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Abstract

Novel metal oxide-doped fluorophosphates nano-glass powders were syn-
thesized by melt quenching method, and their non-toxicity is proved by MTT. 
Their efficacy in bone formation is confirmed by osteocalcin and ALP secretion. 
Composites were made using PLA, PDLLA, PPF, or 1,2-diol with fluorophosphates 
nano-glass powders (AgFp/MgFp/ZnFp). Their non-toxicity was assessed by cell 
adhesion and MTT. The ability of the composite for bioconversion was assessed by 
RT-PCR estimation for osteocalcin, Collagen II, RUNX2, Chondroitin sulfate, and 
ALP secretion accessed by ELISA method. The animal study in rabbit showed good 
callus formation by bioconduction and bioinduction. The bioconversion of the 
composite itself was proved by modified Tetrachrome staining. From the 12 differ-
ent composites with different composition, the composite PPF+PDLLA+PPF+ZnFp 
showed the best results. These obtained results of the composites made from com-
mon biological molecules are better than the standards and so they do biomimic as 
bone substitutes. The composites can be made as strips or granules or cylinders and 
will be a boon to the operating surgeon. The composite meets nearly all the require-
ments for bone tissue engineering and nullifies the defect in the existing ceramic 
composites.

Keywords: fluorophosphate, nano bioactive glass, bioconversion, bone substitute, 
synthetic bone graft

1. Introduction

Scientists have tried natural polymer, synthetic polymer, various ceramics, and 
composites, etc., as bone graft substitutes. An ideal bone substitute should be non-
toxic, osteoconductive, osteoinductive, bioconvertable, physical properties should 
be near to that of normal bone, should be cost-effective, easily sterilizable, and be 
feasible for bulk production. The commonly available bone graft substitutes do not 
meet all the above requirements [1, 2].

The materials that were put to use initially were ceramics (hydroxyapatite 
and tricalcium phosphate) as bone graft substitutes. Hydroxyapatite was only 
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osteoconductive and rarely was converted to bone even after years [3, 4]. It was not 
useful in replacing weight-bearing function. Tricalcium phosphate had minimal 
osteoinductive capacity along with osteoconduction but had no bioconversion 
capability [5, 6].

To have the advantage of bioconversion, certain specific bone hormones such as 
“Bone Morphogenic Protein” (BMP) came into use. “Demineralized Bone Matrix” 
(DBM) was also marketed as bone graft substitute, which was discovered by Urist 
[7]. The essential problem in their use is the phenomenal cost involved, and they 
had good osteoinduction but were not good osteoconductors. Hench [8] came out 
with the 45S5 glass, which was a breakthrough as it was made from cheap chemicals, 
was osteoconductive as well as osteoinductive, was able to merge with the natural 
bone, and is commercially available. The drawback with 45S5 glass is their very slow 
resorption, the longer time taken for bioconversion, and their inability to be used 
as a weight-bearing implant. The time taken for bioconversion was a drawback in 
reducing the duration of morbidity of the patients. To circumvent these problems, 
silica-free phosphate bioglasses and metal-oxide-doped bioglasses entered into 
these fields.

Over decades, orthopedic surgeons know chronic ingestion of fluoride in 
abundance leads to fluorosis, an ectopic bone-forming condition [9]. This was used 
to our advantage, and the ideal concentration of fluoride in the ceramics network 
was standardized. The evaporation of fluorine from the fluoride compound was 
circumvented by the new methodology of preparing fluoride bioglasses by melt 
quenching.

Standardization of the ideal mole percentage of fluoride resulted in the inven-
tion of fluorophosphates glasses, which are much more bio active than other types 
of phosphate and silica glasses and had a higher rate of bioconversion and faster 
resorption [10, 11]. Doping them with metal oxides improved their physical prop-
erties and brought the elastic moduli close to that of the human bone. Scaffolding 
the fluorophosphate glasses was essential to bring the molecule for clinical use 
that will bridge the gap between the need of the surgeon and the capability of the 
scientist.

This novel synthetic composite is made from bioinert polymers comprising 
poly lactic acid, poly D, L -Lactic acid, and bioactive polymers consisting of 
polypropylene fumarate, diester of fumaric acid, and 1,2 propylene diol and a bio-
active inorganic component consisting of a metal-doped fluorophosphates nano 
glass powder. It can be fabricated as granules, scaffolds such as strip and cylinder. 
The plurality of the shapes that can be made gives additional advantage to the 
surgeon.

The standard biomaterial should mimic the biological process in the microenvi-
ronment simply denoted as “Biomimetics.” The selected three different metals have 
beneficial properties as follows: (a) Silver: The best antimicrobial agent is espe-
cially in wound healing and skin care. (b) Magnesium: It plays a vital role in bone 
structure development and also acts as dietary supplement in medicine. (c) Zinc: It 
involves in DNA synthesis, gene expression, and wound healing. Also, the degrada-
tion products of the biocompatible polymers (PLA, PDLLA, PPF, and 1,2-diol) all 
enter the Kreb’s cycle and excreted. So, the metal oxides and the polymers induce 
bone formation by stimulating the genetic pathway of bone formation and so are 
biomimetic.
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2. Materials

Poly lactic acid (PLA) and poly DL-lactic acid (PDLLA) were procured from 
BioDegmer® Japan. Polypropylene fumarate (PPF) was prepared by transesterification 
method [12]. The di-1,2-propanediol ester of fumaric acid (1,2-diol) was prepared by 
azeotropic distillation, and its detailed explanation is available in previous publication [13].

The fluorophosphate glasses were prepared by melt quenching method and 
converted to nano particles by mechanical milling. The measured quantities of the 
required chemicals (Na2CO3, CaCO3, CaF2, P2O5, and ZnO/Ag2O/MgO) were taken in 
a ball mill and homogenized. The mixture was heated in a 10% alumina crucible for 
1 h up to 120°C and cooled to room temperature. The material was again ball milled 
for 1 hr. The components were taken in a platinum crucible and kept in a furnace 
preheated to 1100°C for 90 min. Then the crucible with the material was quenched by 
plunging in liquid nitrogen. The formed glass was broken to pieces and milled for 48 h 
to obtain metal-oxide-doped nano powder of the specific fluorophosphates glass [14].

2.1 Gel foam casting under rapid heating

The required amounts of the PLA [15], PDLLA, PPF/1,2-diol, and AgFP/ZnFP/MgFP 
were taken and dispersed in dichloromethane using a magnetic stirrer (300 rpm). Once the 
mixture was homogenized, the material was slowly poured over a hot glass plate (70°C). 
The rapid evaporation of dichloromethane leads to the generation of random pores in the 
composite scaffold formed. After complete evaporation of the solvent, highly intercon-
nected porous scaffold with homogeneous distribution of the components was obtained. 
The scaffold thus made can be ground to granules, cut into strip, or rolled into cylinder [16].

To know the significance of PDLLA, scaffolds were fabricated with or without PDLLA [17]. 
The fabricated composites are:1. PLA+1,2-diol+AgFp, 2. PLA+PDLLA+1,2-diol+AgFp, 3. 
PLA+PPF+AgFp, 4. PLA+PDLLA+PPF+AgFp, 5. PLA+1,2-diol+ZnFp, 6. PLA+PDLLA+1,2-
diol+ZnFp, 7. PLA+PPF+ZnFp, 8. PLA+PDLLA+PPF+ZnFp, 9. PLA+1,2-diol+MgFp, 
10.PLA+PDLLA+1,2-diol+MgFp, 11. PLA+PPF+MgFp, 12. PLA+PDLLA+PPF+MgFp.

3. Methodology

3.1 In vitro evaluation of the scaffolds

3.1.1 Metal-doped fluorophosphates nano bioglasses.

The biological activity (cell viability, attachment, and proliferation) of the 
metal-doped fluorophophate nano bioglass was ascertained by cell adhesion and MTT 
assay; Potential osteogenic differentiation was ascertained by (Alkaline Phosphatase 
Activity) and non-collagenous protein (intra and extracellular osteocalcin) of the 
nano glass, in relation with MG63 cell lines.

3.1.2 Scaffolds (PLA+PDLLA+PPF/1,2-diol+AgFp/ZnFp/MgFp)

The significance of the pores in the scaffold was assessed by calcein AM study 
and MTT evaluation. By following standard Kokubo protocol, simulated body fluid 
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(SBF) was prepared. All the fabricated scaffolds were cut into 2X2cm2 size. The 
scaffolds were placed in 20 mL SBF filled glass container, for a period of 21 days at 5% 
CO2 incubator (Heraus – Germany). The pH variation was noted everyday using pH 
meter E1 model. After 21 days, the scaffolds were carefully removed; dried in laminar 
air flow for 48 h. The variation in the pH over 21 days was noted. The deposition 
of hydroxyapatite and fluorapatite was investigated by FTIR and SEM_EDAX. The 
toxicity of the different composites with different composition of the components 
was ascertained by the MTT in relation to the SaOS2 and human endothelial cell lines. 
Their efficiency in enhancing secretion of alkaline phosphatase and chondroitin 
sulfate, the ground substance of the bone was measured by ELISA method. The abil-
ity of the composites in the secretion of osteocalcin, Collagen II, RUNX2 was assessed 
by RT-PCR method. The porosity and micro-architecture in the multilayered scaffold 
were assessed by Micro-CT evaluation with GE SRμCT analyzer.

The primers used for PCR were as follows:

• Collagen type II

• Forward primer: CATGAGGGCGCGGTAGAGA.

• Reverse Primer: ATCCCCTCTGGGTCCTTGTT.

• Product length: 296.

• Osteocalcin.

• Forward primer: TCACACTCCTCGCCCTATTG.

• Reverse Primer: CTCTTCACTACCTCGCTGCC.

• Product length: 132.

• RUNX2Sequence (5′- > 3′) Template strand Length Start Stop Tm GC% Self 
complementarity Self 3′ complementarity.

• Forward primer CCACCGAGACCAACAGAGTC Plus.

• Reverse primer GTCACTGTGCTGAAGAGGCT.

• Product length: 119.

The analysis of the results was performed using ABI PRISM® 7000 Sequence 
Detection System software that enables more sensitive and accurate estimation of the 
relative gene expression.

3.2 In vivo studies

3.2.1 For granules

The in vivo studies were conducted with the Ethics committee approval 
(Ethical committee approval no. ABS/IAEC/18-10-2019/003-). A single species 
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of Orictologuscuniculus was purchased from King Institute, Chennai, India, 
and domesticated over a period of 2 weeks. The day-night rhythm was main-
tained and was fed on good nourishing food. The adaptation was confirmed 
by the gain in weight of 150 g in 2-week time. (1800–1950 g).The composite 
(PLA+PDLLA+PPF+AgFp) granules were prepared by grounding the scaffold and 
sterilized by ethylene oxide gas.

The animal was given a premedication of pedichloryl syrup (2.5 mL) 30 minutes 
before surgery. Intramuscular ketamine anesthesia was given in the dose of 45 mg per 
kilogram body weight and waited for 10 minutes to get the full dissociated anesthetic 
effect. The anesthetic effect was maintained by oxygen and sevoprim inhalation 
through mask (Figure 1).

The left thigh was repeatedly painted with 10% povidone iodine and ethylene 
alcohol. Xylocaine 2% with adrenaline was injected in the line of incision as an addi-
tional analgesia and also a hemostatic agent. The skin incision made on the anterolat-
eral aspect was rolled down to expose the posterior boarder of the quadriceps muscle. 
Using sharp dissection, the muscle was slit open and enlarged by thin bone spikes 
to expose the anterolateral aspect of the thigh bone. Using an electric dental burr of 
1 mm, a trough was made for a length of 2 cm.This exposed the medullary cavity. It 
was packed with the sterile composite powder. Liberal saline wash was given to wash 
off the spilled over composite materials. The spikes once removed the muscle fell 
back into position completely covering the bony trough. The two 3–0 vicryl stitches 
were used to close the muscle. The skin incision, which was far away from the bone 
work, was closed with 3–0 ethilon. A single dose of ceftrioxazone 250 mg was given 
intramuscularly.

3.2.2 For strip

The in vivo studies were conducted with the Ethics committee approval (Ethical 
committee approval no. ABS/IAEC/18-10-2019/003-). Three male rabbits were 

Figure 1. 
In vivo study in rabbit (granules-PLA+PDLLA+PPF+AgFp) [A-thigh preparation, B - femur exposed, C - gutter 
in the femur, D - gutter filled with granules E - Wound closed by sutures.
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procured and domesticated in the same way as explained before. The AgFp/ZnFp/
MgFp composites were made with PLA+PDLLA+PPF by gel foam casting under rapid 
heating. They were of 1 mm thickness and cut into size of 2X20mm. The cut speci-
mens were sterilized by ethylene oxide gas sterilization.

The animals were anesthetized, limb prepared, and femur exposed as described 
in the previous section. Narrow cuts were made with no.701 conical dental burr at an 
angle of 45° to the femur to make it extremely thin cut. The 3–0 vicryl was threaded 
around the femur and both the ends were kept free. Two layers of the 2X20mm steril-
ized composite strips were kept over the cut made allowing the marrow blood to soak 
the specimen. The vicryl was tied around the specimen so that the specimen does not 
slip or move away and the wound was closed in layers. The procedure was done for all 
the three specimens, one on each animal (Figure 2).

The animals were cared for the postoperative period with nourishing food. 
The day 1 X-ray did not show the specimen in either view as the specimens were 
translucent to the X-ray. The X-ray evaluation was done under sedation on the 
first, ninth, and 16th day. Clinical union occurred as early as the 15th day. The 
CT evaluation was done on the 19th day. The animals were euthanized as per 
the protocol and the limb harvested, denuded of skin and muscles, and bone 
preserved in 10% formalin. The X-rays of the specimens taken and then sent for 
histopathological evaluation in both EH stain and modified tetrachrome stain. 
The procedure adapted is shown in the serial photographs in Figure 2, where 
two layers of 1 mm thick strips have been placed over a very narrow corticotomy 
wound in the shaft of femur and have been retained in position by a single 3–0 
vicryl encircling knot.

Figure 2. 
In-vivo study in rabbits (strip -PLA+PDLLA+PPF+AgFp). [A - Thigh preparation, B - Femur exposed, C - Cut 
in the femur, D - Two strips one above another over the cut, E - Maintain position by vicryl knot].
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4. Results and discussions

4.1 Metal-doped fluorophosphates nanobioglasses

Alkaline phosphatase (ALP) is an osteogenic differentiation marker at all the stages 
from the differentiation of the mesenchymal cells to the mineralization front. Hence its 
enhanced secretion is considered as a vital factor to choose the ingredient for the com-
posite for Bone Tissue Engineering (BTE). The obtained results (Table 1) indicated 
that AgFp and MgFp showed consistently raised levels at all concentration from 0.1 to 
100 μg/mL, whereas ZnFp showed increased secretion only at lower concentrations of 
0.01 and 1 μg/mL [18, 19].

Bone is a composite of the ground substance reinforced by multiple collagens and 
mineralized by hydroxyapatite [20]. Though various collagens are present in various 
parts of the body, osteocalcin is found exclusively in bone. It is also an excellent gene 
marker of bone induction. The ability of the ionic dissolution products of various FP 
glasses in various concentrations was evaluated for their efficiency to promote osteocal-
cin secretion. While the extracellular expression of osteocalcin [21] showed increase than 
the control only with ZnFp and MgFp, (Table 2) intracellular osteocalcin was raised in 
most of the glasses, but significant raise was present in ZnFp, MgFp, and AgFp glasses 
and was more when the concentration of the products of dissolution was 10 μg/mL.

The calcein AM study was used to assess the cell wall integrity and the double 
staining to assess the cytotoxicity showed specific features. The control group of cells 
was not only brilliantly green but also showed homogeneous spindle shape, indicating 
the integrity of cell wall and the metabolic potential. The addition of PPF to the basic 

Samples ALP (μg/mL)

0.1 1 10 100

AgFp 156.2 132.3 148.3 140.5

ZnFp 136.8 139.6 125.5 129.8

MgFp 143.7 143.4 148.0 138.3

Control 130.3

Table 1. 
Alkaline phosphatase activity of metal-doped fluorophosphates nano bioglass powders.

Samples Intracellular (Concentration (μg/mL)) Extracellular (Concentration (μg/mL))

1 10 100 1 10 100

AgFp 0.091 0.084 0.207 0.319 0.194 0.274

ZnFp 0.011 0.251 0.000 0.208 0.557 0.324

MgFp 0.091 0.084 0.207 0.469 0.300 0.317

Control 0.083 0.083 0.083 0.430 0.430 0.430

Table 2. 
Osteocalcin (intracellular and extracellular) activity of metal-doped fluorophosphates nano bioglass powders.
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components PLA+PDLLA increased the cell wall integrity and the addition of pores 
to the same increased the number of spindle shaped cells [22].

The addition of FP glass to the basic components PLA+PDLLA [23] with pores or 
without pores increased the number of cells phenomenally, but the quality of them 
was poor exhibited by their round shape rather than the spindle shape of the healthy 
cell. When all the components PLA+PDLLA+PPF and ZnFp glasses were added, both 
the intensity of fluorescence and the quality of the cells also increased, and it was 
more so when pores were present in the composite (Figure 3).The XPPF (cross-linked 
PPF) when replaced the PPF in the composite, there was only deleterious effect both 
in the fluorescence and the quality of the cells (Table 3).

From the above study, it can be inferred that the least toxic composite was that of 
PLA+PDLLA+PPF+ZnFp glass.

The three essential gene markers in the synthesis of bone from the stage of mesen-
chymal stem cells to that of the osteocyte maturation are Osteocalcin [24], Collagen 
II [25], and RUNX2 [26](Table 4). When the results were charted to scrutinize 
the fold change than the control, the fold increase in collagen II was highest with 
PLA+PDLLA+PPF+AgFp, and the highest fold increase in osteocalcin was also with 
AgFp but when constituted with 1,2-diol than with PPF. The highest fold change in 

Figure 3. 
Calcein AM study of composites.
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RUNX2 than the control was with ZnFp when combined with PLA+PDLLA+PPF. 
All the Mg-based composites fared poorly with all the three types of gene markers 
(Figure 4 and Table 4).

Sample name Mean SD % Cytotoxicity

PLA+PDLLA 50.60 0.19 49.40

PLA+PDLLA(porous) 48.21 1.21 51.79

PLA+PDLLA+PPF 43.70 0.78 56.30

PLA+PDLLA+XPPF 59.18 1.79 40.82

PLA+PDLLA+PPF+ZnFp 87.11 1.20 42.89

PLA+PDLLA+XPPF+ZnFp 42.70 1.36 57.30

PLA+PDLLA+PPF(Porous) 51.79 1.21 48.21

PLA+PDLLA+XPPF(Porous) 60.69 1.51 39.31

PLA+PDLLA+PPF+ZnFp(Porous) 78.37 3.92 21.63

PLA+PDLLA+XPPF+ZnFp(Porous) 69.53 1.71 30.47

PLA+PDLLA+ZnFp 54.23 0.47 45.77

PLA+PDLLA+ZnFp(Porous) 37.99 1.64 62.01

Table 3. 
Cytotoxicity of the prepared composites.

Composites MTT ALP  

(IU/mL)

CollagenII 

(Fold 

increase)

Osteocalcin 

(Fold 

increase)

RUNX2 

(Fold 

increase)

Chondroitin 

levels  

(ng/mL)

PLA+1,2-diol+AgFp 90.95 0.443 0.16 2.30 0.04 7.450

PLA+PDLLA+1,2-

diol+AgFp

79.84 1.915 0.81 4.70 0.55 11.540

PLA+PPF+AgFp 81.48 0.596 0.40 0.22 0.03 3.250

PLA+PDLLA+PPF+AgFp 81.13 1.406 4.40 3.20 0.50 5.430

PLA+1,2-diol+ZnFp 89.72 0.938 0.12 0.07 0.01 10.210

PLA+PDLLA+1,2-

diol+ZnFp

84.36 2.306 1.70 1.20 0.40 3.850

PLA+PPF+ZnFp 93.42 0.503 0.50 1.40 0.09 13.230

PLA+PDLLA+PPF+ZnFp 87.20 1.543 1.10 2.60 0.98 9.780

PLA+1,2-diol+MgFp 90.54 1.081 0.25 0.05 0.78 10.880

PLA+PDLLA+1,2-diol 

MgFp

81.48 1.208 0.93 0.19 0.78 8.210

PLA+PPF+MgFp 53.09 1.39 0.23 0.23 0.21 5.430

PLA+PDLLA+PPF+MgFp 86.42 1.544 0.53 0.24 0.20 10.210

Control 100 1.529 — — — 0.180

Table 4. 
MT, ALP, collagen II, osteocalcin, RUNX2, and chondroitin sulfate levels of composites.
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The results showed that all the 12 composites showed many fold increase in the 
secretion of chondroitin sulfate [27] than the control, immaterial of the component 
having 1,2-diol or PPF and the FPglass being either Ag, Zn, or Mg.

The pH variation of all the compression-molded specimens showed uniformly a 
reduction in the first 2 days, which is because of phosphoric acid formation. And all 
the specimens bounced back to 7 on the third day due to the alkaline earth metal (Na+ 
and/or Ca2+) release. The dissolution of the ions thus replaces H+ ions by cations (Na+ 
and/or Ca2+) leading to an increase in hydroxyl ion concentration. None of them went 
below 6.5 even in the first 2 days. From then on it showed a steady variation between 7 
and 6.7.

The strip and cylinders made by gel foam casting under rapid heating showed a 
better pH even in the first 2 days and never went below 6.8, and the end stage also 
showed higher pH than the scaffolds. The highest pH reached was with the strip of 
scaffold made by rapid heating method, and it was 7.15. This variation shows the 
better homogenezity and the porosity achieved by the rapid heating method, which 
avoids high acidic environment that can lead onto graft rejection[28]. The crystal 
formation over the strip and cylinder after in vitro evaluation is shown in Figure 5.

The predominant functional groups present in the composites were studied using 
their respective FTIR spectra:alcohol (3200–3500 cm−1), alkanes (2850–3000 cm−1), 
saturated ketone (1735–1750 cm−1), alkenes (1630–1680 cm−1), asymmetric methyl 
bend (1450–1470 cm−1), and methyl bending (1350–1395 cm−1). The presence of P-O 
bend (560–500 cm−1) bands indicates the formation of calcium phosphate(CaO-P2O5)
layer. The carbonate group (CO3)2− (1400–1550 cm−1) bands showed the crystalline 

Figure 4. 
Pie chart of the MTT,ALP, collagen II, osteocalcin, RUNX2, and chondroitin sulfate levels of composites of 
varying composition.
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nature of the HAp layer. The bands are observed at above 3500 cm−1, which cor-
responds to the OH group. After 21 days of soaking in SBF, the strong intensity and 
frequency shift of the (CO3)2-,P-O-P stretch and P-O bend groups reveal the interac-
tion of the composite and HAp precipitation [29].

The shoulder peak at 1450–1410 cm−1 coupled with the weaker peak at 870–
875 cm−1 corresponds to type B carbonate vibrations, whereas the vibration regions 
of type A carbonate are 1450–1410 cm−1 coupled with a band at 880 cm−1. The type 
A and B carbonates [30, 31] are indistinguishable in these scaffolds because the ester 
peaks also lie on the same region. Both type A and B carbonates are present in these 
scaffolds and their intensities are maximum at three selected scaffold composites 
(PLA+PDLLA+PPF+ZnFp, PLA+PDLLA+PPF+AgFp, PLA+PDLLA+PPF+MgFp), 
For the same composites, the corresponding peaks for HAp in rapid heating com-
bined gel foam casting are higher than the compression-molded scaffolds.

Although the HAp precipitation was noted in all the fabricated scaffolds, the 
intensity of the carbonated group (CO3)2−and phosphatebased group (P-O-P asym-
metric and symmetric stretch, P-O bend) was observed as high in gel foam casting 
under rapid heating.

The SEM evaluation of the scaffolds and strips was done after gold sputtering. 
(Model Ultra 55; Zeiss, Oberkochen, Germany). After evaluating the surface apatite 
formation, the specimens were cut into two halves and turned by 90°, and the depth 
of the apatite formation was measured. There was no significant change in the per-
centage, and it was infered that all the composites have near equal conversion once the 
pores allow penetration of the SBF inside except the absence of PDLLA had negative 
significance in the extent of crystalline conversion (Table 5).

The similar specimens were subjected to in vitro evaluations, which were ana-
lyzed by the same way in the same Scanning Electron Microscope to assess the degree 
of surface pores and the change in crystallinity after in vitro study. The photograph 
of a stirp of composite and a cylindrical composite, both made by gel foam cast-
ing under rapid heating, shows the retention of the shape after SBF immersion for 
21 days, but there was complete change in the color and the texture indicating the 
crystalline conversion. The SEM of scaffold in two different magnifications both 
before and after in vitro evaluation is shown in Figure 6, which shows very scarce 

Figure 5. 
Pre- and post-immersion photographs of the strip and cylinder.
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amount of crystallization in the pre in vitro evaluation and the homogeneous pores 
being well exhibited. After 21 days of immersion in SBF, the crystalline conversion 
is observed, and all the pores have been near completely clogged with the crystals 
formed [32, 33].

The SEM micrographs of the scaffolds (pre- and post-immersion). In pre-immer-
sion status shows specks of crystallization indicating the high hydrophilicity of the 
scaffold, and the post-immersion evaluation of the same shows complete formation to 
crystals, which proves the high bioresorbability of the scaffold. The SEM evaluation 
of multilayered scaffold made by rapid heating under low magnification shows the 
adequacy of pores. The pre-immersion and the post-immersion SEM micrographs 
clearly show the formation of sufficient crystals. The EDAX evaluation of the pre and 
post in vitro SEM confirms the high level of carbonated hydroxyapatite and fluroapa-
tite formation in the scaffold.

The Micro-CT (Figure 7) evaluation of the cylindrical scaffold made by gel foam 
casting under rapid heating proved the following factors: a) The scaffold had no 
layering and was continuous. b) There was adequate porosity and the pore sizes were 
varying. c) The pores were all well connected by interpores. The same specimen after 
in vitro evaluations had sufficient fomation of crystals with the preservation of the 
deeper pores [34].

4.2 In vivo studies

From the in vitro evaluation, PPF-based composites were shortlisted for in vivo 
studies.

Composites Crystallinity(%)

PLA+1,2-diol+AgFp 86.88

PLA+PDLLA+1,2-diol+AgFp 97.42

PLA+PPF+AgFp 49.36

PLA+PDLLA+PPF+AgFp 72.70

PLA+1,2-diol+ZnFp 59.54

PLA+PDLLA+1,2-diol+ZnFp 78.89

PLA+PPF+ZnFp 87.31

PLA+PDLLA+PPF+ZnFp 76.19

PLA+1,2-diol+MgFp 73.33

PLA+PDLLA+1,2-diol MgFp 78.68

PLA+PPF+MgFp 94.62

PLA+PDLLA+PPF+MgFp 82.09

PLA+PDDLA+PPF+AgFp(Strip) 73.62

PLA+PDDLA+PPF+ZnFp (Strip) 81.42

PLA+PDDLA+PPF+MgFp(Strip) 87.34

Table 5. 
Apatite conversion(%).
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Figure 6. 
Pre- and post-immersion of the scaffolds.

Figure 7. 

Micro-CT studies of the cylindrical composite. (A - Pre-immersion and B – Post-immersion).
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4.2.1 Granules

It was found that the femur had fractured and the ends were apart (Figure 8). 
Neither immobilization of the femur or any form of fixation was done. The rabbit was 
not limping and was feeding well. There was only a flare of the ends of the fracture 
and there was no evidence of any callus on the ninth postoperative day. After another 
week (Day 16), the limb when examined clinically had sound union. The X-ray taken 
showed abundant callus not only in the fracture end but all along the femur where the 
trough had been made and even below.

The animal was euthanized, the limb harvested, skin and muscles were peeled 
off, and an abundant amount of callus was found to have united the fracture very 
strongly. The dissected specimen were studied by X-ray and the specimen were 
preserved in 10% formalin.

The specimen was prepared and the decalcified specimen was sectioned axially 
to exhibit the two segments of the femur with the intervening tissue formed. The 

Figure 8. 
X-ray photographs of the opearted site in rabbit.

Figure 9. 
Histopathological study of the dissected specimen.
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specimen was stained using regular eosin-hematoxylin stain and also von kossa 
stain. (Figure 9).

The procedure done using granules of the composite has been serially shown in the 
photographs (Figure 1). Though the limb got fractured, it did not receive any specific 
treatment for it. Until ninth day, there was a scarce response to heal but by the 16th 
day it had soundly united. (Figure 8). The X-ray of the specimen after dissection 
showed the extension of the callus almost over the entire femur. The histopathologi-
cal evaluation was specifically focused toward the tissue between the fractured ends 
where the granules had been packed. The significant observations were: a) Nearly the 
whole of the granules had resorbed except occasional trace of it. b) Abundant carti-
lage had formed between the ends indicating the enchondral ossification. c) Woven 
bone formed in between the ends of the fracture was a proof of the rapidity of the 
fusion occurring. d) The absence of multinucleated giant cells indicates the biocom-
patibility of the composite. e) Similar features were observed in both the staining 
(Figure 9). The modified tetrachrome staining throws much more information than 
the above two. a) The new lamellar bone formed in continuity with the resorbing 
composite granule. b) The sound union by the woven bone formed from chondral 
ossification. c) The abundance of osteoblasts and the osteoid. d) An exuberant neo 
vascularization among the fibroblasts is well seen (Figure 10a–d) [35, 36].

4.2.2 Strip

The X-ray photographs show no evidence of the placed composite strip or the cor-
ticotomy made as the composite is not radio opaque and the furrow is very narrow. But 
the X-rays taken on the ninth day showed all three animals had fractured their femur. 
No specific treatment such as immobilization or interference was done for the fracture. 
Clinical union occurred as early as 15th day and was confirmed by X-ray on 16th day 
(Figure 11) and CT scan on 19th day (Figure 12). The harvested limb after euthanizing 

Figure 10. 
a-d represent the tetrachrome stain results of the granules (Composition: PLA+PDLLA+PPF+AgFp).
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the animal showed the composite strip was adherent to the bone underneath. The 
X-ray of the specimens showed abundant callus along the fracture (Figure 13) and the 
composite strip was not seen in the X-ray.

The histopathological evaluation showed the following features: a) Both the layers 
of the scaffold had merged into one layer. b) The composite had attached to the bone 
beneath. c) There was abundant woven bone formed beneath the composite strip at 
the level of the corticotomy. d) The second layer of the composite strip kept away 
from the corticotomy had profuse infiltration of fibrocytes. e) The fibrous change-
over in the superficial layer of the composite had abundant neovascularization These 
changes confirm the osteo induction potential of the composite, the ability of the 
composite to go for bioconversion, and high bioactivity of the composite [37–39].

The modified tetrachrome staining of the specimens with the cross section at the 
level of the composite confirmed the findings by EH stain and showed the additional 
features. Figure 14a shows conversion of the fragmented composite forming woven 
bone to heal the corticotomy made and the binding of the two layers of the composite 

Figure 11. 
Studies using composite strips: X-ray photographs of the operated site in rabbit.

Figure 12. 
Studies using composite strips: CT scan of the fractured leg in rabbit.
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strip and random infiltration of the layer close to the bone with fibroblasts and specks 
of osteiod. On higher magnification (Figure 14b), the fusion of the composite strip to 
the underlying bone by osteoid is well seen. On further magnification (Figure 14c), 
the infiltration of the composite by newly formed layers of osteoid is well made out 
replacing the dissolved area of the composite. Figure 14d shows the adhesion of the 
composite strip, the composite strip dissolving and disintegrating to form new woven 
bone healing the corticotomy, the abundant laying of new osteoid in the dissolved 
portion of the composite.

Figure 13. 
Studies using composite strips: Postoperative X-ray of the dissected specimen from rabbits. 
(A-PLA+PDLLA+PPF+AgFp; B-PLA+PDLLA+PPF+ZnFp; C-PLA+PDLLA+PPF+MgFp).

Figure 14. 
a-d represent the tetrachrome stain results of the strip (Composition: PLA+DPLLA+PPF+ZnFp).
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5. Conclusions

The novel composite of PLA+PDLLA+PPF+AgFp/ZnFp/MgFp meets most of the 
requirements of an ideal bone substitute, and it bridges the gap between the need 
of the clinician and the biomaterial scientist, more than the available present-day 
commercial ceramic composites. It is not only conductive like HAp but also inductive. 
It is more inductive than Tri calcium phosphate. It takes less time for resorption than 
Bioglass and the presence of fluoride makes the rate of bioconversion high. As the end 
products of all the four components of the composite are natural ingredients of the 
body and induce bone formation by enhancing the genetic pathway, the composite 
is a real biomimetics. Though small animal studies have proved the usefulness of the 
composite, their efficacy has to be confirmed in clinical situations in large animals 
before human trial.
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