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Abstract: The development of alternative (and free-of-antibiotics) antibacterial and antibiofilm
agents is an important strategy to circumvent the resistance of bacteria to antibiotics. Herein, we
explore the production of mixed oxides by incorporating silver nanoparticles in titanium dioxide
as a silver concentration-dependent antibacterial agent that is further incorporated in Tilapia fish
skin (a promising prototype of xenograft), integrating the antibacterial activity of mixed oxide into
the intrinsic properties of Tilapia skin. The antibiofilm activity of samples prepared with high
concentrations of silver (10 wt% of precursor AgNO3) has been considered a good antibiofilm
response. The influence of silver content is also observed with respect to the minimum bactericidal
concentration, which is reduced to 3.13 mg/mL with a characteristic kill time in the order of 30 min
that is associated with antibiofilm activity in biofilm-forming strains of Staphylococcus aureus. These
results indicate that modified Tilapia fish skin acquires antibacterial behavior and can be explored for
xenografts with prospective applications in the light-dependent actuation of TiO2-based compounds.
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1. Introduction

New sensors and smart devices are now possible via the burgeoning growth of nan-
otechnology that makes use of building blocks with outstanding properties such as large
surface areas and multifunctional properties, with relevant applications in antibacterial
products [1,2]. The different forms of silver (Ag0, Ag2O, and Ag+) have been extensively
reported in the literature as important antibacterial agents [3–5] due to their intrinsic ability
to be accumulated in microorganisms affecting vital processes.

The accumulation of silver nanostructures on the cell wall favors cell disruption
(damage in the cell envelope) [6,7] with respect to the subsequent release of Ag0 and Ag+

species, which are characterized by a strong affinity toward sulfur proteins (interaction
with thiol groups (-SH) and phosphorous components in DNA) [8,9]. As a consequence,
the interruption in adenosine triphosphate production is established, with implications
for DNA replication. The binding of these species in the phosphoric acid residues of DNA
(the N7 atom of guanine) disturbs replication and cell division [6]. In addition to this
mechanism, the creation of reactive oxidative species (ROS) introduces genotoxic effects
during the destruction of cells and biofilms [6,8,9].

On the other hand, titanium dioxide has been recognized as an important photoactive
support applied in environmental remediation [10–12], considering the prevailing (and
stable) rutile and anatase phases [13]. Improvements in the antibacterial activity of TiO2 are
based on the incorporation of metal nanoparticles as doping components [14]. With this aim,
acrylic and composite resins [8,15,16], TiO2/Ag membranes [17], and titanium coatings [8]
have been developed for several applications, such as endodontic treatment, dental implant
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intervention [8,18], the prevention of oral biofilm formation [19] and superhydrophobic
coatings for wood substrates [20].

The incorporation of silver nanoparticles into TiO2 structures is conducted using dif-
ferent methods, such as chemical vapor deposition, horizontal vapor phase growth, sono-
chemical methods, ion implantation [5], photochemical methods, radiation, ion/magnetron
sputtering [21], sol–gel processes [12,22,23], micro-arc oxidation [24], and plasma elec-
trolytic oxidation [25], which commonly introduces high-energy-requirement issues. An
alternative and simple method for the production of titanium dioxide support for the
following impregnation and doping steps with silver nanoparticles can be successfully con-
ducted by incipient wetness impregnation (IWI) procedures [26,27] in which the aqueous
solution of the metal precursor is incorporated into the support with the resulting fine paste
being thermally treated in order to be converted in a mixed oxide of titanium and silver.

An important step to improve the antibacterial activity of the synthesized mixed
oxides is the adequate incorporation of material on a scaffold that potentializes its action
for wound-dressing applications. Tilapia skin has been progressively applied as a scaffold
for treating burns [28,29]. The impregnation of antibacterial components in tilapia skin
can be conveniently explored for the sterilization of skin [28] and for avoiding biofilm
contamination on surfaces. Previous experiments conducted by our group considered
the use of conducting polymers and graphene derivatives as a strategy to incorporate
antibacterial properties into the tilapia skin [30]. Relative to the safety of the proposed
antimicrobial skin, some aspects must be highlighted: lyophilization removes 95% of
the water from the skin, introducing an important impediment to biochemical processes
and microbial action [31]. This process favors the use of xenograft substrates [32], with
collagen accelerating the healing process [33,34]. The incorporation of mixed oxides (silver
nanoparticles immersed in a TiO2 template) introduces antibacterial properties for the
modified skin with the advantages of good biocompatibility with titanium dioxide [35,36],
while silver nanoparticles improve the kinetics of antibacterial activity [37], which is
associated with preservation of skin collagen [38] and lower toxicity for eukaryotic cells
than compared with procaryotic cells [39].

Therefore, a mixed oxide powder of silver and titanium was produced by the IWI
method and for use as a prototype of an antibacterial and antibiofilm agent incorporated
into the tilapia skin, which produces antibacterial and antibiofilm properties preserving the
intrinsic structure of the xenograft support.

2. Materials and Methods
2.1. Materials

Titanium dioxide (Êxodo Científica, São Paulo, Brazil) and silver nitrate (Sigma-
Aldrich, São Paulo, Brazil) were used as received. Nile tilapia skins were donated by Omega
Pescados do Vale (Petrolina, Pernambuco, Brazil). Deionized water with a resistivity of
18.2 MΩcm was used in all experiments. The phosphate saline solution (PBS) was prepared
from a dispersion of 8.2 g of sodium chloride, 1.05 g of sodium phosphate, and 0.355 g of
monobasic sodium phosphate in milli-Q water (1 L) at pH 7.2.

2.2. Synthesis of Mixed Oxides

Preceding the synthesis of a mixed oxide of Ag/TiO2, an initial step of drying TiO2
was carried out in an oven for 21 h at 120 ◦C. Dried TiO2 (30 g) was dissolved in water
(30 mL) and acquired the aspect of a fine paste. After this initial step, different ratios of
the metal precursor—AgNO3—were prepared (0.9638 g—2 w/w%; 5.2477 g—10 w/w%).
Then, different amounts of silver nitrate (already dissolved in water—2.4 mL for the sample
with 2% of Ag; 12.4 mL for the sample with 10% of Ag) were added to TiO2 paste. The
final solutions were kept under constant rotation (120 rpm) for 17 h in a rotary evaporator
(Fisatom, São Paulo, Brazil) at room temperature, with the excess solvent eliminated by
additional vacuum evaporation on a rotary evaporator at 80 ◦C. Then, the material was
removed from the flask and dried in an oven for 21 h at 120 ◦C and then calcined with a
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heating ramp at 400 ◦C for 5 h, resulting in 2% Ag/TiO2 and 10% Ag/TiO2 samples that
were prepared at increasing concentrations of silver. The negative control was prepared in
the absence of silver (sample 0% Ag/TiO2).

2.3. Tilapia Skin Treatment and Lyophilization

The tilapia skin was previously treated according to Guimarães et al. [30] with some
modifications. Scales and excess residual meat were removed with a razor. Then, circular
disks of tilapia skin that were 1 cm in diameter were separated and washed with ultrapure
water and immersed in a phosphate saline solution (PBS) at 37 ◦C for 30 min. After the pre-
treatment, the skins were frozen and then lyophilized following a methodology adapted
from Lima et al. [31] and Nie et al. [40]. For this, the skin disks were frozen at −25 ◦C for a
period of 24 h. Then, the skins were lyophilized under a vacuum for 30 min. The resulting
material was placed in sterile glass containers and stored at −10 ◦C and transferred to a
laminar flow hood, remaining under ultraviolet radiation for 15 min.

2.4. Impregnation of Mixed Oxides in Tilapia Skin

For the impregnation of mixed oxides in tilapia skin, modifications were incorporated
into the procedure reported in Ref. [41]: 100 mg of the previously prepared samples (0%
Ag/TiO2, 2% Ag/TiO2, and 10% Ag/TiO2) was dispersed in 1 mL of ultrapure water and
kept under sonication for 15 min. The treated disks of tilapia skin were immersed in mixed
oxide solutions for impregnation by rehydrating the skin with mixed oxide solutions for
30 min in an ultrasonic bath. After sonication, skins were removed from the solutions
and transferred to sterile Petri dishes and taken to a laminar flow hood to dry at room
temperature.

2.5. Characterization Techniques

Fourier transform infrared spectroscopy was used to scrutinize the structure of the
composite synthesized from the KBr method in a Shimadzu Prestige-21 IR spectrophotome-
ter (Japan) in the range of 4500–450 cm−1 (step of 1 cm−1). Scanning electron micrographs
were provided by a Vega 3XM Tescan scanning electron microscope (Tescan, Brno, Czechia)
at an accelerating voltage of 10 kV with samples previously coated with a thin layer of gold
(120 nm). Particle size and the zeta potential were measured on a Zetasizer Nano-ZS90
Malvern particle analyzer. The phase composition was determined by X-ray diffraction
analyses. X-ray diffraction (XRD) patterns were performed at room temperature with a
Rigaku Miniflex powder diffractometer (Rigaku Corporation, Tokyo, Japan), with Cu-Kα

radiation (λ = 1.5418 Å) and with the tube operating at 40 kV and 15 mA in continuous
mode with a sweep rate of 0.02◦ at a speed of 20◦/min. The phase composition was de-
termined by the Rietveld method using the FullProof Suite program in association with
references from the ICSD database.

2.6. Antibacterial Activity

The antibacterial activity of mixed oxides was carried out by exploring microdilution
assays, the kill time curve, and the agar diffusion test against S. aureus (ATCC 25923).

The microdilution test in broth was performed for the evaluation of the minimum
bactericidal concentration (MBC) of the solution [42], and it is described as follows: 100 µL
aliquots of (Trypticase Soy Broth—TSB—Êxodo Científica, São Paulo, Brazil) were added
to each microplate well (96 wells per microplate—Firstlab, Paraná, Brazil). Then, 100 µL
of samples 0% Ag/TiO2, 2% Ag/TiO2, and 10% Ag/TiO2, with initial concentrations of
100 mg/mL, was added to the first wells and, after homogenization, transferred to the
second and so on, obtaining reductions of 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, and 1:256
relative to the initial concentration. Afterward, 10 µL aliquots of a bacterial suspension
of S. aureus at 108 CFU/mL (0.5 turbidities on the McFarland scale) were added to the
microplate wells, except for negative controls (wells with TSB broth without bacteria). The
microplate was incubated at 37 ◦C for 24 h. After that, aliquots of the microplates were
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seeded on the surface of the Plate Count Agar medium—PCA (Êxodo Científica, São Paulo,
Brazil)—with the aid of a microplate replicator; then, the plate was again incubated at 37 ◦C
for 24 h. All treatments were performed in triplicate.

For the kill time curve test, solutions of pure 0% Ag/TiO2, 2% Ag/TiO2, and 10%
Ag/TiO2 were used with concentrations of 4x MBC for each sample [42]. Reactors with
6.6 mL of the bacterial suspension of S. aureus at 108 CFU/mL (0.5 turbidities on the Mc-
Farland scale) received 3.3 mL of 0% Ag/TiO2, 2% Ag/TiO2, and 10% Ag/TiO2 separately.
A control reactor was prepared with 10 mL of bacterial suspension in 108 CFU/mL saline
solution (0.5 in turbidity on the McFarland scale). Aliquots of 100 µL from the reactors
were removed at fixed time intervals (1, 5, 10, 15, 30, 45, 60, 75, and 90 min) and dispersed
in Petri dishes with a PCA agar medium. Colonies were counted and expressed as total
viable counts (TVCs) after 24 h of incubation at 37 ◦C. This test was performed in triplicate.

The qualitative evaluation of the antibacterial activity of 0% Ag/TiO2, 2% Ag/TiO2,
and 10% Ag/TiO2 samples was performed using an agar diffusion test. In this test, the
solutions were incorporated into 1 cm diameter disks of previously treated tilapia skin.
As a control, tilapia skin was used without the incorporation of any antibacterial agents.
After making the skin disks, a suspension of S. aureus (ATCC 25923) in saline solution
(0.5 in turbidity on the McFarland scale) was prepared. With the aid of a swab, the bacterial
suspension was seeded across the surface of the PCA agar medium. Then, tilapia skin disks
with 0% Ag/TiO2, 2% Ag/TiO2, and 10% Ag/TiO2 and pure skin (control) were aseptically
deposited on the plates. The plates were incubated at 37 ◦C, and inhibition zones were
measured after 24 h. The test was performed in triplicate.

2.7. Biofilm Formation and Counting Method

The biofilm formation inhibition activity was performed against the S. aureus strain
(ATCC 25923) cultivated in a TSA medium (Tryptic Soy Agar), as reported in Ref. [41].
Colonies were transferred to 10 mL of saline solution, obtaining a bacterial suspension with
a concentration of 108 CFU/mL (0.5 in turbidity on the McFarland scale). Then, 1 mL of
this initial suspension was transferred to reactors with 9 mL of TSB broth (Trypticase Soy
Broth), completing 10 mL of the solution at 107 CFU/mL. Tilapia skin disks with samples
0% Ag/TiO2, 2% Ag/TiO2, and 10% Ag/TiO2 with concentrations of 4× MBC for each
sample, and pure skin disks (control treatment) were added to the reactors and incubated
at 37 ◦C for 24 h. After the incubation period, the disks were removed from the reactors,
and 10 mL of saline solution was added. The resulting solutions were taken to an ultrasonic
bath (f = 40 kHz) for 15 min to remove the species adhering to the walls of the reactors.
Then, 100 µL aliquots were removed in triplicate from each system and plated on PCA. The
error bars were calculated relative to the standard deviation of the three results.

3. Results and Discussion
3.1. Characterization

The morphology of the mixed oxides is characterized by the grains of both compo-
nents (Ag and TiO2), with sizes in the order of (305.02 ± 76.25) nm for 0% Ag/TiO2—
Figure 1a; (291.37 ± 62.83) nm for 2% Ag/TiO2—Figure 1b; and (283.62 ± 109.05) nm for
10% Ag/TiO2—Figure 1c. Overlaid EDX images for samples 0% Ag/TiO2, 2% Ag/TiO2,
and 10% Ag/TiO2 confirm the presence of elements Ti (red dots) and O (green dots)—
Figure 1d—and Ti (green dots) and Ag (red dots) in Figure 1e,f for samples 2% Ag/TiO2
and 10% Ag/TiO2, respectively.
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Figure 1. SEM images of (a) 0% Ag/TiO2, (b) 2% Ag/TiO2, and (c) 10% Ag/TiO2 and overlaid EDX
images of samples (d) 0% Ag/TiO2 (Ti in red dots and O in green dots), (e) 2% Ag/TiO2, and (f) 10%
Ag/TiO2 (Ti in green dots and Ag in red dots).

The FTIR spectrum of samples with increasing concentrations of silver in mixed oxides
was evaluated within the range of 400–4500 cm−1 (see Figure 2a). The characteristic band of
TiO2 was identified at 671 cm−1, which is assigned to the binding of oxygen and titanium
(Ti-O-O) [43,44], and at 1638 cm−1 relative to the Ti-OH water folding modes [45,46], while
the identified broadband at 3426 cm−1 is assigned to the stretching vibration of the OH
group [46,47].
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Figure 2. (a) FTIR spectrum of samples 0% Ag/TiO2 (curve in black), 2% Ag/TiO2 (curve in red),
and 10% Ag/TiO2 (curve in blue) and (b) hydrodynamic radius of dispersion of mixed oxides in
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The interaction between silver nanoparticles and titanium dioxide support can be
identified from a new band at 1398 cm−1 as a response to the TiO2-Ag bond [43,48,49].

The aggregation level of mixed oxide was evaluated from the measured distribution
of the hydrodynamic radius of nanoparticles in water (see Figure 2b). As observed, the
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aggregation level of grains confirms the structures in SEM images with a distribution of
sizes centered in 274 nm for 0% Ag/TiO2, 252 nm for 2% Ag/TiO2, and 348 nm for sample
10% Ag/TiO2.

In addition to the aggregation level and FTIR spectrum of the mixed oxide, the
relevant information is obtained from the diffraction X-ray spectrum (Figure 3). According
to the XRD analysis, all supports of TiO2 (Figure 3a) are prevalent in the rutile crystal
phase (88 to 98%) ICSD 01-075-1757, and the remaining part is the anatase crystal phase
ICSD 01-071-1166. Mixed oxides (modified TiO2 in the presence of precursor AgNO3)—
Figure 3b,c—confirmed the existence of peaks at 38.18◦ (111), 44.26◦ (200), 64.38◦ (220), and
77.33◦ (311), according to reference standard ICSD 01-087-0717 for the face-centered cubic
crystal of silver, as reported by Kim et al. [50].
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Figure 3. DRX spectrum for samples 0% Ag/TiO2 (a), 2% Ag/TiO2 (b), and 10% Ag/TiO2 (c).

3.2. Antibacterial Assays

Minimal bactericidal concentration (MBC) assays were conducted for different exper-
imental systems, as summarized in Figure 4a, confirming the presence of bacteria in the
positive control column and the absence of contamination in the negative control column
with different levels of critical concentrations for different compounds. As observed for
columns in which samples were evaluated, negligible antibacterial activity was observed
for sample 0% Ag/TiO2 for an initial concentration of 108 CFU/mL. Under the progressive
incorporation of silver nanoparticles in mixed oxides, it is possible to identify the MBC
for samples 2% Ag/TiO2 of 6.25 mg/mL and a reduction to 3.13 mg/mL as a response
to the higher loading mass of silver in sample 10% Ag/TiO2. These results confirm that
silver introduces a relevant contribution to the overall antibacterial performance of the
mixed oxide.
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Figure 4. (a) MBC assays for different compounds at a progressive reduction in the concentrations
against S. aureus. From left to right: positive control, negative control, 10% Ag/TiO2, 2% Ag/TiO2,
and 0% Ag/TiO2. (b) Inhibition zones for tilapia skin impregnated with mixed oxides: negative
control, 10% Ag/TiO2, 2% Ag/TiO2, and 0% Ag/TiO2.

The resulting inhibition halo assays for tilapia skin applied as a scaffold impregnated
with mixed oxides are shown in Figure 4b. As can be seen, a negligible inhibition halo
is observed for the negative control and in the absence of silver nanoparticles (samples
control and 0% Ag/TiO2). At an increasing concentration of silver in mixed oxides, an
increasing inhibition halo is observed from images, (21.69 ± 0.43) mm for sample 2%
Ag/TiO2 and (23.81 ± 0.30) mm for sample 10% Ag/TiO2, confirming the relevance of
silver nanoparticles content on the overall antibacterial activity of the mixed oxide.

The kill time assays performed in the range of time from 5 min to 90 min for all
samples are summarized in Figure 5. As expected, and as a consequence of the results
from MBC and the inhibition halo, a negligible variation is observed for samples prepared
in the absence of silver. Under the progressive incorporation of silver nanoparticles, the
characteristic kill time is in an order of 45 min for the complete elimination of S. aureus for
sample 2% Ag/TiO2, while the increasing concentration of silver for values in the order of
10% Ag/TiO2 reduces the time to 30 min, characterizing the most efficient activity of the
mixed metal oxide at a higher content of silver.
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Figure 5. Kill time kinetics for tilapia skin impregnated with mixed oxides: negative control (curve in
black), 10% Ag/TiO2 (curve in blue), 2% Ag/TiO2 (curve in red), and 0% Ag/TiO2 (curve in green).



Appl. Microbiol. 2023, 3 272

The inhibition of biofilm formation was evaluated by considering different antibacte-
rial compounds measured from the relative variation in biofilm formation in tilapia skin
and reactors by considering modified tilapia skin with mixed oxides used as an antibacterial
surface. The results summarized in Figure 6 indicated that negligible antibiofilm activity
was observed for all compositions—represented by the initial concentration (107CFU/mL)
in the plot—with the exception of the tilapia skin impregnated with 10% Ag/TiO2, reducing
the amount of biofilm formation on both surfaces (skin and reactor) and confirming the
potential of mixed oxides prepared at higher concentrations of silver in acting not only as a
potential antibacterial agent but also as an antibiofilm component with the most important
role assumed by silver nanoparticles as a concentration-dependent component against
biofilm-forming S. aureus.
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Figure 6. Biofilm inhibition evaluation for tilapia skin impregnated with mixed oxides: negative
control, 10% Ag/TiO2, 2% Ag/TiO2, and 0% Ag/TiO2.

4. Conclusions

The incorporation of mixed oxide (Ag/TiO2) into tilapia skin provides additional
antibacterial and antibiofilm activity relative to the intrinsic properties of the xenograft,
characterizing this process as a low-cost and efficient method for the impregnation of oxides
into xenograft. These results open possibilities that reduce the risk of contamination in
burn treatments since antibiofilm activity is critical for the treatment. The incorporation of
silver into TiO2 is critical in the complete process since these nanoparticles are responsible
for the attack of cells, the binding to sulfur proteins (interaction with thiol groups (-SH) and
phosphorous components in DNA), and the inhibition of vital processes in bacteria and
biofilms. The complete elimination of S. aureus from an initial concentration of 108 CFU/mL
in 30 min is one of the most important results of this experimental system.
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