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Abstract

Silver nanoparticles (Ag-NPs) are known for their efficient bactericidal activity and are widely
used in industry. This study aims to produce printable antibacterial devices by drop-on-
demand (DoD) inkjet technology, using Ag-NPs as the active part in complex printable flu-
ids. The synthesis of this active part is described using two methods to obtain monodisperse
NPs: chemical and microwave irradiation. The synthesized NPs were characterized by UV-
VIS, STEM, TEM, DLS and XRD. Two printable fluids were produced based: one with Ag-
NPs and a second one, a polymeric nanocomposite, using silver nanoparticles and polyvinyl
butyral (Ag-NPs/PVB). Cellulose acetate was used as a flexible substrate. The ecotoxicity
analysis of fluids and substrate was performed with Artemia franciscana nauplii. Optimized
electric pulse waveforms for drop formation of the functional fluids were obtained for the
piezoelectric-based DoD printing. Activity of printed antibacterial devices was evaluated
using the Kirby-Bauer method with Staphylococcus aureus and Escherichia coli. The results
show that the printed device with Ag-NP fluids evidenced a bacterial inhibition. An important
advantage in using the DoD process is the possibility of printing, layer by layer or side by
side, more than one active principle, allowing an interleaved or simultaneous release of
silver NP and other molecules of interest as for example with a second functional fluid to
ensure effectiveness of Ag activity.

Introduction

Silver has been used for thousands of years as an antimicrobial and antibacterial agent, up to
the antibiotic era which started 90 years ago [1-2]. Nowadays, the dramatic rise of antibiotic-
resistant bacteria has led to revisiting the antibacterial activity of silver [3-4]. In the last two
decades, nanotechnology has allowed to obtain silver nanoparticles (Ag-NPs) of controlled
size and morphology [5]. Silver nanoparticles present a strong broad-spectrum bactericidal
activity, and develop little or no bacterial resistance [6,7]. Also, they have the potential to be
used alone or in combination with polymers [8]. Other materials are also of interest for such
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cases. For example, a comparative study of ZnO, CuO and Fe,O3 nanoparticles activity against
Gram-positive and Gram-negative pathogenic bacteria demonstrated that the order of antibac-
terial activity was ZnO>CuO>Fe,03 [9]. A comparison of cytotoxicity of Zn-containing
structures showed lower cytotoxic potency of ZnO tetrapods (ZnO-T) than that of ZnO NP,
and several parameters were revealed to the assessment of ZnO-T toxicity in cell cultures [10].
The multi-functionality of ZnO is highlighted by Mishra and Adelung (2018) [11], showing
both bactericidal activities and biosafe material properties. The low toxicity of ZnO-T, com-
bined with its interconnected porous network present ZnO-T as smart nanocomposites for
biomaterials coatings [11]. Regardless nanostructures recently described several pathogenic
bacteria have developed resistance against antibiotics and metallic silver, in the form of Ag-
NP, remains as an important option as a new generation of antimicrobials. Silver binds to bac-
terial cell wall and cell membrane and inhibit the respiration process, very likely by the metal
interaction with thiol group compounds found in the respiratory enzymes of bacterial cells. In
case of E. coli, silver may act by inhibiting the uptake of phosphate [12]. The large surface/vol-
ume ratio of NPs provides better contact, allowing attachment to cell wall, penetration in the
bacteria cell, thus, preferably attacking the respiratory chain and leading to cell death. Also, as
NP releases silver ions in the bacterial cells, this can enhance their bactericidal activity, by
DNA interfering DNA replication after Ag+ contact [13]. The presence of harmful bacteria in
water, food and medical equipment has caused the industry to have the need to generate solu-
tions that ensure sterility of products and the prevention of infection [14]. In this field, nano-
technology has been successfully implemented in the industry with the development of
processes and products containing nanomaterials, such as the production of Ag-NPs obtained
on a large-scale and polymer films, combined or not, to counteract microbial growth [15-16].

There has been an increase in the variety of physical and chemical methods for obtaining
silver nanoparticles, leading to new technological applications arising in different areas [17-
19], including bioinspired materials as antibacterial devices based on silver nanoparticles [20].
Among the different methods of preparation of Ag-NPs [21-23], we can mention the chemical
method that uses the addition of sodium borohydride or sodium citrate and the microwave
irradiation method. Silver nitrate is then reduced until obtaining metallic nanoparticles [24-
25]. In order to maintain the size and morphology in time of nanoparticles, it is necessary to
use stabilizing agents, which immediately wrap them to prevent their continuous growth and
agglomeration [26].

To apply these new functional materials by controlled deposition, one of the most innova-
tive techniques to produce template-based devices is the drop-on-demand (DoD), allowing a
layer-by-layer production. Inkjet printer system using piezoelectric (PZT) driven printheads
may deliver 1 pL drops through an array of nozzles as small as 9 pm. The PZT actuators used
in this soft direct-write process do not heat the fluid, avoiding a thermal evolution (thermal
reduction, for instance) during the printing process that includes nanomaterials such as Ag-
NPs or Ag-NPs polymeric composites. It allows to develop and create new devices that can be
applied in different areas such as medicine and food [27-28]. The device properties may also
be exploited as a function of the number of printed layers, as for example in “intelligent paper
devices” [29], or other nanodevices [30-32].

DoD offers several advantages such as high precision and resolution (ten times higher than
the best 3D conventional printer), low sample and reagent consumption, leading to a cost and
analysis time reduction [33]. The control of print parameters may be assisted by build-in stro-
boscopic cameras, and electric pulse waveforms for the drop formation may be obtained for
each specific fluid. The final device can be replicated and evaluated. The printing process of
nanomaterials encompasses a series of requirements that may be tuned as a function of its
composition, allowing a wide range of nanomaterials and even soft materials [34].
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As several pathogenic bacteria have developed resistance against antibiotics, bacterial resis-
tance to silver nanoparticles has been discussed in the literature. Panacek et al. reported Escher-
ichia coli and Pseudomonas aeruginosa resistance to silver nanoparticles after repeated and
long exposure, due to the production of an adhesive flagellum protein flagellin, which triggers
the NPs aggregation, thus eliminate their antibacterial activity. However, this process can be
suppressed in the presence of pomegranate rind extract, which inhibited the production of fla-
gellin protein [35]. One of the advantages of the present proposed system is the novelty of
printing more than one active principle, layer by layer or side by side, thanks to the DoD pro-
cess. In a well-defined architecture template, this would allow an interleaved or simultaneous
release of silver and inhibitors of proteins produced by Gram-negative bacteria, that can result
in resistance to the antibiotic activity of silver NP.

Each part of the device that will be printed, including functional fluids and substrates, must
be evaluated by bioassays to confirm the possible toxicity it may generate on an ecosystem
[36]. The effects that are generally evaluated in bioassay are mortality, immobility, behavioral
alteration, among others; these allow to observe whether the chemicals or used materials could
generate environmental impacts [37]. One of the most common indicator organisms in eco-
toxicity tests is Artemia franciscana [38-39]. This is a small crustacean that lives in aquatic,
high salinity environments. Artemia franciscana has been used as a biomodel in preliminary
stages of research for new products since 1982 [40-41], and is recommended by FAO [42].
The ability to feed through non-selective filtration makes this micro-crustacean an efficient
biosensor for detecting toxicity by filtering large quantities of materials, such as polymeric
materials in water [43]. According to the bioassay protocols, to avoid the influence of other
factors on their evaluation, A. franciscana nauplii in their first larval state must remain in opti-
mum conditions of hatching such as temperature, salinity, pH, oxygenation and illumination
[44].

Hereafter, the synthesis and characterization of Ag-NPs obtained by chemical method and
microwave irradiation, for the creation of two antibacterial devices printed with the DoD tech-
nique is described. The first device created uses only Ag-NPs and the second is a polymer
nanocomposite made from a mixture of Ag-NPs and polyvinyl butyral. The two devices were
printed on acetate cellulose substrate (AC). The ecotoxic evaluation of the two polymers used
in the printed device, polyvinyl butyral (in the fluid) and acetate cellulose (substrate) is carried
out by studying the mortality of Artemia franciscana.

To verify the potential application in a medical environment, antibacterial effects of the
devices were evaluated in Escherichia coli and Staphylococcus aureus, the most prevalent
human-associated species of gram-negative and gram-positive bacteria, respectively.

Materials and methods

Materials

Silver nitrate (AgNO3, >99.0%), sodium borohydride (NaBH,, 98%) and sodium citrate
(CsHsNa3;05, >99.0%), were purchased from (Sigma-Aldrich, BR). Polyvinyl pyrrolidone
(PVP, K90), N,N-dimethylformamide (DMF) and isopropyl alcohol (IA, >99.5%) were pur-
chased from (Vetec, BR). Polyvinyl butyral (PVB) was supplied by (Solutia). Acetate cellulose

(AC) and Ethanol (Et,>96%) were supplied by (Dinamica, BR). Mueller-Hinton (M-H) and
agar media were provided by (Difco, BR).

Synthesis

The active parts of the functionalized fluids to produce the printable antibacterial devices was
synthesized using two different process. Chemical synthesis of silver nanoparticles (Ag-NPs
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(Q)) was performed using the following process: NaBH, (3 mM, 25 mL) was placed in an
Erlenmeyer flask under constant stirring, to which AgNOj; (1 mM, 10 ml) was added at a rate
of one drop per second. CsHsNa;O; (0.05 M, 5 mL) and PVP (3% w/v, 200 uL) were then
added at the same speed to stabilize the solution. Microwave radiation synthesis of silver nano-
particles (Ag-NPs (M)) was performed using the following process: DMF (5 mL), AgNO; (4
mM, 1 mL) and PVP (3% w/v, 200 puL) were placed in a test tube, which was placed in the Dis-
cover single-mode reactor microwave, CEM brand, at 90°C, 150 W and 250 Psi for 30 seconds
with constant magnetic agitation.

Characterization

The formation of the silver nanoparticles was monitored using UV-Vis spectroscopy. The opti-
cal absorption spectra of the Ag-NPs in solution was measured through a spectrophotometer
(Analytik Jena SPECORD § 600, DE, using the WinASPECT software). To determine the
hydrodynamic diameter distribution of the Ag-NPs, a Dynamic Light Scattering (DLS) analy-
sis was carried out with the filtered samples (0.2 pm filter), using the LB-550 DLS Nanoparticle
Size Analyzer (HORIBA, JP). All DLS measurements were performed at a 25 °C fixed tempera-
ture. X-ray diffraction (XRD) patterns were collected on an EMPYREAN diffractometer
(PANalytical, NL) in Bragg-Brentano configuration at 40 kV and 45 A and monochromatic X-
rays of Cu K- wavelength (A = 1.541 A). The analysis was performed from filtered samples,
which were previously centrifuged 10 minutes at 10000 rpm, and letting them dry on a micro-
scope slide on a hot plate at 60°C. To analyze the size and morphology of the synthesized Ag-
NPs of the filtered samples, images were taken by Scanning Transmission Electron Microscope
(STEM), MIRA 3 Field-Emission Gun SEM (Tescan CZ) and Transmission Electron Micro-
scope (TEM), Tecnai G20 Spirit Twin (FEL, NL). The images were analyzed by a software pub-
lished in [45].

Ecotoxic analysis of PVB and AC

The ecotoxicity of PVB as a fluid component and AC, as printing support substrate, were ana-
lyzed by exposure with Artemia franciscana. For the hatching of A. franciscana cysts, a 35%
saline water solution was prepared at pH 8,9. In an Artemio JBL incubator set, 500 mL of the
solution was placed with 50 mg of Artemia franciscana cysts, maintaining a constant tempera-
ture (26°C) and illuminance (1000 lux) for 48 hours, monitored with a luxmeter ( WHDZ LX -
1010B). After hatching, the artemias were placed on a 24-well microtitre plate (5 individuals
per well) and each well with 1 mL of the previously prepared saline solution.

AC was taken in a layer disc form of 6 mm diameter. PVB was prepared by evaporation, for
which 6 mg of PVB was placed in 10 mL of Et and the mixture was done using an ultrasonica-
tor (UNIQUE) for 30 minutes at 50°C. The mixture was then placed on silicone supports in an
oven (Technical Novel 512) at 100°C to obtain the polymeric film.

With a metal perforating punch, PVB and AC discs were made. 1, 2 and 3 discs were dis-
tributed in different wells, 5 repetitions each. The assay was controlled by two targets in which
five individuals were placed. The survival and mortality of Artemia franciscana was evaluated
at 24 hours, as described in [46].

Printing procedure for antibacterial printing devices

The antibacterial devices were printed on a Dimatix Materials Printer DMP-2831 (FUJIFILM
Dimatix Inc.) using DMC-11610 cartridges (10 picoliters, 16 nozzles) and the jettable fluids
were Ag-NPs (Q) and Ag-NPs (M) / PVB (1:1) as a polymer nanocomposite (PNC). In both
cases, the printing support was AC.
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For each fluid, the drop formation, which is function of the viscosity and surface tension,
was optimized varying the electric pulse waveform of the printer. These waveforms, very
important mainly for Non-Newtonian fluids, allows the droplets to be ejected properly from
the nozzle, carrying the Ag-NPs. The voltage variation (Vxt) to be applied in each PZT actua-
tor was obtained for each fluid with the help of embedded drop watcher and fiducial cameras.
DMC-11610 and DMC-11601 are user-fillable 1.5 ml disposable cartridges, that integrates
printheads based on PZT silicon single-crystals in micro-electro-mechanical systems (MEMS).
They have 16-nozzles of 21 pm or 9 pm diameter respectively, linearly spaced, with drop vol-
ume of 10 pL or 1 pL, jetting the fluid in a rate of 5 kHz. Using the Waveform Editor tool
embedded in the printer software and the voltage and frequency parameters obtained empiri-
cally from a standard fluid, modifications were made to the waveform shape, which influences
the formation, shape, and volume of the produced droplets. In order to determine the parame-
ters, the following steps were performed:

1. The DDP applied to the nozzles was scanned between 10-40 V, to determine the minimum
DDP for the drop ejection without causing nozzle obstruction and the maximum without
generating satellites;

2. The maximum frequency of the jetting cycle (kHz) was then determined avoiding obstruc-
tion, generation of satellite drops or jet drift;

3. The Adjustment of the constant DDP plateau was done without fluid flow;

4. The Adjustment of the plateau and filling slopes of the ejection antechamber was done, fol-
lowed by the same adjustment to increase the DDP applied to the beginning of the ejection
of the fluid, and finally for the controlled decrease of the DDP, to guarantee the formation
of the drop with the minimum turbulence.

The waveform changes were tracked with the DropWatcher tool camera, while the print
parameters were determined from the Drop Spacing tool: to adjust the distance between the
center of two adjacent drops, the angle of the print head was adjusted, which influences the
resolution of the print.

Although it’s possible to print complex templates, for a Proof of Concept (PoC) purpose
device, a basic print pattern (1x1 cm squares) was established to print layer-by-layer assembled
devices as a function of the number of layers: 5, 15 or 30, in the present case. The drying time
between layer was set to 5 min. Devices were produced with different number of layers for
each fluid.

Analysis of the bactericidal effect with Escherichia coli and Staphylococcus
aureus

Pure strains of Escherichia coli (UFPEDA 224) and Staphylococcus aureus (UFPEDA 02) were
used for bacteriological analysis. The inocula were adjusted to 0.5 on the McFarland scale. A
6.5% wi/v solution of the M-H medium with constant agitation at 60°C was prepared for the
culture medium and 20 g of agar was then added. The mixture was autoclaved and placed in
Petri boxes. The bacteria were sown in the Petri dish boxes with a swab over the entire surface,
on which the discs of printed devices (5,15 and 30 layers) were placed. The discs were prepared
for this assay using a standard metal perforating punch. As target control, sterile AC discs
were used. The boxes were incubated at 37°C for 24 hours and the inhibition zone was then
measured with a digital caliper (Mitutoyo). To insert the Ag-NPs, a well has been made in the
center of the Petri dish, drilling the middle and removing it with the help of a cork drill. The
diffusion coefficient of Ag-NPs in the M-H-agar medium was calculated by measuring the
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apparent dynamic viscosity of the culture medium in the following concentrations: M-H
(0.50% w/v) and agar (0.15% w/v), M-H (1.00% w/v) and agar (0.31% w/v), M-H (1.50% w/v)
and agar (0.46% w/v). The data were then extrapolated to determine the apparent viscosity

at the concentration M-H (6.50% w/v) and agar (2.00% w/v) used in the bactericidal effect
analysis The diftusion coefficients (D) were determined with the Stokes-Einstein equation:

D= m (herein nm?/s), where k is the Boltzmann constant, T the absolute temperature, i

the dynamic viscosity and d(H) the hydrodynamic diameter. Finally, the measured inhibition
zone was related to the minimum inhibition zone A,,;, expected in relation to the diffusion
coefficient calculated in 24 h of bacterial incubation, as indicated in the following relation:

A, .. = VD x 24h (herein mm?).

Statistical analysis

Survival of Artemia franciscana: statistical analysis was performed using an ANOVA variance
analysis of a 2x3 factorial design (6 treatments) to evaluate the combination of two types of
levels: material type (PVB and AC) and concentrations of each (0.4,0.8,1.2 mg/mL for PVB
and 1,2.3 mg/mL for AC) using the IBM SPSS statistical program. A p value < 0.05 was
considered.

Bacterial inhibition: Two analyses of variance (ANOVA) were performed for a factorial 2x3
(6 treatments) design. One for the Ag-NPs (Q) printed device and one for the Ag-NPs (M) /
PVB printed device. In both analyses the combination of bacterial type (E. coli and S. aureus)
and number of printing layers (5,15 and 30) was evaluated by the IBM SPSS statistical pro-
gram. A p value < 0.05 was considered. For each experimental measurement, average value
and standard deviation were calculated for the inhibition zone using a millimeter ruler.

Results and discussion
Ultraviolet-visible spectroscopy

The presence of silver nanoparticles was confirmed both in the chemical synthesis method with
a maximum absorption peak at 425 nm and in the microwave irradiation method with a peak
at 421 nm (see Fig 1A). This indicates an approximate size for spherical silver nanoparticles

T T T [

——Microwave (B) |
——Chemical I |
R | .

Slze d:ameler (nm)

300 400 500 600 700 800 900 1000 IIIII I l

Wavelength (nm)

Frequency (%)

3
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Size dlame!er (nm)
Fig 1. UV-VIS spectrum. (A) and DLS measurements for silver nanoparticles produced by microwave (B) and chemical (C) synthesis.

https://doi.org/10.1371/journal.pone.0200918.g001
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between 35 to 50 nm [47]. This conclusion is based on the size dependence of the optical prop-
erty of the plasmon resonance of silver nanoparticles [48]. The frequency of the surface plasmon
resonance over the silver nanoparticles depends on the nanoparticle shape and size, as well as
the dielectric functions of the host matrix and nanoparticle. Also, the formation of nanoparti-
cles aggregates or clusters may displace the absorption band up to the infrared, not observed in
the present work [49].

Dynamic Light Scattering

The hydrodynamic diameters of the nanoparticles were determined using DLS. In cases of
polydisperse size distribution of nanoparticles, the greater the dispersity of the sample, the
greater the probability of unsuccessful data from DLS technique. The average diameter was
found to be 59.59 + 15.8 nm for Ag-NPs (Q), and 64.29 + 8.62 nm for Ag-NPs (M), as shown
in Fig 1B and 1C.

X-ray diffraction

From Fig 2, diffracted peaks were observed at 32.12° and 38.07° for Ag-NPs (Q). They corre-
spond to the set of planes (101) and (111) of the crystalline structure of silver (FCC). For Ag-
NPs (M), the diffraction angles 32.12° and 38.06° correspond to the (101) and (111) planes,
respectively [50-52]. As shown in the diffractogram of Fig 2, one may notice that, regardless of
the nanoparticle preparation technique (microwave or chemical), the ratio between the Bragg
peaks intensities from the metallic silver and the scattering band associated to the amorphous
part of the material, do not changes, although the intensity ratio between the peaks related to

T

T T T T T T T
— Microwave| -
—— Chemical

(101)

(111)

1 1 1 1 1 1 1

20 30 40 50 60 70 80 90
20(°)

Fig 2. XRD patterns from Ag-NPs produced by microwave and chemical preparation.

https://doi.org/10.1371/journal.pone.0200918.9002
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- it

Fig 3. TEM and STEM micrographs of silver nanoparticles. Prepared from microwave synthesis (A) and (B), and from chemical synthesis (C) and
(D). The white bar scale is 50 nm.

https://doi.org/10.1371/journal.pone.0200918.g003

(101) and (111) planes have its ratio intensities changed, probably due to a possible preferential
orientation of the powders during the preparation of the samples.

Scanning Transmission Electron Microscope (STEM) and Transmission
Electron Microscope (TEM)

From Fig 3, one can observe that Ag-NPs (Q) and Ag-NPs (M) are spherical. Using an analysis
software developed in our group [45], an average diameter of 18.9 + 12.3 nm was found for
Ag-NPs (Q), taking 132 nanoparticles into consideration. For Ag-NPs (M) an average diame-
ter of 17.83 + 7.3 nm was found measuring an amount of 113 nanoparticles. This result is
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Table 1. Four-segment control settings for the processing of calibration curves for printing Ag-NPs (M) / PVB
and Ag-NPs (Q).

Segment Control Level % Decay Span Time (us)

Ag-NPs (M) / PVB A 0 0.40 3.586
B 93 1.05 4.864

C 67 0.59 3.392

D 40 0.73 0,768

Ag-NPs (Q) A 0 0.55 3.456

B 87 0.90 4.416

C 67 0.60 2.816

D 40 0.73 0.768

https://doi.org/10.1371/journal.pone.0200918.t001

different from the DLS measurements, as the refraction index of the formed complex is
unknown and due to the fact that the sample distribution is not perfectly monodisperse [3].

Ecotoxic analysis of PVB and AC

In this research a range of 0 to 10% of A. franciscana mortality was used to determine the non-
toxicity of the polymer, based on the results obtained by Chinnasamy et al. [53]. In addition,
an experimental error rate of 5% was established. To verify this experimental error rate, A.
franciscana nauplii were exposed to PVB. A mortality of 4% against exposure of 0.4 mg/ml and
8% against exposure of 0.8 and 1.2 mg/ml was obtained, lower than the established experimen-
tal error. For individuals exposed to AC, an 8% mortality was observed at exposure of 1 mg/ml
AC and a 12% mortality at exposure of 2 and 3 mg/ml AC, lower than the considered experi-
mental error. Therefore, comparing the survival rate of control individuals with respect to
individuals exposed to PVB and AC, we conclude that there is no influence of these polymers
on the survival of A. franciscana.

Printed devices and analysis of the bactericidal effect with Escherichia coli
and Staphylococcus aureus

To produce the two printed devices, the fluids droplets ejected through the nozzles were opti-
mized applying a specific electric pulse waveform to the PZT actuators. Table 1 and Fig 4 (left)

( A) Jetting waveform
25 T T

Arbitrary Unit
o
n

L 1 I L

6 8 10 12 14
Time (us)

Fig 4. Waveform curves (Vxt). Vxt optimized for Ag-NPs (M) / PVB (A) and Ag-NPs (Q) (B) -based fluids (left) and the corresponding quick shot
images of the jetted droplets showing six drops (of 16) from the DoD printer at final stages of drop formation (right).

https://doi.org/10.1371/journal.pone.0200918.g004
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Fig 5. Bactericidal effect on E. coli. (A) Ag-NPs (Q), (B) Ag-NPs (M) and on S. Aureus (C) Ag-NPs (Q), (D) Ag-NPs (M).

https://doi.org/10.1371/journal.pone.0200918.9005

show the four-segment control settings and the corresponding waveform curves (Vxt) for
printing Ag-NPs (M) / PVB and Ag-NPs (Q), and the corresponding quick shot images of the
jetted droplets is shown beside (Fig 4, right). A detailed protocol can be found in [54].

In order to evaluate the efficacy of the printed antibacterial devices, initially the bactericidal
effect of silver nanoparticles without PVB and before printing was observed for Ag-NPs (M).
The effect was compared between Ag-NPs (Q) and Ag-NPs (M) after incubation of E. coli,
shown in Fig 5A(a) and 5B, respectively, and with S. aureus, shown in Fig 5C and 5D,
respectively.
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Fig 6. Bactericidal effect on E. coli. (A) Ag-NPs (Q) on AC and 5 layers (5L), (B) Ag-NPs (Q) on AC and 15 and 30 layers (15L and 30L), (C) Ag-NPs
(M)/PVB on 5 layers (5L), (D) Ag-NPs (M)/PVB on 15 and 30 layers (15L and 30L).

https://doi.org/10.1371/journal.pone.0200918.9006

After the production of the printed devices, the bactericidal effect was analyzed using the
method of diffusion in agar with Kirby—Bauer discs, where the inhibition zone generated by
the devices of Ag-NPs (Q) and Ag-NPs (M) in both bacteria was evidenced. The results for the
AC (substrate) and the PVB polymer printed without Ag-NPs (called PC5, PC15 and PC30 in
the figures) were used as controls. There were compared with the nanoparticle-printed devices,
where a higher inhibition zone was observed in the Ag-NPs (M) / PVB devices, as shown in
Fig 6. Measurements were registered (Table 2) for the inhibition zones produced by devices
printed with Ag-NPs (Q) with 5 (Fig 6A), 15 and 30 (Fig 6B) printed layers, and devices with
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Table 2. Inhibition zone size in mm for Ag-NP (Q) and Ag-NP (M) / PVB devices.

Ag-NPs (Q)
Numbers of layers Average value of the inhibition zone (mm) Diffusion coefficient (nm?*/s)
E. coli S. aureus
A5 0.99 + 0.62 0.25+0.14 1.91x10*
Al5 1.65 £ 0.97 0.55 +0.25
A30 1.68 £ 0.96 1.24 £0.70
Ag-NPs (M) / PVB
Numbers of layers Average value of the inhibition zone (mm) Diffusion Coefficient (nm?*/s)
E. coli S. aureus
A5 1.07 +0.49 0.33£0.17 1.76x10*
Al5 1.79 £ 1.02 0.62 +0.28
A30 1.93 £ 0.97 1.59 £ 0.78

https://doi.org/10.1371/journal.pone.0200918.t002

Ag-NPs (M) with 5 (Fig 6C), 15 and 30 (Fig 6D) printed layers, on E. coli. The same process of
measurements was performed for S. aureus (Fig 7). All the inhibition zones measurements are
summarized in Table 2.

By the previous results, one can conclude that the cell wall thickness of the Gram-positive
bacteria affects the action of the devices, showing less effect in S. aureus with respect to E. coli.
This is also confirmed by other research groups, as published by Malegowd et al. [55]. Diffu-
sion coefficients were determined for Ag-NPs (Q) and Ag-NPs (M), see Table 3.

Furthermore, it was measured an apparent minimum inhibition zone for Ag-NPs (Q) of
0.041 mm and 0.039 mm for Ag-NPs (M) / PVB. These experiments show clearly the anti-
bacterial effect of the obtained devices. However, the antibacterial mechanism of Ag-NPs is
not clearly defined. There are several theories in the current literature. Ag-NPs can anchor
to the cell membrane, causing damage and leakage of intracellular material. The theory
mentions that the formation of free radicals by Ag-NPs is one of the causes of cell death
since they have the ability to generate pores in the membrane [56]. Another theory consid-
ers that the release of silver ions from nanoparticles damages the integrity and permeability
of the membrane, and that these ions can react with functional protein molecules and DNA,
interfering with DNA metabolism and replication, originating the cell death [25]. Consider-
ing these various theories, we consider the schematic diagram for explaining the antibacte-
rial mechanism presented here in the nanocomposite system, see Fig 8. The bacteria interact
with the composite and in presence of water a process of creating silver ion is generated,
thus leading to the antibacterial effect. The mechanism presented in Fig 8 is related to metal-
lic pure silver nanoparticles, that releases ionic silver in aqueous solution, as proposed here,
but, using the same procedure proposed in the present paper, it is also possible to print new
hybrid structures, as those recently proposed by Assis et Al. [57]. These hybrid nanoparticles
act by a different mechanism, in which a semiconductor attracts bacterial agents and Ag
nanoparticles neutralize them, in o-Ag2WO4 nanoparticles, produced by femtosecond laser
irradiation. The new class of spherical hybrid nanoparticle presents a 32-fold improvement
of antibacterial performance and may be fully compatible with the presented DoD printing
process.

Statistical analysis

The result of the ANOVA, carried out in the survival of Artemia franciscana, showed that
there is no influence of the polymer type (user in fluid and substrate), since the p value
obtained for the type and the concentration of each polymer is 0.865 and 0.523, respectively.
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(B)

Fig 7. Bactericidal effect on S. aureus. (A) Ag-NPs (Q) on AC and 5 layers (5L), (B) Ag-NPs (Q) on 15 and 30 layers (15L and 30L), (C) Ag-NPs (M)/
PVB on AC and 5 layers (5L), (D) Ag-NPs (M)/PVB on 15 and 30 layers (15L and 30L).

https://doi.org/10.1371/journal.pone.0200918.9007

Table 3. Diffusion coefficients of synthesized Ag-NPs in Mueller-Hinton culture medium.

Diffusion coefficients

DLS average diameter of Ag-NPs (nm) Equation Diffusion coefficients (nm?/s)
Ag-NPs (Q) D=t D =19177
d(H) = 80.97 k = 1.38064852 x 10 2> J.K ™!
Ag-NPs (M) T =310.15K D = 17677
d(H) = 87.84 7 =2.926x10 J.s/nm’
https://doi.org/10.1371/journal.pone.0200918.t003
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Fig 8. Schematic diagram of antibacterial mechanism of the device impregnated of AgNPs.

https://doi.org/10.1371/journal.pone.0200918.9008

Moreover, these values are greater than 0.05. So, with a 95% confidence interval, we deter-
mined that there is no statistically significant influence of this parameter against the micro-
crustaceans taken as a biomodel. Regarding the ANOV A analysis on bacterial inhibition,
maintaining a 95% confidence interval (p_value 0.05), we determined that the bacterial type
has a statistically significant influence on this parameter, since the p_value resulting from the
analysis was 0.028. However, no significant influence related to the number of printing layers
on bacterial inhibition was found, since the calculated p_value was 0.15.

Conclusions

Two antibacterial devices printed using DoD technology were obtained. The first, with silver
nanoparticles obtained by chemical process and the second one, with silver nanoparticles pro-
duced under microwave irradiation, in a PVB composite. We show that both devices have a
bactericidal effect against S. aureus and E. coli. The substrate (acetate cellulose) and the poly-
mer used in the fluid (PVB) were subjected to an ecotoxic test, in which it was determined
that both polymers do not generate any type of toxicity, according to the biomodel used. The
results indicate that the best antibacterial characteristics of the printed device is obtained for
the polymer compound with silver nanoparticles synthesized by microwave irradiation and
considering the highest number of printing layers. In addition, the inclusion of silver nanopar-
ticles into the polymer matrix avoid any aggregation and so the possibility of a reduction of
its antibacterial activity. To ensure the effect on a long time, an interleaved or simultaneous
release of silver and inhibitors of proteins produced by Gram-negative bacteria could be
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produced in the next future. Therefore, this kind of device could be used for industrial applica-
tions as a printable antibacterial device produced by drop-on-demand inkjet technology.

Supporting information

S1 Fig. Original print screen of waveform curves (Vxt). Vxt optimized for Ag-NPs (M) /
PVB.
(JPG)

S2 Fig. Original print screen of waveform curves (Vxt). Vxt optimized for Ag-NPs (Q).
(JPG)

S1 Video. Droplet video obtained during the printing process using parameters defined in
S1 Fig.
(MP4)

$2 Video. Droplet video obtained during the printing process using parameters defined in
S2 Fig.
(MP4)

Acknowledgments

The authors thank the “Laboratorio de Arquitetura de Nanodispositivos Fotonicos e Bioinspir-
ados” LANDFOTON-UEFPE (Recife-Brazil) Group, supported by the Brazilian Research
Agencies FINEP (CT-HIDRO/NAMICRO), CNPq, FACEPE, and CAPES (Nanobiotec-

Brasil Network 36), for the financing of the project carried out, the CETENE Research Center
(MCTIC) and the CENCINAT “Centro de Nanociencia y Nanotecnologia” (Quito-Ecuador),
for their research support in the characterization of the nanoparticles. The authors are espe-
cially grateful to Prof. Norma Gusmao (Departamento de Antibioticos, UFPE) for the support
for antibacterial assays.

Author Contributions

Conceptualization: Lizeth Guerrero, Petrus Santa-Cruz.

Data curation: Alexis Debut.

Funding acquisition: Petrus Santa-Cruz.

Investigation: Nicole Barrera, Lizeth Guerrero, Alexis Debut, Petrus Santa-Cruz.
Methodology: Nicole Barrera, Lizeth Guerrero, Petrus Santa-Cruz.

Project administration: Petrus Santa-Cruz.

Supervision: Alexis Debut.

Writing - original draft: Nicole Barrera, Lizeth Guerrero, Alexis Debut, Petrus Santa-Cruz.

Writing - review & editing: Lizeth Guerrero, Alexis Debut, Petrus Santa-Cruz.

References

1. Aminov RI. A Brief History of the Antibiotic Era: Lessons Learned and Challenges for the Future. Front
Microbiol. 2010; 1: 134. https://doi.org/10.3389/fmicb.2010.00134 PMID: 21687759

2. Podolsky SH. The Antibiotic Era: Reform, Resistance, and the Pursuit of a Rational Therapeutics.
Emerg Infect Dis. 2015; 21(6):1093. https://doi.org/10.3201/eid2106.150212

PLOS ONE | https://doi.org/10.1371/journal.pone.0200918  July 19, 2018 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200918.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200918.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200918.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200918.s004
https://doi.org/10.3389/fmicb.2010.00134
http://www.ncbi.nlm.nih.gov/pubmed/21687759
https://doi.org/10.3201/eid2106.150212
https://doi.org/10.1371/journal.pone.0200918

@° PLOS | ONE

Printable nanocomposites: Antibacterial devices produced by DoD technology

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Ramesh S, Grijalva M, Debut A, Albericio F, Cumbal LH. Peptides conjugated to silver nanoparticles in
biomedicine—a “value-added” phenomenon. Biomater Sci. 2016 Nov 15; 4(12):1713-1725. https://doi.
org/10.1039/c6bm00688d PMID: 27748772

Cao H. Silver Nanoparticles for Antibacterial Devices: Biocompatibility and Toxicity. CRC Press: Boca
Raton; 2017.

Poulose S, Panda T, Nair PP, Théodore T. Biosynthesis of silver nanoparticles. Journal of Nanoscience
and Nanotechnology. 2014 Feb; 14(2): 2038—2049. PMID: 24749472

Wolny-Kotadka KA, Malina D. Toxicity assessment of silver nanoparticles against Escherichia coli
strains isolated from horse dung. Micro and Nano Letters. 2017; 12 (10): 772-776

Kaweeteerawat C, Ubol PNa, Sangmuang S, Aueviriyavit S, Maniratanachote R. Mechanisms of antibi-
otic resistance in bacteria mediated by silver nanoparticles. J Toxicol Environ Health A. 2017; 80(23—
24):1276-1289. https://doi.org/10.1080/15287394.2017.1376727 PMID: 29020531

Dell’Erba IE, Martinez FD, Hoppe CE, Elicabe GE, Ceolin M, Zucchi IA, Schroeder WF. Mechanism of
Particle Formation in Silver/Epoxy Nanocomposites Obtained through a Visible-Light-Assisted in Situ
Synthesis. Langmuir. 2017; 33(39): 10248—10258. https://doi.org/10.1021/acs.langmuir.7b01936
PMID: 28874051

Azam A, Ahmed, Oves MM, Khan, Habib S, Memic A. Antimicrobial activity of metal oxide nanoparticles
against Gram-positive and Gram-negative bacteria: a comparative study. Int J Nanomedicine. 2012; 7:
6003-6009. https://doi.org/10.2147/IJN.S35347 PMID: 23233805

Papavlassopoulos H, Mishra YK, Kaps S, Paulowicz |, Abdelaziz R, Elbahri M, et al. Toxicity of Func-
tional Nano-Micro Zinc Oxide Tetrapods: Impact of Cell Culture Conditions, Cellular Age and Material
Properties. PLoS ONE. 2014; 9(1): e849883. hitps://doi.org/10.1371/journal.pone.0084983 PMID:
24454775

Mishra YK, Adelung R. Functional applications ZnO tetrapod nanomaterials made by flame transport
synthesis. Materials Today. 2018;

Rai M, Yadav A, Gade A. Silver nanopatrticles as a new generation of antimicrobials. Biotechnol Adv.
2009; 27(1):76-83. hitps://doi.org/10.1016/j.biotechadv.2008.09.002 PMID: 18854209

Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO. A mechanistic study of the antibacterial effect of sil-
ver ions on Escherichia coli and Staphylococcus aureus. J Biomed Mater Research. 2000; 52(4): 662—
668.

Abbasi E, Milani M, Aval S, Kouhi M, Akbarzadeh A, Nasrabadi H et al. Silver nanoparticles: Synthesis
methods, bioapplications and properties. Critical Reviews in Microbiology. 2016; 42 (2): 173—180.
https://doi.org/10.3109/1040841X.2014.912200 PMID: 24937409

Biswas P, Dey S. Effects and applications of silver nanoparticles in different fields. International Journal
of Recent Scientific Research. 2015; 6 (8); 5880-5883.

Pulit-Prociak J, Banach M. Silver nanoparticles—a material of the future. Open Chemistry. 2016; 14;
76-91.

Schneider R, Campos EA, Mendes J, Felix JF, Santa-Cruz PA. Lead—germanate glasses: an easy
growth process for silver nanoparticles and their promising applications in photonics and catalysis. RSC
Adv. 2017; 7; 41479.

Santa-Cruz PA. Nanomaterial Biocompativel autoformado para liberagéo controlada de Prata em Apli-
cacgdes Biomédicas. BR Patent P 0403087—-7. 2004 May 29. Portuguese.

Santa-Cruz PA, Schneider R. Sensor Continuo de Gas Hidrogénio Utilizando Fibra Vitrea Nanoestru-
turada. Patent BR1020160184355. 2016 Aug 10. Portuguese.

Thakur NS, Dwivedee BP, Banerjee UC, Bhaumik J. Silver Nanoparticles for Antibacterial Devices:
Biocompatibility and Toxicity. ed. Cao Huiliang; CRC Press; Boca Raton. Bioinspired Synthesis of
Nanoparticles; 2017; 11-72.

Kumar B, Smita K, Cumbal L, Debut A. Ficus carica (fig) fruit mediated green synthesis of silver nano-
particles and its antioxidant activity: a comparison of thermal and ultrasonication approach. BioNa-
noScience. 2016; 6 (1); 15-21.

Kumar B, Smita K, Cumbal L, Debut A, Pathak RN. lonic liquid based silica tuned silver nanoparticles:
novel approach for fabrication. Synthesis and Reactivity in Inorganic, Metal-Organic, and Nano-Metal
Chemistry. 2016; 46 (8); 1265-1271.

Mehr F, Khanjani M, Vatani P. Synthesis of Nano-Ag particles using Sodium Borohydride. Oriental Jour-
nal of Chemistry. 2015; 31 (3); 1831-1833.

Ranoszek-Soliwoda K, Tomaszewska E, Socha E, Krzyczmonik P, Ignaczak A, Orlowski P, et al. The
role of tannic acid and sodium citrate in the synthesis of silver nanopatrticles. Journal of Nanoparticle
Research. 2017; 19 (8); 273. https://doi.org/10.1007/s11051-017-3973-9 PMID: 28824288

PLOS ONE | https://doi.org/10.1371/journal.pone.0200918  July 19, 2018 16/18


https://doi.org/10.1039/c6bm00688d
https://doi.org/10.1039/c6bm00688d
http://www.ncbi.nlm.nih.gov/pubmed/27748772
http://www.ncbi.nlm.nih.gov/pubmed/24749472
https://doi.org/10.1080/15287394.2017.1376727
http://www.ncbi.nlm.nih.gov/pubmed/29020531
https://doi.org/10.1021/acs.langmuir.7b01936
http://www.ncbi.nlm.nih.gov/pubmed/28874051
https://doi.org/10.2147/IJN.S35347
http://www.ncbi.nlm.nih.gov/pubmed/23233805
https://doi.org/10.1371/journal.pone.0084983
http://www.ncbi.nlm.nih.gov/pubmed/24454775
https://doi.org/10.1016/j.biotechadv.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18854209
https://doi.org/10.3109/1040841X.2014.912200
http://www.ncbi.nlm.nih.gov/pubmed/24937409
https://doi.org/10.1007/s11051-017-3973-9
http://www.ncbi.nlm.nih.gov/pubmed/28824288
https://doi.org/10.1371/journal.pone.0200918

@° PLOS | ONE

Printable nanocomposites: Antibacterial devices produced by DoD technology

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

Hong X, Wen J, Xiong X, Hu Y. Shape effect on the antibacterial activity of silver nanoparticles synthe-
sized via a microwave-assisted method. Environmental Science and Pollution Research. 2016; 23;
4489-4497. https://doi.org/10.1007/s11356-015-5668-z PMID: 26511259

Valenti L, Giacomelli C. Stability of silver nanoparticles: agglomeration and oxidation in biological rele-
vant conditions. Journal of Nanoparticle Research. 2017; 19; 156.

Belluco S, Gallocchio F, Losasso C, Ricci A. State of Art of Nanotechnology Applications in the Meat
Chain: A Qualitative Synthesis. Crit Rev Food Sci Nutr. 2017 Apr; 58 (); 1084—1096. https://doi.org/10.
1080/10408398.2016.1237468 PMID: 27736191

Almeida Lopes N, Brandelli A. Nanostructures for Delivery of Natural Antimicrobials in Food. Crit Rev
Food Sci Nutr. 2017 Apr 10; 1-11.

Sousa FLN, Mojica-Sanchez LC, Gavazza S, Florencio L, Vaz ECR, Santa-Cruz PA. Printable UV per-
sonal dosimeter: Sensitivity as a function of DoD parameters and number of layers of a functional pho-
tonic ink. Materials Research Express. 2016; 3 (4); 045701

Gameiro CG, da Silva EF Jr, Alves S Jr, de Sa G. F, Santa-Cruz PA. Molecular dosimeter developed
from high efficient rare-earth complexes: UV-A, UV-B and UV-C responses. Mater. Sci. Forum. 1999;
(315-317); 249-256.

de Sa GF, Malta OL, Donega CM, Simas AM, Longo RL, Santa-Cruz PA, da Silva EF Jr. Spectroscopic
properties and design of highly luminescent lanthanide coordination complexes. Coord. Chem. Rev.
2000; 196;165—195.

Quirino W, Reyes R, Legnani C, Nébrega PC, Santa-Cruz PA, Cremona M. Eu-B-diketonate complex
OLED as UV portable dosimeter. Synthetic Metals 161.2011; 964—968.

Long Ng W, Yeong WY, Naing MW. Polyvinylpyrrolidone-Based Bio-Ink Improves Cell Viability and
Homogeneity during Drop-On-Demand Printing. Materials. 2017; 10; 190.

Icten E, Giridhar A, Nagy Z, Reklaitis G. Drop-on-Demand System for Manufacturing of Melt-based
Solid Oral Dosage: Effect of Critical Process Parameters on Product Quality. AAPS PharmSciTech.
2016; 17 (2); 284—293. https://doi.org/10.1208/s12249-015-0348-3 PMID: 26082005

Panacek A, Kvitek L, Smékalova M, Vecerova R, KolaF M, Roderova M, et al. Nature Nanotechnology.
2018 Jan; 13; 65—71. https://doi.org/10.1038/s41565-017-0013-y PMID: 29203912

Hadjispyrou S, Kungolos A, Anagnostopoulos A. Toxicity, bioaccumulation, and interactive effects of
organotin, cadmium, and chromium on Artemia franciscana. Ecotoxicol Environ Saf. 2001; 49 (2); 179—
186. https://doi.org/10.1006/eesa.2001.2059 PMID: 11386732

Bergami E, Bocci E, Vannuccini L, Monopoli M, Salvati A, Dawson K, Coris |. Nano-sized polystyrene
affects feeding, behavior and physiology of brine shrimp Artemia franciscana larvae. Ecotoxicol Environ
Saf. 2016; 123; 18-25. https://doi.org/10.1016/j.ecoenv.2015.09.021 PMID: 26422775

Rajabi S, Ramazani A, Hamidi M, Naji T. Artemia salina as a model organism in toxicity assessment of
nanoparticles. DARU Journal of Pharmaceutical Sciences. 2015; 23 (20).

Bergami E, Pugnalini S, Vannuccini ML, Manfra L, Faleri C, Savorelli F., et al. Long-term toxicity of sur-
face-charged polystyrene nanoplastics to marine planktonic species Dunaliella tertiolecta and Artemia
franciscana. Aquatic Toxicology. 2017; 189; 159—169. https://doi.org/10.1016/j.aquatox.2017.06.008
PMID: 28644993

Velayudhannair K, Divya K.R, Munuswamy N. Quality evaluation of the invader species, Artemia fran-
ciscana from Covelong salt works, Kelambakkam, South India. International Journal of Aquatic Biology.
2017; 5(4); 246-251.

Bergami E, Bocci E, Vannuccini ML, Monopoli M, Salvati A, Dawson KA, Corsi |. Nano-sized polystyrene
affects feeding, behavior and physiology of brine shrimp Artemia franciscana larvae. Ecotoxicology and
Environmental Safety. 2016; 123; 18-25. https://doi.org/10.1016/j.ecoenv.2015.09.021 PMID: 26422775

FAO. Genetic resources for microorganisms of current and potential use in aquaculture. Ninth Session.
2017.

Velasco SJ, Retana O, Castro MJ, Castro MG, Monroy M, Ocampo C, Cruz C, Becerril C. Salinity effect
on reproductive potential of four Artemia franciscana (Kellogg, 1906) Mexican populations grown in lab-
oratory. International Journal of Fisheries and Aquatic Studies. 2016; 4 (3); 247-352.

Naser MN, Hasan R, Nipa SA, Rashid H. The Prospect and Feasibility Assessment of Brine Shrimp
(Artemia franciscana) Culture in Bangladesh. Journal of Environmental Science and Engineering. 2016;
5;261-267.

Arroyo CR, Debut A, Vaca AV, Stael C, Guzman K, Kumar B, Cumbal L. Reliable Tools for Quantifying
the Morphogical Properties at the Nanoscale. Biology and Medicine. 2016; 8 (3).

Borroto J, Trujillo R, de la Torre C, Waksman N, Hernandez M, Salazar VR. Antimicrobial action and
toxicity against Artemia salina of the dichlormethane extract from Morinda royoc L. roots. Revista
Cubana de Plantas Medicinales. 2011; 16(1); 34—42.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200918  July 19, 2018 17/18


https://doi.org/10.1007/s11356-015-5668-z
http://www.ncbi.nlm.nih.gov/pubmed/26511259
https://doi.org/10.1080/10408398.2016.1237468
https://doi.org/10.1080/10408398.2016.1237468
http://www.ncbi.nlm.nih.gov/pubmed/27736191
https://doi.org/10.1208/s12249-015-0348-3
http://www.ncbi.nlm.nih.gov/pubmed/26082005
https://doi.org/10.1038/s41565-017-0013-y
http://www.ncbi.nlm.nih.gov/pubmed/29203912
https://doi.org/10.1006/eesa.2001.2059
http://www.ncbi.nlm.nih.gov/pubmed/11386732
https://doi.org/10.1016/j.ecoenv.2015.09.021
http://www.ncbi.nlm.nih.gov/pubmed/26422775
https://doi.org/10.1016/j.aquatox.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28644993
https://doi.org/10.1016/j.ecoenv.2015.09.021
http://www.ncbi.nlm.nih.gov/pubmed/26422775
https://doi.org/10.1371/journal.pone.0200918

@° PLOS | ONE

Printable nanocomposites: Antibacterial devices produced by DoD technology

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pradeep T. A Textbook of Nanoscience and Nanotechnology. 1° edition, McGraw Hill, India. 2012;
887-893.

Mogensen KB, Kneipp K. Size-Dependent Shifts of Plasmon Resonance in Silver Nanoparticle Films
Using Controlled Dissolution: Monitoring the Onset of Surface Screening Effects. J. Phys. Chem. C.
2014; 118 (48); 28075—28083.

Naranjo LP, de Araujo C, Malta OL, Santa-Cruz PA, Kassab L. Enhancement of Pr3+ Luminescence in
PbO-GeO2 Glasses Containing Silver Nanoparticles. Applied Physics Letters. 2005; 87(24).

Callister W. Materials science and engineering: an Introduction. 7° edition, Techbooks/GTS, New
York, USA. 2007.

Amutha M, Lalitha P, Firdhouse J. Biosynthesis of Silver Nanoparticles Using Kedrostis foetidissima
(Jacq.). Cogn. Journal of Nanotechnology. 2014; Article ID 860875; 1-6.

Marslin G, Selvakesavan R, Franklin G, Sarmento B, Dias A. Antimicrobial activity of cream incorpo-
rated with silver nanoparticles biosynthesized from Withania somnifera. International Journal of Nano-
medicine. 2017; 10; 5955-5963.

Chinnasamy A, Samou M, Durai P, Devakumar Ch. Toxicity Effect of Silver Nanoparticles in Brine
Shrimp Artemia. Hindawi, The Scientific World Journal. 2014; Article ID 256919; https://doi.org/10.
1155/2014/256919 PMID: 24516361

Souza F. Dispositivos imprimiveis por tecnologia “drop-on-demand” de materiais fluidos funcionais: de
nanotubos de carbono a complexos para dosimetros uv pessoais. Universidad Federal de Pernam-
buco, Recife, Brasil. 2015. Grade thesis. Portuguese.

Malegowd G, Jung J, Kim D, Seo J. Microwave assisted antibacterial chitosan-silver nanocomposite
films. Elsevier, International Journal of Biological Macromolecules. 2015; https://doi.org/10.1016/].
ijpoiomac.2015.12.026 PMID: 26706842

Prabhu S, Poilose E. Silver nanoparticles: mechanism of antimicrobial action, synthesis, medical appli-
cations, and toxicity effects. International Nano Letters. 2012; 2:32.

Assis M, Cordoncillo E, Torres-Mendieta R, Beltran-Mir H, Minguez-Vega G, Oliveira G, et al. Towards
the scale-up of the formation of nanoparticles on a-Ag2WO4 with bactericidal properties by femtosec-
ond laser irradiation. Scientific reports. 2018; 8; Article number: 1884.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200918  July 19, 2018 18/18


https://doi.org/10.1155/2014/256919
https://doi.org/10.1155/2014/256919
http://www.ncbi.nlm.nih.gov/pubmed/24516361
https://doi.org/10.1016/j.ijbiomac.2015.12.026
https://doi.org/10.1016/j.ijbiomac.2015.12.026
http://www.ncbi.nlm.nih.gov/pubmed/26706842
https://doi.org/10.1371/journal.pone.0200918

