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Abstract
In this work, the mechanical, antibacterial, and non-cytotoxic performance of isotac-
tic polypropylene (iPP) nanocomposites was evaluated when silanized TiO2 (sTiO2) 
nanoparticles deposited with AgNPs were used as filler. The synthesis and deposi-
tion on sTiO2 were carried out using the quercetin biomolecule as reducing and sta-
bilizing agents, as green approach. One-step and two-step methods were compared, 
and two qualities of quercetin were used: reactive grade (99% purity) and dietary 
supplement (20% purity). Both methods were characterized by UV, TEM, EDX, 
XRD, and Z potential. For nanocomposites, iPP was prepared with sTiO2-AgNPs at 
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two ratios, 0.5 and 1% w/w, to evaluate whether the nanoparticles can confer antimi-
crobial activity and improve their mechanical properties. The antibacterial activity 
was studied against Escherichia coli and Staphylococcus aureus, and the mechanical 
properties were evaluated by dynamic mechanical analysis. The best nanomaterial 
was prepared by the one-step method using quercetin dietary supplement, with the 
highest silver content (7.0%) and the most significant antibacterial activity, with an 
improvement of 40%. As for the nanocomposites, those prepared at 0.05% w/w with 
the one-step method presented the best dynamic mechanical properties, because the 
fillers were well dispersed and significantly improved the integration and stress dis-
sipation, thus enhancing the antimicrobial capacity. Finally, cytotoxic activity evalu-
ation found that nanocomposites of iPP with sTiO2-AgNPs are non-toxic, unlike sin-
gle AgNPs. These findings open the possibility of using these nanocomposites with 
high antimicrobial power and without cytotoxic effects at industrial and commercial 
level in medicine, food, environment, among others.

Graphical abstract

Keywords  Silver nanoparticles (AgNPs) · Titanium dioxide nanoparticles · 
Polypropylene · Antibacterial study · Non-cytotoxicity activity

Introduction

The potential uses for polymers seem to be endless, as they are found in virtually 
every aspect of daily life. Among the most widely used polymers in the world today 
is polypropylene (PP) [1]. Polypropylene is a saturated polyolefin containing only 
carbons and hydrogens in its semi-crystalline structure. It is one of the most widely 
used polymers in various industries, as it is very hard, opaque and with high heat 
resistance and it softens at a temperature above 150 ºC. Its main advantage is that 
it has low production costs [2, 3]. The mechanical properties of polypropylene are 
highly dependent on its molecular structure, crystallinity and level of orientation 
[3]. Isotactic polypropylene (iPP) is one of the greatest industrial interest due to its 
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better mechanical properties, derived from its crystallinity due to its more stereo-
regular structure. In addition to the advantages mentioned above, PP continues to be 
improved using fillers or reinforcements that improve its mechanical properties. The 
most used fillers can range from dicarboxylic salts to various metal oxides that can 
also be functionalized [4–6], which could also provide other characteristics such as 
better integration of the fillers within the matrix, or even antimicrobial properties [7, 
8].

Nanoparticle-filled polymeric nanocomposites have received great attention in 
recent years due to their improved mechanical, chemical, optical and electrical prop-
erties [9, 10]. For nanocomposites to be successful, the fillers must be integrated 
in such a way that the adhesion between the particle and the polymeric matrix is 
optimal. For this reason, the choice of filler is essential in order to achieve improved 
properties. The main problem on the study of nanocomposites is the tendency of the 
particles to agglomerate, resulting in poor mechanical and optical properties. One of 
the options to overcome this problem and to achieve an optimal improvement of the 
properties is the use of dispersants and coupling agents [7, 8] by functionalizing the 
surface of the nanoparticles. Silanization is a great option as it modifies the surface 
of metal oxides, changing their attractive interaction and helping to reduce the prob-
lem of agglomeration [11–14].

Bacterial resistance is currently causing many problems in areas such as medi-
cine and food, as pathogenic bacteria that cause infections and trigger diseases 
are embedded in polymers as reservoirs and are often the most significant source 
of contagion. To solve this problem, composites or surfaces can be prepared with 
biocidal materials, such as nanoparticles, to inhibit or eliminate bacteria. Therefore, 
the importance of developing antimicrobial contact surfaces as a sanitary tool in the 
control the spread of these types of diseases. To open a broad perspective of PP to 
more industrial applications, researchers have worked to incorporate fillers, which 
allow improving the antimicrobial and mechanical properties of the film.

Pathogenic bacteria cause infections in humans, triggering diseases causing a 
high impact on public health and immense economic losses [15]. The main ways 
that bacteria can infect are through (1) hosts, any animal or plant in which a bacte-
rium lives, and (2) reservoirs, any site, animal, or plant where the bacteria can sur-
vive and multiply until its transfer to a host [16]. Nonliving reservoirs are often the 
most significant source of contagion since every object, device, food, air, soil, and 
water can transmit infections [17]. For example, feces may contaminate raw fruits 
and vegetables in soil, spores on air, or bacteria in the water, becoming reservoirs 
for Escherichia coli (E. coli) [18, 19], while Staphylococcus aureus (S. aureus), a 
major bacterial human pathogen, is typically found on human skin, mucus mem-
branes, nose, armpit, groin, and other areas, which can cause the infection of tissues, 
lungs, abdomen, heart valves, etc. [20, 21]. Although the action against bacteria is 
relatively simple, the concern about bacterial infections has rapidly grown due to 
two main facts: the resistance to antimicrobials and the lack of antibacterial surfaces 
that facilitate the spread of diseases by transmission through contaminated objects.

Therefore, it is urgent to develop antibacterial materials against pathogenic bac-
teria [17]. Recently, silver nanoparticles (AgNPs) have proven to be a great alterna-
tive as effective antibacterial agents. Several works [22, 23] have proposed that they 
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possess more than one action mechanism against bacteria; for example, AgNPs may 
bind strongly to the bacterial membrane and incorporate them into the cell, causing 
leakage of intracellular substances and penetrating the bacteria [22–24]. However, 
in recent years AgNPs have raised alarms about their potential hazards to the health, 
safety, and environment [25]. In addition, from in vitro cell culture tests, it has been 
reported that, depending on dose, shape, size (< 10 nm), surface charge, and condi-
tion, these nanoparticles have toxic effects on various human cell lines, including 
human peripheral blood mononuclear cells [26, 27]. Therefore, despite their antibac-
terial action, they have the inherent counterpart of inducing cytotoxicity effects in 
mammalian cells [28].

In addition, working with nanoparticles can bring challenges, such as spontane-
ous agglomeration and instability in the air, water, or sunlight, limiting their anti-
bacterial performance [29, 30]. One of the most suitable alternatives is to deposit 
the AgNPs on the surface of metallic oxides such as titanium dioxide (TiO2). Thus, 
materials deposited with AgNPs can be well-dispersed without aggregation [22–24, 
29–33] and lower toxicity [26–28]. TiO2 has arisen as an excellent material thanks 
to being non-toxic and an exceptional degradant of organic pollutants [24, 29, 34]. 
In addition, it is a chemically stable amphoteric oxide that is used as a photocata-
lyst to degrade organic molecules [18–21] and prevents bacterial contamination and 
infection [35, 36]. There are several examples of Ag-deposition on titanium dioxide 
nanoparticles; most of them are performed in two steps: first AgNPs are obtained 
and then deposited on silanized sTiO2. Although these methods have shown promis-
ing results, they need a long time for the reaction process and lead to agglomeration 
of the particles limiting the product’s quality and industrial applicability [37].

Lately, the synthesis of nanoparticles using biomolecules has increased for their 
simple, ecological, and non-toxic nature [38]. These eco-friendly processes, often 
called green synthesis, present a great option thanks to the possibility of controlling 
the size, shape, and properties of nanoparticles [39]. For example, to obtain AgNPs 
by reducing silver ions provided by a precursor salt, polyphenolic compounds 
(PPCs) can reduce Ag+ ions because hydroxyl (-OH) groups in their aromatic ben-
zene rings scavenge free radicals or chelate free metal ions. Quercetin is the most 
abundant PPC found in many plants and foods, such as berries, purple onion grapes, 
garlic, and others.

Using green syntheses is the main advantage of avoiding toxic chemical sub-
stances that cause inefficient processes and hazardous waste [40, 41]. Jain and 
Mehata and Saha et al. [39, 42] have recently used this natural PPC to synthesize 
silver nanoparticles (AgNPs) by reducing metal ions. In these mechanisms, the 
primary molecule in the natural extracts is quercetin. It is used as a protective and 
reducing agent to induce the formation and stabilization of AgNPs. However, most 
of the work has been limited to plant extracts, roots, and leaves. Still, there are sev-
eral drawbacks, such as the variability of raw materials and the poor control of fla-
vonoid content that can be affected by maturity, moisture, size, and poor stability of 
these perishable materials.

In this work, it was evaluated whether antimicrobial properties could be conferred 
to iPP by using silanized titanium dioxide (sTiO2) fillers deposited with AgNPs, 
and how the immersion of these fillers affects the dynamic mechanical properties 
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of nanocomposites. The obtaining and deposition of AgNPs on sTiO2 were evalu-
ated by two routes: A one-step method, "in situ", was proposed to evaluate whether 
it is possible to obtain comparable or better results than the two-step method that 
first performs the reduction and formation of AgNPs and then the deposition on the 
surface of sTiO2. Both methods were carried out through a green synthesis using 
quercetin as a reducing agent. The quality of the quercetin was evaluated using reac-
tive grade (99% purity) and dietary supplement quality (20% purity). Therefore, four 
sTiO2-Ag nanosystems were obtained and analyzed to know which conditions are 
more favorable to get more silver on the surface and have more antibacterial activity 
against pathogenic bacteria. On the other hand, the proposal to confer this property 
to PP was evaluated by microbiological tests on the nanocomposites by drop test and 
to rule out that they were cytotoxic by performing the resazurin test. Finally, it was 
evaluated how each different nanosystem was integrated into the polymeric matrix 
by means of a dynamic mechanical analysis.

Materials and methods

Materials

Reactive grade quercetin (99% purity) was obtained from Sigma-Aldrich. Quercetin 
dietary supplement (20% purity) was obtained from the “Essential Nutrition” brand, 
containing quercetin and microcrystalline cellulose. Rutile titanium dioxide (TiO2) 
particles (average diameter 350 nm) were obtained from DuPont Mexico (R-104). 
3-Aminopropyltriethoxysilane (APTES, 97% purity) was supplied by Sigma-Aldrich 
(Mexico). Silver nitrate (AgNO3, 99.0%) was provided by Sigma-Aldrich (Mexico).

Obtaining and characterization of AgNPs nanoparticles using quercetin

First, a 1 mM quercetin solution was prepared by dissolving the quercetin in a solu-
tion of ethyl alcohol and distilled water (50% v/v) at pH 11. Next, the concentration 
of this quercetin solution (1  mM) was prepared considering the actual amount of 
quercetin (99% in the reactive grade and 20%) in the supplement). Next, AgNO3 was 
dissolved in distilled water to obtain a 2 mM silver nitrate solution. Next, 0.75 mL of 
the quercetin solution was added to 10 mL of the AgNO3 solution, and it was stirred 
at 500 rpm for 2 h.

Obtaining of the AgNPs was confirmed by Ultraviolet–visible (UV–Vis) spec-
troscopy using a Perkin Elmer Model Lambda 35, recording wavelength from 200 
to 800 nm at a wavelength. The surface morphology and size of the AgNPs were 
analyzed using a transmission electron microscope (TEM) using JEOL equipment 
(model JEM 1230 microscope) with a resolution of 0.4 nm and an acceleration volt-
age of 100 kV. The particle size distribution was determined by processing TEM 
images with ImageJ software.
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Functionalization of titanium dioxide nanoparticles with APTES

Titanium dioxide was superficially modified with APTES in a 5:1 proportion. Tita-
nium dioxide was mixed with ethanol and stirred and sonicated until completing 
2.5 h, as reported in previous work [7]. Subsequently, APTES was added and stirred 
overnight. The obtained product was washed with water twice and with methanol 
five times to remove the unreacted agent. Finally, the product was dried in an oven at 
80 °C for 6 h. The dried powder was stored and labeled as sTiO2.

Preparation of Ag‑deposited sTiO2 nanoparticles

a) Two‑step method (M1)

First, a 1-mM solution was prepared by mixing 0.03 g of quercetin with 100 ml of a 
solution of ethyl alcohol and distilled water (50% v/v); then, pH was adjusted to 11 
with NaOH (0.5 M), while 0.034 g of AgNO3 was dissolved in 1000 ml of distilled 
water to obtain a 2-mM silver nitrate solution. Finally, 1 ml of the quercetin solution 
was added to 10 mL of the AgNO3 solution and vigorously stirred for 2 h, and then, 
it was kept undisturbed for 24 h to complete the AgNPs formation.

Second, 10 g of sTiO2 was mixed with 250 ml of water and sonicated for 5 min 
at 60 Hz in an ultrasonic bath. While stirring, the previous AgNPs colloidal solution 
(250 mL) was added, and the mixture was stirred for 2 h to complete the deposition. 
Then, drying was carried out in an oven at 80 °C overnight. The dried powder was 
stored and labeled as M1R1.

The above procedures were repeated for the quercetin dietary supplement. In 
addition, the obtained powder was labeled as M1S2.

b) One‑step method (M2)

Ten grams of sTiO2 was mixed with 250  ml of water and sonicated for 5  min at 
60 Hz in an ultrasonic bath, while 0.085 g of AgNO3 was dissolved in 250 ml dis-
tilled water to obtain a 2-mM silver nitrate solution and added to the sTiO2 solution. 
Finally, a 1-mM quercetin solution was prepared in a solution of ethyl alcohol and 
distilled water (50% v/v) and adjusted to a pH of 11 with NaOH (0.5 M), and 25 mL 
of this solution added to the main vessel. The reaction was stirred for 24 h to com-
plete the AgNPs formation and deposition “in situ”. Then, drying was carried out in 
an oven at 80 °C overnight. The dried powder was stored and labeled as M2R1.

The previous procedure was repeated for quercetin dietary supplement. The 
obtained powder was labeled as M2S2.

Characterization of titanium dioxide nanoparticles silanized with APTES

Pristine TiO2 and silanized TiO2 (sTiO2) were characterized by Fourier transform 
infrared spectrometry (FTIR), using a Perkin model spectrum 100 spectrometer 
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to confirm the successful demonstration of chemical modification by bonding of 
APTES to the surface of titanium dioxide. Each spectrum was recorded between 
4000 and 1000 cm −1  with 80 scans per sample.

Characterization of Ag deposited on sTiO2 nanoparticles

Transmission electron microscopy (sTEM) analysis was performed to confirm the 
Ag deposition. The four samples, M1R1, M1S2, M2R1, and M2S2, were dispersed 
in an aqueous medium, making serial dilutions until achieving the optimum particle 
concentration. Finally, a drop was placed on a copper grid and observed in JEOL 
equipment (model JEM 1230 microscope) with a resolution of 0.4 nm and an accel-
eration voltage of 100 kV.

The X-ray diffraction (XRD) measurements for the four samples were used to 
investigate the crystalline structure of the Ag deposited on sTiO2 by using a Bruker 
Model D8 ADVANCE diffractometer with Lynx Eye detector and copper tube 
(wavelength 1.5406A). The samples (2θ) were scanned at 20–80° with a 0.02° 
increment.

The hydrodynamic diameter and the surface charge (Zeta potential) were charac-
terized by a Delsa Nano C Particle Analyzer (Beckman Coulter). For particle size, 
the nanoparticles were suspended in water. While for Z potential, colloidal solutions 
were prepared and scanned at different pHs to monitor the behavior of nanoparticles.

The colloidal stability analysis of the systems was performed through a piece of 
equipment designed by our research group, consisting of a light-emitting unit and a 
receiver that translates the light intensity. This equipment scans along with a quartz 
cell where the suspension is located. The suspensions were studied at 0, 4, 24, 48, 
and 72 h.

Antimicrobial activity of Ag deposited on sTiO2 nanoparticles by disk diffusion 
method

The four systems were tested against pathogenic bacteria to evaluate their anti-
microbial effects. The susceptibility of Gram-positive bacteria (Staphylococcus 
aureus ATCC-47077) and Gram-negative bacteria (Escherichia coli ATCC-25922) 
was tested by the disk diffusion method [43]. First, the disks were placed in vials, 
soaked with each freshly prepared system, and left to impregnate. Next, the micro-
bial strains of bacteria, E. coli and S. aureus, were inoculated into the nutrient broth 
and kept overnight for incubation in a furnace. The turbidity of broth cultures was 
compared with 0.5 McFarland solutions, corresponding to 1–2 × 108 colony-form-
ing units (CFU ml−1). The solid growth medium used for S. aureus and E. coli was 
mannitol agar and coliform chromogenic agar, respectively. Next, Petri dishes were 
inoculated using a sterile swab with the microorganisms, rotating the box 60° for 
each striatum application. Finally, the disks previously impregnated were placed on 
each dish and incubated in a furnace at 37 °C for 24 h. Finally, the zones of inhibi-
tion (halo) o were measured under an extraction hood. The assays were performed in 
triplicate, and mean values of zone diameter were taken using the ImageJ software.
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Preparation of the iPP nanocomposites

Two ratios of sTiO2 were used as filler in the iPP matrix. The percentages in weight 
tested to study their antibacterial activity conferred by the nanoparticles were 0.5% 
w/w and 1% w/w. The nanocomposites were prepared by extrusion in a twin-screw 
extruder with a heating profile in the feed section at 190  °C, heating section at 
240 °C and die at 190 °C was used. All nanocomposites were extruded three times 
to improve the nanoparticles dispersion in the polymer matrix.

Antibacterial analysis of iPP nanocomposites by the drop‑test method

iPP nanocomposites were tested against S. aureus and E. coli using the antibacterial 
drop-test method [36] with some modifications. Each nanocomposite was immersed 
in a test tube with nutrient broth inoculated with the respective bacteria. Moreover, 
a culture of the microorganism was grown without any treatment as a control. Then, 
the tubes were incubated for 24 h and then measured in a spectrophotometer. The 
optical absorptions [A] were recorded, and the inhibition rate (%) is calculated as 
follows:

where [A]
i
 is the optical absorption of the control, and [A]

c
 is the absorption of each 

nanocomposite.

Dynamic mechanical analysis

A dynamic mechanical analyzer (DMA-8000 PerkinElmer) was used to determine 
the viscoelastic properties for the iPP nanocomposites. The configuration was set 
dual cantilever with a displacement amplitude of 0.05 mm under constant strain and 
a frequency of 1 Hz. The evolution of the storage modulus, loss modulus, and Tan δ 
as a function of the temperature (between −20 and 120 °C with a ramp of 3 °C/min) 
were analyzed.

Evaluation of cell viability of Ag deposited on sTiO2 nanoparticles by Resazurin 
method

The resazurin method assessed cell viability by seeding peripheral blood mononu-
clear cells (PBMC) (Sigma-Aldrich). The PBMC was isolated by Ficoll-Histopaque 
gradient (Histopaque1077, Sigma-Aldrich). Subsequently, the different nanoparti-
cles were exposed to PBMC in different concentrations in a supplemented RPMI-
1640 medium (50 U/ml of penicillin and 50  mg/ml) streptomycin) for 24  h. Cell 
viability of the nanocomposites was also evaluated by exposing mononuclear cells 
to different concentrations of solutions resulting from the immersion in deionized 
water and subsequent sonication for 30 min at 60 Hz in an ultrasonic bath of each 

(1)Inhibition rate(%) =
[A]

i
− [A]

c

[A]
i

× 100
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nanocomposite. Cell viability was evaluated by the percentage of mitochondrial 
activity concerning the negative control. The rate of mitochondrial activity was 
assessed using fluorescence reading at a wavelength of λ = 560 nm of excitation and 
λ = 590 nm of emission. Cell viability of all dosing treatments was determined in 
triplicate using the following equation:

where F
s
 is the fluorescence value of each sample, and F

c
 is the fluorescence of the 

control.

Results and discussion

Characterization of AgNPs obtained with two types of quercetin

After adding the quercetin solution to the silver nitrate solution, the formation of 
AgNPs was first evaluated by observing a color change for R1 from orange to brown 
and for S2 from yellow to brown-reddish, as observed in the inset of Fig. 1a. To fully 
confirm the obtaining of AgNPs by using both types of quercetins, UV–Vis spectra 
were recorded at 2 and 24 h. In Fig. 1, it was possible to observe peaks at around 
420 nm, which is the characteristic peak of AgNPs that confirm the formation and 
stability of silver nanoparticles in both aqueous colloidal solutions. The effect of 
each quercetin was observed in the intensity and value of the absorption band; as 
can be seen on increasing the purity of quercetin, a redshift in the absorption band to 
a longer wavelength (from 415 to 450 nm for dietary supplement and reactive grade, 
respectively) was observed. While in the spectra at 24 h, it is possible to examine 
that the band intensity increased, indicating a higher presence of AgNPs. The same 
behavior as previously was observed; higher purity of quercetin (R1) caused absorp-
tion to greater wavelength. It is well known that a higher wavelength indicates an 
increase in the size of synthesized AgNPs. Therefore, the nanoparticles prepared 
from R1 (reactive grade) are expected to be bigger than S2 (dietary supplement).

(2)Cell viability (%) =
F
S

F
C

× 100%

Fig. 1   UV/Vis spectra of AgNPs for each type of quercetin at a 2 and b 24 h
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The morphology and size of the AgNPs were studied by transmission electron 
microscopy (TEM), and the results are presented in Fig.  2 for the particles syn-
thesized with R1 and S2. Both nanoparticles are nearly spherical and have a rela-
tively uniform size distribution. The micrographs were used to calculate the mean 
size of the AgNPs, and the results were plotted in a particle size distribution his-
togram. The size of the AgNPs is smaller when they were obtained from querce-
tin dietary supplement (S2), since the mean diameter was 6.6 ± 1.9  nm, while for 
R1 was 8.0 ± 1.7 nm. Besides nanoparticles, agglomerates were also found but were 
discarded in the previous calculations; nevertheless, they were measured and ana-
lyzed to know the size of these clusters. As can be seen in the insets of Fig. 2, the 
results showed that the AgNPs of R1 tend to form larger agglomerates, in a range 
of 30 to 85 nm with a mean value of 52.7 ± 10.5 nm, while the AgNPs of S2 tend 
to form smaller clumps of 20 to 50 nm and a mean value of 29.4 ± 9.6 nm. The size 
and morphology are indicators that they can function as an antimicrobial material. 
However, since they are so small (< 10 nm), it is reported that their cytotoxic effect 
is greater [44]. Therefore, the deposition of these AgNPs on sTiO2 is an excellent 
option to be safe for use.

Evaluation of cell viability for AgNPs

It is well reported that AgNPs can be classified as hazardous materials due to their 
cytotoxicity against mammalian cells. Because of this concern, despite being an 
excellent option as a powerful antibacterial agent, its application is minimal. That 
is why cell viability studies are carried out to know to what extent and how the use 

Fig. 2   TEM micrographs and particle size distribution histogram of AgNPs synthesized by each type of 
quercetin
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of these nanoparticles is possible. The cytotoxic effect of the AgNPs and the depos-
ited nanoparticles was evaluated on PBMBC at different concentrations through the 
Resazurin assay using Eq.  1 [45] in supplemented RPMI-1640 medium (50 U/ml 
penicillin and 50  mg/ml streptomycin) for 24  h. First, in Fig.  3, the cell viability 
of AgNPs is reported. Then, as observed for both solutions, R1 and S2, a low% of 
mitochondrial activity was presented, indicating the synthesized AgNPs present 
cytotoxicity (at 5 and 10 mL) for this “in vitro” assay. This criterion is reported by 
ISO 10993–5, which establishes that cell viability must be greater than 80%. Previ-
ous studies have found evidence that the cytotoxicity of AgNPs is influenced by a 
combined effect of the nanometer size and the gross chemical composition of the 
silver [44, 46]. Therefore, non-cytotoxic activity is expected from Ag deposited on 
the sTiO2 surface prepared by both methods and from iPP nanocomposites prepared 
with these nanoparticles.

Characterization of silanized titanium dioxide with APTES

The surface modification of titanium dioxide nanoparticles with APTES was con-
firmed by Fourier transform infrared spectrometer, which provides information 
about the functional groups present in the sample. Figure 4 shows the results of the 
FTIR spectra for pristine TiO2 (red line) and silanized sTiO2 (black line). As can be 
seen, new bands appeared after the silanization. The peak at around 1641  cm−1 is 
attributed to the stretching vibration of the (NH)C = O group [47], while the peak at 
1566 cm−1 corresponds to the flexion of the amino-functional group (-NH2) [8, 47]. 
The signal at around 1481 cm−1 indicates the elastic band of the C-H organic group 
bond [23, 48]. The peak observed at 1380 cm−1 was assigned to the C-N aromatic 
amine group [49], and the signal observed at 1328 cm−1 corresponds to the carbonyl 
group [50]. In contrast, the peaks at around 1195 and 1040 cm−1 are attributed to the 
Ti–O-C bonds [23, 48, 50]. Finally, the peak at 1037 cm−1 can be attributed to the 
asymmetric extension of the Si–O-Si bond [23, 47, 50]. With all this information, it 
is possible to confirm that the APTES is bound to the surface of titanium dioxide.

Fig. 3   Cell viability for the 
AgNPs by the resazurin method
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The surface modification of the titanium dioxide with APTES helps enhance dis-
persion and colloidal stability in the medium by increasing the interaction between 
the oxide and the AgNPs in an aqueous medium. To confirm the success of silaniza-
tion, Z-potential profiles as a function of pH and colloidal dispersion were measured 
for pristine TiO2 and silanized sTiO2; the results are presented in Fig. 5. As shown 
in the Z potential outcomes (Fig.  5a), the charge on the surface changed for the 
silanized system (sTiO2). It is well noted that in an alkaline medium (pH 8 to 11), 
the absolute values are greater than 30, indicating good colloidal stability in aque-
ous solutions due to high repulsion among the nanoparticles now due to the amine 
groups dangling on the surface. This information makes it possible to affirm that 
silanized nanoparticles present better conditions to avoid instability and agglomera-
tion [51]. In addition, it is possible to observe that the value of the isoelectric point 
(Z potential equals to zero) was displaced to a higher value, from pH 3.5 for pristine 
TiO2 to pH 5.1 for sTiO2, which can be attributed to the influence of the APTES 
coupling agent due to the alkaline characteristics of the amine groups bonded to the 
hydroxyl groups on the surface of titanium dioxide promoting repulsion among the 
particles [7, 52].

Fig. 4   FTIR spectra for pure 
TiO2 and silanized sTiO2

Fig. 5   a Z potential for pure TiO2 and silanized sTiO2, b colloidal stability for pure TiO2, and c colloidal 
stability for silanized sTiO2
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However, the results at 0, 4, 24, 48, and 72 h of the colloidal stability test are shown 
in Fig. 5b and c for pristine TiO2 and sTiO2, respectively. First, at time 0, the initial 
state of each system is shown in black dotted lines, and a black dashed line indicates 
the beginning of the meniscus. At this point, the lux values begin to decrease to a mini-
mum point (0  lx), indicating that the nanoparticles are well-suspended. Then, over 
time, the values of the suspensions shift to the left (red, blue, green, and purple dot-
ted lines), and different behaviors occur in both systems; for example, in the case of 
pristine TiO2 (Fig. 5b), at 24 h there is a substantial change in the measurements with a 
value of 500 lx, while at 48 and 72 h high values of 1000 and 1700 lx, respectively, are 
obtained. This behavior indicates that the particles are sedimented, indicating a poor 
dispersion in water, which can be clearly seen in the inset of Fig. 5b.

On the other hand, the silanized system in Fig. 5c presents better colloidal stability. 
Unlike the previous system, the lux values are lower for 24, 48, and 72 h, indicating that 
the system maintained good dispersion. Furthermore, unlike the pristine TiO2 system, 
the sTiO2 system showed lux values different from zero (approx. 300  lx), indicating 
that the particles allow the passage of light, confirming the excellent dispersion of these 
silanized particles [53], which is in agreement with the results obtained by Z poten-
tial regarding the repulsion among particles. The information of both tests confirms the 
functionalization of the titanium dioxide nanoparticles through the chemical linking of 
APTES on the oxide surface, which changed its behavior regarding dispersion consid-
erably. Previous works have shown that silanized nanoparticles improve the deposition 
of AgNPs since the nanoparticles are well-dispersed in the aqueous medium. There-
fore, they will interact better and more AgNPs will be deposited on the surface [7, 8].

The formation of AgNPs and their subsequent deposition on the sTiO2 nanoparti-
cles were tested by two methods: the first one (M1) in separate stages to first lead to 
the reduction of silver ions provided by the dissociation of AgNO3 in water and by the 
presence of a natural reducing agent like quercetin flavonoid. As a result, the reduction 
and formation of stable AgNPs at the nanoscale were confirmed by color and UV anal-
ysis. The second stage consisted of joining the already formed AgNPs with a colloidal 
solution of sTiO2 particles so that they interact, and the AgNPs manage to be deposited 
on the surface of the titania by attractive forces.

While the one-step method (M2) consisted of carrying out the formation and depo-
sition “in situ” at the same time, with the premise that the reducing agent, quercetin, 
used will provide the dispersion and stability necessary for the reduction of silver ions 
and the correct interaction to deposit stable nanoscale silver. After performing either 
method, the deposition, morphology, element content, crystal structure, and behavior of 
the samples were studied using characterization techniques such as TEM, EDX, XRD, 
and Z-potential to evaluate which method provides the best conditions to have more Ag 
deposited on the sTiO2 nanoparticles.

TEM analysis of Ag deposited on sTiO2 nanoparticles

TEM was used to evaluate the Ag deposition on the sTiO2 surface through the two 
methods and the two types of quercetins. The corresponding images are presented 
in Fig. 6. This technique is a more or less surface-related analytical tool; this means 
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that it is possible to obtain an approximate concentration of the analyzed surface. It 
can be observed that the sTiO2 nanoparticles present AgNPs on the surface and that 
there is a difference in the amount of Ag that is superficially distributed on the nano-
particle. This difference can be attributed to the method of deposition and the reduc-
ing agent used. For example, the systems that use quercetin dietary supplement as a 
reducing agent of Ag+ ions presented more silver on the surface. While a remarkable 
difference is observed when the one-step method (M2) was used for deposition, a 
large amount of silver is on the surface of the oxide.

Elemental analysis was performed by energy-dispersive X-ray spectroscopy 
(EDX) to quantify the amount of Ag deposited. The results of all systems for each 
element are listed in Table 1. Although, as can be seen, the values are according to 
the TEM images, the less silver content was deposited for the systems prepared with 
the two-step method (M1), obtaining only 0.8% and 2.7% for M1R1 (quercetin reac-
tive grade) and M1S2 (quercetin dietary supplement), respectively. While for the 
systems prepared with the one-step method (M2), a greater amount was deposited, 
5.0% for M2R1 and 7.0% for M2S2. Nevertheless, the most crucial parameter that 
enhances the deposition is the type of quercetin; when the dietary supplement was 
used, the presence of silver increased by 30.6% for the two-step method (M1) and 
29.6% for the one-step (M2). Therefore, according to these results, the best system 
was M2S2 with 7.0% silver content, prepared by the M2 using the dietary supple-
ment as a reducing agent.

X-ray diffraction patterns were used to know the crystalline structure of the sTiO2 
particles deposited with Ag. Figure 7 shows the XRD patterns of the four studied 
systems. It can be observed that the characteristic diffraction at around 2θ = 27°, 
36°, 39°, 54°, 56°, 62°, 65°, and 69° is related to the (110), (101), (200), (211), 
(220), (002), (310), and (112) reticular planes of rutile [54]. While the Ag nanopar-
ticle peaks are located at around 2θ = 38°, 44°, 64° and 78° assigned to the planes, 

Fig. 6   TEM images and EDX analysis for the four Ag deposited on sTiO2 nanoparticles
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(111), (200), (202) and (311), respectively, confirm the crystallinity of the metallic 
silver in face-cubic-centered (FCC) structure [37]. According to the results, it is pos-
sible to validate the results obtained by TEM; the M2S2 system presented the great-
est intensity in the peaks corresponding to the AgNPs.

DLS and Zeta potential analysis of Ag deposited on sTiO2 nanoparticles

The comparison of the hydrodynamic diameter of the sTiO2-Ag nanosystems with 
the nanoparticles before the deposition processes would provide information on the 
size of the silver particles absorbed on the titania surface [55]. First, the pure and 
silanized particles were measured by DLS, giving a diameter of 446 nm for pris-
tine TiO2 and 802.7 nm for sTiO2. This information shows that the hydrodynamic 
diameter grew considerably due to the long chains of APTES, which was previously 
confirmed by FTIR and zeta potential in Sect. Characterization of silanized titanium 
dioxide with APTES. Then, Table  2 shows the average hydrodynamic diameters 
measured by DLS for the four systems prepared by the two studied methods and 

Table 1   Weight % of elements in the Ag deposited on sTiO2 nanoparticles obtained from EDX

Element System

Two-step method One-step method

Reagent-grade as 
reducing agent

Dietary supplement as 
reducing agent

Reagent-grade as 
reducing agent

Dietary supplement 
as reducing agent

M1R1 (%) M1S2 (%) M2R1 (%) M2R1 (%)

Ti 68.50 52.60 56.40 62.00
O 29.80 31.30 33.00 25.10
Si 0.90 13.30 5.40 5.90
Ag 0.80 2.70 5.20 7.00

Fig. 7   XRD patterns for the Ag deposited on sTiO2 nanoparticles for a two-step method and b one-step 
method
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using the two types of quercetins. As expected, all the diameters grew up by the 
presence of Ag deposited on the surface of sTiO2. In addition, the results indicated 
that the system with the largest diameter was M2S2 (898.8 nm), while the smallest 
was M1R1 (824.9 nm); this could be explained as that the M2S2 system absorbed 
around 48 nm of AgNPs on the sTiO2 surface, while the lowest efficiency was the 
M1R1 system with only approx. 10 nm.

Z potential can be defined as the electrical potential of the nanoparticle inter-
face between the aqueous solution and the stationary layer of ions adhered to the 
particle [56]. Figure 8 shows that the results of the Z potential tests as a function 
of pH indicate the surface charge of the four studied systems. As can be seen, the 
Ag deposited on sTiO2 nanoparticles presents a similar behavior concerning pH; at 
lower values (acid), they registered positive values, which began to drop down as the 
pH values increased (alkaline medium). It is well noted that a different isoelectric 
point (IEP) value was obtained depending on the system. For example, the two-step 
method (M1) nanoparticles had the lowest values, pH ~ 3.5 for M1R1 and pH ~ 5.3 
for M1S2. In contrast, the one-step method (M2) reached higher IEP values, pH ~ 5.8 
and ~ 7.2 for M2R1 and M2S2, respectively. When comparing these results with the 
obtained for sTiO2 discussed in Sect. TEM analysis of Ag deposited on sTiO2 nano-
particles,   it is possible to observe that the M1R1 presented a similar behavior to 
the sTiO2 because this system had the lowest deposition of AgNPs, according to the 
EDX analysis (Table 1). Therefore, as the presence of AgNPs increased, the values 

Table 2   Hydrodynamic 
diameter obtained by DLS of 
the sTiO2 nanoparticles Ag 
deposited with AgNPs

Reducing agent System (Mean value / nm)

Two-step method 
(M1)

One-step 
method 
(M2)

Reagent grade 824.9 845.5
Dietary supplement 857.7 898.8

Fig. 8   Z potential results for the Ag deposited on sTiO2 nanoparticles for a two-step method and b one-
step method



6765

1 3

Polymer Bulletin (2023) 80:6749–6775	

were proportionally higher due to indicating more presence of positively charged 
groups on the surface of the titania, since it can be inferred that the surface of the 
particles, both sTiO2 and AgNPs, is rich in amino groups [57, 58].

Antimicrobial activity of Ag deposited on sTiO2 nanoparticles by disk diffusion 
method

The antimicrobial activity of the four systems was assessed on two bacteria, E. coli, 
and S. aureus, under the disk diffusion method, which is excellent for determining 
the susceptibility of bacteria to bactericidal agents since it is based on the presence 
or the absence of a zone of inhibition [59, 60]. The size values of the inhibition 
zones are shown in Table 3, revealing that depending on the deposition method and 
the reducing agent used, a different antimicrobial effect was found. Better results 
were obtained for sTiO2 nanoparticles deposited with the one-step method (M2). 
Furthermore, while comparing the reducing agent, the dietary supplement showed 
better efficiency than the reactive grade, up to 40% more. These results were 
expected since the previous analysis showed that these systems had more silver con-
tent (Table 1). On the other hand, a more significant inhibition zone (max. 12.2 mm) 
was obtained for S. aureus. These bacteria have a single-layered and smooth cell 
wall, making them more susceptible to antibacterial agents. In contrast, E. coli had a 
lower inhibition zone, max. 10.7 mm. This phenomenon may be attributed to Gram-
negative bacteria having a double-layered, corrugated cell wall, which gives them 
greater resistance [36, 61].

The effect of the deposition method is noted; the one-step method (M2) presented 
more silver on the sTiO2 surface, and the dietary supplement is a more efficient 
reducing agent for the deposition process. Firstly, this result can be explained by the 
fact that although the sTiO2 nanoparticles are well-dispersed thanks to the amino 
groups on the surface, the AgNPs may aggregate, limiting interaction and deposi-
tion. Second, our previous work [41] has found that the quercetin dietary supplement 
has better solubility than reagent-grade quercetin because, although the supplement 
is only 20% pure, its formulation contains microcrystalline cellulose, an emulsifying 
and anti-caking agent. Therefore, all these conditions provide a better dispersion of 

Table 3   Antibacterial activity by disk diffusion method of the sTiO2 nanoparticles Ag deposited with 
AgNPs

Bacteria System (Mean inhibition zone/mm)

Two-step method One-step method

Reagent grade as 
reducing agent

Dietary supplement as 
reducing agent

Reagent grade as 
reducing agent

Dietary supple-
ment as reducing 
agent

M1R1 M1S2 M2R1 M2S2

S. aureus 8.6 10.0 11.4 12.2
E. coli 8.2 9.4 9.6 10.7
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silver and titanium oxide, avoiding aggregation and thus favoring a high surface area 
and the capture and binding of silver on the sTiO2 nanoparticles [57].

Antibacterial drop‑test of the iPP nanocomposites

The iPP nanocomposites prepared at two different ratios of sTiO2 nanoparticles 
(0.5% w/w and 1% w/w) were tested against two different bacteria following the 
droplet test described in Sect. Antibacterial analysis of iPP nanocomposites by the 
drop-test method. As observed in Fig. 9a for S. aureus and Fig. 9b for E. coli, the 
results confirmed the antimicrobial activity of sTiO2 nanoparticles deposited on 
iPP/Ag. As observed, the inhibitory effect of iPP nanocomposites was higher for S. 
aureus than for E. coli. This is because Gram-positive cells contain only one layer 
as a membrane. In contrast, Gram-negative cells have a thin outer membrane, which 
confers resistance to hydrophobic compounds. Therefore, the cell wall structure 
plays a vital role in the susceptibility of bacteria in the presence of AgNPs [22, 55].

As for the influence of Ag deposited on sTiO2 nanoparticles, how the deposition 
was carried out again had a great effect on the antibacterial activity of the nano-
composites. For example, one-step method (M2), "in situ", has the highest inhibi-
tion rate (%) on both bacteria, improving the antibacterial effect by 30–37% for S. 
aureus and 40–70% for E. coli compared to the two-step method (M1). In addition, 
nanocomposites prepared with Ag deposited on sTiO2 nanoparticles that used the 
dietary supplement quercetin as a reducing agent had the highest inhibition effect. 
M2S2 nanocomposites showed 45.5–59.4% inhibition rates against S. aureus and 
17.4–13.0% against E. coli, an improvement of 50% and 80%, respectively, com-
pared to M1R1 nanocomposite, and an improvement of 20% and 35%, respectively, 
compared to M2R1. This can be attributed to the higher presence of AgNPs in sTiO2 
nanoparticles, as confirmed by the above characterization analyses.

Finally, it is essential to mention that the proportion of Ag deposited on sTiO2 
nanoparticles on the iPP matrix greatly influences the inhibition rate. For example, 
better results were obtained for iPP nanocomposites prepared at 0.5% w/w than at 
1% w/w. This behavior can be attributed to a low number of nanoparticles being 

Fig. 9   Inhibition rates for a S. aureus and b E. coli by drop-test method
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better integrated into the matrix. At the same time, a higher content can cause 
agglomeration and saturation, counteracting the antibacterial effect of the Ag depos-
ited on the sTiO2 nanoparticles, which according to previous work, is achieved by 
contact.

Dynamic mechanical analysis of the iPP nanocomposites

DMA is used to evaluate the mechanical properties of polymers; for example, this 
analysis shows the influence of the Ag deposited on sTiO2 nanoparticles on the 
physical properties of iPP. This technique consists of applying sinusoidal force to 
the polymer material deforming the material, providing information about the vis-
coelastic properties of the polymers [62]. Figure 10 shows the effect of temperature 
on the storage modulus of the iPP composites prepared at two ratios, 0.5% w/w and 
1% w/w. As observed in all graphs, when the temperature increased, the dynamic 
mechanical behavior of the nanocomposites exhibited less elastic behavior, and the 
viscous one began to dominate; this change is reflected by the decrease in the values 
of the storage modulus for all samples.

Figures 10a and b show the storage modulus as a function of temperature for the 
nanocomposites prepared with Ag deposited on sTiO2 at 0.5% w/w. These results 
show that at this specific concentration, the storage modulus at 0 °C only increased 
for the composites prepared with one-step method (M2), the improvement was about 

Fig. 10   Storage modulus curves of nanocomposites: a iPP/sTiO2 0.5% by method 1, b iPP/sTiO2 0.5% by 
method 2, c iPP/sTiO2 1% by method 1, and d iPP/sTiO2 1% by method 2
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66% since the nanocomposites prepared with iPP/sTiO2 had values of 5.76 × 1011 Pa, 
while the iPP nanocomposites with deposited sTiO2 had 9.57 × 1011 Pa for M2R1 
and 9.58 × 1011 Pa for M2S2. This increase can be related to the mechanical rein-
forcement provided by the Ag deposited on sTiO2 nanoparticles into the iPP matrix 
since this reflects an increase in the rigidity of the nanocomposite. It was clear from 
Sect. TEM analysis of Ag deposited on sTiO2 nanoparticles, that M2R1 and M2S2 
nanocomposites presented the highest content of silver on the sTiO2 surface. This 
behavior can be attributed to the excellent dispersion of Ag deposited on sTiO2 nan-
oparticles into the iPP matrix due to the AgNPs presence since The dispersion of the 
nanoparticles was better, contributing to a better distribution of the applied stress in 
the matrix [63]. It is essential to mention that higher values were obtained for 0.5% 
w/w of nanofiller, while the storage modulus decreases for 1% w/w (Fig. 10 c and 
d). According to previous works, this decrease has been related to cluster formation 
of the nanoparticles into the polymer matrix. Since increasing the number of nano-
particles in the polymer matrix favors the formation of aggregates, more defective 
spots will also be produced in the matrix [63, 64].

Figure  11 shows the loss modulus of the nanocomposites, which is associated 
with the amount of energy that a material can dissipate due to the molecular mobil-
ity by the polymer chains [51]. As observed in all images, the loss modulus of all 
nanocomposites has two significant peaks corresponding to two polymer transitions: 
the α- and the β-transitions. First, iPP nanocomposites has an α-transition centered 
at around 68  °C, while the β-transition was found at about 5  °C. The first one is 
related to the crystalline phase of the polymer, while the second one can be related 
to the movement in the amorphous region during the glass transition [65]. When a 
0.5% w/w ratio was integrated into the polymer, only the nanocomposites with fillers 
deposited with the one-step method (M2) showed an increase in the loss modulus, 
having values of 3.42 × 1010 Pa for M2R1 and 3.67 × 1010 Pa for M2S2 at a tempera-
ture of 70 °C. This is an improvement of 66% and 72%, when compared to the iPP/
sTiO2 (2.06 × 1010 Pa). This means that when more silver was present in the nano-
composite, the integration increased since the energy was better dissipated. Accord-
ing to the results, the nanoparticles deposited with the one-step method (M2R1 and 
M2S2) at 0.05% w/w are so well dispersed in the nanocomposites that the mechani-
cal properties were significantly improved in integration and stress dissipation, and 
thus, the antimicrobial capacity enhanced. This behavior can be attributed to the 
AgNPs that can absorb and dissipate faster the energy near the iPP chains [66]. On 
the contrary, the loss modulus decreased when the nanocomposites were prepared at 
1%; it means that they became flexible, or this ratio is not suitable as reinforcement, 
probably due to agglomeration [63].

Evaluation of cell viability for Ag deposited on sTiO2 nanoparticles and iPP 
nanocomposites

Figure  12 shows the results for each sTiO2-Ag system. According to the graphs, 
there are no significant effects on the reducing agent or method, and the cell viability 
decreases with the increasing concentration of Ag deposited on sTiO2 nanoparticles. 
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At low concentrations, no significant cytotoxicity was observed for either system; 
therefore, it is possible to state that the Ag deposited on sTiO2 does not have adverse 
effects on the PBMC viability during 24 h of exposure up to 20–50 ppm, implying 
safe usage at these concentrations [67]. In literature [67–69], it has been reported 
that the cytotoxic effects of AgNPs could be correlated to their size, shape, and 
chemical composition. Nevertheless, these resulting Ag deposited on sTiO2 nano-
particles prepared by either method could avoid toxic effects at low concentrations 
(20–50 ppm) since the cell viability presents values above 80%, which means non-
toxic conditions for PBMBC, as stated by the ISO 10993–5:2009, unlike colloidal 
solutions of AgNPs. This phenomenon can be attributed to two possible reasons: 
first, the application of green methods for the synthesis of AgNPs and subsequent 
deposition since the use of hazardous materials such as chemical surfactants, reduct-
ants, and solvents was avoided, which could induce cytotoxicity due to their toxic 
nature [67, 69], and second, the fact that the AgNPs are supported and bonded in 
a non-toxic material (sTiO2), which avoids the migration of the nanoparticles and 
reduces the toxicity of AgNPs since they are size-dependent and small particles 
induce higher cytotoxicity than large ones [70, 71].

In addition, the cell viability of the iPP nanocomposites was also evaluated on 
PBMBC at three different concentrations (2.2%, 4.4%, and 6.6%) through Resazurin 
assay. Figure 12 shows the results for each compound prepared at 0.5% and 1% w/w. 
According to this, it is possible to state that the resulting solutions do not negatively 
affect the viability of PBMCs compared to the control sample, although AgNPs 

Fig. 11   Loss modulus curves of nanocomposites: a iPP/sTiO2 0.5% by method 1, b iPP/sTiO2 0.5% by 
method 2, c iPP/sTiO2 1% by method 1, and d iPP/sTiO2 1% by method 2
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exhibited cytotoxicity when evaluated alone. The composites did not exert a toxic 
effect since cell viability was higher than 80%, which represents non-toxic condi-
tions for cells, according to ISO 10993–5:2009.

Conclusions

According to the complete evaluation, it was found that it is possible to confer anti-
microbial activity to the iPP nanocomposites by incorporating Ag deposited on 
sTiO2 as filler. In addition, it was established that depending on the method used to 
deposit sTiO2 with AgNPs, each type of filler was incorporated differently into the 
polymeric matrix.

First, it was demonstrated that reducing silver ions and the subsequent deposi-
tion of AgNPs on titanium dioxide surface is feasible by two eco-friendly meth-
ods and different quality of reducing agent. Furthermore, the resulting depos-
ited nanomaterials and iPP nanocomposites presented promising antibacterial 
and non-toxicity activity. In addition, the results indicated that dietary supple-
ment quercetin (with only 20% of purity) improves the solubility in the reaction 
medium, favoring the reduction and deposition of AgNPs, which resulted in more 
silver content on sTiO2 surface. In addition, it was found that the one step-method 
(M2) is better than the two-step method (M1) because the first one simplified the 

Fig. 12   Cell viability for the Ag deposited on TiO2 nanoparticles for a two-step method and b one-step 
method and for the nanocomposites, c iPP/sTiO2 0.5% and d iPP/sTiO2 1%
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synthesis and prevented the agglomeration of silver in the second step (deposi-
tion), thus improving the dispersion of all particles in the reaction medium. The 
best nanosystem was M2S2, prepared by the one-step method (M2) and with die-
tary supplement quercetin, which increased its antibacterial activity up to 40% 
for S. aureus and 30% for E. coli. Furthermore, it was demonstrated that these 
Ag deposited on sTiO2 nanoparticles could be considered non-toxic since, at low 
concentrations (100  ppm), they do not exhibit cytotoxic activity against seeded 
peripheral blood mononuclear cells (PBMC), unlike colloidal solutions with 
a small size (< 10  nm). Therefore, this green one-step method (M2) will allow 
increasing the applicability of the Ag deposited on sTiO2 nanoparticles to control 
pathogenic infections. According to the favorable results of this work, there is a 
great perspective to use these nanoparticles with high antimicrobial power and 
without cytotoxic effects, to be used at industrial and commercial level in medi-
cine, food, as reinforcement in polymeric matrices, coating in textile fibers, water 
purification, biomolecules, environment, among others.

The above results are fundamental since the inhibitory effect was replicated 
in the nanocomposites as obtained in the deposited nanoparticles; the best 
results were for the nanocomposites prepared with fillers modified by the one-
step method (M2), "in situ". Regarding mechanical properties, better results 
were obtained when method 2 nanoparticles were used as fillers, indicating that 
these nanosystems are better integrated into the polymer matrix, and therefore, 
their antimicrobial capacity is outstanding. Finally, iPP nanocomposites with 
these nanoparticles are non-toxic as there is no ion migration from the polymeric 
matrix, which helps to enhance the prolonged surface antibacterial effect. There-
fore, according to the favorable research results, it opens a wide perspective on 
the use of Ag deposited on sTiO2, previously silanized, to create antimicrobial 
and non-toxic iPP composites that can be used at industrial and commercial level 
in the medical, food and agricultural fields, among others.
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