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    1.1 
Introduction 

 In Nature, titanium dioxide exists in three primary phases    –    anatase, rutile, and 
brookite    –    with different sizes of crystal cells in each case    [1] . The popularity of 
titanium dioxide in materials sciences began with the fi rst photocatalytic splitting 
of water in 1972  [2] . However, in recent years TiO 2  has been used widely for the 
preparation of different types of nanomaterials, including nanoparticles, nano-
rods, nanowires, nanotubes, and mesoporous and nanoporous TiO 2  - containing 
materials  [3] . Regardless of scale, TiO 2  maintains its photocatalytic abilities, and 
in addition, nanoscale TiO 2  has a surface reactivity that fosters its interactions with 
biological molecules, such as phosphorylated proteins and peptides  [4] , as well as 
some nonspecifi c binding with DNA  [5] . Nano - anatase TiO 2 , which is smaller than 
20   nm, has surface corner defects that alter the size of the crystal cell  [6, 7]  (Table 
 1.1 ).   

 The surface molecules of nanoscale TiO 2  particles are  “ on the corner ”  of the 
particle, and are forced by confi nement stress into a pentacoordinated, square -
 pyramidal orientation. Such molecules have a propensity for stable nanoparticle 
conjugation to  ortho  - substituted bidentate ligands such as  3,4 - dihydroxyphenethyl-
amine  ( dopamine )  [7, 8] . This binding with enediol ligands  “ heals ”  the surface 
corner defects and returns the surface TiO 2  molecules into an octahedral geometry. 
As a consequence, the stability of the chemical bonds formed on the nanoparticle 
surface precludes further modifi cations of the nanoparticle surface, which may 
aid in reducing nanoparticle aggregation and nonspecifi c interactions with cellular 
components  [9, 10].  

 The methods used for the synthesis of TiO 2  nanoparticles have included sol, 
sol – gel, solvothermal, hydrothermal and other approaches  [3] , although new 
methods and modifi cations of the existing methods have been attempted with 
great frequency. Among such efforts are included the use of different dopants in 
the synthesis of TiO 2  nanocomposites, such as noble metals  [11]  (the use of core 
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materials such as iron oxide – silicon dioxide – titanium dioxide core - corona - shell 
nanoparticles  [12] ) and the use of different nanoparticle surface - coating molecules 
and photosensitizing dyes  [5, 9, 10, 13 – 17] . 

 Although, at present, no systematic nomenclature is used to codify nanostruc-
tures, a proposal has been made recently to develop a  “ nano nomenclature ”   [18] , 
and it is hoped that this may aid in making any review (including the present 
chapter) more systematic. For example, if an attempt were made to apply this 
nomenclature to the 5   nm TiO 2  nanoparticles with DNA oligonucleotide and gado-
linium – DOTA conjugated to its surface  [13] , the formula for this nanoconjugate 
would be 2 - 5B -  TiO 2  - (DNA,Gd, DOTA), where the  “ 2 ”  indicates a metallic nano-
particle,  “ 5B ”  a size of 5   nm and a spherical shape, and TiO 2  the material of the 
particle and the (DNA,Gd, DOTA) molecules conjugated to the surface. Obviously, 
this designation would require a further determination of DNA sequence, as well 
as information such as the anticipated strength of the chemical bonds between 
the nanoparticle and the conjugated materials. With TiO 2  in particular, the nomen-
clature would also have to include information on the crystal polymorph of the 
nanoparticle, the presence of  “ corner defects ”  on the nanoparticle surface, and so 
on. 

 In this chapter, the most recent applications of nanoscale TiO 2  will briefl y be 
summarized in: (i) Photocatalysis for chemical degradation and antimicrobial 
activity; (ii) phosphopeptide enrichment from biological materials  in vitro ; (iii) the 
uptake and effects of nanoscale TiO 2  and nanocomposites in cells; (iv) the use of 
TiO 2  and its composites for implants and tissue engineering; and (v) toxicology 
studies of TiO 2  nanomaterials in animals. 

 A comprehensive list of the nanoparticulate TiO 2  materials reviewed in the 
chapter is provided in Table  1.2 .    

   1.2 
Photocatalysis by  TiO 2   Nanoparticles, Nanocomposites and Nanoconjugates for 
Chemical Degradation and Antimicrobial Activity 

 The photocatalytic activity of TiO 2  molecules has been widely studied and utilized 
in biological, chemical, and industrial applications. The term  “ photocatalytic ”  
refers to the ability of a material to form electron - hole pairs upon absorbing elec-

  Table 1.1    Phases of  T  i  O  2 . 

   Phase (Reference)     Crystal system     a ( Å )     b ( Å )     c ( Å )  

  Rutile  [1]     Tetragonal    4.594    4.594    2.959  
  Anatase  [1]     Tetragonal    3.789    3.789    9.514  
  Brookite  [1]     Orthorhombic    9.166    5.436    5.135  
  Anatase with corner defects  [7]      –     3.96    3.96    2.7    
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tromagnetic radiation. TiO 2  is a wide gap semi band conductor with a band gap 
energy of 3.2   eV for the anatase crystal structure, and 3.0   eV for the rutile structure 
 [87] . When TiO 2  absorbs photons of electromagnetic radiation with energy greater 
than its band gap, valence band electrons are promoted to the conduction band of 
the TiO 2  molecule, which leaves an electropositive hole in the valence band  [2] . 
Thus, the absorption of electromagnetic radiation by TiO 2  produces electron - hole 
pairs (e  −   h + ) that can be transferred through the material to the surface of the bulk 
TiO 2 . At the surface, the charged electrons (e  −  ) are spatially separated from the 
electropositive holes (h + ), thus forming separate reducing and oxidizing centers 
 [2] . When TiO 2  is in an oxygenated aqueous environment, the charged electrons 
can reduce O 2  to form superoxide (  O2

i ) whereas, the electropositive holes oxidize 
water to form hydroxyl radicals (OH  •  )  [88] . Thus, the reductive and oxidative abili-
ties of the electron - hole pairs can lead to the production of strong oxidizing agents 
applicable for many purposes, from chemical to microbial decontamination. 

 In the nanoparticle regime, TiO 2  preserves its photocatalytic properties; moreo-
ver, as the reaction effi ciency increases in line with the surface - to - volume ratio of 
the material, it has been microparticle and nanoparticle formulations TiO 2  rather 
than the bulk material that have been used in biological, chemical, and industrial 
applications. Nevertheless, whilst the TiO 2  - driven photocatalytic degradation of 
chemicals and microorganisms has been applied to decontamination and environ-
mental purifi cation, many drawbacks have emerged to prevent its even wider use. 
The fi rst of the two main issues is centered around the high energy requirements 
for triggering a photocatalytic response (photoresponse). As the band gap of TiO 2  
is 3.2   eV, the anatase crystal can only absorb photons of wavelengths shorter than 
388   nm, primarily in the  ultraviolet  ( UV ) light spectrum. Hence, TiO 2  nanoparti-
cles can only absorb approximately 2 – 3% of solar light energies, which makes the 
commercial applications of TiO 2  nanoparticles ineffective with natural light 
sources. The second major drawback to using TiO 2  nanoparticles in industrial 
applications is that the photocatalytic effi ciency of TiO 2  is often low, due to charge 
recombination. During photocatalysis, the reactive electron and the electropositive 
hole of the electron - hole pairs can recombine within the material before they are 
transferred to its surface. However, when such recombination occurs, the catalytic 
effi ciency of the nanoparticle decreases. 

 In an attempt to avoid diffi culties associated with TiO 2  use, investigations have 
been made into the applications of TiO 2  nanocomposites and nanoconjugates. 
Hence, the primary goals for new TiO 2  - based nanoscale materials are to: 

   •      increase the photoresponse (the energetic range at which the nanoparticles can 
be excited) so that the TiO 2  nanoconjugates can be excited by energies in the 
visible light spectrum;  

   •      increase the photocatalytic effi ciency (the ability of a photocatalytic material to 
overcome charge recombination and allow separated charges to interact with 
molecules at the surface of the material).    

 The major strategies to attain these goals include: conjugation to a charge trans-
fer catalyst; noble metal deposition; doping with metal and nonmetal ions; 
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blending with metal oxides; coating with photosensitizing dyes; compositing with 
polymers; and coupling with semiconductors. Although each of the modifi cations 
has different mechanisms by which they can either increase photoresponse or 
photocatalytic effi ciency, all were found to aid the overall photocatalytic properties 
of TiO 2 . 

   1.2.1 
Methods for Evaluating Photocatalysis 

 Before providing descriptions of the different approaches used to increase the 
photocatalytic ability of TiO 2  nanocomposites, there is a need to outline the various 
methods generally used in its evaluation. The majority of such methods involve 
the breakdown of various molecules, typically dyes that change color in a predict-
able, dose - dependent manner in response to oxidation or reduction. An exception 
is the use of  electron paramagnetic (spin) resonance  ( EPR ), which provides a direct 
measurement of the production of  reactive oxygen species  ( ROS ). The most 
common dyes used for quantifi cation of photocatalysis include methylene blue 
and methyl orange, in addition to assays for the degradation of phenol, formalde-
hyde, salicylic acid and various other oxidizable molecular targets. For example, 
methylene blue has a blue color in an oxidizing environment, but turns clear in a 
reducing environment. During photocatalysis, the dyes undergo decomposition 
that in turn causes a change in color which can be quantifi ed spectrophotometri-
cally, by measuring the absorption of the dye at a specifi c wavelength. 

 In contrast, EPR provides a direct measurement of the production of radicals 
(typically hydroxyl radicals) created by the oxidation of water by electropositive 
holes.  

   1.2.2 
Different Types of  TiO 2   Nanocomposites 

   1.2.2.1    Modifying  TiO 2   with Charge - Transfer Catalysts 
  Charge - transfer catalyst s ( CTC s) are molecules that have the ability to trap reactive 
electrons (e  −  ) and electropositive holes (h + )  [89] . In the case of TiO 2 , the addition 
of a CTC to the nanoparticle allows for a more effi cient trapping of electropositive 
holes on the surface hydroxyl sites of the TiO 2  molecule  [89] . The improved trap-
ping ability of the nanocomposite decreases the charge recombination in TiO 2  and 
leads to an overall increase in photocatalytic effi ciency. The most common CTCs 
used with TiO 2  are Al 2 O 2 , Al 2 O 3  and SiO 2   [89] .  

   1.2.2.2    Coating with Photosensitizing Dyes 
 The process of coating creates nanoconjugates rather than nanocomposites; 
however, these hybrid structures also often have improved photocatalytic abilities 
compared to the bare nanoparticles. The primary focus of adding a photosensitiz-
ing dye to a nanoparticle is most often not to reduce the charge recombination, 
but rather to change the photoresponse of the TiO 2  nanoparticle. For example, 



alizarin can lower the photon energy required to excite the nanoparticles, thus 
decreasing the band gap energy of alizarin - coated TiO 2  nanoparticles to 1.4   eV, in 
the white light range  [8] . In studies conducted by Konovalova  et al ., the addition 
of carotenoids to TiO 2  led to the formation of ROS on the surface of nanoconju-
gates under red light irradiation  [60] . One of the most effective photocatalysis 
reactions with TiO 2  was accomplished by the Gratzel laboratory, when a 10.6% 
solar light effi ciency was achieved by using a dye - sensitized solar cell technology 
 [90] .  

   1.2.2.3    Noble Metal Deposition or Coupling 
 A noble metal is commonly defi ned as an element that can resist oxidation, even 
at high temperatures. Noble metals include rhenium, ruthenium, rhodium, pal-
ladium, silver, osmium, iridium, platinum, and gold; of these, the most commonly 
used in combination with TiO 2  nanoparticles are gold and silver. As noble metals 
are resistant to oxidation, they are thought to act as an electron sink, promoting 
the movement of reactive electrons away from the TiO 2  molecule onto the surface 
of the noble metal  [67] . The noble metal surface then acts as a site where redox 
reactions occur, thus preventing charge recombination within the TiO 2  nanopar-
ticle and increasing its photocatalytic reactivity. 

 In many studies, silver has been deposited onto TiO 2 , primarily because it is 
more cost - effective than gold and platinum, but also because it has an intrinsic 
ability to prevent bacterial growth, as well as an effective photocatalytic ability at 
nanoscale  [11] . Previously, silver has been added to TiO 2  nanoparticles, TiO 2  nano-
rods, and TiO 2  nanofi lms. In fact, studies conducted by Li and colleagues have 
shown that silver - deposited TiO 2  anatase nanoparticles have an improved photore-
sponse compared to that of anatase TiO 2  nanoparticles, Degussa P25 TiO 2  nano-
particles, and mixed anatase – rutile TiO 2  nanoparticles  [63] . The use of Ag – TiO 2  
nanocomposite fi lms has also been shown to have an increased photocatalytic 
reactivity compared to the nonmodifi ed material. For example, UV - illuminated 
Ag – TiO 2  nanocomposite fi lms are 6.3 - fold more effective at photodegrading 
methyl orange than are UV - illuminated pure TiO 2  fi lms  [56] . 

 The deposition of gold and platinum onto TiO 2  nanoparticles has also demon-
strated an increase in the photocatalytic reactivity of TiO 2 . Yu and coworkers have 
reported an improved photocatalytic reactivity of Au – TiO 2  nanocomposite micro-
spheres compared to TiO 2  microspheres and Degussa P25 TiO 2  nanoparticles  [64] . 
In addition, UV - illuminated TiO 2  nanofi lms embedded with gold nanostructures 
have a better photonic effi ciency than UV - illuminated pure TiO 2  fi lms  [80] .  

   1.2.2.4    Doping and Grafting 
 The purpose of doping TiO 2  nanoparticles with metals is to create a heterojunc-
tion    –    a space which ranges from 10 to 100   nm in size, located between the surface 
of the doping metal and that of the TiO 2  nanoparticle. Within this space an 
interior electric fi eld forms that aids in the separation of electron - hole pairs  [91] . 
As a consequence, reduced electrons are driven to different surface sites away 
from the electropositive holes, which in turn results in a reduction of the charge 
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recombination. A special case of heterojunctions involves the use of  carbon nano-
tube s ( CNT s) with TiO 2  nanoparticles or TiO 2  nanofi lms  [91] . These arrays showed 
up to 99.1% degradation of phenol, compared to 78.7% degradation by pure TiO 2  
nanotubes  [91] . Similarly,  multi - walled carbon nanotube s ( MWCNT s) anchored 
to TiO 2  nanoparticles improved the photocatalytic degradation of methylene blue 
 [54] . Ni - deposited, CNT - grafted TiO 2  nanocomposites have demonstrated photo-
catalytic reactivity both with UV irradiation and with exposure to an electric fi eld 
of 500   V DC, with an enhanced photocatalytic degradation of NO gas molecules 
in comparison to pure TiO 2  nanoparticles  [62] . Other molecules which have been 
used successfully for grafting include nitrogen, Ag 2 S, and Pd – PdO  [51, 92, 93] . 
Nitrogen - doped TiO 2  - layered/isosterate nanocomposites showed an increased 
photocatalytic reactivity when illuminated with visible light between 380 and 
500   nm  [51] . 

 UV - irradiated TiO 2  nanocomposites doped with rare earth oxides (oxides of Eu 3+ , 
Pr 3+ , Gd 3+ , Nd 3+  and Y 3+ ) showed a higher extent of degradation of partially  hydro-
lyzed polyacrylamide  ( HPAM )  [53] .  

   1.2.2.5    Coupling with Semiconductors, Blending with Metal Oxides 
 The coupling of TiO 2  to a narrow - gap semiconductor material can result in an 
increase in photocatalytic reactivity, as well as an increase in photoresponse. When 
a narrow - gap semiconductor coupled to a TiO 2  nanoparticle is exposed to visible 
light, it produces reactive electrons that can travel through the semiconductor to 
the nonactivated TiO 2  nanoparticle  [61] . This process extends the photoresponse 
of the TiO 2  to visible light wavelengths. Coupling TiO 2  to a semiconductor also 
decreases charge recombination, because the heterojunction space between the 
two semiconductors allows for a more effi cient separation of reactive electrons and 
electropositive holes  [61] . Common semiconductors and metal oxides coupled to 
TiO 2  include: CdS, WO 3  and Cs  x  H 3 –    x  PW 12 O 40   [61, 89, 94, 95] . Zhu  et al . have 
reported that the bamboo - like CdS/TiO 2  - nanotube nanocomposites, when acti-
vated with visible light, demonstrated a methylene blue degradation of 83.7% 
compared to only 9.5% and 41.1% by TiO 2  - nanotubes and pure CdS, respectively 
 [61] . 

 The metal oxides ZnO, MnO 2  and In 2 O 3 , when coupled to TiO 2  nanoparticles, 
have also been shown as effi cient in increasing the photocatalytic capability of TiO 2  
nanoparticles  [52, 54, 96] . The addition of MnO 2  to TiO 2  nanoparticles broadens 
the excitation spectrum of TIO 2  to visible light ranges, as demonstrated by meth-
ylene blue degradation  [52] . 

 A different crystal structure of the TiO 2  may also have an effect on photore-
sponse. For example, under UV light conditions ZnO – TiO 2  nanotubes can oxidize 
rhodamine B with a higher effi ciency than either pure TiO 2  nanoparticles, pure 
TiO 2  nanotubes, pure ZnO, or ZnO – TiO 2  nanoparticles  [65] .  

   1.2.2.6    Modifying with Polymers or Clays 
 The functionalization of TiO 2  nanoparticles with polymers with good conducting 
properties can be used to direct the charged electrons (e  −  ) and electropositive holes 



(h + ) away from the surface of TiO 2 . Moreover, the addition of polymers that allow 
for a large internal interface area between the polymer and the TiO 2  particle aids 
in charge segregation and also prevents charge recombination  [59] . Similarly, the 
addition of clays can aid in charge segregation by providing a large internal inter-
face between the clay and the TiO 2  molecule. In the past, a multitude of polymer/
TiO 2  nanocomposites have been used on the basis of their ability to increase pho-
tocatalytic reactivity. Most notably, polypyrrole, kaolinite, polyaniline, poly amide 
and  poly - lactic acid  ( PLA ) have each been added to TiO 2  nanoparticles, and all have 
shown enhanced photocatalytic reactivity of the nanocomposites  [59, 66, 97, 98] . 
For example, visible polypyrrole – TiO 2  nanocomposites degraded 95.54% of methyl 
orange compared to 40% degradation by visible light with pure TiO 2  nanoparticles 
 [59] . Similarly, Shi - xiong  et al . demonstrated the ability of UV -  and solar light -
 irradiated  anilinomethytriethoxysilane – TiO 2  nanoparticles composited with poly-
aniline  ( PANI/AMTES - TiO 2  ) to increase the photoresponse and reduce charge 
recombination  [66] . 

 Novel methods for developing TiO 2  – clay nanocomposites have involved the use 
of heterocoagulation to create TiO 2  –  montmorillonite  ( MMT ) nanocomposites, in 
which a silicate layer is used to support the TiO 2  nanoparticle. Kun and coworkers 
subsequently showed that these nanocomposites had a higher photocatalytic reac-
tivity than pure TiO 2 , due to the added catalytic activity of the silicate support layer 
of the nanocomposites  [58] .   

   1.2.3 
Antimicrobial Uses of Nanocomposites 

 The antibacterial and decontamination applications of TiO 2  nanoparticles have 
undergone extensive investigation since 1985, when Matsunaga  et al . fi rst demon-
strated the microbicidal effect of TiO 2   [99] . Subsequently, numerous studies have 
documented the bactericidal activity of TiO 2  nanoparticles, founded on their pho-
tocatalytic reactivity under UV - illumination  [177] . The illumination of TiO 2  leads 
to the generation of ROS that oxidize membrane lipids and cause disruption to 
the outer and cytoplasmic membranes of the bacteria by lipid peroxidation; this 
leads in turn to the death of the bacterial cells  [100] . 

 Since the microbicidal ability of TiO 2  nanoparticles depends on their photore-
sponse and photocatalytic reactivity, all of the issues pertinent to the improvement 
of photocatalysis will aid with the killing of bacteria, viruses, and fungi. Again, the 
creation of nanocomposites to circumvent the partial photocatalytic reactivity of the 
TiO 2  due to charge recombination, and to increase the photoresponse of TiO 2 , 
would permit nanocomposites to be used for sterilization with sunlight, in a most 
energy - effective way. Multiple additions can be made to TiO 2  nanoparticles, TiO 2  
nanofi lms and TiO 2  nanorods so as to create TiO 2  nanocomposites. These additions 
include noble metal deposition, doping with metal and nonmetal ions, compositing 
with a polymer, and the creation of core – shell magnetic nanoparticles. Currently, 
TiO 2  nanocomposites are used in multiple antimicrobial, antifungal, and waste 
decontamination applications, and can also be used to sterilize medical devices 
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such as catheters and dental implants  [71, 101] . TiO 2  nanocomposites have also 
been tested for sterilization of food packaging and food preparation surfaces, to 
prevent the bacterial contamination of food  [68, 102, 103] . However, perhaps the 
most often used application of TiO 2  nanocomposites in this area has been for the 
purifi cation of drinking water and decontamination of waste water  [88] . 

   1.2.3.1    Antimicrobial Nanocomposites with Noble Metal Deposition 
 The most frequently used noble metals in antimicrobial applications are silver and 
gold. For example, gold - capped TiO 2  nanocomposites have a strong oxidizing 
ability and showed a 60 – 100% killing effi cacy of  Escherichia coli   [68] . Likewise, 
silver has long been studied and recognized for its potential as an antimicrobial 
agent, with silver ions and nanoparticles having been shown capable of killing 
bacteria, viruses, and fungi  [104] . Recently, Ag – TiO 2  nanocomposite powders, 
Ag – TiO 2  nanofi lms, and Ag - deposited Ag – TiO 2  nanocomposite fi lms were all 
shown to exhibit enhanced photocatalytic reactivities and bactericidal activities 
compared to TiO 2  nanoparticles and TiO 2  nanofi lms. For example, when Zhang 
 et al . used a one - pot sol – gel approach to produce 10   nm TiO 2  nanocomposites with 
a high Ag - loading ability, the nanocomposites showed a complete inhi bition of  E. 
coli  growth at silver concentrations of only 2.4    μ g   ml  − 1   [69] . The compositing of Ag 
into TiO 2  fi lms has been met with similar success; as an example, Liu  et al . used 
the Ag doping of a TiO 2  nanofi lm to kill silver - resistant  E. coli  when the nanocom-
posite fi lms were UV light - irradiated  [70] . In this case, the bacterial survival rate 
on the nanocomposite was only 7%, compared to 53.7% on UV light - irradiated 
pure TiO 2  nanofi lms  [70] . Similarly, silicon catheters coated with Ag – TiO 2  nano-
fi lms with embedded nanocomposites demonstrated a self - sterilizing effect, with 
a 99% sterilization of  E. coli ,  Pseudomonas aeruginosa  and  Staphylococcus aureus  
after UV illumination  [71] . A similar doping of Ag – TiO 2  nanofi lms with Ag – TiO 2  
nanocomposite particles led, under solar light conditions, to a photocatalytic 
killing of  E. coli  that was 6.9 - fold more effective than with TiO 2  nanofi lms, and 
1.35 - fold more effective than with Ag/a - TiO 2  nanofi lms  [72] . Finally, UV - illumi-
nated platinum nanoparticles embedded in a TiO 2  nanofi lm demonstrated an 
increase in the photocatalysis - driven killing of  Micrococcus lylae  cells, compared to 
UV - illuminated pure TiO 2  nanofi lms  [105] .  

   1.2.3.2    Antimicrobial Doped and Grafted Nanocomposites 
 The doping of TiO 2  nanoparticles with metals and nonmetals has been shown to 
be an effective way of increasing the photocatalytic reactivity of TiO 2 . The applica-
tions for doped TiO 2  nanocomposites range from antimicrobial coatings on tex-
tiles, the inactivation of endospores, solid - surface antimicrobial coatings, and 
aqueous system - based biocides  [74, 102, 106] . Another practical application of TiO 2  
nanocomposites has been the use of tin (Sn 4 −  ) - doped TiO 2  nanofi lms on glass 
surfaces, so as to confer a self - cleaning function  [73] . In line with this, Sayikan 
 et al . showed that Sn 4 −   - doped TiO 2  nanofi lms on UV - illuminated glass surfaces 
had an antibacterial effect against both Gram - negative  E. coli  and Gram - positive 
 Staph. aureus , whereas the TiO 2  fi lms alone had no antibacterial effect  [73, 75] . 



 The grafting of MWCNTs to TiO 2  was used to inactivate bacterial endospores 
under UV light conditions, demonstrating a biocidal effi ciency (LD 90 ) of 90% for 
the inactivation of  Bacillus cereus  endospores. Under the same conditions, pure 
TiO 2  nanoparticles showed no signifi cant biocidal capabilities  [74] . 

 In addition to the nonmetal doping of TiO 2  nanoparticles, many groups have 
focused on the metal and metal - ion doping of TiO 2  nanoparticles. For example, 
when Venkatsubramanian  et al . compared the antibacterial and photocatalytic 
reactivities of W 4+ , Nd 3+ , and Zn 2+  - doped TiO 2  nanocomposites  [76] , the antibacte-
rial activities of the nanocomposites were rated as follows: W 4+ /TiO 2     >    Nd 3+ /
TiO 2     >    Zn 2+ /TiO 2     >    pure TiO 2  nanoparticles  [76] . It is believed that tungsten has 
the greatest effect on photocatalytic reactivity and antimicrobial activity due to its 
ability to reduce the band gap of TiO 2  and to aid in charge separation, which makes 
it highly photoresponsive and photocatalytically reactive  [76] . Studies conducted 
by Lui Li - Fen  et al . showed iron - doped TiO 2  nanocomposites to have a higher 
capacity for the UV photocatalytic disinfection of  E. coli  (20% survival) than did 
pure TiO 2  (40% survival)  [102] . 

 As an alternative, iron oxide – silicon dioxide – titanium dioxide core - corona - shell 
nanoparticles showed less photocatalytic reactivity than the pure Degussa P25 
TiO 2 ; however, the ability to  “ recycle ”  such nanoconjugate constructs on the basis 
of their magnetic core outweighed the relative disadvantage of their lesser photo-
catalytic reactivity  [12] .  

   1.2.3.3    Modifying with Polymers 
 Polymers are commonly used as materials for food packaging, mainly because 
the addition of TiO 2  nanoparticles to polymer sheets can provide an antibacterial 
approach to sterilization. This was demonstrated by Cerrada  et al ., who by incor-
porating TiO 2  nanoparticles into an  ethylene – vinyl copolymer matrix  ( EVOH ) 
were able to maintain an antimicrobial capacity at the interface of the TiO 2  – EVOH 
nanocomposite; in fact, the UV irradiated TiO 2  - EVOH killed 99.9% of all Gram -
 positive and Gram - negative bacteria tested  [77] . In a similar fashion, TiO 2  - embed-
ded polymer oxide thin fi lms also showed an enhanced antimicrobial activity. For 
this, TiO 2  was incorporated into an  isotactic polypropylene  ( iPP ) polymeric matrix, 
so as to create an iPP – TiO 2  thin fi lm nanocomposite which, when illuminated 
with UV light, showed an 8 -  to 9 - fold log increase in bactericidal effect against 
 P. aeruginosa  and  Enterococcus faecalis  when compared to pure TiO 2  nanoparticles 
 [78] .  

   1.2.3.4    Creation of Magnetic Nanocomposites 
 One major problem facing those industries that use TiO 2  nanoparticles to purify 
water has been to separate the TiO 2  from the system after use. The removal of 
TiO 2  from water decontamination applications is, in fact, often very diffi cult, and 
will involve the use of a slurry system. In order to overcome this problem, a core –
 shell magnetic nanoparticle was created that consisted of a magnetic core encap-
sulated by a TiO 2  shell. Thus, in a TiO 2  – NiFe 2 O 4  core – shell magnetic nanoparticle, 
the core would retain the magnetic properties, and the TiO 2  shell the photocatalytic 
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reactivity. When exposed to UV light, such nanoconjugates would cause a reduc-
tion in the growth of  E. coli   [57] . A similar Fe 3 O 4 @TiO 2  core – shell nanocomposite 
also exhibited antimicrobial activity. In practice, the nanocomposites were conju-
gated to an  immunoglobulin G  ( IgG ) antibody, which allowed the direct targeting 
of pathogenic bacteria such as  Staphylococcus saprophyticus ,  Streptococcus pyogenes , 
methicillin - resistant  Staph. aureus , and multi - antibiotic - resistant  S. pyogenes . 
Whilst, after targeting, UV irradiation of the nanocomposites led to a reduction in 
bacterial survival compared to negative controls  [79] , the main benefi t was that the 
Fe 3 O 4  core allowed them to be separated from solution simply by applying a mag-
netic fi eld  [79] . 

 With the advent of combining different materials with TiO 2 , a multitude of 
light - activated antimicrobial applications has been developed. Typical strategies 
used to increase the antimicrobial activity of TiO 2  nanoparticles and nanofi lms by 
increasing their photoresponse and photocatalytic reactivity have included noble 
metal deposition, doping with metal and nonmetal ions, compositing with a 
polymer, and the creation of core – shell magnetic nanoparticles. Clearly, these 
newly developed nanocomposites will continue to show promise as antimicrobial 
agents for both industrial and biological applications.    

   1.3 
Use of  TiO 2   Nanoparticles, Nanocomposites, and Nanoconjugates for 
Phosphopeptide Enrichment from Biological Materials  In Vitro  

 In addition to its photocatalytic capabilities, TiO 2  nanoparticles also demonstrate 
a surface reactivity that has been harnessed for use in basic science research. As 
the nanoparticle surface has a high affi nity for phosphate groups, this can lead to 
various nonspecifi c interactions between TiO 2  nanoparticles and biological materi-
als, such as proteins and DNA  [4, 5] . Currently phosphorylated proteins are of 
major interest in biomedical research, and the application of TiO 2  nanoparticles 
in this area will be discussed at this point. 

  Reversible phosphorylation  is a critical cellular tool that is used to control key 
processes such as signal transduction, gene expression, cell cycle progression, 
cytoskeletal regulation, and apoptosis  [81] . The most common phosphorylation 
targets in proteins are the amino acids serine, threonine and tyrosine, and almost 
30% of all proteins in mammalian cells are phosphorylated at some point during 
their processing  [107] . It is assumed that in diseases such as cancer, AIDS, diabetes 
and neuronal disorders, protein phosphorylation patterns and cell signaling net-
works have become disturbed, causing the negative health effects of the disease 
 [108] . In recent years, it was shown that TiO 2  nanoparticles could be used to trap 
and identify phosphopeptides of interest  [4] , and for this purpose a range of TiO 2  
columns has been created that are capable of enriching certain phosphopeptides 
from a complex peptide mixture. Moreover, this method is not only very effective 
but also introduces a greater effi ciency into the subsequent steps of the total 
research process. 
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 The most interesting phosphorylated proteins are usually of low abundance, 
such that the process of phosphorylation is typically sub - stoichiometric in nature. 
Yet, phosphorylation is also a highly dynamic event, and can occur at multiple 
sites on a protein when not all of the potential phosphorylation sites are fully 
occupied. Nonetheless, results with even a phosphopeptide - rich sample may be 
seriously affected by the presence of nonphosphorylated peptides (as demon-
strated using mass spectrometry). As a result, it is very diffi cult to generate a 
sample that is suitable for mass spectrometric analysis, as the phosphorylated 
proteins must fi rst be enriched and separated from their original complex sample. 
Although phosphorylated proteins are chemically stable, many enzymes can alter 
their phosphorylation status. For example, the human genome contains about 500 
kinases and over 100 phosphatases; hence, when tissues or cells are lysed and 
samples are extracted, there is a high likelihood that further enzymatic reactions 
will occur and that the samples will be compromised. The benefi t of TiO 2  materials 
in this respect is that they show a great specifi city with regards to the types of 
oligomer that they bind, and so often are used in conjunction with the technique 
of  immobilized metal affi nity chromatography  ( IMAC ). Notably, as TiO 2  can selec-
tively adsorb organic phosphates, it is an ideal material for capturing phosphopep-
tides  [4] . Moreover, TiO 2  has  amphoteric  properties, which allow it to behave as 
either a Lewis acid or a Lewis base, depending on the pH of the solution used to 
wash the TiO 2  material. Acidic conditions cause the TiO 2  to be positively charged 
and to exhibit anion - exchange properties  [108] . Consequently, samples prepared 
for analysis on TiO 2  columns are often dissolved in an acidic solution so as to 
promote electrostatic binding between the positively and negatively charged 
groups  [109] , after which they can be desorbed under alkaline conditions  [110] . An 
additional point is that nanosized materials have high surface area - to - volume 
ratios, which allows them to bind to a much greater number of targets  [4] . One 
problem here is that TiO 2  can bind multi - phosphorylated peptides so strongly that 
their elution becomes diffi cult; consequently, it is more suited to the isolation 
of mono - phosphorylated peptides  [109] . The overall process is very effective and 
about 50 – 75% more phosphopeptides will be detected if a TiO 2  - enrichment stage 
precedes the mass spectrometry analysis  [110] . 

 TiO 2  nanocomposites can be synthesized via photopolymerization and adapted 
into stationary chromatography phases for use in either microchannels or micro 
tips. The composites are prepared by crosslinking TiO 2  nanoparticles with organic 
groups, which helps to prevent the loss of particles during washing through TiO 2  
composite cartridges. In this way, a TiO 2  - packed pipette tip may serve as an offl ine 
fi rst - dimension separation step in a  two - dimensional  ( 2 - D ) chromatography 
system  [107] . It has in fact been found that certain agents can improve the binding 
of phosphorylated peptides while blocking the attachment of nonphosphorylated 
peptides that are not of interest. Loading the samples in  2,5 - dihydroxybenzoic acid  
( DHB ) can reduce the binding of nonphosphorylated peptides to TiO 2 , while 
maintaining the high binding affi nity for phosphorylated peptides  [110] . 

 TiO 2  nanocomposites with a high loading capacity and high capture effi ciency 
were formed by fi rst silanizing nanoparticles with  3 - mercaptopropyltrimethoxysi-
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lane  ( MPTMS ), and then photopolymerizing them in the presence of a diacrylate 
crosslinker  [4] .  Scanning electron microscopy  ( SEM ) images of the nanocompos-
ites revealed an agglomeration of particles, which helped them to be retained 
within the cartridge when used as a chromatographic packing material. Further 
investigations revealed that the TiO 2  nanocomposites had twice as much phos-
phate binding capacity, and a fi vefold larger capture effi ciency compared to 5    μ m 
TiO 2  particles. Overall, the results of these studies indicated the need to identify 
a size balance for TiO 2  nanoparticles    –    they must not be so small as to be lost 
during the enrichment process, but not too large as to have any signifi cant phenyl 
phosphate adsorption  [4] . 

 Titanium dioxide can also be incorporated into microspheres which consist of 
an iron oxide core and a titanium dioxide shell, where the iron core imparts mag-
netic properties on the sphere, and allows the material – target conjugate to be 
isolated from the solution simply by using a magnet. However, this ultimately will 
result in a trade - off between process effi ciency and accuracy. It has been shown 
that magnetic core microspheres have an ill - defi ned structure, and a decreased 
selective affi nity for phosphopeptides  [81] . Li  et al . attempted to overcome these 
problems by fi rst synthesizing Fe 3 O 4 @C microspheres, and then attaching tita-
nium via calcination to form the Fe 3 O 4 @TiO 2  microspheres. Following an enrich-
ment with iron – titanium microspheres, all three potential phosphopeptides could 
be identifi ed in the tryptic  β  - casein samples, whereas the non - enriched sample 
showed, very weakly, one of the potential peptides  [81] .  

   1.4 
Uptake and Effects of Nanoscale  TiO 2   and Nanocomposites in Cells 

 The prevalence of bulk TiO 2  in common household items such as toothpaste and 
sunscreens, as well as its importance in industrial syntheses, has led to many 
studies of how bulk and nanoscale TiO 2  interact with cells. In particular, intensive 
studies have been undertaken to determine how particle size  [111] , surface area, 
and surface chemistry can impact the ability of TiO 2  to enter cells. Some studies 
have also identifi ed the phagocytic or endocytic pathways by which TiO 2  may 
enter eukaryotic cells, and how the surface modifi cation or conjugation of bio-
molecules to its surface can impact on the uptake pathways and nanoparticle 
retention dynamics  [9, 15, 112, 113] . A number of toxicology studies have been 
conducted to determine how nanoscale/ultrafi ne TiO 2  can induce infl ammatory 
or apoptotic responses from immune and epithelial cells of the lung  [112 – 117] . 
More recently, interest has been expressed in using the photocatalytic properties 
of TiO 2 , coupled with the ability to conjugate biomolecules to nanoscale TiO 2 , as 
a novel method for delivering therapeutic or diagnostic agents to malignant cells 
 [9, 13, 16, 118] . 

 The following section is organized according to the sequence of events culminat-
ing with the intracellular effects of TiO 2  nanocomposites. The uptake mechanisms 
important for the internalization of nanocomposites will fi rst be discussed, 
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followed by details of the intracellular localization of internalized nanocomposites. 
Finally, the molecular and cellular responses of cells to internalized TiO 2  will be 
outlined. 

   1.4.1 
Uptake of  TiO 2   Nanomaterials 

 The precise mechanism by which TiO 2  crosses the selectively permeable barrier 
of the plasma membrane is a question that must be considered on a case - by - case 
basis, because different cells  “ favor ”  different uptake pathways for nanoparticles 
of different size, charge, and surface reactivity. On the other hand, different uptake 
pathways are associated with different intracellular fates of the nanomaterials 
internalized into cells.  Phagocytosis  is the predominant method of internalization 
employed by dedicated immune cells such as macrophages and neutrophils.  Endo-
cytosis , on the other hand, is used in almost every cell type, and can proceed 
through four distinct pathways: (i) clathrin - mediated endocytosis; (ii) caveolin -
 mediated endocytosis; (iii) macropinocytosis; and (iv) the clathrin/caveolin inde-
pendent pathway. Not every cell possesses each one of these uptake mechanisms, 
however. In addition,  passive uptake  is a possible mechanism of cellular entry for 
different small molecules. 

 The predominant endocytic pathway in cells is that of clathrin - mediated endo-
cytosis, which proceeds via the formation of clathrin - coated membrane invagina-
tions that eventually pinch off to form clathrin - coated vesicles and  endosomes . 
Endosomes formed from the clathrin pathway undergo acidifi cation, and are 
eventually sorted for degradation in lysosomes. The pathways of caveolin - mediated 
endocytosis and macropinocytosis both have slower kinetics than the clathrin -
 mediated pathway, but the endosomes formed from these two pathways are not 
directed to the lysosomes. The fi nal pathway is not well characterized, and is 
referred to simply as the clathrin/caveolin - independent pathway  [119 – 121] . 

 Studies using  transmission electron microscopy  ( TEM ) and  energy dispersive 
X - ray spectroscopy  ( EDS ) have shown that, while bulk TiO 2  was predominantly 
phagocytosed, TiO 2  nanoparticles were taken up via clathrin - coated pits  [113] . 
Phagocytosis does not seem to be a major contributor to nanoparticle uptake, 
because the inhibition of phagocytosis (using  cytochalasin D ;  cytD ) in macro-
phages abolished the uptake of micrometer - sized particles, but not of 0.2    μ m and 
0.1    μ m particles  [112] . The study authors also noted that the intracellular nanopar-
ticles were not membrane - enclosed, and concluded that non - phagocytic and non -
 endocytic mechanisms might also be responsible for their uptake. Others have 
proposed that nanoparticles would be sequestered in endosomes, the origin of 
which could be attributed to all three major pathways of endocytosis  [113, 122] . 
Here, as in other nanoparticle uptake studies, there was a clear correlation between 
the nanoparticle localization in the cells, the  “ availability ”  of uptake pathways, and 
the cell type. As not all cell types have every endocytic mechanism  [121] , identical 
nanoparticles might be found in different cell compartments of near - isogenic cell 
lines  [123] . 
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 Early endosomes formed by the clathrin, caveolin, and macropinocytic processes 
pursue a defi ned pathway that leads to the formation of late endosomes, followed 
by sorting within multivesicular bodies and, fi nally, fusion with degradative lyso-
somes  [178, 179] . Notably, TiO 2  nanoparticles have been localized to endosomes 
as well as to multivesicular bodies  [113] . 

 Finally, nanoparticles can also penetrate epithelial cells (in particular) by the 
process of  transcytosis , where particles are endocytosed from the apical surface of 
the cell, traffi cked through the cytoplasm, and released from the basal cell surface. 
In an experimental set - up using Caco - 2 cells that simulated intestinal epithelial 
cells  in vitro , TiO 2  nanoparticles were able to pass through the cells by transcytosis, 
without disrupting the intercellular junctions or compromising cellular integrity 
 [124] .  

   1.4.2 
Intracellular Localization of  TiO 2   Nanomaterials 

 Non - functionalized TiO 2  nanoparticles are not found within the nucleus, nor in 
other subcellular organelles such as the mitochondria, endoplasmic reticulum, or 
Golgi apparatus  [113] . In one study, nanoparticles were found to have aggregated 
in the perinuclear regions of cultured bronchial epithelial cells  [116] , whereas in 
another study they were seen to be enriched within the lysosomes of mouse 
fi broblast cells  [125] . These differences might be attributed to the different uptake 
mechanisms that dominate in mouse fi broblasts and bronchial epithelial cells. In 
fi broblasts, where the nanoparticles were endocytosed, they ultimately appeared 
in the lysosomes. However, nanoparticles in the bronchial epithelial cells were not 
taken up by membrane - bound vesicles and could diffuse freely throughout the 
cytoplasm. 

 Recently, the surface reactivity of nanoscale TiO 2  has been used to functionalize 
nanoparticles with biomolecules in the form of dopamine - modifi ed  deoxyribo-
nucleic acid  ( DNA ) and  peptide nucleic acid  ( PNA ) oligonucleotides capable of 
hybridizing with cellular DNA (see also below)  [5, 9, 10, 13 – 17] . The oligonucle-
otide - modifi ed nanoconjugates which had been electroporated into the cells were 
shown to be retained inside the cells for up to several days post - transfection. 
Moreover, the bound oligonucleotides that had hybridized to nucleolar or mito-
chondrial sequences were seen to have aided nanoconjugate retention in the 
appropriate subcellular compartments such as the nucleolus and the mitochon-
dria, respectively  [9, 15] . It is important to note that electroporated nanoconjugates 
have free access to the cytoplasm, whereas endocytosed nanoconjugates must 
escape the endosome in order to reach subcellular locations. 

 The addition of other types of surface moieties can also be used to modulate the 
mechanisms of nanoparticle uptake. For example, the conjugation of specifi c 
antibodies to the nanoparticle surface fostered uptake by cells expressing antigenic 
cell - surface receptors, as shown in numerous other nanoparticle – cell combina-
tions  [118] . 

 In most of these nanoparticle localization studies, TEM or X - ray fl uorescence 
microscopy were used to interrogate the intracellular nanoparticle localization. 



However, the addition of a fl uorescent molecule such as Alizarin Red S to the 
nanoparticle as a surface - modifying moiety transformed the TiO 2  nanoconjugates 
into fl uorescent nanoconjugates, suitable for investigations using fl uorescence 
confocal microscopy and fl ow cytometry  [10] . This type of surface modifi cation 
may facilitate further investigations of nanoconjugate uptake, retention, and sub-
cellular localization. 

 One unique application of surface - functionalized TiO 2  nanoconjugates is to 
surface - coat them both with a targeting moiety, such as a DNA oligonucleotide, 
and with dopamine - modifi ed  gadolinium  ( Gd ) - based contrast agents. By using this 
approach, improved uptake and retention of Gd was obtained in targeted cell 
population harboring sequences that hybridized with the attached oligonucleotides 
 [13, 16] . Such nanoconjugates would be suitable for  magnetic resonance imaging  
( MRI ) studies, and may yet fi nd their place among biomedical diagnostics. When 
combined with potential therapeutic applications inherent to TiO 2  nanoparticles 
and nanoconjugates, this might represent a new approach towards the creation of 
so - called  “ theranostic nanomaterials, ”  with combined applications in therapy and 
diagnostics.  

   1.4.3 
Intracellular Interactions of  TiO 2   Nanomaterials 

 Once they have been internalized, TiO 2  nanoparticles, nanocomposites and nano-
conjugates can interact either passively or actively with cells. Passive interactions 
in this context are defi ned as cellular responses to nanomaterials as a foreign 
material. For the purpose of this section, active interactions will be defi ned as 
cellular events triggered by TiO 2  - mediated photocatalysis, leading to the produc-
tion of ROS and free electrons (e  −  ) and electropositive holes (h + ) within the intra-
cellular milieu. Active interactions would also include such cases when the surface 
reactivity of the TiO 2  nanomaterial induced a cellular reaction. Whilst such interac-
tions might have cytotoxic effects in cells, inasmuch as the activity can be targeted 
only to the population of cells that cause harm to the organism, such cytotoxicity 
might have therapeutic effects. 

 Several groups have shown that TiO 2  nanoparticles can induce DNA damage 
and apoptosis in cultured human peripheral blood lymphocytes  [114, 115] . Indeed, 
not only has DNA damage been demonstrated (through single - cell gel electro-
phoresis) but also an accumulation of p53, a major regulator of DNA damage -
 induced cell cycle arrest. In addition, not only have increased levels of p38 - MAPK 
and JNK (both of which are considered to be indirect activators of pro - apoptotic 
caspases) been demonstrated, but also an activation of caspase - 8  [114, 115] . 

 The toxicity of TiO 2  nanoparticles in an absence of photoactivation was also 
noted in numerous cell - based assays  [126] . For this, TiO 2  nanoparticles of differ-
ent sizes and crystal phases (or their mixtures) were used to treat cells  in vitro  
at concentrations up to 10    μ g   ml  − 1 . In most cases, anatase TiO 2  was shown to 
induce some signs of cytotoxicity at concentrations above 5 – 10    μ g   ml  − 1 , though 
according to others the cytotoxic effects commenced only at concentrations above 
100    μ g   ml  − 1 . In addition, the consensus was that among all particles smaller 
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than 1    μ m in size, TiO 2  was the least toxic, especially when compared to Al 2 O 3  
and SiO 2 . 

 In a more recent study, NIH 3T3 cells were maintained and treated with TiO 2  
particles for 11 consecutive weeks. The nanoparticle sizes ranged between 2 and 
30   nm, while within the treated cells increased numbers of multinucleated cells 
and micronuclei were found, as well as increased levels of polyploidy. In short, 
these data suggested that the TiO 2  nanoparticles might lead to chromosomal 
instability and cellular transformation  [180] . However, the authors did not elabo-
rate on any possible contribution of ambient light to their fi ndings. 

 The introduction of potential stressors such as nanoparticles can trigger the 
expression of cellular stress signals and infl ammation by activating leukocytes. 
The exposure of U937 human monocytes to TiO 2  nanoparticles led to an increased 
expression of  matrix metalloprotease s ( MMP s) - 2 and  - 9, both of which are involved 
in tissue remodeling and typically are secreted by monocytes that have been 
exposed to metal oxides  [117] . Results from the same study suggested that nano-
scale cobalt was a better activator of MMP - 2 and MMP - 9 than TiO 2  nanoparticles. 
 Macrophage inhibiting factor  ( MIF ), a pro - infl ammatory cytokine, has also been 
shown to be upregulated in bronchial epithelial cells exposed to  bovine serum 
albumin  ( BSA ) - coated TiO 2  nanoparticles. Furthermore, the oxidative stress 
caused by the nanoparticles led to increased levels of cytoprotective proteins such 
as TALDO1, an enzyme that produces reducing equivalents. 

 One possible way to reduce the toxicity of TiO 2  nanoparticles might be through 
surface modifi cations to decrease the reactivity of the nanoparticle surface, and/
or modulate its photocatalytic reactivity and photoresponse. One such surface 
modifi er is  glycidyl isopropyl ether  ( GIE ), which has been used to mask the reac-
tive surface of nanoscale TiO 2 , without signifi cantly affecting either the photocata-
lytic properties or the internalization of nanoconjugates  [10] .  

   1.4.4 
Photocatalytic Uses of  TiO 2   Nanomaterials to Induce  DNA  
Cleavage and Cytotoxicity 

 The photocatalytic properties of TiO 2  nanomaterials have been discussed at length 
in previous sections, in addition to ways in which the effi ciency of the process can 
be improved. Just as the degradation of methylene blue can be used to gauge the 
photocatalytic reactivity of TiO 2 , the degradation of DNA has been used for the same 
purpose. In experiments conducted as long as 20 years ago, plasmid DNA degrada-
tion was used as a parameter of DNA degradation by photoactivated TiO 2   [181] . 
In a more recent study  [182] , the effects of 10 – 20   nm and 50 – 60   nm anatase and 
rutile TiO 2  on the formation of  8 - hydroxydeoxyguanosine  ( 8 - OHdG ) in an  in vitro  
plasmid assay were found to decrease in the order 10 – 20   nm anatase    >    50 – 60   nm 
anatase    >    50 – 60   nm rutile. ROS generated at the surfaces of the nanomaterials as 
a result of TiO 2  photoactivation were seen to play a role in DNA cleavage  [127 – 129] . 
Hence, the inclusion of ROS scavengers in TiO 2  – DNA nanoconjugate cleavage 
experiments was shown to lead to a partial, if not complete, loss of DNA cleavage. 



 Similar to DNA  in vitro , cellular DNA can sustain damage in cells that contain 
TiO 2  nanomaterials and have been exposed to UV light. Whilst cells are able to 
cope with a certain amount of ROS and can protect the integrity of their nuclear 
and mitochondrial genomes, it is possible to overwhelm the cellular antioxidant 
machinery and to induce DNA cleavage  in situ . This in turn, can lead to cell 
cycle arrest, senescence, or cell death. As noted above, the overpowering of cells 
with ROS forms the basis of many current anti - cancer treatments, and may lead 
(potentially) to the therapeutic use of TiO 2  nanoparticles, nanoconjugates, and 
nanocomposites. 

 The earliest example of the anticancer use of TiO 2  was the triggering of photo-
catalysis in media - containing cultured cells  [130] , while several groups have used 
intercellular TiO 2  nanoparticles as photosensitizers to cause oxidative damage to 
malignant cells  [131, 132] . In one study, bladder cells treated with TiO 2  were irradi-
ated with UV - A light, after which an increased oxidative stress (as measured by 
major oxidative products) and increased apoptosis were identifi ed  [131] . 

 Currently, most examples of the deliberate use of TiO 2  nanomaterials to induce 
cytotoxicity are based essentially on the same principle of action as the very fi rst 
experiments, although the nanoparticles of today are generally smaller than those 
used in the past. In the following examples, the nanoparticles or nanorods used 
were less than 20   nm in size, which enabled an effi cient nanoparticle uptake. In 
studies conducted at Cheon ’ s laboratory  [183] , nanorods of 3.5    ×    10   nm were used 
to treat A - 375 melanoma cells. Having penetrated the cells, the nanorods were 
then excited by UV lamp illumination, such that the products of photocatalysis 
caused abundant apoptotic death at UV doses that normally would be harmless to 
this cell type. In a more recent example, TiO 2  nanoparticles were conjugated to a 
monoclonal antibody against  interleukin  ( IL ) - 13 α R, a receptor which is overex-
pressed in glioblastoma multiforme. This functionalization improved nanoparticle 
uptake by glioma cells (GBM and A172) in an antigen presentation - dependent 
fashion  [118] . The cytotoxicity was found to be impaired by the addition of ROS 
quenchers, however, and particularly by those with singlet oxygen (  1 2O ) and 
hydroxyl radical (OH  •  ) traps. 

 While random DNA scission caused by ROS has its place in therapeutic 
approaches, it would be desirable to control this activity and to induce DNA deg-
radation in specifi c locations in the genome; a preferred example would be at 
oncogene loci. In order to achieve such precision with the help of nanoparticles, 
several exploratory studies were conducted by Woloschak and coworkers  [5] . As 
noted above, at the nanoscale, TiO 2  molecules on the surface of nanoparticles form 
 “ corner defects ”  that create a propensity for stable nanoparticle conjugation to 
 ortho  - substituted bidentate ligands such as 3,4 -  dihydroxyphenethylamine ( dopami
ne ) and  3,4 - dihydroxyphenylacetic acid  ( dopac ). These anchor molecules allow for 
further conjugation with new molecules via amide linkages; such covalent binding 
to the inorganic surface is energetically favorable because it allows the TiO 2  to 
regain the native octahedral geometry  [7] . Dopamine is used as a linker for the 
attachment of oligonucleotides made from DNA and PNA, as well as peptides, 
antibodies and MRI contrast agents  [5, 9, 10, 13 – 17] . When oligonucleotides are 
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bound to the nanoparticle it is possible for h +  to be transferred from the TiO 2  
nanoparticle through the dopamine linker onto the attached biomolecule. It has 
been shown that TiO 2  nanoparticles can act as an electron sink, thereby allowing 
an accumulation of h +  on the attached DNA molecules, leading in turn to strand 
cleavage at the site where the electropositive holes accumulate. Paunesku  et al . 
have shown that DNA oligonucleotides bound to TiO 2  nanoparticles can participate 
in enzyme reactions and retain the ability to hybridize with complementary DNA 
sequences. In the same study, the photoactivation of TiO 2  led to site - specifi c cleav-
age of the hybridized oligonucleotides  [9] . The cleavage event is thought to occur 
by the accumulation of multiple h +  at guanine residues, leading to the formation 
of guanine cation radicals that can react with neighboring water molecules. The 
attachment to the nanoparticle of a DNA strand that is complementary to a 
sequence of cellular DNA will then allow for a targeted cleavage of the genetic 
material. The results of several studies have indicated that cleavage effi ciency is 
heavily dependent on the degree of nucleic acid strand hybridization. Indeed, Rajh 
and colleagues have demonstrated an  in vitro  DNA sequence - specifi c cleavage  [133] . 
In a study conducted by Tachikawa  et al ., the presence of mismatches between the 
oligonucleotide attached to the nanoparticle and the complementary oligonucle-
otide target was shown to modulate the extent of DNA cleavage  [134] . To explain 
this phenomenon, the authors hypothesized that in a perfectly hybridized DNA –
 TiO 2  nanoconjugate the h +  were more effi ciently trapped on the nucleic acid moiety 
and did not undergo charge recombination with electrons on the surface of the 
nanoparticle. In a more recent study, the same group hypothesized that strand 
cleavage would most likely require both the transfer and accumulation of h +  across 
the DNA strand, as well as the presence of free photogenerated ROS, by showing 
that cleavage could be quenched in the presence of ROS scavengers  [135] .   

   1.5 
Use of Titania Oxide and Its Composites for Implants and Tissue Engineering 

 For many years, titanium and Ti - based alloys have been used extensively in per-
manent implants for orthopedic, dental, and prosthetic applications. More recently, 
however, titanium has been used on the nanoscale for implant surface modifi ca-
tions and tissue - engineering applications. With the details of the biological 
response to an implant placement having been elucidated at the subcellular level, 
nanotechnology has been utilized for the surface modifi cation of titanium implants 
to maximize the natural tissue response, to achieve implant integrity, and to 
prevent implant failure. For tissue - engineering applications, TiO 2  has been inte-
grated into bioactive glass composites for use as scaffolds for bone tissue genera-
tion. Tissue engineering has already superseded autologous bone grafts in the 
repair of fractures, bone defects, the resolution of long - bone nonunions, total joint 
revision surgery, repair of tumor resection, and spine fusion. Clearly, as technol-
ogy improves and the techniques are refi ned, tissue - engineering applications will 
undoubtedly become much more prevalent. 
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   1.5.1 
Osseointegration 

 Osseointegration, as originally defi ned by Br å nemark, is a direct structural and 
functional connection between ordered living bone and the surface of a load - 
carrying implant. An implant is considered to be osseointegrated when there is 
no progressive relative movement between the implant and the bone tissue  [136, 
137] . Clinically, osseointegration refers to the successful implant installation and 
healing, with the correct stress distribution when in function  [138] . In order to 
achieve implant osseointegration, it is fi rst necessary to achieve primary mechani-
cal stability of the implant, as this will allow for biological fi xation by the osteoid 
tissue and trabecular bone at an early stage  [139] . Titanium serves as a substrate 
for bone formation, and provides a stable interface for the formation of new bone. 
Notably, TiO 2  is biologically inert and allows for  hydroxyapatite  ( HAp ) to form on 
its surface and act as a bonding layer for further bone development  [140] . The 
healing process begins with an infl ammatory response when the implant is 
inserted into the bone cavity. Within the fi rst day, mesenchymal cells, pre - osteob-
lasts, and osteoblasts are recruited to the implant surface, and begin to produce 
collagen fi brils of osteoid tissue; this is followed initially by woven bone and then 
mature bone formation with trabeculae rich in capillaries. Trabecular bone is a 
calcifi ed tissue that forms the initial architectural network within the space 
between the implant and bone, providing a high resistance to implant loading. Its 
architecture is a complex  three - dimensional  ( 3 - D ) network, with arches and bridges 
providing a biological scaffold for cell attachment and bone deposition on the 
implant surface. Thus, the development of novel methods to enhance implant 
function will depend heavily on knowledge of these processes.  

   1.5.2 
Implantation Methods 

 Many of the novelties in implantation methodology have been built upon an 
established understanding of conventional implant – biological interactions and the 
recent development of nanotechnology, with emphasis placed on the modifi cation 
of implant surfaces at the nanoscale level. Typical examples include nanograined 
surface modifi cation, nanophase ceramics, and nano - rough  poly - lactic -  co  - glycolic 
acid  ( PLGA ) - coated - nanostructured titanium. Other developments include TiO 2  -
 doped phosphate - based glasses for applications in bone tissue engineering. The 
use of nanotechnology in the realm of implant engineering is based on the fact 
that naturally occurring proteins are of nanoscale dimensions. Bone, for example, 
is a nanostructured material composed of proteins such as collagen type I, which 
contains linear fi brils that are 300   nm long and 0.5   nm in diameter, in addition to 
HAp crystals that range from 2 to 5   nm in thickness and from 20 to 80   nm in 
length  [82, 141, 142] . It has been postulated that, because cells interact with nanos-
tructured surface substrates in a biological setting, nanophase materials are able 
to duplicate the natural surface behavior of cells.  
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   1.5.3 
Osteoblast Adhesion 

 The initial osteoblast adhesion is a rapid response to implant placement, and 
involves short - term chemical interactions between the cells and the implant 
surface that initially involve ionic and van der Waals forces. The subsequent 
regenerative phase is a longer process, with continued cell migration to the adhe-
sive site and the production of  extracellular matrix  ( ECM ) proteins, cell membrane 
proteins, and cytoskeleton proteins. This sequence of events comprises the natural 
healing process, and results from a signal cascade leading to the production of 
transcription factors and subsequent genetic induction  [139] . 

 It has been shown that osteoblast attachment, proliferation, viability, and mor-
phology are promoted, together with an enhanced cytocompatability, on nano-
grained and nanophase materials such as alumina, titania, and HAp with surface 
pore sizes of less than 100   nm  [82, 86, 142, 143] . Ceramics such as titania and 
alumina have long been used in implants on the basis of their favorable biocom-
patibility with osteoblasts. These ceramics have been produced via the sintering 
of TiO 2  powder at 600    ° C to generate a surface roughness of less than 20   nm. 
Composites prepared in this manner have demonstrated an enhanced osteoblast 
function when compared to conventional ceramics  [82, 86, 142] . Nanophase 
ceramics have the added benefi t of physical properties that closely mimic those 
of physiological bone, thus promoting enhanced calcium and phosphate 
precipitation. 

 Ceramics with nanoscale topography demonstrate an increased specifi city and 
selectivity for the adhesion of osteoblasts, with reduced adhesion of fi broblasts and 
endothelial cells, most likely because nanophase ceramics adsorb higher levels of 
vitronectin whereas conventional ceramics are more selective for laminin. Oste-
oblasts demonstrate increased adhesion and proliferation on nanoceramics, while 
endothelial cells show increased activity on conventional ceramics. Furthermore, 
the stereochemistry of vitronectin may make its adsorption more selective for the 
smaller pores of nanoceramic surfaces  [82, 142] .  

   1.5.4 
Modifi cation of Surface Chemistry 

 The modifi cation of surface chemistry has been shown to increase the biological 
response at implant surfaces. Both, hydroxyl and carbonyl groups on the implant 
material surfaces demonstrate good support for osteoblasts, thus promoting adhe-
sion, proliferation, and differentiation  [144, 145] . It has been established that 
hydroxylated and hydrated titanium surfaces increase the amount of free surface 
energy, and also induce osteoblast differentiation; they have also been shown to 
be associated with the generation of an osteogenic microenvironment through 
the production of  prostaglandin  ( PG ) E 2  and  transforming growth factor - beta  
( TGF -  β  )  [146] . Studies of Ti polymers with surface pore sizes of 32   nm, when 
treated with NaOH, have provided evidence of the ability to simulate the surface 
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and chemical properties of bone and cartilage. The combined effects of surface 
nanotopography and chemical modulation serve to maximize the biological 
responses  [83, 84] .  

   1.5.5 
Artifi cial Bone Substitute Materials 

 Various types of bioactive ceramics, glasses, and glass ceramics have been devel-
oped for use as artifi cial bone substitute materials. These neither damage healthy 
tissue, nor pose any viral or bacterial risk to patients, and can be supplied at any 
time, in any quantity. Examples include Bioglass  ®   in the Na 2 O – CaO – SiO 2  – P 2 O 5  
system  [147] , sintered HAp; Ca 10 (PO 4 ) 6 (OH) 2   [148] , sintered    β   - tricalcium phos-
phate  ( TCP ) (Ca 3 (PO 4 ) 2   [149] , HAp/TCP bi - phase ceramics  [150] , and apatite -
 containing glass ceramics  [151] . Phosphate glasses represent a unique class of 
biomaterials that are biodegradable, biocompatible, and for which the rate of deg-
radation can be modulated from days to several months. The primary advantage 
of using bioactive glasses is that there is no need for surgical removal once their 
function has been fulfi lled. Rather, they are broken down and harmlessly expelled 
from the body.  In vivo  studies, which included a bone - healing model of marrow 
ablation of the rat tibia, have shown that fi lling the intramedullary space with 
bioactive glass microspheres results in new bone formation and a high turnover 
of the local bone  [152] . During the primary biological response to bioactive glass, 
relatively undifferentiated mesenchymal tissue surrounds the microspheres. Ini-
tially, the tissue differentiates into an immature woven bone structure, followed 
by bone remodeling and the formation of lamellar bone (though this is limited by 
the presence of the bioactive glass microspheres). As the microspheres begin the 
dissolution process, new bone is continually formed in their place. It has been 
proposed that there is a balance between the gradual dissolution of bioactive glass 
matrix, and the synthesis of new bone on its surface  [153] . The rate of dissolution 
is controlled by increasing the covalent character of the bonds within the glass 
structure; this is achieved by doping the degradable composition with modifi ed 
metal oxides that have a greater fi eld strength, such as Fe 2 O 3 , CuO, Al 2 O 3 , and 
TiO 2   [154 – 158] . The ability to modulate the properties of bioactive glass allows for 
many potential applications as reinforcing agents for composites, and also as scaf-
folds for tissue engineering  [159] . 

 In addition to bone regeneration, TiO 2  nanoparticles have been used recently to 
create an extracorporeal culture system for hepatocytes that would mimic the 
 in vivo  microenvironment. For this, TiO 2  nanoparticles and nanorods of 25 – 75   nm 
in size were dispersed uniformly on the surface of the 120 – 300    μ m pores of a 
highly porous chitosan structure. When the attachments of hepatic cell line HL -
 7702 to a chitosan scaffold and to a scaffold decorated by nanoparticles were 
compared, the overall difference between the two cell systems was insignifi cant. 
The most notable difference was the fact that the TiO 2 /chitosan structures con-
tained more spheroids, whereas the chitosan - only structures contained more 
single HL - 7702 cells  [160] .   
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   1.6 
Toxicology Studies of  TiO 2   Nanomaterials in Animals 

 Although no whole - animal studies appear to have been conducted with nanocon-
jugates and nanocomposites of TiO 2 , many have described the toxicity of TiO 2  
itself. Neither have there been any demonstrations of the diagnostic and/or thera-
peutic applications of TiO 2 . In considering the potential toxicity of TiO 2   in vivo , it 
can be assumed that there will be no light exposure and activation of TiO 2  photo-
catalysis of cellular components; however, there is still a need to consider the 
surface reactivity of TiO 2  nanomaterials, their ability to bind to proteins and 
nucleic acids, and a general propensity of nanomaterials to interact with molecules 
within a similar size range  [161] . In addition to the fact that biological responses 
caused by nanoscale materials may be very different from those caused by bulk 
materials  [39, 162] , the increased surface reactivity of TiO 2  at the nanoscale may, 
potentially, lead to an aggregation of nanoparticles, and to the triggering of 
immune responses, the clogging of vessels and ducts, and an accumulation in 
organs associated with the fi ltration of blood and lymph. At present, the conditions 
that either increase or decrease the rate of aggregation of TiO 2  nanomaterials have 
not yet been widely studied in biological systems, in part because there are so 
many factors to consider, such as crystal structure and size, pH, and the ionic 
strength of the colloid. Moreover, in a study of microscale TiO 2  particles, anatase 
TiO 2  was found to produce more ROS than its rutile counterpart, adding crystal 
polymorphology as yet another potential factor to be controlled when evaluating 
the toxicity of TiO 2  nanoparticles  in vivo   [163] . 

 It has been argued that the total surface area - per - unit - mass is the best predictor 
of TiO 2  toxicity  in vivo , whereas others have maintained that this characteristic is 
not indicative of toxicity at all  [164] . Whilst photocatalytic reactivity of TiO 2   in vivo  
is unlikely, concern has been expressed that ROS may be generated at the particle 
surface when TiO 2  nanoparticles interact with biological processes, potentially 
causing oxidative damage to adjacent tissues. 

 The expected clearance of TiO 2  nanomaterials is via the  reticuloendothelial 
system  ( RES ) and, because of their small size, they would be expected to locate to 
the liver, spleen, lymph nodes, and kidneys. In the fi eld of cancer diagnostics and 
therapeutics, nanoscale molecules would potentially accumulate in tumors because 
of the poorly developed and largely fenestrated blood vessels of the neovasculature. 
Poor lymphatic drainage would reduce the clearance of these nanoscale structures 
from the tumor. This phenomenon, which is referred to as the  enhanced perme-
ability and retention  ( EPR ) effect, is a mainstay of most so - called  “ passive target-
ing ”  approaches to concentrate nanoparticles within tumors. 

 While little doubt exists regarding the clearance route of TiO 2  nanomaterials, 
there are many possible routes for nanoparticle entry into the organism, including 
inhalation, intratracheal instillation, oral administration, oral, nasal and bronchial 
lavage, and intraperitoneal and intravenous delivery. Not all of these approaches 
have been used in animals, or were used only sporadically. In the interest of focus 
and brevity, the following sections are organized in terms of the most common 
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routes of entry used to study TiO 2  nanoparticle toxicity in mammalian models; 
moreover, only nanomaterials  < 100   nm in size were considered. 

   1.6.1 
Inhalation and Intratracheal Instillation 

 The vast majority of studies of the effects of TiO 2  nanomaterials in mammals have 
focused on their interactions with the respiratory system. Such studies have been 
conducted in two general ways: 

   •       Inhalation  requires the use of nebulizers or other devices to create an aerosol 
of TiO 2  nanoparticles, and occasionally a closed housing unit to fi t the test 
subjects. Knowledge of the animal ’ s respiratory rate, lung volume, and control-
ling for exposure time and air fl ow rate allows the relatively accurate measure-
ment of the quantity of material to which the subject is being, or has been, 
exposed.  

   •       Intratracheal instillation  not only closely simulates environmental conditions but 
is also relatively inexpensive, as it can be conducted with a syringe and the 
dosage of test material much more easily defi ned. Intratracheal instillation also 
avoids the possibility of nanoparticles being absorbed through the skin, which 
is a concern during inhalation  [32] .    

   1.6.1.1    Intratracheal Instillation 
 Results on the long - term toxicity of TiO 2  nanoparticles administered via intratra-
cheal instillation have varied greatly. One group used mice to compare 3   nm and 
20   nm nanoparticles, varying the concentrations from 0.4, 4, and 40   mg   kg  − 1  body 
weight. After three days, the 3   nm particles showed a dose - dependent toxicity 
comparable to that of the 20   nm nanoparticles, which had only about one - third 
of the total surface area, indicating that size and surface area were not factors of 
toxicity with this experimental set - up and delivery route. In both cases, the nano-
particles caused slight increases in total protein, albumin, alkaline phosphatase, 
acid phosphatase and  lactate dehydrogenase  ( LDH ) in the  bronchoalveolar lavage 
fl uid  ( BALF ), and were present in macrophages on histological examination  [32] . 
However, another one - week study showed 5   nm anatase nanoparticles to cause 
more severe pulmonary toxicity than 21   nm and 50   nm particles at 5 and 50   mg   kg  − 1 , 
respectively, but relatively no toxicity at 0.5   mg   kg  − 1 . Infl ammatory infi ltrates and 
interstitial thickening were observed on histological examination. At the highest 
dose (50   mg   kg  − 1 ), it was suggested that the 5   nm anatase nanoparticles inhibited 
the phagocytic ability of alveolar macrophages, although no mechanism was sug-
gested  [165] . Several studies of this type have used 21   nm nanoparticles (80/20, 
anatase/rutile) that were purchased commercially. It appeared that a single dose 
(5, 20, 50   mg   kg  − 1 ) of these nanoparticles could cause a dose - dependent increase 
in a number of pro - infl ammatory and T - cell - derived (Th1 -  and Th2 - type) factors 
in the BALF at one day post - treatment, although ultimately these particles might 
exert chronic infl ammatory damage on the lungs via a Th2 mediated pathway 
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 [38] . Over one to two weeks, 21   nm rutile particles were found to induce pulmo-
nary emphysema, to disrupt the septal walls of the alveoli, and to cause epithelial 
wall apoptosis    –    altogether a much more drastic response than had been observed 
by others with comparable doses (3 – 16   mg   kg  − 1  body weight)  [22] . A longer - dura-
tion study in rats (1, 7, and 42 days) at lower doses showed an increased ROS 
production (by immunohistochemical staining), and persistence of infl ammatory 
and cytotoxic factors, when compared to fi ne TiO 2  particles. In this case, it was 
suggested that the smaller size of the nanoparticles had allowed them to pass 
more easily into the interstitium, as they were also found in much greater fre-
quency in adjacent lymph nodes. However, by controlling for equal surface area 
exposure, TiO 2  nanoparticles were found to be only slightly more immunogenic 
and cytotoxic than their fi ne - particle counterparts    –    a fi nding which confl icted with 
conclusions drawn by others  [40] . A comparison between 10   nm TiO 2  anatase 
 “ dots ” , 200    ×    35   nm anatase rods, and 300   nm rutile particles administered in a 
single intratracheal instillation at either 1 or 5   mg   kg  − 1  to rats, concluded that the 
different particle types were no more cytotoxic or immunogenic in the lung than 
their counterparts, and indicating that surface area was not a factor in pulmonary 
toxicity  [48] . However, others considered the surface area and particle size to be 
more important determinants of toxicity than the mass of material administered 
 [166] .  

   1.6.1.2    Inhalation 
 Studies using inhalation as an exposure method also showed varied results. In a 
comparison of the inhalation of ultrafi ne versus fi ne TiO 2  nanoparticles, the 
ultrafi ne material caused a more signifi cant microvascular dysfunction  [36] . Com-
parisons between nanoparticles (20   nm) and pigment - grade particles (250   nm) of 
TiO 2  in rats during inhalation exposure over three months (6 hours per day, fi ve 
days per week) showed mildly severe focal alveolitis after six months. However, at 
one year post - exposure the levels of alveolitis had largely returned to those of the 
untreated controls, although more alveolar macrophages persisted. One group 
concluded that, pending cessation, chronic exposure to TiO 2  nanoparticles over a 
limited period of time had no signifi cantly toxic lasting effects on the lungs  [19] . 
Rats were shown to develop a much more severe infl ammatory response to 21   nm 
TiO 2  nanoparticles than mice, but the fi broproliferative and epithelial changes in 
lungs were accompanied by increased macrophage and neutrophil numbers in the 
BALF, particularly at an aerosol concentration of 10   mg   m  − 3 . Over the course of 
one year post - treatment, however, there was a dose - dependent decrease in toxicity 
markers, even at this concentration  [20] . A study of 2 – 5   nm particles at an aerosol 
concentration of 0.77 and 7.22   mg   m  − 3  showed moderate infl ammatory responses 
in lung sections at up to two weeks after exposure, although by the third week 
only minimal lung toxicity or infl ammation was observed, indicating a return to 
baseline  [27] . In most cases, alveolar macrophages and neutrophils persisted in 
the BALF, but levels of infl ammatory cytokines and markers had generally returned 
to normal  [167] . 

 Despite the copious data generated on the topic of TiO 2  nanoparticle toxicity, it 
is not entirely clear whether the nanoparticle dispersity, dose, form, or some other 



factor can be used as the defi nitive predictor for determining lung toxicity. It is 
possible that a combination of factors may be the true determinant to evaluate the 
effects on the mammalian respiratory system, although differing responses to the 
same treatments have also been found across different species. What does appear 
to be true is that, in low doses (whether via intratracheal instillation or inhalation), 
TiO 2  nanoparticles are relatively nontoxic and do not carry any lasting effects. 
Higher doses, however, tend to be retained and may increase infl ammatory media-
tors, macrophage and neutrophil infi ltration, and possibly emphysema - like reac-
tions in the lungs. Alveolar macrophages may be impaired in their ability to 
phagocytose these nanoparticles if their capacity is overloaded, resulting in a 
decreased clearance  [168] . From this, it is apparent that it is important to continue 
studying the effects of TiO 2  nanoparticles on the lungs, and to develop acceptable 
standards for inhalation exposure to TiO 2  nanoparticles, not only from a single 
encounter but also over extended periods of time, in order to simulate chronic 
low - dose exposure conditions.   

   1.6.2 
Dermal Exposure 

 Recent reviews of nanoparticle dermal toxicity have included an overview of studies 
conducted with TiO 2  nanoparticles  [169] , though all of these utilized microfi ne 
TiO 2  that mostly originated from sunscreen lotions. One study that included 10/15 
and 20   nm TiO 2  nanoparticles showed that, in human subjects, exposure to such 
materials led to an accumulation of TiO 2  no deeper than the outermost layers of 
the striatum corneum  [170] . Other studies  [171]  with 10.1, 5.2 and 3.2   nm TiO 2  
nanoparticles of different crystal structure demonstrated some cytotoxicity and 
infl ammation at and above concentrations of 100   mg   ml  − 1 , in conjunction with the 
anatase crystal phase.  

   1.6.3 
Ingestion and Oral Lavage 

 The accumulation of TiO 2  nanomaterials in the environment might eventually 
become distributed in the food and water supply of natural wildlife and, eventually, 
of humans. It has been suggested that nanosized materials can cross the intestinal 
epithelium and exert effects on other organs in the body, notably the spleen and 
kidneys  [172] . An interesting study using simulated intestinal epithelial cells 
 in vitro  (cell line Caco2) showed that TiO 2  nanoparticles at concentrations above 
100    μ g   ml  − 1  would accumulate at the apical surface of the cells, pass through the 
junctions, and traverse through the cells by transcytosis  [124] . 

 In a subsequent study, male and female mice were administered a single large 
oral dose (5   g   kg  − 1  body weight) of a TiO 2  nanoparticle suspension via a syringe 
 [45] . The TiO 2  nanoparticles were 25 and 80   nm in size, and any effects were 
compared to a dose of 155   nm TiO 2  particles over the course of two weeks. The 
animals were sacrifi ced after two weeks and the internal organs analyzed for their 
titanium content. Any histopathological changes were also evaluated, and blood 
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serum collected to monitor any changes in biochemical markers of organ - specifi c 
damage or infl ammation. No major changes were found in the body weights of 
all treatment groups compared to controls, although female mice showed a sig-
nifi cant increase in liver weight relative to total body weight. The  alanine ami-
notransferase   :   aspartate aminotransferase  ( ALT/AST ) ratio, which serves as a 
marker of liver damage, was signifi cantly increased in the 25   nm nanoparticle -
 treated group compared to controls, but possible reasons for this gender - specifi c 
effect were not discussed. Pathological changes were identifi ed around the central 
vein of the liver, and hepatocyte necrosis was evident. Serum levels of LDH and 
alpha - hydroxybutyrate dehydrogenase (markers of cardiovascular damage) were 
increased in the 25   nm -  and 80   nm - nanoparticle treated mice, compared to control 
and 155   nm - nanoparticle treated mice. Although the 80   nm group showed the 
highest increases, no pathological changes were identifi ed on histological exami-
nation of the heart. The 25   nm group also showed increased  blood urea nitrogen  
( BUN ) levels, but no signifi cant changes in creatine kinase. Histology showed 
proteinaceous liquid in the renal tubules of the 80   nm mice, with signifi cant swell-
ing in the renal glomerulus of the 155   nm - treated group, but no obvious pathology 
in the 25   nm - treated group. In fact, no abnormal histological changes were found 
in any of the tissues of mice treated with 25   nm TiO 2  nanoparticles. An examina-
tion of the heart, lungs, testicles/ovaries, and spleen showed no overt pathology 
on histological examination. The titanium content analyses showed an accumula-
tion in the liver, kidneys, spleen, and lungs (in decreasing order), which confi rmed 
the expectation of an accumulation in the RES with eventual excretion via the 
kidneys  [45] . Overall, the 80   nm TiO 2  nanoparticles were found to be more toxic 
to mice after oral ingestion, particularly to the liver, while 25   nm TiO 2  nanoparti-
cles had no appreciable effects on the liver compared to untreated and 155   nm 
TiO 2  particle - treated controls. The 25   nm nanoparticles were deposited in the 
spleen, kidneys, and lungs of test subjects, although no overt pathology was identi-
fi ed. Some kidney dysfunction was noted, possibly due to the high load of TiO 2  
being excreted.  

   1.6.4 
Intravenous Injection 

 The majority of studies of the toxic effects of TiO 2  and TiO 2  - containing nanoma-
terials have focused on mimicking environmental exposure (inhalation, ingestion, 
etc.). However, in order to study the pharmacokinetics of TiO 2  nanomaterials more 
directly, it is necessary to recreate a situation of 100% bioavailability, namely 
intravenous injection  [25] . In this way, information obtained from studies in which 
other routes of administration have been evaluated can be placed into context, and 
also aid in extrapolating the data acquired from animal models to the human 
situation  [25] . Studies have also been conducted with TiO 2  nanomaterials as a tool 
for cancer diagnosis and therapy  [10, 13, 16] , further supporting the need for a 
thorough evaluation of the effects of TiO 2  nanomaterials in the bloodstream. 
Unfortunately, very few studies have focused on the potential toxicity of TiO 2  



nanomaterials in mammals in the setting of intravenous injection. It is to be 
expected that TiO 2  nanomaterials would be scavenged by the RES  [173] . When bulk 
anatase TiO 2  (0.2 – 0.4   um) was administered intravenously (via a tail vein) to female 
Sprague - Dawley rats, no overt pathology was observed on histological examina-
tion. However, over a 24   h period, bulk TiO 2  was localized primarily to the celiac 
lymph nodes, liver and spleen, in decreasing order. After one year, accumulation 
in the celiac lymph nodes still far exceeded (over 18 - fold) that in the mediastinal 
lymph nodes, where the next largest accumulation of TiO 2  was found, followed by 
the spleen, liver, and lungs. Accumulation in the celiac lymph nodes was deemed 
appropriate, as these particular lymph nodes fi lter lymph from the liver, indicating 
that the majority of the TiO 2  had traversed the liver before their deposition in the 
celiac lymph nodes  [173] . Further investigations of the intravenous administration 
of TiO 2  have been conducted based on the results of this study. 

 A study in male Wistar rats used a single bolus injection of TiO 2  nanoparticles 
into the tail vein, at a concentration of 5   mg   kg  − 1  body weight (0.5%). These nano-
particles were 20 – 30   nm in diameter, and had a surface area of 48.6   m 2    g  − 1 . In 
200 – 300   g rats this translates to 1 – 1.5   mg TiO 2  per rat; the equivalent average 
dose in humans would be a single bolus of 350 – 450   mg TiO 2 . The rats were 
sacrifi ced at 1, 14, and 28 days post - injection, and the TiO 2  content analyzed in 
blood cells, plasma, kidneys, spleen, brain, lymph nodes, liver, and lungs. Only 
the liver, spleen, lungs, and kidneys showed detectable levels of TiO 2  accumula-
tion (in decreasing order), whilst only the liver retained TiO 2  at the fi nal 28 - day 
time point  [25] . However, bearing in mind that the nanoparticles were smaller 
and did not aggregate, a much more effi cient renal clearance could have been 
expected  [174] . 

 For nanoparticles of 20 – 30   nm diameter, persistent liver accumulation is to be 
expected when considering the principles behind the EPR effect and the profuse 
fenestrations of the liver. Just as nanoparticle treatments take advantage of the 
poorly formed and unnaturally fenestrated blood supply of tumors, those organs 
designed to fi lter the blood may also selectively acquire untargeted nanomaterials, 
regardless of their nature. Although a further analysis of cytokines and enzymes 
was conducted, there was no indication of any infl ammation or cytotoxicity. Thus, 
in rats at 100% bioavailability, a dose level of 5   mg   kg  − 1  body weight of TiO 2  nano-
material showed neither toxic nor adverse effects  [25] . 

 One key component that was not addressed in this study was the aggregation 
potential of TiO 2  nanomaterials under biological conditions. A menagerie of com-
ponents would be involved in mimicking an  in vitro  model of TiO 2  nanomaterial 
interactions with biological conditions. While pretreatment must always involve 
a disaggregation step (most commonly by prolonged sonication), when the nano-
materials had been administered the biological milieu (blood, peritoneum, lung) 
would immediately enhance the aggregation status of TiO 2   [39, 162] . By using 
 dynamic light scattering  ( DLS ) techniques it is possible to assess the aggrega-
tion status of TiO 2  nanomaterials under different conditions. Likewise, the use 
of EDS allows the presence of TiO 2  to be detected in tissue sections. DLS experi-
ments  in vitro  showed a dramatic increase in aggregation (as characterized by 
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hydrodynamic diameter) when the TiO 2  nanoparticles were moved from pure 
water to saline. In this case, three dilutions were evaluated: 100 × , 1000 × , and 
10   000 × . Whilst there was no appreciable difference between aggregation status 
(hydrodynamic size) in Milli - Q H 2 O versus 10   mM NaCl, the  Z  - avg when nano-
particles were solvated in  phosphate - buffered saline  ( PBS ) rose dramatically, by 
more than 20 - fold. Although the pH of Milli - Q H 2 O and 10   mM NaCl were equiva-
lent at each dilution (6.83 – 5.35), the pH of PBS ranged from 7.43 to 7.4. The 
effects of controlled pH changes at constant ionic strength were not evaluated in 
this study  [39, 162] . This change was attributed not so much to the increase in 
pH as to the increase in ionic strength of the surrounding solution. It was pos-
tulated that the electric double layer surrounding the surface of the charged 
nanoparticles would be diminished in the presence of an increasing ionic strength 
of the solution, thus screening the electrostatic repulsion that would hinder aggre-
gation in low - ionic strength solutions. For this reason, the electrostatic repulsive 
forces would be overcome by van der Waals attractions and the nanoparticles 
would aggregate  [39, 162] . 

 These same nanoparticles were injected either intravenously (560   mg   kg  − 1 ) or 
subcutaneously (5600   mg   kg  − 1 ) into female Balb/c mice, which were sacrifi ced at 
three days post - treatment and their organs examined histopathologically. By using 
a combination of  transmission electron microscopy  ( TEM ) and  scanning electron 
microscopy  ( SEM ) - EDS, TiO 2  aggregates were identifi ed in the liver, kidneys, 
lungs, lymph nodes, and spleen in the setting of intravenous injection, while none 
were identifi ed in sections of the heart and brain. This indicated that TiO 2  nano-
particles of this size do not accumulate appreciably in the heart, nor are they able 
to cross the blood – brain barrier. Liver sections showed the greatest accumulation 
of TiO 2  aggregate material, with the larger aggregates accumulating within the 
vacuoles of Kupffer cells (the monocytes of the liver), and smaller aggregates being 
distributed more widely between the sinusoidal spaces and the liver parenchyma. 
The uptake by Kupffer cells was expected, based on their role as phagocytic cells 
in the RES  [39, 162] . While there was occasional evidence of macrophage activation 
and lymphocyte infi ltration, there was no overt cellular degeneration of infl amma-
tion in response to infi ltration and the deposition of TiO 2  aggregates. Lung sec-
tions showed a profuse distribution of large (up to 200    μ m) aggregates along the 
alveolar walls, accompanied by an activation of intravascular macrophages, 
although no material was found in the alveolar lumens or the intravascular mac-
rophages themselves. Fewer aggregates were found in the kidneys, lymph nodes, 
and spleen; however, beyond the colocalization of a few phagocytic cells, no 
obvious pathology was evident in tissue sections of these organs. 

 Subcutaneous injection revealed aggregates only in the liver, lymph nodes, and 
spleen histological sections from test subjects; however it should be noted that 
subsequent experiments (not described) demonstrated the presence of TiO 2  also 
in the kidneys. Overall, these experiments highlighted the dependence of the 
organ distribution of TiO 2  nanoparticles on the route of administration, and the 
change in aggregation potential in solutions of increasing ionic strength as appli-
cable to a biological model  [39, 162] . 



 The administration of TiO 2  nanomaterials by intravenous injection permits the 
study of systemic effects in the setting of 100% bioavailability, while bypassing 
any potential route - specifi c organ pathologies associated with more natural envi-
ronmental exposure. The biodistribution of injected nanomaterials in male Wistar 
rats follows the expected clearance by the RES, with TiO 2  found to accumulate 
primarily in the liver, lymph nodes and spleen at up to 28 days after injection, 
with a decrease in TiO 2  levels over time  [25] . The aggregation of TiO 2  nanoparticles 
due to changes in the ionic strength of the surrounding milieu may perhaps affect 
the rate of clearance of TiO 2  once a certain size limit has been reached, although 
at low doses (up to 560   mg   kg  − 1  body weight) hematoxylin and eosin staining of 
histological sections and an analysis of various circulating markers of infl amma-
tion and cellular degeneration showed no obvious pathological changes compared 
to controls  [25, 39, 162] . Taken together, the results of these studies indicated a 
relative lack of toxicity of low - dose TiO 2  nanomaterials in mammals within the 
setting of intravenous injection, and supported the safety of using TiO 2  nanoma-
terials in the development of novel diagnostics and treatments  [13, 16] .  

   1.6.5 
Intraperitoneal Injection 

 As an alternative to intravenous injection, the intraperitoneal route has been 
selected as a means of studying the  in vivo  transportation of TiO 2  nanomaterials 
to various organs, and thus any pathological changes that might arise following 
the systemic administration of TiO 2  nanomaterials. As the majority of reported 
applications of TiO 2  have involved concern as to potential adverse environmental 
effects, toxicology studies have focused on common routes of exposure such as 
ingestion, inhalation, and dermal absorption  [168] . The use of TiO 2  nanomaterials 
as a diagnostic and therapeutic tool has only recently entered the realm of applica-
tions  [5, 9, 10, 13 – 17, 118] . As with most cancer diagnostics and therapeutics, these 
applications of TiO 2  nanomaterials are likely to involve intravenous administration 
so as to ensure 100% bioavailability. Whilst, in the laboratory setting, it may be 
commonplace to use intraperitoneal injections (e.g., the use of streptozotocin to 
eliminate insulin - producing cells to reproduce a Type 1 diabetes mellitus model 
 [175] ), the correlation to environmental or therapeutic exposure in this setting is 
limited. The effects of intraperitoneal injections can vary, depending on the side 
at which the material was injected (left or right fl ank, i.e., liver side or spleen side), 
or the skill of the individual performing the injection (was the injection consist-
ently accurate, with no damage to the internal organs?). The injected material may 
adhere to internal organs and viscera as it has complete access to the peritoneal 
cavity, whereas alternative routes of exposure (e.g., inhalation, ingestion, intrave-
nous injection) would require the material to pass through any combination of 
layers and types of tissue before gaining access to the serosal surfaces of the organs 
in the peritoneum. Whilst it has been suggested that particles in the nanoscale 
regime can readily pass through various types of tissue, it is unlikely that 
this passive diffusive capacity can approach the availability of an intraperitoneal 
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injection  [176] . In addition, the volume of material being injected may have sig-
nifi cant effects on the outcome, considering that the introduction of a large volume 
into the peritoneal cavity does not have any reasonable corollary when considering 
the effects of environmental exposure. A much more appropriate approach to 
studying the transportation of TiO 2  nanomaterials  in vivo , and the possible effects 
on various organ systems without the concern of a rate - limiting interaction 
between nanomaterial and organ system of exposure, would be that of intravenous 
injection. Nevertheless, toxicology studies of TiO 2  nanomaterials administered via 
intraperitoneal injection have been conducted, albeit with varying results. 

 One such study of intraperitoneal injection in mice used 80 – 110   nm anatase 
TiO 2  nanoparticles, prepared in house using a sol – gel method under acidic condi-
tions. The mice were injected with different dosages (0, 324, 648, 972, 1296, 1944, 
or 2592   mg   kg  − 1  body weight) of TiO 2  nanomaterial, and the histopathology was 
evaluated at 7 and 14 days post - treatment. Blood samples were analyzed for 
markers of hepatotoxicity and nephrotoxicity at 24 and 48   h post - treatment. The 
markers included ALT, AST,  alkaline phosphatase  ( ALP ), and BUN. It should be 
noted that, given the body mass of an average human, these dosages translate to 
upwards of 180 – 190   g of TiO 2  nanomaterials in a single bolus injection into the 
peritoneum. From a clinical perspective, it may not be reasonable to interpret this 
experiment as an adequate representation of potential environmental or even clini-
cally relevant exposure, but rather as an example of acute toxicity at extreme doses. 
The animals ’  behavioral patterns and physical characteristics were observed, when 
it was noted that all mice showed signs of passivity, loss of appetite, tremor and 
lethargy compared to controls; however, these signs gradually disappeared in the 
mice receiving lower dosages (324, 648, and 1296   mg   kg  − 1 ). The mice receiving 
high doses (1944 and 2592   mg   kg  − 1 ) also showed signs of anorexia, diarrhea, leth-
argy, tremor, weight loss, and lusterless skin  [23] . Unfortunately, no scaled rating 
system was used to qualify or quantify these fi ndings, and the biochemical assays 
for serum parameters showed wide variations in ALT and AST levels at different 
treatment dosages. While an effect may be present, it would be incorrect to con-
sider that a defi nitive concentration - dependence of AST and ALT could be dis-
cerned from these data. The authors noted no signifi cant effects on BUN (kidney 
function) over time, and asserted that TiO 2  nanoparticles injected into the perito-
neum had a greater impact on the liver than on the kidneys  [23] . 

 The titanium contents of tissues were evaluated using inductively coupled 
plasma - mass spectrosmetry (ICP - MS) in tissues removed at 24, 48, 168, or 336   h 
post - injection. The spleen, heart, lungs, kidneys, and liver were digested and the 
titanium content was examined over time. Accumulation in the spleen was seen 
to be dose - dependent, but not so in other tissues. An examination of the data 
presented, however, showed a large decrease in titanium content from 24 to 48   h, 
with little change from 48   h to 7 days, but then another increase between 7 and 
14 days. Whilst this discrepancy was unexplained, it is possible that over longer 
time points the organ distribution of TiO 2  nanoparticles changed. There was also 
a potential for matter injected into the peritoneum to adhere to the serosal surfaces 
of the peritoneal organs, and TiO 2  nanoparticles cannot be ruled out as an excep-



tion. While studies focusing on alternative routes of administration need not be 
concerned with this possibility, studies of the intraperitoneal injection of TiO 2  
nanomaterials would do well to account for this surface accumulation, which 
might skew any inferences of the systemic distribution of TiO 2 . The liver titanium 
content was signifi cantly less than that of the spleen at all time points, which 
contrasted with other studies using intraperitoneal injection  [33] . Again, given the 
propensity for injected material to adhere to the peritoneal surfaces, the side of 
the peritoneum at which the injection was made could represent a major factor 
in the location of the greatest TiO 2  accumulation, and this was a clear shortcoming 
of studies where this method of administration was applied. The total body tita-
nium content was not assessed, and neither was the titanium content of fecal 
matter and urine collected and analyzed. An evaluation of waste for titanium 
content would strengthen studies of how mammals clear TiO 2  nanoparticles, 
although at the time of this writing such studies have yet to be conducted. Mild 
increases were found in the titanium contents of the lungs and kidneys, but no 
titanium was detected in the heart  [23] . 

 Despite the relatively large splenic content of titanium, the histological examina-
tion of target organs showed a greater pathology in the liver, followed in order of 
decreasing severity by the spleen, kidneys, and lungs. The high - dose groups 
showed hepatic fi brosis around the central vein, apoptotic bodies, and minor fatty 
change in the liver, accompanied by swelling in the renal glomerulus and dilata-
tion and an accumulation of protein - rich liquid in the renal tubules. Spleen sec-
tions showed massive infl ammation and neutrophil infi ltration in the high - dose 
groups, and alveolar septal thickening and mild neutrophil infi ltration was found 
in the lungs. No histological changes were found in the heart. In addition, 8% 
(5/60) of the injected mice that died were in the high - dose groups. Given that these 
changes were found only in the highest - dose groups (1944 and 2592   mg   kg  − 1 ), these 
data infer a relatively low toxicity of TiO 2  nanoparticles when injected at low doses. 
However the dose - dependence of the biochemical parameters and histological 
changes at low doses cannot be stated accurately from these data  [23] . 

 One important point made by Liu  et al . was that the majority of studies, regard-
less of the route of administration, tended to focus on a single large bolus injection 
or the instillation of TiO 2  nanomaterials, whereas ecological exposure would more 
likely be chronic  [33] . In order to study these chronic effects, Liu and coworkers 
designed a study that included multiple, smaller exposures to 5   nm anatase TiO 2  
nanoparticles, and for comparison administered commercially available bulk rutile 
TiO 2  particles with an average grain size of 15 – 20    μ m  [33] . For this study, female 
ICR mice were injected intraperitoneally daily for 14 days, and then sacrifi ced. The 
titanium contents of the liver, kidneys, spleen, lungs, brain and heart were ana-
lyzed using ICP - MS and evaluated according to the organ coeffi cient (the ratio of 
organ tissue to body weight). A comprehensive list of biochemical parameters was 
also assessed to evaluate the effects of treatment on organ function and on carbo-
hydrate and lipid metabolism. 

 The liver, kidneys, and spleen all showed an increase in net weight at doses of 
50, 100, and 150   mg   kg  − 1 , but these were equivalent to increases in the organ 
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weights of animals treated with 150   mg   kg  − 1  bulk TiO 2 . The lungs and brain showed 
a decrease in net organ weight, indicating possible degenerative damage. All of 
the organs tested showed a dose - dependent increase in titanium content, although 
interestingly the bulk TiO 2  - treated mice showed titanium contents closer to those 
of the 100   mg   kg  − 1  - treated group, which suggested that 5   nm anatase TiO 2  nano-
particles might enter the organs more easily than bulk TiO 2 . 

 Biochemical parameters evaluated in the liver showed increases at higher doses 
(notably of ALA and alkaline phosphatase), followed by more moderate increases 
in leucine acid peptide, pseudocholinesterase, and total protein. Increases were 
also noted in the livers of bulk TiO 2  - treated animals, though to a lesser extent than 
with equivalent concentrations of nanoparticle - treated animals. Similarly, serum 
markers of kidney function showed decreases (notably uric acid and BUN), with 
lesser decreases in bulk TiO 2  - treated animals. These data indicate an increased 
toxicity of nanoscale TiO 2  to the liver and kidneys compared to equivalent concen-
trations of bulk TiO 2  particles. On evaluating markers of metabolic equilibrium, 
glucose, total cholesterol, triglycerides and high - density lipoprotein were found to 
have increased (but with no effect on low - density lipoprotein) at higher doses of 
TiO 2 , indicating metabolic toxicity of TiO 2  nanoparticles. Whilst not evaluated in 
this study, an accumulation of titanium in the pancreas might suggest the cause 
of this change in carbohydrate and lipid metabolism. It was concluded that, in the 
higher doses tested (100 and 150   mg   kg  − 1 ), repeated exposure to TiO 2  nanoparticles 
caused toxicity and infl ammation in the liver, kidneys and myocardium, in addi-
tion to a disruption of carbohydrate and lipid metabolism, compared to bulk TiO 2  
particles. Hence, it was suggested that the size, crystal structure (anatase versus 
rutile) and route of administration might represent signifi cant factors in the toxic-
ity of TiO 2  nanoparticles, though lower concentrations were relatively nontoxic 
 [33] .  

   1.6.6 
Subcutaneous Administration 

 In one (relatively rare) study in pregnant mice, the transfer of subcutaneously 
injected nanoparticles was examined, and the subsequent effects on the genital 
and cranial nerve systems were evaluated. (Note: This study is included as an 
example of TiO 2  nanoparticle administration that does not mimic environmental 
exposure. Moreover, as the site of injection was not indicated, the role of possible 
TiO 2  nanoparticle migration and proximity of the site to the target organs are again 
drawn into question.) 

 Pregnant Slc:ICR mice were administered 25 – 70   nm anatase TiO 2  nanoparticles 
subcutaneously, with each mouse receiving 100    μ l of a 1   mg   ml  − 1  TiO 2  in saline 
plus 0.05% Tween 80 surfactant (to prevent nanoparticle aggregation)  [39, 162] . 
The TiO 2  doses were administered at 3, 7, 10, and 14 days post - coitum, and the 
male offspring sacrifi ced at 4 days or 6 weeks of age. 

 Histological sectioning and immunohistochemical staining for caspase - 3 (a 
marker of apoptosis) showed signifi cant toxicity relating to TiO 2  nanoparticle 



 1.7 Conclusions  41

exposure in the testes, epididymes, and seminal vesicles. At both time points, TiO 2  
nanoparticles were detected in the Leydig cells, Sertoli cells and spermatids in the 
testis. There was, in addition, an obvious disorganization and disruption of the 
normal morphology of the seminiferous tubules, and fewer mature spermatozoa 
were observed, indicating a severe toxic effect in the male reproductive organs. 
Sperm motility was notably decreased, and the mitochondria of spermatozoa col-
lected from TiO 2  nanoparticle - treated animals showed signifi cant damage. The 
mean body weight of TiO 2  nanoparticle - exposed offspring was only 88% of that of 
their nonexposed counterparts. An inspection of the olfactory bulb and cerebral 
cortex of the brain of these mice at six weeks showed the presence of crescent -
 shaped cells (a known feature of apoptosis) and numerous caspase - 3 - positive cells 
in the TiO 2  nanoparticle - treated mice. Whilst previously, TiO 2  nanoparticles have 
been shown not to accumulate in the brain, it was postulated that because the 
blood – brain barrier was not yet fully developed at the time of injection, the TiO 2  
could pass from mother to fetus, so as to exert pathological effects on the brain 
and interfere with normal fetal central nervous system development. Although, in 
other studies, the effects on the male reproductive organs were not examined, the 
blood – testis barrier (much like the blood – brain barrier) may not have been fully 
developed at the time of treatment  [43] . 

 While studies of the intraperitoneal or subcutaneous injection of TiO 2  nanopar-
ticles do not translate readily into comparable situations of natural environmental 
or therapeutic exposure, they do confi rm the results obtained after intravenous 
injection. At low doses, TiO 2  nanoparticles injected into the peritoneum of 
mammals proved to be relatively nontoxic and to accumulate predominantly in 
the RES, with minimal pathological changes to those organs where accumulation 
had occurred. However, high doses result in signifi cant TiO 2  nanoparticle aggre-
gate accumulation and toxicity to the liver, spleen and kidneys, as was evident from 
the fl uctuations in serum levels of biochemical markers and pathological changes.   

   1.7 
Conclusions 

 TiO 2  nanoparticles, nanocomposites and nanoconjugates show variable degrees of 
photocatalytic reactivity, photoresponse and surface reactivity, all of which infl u-
ence their interactions with biological systems. Whilst it is diffi cult    –    and perhaps 
even impossible    –    to arrive at a consensus based on currently available information, 
several conclusions have come to the fore: 

  1.     Anatase TiO 2  nanoparticles    –    especially those below 20   nm in size, where this 
crystal phase predominates    –    have the most pronounced surface reactivity, as 
evidenced by their interactions with phosphoproteins, cells in culture, and 
tissues  in vivo . This surface reactivity in and of itself can cause derangements 
in cells and organisms, depending on the nanoparticle concentration. Accord-
ing to the most conservative estimates, anatase TiO 2  induces some signs of 
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cytotoxicity at concentrations above 5 – 10    μ g   ml  − 1 , although more relaxed esti-
mates claim that 10 - fold higher concentrations still pose no risk of cytotoxicity. 
Any therapeutic or diagnostic treatment with anatase TiO 2  nanoparticles must 
take these dose limits into consideration in order to protect healthy tissues from 
such cytotoxic effects. Consequently, modifi cations of the nanoparticle surface 
will be essential in order to prevent nanoparticles from aggregating and behav-
ing as macroparticles, which are subject to different  in vivo  clearance mecha-
nisms than nanoparticles. With aggregates, a greater accumulation can be 
expected, for example in the Kupffer cells of the liver and in alveolar macro-
phages, and in turn an extended retention in the liver, lungs and spleen and a 
relatively slow clearance of aggregates via the kidneys. Generally, nano - anatase 
TiO 2  nanomaterials will show good renal clearance, provided that their surface 
is rendered  “ inert ”  with respect to any crossreaction with tissues and other 
nanoparticles.  

  2.     The photoresponse and photocatalytic reactivity of TiO 2  nanomaterials may be 
harnessed to deliberately induce cell ablation. This capacity depends, as in 
chemical degradation and microbicidal activity, on the ability to illuminate and 
activate nanoparticles or nanocomposites. Composites of TiO 2  will likely be 
better agents than pure TiO 2  for these applications, and the main obstacles 
during the course of the therapeutic use of such nanomaterials will be the 
ability to target the nanomaterials to the cells in question and to deliver light 
of the correct wavelength so as to induce cytotoxicity only in the desired cells 
and tissue locations.    

 In the meantime, TiO 2  nanoparticles, nanocomposites and nanoconjugates will 
continue to be used for different industrial purposes, from water purifi cation to 
self - sterilizing surgical devices.  
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