“e\\
% International Journal of Natural and Engineering Sciences 5 (3): 65-70, 2011
2 ISSN: 1307-1149, E-ISSN: 2146-0086, www.nobel.gen.tr

Basic Fibroblast Growth Factor Retains Its Biological Activity In Vitro When Delivered

Through Degradation of Gelatin Microspheres

Aylin SENDEMIR URKMEZ'* Russell D. JAMISON?

! Department of Bioengineering, Faculty of Engineering, Ege University, Bornova, 35100, Izmir, TURKEY

2 Departments of Biomedical Engineering and Chemical and Life Sciences Engineering, Virginia Commonwealth University,

Richmond, Virginia 23284-3068, USA

*Corresponding Author

e-mail: aylin.sendemir@ege.edu.tr

Received:  August 23,2011
Accepted: September 03, 2011

Abstract

In designing delivery systems for growth factors and other protein drugs, it is important to know what percentage of the loaded protein will be
delivered in biologically active form. This work evaluates the release system of basic fibroblast growth factor (bFGF) through gelatin microspheres.
The results indicate that there is no detectable loss of mitogenic activity of the growth factor on fibroblastic cells after delivery.
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INTRODUCTION

Basic fibroblast growth factor (bFGF) is a potent angiogenic
factor that promotes endothelial cell migration, proliferation,
and capillary differentiation [1-3]. It regulates proliferation
and differentiation of several other cell types including
mesenchymal cells, chondrocytes, osteoblasts, fibroblasts,
neuronal and smooth muscle cells [1-4]. It contributes to wound
healing by speeding granulation tissue formation and collagen
accumulation [5, 6] and enhances bone and cartilage formation
in early phases of healing in a dose dependent manner [2,
7-11]. Mechanically damaged endothelial cells, burned tissues,
and macrophages activated during the inflammatory response
secrete bFGF as well [5]. FGFs are characterized by their
affinity for the glycosaminoglycans (GAGs). It is believed that
bFGEF is stored in vivo in the extracellular matrix as an FGF-
GAG complex. In the stored form, it is biologically inert and
the cells surrounding it are quiescent. This complex protects
the growth factor in vivo, and is released from the matrix during
injury and subsequent healing by heparinase and proteases like
plasmin [12-16]. bFGF is a relatively unstable protein and loses
its activity if put in contact with certain solvents, exposed to
alkaline conditions, or stored at room temperature [16-18].

Although bolus delivery of growth factors gives good
results in small animals, it shows limited efficacy in clinical
trials [19-23]. The main problem with bolus delivery is the
rapid denaturation of bFGF in physiological conditions. The
half-life of bFGF was reported as 6 minutes when administered
intravenously [24]. Therefore in clinical applications, bFGF
is usually delivered bound to heparin to prevent denaturation
and inactivation [25, 26]. The biological activity of bFGF is
partially or totally lost when synthetic delivery vehicles like
poly(lactide-co-glycolide) and ethylene-vinyl acetate (EVAc)
are used due to denaturation of the protein during polymer
processing conditions including heat and organic solvents [26-
30]. Tabata et.al. have successfully demonstrated the sustained
release of biologically active bFGF using gelatin sheets [31-33]

and microspheres [34]. Gelatin is denatured collagen. It can be
processed to take acidic and basic forms. Acidic gelatin with an
isoelectric point of 5.0 is obtained through an alkaline process
by hydrolysis of amide groups of collagen [35]. Through
ionic complexation, acidic gelatin can mimick the function
of extracellular matrix GAGs that bFGF is complexed with
in physiological conditions. It thereby retains the biological
activity of the growth factor longer than bolus injection [36,
37]. Both in vivo and in vitro experiments show that bFGF only
complexes with the acidic form of gelatin. Sorption decreases
with increased solution ionic strength. Both properties suggest
that the main interaction between the two is electrostatic [31,
32, 37]. The release of the growth factor after an initial burst
of unbound protein is substantially controlled by the enzymatic
degradation of gelatin in vivo [31, 32]. The degradation of
gelatin involves a complex mechanism yet to be elucidated,
most likely involving a combination of different enzymes and
specific physiological conditions. Recent studies with different
collagenases have shown that in vitro collagenase type IV gives
the closest profile to the in vivo degradation profile of gelatin
(unpublished data).

Although in vivo experiments have shown clearly that
the delivery of bFGF by gelatin prevents complete loss of its
biological activity, no study has measured the extent to which
it is preserved. A direct evaluation of the amount of biological
activity retained will provide valuable insight in designing the
delivery systems and determining dosage. This study aims
to answer this question by directly comparing the mitogenic
effect of bFGF on fibroblastic cells in vitro with and without
a delivery system of gelatin microspheres. In order to prevent
any loss of activity in time, an accelerated degradation process
has been designed and utilized for this purpose. Free and bound
bFGF were introduced to fibroblastic cells at the same time and
the release of bound bFGF was achieved through enzymatic
degradation of gelatin microspheres. No activity loss of bFGF
on fibroblastic cell proliferation was detected.
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MATERIALS AND METHODS

Cell Culture

Swiss 3T3 mouse embryonic fibroblasts were purchased
from American Type Culture Collection (ATCC, Manassas, VA).
They were cultured according to supplier’s recommendations
in DMEM growth media, containing 10% newborn calf serum
(NCS) and 1% antibiotic/antimycotic mixture at 37°C in a 5%
CO, humidified environment. After 80% confluence, cells
were harvested by gentle digestion with 0.05% trypsin/EDTA,
counted with a hemacytometer, suspended in fresh media
and then seeded onto standard flat bottom 96-well microtiter
plates at a density of 5x10° cells/well. Assay for bioactivity
was modified from [28]. Briefly, after one day of incubation in
growth media, each well was washed with phosphate buffered
saline (PBS) and supplied with 200 mL of serum free media.
The cells were serum deprived for an additional 24 hours before
the media were replaced with the test solutions.

Preparation of Gelatin Microspheres

Gelatin with an isoelectric point (IEP) of 5.0 was a gift from
Professor Tabata (Kyoto University, Kyoto, Japan). Gelatin
microspheres were fabricated by a precision particle fabrication
(PPF) technique described elsewhere [38, 39]. Briefly, a 10%
aqueous gelatin solution was passed through a nozzle with a
carrier stream. As the nozzle was excited by acoustic vibration,
the stream of gelatin was broken into uniform droplets. The
droplets were collected in an oil bath. Resulting gelatin
microspheres were then washed and homogenized three times
in cold acetone and allowed to dry overnight at 4°C. Twenty
milligrams of dried microspheres were crosslinked with 500ml
25% glutaraldehyde for 8 hours at 4°C. The reaction was then
terminated with 100mM glycine for 1hr at 37°C. After three
one hour washes in de-ionized water at 37°C, the microspheres
were collected by centrifugation, frozen in liquid nitrogen for
30 minutes and placed in the lyophilizer for 72hr.

Degradation of Gelatin Microspheres

In order to determine the proper concentration of collagenase
type IV (gelatinase) (Sigma Chemicals, St. Louis, MO) to
degrade microspheres in two days, different concentrations
were tested. Since the calcium concentration plays a crucial
role in gelatin degradation, CaCl, was added to Dulbecco’s
PBS (DPBS) in order to achieve an equal concentration of
CaCl, (200mg/L) with the DMEM cell culture medium. A
gelatinase stock solution of 100U/mL was prepared in this
modified DPBS (mDPBS). Two milligrams of microspheres
were placed in polystyrene centrifuge tubes, and SmL solutions
of 0 — 10% gelatinase in mDPBS were added onto each tube
and pipetted gently for mixing. All groups were tested in five
replicates. The tubes were incubated at 37°C, and 300mL of
the supernatant was taken after 2, 4, 8, 12, 24 and 48 hours.
The gelatin amount in the supernatant was determined in two
replicates from each tube using Micro BCA™ Protein Assay
Kit (Pierce Biotechnology, Rockford, IL). The absorbance was
measured at 562nm by a microplate reader (Synergy™ HT),
and the gelatin concentrations were calculated using a curve
prepared by BSA standards.

Loading of Gelatin Microspheres with bFGF
The recombinant human bFGF (R&D Systems, Minneapolis,
MN) was hydrated to the desired concentrations with mDPBS.

Two micrograms of the lyophilized microspheres was placed
in low protein binding microcentrifuge tubes (Eppendorf,
Hamburg, Germany). Twenty microliters of desired bFGF
solution or mDPBS was dropped onto the microspheres and
allowed to absorb for 2 hours at room temperature. This amount
was much smaller than the required solution for fully hydrating
the microspheres. After absorption, the microspheres were
suspended in required media solutions with repeated pipetting
before application onto cells.

Administration of Experimental Groups to Cells

Three different sets of experiments were performed in order
to 1) confirm the proliferative effect of different concentrations
of bFGF on cells; 2) verify the effects of different concentrations
of gelatinase on cells; and 3) determine the amount of biological
activity retained after release of bFGF through gelatin
degradation. The experimental groups are summarized in
Tables 1-3. In each experiment, the serum deprived cells on 96-
well plates were washed with PBS and the media were replaced
by 200mL of the experimental media solution. The cells were
incubated at 37°C in a 5% CO, humidified environment for two
days before testing for proliferation.

Table 1. Test groups for Experiment 1. This experiment is
performed to determine the proliferative effect of different
concentrations of bFGF on cells. All solutions are in DMEM.

Group: Free bFGF
(ng/mL)
1 - (-) control
2 1
3 5
4 10

Table 2. Test groups for Experiment 2. This experiment is
performed to determine the effects of gelatinase on cells. All
solutions are in DMEM.

. Gelatinase
Group: (%)
1 - (-) control
2 2.5
3 5
4 7.5
5 10
6 25

Table 3. Test groups for Experiment 3. This experiment is
performed to determine the amount of biological activity
retained after bFGF release through gelatin degradation. All
solutions are in DMEM.

Gelatin

bFGF . Gelatinase
Group 51 0/mL) M‘ffggﬂ‘ge)r e sy NCS
1 - - - S (-) control
2 - - - 10% (+) control
3 Free - - -
4 Free + -
5 Free + + -
6 Gelatin bound - - -
7  Gelatin bound - + -
8 - - + -
9 - + - -
10 - + + -
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Determination of Cell Proliferation

Viable cell number was measured with the colorimetric
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrasodium bro-
mide) (MTT) assay. At the end of the experimental period,
cells on 96-well plates were gently rinsed with PBS. MTT was
mixed with PBS at a concentration of Smg/mL to make the MTT
reagent. MTT reagent was mixed with growth media at a ratio
of 1:10, and 100mL was added to each cell culture well and
incubated for 4 hours at 37°C. After incubation, 100mL of 0.04
N HCl in isopropanol was added to each well. The solution was
mixed by vigorous pipetting to dissolve the formazan crystals.
Absorbance was measured by a microplate reader (SynergyTM
HT, BioTek Instruments, Inc. Winooski, VT) at 570nm and a
reference wavelength of 630nm. Absorbance was converted to
cell number utilizing a calibration curve produced with known
cell numbers.

Statistical Analysis

Differences between groups were analyzed by one-way
analysis of variance (ANOVA) using Fisher’s Least Significant
Difference tests for multiple comparisons with a critical
significance value of 0.05. All analyses were performed using
the Minitab statistical software program (Minitab Inc., State
College, PA).

RESULTS

Degradation of Gelatin Microspheres

The gelatin microspheres were totally degraded by
gelatinase in two days with the concentrations of 2.5% and
above (Figure 1). Since the experiments with the cells would
be performed under static conditions, the degradation tests were
also performed under static conditions, but with a 20 fold higher
quantity of microspheres. This amount was chosen in order to
increase the precision and ease of measurement as well as to
remain within the detection limits of the protein assay.
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Figure 1. Degradation of gelatin microspheres with different
concentrations of gelatinase. At concentrations above 2.5% (v/v), the
degradation of the gelatin microspheres was completed within two
days. Data are shown as means + SD (n=5 for each point).

Effects of bFGF on Cell Proliferation

All three concentrations of bFGF tested showed an increase
on cell proliferation compared to serum-free DMEM control
(Figure 2), confirming the stimulatory effect of bFGF on Swiss
3T3 cell proliferation. There was no statistically significant
difference among the concentrations used, suggesting the
existence of a threshold concentration for mitogenic stimulation.
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Figure 2. All three concentrations of bFGF tested showed significant
increase in cell proliferation in serum free media compared to control.
There was no significant difference among the concentrations used.
Data show the cell numbers in each group as the percent fraction of the
control group + SD (n=5). *Significant difference compared to control,
p<0.05.
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Figure 3. Among the concentrations of gelatinase tested, only 25%
showed significant difference in cell number with the control group
in serum free media.  Data show the cell numbers in each group as
the percent fraction of the control group + SD (n=5). *Significant
difference compared to control, p<0.05.

Effects of Gelatinase on Cell Viability

The addition of gelatinase into serum-free media did not
induce a detrimental effect on cell viability for gelatinase
concentration of 10% and below. For the concentrations tested,
only 25% gelatinase showed a significant reduction in cell
number compared to controls (Figure 3).

Retained Biological Activity of bFGF after Release

In light of the previous experiments, bFGF concentration of
Sng/mL and gelatinase concentration of 5% were chosen for the
biological activity test. These values were within the limits for
bFGF to induce cell proliferation, for the gelatin microspheres
to degrade before two days, and for the gelatinase not to
influence the cell viability. It can be seen in Figure 3.4 that
there was no significant difference between the groups where
the proliferation was induced by bFGF, regardless of whether
the bFGF was administered in free form or through degradation
of gelatin microspheres. These groups showed a significant
increase in cell number compared to (-) control and all other
groups containing gelatin microspheres and/or gelatinase in
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Figure 4. All experimental groups that received bFGF showed
significantly higher proliferation compared to those that did not receive
bFGF, except (+) control group. There was no significant difference
in cell proliferation between the groups that received bFGF with or
without the gelatin delivery system. The gelatin bound bFGF was not
released without degradation by gelatinase, therefore that group did
not receive any bFGF. There was no significant difference among the
groups that received only microspheres and/or gelatinase compared to
(-) control group. Data show the cell numbers in each group as the
percent fraction of the (-) control group £ SD (n=5). *Significant
difference compared to (-) control, *significant difference compared to
bFGF receiving groups, p<0.05.

serum-free media. When there was no gelatinase present for
microsphere degradation, bound bFGF did not produce any effect
on cell proliferation. Administration of bFGF did not induce
cell proliferation as much as 10% NCS that was used as the (+)
control. Accelerated degradation of gelatin microspheres using
gelatinase did not induce any detrimental effects on the cells, or
bFGF. The gelatin microspheres with or without gelatinase did
not have any effect on the cell proliferation (Figure 4).

DISCUSSION

In designing delivery systems for growth factors and other
protein drugs, it is important to know what percentage of the
loaded protein will be delivered in biologically active form. In
order to achieve sustained, efficient delivery, the delivery system
must act like ECM to stabilize and protect the loaded protein
from denaturation, prevent its interactions with the extracellular
environment before required release time, and provide the
desired release rate through engineered material properties.
This study demonstrates the ability of gelatin microspheres to
preserve virtually all biological activity of bFGF in vitro when
released through enzymatic degradation of gelatin.

FGFs were initially characterized as a mitogen for 3T3
fibroblastic cells [1]. Later it was discovered that it is mitogenic
for all mesoderm derived cells [3], although fibroblastic cells are
still most frequently used to test the biological activity of bFGF
[13,16,26,28,40,41]. The main effect of bFGF on cells is to act
as a “competence factor” that forces cells to leave their resting
phase and to start DNA production leading to proliferation [2,
18]. Our results confirm this observation, i.e., when introduced
in a free form to serum deprived fibroblastic cells, bFGF induces
proliferation. When bFGF is loaded onto gelatin microspheres
as described, electrostatic interaction between the two protects
bFGF from denaturation, simulating the sequestration role of
ECM. bFGF released from gelatin microspheres showed an
inductive effect on cell proliferation identical to that of free

bFGE. A previous study had shown no effect on proliferation
of baby hamster kidney (BHK) cells when bFGF is loaded
onto IEP5 gelatin sheets at similar concentrations and loading
method [42]. In that study, the gelatin sheets were not degraded,
and the release of unbound bFGF was tested. Our results are
parallel with their observation, indicating that when there is no
gelatinase in wells, there is no difference in cell proliferation
behavior. It is possible that some unbound bFGF is released
immediately without any degradation but this amount must be
lower than the threshold value that would stimulate the cells.

During the alkaline process, amide groups of collagen are
hydrolyzed making the resulting gelatin negatively charged
with a large number of carboxyl groups [35]. The bFGF
molecule is small enough (MW 17,000) to freely diffuse into
gelatin, and has been shown to impregnate into and ionically
interact with IEP5 gelatin hydrogels when loaded as described
[31, 37]. When folded in its natural confirmation, bFGF has an
unusual cluster of positively charged residues on one side of the
protein, which also gives its latent instability [16]. It is likely
that the negative charge density on IEP5 gelatin stabilizes the
positively charged residues on bFGF possibly also altering the
molecular confirmation. When bFGF is delivered as bound to
heparin, the radius of diffusion at the extracellular environment
increases due to reduced rate of binding to the bFGF receptors
on cells [14]. We have no evidence on whether the heparin
binding domains and the gelatin complexation domain(s) of
bFGF are the same, but our results suggest that complexation
with gelatin might similarly reduce the interactions of bFGF
with cells until degradation. This property would increase the
controllability of the protein delivery through engineering the
degradation rate of gelatin.

It is important to note that our in vitro degradation system is
not intended to model the in vivo degradation of gelatin where
several other enzymes are contributing to the process. On the
contrary, we used an accelerated degradation system in order to
use a well established cellular assay to test biological activity.
Our results indicate that the biological activity of bFGF is
retained when delivered by gelatin microspheres to fibroblastic
cells in vitro. Although the inherent differences between the in
vivo and in vitro systems prevent us to extend all the findings
to in vivo conditions, this study demonstrates the efficacy of
gelatin microspheres as bFGF carriers for potential drug
delivery systems and tissue engineering applications.

CONCLUSIONS

Gelatin microspheres are potentially attractive delivery
vehicles for bFGF, since the protein delivery rate can be
controlled by controlling the microsphere degradation rate.
Our present results demonstrate that when delivered through
degradation of gelatin, bFGF show no detectible loss of activity
on Swiss 3T3 fibroblastic cell proliferation in vitro. Although
it is not possible to extrapolate this result to in vivo conditions
due to inherent differences between the two systems, it presents
strong evidence of the preservation of biological activity with
gelatin delivery systems carrying bFGF.
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