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Abstract Well-defined structural framework of ZrSnO4

nanopowder has been synthesized for the fabrications of

cost-effective and sensitive devices which give final repro-

ducible result with reliability under ideal conditions. The

synthesis was carried out at moderate temperature and then

finally dried in the laboratory oven and then followed with

calcination at 1000 �C for 4 h to get phase selective product.

It was observed that gelation time depends on the concen-

tration of reactants and temperature. The characterization of

ZrSnO4 was carried out with XRD, SEM, TEM, UV, ther-

mal analysis, DLS and FT-IR techniques. With adjustment

of reaction parameters, the systematic tuning of the particle

size, shape and functional properties can be controlled. It

was concluded that self-assembly is an integral part for the

synthesis and opens a new exciting opportunity for better

understanding the formation of nanostructure framework

from micro- to nanoscale along with mechanistic via wet

chemical approach. ZrSnO4 has vital role in identifying its

potential cytotoxicity in the biological systems. The cyto-

toxicity effects of ZrSnO4 nanopowder in vitro were eval-

uated in three different human cell types (hepatocytes,

mesenchymal stem cells and neuronal cells). Acute expo-

sure of nanoparticles was found to have greater cytotoxic

effect at higher concentration (30 lg/ml). However, partial

detoxification was observed during nanoparticles exposure

at day 6. The study concluded that an initial stress from

nanoparticles incorporates sealing or detoxification of

nanoparticles which may help to recover cell viability.

Keywords Green process � Microstructure � Particle size

and its distribution � Cytotoxicity � Pre-screening tests

Introduction

Soft chemical approach is used extensively for preparation

of metal oxide materials from molecular precursor by

condensation and hydrolysis reactions. With the help of

controlled parameters, a specific shape granulometry with

high surface area can be achieved which depends on con-

centration of synthon in ionic solvent and temperature.

Metal oxide nanopowder has important functional proper-

ties which can be utilized in wide range of applications for

nanodevices due to their quantum size effects, surface–

volume ratio and nucleation having a favorable growth

process. The fundamental properties depend on its archi-

tectural framework with required geometry, surface mor-

phology, activity, selectivity and stability, and help to

better understand the role of chemical composition, calci-

nations temperature and crystalline phase (Livage et al.

1998; Jolivet 2000; Fedlheim and Foss 2001; Schaf et al.

2002; Koch 2002; Marzan and Kamat 2003; Yang 2003;

Mathur et al. 2004; Cao 2004; Fierro 2005; Mozetic et al.

2005; Rodriguez and Garcia 2007; Bandyopadhyay 2007;

Muller et al. 2007; Vollath 2008; Naumann 2009; Lalena

and Cleary 2010; Klabunde and Richards 2012). The

presence of M–Cl bond polarities acts as a molecular single

source precursor to synthesize colloidal monodispersable

nanopowder. The morphology of ZrSnO4 depends on the

pH value of the reaction medium, nucleation, concentration
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of ionic solvents and temperature. The size and shape

depend on atomic radius, coordination number of the metal

ion and its degree of polarization solubility and volatility.

Bimetallic oxide exhibits novel physico-chemical proper-

ties that can be tailored with composition, size and atomic

ordering. Metal ion plays a crucial role in balancing the

thermodynamic–kinetic parameters to control functional

behavior due to its coordination with metal ions and also

tuning of surface morphology leads to the formation of

nanostructure material with high performance (Klein 1988;

Brinker and Scherer 1990; Kessler 2003; Sakka 2004;

Szafert et al. 2008; Bilecka and Niederberger 2010; Hassan

et al. 2012; Precht and Campbel 2013; An and Soorrjai

2015). During synthesis, we focused the phase separation

with non-aggregated particles by retaining stoichiometric

ratio under control. The soft chemical process is flexible,

simple and novel for the preparation of homogenous, well-

dispersed colloidal nanomaterials at the bench scale and

then processing it to a production level, which help in

fundamental studies based on structural and functional

activities to design a nanodevice. Bimetallic metal oxide

has growing demands in industrial and biomedical appli-

cations. There is great demand to investigate the toxico-

logical effects and the development of its early toxicity

detective indicators in human cells. In the present study,

two different parameters [relative cell viability and lactate

dehydrogenase (LDH) activity] were undertaken to deter-

mine the changes in cell membrane integrity and function.

The cell proliferation assay provides overall activity of

cells as an indicator for cellular stress, cytotoxic effects,

changes in cell metabolism and relative cell viability. LDH

activity provides information about cell membrane integ-

rity after treatment with ZrSnO4 nanoparticles within

3–6 days. 3-day exposure time was selected to investigate

the acute effect of ZrSnO4 nanoparticles exposure on cells

whereas 6 days were used to assess the long-term effect.

Experimental

Materials

Zirconium oxychloride octahydrated, stannous chlorides

dihydrate and solvents were purchased from SIGMA

Aldrich and used as such without further purification. De-

ionized water with an electrical resistivity of 18 MX cm-1

(Millipore, India) was used in the reaction.

Characterization

FT-IR spectra were recorded in the range of 4000–400 cm-1

using KBr pellets in Perkin Elmer GX spectrometer with a

wave number resolution of 4 cm-1. The optical properties

were recorded using GBC UV–Vis Cintra spectrophotome-

ter with wavelength ranging from 200 to 800 nm. Thermal

analysis was carried out by heating the sample at the rate of

10 �C/min from ambient to 1000 �C in dry air using Mettler

Toledo star analyzer. X-ray powder diffraction patterns were

taken in reflection mode of CuKa (k = 1.5406 Å) radiation

from 0h to 80h on a Siemens D5000 X-ray diffractometer

using continuous diffraction. Scanning microscopy image

was taken using Hitachi S520 scanning electron microscope.

Philips Tecnai G2 FEI F12 transmission electron microscope

was operated at 80–100 kV. The samples were collected on a

carbon holey copper grid to see morphology and particle

size. Raman spectra were obtained using RAM HR visible

single spectrometer equipped by microscope and Peltier

cooled CCD detector. The 633-nm He–Ne loose line was

used for excitation. The multi-point BET was acquired on

QuadraSorb Station 3 under nitrogen atmosphere after de-

gassing the sample at 200 �C for an hour. DLS and laser

Doppler velocimetry were used for characterization of par-

ticle size and zeta potential in solution using Malvern

Instruments Zetasizer Nano-ZS instruments equipped with

4-mW He–Ne Laser h = 632.8 nm.

Synthesis

Colloidal and monodisperable ZrSnO4 was synthesized via

chemie-douce. The ZrOCl2�8H2O (5.01 g, 15.53 mmol)

and KOH (1.96 g, 34.94 mmol) were taken in 15-ml de-

ionized water and heated with stirring from 25 to 80 �C for

6 h. The change in color takes place from dark green to light

green at pH 10.5. The flask was cooled to room temperature,

ZrOCl2. 8H2O +2.25 KOH ZrO(OH)2+2KCl+8H2O

ZrO(OH)2SnCl2.2H2O + ZrO2Sn(HO)2 +2HCl+H2O

ZrO2Sn(HO)2 +2HCl+H2O ZrO2SnO2 + H2
Ref luxed

2.25KOH

Refluxed-2KCl
-8H2O

ZrO(OH)2

SnCl2.2H2O-2HCl
-2H2O

ZrSnO4

Zr Sn

O

O

O=

O=

ZrOCl2. 8H2O

A graphical stretch of the reaction
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followed by the addition of SnCl2�2H2O (3.51 g,

15.53 mmol) and again refluxed for 6 h with stirring. The

reaction was monitored with the help of pH. When the pH

was 7.5, it was filtered and a crystalline white power was

obtained after several washing with de-ionized water. After

calcinations, the light green powder was obtained.

Cytotoxicity assessment

Cytotoxicity effects of ZrSnO4 nanopowder were tested in

three different cells; human hepatocytes, human mes-

enchymal stem cells (hMSCs) derived from umbilical cord

blood and human neuronal cells.

Cell proliferation was measured as total metabolic

activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) test where selective conversion

of yellow MTT occurs into purple formazan crystals after

cellular metabolism. Lactate dehydrogenase (LDH)

activity was measured with the help of colorimetric

method to observe quantitative release of LDH into the

medium from damaged cells and used as a predictor of

cytolysis.

Cell proliferation assay

All the three types of human cells (hepatocytes, neuronal

cells and MSCs) were cultured in 96-well plates at

2 9 104 cells/well as previously described (Vishwakarma

et al. 2013a, b, 2014). Cells were maintained in the

appropriate culture medium at 37 �C, 95 % humidity and

5 % CO2. Cells without nanoparticles were considered as

control. Cellular proliferation was measured using MTT

cell proliferation assay as described in our previous study

(Athar et al. 2015). Briefly, cells were mixed with three

different concentrations of ZrSnO4 nanoparticles and

maintained under standard culture conditions as described

above. Each variable was kept in triplicate for 3–6 days. At

day 3 and 6, 50 ll of 1 mg/ml MTT was added and incu-

bated for 4–5 h. After incubation, purple formazan crystals

were dissolved using 100-ll acidified Isopropanol and

absorbance was measured at 570 nm. Optical density (OD)

values of each type of cells exposed to nanoparticles at day

3 and 6 were compared with control.

LDH activity measurement

ZrSnO4 nanoparticles cytotoxicity on membrane integrity

was assayed by the amount of LDH released from dead

cells using LDH assay kit (Promega) in all three types of

cells individually. The assay was performed as per the

manual of the kit. Briefly, 2 9 104 viable cells were

incubated with 100 ll of ZrSnO4 nanoparticles (10–30 lg/
ml) for 3–6 days in a 96-well plate. It was then mixed with

50 ll of the reagent. The mixture was incubated for 30 min

at room temperature. The reaction was stopped by adding

50 ll of stop solution. Absorbance was measured at

490 nm using a microplate reader (BIORAD). Total cell

lysate was used as positive control to assess the kit sensi-

tivity for 100 % with the release of LDH from the dead

cells after incubation. All the variables were performed in

triplicate to avoid any technical error. Mean value was

calculated and plotted against the control.

Morphological assessment

Morphological analysis of all three types of cells was

performed at day 3 and 6 using inverted confocal micro-

scopy (Carl Ziess, Germany). A change in cellular

Fig. 1 FT IR studies of ZrSnO4
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morphology was compared with control and nanoparticle-

treated cells using scale bar. Cellular stress was measured

by counting the number of apoptotic bodies formed in each

type of cell incubated with ZrSnO4 nanoparticles for dif-

ferent time points.

Statistical analysis

Mean value was calculated for each variable and compared

with the control. Multiple comparison tests were performed

using Graph Pad Prism (Version V). p\ 0.05 was set as

significant value for all the variables.

Results and discussion

Synthesis of bimetallic oxide nanostructure powder is

challenging due to the presence of two different metal

ions which exhibit unique properties. The functional

properties can be tuned by modifying the size, shape

and composition of the synthon along by studying state

of art of the synthetic method with pH control which

helps to design a device for their technological appli-

cations with synergic effects to control the nucleation

and its growth. Understanding the nucleation and

growth process by self-assembling helps to integrate

functional structures via optimizing hydrolysis and

kinetic process based on electro-negativity of metal ion

(Klein 1988; Brinker and Scherer 1990; Sakka 2004;

Szafert et al. 2008; Grado-Caffaro 2008; Bilecka and

Niederberger 2010; Bang and Suslick 2010; Liu et al.

2011; Hassan et al. 2012; Precht and Campbel 2013;

An and Soorrjai 2015).

FT-IR studies

The bands become stronger on annealing, supporting the

formation of a strong Sn–O–Zr framework after the

removal of surface impurities. The occurrence of absorp-

tion band at 677.26, 533.16 and 509.13 cm-1 takes place

due to Zr–O–Sn, Zr–O and Sn–O band thereby supporting

the formation of nanomaterials. The peaks at 3429.14 and

1667.12 cm-1 occur due to the vibration and deformation

frequency of OH group which absorb water during sample

preparation. With the help of synthetic approach, the

crystalline nature takes place due to intermolecular forces

as supported by thermal analysis and XRD studies. No

change in vibration frequencies takes place even after

aging, which support the quantum size particle to remain

under control without any change in oxidation state of the

metal ion (Fig. 1) (Little 1966; Sadtler Research Lab 1976;

Nakamoto 1997; Smith 1999; Soacrates 2001; Stuart 2004;

Pavia et al. 2009).

UV studies

The UV–visible spectra were recorded in MeOH to

investigate their electronic properties. The optical property,

purity and crystallinity of bimetallic powder were studied

using UV–visible spectroscopy. The excitonic absorption

band at 215, 235 nm and the broad transmittance peak at

285 nm can be assigned to p–p* and p–q bathochromic

shift which support the formation of monodisperable col-

loidal nanostructured particle framework due to its quan-

tum size effect and self-controlled surface morphology to

enhance functional properties based on kinetic and ther-

modynamic stability. The bathochromic shift occurs due to

Fig. 2 UV studies of ZrSnO4
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the lone pair of electron on oxygen between two different

metal ions which help to stabilize the electronic state

towards the ground state which leads toward a long

wavelength. High wavelength supports the formation of

crystalline powder and decreases in grain size. This occurs

due to change in quantum size and single ionized oxygen

vacancy. The expansion and contraction in transmittance

band lead to the formation of crystalline nature with

aggregation of primary particle and chemical composition.

It can be assumed that strain and surface defects occur due

to absorption which has a tendency to absorb the energy

difference between the conduction and valence bands in

calcined powder. With an increase in particle size, the

shifting of band gap takes place towards long wavelength

with the reduction of forbidden band as shown in Fig. 2

(Daniel and Bertolucci 1989; Atkins and Paula 2006; Pavia

et al. 2009).

Raman studies

Raman study reveals the interaction of metal domain

within nanostructure framework along with grain size. It is

assumed that the characteristic active modes occur due to

tetragonal structure. The Raman active modes were

assigned at 153.4 cm-1 (B1g), 194 cm-1 (E1g), 294 cm-1

(E2g), 350 cm-1 (E2g), 400 cm-1 (A1g), 500 cm-1 (A2g)

and 660 cm-1 (B2g). The decrease in crystallite size takes

place with an increase in broad intensity in all active

modes. It was observed that Raman active modes take

place below 1500 cm-1 as shown in Fig. 3 (Nakamoto

1997; Soacrates 2001). The change in frequencies shifts

with a broadening of peaks which can be attributed with an

increase in particle size.

XRD studies

XRD spectra show strong diffraction peaks which confirm

the formation of bimetallic oxide nanopowder with

orthorhombic shape. The crystalline shape with character-

istic peaks was assigned at 2h = 26, 30, 33.5, 50, 52, 60

and 62. The values match with the PDF No.; 79-1769,

65-2357, 88-0287, 48-0884. The particle size calculated

with broad full half width maxima indicates the formation

of particle size in range of 61.89 nm. After calcination, the

size of crystalline particle increases with surface purity,

chemical composition and phase purity. It can be

Fig. 3 Raman studies of ZrSnO4

Fig. 4 XRD studies of ZrSnO4
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concluded that the formation of crystalline phases depends

on the types of molecular framework of the precursor,

reaction time, temperature, solvent, and synthetic

methodology along with their heating rate with type of

molecular precursor used. It was observed that broadening

of peak increases with temperature and its temporal sta-

bility of colloidal particle as shown in Fig. 4 (Klug and

Alexander 1974; Cullity 1978; Guinier 1994; Skoog et al.

2007; Zeng and Ostwald 2007; Powder Diffraction Files

JCPDS 1993).

Thermal studies

The thermal analysis was carried out to understand the

changes taking place with phase purity after the removal of

surface impurity, which help to build crystalline structure

via self-assembly. The first step involves the removal of

unbound water at 70–100 �C followed by removal of

volatile materials from the particle surface, then finally

leads to the formation of crystalline ZrSnO4 nanoparticle

with phase purity as illustrated by a presence of an

endothermic peaks. The exothermic peak at 90 �C refers to

the phase purity after removal of surface impurities

resulting in the formation of crystalline state at 250 �C
(Fig. 5) (Watt 1997; Davydov 2003; Gabbott 2007; Nia-

saria et al. 2009).

SEM studies

SEM images show the presence of irregular tetragonal

surface after calcinations at low magnification with porous

structure having an irregular morphology due to conden-

sation of different particle sizes to form nanocluster

framework with the help of Ostwald ripening process. The

particle morphology changes with reaction condition, time

and synthetic approach. The formation of particle takes

place with growth and with stabilization of nuclei along

with the type of metal ions used in the framework as shown

in Fig. 6 (Watt 1997; Davydov 2003; Gabbott 2007; Nia-

saria et al. 2009).

TEM studies

TEM exhibits colloidal stability with poly-dispersity due to

aggregation and overlapping of small particles to form

large particle. Some nanoplates formed due to integration

of large particle confirm the interaction of small particle

with limited uniformity which leads to the formation of

mesovoids due to weak inter–intra particle forces due to

defocusing process with the presence of high surface

Fig. 5 Thermal studies of ZrSnO4

Fig. 6 SEM studies of ZrSnO4

772 Appl Nanosci (2016) 6:767–777

123



energy. The SAED pattern supports the tetragonal structure

with an intensity of peaks as supported by X-ray diffrac-

togram with temperature. SAED shows the presence of

distinct and good diffraction rings at different planes which

support the presence of polycrystalline structure with nar-

row particle size distribution as observed from XRD

studies as observed in Fig. 7 (Watt 1997; Mitra 2003;

Williams and Carter 2010).

BET studies

The BET surface area was found to be 3.95 m2/g, which

supports the formation of crystalline structure with limited

porosity.

DLS studies

The characteristic active modes may be assumed to be

tetragonal structure. The presence of other additional bands

can be assigned to the nanostructure crystal metal oxide

framework. DLS measurement takes place due to fluctua-

tion of light intensity with time due to random Brownian

motion within nanoparticles which depend on particle size.

The zeta studies were carried out for particle size and its

distribution. The mean particle size diameter was found to

be 190.1 nm with mean zeta potential which can be co-

related with dispersion stability. The presence of negative

charge indicates that the particle size is small in nanoscale

as shown in Fig. 8 (Mitra 2003).

Fluorescence studies

The presence of broad excitonic peak at 440 nm with

excitation intensity at 160 can be attributed with presence

of nanostructure framework. The excitonic intensity varies

with change in temperature. It seems that the change in

intrinsic intensity of fluorescence remains constant with

concentration. The presence of oxygen vacancies interacts

with interfacial atoms of two different metal ions to give

fluorescence studies as shown in Fig. 9.

In vitro cytotoxicity data of ZrSnO4 nanoparticles

Nanoparticles cytotoxicity needs in-depth investigations at

physiologically relevant conditions. Therefore, the present

study was carried out to investigate ZrSnO4 nanoparticles

with acute and long-term cytotoxicity at different concen-

trations (0–30 lg/ml). Toxicity results are nearly the same

for most investigated Zirconium compounds. The use of

combination of cytotoxicity methods was found to be best

tailored to deliver reliable data of nanoparticles biocom-

patibility. All the three cell types were capable of better

dealing with ZrSnO4 nanoparticles when compared for

6 days in vitro exposure instead of 3 days. From these

observations, it may be concluded that an initial stress from

nanoparticle incorporates sealing/detoxification of

nanoparticles which may help to recover cell viability. The

sealing mechanism occurs with results obtained from

detoxification assay and also previously reported by

Fig. 7 TEM studies of ZrSnO4

Fig. 8 DLS studies of ZrSnO4
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Limbach et al. (2005) where they found that cells incorpo-

rate the ceria nanoparticles into vesicles. Formation of

apoptotic bodies occurs due to nanoparticles acute exposure

as shown in Fig. 12, presumed that it contains part of the

absorbed nanomaterials and is in agreement with the

mechanism where cells exclude the toxic intruders. The

recovery in cellular phenotype and viability showed high

concentration-dependent sensitivity and was found for 3- to

6-day exposure. Among the three cell types used in the

study, neuronal cells were found more sensitive for the

ZrSnO4 nanoparticles whereas hMSCs were least affected

cell type. However, there was no significant difference

observed among the cytotoxicity data on different cell types.

Relative cell viability during proliferation

After 3 days, the effect of ZrSnO4 nanoparticles on all

three cell types’ cultures showed a comparable response

where the cell parameter values were constitutively affec-

ted with increase in nanoparticles concentrations (Fig. 10).

Cellular proliferation was significantly reduced during

incubation for 3 days, but was not entirely killed at high

concentrations (30 lg/ml). Exposure of nanoparticle for

6 days showed recovery in cellular proliferation as com-

pared to day 3. The increase in absorbance represents that

cells start to recover from stress produced by nanoparticles

exposure (Fig. 10). Neuronal cell proliferation was found

comparatively most affected cell type during exposure to

nanoparticles with increasing concentrations. However,

human MSCs were least affected cells during exposure to

ZrSnO4 nanoparticles.

Relative cytolysis/cell membrane integrity

Relative cytolysis was measured with an amount of LDH

released from dead cells in all three cell types tested using

LDH assay kit (Promega WI). Figure 11 represents an

increase in cytolysis after 3 days with increasing concen-

trations of ZrSnO4 nanoparticles. After 6 days, reduced

level of released LDH was observed as compared to day 3.

Neuronal cells were found to release more LDH as com-

pared to other two cell types during ZrSnO4 nanoparticles

Fig. 10 MTT cell proliferation assay showing relative percentage viability of controls in human hepatocytes, neuronal cells and MSCs incubated

with different concentrations of ZrSnO4 nanoparticles for 3–6 days

Fig. 9 The fluorescence studies of ZrSnO4 nanopowder show the emission peak at 440 nm due to oxygen
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Fig. 11 Cytotoxicity measurement based on the quantity of LDH released from hepatocytes, neuronal cells and MSCs after incubation for

3–6 days with different concentrations of ZrSnO4 nanoparticles

Fig. 12 Morphological changes in cultured human hepatocytes,

neuronal cells and MSCs after 3- to 6-day incubation: a control

hepatocytes without treatment; b 30 lg/ml ZrSnO4 nanoparticles

treated hepatocytes after 3 days and c 6 days. d Neuronal cells

without nanoparticles exposure, e neuronal cells exposed to 30 lg/ml

ZrSnO4 nanoparticles for 3 days and f 6 days. g hMSCs without

nanoparticles exposure, h hMSCs exposed to 30 lg/ml ZrSnO4

nanoparticles for 3 days and i 6 days. Probably apoptotic bodies

within the cell represent stress produced due to nanoparticles acute

and chronic exposure

Appl Nanosci (2016) 6:767–777 775
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exposure. 100 % lysed cells were used in respective studies

as a positive indicator to measure the cytolysis/LDH

release from each type of cell.

Morphological changes attributable to ZrSnO4

nanoparticles exposure

All the three cell types were found to have minor effect of

ZrSnO4 nanoparticles on their shape and size.

Human hepatocytes

Figure 12a represents normal growing oval-shaped hepato-

cytes without nanoparticles exposure during in vitro culture.

However, after 3 days incubation with 30 lg/ml ZrSnO4

nanoparticles, slight morphological change was observed

with nearly spherical shape with increase in volume, and loss

of adhesion in the cell culture plate as shown in Fig. 12b.

Whichwas returned to its normal shape at day 6 and showed a

lesser amount of cell death and enhanced adherence

(Fig. 12c). Very less number of apoptotic bodies was

observed in very few cells at day 6 as compared to day 3.

Human neuronal cells

Neuronal cells were found to have most severely affected

cells during ZrSnO4 nanoparticles exposure with increasing

concentrations. Figure 12d demonstrates human neuronal

cell with normal morphology without nanoparticles expo-

sure. However, Fig. 12e clearly demonstrated that expo-

sure of 30 lg/ml ZrSnO4 nanoparticles to developing

neurons affects the cell phenotype. Reduced cell size with

least dendrites and more apoptotic bodies were observed at

day 3 which was later found to be recovered till certain

extent at day 6 (Fig. 12f).

Human MSCs

MSCs were least affected cells on exposure to 30 lg/ml

ZrSnO4 nanoparticles during in vitro culture for 3–6 days.

However, formation of apoptotic bodies greatly enhanced at

day 3 during nanoparticles exposure with slight change in

morphology from flattened to condensed (Fig. 12h). Mor-

phological improvement was further observed at day 6 with

increased size andpresenceof least apoptotic bodies (Fig. 12i).

Conclusions

Cost-effective soft chemical synthesis offers a high degree

of flexibility with desired size, shape and morphology by

retaining the stoichiometric ratio under control. High zeta

potential value supports the stabilization of synthesized

metal oxide nanopowder with crystallinity and porosity to

fabricate a device for its future applications with high

selectivity, reliability and reproducible results at the bench

scale, so that it can be scale up for production. A good

knowledge of particle size, shape and internal atomic

ordering plays a crucial factor for exploiting the chemical

and physical properties within M–O–M molecular frame-

work with well-defined structural properties. The mecha-

nistic approach helps for better understanding the design of

hierarchical architecture which still remains a hot topic for

understanding the functional properties.

The results showed that relatively simple cell culture of

MTT conversion and LDH activity can be useful assays to

characterize nanoparticles biocompatibility prior to their

vivo exposure. The detailed investigations using advanced

cell and molecular biological experiments help in better

understanding of detailed cellular and molecular mecha-

nism involved in interaction between different types of

cells with nanoparticles.
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