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Abstract. Controlling aligned fiber micro-architectures to simulate extracellular matrix inducing 

important biological functions is a key challenge in regard to successful tissue regeneration. Here we 

present a bottom-up microemulsion mediated strategy to obtain highly bioactive and biocompatible, 

striped Ce-TiO2 nano-crystalline superstructures with ONOO
-
 scavenging activity. The employment of 

a bulkier organic ceria precursor on the material synthesis has several concurrently effects: (I) 

influencing the interfacial microemulsion droplet elasticity to create an aligned distribution of prismatic 

anatase nano-particles causing the final lined morphology; (II) stabilizing the anatase active phase in a 

fine dispersed state and improving it resistance to the thermal anatase-rutile conversion; (III) indirectly 

favoring the rapid formation on the material surface of a hydroxyapatite layer composed of spherical-

like globules with 3-5 µm in diameter essential for bone-bonding; and finally (IV) accelerating the 

ONOO
-
 degradation to a less harmful species NO2

-
 and O2.  
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1. Introduction 

In the science of bone-tissue biomaterials it is a primordial challenge to make implantable devices that 

have simultaneously bioactive and biocompatible properties
1
. Scaffolds with novel biofunctionality 

levels that attempt to restore nanoscale morphology and biofactor cues of the extracellular matrix 

(ECM) are emerging as striking biomimetic candidates
2
.   

The importance of the implant surface with respect to the tissue reaction has been recognized with 

regard to maintain a stable interface between the material and the host tissue
3
. Commercially pure 

titanium and titanium alloys including Ti6Al4V that possess high oxidation number and high acidity 

are widely used in manufacturing of dental and orthopedics implants. However, the experimental 

results obtained by a variety of researchers
4
 demonstrated that the bioactivity of titanium and titanium 

surfaces is not high enough to induce the direct growth of bone tissue and a good fixation before 

several months
3
. Owing to the reasons listed before, that many efforts of the scientist community were 

directed to the modification of metal surface topographies to control tissue-implant interactions and 

shortening the time of bone fixation
3, 4

.  In this regard, it is reasonable to expect that an engineered 

material scaffold mimicking ECM will play a similar role to promote tissue regeneration in vitro as 

native ECM does in vivo. In spite of the astounding diversity of ECM structures caused by different 

bio-macromolecules and the way they are organized, a well-known feature of native ECM is the 

nanoscale dimensions and the fibrous morphology of their physical structure
5
. Since 1960s, researchers 

claim that nanoscale features influence cell behavior
6
. Recently, nano-phase materials modified to 

simulate not only the nanometer dimension but also the fibrous aspect found in bone ECM were 

produced
7
. Scaffolds with nano-fibrous structure adsorb highly amounts of serum proteins

8, 9
 and also 

selectively enhance osteoblastic cell attachment
1, 7, 9

 compared with solid walls scaffolds.  

Another important point to take into account during the design of an implantable material is the 

possible host tissue damage. The process of implantation of any material leads to the creation of a 

wound at the implantation site. It is now established that a balance between bio-available nitric oxide 

(NO) concentration and the level of both reactive oxygen and nitroxide species in wounds may be 

crucial in the repairing process
10

. The oxidants play an important role in wound repair healing 

providing signaling and defense against microorganism
11, 12

. However, these oxidants have to be 

detoxified in order to prevent damage of host cells. The antioxidant defense system involves reduction 

(scavenging) and/or dismutation of O2
-
 and ONOO

-
 and their protonated form

10
. When the antioxidant 

defense system fails to eliminate the oxidants the alteration in homeostasis leads to oxidative stress 

which favors the damage of the cells
11, 12

. Cerium oxide (ceria) nanoparticles have been shown to 

possess a substantial oxygen storage capacity via the interchangeable surface reduction and oxidation 
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of cerium atoms, cycling between the Ce
4+

 and Ce
3+

 redox states
13

. Biological uses of CeO2 

nanoparticles have centered on their ability to scavenge free radicals under physiological conditions
14

. 

This catalytic behavior is comparable with those observed for superoxide dismutase 
15

 and catalase
16

. 

Because of its unique redox properties, nanoceria has been tested in both animal and cell culture 

models to determine its ability to protect against oxidative stress
17

. The application of ceria 

nanoparticles in the treatment of spinal cord injury and other central nervous system-based neuron 

degenerative diseases has proven the biological importance of nanoceria
13

. For example, glutamate 

induced excitotoxicity was reduced in HT22 neuronal cell model after treatment with cerium or yttrium 

nanoparticles
18

 and the treatment of adult rat neurons with 10 nM concentration of nanoceria resulted in 

a decrease in cellular senescence after 30 days
19

. In addition, the application of nanoceria to transgenic 

mice expressing high levels of chemoattractant MCP-1 showed reduced inflammation and cell death in 

a cardiovascular disease model
20

. Ceria nanoparticles can also prevent retinal degeneration by 

intracellular peroxide molecules
21

.  

In the present study, we report the use of a simply bottom-up reverse microemulsion method to control 

the morphology of Ce doped TiO2 crystals during hydrothermal synthesis at 100ºC. We conducted 

phase behavior measurements on several systems to identify the properly synthesis conditions. Under 

specific synthesis conditions a striped Ce-doped TiO2 material was obtained. The material was 

designed to merge fibrillar nanoscale morphology and the scavenging properties of Ce on a TiO2 

substrate.   

As it was mentioned above, the role of the materials surface properties in cell guidance are well known, 

but how these aspects affect their bioactivity is still under investigation. Thus, we investigated the 

effect of surface area, morphology and roughness on the material bioactivity and biocompativility. 

Simultaneously we studied the effect of ceria doping in the ability of the materials to interact with 

oxygen and nitrogen reactive species. The results obtained give a step forward to the construction of 

engineered scaffolds designed to mimic the structural and biological functions of native extracellular 

matrix in calcified tissues.  

 

2. Experimental Section 

2.1 Reagents  

Hexadecyl-trimethyl ammonium bromide (CTAB, MW = 364.48 g mol
-1

, 99% Sigma), n-heptane (MW 

= 100.21 g mol
−1

, δ = 0.684 g cm
−3

, Merck), butyl alcohol (ButOH, MW = 74.12 g mol
−1

, δ = 0.810 g 

cm
−3

, Merck,), cerium valerate (Ce(Val)3, MW = 443.1 g mol
−1

) and titanium (IV) isopropoxide (TTIP, 
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Ti (IV)(OiPr)4, MW = 284.22 g mol
-1

, δ= 0.960 g cm
−3

, 97% Aldrich) were used without further 

purification. For microemulsion preparation, only triple-distilled water was used. 

 

2.2 Material synthesis.  

Selected synthesis conditions were carefully investigated in previous works
22-24

. 

2.2.1 CeO2 nanoparticles: For CeO2 nanoparticles synthesis a double-microemulsion method was 

used
25

.  Microemulsion A containing 12.8% of CTAB, 9.6% of 1-butanol, 44.7% of oil phase, 31.9% of 

aqueous phase and 1% of Ce(Val)3 was mixed with a microemulsion B containing 12.78% of CTAB, 

9.58% of 1-butanol, 44.71% of oil phase, 31.93% of aqueous phase and 1% of NaOH using a magnetic 

stirrer for 1h. The resulting microemulsion developed a yellowish hue, indicating the formation of 

CeO2 nanoparticles, which were extracted by centrifuging at 10000 rpm for 10 min. The CeO2 

nanoparticles were then washed with ethanol and stored as dispersion in ethanol.      

2.2.2 TiO2 material: The pure TiO2 material (MI) was prepared using a single microemulsion 

method
25

. Final microemulsion systems of S0 = 13, W0 = 51, Ti
4+

/ surfactant = 1 and ButOH /surfactant 

= 8 were prepared, where W0 is the ratio of water to surfactant molar concentrations and S0 is the ratio 

of oil to surfactant molar concentration. During the synthetic procedure a microemulsion C containing: 

14.6% of CTAB, 23.6% of 1-butanol, 25.3% of oil phase, and 36.5% of aqueous phase was mixed with 

a solution D formed by the dissolution of 2 mL TTIP in 5.07 mL n-Heptane without stirring and left to 

equilibrate for 20 minutes to follow the reaction: 

Ti (IV)(OiPr)4 + 2 H2O  �  TiO2 + 4 HOiPr                                                                  (1) 

2.2.3 Ce-TiO2 material:  A similar procedure was employed to prepare two different Ce-TiO2 

materials (MII and MIII). For the preparation of MII and MIII 2.72 mg of Ce (Val)3 or 1mL of CeO2 

nanoparticles synthesized according to the previous descript procedure were added respectively to 

microemulsion C before mixing with solution D (item 2.2.2). For both TiO2 and Ce-TiO2 materials, the 

resulting gels were left for 24h in an autoclave at 100ºC. The obtained materials were filtered, washed 

with triple-distilled water and left to dry at room temperature. Finally, they were calcined for 7h at 

650ºC in an air flux.   

 

2.3 Material characterization. 

2.3.1 Field emission scanning electron microscopy (FE-SEM). Surface morphology was evaluated 

using a field emission scanning electron microscope (ZEISS FE-SEM ULTRA PLUS). To acquire all 

the SEM images a Secondary Electron Detector (In lens) was used. The accelerating voltage (EHT) 

applied was 3.00 kV with a resolution (WD) of 2.1 nm. Local compensation of charge (by injecting 
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nitrogen gas) was applied avoiding the sample. Quantitative information about surface elemental 

composition was determined by the associated X-ray energy-dispersive (EDX) spectrometer. The 

topography of samples was quantified from SEM microphotographs using different software 

packages
26

, uncertainty of 5%. 

2.3.2 High resolution transmission electron microscopy (HTEM). High resolution transmission (H-

TEM) microphotographs were taken using a Libra 200 FE OMEGA transmission electron microscope 

operated at 200 kV with magnification of 1000000x. Observations were made in a bright field. 

Powdered samples were placed on carbon supports of 2000 mesh. 

2.3.3 Nitrogen adsorption isotherms. The nitrogen adsorption isotherms at 77.6 K were measured 

with a Micrometrics Model Accelerated Surface Area and Porosimetry System (ASAP) 2020 

instrument. Each sample was degassed at 373 K for 720 min at a pressure of 10
−4

 Pa. To determine the 

Brunauer-Emmet-Teller (BET) surface area, SBET, the nitrogen molecules diameter is taken as 0.43 nm, 

calculated by assuming the closest packing spheres
27

, and the area per molecule am = 0.1620 nm
228, 29

. 

The pore diameter and the pore size distribution were calculated from the adsorption branch of the 

isotherm by applying the BJH method
28, 29

. 

2.3.4 X-ray powder diffraction. Powder X-ray diffraction (XRD) data were collected with a Philips 

PW 1710 diffractometer with Cu Kα radiation (λ = 1.5418 nm) and Graphite monochromator operated 

at 45 kV; 30 mA and 25ºC. The mean crystalline size (δ) of the particles was calculated from XRD line 

broadening measurement using the Scherrer equation
22

: 

θβ
λ

δ
cos

94.0
=                                                                                                                      

λ is the wavelength (Cu Kα), β is the relative peak broadening, calculated as β2
 = βexp

2
 - βref 

2
 where 

βexp
 
 and βref  are half widths at maxima observed on a given sample and on a reference material which 

is ideally crystalline, respectively
30

. 

The rutile to anatase ratio (Fr) was computed from the XRD intensity data by the following equation
31

: 

( )

( )










+−=

101

110
265.111

anatase

rutile

r
I

I
F                                                                                          

 

2.4 Bioactivity assay.  

To perform the bioactivity assay, the material was kept in contact with simulated body fluid (SBF) 

following the standard procedure described by Kokubo et al.
32

, which has a composition and ionic 

concentration similar to that of human plasma, containing Na
+
 (142.0 mM),  K

+
 (5.0 mM), Mg

2+
 (1.5 
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mM), Ca
2+

 (2.5 mM), Cl
-
 (148.8 mM), HCO

3-
 (4.2 mM), HPO4

-2
 (1.0 mM) and SO4

-2
 (0.5mM). The 

synthesized materials were soaked in 1.5 SBF at 37ºC for periods of 1, 3, 6, 10, 15, 20, 30, 65 days, the 

specimens were removed from fluid, rinsed with distilled water and dried. The temperature (37ºC) was 

maintained by placing the samples in a thermostatic bath throughout the experiment. 

 

2.5 ONOO
-
 decay.   

Peroxynitrite (ONOO
-
) solutions were prepared by mixing acidified hydrogen peroxide with nitrite 

(reaction 2) in a simple flow system, and quenching ONOOH with alkaline solution (reaction 3) 

accordingly to Beckman et al.
33

 using the improved method of Saha et al. 
34

 for the generation of 

maximum yield of peroxynitrite with minimum amounts of residuals H2O2 and nitrite.  

 

H2O2  + HNO2 → ONOOH + H2O                                                                                   (2) 

ONOOH + OH
-
 → ONOO

-
 + H2O                                                                                  (3) 

 

The solutions of peroxynitrite can be kept at -22°C, where peroxynitrite gradually decomposes with a 

half life of 1 to 2 weeks
33

. Nevertheless, we used a freshly prepared solution for each experiment. For 

spectrophotometric decay studies 100 µL of the above obtained peroxynitrite solution (pH = 13.3) was 

added into a 1 mL quartz cuvette with a 1 cm path length and diluted with 900 µL of 100 mM sodium 

potassium phosphate buffer (pH = 7.4) or 900 µL of tri-distilled water as required. Each sample was 

analyzed for a total of 3500 seconds with a cycle time of 0.5 seconds at a wavelength of 302 nm using a 

JASCO V-630 bio spectrophotometer provided with a temperature controller (ETCS-761 JASCO). 

Absorbance was normalized by subtracting the final absorbance from initial absorbance and dividing 

by the amplitude as described Quijano et al.
35

. The experiments were performed three times with and 

without the presence of 10 mg of each material. 

 

2.6. Osteoblast isolation 

Calvarial osteoblasts were obtained from 5-day-old neonatal rats which were sacrificed by fast 

decapitation. All procedures were carried out in conformity with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, 

revised 1996). Briefly, calvarias were incubated in phosphate buffer saline (PBS) containing 4 mM 

EDTA at 37°C for two 10-min periods, and the supernatants were discarded. Subsequently, calvarias 

were rinsed in PBS and submitted to digestion in PBS containing 200 U/ml collagenase for four 15-min 
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periods. Cells released during the first digestion were discarded, and those released during the 

subsequent digestions were spun down, collected and combined after centrifugation during 10 min at 

1500 rpm. Then, cells were cultured at 37°C in α-MEM supplemented with 15% FBS, 1% penicillin 

and streptomycin under humidified air (5.5% CO2). After 24 h, the medium was replaced by α-MEM 

supplemented with 10% FBS, 1% penicillin and streptomycin, and the cells were cultured until ~80 % 

of confluence (2-3 days). Then, the cells were frozen in liquid nitrogen until their use. 

 

2.7 Osteoblast culture and treatment  

Calvarial osteoblasts seeded in 48-well plates were cultured for 1 day in α-MEM supplemented with 

10% FBS, in a humidified atmosphere (5.5% CO2) at 37°C. Then, 50 µg per well of nano-particles 

from each compound were added on adhered cells and continued incubating for 24 or 72 h. Cells 

incubated in the same conditions without nano-particles were taken as controls. 

 

2.8 Cell viability and statistical analysis 

After treatments, the controls and treated cells with the nano-particles were washed with PBS buffer. 

Then, the cells were detached using 0.25% trypsin in PBS (25µl/well) and stopped it with 100 µl of α-

MEM supplemented with 10% FBS. Follow, 10 µl/well of 0.1% Trypan Blue dye was added and cells 

were counted in a haemocytometer.  The percent of cells that excluded the stain (viable cells) respect to 

the total cells (viable + non-viable cells) was obtained. Statistical significance of data was evaluated 

using Student's t-test and probability values above 0.05 (P> 0.05) were considered non significant
36

. 

Quantitative data are expressed as means ± standard deviation (SD) from the indicated set of 

experiments.  

 

2.9 Cell morphology analysis 

Control and treated cells with 50 µg per well of nano-particles from each compound for 72 h were used 

to evaluate the cell morphology. The samples were fixed with methanol and stained by Giemsa
37

 stain  

 

3. Results and discussion  

3.1 Ce-TiO2 materials 

3.1.1 Microemulsion-mediated hydrothermal synthesis: effect on the material final striped morphology. 
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TiO2 and Ce-TiO2 materials were generated in a reverse microemulsion-mediated hydrothermal 

synthesis; the surfactant-stabilized water nano-droplets play the role of nano-reactors to control the 

particles size and shape during a hydrothermal treatment at 100ºC. Figures 1 and 2 shows the SEM 

microphotographs of TiO2 and Ce-TiO2 synthesized materials. All samples are composed of small 

prismatic nano-particles of about 30-50 nm length. The presence of Ce-atoms during the synthesis of 

the material results in a decrease in the size of the particle. The incorporation of CeO2 nanoparticles (d 

≈ 5 nm 
23

) to the synthesis mixture, did not cause any alteration to the final product morphology, figure 

1, so MI and MIII present a similar undefined morphology. However, in MII prismatic nanoparticles 

are organized forming a striped topography of 10µm length and 0.25µm diameter aligned fibers, figure 

2. Size distribution histograms are shown in ESI.  The stability of the microemulsion, which affects the 

success of the synthesis, depends on several process conditions: the water to surfactant molar ratio 

(W0); the oil to surfactant molar ratio (S0); the kind and content of stabilizing agent; the precursor 

concentration in the solution and the mixing speed. The fine combination of the above mentioned 

parameters exert a delicate control over micro-droplets interfacial elasticity, the exchange of reactive 

species and the final material morphology
38

. Cetyl trimethylammonium bromide provides a very 

flexible film, which gives rise to a high exchange dynamic of the micelles
39

. Therefore, the dynamic 

nature of the reverse microemulsion droplets swap plays a key role in the formation of the last material 

shape. This, in turns, is closely related to the rigidity of the nano-droplet oil-water interface. In previous 

works
22-24

  we assessed the effect of interfacial micro-droplet rigidity in the final nano-material 

morphology. Under hydrothermal conditions, the formation of different inorganic structures goes via an 

oriented aggregation mechanism
23, 24

. We signaled the need of an inflexible interface to conduct the 

formation of elongated structures during a hydrothermal-mediated microemulsion process. When the 

film is flexible, by subjecting the microemulsion to the effect of the hydrothermal treatment, reverse 

micelles brake as shown in the oriented aggregation mechanism
38

 and due to their flexible interface, the 

nano-droplets merge adopting a bicontinuous structure
23, 24

. As a result, the final obtained material 

showed a non-defined or a bicontinuous structure. However, when the film seems to be rigid enough, 

the formation of interconnected channels is avoided and the inorganic material growing inside the 

droplets lead to the formation of lengthened structures. During the synthesis of MII material, it is 

possible that the presence of Ce(Val)3 bulkier groups must influence the interfacial organization by 

affecting the compactness of the surfactant film and its temporal stability. It might also modify the 

packing parameter and, in turn, manipulate the radius of curvature of the microemulsion droplet in a 

way that causes an increase of the oil-water interface stiffness. If the molecules are allowed to adjust 
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their area per molecule depending on the curvature, the interface will be less rigid upon bending, 

scheme 1. This interfacial change seems to be sufficient to cause an elongated association of 

nanoparticles; but not enough to succeed the formation of fibrillar structures. A similar effect was 

observed during the preparation of Ce-doped SiO2 materials by an analogous procedure
23

.  

Another important point to analyze, which is related to the final material morphology, is the inorganic 

precursor poly-condensation. The hydrolyses of titanium alkoxides are very complex
40

. These reactions 

produce polycondensates which their chemical compositions are a function of their physical size and 

polymeric morphology. For TTIP hydrolysis, Park et al.
41

 had found that the reaction occurred via an 

associative mechanism and had detected an intermediate with a coordination number of five –OR 

groups. Thermodynamic data shows a high activation enthalpy in combination with small activation 

entropy values. Those facts are linked to the difficulty of weakening the leaving group bond, and the 

complexity of the bond formation for the entering group
41

.  The microemulsion systems prepared have 

a W0 value 4 and 51 times higher than the S0 and the Ti
4+

/surfactant ratio respectively. The co-

surfactant/surfactant ratio is about 8, alongside water/Ti
4+

 and oil/Ti
4+

 ratio are 40 and 10 times larger 

than Ti
4+

/surfactant ratio. Under these experimental conditions, there are a slow diffusion of Ti
4+

 ions 

through continuous organic phase inside the aqueous microemulsion droplets and a slower hydrolysis 

of TTIP in comparison with the microemulsion interdroplet exchange rate
38

. The oxide network 

extends as far as the hydrolysis conditions permit
40

 limited by microemulsion confinements and related, 

as mentioned above, to interfacial elasticity. In our case, the production of isopropanol (reaction 1) 

does seem to have a relevant effect on microemulsion systems, probably because most of -OR groups 

seem to be located inside microemulsion droplet core forming part of the TTIP poly-condensation 

product
41

.  

 

3.1.2 Structural characterization: microcrystalline and topographical analysis. 

Bone formation around the implant is an intricate process, and it is not completely understood. 

Simultaneously with the patient’s metabolism, physicochemical and topographical surface 

characteristics are some of the most influential factors in the improvement of osseo- integration
42

. The 

crystal structure of the synthesized materials before and after annealing has been confirmed by X-ray 

diffraction, ESI, and high resolution electron microscopy, figure 3. The diffraction patterns clearly 

indicates that all samples before annealing are constituted by a pure anatase phase (tetragonal, I41/amd, 

JCPDS cards 21-1272). In a previous work, we have demonstrated that the presence of RSO
3-

 anions in 

water/AOT/ n-heptane microemulsion leads to the inhibition of some crystal facets growth and leads to 

the formation of small-sized anatase nanocrsytallites embryos with a characteristic shape (or facets 
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exposed to the surface)
43

. Here with an interfacial co-surfactant/surfactant molar ratio = 8, probably the 

–OH groups of butanol can act likewise.  It is known that several ligands that contains –COO
-
,  –CO 

and ROH
-
 groups are stronger field ligand than Cl- and OH- ions and substitute them in the 

(Ti(OH)xCly)
2-

 complexes 
44

. Furthermore,  Porta et al.
45

 emphasized the possibility that 1-butanol 

behaves as capping agent during the preparation of Au nanoparticles. After calcination at 650ºC, MI is 

partially transformed in TiO2 rutile in accordance with anatase to rutile transition that occurs at 600ºC 

and 1 atm
46

, while MII and MIII continued being anatase, ESI. The absence of diffraction peaks at 31º 

shows that always the samples were free from TiO2 brookite structures. No traces of diffraction peaks 

due to cerium oxide were detected. This is attributed to the small amount, the high area of distribution 

of the dopant around titania particles and the incorporation of Ce atoms to anatase lattice denoted for 

the variation of “a” and “c” lattice parameter, table 1. Those facts effectively results in poor titania-

titania connectivity necessary for early transformation to rutile. The remaining of anatase phase on MII 

and MIII materials is ascribed to the Ce atoms presence and it is in agreement with literature findings
47, 

48
. The stabilization of TiO2 in the anatase phase can usually be achieved by changing its bulk surface 

composition, and it is usual to add other atoms to titania to improve TiO2 properties such as structural 

stability
47, 48

. It has been reported that CeO2 has a property of stabilizing the active phase in a fine 

dispersed state and improving the resistance to thermal loss
49

. Using several techniques Cao et al.
47

 

proposed that Ti–O–Ce bonds formed in the Ce-doped samples enhanced the strength of the Ti–O bond 

and inhibited the phase transformation and particle coarsening. The wide peaks on Ce-TiO2 materials 

compared with pure anatase would indicate the presence of particles with very small size in agreement 

with SEM images.   

Besides the crystalline phase, the mechanical interlocking of micro- and nano- irregularities with the 

tissue plays an important role in bioactivity results.  In order to evaluate the sample surface profiles, the 

surface roughness was analyzed. Using digitalized scanning electron microscopy (SEM) images, 

figures 1 and 2, and different software packages
26

, the roughness arithmetical average deviation (Ra); 

the root mean square roughness (Rq), Kurtosis (Rku) and Skewness (Rsk) coefficients were computed. 

The fractal architecture should also be assessed by calculating the 3D and 2D fractal dimensions (D2D, 

D3D). This concept is particularly interesting in surface and material science because natural fractals are 

repetitive patterns across a finite range of scales; and many biological structures, including bone, are 

fractal or even fractal-like. Each parameter is described in ESI and the obtained results are summarized 

in table 2. The five highest peaks and five deepest valleys averaged over the total surface are given by 

Rq; it is therefore, always bigger than the equivalent Ra measured for the same area. It can be seen that a 

decrease of Rq, Ra and fractal dimension values occurs from MI to MIII materials. The obtained D3D 
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values are in accordance with three-dimensional fractal dimension of healthy trabecular bone obtained 

from high-spatial resolution magnetic resonance images
50

. Rsk and Rku coefficients indicate the 

asymmetry of the surface; all materials present positive values of Rsk denoting the presence of profiles 

with more valleys than peaks
42

. The relationship between the number of peaks and valleys is given by 

the value of Rku. Kurtosis coefficient describes the sharpness of the profile probability density. If Rku < 

3 the distribution curve is said to be platykurtoic and has relatively few high peaks and low valleys. If 

Rku > 3 the distribution curve is said to be leptokurtoic and has relatively many high peaks and low 

valleys. All materials are platykurtoic; but the incorporation of Ce atoms seems to cause a slightly 

increase of the amount of valley on the material surface in comparison with pure TiO2 material. The 

striped material (MII) presented the highest Rku value in agreement with the existence of a major 

amount of valleys in its topography, figure 2. Figure 4 displays the nitrogen adsorption-desorption 

isotherms and the corresponding BJH pore size distributions of all samples. The analysis of N2 

adsorption-desorption isotherms, figure 4a, indicated that all materials presented the typical Type IV 

isotherm with an H1 hysteresis loop (according to IUPAC classification
28

). This type of adsorption 

isotherm is typical for weak substrate–adsorptive interaction and cannot provide an accurate calculation 

of the inner surface area because changes of the adsorption characteristics after saturation by the first 

monolayer are not pronounced. Type H1 hysteresis loops are often associated with pure mesoporous 

that contains non-intersecting mesopores of cylindrical geometry and similar size. Neither of the 

materials presents high surface areas or an ordered array of mesopores. The surface area BET (SBET) 

just with the pore diameter (dp) and volume (Vp) are summarized in table 2. One model pore size 

distribution is appreciated, except for MIII, in figure 4b. This fact indicate that no phase separation 

occurs during the assimilation of Ce atoms to TiO2 matrix utilizing Ce(Val)3 as precursor in contrast to 

what occurs with the incorporation of CeO2 nanoparticles. Although from the study of the X-ray 

diffraction patterns of sample MIII can not be identified peaks related to CeO2; the existence of a 

bimodal pore size distribution would be indicative of an incomplete incorporation of CeO2 

nanoparticles to the anatase matrix. 

 

3.2 Bioactivity assays 

3.2.1 Bone-like hydroxyapatite formation 

Bioactivity is one of the most desirable properties of implants intended to be integrated into bone. A 

layer of bone-like hydroxyapatite (HA) forms on bioactive surface when it is implanted in vivo and acts 

as an intermediate layer between bone tissue and the implant
51

. As a consequence, bioactivity can be 

inferred, in vitro, if bone like HA is deposited on the surface of the investigated material in contact with 
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simulated body fluid (SBF)
32

. Also the ability to precipitate HA is an indication that the studied 

material prevents the development of a fibrous capsule, which is a negative event during the osseo-

integration process. Figure 5, shows the SEM microphotographs of apatite coatings deposited on the 

studied materials after 1, 5, 10 days incubation in 1.5 SBF. All tested materials show a dense layer of 

HA crystals after 10 days of soaking. EDX microanalysis indicates that the Ca/P ≈ 1.60 which could be 

ascribed to stoichiometric HA, ESI.  The theories concerning the bioactivity of crystalline TiO2 are 

quite weak. The general consensus is that titanium oxide is bioactive because –OH groups are present 

on TiO2 surfaces after being soaked in SBF 
52, 53

.These hydroxyl groups catalyze the HA precipitation. 

Uchida et al.
54

 studied hydroxyapatite growth on diverse structured titania surfaces and provided an 

explanation of why the –OH groups on amorphous titania seems less effective than those on rutile and 

anatase. They indicated that for certain crystallographic planes in the crystalline titania structures, the 

oxygen positions match well with the –OH groups in hydroxiapatite crystal favoring epitaxial 

nucleation. Epitaxial growth of HA on rutile is expected to occur based on the two-dimesional 

similarity of the two crystal structures
52

. On the contrary, accordingly to Li et al.
55

, HA is not 

biomimetically formed on single crystal TiO2 anatase. One of the reasons given by the authors is that 

the density of –OH groups are not plentiful available at the appropriate crystal face. They also noted 

that while the individual crystals of dense anatase lack of bioactivity, porous anatase induces apatite 

deposition. In general, it is believed that a porous structure is capable of accelerating the biomimetic 

process
53

.  The obtained materials showed bioactivity, regardless of its crystalline phases and the fact 

that they do not present high surface areas or an ordered array of mesopores, table 2. Subsequently, our 

results show that differences in crystals polymorphisms as well as porosity are not enough to induce 

bioactivity. Prior to the occurrence of bio-reactions that ensure bioactivity, some physicochemical 

processes must be thermodynamically possible. One of these events is that surface texture influences 

surface energy, which in turn, affects bio-reactivity
56

. Being the HA formation on TiO2 in 

supersaturated aqueous solution is an heterogeneous nucleation process, according to the classical 

nucleation theory, the critical free energy (∆G) depends on the supersaturation of the solution (S), the 

temperature (T), the net interfacial energy of nucleation (σ) and the particle surface area (A). Thus it is 

given by
56

: 

 

( ) ASRTG σ+−=∆ ln                                                                                                     (3) 

In this work TiO2 samples were immersed in the SBF solution with a constant supersaturation with 

respect to HA and T; also no significant difference respect particles surface areas can be appreciated 
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between the materials. The only variation existing among materials is the net interfacial energy barrier 

given for the parameter (σ), which is highly dependent of both surface topography and the interfacial 

presence of highest polar components
56

. Consequently, we think that the HA phase nucleates 

heterogeneously with the effective participation of surface energy and topography. On rough surfaces 

as in our case, the valleys seem to be the preferential sites for the nucleation and growth of calcium 

phosphates, causing a reduction of Ra. Similarly surfaces with positive skewness favor Ca-rich phase’s 

depositions. Topographical analysis indicates that the materials MII and MIII, which present the 

highest number of valleys, cause a major and a fast coverage on their surfaces with HA crystals. Other 

relevant result is that the layers of HA agglomerates reproduce the original topography of the surface, 

see table 3, preserving the roughness at the micrometric level.  

Hydroxyapatite layers grown on different surfaces have fundamentally different appearance, figure 6. 

HA crystals that cover the surface of material MI grow as a dense layer with plate like crystallites 

growing side by side, while in materials MII and MIII the crystallites grow in bundles. Globules made 

up of several HA crystals were formed on the substrate surface.  We assume that these differences are 

related to the preferential growth of hydroxyapatite crystals in contact with the crystalline phases of 

titanium dioxide. Thus, in the material MI the preferential growing direction points out from the 

surface due to the interaction with the (001) surface of rutile TiO2 crystallites 
52

. On the contrary, if the 

epitaxial growth of HA is preferentially on (110) anatase surface 
52

, as happens in materials MII and 

MIII, crystallites form spherical-like globules with 3-5 µm in diameter composed by agglomerates of 

plate-like nano-morphology crystals of ~ 150 nm length. The final morphology according to Kokubo et 

al. 
4, 32

is essential for bone-bonding. 

 

3.2.2 Osteoblast-material interaction 

The biocompatibility of TiO2-CeO2 materials was confirmed by assessing their interactions with 

neonatal rat calvarian osteoblasts. The increase of CeO2 concentration and the effect of HA layer 

micro-morphology on cell viability and adhesion were evaluated after 24, 48 and 72h of treatment by 

microscopic observation. When osteoblasts were seeded in the presence of materials with different 

ceria concentration ([CeO2] = 0.05; 0.08 and 0.10 wt%), no significant changes were observed in cell 

adhesion or viability after 24 and 72 h of treatment in comparison with control, table 4. Similar results 

were obtained varying the material micro-morphology. During the process of adhesion and spreading in 

the presence of material, osteoblast morphology was similar to control for all tested samples; they 

showed their typical polygonal or widespread forms with fine filopodia and abundant surface folds, 
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figure 7.  The obtained results exclude any negative effect of the material crystalline microstructure, 

morphology and CeO2 presence in the osteoblast survival.  

 

3.4 Isothermal Peroxynitrite (ONOO
-
) decay  

Much of the damage caused during the process of implantation is attributed to the presence of the NO
•
 

and O2
•−

 species released in physiological conditions by activated macrophages and neutrophils; their 

reaction in vivo conduces to peroxynitrite ion (ONOO
-
) formation 

57
. Given to its oxidizing power and 

nitrating activity, peroxynitrite is cytotoxic and is associated to inflammatory diseases
57

; consequently 

it is logical to test the material interaction with this highly reactive molecule. Peroxynitrite degradation 

was studied under two treatments conditions at 25ºC: by diluting 100µL of freshly prepared ONOO
-
 

solution in 900 µL of PBS (T1) and in 900 µL of triple-distilled water (T2). At the first conditions no 

significant effects regarded to the material presence was observed, ESI. We assume that the reaction is 

so fast that we fail to detect any effect related to material-peroxynitrite interaction. In T2, degradation 

of ONOO
-
 is far slower, allowing us to observe a significant effect due to the CeO2-TiO2 materials 

presence. The biochemistry of ONOO
-
 is very complicated due to the multiple possible reactions in the 

presence and absence of CO2, H
+
 and metals during its decomposition

14
.  

 

While peroxynitrous acid isomerizes to nitrate (reaction 4), the peroxynitrite anion does not.   

 

ONOOH → H
+
 + NO3

-
                                                                                                    (4) 

 

Decomposition of peroxynitrite anion is less well investigated and accordingly to Kissner and 

Koppenol 
58

several types of reactions must be considered. 

 

2 HOONO → 2 HNO2 + O2                                                                                            (5) 

HOONO + ONOO
-
 → 2 NO2

-
 + O2 + H

+                                                                                                           
(6) 

2ONOO
-→ 2NO2

-
 + O2                                                                                                   (7) 

 

Since the pKa of peroxynitrous acid is 6.8 (reaction 3) at an ionic strength of 0.1M and 25ºC
58

, at work 

conditions (pH = 13.1 and [ONOO
-
]0 > 0.1 mM) peroxynitrite anion is the predominant specie present. 

After degradation the only form detected was nitrite anion, figure 8,  therefore we assumed that 

bimolecular decomposition (reaction 7) mainly occurs and is certainly slower than reaction 6 in 
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agreement with Kissner and Koppenol 
58

.  Peroxynitrite and nitrite absorbs UV light at a wavelength of 

302 nm and 354 nm respectively (ε302 = 1700 M
-1 

cm
-133

, ε354 = 2500 M
-1 

cm
-159

) thus peroxynitrite 

anion reactions can be measured kinetically using UV-spectroscopy. Based on this property, it was 

observed that all prepared material accelerated and change kinetic behavior of the completed 

conversion of peroxynitrite to nitrite ion after 3500 seconds in water at 25ºC, figure 9a and 9b.  

Kinetic parameters were calculated from the reaction rate dependence on concentration
60

 and the 

obtained results were summarized in table 5.  In MI and MII materials’ presence, it can be observed an 

augment in the peroxynitrite anion reaction rate just with the kinetic order after an induction ONOO
-
 

concentration. Nevertheless, in contact of MIII the ONOO
-
 degradation followed a second-order kinetic 

from the beginning of the experiment. Experimentally it was determined that degradation of 

peroxynitrine anion in absence of material occurred through a first-order reaction kinetic with a k1 = 

(1.27 ± 0.07)× 10
-4

 s
-1

, table 5. The obtained constant rate value is similar than literature data obtained 

for peroxyacids decomposition
57

; however for such compounds the reaction order is of first order in 

both, the acid and its conjugate base. In the presence of materials MI and MII, degradation behaved as 

a first order kinetic process with a slightly increment of k1, followed by a second-order kinetic 

transformation with a huge augment of k2 that occurred at [ONOO
-
] = 1.47mM for MI and = 0.74 mM 

for MII. For MIII, induction period has not been detected and degradation always matched to a second-

order kinetic process.  

On basis of literature findings
14, 58

 and peroxyacids decomposition
57

, we adapted a putative mechanism 

to model our results.   

 

2ONOO
-→ INTERMEDIARY                                                                                        (8) 

INTERMEDIARY → 2NO2
-
 + O2                                                                                                                           (9) 

 

We assume that for the degradation of peroxynitrite anion in absence of material, reaction 9 is the 

slowly step and the determining of the reaction rate. Thus, the reaction matches to a first-order kinetic 

equation. Materials interact with the intermediary species causing a rate dependence of reaction 8 with 

the consequent change into a second-order kinetic and the rate constant. The results suggest that the 

interaction with ONOO
-
 is not specific upon the Ce ion in agreement with literature

14
. Even though all 

materials caused an increment of ONOO
-
 degradation the presence of Ce ions provokes a 

transformation into a second order kinetic at a minor ONOO
-
 concentration. By this way in the 

presence of MIII material, that content CeO2 nanoparticles, it can not be detected an induction 
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concentration and the process followed always a second-order kinetic. In this case the effect on k2 was 

smaller. Striped material, MII, merge the less induction concentration with the high augment of the 

constant rate. The precise molecular mechanism behind of each catalytic reaction has yet to be 

elucidated and it is the focus of our current research. The obtained results represent convincing 

preliminary evidence that the prepared nano-structured materials readily react with peroxynitrite ion or 

one of the reactive oxidants and radicals that are a results of the non-enzymatic breakdown of 

peroxynitrite.  

 

Conclusion  

In summary, we report a simple and controllable route for the synthesis of CeO2-anatase striped 

material with high bioactivity, biocompatibility and ONOO
-
 scavenging properties. Making use of a 

microemulsion droplet system as a chemical microreactor and Ce(Val)3 as ceria precursor it was 

possible to manipulate the micro-droplets  interfacial organization to obtain decahedral anatase TiO2 

nano-particles arranged in aligned fibers of 20µm length and 1µm diameter. The presence of Ce atom 

in TiO2 crystalline lattice stabilized anatasa polymorph, and such fact had a marked influence on the 

material bioactivity. The epitaxial growth of HA is preferentially on (110) anatase surface and plate-

like nano-morphology crystallites of ~ 150 nm length arranged in spherical-like globules with 3-5 µm 

in diameter. Such morphology, according to literature, is essential for bone-bonding. Simultaneously, 

the presence of CeO2 affect the scavenging properties of TiO2 transforming the ONOO
-
 degradation 

into a second order kinetic reaction after a ONOO
-
 induction concentration. Striped material combines 

the less induction concentration, the high augment of the ONOO
-
 constant rate and the development of 

a hydroxyapatite layer of the specific morphology required for bone integration. 
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Figure Captions 

 

Figure 1. SEM microphotographs of prepared TiO2 (MI) and Ce-TiO2 (MII and MIII) materials. Scale 

bars correspond to 200 nm. 

Figure 2. SEM microphotographs of Ce-TiO2 materials showing striped (MII) and non-defined (MIII) 

morphologies. Scale bars correspond to 2 µm. 

Figure 3. H-TEM microphotograph of sample MII. 

Figure 4. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of synthesized 

materials. 

Figure 5. SEM microphotographs of HA coatings deposited on the studied materials after 1, 5, 10 days 

incubation in 1.5 SBF at 37ºC. Scale bars correspond to 1µm. 

Figure 6. SEM microphotographs of HA coatings deposited on MI (anatase-rutile phases) and MII 

(pure anatase phase) after 10 days incubation in 1.5 SBF at 37ºC. 

Figure 7. Microphotograph of Giemsa stained osteoblasts after 72h of treatment in contact with 

material MII.  

Figure 8. ONOO
-
 spectra before and after degradation in presence of MII at T= 25ºC and pH = 13.1 

Figure 9. Time evolution of ONOO
-
 degradation and in presence and in absence of synthesized 

materials at T = 25ºC and pH = 13.1.  

Scheme 1. Schematic representation of the synthesis conditions of the striped Ce-TiO2 material (MII). 
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Figure 1. SEM microphotographs of prepared TiO2 (MI) and Ce-TiO2 (MII and MIII) materials. Scale bars 
correspond to 200 nm.  
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Figure 2. SEM microphotographs of Ce-TiO2 materials showing striped (MII) and non-defined (MIII) 
morphologies. Scale bars correspond to 2 µm.  
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Figure 3. H-TEM microphotograph of sample MII.  
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Figure 4. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of synthesized materials.  
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Figure 5. SEM microphotographs of HA coatings deposited on the studied materials after 1, 5, 10 days 
incubation in 1.5 SBF at 37ºC. Scale bars correspond to 1µm.  
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Figure 6. SEM microphotographs of HA coatings deposited on MI (anatase-rutile phases) and MII (pure 
anatase phase) after 10 days incubation in 1.5 SBF at 37ºC.  
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Figure 7. Microphotograph of Giemsa stained osteoblasts after 72h of treatment in contact with material MII. 
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Figure 8. ONOO- spectra before and after degradation in presence of MII at T= 25ºC and pH = 13.1  
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Figure 9. Time evolution of ONOO- degradation and in presence and in absence of synthesized materials at T 
= 25ºC and pH = 13.1.  
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Scheme 1. Schematic representation of the synthesis conditions of the striped Ce-TiO2 material (MII).  
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Table 1 Crystalline characteristic of TiO2 and Ce-TiO2 materials  
 

 

 

 

 
(*) computed for anatase lattice 

 

Table 2 Surface characteristic of TiO2 and Ce-TiO2 materials 

 

 

 

 

 

 

 

Table 3 Physical-chemical characteristics of Ca-P coatings on TiO2 and Ce-TiO2 materials 

  

 Coating Micro-morphology Ca/P D2D D3D Rq / nm Ra / nm Rsk / nm Rku / nm 
M I Dense layer of plate-like crystallites 1.63 1.747 2.601 70.87 61.58 1.41 2.27 

M II Spherulitic-like layer 1.62 1.809 2.630 60.09 45.43 1.80 3.97 

M III Spherulitic-like layer 1.60 1.804 2.627 50.77 41.47 1.55 2.86 

 

 

Table 4 Effect of ceria concentration and HA coating micro-morphology on osteoblast viability. 

 

   % of osteoblast viability 

 [CeO2] 

wt% 

HA Coating Micro-

morphology 
after 24 h treatment after 72 h treatment 

Control   99.12 ± 0.62 99.50  ±  0.50 

 0.05  98.70 ± 0.35 98.81 ± 0.70 

 0.08  99.06 ± 0.52 98.83  ± 0.23 

 0.10  98.05 ± 0.33 98.87  ± 0.05 

 0.08 Spherulitic-like layer 99.61 ± 0.52 98.83 ± 0.23 

 Morphology Cerium source δδδδ / nm Fr% a*/Å c*/ Å 
MI Particulate  40 48 3.775 9.299 

MII Striped Ce(Val)3 34 0 3.785 9.465 

MIII Particulate CeO2 nanoparticles 28 0 3.785 9.463 

 D2D D3D
 Rq/ nm Ra/ nm Rsk/ nm Rku/ nm SBET /m

2
g
-1
 dp / nm Vp /cm

3
g
-1
 

MI 1.978 2.709 100.97 93.77 1.18 1.51 3 17 0.01 

MII 1.968 2.705 79.35 63.96 1.44 2.28 21 19 0.10 

MIII 1.928 2.686 64.42 56.06 1.33 1.97 43 19 0.21 
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Table 5 Kinetic parameters of ONOO
-
 degradation 

 

 [ONOO
-
] range k1 / s

-1 
R
2 

n [ONOO
-
] range k2 / mM

-1
s
-1
 R

2 
n 

ONOO
- 0 –  1.52 mM (1.27 ± 0.04)×10

-4  0.9999 1     

+ M I 0 –  1.47 mM (3.35 ± 0.07)×10
-4 
 0.9987 1 1.47 – 1.52 mM (0.064 ± 0.017) 

 0.9989 2 

+M II 0 – 0.74 mM (6.14 ± 0.09)×10
-4 
 0.9998 1 0.74 – 1.52 mM (0.068 ± 0.013)

 0.9997 2 

+M III     0 –  1.52 mM (0.012 ± 0.022) 
 0.9969 2 
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