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Abstract

With advancement in medicines, Nanomaterials have tremendous potential in the drug delivery system. The usage of polymeric and non-
polymeric nanomaterials has attracted much attention because of its different compositions and extensive use for the gene and drug delivery.
The drugs face several barriers during their movement inside the human body to reach their target site. The biological environments need to
understand and get tuned to the interactions of nanomaterials with the human body such as targeting cell-surface receptors and drug release
mechanisms. The polymeric nanomaterials such as hydrogels, micelles, liposomes and polymeric nanoparticles and non-polymeric nanomaterials
such as quantum dots, carbon nanotubes, metallic nanoparticles etc are used for the formulations of several drug deliveries. In this review, we
have reviewed on the prospective of polymeric and non-polymeric nanomaterials in drug delivery systems.
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Introduction

nanoparticles [12]. Moreover, several toxicological studies show
that the size, shape and degree of agglomeration can significantly
affect toxicity [13-15]. Finally, studies have shown that mixing
nanopowders with or without surfactants, such as water-soluble
citric acid, provides better stability [16,17].

Nanoparticles have unique properties relative to the
large particles, allowing their use in many nanomaterials. For
example, TiO2 nanoparticles are widely used in cosmetics, paints
and foodstuffs for their various properties, including colloidal
stability, high reflection index and photo catalytic properties

[1]. However, several toxicological studies have shown that
nanoparticles can be potentially hazardous because of these
unique physicochemical properties [2-4]. In particular, the very
large specific surface area of nanomaterials greatly increases
their surface reactivity with biological media.

In recent years, synthesis methods have been intensively
developed to produce nanoparticles with high homogeneity
and uniform microstructure [5-7]. These methods include
hydrothermal synthesis [8], solvothermal synthesis [9], sol-
gel method [10], ultrasonic irradiation [9] and microwave
synthesis [11]. To synthesize TiO, nanoparticles, solvothermal
method appears to be particularly relevant for the preparation
of nanometric-sized TiO,, because it allow a good control
of size and crystallinity while limiting the agglomeration of

In this paper, after giving some general information about
titanium dioxide Tio,, we will present the main methods of
synthesis of nanopowders of Ti0,, and discuss some important
aspects of their preparation for toxicological studies.

General Information on Titanium Dioxide TiO2

Titanium dioxide (TiO,), also called titanium (IV) or titanium
oxide, was initially discovered in 1821 but marketed in 1916 as a
white pigment [18]. Itis found in nature in three crystallographic
forms: rutile, anatase and brookite. Only the anatase and rutile
crystalline structures are used commercially, and are found
in manufactured products for which the risk of exposure
is of interest for toxicological studies. The anatase phase is
metastable whereas the rutile phase is thermodynamically
stable. For nanoparticles less than 15 nm, the anatase phase
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becomes the most stable because stability depends on the size
of the particles [19].

The use of TiO, nanoparticles makes it possible, for example,
to improve the process of photo degradation and complete
mineralization of toxic products and organic pollutants. In fact,
TiO2 nanoparticles are successfully used in environmental
technology for the treatment of wastewater and groundwater,
and degradation of pollutants in air, in particular nitrogen and
volatile organic compounds [20]. TiO, nanoparticles are also
often used in certain materials (sunscreens, glasses, paints) due
to the size corresponding to wavelengths below the visible (which
gives them transparency) and their ultraviolet absorbance [20].

Methods of Synthesis of Nanopowders of Titanium
Dioxide Tio,

The synthesis of the nanoparticles of titanium dioxide
TiO, can be carried out by several methods using different
precursors such as the titanium isopropoxide of the linear
formula Ti[OCH(CH,),]4 and generally reported in the literature
under the abbreviation Ti(OiPr), the tetrachloride or other
titanium salts. In this part, we will present various synthetic
processes which make it possible to obtain monodisperse TiO,
nanoparticles.

Solvothermal method

It is a synthetic method that involves chemical reactions
with a titanium precursor in organic solvents, at controlled
temperatures and pressures. This synthesis method is used,
for example, by Guo et al. [9]. They obtained non-agglomerated
titanium dioxide particles of anatase crystalline structure by
thermal hydrolysis of titanium isopropoxide precursor in the
presence of a mixture of water and ethanol under ultrasonic
irradiation of 100 W/cm? at a temperature of 90 °C and for 3
hours.

Indeed, the addition of the solvent in the reaction system
acts not only as an oxidizing agent, but also contributes to
the improvement of the morphology [12]. The application of
ultrasonic irradiation in this synthesis method has advantages
over conventional TiO? preparation methods such as uniform
distribution, dispersion of nanoparticles, higher surface area
and better thermal stability [21,22]. In this method of synthesis,
the crystal structure and the size of the nanoparticles depend on
the temperature of the reaction, the acidity of the medium and
the reaction time.

Hydrothermal method

It is a synthetic method that involves the chemical reactivity
of a titanium precursor in aqueous solvents at controlled
temperatures and pressures. This method makes it possible
to obtain nanoparticles of small size, small size distribution
and controlled crystallinity while adjusting the experimental
conditions [12]. This method was used by Katsumata et al. [8] to
obtain nanoparticles of monodisperse TiO, of brookite crystalline

form, between 20 and 50 nm in size. To obtain the nanoparticles,
a titanium powder is introduced into an NH,/H,0_solution. After
2 hours, glycolic acid is added. The synthesized product is dried
at 65 °C.

The mixture thus obtained undergoes a hydrothermal
treatment at 200 ° C for 6 hours. In this study, the authors
showed that the addition of sodium oleate as surfactant allows
the formation of cubic nanoparticles. This addition has above all
a significant effect on the zeta potential: the synthesis made by
adding sodium oleate results in a zeta potential of -50.6 and -55.2
mV for pH 6 and 7 whereas for synthesis without the sodium
oleate, the zeta potential is -24,6 et -31,4 mV. The addition of
sodium oleate in this study favors the formation of brookite at
pH = 8.0 as demonstrated by Kobayashi et al. [23].

Method (NAC-FAS): Formation of crystals ofnanometric
size in an alcoholic solution

It is a method developed by Ito et al. [24] which makes it
possible to synthesize nanocrystals at low temperature. This
method involves mixing (water - alcohol) in a solution containing
complexes of metal chelates or metal salts. This method was
used for the synthesis of crystalline TiO, nanoparticles using
titanium dioxysulfide as a precursor.

Microwave method

In most studies, microwave treatment is used to obtain TiO,
nanopowders in colloidal suspension. Heating by microwaves
allows homogeneity of the temperature in the solution and
consequently an acceleration of the hydrolysis in a short time,
which leads to promoting the nucleation of the nanoparticles.

Hu et al. [11] prepared spherical and monodisperse
nanoparticles from the titanium sulfate precursor by heating
using a microwave. This study showed that the power of
microwaves has an effect on particle size. Indeed, the small size
particles have been obtained by a high power while a low power
leads to particles of large size. Microwave synthesis may allow
better control of particle size and morphology [25, 26].

Sol-gel method

The sol-gel process was also used to obtain the TiO,
nanoparticles [27,28]. The method consists in the hydrolysis of
a titanium precursor (generally a Ti (IV) alkoxide) followed by
condensation. Massard et al. [10] have synthesized crystalline
TiO, nanoparticles in suspension by a low-temperature sol-gel
process. The process begins with the hydrolysis of titanium
precursor (titanium alkoxide Ti (IV)) followed by condensation,
and consequently the formation of the inorganic TiO, nucleus.
This step was followed by the adsorption of a surfactant which is
the carboxylicacid onthe surface ofthe nanoparticles. The organic
treatment was then carried out while adding the surfactant
to the mixture. This chemical functionalization of the surface
allows stable dispersion of titanium dioxide nanoparticles TiO,
in the aqueous medium. Other studies have shown that the sol-
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gel process makes it possible to obtain amorphous nanopowders
and consequently that it should be followed by a hydrothermal
treatment, considered as an effective treatment to induce
crystallization while avoiding agglomeration. This treatment
consists of a heating step of several hours to several days to
obtain nanocrystals of TiO, [29,30].

Discussion

Generally, studies have shown that the difficulty of synthesis
is not related to obtaining the crystallinity of the nanoparticles
itselfbutrather to theirirreversible aggregation. The crystallinity
could be controlled during the synthesis or by a post-synthesis
treatment as mentioned above. For example, Wang & Ying [31]
obtained an amorphous white precipitate while mixing the
titanium isopropoxide with water at room temperature. The
amorphous nanoparticles formed were then hydrothermally
treated to give an anatase crystal phase. In this study, several
hydrothermal treatments were carried out between 80 °C and
240 °C in order to define a minimum and optimum treatment
temperature.

Over the last decade, several teams have carried out studies
to improve the previous synthesis processes while optimizing
the dispersion of non-agglomerated nanopowders. The addition
of multi-charged ions and polymers coating the NP surface favor
respectively the repulsive electrostatic forces and the steric
repulsive forces, which reduces the agglomeration [32-34].
Let’'s remember that the nanoparticles can be present in the
form of free primary particles, agglomerates or aggregates. The
agglomerates correspond to a set of particles bound by weak
forces (eg Van der Waals force) whereas aggregates are particles
maintained by strong chemical bonds. The state of aggregated or
agglomerated nanoparticles can be monitored during synthesis
[35,36]. The agglomerates in a solution can be dispersed using
several methods such as sonication by vibrating rod or even by
ultrasonic bath unlike the aggregates.

Table 1: List of additives for a dispersion of titanium dioxide TiO,.
TiO2

Citric acid at neutral pH [37]

Dispersion in

aqueous medium Quaternary ammoniums at high pH [38, 39]

Polyvinyl acetate

Alcohol Dispersion Acetylacetone [40,41]

Oleic acid [42]

Dispersion in non-

. Dodecylbenzene sulfonic acid [43]
aqueous medium

Phosphoric acid [44]

To allow a better dispersion of the nanoparticles in the liquid
medium, there are two parameters to be taken into account: the
pH and the isoelectric point. The isoelectric point is the pH for
which the nanoparticle exists under a neutral electrical potential.
If the pH is equal to the isoelectric point, there is no electrostatic
repulsion and therefore the particles agglomerate. If the pH
moves away from the isoelectric point, the particles repel each
other as the electrostatic repulsive forces become dominant.

Below, in Table 1, we describe the two most common methods
which allow the stabilization of nanoparticles by adsorption of
polymers or surfactants on their surface.

Barringer & Bowen [45] have shown that at the isoelectric
point of TiO, 5.5+0.1, surface charges on particles in an acid
medium help to maintain well dispersed particles in the
solution. Similarly, Wang & Ying [31] have shown that the
addition of hydrochloric acid HCI allows a change in the size
of the nanoparticles from 20 nm to 14 nm, which leads to the
conclusion that the acid has the effect of preventing the growth
of the particles and the agglomeration while ensuring an
electrostatic repulsion.

As said, the various studies stress the fact that the
difficulty in syntheses is not related to the crystallinity of the
nanopowders but rather to the spontaneous agglomeration of
these nanoparticles which generates a production of particles
with large sizes. The presence of water, inherent in the hydrolysis
medium, seems to be at the origin of this agglomeration.
Consequently the addition of water-substituting organic solvent
or the addition of strong acid such as HCI in order to keep the
solution at a very low pH may be an effective solution to reduce
the agglomeration phenomenon, but this solution is opposed to
the pH of the physiological medium (close to neutrality) required
for biological application or toxicological studies.

The coating of nanoparticles is another way to avoid this
phenomenon of agglomeration, just like washing the precipitate
with ethanol may also cause a slowing down of the agglomeration.
In order to avoid the aggregation phenomena of synthesized
TiO, nanoparticles, it is possible to functionalize them at the
surface. One way is to work with citric acid in order to maintain
the stability of the nanoparticles in an aqueous medium by
controlling the rate of surface coating of the nanoparticles. In
order to ensure colloidal stability over time, the adsorbed layer
(polymers, surfactants and surfactant) must be sufficient to limit
the attractive interactions between nanoparticles.

Conclusion

The various synthetic pathways lead to physico-chemical
parameters (size, shape factor, aggregation and agglomeration
state, porosity, impurities, surface state, surface chemistry, etc.)
which can be very different. All these parameters can drastically
affect the reactivity of the nanoparticles and therefore their
toxicity. This highlights the crucial importance of precise
physico-chemical characterization of nanoparticles for any
nanotoxicology study. To conclude, with the precise definition of
the nanoparticle, the challenge is to synthetize nanoparticles of
various sizes while retaining constant the other parameters, if
we want to truly highlight an effect of the size parameter.
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