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Abstract

The purpose of this study was to develop and characterize a chitosan gel/gelatin microspheres
(MSs) dual delivery system for sequential release of bone morphogenetic protein-2 (BMP-2) and
insulin-like growth factor-1 (IGF-1) to enhance osteoblast differentiation in vitro. We made and
characterized the delivery system based on its degree of cross-linking, degradation, and release
kinetics. We also evaluated the cytotoxicity of the delivery system and the effect of growth factors
on cell response using pre-osteoblast W-20-17 mouse bone marrow stromal cells. IGF-1 was first
loaded into MSs, and then the IGF-1 containing MSs were encapsulated into the chitosan gel
which contained BMP-2. Cross-linking of gelatin with glyoxal via Schiff bases significantly
increased thermal stability and decreased the solubility of the MSs, leading to a significant
decrease in the initial release of IGF-1. Encapsulation of the MSs into the chitosan gel generated
polyelectrolyte complexes by intermolecular interactions, which further affected the release
kinetics of IGF-1. This combinational delivery system provided an initial release of BMP-2
followed by a slow and sustained release of IGF-1. Significantly greater alkaline phosphatase
activity was found in W-20-17 cells treated with the sequential delivery system than other
treatments (p<0.05) after a week of culture.
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1. Introduction

Therapeutic biomacromolecules such as RGD-like peptides and growth factors have been
used to enhance the regeneration of damaged tissues by stimulating cellular activities such
as cell migration, proliferation, and differentiation [1-6]. However, they have short
biological half lives in physiological conditions due to rapid degradation and deactivation by
enzymes and other chemical and physical reactions [1-4]. In addition, the course of wound
healing and tissue regeneration is complicated by the interactions of multiple factors [4, 7-
10]. Local delivery carriers have been developed for the controlled, sustained release of
these active proteins [11-14]. Still, there is a great need for drug delivery systems that allow
for improved release kinetics of multiple growth factors in order to enhance their therapeutic
efficacy [3, 8, 11-17].

Recent studies have shown that the combined delivery of bone morphogenetic protein-2
(BMP-2) and insulin like growth factor-1 (IGF-1) enhances wound healing and tissue
regeneration compared with single growth factor delivery [3, 5, 11, 14, 18]. BMP-2 is an
FDA approved growth factor, which plays an important role in the expression of osteogenic
markers such as alkaline phosphatase (ALP) and osteocalcin. It is used clinically to help
induce osteogenesis [3, 5, 15-16, 19]. IGF-1 is a mitogenic factor affecting the growth of
adult cells as well as supporting the growth and differentiation of embryonic cells [17-18,
20-24]. 1t has been used to stimulate osteoblast growth and proliferation, resulting in
enhanced osseointegration at the local site [10, 17].

Raiche et al. used two layers of glutaraldehyde cross-linked gelatin coatings with different
concentrations of growth factors to control the release kinetics of BMP-2 and IGF-1 [14,
18]. They found that the sequential release of BMP-2 and IGF-1 resulted in the earliest, most
robust elevation of ALP activity of both mouse pluripotent C3H and rat bone marrow
stromal cells and that the simultaneous release of BMP-2 and IGF-1 did not promote ALP
activity compared with BMP-2 alone. They suggested that treatment with BMP-2
upregulated the expression of the IGF-1 receptor, enabling IGF-I to further enhance cell
responses [14]. Similarly, Chen et al. reported that the combined delivery of BMP-2 and
IGF-1 resulted in the greatest ALP activity of periodontal ligament fibroblasts (PDLFs) [11].
In their experiments, the release of growth factors was controlled by BMP-2 containing
basic gelatin microspheres and IGF-1 containing acidic gelatin microspheres, which were
incorporated into glycidyl methacrylated dextran (Dex-GMA) scaffolds.

We have previously developed a thermo-sensitive injectable chitosan gel to deliver BMP-2.
It has been found to significantly enhance the osteoblastic differentiation of mouse
osteoblast precursor cells and the mineralization of human embryonic palatal mesenchymal
cells [25]. Chitosan gels have been used due to their excellent biocompatibility, enzyme
regulated degradation, and high efficacy of drug therapy [2-3, 9, 25-28]. Additionally,
therapeutic agents are released via the diffusion or biodegradation of the chitosan polymers
[5, 25-28]. The purpose of this study was to create and characterize a sequential delivery
system consisting of a chitosan gel and gelatin microspheres (MSs) to achieve a sequential
release of BMP-2 and IGF-1. We hypothesized that an initial release of BMP-2 from the
chitosan gel followed by the release of IGF-1 from the gelatin MSs would enhance
osteoblastic activity of bone cells. In this study, we made glyoxal cross-linked gelatin MSs
for delivery of IGF-1, which were then encapsulated into the chitosan gel formulation.
Furthermore, we aimed to characterize the degree of cross-linking, degradation, release rate
and cytotoxicity of the delivery system. We also evaluated osteoblastic activity by
measuring alkaline phosphatase (ALP) specific activity of preosteoblast W-20-17 mouse
bone marrow strmal cells.
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2. Materials and Methods

2.1. Materials

Chitosan (= 310 kDa, 75% or greater degree of deacetylation), disodium pB-GP (glycerol 2-
phosphate disodium salt hydrate; cell culture grade), and glyoxal (40 wt. %) were purchased
from Sigma-Aldrich (St Louis, MO). Gelatin type B, olive oil, acetone, and ethanol were all
purchased from Fisher Scientific (Fair Lawn, NJ). All other chemicals were reagent grade
and were used as received. Human bone morphogenetic protein-2 (BMP-2) was obtained
from PeproTech (Rocky Hill, NJ) and recombinant human insulin-like growth factor |
(IGF-1) was purchased from R&D Systems (Minneapolis, MN). Fetal bovine serum (FBS),
Trypsin-EDTA, L-Glutamine, Antibiotic-Antimycotic, phosphate buffered saline (PBS), and
Dulbecco's Modified Eagle Medium (DMEM) were all purchased from Invitrogen™
(Eugene, OR). W-20-17 cells were cultured as per American Type Culture Collection
(ATCC) instructions.

2.2. Preparation of gelatin microspheres (MSs)

Gelatin MSs were prepared using a water-in-oil emulsion technique. Briefly, a gelatin
solution was prepared by dissolving 1g gelatin powder into 10 ml distilled water at 50°C.
The solution was then added dropwise to 60 ml olive oil, which was preheated to 50°C while
stirring at 500 rpm using a straight-blade impeller. The gelatin solution was allowed to
emulsify for 10 min. Subsequently, the entire emulsification bath was chilled to 4°C on ice
with continuous stirring at 500 rpm for 40 min, and gelatin MSs were formed. The gelatin
MSs were collected by filtration and washed with chilled acetone and ethanol. Finally, the
obtained gelatin MSs were freeze-dried overnight.

2.3. Cross-linking of gelatin MSs

The prepared gelatin MSs were dispersed into an aqueous ethanol solution containing
different concentrations of glyoxal (10, 20, 50, or 100mM) and stirred at room temperature
for cross-linking for 10 hours. The cross-linked gelatin MSs were rinsed twice with an
aqueous ethanol solution to remove the residual cross-linking agent on their surfaces and
then freeze-dried overnight. They were then sieved to obtain particles ranging from 50 to
100 pm.

2.3.1. Fourier transform infrared spectroscopy (FTIR) spectra—In order to
investigate chemical structure of both gelatin MSs and cross-linked gelatin MSs, FTIR
spectra were obtained using a Nicolet FTIR Infrared Microscope coupled to a PC with
analysis software. Samples were placed in the holder directly in the IR laser beam. All
spectra were recorded by transmittance mode (100 times scanning, 650-4000 cm™2).

2.3.2. Degree of cross-linking—Degree of cross-linking of the gelatin MSs was
determined by ninhydrin assay, which was used to determine the percentage of free amino
groups remaining in the gelatin MSs after cross-linking. The cross-linked gelatin MSs were
prepared with different concentrations of glyoxal (10, 20, 50, or 100mM). The samples were
heated in the ninhydrin solution at 100°C for 10 minutes, and the light absorbance at 550 nm
was recorded using a micro plate reader (TECAN Infinite F50). Glycine (Fisher Scientific,
Fair Lawn, NJ) was used as an amino acid nitrogen standard at various known
concentrations. The degree of cross-linking (D) of the samples was calculated following the
equation D¢ = [(A—B) / A] x 100, where A is mole fraction of free amino group in uncross-
linked gelatin MSs and B is mole fraction of free amino group in cross-linked gelatin MSs.

2.3.3. Swelling of gelatin MSs at different temperatures—To evaluate the effect of
cross-linking on water stability of the gelatin MSs, swelling characteristic of the gelatin MSs
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was investigated at different temperatures. The swelling of the gelatin MSs and the cross-
linked gelatin MSs (50 mM) were observed using a microscope (Nikon ECLIPSE TE-2000-
U). The dried samples were placed into a container with PBS (pH7.4) and incubated at 4°C
or 37°C for 3 days. Photomicrographs of the gelatin MSs were processed at 6 hours, 1 day,
and 3 days of incubation using a MetaVue software.

2.3.4. Cytotoxicity—W-20-17 cells were grown and maintained in DMEM media with
10% FBS, 1% antibiotic/antimycotic mixture, 5ml of L-glutamine (200mM), and sodium
pyruvate. This cell line has been used in an ASTM F2131 to evaluate activity of BMP-2 in
vitro. Cell culture was achieved in an incubator supplied with 5% CO» at 37°C. The culture
medium was changed every 3 days. In order to investigate the cytotoxicity of the gelatin
MSs, the W-20-17 cells were cultured in the DMEM media containing the gelatin MSs.
Cells were seeded in 24-well plates at a density of 30,000 cells/well and incubated with 10
mg of the gelatin MSs for 3 days. After incubation of 1 and 3 days, the number of viable
cells was determined quantitatively using a Cell Titer 96AQueous One Solution (MTS)
assay according to the manufacturer’s instructions. Before the assay, the cellular
morphology was observed qualitatively using a microscope (Nikon, ECLIPSE TE-2000-U).
Photomicrographs of cells were processed using a software (Nikon, MetaVue).

2.4. Gelatin MSs encapsulated chitosan gel composites

A 1.5 % (w/v) chitosan solution was prepared by stirring powdered chitosan in 0.75% (v/v)
aqueous acetic acid at room temperature overnight. The insoluble particles in the chitosan
solution were removed by filtration. A 50% (w/v) B-GP solution was prepared in distilled
water and sterilized using PES syringe filters with 0.22 um pore size (MillexTM, MA) and
stored at 4°C. 50 ml of chitosan solution was dialyzed at room temperature against 1 liter of
distilled water for 7 days with daily changes of water (1 L) in an 8 kDa cutoff dialysis
membrane to reduce the acetic acid content. The final pH value of the chitosan solution was
6.3. The dialyzed chitosan solution was autoclaved at 121°C for 20 minutes, cooled down to
room temperature, and stored at 4°C. The cross-linked gelatin MSs were then encapsulated
into the chitosan solution on ice and vortexed. Sterilized, ice-cold B-GP solution (2.31M)
was added drop by drop to the chitosan solution under stirring conditions in an ice bath. The
final concentration of B-GP in the chitosan solution was 88 mM, and the final pH value of
the chitosan gel formulation was 7.2. Each gel forming solution was allowed to completely
become a gel in an incubator for 3 hours at 37°C.

2.5. Dissolution rate

Gelatin is an amphoteric protein containing both positively charged and negatively charged
amino acids. It easily dissolves in water at body temperature, releasing amino acids. In this
study, the cross-linked gelatin MSs or the cross-linked gelatin MSs loaded chitosan gel were
placed in a container containing 2 ml of PBS (pH 7.4) and incubated at 37°C for 5 days. At
predetermined time points, 500 pl aliquots of the medium were sampled and the same
amount of fresh PBS (pH 7.4) was added into each container. In the collected fractions, the
cumulative amounts of dissolved proteins from the gelatin MSs or the combination were
determined as a function of time by bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).
The optical density of each sample was determined using a microplate reader at 562 nm
(TECAN Infinite F50).

2.6. Scanning electron microscopy (SEM)

The surface morphology of the materials was observed to examine compatibility of gelatin
MSs with a chitosan gel after implantation at body temperature. Three different materials
including a chitosan gel, an uncross-linked gelatin MSs loaded chitosan gel, and a cross-
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linked gelatin MSs loaded chitosan gel were prepared. They were incubated at 37°C for 5
hours and lyophilized overnight (Freezone, LABCONCO). The samples were sputter-coated
with gold and examined under a scanning electron microscope (FEI, USA) operated at 15
kV voltages.

2.7. In vitro release studies

2.7.1. IGF-1 release—In vitro IGF-1 release profiles from cross-linked gelatin MSs or a
cross-linked gelatin MSs loaded chitosan gel were examined for a week. IGF-1 loading was
achieved by a method of adsorption. The cross-linked gelatin MSs were loaded with IGF-1
by swelling in aqueous IGF-1 solutions (IGF-1(MSs)). IGF-1 (IEP=8.6) is positively
charged, and therefore, negatively charged type B gelatin forms a polyionic complexation
with IGF-1 [23, 29-31]. IGF-1 solution was dripped onto the micro-particles at a volume of
25 ul per mg of the cross-linked gelatin MSs. The resulting mixture was vortexed and
incubated at 4°C for 10 hours before freeze-drying. Eventually, 50 ng/ml of IGF-1 was
present within each sample (IGF-1(MSs)). The IGF-1 loaded gelatin MSs were then
encapsulated into a chitosan gel formulation (IGF-1(gel+MSs)). The IGF-1 loaded micro-
particles were added into the chitosan gel formulation on ice and vortexed. 88 mM of cold B-
GP solution was added into the mixture to complete the gel forming solution. Each gel
forming solution was allowed to completely become a gel in an incubator at 37°C.

IGF-1 (MSs) or IGF-1 (gel+MSs) was placed in a container containing 2 ml of PBS (pH 7.4)
and incubated at 37°C for a week. At designated time points, 300 pl aliquots of the release
medium were sampled and the same amount of fresh PBS (pH 7.4) was added into each
container. In the collected fractions, the cumulative release amounts of IGF-1 from the
materials were determined as a function of time by an IGF-1 ELISA kit (RayBio, GA).
Briefly, 100 pl of the obtained samples were pipetted into a 96-well IGF-1 microplate
coated with anti-human IGF-1 and incubated at 4°C overnight. After washing each well with
wash buffer provided by the ELISA kit for a total of 4 washes, 100 pul of biotinylated anti-
human IGF-1 was added to each well and incubated at room temperature for 1 hour. After
repeating the washing step, each well was filled with 100 ul of HRP-Streptavidin solution
and incubated at room temperature for 45 minutes. After the washing step, 100 pl of TMB
(3,3’,5,5’ Tetramethylbenzidine) was added to each well and incubated for 30 minutes at
room temperature in the dark. Finally, 50 ul of stop solution was added into each well. The
optical density of each well was determined using a microplate reader at 450 nm (TECAN
Infinite F50).

2.7.2. BMP-2 release—The in vitro BMP-2 release profile from the chitosan gel was
investigated for a week. BMP-2 solution was added directly into the chitosan solution on ice
and vortexed. 88 mM of cold B-GP solution was added into the mixture to complete the gel
forming solution. Each gel forming solution containing BMP-2 was allowed to completely
become a gel in an incubator at 37°C. Eventually, 50ng/ml of BMP-2 was present within
each sample (BMP-2(Gel)).

BMP-2 (Gel) was placed in a container containing 2 ml of PBS (pH 7.4) and incubated at
37°C for a week. At designated time points, 300 pl aliquots of the release medium were
sampled and the same amount of fresh PBS (pH 7.4) was added into each container. In the
collected fractions, the cumulative release amounts of BMP-2 from the chitosan gels were
determined as a function of time by a BMP-2 ELISA kit (R&D systems, MN). Briefly, 50 pl
of the obtained supernatant was pipetted into a 96-well BMP-2 microplate coated with a
mouse monoclonal antibody and incubated for 2 hours at room temperature. After washing
each well with wash buffer provided by the ELISA kit for a total of 4 washes, 200 pl of
BMP-2 conjugate was added to each well and incubated at room temperature for 2 hours.
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After repeating the washing step, each well was filled with 200 pl of BMP-2 substrate and
incubated at room temperature for 30 minutes in the dark. Finally, 50 pl of stop solution was
added into each well. The optical density of each well was determined using a microplate
reader at 450 nm with a correction setting of 540 nm (TECAN Infinite F50).

2.8. In vitro analysis

2.8.1. Effect of growth factors on ALP specific activity of W-20-17—To better
evaluate the sequential delivery of growth factors on the cell responses, we first established
a growth factor-cell response calibration model. We studied ALP activity as an indicator of
early osteoblastic differentiation to designated singular or combination of BMP-2 and IGF-1
listed in Table 1. In this experiment, W-20-17 cells were treated with growth factors
(BMP-2, IGF-1, or combinations), and ALP activity and double stranded DNA (dsDNA) of
W-20-17 cells were determined. The cells were seeded in 24-well plates at a density of
30,000 cells/well and cultured for 7 days. On day one and three, 50 ng/ml of each growth
factor or their combination was added into the culture medium as shown in Table 1. The
culture medium was changed every 3 days.

At designated time points (five and seven days) the medium was removed from cell culture.
The cell layers were washed twice with PBS (pH 7.4) and then lysed with 1 ml of 0.2%
Triton X-100 and three freeze-thaw cycles, which consisted of freezing at —80 °C for 30
minutes immediately followed by thawing at 37 °C for 15 minutes. 50 ul aliquots of the cell
lysates were sampled and added to 50 ul of working reagent in a 96-well assay plate. The
working reagent contains equal parts (1:1:1) of 1.5M 2-amino-2-methyl-1-propanol (Sigma),
20 mM p-nitrophenyl phosphate (Sigma), and 1 mM magnesium chloride. The samples then
were incubated for 1 hour at 37°C. After incubation, the reaction was stopped with 100 pl of
1N sodium hydroxide on ice. ALP activity was determined from the absorbance using a
standard curve prepared from p-nitrophenol stock standard (Sigma). The absorbance was
measured at 405 nm using a microplate reader (TECAN Infinite F50).

The cell lysates were then examined for dsDNA to estimate cell number. 50 pL aliquots of
the cell lysates were added in a 96-well assay plate. Each 50 pl of a 1:200 dilution of
PicoGreen (Quant-iT PicoGreen assay kit, Invitrogen) was added to each well and incubated
for 5 min in the dark. The assay plate was read at 485 nm excitation and 530 nm emission
using a BioTek FLx800 plate reader. The dsDNA content was calculated using a standard
curve made by a provided dsDNA standard sample. The ALP activity of cells was then
calculated by normalizing to dsSDNA content. ALP specific activity was expressed as nmol
p-nitrophenol/ng dsDNA.

2.8.2. Effect of growth factors by sequential delivery systems on ALP specific
activity of W-20-17—The effect of sequential delivery of growth factors on ALP specific
activity of W-20-17 was investigated using the chitosan gel or the gelatin MSs loaded
chitosan gel as shown in Table 2. Indirect culture via BD BioCoat™ Control Cell Culture
inserts was used as a model system to evaluate the cell responses from the materials. The
materials loaded with growth factors were placed in the upper chamber of inserts. Cells were
seeded in the bottom of 12-well plates at a density of 30,000 cells/well and cultured for 7
days. The culture medium was changed every 3 days. At designated time points (5, and 7
days), the medium was removed from cell culture. ALP activity and dsSDNA content were
determined as described above.

2.8. Statistical analysis

All data are presented as mean + standard deviation. For comparing two groups of data,
student t-test was performed. For comparing multiple groups of data, one-way ANOVA was
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performed followed by Dunnett’s test. The differences in groups and experimental time
points were considered significant if p<0.05.

3.1. Cross-linking of gelatin MSs

3.1.1. FTIR spectra of gelatin MSs—The FTIR spectra obtained from the gelatin MSs
and the cross-linked gelatin MSs are shown in Figure 1. The gelatin shows the typical
specific amide bands of proteins. The amide | band peaking at 1620 cm™1 is due to C=0
stretching vibration while the amide 11 band at 1535 cm™ is assigned to C-N stretching and
N-H bending vibration. In the cross-linked gelatin MSs, the stronger band centered at 1635
cm™1is due to C=N stretching vibration from Schiff-bases, and C=0 stretching from the
mixture of amide | and unreacted aldehyde groups. The Schiff-bases were formed between -
amino groups of the gelatin and carbonyl groups of glyoxal [27, 32-33] as a result of cross-
linking. The peak at 1540 cm™! indicates a shift in the amide Il band, which becomes
stronger after the cross-linking. The absorbance at 1735 cm™1 is due to C=N stretching
vibration from Schiff-base reactions.

3.1.2. Degree of cross-linking of gelatin MSs—The gelatin MSs had a dark-yellow
color after cross-linking with glyoxal. As shown in Figure 2, the degree of cross-linking
significantly increased with increasing concentration of glyoxal (p<0.05). The degree of
cross-linking was 8% at 10 mM, 19% at 20 mM, 66% at 50 mM, and 69% at 100 mM of
glyoxal. However, there was no significant difference between 50 mM and 100 mM of
glyoxal (p=0.5).

3.1.3. Swelling of gelatin MSs at different temperatures—Figure 3 shows the
swelling behavior of uncross-linked gelatin MSs or cross-linked gelatin MSs (50 mM) in
PBS solution at 4°C or 37°C for 3 days. The swelling behavior of the gelatin MSs changed
notably with cross-linking by glyoxal. At 4°C, a halo of diffuse material was visible around
the uncross-linked gelatin MSs indicating they became swollen and enlarged while the
cross-linked gelatin MSs was much less swollen. At 37°C, the uncross-linked gelatin MSs
completely dissolved, but the cross-linked gelatin MSs retained their shape.

3.1.4. Cytotoxicity of gelatin MSs—The cytotoxicity of the gelatin MSs on W-20-17
was examined by a MTS assay, and the cell morphology was observed by a microscope for
3 days of incubation. Figure 4a shows the effect of different concentrations of glyoxal in the
gelatin MSs on cell viability via an MTS assay. There were significant increases in activity
in W-20-17 cells after 3 days of culture (p<0.05). Cells in all the groups showed
significantly higher metabolic activity at day 3 than at day 1 (p<0.05), indicating that the
cells were viable in the presence of the cross-linked gelatin MSs. However, there were
significant differences between lower concentrations (10 and 20 mM) and higher
concentration (100 mM) of glyoxal (p<0.05). Consistent with a MTS assay, cellular imaging
shows cells in all the groups significantly proliferated for 3 days of culture (Fig 4b),
suggesting the non-cytotoxicity of gelatin MSs.

3.2. Dissolution rate of gelatin MSs

As shown in Figure 5a, there was initial burst release of proteins from the gelatin MSs
followed by a sustained slow release. However, there was significant difference between
groups for 5 days of incubation (p<0.05). The cumulative amount of proteins released from
the gelatin MSs decreased with increasing concentration of glyoxal. In addition, dissolution
rate of gelatin MSs was compared to that of the gelatin MSs loaded chitosan gel (Fig 5b).
Similarly, there was significant difference in dissolution rate of gelatin MSs with different
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degree of cross-linking (p<0.05). The gelatin MSs cross-linked by 50 mM glyoxal showed
significantly lower dissolution rate compared with the other groups after 10 hours and 1 day
of incubation (p<0.05). However, there was no significant difference between groups after 3
days of incubation.

3.3. SEM images

As shown in Figure 6, SEM images show surface structures of different materials. The
chitosan gel group shows a porous structure formed by some salts and water during freeze-
drying process (Fig. 6a). However, encapsulation of gelatin MSs into the chitosan gel
induced a completely different structure. Fig.6b shows that uncross-linked gelatin MSs
completely dissolved at 37°C for 5 hours. The newly formed structure became less porous
compared to the chitosan gel (Fig. 6b), indicating that the chitosan and dissolved gelatin
blended well. On the other hand, the cross-linked gelatin MSs did not completely dissolve,
but retained their microspherical structure on the surface of the chitosan gel network (Fig.
6¢), indicating the enhanced stability of cross-linked gelatin MSs.

3.4. In vitro release studies

The in vitro release behavior of IGF-1 and BMP-2 from the delivery system was interpreted
as the cumulative amount of the growth factors over the time. Figure 7 shows the in vitro
release behaviors of IGF-1 from cross-linked gelatin MSs (IGF-1(MSs)) or a chitosan gel
encapsulated with the cross-linked gelatin MSs (IGF-1(gel+MSs)) for a week. IGF-1 release
behavior from IGF-1(MSs) shows a high initial burst release within 1 day followed by a
slow release for 1 week of incubation. The encapsulation of gelatin MSs into the chitosan
gel (IGF-1 (gel+MSs)) significantly reduced initial release amount of IGF-1 by 48%,
resulting in minimal burst release. There was also a moderate and sustained release from
IGF-1 (gel+MSs) between day 1 and 7. The cumulative BMP-2 release profile from the
chitosan gels was compared with IGF-1 release from IGF-1 (gel+MSs). The cumulative
release amount of BMP-2 was 16.5 ng/ml at day 1 and 28.1 ng/ml at day 3 while the
cumulative release amount of IGF-1 was 8.8 ng/ml at day 1 and 10.8 ng/ml at day 3. During
this period, the release amount of BMP-2 from the chitosan gel was much higher than that of
IGF-1. However, during the release periods between day 3 and 7, release rate of BMP-2 was
slower than that of IGF-1, and more amount of IGF-1 was released from the delivery
system.

3.5. In vitro analysis

3.5.1. Effect of growth factors on ALP specific activity of W-20-17—W-20-17
cells were treated with growth factors (BMP-2, IGF-1, or combinations) as shown in Table
1. The ALP specific activity was determined at days 5 and 7 of incubation by normalizing
the ALP amount to the dsDNA content per sample. Figure 8 shows ALP specific activity of
W-20-17 at different conditions. There were significant differences in ALP specific activity
among the various growth factor treatments. At 5 days of cell culture, ALP specific activity
was considerably increased with BMP-2 treatment regardless of IGF-1 incorporation.
Treatments that began with BMP-2 on day 1 followed by BMP-2 alone or in combination
with IGF-1 on day 3 showed significantly higher ALP activity than any other treatments
(p<0.05). However, there was no significant difference between control (no growth factors)
and IGF-1 treatment alone, indicating IGF-1 alone did not significantly affect the early
osteoblast-associated genes. At 7 days of cell culture, sequential treatment with BMP-2 on
day 1 followed by combined BMP-2 and IGF-I on day 3 induced significantly greater ALP
activity than any other treatments (p<0.05).

Figure 9 shows the effect of sequential delivery of growth factors by the chitosan gel /
gelatin MSs on ALP specific activity of W-20-17. Different combinations of BMP-2 and
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IGF-I loading were shown in Table 2. W-20-17 cells showed increased ALP specific activity
at 5 days of culture for treatments with all the delivery systems compared with control
group. However, there was significant difference between the treatment with BMP-2 from
the chitosan gel and with BMP-2 sequentially followed by IGF-1 from the gelatin MSs
loaded chitosan gel (p<0.05). At 7 days of cell culture, ALP specific activity was
significantly greater for sequential release of BMP-2 followed by IGF-1 from the gelatin
MSs loaded chitosan gel than all other treatments (p<0.05). This result indicates the
sequential delivery of BMP-2 followed by IGF-1 by the chitosan gel/gelatin MSs induces
significantly greater ALP activity of W-20-17 than single BMP-2 delivery or simultaneous
delivery of BMP-2 and IGF-1.

Discussion

Recent evidence has highlighted the importance of the sequential release of growth factors
in order to optimize their efficacy [3, 11-18, 34-35]. Similarly, this study presents a
sequential release of BMP-2 and IGF-1 significantly enhances osteoblastic differentiation
compared to the simultaneous release of BMP-2 and IGF-1. We developed a chitosan gel/
gelatin MSs-based delivery system for the sequential administration of two model proteins,
BMP-2 and IGF-1. This work was first to develop the cross-linked gelatin MSs for delivery
of IGF-1, which were then encapsulated into the chitosan gel for sequential release.

Among natural polymers, gelatin, which is a hydrolysed form of collagen Type I, has been
widely studied in the forms of films, hydrogels, and microspheres [29-33, 36-40]. However,
gelatin rapidly dissolves in aqueous environment at body temperature, and exhibits
uncontrolled, fast release kinetics of growth factors. For controlled release applications,
gelatin MSs have been cross-linked to improve their thermal stability [27, 29-30]. In this
study, we cross-linked gelatin MSs with glyoxal, which was reported to be less toxic than
commonly used cross-linkers, aldehydes such as formaldehyde, glutaraldehyde, and
glyceraldehyde [27, 32, 37, 41-43]. The FTIR spectra revealed the formation of Schiff bases
between amide groups of the gelatin and carbonyl groups of glyoxal, which was the result of
the cross-linking reaction [29, 31]. In this study, the degree of cross-linking significantly
increased with increasing concentration of glyoxal (p<0.05) and reached the maximum at 50
mM of glyoxal. The cross-linking considerably reduced swellability of the gelatin MSs and
enhanced their water stability in aqueous environment. Cells in all the groups showed
significantly increased metabolic activity during 3 days of culture (p<0.05). However, cell
growth and proliferation was slower in the gelatin MSs cross-linked with a higher
concentration of glyoxal, indicating that optimizing the glyoxal concentration can provide a
more suitable for carrier biomaterial. The cross-linking between gelatin molecules and
glyoxal increased thermal stability and decreased dissolution, significantly slowing down the
release rate of IGF-1. Patel et al. used glutaraldehyde cross-linked gelatin MSs for the
controlled release of BMP-2. In their study, gelatin cross-linking and enzymatic degradation
significantly reduced the initial burst release and provided linear release kinetics of BMP-2
in vitro thereafter [31]. In another study, Vandelli et al. reported that glyceraldehyde cross-
linked gelatin MSs showed a decrease in swelling and the in vitro drug release under
physiological conditions [37].

We also investigated the dissolution rates of the gelatin MSs loaded chitosan gel. The
findings from this study suggest that encapsulation of gelatin MSs into a chitosan gel
significantly reduced the initial dissolution rate of gelatin MSs. This is probably because
gelatin molecules form polyelectrolyte complexes with chitosan molecules. Chitosan is a
cationic biopolymer with a pKa of 6.5 due to the presence of amino groups [25-28, 44].
Gelatin MSs used in this study are negatively charged type B gelatin (IEP=5) [23, 31, 44].
Oppositely charged chitosan and gelatin molecules can readily form polyelectrolyte
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complexes. These intermolecular interactions and cross-linking effects are further suggested
by the morphological changes seen by SEM. It was found that the gelatin MSs blended well
with the chitosan gel. This is probably due to many functional groups of both gelatin and
chitosan [28, 44-45]. In addition, Huang et al. reported that a combination of these two
biopolymers significantly affect the biological characteristics, and material’s degradation
kinetics and mechanical strength [28]. These results suggest that the cross-linking of gelatin
MSs and the formation of polyionic complexes by the chitosan and gelatin provide a good
medium for controlled release of proteins.

The in vitro release behavior of IGF-1 and BMP-2 from the delivery system showed that the
encapsulation of gelatin MSs into a chitosan gel significantly reduced the initial burst release
of IGF-1 (p<0.05) and provided a moderate, sustained release. The cumulative amount of
BMP-2 released from the chitosan gel was significantly higher than that of the IGF-1 from
the gelatin MSs during 3 days of incubation (p<0.05). However, the amount of IGF-1
released was higher than that of BMP-2 during the period between 3 and 7 days of
incubation. This result demonstrates that the combination of gelatin MSs and a chitosan gel
induces sequential release of BMP-2 followed by IGF-1 over a week.

In addition to the carrier materials’ characteristics such as cross-linking and polyionic
complexation, interaction between gelatin and growth factors also affects the product’s
loading efficacy and release kinetics [23, 29-30, 37-38]. It is important to minimize the loss
of bioactivity resulting from denaturation and deactivation of growth factors during loading
process [29]. Chen et al. investigated the controlled delivery of IGF-1 from dextran-co-
gelatin microspheres for periodontal regeneration [23]. Their results showed that a polyion
complexation between gelatin and IGF-1 is stable and can be used for the sustained release
of numerous charged molecules. In this regard, physical absorption using polyion
complexation is a relatively simple and non-destructive method [1, 2, 30]. In this study,
when positively charged IGF-1, with IEP of 8.6, was loaded into the negatively charged
gelatin MSs (IEP=5) [23-24], they formed a polyion complexation. This complex allowed
the IGF-1 to be well absorbed into the gelatin MSs while maintaining its bioactivity [23, 29—
31].

To better evaluate the sequential delivery of growth factors on the cell responses, we first
established a growth factor-cell response calibration model. We used ALP activity as an
indicator of cell response to BMP-2 and IGF-1. We found that the combination of BMP-2
followed by BMP-2/IGF-1 resulted in the greatest ALP activity of osteoblastic precursor
cells. Sustained exposure of cells to BMP-2 significantly increased ALP activity. However,
IGF-1 alone did not affect the cell’s proliferation or early osteogenic differentiation. Our
results are consistent with previous studies [14, 18] though they used two layers of gelatin
gels cross-linked with glutaraldehyde and two other cell lines. Consequently, we selected
four experimental groups and used the newly developed delivery system to release growth
factors in a controlled fashion, including sequential and simultaneous delivery groups, to
achieve the similar trends of cell response. The cell responses induced by the delivery
system were consistent with those by addition of growth factors into medium. A sustained
delivery of BMP-2 in addition to a controlled, sequentially release of IGF-1 significantly
increased the ALP activity of W-20-17 cells.

The recent studies suggested that ideal release strategy for rhBMP-2 includes both a burst
and a sustained release for new bone formation [46, 47]. For large critical-sized bone
defects, a burst release helps attract osteoprogenitor cells into the delivery system while a
sustained release promotes osteoblastic differentiation [46, 47]. Brown et al. reported that a
burst followed by a sustained release of rhBMP-2 from biodegradable polyurethane (PUR)
scaffolds enhanced bone regeneration relative to a sustained release without the burst [46].
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The burst release of rhBMP-2 functions as a chemoattractive protein for the recruitment and
condensation of osteoprogenitor cells into the scaffold [47]. On the other hand, the sustained
delivery of rhBMP-2 enhances bone regeneration by affecting a larger population of
osteoprogenitor cells at the fracture and promoting vasculogenesis [46, 48]. Our study also
showed an initial burst followed by a sustained release of BMP-2 over a week.
Consequently, the initial burst release of BMP-2 followed by the sustained releases of both
BMP-2 and IGF-1 may synergistically enhance bone regeneration.

One of the weaknesses of this study is that it only evaluated one cell type and one
osteoblastic differentiation biomarker. ALP activity is a potent marker of early osteoblastic
differentiation, but the ultimate marker or goal of in vitro osteoblastic differentiation is
whether or not cells stimulate matrix mineralization. Our previous study showed that the late
marker of osteoblastic differentiation such as mineralization and osteocalcin was not
dependent on the presence of BMP-2 in W-20-17 cultures [25]. Therefore, we had selected
ALP activity as a single early marker of osteoblastic differentiation in this study.
Additionally, cell responses are highly variable depending on cell types, species, and
different phases of phenotype maturation [25, 49, 50]. As the goal of this study was to
develop and characterize a sequential delivery system of growth factors, the aforementioned
variables were not adjusted and future research should be undertaken to determine the long
term effects of the delivery system with regard to release profile, degradation behavior, and
calcium mineral deposition.

Conclusions

In this study we have synthesized and characterized a chitosan gel/gelatin MSs based
delivery system. We also demonstrated a sequential administration of two model proteins,
BMP-2 and IGF-1 by this delivery system. The controlled releases of these two proteins are
regulated by the degree of cross-linking of gelatin MSs, the encapsulation of gelatin MSs
into the chitosan gel, and the interactions between proteins and carriers. The enhanced effect
of sequential administration of BMP-2 and IGF-1 on early osteoblastic differentiation
marker activity was clearly validated by the addition of growth factors to the medium and
the experimental delivery system. The advantage of this protocol is that the delivery effect
can be validated and can be extended to other delivery systems and proteins.
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Figure 1.

FTIR spectra of gelatin microspheres and cross-linked gelatin microspheres. The cross-
linking occurred through the formation of Schiff base linkage between amino groups of the
gelatin and carbonyl groups of glyoxal.
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Figure 2.

The degree of cross-linking of the gelatin microspheres. The cross-linked gelatin
microspheres were prepared according to different concentrations of glyoxal (10, 20, 50, or
100mM). The percentage of free amino groups remaining in the gelatin microspheres was
determined by a ninhydrin assay at 550 nm after cross-linking. Each value represents the
mean = SD (n = 4). * denotes significant difference between groups (p<0.05).
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Figure 3.

Swelling behaviors of gelatin microspheres and cross-linked gelatin microspheres at (a) 4°C
and (b) 37°C. The dried samples were placed into PBS solution, and photomicrographs of
the samples were processed at 6 hours, 1 day, and 3 days of incubation. (MAG = x100).
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Figure 4.

Cytotoxicity of the cross-linked gelatin microspheres using the preosteoblast mouse stromal
cells (W-20-17). (a) The effect of different concentration of glyoxal of gelatin MSs on cell
viability via an MTS assay; (b) Photomicrographs of cell morphology using a microscope
(Nikon ECLIPSE TE-2000-U). Cells were seeded in 24-well plates at a density of 30,000
cells/well and incubated with 10 mg of the gelatin microspheres for 3 days. (MAG = x100).
Each value represents the mean + SD (n = 3). * denotes significant difference compared
with 1 day of culture (p<0.05). ** denotes significant difference between groups at same
time point (p<0.05).
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Figure 5.

Dissolution rate of (a) cross-linked gelatin microspheres; (b) cross-linked gelatin
microspheres loaded chitosan gel. The samples were placed into PBS solution, and
incubated at 37°C for 5 days. The cumulative amounts of dissolved proteins from gelatin

MSs or the combination were determined as a function of time by bicinchoninic acid (BCA)

assay at 562 nm. Each value represents the mean + SD (n = 3).
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Figure 6.

SEM micrographs on the surface of (a) a chitosan gel; (b) combination of uncross-linked
gelatin microspheres and a chitosan gel; (c) combination of crosslinked gelatin microspheres
and a chitosan gel. Samples were incubated at 37°C for 5 hours and lypholized overnight
before the examination under a scanning electron microscope (FEI, USA) operated at 15 kV
voltages. Arrows indicate the remaining microspherical structure on the surface of the
chitosan gel network. (Bar = 100um).
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Figure 7.

In vitro cumulative release profiles of growth factors from the materials over a week period.
IGF-1 release behavior from cross-linked gelatin MSs (IGF-1(MSs)) was compared with
that from cross-linked gelatin MSs loaded chitosan gel (IGF-1(gel+MSs)). BMP-2 release
kinetics from a chitosan gel was also compared with IGF-1 release from IGF-1(gel+MSs).
The cumulative release amounts of BMP-2 and IGF-1 from the materials were determined as
a function of time by either BMP-2 or IGF-1 ELISA Kits at 450 nm. Each value represents

the mean + SD (n = 3).
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Figure 8.
Effect of growth factors on alkaline phosphatase (ALP) specific activity of W-20-17 cells.

The cells were seeded in 24-well plates at a density of 30,000 cells/well and cultured for 7
days. On day 1 and 3, 50 ng/ml of each growth factor or their combination was added as
shown in Table 1. The culture medium was changed every 3 days. The ALP activity was
determined at 5 and 7 days of cultures and normalized for the dsDNA content. ALP activity
is expressed as nmol/ng. Each value represents the mean £ SD (n = 3). * denotes significant
increase compared with control group A (no growth factor) at each time point (p<0.05). **
denotes significant difference between groups at same time point (p<0.05). Each group (A to
H) is listed at table 1.
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Figure 9.
Effect of sequential delivery systems on alkaline phosphatase (ALP) specific activity of

W-20-17 cells. Indirect culture via BD BioCoat™ Control Cell Culture inserts was used as a
model system to evaluate the cell responses from the materials. The growth factor loaded
materials were placed in the upper chamber of inserts as shown in Table 2. Cells were
seeded in the bottom of 12- well plates at a density of 30,000 cells/well and cultured for 7
days. The culture medium was changed every 3 days. The ALP activity was determined at 5
and 7 days of cultures and normalized for the dsSDNA content. ALP activity is expressed as
nmol/ng. Each value represents the mean + SD (n = 3). * denotes significant increase
compared with control group A (no growth factor) at each time point (p<0.05). ** denotes
significant difference between groups at same time point (p<0.05). Each group (A to D) is
listed at table 2.
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Table 2

The group designs for the effect of sequential delivery systems on alkaline phosphatase (ALP) specific activity
of W-20-17 cells

A B C D

Gelatin MSs  N/A N/A N/A IGF-1
Chitosangel N/A  BMP-2 BMP-2/IGF-1 BMP-2
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