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Abstract: This investigation was carried out to identify and characterize marine sponge as a potential
bioscaffold in bone tissue engineering. The marine sponge (Biemna fortis) samples were collected from the
rocky intertidal region of Anjuna, Goa, India, freeze-dried and converted to pure cristobalite at low

temperature. After thorough evaluation of sponge samples by DTA-TGA thermogram, XRD, FTIR, SEM

and cell cytotoxicity by MTT assay, bare sponge scaffolds were fabricated by firing at 1190° C. These
scaffolds were loaded with growth factors (IGF-1 and BMP-2), checked for quasi-dynamic in vitro release
kinetics and finally implanted into femoral bone defects in rabbits for up to 90 days, by keeping empty
defect as a control. In vivo bone healing process was evaluated and compared using chronological
radiology, histology, SEM and fluorochrome labeling studies. SEM revealed that the sponge skeleton
possesses a collagenous fibrous network consisting of highly internetworked porosity in the size range of
10-220 pm. XRD and FTIR analysis showed cristobalite phase with acicular and high aspect ratio nature
along with increased crystallinity at 725-1190° C. MTT assay demonstrated the non cytotoxicity of the
samples. A combination of burst and sustained release profile were noticed for both the growth factors and
about 74.3% and 83% total release at day 28. In the radiological, histological, scanning electron microscopy
and fluorochrome labeling analysis, IGF-1 impregnated converted sponge scaffold promoted excellent
osseous tissue formation followed by BMP-2 loaded and bare one. These observations suggest that the
marine sponge alone and in combination with growth factors is a promising biomaterial for bone repair and

bone augmentation.
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1. Introduction

Bone tissue engineering involves the application of cells and/or growth factors in a scaffold template
encouraging bone regeneration, which may further stimulate cellular attachment, migration, proliferation
and osteoblastic differentiation'. In spite of significant breakthroughs in tissue engineering, bone
regeneration is still a point of vital importance in diverse clinical setting, such as spinal arthrodesis,
prosthetic implants, restoration of maxillofacial structures, pathological bone fractures and non union
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fractures® >.

Scaffolds are the prerequisites in bone tissue engineering. A wide variety of scaffold matrices are currently
used by researchers worldwide for effective bone healing. Selection of these materials largely depends on
the tissue properties where it is to be implanted4. Ideal characteristics of a bone scaffold material are its
suitable biocompatibility, tailorable biodegradability, osteoconductive and osteoinductive nature along with
structural mimicking of trabecular bone network”. Natural and synthetic scaffolds have been equally used as
bone mimicking materials but each has its merits and limitations. Synthetic materials can be developed as
per the need, thus matching porosity, microstructure, degradation rate etc. and may be altered as situation

demands. In contrast, natural materials are biocompatible and have a better bio-interactive surface for
enhanced cellular activitys. More specifically, biologically derived materials exhibit optimized structures
consisting of extracellular matrix (ECM) that supports cell attachment, migration, proliferation® and acts as

suitable bioscaffolds in tissue engineering7’ .

One such naturally derived material is various exoskeletons of marine sponges, especially demosponges.
Apart from their biotechnological applications, marine sponges play an important role in the marine
ecosystem. Recent reports show that marine sponges are potential source of therapeutic drugs including
molecules for hormone replacement therapy, antibiotic substances, cosmetics etc.”’?. The abundance and
structural multiplicity of natural marine sponge skeletons including their cell conductive and inductive
framework indicate a promising new source of scaffolds for both tissue engineering and tissue

regeneration'*'°. Further, marine sponges exhibit a soft structure of fibrillar, nonfibrillar, and filamentous
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collagen that systematize the cells into coherent tissues . These collagen fibrils have also been reported

for nucleation, formation and growth of apatite crystals from amorphous phasezz. The presence of complex
canal system within sponges helps to generate porous microenvironments which in turn may aid in cellular
integration when combined with cells for tissue engineering23. Necessity of close proximity to the host bone
is its limitation to achieve osteoconduction. Even then, new bone growth is often strictly limited due to its
non- osteoinductive nature. To overcome these limitations, a number of growth factors combinations like
bone morphogenetic protein-2 (BMP-Z)24 and insulin-like growth factors (IGF-l)25 have been demonstrated

in tissue engineering.



A wide variety of cytokines and growth factors (GFs) have been used from the local bone injury sites to
augment bone healing by allowing progenitors and inflammatory cells to migrate. For effective bone
regeneration, delivery of these growth factors through a suitable carrier is of utmost importance. Systemic
administrations of growth factors are often unpredictable, probably due to their short biological half life,
lack of long term stability, and tissue specificity. BMP-2 and IGF-1 are eminent cytokines that plays
pertinent role in bone and cartilage formation during embryonic patterning and early skeletal formation®®=’.

For optimum healing, these growth factors should be present at the healing site at a definite concentration.

This can be achieved by loading factors in well designed carriers similar to marine porous sponge scaffolds.

Taking these points into consideration, the key objective of the current study was to investigate in vivo bone
regeneration capacity of this porous marine sponge (Biemna fortis) alone and in combination with growth
factors BMP-2 and IGF-1. We hypothesize that loading of these two growth factors within porous sponge
scaffolds will lead to slow and sustained release thus influencing sponge performance towards effective in

vivo bone regeneration.
2. Materials and Methods
2.1. Fabrication and characterization of porous marine sponge scaffolds

For this study, marine sponge (Biemna fortis) samples were collected from the rocky intertidal region of
Anjuna, Goa (15° 34' 34.986" N; 73° 44' 23.895" E), India. The Spicule preparations were made with the
standard procedure and the identification was carried out with the help of keys presented in the systema
porifera vol. 1. The sponge identification was further confirmed by the sponge taxonomist Dr. P.A Thomas

from Central Marine Fisheries Institute, India.

The obtained sponge samples were washed thoroughly with deionized water to remove any salt or loosely

bound deleterious cations and anions. Post washing, the sponges were freeze dried to obtain a soft fibrous

material. To induce porosity, the fibrous material was fired at 725° C first and then naphthalene was used as
pore former. In this method, required quantities of naphthalene (<300 pm) and fired sponge were premixed

in a dry mixer and compacted by using a cold isostate press at 150 MPa. The compacted cylindrical rods
were then dried/ sublimed very slowly upto 60° C to remove naphthalene. The obtained product is a green
porous scaffold which was further sintered at 1190° C in a table-top furnace (Vita Vacumat 40T, Germany)
at the heating rate of 20° C/ min. The marine sponges were converted to porous scaffold of dimension 5x3

mm dia/height (inset of Fig. 1).

Apparent porosity (AP) and bulk density (BD) were evaluated by water displacement following Archimedes

principle. The following formulae were used:
BD =D/ (W-S) g/c.c. AP = (W-D)/(W-S) %

where D, W and S are dry, soaked and suspended weight respectively.



Thermal profile of freeze dried fibers were assessed by DTA-TGA (STA 409, Netzsch, Germany)

instrument up to 1000° C at a heating rate of 10° C/min in air atmosphere to evaluate conversion/ inversion

taking place upto that temperature.

The infrared spectrum of the test samples were analyzed using a FTIR spectrophotometer (Spectrun 100,
Perkin Elmer, USA). The spectra had a resolution of 4 cm™ and were recorded in wave number range of

400-4000 cm™. From the sample data, the background measurements were subtracted. X-ray diffraction was
used in order to confirm the conformational transitions occurring and the crystallinity of test samples. X-

Ray scans were performed over each sample using Philips X’Pert Pro diffractometer, Netherlands. All scans

were performed between 10° to 70° at a speed of 3.0° min™.

2.2. In vitro cytotoxicity assessment

In vitro cytotoxicity of test sponge materials (5x3 mm) were assessed by MTT method. MC3T3 cell
suspension (osteoblast precursor cell line derived from mouse calvaria) in - MEM growth medium (Gibco,
USA) was aliquoted to a 96 well plate containing cell density of 10°/ well. Final growth media volume was
made 200 pL/ well. After formation of monolayer following 96 hrs of incubation, the supernatant medium
was replaced by fresh growth medium containing test materials (marine sponge). The experimental plates
were incubated at 37° C with 5% CO, for 24 hours. After incubation period, 20 pL of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] solution in PBS (5 mg/ mL, Sigma, USA) was
added to each well and left for further incubation for 4 h at 37° C. The formazan was quantified by the
method of Plumb et al. (1989)30. Briefly, the supernatant was removed without disturbing the formazan
precipitate and 200 puL of dimethyl sulphoxide (DMSO, Sigma, USA) was added to each well to dissolve
the formazan crystals. The contents of the well were mixed thoroughly with micropipette. The final product
was read at 595 nm using a plate reader (ECIL, India). All experiments were done in triplicates. Wells

without sponge (test material) were controls.
2.3. Fabrication of growth factor impregnated porous scaffolds and its release

Recombinant human bone morphogenetic protein-2 (BMP-2) and recombinant human insulin-like growth
factor 1 (IGF-1) were procured from BioVision Research Products, CA, USA (>98% pure). Both vials were
centrifuged before opening and reconstituted. Reconstitution was done up to a concentration of 0.1-1.0
mg/mL in ultrapure water (UPW) containing bovine serum albumin (50 pg BSA per 1 pg of protein).
Finally, to each sponge test sample (3 samples were taken from each group) of 0.1 cc volume, 30 pg of
growth factor was soaked and subjected to brief vacuum followed by freeze drying. Quasi-dynamic in vitro
release kinetics was carried out using 1 mL of a-MEM (minimum essential medium) with 1% BSA in a
sealed poly-propylene vial. Every 24 hours, fresh medium was replaced and this continued upto 28 days.
IGF-1 and BMP-2 release was quantified by using Human IGF-1/ BMP-2 Quantikine ELISA kit (R&D

Systems, USA) and the kinetics thus plotted (cumulative) with standard deviations mentioned.



2.4. Animal in vivo experiments

To assess osteogenesis and bone remodeling in vivo using a bone defect model in the distal metaphysis of
New Zealand white rabbits over a 12 week period, this study was conducted. The study was in compliance
with the standards of the Institutions Animal Ethical Committee of the West Bengal University of Animal
and Fishery Sciences, India under IAEC Permit No: E. Com. 52 and in accordance with the principles of the
Guide for the Care and Use of Laboratory Animals.

Eighteen New Zealand white rabbits of either sex, weighing 1.5-2 kg were randomly distributed into four
groups: control group I and the test animals, group II, III and IV. 6 animals were implanted in each group
with either pure sponge scaffold (without factors) or IGF-1 and BMP-2 loaded porous sponge. Scaffolds
were inserted within the created defects in distal metaphysic region. Prior to surgery, the rabbits were
housed in individual cages (temperature/humidity controlled room) with alternating 12-hour cycles of light

and dark and given water ad libitum.
2.5. Surgical procedure to implant sponge derived scaffold

Under aseptic technique, an incision was made by anaesthesia with injection of xylazine hydrochloride (5

mg/kg) and injection Ketamine hydrochloride (25 mg/kg) body weight intramuscularly. A bone defect

(8x3x2.5 mms) in all the animals was performed bilaterally in the distal metaphysis of femur bone with the
help of a motorized dental drill. The implants were inserted in the created defects in three test groups
keeping contralateral bone empty as control. The wounds were closed in a layered fashion. All the animals
were administered injection cefotaxime sodium (Mapra, India) at a dose rate 20 mg/kg body weight
intramuscularly, 12 hour interval daily for 5 days and injected meloxicam at 0.2 mL once daily for 5 days.
Surgical wounds were inspected daily and wound care was given. All animals were sacrificed after 90 days

from start of experiment.
2.6. Radiography and histological assessment

Radiographs of the operative femur were obtained just after implantation and subsequently after every one
month interval to assess the status of the implant, host-bone reaction to implant and new bone formation.
Radiographs were scored independently by two blinded investigators as per the method of Zhukauskas et al.
(2010)3 ' For histological analysis, bone specimens from adjacent side and at the bottom of original bone
defect were collected, washed thoroughly with normal saline and was immediately fixed in 10% formalin
for 7 days. Subsequently, the bone tissues were decalcified using Goodling and Stewart’s fluid (formic acid
15 mL, formalin 5 mL and distilled water 80 mL), followed by fixation with 4% paraformaldehyde. Finally,
the samples were embedded into paraffin wax. 4 pm sections were prepared and stained with haematoxyline

and eosin to assess the cellular response of host bone to the implants.



2.7. Assessment of newly formed osteoid tissue

Fluorochrome (oxytetracycline dehydrate; Pfizer, India), at a dose of 25 mg/kg body weight was injected
intramuscularly for two time points (2-6-2 pattern) before sacrifice for double toning of the newly formed
osteoid tissue. Undecalcified ground sections were prepared from the implanted segments of bone and the
sections were grounded to 20 pm size using different grades of sand paper. The grounded undecalcified
sections were observed under ultraviolet incidental light with an Orthoplan microscope (Excitation filter,

BP- 400 range, Leitz, USA).

Oxytetracycline labeled new bone emitted golden yellow florescence when observed under UV light,
whereas, matured old bone appeared dark sea green. The animals were euthanized after 90 days and bone
samples were collected to study the sponge-bone interface by scanning electron microscopy (SEM).
Samples were fixed in 5% glutaraldehyde in PBS buffer for 48 hours followed by gradual ethanol series
drying. Dried samples were sputter gold coated before imaging using field emission scanning electron

microscope (FESEM, LEO, UK).
3. Results and discussion

Marine sponges due to its availability and biocompatibility may be a potential biomaterial matrix for
regenerative medicine. To prove its regenerative potential, we subjected this processed sponges to various
tests to assess their physical and chemical properties and ensure compatibility towards various future

biomedical related applications.

DTA-TGA thermogram of marine sponge at 1000° C is reported in Fig. 2. The exothermic peak represents
the removal of adsorbed water and organic moieties at 345° . Total weight loss of sample was found to be
about 18 wt%. A separate sharp exothermic peak at 540° C indicates conversion and formation of new

phase. The formed phase was found to be stable upto 1000° C. These findings have been further compared
with the XRD spectrum which is represented in Fig. 3a-c.

XRD revealed that the freeze-dried marine sponge is composed of amorphous organic content with very

low crystallinity. The sponge powder fired at 725° C had shown appearance of cristobalite phase which
subsequently matched with JCPDS PDF No. 76-0936. It is understood that polymorph of silica at normal
pressure and temperature converts from o- quartz to p-quartz at 573° C. This form further gets converted to
B-tridymite at 870° C and subsequently to cristobalite at a very high temperature of 1470° C. In our present
investigation, cristobalite appears at a very low temperature as from Fig. 2 and Fig. 3b. Some varieties of
marine sponges are known to absorb silicic acid of sea water and produce monolithic silica spicules by
concentric deposition. This internetworked morphology forms a macroscopic structure that supports the
sponge above sea water. The siliceous spicules, obtained from this particular marine sponge (Biemna fortis)

have shown formation of silica specules in the form of cristobalite at very low temperature with very low



crystallite size as in Fig. 3b. When fired at 1190° C, sponge powders had shown reduction of amorphous

content and consolidation of crystallinity of cristobalite (Fig. 3c).

FTIR spectra on the other hand shows presence of large carbonate groups at around 1500 cm™ with
presence of Si-O-Si groups at around 800 cm’ (Fig. 4a-c). This is an indication of high organic contents in
the freeze-dried mass. When the dried mass was fired at 725° C, the carbonate peaks started to be
diminishing with appearance of strong Si-O-Si tetrahedra (Fig. 4b). Physically adsorbed —OH groups were
also noticed. Similarly, when the powder was fired at 1190° C, carbonate peaks were almost disappeared
and there was no degradation of phase of Si-O-Si network which indicates retention of cristobalite phase at

1190° C. Crystallinity was found to increase from 725° C to 1190° C and no other functional groups were

noticed from Fig. 4.

MC3T3 cell culture on test samples affected viability of the cells within 24 h. Upon addition of MTT dye in

the wells, the metabolic enzymes released from live cells act on MTT to form formazan crystals. Hence, the

test materials that were more cytotoxic gave less O.D. values™.

This was found to be 0.433 + 0.12 for 725° C fired freeze-dried mass, negative control (cells with no
treatment) value being 0.450 + 0.9. Confluent monolayer of culture of MC3T3 and formation of formazan

crystals after adding MTT are given in Fig. 5.

Fig. 6 shows the microstructure of the powders when the freeze dried mass was fired at 725° C. Acicular
rods of cristobalite having a very high aspect ratio were noticed throughout the microstructure with a typical
diameter of 5-10 pm. Individual needles were also found to be sintered at the location of the junctions.
Powdered sample sintered at 1190° C showed a highly inter-networked porosity in the size range of 10-220
pm (Figs. 7a and b). Acicular nature of the cristobalite were also noticed which was primarily found to be
sintered at the periphery. The temperature of 1190° C was selected so that pore closer could be avoided
when fired at even higher temperature. Apparent porosity A.P. and B.D. of the samples were found to be
about 52% and 1.1 g/cc respectively. Porosity in this range along with micro to macro pore size range is
desirable for tissue and cell ingrowth. These porous scaffolds have been used subsequently for incorporation

of different protein growth factors and subsequent effect of these scaffolds on bone tissue development.
3.1. In vitro GF release profile

Fig. 8 shows the in vitro GF (IGF-1 and BMP-2) release kinetics both individual (with standard deviation)
and cumulatively (inset) on a day-to-day basis upto 28 days in presence of a-MEM. It was found that there
was about 21.8% and 27.2% GF release at day 1 for IGF-1 and BMP-2 respectively. Almost 52.6% and
77% GF were released at day 7 for IGF-1 and BMP-2 respectively. After the initial burst release, both the
GFs showed almost sustained kinetics of release upto 28 days. At day 28, about 74.3% and 83% of total
loaded IGF-1 and BMP-2 were released respectively. The most plausible reason for more sustained manner

release of IGF-1 after day 3 in a-MEM may be due to the fact that IGF-1 consists of 70 amino acids in a



single chain with three intramolecular disulfide bridges, also having a mol. wt. of 7.6 kD while BMP-2 has
two 114 amino acid residue subunits, with a calculated molecular mass of ~ 26 kDa. Converted marine
sponge was composed of cristobalite which was adsorbed more in case of IGF-1 than BMP-2 due to these

different protein crystal structures. However, further experimentation is needed to conclude on this.

3.2. SEM of in vivo samples

After three months the defect site was compared for 1190° C bare porous scaffolds along with IGF and
BMP loaded scaffold which was further compared without any implant at the defect site. Defect site without
any implant shows formation of soft tissues only with collagen fibrils interconnected throughout the defect
site after 3 months (Figs. 9a and b). There is no formation of hard tissues even after this period and the
defect site gap remained open. Absence of any RBC was indicative of less chance of recurrence of
infection. Sporadic granular tissue was also noticed which indicates that the soft bone formation is yet to be

completed.

Bare scaffold (without any growth factor loading) in the defect site on the other hand showed invasion of
bone tissues throughout the matrix of porous scaffold where individual needle shaped rods could be seen
(Figs. 9c and d). Matured osteoblastic cell which is an indicative of hard tissue formation was in close
approximation on the periphery of the implant however interfacial gap was found to be present between the
implant and matured bone. Most probably, bare porous scaffold acted as a bioactive catalyst on the
periphery and its subsequent maturation. Interfacial gap was found to be 1-5 pm. Collagens network was
noticed from the periphery of the scaffold to the matured bone surface. Few needle shaped fibers was also

started degrading but deposition of calcium-phosphate crystals could not be noticed.

IGF (Figs. 9¢ and f) and BMP (Figs. 9g and h) loaded porous scaffold showed much enhanced bone
formation in contact with the implant at the defect site. BMP loaded scaffold showed better bone
approximation than the IGF one. Interfacial gap was found to be diminished for both the cases. Mature
osteoblastic cells were found throughout the scaffold when loaded with IGF and BMP. Pores of the
implants were also found to be closed when in contact with cortical bone adjacent to the implant. Superior
matured bone deposition was noticed in case of BMP. It was due to the presence of IGF and BMP which
promoted superior dissolution of porous scaffold than the bare one. Fibrous collagen was found to be more
in quantity in case of IGF than BMP which is an indication that further time is required for maturation of

soft bone tissues. There were no granular tissues for both these type of implant.
3.3. Histological study

Control sample (without any implant) showed (Fig. 10a) a moderate architecture of compact bone
characterized by formation of osteon and few haversion canals. In cellular activity, osteoclasts are
prominent at the margin of the cortical region. Few blood vessels corroded the newly formed bony structure
along with invasion of osteoclast indicating remodelling of bones. Bare sponge scaffold bone section

depicted (Fig. 10b) a well formed osteon embedded in matrix characterized by congestion, calcification of



some newly formed osteons with osteoblastic and osteoclastic activities. The medullary cavity showed well
organized adipose tissues along with mononuclear cells, few megakaryocytes and RBC. IGF-1 loaded
sponge scaffold bone sample showed (Fig. 10c) numerous haversian canals interspissated with few bony
specules. Medullary cavity showed moderate amount of RBC, mononuclear cells and one solitary
megakaryocyte. The architecture details are well formed containing angio- invasion, calcification and
remodelling of bones. Finally, BMP-2 loaded sponge scaffold bone sample showed (Fig. 10d) moderate
amount of bony structure along with periarticular chondrocytes. The solid compact bone showed
congestion, mononuclear cell infiltration, formation of new osteons along with lacunae. The haversian canal
is constricted in some places due to formation of newly formed vessels for facilitating remodelling and
orientation of new bone. Cellular structure of osteoblast is numerous. Table 1 shows a score sheet prepared
for different cellular events (fibro-vascular proliferation, infiltration with mononuclear cells, osteoclastic/
osteoblastic activity, mucin deposit and vascularity) at 3 months after observing the histological images for
all group of animals. Statistical significance was also carried out for particular 2 groups of animals and

represented in the table.
3.4. Fluorochrome labeling study

At three month time point in control sample (without implant), the process of new bone formation was
moderate from both the ends (Fig. 11a). The intensity of newly formed bony tissues was more in central
zone as compared to peripheral area. The defect was moderately filled with newly formed osseous tissue as
evidenced by presence of golden yellow fluorescence. Union in the defect site of bone was under process.
In bare scaffold implanted bone showed (Fig. 11b) presence of more golden yellow fluorescence in central
zone signifying newly formed osseous tissue in endosteal side as compared to control sample. The sea green
appearance at the outer border of central zone indicated existence of old bone in periosteal side. In IGF-1
loaded scaffold sample demonstrated (Fig. 11c) presence of golden yellow fluorescence both in central and
peripheral zone i.e., endosteal as well as in periosteal side indicating more new bone formation. Similarly,
in BMP-2 loaded sponge sample showed (Fig. 11d) wide coverage of golden yellow fluorescence in

endosteal side vis-a-vis its presence in periosteal side although intensity was more in central zone.
3.5. Radiological study

Fig. 12a (0, 1, 2, 3) shows the radiographs for control (no implant) samples after day ‘0’ and 1-3 month
respectively. On ‘0’ day, radiographs showed the cortical defect in distal femur devoid of any implant
resulting to radiolucent gap. The defect was of similar shape and size to that of animals of other groups. On
day 30, radiographs revealed with minimal periosteal reaction and smoothing edges of cortical bone defect.
The size of oval shaped defect has been reduced than earlier days suggesting initiation of bone healing. On
day 60, radiographs showed that there was considerable reduction in the defect size which was in the course

of obliteration by osseous tissue material of similar density to that of host bone. On day 90, radiographs



showed that the defect was not fully obliterated by newly grown bony tissue as evidenced by radiolucent

shadow of defect. However, more amount of hard tissue material was grown as compared to earlier days.

Similarly, for bare porous scaffold sample (Fig. 12b, 0-3), on day ‘0’, the bone defect treated in distal
epiphysis of femur showed presence of radiodense scaffold in the cylindrical shaped defect. The material
has been observed as denser than the bone without any involvement in the adjacent soft tissue. On day 30,
density of the filling material appeared to be unaltered or slightly reduced even without any periosteal or
soft tissue reaction. Subsequently, on day 60 in the distal epiphysis, the shape has been changed from
cylindrical to oval. The periphery of the filling material showed reducing the size indicative of onset of
replacement of sponge material by newly grown bony tissue. The radiograph on day 90 showed presence of
minute amount of material with initiation of radiolucency indicative of ignition of resorption vis-a- vis

bridging of the gap with presence of faint osseous tissue.

Fig. 12c, 0-3 show radiographs of IGF-1 loaded porous scaffold material after day ‘0’ and 1-3 month
respectively. In this group, on day ‘0’, implant was evidenced as radiodense material in the distal epiphysis
of femur. On day 30 and 60, there was presence of the faint shadow of the implant material which was
indicative of appreciable process of implant ‘take up’ by the host tissue. On day 90, the radiograph showed
reduction of the defect size with decrease radiodensity than earlier days and with increased radiolucency
indicating the process of resorption of the material and simultaneously formation of newly grown bony

tissue within the defect. The ‘taking up’ of the implant with the host tissue happened in more efficient way.

Radiographs of BMP-2 loaded porous scaffold material (Fig. 12d, 0-3) showed the bony defect filled with
implant in distal epiphysis of femur with well circumscribed radiodense material. The radiological features
on 30th day revealed less radiodensity of the material than that of day ‘0’. The day ‘60’ radiograph of the
same group showed faint shadow of material with moderately increased radiolucency in defect area
indicating evidence for onset of resorption of implant material. On day 90, the process of resorption was
more than that of 60th day as evidenced by increased radiolucency in the defect area. Moreover, from the
score sheet, an attempt has been made to measure the semi-quantitative bone formation in all the groups at

each time point of radiology which has been presented in Table 2.

Identification of suitable natural bioscaffolds as bone regeneration capabilities as well as local delivery
system of growth factors in bone defect site is a major research thrust area. A natural marine sponge
skeleton possess hydration potential of the fiber, open interconnected channels formed by the fiber network,
the collagenous composition of the fiber, and the structural diversity of fiber architecture'*. Marine sponges
are able to stimulate osteoblast attachment, proliferation, migration and differentiation in vitro with void
dimensions ranging 500-1250 pum signifying its tremendous role as a bioscaffold for bone tissue

engineeringﬁ. Development of new tissue in a scaffold is markedly dependent by the composition, porosity
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and three-dimensional structure of the scaffold onto which cells are cultured™™ ™. Porosity inside the marine

sponge body is generated by a system of pores (ostia), channels and chambers providing nutrition to the



living sponge and gas exchange from the surrounding water. Porosity in any scaffold is the prerequisite for
maximal invasion of osteoblastic cells for effective bone regenerati0n35. Moreover, optimum pore
dimension with interconnected porosity of the scaffold is also vital for cellular infiltration and osteoblast
amalgamation into bone tissue which should be in between 100-250 um’® *’. Besides, pore dimension is
directly linked with mineralized bone formation®®. In this study, highly internetworked porosity with a pore

dimension range of 10-220 um was used having similarity to the pore size in human compact bone™.

Mesh-like arrangement of collagen fibres within the sponge skeleton is microstructurally alike to the lattice
structure of fibres in human trabecular bone enabling attachment, migration and proliferation of
osteoblasts® *°. Further, chemotactic properties of collagen provide a natural environment for cellular
attachment and aggregation making it suitable as tissue engineering scaffolds'® *'. Although marine sponge
has many qualities as tissue engineering scaffold, it has no direct osteoinductive property in orthopedic

bone healing18.

This can be achieved by addition of growth factors which in turn helps in bone formation when compared
to use marine sponge alone. In this study, we report a simple processing technique of natural marine sponge
preparation and characterization along with in depth in vitro study in cell line and in vivo biological

responses in animal model alone and in combination with growth factors like BMP-2 and IGF-1.

In the present investigation cristobalite appears at a very low temperature after thermal conversion of
freeze-dried Biemna fortis sponge. In the present work, this particular marine sponge has shown formation

of silica specules in the form of cristobalite with very low crystallite size. FTIR spectra on the other hand
shows presence of large carbonate groups at around 1500 em™ with presence of Si-O-Si groups at around
800 cm™. This is an indication of presence of mainly organic contents in the freeze-dried mass. When the

freeze-dried mass was fired at 725° C, the carbonate peaks were started to be diminished with appearance of

strong Si-O-Si tetrahedra. Physically adsorbed —OH groups were also noticed. When the powders were fired
at 1190° C, carbonates were almost disappeared and there was no degradation of phase of Si-O-Si network
which indicates the cristobalite phase was retained even after firing at 1190° C. However crystallinity was

increased from 725° C to 1190° C.

MTT assay using MC3T3 preosteoblastic cells showed very similar OD values of sample (725° C fired
freeze dried sponge) with that of negative control which was indicative that the sample was completely non-
cytotoxic and biocompatible with bone forming cells. Fubini et al.* showed that cristobalite in dust form
when fired at very high temperature (1300° C) showed cytotoxicity on a particular cell line which is not the
case in the present investigation. Cristobalite obtained from marine sponge were converted at low
temperature and when fired at 1190° C, just retained its structure with higher crystallinity and since it was
implanted in a porous scaffold form, there was no adverse effect on bone cells lines. So, in this work we

have shown for the first time that this particular category of marine sponge can be a great natural source of



biocompatible cristoballite with acicular and high aspect ratio nature. Quasi- dynamic in vitro GF release
profile from converted sponge scaffold showed that IGF-1 and BMP-2 were very much comparable with
respect to its kinetics although IGF-1 retained slightly better GF adsorption even after 28 days. Both the GF
showed comparable sustained release profile. FDA approved BMP-2 is a GF which plays a crucial role for
expression of osteogenic markers and help induce osteogenesis while IGF-1 stimulate osteoblast growth
and proliferation which in turn promotes osseo-integration at local site™. This in vitro GF release profile

thus found to be very promising before tried in animal subject.

Radiological investigation, a noninvasive technique is one of the important in vivo characterization methods
to assess union at the host bone-material interface during the post- operative follow up44 and to evaluate the
nature and dynamics of new bone formation and osseointegration of a biomaterial®’. A distinct radiodensity
of the material is observed immediately after implantation in bone defect and the gradual reduction of this
density of is considered to be an indication of in-growth of osseous tissue from the host bone towards the
implant vis-a-vis initiation of bone healing46. In the present study, bare sponge sample showed distinct
radiodensity immediately after implantation which however, remained unaltered upto 60 days. The
periphery of the filling material showed reduced size indicative of onset of replacement of sponge material
by newly grown bony tissue. The radiograph on 90 days of same group showed presence of minute amount
of material with initiation of radiolucency indicative of initiation of resorption vis-a-vis bridging of the gap
with presence of faint osseous tissue. In IGF-1 loaded sponge material, the radiodensity of the material is
considerably reduced on 60 days and present as a faint shadow indicating appreciable process of implant
“take up” by the host tissue. On “90” days, the radiograph showed reduction of the defect size with decrease
radiodensity than earlier days and with increased radiolucency indicating the initiation of resorption of the
material and simultaneously formation of newly grown bony tissue within the defect. The “taking up” of the
implant with the host tissue happened in more efficient way. The bony defect filled with the BMP-2 loaded
sponge sample showed gradual diminishing of radiodensity of material with moderately increased
radiolucency in defect area indicating evidence for onset of resorption of implant material. On “90” days the
process of resorption was more than that of “60” days as evidenced by increased radiolucency in the defect
area. Significant in-growth of new bone formation with growth factor loaded implant could be expected
than bare implant’’. Due to greater hydration potential, it is expected that marine sponge skeleton can
absorb and release recombinant BMP-2 and IGF-1 and induce expression of alkaline phosphatase and thus
in turn promote bone cell differentiation and osteogenesisls. In the present study, the radiological score
sheet provide us an indication of bone formation based on different animal response. Though it is not an
exact quantitative analysis, an attempt has been made to explain the bone formation activity in semi

quantifiable basis.

In the present study, fluorochrome labeling especially with tetracycline markers also confirmed the bone

regeneration capability in the implanted area™. Tetracycline molecule generally pursues and absorbs in



places where active mineralization tissue takes place™. It has fluorescence property in ultraviolet light

which produces bright golden yellow and dark- sea green fluorescence giving an indication of new bone

and old bone respectively49. In the present study, the bare sponge implanted bone showed presence of
enhanced golden yellow fluorescence in central zone signifying newly formed osseous tissue in endosteal
side as compared to control sample. In IGF-1 loaded sponge sample demonstrated presence of higher
golden yellow fluorescence both in central and peripheral zone, i.e. endosteal as well as in periosteal side
indicating more new bone formation. Similarly, in BMP-2 loaded sponge sample showed a wide coverage
of golden yellow fluorescence in endosteal side vis-a-vis its presence in periosteal side although intensity
was more in central zone. Presence of higher golden yellow fluorescence in IGF-1 and BMP-2 loaded
sponge samples may be due to the direct effects of growth factors which in turn help in cellular
proliferation, osteoblastic activity and eventual more new bone formation. In control samples, rate of new
formation 1is less distinct as observed by homogenous, non-fluorescent area although the process of new

bone formation was active in the defect site.

Histologically IGF-1 loaded sponge scaffold bone sample showed numerous haversian canals, osteoblastic
activity along with angioinvasion, calcification and remodelling of bones. The BMP-2 loaded sponge
scaffold bone sample showed moderate amount of bony structure with numerous osteoblast and constricted
haversian canal in some places due to formation of newly formed vessels for facilitating remodelling and
orientation of new bone. Higher osteoblastic activity in both the cases may be due to direct effect of these
growth factors which help in cell proliferation and cytodifferentiation®®. Bare sponge scaffold impregnated
bone section depicted a well formed osteon embedded in matrix characterized by congestion, calcification
of some newly formed osteons with osteoblastic and osteoclastic activities. The observation of regenerated
bone grown in direct contact with the bare sponge scaffold, even in the absence of BMP-2 and IGF-1,
suggests it is also osteoconductive and highly compatible for bone regeneration. In control sample (without
any implant) showed a moderate architecture of compact bone characterized by formation of osteon and
few haversion canals. Fibrovascular proliferation was statistically significant or statistically different for
scaffolds loaded with IGF-1 than converted sponge scaffold (p < 0.05) while parameters like vascularity
and osteoblastic activity were found to be statistically significant for both IGF-1 and BMP-2 loaded
scaffolds than the control (cf. Table 1). However, osteoclastic activity was also found be statistically
significant for both IGF-1 and BMP-2 loaded scaffolds than the control. This indicates that both osteoclastic
and osteoblastic activity were taking place simultaneously while bone healing, but, IGF-1 and BMP-2
actually helped for osseo-integration which was indicated by better fibro-vascular proliferation and

vascularity than control or converted sponge bare scaffold alone.

Morphological evaluation at the bone-implant interface by SEM after three months, the defect site was
compared bare porous scaffolds along with IGF and BMP loaded scaffold which was further compared
without any implant at the defect site. Defect site without any implant shows formation of soft tissues only

with collagen fibrils interconnected throughout the defect site. There is no formation of hard tissues even



after this period and the defect site gap remained open which indicates that the soft bone formation is yet to
be completed. In bare scaffold (without any growth factor loading) in the defect site on the other hand
showed invasion of bone tissues throughout the matrix of porous scaffold where individual needle shaped
rods could be seen. Matured osteoblastic cell which is an indicative of hard tissue formation was in close
approximation on the periphery of the implant however interfacial gap was found to be present between the
implant and matured bone. Bare porous scaffold may have acted as a bioactive catalyst on the periphery and
its subsequent maturation. Collagens network was noticed from the periphery of the scaffold to the matured
bone surface. IGF-1 and BMP-2 loaded porous scaffold showed much enhanced bone formation in contact
with the implant at the defect site. BMP loaded scaffold showed better bone approximation than the IGF
one. Interfacial gap was found to be diminished for both the cases. Mature osteoblastic cells were found
throughout the scaffold when loaded with IGF and BMP. Pores of the implants were also found to be closed
when in contact with cortical bone adjacent to the implant. Superior matured bone apposition was noticed in
case of BMP. It was due to the presence of IGF and BMP which promoted superior dissolution of porous
scaffold than the bare one. Fibrous collagen was found to be greater in quantity in case of IGF than BMP
which is an indication that further time is required for maturation of soft bone tissues. In the present study,

interfacial gap was least as compared to bare scaffold which might be due to new invasions of osteoblastic

cells in the implant material as a result of sustained release of growth factors like IGF-1 and BMP-2°!. In

vitro burst release of BMP-2 from other scaffolding materials was noticed intended for healing of femur

segmental defect™.

The fundamental nature of the bone-tissue engineering archetype involves combining approach of soluble
osteogenic molecular signals with diverse insoluble signals or substrate and thus developing 3D scaffolds
for the initiation of de novo tissue induction and morphogenesis™>*. Osteogenic soluble molecular signals

of the transforming growth factor- (TGF-B) superfamily are of paramount necessity for bone formation by

55, 59

induction . The release of BMP-2 and IGF-1 must be localized to the defect site as well as regulated for

effective and enhance bone regeneration®” ®'. The ideal release approach for BMP-2 and IGF-1 in large
critical-sized defects that cannot heal spontaneously is a burst release that recruits osteoprogenitor cells into
the scaffold, followed by a sustained release that promotes osteoblastic differentiation®” ®2. Nevertheless,
ideal delivery system is generally accepted, different release strategies have been compared systematically,
especially in more difficult bone defects®” . In the present study, the combined burst and sustained release
achieved with the sponge + BMP-2 and sponge + IGF-1 scaffolds was more effective than the bare marine
sponge, thereby suggesting this scaffold is a more efficient delivery system. In another in vivo study, the
release of BMP-2 from the collagen sponge has been reported to be more sustained, demonstrating a burst

release followed by a sustained release until day 14°"%. The availability of BMP-2 at later time points

enhances bone regeneration due to recruitment of additional osteoprogenitor cells at the fracture site®* %,



4, Conclusion

This study examined the influence of IGF-1 and BMP-2 impregnated marine sponge scaffolds on in vivo
performance over the course of 90 days. We have demonstrated that this particular category of marine
sponge can be a great natural source of non-cytotoxic and biocompatible cristoballite with acicular and high
aspect ratio nature. Quasi-dynamic in vitro GF release profile from converted sponge scaffold showed that
IGF-1 and BMP-2 were very much comparable with respect to its kinetics although IGF-1 retained slightly
better GF adsorption even after 28 days. In vivo characterizations (SEM, histology, radiology and
fluorochrome labeling), our results suggest that growth factor loaded sponge skeleton can reduce the time
of early bone formation and implant infiltration when compared to the bare coral scaffolds. As a whole, this
study signifies that the marine sponge skeleton is a new source of natural bioscaffold for the repair of bone
defects. The pore size, microstructure, interconnected pore network, permeability, and composition of the
sea sponge skeleton emerge to aid in successful osteoblastic cellular attachment. The presence of
osteoinductive and conductive frameworks together with the abundance and structural multiplicity of
natural marine sponge skeletons signifies its role as a new source of scaffold for bone regeneration as well

as local delivery vehicles of growth factors for bone healing.
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Legends of table and figures:

Table 1: Score sheet prepared for different cellular events at 3 months after observing the histological
images for all group of animals (N=3)

Table 2: Score sheet prepared for radiological assessment of bone formation for different implants up to 3
months (N=3)

Fig. 1: Glimpse of SEM of bioscaffold converted from marine sponge (Biemna fortis) to actual sample
(both inset)

Fig. 2: DTA-TGA thermogram of freeze-dried marine sponge up to 1000° C in air atmosphere
Fig. 3: XRD of (a) as received freeze-dried, (b) 725° C and (c) 1190° C fired powders

Fig. 4: FTIR spectra of (a) as received freeze-dried, (b) 725° C and (c) 1190° C fired powders

Fig. 5: (a) Monolayer culture of MC3T3 cells and (b) formazan crystals formed after adding MTT in treated
cell culture of MC3T3

Fig. 6: SEM of the powders fired at 725° C

Fig. 7: SEM of the porous scaffold prepared at 1190° C

Fig. 8: In vitro release kinetics of IGF-1 and BMP-2 in vitro in a-MEM upto 28 days (inset: cumulative
pattern profile)

Fig. 9: SEM of the defect site of in vivo bone sample (a) and (b) without any implant, (c) and (d) with bare
porous scaffold (1190° C), (e) and (f) with porous scaffold loaded with IGF and (g) and (h) BMP after 3
months

Fig. 10: Histology of bone section taken after 3 months with (a) no implant, (b) bare porous scaffold, (c)
porous scaffold loaded with IGF and (d) BMP-2

Fig. 11: Fluorochrome labeling of bone taken after 3 months with (a) no implant, (b) bare porous scaffold,
(c) porous scaffold loaded with IGF and (d) BMP-2 (1. golden yellow fluorescence represents new bone
and 2. sea green appearance depicts old bone)

Fig. 12: Radiographs taken after day ‘0°, 1, 2 and 3 months post-operatively for (a) no implant, (b) bare
porous scaffold, (¢) porous scaffold loaded with IGF and (d) BMP-2



Table 1: Score sheet prepared for different cellular events at 3 months after observing the histological
images for all group of animals (N=3)

Control arou Bare converted |Scaffold with  |Scaffold with
Parameter group sponge scaffold  |BMP-2 IGF-1
Fibro-vascular
proliferation 1.3 1° 1.7 ?
Infiltration with
imononuclear cells 1.3 1.7 1.7 2
Osteoclastic activity 1b 1.7 b 3b b 7b
Mucin deposit 0.7 0.7 1 1.3
Vascularity 1° 1.7 2.3¢ 2.7
Osteoblastic
activity 1.3¢ 2 0.3 D.7¢

(0) Absence, (1) mild, (2) moderate, (3) marked, (4) severe

Superscripts a-d denote p < 0.05 for that said set of groups

Table 2: Score sheet prepared for radiological assessment of bone formation for different implants up

to 3 months (N=3)

Implant 0 Day 1 Month |2 Month 3 Month
Control 0 1 1 2
Bare sponge scaffold 0 1 2 3
IGF-1 impregnated sponge scaffold 0 2 3 4
BMP-2 impregnated sponge scaffold 0 2 3 4

0 - No bone formation in defect

1 - Bone just extending into the defect

2 - Bone substantially bridging the cortical defect

3 - Bone fully bridging the cortex without significant callus

4 - Bone fully bridging the cortex with distinct overlying callus
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Fig. 1: Glimpse of SEM of bioscaffold converted from marine sponge (Biemna fortis) to actual sample (both
inset) 134x137mm (150 x 150 DPI)
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Fig. 5: (a) Monolayer culture of MC3T3 cells and (b) formazan crystals formed after adding MTT in treated
cell culture of MC3T3 379x126mm (150 x 150 DPI)
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Fig. 7. SEM of the porous scaffold prepared at 1190 oC 300x64mm (150 x 150 DPI)
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Fig. 9: SEM of the defect site of in vivo bone sample (a) and (b) without any implant, (c) and (d) with bare
porous scaffold (1190 oC), (e) and (f) with porous scaffold loaded with IGF and (g) and (h) BMP after 3
months 136x175mm (150 x 150 DPI)



Fig. 10: Histology of bone section taken after 3 months with (a) no implant, (b) bare porous scaffold,
(c) porous scaffold loaded with IGF and (d) BMP-2 81x245mm (150 x 150 DPI)



Fig. 11: Fluorochrome labeling of bone taken after 3 months with (a) no implant, (b) bare porous scaffold, (c)
porous scaffold loaded with IGF and (d) BMP-2 (1. golden yellow fluorescence represents new bone and 2.
sea green appearance depicts old bone) 82x245mm (150 x 150 DPI)
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Fig. 12: Radiographs taken after day ‘0°, 1, 2 and 3 months post-operatively for (a) no implant, (b) bare
porous scaffold, (c) porous scaffold loaded with IGF and (d) BMP-2 144x194mm (150 x 150 DPI)



