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Abstract

This study investigates the influence of the controlled release of bone morphogenetic protein 7
(BMP-7) from cross-linked chitosan microparticles on pre-osteoblasts (OB-6) /n vitro. BMP-7 was
incorporated into microparticles by encapsulation during the particle preparation and coating after
particle preparation. Chitosan microparticles had an average diameter of 700 um containing ~100
ng of BMP-7. The release study profile indicates that nearly 98% of the BMP-7 coated on the
microparticles was released in a period of 18 days while only 36% of the BMP-7 encapsulated in
the microparticles was released in the same time period. Cell attachment study indicated that the
BMP-7 coated microparticles have many cells adhered on the microparticles in comparison with
microparticles without growth factors on day 10. DNA assay indicated a statistical significant
increase (p<0.05) in the amount of DNA obtained from BMP-7 encapsulated and coated
microparticles in comparison with microparticles without any growth factors. A real time RT-PCR
experiment was performed to determine the expression of a few osteoblast specific genes - DIX5,
runx2, osterix, osteopontin, osteocalcin, and bone sialoprotein. The results thus suggest that
chitosan microparticles obtained by coacervation method are biocompatible and helps in
improving the encapsulation efficiency of BMP-7. Also BMP-7 incorporated in the microparticles
is being released in a controlled fashion to support attachment, proliferation and differentiation of
pre-osteoblasts, thus acting as a good scaffold for bone tissue regeneration.
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1. Introduction

Chitosan is a natural polymer available in abundance in nature. It is a polysaccharide
composed of glucosamine and n-acetyl-d-glucosamine units joined by -1,4 glycosidic
bonds. Chitosan shows promise in mimicking the organic portion of natural bone. It
possesses the characteristics of biocompatibility, biodegradability, osteoconductivity, wound
healing capabilities, and antibiotic properties that makes it an ideal material for preparing
bone scaffolds [1,2]. Chitosan has been used for preparation of films, gels, sponges, beads,
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and many other forms for applications in wound healing, drug delivery, and bone tissue
engineering [3-5]. Nonetheless, like any other synthetic graft material, it cannot imitate all
the properties of a natural bone. Therefore, the use of scaffold materials that incorporate
growth factors would provide an additional stimulatory effect to improve the bone healing
capacity.

In vivo, growth factors have been found to regulate many of the osteogenic related activities,
especially proliferation [6], differentiation [7], and angiogenesis, thus enhancing bone
healing. Bone morphogenetic proteins (BMPs), insulin like growth factor (IGF), tumor-like
growth factor (TGF), and vascular endothelial growth factor (VEGF) are known to play an
important role in bone formation and healing processes /n vivo [8-9]. Previous studies have
shown that BMPs play a very crucial role in bone formation by inducing mesenchymal stem
cells (MSCs) to differentiation towards osteoblastic lineage, especially BMP-2 and BMP-7
[10-11]. Despite the known benefits of growth factors, still more facts needs to be studied,
especially regarding the mode of delivery, as it is one of the critical factors determining its
effectiveness.

In order to deliver it in a controlled manner with efficiently and in bioactive form,
encapsulation of the growth factor in a carrier can be a useful solution. This method of local
delivery could be very advantageous, both in terms of raising the growth factor
concentration at the action site [12] and improving the half-life of the growth factor by not
letting it expose to the /n vivo enzymes. The controlled delivery of the growth factor over
prolonged period of time is beneficial for faster and complete bone healing process [13].
Studies have found that sustained release of BMP is essential as its activity is highly
controlled and self-limiting through a combination of signal-transducing and inhibiting
proteins [14].

Therefore, chitosan can be used to develop microparticles to be used as a controlled delivery
system for BMP-7. Previously, chitosan has been used to prepare microparticles by several
methods including emulsification, freeze-drying, and cross-linking. Most of these studies so
far have used chemicals and conditions, which are not favorable for the stability of the
growth factors [15,16]. There are also a number of surrounding environmental parameters
which regulate the release of growth factor from the microparticles as well as its stability
that needs to be studied in order to better understand the controlled release kinetics.

Based on the considerations mentioned earlier, in the present study, the chitosan-
tripolyphosphate microparticles fabricated under benign environmental conditions were used
for controlled delivery of BMP-7. Individually, both chitosan and BMP-7 promote cell
growth and differentiation, but together as a system, they have not been studied for its
effectiveness as a bone regeneration material. In addition, different methods of growth factor
encapsulation were tested to observe the influence of the released growth factor on the pre-
osteoblasts. The main hypothesis of the study is that microparticles with BMP-7 act as a
better scaffold material for adhesion, proliferation, and differentiation of pre-osteoblasts in
comparison with controls.
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2. Methods

2.1 Release kinetics

The microparticles were fabricated using a coacervation technique using chitosan as a base
polymer and cross-linking with sodium tripolyphosphate (TPP). Chitosan (2% w/v) was
prepared by dissolving in acetic acid (1% v/v) at room temperature. The mixture was passed
through a nylon mesh to remove insoluble substances. This mixture was then added drop
wise to the 50% TPP solution and continuous stirring at 250 rpm. The microparticles were
allowed to cross-link for 5 h and then were air-dried. BMP-7 for the release study was
encapsulated in two ways. In the first method, BMP-7 was added to the chitosan solution
which is then added to TPP solution to cross-link and form the microparticles (BMP-7
encapsulated microparticles). In the second method, BMP-7 was added to the dried
microparticles, which adsorbed the BMP-7 and then were again dried before using for the
release study (BMP-7 coated microparticles). 20 mg of both types of microparticles were
suspended in PBS (pH 7.4) and incubated at 37°C with continuous rotation at 25-50 rpm for
a period of two weeks. At predetermined time points, phosphate buffered saline (PBS)
containing the released BMP-7 was collected and replaced with 2 ml of fresh PBS to
maintain the sink conditions. Samples were stored at -20°C until further analysis. The
BMP-7 remaining in the microparticles after the study period was determined by dissolving
the microparticles in 1% (v/v) acetic acid at 37°C for 24-48 h. To quantify the BMP-7
released, enzyme linked immunosorbent assay (ELISA) was used. Manufacturer’s protocol
was followed to do the ELISA (R & D Systems). Triplicates of each sample were used to do
the assay and the results are expressed as mean * SD.

2.2 Morphology study by scanning electron microscopy

Sterilized microparticles (25 mg) were seeded with cell suspension containing 10° cells/ml
in a 24-well plate and incubated at 37°C with 5% CO». Cell culture medium was changed
every three days. The morphology of the osteoblast adhered to the chitosan microparticles
was determined using scanning electron microscopy (SEM). The samples were fixed in
2.5% glutaraldehyde followed by dehydration in graded ethanol series — 20%, 30%, 50%,
70%, 80%, 90%, and 95% v/v respectively for 5 min in each concentration, followed by
three-10 min changes of 100% ethanol. Samples were critical point dried (CPD) and then
immediately the samples were sputter coated with gold/palladium (80/20). Specimens were
examined using a Hitachi S-4800 SEM fitted with SE detector. The microscope was
operated in normal current —SE detection mode. The cells attached to the chitosan
microparticles were viewed at 5 kV accelerating voltage and 2 WA current. The SEM images
obtained were analyzed by Image J software to determine the area occupied by the cells on
the microparticles. For each sample, triplicates were used and in each of the triplicates, n=10
images were analyzed to obtain average area.

2.3 Cell viability

The live cells adhered on the chitosan microparticles were confirmed by intracellular
esterase activity as indicated by the green fluorescence of calcein, which had been
enzymatically converted from calcein AM. Dead cells were simultaneously recognized by
their red fluorescence caused by the binding of nucleic acids to ethidium homodimer 1 that
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has entered the cells through damaged membranes. For the assay, 25 mg of microparticles
were sterilized under UV light for 45 min in a 24 well-plate. The microparticles were seeded
with cell suspension containing 10° cells/ml. Media was changed every three days. In order
to specifically determine the cells attached to the microparticles, the microparticles were
transferred to another well after washing them with PBS and then live/dead viability/
cytotoxicity (Invitrogen, USA) assay was performed according to the manufacturer’s
protocol on day 5 and 10. The percent area of microparticle covered with cells was
determined using Image J software. The area of the microparticle was calculated considering
it circular (projection of sphere would be a circle) and since only half of the surface is
visible at a time, only half of that area was considered in the calculations.

2.4 Quantification of DNA

Murine osteoblast cells (OB-6) were seeded at a density of 100,000 cells/ml in 24 well-
plates. Cells were incubated at 37°C with 5% CO, atmosphere for 5 and 10 days. The data
presented for the DNA assay is an average of 3 experiments conducted with the same
parameters and for each experiment there were triplicates for each sample. In order to
quantify the total number of cells grown in the well plate in the presence of growth factors
being released from the microparticles, the assay was done in the same well to obtain the
DNA from the cells attached to the well plate and the microparticles, and in order to
quantify the cells attached and proliferating only on the microparticles, the microparticles
were transferred to another well plate and then the DNA was extracted and quantified. At
each time point, the microparticles were washed thoroughly with PBS before doing the
DNA assay to make sure that there is no fetal bovine serum (FBS) or culture medium left
absorbed in the microparticles, as they hinder with the DNA extraction process and reduce
the yield. In both types of experiments, the remaining part of the experiment was the same.
DNA kit from Qiagen was used to extract DNA from the osteoblast cells. After washing
with PBS, 20 pl of each proteinase K and RNAse was added to the wells with microparticles
followed by addition of 100 pl of PBS and lysis buffer respectively. The solutions were
mixed and then kept in water bath maintained at 55°C for 10 min to maximize the efficiency
of the added enzymes. Ethanol (200 pl) was added to the above mixture and then the total
mixture was transferred to the spin column supplied in the kit. Then the procedure
mentioned in the kit is followed to obtain maximum DNA. The quantity and purity of the
obtained DNA is analyzed using Nanodrop-1000, version 3.6.0.

2.5 Real time reverse transcription-polymerase chain reaction (RT-PCR) analysis

Cells were seeded at 2 x 10° cells/ml and cultured in the presence of microparticles (with
and without BMP-7) for 5, 7 and 14 days. Total RNA was isolated using RNeasy Mini Kit
(Qiagen, USA) following manufacturer’s instructions. The purity and concentration of total
cellular RNA was determined using Nanodrop-1000, version 3.6.0. The minimum RNA
amount obtained was considered as a base for calculations to reverse transcribe
complementary DNA (cDNA) using the Verso cDNA kit (Thermo Scientific, USA)
according to manufacturer’s protocols. The forward and reverse primers for the selected
genes were designed from Integrated DNA Technologies (IDT, USA) and are listed in Table
1. Expression was quantified using real time RT-PCR analysis with SYBR green master mix
kit (Applied Biosystems, USA). Data analysis was carried out using Applied Biosystems
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StepOne Plus thermal cycler and detection system. The real time RT-PCR analysis was
carried out for two independent experiments with each sample run in duplicates. The gene
expression levels were normalized to the expression of the housekeeping gene GAPDH and
were expressed as fold changes relative to the expression of the genes in cells.

2.6 Determination of mineralization by von kossa staining

Von Kossa staining was carried out to characterize mineralization of differentiated
osteoblasts. Microparticles were plated with 2 x 10° cells/ml. On day 5 and 10, the cultures
were washed thrice with 1X PBS solution and then the cells were fixed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h. Later, the microparticles were
washed thoroughly in water and then 2% silver nitrate solution was added and the plate was
placed on aluminum foil and kept under light for 10 min, after which the plate was rinsed
thoroughly with water and dried for image analysis using bright field microscopy. The
images were analyzed using Image J software to determine the area of mineralization in
each image. For each group, triplicates were used and for each one of the triplicate, n=10
images were used to calculate the area of mineralization.

2.7 Statistical analysis

Data are reported as means + standard deviation for n=3 unless otherwise stated. SPSS one-
way and two-way analysis of variance (ANOVA) followed by post-hoc Tukey’s honest
significant difference (HSD) test was performed to determine the significant difference
among the various groups. A probability value of p<0.05 or p<0.001 was used to determine
significance, which was specified each time.

3. Results

3.1 BMP-7 release kinetics

The release study indicated that nearly 98% of the BMP-7 coated on the microparticles was
released at day 18, while in BMP-7 encapsulated in the microparticles, only 36% was
released (Fig 1). SPSS univariate analysis of variance indicated that there is a significant
difference (p<0.001) in the release of BMP-7 incorporated in the two different ways at all
the time points from t=0 to t=18. The release from the microparticles can mainly be
attributed to two processes, diffusion and desorption. At first, the proteins adsorbed on the
surface are released due to desorption and later, the encapsulated protein is released by the
process of diffusion.

3.2 Morphology study

On day 5, the cells appeared to be circular and elongated, with their body raised above the
surface on all the three types of microparticles. On BMP-7 coated and encapsulated
microparticles, the cells appeared to be growing in a number of small colonies throughout
the surface of the microparticle. While on the chitosan microparticles with no growth
factors, colonies seem to be smaller in comparison with those containing BMPs (Fig. 2).
Although the surface of the three different types of microparticles- normal chitosan
microparticle with no growth factor, BMP-7 coated microparticle and BMP-7 encapsulated
microparticle appeared to be similar, the cells showed distinct difference in the proliferation
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rate on the three different surfaces on day 10. On BMP-7 coated microparticles, the cells
were flattened and well spread covering majority of the 700 um diameter microparticle. The
cells were found to have very thin edges and filopodia adhered to the surface of the
microparticle (Fig. 3). The cells were found to be closely associated with the surface of the
chitosan microparticle. Even on BMP-7 encapsulated microparticles, the cells appeared to be
flattened but the spreading of the osteoblasts was not as extensive as that of cells on BMP-7
coated microparticles (Fig. 4). While on microparticles with no growth factors, the cells
appeared flattened, with even lesser area of the microparticle occupied (Fig. 2). The cell
body also appeared to be raised above the surface of the microparticle.

3.3 Cell viability assay

The viability of osteoblasts attached to the three dimensional chitosan microparticles was
determined by live/dead assay. A significant increase (p<0.001) is observed in the area
occupied by the cells adhered onto the microparticles (indicating more number of cells) on
day 10 in comparison with day 5, indicating the biocompatibility of chitosan-TPP
microparticles (Fig. 5). Therefore, it can also be stated that the amount of acetic acid used in
microparticle preparation and the presence of TPP is not detrimental for the osteoblasts.
ANOVA analysis by SPSS pairwise comparison indicated that on day 5, a significant
difference (p<0.05) exists in the number of viable cells attached to normal microparticles
without any growth factor (Fig. 6) and BMP-7 coated microparticles (Fig. 7). No significant
difference was observed in the number of cells attached to BMP-7 encapsulated and normal
(p=0.445) as well as BMP-7 coated microparticles (p=0.147). This result suggests that
bioactive BMP-7 being released from the encapsulated microparticles does not bring a
difference in cell proliferation by day 5. But on day 10, a significant difference was
observed among all the three types of microparticles (p<0.001). Day 10 result suggests that
bioactive BMP-7 is release from both the BMP-7 coated (Fig. 8) and encapsulated
microparticles (Fig. 9) and also the amount of BMP-7 being released increases cell
proliferation. Tukey’s posthoc analysis indicates that a significant difference exists in the
number of viable cells proliferating on BMP-7 coated microparticles in comparison with
BMP-7 encapsulated (Fig. 8) and normal microparticles (p<0.001) and also between BMP-7
encapsulated and normal microparticles (p<0.05).

The significant difference in viable cell attachment to various particles was determined by
considering the degree of cell spreading on the surface area of the microparticle as shown in
Fig. 5. The graph takes into consideration only the cells attached to one of the hemisphere of
the microparticle as the microscopy provided us with that part of the image only. Fig. 4
indicates that 56% of the hemisphere of the chitosan microparticle coated with BMP-7 is
covered by osteoblasts which are in agreement with the SEM images. As expected, the
BMP-7 presence influenced the cell attachment and specifically proliferation on the surface
of the microparticle. The concentration of the bioactive BMP-7 available to the cell also
influenced the spreading of the osteoblasts with higher concentration supporting greater
degree of cell spreading. For instance, 56.2% of the osteoblasts attached to microparticles
with BMP-7 coated, but only 40.4% of cells attached to BMP-7 encapsulated microparticles.
The 56.2% account for an average of 4.33 x 10° pm? of the surface area of the hemisphere,

J Biomed Mater Res A. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mantripragada and Jayasuriya Page 7

for BMP-7 encapsulated microparticles it accounts to 3.11 x 10% pm2, for microparticles
without any growth factors it accounts for 1.02 x 105 um?.

3.4 Quantification of DNA

Cell attachment and proliferation on the three dimensional surface of the microparticles was
successfully demonstrated by DNA quantification experiment. The amount of DNA can be
correlated to the number of cells, with direct proportionality between them. Fig. 10 shows
the amount of DNA obtained from all the cells present in the well, which include the cells
attached to the well plate and microparticles. The amount of DNA followed a similar trend,
increasing with time in all the four samples. The results of DNA assay also show that the
amount of DNA obtained from BMP-7 coated microparticles on day 5 and 10 was
significantly different from all the other three samples (p<0.05).

In another experiment, the microparticles were transferred to another well before performing
the DNA assay. These experimental results will give us only the DNA amount
corresponding to the cells attached to the surface of the microparticles. Fig. 11 shows that
the amount of DNA increased as the time period increased indicating proliferation on the
surface of the microparticles for all the three groups. This demonstrates the capability of the
chitosan surface with and without growth factors to support OB-6 cell proliferation. The
data also shows a significant increase (p<0.05) in the amount of DNA obtained from BMP-7
coated microparticles than that obtained from other two groups on day 5. However on day
10, a significant increase is observed in the amount of DNA obtained from BMP-7
encapsulated microparticles in comparison with normal microparticles without any growth
factors (p<0.05) and a significant increase is observed in BMP-7 coated microparticles in
comparison with BMP-7 encapsulated microparticles (p<0.001). This result confirms that
bioactive BMP-7 being released from the microparticles improves cell proliferation.

3.5 Real time RT-PCR

DIx5 gene—On day 5, a significant difference (p<0.001) is observed in the expression of
DIx5 expression when a pairwise comparison is done between all the four samples. mMRNA
levels were drastically up-regulated on day 5 for microparticles with BMP-7 encapsulated
(8-fold) and BMP-7 coated microparticles (9-fold). On day 7, a significant difference
(p<0.001) is observed between all the samples except for BMP-7 encapsulated and BMP-7
coated microparticles (p=0.292). DIx5 expression levels for microparticles without growth
factors remained at baseline levels for most of the time points. Fig. 12a shows that there is a
significant increase in the expression of DIX5 in BMP-7 coated and encapsulated
microparticles in the early time points (day 5 and 7) when compared to microparticles
without growth factors and cells only, which indicates effect of BMP-7 in inducing the
expression of this gene. By day 10, the expression level in all the samples went down, and
there was no significant difference (p=0.052) observed in the gene expression between cells
adhered to BMP-7 encapsulated microparticles and cells adhered to the well plate.

Runx2 gene—SPSS two way ANOVA pairwise comparison of the runx2 gene expression
indicated that there is a significant difference (p<0.001) between all the four samples on day
5, 7 and 10. Posthoc Tukey’s HSD also indicates a significant difference (p<0.001) in the
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expression of the gene when pairwise comparison is done. The posthoc multiple comparison
between the three time points also indicates a significant increase (p<0.001) in the gene
expression on day 10 in comparison with day 7 and a significant increase (p<0.001) on day 7
in comparison with day 5 (Fig. 12b). A fold change of 7.5 in the runx 2 gene expression on
day 10 for cells adhered to the microparticles in comparison with the cells adhered to the
surface of the well plate indicates the influence of chitosan microparticles on differentiation
of the pre-osteoblasts. A fold change of 17 was observed for cells adhered to BMP-7
encapsulated surface indicating differentiation of pre-osteoblasts to mature osteoblasts under
the influence of BMP-7.

Osx gene—Osterix is another transcription factor necessary for osteoblast differentiation.
SPSS two way ANOVA indicated a significant difference (p<0.001) in the expression of osx
between all the samples when a pairwise analysis is conducted on day 5, 7, and 10. Posthoc
Tukey’s HSD also indicates a significant difference (p<0.001) in all the samples. A posthoc
Tukey’s HSD for the three time points also indicated a significant difference (p<0.05). From
Fig. 12c we can observe a significant increase in the expression of osx expression level on
day 5 for BMP-7 encapsulated (25-fold) and coated microparticles (34-fold). As indicated in
Fig. 12c, on day 7 and 10, there is a decrease in the expression levels of osx for all the
samples, but in comparison to cells only, there is almost 2-6 fold increase in its expression
levels for all the types of microparticles.

OCN gene—Two-way ANOVA pairwise analysis indicated a significant difference
(p<0.001) in the expression of OCN gene between all the samples on day 5, 7, and 10. There
is also a significant difference (p<0.001) in the expression of the gene at the three different
time points. A posthoc analysis confirms the significant difference (p<0.001) between the
four samples at the three different time points. As shown in Fig. 12d, OCN showed very low
levels of expression at the early time point (day 5), but with time its expression increased.
For microparticles without growth factors, a maximum of 17-fold increase was observed by
day 10. For BMP-7 coated and encapsulated microparticles, there is a significant increase in
the expression of OCN, 27-fold and 35-fold respectively by day 7, indicating the influence
of BMP-7 on OCN expression.

BSP gene—SPSS two-way pairwise ANOVA indicated a significant difference (p<0.001)
in the expression of BSP gene between all the samples on day 5, 7, and 10. There is also a
significant difference (p<0.001) observed in the expression when compared between the
three time points. Fig. 12e shows that BSP mRNA levels were almost to the baseline on day
5 and 7. However, on day 10 there was a significant increase observed in the expression
levels of BSP in microparticles without growth factors (9-fold), BMP-7 encapsulated
microparticles (54-fold), and BMP-7 coated microparticles (53-fold).

OPN gene—OPN shows a trend similar to OCN, with the up-regulation of the gene with
time. Two-way pairwise ANOVA analysis indicated a significant difference (p<0.001) in the
expression of the gene between all the four samples on day 5, 7, and 10. Post hoc Tukey’s
test indicated a significant difference (p<0.001) in the expression of genes in the different
samples as well as a significant difference (p<0.001) at the three different time points. OPN
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MRNA levels were increased on day 7 in comparison with day 5 for BMP-7 encapsulated
(7-fold) and BMP 7 coated microparticles (8-fold). Fig. 12f indicates a slight decrease in the
expression levels for microparticles only from 6-fold on day 5 to 3.6-fold on day 7. There is
a significant increase observed in mRNA levels of OPN for BMP 7 coated microparticles on
day 10 in comparison with day 7.

3.6 Von kossa assay

This procedure stains mineral deposits in black. On day 5, there is not much mineralization
observed in either BMP 7 coated or encapsulated microparticles. However, by day 10 the
assay shows increasing mineral deposition through the period of study both by BMP-7
encapsulated and BMP-7 coated microparticles, with substantial increase for BMP-7 coated
microparticles (Fig. 14). The mineral deposit was mainly localized in the area adjacent to the
microparticles. This indicates differentiating osteoblasts. Mineralization was quantified by
calculating the area of mineralization per image. The average area occupied by the mineral
deposits is shown in Fig. 13. One-way ANOVA was conducted using SPSS, and the analysis
showed that there is a significant difference between the four different samples (p<0.001).
Tukey’s post hoc multiple comparison analysis indicated that there is a significant difference
(p<0.05) between cells grown in well plates without microparticles and BMP-7 encapsulated
(p=0.017) and coated microparticles (p<0.001). A significant increase (p<0.05) in
mineralization was observed in BMP-7 encapsulated microparticles in comparison with
microparticles without any growth factors (p=0.017). There is also a significant difference
(p<0.05) observed between BMP-7 encapsulated and BMP-7 coated microparticles
(p=0.036). Though this assay does not take into consideration the three dimensional nature
of the microparticles or the mineral deposits, it identifies the presence of mineralization and
demonstrates increasing deposits with time and so the assay gives satisfactory results.

4. Discussion

This investigation of compatibility, conductivity, and inductivity of chitosan microparticles
for pre-osteoblasts indicates that chitosan-TPP surface of the microparticle supports pre-
osteoblast adhesion, proliferation, and differentiation [17-20] and bioactive BMP 7 is
released from the microparticles [21].

This study indicates that chitosan-TPP microparticles and bioactive BMP-7 released from
microparticles together contribute to the significant increase in the response from pre-
osteoblasts. Incremental changes in cell proliferation were observed in BMP-7 coated and
encapsulated microparticles in comparison with microparticles only on day 10 [22]. This
result was confirmed by all the three tests — SEM analysis, live/dead cell assay and DNA
assay and this can be attributed to the surface morphology of the microparticles and release
of biologically active growth factor [23,24,25].

These microparticles were added to water to check the change in pH and it was found to be
always in the range of 7.4-7.5, thus assuring that the osteoblasts are not affected in our
experimental system. Moreover, chitosan is a polymer possessing osteoconductive
characteristic [26,27], as shown in previous studies where its polymerization with TPP
ameliorated cell adhesion [28]. Cells attached on the surface of the microparticle can be
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explained from the fact that osteoblasts are polarized. In the sense that part of the cell
membrane in direct contact with the surface possesses many cytoplasmic processes that
extend onto the surface. On day 5 cells appeared elongated which suggests dividing cells.
Previous studies suggested that pre-osteoblasts and premature osteoblasts that have the
capability to actively divide [29]. Mature osteoblasts are found to attain more of the cuboidal
morphology and are directly in contact with the surface [30], which is clearly seen in the
SEM images on day 10 results for all the samples. The osteoblasts also elicited a distinct
response to microparticles with and without BMP-7. This indicates the potential of chitosan-
TPP microparticles to support cell adhesion and viable cell proliferation and the presence of
BMP-7 further adds to the benefit of the cells [31,32]. The difference observed between
BMP-7 encapsulated and coated microparticles can be attributed to the effect of
concentration of BMP-7 on cell growth. Studies have shown that increased concentration of
BMP-7 lead to increased cell proliferation [22].

Osteoblast-specific gene expression study also revealed the influence of chitosan-TPP
microparticles and BMP-7 on osteoblasts. Murine pre-osteoblasts that were differentiated
into osteoblastic lineage were evaluated with respect to the effect of the microparticles itself
as well as the combination of microparticles and BMP-7. The effect of chitosan-TPP
microparticles itself is revealed distinctly in the expression of Runx2 (7.5-fold), OCN (17.3-
fold), OPN (6.6-fold), and BSP (9.6-fold). This observation explains the influence of the
microparticle surface morphology and chemistry on osteoblast differentiation and
mineralization. Previous studies have also demonstrated its beneficial effect on osteoblast
differentiation /n vitro and /n vivo [33-35]. Additional influence of BMP-7 on pre-osteoblast
differentiation was observed in the expression of runx2 (17-fold), dix5 (14-fold), osx (25-
fold), OCN (36-fold), and BSP (55-fold). BMP-7 signaling is known to regulate processes in
bone formation. Runx2 and osx are needed for osteoblast differentiation and also plays an
important role in proper function of mature osteoblasts, including the synthesis of bone
matrix [36]. Expression levels are low in undifferentiated mesenchymal cells. BMP 7
induces Runx 2 and osx expression in mesenchymal progenitor cells which induces
osteoblastic differentiation [37]. Runx2 is not a direct target of BMP signaling, DIX5 is
activated by BMPs, which in turn induce expression of Runx2 in osteoprogenitor cells
[38,39].

A significant increase in mineralization was also found in BMP-7 encapsulated and coated
microparticles, which can be attributed to significant increase in the expression of OCN,
OPN, and BSP in these samples. These genes are usually regarded as late markers for
osteoblast differentiation and play an important role in hard tissue regeneration [40-43].

Natural polymers are being considered as an effective alternative for bone tissue engineering
mainly due to their biocompatibility, biodegradability, osteoinductive and osteoconductive
properties [44]. From the present study, it can be concluded that chitosan microparticles
prepared by coacervation method are ideal osteoconductive materials by itself and the
BMP-7 being released from the microparticles retains its bioactivity and adds the
osteoinductive functionality to the microparticles. The microparticles surface with growth
factor aided in greater osteoblast proliferation and differentiation by increasing osteoblast
specific gene expression, thereby proving its effectiveness in vitro as a bone substitute
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material. The present data however lacks /n vivo data, which is a completely different
scenario and will eventually prove the osseointegration capability of the scaffold.

Conclusion

An improved response of pre-osteoblasts was observed due to the chitosan-TPP
microparticles and BMP-7 released from these microparticles. Significant increase in cell
attachment and proliferation was observed on the surface of the microparticles with BMP-7
indicating the influence of BMP-7. Differentiation of the pre-osteoblasts to osteoblasts was
demonstrated by the significant up-regulation in the expression of transcription factors —
runx 2 and osx as well as late osteoblast markers — OCN, OPN, and BSP, which lead to
increased mineralization. Therefore, it is postulated that /n vivo, these materials may be able
to act as a better and more reliable bone substitute material thus improving osseointegration
response.
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Fig.1.
Cumulative release profile of BMP-7 encapsulated microparticles and BMP-7 coated

microparticles over a period of 18 days.
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Fig 2.

SISM image of murine osteoblasts attached and proliferating on normal chitosan
microparticle without any growth factor as observed on day 5 — a, b) lower magnification at
a scale of 50 um and higher magnification at a scale of 30 pm, respectively, and on day 10 —
¢, d) lower and higher magnification at scale of 200 um and 100 pm, respectively.
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Fig. 3.
SEM image of murine osteoblasts attached and proliferating on BMP-7 coated chitosan

microparticle as observed on day 5 — a, b) lower magnification and higher magnification at a
scale of 300 um and 50 pum, respectively, and on day 10 c, d) lower and higher magnification
at a scale of 300 pm and 100 pm, respectively.
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Fig. 4.
SEM image of murine osteoblasts attached and proliferating on BMP-7 encapsulated

chitosan microparticle as observed on day 5 — a, b) lower and higher magnification at a scale
of 200 pm and 20 pm, respectively, and on day 10 c, d) lower and higher magnification at a
scale of 200 pm and 100 um, respectively.
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Fig. 5.

Area occupied by the cells on the microparticles on day 5 and 10. The area is calculated
using image J software.
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Fig 6.
Lig/e/dead fluorescence image of microparticles a) without cells (control), b) without any
growth factors on day 5, c) encapsulated with BMP-7, seeded with murine osteoblasts on
day 5, d) without any growth factor on day 10. Microparticles are three dimensional and
therefore in order to capture all the cells attached throughout the surface of the particle,
different views were considered starting from periphery of the particle to its upper surface.
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Fig 7.

Li?/e/dead fluorescence image of microparticles coated with BMP-7 seeded with murine
osteoblasts on day 5. Microparticles are three dimensional and therefore, in order to capture
all the cells attached throughout the surface of the particle, different views were considered
starting from the periphery of the particle to its upper surface.
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Fig 8.

Lig\;/e/dead fluorescence image of microparticles coated with BMP-7 seeded with osteoblasts
on day 10. Microparticles are three dimensional and therefore in order to capture all the cells
attached throughout the surface of the particle, different views were considered starting from
the periphery of the particle to its upper surface (a-d).
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Fig. 9.

Li?/e/dead fluorescence image of microparticles encapsulated with BMP-7 seeded with
murine osteoblasts on day 10. Microparticles are three dimensional and therefore in order to
capture all the cells attached throughout the surface of the particle, different views were
considered starting from the periphery of the particle to its upper surface.
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Fig. 10.
Amount of DNA obtained in the samples when the assay was performed in the well, the

cells were cultured for the respective time periods. This data gives us information regarding
the number of cells attached and proliferating on the surface of the well plate as well as on
the surface of the microparticle, thus hinting us of the fact that the microparticles fabricated
are biocompatible.
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Amount of DNA obtained from the samples when the assay was done after transferring the
microparticles to a different well on the respective time points. This data gives us an insight
of the number of cells attached and proliferating on the surface of the microparticles only,
thus proving that the surface of chitosan alone and with the growth factor helps osteoblasts

proliferate.
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Fig. 13.
Avrea of the image occupied by the mineralized calcium deposits.
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Page 27
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Von kossa assay images: left side column (a-€) representing day 5 and right side (f-j)
column representing day 10 for cells only, microparticles only, microparticles only with
cells, BMP-7 encapsulated microparticles and BMP-7 coated microparticles from top to

bottom.
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Primers used for real time RT-PCR

Table 1

Target gene  Forward primer sequence (5°-3) Reverse primer sequence (5°-3)
GAPDH ACGACAGTCCATGCCATCAC TCCACCCTGTTGCTGTA

Osterix AGCGACCACTTGAGCAAACAT GCGGCTGATTGGCTTCTTCT
Osteopontin - GATGATGATGACGATGGAGACC CGACTGTAGGGACGATTGGAG
Osteocalcin - CGGCCCTGAGTCTGACAAA GCCGGAGTCTGTTCACTACCTT
DLX5 TGACAGGAGTGTTTGACAGAAGAGT CGGGAACGGAGCTTGGA
RUNX 2 GGGCACAAGTTCTATCTGGAAAA CGGTGTCACTGCGCTGAA

BSP AACAATCCGTGCCACTCA GGAGGGGGCTTCACTGAT
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