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Abstract

Here we report a comparative study of the healing kinetics of surgically created artificial defects in the tibia of New Zealand white rabbits.

Comparison of the healing kinetics was made for uncoated conventional SS316L intramedullary pins, and the same pins with microplasma sprayed

(MIPS) pure hydroxyapatite (HAp) and beta-tri calcium phosphate (b-TCP) coatings. After thorough material characterizations including XRD,

FTIR, SEM, etc., MIPS coated pins were implanted to such animals. Serum biochemistry, radiology and fluorochrome labelling were used to

evaluate the comparative healing kinetics of these implants in vivo. In comparison to those of the uncoated pins, the pins coated with both MIPS

HAp and b-TCP showed significant increment of alkaline phosphatase up to 15th postoperative day, insignificant changes in serum phosphorus and

calcium with uneventful healing of bone defect. There was development of Havarsian canals and well-defined peripherally placed osteoblasts along

with evidence of angiogenesis and comparatively more new bone formation in the defect site. On a comparative scale, the performance of the b-

TCP coated intramedullary pins was much better than that of the pure HAp coated pins than the uncoated intramedullary pins.
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1. Introduction

Intramedullary pinning is commonly used fracture fixation

technique to provide stability to long bone fractures in animals

[1,2]. They are relatively easy to remove after healing of

fracture. Amongst other constraints of this technique, some is

less stability, resulting in a slower return to limb function and

may involve more after-care over other internal fixation
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techniques. Besides other complications associated with

intramedullary pinning, include delayed union or nonunion,

excessive flexibility, pin deformation, fatigue fractures or

migration. To overcome these, the basic research in the fracture

demands essentially to determine the optimum materials,

geometry and structural properties of fixation devices.

Implant loosening/migration is an unresolved complication

associated with internal fixation. It is generally accepted that

this problem may be overcome by modifying the implant/bone

interface for improved osseous integration. Improved osseous

integration may be obtained by the use of hydroxyapatite

(HAp), b-tri calcium phosphate (b-TCP) and their composite

coatings. A number of studies has suggested that the

effectiveness of calcium phosphate surface coatings, nominally

HAp to enhance the osteoconductivity of metallic implant

[3–5]. These coatings have been shown to promote osseointe-

gration by stimulating bone growth onto the surface [6]. The

problem associated with HAp and Ca–P coatings with thickness

of �10–100 mm is failure of implant during long-term use, in
d.
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Table 1

Parameters for MIPS process.

Parameters Values

Primary gas pressure (Ar) 4 bar at 20 8C
Secondary gas pressure (Ar) 4 bar at 20 8C
Primary gas (plasma gas) flow rate 10 SLPM

Secondary gas (shielding gas) flow rate 20 SLPM

Powder deposition rate �1.5 mg/s

Powder size ��53 + 64 mm

Input current �40 A

Input voltage �30 V

Plasmatron power <1.5 kW

Stand-off distance 75 mm

Rotational speed of sample 150 rpm

Distance between cathode and plasma nozzle 1.7 mm

Distance between anode and plasma nozzle 1 mm

SLPM: standard liters per minute.

Table 2

Mass absorption coefficients of different calcium phosphate phases.

Phase (s) Mass absorption

coefficient

Hydroxyapatite 86.6531

Tri calcium phosphate 95.5864

Calcium phosphide oxide, Ca4P2O 135.333

Plasma spray coating consisting of

b-TCP, a-TCP and Ca4P2O

99.5381

A. Dey et al. / Ceramics International 37 (2011) 1377–13911378
either adhesion (delamination) to the implant itself or in

internal cohesion of the actual coating [7]. If this happens in

situ, it may encourage fibrous tissue formation at the implant

surface and could result in implant loosening. This along with

production costs has induced the search for a coating that

encourages good fibrin attachment and bony integration, while

being good for adhesion to the implant surface and cohesion

within its internal structure.

Microplasma spraying (MIPS) technique [8–13] developed

only a few years ago is gaining importance and applied for

development of various coatings of metals and metallic alloys

[9,12], ceramics and ceramic composites [9,10,13] and also

bioceramics e.g. HAp [8,11]. The term ‘‘micro’’ generally

refers to the comparably low power level than that of the

conventional macro-plasma spraying (MAPS) [9]. This spray

process utilizes a much lower plasma power (1–4 kW) and

much smaller spray spots (3–5 mm) due to its narrow laminar

plasma jet compared to those of the conventional MAPS

process and provide a higher degree of crystallinity than that

provided by MAPS along with very less amount of impurity

phase [8]. Coating of intramedullary pins with bioactive

ceramics, e.g. HAp, b-TCP, etc. by MIPS could be a solution

for this particular fracture fixation technique which can provide

stability to long bone fractures [14–16]. Compared to the

conventional macroplasma sprayed process, the MIPS process:

(a) requires much lesser plasmatron power (e.g. 1–4 kW c.f.

10–40 kW), (b) generally avoids formation of impure and

amorphous phases, (c) provides much higher degree of phase

purity and crystallinity (e.g. >80% c.f. �70%) and (d) induces

higher degree of porosity (e.g. �20% c.f. �2–10%) that

facilitates bony tissue in-growth [8,14,16–18]. Over the past

few years, HAp and to a much lesser extent, b-tri calcium

phosphate (b-TCP) have been successfully applied for porous

coating on metallic implants to provide easier in-growth of

bony tissues [17,19–21].

Recently, in a significant effort Junker et al. [22] attempted

bone fixation using a MIPS calcium phosphate coated titanium

(Ti) implant in goat. However, to the best of knowledge, the

present work is the maiden report on the comparative healing

performance of uncoated intermedullary SS316L pins, and

MIPS pure HAp and b-TCP coated intermedullary SS316L

pins for bone fixation in New Zealand white breed of rabbit.

2. Materials and methods

2.1. Materials preparation and characterizations

Preparation of HAp and b-TCP powders with Ca/P molar

ratios of 1.67 and 1.50 by simple wet chemical routes followed

by calcination at 1250 8C and 1200 8C, respectively; led to

phase pure, free flowing granule formation [23,24]. Flowability

as measured by a Hall flowmeter (Lloyds, India, ASTM B 212

[25]) showed that powder with size range of 53–64 mm gave

the best flow properties (�0.5 g/s). Subsequently, these were

used for microplasma spraying [17,20]. Next, rectangular

(155 mm � 20 mm � 2 mm and 25 mm � 25 mm � 2 mm)

and cylindrical (25.4 mm diameter, length 25.4 mm) stainless
steel (SS316L) coupon substrates were microplasma sprayed.

Prior to MIPS treatment, the substrates were ground flat parallel

and blasted with about 200–250 mm alumina grits to an average

centre line average (CLA) of about 2.5 mm (Taylor Hobson I-

120, UK). Atmospheric MIPS was carried out using a

commercial instrument (Miller Maxstar 200 SD 2.5 kW,

USA) at a low plasmatron power of 1.5 kW with external

powder feeder chamber. The plasma spray parameters used in

the present study for coating on the SS316L substrate are given

in Table 1. The coating thus obtained was subsequently

annealed at 600 8C for 2 h to modify the coating properties and

adherence to the substrate. The phase purity and degree of

crystallinity of the coatings were analyzed by X-ray diffraction

(XRD; Philips PW 1710, Holland) technique using monochro-

matic Cu Ka1 radiation at 55 mA and 40 kV after following

methods given in Klug and Alexander and Landi et al.,

respectively [26,27]. Percent of phase content for composite

phase was calculated by external standard method. The mass

absorption coefficients are given in Table 2. For samples

containing an amorphous fraction, the percent crystallinity was

determined by deducting the sum of all the weight fractions of

the crystalline phases in the mixture from 100%.

The infrared (IR) spectrum of the coating was recorded in

the mid IR region by a Fourier transformed infra-red

spectrometer (FTIR; Perkin-Elmer, Model: 1615, USA). The

microstructural characterizations and coating thickness mea-

surements were carried out by scanning electron microscopy

(SEM; s430i, Leo, UK), field emission scanning electron

microscopy (FESEM; Supra VP35 Carl Zeiss, Germany) and

subsequently by an image analyzer (Leica Q500MC, UK).



Fig. 1. SS316L Intramedullar pins: (A) uncoated, MIPS, (B) HAp and (C) b-

TCP coated.
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Samples were sputtered coated with Au–Pd (�50–70 nm

coating thickness) prior inserting in the sample chamber of

electron microscopy. Prior to in vivo animal trials, the actual

uncoated pins, pins coated by MIPS HAp and b-TCP coating

are shown in Fig. 1A, Fig. 1A and Fig. 1C, respectively. The

bonding strength of the coatings was evaluated as per ASTM

C633 specification using a universal testing machine (Instron

5500 R, USA) [28]. Details of the procedure have been reported

elsewhere [11,17,20]. Briefly, MIPS-HAp/b-TCP coatings

were put on SS316L cylindrical stubs (25.4 mm diameter

and length 25.4 mm) (loading stub, L and the substrate stub, S).

The coated stub (S) was joined to another uncoated stub (L)

with a commercially available adhesive tape (FM 1000

adhesive film, Cytec Industries Inc., NJ, USA). The tape was

made by a mixture of polyamide and epoxy resin with an

appropriate curing agent. The stubs were then mounted on a

snugly fitted fixture and kept in an oven for about 5 h at 300 8C
for curing purpose. Tensile test was carried out at a cross-head

speed of 0.1 mm/min. using a Universal Testing Machine

(UTM Instron 5500 R, USA) under ambient conditions. The

bonding strength of the coating was obtained by dividing the

critical load at failure by the coated area.

2.2. Animal experimentation

Animal experimentation was carried out following the

procedures conforming to the standards of the Institutions

Animal Ethical Committee of the West Bengal University of
Animal and Fishery Sciences, India. Eighteen clinically healthy

adult New Zealand white rabbits (age 12–15 months) of either

sex, weighing 2.5–3 kg, were used in this study. They were

randomly distributed into three groups of six animals each:

control (group I) i.e. uncoated pins with defects and no

treatment, implanted with HAp coated pins (group II) and b-

TCP coated pins (group III). After routine preoperative

preparation, the rabbits were anaesthetized using combination

of xylazine hydrochloride and ketamine hydrochloride anaes-

thesia as per the standard protocol described by Sedgwick [29].

The diaphysis of tibia was approached through routine surgical

procedure. Prior to implantation of intramedullary implants, a

rectangular defect of 10 mm length and 5 mm breadth was

created by removing a piece of full thickness cortical bone by

electrically operated micromotor-based dental drill and

subsequently, the respective intramedullary pins were

implanted within the medullary cavity of tibia of rabbits in

normograde fashion using the standard method described by

DeYoung and Probst [1] and Olmstead et al. [2]. The incisions

were closed by suturing the muscle and subcutaneous tissues

using chromic catgut (3/0). Skin was sutured with silk (3/0) in

routine manner. The wound was covered with a protective

dressing and bandages. Each animal was given injection

cefotaxim sodium at a dose of 100 mg intramuscularly twice

daily and paracetamol syrup once daily for 5 days. Routine

dressing of the wound was done on 3rd, 5th and 7th

postoperative days and skin sutures were removed on 10th

postoperative day. Lameness, weight bearing/fracture repair

capacity and associated signs of local inflammatory reactions

were observed from the day of operation up to 60th day

postoperatively and changes were evaluated by visual and

manual examinations. Serum calcium [30], inorganic phos-

phorus [31] and alkaline phosphatase [32] were measured on

day 0, 3, 7, 15, 30 and 60 postoperatively to assess the degree of

inflammation and progress of bone healing. Anterio-posterior

(A/P) radiographs were taken (300 mA medical diagnostic X-

ray machine, M.E. X-Ray, India) immediately after implanta-

tion and subsequently on day 15, 30, 45 and 60 postoperatively

of the operated limb. For histological investigation, bone

samples were collected from both defect and normal area from

the animals at day 60 postoperatively. The decalcified tissues

were processed in a routine manner and 4 mm sections were cut

with microtome and stained with hematoxylin and eosin to

observe the matrix formation and conditions. Finally, fluor-

ochrome was observed by injecting oxytetracycline dehydrate

(Pfizer India, India) intramuscularly, at a dose rate 50 mg/kg

body weight on days 48, 49 and later after 6 days interval on

days 55 and 56 (2–6–2 manner) post-operatively for double

toning of new bone. Undecalcified ground sections were

prepared from the implanted segments of bone and were ground

to 20 mm thickness using different grades of sand paper by

rubbing under moderate pressure. Final grinding was done over

the hone under moderate pressure using slow circular motions.

The ground-undecalcified sections were observed under ultra-

violet incidental light with an Orthoplan microscope (Excitation

filter, BP-400 range; Leitz, USA) for tetracycline labelling to

determine the amount and source of newly formed bone.
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3. Results and discussions

3.1. In vitro structural characterizations

Phase and crystallographic features of coating obtained after

MIPS technique both before and after heat treatments at 600 8C
are given in Figs. 2 and 3 separately for HAp and b-TCP,

respectively. Just for the purpose of comparison, the data for the

as-synthesized powders, and powders/granules fired at 1250 8C
(and 1200 8C) are incorporated in the respective Figs. 2 and 3.

Crystalline phase of HAp phase was retained after plasma

spraying and post heat treatment of this coating material (Fig. 2d).

However, incaseofb-TCP powder, the structurewasdecomposed

after plasma spraying and post-heat treatment (Fig. 3d). New

phases formed were a-TCP (JCPDS 09-0348) and calcium

phosphide oxide (JCPDS 80-0410). In addition, the respective

positions of the XRD peaks were well matched with JCPDS 74-

0566 (calcium hydroxide phosphate or hydroxyapatite, Figs. 2a

and 3a), 09-0432 (crystalline hydroxyapatite, Fig. 2b) and 09-

0169 (pure b-tri calcium phosphate, Fig. 3b).

The degree of crystallinity for HAp granules, as sprayed and

600 8C heat-treated HAp coatings were �98%, 80% and 91%,

respectively. Initial reduction in crystallinity of HAp granules

was because of unmelted HAp particles in as-MIPS coating

while the later enhancement reflects presence of more

crystalline phase formation in the 600 8C heat-treated coating.

Further increase of post heat-treatment temperature caused an

adverse effect of substrate e.g. SS316L [33] and coating
Fig. 2. XRD pattern of powders and coatings (for HAp): (a) as dried powder, (b) s

coating.
crystallinity [34] and hence, was not attempted in the present

work. As-sprayed and 600 8C heat-treated b-TCP coating had

� (58, 16.5 and 15.8%) and� (39.7, 15.5 and 10.4%) of b-TCP,

a-TCP phase and Ca4P2O, respectively. This data revealed a

reduction in phase content of the aforesaid phases in the heat

treated b-TCP coating. A corresponding similar reduction was

noted in crystallinity e.g. crystallinity of the as-sprayed and

600 8C heat treated b-TCP coating were �90.3 and 65.6%,

respectively. Owing to its phase content as well as crystallinity,

as-sprayed b-TCP coated intramedullary pins were finally

selected for in vivo animal trial. Due to the same justifications,

post heat-treated HAp coated pins were chosen.

FTIR data for as-sprayed MIPS coatings and coatings after

heat treatment at 600 8C are given in Figs. 4 and 5 for HAp and

b-TCP, respectively. In addition, the spectrums of powders/

granules fired at 1250 8C (and 1200 8C) are incorporated for the

purpose of comparison only. For the as sprayed HAp coating

(Fig. 4b) the strong peaks at 1039 and 1092 cm�1 corresponded

to stretching mode of PO4
3� and those at 569 and 600 cm�1

related to bending modes of PO4
3�. The peak at 877 cm�1 may

be ascribed to a symmetric P–OH stretching vibration of

HPO4
2� groups. There exists a weak band at 962 cm�1

attributed to absorbed OH�. The band at 3446 cm�1 might have

come from lattice H2O because this band exists in the range of

3550–3200 cm�1 for hydrated H2O. Further, the additional

peak at 3569 cm�1 band is assigned to the bulk OH� ions in the

fired compositions also. The FTIR spectra of HAp are

consistent with those of reported by Ota et al. for pure HAp
intered (1250 8C) granule, (c) as sprayed coating and (d) heat treated (600 8C)



Fig. 3. XRD patterns of powders and coatings (for b-TCP): (a) as dried powder, (b) sintered (1200 8C) granule, (c) as sprayed coating and (d) heat treated

(600 8C) coating.

Fig. 4. FTIR spectrum of powders and coatings (for HAp): (a) sintered (1250 8C) granule, (b) as-sprayed coating and (c) heat treated (600 8C) coating.
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Fig. 5. FTIR spectrum of powders and coatings (for b-TCP): (a) sintered (1200 8C) granule, (b) as-sprayed coating and (c) heat treated (600 8C) coating.

A. Dey et al. / Ceramics International 37 (2011) 1377–13911382
powder [35]. The peak at 1092 cm�1 corresponding to PO4
3�

band had merged giving rise to a broad band indicating the

presence of other Ca–P compounds and most likely, formation

of some amorphous HAp. The decrease in transmittance at

3446 cm�1 (Fig. 4b) for the as-sprayed coating indicated that

some of the hydroxyl groups (OH�) were driven off during the

high temperature process. This was due to dehydroxylation

during spraying in which some MIPS-HAp might have been

converted to oxyhydroxyapatite (OHAp) with the approximate

formula Ca10(PO4)6(OH)2�2xOx&x(& = vacancy, x < 1) [34].

Post heat-treatment however gave the recovery of transmittance

value at 3569 cm�1.

In case of MIPS-TCP coating (Fig. 5), the range of 800–

1200 cm�1 exhibited a wide transmission band typical of

tetrahedral anions XO4
n, in particular, PO4

3�. The observed

PO4
3� transmission peaks around 1040–1122, 610 and

551 cm�1 are due to b-TCP [36]. The band at 1436.9 cm�1

is probably from carbonate, commonly found in both synthetic

TCP and natural bone [37]. It has been found from Fig. 4b and c

that one of the transmission bands for the phosphate (PO4
3�)

groups occurred at 1092 cm�1. The larger bulge at the left side

of the spectrum was indicative of the presence of some

amorphous materials or moisture. On the other hand, data

presented in Fig. 5b and c showed typical phosphate groups in

the region 1100–950 cm�1 that were possibly hydrated too.

But, no structural evidence for OH� formation could be

noticed. There were slight shift of the peaks around 1024, 611

and 559 cm�1 which may be due to the structural reorientation
of the phosphate group from the parent pure b-TCP to the as-

prayed and heat treated coating (Fig. 5b and c).

From both XRD (Figs. 2 and 3) and FTIR data (Figs. 4 and 5)

it was found that the as-prepared powders were composed of

calcium deficient hydroxyapatite, which when fired at their

respective calcination temperature become poly-crystalline

HAp or b-TCP depending on initial stoichiometry and based on

the following reaction [38,39]:

Ca10�xðHPO4ÞxðPO4Þ6�xðOHÞ2�x !

ð1 � xÞCa10ðPO4Þ6ðOHÞ2þ 3xb � Ca3ðPO4Þ2þ xH2O

where x is the calcium deficiency.

Typical SEM image of heat-treated MIPS-HAp coating is

shown in Fig. 6a and b. The microstructure of the coating was

heterogeneous and highly porous. The average volume percent

open porosity was �20% as measured by the image analysis

technique applied to SEM photomicrographs. Splat size was

�50–70 mm, macropore size was �10–30 mm and micropore

size was �1 mm. Intra and inter-splat microcracks were

distributed all over the as sprayed MIPS coating (Fig. 6a) along

with unmelted HAp particles. The pores were formed because

of poor bonding between adjacent splats and microcracking

arose from shrinkage of the splat during quenching and

subsequent differential thermal contraction between substrate

and coating. Post heat-treated MIPS HAp coating micro-

structure (Fig. 6b) appeared as if it were more densified on a

comparative scale (ca. Fig. 6a).



Fig. 6. SEM photomicrograph of plasma spray coating for HAp and b-TCP; (a) HAp as sprayed: pores (white bold arrow heads), unmelted splats retaining a non-

flattened core (white bold arrow), deformed splats (black bold arrow heads), splat cracks (black bold arrow), (b) HAp after post heat treatment: pores (white bold

arrow heads), unmelted splats retaining a non-flattened core (white bold arrow), deformed splats (black bold arrow heads), splat cracks (black bold arrow), (c) b-TCP

as sprayed: pores (white bold arrow heads), unmelted splats retaining a non-flattened core (white bold arrow), deformed splats (black bold arrow heads), splat cracks

(black bold arrow) and (d) b-TCP after post heat treatment: pores (white bold arrow heads), unmelted splats retaining a non-flattened core (white bold arrow),

deformed splats (black bold arrow heads), splat cracks (black bold arrow).
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In case of MIPS-TCP coating almost same observation could

be noticed as that of HAp (Fig. 6c and d). Only difference being

that the coating cracks were less predominant than the

corresponding HAp coating, possibly due to less crystallinity

of b-TCP crystals when exposed to plasma temperature.

Further, lesser frequency of unmelted particles was noticed.

Pores usually fell in the size range of �1 mm. After heat

treatment (Fig. 6d), it appeared as if the MIPS-TCP coating

microstructure became more homogeneous with lesser amount

of unmelted particles, inter and intra-splat cracks as well as

micropores. More amorphous content in the b-TCP coating

(Fig. 3) also possibly helped for healing up of the microcracks

when heat-treated. At same spraying powers, the HAp particles

were poorly melted. When they impacted on the substrate (or

the already formed coating), they were not able to spread out

completely to form splats and therefore, could not conform to

the surface [20,40]. However, in case of b-TCP, the condition

actually reversed owing to its lower crystallinity and spread

nicely when impacted. Typical HAp/b-TCP coating thickness

on the substrate was found to be 150–200 mm.

The measured bonding strength for HAp and b-TCP coating

was found to be �13 MPa and 11.6 MPa, respectively. These

values were quite comparable with the reported corresponding

values (�2–30 MPa) for the macro-plasma deposited coating
[41,42]. Owing to its higher crystallinity, phase purity, lesser

coating cracks, high adhesion strength and moderate-to-high

amount and distribution of micropores, MIPS coated and heat

treated HAp substrates were selected for further in vivo studies

and due to same justification MIPS coated and as-sprayed (non

heat-treated) b-TCP substrates were selected for further animal

trials.

3.2. In vivo characterizations

3.2.1. Local inflammatory reactions and healing of wound

Only a mild swelling was observed at the operative site,

which reached maximum on the 6th postoperative day and

thereafter, it subsided gradually and returned to normalcy

within 10 postoperative days. All the animals of three groups

showed signs of lameness in the immediate postoperative

period without showing any visible difference between

different groups. Weight bearing capacity in each animal

subject gradually improved as signs of inflammation subsided.

The lameness and a transient inflammatory response were

observed in the immediate postoperative period may be

associated with the surgical trauma. Subsequently, lameness

disappeared gradually, which suggest that inflammation was

subsided and fracture was getting stable. This finding was in
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agreement with the observations of ulnar fracture in dog by

Shukla [43] and in rabbit by Singh [44]. In the present study no

foreign body response or toxicity was elicited and hence all the

implants were accepted without any undesirable effect.

Clinical signs were of little importance in evaluating the

process of healing after reconstruction of bone defects by

different types of intramedullary implants. However, type of

wound healing and restoration of function provided an idea

about the status of soft tissue formation and bone healing

thereby. All the surgically created defect areas and the implants

were well placed, well accepted and tolerated by the animals,

causing no serious inflammation in the surrounding tissue.

Healing was uneventful in all animals and there was no

evidence of rejection of implant in any case. The clinical

features of the present study corroborated with the findings of

Holmes et al. [45].
Fig. 7. Changes in serum (a) alkaline phosphatase activity (IU/L), (b) calcium esti

healing (for group I, II and III animals) with n = 6.
3.2.2. Serum biochemical observation

The present study showed highly significant changes in

serum alkaline phosphatase activity (IU/L) at different time of

fracture healing in all three experimental groups of animal

estimated on six different time intervals (Fig. 7a). The ALP

values started to increase in all groups of animals post-

operatively reaching to its peak at 15th day postoperatively. On

60th day postoperatively, it started to reach normal level. The

findings of serum calcium estimation showed no significant

changes in serum calcium level (mg/dl) through out the study

period (Fig. 7b). In group I, II and III, serum calcium values

were 9.71 � 0.08, 10.34 � 0.22 and 10.67 � 0.16 respectively

on ‘0’ day, which did not alter remarkably at time of

observation in any groups. The serum phosphorus level (mg/

dl) also showed no statistically significant changes like serum

calcium values during the different stages of fracture healing in
mation (mg/dl) and (c) phosphorous level (mg/dl) at different time of fracture
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all the groups (Fig. 7c) except a non-significant rise to its peak:

4.69 � 0.08, 5.91 � 0.16 and 5.81 � 0.26 in group I, II and III

respectively on 15th postoperative day. These were gradually

reduced however and returned back to normal level within 60

day postoperatively.

There was highly significant elevation in serum ALP level in

all the groups up to 15th postoperative day and thereafter, the

values returned to normal within 60th postoperative day.

Similar result was reported by Saraswathy et al. [46].

Alkaline phosphatase works best at alkaline pH, and thus the

enzyme itself is inactive in the blood. Alkaline phosphatase acts

by splitting off phosphorus (an acidic mineral) creating an

alkaline pH. The osteoblast heals through osteogenesis [47]

after secreting alkaline phosphatase enzyme [48]. The rising

level of serum ALP in different groups from base values was

different, suggesting the different rate of osteogenesis as per

quantitative and qualitative activity of osteoprogenitor cells.

Thus, enhanced activity of osteoblast leads to increased ALP

activity up to 15th postoperative day, which came to normal

afterward gradually, when callus formation ceased [49].

In the present study, serum calcium level showed no

significant changes at any intervals of the study period. Similar

results were reported by Speed [50] and Pandey and Udupa

[51], who opined for non-correlation between fracture healing

and serum calcium level. However, an increased serum calcium

levels after fracture were reported by Suryawanshi et al. [52].

There was a non-significant reduction in serum calcium values

up to 15th post-operative day in all the animals. Such decrease

in the level of serum calcium could be due to increased urinary

excretion after traumatic bone injury [46].

Serum phosphorus level exhibited a non-significant increase

up to 15th postoperative day which gradually reduced and

returned back to normal in 60th day postoperatively. Increase in

serum phosphorus level during early stages of fracture healing

[46,50,51] is also reported in few literatures. The increase in

serum phosphorus concentration might be attributed to the

enhanced mineralization during this period. Moreover, necrotic

disintegration of the cells at the fracture site was responsible for

early rise in phosphorous levels [46]. However, the difference in

serum phosphorus levels during different stages of bone healing

was not significant.

The HAp coatings provide ‘‘bone bonding’’, promote

osseointegration and minimize adverse reaction by provision

of a biocompatible phase. Further, with increasing thickness of

the coating (150–160 mm), concentration of metal ions released

to the body decreased [53].

3.2.3. Radiographic evaluation

Fig. 8a–c shows the radiographic observation of different

groups (group I, II and III, respectively) taken on 15th, 30th,

45th and 60th post-operative days. The results are analyzed and

summarized schematically in Table 3. The observations were

divided according to the following radio-density classifications:

‘+’ was indicative of mild/present, ‘++’ of moderate, ‘+++’ of

significant and ‘�’ was of absent. In Fig. 8a, day ‘0’ showed

radio-lucent rectangular cortical defect on proximal third of the

tibia. The pin margin was uniformly dense and had distinct
details. On day ‘15’, periosteal reaction around the cortical

defect was evident. On day ‘30’, bone defect was obliterated by

newly formed osseous tissue with evidenced cortical continuity

in the defect area. On day ‘45’, osseous tissue was present in the

defect but still the bony defect was evident on radiograph.

Finally, on day ‘60’, bony defect was not visible on radiograph

and the newly formed osseous tissue was more organized and

compacted. In hydroxyapatite coated group (Fig. 8b), radio-

graph taken on day ‘0’ showed radio-lucent rectangular cortical

defect on proximal third of the tibia. Intramedullary pin was

present beyond the bone defect area up to the mid shaft of the

bone and the pin margin was indistinct. On day ‘15’, the defect

area showed indistinct margins and reduced density. On day

‘30’, bone defect was obliterated by newly formed osseous

tissue with evidence of cortical continuity in the defect area. A

central radio-lucent area in the defect area was still visible. On

day ‘45’, osseous tissue obliterated the defect leaving only a

central radio-lucent area and a cortical continuity. On day ‘60’,

bone defect was obliterated by newly formed osseous tissue

with established cortical continuity in the defect area. No bony

resorption around the pin was evidenced. In case of b-TCP

coating (Fig. 8c), radiograph on day ‘0’ was identical with the

other two cases. On day ‘15’, the defect area showed indistinct

margins and reduced density. On day ‘30’, bone defect was

obliterated by newly formed osseous tissue with established

cortical continuity in the defect area. On day ‘45’, bony defect

was not visible on radiograph and there was evidence of

formation of bridging callus. On day ‘60’, finally, bone defect

was obliterated by newly formed osseous tissue with

established cortical continuity in the defect area.

Critical evaluation of radiographs taken at different intervals

in animals of group I revealed no significant evidence of

fracture union as compared to other two groups. However, at the

initial stage, minimal periosteal reaction and smoothing edges

of cortical bone defects were noticed. This may be due to the

fact that the bone surfaces were in direct contact with metallic

implant that might have caused ‘‘metallosis’’ [54]. Subse-

quently, there was substantial reduction of gap size by newly

formed osseous tissue, making the defect more round and

smooth. Similar finding was also reported by Bolander and

Balian [55].

3.2.4. Histological observations

In uncoated group, section showed cancellous bone and well

developed marrow spaces. Bone lamella was lined by

osteoblasts. Marrow cavity contained adipose tissue with

marrow material (Fig. 9a). On the other hand, hydroxyapatite

coated group showed complete ossification with developed

Havarsian canals and well-defined peripherally placed osteo-

blasts. Blood vessels in Havarsian spaces were found to be well-

developed with very little marrow amount at spaces. Few

particles of non-absorbed biodegradable material were seen in

the lamellar cortical bone and in marrow space as refractile

crystalloid structure (Fig. 9b). In b-TCP coated group, section

showed moderately differentiated lamellar bone in the cortical

part containing a few granular foreign body materials.

Peripheral part of the cortex showed presence of woven bone



Fig. 8. Radiographic observation at fracture site, taken after ‘0’, ‘15’, ‘30’, ‘45’ and ‘60th’ day postoperatively for (a) group I, (b) group II and (c) group III animals.
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and marrow space showed evidence of angiogenesis with focal

development of marrow material in the midst of unabsorbed

foreign granular debris (Fig. 9c). Histologically, it is revealed

that bone formation in defect area was more in b-TCP coated

group as compared to HAp coated and uncoated group based on

woven bone formation and angiogenesis.

Histological observations provided detailed information

about the cellular events during incorporation of different types

of ceramic-coated implants. In group I animals, histological

section showed formation of cancellous bone with well-

developed marrow spaces. Bone lamella was lined by

osteoblasts. However, complete ossification with developed

Havarsian canals and well-defined peripherally placed osteo-

blasts were not observed as compared to group II and III
animals. This might be due to the fact that the inert metallic

materials (i.e. intramedullary pin pin) do not form a chemical

bond with tissues, but rather a fibrous tissue capsule is formed.

This observation supported the findings of Nguyen et al. [56]. In

group II and III animals, there were complete ossification with

developed Havarsian canals and well-defined peripherally

placed osteoblasts. This might be due to direct chemical

implant-bone contact, thus reducing the time required for

osseointegration. In order for a material to chemically attach to

bone, spontaneous formation of bone-mineral like calcium

phosphate (Ca–P) on the materials surface in physiological

environments is needed [57]. Calcium phosphate coatings are

required as a means of improving ‘‘bone bonding’’ and

promoting more rapid osseointegration [58,59].



Table 3

Radiographic features at different days of interval in different groups.

Group Uncoated

group

HAp

coated

group

b-TCP

coated

group

Periosteal reaction – ‘15’ day + + ++

Periosteal reaction – ‘30’ day + + +

Periosteal reaction – ‘45’ day ++ + �
Periosteal reaction – ‘60’ day + � �
Radiodensity of the defect area 30 days + + ++

Radiodensity of the defect area 45 days + ++ ++

Radiodensity of the defect area 60 days ++ +++ +++

Visible bone defect 45 days + + �
Visible bone defect 60 days � � �
Resorptive changes 30 days + + +

Resorptive changes 45 days + + �
Resorptive changes 60 days + � �
Cortical continuity 45 days � � +

+ mild/present; ++ moderate; +++ marked; � absent.
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The mechanisms of the bonding of bioactive ceramics with

bone have been documented for bioactive glass, glass-ceramics,

HAp and other calcium phosphate materials [60,61]. A calcium

phosphate-rich layer formed at the implant-bone interface is

evidence of chemical bonding for the surface-active materials.

For permanent implants, it is essential that the surrounding

bony tissue integrates well (osseointegration) and the surface of
Fig. 9. Histopathology: photomicrograph of (a) group I animal showing cancello

osteoblasts. Marrow cavity contained adipose tissue (3) with marrow material; (b) g

well-defined peripherally placed osteoblasts (2) and angiogenesis; (c) group III anima

translucent material (2) deposited around perilamellar spaces and showing rege

magnification.
the implant favours the process of cell attachment, adhesion,

proliferation and tissue growth [60] leading to stable implant

anchorage [61–64]. Whenever an implant is brought in contact

with bone, blood proteins are adsorbed onto the surface of the

implant. Though other proteins attach first, eventually mostly

fibrin is found, which contacts both the bone and implant [65].

Along these fibrin fibres, osteogenic cells from the marrow and

the endosteum, migrate towards the implant and during this

migration differentiate into mature osteoblasts.

3.2.5. Fluorochrome labelling study

In uncoated group, when viewed under ultraviolet incident

light, the ultraviolet light imparted golden yellow fluorescence

as tetracycline marked the new bone. This golden yellow

fluorescence was present as a narrow area in the defect site

whereas, host bone appeared dark homogenous sea green

colour. The defect was completely filled with newly formed

cancellous bone and appeared as homogenous non-fluorescent

area (Fig. 10a). Union in the defect site of bone was more-or-

less complete in most of the animals. In hydroxyapatite coated

group, under fluorescent microscope, the defect was visualized

as a line of golden yellow fluorescence whereas, the host bone

appeared as homogenous dark sea green colour. In this group,

the activity of new bone formation was marked. Within this new

osteoid tissue, which completely filled the bone defect, crossing

over of new bone trabeculae was evident. Few resorption
us bone (1) and well-developed marrow spaces. Bone lamella (2) is lined by

roup II animal had complete ossification with developed Havarsian canals (1),

l had well-differentiated lamellar system (1) with moderate osteoblastic activity,

nerative osteoclastic (3) activity. All micrographs were taken as HE �10



Fig. 10. Fluorochrome labelling study: photomicrograph showing (a) golden yellow fluorescence (1) as a narrow area in the defect site and old bone with sea green

appearance (2) in group I animal, (b) line of golden yellow fluorescence (1) with moderate activity of new bone formation in group II animal and (c) old bone

representing sea green appearance and (3) resorption cavities in group III animal. Fluorochrome labelling study: photomicrograph showing double tone golden yellow

fluorescence (1) in wider zone in the defect site in group III animal. (2) Old bone representing sea green appearance and (3) resorption cavities.
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cavities were also present (Fig. 10b). In b-TCP coated group,

microphotograph viewed under fluorescent light (6.3 � 10

magnification) imparted a double tone golden yellow fluores-

cence in wider zone in the defect site and the host bone evinced

homogenous dark sea green colour. However, at some places,

the host bone showed newly formed woven bone, which was

cancellous in nature. Further, in the defect area, some light sea

green homogenous colour appeared amongst the trabeculae

suggesting newly formed bony tissue became matured. At

places, few resorption cavities were also present (Fig. 10c).

Several methods exist to examine newly formed bone using

specific bone markers and labelling techniques [66,67]. The

tetracycline labelling method was introduced to measure the

quantity of newly formed bone as tetracycline molecule is

having fluorescence property in ultraviolet light. Oxytetracy-

cline follows the ionized calcium and the fixation by a process

of adsorption, which is restricted to areas where active

deposition of mineralized tissue is taking place [68]. The

labelled new bone and old bone emitted bright golden yellow

and dark sea green fluorescence, respectively. These parts

provide immense value in studying gross bone architecture and

histological mapping of new bone formation using fluorescent

bone markers. In the present study, oxytetracycline at a dose of

50 mg/kg body weight (2–6–2 pattern) before end of study was

proved to be sufficient to quantify the extent of new bone

formation. In animals of group I, most of the bone defects were
occupied by homogenous nonfluorescent area suggesting little

amount of new bone formation but the process of new bone

formation was active from both the ends which corroborated the

findings of Singh [44] and Nandi et al. [69,70]. However, the

golden yellow fluorescence in a narrow area was also observed

in the present study suggesting new bone formation in the

defect site. Thus, oxytetracycline labelling study demonstrated

that HAp and b-TCP coated intramedullary pins contributed to

new bone formation in the defect area by host bone which is

similar with the observations of Singh [44] and Nandi et al.

[69,70]. Resorption cavities were present more in b-TCP

coated group as compared to HAp coated group suggesting that

the resorption and replacement of the bone was well under

progress. Besides, the resorption cavities were indicative of

initiation of bone remodeling [69,70].

Recently, Junker et al. [22] showed femoral condyle bone

fixation using titanium alloy implant coated with a MIPS

calcium phosphate compound in goat model. This pioneering

work indeed indicated that the MIPS coated implant’s

performance was at least as good as that of a conventional

macro-plasma HAp coated implant. This work emphasized the

success of MIPS based implant on the basis of only

histopathological study in vivo. They had starting material

which had a comparatively lower crystallinity (e.g. 65% for

MAPS coating, 67% and 80% for two types of MIPS coating,

and reported a reduction of coating thickness due to the
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dissolution of the amorphous phase between the remaining

crystalline coating particles of HAp and presence of other

calcium phosphate phase/s in the coating composition. The

main focus of Junker et al. [22] was on the evaluation of

mechanical stability of the MIPS coated implants. However, the

main focus of the present work was to establish MIPS coating

with highly crystalline pure HAP and b-TCP for bone fracture

fixation application in terms of biocompatibility, functional

stability, as well as osteoconductivity. Thus, the present work

attempted a systematic study of HAp and b-TCP powder and

their MIPS coating on SS316L intermedullar pin through

extensive XRD, FTIR encompassing phase and chemical

structure analysis, SEM studies elucidating microstructure

evolution and finally application of MIPS coated actual

implants in animal study on New Zealand white rabbits in

terms of detailed blood bio-chemistry, histology, fluorochrome

labelling and radiology based evaluation of suitability or

otherwise. To the best of our knowledge prior to the present

work there has not been any reported studies on success of

MIPS coated b-TCP intermedullar pin implants for New

Zealand white rabbits. The results have shown that the MIPS

coated pure HAp and b-TCP intramedullary SS316L pins have

better healing capabilities than uncoated intramedullary SS

pins. Further, the MIPS coated intermedullary SS316L pins

with b-TCP ceramics were found to have better bone formation

and apposition compared to those of the MIPS HAp coated

intermedullary SS316L pins. These promising results would

strongly suggest to go for further extensive trials with animals,

particularly with the MIPS-TCP coated implants, and if found

suitable in terms of detailed blood bio-chemistry, histology,

fluorochrome labelling and radiology based evaluation as well

as mechanical stability, the same could be selected as a

futuristic promising new biomaterial for human bone fracture

fixation device. It is needless to say that the selection of HAp or

b-TCP as material for MIPS coating on the given implant

would also have to be decided by the quality of bone that needs

to undergo fracture fixation.

4. Conclusions

A comparative study of the healing kinetics of surgically

created artificial defects in the tibia of New Zealand white breed

of rabbit using MIPS coated pure HAp and b-TCP was carried

out. After optimizing the coating parameters w.r.t. thorough

XRD, FTIR, SEM morphology analysis, suitable implants were

used in vivo. Results of the biochemical, histological,

radiographic and fluorochrome labelling revealed probably

for the first time that the MIPS coated pure HAp and b-TCP

intramedullary SS316L pins have better healing capabilities

than uncoated intramedullary SS pins. Further, the MIPS coated

intermedullary SS316L pins with b-TCP ceramics were found

to have better bone formation and apposition compared to those

of the MIPS HAp coated intermedullary SS316L pins. The

bone defect healing was comparatively better due to ‘‘bone

bonding’’ and osseointegration in b-TCP coated pin followed

by the HAp coated and uncoated pins. The results of the present

work established the superiority of MIPS HAp and b-TCP
coated intramedullary SS316L pins over the uncoated

conventional SS316L pins in fracture repair of surgically

created artificial defects in the tibia of the rabbits.
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