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Abstract

Over the past few decades there has been great interest in the use of orthopedic and dental implants that integrate into tissue by
promoting bone ingrowth or bone adhesion, thereby eliminating the need for cement fixation. However, strategies to create bioactive
implant surfaces to direct cellular activity and mineralization leading to osteointegration are lacking. We report here on a method to
prepare a hybrid bone implant material consisting of a Ti-6A1-4V foam, whose 52% porosity is filled with a peptide amphiphile (PA)
nanofiber matrix. These PA nanofibers can be highly bioactive by molecular design, and are used here as a strategy to transform an inert
titanium foam into a potentially bioactive implant. Using scanning electron microscopy (SEM) and confocal microscopy, we show that
PA molecules self-assemble into a nanofiber matrix within the pores of the metallic foam, fully occupying the foam’s interconnected
porosity. Furthermore, the method allows the encapsulation of cells within the bioactive matrix, and under appropriate conditions the
nanofibers can nucleate mineralization of calcium phosphate phases with a Ca:P ratio that corresponds to that of hydroxyapatite. Cell
encapsulation was quantified using a DNA measuring assay and qualitatively verified by SEM and confocal microscopy. An in vivo
experiment was performed using a bone plug model in the diaphysis of the hind femurs of a Sprague Dawley rat and examined by
histology to evaluate the performance of these hybrid systems after 4 weeks of implantation. Preliminary results demonstrate de novo
bone formation around and inside the implant, vascularization around the implant, as well as the absence of a cytotoxic response. The
PA-Ti hybrid strategy could be potentially tailored to initiate mineralization and direct a cellular response from the host tissue into
porous implants to form new bone and thereby improve fixation, osteointegration, and long term stability of implants.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The lifetime of orthopaedic implants is limited primarily
by implant loosening, a result of interfacial breakdown and
stress shielding [1]. In past clinical practice, fixation of
implants has primarily been achieved via screws and bone
cements [2]. While initial stability is adequately realized,
cement degradation over time or screw loosening eventually
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lead to implant instability and required surgical revision.
Furthermore, implant materials that are much stiffer than
bone, e.g., titanium, stainless steel, and cobalt alloys, often
lead to stress shielding and subsequent resorption of
surrounding bone [3,4]. The current approach of creating
porous surfaces on implants attempts to improve fixation,
but does not solve the issue of stiffness mismatch. A strategy
addressing both problems is to use a porous metallic
implant, which allows for the ingrowth of bone to achieve
improved fixation and also reduces the Young’s modulus of
the implant material to better match that of bone [5-10].
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Prior work has shown that metallic scaffolds with pores
that are either isolated (closed to the surface) or
interconnected (usually open to the surface) can be
fabricated with biomedical alloys, including commercially
pure titanium (CP-Ti) [11] the alloy Ti-6Al-4V [12-14],
and near-equiatomic nickel-titanium alloy (NiTi) [15,16].
Commonly used for bone implants, the Ti—-6Al-4V alloy
can be foamed by solid-state expansion of argon to a fully
open porosity of approximately 50% [17]. This allows for
tissue ingrowth as well as considerable elastic modulus
reduction, reducing risks of bone resorption due to stiffness
mismatch. However, these CP-Ti and Ti—6Al-4V foams
remain bioinert at best, without direct capacity to influence
cell behavior or encourage bone formation.

There has been recent interest on the design of surfaces
on the nanoscale for cell signaling [18-21]. The Stupp
laboratory has developed a system of peptide amphiphile
(PAs) molecules that self-assemble in aqueous solutions
under the appropriate conditions to create high aspect ratio
nanofibers that can form a self-supporting gel at low molar
percent (10 mm) [22,23]. Self-assembly can be triggered by
charge screening via changes in pH or the addition of
multi-valent ion or charged molecules. Our PAs are
designed such that when self-assembly occurs, a bioactive
epitope can be presented in high density on the periphery of
the nanofiber. This portion of the PA can be designed with
a variety of biologically relevant epitopes without disrupt-
ing the self-assembling properties, allowing for the creation
of nanofibers that can present an array of epitopes for
cellular attachment, signaling, or biomolecule binding
[23-25]. As a result, we are able to create an artificial
matrix with the advantage of being able to signal host
tissue.

We report here on the creation of a bioactive hybrid
bone implant consisting of a Ti—-6A1-4V foam filled with a
PA nanofiber matrix produced by in-situ self-assembly
within the foam. We also describe a new method for cell
encapsulation within these hybrids, which is desirable to
enhance the post-operative recovery associated with
cement-free skeletal implants, by increasing cellular pro-
liferation and mineralization, both within the implant and
at the implant—tissue interface.

2. Materials and methods

All chemical reagents, unless otherwise noted, were purchased from
Sigma-Aldrich (St. Louis, MO). Solvents were purchased from Fisher
Scientific (Hanover Park, IL). Amino acids were purchased from EMD
Biosciences (San Diego, CA). Cellular medium components were
purchased from Invitrogen (Carlsbad, CA) and other cell culture supplies
from VWR (West Chester, PA). pEGFP-N1 vector was generously
provided by Dr. Earl Cheng (Children’s Memorial Hospital, Chicago, IL).

2.1. Ti-6A1-4V foam processing

Procedures established previously for superplastic foaming of CP-Ti
and Ti-6A1-4V were followed [11,26-29]. Pre-alloyed Ti-6A1-4V powders
(Starmet Corporation) with a particle size range of 149-177 pm were
poured in a mild-steel can which was weld-sealed after being evacuated

and backfilled with 330kPa of 99.999% pure argon gas. The can
containing the gas and powders was then densified in a hot isostatic press
(HIP) for 4h at 950°C and at a pressure of 100 MPa. The steel can was
then removed and the Ti-6Al-4V billet (I0mm diameter and 10 mm
height) was annealed for 180h in a high-vacuum furnace (residual gas
pressure: 107> mTorr) to let the entrapped argon, present as small, isolated
spherical pores, expand within the solid Ti—-6Al-4V matrix. Temperature
was continuously cycled between 890 and 1030 °C with an 8 min period, so
as to induce transformation superplasticity within the Ti-6Al-4V matrix,
which has been previously demonstrated to enhance the foaming rate as
compared to isothermal annealing [11,26,27,29]. The total porosity of the
foamed billet was determined by the water—displacement Archimedes
method and the closed porosity by helium pycnometry.

The foamed Ti-6Al4V billet was cut into 1-2 x 4 x 4mm® samples
using a diamond saw with oil lubrication, which were ultrasonically
cleaned with dichloromethane, acetone, and water for 15min each. To
remove metal smearing into the external pores from cutting, the samples
were exposed to an aqueous solution of 0.25% HF and 2.5% HNO; for
45min. After repassivation with 40% HNO; for 30 min, samples were
repeatedly rinsed in ultrapure water and dried in a desiccator.

2.2. Peptide amphiphile synthesis and preparation

PA were synthesized using methods previously described [25,30]. Solid
phase peptide synthesis (SPPS) was performed using Rink amide MBHA
resin with standard 9-Fluorenylmethoxycarbonyl (Fmoc) protected amino
acids in N, N-dimethylformamide (DMF), diisopropylethylamine (DIEA)
and 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoropho-
sphate (HBTU). To create the branched PA architecture, palmitic acid was
first coupled to the e-amine on a lysine to create a hydrophobic tail group.
The peptide sequence was then synthesized using orthogonal protecting
group chemistry. Selective deprotection of Fmoc, Boc, and 4-methyl trityl
(Mtt) protecting groups allowed for control over the design of the PA.
After synthesis, the PA was cleaved from the resin using TFA: triisopropyl
silane (TIS): water (95:2.5:2.5), precipitated with ice-cold ether, solubilized
in water, and dried by lyopholization. The product was then characterized
using MALDI-TOF and analytical HPLC.

2.3. Cell culture

Mouse calvarial pre-osteoblastic (MC3T3-E1) cells were cultured under
standard tissue culture conditions at 37°C and 5% CO, in Minimum
Essential Medium o« (MEMo) medium supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin and streptomycin, 10 mm
p-glycerophosphate, 50 pg/mL ascorbic acid. For confocal imaging, it was
desirable to transfect a population of MC3T3-El cells with a green
fluorescent protein vector to enable fluorescent imaging. This was achieved
by plating cells at greater than 90% confluency in antibiotic-free MEMu
medium, adding 1pg pEGFP-N1 vector and 2.3uL Lipofectamine™
2000 transfection reagent (Invitrogen) in antibiotic-free MEMa medium
without serum, mixing gently and incubating for 24 h at 37 °C. Cells were
then passaged and cultured in MEMa medium for 1 day, followed by
medium exchange with selection medium consisting of penicillin/strepto-
mycin-free MEMo medium containing 600 ug/mL Geneticin® selective
antibiotic (Invitrogen). Cells were cultured in selection medium for 14
days, followed by culturing in maintenance medium, consisting of
penicillin/streptomycin-free  MEMa medium containing 300 pg/mL
Geneticin® selective antibiotic. Cells were then sorted by flow cytometry
to obtain a homogeneous population for cell experiments hereon termed
GFP-MC3T3-El cells. All experiments with GFP-MC3T3-El cells were
performed using the maintenance medium.

2.4. PA-Ti hybrid preparation

To create PA gels within the Ti-6A1-4V foams, lyophilized PA powder
was solubilized in ultrapure water to 2 wt%, pH adjusted to approximately
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7, and further diluted to 1 wt% with Dulbecco’s phosphate buffered saline
(PBS). For the biotinylated PA, FITC-labeled avidin was added in at
1:400 molar ratio. Meanwhile, Ti-6A1-4V foams were autoclave sterilized,
and pre-wet via graded soakings starting with 100% ethanol and ending
with 100% ultrapure water. The pre-wet Ti-6A1-4V foam samples were
then placed in the PA, and agitated on a plate shaker at low speed for
30min. RGDS PA or S(P) & RGDS PA mixtures were gelled with the
addition of 7 pL of 1 m CaCl, to each sample solution (~85mm CaCl, final
concentration), while the biotinylated PA was gelled by subjecting the
samples to ammonium hydroxide (NH4OH) vapor to bring the pH up to
~8.5. Following gelation, samples were annealed by incubation at 37 °C
and 5% CO, for 1.5h. For cellular assays and in vivo experiments, the
excess PA was scraped aseptically from the exterior. These PA nanofiber/
Ti—6A1-4V foam hybrids are termed PA-Ti hybrids in the following. For
in vitro mineralization, PA-Ti hybrids were incubated at 37 °C and 5%
CO, in human mesenchymal stem cell osteogenic medium (Lonza)
supplemented with 20mm CaCl, for 7 days. As described below, PA-Ti
hybrid samples were characterized by scanning electron microscopy
(SEM) and/or confocal microscopy.

2.5. Cell encapsulation

To encapsulate cells within the PA-Ti hybrid a similar procedure was
used. Cells were detached from culture plates by trypsinization, counted,
and resuspended in PBS without calcium or magnesium at twice the final
cell concentration. Lyophilized PA powder was solubilized in 0.1m
ammonium hydroxide to 4wt%, diluted to 2wt% with PBS, and pH
adjusted to ~7 with 0.1 M HCI. The PA solution was then sterilized by UV
radiation for 30min. Equal volumes of the PA solution and cell
suspension were then mixed and aliquoted into a half-area 96-well plate.
The pre-wet Ti-6Al-4V foams were again placed in the PA and cell
solution, shaken for 30 min, gelled with CaCl,, and annealed for 1.5h at
37°C and 5% CO,. Samples for SEM and confocal microscopy were then
cultured overnight in maintenance medium.

2.6. Biological analysis

For cell quantification, PA-Ti hybrid samples were extracted and
frozen in liquid nitrogen, lyophilized, and digested in a papain solution
[31]. Briefly, samples were incubated in 0.125mg/mL papain activated
with 1.76mg/mL cysteine in phosphate buffer with EDTA (0.1m
Na,HPO,, 0.0l M Na,EDTA, pH adjusted with 1N NaOH) for 16h at
60 °C. Samples were then assayed for dsSDNA content using a Quant-iT
PicoGreen dsDNA Assay Kit (Molecular Probes) as per protocol. A 5uL
aliquot of digestion solution was incubated with 95puL of 1X TE and
100 uL of PicoGreen Working Reagent for 5min and fluorescence was
read on a Gemini EM fluorescence/chemiluminescence plate reader with
ex/em of 480/520 nm. A standard curve made with calf thymus DNA was
used to convert fluorescence to cell number assuming 7.7 pg DNA /cell [32].

PA-Ti hybrid samples with and without cells for SEM and confocal
microscopy were extracted and pre-fixed with 1% gluteraldehyde in
MEMuo on ice for 1 h. Samples were rinsed in PBS for 20 min, and fixed in
2% formaldehyde, 2% gluteraldehyde in 0.1 M cacodylate buffer for 3 h at
room temperature and then overnight at 4 °C. Samples were then rinsed in
cacodylate buffer for 20min and dehydrated using a graded series of
ethanol. Mineralized PA-Ti hybrid samples for SEM were removed from
media and dehydrated in graded ethanol. At this point, all SEM samples
were critical point dried, coated with 3nm Au-Pd, and imaged using a
Hitachi S-4500 (Schaumburg, IL) with a cold field emission electron gun at
3kV with a current of 20mA or an FEI Quanta ESEM fitted with
a Schottky thermal field emission gun and Oxford EDS at 10kV.
A secondary electron detector was used for high-resolution imaging.
Alternatively, samples for confocal microscopy were embedded in EmBed-
812/ DER 73 (Electron Microscopy Sciences) according to protocol.
Briefly, samples were rinsed in propylene oxide for 20 min, followed by
50:50 solution of EMbed-812/ DER 73:propylene oxide overnight, and
then straight EMbed-812/ DER 73 with several fresh exchanges. The resin

was then cured for 24 h each at 40, 60, and 70 °C. Embedded samples were
then sectioned using a diamond saw and mounted on glass slides. Imaging
was performed on a Leica Confocal Laser Scanning System inverted
microscope (Bannockburn, IL) using an argon laser and driven with Leica
Confocal Software.

2.7. In vivo testing

Preliminary in vivo performance of the PA-Ti hybrids was assessed
using a rat femoral model. The study utilized 13 animals containing two
implants in each hind limb. Surgical procedures and animal care were
approved by Northwestern University’s Animal Care and Use Committee.
PA-Ti hybrids were implanted into 40-week old Sprague Dawley rats
obtained from Harlan (Indianapolis, IN) with preoperative weights of
approximately 450-500¢g. The animals were anesthetized by intraperito-
neal injection of Ketamine (100mg/kg) and Xylazine (5mg/kg). The
femoral diaphysis was approached through a lateral incision in the skin
and circumferential stripping of the muscle. Two 2mm diameter holes
were drilled on the diaphysis of the femur through the first cortex.
Cylindrical PA-Ti hybrid implants measuring 3 mm in length and 2 mm in
diameter were press fit into the holes, which were sufficiently tight to
provide adequate fixation of the implants. The muscle and skin were then
sutured to close the wound. After 4 weeks, the animals were sacrificed and
implants retrieved for histological analysis. Samples were fixed, plastic
embedded, and then sectioned with Exakt cutting and grinding equipment
(Oklahoma City, OK). Histological samples were stained with either
Goldner’s Trichrome or methylene blue and basic fuchsin.

3. Results and discussion
3.1. Ti-6AI4V foam processing

The foamed billet had a total porosity of 52.5% after
180 h of thermal cycle foaming (8 min per cycle from 890 to
1030 °C). A 1 cm cube sample cut from the billet had a total
porosity of 52.5% with 14.2% closed porosity. When the
pores expand, they merge with each other forming
networks which, as they connect to the billet surface, allow
for the gas to escape, thus eliminating the driving force for
foaming and leading to open porosity. The porosity of
52.5% achieved here is higher than any other value
reported in the literature for Ti—6Al-4V foams produced
by solid-state expansion at constant temperature: 32% for
Kearns et al. after 46h at 1240 °C [33,34] (or 40% for
several days at 1250 °C [34]), 23% for Queheillalt et al. [14]
after 10h at 920°C and 35-40% for Schwartz et al. [35]
after 24h at 920°C. The higher porosity achieved here
illustrates that transformation superplasticity, produced by
thermal cycling conditions, delays pore merging due to
fracture of pore walls (leading to the formation of a pore
network and eventual escape of gas from the sample), as
compared to isothermal, non-superplastic foaming condi-
tions used in the previous studies. It is noteworthy that
even though the foams in the latter two studies were faced
with dense Ti—-6A1-4V sheets (thus preventing escape of gas
on two sides of the foam), their porosity remained below
that achieved here under superplastic condition. Based on
their porosity of 52.5%, the present foam stiffness is
calculated as 25 GPa (using a Young’s modulus of 110 GPa
for Ti-6Al-4V and standard equations linking stiffness
with the square of porosity [36]), close to the range of dense
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cortical bone (wet at low strain rate, 15.2 GPa; wet at high
strain rate, 40.7 GPa [37]).

Fig. 1 shows an SEM micrograph of a polished cross-
section of the foam. The mean line intercept is 110 um,
corresponding to a pore diameter of 165 um, under the
assumption that pores are spherical, monosized and
unconnected (real pore size differs from this value, given
that these assumptions are not fulfilled). It is generally
accepted that the optimum pore diameter for bone
ingrowth is 150400 um [7], although it has been shown
that bone can grow into pores as small as 60 pum [38].
The pores in Fig. 1 are jagged and equiaxed, as also
observed in previous studies of CP-Ti foams with
similar high porosity [27,29], where it was shown that
protrusions within the large pores are remnants of the
fractured pores walls initially separating small pores that
have merged.

3.2. Preparation of the PA-Ti hybrid

Two complementary microscopic techniques were used
to characterize the structure of the PA-Ti hybrids. First,
SEM was utilized to image the exterior surfaces and the PA
nanostructure. Second, confocal microscopy of cross-
sectioned samples was performed to characterize study
the interior of the PA-Ti hybrids.

SEM images were taken of the bare exterior surface of
the Ti-6Al-4 foams (after acid treatment and repassiva-
tion) and the PA-Ti hybrids, as shown in Fig. 2. A low
magnification image (Fig. 2B) shows the irregular shape of
pores in the foam, also visible in the cross-section image in
Fig. 3. When the hybrid is created by triggering self-
assembly of the PA solution contained within the
Ti-6A1-4V foam, the external pores are completely filled
with the PA nanofiber matrix, as shown in Fig. 2C and E.
Higher magnification images (Fig. 2D and E) reveal very
high aspect ratio, self-assembled PA nanofibers forming

Fig. 1. SEM micrograph of polished, bare Ti-6Al-4V foam in cross-
section. The mean line intercept was 110 um, corresponding to a pore
diameter of 165pum. The pores are irregular in shape and equiaxed,
showing no preferential orientation.

a complex tangled matrix not only within the larger
macroscopic porosity of the Ti-6Al-4V foam, but also as a
thin layer on the outer surfaces of the Ti—6A1-4V foam.
This may allow implants to have a bioactive matrix within
the larger scale pores of the Ti-6Al-4V, but also on their
exterior surfaces that come in direct contact with host
tissues.

Confocal microscopy images were taken of sectioned
Ti-6Al-4V foams to evaluate the effectiveness of the PA to
self-assemble into a gel matrix within the metallic foam. To
be able to image the PA, a biotinylated version of the PA
used for SEM and the cell experiments was used in
conjunction with FITC-labeled avidin. Given the well-
known strong interactions between avidin and biotin
[39-41], previous work in the Stupp laboratory has shown
this to be a useful method to fluorescently tag PA using
FITC-labeled avidin [30]. Fig. 3 shows the chemical
structure of the biotinylated PA (A) and the resulting
confocal images (B-D). The images shown in Fig. 3B-D
are composites of multiple dual-channel overlayed images
in order to show the full cross-section of the sample. The
first channel measured reflectance (gray) while the second
channel measured GFP fluorescence (green). Fig. 3B shows
Ti—6Al-4V foam that has been impregnated with a
biotinylated PA and FITC-labeled avidin; Fig. 3C shows
Ti-6A1-4V foam that has been impregnated with only
biotinylated PA; and Fig. 3D shows bare Ti-6Al-4V foam
without PA that was embedded with acrylic. All samples
were imaged under identical conditions. As expected, there
is no observed fluorescence from either the biotinylated PA
itself (Fig. 3C) or the foam embedded in acrylic (Fig. 3D).
Meanwhile, the FITC-labeled avidin that is bound to the
biotinylated PA is clearly visible throughout the entire
cross-section, confirming the ability of the PA to penetrate
the interconnected porosity of the Ti-6Al-4V foam.
Furthermore, since PA was retained within the pores after
the five solution exchanges during the embedding proce-
dure, it is very likely that self-assembly of the PA molecules
into an entangled matrix had occurred due to successful
diffusion of the CaCl, throughout the thickness of the
sample. If the PA would have remained in the unassembled
state, the PA would be expected to have been removed
during the multiple solution exchanges. While the PA is
shown to be present in the entire cross-section, there are
several reasons why PA may not be visible in all of
the pores. As mentioned earlier, not all the pores are
interconnected. Secondly, incomplete infiltration of the
resin may have led to PA removal during the sectioning
process. Finally, reflectance from the metal made fluor-
escent imaging difficult. Consequently, it was not possible
to obtain a single image that captured the fluorescence all
of the pores. To better illustrate the true infiltration, we
combined two images to create the composite image shown
in Fig. 3B. The presence of the PA covering the exterior
(top and bottom) surfaces of the foams is also apparent
in the confocal images as previously demonstrated in the
SEM images.
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Fig. 2. (A) Chemical structure of the peptide amphiphile (PA) used to infiltrate and fill the pores of the Ti-6Al-4V foam. Scanning electron microscopy
(SEM) images of (B) the bare Ti-6Al-4V foam; (C) Ti-6Al-4V foam filled with PA gel; (D) higher magnification of the self-assembled PA nanofibers
forming a three-dimensional matrix within the pores; and (E) higher magnification of the PA coating the Ti-6Al-4V foam surface and filling the pores.
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Fig. 3. Chemical structure of the biotinylated PA used for the confocal microscopy without cells (A), and the resulting confocal microscopy images of the
biotinylated PA-Ti hybrids embedded in acrylic and cross-sectioned, showing (B) the fluorescence of avidin—-FITC bound to biotinylated PA gelled
throughout the cross-section of Ti-6Al-4V foam, (C) no fluorescence from a control sample of Ti-6Al-4V foam and biotin—PA without avidin—FITC, and
(D) no fluorescence from a second control of Ti-6Al-4V in acrylic without PA.
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3.3. Mineralization of the PA matrix

Based on previous results on the mineralization of PAs
incorporating a phosphoserine residue [23], we created a
mixed PA system with 95mol % phosphoserine (S(P))
containing PA and Smol% RGDS containing PA and used
it to create PA—Ti hybrids that might induce mineralization
of the nanofibers (PA structures shown in Fig. 4A, B).
After incubation of these PA-Ti hybrids for 7 days in
medium, samples were evaluated for mineral formation by
SEM. As seen in Fig. 4C-E, small spherical structures are
observed to have nucleated and grown all along the PA
nanofibers. High-resolution imaging reveals that these
spherical structures are fairly homogeneous in size and
dispersion. Furthermore, due to their location along the
fibers, and not in clusters or caught between the nanofibers,
it is clear that these are not simply precipitates that have
adsorbed onto the nanofibers, but rather they have
originated from the nanofibers themselves. Analysis by
EDS shows peaks for both calcium and phosphate, and
quantification yields a Ca:P ratio of 1.7140.18. This value
is similar to that associated with hydroxyapatite (1.67)
based on the formula Ca;o(PO4)s(OH),, and is anticipated
based on previous work on the mineralization of PAs
incorporating the S(P) residue [23].

3.4. Encapsulation of cells within nanofiber matrix of PA-Ti
hybrid

Confirmation of the presence of cells encapsulated within
the self-assembled PA nanofibers was determined by
several approaches. First, a PicoGreen dsDNA assay was

utilized to determine the number of cells associated
with the PA-Ti hybrid. Secondly, qualitative observation
of cells within the hybrids was achieved by confocal
microscopy of cross-sectioned samples and SEM imaging
of the exterior of the samples. Finally, a live/dead assay
was performed to confirm the biocompatibility of the
PA gel.

Quantification of the number of cells encapsulated in the
PA-Ti hybrids was achieved by utilizing a Quant-iT
PicoGreen dsDNA assay kit after 1.5h of incubation.
Cell-encapsulated PA-Ti hybrids were created using PA
solutions containing three different cell seeding densities.
Five samplings from three to five foams were measured for
each seeding density of 5x 10, 1 x 10°, and 5 x 10°cells/
mL PA solutions. The samplings were averaged for each
foam to determine the cell seeding, and error was set as the
standard deviation of these averages. As shown in Fig. 5,
the resulting cell population encapsulated within the
Ti—6A1-4V foams showed a general increase with increas-
ing initial cell seeding concentrations. A correlation
analysis demonstrated a good linear fit (R*=0.992)
between the initial cell seeding concentration and the
resulting number of cells encapsulated within the
Ti-6A1-4V foams. This demonstrates that cells can indeed
be encapsulated within the PA-Ti hybrids, and that this
can be done in a controlled manner.

SEM offered a qualitative method to observe cells
encapsulated near the surface of the PA-Ti hybrids. As
shown in Fig. 6, encapsulated GFP-MC3T3-El cells can be
seen within 100pum from the surface of the sample,
attaching and spreading in the PA nanofiber matrix that
fills the Ti-6Al-4V foams. Culturing the samples for ~16h

RGDS PA

Fig. 4. Chemical structures of the S(P) PA and RGDS PA used to create PA-Ti hybrids for mineralization (A, B). SEM images (C-E) show nanoscale
bead-like mineral formation on the PA nanofibers. High magnification images (D-E) show the mineral formation only on the nanofibers, and not on the
metal surface, indicating templation on the PA nanofibers. EDS quantification reveals a Ca:P ratio for the mineral as 1.714+0.18, in line with
hydroxyapatite.
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Fig. 5. Quantification of cells encapsulated within PA-Ti hybrids at
different seeding densities, showing a direct correlation between seeding
density and encapsulated cell number.

provided enough time for the cells to start to exhibit a
reaction to their surrounding environment, yet not enough
time for proliferation to distort the qualitative observations
of the cellular location within the samples. The cells appear
stretched in shape with extended processes, and more
importantly, we did not observe rounded shapes that may
be indicative of apoptosis. The experiments confirmed the
presence of cells within the PA-Ti hybrids and their
interaction with the surrounding PA matrix.

Fluorescent confocal microscopy was used to qualita-
tively confirm the presence the cells within the interior PA
nanofiber matrix of the PA-Ti hybrids after 1.5h incuba-
tion. Fixed samples were embedded in acrylic and cross-
sectioned for observation as described earlier. Fig. 7 shows
the two channels measured, reflectance in gray (A) and
GFP fluorescence in green (B). Due to the particular angle
of the sample and z-depth of the cells imaged, reflectance of
the metal was also detected by the detector, giving a false
fluorescence for the metal. Therefore, the true fluorescence
is given by the subtraction of the (A) from (B). It is
apparent from these images that the cells are indeed
encapsulated within the PA nanofiber matrix as several are
observed within the Ti—6Al-4V pore, as indicated with
arrows in Fig. 7A, B. Because of the sharp z-depth
resolution of the confocal microscope, it was determined
that the cells are not attached to the pore surface above or
below the plane of view, and they are also clearly not in
contact with the pore surface within the imaging plane.
Therefore, we can conclude that they are suspended within
the PA nanofiber matrix. Furthermore, we expect to see
individual cells spaced apart because the cells dispersed in
solution were effectively entrapped as self-assembly of the
nanofiber matrix occurred, minimal time was allowed for
cell proliferation or migration, and also because out of
plane cells are not visible due to the sharp z-depth imaged
by confocal microscopy. Together with the SEM images,
we can also conclude that the cells measured in the
quantification assay are indeed encapsulated throughout

the PA-Ti hybrid and not merely adhering to the exterior
foam surface.

3.5. In vitro testing of PA-Ti hybrids

To assess any potential cytotoxicity of the PA, a live/
dead assay was performed on non-GFP transfected
MC3T3-El cells encapsulated in just the self-assembled
RGDS PA gel. After 5 days of culture, fluorescent optical
microscopy was used to qualitatively evaluate the number
and morphology of live cells with calcein AM (green) and
dead cells with ethidium homodimer (red). As shown in
Fig. 8, the vast majority of cells was alive and spread
throughout the entire gel, indicating that there was no
significant cytotoxic effect. In fact, the cells appeared to
survive well in this environment, spreading in the PA
nanofiber matrix and not migrating out of the gel. Live/
dead was not performed on the PA—Ti hybrids due to the
difficulties associated with fluorescent imaging of the
opaque foams.

3.6. In vivo testing of PA-Ti hybrids

A preliminary analysis of in vivo performance was
carried out for PA-Ti hybrids containing a 95mol% S(P)/
5mol% RGDS PA mixture (see Fig. 9). Two samples were
evaluated by histological analysis and were observed to
show similar features. Fig. 10A shows a Goldner’s
trichrome stained histological image from one of the
implants, revealing the growth of new bone from the
cortical bone towards the implant that creates a rim of
bone encircling the implant in the bone marrow cavity.
This new bone is highly mineralized and has the same
structure as the cortical bone (CB) with lacunae. Further-
more, bone can be seen forming inside the pores of the
implant, where new, unmineralized bone is stained red and
mineralized bone is stained green. It is not possible to
distinguish between mineralized PA and mineralized
matrix deposited by osteoblasts; however, due to the
results of the in vitro mineralization, it is reasonable to
expect that the PA would begin to mineralize when
implanted. Furthermore, the extent of bone formation
into the implant demonstrates that the pores are suffi-
ciently interconnected to allow for cellular migration
between pores and nutrient diffusion. As shown in
Fig. 10B, bone has grown directly against the PA-Ti
implant surface. Furthermore, we see evidence of neo-
vascularization around the implant, including the artery
shown with red blood cells in the lumen. As observed in the
methylene blue and basic fuchsin stained histological image
in Fig. 11A, most of the volume of an interior pore can fill
in with bone. Fig. 11B shows bone spicules being formed
adjacent to the implant in the bone marrow, offering
evidence for osteoconduction. The spicule demonstrates a
growth front into the PA—Ti hybrid, with collagenous fiber
formation and early deposition of bone adjacent to the
implant exterior, and bone that is being calcified on
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Fig. 6. SEM of GFP-transfected MC3T3-EI cells encapsulated within PA-Ti hybrids. Cells encapsulated near the surface of the PA gel can be visualized
spreading and pulling on the nanofibers presenting the RGDS cellular adhesion motif.

75pum

Fig. 7. Confocal microscopy of GFP-transfected MC3T3-El cells encapsulated within PA—Ti hybrids (cross-section). Left image is reflectance mode, while
right image is fluorescence, showing cell suspended in an interior pore. The metal shows artificial fluorescence due to reflectance at the wavelength
collected. The difference between the images is the true fluorescence of the cells, indicated by the arrows.

4 100um

Fig. 8. Optical (A) and fluorescence (B) microscopy images of non-transfected MC3T3-E1 cells encapsulated within the nanofiber matrix of the PA shown
in Fig. 2A. Almost all cells fluoresced green due to the conversion of calcein AM to calcein, indicative of live cells. The hazy red areas are background
fluorescence due to the interaction of the PA with EthD-1.

the outer layer. The wedge formation at the top of the spicule ~ absence of neutrophils. Preliminary analysis of all samples by
growing into the pore indicates cellular infiltration by the SEM also indicates that implants are indeed surrounded by
osteoblasts. The bone marrow appears healthy with intact ~ bone. A quantitative analysis of the in vivo response using
and viable hematopoietic cells and areas of adipose tissue, microscopy and histology is beyond the scope of this work
and there is no evidence of cytotoxic effects based on the and will be reported in a future manuscript.
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Fig. 9. Image depicts the rat femoral model used to assess the biocompatibility and osteoconductive/inductive potential of the Ti implants. Ti foam
implants were positioned inside 2 mm diameter holes that were ~1.5cm apart.

0,5 mm

Fig. 10. Images of histological sections of a PA-Ti hybrid implanted in a rat femur after 4 weeks. Non-decalcified, plastic embedded samples were stained
with Goldner’s Trichrome. When staining bone, green indicates highly mineralized bone; red indicates newly formed, immature bone. As seen in Image A,
new, mineralized bone is seen growing from the cortical bone (CM) towards the PA—Ti hybrid in the bone marrow (BM), and infiltrating the open porosity
(arrows). Image B shows newly formed, fully mineralized bone adherent to the PA—Ti hybrid exterior. An artery (A) is observed adjacent to the implant,

indicating neo-vascularization around the PA-Ti hybrid.

75 pm

Fig. 11. Images of histological sections of a PA-Ti hybrid implanted in a rat femur after 4 weeks. Non-decalcified, plastic embedded samples were stained
with methylene blue and basic fuchsin. Image A shows mineralized bone formation (blue) within an interior pore of the PA-Ti hybrid. Image B shows new
bone formation adjacent to and into the PA—Ti hybrid. The location and formation of these bone spicules are evidence of osteoconduction, with new
mineralized bone (NMB, deep blue) on the exterior, new unmineralized bone (NUB, pink) in the middle, and collagenous fibers (C) against the PA-Ti

hybrid.

4. Conclusions

We have shown that Ti-6Al-4V foams with 52.5%
porosity can be filled with a self-assembling peptide
amphiphile to create a bioconductive hybrid. SEM showed
that the structure of the PA nanofiber matrix is retained

when filling the pores of the foam, while confocal
microscopy showed that the PA infiltrates the entire
thickness. The PA matrix has been shown to mineralize
with calcium phosphate, and cells can be encapsulated in
these hybrids in a controlled manner. Preliminary in vivo
experiments show that de novo bone is formed adjacent to
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and inside the PA-Ti hybrid by 4 weeks, offering strong
evidence of osteoconduction. Self-assembly of peptide
amphiphile nanofibers within pores of metallic foams has
potential to induce mineralization and direct a cellular
response from the host tissue at its interfaces with an
implant.
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