
environment for osteoblast growth and differentiation.

Cells cultured on H-PHP-RAD16-I showed elevated
ALP activity and osteopontin production compared to
osteoblasts cultured on H-PHP alone. Von Kossa
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stained nodules were also more abundant and observed
throughout transverse sections of PHP with RAD 16-I.
This study therefore demonstrates that mineralisation is
likely to be influenced by the immobilisation of the
RAD16-I peptide, creating an environment more
permissive for osteoblast adhesion, differentiation and
bone formation.

In summary, this work indicates that the combination
of RAD16-I and H-PHP promotes improved cell
adhesion and differentiation of osteoblastic cells. These
findings suggest that the combination of these two
unique biomaterials has the potential to generate
osteoconductive surfaces within a porous scaffold. The
successful generation of a 3D biomimetic scaffold
incorporating RAD16-I illustrates its potential to
support bone formation by exploiting cell-matrix inter-
actions. Furthermore RAD16-I and hydrophobic bio-
materials can be combined to improve cell interactions
and tissue responses.
5. Conclusion

We have investigated the potential of combining two
biomaterials to provide a more permissive environment
for cell proliferation and differentiation. This study has
demonstrated that PolyHIPE polymer (PHP) in combi-
nation with RAD16-I is capable of supporting cell
growth and differentiation in vitro. Incorporating
RAD16-I with H-PHP significantly increased the ability
of this construct to support osteoblast activity and bone
formation in vitro compared to H-PHP alone. This
study also reveals the benefits of using a dynamic system
to seed and culture cells in vitro to provide a uniform
distribution of cells within the construct as well as to
enhance nutrient transport thereby allowing osteoblasts
deep within the scaffold to continually deposit miner-
alised matrix.
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