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Introduction 
Nanotechnology has become one of the most explored fields in the 

last decade [1-3]. Due to the possibility to manipulate matter at atomic 
level, nanotechnology allows to control specific properties to obtain 
novel materials. Materials which size is reduced to the nanoscale often 
exhibit new and unique properties, interesting for academy and useful 
from technological perspective. Technological advances in the field of 
imaging at this level have allowed new insight and new mechanistic 
understanding.

Most of the reports on Nanotechnology include environmental 
care and human health. Diagnosis and treatment are the main focus of 
these novel technologies. In this sense, despite of all the efforts, hospital 
acquired infections still remain among the main leading causes of 
death all over the world. Nosocomial infection represents a serious 
problem worldwide, because of treatment increases hospital costs 
significantly. According to a study implemented by (World Health 
Organization) WHO, 55 hospitals of 14 different countries, showed 
that 8.7% of hospitalized patients had nosocomial infections (WHO/
CDS/CSR/EPH/2002.12). Bacterial resistance against antimicrobial 
agents is a phenomenon characterized by partial or total refractoriness 
of microorganisms, for example Staphylococcus aureus has developed 
resistance to penicillin and methicilline. This is an acquired resistance, 
where bacterial DNA mutates. Bactericides are an important example 
of nanobiotechnology applications.

It is well known that nanomaterials can interact with cells and 
bacteria [4,5]. Morphology and topography as well as their surface 
physics and chemistry strongly influences the way microorganisms 
respond to nanostructures [6] and these properties depend on the 
obtaining process.

Silver solutions and silver supported materials have been widely 
used as bactericide and fungicide [7-9]. Silver nanoparticles in solution 
or supported on appropriate substrates are currently used due to their 

effective action affecting the cellular metabolism and inhibiting cell 
growth [10]. The chemistry has revealed that silver deposits are non 
toxic for human cells in vivo and is also reported as a biocompatible 
material [11-13].

Colloidal and silver salts have several limitations due to the cost of 
Ag and their toxicity at high concentrations. Nevertheless, supported 
silver particles obtained by the sol-gel process are a successful 
technology when fixed on adequate supports due to their increased 
bactericide effect [14]. Besides well dispersion of silver, high contact 
surface is necessary to increase the bactericide effect. The preparation 
of uniform nanosized particles with specific requirements of size, 
shape, and physico-chemical properties are of great interest in the 
formulation of new products with many biotechnological applications 
[15,16]. 

Resistance of bacteria to bactericides and antibiotics has 
increased in recent years due to the progress of resistant strains. Some 
antimicrobial agents are extremely irritant and toxic and current 
researches are focused on formulate new types of safe and cost-effective 
biocide materials. 

On the other hand, nano structured reservoirs made of inorganic 
oxides like TiO2, and synthesized by the sol-gel process, have been 
demonstrated to be biocompatible and suitable supports for a wide 
variety of compounds [17]. 
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Abstract
Background: Silver has been widely used for disinfection because of its well known antibacterial properties. 

Recently, silver nanoparticles have shown higher activity killing and inhibiting bacterial reproduction. In the present work 
we obtained silver nanoparticles highly dispersed over nanostructured titania in order to enhance bacterial sensitivity. 

Materials and methods: Four different Titania-based nanoparticles were synthesized by the Sol-Gel process using 
Ag2SO4, AgCl, AgNO3 and CH3COOAg as silver precursor. All the materials were characterized by FTIR, UV-Vis and 
XPS, TEM microscopy, EDS, also BET and DRX analysis were carried out. 

Results: Amorphous materials were apparently obtained. Ag-TiO2 nanoparticles were tested against several Gram-
negative and Gram-positive bacteria including enterophatogenic Escherichia coli and highly resistant strains such as 
methicillin-resistant Staphylococcus aureus and they showed sensibility in most of cases. 

Conclusions: Supported silver nanoparticles represent a suitable way to obtain highly dispersed active silver over 
higher surface area. This approach allows it use as efficient bactericide since lower silver amount can be employed.
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The size-dependent Ag/TiO2 interaction of silver nanoparticles 
with gram-negative bacteria and virus has also been showed [18-20]. 
The electrostatic attraction between negatively charged bacterial cells 
and positively charged nanoparticles is fundamental for its activity as 
bactericide [21,22]. 

Morones et al. [23] reported that PVC interacts with titania and 
can be use as bactericide. The material can be modified in order to 
improve its behavior against bacteria, for this reason it is important the 
use of nanoparticles with a high surface area and a well dispersion of 
the silver particles on the support that increases the contact interface 
between the bactericidal (silver) and bacteria [24-28]. 

Since TiO2 has photocatalytic properties [29], some researchers have 
also used these basics together with the silver antibacterial properties to 
prepare silver supported titania materials as a photocatalytic bactericide 
[30-32]. 

In the present work, we prepared silver nanoparticles supported on 
titania sol-gel method using different silver precursors. Antibacterial 
behavior of the nanomaterials was tested with different bacterial 
cultures by making the disk susceptibility tests. In order to study and 
correlate antibacterial activity and physicochemical properties of 
the materials as well as the effect of the precursor, FTIR and UV-Vis 
spectroscopies, BET and XRD characterization was carried out. 

Materials and Methods
Ag/TiO2 nanoparticles synthesis

Ag/TiO2 nanomaterials were prepared by the sol-gel method 
using titanium n-butoxide (Sigma, 98.5%), ethanol, water and 
the corresponding amount of silver precursor (10% wt Ag). Silver 
precursors used were silver acetate (CH3COOAg) (Sigma, 99%), silver 
nitrate (AgNO3) (Sigma, 99%), silver chloride (AgCl) (Sigma, 99.999%) 
and silver sulfate (Ag2SO4, Sigma, 99.99%). Ammonium hydroxide 
(NH4OH, J.T. Baker, 28-30%) was used to adjust the pH to 9. 

Characterization 

XRD studies were made using Cu Kα radiation, in Siemens D-500 
equipment. The signal intensity was measured by step scanning in the 
2θ range with a step of 0.03° and a measuring time of 2s per point. 

Infrared spectra were collected in a Perkin Elmer’s 
Spectrophotometer, 32 scans. The powder samples were mixed with 
KBr and pressed into a disk.

Surface areas of the samples were measured on a Micromeritic 
ASAP 2010 Quantasorb Sorptometer and calculated by the nitrogen 
isotherms using the BET method. The mean pore diameter was 
calculated by the BJH method. 

UV-Vis analysis was carried out in a Cary 1 Varian 
spectrophotometer with integration sphere, sample powders were 
measured without making previous treatment. 

The powder samples were analyzed by conventional transmission 
electron microscopy (TEM) in order to determine the particle size, 
these analysis were performed on a Zeiss EM910 electron microscope 
operated at 100 kV, with a 0.4 nm point to point resolution side entry 
goniometer attached to a CCD Mega Vision III image processor. 

X-ray Photoelectron Spectra (XPS) were acquired with a VG-
Microtech Multilab 3000 spectrometer equipped with a hemispherical 
electron analyzer and a Mg Kα (h =1253.6 eV, 1 eV = 1.6302×10−19 J) 

300-W X-ray source. The powder samples were pressed into small Inox 
cylinders and then mounted on a sample rod placed in a pre-treatment 
chamber. Before recording the spectrum, the sample was maintained 
in the analysis chamber until a residual pressure of ca. 4x10-9 Torr was 
reached. Spectra were collected at pass energy of 50 eV. The intensities 
were estimated by calculating the integral of each peak, after subtraction 
of the S-shaped background, and by fitting the experimental curve 
to a combination of Lorentzian (30%) and Gaussian (70%) lines. All 
Binding Energies (B.E.) were referenced to the C 1s line at 284.6 eV, 
which provided binding energy values with an accuracy of ± 0.2 eV.

Bacterial strains

Pseudomona aeruginosa, Klebsiella pneumoniae, Serratia 
marcencens, Proteus vulgaris, enterophatogenic Escherichia coli (EPEC), 
Salmonella typhimurium, Shigella dysenteriea, from collection of our 
laboratory; Sthapylococcus aureus (ATCC 25923), and methicillin-
resistant Sthapylococcus aureus (MRSA) (ATCC 43300), were used.

Bacterial sensibility test 

To examine the susceptibility of bacterial strains to silver 
nanoparticles, a Kirby-Bauer disk-diffusion method was used, 
following the recommended criteria of CLSI (12). Disks of Whatman 
filter paper (7mm) were soaked with a 0.1% solution of samples labeled 
Ag-NO3-TiO2-, Ag-SO4-TiO2, Ag -Cl-TiO2 and Ag-Ac-TiO2. Bacterial 
strains were spread onto Mueller-Hinton agar with cotton swabs from 
freshly grown bacterial suspension (0.5 McFarland densities). The 
inoculated agar plates were allowed to dry and then the round disks 
with Ag-nanoparticles were placed on top of the inoculated agar. The 
agar plates were incubated at 37°C for 18h. The diameter of the zone 
of inhibition was measured using a caliper. The experiments were 
performed on triplicate to obtain average values for each strain.

Results 
It has been extensively reported the introduction of metals 

ions, into metal oxides like TiO2 in order to enhance its catalytic or 
photocatalytic properties [33,34]. The foreign metal ions, usually affect 
the TiO2 phase transformation behavior and structure when they are 
introduced by sol-gel method [35]. 

Diffractograms of the samples are shown in Figure 1. All samples, 
silver acetate, sulfate, nitrate and chloride supported on nanostructured 
titania, showed an amorphous pattern. No signal at 25.281 (2θ) neither 
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Figure 1: X-ray diffractograms of a) AgCl-TiO2, b) AgNO3-TiO2, c) Ag2SO4-
TiO2, and d) AgAc-TiO2.
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27.44 (2θ) for anatase (1 0 1) or rutile (1 1 0) were observable. No peaks 
related to Ag were observed in the samples except in AgNO3-TiO2 
sample. Those peaks at 39.3(2θ) and 60.3(2θ) showed in AgNO3-TiO2 
sample can be attributed to the presence of Ag metal when silver nitrate 
is used as precursor [36]. 

FTIR spectra are shown in Figure 2. The bands observed in the high 
energy region of the spectra at 3390, 3399, 3401 and 3411cm-1 for all 
the samples and are associated with the presence of hydroxyl groups. 
The bands at 1623, 1627, 1629 cm-1, are related to the presence of C-H 
vibrations and 1633 cm-1 is assigned to the bending frequency O-H 
bond in water; whereas the band located at 1384 cm-1 corresponds to 
a vibration of the Ti-Ligand bond. In sulfate salt sample, we observed 
a decrease in the intensity of the band at 1384cm-1 and the presence of 
two bands in 1135 and 1051cm-1 related to the sulfate anion bonding 
to the surface. For the acetate salt we can see a band at 1536 related to 
the C=O group of the acetate. For sulfate salt we have an important 
result because the FTIR results indicate a sulfated titania with high 
acidity and a great stability. Instead of this we have a helpful aspect of 
the sulfated titania, which has been reported to be a solid acid [37,38]. 

UV-Vis spectra (Figure 3) were collected for all the samples. The 
band gap (Eg) values of the samples were calculated resulting almost 
constant in all nanomaterials (Table 1). Characteristic absorption 
band from titania was observed at 330 nm, indicating the presence of 
titanium dioxide. A weak overlapped shoulder around 430 nm in the 
AgAc-TiO2 material. Visible absorption for the rest nanomaterials is 
related with the presence of silver oxide, due to change in color from 
white (pure TiO2) to gray. 

Figure 4 shows N2 adsorption isotherms and pore size distribution 
(inset). All the materials showed a type IV isotherm (IUPAC) [39] 
characteristic of mesoporous materials. The hysteresis loop of the 
sample AgCl-TiO2 corresponds to a type H1, associated with porous 
materials that consist of agglomerates or compacts of approximately 
uniform spheres in fairly regular array. For the rest of the samples we 
observed a type H4 associated with narrow slit-like pores. Surface area 
and mean pore diameter are reported in Table 2. 

Figure 5 shows TEM images of Ag-TiO2 samples, particle size is 
in the range of 5-10 nm in all the samples. Ag2SO4-TiO2 and AgNO3-
TiO2 showed a uniform distribution and similar morphologies with 
semi-spherical aggregates, this may be due to the similarity between 
the ions. In Ag2SO4-TiO2 micrograph (Figure 6) some regions where 
the crystalline structures are observable, have been chosen (red lines). 
However, there are zones with apparently non-organized structure. 
Elemental analysis of this sample is showed in Figure 7.

In order to elucidate what type of Ag chemical species are present 
on the materials, XPS study was performed. In Figure 8, O1s spectra for 
all the samples are shown. We observed three different oxygen species 
in acetate and nitrate samples. In silver acetate-titania sample the first 
peak appears at 528.2 eV, the BE low value for oxygen signal has been 
reported to oxygen bonded to metals in polyhedral coordination, the 
second one appears at 529.8 eV and corresponds to oxide, and is in 
agreement to those values reported for TiO2 materials [40] this signal 
is centered at 529.68 for silver nitrate nanomaterial. Finally, the peak 
at 531.7 [41] is associated to OH groups from adsorbed water and 
surface hydroxylation. In AgNO3-TiO2 the highest value at 533.6 
eV is related with the presence of C=O or C-O due to ethanol. For 
AgCl and Ag2SO4 samples only the corresponding signals from oxide 

and hydroxyl groups were observed. The highest intensity of OH 
corresponding oxygen signal was in AgNO3-TiO2 and is in agreement 
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Figure 2: FTIR spectra of nanostructured a) AgAc-TiO2., b) AgNO3-TiO2, c) 
AgCl-TiO2 and d) Ag2SO4-TiO2 samples.
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Figure 3: UV-Vis spectra of a) AgNO3-TiO2, b) Ag2SO4-TiO2, c) AgAc-TiO2 and 
d) AgCl-TiO2. 
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with the observed by (Fourier Transform Infrared Spectroscopy) FTIR 
in the high energy region.

In the Ti 2p spectra a Ti 2p1/2 peak was presented at 464.4 eV in all 
samples, which is characteristic of Ti4+ [42]. Slitting between 2p3/2 and 
2p1/2 core levels are 6 eV for most of the samples and 5.9 eV for Ag2SO4-
TiO2. In this nanomaterial, a slight shift to higher energy in both signals 
was observed (459.18 and 465.08 eV respectively), which is associated 
to the presence of Ti3+ species. Also, in AgAc-TiO2 two small shoulders 
at 457.28 and 463.28 eV corresponding to Ti3+ was detected [43]. Ag 3d 
spectra showed the presence of Ag0 and Ag+ species in AgAc-TiO2, AgCl-
TiO2 and AgNO3-TiO2 nanomaterials, and probably another coordinated 
Ag+n species in AgNO3-TiO2 and Ag2SO4-TiO2 samples (Table 3).

Antibacterial and Antifungal Properties of Ag-
Nanoparticles

The antibacterial and antifungal properties of silver nanoparticles 
were evaluated using the disk diffusion test. The filter paper disks 
with Ag nanoparticles placed on the bacteria or fungus-inoculated 
agar plates killed the bacteria or fungus under and around them; 
we observed different zones of growth inhibition around the disk 
depending on microorganism strain and Ag-nanoparticles. The zones 
of inhibition for disks of 0.1% Ag-nanoparticles solutions are given in 
Table 4. The major inhibition effect was presented by AgSO4, followed 
by AgAc and AgNO3, and finally AgCl with the minor inhibition 
(Figure 9 and Figure 10). Using TiO2 alone, no considerable inhibition 
effect was observed, only a poor inhibition in K. pneumoniae and S. 
marcescens was detected (Table 2). All the bacterial strains and C. 
albicans were inhibited by the nanoparticles, except P. vulgaris with a 
poor inhibition. All the bacterial strains and C. albicans were inhibited 
by nanoparticles, except P. vulgaris with a poor inhibition. MSSA was 
inhibited better with all the nanoparticles. 

Discussion
Silver nanoparticles over titania has been demonstrated its 

antibacterial properties [44], their reactivity strongly depend on 
synthesis method. Sol-gel process provides an excellent alternative 
since many parameters can be controlled. Addition of agents during 
gelation step give enhanced properties to obtained powders. Moreover, 
an additional parameter has been considered in recent studies: silver 
ions release, since sol-gel allow to incorporate foreign atoms into its 
lattice when are added at the beginning of the process, one can obtain 
several advantages like point defects due to oxygen vacancies, and 
strong interactions between foreign metal and support. In this work we 
obtained the Ag-TiO2 materials by adding “in situ” the corresponding 
silver compound. By this procedure, we optimize and facilitate strong 
metal-support interactions, and thus release or delivery of silver-
silver ions diminishes compared with other obtaining methods like 
impregnation. Although all the samples were apparently amorphous, 
it is well known that some materials can exhibit nano-crystallinity; in 
our case this phenomenon was presented by Ag2SO4 sample as some 
areas where small crystals are clearly observed. That is the reason why 
is undetectable by conventional X-Ray. In the other hand, interactions 
between metal and support are related with the chemical nature of silver 
precursor. For AgAc-TiO2 nanomaterial, we can assume the presence 

Sample Eg value (eV)
TiO2-Cl-Ag 3.18

TiO2-SO4-Ag 2.86
TiO2-Ac-Ag 2.86

TiO2-NO3-Ag 2.84

Table 1: Eg values calculated from the UV-Vis spectra.

Table 2: BET surface areas and BJH mean pore diameter.

Sample BET surface area
(m2/g)

Mean pore diameter
(Å)

TiO2-NO3-Ag 192 33
TiO2-Ac-Ag 228 33

TiO2-SO4-Ag 143 33
TiO2-Cl-Ag 200 32
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Full scale 2617 cts  Cursor: 0.166  (7cts) Kev
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Figure 7: EDS of Ag2SO4-TiO2 sample.

Figure 5: TEM micrographs of two different silver titania complexes a) 
Ag2SO4-TiO2 and b) AgNO3-TiO2 samples.

Figure 6: TEM of Ag2SO4-TiO2 sample.
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is an excellent procedure to obtain these types of defects. In AgAc-TiO2 
sample as well as Ag2SO4-TiO2 Ti3+ defects are present, giving some 
special reactivity toward bacteria surface over AgCl-TiO2. Supported 
Ag-nanoparticles have bactericide effect over Gram negative and Gram 

of silver nanoparticles, these could be obtained by reduction induced by 
OH groups from synthesis method, and is confirmed by XPS analysis. 
Ti3+ is considered to be an important reactive agent; hence many 
surface reactions are influenced by these point defects. Sol-gel method 
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Figure 8: O 1s spectra of Ag- titania nanomaterials.

Sample %Ag total amount BE (eV) % Ag+ BE (eV) % Ag BE (eV) % Ag+n

AgAc 2.82 366.5 0.57 368 2.25 - -
AgCl 1.04 366.8 0.55 368 0.49 - -

AgNO3 4.69 367.5 3.81 368.5 0.63 371 0.25
AgSO4 2.39 - - 368 2.26 369.5 0.13

Table 3: Silver species and percentage calculated by XPS.

aDisk’s diameter was 7 mm
Table 4: Zone of inhibition with the Ag-nanoparticles.

Microorganism Zone of inhibition (mm)a

TiO2-NO3-Ag TiO2-Cl-Ag TiO2-Ac-Ag TiO2-SO4-Ag TiO2

Pseudomonas  aeruginosa 11 10 11.3 11 -
Salmonella typhimurium 9 9 8.1 9.7 -
Proteus vulgaris 7.2 7.2 7.2 - -
Klebsiella  pneumoniae 10 8.7 9 9 7.7
E. coli (EPEC) 10 9.3 10 9.3 -
Shigella dysenteriae 10 10.5 10.7 10.7 -
Serratia marcescens 10 9 9.3 10.3 8
Staphylococcus aureus (MRSA) 10.3 10 10.7 10.7 -
Staphylococcus aureus (MSSA) 15.3 14.5 15 14 -
Candida albicans 10 8.7 9.3 10.3 -
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positive bacteria, which make them a broad spectrum bactericide. The 
major effect was observed with AgNO3 precursor, this can be explained 
by the presence of metallic silver dispersed on titania surface and the 
presence of nitrate. A common feature is the high surface area values 
of the samples, although TiO2-Ac-Ag showed the highest, acetate 
group is a strong ligand that can interact with TiO2 inhibiting the Ag 
activity. Two of all the bacteria’s used E. coli entropatogénica and S. 
aureus, have a high grade of pathogenicity, and also they are methicillin 
resistant. Both were destroyed by all Ag-nanoparticles, being the less 
active TiO2-Cl-Ag, this can be related to capability of chlorine ions to 
neutralize titania surface charge.

Conclusion
The increase of bacterial resistance to antimicrobial agents is a 

serious problem in the treatment of infectious diseases as well as in 
epidemiological survey. Progressively more new bacterial strains have 
emerged with dangerous levels of resistance, including both Gram-
positive and Gram-negative bacteria. The bacterial resistance will 
require precautions that guide to prevention of the emergence and 
spreading of multi resistance bacterial strains, and the development of 
new antimicrobial substance. The results of this study demonstrated 
that nanostructured sol-gel TiO2-Ag have a bactericide effect including 
highly pathogenic bacteria such as EPEC and MRSA even more than 
conventional bactericides with the advantage of suitability for repeated 
use with potential to surface application. Additionally, obtained results 
on Eg values as well as parameters like OH groups quantification 
suggest the possibility to use these composites as photocatalysts against 
bacteria.
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