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Abstract: Novel tissue-engineered magnetic fibrin hydrogel scaffolds were prepared by the
interaction of thrombin-conjugated iron oxide magnetic nanoparticles with fibrinogen. In
addition, stabilization of basal fibroblast growth factor (bFGF) was achieved by the covalent and
physical conjugation of the growth factor to the magnetic nanoparticles. Adult nasal olfactory
mucosa (NOM) cells were seeded in the transparent fibrin scaffolds in the absence or presence
of the free or conjugated bFGF-iron oxide nanoparticles. The conjugated bFGF enhanced
significantly the growth and differentiation of the NOM cells in the fibrin scaffolds, compared to
the same or even five times higher concentration of the free bFGF. In the presence of the bFGF-
conjugated magnetic nanoparticles, the cultured NOM cells proliferated and formed a three-
dimensional interconnected network composed mainly of tapered bipolar cells. The magnetic
properties of these matrices are due to the integration of the thrombin- and bFGF-conjugated
magnetic nanoparticles within the scaffolds. The magnetic properties of these scaffolds may
be used in future work for various applications, such as magnetic resonance visualization of
the scaffolds after implantation and reloading the scaffolds via magnetic forces with bioactive
agents, eg, growth factors bound to the iron oxide magnetic nanoparticles.

Keywords: thrombin, fibroblast growth factor, fibrin scaffold, iron oxide nanoparticles, tissue
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Introduction

Fibrin hydrogels are common materials being explored as matrices for tissue engi-
neering applications, eg, tissue engineering of adipose, cardiovascular, ocular,
muscle, liver, skin, cartilage, bone and neuronal tissues.'™ The fibrin hydrogels
combine some important advantages such as inherent flexibility, soft, high seeding
efficiency, and uniform cell distribution. In addition, they cast easily into different
three-dimensional (3D) shapes and can be injected directly into the site of an injury
for in situ gelation. Furthermore, fibrin contains cell-binding sites and thus enhances
cell adhesion.’® Fibrin hydrogels are natural polymers made by mixing two blood
coagulation components, fibrinogen and thrombin, which form a clot upon mixing. In
human plasma, the half-life of thrombin is shorter than 15 seconds due to tight control
by protease inhibitors and components of the vessel’s wall.” In previous studies, we
have demonstrated that appropriate conjugation of thrombin to iron oxide (y-Fe,0,)
magnetic nanoparticles preserved the thrombin-clotting activity, stabilized the throm-
bin against its major inhibitor, antithrombin III, and improved its storage stability.®’
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In the present study, these thrombin-conjugated y-Fe,O,
nanoparticles were used to fabricate novel magnetic fibrin
hydrogel scaffolds.

Iron oxide nanoparticles are of great interest due to their
magnetic properties, high surface area-to-volume ratio,
biocompatibility, relative nontoxicity, and biodegradability.
The use of iron oxide magnetic nanoparticles for various
biomedical applications, eg, hyperthermia, diagnostics, cell
labeling and sorting, DNA separation, magnetic resonance
imaging (MRI) and X-ray contrast agents, magnetic stimuli-
sensitive polymeric systems, and gene and drug delivery,
have already been demonstrated.!®!* Recent studies in the
tissue-engineering field proposed to produce magnetic scaf-
folds by integration of nonmodified iron oxide nanoparticles
in scaffolds made of various materials. For example, Bock
et al" succeeded in transforming standard commercial scaf-
folds, made of hydroxyapatite—collagen and pure collagen,
to magnetic scaffolds by dip-coating the scaffolds in aqueous
ferrofluids containing iron oxide nanoparticles. Hu et al*
and Sivudu et al*' fabricated magnetic hydrogel scaffolds
by in situ development of iron oxide nanoparticles in gela-
tin or polyacrylamide hydrogels, respectively. It has been
suggested to use the magnetic properties of these scaffolds
for monitoring the scaffolds after implantation by MRI or
X-ray, and for reloading the scaffolds after implantation with
bioactive agents, such as growth factors, stem cells, or other
bioactive reagents that can be bound to magnetic iron oxide
nanoparticles.!”1%2223

In order to enhance cell regeneration, scaffolds are
often designed as platforms for the delivery of bioactive
molecules such as growth factors, angiogenic factors, and
differentiation factors.!>**?> For example, basal fibroblast
growth factor (bFGF, also known as FGF-2) is a mitogenic
polypeptide which induces cell divisions in a variety of cell
types including skin, blood vessel, muscle, adipose, cartilage,
and bone tissues.?*?” It also promotes cell proliferation and
differentiation in cultures of mouse and human olfactory
epithelium.?* In addition, bFGF has been shown to promote
neuron survival, nerve fiber outgrowth, and proliferation
of neuronal precursor cells in cultures.?*”3%3! The main
disadvantage of free bFGF is its short in vivo half-life of
about 3—10 minutes due to rapid enzymatic degradation,
which leads to loss of biological activity and functions.?®3?
To achieve a satisfactory performance, growth factors were
adsorbed onto, or encapsulated within, nanomaterials to
protect their stability and biological activity.>'

A wide range of cell types have been investigated
for tissue-engineering applications. For example, adult

nasal olfactory mucosa (NOM) cells are primary cells
of interest for implantation into spinal cord injuries.>34°
NOM cells are often derived through a simple nasal
biopsy from the patient prior to implantation in his or
her own body, which eliminates rejection. The NOM is a
heterogeneous complex of cells which includes, among
others, neuronal progenitor cells (adult stem cells), and
glial olfactory ensheathing cells (OECs).> NOM cells
have been investigated extensively to see if they have the
same capacity to promote neuronal regeneration follow-
ing spinal cord injuries.** Some of these studies showed
that the transplantation of OECs could promote axonal
regeneration and functional recovery through their spe-
cific glia properties, namely, by secretion of neurotrophic
factors (such as nerve growth factor [NGF], brain-derived
neurotrophic factors [BDNF] and glial cell-derived
neurotrophic factor [GDNF]) and extracellular matrix
molecules (such as N-CAM and laminin).?**3%37 Recent
studies indicate that the transplantation of a “pure” OEC
population is insufficient for attaining complete recovery
of spinal cord injuries. A better recovery of these injuries
can be attained using a complex of NOM cells, including,
apart from the OECs, neuronal progenitor cells from the
neuroepithelium.3>37

We describe herein the development of new magnetic
fibrin hydrogel scaffolds intended for the cultivation and
implantation of NOM cells into spinal cord injuries. The
scaffolds are obtained by the interaction of thrombin-con-
jugated y-Fe,O, magnetic nanoparticles and fibrinogen. In
addition, we describe a new method for stabilization of bFGF
by covalent or physical conjugation to y-Fe,O, nanoparticles.
Adult NOM cells were seeded in the magnetic fibrin scaf-
folds in the absence or presence of the free or conjugated
bFGF-iron oxide nanoparticles. The aim of this study was to
characterize these novel scaffolds, and to examine the influ-
ence of the bFGF-conjugated nanoparticles on the growth
of NOM cells seeded in these scaffolds, as compared with
the free factor.

Materials and methods

Materials

The following analytical-grade chemicals were purchased
from commercial sources and used without further
purification: ferric chloride hexahydrate, hydrochloric
acid (1 M), sodium hydroxide (1 M), sodium nitrite,
glutaraldehyde, paraformaldehyde (4%), Triton X-100,
gelatin from porcine skin, human serum albumin (HSA),
bovine serum albumin (BSA), rhodamine B isothiocyanate
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(RITC), divinyl sulfone (DVS), triethylamine (TEA),
bovine fibrinogen, bovine fibronectin, aprotinin, D-glucose
and poly-L-lysine (PLL; MW 30,000-70,000) from
Sigma (Israel); recombinant human bFGF from PeproTech
(Israel); bovine thrombin and factor XIII from Merck
(Israel); Midi-MACS magnetic columns from Miltenyi
Biotec GmbH (Germany); bicarbonate buffer (BB; 0.1
M, pH 8.4), phosphate-buffered saline (PBS free of Ca*
and Mg*2; 0.1 M, pH 7.4), Dulbecco’s modified Eagle’s
medium—nutrient mixture F-12 (DMEM-F12), fetal
calf serum (FCS), gentamicin, glutamine, Hepes, and
trypsin—-EDTA solution (0.25%) from Biological-Industries
(Israel); Bio-Rad protein assay kit (Bradford) from Bio-
Rad (Germany); tissue culture plates (24 wells) and
35 cm culture plates from JET BioFiL (Israel); chitosan
microcarriers (MCs) from Medovent GmbH (Germany).
Water was purified by passing deionized water through
an Elgastat Spectrum reverse osmosis system (Elga, High
Wycombe, UK).

Synthesis of y-Fe,O, nanoparticles

Iron oxide nanoparticles of 19.8 £ 4.7 nm diameter were
prepared via nucleation and growth mechanism, as described
previously.!** Briefly, 240 mg of gelatin were dissolved in
80 mL of water at 60°C. Then, 160 UL of a Fe** solution
(10 mmol in 5 mL of 0.1 N HCI) and 57.6 UL of a sodium
nitrite solution (7.27 mmol in 5 mL H,0O) were added to
the shaken gelatin solution. For nucleation, titration with
sodium hydroxide (1 M) until a pH of 9.5 was performed.
This procedure was repeated successively four more times.
The reaction mixture was then shaken at 60°C for an addi-
tional hour. The formed y-Fe,O, magnetic nanoparticles were
then washed from nonmagnetic waste with deionized water
by magnetic columns, via the high gradient magnetic field
(HGMF) technique.*!

Precipitation of albumin coating onto

the y-Fe, O, nanoparticles

Albumin coating onto the y-Fe O, nanoparticles was prepared
by a precipitation mechanism as described previously.’*
Briefly, 5 mg of BSA or HSA were added to 4 mL of the
v-Fe,0, nanoparticles dispersed in water (2.5 mg/mL). The
reaction mixture was subsequently shaken at pH 9.5 and 60°C
for 18 hours, and then cooled gradually to room temperature.
The obtained y-Fe,0,=BSA or y-Fe,O,~HSA nanoparticles
(= is the symbol for the albumin coating obtained by precipi-
tation) were then washed from excess albumin with PBS by
magnetic columns.

Thrombin conjugation to the y-Fe, O,

nanoparticles

Thrombin was physically conjugated to the y-Fe,O, nanopar-
ticles to increase its stability and thus to prolong its activity,
as described previously.®*#* Briefly, 7 mg of thrombin were
added to 4 mL of'the y-Fe,O,~BSA nanoparticles dispersed in
PBS (2.5 mg/mL). The reaction mixture was then shaken at
4°C for 18 hours. The obtained thrombin-conjugated y-Fe,O,
nanoparticles (y-Fe,0,BSA~Thrombin, ~ is the symbol for
physical conjugation) were then washed from excess throm-
bin with PBS (0.1 M, pH 7.3) by magnetic columns.

bFGF conjugation to the y-Fe, O,

nanoparticles

bFGF was conjugated, for stabilization, to the y-Fe,O,
nanoparticles by two main routes, covalent and physical
conjugation, as follows:

Covalent conjugation of bFGF
The covalent conjugation was accomplished through the
following steps:

Synthesis of DVS-derivatized y-Fe,O, nanoparticles
v-Fe,O, nanoparticles were functionalized with activated
double bonds via the interaction between the primary amine
groups of the gelatin coating of the y-Fe,O, nanoparticles and
DVS. Briefly, 12 uL DVS were added to 1 mL of the y-Fe,O,
nanoparticles dispersed in BB (3 mg/mL, pH 8.4). TEA was
then gradually added until a pH of 10.5 was reached. The
reaction mixture was then shaken at 60°C for 18 hours. The
formed DVS-derivatized y-Fe,O, nanoparticles were then
washed from excess DVS with BB by magnetic columns.

Covalent conjugation of bFGF to the DVS-derivatized
nanoparticles

Covalent conjugation of bFGF to the y-Fe,O, nanoparticles
was accomplished via the interaction of the amino and/
or thiol groups of the growth factor with the activated
double bonds on the nanoparticle surface via the Michael
addition reaction. Briefly, 125 uL of a bFGF PBS solution
(0.4 mg/mL, pH 7.4) were added to 125 uL of the DVS
derivatized nanoparticles dispersed in BB (4 mg/mL, pH 8.4)
at a nanoparticle/bFGF weight ratio of 10. The reaction
mixture was then shaken at room temperature for 18 hours.
Blocking of the residual double bonds was accomplished by
adding 1% glycine (w/v) and then shaking for an additional
hour. The obtained covalently bFGF-conjugated y-Fe,O,
nanoparticles (y-Fe,O,—bFGF nanoparticles; —is the symbol
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for the covalent conjugation) were then washed from non-
magnetic waste with PBS by magnetic columns.

Physical conjugation of bFGF

The physical binding of bFGF to the y-Fe,O, nanoparticles
was accomplished by the physical interaction of bFGF with
the y-Fe,0,=HSA nanoparticles. Briefly, 125 uL of a bFGF
PBS solution (0.4 mg/mL, pH 7.4) were added to 125 uL of
the y-Fe,O,~HSA nanoparticles dispersed in PBS (4 mg/mL,
pH 8.4) at a nanoparticle/bFGF weight ratio of 10. The
reaction mixture was then shaken at room temperature for
18 hours. The obtained bFGF physically-conjugated nanopar-
ticles (y-Fe,0,~bFGF) were then washed from nonmagnetic
waste with PBS by magnetic columns.

Binding yield and concentration
of thrombin and bFGF bound

to the y-Fe,O, nanoparticles

The concentration of the thrombin and the bFGF conjugated
to the y-Fe,O, nanoparticles were determined by measuring
the unbound thrombin or bFGF using the Bradford assay®
and subtracting it from the initial concentration. The binding
yield was calculated by multiplying the ratio between the
concentration of the bound protein to the initial concentra-
tion by 100.

Thrombin and bFGF leakage extent

The leakage of bound thrombin and bFGF from the y-Fe,O,
nanoparticles into PBS containing 4% HSA (equivalent to
the physiologic concentration of HSA) was evaluated using
the following procedure: thrombin-conjugated nanoparticles
and bFGF-conjugated nanoparticles dispersed in PBS con-
taining 4% HSA (2 mg nanoparticles/mL) were shaken at
room temperature for 7 hours. Then, the nanoparticles were
extracted from the supernatant using the HGMF technique.
The concentration of the bFGF leaked to the supernatant was
measured using human bFGF ELISA kit (Biotest, Israel).
The thrombin leakage extend was measured as described
previously.’

Isolation of NOM cells from adult rats

The NOM cells were derived from the olfactory mucosa of
Lewis inbred rats (Harlan, Israel), as described previously.*®
Adult Lewis rats (250 g) were nasally infused with
0.7% Triton X-100 in both nostrils 4 days prior to their
scarification. The Triton X-100 causes a moderate damage
to the neuroepithelium, which thereby encourages a
large number of neurons to be obtained, following an active

reconstruction by the neuronal precursor cells in a culture.
Prior to the NOM dissection, cardiac perfusion of the rats
was made with 60 mL of saline. All the experiments were
carried out under the Animals’ Care and Use Committee,
which is recognized by the Israeli authorities for animal
experimentation. The dissected NOM tissue was fragmented,
separated from the bones under a stereomicroscope and
washed several times with an ice-cold culture medium
(composed 0of 90% DMEM-F12, 10% FCS, 6 g/L D-glucose,
2 nM glutamine and 25 pg/mL gentamicin). The NOM
fragments were then enzymatically dissociated in a 0.25%
trypsin-EDTA solution for 30 minutes.

Cultivation of adult rat NOM cells
in the magnetic fibrin hydrogel scaffolds

The NOM cells were seeded and grown in the magnetic
fibrin hydrogel scaffolds by two tissue cultivation methods.
In the first method, dissociated cells were grown first as a
two-dimensional stationary culture for three weeks.*® The
cells were then transferred and seeded in the magnetic fibrin
hydrogel scaffolds, in the absence or presence of free or
conjugated bFGEF, as described below. In the second method,
the NOM cells were cultured for a week in suspension
attached to positively-charged chitosan microcarriers (MCs),
in the absence or presence of free or conjugated bFGF
nanoparticles. Subsequently, the formed floating cells/growth
factors/MCs aggregates were transferred and seeded in the
magnetic fibrin scaffold. The detailed preparation procedure
of the NOM cells/free or conjugated bFGF nanoparticles/
MCs aggregates is described below.

Preparation of NOM cells/free or
conjugated bFGF nanoparticle/MCs
aggregates

0.2 mL of 2% (w/v) chitosan MCs (4 mg) suspended in
PBS were added to each well of a 24-well culture plate.
Subsequently, each well was enriched with 10 uL (10 ug
bound bFGF/well) of the y-Fe,0,-bFGF nanoparticles dis-
persed in PBS, and the mixtures were then incubated at 37°C
for 1 hour. To each well, 500 UL of the NOM cell suspension
were then added (5 x 10° cells/well) and incubated with the
v-Fe,0,-bFGF nanoparticle/MCs aggregates at 37°C for
1 hour. Then, each well received 1.3 mL of culture medium
and were incubated for an additional 7 days. Subsequently,
100 uL of the cell/y-Fe,O,-bFGF nanoparticle/MCs aggre-
gates of each well were transferred and seeded in the fibrin
scaffolds, as described below. Similar experiments were also
performed in the presence of naked y-Fe O, nanoparticles

submit your manuscript

1262

Dove

International Journal of Nanomedicine 2012:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Magnetic fibrin hydrogel scaffolds for tissue engineering

(control), y-Fe,O,~bFGF nanoparticles, and different
concentrations of the free bFGF, eg, the same concentration
as the conjugated nanoparticles and 5 and 10 times higher.

Preparation of the magnetic fibrin
hydrogel scaffolds and cultivation

of the dissociated cells in the scaffolds

The following components were added to each well of the
24-well culture plate: 100 uL of the cell suspension (1 x 10°
cells/well), 150 UL of bovine fibrinogen (100 mg/mL PBS),
155 uL of a culture medium, 60 pL of a CaCl, aqueous solu-
tion (25 mM), 5 uL of Factor XIII (200 wg/mL PBS) and
8 UL of aprotinin (6720 KUI/mL PBS). In the experiments
aimed at studying the effect of the nonconjugated y-Fe,O,
nanoparticles (control) and the free or conjugated-bFGF on
the proliferation and differentiation of the NOM cells, y-Fe,O,
nanoparticles and free or conjugated growth factors were also
added to each well (0.5 pg of free or conjugated factor/well).
Finally, 50 uL of the thrombin-conjugated nanoparticles
(360 pg of thrombin bound to 0.5 mg of nanoparticles/mL
PBS) were added to each well. The mixture was then allowed
to clot (in about 2 minutes). After clotting, 1 mL of the culture
medium was added to each fibrin clot, and the cells were
incubated at 37°C in a CO, incubator. The culture medium
was changed every 3 days. The cultures were performed in
triplicate for each type of treatment.

For a quantitative determination of the effect of the
free/conjugated bFGF on the growth of the NOM cells in
the magnetic fibrin scaffolds, three random nonoverlapping
pictures of each culture were taken on different days of the
cultivation, using phase-contrast microscopy (Olympus
BX60 F5 microscope; Eisenberg Bros, Israel). The cells
were then counted using ImagelJ software, and the average
and the standard deviations were calculated.

Cultivation of the cell/bFGF/MCs
aggregates in the magnetic fibrin

hydrogel scaffolds

This cultivation process was performed similarly to the culti-
vation process described above, substituting the 100 uL of the
dissociated cells suspension and the free or conjugated factors
for 100 UL of the cel/bFGF/MCs aggregates’ suspension.

Immunofluorescent staining

The characterization of the NOM cells was accomplished
through immunofluorescent staining. Samples to be ana-
lyzed were fixed for 15 minutes with 4% of paraformal-
dehyde at room temperature and then washed three times

with PBS. The fixed cells were permeabilized with 0.1%
of Triton X-100 in PBS and then immunoblocked (to avoid
nonspecific staining) with a background buster solution
(Innovex Biosciences, Richmond, CA) for 1 hour at room
temperature. The samples were then incubated overnight
at 4°C with the respective primary antibodies in PBS. The
following primary antibodies were used: rabbit anti-tubulin
beta 3, clone EP1331Y (B3Tub, neuronal marker, 1:200,
catalog #NB110-576-10; Novus Biologicals); rabbit anti-
neurofilament medium (NF, neuronal marker, 1:400, catalog
#NB300-133; Novus Biologicals), mouse anti-S100B (glia
marker, 1:80, catalog # DM111-05; Acris Antibodies) and
mouse anti-nestin, clone rat-401 (neurofilament protein,
neuronal precursor marker, 1:100, catalog #sc-33677; Santa
Cruz Biotechnology). The samples were subsequently rinsed
with PBS and incubated overnight at 4°C with the appropriate
dye-conjugated secondary antibodies (DyLight 649-conju-
gated donkey anti-mouse IgG, 1:200, catalog #715-495-151;
DyLight 488-conjugated donkey anti-rabbit 1gG, 1:200,
catalog #711-485-152; both from Jackson ImmunoResearch).
Finally, the samples were washed again with PBS, and the
nuclei of the cells were stained (blue) and mounted with
DAPI-Fluoromount-G. Control experiments were performed
similarly, but in the absence of the primary antibodies. All of
the images were observed by a Nikon 90i microscope (Nikon,
USA) and processed using the Cell-R software under the same
conditions (exposure time and magnification).

Cell adhesion

Purified NOM cells were seeded in 24-well culture plates
on top of the magnetic fibrin hydrogel scaffolds, or in PLL-
coated wells, or in noncoated wells (control). The fibrin
coating was performed as follow: a mixture containing
120 uL of fibrinogen (100 mg/mL PBS), 225 pL of a culture
medium, and 50 uL of'a CaCl, aqueous solution (25 mM) was
added to each well. Then, 40 UL of the thrombin-conjugated
nanoparticles (360 ug of thrombin bound to 0.5 mg nano-
particles/mL PBS) were added to each well, and the mixture
was allowed to clot (in a few minutes). The PLL coating
was performed as follow: 500 UL of a PLL solution (0.1%
in PBS) were add to each well and incubated at 37°C for
1 hour. The coated wells were then washed three times with
the culture medium. After completion of the coating process,
ten thousand (1 x 10*) NOM cells suspended in 0.5 mL of
the culture medium were seeded in each uncoated and coated
well. Two, 4, 6, and 24 hours after the cell culturing, the wells
were carefully rinsed three times with the culture medium
to remove the nonadherent cells. To quantify the number
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of adherent cells, pictures of five random nonoverlapping
fields of each well were taken using a phase-contrast micro-
scope. The attached cells were then counted using ImageJ
software, and the average and the standard deviations were
calculated.

Characterization

Electron microscopy

Transmission electron microscopy (TEM) pictures were
obtained with a FEI Tecnai C2 BioTWIN electron micro-
scope with a 120 kV accelerating voltage. High-resolution
TEM (HRTEM) images were obtained by employing a
JEOL-2100 device with a 200 kV accelerating voltage. The
nanoparticle samples for TEM and HRTEM were prepared
by placing a drop of a diluted sample on a 400-mesh carbon-
coated copper grid or on a carbon-coated copper lacy grid.
The average size and size distribution of the dry particles
were then determined by measuring the diameter of more
than 200 particles with image analysis software, AnalySIS
Auto (Soft Imaging System GmbH, Germany). Samples
of the magnetic fibrin scaffolds for TEM analysis were
obtained as follows: the reagents used to prepare the fibrin
hydrogels were mixed, as described in the experimental part,
in the absence of the cells and diluted 100x in PBS. A drop
of the diluted sample was then placed carefully on a 400-
mesh carbon-coated copper grid, and allowed to form a thin
layer of fibrin fibers for 1 minute. The excess solution was
then removed with a filter paper. The 3D growth of the cells
within the magnetic fibrin scaffolds was demonstrated by
a scanning electron microscope (SEM) Model FEI Quanta
250 FEG (OR). The samples for the SEM analysis were
prepared as follow: following a desired period of cultivation,
the cells in the scaffolds were fixed with 4% of glutaralde-
hyde in a PBS solution for 1 hour and then washed from
excess reagents three times with PBS. In order to view the
cells inside the scaffolds, the samples were cut into pieces
using a scalpel blade. Then the fixed slices were dehydrated
in series of 50%, 70%, 80%, 90%, and 100% ethanol/water
solutions (v/v) for 10 minutes each. The residual ethanol
was then removed using a series of 50%, 75%, and 100%
(x3) Freon solutions in ethanol, for 10 minutes each. Finally,
the samples were left for a few seconds to dry under air. The
dried samples were mounted on aluminum stubs, sputter-
coated with carbon, and viewed with the SEM. Surface
morphology of the cell/nanoparticle/MCs aggregates was
also characterized with a SEM. The samples were fixed, as
described above, and sputter-coated with gold in vacuum
before viewing.

Magnetic measurements

Magnetic measurements were performed at room tempera-
ture using a vibrating sample magnetometer (VSM; Oxford
Instruments, UK).

Statistical analysis

Statistical analysis was performed by Student’s #-test. The results
are expressed as mean * standard deviation (SD). P < 0.05
was accepted as indicating the statistical significance.

Results and discussion

In the present study, the bFGF and the thrombin were stabi-
lized through their conjugation to y-Fe, O, nanoparticles of
narrow size distribution (19.8 = 4.7 nm) developed in our
laboratory, as described previously.'%4

Figure 1 describes the general scheme through which
the physical conjugation of thrombin and the physical and
covalent conjugation of bFGF onto the surface of the y-Fe,O,
nanoparticles were performed. Figure 1 illustrates that the
covalent conjugation of bFGF to the y-Fe O, nanoparticles
is based on the presence of gelatin thin layer on the surface
of these nanoparticles, as shown in Figure 2A and B and
described previously.* The surface gelatin provides func-
tional groups, eg, primary amines and hydroxyls, through
which functionalization of these nanoparticles with activated
double bonds, via the Michael addition reaction, was accom-
plished with excess DVS. The residual activated double bonds
of the y-Fe,O,~DVSS nanoparticles were then used for covalent
binding of the bFGF to the surface of the nanoparticles, again
via the Michael addition reaction. Blocking of the remaining
double bonds of the y-Fe,0,~bFGF nanoparticles was done
with glycine, according to the experimental part.

The physical conjugation of thrombin and bFGF was
performed in two main steps: the first step consisted of
coating the nanoparticles dispersed in an aqueous continu-
ous phase with albumin (BSA or HSA) by a precipitation
mechanism, according to the experimental part. The second
step consisted of the physical conjugation of the thrombin
or bFGF onto the albumin-coated y-Fe,O, nanoparticles.
The physical conjugation of these bioactive molecules onto
the albumin-coated layer is based on the fact that albumin
is a carrier protein with a high affinity to various exogenous
and endogenous compounds.**4¢

The binding yield of albumin precipitated on the surface
of the y-Fe,O, nanoparticles following addition of 5 mg
albumin to 10 mg nanoparticles dispersed in PBS is 99.4%
(496.7 ng albumin/mg nanoparticles), as determined by
Bradford assay.”*
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Figure | Physical and covalent conjugation of thrombin and bFGF to the Y-Fe,O, nanoparticles. =, ~, and —are symbols for precipitation, physical binding and covalent binding

of various ligands to the y-Fe,O, nanoparticles, respectively.
Abbreviation: bFGF, basal fibroblast growth factor.

The concentrations and the conjugation yields of the
thrombin and the bFGF bound to the y-Fe,O, nanoparticles are
shown in Table 1. Table 1 indicates that the thrombin-binding
yield is very high (97.5%). In addition, Table 1 shows that the
binding yield of both the covalent and physical conjugation of
the bFGF to the nanoparticles is similar and very high (95.4%
and 96.9%, respectively). The high binding yields values of the
covalent binding may indicate that in addition to the covalent
binding, physical adsorption of the bFGF onto the surface of
the nanoparticles may also be involved.

The thrombin leakage from the y-Fe O, = BSA~thrombin
nanoparticles into PBS containing 4% HSA was negligible.’
Similarly, the leakage of both the covalently and the physi-
cally bound bFGF into PBS containing 4% HSA was not
detected by the bFGF ELISA Kkit.

The organic coatings on the y-Fe O, nanoparticles were
visualized by HRTEM. Figure 2 demonstrates the gelatin,
gelatin=BSA, and the gelatin=BSA~thrombin coatings
on the crystalline core of the y-Fe,O,, y-Fe,0,~BSA, and
v-Fe,0,=BSA~thrombin nanoparticles, respectively. Careful
measurements indicated that the gelatin, BSA, and thrombin
thicknesses under the described experimental conditions
were: 3.8 £ 1.1, 0.8 £ 0.3 and 3.1 + 0.4 nm, respectively.

In previous studies, the thrombin-conjugated y-Fe,O,
nanoparticles were used for hemostasis and wound healing.’*
In the present study, these nanoparticles were used for the

fabrication of the magnetic fibrin hydrogel scaffolds. The
fibrin hydrogel scaffolds were prepared by mixing thrombin-
conjugated nanoparticles dispersed in an aqueous solution
with a fibrinogen aqueous solution containing CaCl,, Factor
XIII, aprotinin, growth factor-conjugated y-Fe,O, nanopar-
ticles, and the desired cells for cultivation.

Figure 2 HRTEM images of the y-Fe, O, (A and B), y-Fe,O,~BSA (C) and y-Fe,O,=
BSA~Thrombin (D) nanoparticles placed on lacy grids. These images demonstrate
the gelatin (A and B), gelatin=BSA (C) and gelatin=BSA~Thrombin (D) coatings on
the crystalline y-Fe, O, core of the nanoparticles.

Abbreviations: HRTEM, high-resolution transmission electron microscopy; BSA,
bovine serum albumin.

International Journal of Nanomedicine 2012:7

submit your manuscript

1265

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ziv-Polat et al

Dove

Table | The concentrations and the conjugation yields of the
thrombin and the bFGF bound to the y-Fe,O, nanoparticles

The bioactive [Bound protein] Conjugation

nanoparticles [ug(pmei")l yield

mg, dctesy) (weight%)
y-Fe,O,~BSA~Thrombin 975+ 1.4 975+ 1.4
Y-Fe,O,-bFGF 954+ 19 954+ 1.9
y-Fe,O,~HSA~bFGF 969t 1.6 969+ 1.6

Notes: The calculations of the conjugation yield and concentration were accom-
plished as described in the experimental section. ~ and — are symbols for physical
and covalent bindings, respectively of the bFGF to the y-Fe,O, nanoparticles.
Abbreviations: bFGF, basal fibroblast growth factor; BSA, bovine serum albumin;
HSA, human serum albumin.

It should be noted that the magnetic scaffolds described
in this manuscript are different from those described in
the literature. To date, magnetic scaffolds were prepared
by insertion of nonactive iron oxide nanoparticles to
nonmagnetic scaffolds, eg, by dip-coating of porous collagen
or hydroxyapatite scaffolds in aqueous ferrofluids containing
iron oxide nanoparticles,'”! or by in situ development of
iron oxide nanoparticles in hydrogels.***' In contrast, our
magnetic scaffolds were prepared by in situ interaction
of magnetic thrombin-conjugated nanoparticles with
fibrinogen.

In this study, adult rat NOM cells were chosen for culture
in the scaffolds. Immunofluorescent staining of the NOM
cells grown in stationary cultures in two dimensions, before
being transferred to the magnetic fibrin scaffolds (Figure 3),
indicates that the NOM cells cultures are composed of various
cells: glial OECs (positively stained with mouse anti-S100B),

Nestin

neuronal cells (positively stained with rabbit anti-B3Tub and
rabbit anti-NF), and stem and progenitor cells (positively stained
with mouse anti-nestin). These results are in agreement with
previous publications indicating that NOM tissue is a hetero-
geneous complex.* Moreover, recent studies indicate that the
transplantation of the “pure” OEC population is insufficient
for attaining complete recovery of spinal cord injuries. A better
recovery of the structure, and sensory and motor functions
of an injured spinal cord can be attained using a complex of
NOM cells, including, apart from the OECs, multipotent stem
and progenitor cells.®

The clotting time of the fibrin hydrogel depends mainly on
the concentration of the fibrinogen, thrombin and CaCl,.>%*7
In our developed formulation, the clotting time is about
2 minutes. This period of time enables to be mixed the NOM
cells with all the ingredients of the fibrin hydrogel scaffolds,
and inserted into silicon rubber molds of desired shapes,
or in tubes, before clotting. Generally, the fibrin hydrogel
structure may vary between the extremes of “fine, transpar-
ent” and “coarse, turbid”.* The fibrin gel structure is mainly
determined by the thrombin and fibrinogen concentrations,
but is also affected by other factors such as proteins and
ions. For example, in the presence of albumin or fibronectin
the morphology of the fibrin fiber network is coarser than
in a purified fibrinogen-thrombin system.*” Calcium ions
concentration is also such a modulating factor.>** Our pro-
duced magnetic fibrin hydrogel scaffolds have a high degree
of transparency and a 3D structure. The transparency of the

51008+ N

<

Figure 3 Immunofluorescence double staining of NOM cells cultured for 21 days in 2D stationary culture, prior to their seeding in the magnetic fibrin scaffolds. (Al) SI00B
(glia marker in red); (A2) NF (neuronal marker in green); (A3) merge of SI00B and NF. (BI) Nestin (neuronal precursor marker in red); (B2) B3Tub (neuronal marker in
green); (B3) merge of nestin and B3Tub. The nuclei of the cells were dyed in blue with DAPI.

Abbreviations: NOM, nasal olfactory mucosa; 2D, two-dimensional; SI00B, 100% soluble calcium-binding protein B; NF, neurofilament; B3Tub, beta IIl tubulin; DAPI,

4',6-diamindo-2-phenylindole.
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scaffolds enables a microscopic observation of the cells dur-
ing their 3D growth in the scaffolds by light or a fluorescence
microscope. However, it should be noted that when using a
standard phase-contrast microscope it is possible to obtain
sharp images only of cells at a particular plane of focus and
not of the entire 3D pattern within the scaffolds.

To illustrate the efficiency of the magnetic fibrin hydro-
gel scaffolds as a matrix for cell adhesion, purified NOM
cells were seeded on top of the fibrin hydrogel scaffolds,
in comparison to their seeding on PLL-coated dishes or
noncoated culture plates (control). Figure 4 demonstrates
that the magnetic fibrin hydrogel scaffolds promoted the
adhesion of the NOM cells significantly better than the
PLL and the noncoated control surfaces (P < 0.01). These
measurements indicate that in 2, 4, 6, and 24 hours post-
seeding, the amount of cells adhering to the fibrin scaffolds
was 2.7, 3.0, 3.4, and 3.6 times higher than that obtained
for the PLL group, and 6.2, 3.3, 3.4, and 3.6 times higher
than that of the control group, respectively. The advantage
of the magnetic fibrin hydrogel scaffolds for cell adhesion
is probably due to the fibrin component, which naturally
contains sites for cell binding. Therefore, it has been inves-
tigated as a substrate for cell adhesion, spreading, migration,
and proliferation.> It should be noted that the cell adhesion
capacity of the scaffolds can be enhanced by the integra-
tion of adhesive molecules such as laminin and fibronectin
within the scaffolds.?
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The magnetic fibrin hydrogel scaffolds are biodegrad-
able. The duration of the degradability can be vary between
a few days up to a few months, depending on various fac-
tors, eg, the density of seeded cells as well as the optimal
concentrations of fibrinogen, thrombin, Ca*" ions, factor
XIII, and aprotinin (a proteases inhibitor that slows down
the degradation of the fibrin scaffold).*® The concentrations
of these components also affect cell proliferation, migra-
tion, and differentiation within the fibrin scaffolds.*”**! In
experiments that lasted over a month, we illustrated that our
developed fibrin scaffolds containing the NOM cells in it
are stable. During that time the NOM cells were grown in
the scaffolds, proliferated and differentiated into neuron-like
bipolar cells organized in 3D interconnected networks, as
shown by SEM image (Figure 5), and later by phase-contrast
microscopy (Figure 11).

The detailed-structure of the magnetic fibrin hydrogel
scaffolds is illustrated by high magnification SEM and TEM
images, as shown in Figure 5. The SEM image indicates that
the fibrin hydrogel scaffolds are composed of a 3D porous
fiber network. The TEM image shows the attachment of a few
thrombin-conjugated nanoparticles on the external surface of
the fibrin fibers. The other part of the nanoparticles is probably
encapsulated within the fibrin scaffolds. We presume that
the porous structures facilitate oxygen penetration into the
scaffolds, and the network structure enables the 3D growth
of the cells along the fibers.

O Magnetic fibrin scaffolds

_}

2 4

6 24

Incubation time (h)

Figure 4 Quantitative analysis of the NOM cells adhered to the magnetic fibrin scaffold coating, or PLL coating, or uncoated culture plate (control) at different time intervals
post-seeding. NOM cells were seeded in 24-well culture plates coated with the magnetic fibrin hydrogel or with PLL, or uncoated wells. 2, 4, 6, and 24 h after the seeding the
wells were rinsed with the culture medium to remove the non-adherent cells. Quantification of the number of the adherent cells was performed by phase-contrast microscope
images of five random non-overlapping fields of each well. Cells were then counted using Image] software, and the average and the standard deviation were calculated.

Abbreviations: NOM, nasal olfactory mucosa; PLL, poly-L-lysine.
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Figure 5 TEM (A) and SEM (B and C) images of the magnetic fibrin hydrogel scaffolds in the absence (A and B) or presence (C) of NOM cells. The magnetic fibrin scaffolds
were prepared by the interaction of thrombin-conjugated y-Fe,O, nanoparticles with fibrinogen as described in the experimental part. The arrows in (A) point to the

thrombin-conjugated nanoparticles.

Abbreviations: NOM, nasal olfactory mucosa; SEM, scanning electron microscopy; TEM, transmission electron microscopy.

The magnetic properties of the fibrin hydrogel scaffolds
were examined by VSM (Figure 6). Figure 6A exhibits
the magnetic properties of the fibrin hydrogel scaffolds
containing 0.15 weight% iron oxide nanoparticles,
prepared by the interaction of thrombin-conjugated
v-Fe,0, nanoparticles with fibrinogen, as described in
the experimental section. Figure 6B exhibits the magnetic
properties of the fibrin hydrogel scaffolds containing 1.5
weight% of the iron oxide nanoparticles. These scaffolds
were prepared by the addition of bFGF-conjugated y-Fe,O,
nanoparticles to the magnetic fibrin scaffolds before their
clotting, as described in the experimental section. The
magnetization curves shown in Figure 6 illustrate that
at room temperature both M(H) plots reach saturation

0.6 -

0.4 -

0.2

around 2000 Oe. The saturation magnetizations of the
fibrin scaffolds containing 0.15 (A) and 1.5 (B) weight%
of the iron oxide nanoparticles are 0.05 and 0.5 emu/g,
respectively. The 10-fold increase in the magnetization
of these scaffolds is probably attributed to the 10-fold
increase in concentration of the iron oxide nanoparticles
within the scaffolds. In other words, the magnetization
is proportional to the concentrations of the iron oxide
nanoparticles within the scaffolds: the higher the
concentration the higher is the saturation magnetization.
The magnetic properties of the fibrin hydrogel scaffolds
were also demonstrated in a simple way, by attracting
both scaffolds described above to a common magnet, as
shown in Figure 7.

Magnetization (emu/g)

-0.6 -

Magnetic field (Oe)

Figure 6 Magnetization curves at room temperature of the magnetic fibrin hydrogel scaffolds containing 0.15% (A) and 1.5% (B) Y-Fe,O, nanoparticles. (A) represents the
magnetic fibrin hydrogel scaffolds containing the thrombin-conjugated y-Fe,O, nanoparticles only; (B) represents the magnetic fibrin hydrogel scaffolds containing in addition
to the thrombin conjugated nanoparticles also the bFGF conjugated y-Fe,O, nanoparticles.

Abbreviation: bFGF, basal fibroblast growth factor.
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Figure 7 Attraction of the magnetic fibrin hydrogel scaffolds containing 0.15% (top pictures) or 1.5% (bottom pictures) of the y-Fe,O, nanoparticles to a magnet. The top pictures
represent the magnetic fibrin hydrogel scaffolds containing the thrombin-conjugated y-Fe,O, nanoparticles only. The bottom pictures represent the magnetic fibrin hydrogel
scaffolds containing in addition to the thrombin conjugated nanoparticles also the bFGF conjugated y-Fe,O, nanoparticles. The arrows point to the magnetic fibrin scaffolds.

Abbreviation: bFGF, basal fibroblast growth factor.

Effect of free bFGF and bFGF conjugated

to the y-Fe,O, nanoparticles on the
growth of NOM cells seeded in the
magnetic fibrin hydrogel scaffolds

Recent experiments have shown that bFGF treatment
improves locomotor function via axonal regeneration in
transected rat spinal cords, and when combined with neuronal
cell grafts, can further amplify axonal extension after injury.?
Furthermore, various studies have shown that bFGF promotes
neuron survival, spinal cord regeneration and stimulates the
proliferation of neuronal precursor cells in cultures.?’-3%3!
Our aim in this part of the study was to compare the effect
of the free and the conjugated bFGF nanoparticles on the

growth and proliferation of NOM cells seeded in magnetic
fibrin hydrogel scaffolds. For this purpose, the cells were
seeded in the scaffolds, in the presence or absence of the free
or the conjugated-bFGF nanoparticles, either as dissociated
cells or attached to the chitosan MCs. These MCs are porous
and possess diameters ranging between 100 and 400 mm.>
The chitosan has a unique polymeric cationic character that
combines with the electronegative groups on the cell surface,
which benefits cell adhesion, spreading, and growth. Further-
more, the porous microstructure gives the MCs much greater
surface areas for cell cultures and provides efficient nutrition
and oxygen supply to the seeded cells.”” It has already been
proven that the chitosan MCs are a suitable substrate for
the adhesion, growth, and differentiation of various cells,
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Figure 8 SEM images illustrating the NOM cells attached to the bFGF-y-Fe,O,/MCs aggregates before being transferred to the magnetic fibrin scaffolds. (B) represents higher

maghnifications of the circulated area shown in (A).
Abbreviations: bFGF, basal fibroblast growth factor; MC, chitosan microcarriers; NOM, nasal olfactory mucosa; SEM, scanning electron microscopy.

Figure 9 Phase-contrast microscope images illustrating the effect of the free and conjugated bFGF on the migration and growth of the NOM cells from the cells/free or
conjugated bFGF/MCs aggregates, 18 days after the cultivation of the cell aggregates in the magnetic fibrin hydrogel scaffolds. (A) exhibits the effect of the naked y-Fe,O,
nanoparticles (control), (B) the effect of the physically conjugated bFGF nanoparticles, (C) the effect of the covalently conjugated bFGF nanoparticles. The effect of the same
concentration of the free factor as that of the conjugated bFGF, and 5 and 10 times higher is illustrated in images (D), (E), and (F), respectively.

Note: The asterisks indicate some of the NOM cells/bFGF-y-Fe,O,/MCs aggregates.

Abbreviations: bFGF, basal fibroblast growth factor; MC, chitosan microcarriers; NOM, nasal olfactory mucosa.
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eg, NOM cells, cerebral neurons, skeletal myoblasts, and
cardiac cells. 3354

Figure 8 illustrates by SEM images the attachment of the
NOM cells to the bFGF-y-Fe,0,/MCs. Similar pictures were
also observed for the free bFGF/MCs aggregates. The NOM
cell/free- or bFGF-conjugated nanoparticle/MCs aggregates
were then transferred for proliferation to the magnetic fibrin
scaffolds.

Figure 9 demonstrates by typical phase-contrast micro-
scope images the effect of the free and bound-bFGF on the
migration of the NOM cells from the MCs aggregates and their
growth in the magnetic fibrin hydrogel scaffolds 18 days after
their cultivation. Figure 9A, corresponding to the cell/y-Fe O,
nanoparticle/MCs aggregates, shows MCs aggregates and few
cells in the fibrin gel, indicating that the attachment of the
naked (nonconjugated) y-Fe,O, nanoparticles to the cel/MCs
aggregates did not induce significant proliferation and migra-
tion of the NOM cells in the magnetic fibrin hydrogel scaffolds.
On the contrary, Figure 9B and C show that the attachment of
either physical or covalently bFGF-conjugated nanoparticles to
the cell/MCs aggregates significantly enhanced the migration
and growth of the NOM cells in the magnetic fibrin hydrogel
scaffolds. The beneficial effect of the bFGF-conjugated nano-
particles on the NOM cells’ growth and migration compared to
that of the free factor at the same concentration, and 5 and 10
times higher, is illustrated in Figure 9D, E and F, respectively.
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250 1
200
150 1
100 1

50 1

Number of NOM cells/field

These figures clearly show that the number of the NOM cells
migrated from the MCs aggregates to the fibrin scaffolds are
substantially higher in the presence of the conjugated bFGF
(Figure 9B and C). A similar effect as the covalently bound
factor was observed only when the free bFGF was added at
a 10 times higher concentration as compared to the bound
factor (Figure 9F).

This observation may be due to the fact that the conju-
gation of bFGF to the nanoparticles increases its stability
against inhibitors and proteolytic enzymes present in the
culture, and thus prolongs its activity, compared to that of
the free factor. A similar stabilization effect was reported
previously by us for thrombin,’*? glial cell-derived neu-
rotrophic factors (GDNF),> Factor VII,* and methotrexate
conjugated to the y-Fe,O, nanoparticles.

For a quantitative determination of the effect of free/
conjugated bFGF on the kinetics of the migration of the
NOM cells from the MCs aggregates to the magnetic fibrin
hydrogel scaffolds, the total number of cells in the fibrin
scaffolds was counted using the ImageJ software. Figure 10
illustrates the total number of cells migrated from the cell/
nonconjugated or bFGF-conjugated nanoparticle/MCs
aggregates and from the cell/free bFGFs of different concen-
tration/MCs aggregates to the magnetic fibrin scaffolds, 5,
11, and 18 days after cultivation in the magnetic fibrin scaf-
folds. As expected, this figure illustrates, for all cultures, an
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Figure 10 Quantitative analysis of the NOM cells migrated from the cells/nonconjugated or bFGF-conjugated nanoparticles/MCs aggregates and from the cells/different
concentrations of the free factor/MCs aggregates (same concentration as the conjugated factor and 5 and 10 times higher), 5, I I, and |18 days after the cultivation of the
cell aggregates in the magnetic fibrin hydrogel scaffolds. The reported values are an average of measurements performed on at least three randomly nonoverlapping fields
of each triplicate tested culture.

Note: ~ and — are symbols for physical and covalent bindings, respectively, of the bFGF to the y-Fe,O, nanoparticles.

Abbreviations: bFGF, basal fibroblast growth factor; MC, chitosan microcarriers; NOM, nasal olfactory mucosa.

submit your manuscript

1271

International Journal of Nanomedicine 2012:7
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ziv-Polat et al

Dove

increasing number of NOM cells in the fibrin scaffolds as the
time of cultivation increased. This figure also illustrates that
the migration rate of the NOM cells from the MCs aggregates
and their growth in the magnetic fibrin hydrogel scaffolds
is according to the following order: y-Fe,O,-bFGF slightly
higher than the y-Fe,O,~bFGF (P > 0.05), while both are
significantly higher than the y-Fe,O, (P < 0.05). For example,
18 days after cultivation, the number of cells counted in the
presence of the y-Fe O,-bFGEF, y-Fe,O,~bFGF, and y-Fe,O,
nanoparticles was 257 = 29, 204 = 16, and 31 £ 6 cells/
field, respectively. Figure 10 also exhibits, as expected, the
acceleration in the NOM cells’ migration and growth as the
concentration of the free factor increases. However, the cell

migration and growth rate in the presence of the free factor at
the same concentration as the conjugated factor (free x1), or
even five times higher (x5), was significantly lower than that
observed for the conjugated factor (P < 0.05). Only when
the concentration of the free factor was 10 times higher than
that of the conjugated factor (x10), similar cell migration
rates were observed (P > 0.05). For example, 18 days after
cultivation, the number of cells counted in the presence of
the covalently-conjugated bFGF, free x1, free x5, and free
x10 was 257 £29, 84 £ 15, 124 + 11, and 237 + 14 cells/
field, respectively.

Figure 11 illustrates by typical phase-contrast microscope
images the 3D growth of dissociated NOM cells in the

Figure || Phase-contrast microscope images illustrating the three-dimensional growth, proliferation, and differentiation of the NOM cells in the magnetic fibrin hydrogel
scaffolds 21 days postcultivation in the presence (A) and absence (B) of the bFGF-y-Fe,O, nanoparticles.

Abbreviations: bFGF, basal fibroblast growth factor; NOM, nasal olfactory mucosa.
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magnetic fibrin scaffolds 21 days post cultivation in the pres-
ence (A) or absence (B) of the covalently bFGF-conjugated
v-Fe,0, nanoparticles. During this period, the NOM cells in
the presence of the bFGF-conjugated nanoparticles formed
significantly bigger 3D networks composed mainly of tapered
bipolar cells (A) than that observed in the absence of conju-
gated bFGF (B). These results are in good agreement with
a previous publication that demonstrated the positive effect
of bFGF on NOM cell proliferation and differentiation into
neuron-like cells.?%

Conclusion

The present manuscript describes the synthesis and character-
ization of novel magnetic fibrin scaffolds for cell engineering
prepared by the interaction of thrombin-conjugated magnetic
iron oxide nanoparticles with fibrinogen. In addition, this
manuscript shows that the conjugation of bFGE, either cova-
lently or physically, to the y-Fe,O, nanoparticles significantly
enhances the migration, growth, and differentiation of NOM
cells seeded within the fibrin scaffolds compared to the same
concentration, or even five times higher, of the free bFGF. In
future work we plan to extend these studies to growth factors
other than bFGF, eg, GDNF and NGEF. In addition, we plan
to use the optimal magnetic fibrin scaffolds containing the
growing NOM cells and the growth factors conjugated nano-
particles as composite implants for the treatment of spinal cord
transacted rats. Since these scaffolds have magnetic proper-
ties, we intend to monitor the healing process by MRI.
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