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Chapter 6 

An in vivo toxicity assessment of piezoelectric NaxK1-xNbO3 (x = 0.2 – 0.8) nanoparticulates 

towards bone tissue engineering approach 

This chapter discusses about an in vivo study to examine the local and systemic toxicity of 

NKN nanoparticulates in rat’s model, as a first report. As initial screening of toxicity, 

osteoblast-like MG-63 cells were exposed with different eluate concentrations (0.25, 2.5, 25 

mg/ml) of NaxK1-xNbO3 (x = 0.2 - 0.8). Thereafter, the potential biocompatibility of NKN 

nanoparticulates was investigated by intra-articular injection of the highest concentration 

(25 mg/ml) of prepared eluates in the knee joint of rats for 7 days. The histological analyses, 

as well as inflammatory cytokines profiling of these organs, were performed to observe any 

sign of inflammation. In addition, the biochemical assays (Alkaline phosphatase and 

Creatinine activities) of extracted blood serum of the particulate treated groups of rats were 

performed to grossly examine the functionality of organs. 

6.1. Characterization of NaxK1-xNbO3 nanoparticulates 

XRD analyses of calcined (microsized) and planetary ball milled (nanosized) NaxK1-xNbO3 

(x = 0.2, 0.5, 0.8) powder are shown in Fig. 6.1. XRD patterns indicate the presence of a 

single phase monoclinic structure of NKN (JCPDS # 77-0038). The crystallite size (obtained 

from Scherrer’s formula), decreased from (29 to 23 nm), (19 to 15) and (13 to 11 nm) for 

NaxK1-xNbO3 x = 0.2, x = 0.5, x = 0.8, respectively, after 10 h of planetary ball milling. The 

crystallite size continuously decreases from x = 0.2 to 0.8, which may be due to decrease in 

potassium content having comparatively larger size (K ionic radii: 0.164 nm) than sodium 

(Na ionic radii: 0.164 nm). An enlarged view is revealing the shift in the position of the most 
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intense diffraction peak and decrease in peak intensity after planetary ball milling, attributed 

to the decrease in crystallite size and crystallinity, respectively. 

 

Fig. 6.1. X-ray diffration pattern of micro-sized and nano-sized (after 10 h planetary ball 

milling) NaxK1-xNbO3 (x = 0.2 - 0.8) powders. Enlarged view illustrating the position and 

intensity of most intense diffraction peaks of NKN samples before and after ball milling. (B. 

M: Planetary ball milling).  

6.2. Morphological analyses 

The high resolution scanning electron microscopy (HRSEM) images and corresponding EDS 

graphs for NaxK1-xNbO3 (x = 0.2 - 0.8) nano-powders are shown in Fig. 6.2. The average 

particle size of ball-milled NaxK1-xNbO3 (x = 0.2, 0.5, 0.8) nano-powders varies as 70–180 

nm, 80–170 nm and 70–160 nm, respectively with the almost polyhedral shapes. The particle 

size distribution of NaxK1-xNbO3 (x = 0.2, 0.5, 0.8) powders in saline were measured in the 
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range of 600-1100 nm, 680-1200 nm and 650-1150 nm, respectively, which indicate the 

agglomeration of NKN particulates in the aqueous medium. 

 

Fig. 6.2. High resolution scanning electron microscopy (HRSEM) images and EDS graphs 

for NaxK1-xNbO3 nano-powders, (a) x = 0.2, (b) 0.5, (c) 0.8, planetary ball milled for 10 h. 

6.3. Initial screening of toxicity (Cell culture study) 

To investigate the viability of cells, different concentrations C1, C2, C3 of N1, N2, N3 nano-

powders were exposed to the MG-63 cells. Fig. 6.3 demonstrates the morphology and 

viability of MG-63 cells on NKN nanoparticulates after 24 and 72 h of seeding. The cell 

morphologies are observed to be similar among control and different concentrations of three 

NKN samples [Fig. 6.3 (A)]. MTT results suggest that the initial viability (after 24 h) of cells 

in NKN treated samples is slightly lower than the control sample [Fig. 6.3 (B)]. In addition, 

the viability of cells is higher in eluates with lower concentration i.e., C1 (0.25 mg/ml) of 

NKN particulates than in higher concentrations (C2 and C3) i.e., the viability on the NKN 

samples decreases with the increase of concentration. It is probably due to the physical 

damage of cells with nanoparticles. After 72 h, the cell density and viability of cells are 

almost similar in all concentrations of NKN samples and the control group [Figs. 6.3 (A) and 
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(B)]. It is interesting to note that the sodium (i.e., Na0.8K0.2NbO3) and potassium 

(Na0.2K0.8NbO3) rich eluates reveal comparatively higher viability of cells than 

Na0.5K0.5NbO3 eluates, after 72 h of culture. It may be due to the comparatively higher release 

of Na+ and K+ ions in the case of sodium and potassium rich compositions than 

Na0.5K0.5NbO3. The release of Na+ or K+ ions causes a slight increase in the pH of culture 

media in a time dependent manner which may be the possible reason for the higher viability 

of cells [1, 2, 3]. Overall, the in vitro study reveals that the NKN nanoparticulates not only 

preserve the morphology of MG-63 cells but also facilitate their proliferation. 
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Fig. 6.3. (A) Qualitative and (B) quantitative response of MG-63 cells after 24 and 72 h of 

culture on NaxK1-xNbO3 (x = 0.2, 0.5, 0.8) nanopowders i.e., N1, N2, N3 of concentrations, 

C1 (0.25 mg/ml), C2 (2.5 mg/ml) and C3 (25 mg/ml). Scale bar = 100 µm. Asterisk mark (*) 

represents the statistically significant difference in the mean optical density among all of the 

NKN samples (N1, N2 and N3) of different concentrations after 72 h of culture with respect 

to the mean optical density of the respective samples after 24 h of culture. 
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6.4. Animal study 

6.4.1. General observations 

During the 7 days of NKN particulate injection in the knee (synovial) joint of rats, no 

changes in skin texture and salivation in rats were observed. The rats did not suffer from 

diarrhea, tremor, or convulsion and were not in the comatose stage, post intra-articular 

injection. Further, there were no significant changes in the behavioral activities of all of the 

rats during 7 days of obsevation. The site of injections in all groups of rats was also free from 

any kind of inflammation (redness or swelling) in gross inspection during 7 days of 

treatment. The images of the paws of the particulate treated rats were captured using a digital 

camera, which was compared with the paws of control and saline treated groups of rats. The 

paws of the NKN nanoparticulates (N1, N2 and N3) injected rats were found to be similar to 

the saline and control rats without any sign of edema, redness, inflammation or any sign of 

deformities, as shown in Fig. 6.4. Similarly, the synovial joint in the treated, saline and 

control rats exhibited normal morphology at the end of the experimental protocol. Moreover, 

any inflammation at the injection site and atrophy of surrounding cartilage and bone tissues 

of the tibia and femur were absent. This finding corroborates well with the in vitro 

cytocompatibility results for NKN nanoparticulates of different compositions [Fig. 6.3 (B)]. 
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Fig. 6.4. Representation of the paws of the rats before and 7th days’ post intra-articular 

injection of NKN nanoparticulates and the knee joint, confirming the absence of any 

inflammation. 

6.4.2. Effect of intra-articular injection of N1, N2 and N3 compositions on the body 

weight 

The change in body weight is an important parameter to access whether the injected 

nanoparticulates have caused any toxic effects on the functioning of vital organs [4, 5, 6]. 

Therefore, the weight of each of the 30 rats was measured before and after injection (up to 7 

days). No significant variation in weight was recorded in the particulate injected, saline, and 

a control group of rats [Fig. 6.5].  
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Fig. 6.5. Effect of intra-articular injection of N1, N2, and N3 compounds on body weight of 

the rats during the experimental protocol. All values are represented as mean ± SD (n = 6 

rats/group) (Two-way ANOVA followed by Bonferroni post hoc test). Statistical analysis by 

two-way ANOVA revealed no significant changes in the body weight of the rats (p > 0.05). 

6.4.3. Biochemical assay 

Biochemical parameters of extracted serum were measured to evaluate the effects of NKN 

nanoparticulates induced changes in the serum level of enzymes of the treated rats. 

Generally, the level of serum ALP activity is measured to examine the hepatic function. The 

increase in ALP activity resembles the obstruction in liver functioning [7]. The death and 

healing of the liver tissue result in an increase and decrease in the hepatic ALP activity, 

respectively [8]. Furthermore, the chemical/drug induced hepatotoxicity or cholestasis also 

leads to the rise of ALP activity in blood serum [9, 10]. Therefore, the liver is an important 

organ to study the influence of particulate associated toxicity. Statistical analysis by one-way 

ANOVA shows no significant differences in the serum level of ALP among the NKN 
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particulate treated (N1, N2 and N3) and control groups [Fig. 6.6 (a)]. It can, therefore, be 

suggested that the functioning of the liver remains unaffected after exposure of NKN 

nanoparticles.  

Moreover, the estimation of creatinine levels in serum is generally performed to analyze 

whether the biomaterials or “foreign particles” have any toxic effects on the functioning of 

the renal system [11]. The elevation of blood creatinine level indicates the obstruction in the 

filtering ability of the kidneys [12, 13, 14, 15]. In the present study, the level of creatinine in 

the blood serum of rats treated with N1, N2 and N3 nanoparticulates do not show any 

significant differences as compared to the control group [Fig. 6.6 (b)]. It indicates that NKN 

nanoparticulates have not caused kidney dysfunction.  

The balanced concentration of sodium and potassium in the body plays an important role in 

regulating blood pressure and proper functioning of hepatic or renal systems [16, 17, 18, 19]. 

It has been demonstrated that inflammatory kidney disease reduces the activity of Na/K 

ATPase which consequently, results in the impairment of sodium and potassium in the 

intracellular/extracellular region of the renal system [20, 21]. In the present study, the sodium 

and potassium in all three NKN particulate treated rats did not cause any liver or kidney 

dysfunction. The release of sodium or potassium ions from injected NKN nanoparticulates 

may help in maintaining the proper balance of sodium and potassium in the cellular 

microenvironment which results in the absence of inflammation in the biochemical 

investigation. Overall, these findings suggest that the intra-articular injection of all of the 

NKN nanoparticulates in rats does not cause any kind of hepatic or renal disorder. 
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                                     (a)                                                                        (b) 

Fig. 6.6. Effect of intra-articular injection of N1, N2, and N3 compounds on serum 

concentration of (a) Alkaline phosphatase activity (ALP) and (b) Creatinine, at the end of 

day 7 of the experimental protocol. All values are in mean ± SD (n=6 rats/ group). (One-way 

ANOVA followed by Newman-keuls multiple comparison post hoc test). Statistical analysis 

by one-way ANOVA revealed no significant changes in the serum ALP level and creatinine 

among the groups [F(4,29) = 1.386; p>0.05]. 

6.4.4. Inflammatory cytokines analyses 

The results, obtained from qRT-PCR for the liver and spleen are represented in Fig 6.7 (a) 

and (b), respectively. The qRT-PCR values for the liver indicated a small elevation in the 

expression of pro-inflammatory cytokines (TNF-α and IL-12) in the N1 (1.1 and 1.09 folds), 

N2 (1.15 and 1.13 folds), N3 (1.11 and 1.12 folds) and saline treated (1.19 and 1.18 folds) 

rats as compared to control rats [Fig. 6.7 (a)]. A similar trend was observed for the spleen, 

where the expression of pro-inflammatory cytokines (TNF-α and IL-12) are (1.08 and 1.09 

folds), (1.14 and 1.12 folds), (1.06 and 1.08 folds) and (1.17 and 1.15 folds) for N1, N2, N3 

and saline treated rats, respectively [Fig. 6.7 (b)]. It is also noticeable that the expression of 

proinflammatory cytokines of liver and spleen tissues for all of the NKN treated samples are 
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comparatively lower than the saline treated samples. Besides, the expression of 

proinflammatory cytokines for all three NKN particulates treated organs do not show any 

statistically significant difference with respect to saline treated or control samples. Apart 

from proinflammatory cytokines, qRT-PCR data elucidated that the expression of anti-

inflammatory cytokines (IL-4 and IL-10) for liver tissue, increases in the N1 (1.39 and 1.41 

folds), N2 (1.31 and 1.35 folds), and N3 (1.44 and 1.42 folds) treated samples with respect to 

control [Fig. 6.7 (a)]. For spleen tissues, the expression of anti-inflammatory cytokines (IL-4 

and IL-10) increased by (1.43 and 1.39 folds), (1.29 and 1.31 folds) and (1.43 and 1.41 folds) 

with respect to control for N1, N2 and N3 samples, respectively [Fig. 6.7 (b)]. However, the 

expression of anti-inflammatory cytokines decreases (but not significantly) with respect to 

control on the saline treated tissues of rats for both of the organs i.e., (IL-4 and IL-10) for 

spleen and liver are (0.94, 0.96 fold) and (0.92, 0.94 fold), respectively. Although, all of the 

N1, N2 and N3 treated samples are showing a statistically significant increase in the 

expression of anti-inflammatory cytokines with respect to saline treated samples of rats 

[represented as ‘#’ in Fig 6.7 (a) and (b)], the potassium and sodium rich NKN i.e., 

Na0.2K0.8NbO3 (N1) and Na0.8K0.2NbO3 (N3) treated rats are showing significantly higher 

expression of anti-inflammatory cytokines (IL-4 and IL-10) with respect to control for both 

of the inspected organs [represented as ‘*’ in Fig 6.7 (a) and (b)]. It has been demonstrated 

that inflammatory conditions (caused by infection or allergy) alter the transportation of ions 

such as sodium, potassium, chloride etc. [21]. Overall, these findings clearly suggest that the 

NKN nanoparticulates are not only easily adaptable by the host tissues but also strengthen the 

inflammation alleviating response. 
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                                        (a)                                                                             (b) 

Fig. 6.7. The plots representing the percentage of fold change (w. r. t. GAPDH) in gene 

expression of proinflammatory (TNF-α and IL-12) and anti-inflammatory (IL-4 and IL-10) 

cytokines for N1, N2, N3 treated, saline treated and control (non-injected) rats in (a) liver 

and (b) spleen. Asterisk marks “*” and “#” represent the statistically significant difference 

in the mean values of gene expression of NKN treated samples with respect to control and 

saline treated samples, respectively, at p ≤ 0.05 (n = 6 rats/ group). 

6.4.5. Histopathological analyses (hematoxylin and eosin staining) 

The histological analyses were performed to evaluate the particulate toxicity induced changes 

in the microarchitecture of the vital organs such as heart, liver, kidney and spleen of rats after 

intra-articular injection of N1, N2 and N3 nanoparticles. The histological images of the 

hematoxylin and eosin stained organs of particulate (N1, N2 and N3) treated groups were 

represented with the control and saline treated groups for comparison [Fig. 6.8, 6.9, 6.10 and 

6.11]. 
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The histological images of heart tissues of all of the NKN treated (N1, N2 and N3) groups do 

not show any sign of cardiac muscle disarray, vacuolization, hemorrhage or tissue shrinkage 

and their muscle fibers were found to be straight and organized as well, similar to the control 

groups [Fig. 6.8]. Connective tissues of hearts demonstrate normal architecture in the 

particulate treated groups of rats. It has been reported that exposure of fine concentrated 

particles leads to abnormal heart rate and sometimes causes cardiac dysfunction [22, 23, 24, 

25, 26]. In a previous study, swelling in endothelial cells of the heart was observed after the 

injection of TiO2 nanoparticulates for 7 days [27]. However, no swollen endothelial cells 

were observed in the hearts of N1, N2 and N3 eluates treated groups of rats [Fig. 6.8]. 

Overall, no histological changes were found in the hearts tissues of NKN (N1, N2 and N3) 

treated rats. 
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Fig. 6.8. Histopathological images of hematoxylin and eosin (H & E) stained heart tissues of 

(a) Control (non-injected), (b) Saline, (c) N1, (d) N2 and (e) N3 nanoparticulate eluates 

treated groups of rats after 7 days of intra-articular injection. The muscle fibers are well 
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organized and connective tissues of hearts demonstrate normal architecture in the 

particulate treated and control groups of rats.    

The liver is an important organ that participates in the detoxification process. Therefore, 

there may be the possibility that the foreign particles translocate to the liver through the 

lymphatic or circulatory system [28, 29, 30]. Cytoplasmic vacuolization leads to the 

interruption in membrane functionality and sometimes indicates injury in the liver [31, 32, 

33]. In our study, no cytoplasmic vacuolization of hepatocytes was found in the livers of 

NKN treated groups of rats. The sizes of nuclei of hepatocytes and endothelial cells also 

appear to be similar in the particulate treated, saline and control rats. In addition, there is no 

indication of translocation of NKN nanoparticulates in the liver. Overall, histological images 

of livers of rats, treated with NKN particulates (N1, N2 or N3), did not show any sign of 

necrosis, injury, hemorrhage around the sinusoids or central venules, which rather observed 

to be normal and similar to the saline and control rats [Fig. 6.9]. These findings corroborate 

the biochemical marker (ALP) to check the functionality of the liver, where no significant 

elevation was observed in the particulate treated and control rats [Fig. 6.6 (a)]. Overall, the 

histological examination indicates the absence of any toxicity in the NKN particulate treated 

livers which also confirms the results obtained from the inflammatory cytokines (TNF-α and 

IL-12) profile analyses [Fig 6.7 (a)]. 
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Fig. 6.9. Histopathological images of H & E stained liver tissues of (a) Control (non-

injected), (b) Saline, (c) N1, (d) N2 and (e) N3 nanoparticulate eluates treated groups of rats 

after 7 days of intra-articular injection. The sizes of nuclei of hepatocytes and endothelial 

cells appear to be similar in the particulate treated, saline and control rats. 
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The kidney plays an important role in the clearance of metabolites or waste products by 

filtering out the xenobiotics from the body and therefore, the kidney must participate in the 

discharge of nanoparticulates, if reached to the vital organs. In this perspective, the 

histological examination of kidney tissue is important not only to trace the nanoparticulates 

but also to investigate the influence of nanoparticulates on the functioning and architecture of 

the kidneys. Several studies suggested that the exposure of nanoparticulates (Au, ZnO, TiO2) 

results in pathological changes in the kidney such as tubules dilation, scattered glomeruli, 

necrosis, etc. [27, 34, 35, 36]. However, the histological images of the kidney section of 

NKN particulate (N1, N2 and N3) treated rats are revealing normal nephric tubules (without 

any sign of vacuolar degeneration) within the cortex, similar to control rats [Fig. 6.10]. In 

addition, the histological images of the kidney section of NKN treated and control rats 

demonstrate normal glomerular tufts and renal cortex without tubules dilation or necrosis. 

Inclusively, the histological analyses of the kidney section revealed that the intra-articular 

injection of NKN nanoparticulates (N1, N2 and N3) does not produce any toxic effect on the 

renal system. These findings further substantiate the creatinine level, measured using serum 

extracted from particulate treated rats [Fig. 6.6 (b)].  
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Fig. 6.10. Histopathological images of H & E stained kidney tissues of (a) Control (non-

injected), (b) Saline, (c) N1, (d) N2 and (e) N3 nanoparticulate eluates treated groups of rats 

after 7 days of intra-articular injection. The particulate treated rats are revealing normal 

nephric tubules within the cortex, similar to control rats. In addition, the particulate treated 
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and control rats demonstrate normal glomerular tufts and renal cortex without tubules 

dilation or necrosis. 

Apart from liver, the spleen is another leading target organ having the possibility for the 

accumulation of foreign nanoparticulates through systematic circulation [28, 37, 38, 39, 40]. 

The histological examination of the spleen section of NKN (N1, N2 and N3) nanoparticulates 

treated rats demonstrates the normal architecture of splenic pulp, lymphoid follicles, white 

pulp, red pulp (including blood sinusoids) and fibrous trabecular, similar to control rats [Fig. 

6.11]. In addition, there was no visual sign of cellular damage or any trace of particles 

dissemination. The histological assessments of the NKN particulate treated spleens do not 

reveal any sign of toxicity and these findings are in agreement with the proinflammatory 

cytokines (TNF-α and IL-12) profile examination which also indicates the absence of 

inflammation in the NKN treated spleen tissues [Fig. 6.7 (b)]. 
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Fig. 6.11. Histopathological images of H & E stained spleen tissues of (a) Control (non-

injected), (b) Saline, (c) N1, (d) N2 and (e) N3 nanoparticulate eluates treated groups of rats 

after 7 days of intra-articular injection. The NKN (N1, N2 and N3) nanoparticulates treated 
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rats demonstrate the normal architecture of splenic pulp, lymphoid follicles, white pulp, 

blood sinusoids and fibrous trabecular, similar to control rats. 

Overall, it has been observed that the histological images of hematoxylin and eosin stained 

organs of N1, N2 and N3 nanoparticulates injected groups appeared normal and of similar 

structure as that of control and saline treated groups. Additionally, no sign of particles 

dissemination is observed in the vital organs of the particulate treated groups of rats.  

In the histological section of the synovial joint of the treated rats, the accumulation of 

nanoparticulates can be observed between the bones around the cartilage, as depicted in Fig 

6.12. Further, as can be seen in Figs. 6.12 (c), (d) and (e), there is no infiltration of 

macrophages which confirms the biocompatibility of the developed NKN nanoparticles. The 

infiltration increases with foreign particles as it is the second line of defense [41, 42]. 

Besides, the intra-articulate injection of the NKN nanoparticulates did not cause any damage 

to the articulate cartilage without any sign of synovial hyperplasia. Synovial hyperplasia is 

the clinical condition that is caused due to increase in cellularity of the synovial membrane 

due to the influx of different cellular components resulting in the thickening of the synovial 

membrane [43, 44, 45]. Moreover, this pathological condition also occurred due to excessive 

infiltration of immunoreactive cells [43, 46, 47]. Therefore, it can be affirmed that the intra-

articulate injection of NKN nanoparticulates did not cause any histological changes in the 

bones and cartilage.  

The histological analyses of the heart, liver, kidney, spleen and knee demonstrate normal 

architecture without any trace of NKN nanoparticulates. These findings are in agreement 

with the results, obtained from biochemical assays and inflammatory cytokines profiling 

(TNF-α and IL-12) [Fig. 6.6 and 6.7]. 
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(c) 

 

(d) 

 

(e) 

Fig. 6.12. Histopathological images of H & E stained knee joint tissues of (a) Control (non-

injected), (b) Saline, (c) N1, (d) N2 and (e) N3 nanoparticulate eluates treated groups of rats 

after 7 days of intra-articular injection. NKN treated knee joint tissues are showing smooth 

cartilage (without any damage) with the deposition of particles. 

Wear debris particles can cause unfavorable biological responses at the sites of implantation 

leading to prosthetic osteolysis and aseptic loosening [48, 49, 50, 51]. Wear debris particles 

induced inflammation promotes the recruitment of inflammatory cells as well as osteoclasts 

[48, 52, 53]. It ultimately creates an imbalance between the production of bone forming and 
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resorbing cells, which results in osteolysis [48, 54]. Such problems sometimes result in 

revision surgery in such patients. However, the histological analyses of NKN (N1, N2 and 

N3) nanoparticulates treated rats demonstrate no sign of inflammation at the injected site 

(knee joint) and vital organs [Figs. 6.8 to 6.12]. In addition, NKN nanoparticulates facilitate 

the growth of osteoblast-like MG-63 cells and did not cause any cytoskeletal disruption [Fig. 

6.3]. Overall, NKN nanoparticulates are found to be cytocompatible (in vitro) and 

biocompatible (in vivo). The sodium and potassium ions create a favorable microenvironment 

in the extracellular matrix, renal and hepatic systems and these ions help in regulating the 

functionality of such organs (Sections 6.3, 6.4.3 and 6.4.4). Apart from sodium and 

potassium, niobium has also been suggested to be cytocompatible [55, 56, 57, 58]. Several 

researchers demonstrated the potentiality of niobium incorporated ceramics, polymer, 

bioglass and metal-based biomaterials for biomedical applications such as niobium doped 

45S5 bioactive glass, β-titanium alloy, etc. [55, 59, 60, 61, 62, 63, 64, 65]. In contrast, the 

above discussion anticipates the non-toxic nature of sodium, potassium and niobium ions and 

therefore, corroborates the findings obtained in the present study which indicates the 

biocompatible nature of NKN nanoparticulates, injected in the knee joint of rats. 

The adverse biological response of implanted wear debris particles such as aseptic loosening, 

osteolysis or inflammation depends upon the size, volume and morphology (shape) of wear 

particles [66, 67, 68, 69, 70]. Generally, the size of wear debris particles for ceramic-based 

implants such as ZrO2 and Al2O3 are found to be in submicron range [71, 72]. Previous 

studies reported the engulfing of submicron-sized particles by the macrophages that increase 

the possibility of adverse reaction or inflammation [66, 70, 73]. However, no sign of 

macrophages infiltration was observed in the histological analyses of NKN particulate treated 
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knee joints (Fig. 6.12 (c), (d) and (e)), which indicates the biocompatibility of NKN 

nanoparticles. 

It has been suggested that the nano-sized wear debris particles can translocate to the distal 

organs via the circulatory system and have the potential risk of dissemination across the body 

[27, 71, 72, 74]. However, the histological analyses did not indicate any translocation of 

NKN nanoparticulates in vital organs, after 7 days of intra-articular injection. The high-

resolution microscopy and dynamic light scattering study reveal that the size of NKN (N1, 

N2 and N3) nanoparticulates are found in the range of 70 – 180 nm. However, size of the 

agglomerates are about 600 – 1300 nm. The agglomeration of NKN nanoparticulates in an 

aqueous solution may be the foremost cause of the absence of any trace of nanoparticulates 

in vital organs. 

It can, therefore, be affirmed that NKN nanoparticulates are non-toxic and did not cause any 

inflammation. Overall, this study demonstrates the potentiality of NKN for bone tissue 

engineering applications.  

Preliminary screening demonstrates that NaxK1-xNbO3 (x = 0.2, 0.5, 0.8) eluates of different 

concentrations of upto 25 mg/ml, facilitate the attachment and proliferation of MG-63 cells. 

The histological investigation of the vital organs and knee of particulate eluates (25 mg/ml) 

treated rats did not reveal any morphological changes in the architecture of tissues, which 

confirms the non-toxic behavior of NKN nanoparticulates. The absence of any trace of 

nanoparticulates in the vital organs indicates that these nanoparticulates were not translocated 

to any of the vital organs. There was no sign of inflammation in the H and E stained images 

of knee tissues of particulate treated groups of rats. The inflammatory cytokines analyses of 

spleen and liver tissues of particulate treated groups of rats revealed the anti-inflammatory 
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potential of NaxK1-xNbO3 (x = 0.2, 0.5, 0.8), which was comparatively higher for the sodium 

and potassium rich compositions of NKN than Na0.5K0.5NbO3. Biochemical assays (ALP and 

Creatinine) of blood serum, extracted from the NKN particulates treated rats, revealed the 

normal functionality of liver and kidney, which further corroborated the results obtained 

from histopathological and inflammatory cytokines analyses. This study conclusively 

suggests the non-toxic behavior of NKN nanoparticulate sand thereby, takes NKN towards 

the next phase in the development of piezoelectric NKN-based bone mimicking implant.   
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