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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• SrO-ZTA is non-cytotoxic and promotes 
growth of C2C12 mouse myoblast cells. 

• Oral intake of SrO-ZTA nanocomposite 
has no toxic effect on the fly behaviour. 

• No nuclear damage and oxidative stress 
level were observed in D. melanogaster. 

• In vitro and in vivo studies validate SrO- 
ZTA as a non-toxic biocomposite.  

A R T I C L E  I N F O   

Keywords: 
Hip-implant 
SrO-ZTA wear debris 
C2C12 myoblast cells 
Drosophila melanogaster 
Toxicity 

A B S T R A C T   

Bioceramic materials based biological implants have gained enormous attention in research due to their 
extensive medical application. However, release of wear debris from them limits their clinical relevance due to 
many health risks in the recipient. Thus, we decided to evaluate the cytotoxicity and genotoxicity of wear debris 
released from Strontium oxide doped Zirconia Toughened Alumina (SrO-ZTA) hip prosthesis developed in our 
laboratory. An extensive cytotoxicity analysis confirms that the cellular and nuclear morphology of C2C12 mouse 
myoblast cells are intact even after 72 h of SrO-ZTA wear debris exposure. Furthermore, treatment of wear debris 
in Drosophila model did not cause any damage to the larval gut epithelium and nuclei. Despite the reactive 
oxygen species (ROS) increase in third instar larvae after wear debris treatment at higher concentrations 
(50–100 μg/mL), the flies show appreciable weight gain, suggesting no harm to larva and flies. Interestingly, the 
eye, wing, and bristles of the hatched flies of all the experimental groups do not show any phenotypic defects. 
However, the number of pupae formed and flies hatched for SrO-ZTA wear debris treatment groups are almost 
similar to control groups expect higher treatment concentration (100 μg/mL). Lastly, the current study 
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establishes the non-cytotoxic and non-genotoxic nature of SrO-ZTA wear debris in-vitro and in-vivo, suggesting 
promising medical relevance of SrO-ZTA composite.   

1. Introduction 

Bioceramic based biomaterials contribute efficiently to orthopaedic 
and medical applications, mostly as implants for damaged/diseased 
human bone, joints, skeleton, and teeth [1]. In human beings, the most 
vital articulating or flexible joint is the hip joint which bears the body 
weight and allows the body with a wide range of motions such as sitting, 
standing, running, and walking. To date, total hip replacement (THR) 
surgery is most commonly used treatment of some frequently diagnosed 
issues like injury, dislocation, osteoarthritis, and inflammatory rheu
matoid related diseases in our young generation. However, metallic 
based implants are frequently used in THR survey. THR therapy is high 
in demand across the countries as it increases human life expectancy [2]. 
The femoral head and acetabular socket liner assembly were considered 
as hip joint bearing. There are mainly four types of bearings i.e., 
metal-on-metal (MoM), metal-on-polyethylene (MoP), 
ceramic-on-ceramic (CoC) and ceramic-on-polyethylene (CoP). The 
mainly used materials for hip prosthesis are ceramic composites, poly
mers, and metal alloys. 

Ceramic’s excellent physico-chemical properties attract significant 
interest in biomedical applications [3]. Alumina, zirconia, and ZTA 
(Zirconia toughened alumina) composite are considered as ceramic 
biomaterials. For many years the bioceramic implants remain in close 
contact with the tissues of the body [4]. Beyond certain years, the per
formance of the implants was limited owing to the aseptic loosening 
caused by inflammation in response to the release of wear debris at 
surface articulation [5]. Numerous in-vitro/in-vivo models have been 
used to substantiate the impact of wear debris on the body. The body 
immune system treats wear debris as foreign particles and try to elimi
nate it by phagocytosis just like bacterial infection. Activation of mac
rophages to internalize the wear debris is marked as the beginning of the 
osteolysis. But as this wear debris is non-cellular particles, the cellular 
enzymes fail to effectively degrade it, leading to chronic inflammatory 
response. Immune response includes activation of cytokines which re
tards the bone formation process, osteoblast. In humans, wear debris 
may also activate the inflammasome danger signalling. These particles 
can also induce apoptosis, inflammatory cytokines production [6]. [7]. 
Eventually, excessive osteoclast leads to osteolysis and ends up in 
implant failure [8]. The wear particulates inside the body can cause 
cytotoxicity, DNA damage, ROS production and cell damage (distorted 
membrane and enlarged mitochondria) [9–11]. Orthopaedic metal wear 
debris are also responsible for altered signalling, gene modification and 
impairment in DNA repair [12,13]. 

Moreover, these wear debris can accumulate in different body organs 
and body fluids put human health at risk., Wear debris such as A1 and Cr 
(VI) can initiate microcytic anaemia, while Ni (II) can induce lipid 
peroxidation [14]. Patients with successful metal-on-metal articulations 
were identified with reduced CD8+ T-cells (circulating lymphocytes) 
[15]. Humans and experimental models when exposed to debris, may 
contribute to impairment of renal functions, development of hepato
cellular necrosis and tubular necrosis [16,17]. Intoxication and accu
mulation of wear particulate can elevate the asthma condition, 
cardiomyopathy and neurodegeneration [18–22]. It has been reported 
in different animal models that debris comprising A1, Cr (II), Co, Ni and 
V can impede the production or circulation of sex hormones, alter es
trogen signalling and trigger hypothyroidism [22,23]. Retinal degen
eration, infertility, hearing impairment, vasculitis and/or urticaria, and 
dermatitis as a result of wear debris intoxication were also reported 
[24–28]. Experimental models exposed to wear debris were identified 
with transgenerational carcinogenesis, teratogenic malformations, and 
developmental toxicity [29]. 

With the increasing demand for a novel biomaterial in the medical 
and orthopaedic fields of bioceramic implants, it has become important 
to procure the toxicity profile of new and currently used biomaterials 
[30] to ensure their biocompatibility with the internal environment. 
Toxicity evaluation of the biomaterials helps to understand the biolog
ical interaction of the implants with the body tissues. It helps to deter
mine the stability, longevity, and performance of the implants. The 
newly developed nanomaterials-based osteoconductive toxicity was 
recently assessed in-vitro and in-vivo studies [31,32]. For in-vitro analysis, 
skeletal muscle cells myoblasts or osteoblast cells and for in-vivo studies 
C. elegans [33], fruit fly [34], mouse [35], zebrafish [36], and monkey 
[37] are some preferred models. To date, Drosophila melanogaster has 
been evolved as an excellent model for the study of toxicity of the 
nanoparticles and nanomaterials [38,39]. Drosophila having numerous 
advantages over other model organisms such as simple and short 
development cycle, low-cost maintenance, easy handling which makes it 
a successful model for toxicological studies. 

Considering these advantages, the “wear debris” generated during 
articulating motion of fabricated SrO doped ZTA femoral head and SrO 
doped ZTA acetabular socket liner in our early research work were 
collected and used in the current study to check the biological responses 
of SrO-ZTA wear debris on mouse myoblast cell line C2C12 (in-vitro) and 
D. melanogaster (in-vivo) model organism. 

2. Methodology 

2.1. SrO-ZTA wear debris 

SrO-ZTA wear debris was generally generated from SrO doped ZTA 
composite made femoral head’s articulating surface and acetabular 
socket liner. SrO-ZTA wear debris was collected from the assembly of the 
unpolished femoral head and acetabular socket attached firmly with 
rotating clockwise under a load of 100 kgf. Further, debris size reduced 
approximately similar to clinically generated size for in-vitro and in-vivo 
experiments [40] (see Fig. 1). 

2.2. Characterization of SrO-ZTA wear debris 

The SrO-ZTA wear debris was characterized by SEM/EDX, XRD, and 
Zeta potential to determine the size/element composition, material 
structure, and surface charge stability, respectively. Firstly, coating of 
material was done on carbon tape and size/element was analyzed 
through SEM/EDX (JEOL, JSM-6480LV) at an accelerating voltage of 20 
kV. Further, the size of the wear debris was measured using Image J 
software. X-ray diffraction studies were carried out on a diffractometer 
(λCu-kα =0.154 nm, Rigaku, Japan) in a scan range between 25◦ and 55◦

with the scan speed of 5◦/min. To check the Zeta potential of wear debris 
initially, stock solution of 1 mg/mL was prepared by dispersing SrO-ZTA 
in distilled water. Thereafter, a homogenous solution was prepared by 
performing sonication with a pulse of 0.6 for 30 min at 80% amplitude 
and surface charge stability was measured in Malvern Zeta sizer. 

2.3. Cell culture media and reagents 

The mouse myoblast cell line C2C12 was procured from National 
Centre for Cell Science (NCCS), Pune, India to examine the cyto
compatibility of the wear debris sample through in-vitro analysis. The 
obtained cell line C2C12 was grown in the Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco). The culture medium DMEM was supplemented 
with 15% fetal bovine serum (FBS, Gibco) and 1% antibiotic-antimitotic 
(Gibco) for proper cell growth. The cell line C2C12 was grown in 
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optimum conditions (such as 5% CO2, 90% humidity, and 37 ◦C) in a 
CO2 incubator (Thermofisher Scientific, Germany). Subsequently, the 
cells were trypsinized using 0.05% trypsin-EDTA (Gibco) to maintain a 
confluent monolayer before performing each in-vitro experiment. 

2.4. MTT assay 

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro
mide, Sigma Aldrich) assay was performed to check viability and 
metabolic activity of the cells. The cells were counted and 3 × 103 

numbers of cells were seeded in a 96 well plate overnight. Thereafter, 
wear debris treatment was done at desired concentrations (0.0, 10.0, 
20.0, 30.0, 40.0, and 50.0 μg/mL). All the experimental groups were 
incubated at an optimum condition in the CO2 incubator for 24, 48, and 
72 h with wear debris. The MTT assay was performed following. 

2.5. Alexa Fluor 488 phalloidin and DAPI staining 

The myoblast cell line C2C12 of 2 × 105 cells/well density was grown 
on the experimental 6 well culture plate overnight. Treatment of pre- 
sterilized wear debris was done for 24 and 72 h in an optimized con
dition. The protocol of Bhaskar et al. was used for Alexa Fluor 488 
Phalloidin and DAPI staining of the samples [40]. 

2.6. Preparation of the wear debris stock solution for in-vivo study 

The stock solution (1 mg/mL) of the SrO-ZTA wear debris was pre
pared by dispersing them in Milli-Q water. Next, the SrO-ZTA solution 
was sonicated in 80% amplitude with a pulse of 0.6 for 30 min to get a 
homogenous solution. The sonicated SrO-ZTA solution was mixed in fly 
food. Then, flies are allowed to feed SrO-ZTA mixed food. 

2.7. Fly stock maintenance and experimental setup 

The fly stock used in study was Oregon R which that we received from 
Genetics & Developmental Biology Laboratory, Institute of Advanced 
Research/IIAR Gandhinagar. The flies were reared on the growth me
dium comprising sucrose, yeast, cornmeal, and Agar type-1. The food 
vials containing the flies were maintained in a proper environmental 
condition of light (12 h light: 12 h dark), temperature (23–25 ◦C), and 
humidity (70%). The experimental setup contained the control vial 
(untreated standard food) and four vials of desired concentrations of 
wear debris (SrO-ZTA) mixed food (10 μg/mL, 25 μg/mL, 50 μg/mL, 
and/100 μg mL). For the study, 4–5 days old adult virgin female and 
male flies were selected to set up the control and treatment vials. The 
complete experimental setup was kept in the optimum fly growth 
conditions. 

2.8. Analysis of larval mid-gut by SEM and EDX 

EDX analysis was carried out to check the deposition of SrO-ZTA 
wear debris inside the larva gut which was fed by flies through food. 
The third instar larval guts from the experimental food vial were 
dissected and stored in 4% paraformaldehyde (PFA) at 4 ◦C overnight. 
The gut processing was done by following almost similar procedure of 
Nayak et al. [41] Samples were further coated with gold by a sputter 
coater (Quorum Technologies, UK) and analyzed under a scanning 
electron microscope (SEM) (Nova NanoSEM 450). Scanning of midgut 
was performed on the punctured area inside the midgut to determine the 
elements that occurred in it through energy-dispersive X-ray spectros
copy (EDX). 

2.9. Larva crawling 

Larva crawling assay was performed by collecting third instar larvas 
(5) from each experimental group followed by PBS wash to remove any 
excess food particles present on the cuticle. Then, the complete pro
cedure was done by following Nayak et al. [41] N. 

2.10. Trypan blue 

Third instars (5) from each experimental group were collected and 
were then rinsed in PBS solution (1X) to wash off unwanted food par
ticles from its body surface. Then, the complete procedure was done by 
following Bag et al. [42]. 

2.11. Larva Nitro blue tetrazolium (NBT) assay 

NBT assay was performed as a determinant of the intracellular 
reactive oxygen species (ROS). Third instars (15) collected from exper
imental food vials were properly washed with 1X PBS to remove excess 
food from the cuticle. Then, the complete procedure was done by 
following Bag et al. [42]. 

2.12. Histological stain (DAPI and DCF-DA) 

DCFH-DA is an indicator of ROS. 4′, 6-diamidino-2-phenylindole 
(DAPI) is a DNA binding dye, which binds to the minor groove of the 
double-stranded DNA in the A: T rich region. This dye is often used to 
visualize the formation of micronuclei or nuclear fragmentation as an 
indication of DNA damage. For this, third instars (10) collected from 
each experimental food vials were dissected and fixed in cold (4 ◦C) PFA 
overnight. The staining guts with DAPI and DCFDA was carried out by 
following Nayak et al. and Bag et al. [42,43]. The stained guts were 
mounted with 20% glycerol to visualize under a fluorescent microscope 
(Olympus, ISO 800). 

Fig. 1. Schematic representation of biomedical analysis of the present study for the SrO-ZTA generated wear debris.  
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2.13. Developmental cycle 

The fly life cycle is usually of 10–12 days with five stages i.e. larva 
(first, second and third), pupa and adult stage. Virgin flies of 3–4 days 
old flies were collected and transferred to each experimental vial in 5 
female flies: 3 male flies’ ratio. The developmental time points of each 
stage of all the experimental vials were noted. 

2.14. Pupa and hatched fly counting 

The number of pupae in each control and treatment vials were 
counted by marking them each day till the fly hatch. Once the single fly 
hatched, pupa counting was stopped. The newly hatched flies were 
transferred from each experimental vials were counted and the graph 
was plotted [44]. 

2.15. Adult climbing assay 

A measuring cylinder (100 mL) was marked up to 16 cm to perform 
the assay. Thirty adult flies from each control and treated groups were 
transferred to the cylinder. Next, steps were done following Bag et al. 
[42]. 

2.16. Adult NBT assay 

The same steps were followed as that of the larva. The hemolymph 
was collected by pricking the thorax region of the adult flies. 5 μL of 
hemolymph was extracted from 50 flies. Further Nayak et al. protocol 
was followed to estimate adult ROS [43]. 

2.17. Adult phenotype 

To perform the phenotypic analysis, a stereomicroscope was used to 
observe 50 flies collected from each vial of different concentrations and 
imaged. The flies were scanned for any abnormality in bristles, eyes, and 
wings. 

2.18. Statistical analysis 

The entire experimental data are represented, from three indepen
dent sets of experiments, in terms of mean ± Standard deviation (SD). 
The SD represents the error bars. The Student’s t-test and two-way 
ANOVA, statistical tools present in GraphPad Prism 5.0 software was 
used for the analysis of the experimental data. The values were 
considered as insignificant (n.s.) when the probability (P) value was 
>0.05 whereas the values were significant statistically when probability 
(P) < 0.05 and probability (P) < 0.01. 

3. Results and discussion 

Composite materials are hybrid materials that are derived from the 
combination of different types of materials depending on their appli
cations. Currently, composites have very extensive industrial usage 
including medical devices, implants, drug delivery, and bone regener
ation. However, it has been observed that the wear debris released from 
composites may cause severe issues in the recipient. Mainly, the wear 
debris released from the total joint replacement implants of inorganic 
materials can cause inflammation in the surrounding tissues, resulting in 
periprosthetic bone resorption and aseptic loosing [45]. These 
implant-derived wear debris can aggregate in the various vital organ of 
the body that can cause severe toxicity [46]. Thus, these wear debris 
pose a major threat to the survivability and effective application in the 
patients [47]. A proper analysis of the debris toxic potentiality is needed 
before the use of the prosthetic implants [48]. Thus, we decided to check 
whether SrO-ZTA composite based wear debris has any toxic effect in 
in-vitro and in-vivo studies. 

3.1. Characterization of wear debris 

Firstly, it is essential to know the size of a composite based wear 
debris as the size influences the material reactivity that can affect the 
toxicity in-vitro and in-vivo. Veno kononenko et al. have demonstrated 
the size-dependent genotoxicity of the Zinc oxide (ZnO) in the Madin- 
Darby canine kidney (MDCK) cells [49]. [50]. The current study found 
the size of SrO-ZTA based ware debris ranges between 50 and 90 μm [51, 
52]. [53]. The surface morphology and elemental mapping of collected 
SrO-ZTA wear debris were analyzed by SEM (Nova Nano SEM/FEI) 
(Fig. 2A). The average size of the wear debris was found to be 73.94 ±
3.75 μm. To further determine the distribution of strontium (Sr), 
aluminium (Al), oxygen (O), zirconia (Zr), EDX analysis was performed 
at an accelerating voltage of 20 kV (Fig. 2B). We found strong peaks of 
the different elements present in the SrO-ZTA based wear debris. The 
EDX analysis result revealed that the collected wear debris was 
composed of strontium, aluminum, zirconia, and oxygen. XRD analysis 
was performed to analyze the material structure, which confirms the 
presence of α-Al2O3, t-ZrO2, and SrAl12O19 phases in wear debris 
(Fig. 2C). Next, the zeta potential analysis was done to check the 
biocompatibility of the SrO-ZTA based wear debris. The Zeta potential of 
SrO-ZTA was − 30.5 ± 1.75 mV, which was in acceptable range. Thus, 
the formulation could be expected to be stable at storage (Fig. 2D). 

. It has been already established that negatively charged composites 
are more biocompatible than positive ones [51]. Our result of zeta po
tential of SrO-ZTA based wear debris was further validated the previous 
reports that zeta potential of wear debris ranging around ±30 mV 
showed more stability and less aggregation [54]. 

3.2. In-vitro cytocompatibility analysis of SrO-ZTA based wear debris 
with mouse myoblast cell line C2C12 

The amount of wear debris released to the local environment varies 
with the implant type and composition due to this; our present study is 
based on the use of desired concentration of the SrO-ZTA based wear 
debris to mimic the clinical scenario. 

3.2.1. Effects of SrO-ZTA on cell survival of mouse myoblast cell line 
To check the cytotoxicity of SrO-ZTA wear debris, MTT assay was 

performed at different concentrations and time intervals in mouse 
myoblast cell line, C2C12. Treatment results revealed that exposure to 
SrO-ZTA wear debris did not cause any significant cytotoxicity against 
the C2C12 cell line at desired treatment concentrations at different time 
intervals. Indeed, there was no significant difference observed in the 
proliferation rate of C2C12 at treatment concentrations (10.0, 20.0, 
30.0, and 40.0, μg/mL) of SrO-ZTA wear debris at 24 h. In addition, we 
found that 50 μg/mL treatment concentration of SrO-ZTA wear debris 
significantly promoted the proliferation of C2C12 cell line. Considering 
the 48 h. SrO-ZTA wear debris treatment results, we found that SrO-ZTA 
wear debris significantly played a supportive role in the proliferation of 
C2C12 cell line at all the treated concentrations except 10 μg/mL treated 
concentration. Further, at 72 h time point we also observed the prolif
eration supportive effect of SrO-ZTA wear debris at higher treatment 
concentrations (30.0, 40.0 and 50.0 μg/mL) while no significant dif
ference was observed in the proliferation rate of C2C12 cell line at lower 
treatment concentrations (10.0 and 20.0 μg/mL). Based on the above 
findings, we could conclude that exposure of SrO-ZTA wear debris was 
well tolerated by mouse myoblast cell line C2C12 as well as it supported 
the proper growth of the C2C12 cell line (Fig. 3). The toxicity of the SrO- 
ZTA wear debris was first demonstrated in the mouse myoblast cell line, 
C2C12. Treatment of SrO-ZTA wear debris did not show any toxicity and 
no growth-promoting effect on C2C12 at 24 h. However, we found a 
significant increase in cell growth at 48 and 72 h time points without 
showing any cytotoxicity. Our current findings are also in the agreement 
with the literature report where ZrO2-toughened and Al2O3-based 
(ZTA) composite based wear debris had a similar effect on the mouse 
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myoblast cell line C2C12 [55]. On the contrary, the CoCr-ZTA composite 
based wear debris caused a significant decrease in the growth of Mus 
musculus osteoblast cells growth at 72 h [40]. 

3.2.2. Cell morphology 
Next, the cellular morphology and growth of mouse myoblast cell 

line C2C12 were analyzed after 72 h incubation with 25 and 50 μg/mL 
concentrations of SrO-ZTA wear debris. The fluorescence images 
showed the cytoskeleton structure i.e., actin filament stained with 
phalloidin (Fig. 4A–C) and cell nucleus structure stained with DAPI 
(Fig. 4 A’-C’). The cells in the treatment group retained their elongated 
tubular shape as similar to the control group. Further, the cells were 
found to be aggregated with the neighbouring cells, and also the cell 
density was increased, indicating healthy growth of the cells still after 
exposure of SrO-ZTA wear debris (Fig. 4 A′′- C′′). The fluorescence mi
crographs exhibited a wide range of cellular growth without any 

morphological/cytoskeletal disorganization even after being cultured in 
presence of SrO-ZTA wear debris till 72 h. Our morphology/cytoskeletal 
arrangement analysis showed that myoblast cell line C2C12 had distinct 
cell morphology, define a cytoskeletal organisation, and undeformed 
nuclear structure still after 72 h incubation with SrO-ZTA wear debris. 
Our current data is supported by the study on cytotoxicity of ZTA where 
normal morphology of myoblast cells was observed [55]. There was no 
sign of cell shrinkage or distorted cell nuclei as seen in cells exposed 
under metallic nanoparticles [56]. The osteoblast cells seeded with 
CoCr-ZTA composite wear debris produce a conflict where distorted cell 
morphology with damaged cells was observed [40]. The cell-cell inter
action, enhanced growth, and proliferation of the myoblast cell line on 
the SrO-ZTA in the present study confirm the cytocompatibility of the 
SrO-ZTA wear debris. In essence, our study will provide a novel cyto
compatible ceramic composite SrO-ZTA and also provides new hope for 
the patients needing total joint replacement implants. 

3.3. In-vivo study of cytotoxicity and genotoxicity effect of SrO-ZTA wear 
debris on D. melanogaster 

3.3.1. Analysis of the presence of elements in larval mid-gut 
The third instar larva gut was analyzed under the SEM/EDX to 

confirm the intake of the wear debris by the larva. The larval midgut was 
collected from each experimental setup and examined under the SEM for 
elementary deposition (Fig. 5A–E). The EDX data confirmed the higher 
percentage of aluminium, calcium, and zirconia deposition in the larval 
gut treated with SrO-ZTA wear debris as compared with the untreated 
control gut. All the elements of the wear debris were found in small 
traces inside the larval gut but no traces of strontium were observed in 
control or treated groups. It is worthy to note that, strontium (Sr) has 
similarities with calcium (Ca) as it helps in bone formation. From 
literature, vitamin D induces Sr and Ca inhabitants [57]. The Sr has an 
important biological effect in bone repair [58] which helps in human 
bone mineral metabolism. Sr used for bone fracture treatments of 
postmenopausal women [59], Sr promotes osteogenesis and new bone 
formation (see Fig. 6). However, there was an increase in the 

Fig. 2. Characterization of the synthesized SrO-ZTA composite based wear debris. (A) Depicts the size of wear debris using SEM analysis, (B) EDX metal analysis 
reveals the presence of strontium, aluminium, zirconia, and oxygen, (C) XRD analysis displays the presence of presence of α-Al2O3, t-ZrO2, and SrAl12O19 phases of 
SrO-ZTA based wear debris, and (D) Surface charge analysis of SrO-ZTA based wear debris based on Zeta potential. 

Fig. 3. Cell viability assay showing proliferation supportive role of SrO-ZTA 
wear debris on mouse myoblast cell line C2C12 at 24, 48, and 72 h treatment 
time point using MTT. 
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concentration of calcium with the increasing concentration of SrO-ZTA 
based wear debris. Thus, suggesting strontium may have metabolized to 
calcium, supporting the application of SrO-ZTA as bone implants. 

3.3.2. Larva crawling behaviour analysis 
Larva crawling behavior is reflected as rhythmic locomotor behavior 

showed by the third instar larvae. The rhythmic movement is controlled 
by early developmental neurons in the brain and the neuromuscular 
junction [60]. The larva crawling assay is a qualitative analysis that tells 
us about any defect in larval locomotion associated with neuronal 
damage. The effect of SrO-ZTA wear debris treatment on larva loco
motory behavior was observed (Fig. 7A–F). In the control group, larvae 
took the straight path towards the periphery with a speed of 2.123 ±
0.021 mm/s N = 3 and with least number of pause and turn. The speed of 
larva was slightly increased in 25 μg/mL, 50 μg/mL and 100 μg/mL i.e., 
3.400 ± 0.26 mm/s N = 3, 2.833 ± 0.14 mm/s N = 3 and 2.86 ± 0.12 

Fig. 4. Effect of SrO-ZTA on the cell morphology of C2C12 cell line after 72 h exposure (A–C) Data showing DAPI stained images of control and SrO-ZTA wear debris 
treated C2C12 cell line, (A′-C′) Alexa flour 488 stained images of control and SrO-ZTA wear debris treated C2C12 cell line after 72 h exposure and,(A′′-C′′) Merged 
fluorescence micrographs of DAPI and Phalloidin stained C2C12 cell line. 

Fig. 5. SEM and EDX metal analysis showing the presence of aluminium, calcium, and zirconia in SrO-ZTA wear debris treated larval gut. (A) Control, (B) 10 μg/mL, 
(C) 25 μg/mL (D) 50 μg/mL, (E) 100 μg/mL SrO-ZTA wear debris treatments. 

Fig. 6. Effect of strontium on bone formation by osteoblasts and bone resorp
tion by osteoclasts. 
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mm/s N = 3, respectively. The crawling speed of 10 μg/mL treatment 
larva was almost similar to that of control i.e., 2.49 ± 0.36 N = 3. Earlier 
studies have reported the neuronal damage in the larva upon ingestion 
of the nanomaterial as they have disturbed movements with numerous 
twists and turns [38,61]. In the present study, although the speed of 
larva in the treatment groups was higher, the larva does not display a 
defect in the walking trail, which indicates SrO-ZTA wear debris do not 
induce any toxicity or neuronal cell death. 

3.3.3. Trypan blue staining 
To examine the toxicity of the composite in our study, SrO-ZTA wear 

debris was administered to the fly via the oral route. The particles taken 
up by the fly interacts with the gut cells which have molecules that act as 
the first line of defense. This interaction may cause gut epithelial cell 
damage similar to previous reports [62,63]. These damaged cells can be 
detected by Trypan blue staining of the gut epithelial cells, as it spe
cifically stains the dead cells and is impermeable to the live cells. Trypan 
blue dye is used to differentiate between live and dead cells, as it only 
stains the dead and damaged cells, while impermeable to the live cells. 

When the voracious feeder third instar larva of treated concentration 
was stained with trypan blue, they all showed a negative stain as that of 
the control. Thus, there was no sign of cellular damage due to the 
ingestion of SrO-ZTA wear debris (Fig. 7G–K). The negative Trypan blue 
stain suggests SrO-ZTA wear debris do not pose a threat to the gut 
epithelium. 

3.3.4. NBT assay 
NBT assay is usually done for the quantification of the number of 

ROS found in the body. ROS can be detrimental to the organism as it is 
capable of breaking DNA strands and damaging lipid or protein mole
cules [64]. NBT assay is usually done for the quantification of the 
amount of ROS found in the body. We did NBT assay to check the 
content of the free radicals or the ROS present in the hemolymph of 
Drosophila third instar larvae. The absorbance measured in control and 
treated samples of varying SrO-ZTA wear debris concentrations sug
gested that there was no significant oxidative stress of SrO-ZTA wear 
debris treatments at its lower concentration (10 μg/mL and 25 μg/mL), 
however higher concentration (50 μg/mL and 100 μg/mL) significantly 

Fig. 7. Effect of SrO-ZTA wear debris on 
crawling behavior of larva: Data showing 
walking trails of (A) Control and different 
SrO-ZTA wear debris treatments (B) 10 μg/ 
mL, (C) 25 μg/mL (D) 50 μg/mL, (E) 100 μg/ 
mL and (F) Increase in larva crawling speed 
at higher concentration of treatments 
(25–100 μg/mL) compared to control. Data 
showing trypan blue stained larva: (G) 
Control and different SrO-ZTA wear debris 
treatments (H) 10 μg/mL, (I) 25 μg/mL (J) 
50 μg/mL, (K) 100 μg/mL and (L) NBT assay 
displaying ROS generation in control and 
SrO-ZTA treated larva. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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induces generation ROS as compared with the control (Fig. 7 L). In our 
study, a slightly higher concentration of oxidative stress was observed in 
the higher concentration, which was similar to the earlier study of 
treatment with gold, silver, and titania nanoparticle [65,66]. 

3.3.5. Histological staining 
DAPI shows the formation of micronuclei or DNA fragmentation and 

thus is a useful stain to observe DNA damage induced by nanoparticle 
treatment. DCFDA dye is used to check the intensity of ROS generation. 
DCFDA dye directly binds to the reactive oxygen molecules and the 
fluorescent intensity is directly proportional to the amount of ROS. Third 
instar larvae guts of control and all concentrations of the treated were 
stained with DAPI and 2, 7-Dichlorofluorescein diacetate (DCFDA) dye 
to examine the nuclei damage and presence of reactive oxygen mole
cules, respectively. 

It was found that all concentrations of SrO-ZTA wear debris did not 
cause nuclear damage in treated guts, similar to control guts (Fig. 8A–E). 
There was an insufficient signal from the different concentrations of 
SrO-ZTA wear debris treated guts almost similar to control guts, sug
gesting insignificant production of ROS (Fig. 8 A′-E’). Fig. 8 A′′-E′′ is the 
merged image of the larva gut. Positive DAPI stain indicates the 
apoptotic nuclei in the cells while DCFDA stain intensity provides 
insight into the status of oxidative stress. Materials inducing cytotoxicity 
tend to nuclear damage which can be observed as fragmented nuclei 
upon DAPI staining [67]. In the current study, the treatment samples 
exhibited negative DAPI stain, with no fragmented nuclei/blebbing and 
intact round nuclei resembling the control suggesting, no cytotoxic ef
fect of the SrO-ZTA based wear debris in Drosophila model. Similarly, the 
low intensity of the DCFDA stain in all treatment groups suggested that 
wear debris do not cause oxidative stress to the organisms contrary to 
the results from other studies [68]. 

3.3.6. Lifecycle 
The lifecycle was checked to analyze the time taken by the eggs to 

hatch into larva and larva to pupa and finally from pupa hatch into flies. 

The lifecycle analysis helps to predict developmental defects caused due 
to the treatment with SrO-ZTA wear debris. The duration that control 
flies take to develop from egg to third instar larva was about 72 h, which 
was same in the treated ones. But in the case of 100 μg/mL concentra
tion, there was an enhancement in larva hatching from an egg. The time 
taken was approximately around 66 h. The other concentration of the 
composite wear debris treatment has the same developmental cycle with 
the control of 10–12 days while the 100 μg/mL treatment causes an 
advance in life cycle of 7–8 days (Fig. 9). The earlier works were re
ported the developmental delay due to agglomeration of the Cu, Ca or 
Ag nanoparticles from treatments [69,70]. However, in the current 
study, all treatment concentration has a similar developmental cycle as 
that of the control except for the higher concentration of 100 μg/mL. 

3.3.7. Number of pupae formed 
The average number of pupae in control was 150.0 ± 0.577 N = 3. In 

treated concentration i.e., 10 μg/mL, 25 μg/mL, 50 μg/mL and 100 μg/ 
mL the average number of pupae formed was found to be 116.0 ± 14.5 
N = 3, 152.7 ± 1.66 N = 3, 127.7 ± 4.33 N = 3 and 124.3 ± 3.48 N = 3, 
respectively. At higher concentrations (50 μg/mL and 100 μg/mL) 
significantly fewer pupas were formed compared to the control 
(Fig. 10A). The pupae number was recorded to check any developmental 
defect due to oral intake of SrO-ZTA wear debris which might affect the 
pupa formation in the flies. A decrease in pupae number at higher 
concentrations of SrO-ZTA treatment was observed in the current study, 
which was observed in agreement with the hydroxyapatite particle’s 
treatment [62]. 

3.3.8. Number of adult flies hatched 
The adult flies that were hatched from pupae were counted from all 

the vials and the number of flies in each treated and control was 
compared. In treated concentration 10 μg/mL, 25 μg/mL, 50 μg/mL, 
and100 μg/mL the average number of flies hatched was found to be 
89.67 ± 2.33 N = 3, 87.67 ± 1.33 N = 3, 81.67 ± 3.84 N = 3 and 88.00 
± 1.52 N = 3, respectively while in control it was 95.67 ± 0.66 N = 3 

Fig. 8. Effect of SrO-ZTA wear debris on the larval gut nucleus and oxidative stress: (A–E) Data showing DAPI stained images of control and SrO-ZTA wear debris 
treated larval gut, (A′-E′) DCF-DA stained images of control and SrO-ZTA wear debris treated larval gut and, (A′′-E′′) Merged fluorescence micrographs of DAPI and 
DCF-DA stained larval gut. 
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(Fig. 10B). At higher concentrations (25 μg/mL, 50 μg/mL, and 100 μg/ 
mL) less flies were hatched compared with the control. As the pupae 
number was less compared to the control, in the treatment group, thus 
less number of flies hatched. 

3.3.9. Adult weight 
The flyweights were noted and all concentrations feed SrO-ZTA wear 

debris flies showed an increase in their weight as compared with normal 
feed control flies (Fig. 10C). It was previously reported that hydroxy
apatite and silver nanoparticle treatment significantly caused a decrease 
in the weight of adult flies [71]. However, in our study, we found a 
significant increase in adult flies weight in the treatment groups, sug
gesting SrO-ZTA wear debris do not affect the health of flies. 

3.3.10. Adult climbing assay 
The adult climbing assay is a behavioral assay that depicts the innate 

ability of the flies to climb against gravity. The number of flies that 
climbed past a certain mark was observed. The percentage of flies of the 
control vial which were able to cross the 16 cm mark within the time 
limit was 94.00 ± 1.000% N = 3. In treated concentrations, 10 μg/mL, 
25 μg/mL, 50 μg/mL, and 100 μg/mL the percentage of flies that we’re 
able to climb above 16 cm mark were found to be 90.00 ± 1.155% N = 3, 
92.00 ± 1.732% N = 3, 89.33 ± 0.6667% N = 3 and 81.67 ± 1.667% N 
= 3, respectively (Fig. 10D). The climbing was decreased in 100 μg/mL 
treated concentration whereas the effect was insignificant in other 
concentrations of treatment. In the current study, the flies exposed with 
higher concentrations of wear debris showed positive geotaxis which 
was in agreement with the previous studies of oral administration of 

Fig. 9. The developmental cycle analysis of the control and SrO-ZTA wear debris (10 μg/mL, 25 μg/mL, 50 μg/mL and 100 μg/mL) treated flies.  

Fig. 10. Effects of SrO-ZTA wear debris treatment on fly physiology, behavior and phenotype. (A) Changes in the number of pupae formation, (B) Number of flies 
hatched from control and SrO-ZTA wear debris treated pupa, (C) Variation in weight of control and SrO-ZTA wear debris treated flies, (D) Climbing behavior of 
control and SrO-ZTA wear debris treated flies, (E) NBT assay displaying ROS generation in control and SrO-ZTA wear debris treated adult flies and (F–H) Data 
showing no phenotypic defects in control and SrO-ZTA wear debris treated flies. 
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carbon, gold, and silver nanoparticles [72,73]. 

3.3.11. Adult NBT assay 
We did NBT assay to check the content of the free radicals or the ROS 

present in the hemolymph of adult flies. The absorbance measured in 
control and treated samples (varying concentrations of SrO-ZTA wear 
debris) suggested that there was no significant oxidative stress of wear 
debris at its lower concentration (10 and 25 μg/mL), however, at its 
higher concentrations (50 and100 μg/mL), ROS generation was higher 
as compared with the control (Fig. 10E). The result of the adult was 
similar to that of the larva ROS generation. Our data suggested a 
considerable amount of ROS was produced at higher treatment con
centrations of SrO-ZTA wear debris. 

3.3.12. Adult phenotype 
In the SrO-ZTA wear debris treatment groups, abnormalities related 

to bristles, eyes, and wings were not observed. However, in adult flies, 
the external structure of the eye was observed for abnormalities, but no 
abnormal variations were observed in the wear debris treated flies 
(Fig. 10F). Additionally, the bristles of the adult flies which respond to 
sensation were screened for any abnormality, but no abnormality was 
observed in the wear debris treated flies compared with the control 
group (Fig. 10G). Adult fly wings were also screened for variation in 
venation, size of the wings, but no abnormal variations were observed in 
the wear debris treated flies compared to the control group (Fig. 10 H). 
The eye, antennae and bristle are the sensory organs of the fly that help 
the flies to perform their daily activities. Defect in any such organ is 
reflected in the behavior of the fly. In hydroxyapatite nanoparticle 
treated adult flies, loss of bristles or abnormal bristles were observed, 
these defects account for defects in the regulatory genes or signalling 
pathway [74–76]. No such defects were observed after SrO-ZTA wear 
debris treatment, suggesting it does not induce any defect in regulatory 
pathways. Similarly to previous findings, venation or wing spots were 
absent in the flies treated with the SrO-ZTA wear debris. Altogether, the 
study proves the non-cytotoxicity and non-genotoxicity of SrO-ZTA 
composite based wear debris in-vitro and in-vivo. 

4. Conclusions 

In essence, the present work in-vitro analysis demonstrated that SrO- 
ZTA composite based wear debris enhances cell growth and prolifera
tion, and also has no impact on cellular morphology. The in-vivo study in 
model organism Drosophila melanogaster revealed that SrO-ZTA com
posite based wear debris do not have any cytotoxicity or genotoxicity on 
the model organism. The non-cytotoxic and non-genotoxic properties of 
SrO-ZTA composite based wear debris suggest its several biomedical 
applications, including use as implants. This approach can be adopted to 
develop other metals, ceramics, polymers, or composites for biomaterial 
research. The cumulative analysis may use to overcome the limitation of 
composite use in biomaterial research and explore further material 
development for clinicians. 
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