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Chapter 6 

In vivo response of Ca/Zr co-doped MgSiO3 nanoparticles  

This chapter explores the in vivo potentiality that aims to assess both local and systemic 

toxicity of co-substitution of Ca and Zr in MgSiO3 [Mg1-xCaxSi1-xZrxO3 (x = 0 - 0.1, 0.2, 0.3, 

0.4); MCSZO-X, X=0 – 4] nanoparticles using rat model. The cytotoxicity of MCSZO-X (X=0 

– 4) nanoparticles was preliminarily evaluated by exposing MG-63 cells to varying 

concentrations as 0.25, 2.5, 25 mg/ml. Consequently, the biocompatibility of MCSZO-X 

nanoparticles was tested by injecting the eluates of concentration of 25 mg/ml into the 

synovial joints of rats for 7 days. Histological analyses were conducted on the organs, to 

detect the signs of inflammation. Furthermore, the biochemical assays (Alkaline phosphatase 

and Creatinine activities) were conducted on the extracted serum from the rats, subjected to 

particulate treatment. 

6.1. Phase analyses 

Figure. 6.1. represents the XRD pattern of MCSZO-X (X = 0 - 4) nanoparticles.  XRD 

pattern confirms the formation of monoclinic pure MgSiO3 [JCPDS # 35-0610] phase with 

P21/c space group. In addition, a few minor peaks, indexed with JCPDS # 34-0189 with 

Pmnb space group. However, the peak shifted towards a lower angle with the incorporation 

of Ca and Zr with increasing the concentration from 0 to 0.3, as shown in Figure. 1b. 

Moreover, the crystallite size was calculated from Scherrer's formula [1, 2].  The crystallite 

size of prepared sample was decreased from 35 nm to 31 nm with an increase in the amount 

of Ca and Zr from 0 to 0.3. After that crystallite size again increases from 31 nm to 33 nm 

with increase in the amount of Ca and Zr, from 0.3 to 0.4. Figure.1b demonstrates that with 

increasing the concentration from 0 to 0.3, the peaks shifted towards lower 2 theta values 

from 28.24º to 28.08º.  



228 

 

With further increase in the concentration from 0.3 to 0.4, the peak shift towards the higher 

angle again from 28.08º to 28.33º, as represented by the enlarged view.  

 

Figure 6.1. XRD results of MCSZO-X (X = 0- 4) nanoparticles. (a)  XRD patterns of different 

samples of MCSZO (X= 0 – 4) calcined at 1300º C for 10 h. (b) enlarged view of the highest 

intense peaks of samples.  

The FT-IR spectra of MCSZO-X nanoparticles confirmed the incorporation of Ca and Zr in 

MgSiO3 structure, as shown in Figure. 6.2.  The specific peaks of Si – O at 470, 500, 600, and 

1052 cm-1 corresponds to bending and stretching vibrations, respectively. The bending 

vibration observed at around 800 cm-1 in Si-O-Si indicates the formation of MgSiO3 [3, 4]. 

Moreover, the vibrational peak, representing Si-O within silicate tetrahedra, is observed at 

682 cm-1. Furthermore, the stretching and bending vibrations of Mg-O are associated with the 

vibrational bands at 517 cm-1 and a peak close to 870 cm-1 [5]. Additionally, the peaks at 

1320 cm-1 and 1127 cm-1 correspond to the stretching vibrations of C=O and C-O, 

respectively [6]. 
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Figure 6.2.  FT-IR spectra of Ca- Zr doped MgSiO3 (MCSZO-X, X = 0 - 4) nano powder. 

6.2. Microstructural analyses 

Figure. 6.3.  represents the microscopy images (high-resolution scanning electron, HRSEM) 

of MCSZO-X nanoparticles. The average particle size of MCSZO-X nano powder were 

increased (346, 377, 400, 418, 452nm) with increase in the amount of Ca and Zr from 0 to 4 

in MCSZO-X. 
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Figure 6.3. Scanning electron micrographs of MCSZO-X nanoparticles. (a) X=0, (b) X= 1, 

(C) X= 2, (d) X=3 and (e) X=4.  

6.3. Leaching behavior  

Figure. 6.4.  illustrates the amount of Ca2+, Mg2+, Si4+, and Zr4+ ions, leached from different 

concentrations of MCSZO-X nanoparticles after 3, 5, and 7 days of immersion in saline. The 

leaching of Mg2+, and Si4+ ions from different nanoparticles (M1, M2, M3, M4, and M5) are 

lower in comparison to pure MCSZO-X (X = 0) nanoparticles as the concentration of Mg2+ 

and Si4+ decreases with increasing the concentration of Ca2+ and Zr4+ dopant. However, the 

leaching of Ca2+ and Zr4+ ions increases. In addition, the amount of Ca2+, leached from 

MCSZO-X nanoparticles are also increased with increasing the immersion time from 5 to 7 

days.  
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Figure 6.4. Leaching behavior of Mg2+, Si4+, Ca2+, and Zr4+ from MCSZO- X (X = 0 - 4) 

nanoparticles in saline.   

6.4. Cell viability 

The viability of MG-63 cells was evaluated using MTT assay at different elute concentrations 

(C1, C2, and C3 for M1, M2, M3, M4 and M5 samples). Figure 6.5. demonstrates the 

proliferation of MG-63 cells on prepared MCSZO-X nanoparticles, after 1 and 3 days. The 

viability of MG-63 cells, cultured on the MCSZO-X nanoparticles, was lower in comparison 

to the control after 1 day. However, when increasing the culture duration from day 1 to day 3, 

the viability of MG-63 cells, were increased with increasing the concentration of Ca and Zr in 

MCSZO-X nanoparticles.  
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Also, the elutes prepared at lower concentrations (0.25 mg/ml) demonstrates higher 

proliferation of MG-63 cells, cultured on MCSZO-X nanoparticles as compared to higher 

concentrations (2.5 and 25 mg/ml). These results suggested that with increasing the 

concentration the viability of the MCSZO-X nanoparticles decreases after 1 day of 

incubation. Therefore, after 3 days of culture the proliferation of MG-63 cells on MCSZO-X 

nanoparticles is significantly higher in comparison to control [Figure. 6.5]. It is noteworthy 

that cell viability is comparatively higher in eluates with high concentration of Ca and Zr 

such as MCSZO -3 and MCSZO - 4 when compared to eluates with lower concentrations of 

Ca and Zr containing MCSZO-X nanoparticles, after 3 days of incubation.  

The asterisk symbol (*) indicates the significant variation in optical density across all 

MCSZO-X samples (M1, M2, M3, M4 and M5) at different concentrations in comparison to 

control, after 1 day of culture [Figure. 6.5 (a)].  However, symbol (#) shows the significant 

variation in the optical density across all MCSZO-X (M1, M2, M3, M4 and M5) 

nanoparticles, cultured for 3 days in comparison to the entire MCSZO-X samples, cultured 

with 24 h [Figure. 6.5 (b)]. 
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Figure 6.5. Optical density of MG-63 cells, after the culture duration of 1 and 3 days, on 

MCSZO-X (X = 0−4); [M1, M2, M3, M4 and M5) nanoparticles at different concentration, 

i.e; 0.25, 2.5 and 25 mg/ml samples] and HA, used as a control.  

6.5. In vivo studies 

6.5.1. General observation  

After injecting the MCSZO-X particle for seven days, the skin texture and salivation of the 

rat remained unchanged. Also, after the intra-articular injection, the rats did not exhibit 

symptoms such as, diarrhea, tremor or convulsions. Additionally, after seven days of post-

injection, no notable changes were observed in behavior of rats. Also, the injection site in 

every group of rats did not display any sign of inflammation (swelling or redness) throughout 

the observation period. Digital cameras were used to take paw photographs of the rats, treated 

with MCSZO-X particle injected group, which were then compared to the paw images of the 

control as well as saline-treated groups [Figure. 6.6].  

The paws of the rats, injected with MCSZO-x nanoparticles (M1, M2, M3, M4 and M5), are 

similar to those of the saline-treated and control rats, revealing no indication of abnormalities, 

inflammation, redness, or edema. 
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Likewise, after completion of the experiment, the knee joints of the treated, control and 

saline, rats displayed unchanged morphology. Furthermore, as aforementioned, there was no 

inflammation detected at the injection site, and no signs of atrophy were noted in the adjacent 

bone structures such as the tibia and femur. This result corresponds with the in vitro 

cytocompatibility of MCSZO-X nanoparticles with varying concentration of Ca and Zr 

[Figure. 6.5]. 

 

Figure 6.6. Digital camera images of rat paws before injection, on the 3rd day, and 7thday 

after receiving injections of MCSZO-X nanoparticles into their knee joints.  
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6.5.1.1. Impact of intra-articular injection of MCSZO-X on body weight  

The variation in body weight is crucial for assessing whether injected nanoparticles have 

adversely affected the function of vital organs [7, 8]. Consequently, before and after (after 7 

days) injection, the weight of each of the 35 rats was recorded. Rats in the control, saline, 

injected nanoparticle groups were not showing any significant changes in weight [Figure. 

6.7]. Statistical analyses using two-way ANOVA showed no noticeable variation in body 

weight [9]. 

 

Figure 6.7. The effect of intraarticular injection of MCSZO-X (M1, M2, M3, M4 and M5) 

nanoparticles on the body weight of rats throughout the experiment. All given values are in 

mean ± SD (n = 5 rats/group). (Two-way ANOVA showed no notable variation in the body 

weight of all rats).  

6.5.2. Hematological analyses 

Changes in hematological parameters in humans and animals are indicative of drug-induced 

toxicity. The hemotopoietic system is a vital body system that produces the cellular blood 

components [9]. In this study, the effects of interarticularly injected MCSZO-X nanoparticles 

on the blood cells such as WBC and MCV were evaluated as compared to the control group 

(Figure. 6.8). The evaluation of basic hematological parameters, such as the measurement of 
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WBC and MCV is a crucial stage in the toxicity detection process. The statistical analyses 

using one-way ANOVA showed no significant variation in WBC (p > 0.05) among the all 

groups in MCSZO-X nanoparticles injected rats in comparison to the saline group [Figure. 6. 

8(a)]. Also, there were no notable changes in the MCV (p > 0.05) among all the injected 

MCSZO-X nanoparticles groups as compared to the saline groups [Figure. 6. 8 (b)].  

 

Figure 6.8. Effect of  intracticular injection of MCSZO-X nanoparticles in rats . (a) WBC 

count and (b) MCV on 7  day of injection.  All given values are in mean ± SD (n = 5 rats per 

group). 

6.5.3. Biochemical assays  

The impact of MCSZO-X nanoparticles (X = 0 - 4) on enzyme levels in rat blood was 

assessed by analyzing the biochemical properties of the extracted serum. Typically, the 

hepatic function is assessed by measuring the serum ALP activity level. The breakdown and 

restoration of liver tissue contribute to alteration in ALP activity [10, 11]. Additionally, 

hepatotoxicity raised by chemicals or drugs also increases the ALP activity in blood serum 

[12, 13]. As a result, the liver is an essential organ for examining the impact of toxicity 
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induced by nanoparticles. In this study, MCSZO-X nanoparticles were injected into the 

synovial joint. ALP, a marker of bone formation, plays an essential role in determining 

whether MCSZO-X nanoparticles exposure caused any bone abnormalities.  

The statistical analyses reveals that there were no significant changes in serum levels (ALP) 

between the control and MCSZO-X nanoparticle treated (M0, M1, M2, M3 and M4) groups 

[Figure. 6.9 (a)].  

Consequently, exposure to MCSZO-X nanoparticles did not alter liver function. Moreover, 

the assessment of serum creatinine levels is a typical method to detect potential adverse 

effects on renal function (Creatinine) caused by implant or foreign particles [14]. An elevated 

blood creatinine levels indicate reduced kidney filtration capacity [15-18]. In this study, the 

creatinine levels in the rat’s blood serum, injected with M0, M1, M2, M3 and M4 

nanoparticles, did not show any substantial differences in comparison to the saline group 

[Figure. 6. 9 (b)]. Also, the MCSZO-X nanoparticles did not lead to kidney impairment.  
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Figure 6.9. Effect of MCSZO-X nanoparticles on serum concentration after 7 days of 

injection in rats. (a) ALP and (B) creatinine. All these values are in mean ± SD (n = 5 

rats/group). 

6.5.4. Histopathological analyses  

Over the period of seven days, it is possible that the nanoparticles, injected into the 

intraarticular region can enter the blood circulation and reached to organs like, liver, kidney, 

lung and heart as a result of regular physiological processes. Therefore, the histopathological 

analyses of the liver, heart, kidney and knee was done to determine the toxicity of MCSZO-X 

(X= 0- 4) nanoparticles.  The comparison of histological images of various stained organ 

from particulate-injected groups (M1, M2, M3, M4, M5) with control and saline-injected 

groups are shown in Figures. 6.10 - 6.14. The sections of all the stained organs, in general, 

reveal that normal appearance and without presence of eluate particles. The MCSZO-X 

treated groups (M1, M2, M3, M4, and M5) did not reflect any sign of tissue shrinkage, 

cardiac muscle disorder, vacuolization, and bleeding. The muscle fibers appear straight and 

organized, resembling those in the control groups (Figure. 6.10).  
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The connective tissues of the hearts in the groups of rats, treated with particulates, exhibit 

normal architecture. In number of studies, it has been observed that exposure to fine 

concentrated particles can result in irregular beat and, in some cases, cardiac dysfunction [19-

23].  

The injection of TiO2 nanoparticles has been shown to swell the endothelial cells of the heart, 

after 7 days [24]. In this study, the hearts of the rats in the M1, M2, M3, M4 and M5 eluates 

treated groups did not exhibit enlarged endothelial cells [Figure. 6.10]. Overall, the cardiac 

tissues of the rats treated with MCSZO-X (M1, M2, M3, M4 and M5) reveal no 

histopathological changes. 

 

Figure 6.10. Histopathological images of the heart tissues, stained with H & E after 7 days of 

injection in the following groups of rats: (a) Control (non-injected), (b) Saline, (c) M1, (d) 

M2, (e) M3, (f) M4 and (g) M5 nanoparticles eluates treated groups (Scale bar: 1 µm) 
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Evidently, the kidney is the main organ of the body to remove foreign nanoparticles [25]. As, 

the kidney removes foreign substances from the body by filtering, it is crucial for the kidney 

to take part to release of nanoparticles if they reach to the vital organs. Besides, the 

histopathology analyses of kidney’s tissue is crucial for both identifying the nanoparticles and 

determining that how they may affect the structure and functioning of the kidneys. According 

to a number of studies, exposure to different nanoparticles like ZnO, Au, and TiO2 causes 

pathological alterations in the kidney, including necrosis, dispersed glomeruli, and tubular 

dilatation [24, 26-28]. However, in comparison to control rat groups, the histopathological 

images of the kidney sections of rats injected with MCSZO-X particles (M1, M2, M3, M4 

and M5) show unchanged renal tubules within the cortex (absence of any indication of 

vacuolar degeneration) [Figure. 6.11]. 

The kidney sections of rats, treated with control and MCSZO-X groups show normal renal 

cortex and glomerular cells without tubule dilation. Overall, histology of kidney sections 

reveal that the intra-articularly injected MCSZO-X nanoparticles (M1, M2, M3, M4 and M5) 

has no adverse effect on the kidney.  



241 

 

 

Figure 6.11. Histopathological images of the kidney tissues, stained with H & E after 7 days 

of injection in the following groups of rats: (a) Control (non-injected), (b) Saline, (c) M1, (d) 

M2, (e) M3, (f) M4 and (g) M5 nanoparticles eluates treated groups (Scale bar: 1 µm) 

The liver is one of the important organ that plays a main role in detoxifying the body. This 

means that it is possible for the foreign particles to move through the circulatory or lymphatic 

systems and into the liver [29-31].  

Cytoplasmic vacuolization causes a disruption in the function of the membrane and can 

occasionally be a sign of liver injury [32-34]. In this study, there is no evidence of any 

vacuolization in cytoplasm of hepatocytes in the livers of the rats, treated with MCSZO-X 

nanoparticles. As a result, histological features of liver cells, injected with MCSZO-X 

particles (M1, M2, M3, M4 and M5) revealed no indications of any damage, bleeding, or 

necrosis near the sinusoids, when compared to those of control and saline rats [Figure. 6.12].  
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Figure 6.12. Histopathological images of the liver section, stained with H & E after 7 days of 

injection in the following groups of rats: (a) Control (non-injected), (b) Saline, (c) M1, (d) 

M2, (e) M3, (f) M4 and (g) M5 nanoparticles eluates treated groups (Scale bar: 1 µm). 

Overall, the histopathological images of the organs stained with H & E of the M1, M2, M3, 

M4 and M5 injected nanoparticles reveal normal appearance and a comparable to that of the 

control and saline groups. The major organs of the rats of the nanoparticle treated groups 

show no evidence of particle dissemination. 
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Figure 6.13. Histopathological features of rat knee joint tissue, stained with H & E of intra-

articular injection after 7 days in the following groups of rats: (a) Control (non-injected), (b) 

Saline, (c) M1, (d) M2, (e) M3, (f) M4 and (g) M5 nanoparticles eluates treated groups ( 

magnification: 40 X). 

The histological images provide a clear indication of the presence of nanoparticles within the 

fibroadipose tissue surrounding the synovial joint [Figure.6.13 (a–e)]. Moreover, the absence 

of macrophage infiltration can be clearly seen [Figure.6.13 (c-e)], which suggests the 

biocompatible nature of the prepared MCSZO-X nanoparticles [35, 36]. Furthermore, the 

administration of MCSZO-X nanoparticles via intra-articular injection did not lead to any 

damage to the cartilage or excessive growth of the synovial membrane.  

The thickening of the synovial membrane, which occurs due to an increased density of cells 

resulting from the influx of different cell types [37-39].  
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The histological analyses of the knee joint did not reveal any negative response to the intra-

articular administration of MCSZO-X nanoparticles. The histological analyses of rats treated 

with MCSZO-X (M1, M2, M3, M4 and M5) nanoparticles show no signs of inflammation at 

the implantation site of injection (synovial joint) or in vital organs [see in Figures. 6.13]. 

Moreover, MCSZO-X nanoparticles promote the proliferation of MG-63 cells [see Figure. 

6.6]. Overall, MCSZO-X nanoparticles demonstrate in vitro cytocompatibility and in vivo 

biocompatibility.  

In ceramic based implants  the wear debris particles such as, Al2O3 and ZrO2 are typically 

submicron in size [40, 41]. Earlier studies has been reported macrophages engulf submicron-

sized particles, which increases the risk of an adverse reaction or inflammation [42-44]. 

However, histological images of knee joints treated with MCSZO-X nanoparticle showed no 

signs of macrophage infiltration (Fig. 13(c-f)), suggesting that MCSZO-X nanoparticles are 

biocompatible. 

6.6. Closure 

This chapter presents the assessment of in vitro and in vivo biocompatibility of pure MgSiO3 

and Ca and Zr co-doped MgSiO3 nanoparticles with MG-63 cells and Rat model, 

respectively. Initial investigation indicates that Mg1-xCaxSi1-xZrxO3 (x = 0, 0.1, 0.2, 0.3 and 

0.4) nanoparticles promote the proliferation of MG-63 cells up to concentration of 25 mg/ml. 

The in vivo assessment revealed that the nanoparticles intraarticularly injected into the rats 

did not migrate to any of the major organs, including the kidney, heart and liver. In addition, 

the non-toxicity of MCSZO-X nanoparticles has been established by histological analyses of 

the knee and vital organs of rats, exposed to nanoparticle eluates with concentrations as 0.25, 

2.5 and 25 mg/ml. Also, the absence of nanoparticles within the essential organs suggests that 

they were not transported to any of these organs. The histology of knee tissues of the rats, 

treated with nanoparticles, reveal the absence of any indications of inflammation. 
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Furthermore, biochemical parameters (ALP and creatinine) revealed that MCSZO - X 

nanoparticles had no toxic effect on functioning of vital organs.  
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