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The synthesis of composites with antibacterial properties is of great interest for the development of new biomedical applications.
The antimicrobial properties of silver have been verified against microorganisms such as bacteria, viruses, and fungi; interest in
silver has been renewed, so several technologies are currently in development, especially in dental materials. The purpose of this
work was to improve the parameters for producing silver-doped alumina spherical beads using sodium alginate as a sacrificial
template. Alumina is a biocompatible and thermally stable ceramic, while silver was used for its bactericidal properties. The
obtained spheres presented a mean diameter of 2mm, with an irregular surface and intertwined particles after a sintering
process. After electrodeposition, white spheres turned to a dark gray color, demonstrating the presence of silver nanoparticles
and fractal silver dendrites on the surface. Spheres were characterized by SEM, FTIR, and XRD. Antimicrobial activity of the
alumina-AgP spheres against E. coli, S. aureus, K. pneumoniae, and S. mutans was analyzed by turbidimetry. The specific
antimicrobial activity of all the composites showed specific antibacterial effects, independently of the amount of silver deposited,
probably due to the differences in the microbial cell wall structures. Therefore, antibacterial activity depends on microbiological
and structural characteristics of each bacterium.

1. Introduction

The control of emergent antibiotic-resistant bacteria has
become a serious public health problem. Novel and better
antimicrobial agents are still being developed to control
associated microorganisms. However, this still represents
a great challenge for antimicrobial agents. The scientific
community conducts research to constantly develop new
bioactive compounds or composites with antibacterial
properties. The investigations are looking towards develop-
ing new bioactive composites with silver at a nanometric
scale [1, 2]. In the last years, nanotechnology manipulates
matter at an atomic scale creating new composites with
novel properties. The novel properties of nanoparticles of
composites have been widely investigated for their use in

medicine, cosmetics, environment, and technology [2].
Novel and better antimicrobial agents are still being devel-
oped to control associated microorganisms. However, this
still represents a great challenge for antimicrobial agents.

Silver nanoparticles (AgNP) present a high surface area
and important antimicrobial capacity. However, it is nec-
essary to use a matrix as a support material to avoid their
dispersion. High concentrations of silver are toxic for
humans and other organisms. Silver (Ag) is the most
abundant and least expensive precious metal and is used
in chemical industry as a catalyst for alcohol, alkenes,
and olefin oxidation. Silver is widely used in photography,
fabrication of electrical wires, and minting and as an anti-
bacterial agent. The latter use is known since ancient
times, and it has been demonstrated that silver salts
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prevent infection in burns and injuries. Due to its antibac-
terial properties, silver is used as a sterile coating for
prosthesis and catheters [3–5].

AgNP are widely used in pharmaceutical and food indus-
tries for their bactericide and fungicide properties, and
recently, the interest has increased because of the emergence
of antibiotic-resistant strains. Previously, the risks of expo-
sure to high concentration of silver inhibited its potential
use. However, nanotechnology has improved the efficiency
of silver as an antimicrobial agent, due to the preparation of
particles with a higher surface area and less toxicity to human
beings [4].

The antibacterial activity of silver is caused by the contin-
uous release of ions [5, 6], and different studies demonstrate
the enhanced properties of nanoparticles when compared to
ionic compounds such as silver nitrate (AgNO3) and silver
chloride (AgCl) [7, 8]. The main advantage of AgNP over
other morphologies is the high surface area for contact with
media, enhancing antibacterial activity [9, 10]. Silver ions
released through oxidation of nanoparticles interact and
inhibit the activity of bacterial structures [5, 6]. Consequently,
cell wall permeability increases and transport through the
plasmatic membrane is affected, leading to cell death [7, 8].
Also, silver ions form insoluble compounds with sulfhydryl
groups in enzymes, blocking the respiratory chain and DNA
replication. Silver acts as an antimicrobial agent against a
wide spectrum of Gram-negative and Gram-positive bacte-
ria, including antibiotic-resistant strains. Recent studies
demonstrate the potential use of nanometric silver mate-
rials against pathogens associated to biofilm formation,
such as Escherichia coli (E. coli), Streptococcus pneumoniae
(S. pneumoniae), Staphylococcus aureus (S. aureus), and
Aspergillus niger (A. niger) [1, 9].

On the other hand, alumina is one of the most important
ceramic materials used for industrial applications. Several
alumina polymorphs have been used for the fabrication of
catalysts and catalyst supports, adsorbent materials, and
coatings. This ceramic presents high mechanical strength
and hardness, as well as high thermal and corrosion resis-
tance. Nanostructured ceramics possess enhanced mechani-
cal properties such as strength and toughness, compared to
monolithic materials [11, 12]. α-Alumina is a thermodynam-
ically stable structure with oxygen atoms adopting hexagonal
close packing with alumina ions filling two-thirds of the
octahedral sites in the lattice. Ceramic spheres are widely
used in a broad range of applications like catalysts or
catalyst supports. Recently, the sol-gel dripping method
together with sodium alginate proved to be an effective
method to produce alumina beads having a desired size,
shape, and microstructure [13].

Ceramic composites are being considered potential third
generation orthopedic biomaterials in view of their facility to
match the chemical, biological, and mechanical properties of
the bone. The application of alumina in the medical field is
still in the process and is expected a major role of metal oxide
nanoparticles in this area. A few studies are available in the
literature on the interaction of the alumina on bacterial spe-
cies. The dental materials with silver have the objective of
diminishing or preventing microbial colonization on the

dental parts, promoting the arrest of caries and avoiding
the formation of biofilms, increasing oral health. There-
fore, changes in surface chemistry in ceramics are impor-
tant in terms of microbial toxicity. The aim of this study
was to obtain silver-doped alumina spheres (AgP-AS) with
antibacterial properties. The structure, morphology, and
optical properties of the obtained samples were systemati-
cally characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and Fourier transform infra-
red (FT-IR). This study is focused on the results of com-
plex antimicrobial studies. Also, in this paper, we report
the minimal inhibitory concentration.

2. Materials and Methods

2.1. Preparation of Alumina Spheres and AgP-AS. The obten-
tion of ceramic beads is using alginates as a template. This
approach produces ceramic beads whit antimicrobial proper-
ties. Now, a simple and inexpensive approach to produce
spherical beads is by using a syringe. The exchange of ions
takes place when sodium alginate replaces their monovalent
Na+ ions for divalent Ca2+ ions to form a semirigid body.
Therefore, PVA was used to join particles heterogeneously,
causing the union between particles by capillary forces
during drying [13].

Sodium alginate and PVA with concentrations of 10 and
7%, respectively, were used for preparing the gel precursor
solution. The alumina, PVA, alginate, and water weight
ratios used for preparing eight slurries are shown in
Table 1. Alumina powder (60wt%), PVA 7% (2wt%),
sodium alginate 10% (2wt%), and distilled water (36wt%)
were stirred magnetically until a homogenous white slurry
was obtained. This paste was loaded on a syringe (5mL)
and placed vertically over a beaker with gelling solution
(BaCL2 0.6M), with a distance of 2 cm. A steel needle with
a 0.71mm diameter was used. Then the slurry was added
dropwise to form spheres. After aging for 1 day in the gelling
solution, the spheres were dried at 100°C for 2 h. Thermal
treatment was applied in two steps; first, spheres were placed
in a muffle furnace at 800°C for 2 h, with a heating ramp of
5°C/min, and next, the material was sintered at 1600°C for
2 h, using the same ramp.

Once sintering concluded, the dense alumina spheres
were doped with AgP by electrodeposition. An electrolytic
cell with silver anode was employed, while the alumina

Table 1: Slurries used for preparing alumina spheres.

Slurry Alumina (g) PVA (g) Sodium alginate (g) Water (mL)

50 : 1 2.5 0.05 0.1 2.45

50 : 2 2.5 0.1 0.1 2.4

50 : 5 2.5 0.25 0.1 2.25

60 : 1 3 0.05 0.1 1.95

60 : 2 3 0.1 0.1 1.9

60 : 5 3 0.25 0.1 1.75

70 : 1 3.5 0.05 0.1 1.45

70 : 2 3.5 0.1 0.1 1.4
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spheres acted as a cathode. Silver nitrate solution 10mM was
added to the cell, and the spheres were treated for three dif-
ferent lapses of 1, 5, and 10min. Electrodeposition was car-
ried out at 39 and 69mV, for each lapse.

2.2. Characterization.Alumina spheres before and after silver
electrodeposition were characterized by Fourier-transform
infrared spectroscopy (Alpha Platinum Bruker Instrument).
The morphologies of the alumina sphere before and after sil-
ver electrodeposition were observed with a scanning electron
microscopy (SEM, JEOLJSM-6400) operated at 20 kV. Before
observation, the scaffolds were coated with platinum using a
sputter coating. Crystalline phases were determined by X-ray
diffraction analysis (XRD, Bruker D8 advance equipment)
with Cu Kα radiation (1540 nm), operating at 20 kV with a
scan range from 5° to 80°. The bulk density and apparent
porosity were measured by the Archimedes method accord-
ing to ASTM designation C 373-88.

2.3. Antimicrobial Analysis. References strains of Escherichia
coli (E. coli, ATCC 25922), Streptococcus mutans (S. mutans,
ATCC 25175), Staphylococcus aureus (S. aureus, ATCC
29213), and Klebsiella pneumoniae (K. pneumoniae,
ATCC13883) were employed in the experiments. All of them

were incubated at 37°C for 24 h in test tubes with Bioxon
broth (BD) culture media. After this time, 100μL of each sus-
pension was inoculated in 3mL BD broth media. Finally,
AgP-AS were added to each test tube, while noninoculated
samples were used as a control. All test tubes were incubated
at 37°C, and a UV-Vis spectrophotometer (Agilent 85439)
was used to determine changes in optical density at 600nm
after 24 and 48 h according to McFarland standards. In gen-
eral, the antimicrobial activity was determined through
changes in the absorbance values from alumina spheres
exposed and nonexposed to silver electrodeposition con-
firmed by independently comparison between alumina sam-
ples (Mann–Whitney U test). Experiments were conducted
in triplicate.

2.4. Statistical Analysis. A one-way analysis of variance (95%)
of the data obtained was carried out using the Minitab 17
software. Also, Tukey’s test was used for mean separation,
while box-plot graphics were employed for comparison
between groups. All data were expressed as the mean± stan-
dard deviation. Significant differences between AgP-AS sam-
ples and microorganism groups were analyzed by Mann
WhitneyU test for nonparametric values (StatView software,
SAS Institute Inc., v5.0.1, Cary, NC, USA). Pearson’s analysis
was also used to determine significant correlations between
the antimicrobial activity and the intensity of electrodeposi-
tion (IBM-SPSS software, v24). Samples were considered
significantly different when p < 0 05.

3. Results and Discussion

3.1. Characterization of Alumina Spheres. Figure 1 shows an
alumina sphere photo after thermal treatment taken with a
14-megapixel normal camera. Sintered spheres presented a
slight irregular surface of faint beige coloration and a struc-
ture with high mechanical strength. Some spheres showed
for relaxation 60 : 2 a ~2mm of diameter and small cracks
and protuberances. Shrink percentage and volume loss were
determined from the mean diameters of alumina spheres
before and after thermal treatment, as shown in Table 2.

(a) (b)

Figure 1: Alumina spheres after sintered at 1600°C: (a) 50 : 1 and (b) 60 : 2.

Table 2: Initial and final mean diameter of alumina spheres and
shrink percentage.

Sample/
slurry

Initial diameter
(mm)

Final diameter
(mm)

Shrink
(%)

50 : 1 2.90 1.86 35.86

50 : 2 2.65 2.29 13.46

50 : 5 2.81 2.03 27.75

60 : 1 2.29 1.96 14.45

60 : 2 3.44 2.01 41.57

60 : 5 2.62 2.04 21.83

70 : 1 2.55 1.89 25.59

70 : 2 4.33 2.49 42.49
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The alumina spheres with the most regular round shape were
obtained from the slurries prepared with 60% of ceramic
(60 : 1, 60 : 2, and 60 : 5). This slurry allowed the formation
of homogenous structures with no elongation. By contrast,
slurries with lower or higher percentage of alumina resulted
in defective shapes. For instance, slurries with 50% of alu-
mina yielded drop-shaped spheres due to their lower viscos-
ity, and dripping occurred faster. On the other hand, the
slurries with 70% alumina were highly viscous compared to
the preceding pastes. As a result, slurry could not drip prop-
erly through the needle, forming a thick thread instead.
Slurry 60 : 2 was selected as the best ratio for preparing alu-
mina spheres, for it is easy to conform into a material with
highly regular morphology. Furthermore, this ratio presented
a high shrink percentage.

Density, porosity, and water absorption percentage were
determined by the Archimedes method. Mean values of the
three properties are shown in Table 3. Spheres obtained from
slurry 60 : 2 were selected as the best material for the electro-
deposition process. Spheres obtained from this slurry show
the adequate porosity, water absorption, and density values.
As shown in Table 3, the highest PVA ratio caused increment
in porosity. This effect was caused by the agglomerating
properties of the polymer, which also aids the generation of
pores. PVA causes the union between particles by capillary
forces during drying. The higher porosity values are related
to an increment in water absorption and lower densities.
Furthermore, the low decomposition temperature of PVA
(beginning at 280°C) was appropriate for the thermal treat-
ments applied to the precursor spheres.

Figure 2 shows the microstructure by SEM analysis of
alumina spheres obtained from slurry 60 : 2. Before thermal
treatment, the spheres showed round, rectangular, and
square particles, with diameters from 0.5 to 1μm. After sin-
tering, the spheres present an intertwined structure, and
grain growth was observed. Particles with the highest size
values in the range from 2 to 4μm are shown in a red frame.
Porosity decreased because of the sintering process.

Figure 3 shows that alumina spheres obtained from slurry
60 : 2 acquired a light grayish coloration through silver
electrodeposition. The particles exposed to the highest volt-
age (69mV) for 10min presents darker stains, because of
the deposition of silver nanoparticles. Therefore, silver

electrodeposition on the ceramic spheres depends on the
exposition time to the highest voltage, as shown by the pro-
gressive increase in gray coloration from Figure 3(a)
(39mV for 1min) to Figure 3(f) (69mV for 10min).

3.2. Characterization of AgP-AS. SEM micrographs of AgP-
AS obtained from slurry 60 : 2 are shown in Figures 4 and 5.
AgP with diameters ranging from 100± 80 nm were depos-
ited on the alumina spheres treated at 39mV (Figure 4(b)).
Figure 4(c) shows a silver cluster with a diameter around
620± 70 nm. The nanoparticles are distributed irregularly
on the surface and present different morphologies, mainly
round and square shapes. Figure 5 shows SEM images from
alumina spheres treated at 69mV. At this voltage, a greater
electrodeposition was achieved, compared to spheres treated
at 39mV and the nanoparticles still have the same size. Sim-
ilarly, AgP (white area) were distributed unevenly on the
sphere surface, forming small accumulations (agglomerates)
on areas. In Figure 5(b), a silver dendrite-like growth is
observed with a diameter of 5.5 μm and length around
9μm. Silver dendrites present two and three-dimensional
structures with only one stem (long axis) and several
branches (short axes), which are like the work reported by
Rezae and Damiri [14]. Nanobranches grew parallel to each
other along C-axis, with a 60° angle to the stem. Dendritic
growth is caused by a nucleation process; in this case, the
growth is observed from particles of 100nm, where the nano-
particles of Ag are deposited in thin sheets in a dendritic
form. Consequently, dendrite length increases with longer
electrodeposition time.

To support the results observed on SEM analysis and
the significant antibacterial effects of the composite
(Al2O3-Ag), a fractal Ag microdendrite model (QUANTA,
Accelrys, San Diego, CA, USA) is presented in Figure 6.
The figure shows the growth of the dendritic structure
along the direction <110> of the Ag nanoparticles. The
dendritic growth can be explained from the thermody-
namics and crystallographic points of view. Thermody-
namically, the Ag dendritic growth can be associated
firstly to the Ag accumulation on the Al2O3 surface and
secondly due to the temperature difference between the
Al2O3 surface and the Ag. It is well known that the grow-
ing direction of these dendritic trunks is close to the
thermal gradient direction. Several reports indicate that
these factors can generate appropriate conditions for the
dendritic solidification.

On the other hand, the Ag dendritic growth can be
explained by the first-principle quantum-mechanical calcula-
tions. Based on the density functional theory, some modeling
results of silver nanoparticles have been reported, which
show that the binding energies of (110), (100), and (111)
planes are 0.47, 0.29, and 0.27 eV, respectively. In this sense,
it has been affirmed that the main dendritic growing is car-
ried out along the <110> direction, due to its direction which
exhibits major binding energy. Also, the Al2O3 surface pro-
motes the nucleation and growth of the Ag nanoparticles
and posterior fractal microdendrite Ag formation; this
growth can be associated to the energy added during the elec-
trodeposition process on the doped de Al2O3 spheres. As

Table 3: Physical properties of alumina spheres after the sintering
process.

Sample/
slurry

Apparent porosity
(%)

Water absorption
(%)

Bulk density
(g/cm3)

50 : 1 34.77 17.56 1.99

50 : 2 42.70 22.48 1.90

50 : 5 52.58 35.37 1.59

60 : 1 44.52 23.87 1.87

60 : 2 45.70 22.11 1.75

60 : 5 58.38 39 : 27 1.48

70 : 1 40.11 21.55 1.85

70 : 2 47.09 18.50 2.17

4 Journal of Nanomaterials



seen, the reactive sites and the voltage employed during the
doping process promote the dendritic growth.

Infrared spectra and diffractogram from an XRD analysis
of the sintered ceramic material at 1600°C after electrodepo-
sition were obtained. Figure 7(a) represents the spheres
doped at 69mV for 5min; the strong and well-defined IR
bands observed for Al–O bonds must be explained consider-
ing the pure XRD refraction of α-alumina observed. A wide
band between 500 and 1000 cm−1 corresponds to O-Al-O
coordinated bonds. In the case of a corundum structure, it
is built up only on octahedral AlO6 and the most characteris-
tic IR feature is the occurrence of two strong bands near 635,

565, and 491 cm−1 together with some other bands of less
intensity around 450 and 780 cm−1. This arrangement of alu-
minum and oxygen atoms denotes the formation of α-Al2O3
according to previous reports [11, 12]. The interaction
between AgNP and alumina spheres was not observed in
the infrared spectra. This aspect is important to achieve the
antimicrobial function. The intensity of vibration bands cor-
responding to AgNP-AS increased due to the amount of
sample analyzed.

The large enhancement of the vibrational mode indi-
cates adsorption of energy onto the Ag particle. The
ATR-FTIR spectroscopy consists of the passage of a beam

(a) (b)

Figure 2: Sintered alumina sphere at 1600°C observed by SEM at (a) 10,000x and (b) 20,000x.

(a) (b) (c)

(d) (e) (f)

Figure 3: Alumina spheres doped with AgP by electrodeposition. Voltage 39mV applied for (a) 1min, (b) 5min, and (c) 10min. Voltage
69mV applied for (d) 1min, (e) 5min, and (f) 10min.
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(a) (b)

(c) (d)

Figure 4: SEM images of AgP-AS treated at 39mV during 1min (a) 10,000x and (b) 20,000x and during 5min (c) 5000x and (d) 22,000x.

(a) (b)

(c) (d)

Figure 5: SEM images of AgP-AS treated at 69mV during 1min (a) 900x and (b) 13,000x and during 5min (c) 1500x and (d) 7000x.
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of infrared radiation through a crystal transparent to the
IR and of high refractive index, on where the sample is
placed. The incident IR beam is reflected several times,
and the surface of the sample absorbs part of the radiation
at characteristic frequencies. On the other hand, surface
resonance plasmon occurs when a polarized light is
directed from a prism with a high refractive index to a
metal layer with a lower refractive index. This explains
why amplification occurred in the intensity of the alumina
bands. Each time the IR beam was reflected, it influenced
the analyte, activating the resonance plasmon. Thus, the
alumina absorbs the energy released by this process,
increasing the amplitude of the vibrational movements of
its bonds. The characteristic crystalline planes of α-alu-
mina phase are observed in Figure 7(b), according to the
card JCPDS 10-0173. This alumina polymorph is of great
importance because of its hardness and stability. In the
same way, the intensity of alumina peaks increased in
the samples doped with AgNP.

Diffraction is an elastic scattering phenomenon occur-
ring when a plane wave interacts with an obstacle or a slit
having a size comparable to its wavelength. The intensity of
a diffraction signal depends on the scattering power of the
material. The maximum intensity of the peak is related to
the breadth of the peak which, in turn, is inversely related
to the size of the scattering domains. The scattered spherical
wave has the same wavelength as the original one. Varying
the 367 size of the obstacle or slit, or their number, the same
wave will be diffracted in different ways, because of different
interference effects. Therefore, the interaction of silver gives
an increase on the intensity of the diffraction patterns.

3.3. Antimicrobial Activity. Table 4 and Figure 8 show the
results of the antimicrobial activity of AgP-AS treated with
different times and levels of electrodeposition. Figures 8(a)
and 8(b) show results between S. mutans strain added with
AgP-AS treated at 39 and 69mV during 1, 5, and 10min
(denoted SM39-01, SM39-05, and SM39-10, resp.). Optical
density was quantified by the dilution method for the evalu-
ation of antimicrobial activity of AgP-AS treated at 39 and
69mV for several times on S. mutans cultures. Pure alumina
spheres were used as control, denoted with the label CSM

(control S. mutans). Figure 8(a) shows a minimal inhibi-
tion by the AgP-AS against the bacterial cultures accord-
ing to the control observing higher and significant
inhibition values for spheres treated at 39mV for 5min
(SM39-05) compared to the control group (p < 0 05).
Figure 8(b) shows very similar results, in which the highest
inhibition values were significantly achieved with spheres
treated at 69mV for 1min (SM69-01) than the control group
(p < 0 05). Also, the inhibition activity using spheres treated
at 39 and 69mV was slightly decreasing with the electrode-
position time observing an improved bacterial inhibition on
S. mutans strain in a period of time shorter (Table 4). Scien-
tific reports have considered to the S. mutans as the principal
oral microorganism involved in the beginning and develop-
ment of dental caries [15], but other systemic and heart dis-
orders have also been associated [16]. Our results confirm
the antibacterial activity of silver on the surface of AS against
S. mutans bacteria. These results assume that the bacterial
activity of AgP-AS could be associated with the size of Ag
particles deposited on the surface of AS due to shorter
lapses of electrodeposition (1min) than larger periods
(10min). It is probable that the increasing bacterial growth
inhibition on S. mutans strain was created by smaller Ag
particles on the AS samples. These results agree with
reported works that have also demonstrated the effective-
ness of Ag particles against S. mutans, increasing the anti-
bacterial activity with smaller particles [17–19].

Figures 8(c) and 8(d) show a comparison between S.
aureus strains added with AgP-AS treated at 39 and 69mV
for 1, 5, and 10min (denoted SA39-01, SA39-05, SA39-10,
SA69-01, SA69-05, and SA69-10, resp.). It was determined
that the increase in electrodeposition time did not enhance
bacterial inhibition (Table 4); the optical density shows
approximately the same values. The highest inhibition values
for both spheres doped at 39mV and 69mV which were
achieved with samples treated for 10min (SA39-10 and
SA69-10), as shown in Figures 8(c) and 8(d), respectively
(Table 4). Both AgP-AS samples presented more remarkable
statistical differences than the control group (p ≤ 0 001). Our
results indicate that AgP-AS might inhibit the bacterial
growth even of microorganisms considered a public health
problem, such as S. aureus [20]. Actually, S. aureus is

Ag dendrites
60°60°

<110>

(11
1)

(110) (100)

Ag Ag
nanoparticles

Al2O3 surface

Figure 6: Scheme of the Ag dendritic growth from the Ag nanoparticles on the Al2O3 surface by electrodeposition.
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considered one of the most important drug-resistant micro-
organisms related to infections acquired from health institu-
tions producing skin and soft tissue infections, endocarditis,
septicemia, and others [21]. Previous studies reported that
Gram-positive bacteria, such as S. aureus, are more resistant
to silver ions than Gram-negative bacteria [9, 18, 19]. These
bacteria resist exposures to silver ions due to their cell wall
with a thick peptidoglycan layer composed of teichoic acids,
which limits the uptake of AgP [17, 18, 22].

Figures 8(e) and 8(f) show a comparison between K.
pneumoniae strains added with AgP-AS treated at 39 and
69mV for 1, 5, and 10min (denoted KP39-01, KP39-05,
KP39-10, KP69-01, KP69-05, and KP69-10, resp.).
Inhibition of K. pneumonia by the ceramic composite
was not observed in samples added with spheres treated
at both voltages for 1min (KP39-01 and KP69-01), and
no significant difference was observed (p > 0 05).
However, the increase in electrodeposition time enhanced
bacterial inhibition showing statistically smaller values of
optical density in groups treated with 10min compared
to the control group (p < 0 05). Also, the highest
inhibition values for both doped spheres at 39mV and
69mV were significantly achieved with samples treated
for 10min in samples KP39-10 and KP69-10 (p < 0 05).
This microorganism obtained opposite parameters
according to the electrodeposition time where longer
lapses of electrodeposition reduced considerably more
bacteria than shorter periods. It means larger Ag
particles deposited on the surface of spheres had more
antimicrobial activity compared to smaller particles.
Klebsiella pneumoniae is one of the major pathogens
associated with nosocomial and community-acquired and
resistant infections such as pneumonia, urinary tract
infection (UTI), burn wounds, and septicemia [23]. One
study evaluated chemically synthesized amino acid
functionalized silver nanoparticles with gentamicin to
eradicate Klebsiella pneumoniae biofilm. Results indicated
that those particles demonstrated to have the potential

application in the eradication of young and old K.
pneumoniae biofilms [24]; however, therapeutic variations
should be investigated.

Figures 8(g) and 8(h) show a comparison between E.
coli strains added with AgP-AS treated at 39 and 69mV
for 1, 5, and 10min. A wide range of bacterial
inhibition activity was observed and was strongly
achieved with spheres treated at 39mV and 69mV for
5min (EC39-05 and EC69-05) than the control group
with remarkable statistical differences (p ≤ 0 001). Also,
the inhibition activity of AgP-AS was not related with
the increase of the electrodeposition time (p > 0 05). E.
coli is a Gram-negative bacterium, with a cell wall
consisting of an inner thin peptidoglycan layer and an
outer layer of liposaccharides. The scarce thickness of
the cell wall increases the susceptibility of these bacteria
to silver ions released by nanoparticles on the composite
[1]. Previous works with E. coli strains have reported
that AgP can easily cross through the membrane and
interact with protein synthesis, causing structural
changes and death [1, 2].

Figure 9 shows bacterial growth inhibition results of
AgP-alumina spheres treated at 24 and 48 h. For AgP-AS
treated at 24h (Figures 8(a)–8(h)), 39 and 69mV samples
showed to have significant bacterial growth inhibition for S.
mutans, S. aureus, and E. coli compared to the control group
(p < 0 05 and< 0.01); however, no statistical difference was
demonstrated for K. pneumoniae strain (p > 0 05). Further-
more, the most resistant microorganism to AgP-AS samples
treated at 24 h was K. pneumoniae, followed by S. aureus
and S. mutans; the most sensitive strain was E. coli (p <
0 01) (Figures 8(e) and 8(f)). For AgP-AS treated at 48h
(Figure 9(c)), S. aureus and E. coli strains showed similar
results than the 24 h group resulting in statistical
differences of 39 and 69mV samples compared to the
control group (p < 0 05 and< 0.01). S. mutans and K.
pneumoniae strains demonstrated to have similar
bacterial growth than the control group, even when
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Figure 7: (a) Infrared spectra of sintered alumina and AgP-AS spheres at 1600°C and (b) XRD of alumina and AgP-AS.
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high voltages were used (p > 0 05). Additionally, the most
resistant bacterial strain for AgP-AS treated at 48 h was K.
pneumoniae, followed by S. aureus (p < 0 01); however, the
most sensitive strains were S. mutans and E. coli (p > 0 01)
(Figure 9(d)). These results suggest that the voltage and the
type of microorganism play an important role in the
antimicrobial capacity of AgP-AS samples. This association
of bactericidal activity according to specific bacterial strains
could be influenced by microbiological characteristics of
each species, although physical and chemical properties of
AgP-AS might also be involved [22].

On the other hand, bivariate Pearson’s correlation analysis
was used to determine significant correlations between antimi-
crobial activity and the intensity of electrodeposition. Signifi-
cant positive and negative correlations were found for S.
aureus (Pearson’s correlation=0.752, p = 0 001) and E. coli
(Pearson’s correlation=−0.420, p = 0 006) strains, respectively
(Figures 10(b) and 10(d)), while S. mutans (Pearson’s correla-
tion=0.012, p = 0 941) and K. pneumoniae (Pearson’s correla-
tion=0.229, p = 0 144) showed no significant correlations
(Figures 10(a) and 10(c)). In general, no significant
correlations were found for all evaluated bacterial strains
(Pearson’s correlation=0.023, p = 0 768) (Figure 10(e)).

In this study, the Gram-negative bacteria revealed the
highest microbial resistance to AgP-AS; however, E. coli
strain can also offer more antimicrobial inhibitory resistance

than S. aureus strain to similar conditions [25]. Statistical
analysis (Mann–Whitney U test) demonstrated that bacterial
inhibition is directly related to the Ag concentration. How-
ever, significant and nonsignificant correlations derived from
Pearson’s analysis were also found; it could be explained by a
specific response of each bacterium dependent on their met-
abolic characteristics as well as specific microbiological sus-
ceptibilities or resistance characteristics from the tested
strains. E. coli and K. pneumoniae are Gram-negative bacte-
ria, and their membranes present negative electrostatic
charges, which attract and facilitate diffusion of AgNPs.
The mechanism of antibacterial action by Ag nanoparticles
is not understood accurately. However, previous studies
have demonstrated the crucial role of electrostatic attrac-
tion between bacterial cells (negative) and nanoparticles
(positive) [2].

It is well known that the size of AgNP is associated with
low periods and intensities of voltages. This property has
played an important role for antimicrobial activity in various
microorganisms (smaller AgNP promotes better antimicro-
bial effect than larger particles); but also, ion release capacity,
presence of coatings, zeta potential and other physical and
chemical properties could be involved [18, 19, 22, 26, 27].
Regarding zeta potential, it is commonly used to determine
the stability of nanoparticles in aqueous media determining
the electrical charge and the attraction or repulsion of

Table 4: Antimicrobial activity of AgP-AS.

Strains
108 CFU/mL

0mV 39mV 69mV
24 h 48 h 24 h 48 h 24 h 48 h

S. mutans 2.0± 0.1 2.0± 0.1 1.7± 0.1∗ 1.9± 2.6† 1.9± 2.6∗ 2.0± 2.6
S. aureus 8.2± 0.0 7.5± 0.1† 4.9± 0.2∗ 4.0± 0.2∗† 5.0± 0.4∗ 4.2± 0.3∗†

K. pneumoniae 10.2± 0.1 10.6± 0.1 10.2± 2.0 11.8± 2.3 11.1± 1.7 12.1± 1.7
E. coli 3.4± 0.1 4.6± 0.0† 0.7± 0.3∗ 3.4± 3.8† 0.9± 0.8∗ 1.4± 0.8∗†

All values are expressed in average and standard deviation in colony-forming units per milliliter (CFU/mL). ∗Statistical differences with the 0mV group using
similar times. †Statistical differences for each AgP-AS sample according to the time (p < 0 05).
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particles. In this sense, it is considered stable when the elec-
trical charge is greater than 30mV or −30mV; conditions
within this range will be probably agglomerated [28]. Thus,
nonagglomerated particles could promote better antimicro-
bial activity compared to agglomerated nanoparticles
increasing its superficial area producing higher contact zones
on the bacterial cell [17, 18, 22]. Although this study did not
evaluate the zeta potential of the Ag alumina samples and
AgP-AS samples, it is very possible that electrostatic interac-
tions between Ag particles and the negatively charged cell
surface could bind and disrupt the cytoplasmic membrane
of bacteria leading to damage of membrane functions, pene-
trating inside cells and inhibiting the vital metabolic process
for cell survival [18, 22, 29, 30]. In the biomedical field, stud-
ies have already incorporated AgNPs into various medical
devices and determined their antimicrobial activity against
a wide variety of bacterial species concluding that these

biomedical appliances with AgNPs could have a high poten-
tial of application to combat different types of bacterial bio-
film decreasing the incidence or prevalence of those
diseases considered serious health problems [31–34].

4. Conclusions

The optimal alumina-PVA ratio was 60 : 2, because it allows
the preparation of a round material with sphericity of 1.02,
and through electrodeposition, the doping with silver nano-
particles was achieved. The antibacterial effect against S.
aureus, E. coli, and S. mutans was observed. Moreover, the
effect of silver nanoparticles deposited on the surface of
alumina spheres. Bacterial growth was not affected by pure
alumina sphere; however, the presence and concentration
of AgNPs determined gradually the antimicrobial activity
on the different bacterial strains, even in lower silver
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Figure 9: Bacterial sensitivity to AgP-alumina spheres treated at 24 and 48 h. (a) AgP-AS at 24 h for each voltage and microorganism. (b)
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electrodepositions. Also, Gram-negative bacteria demon-
strated to be more sensitive Ag composites than Gram-
positive strains, determining a dose-dependent activity.
Alumina spheres doped with silver nanoparticles by electro-
deposition technique demonstrated to have a high potential
for biomedical applications.
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