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Early Mortality Syndrome (EMS) or Acute Hepatopancreatic Necrosis Syndrome (AHPNS) is a disease produced by gram-negative
bacteria Vibrio parahaemolyticus (V. parahaemolyticus), which has caused declines in worldwide production of a white shrimp
Litopenaeus vannamei (L. vannamei). In this work, we propose the implementation of silver nanoparticles (AgNPs) synthesized
with Rumex hymenosepalus (Rh) extract as an alternative on V. parahaemolyticus control. AgNPs were characterized by UV-Vis
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and selected area electron
diffraction (SAED). AgNP mean sizes by DLS were 80.82+1.16 nm and sizes between 2 and 10nm by TEM, with a zeta
potential of —47.72 + 1.05mV. This study evaluated AgNPs and Rh antimicrobial capacity on V. parahaemolyticus at different
concentrations; the minimum inhibitory concentration (MIC) found was 25 ug/mL for AgNPs and 220 ug/mL for Rh.
Additionally, were carried out time-kill curves and reactive oxygen species (ROS) generation for 1 and 4 MIC. Both
concentrations (MIC) were tested for toxicity on Artemia nauplii from Artemia franciscana (A. franciscana), because nauplii
were used as biocarriers for AgNPs and Rh extract on L. vannamei. Once the shrimp were treated, they were challenged with
Vibrio infection and it was found that those who were treated with both agents showed greater survival than the control. V.
parahaemolyticus and postlarval samples were taken from the bioassay and fixed and prepared for TEM and SEM in order to
search NPs in internal structure of bacteria and the hepatopancreatic area of shrimps; AgNPs were detected in both cases.
AgNPs and Rh extract show antibacterial properties on the infected shrimp with V. parahaemolyticus. The action mechanisms
are interaction with the bacterial membrane and ROS generation; these effects are produced by both agents.

1. Introduction borne infection, usually associated with seafood [1-4]. In
2013, a laboratory infection model found that a pathogenic
Vibrio is a bacterium belonging to the genus that is gram-  strain of V. parahaemolyticus provokes an AHPNS illness,

negative. Several species of this bacteria can cause food-  disease that has affected severely shrimp industry, because
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it can infect wild and cultivated shrimps [5-7]. This disease
was detected for the first time in China in 2009, where a
loss of 80% was reported in relation to the total production
of the shrimp. The disease spread quickly and appeared in
Vietnam (2010), Malaysia (2011), Thailand (2012), and
even Mexico (2013) [8-11]. The most noticeable symptoms
of the disease are an empty and atrophied intestine that
presents a pale tone. Hepatopancreas histopathology shows
inflammation and desquamation, while a hemocytic infil-
trate is noted. This damage is produced by toxins PirAvp
and PirBvp which have a structural similarity to B. thurin-
giensis Cry pore-forming toxin, so it has been suggested
that PirAvp/PirBvp promote a similar process to induce cell
death of the hepatopancreas tissue in shrimps [12, 13].
Several strategies have been addressed to control diseases
that affect a shrimp, such as tank water replacements, good
personnel management practices, water monitoring, and
use of antibiotics. However, these measures have not been
enough for the control and elimination of bacteria, and
moreover, an increase in resistant organisms has also been
reported [14, 15].

On the one hand, given the inefliciency of conventional
treatments, the development of new agents for pathogen
treatment has been opted for, such as nanomaterial develop-
ment and implementation, including antibiotic resistance
[16, 17]. On the other hand, green synthesis is a viable strat-
egy for nanomaterial generation, since it is a process that uses
plant extracts, algae, fungi, yeast, etc., as reducing agents, and
is safe and an eco-friendly strategy [18, 19]. In particular, Rh
is a plant species that radices in Northwest of Mexico and
Southwest of United States and ethanolic, its extract from
Rh, has been utilized for AgNP synthesis, in nanotechnology
field, highlighting how this has shown a very promising effect
as a bactericide [3, 20, 21]. In this work, we propose to control
AHPN in L. vannamei at a postlarval stage, using Artemia
salina (A. salina) as a vector for AgNPs and Rh.

Nauplii (a larval stage of Artemia) have been used as
biocarriers for feeding in diverse species such as coral, fish,
and shrimp [22, 23], for the encapsulation of supplements
as probiotics, prebiotics, and symbiotic [24], for antibiotics
[25], vaccines [26], and liposomes [27]. In addition, nauplii
are used to transport inorganic (CuO, Ag, TiO,, and AgTiO,)
nanomaterials; in general, nauplii can be used as biological
model nanotoxicology assays [28-32]. Other biocarriers for
metallic NP include yeast cells (Ag and Pd) [10], magnetotac-
tic bacteria [33], and bacterial ghost, which uses only some
functions of microorganisms to transport nanomaterials as
the outer membrane of gram-negative bacteria [34]. Nauplii
are used as a biocarrier and toxicology assay before the test
in a shrimp.

In this work, we synthesized AgNPs with Rh extract as a
reductor agent. AgNPs and Rh extract in vitro evaluate anti-
microbial activity against V. parahaemolyticus, and MIC was
determined by 96-well plate microdilution assay. The time-
kill experiments were performed to determine the bacteri-
cidal capacity of agents. Artemia nauplii were used like vec-
tors of AgNPs and Rh extract to feed shrimp postlarvae
with the goal to evaluate the microbicide effect of these mate-
rials in V. parahaemolyticus infection.
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2. Experimental

2.1. Synthesis of NPs. Rh extract was obtained according to
the protocol previously reported by our group [20] and sub-
sequently lyophilized and refrigerated until its use. For nano-
particle synthesis, an aqueous solution of the lyophilized
extract was prepared at concentration of 11.6 mg/mL and
then 16 mL of extract solution was added to 8 mL of silver
nitrate (Sigma-Aldrich 99.9%) at 0.1 M and 64 mL of ultra-
pure water with resistance of 18.2 MQ as solvent. Mixture
was prepared in a 100 mL clear glass flask and stirred with a
magnet on a stir plate for one hour in the presence of sunlight
to promote synthesis. Color of the solution changed from a
reddish brown color to a dark brown color after synthesis.
Sunlight radiation in Hermosillo, México, has a beam normal
solar radiation of 7.8 kWh/m?*/day [35]. Once synthesized,
NPs were cleaned to remove the remaining reactants by the
following procedure: centrifugation at 15,000 rpm (Thermo
Scientific/Sorvall model Legend X1), removal of supernatant,
resuspension of the NP pellet in ultrapure water, and sonica-
tion for 30 min (Branson, ultrasonic 2800). The process was
repeated 3 times, and pellet obtained on last step was dried
in an oven at 40°C for 12h. Solids recovered were weighed
and resuspended by sonication for 3h in ultrapure water to
obtain stock solution of AgNPs.

2.2. UV-Vis Spectroscopy. Spectroscopy was performed in a
PerkinElmer Lambda 40 double-beam spectrophotometer
at a range of 900 to 200 nm, a step speed of 480 nm per min
at 25°C, and a beam aperture width of 0.5nm. Ultrapure
water was used as a blank reference for NPs and Rh extract.

2.3. Dynamic Light Scattering. AgNP sizes were measured
by dynamic light scattering (DLS) of Zetasizer Nano ZS
(Malvern Instruments, UK) with resolution of 0.5nm
and sensitivity of 0.1 mg/mL. The instrument determines
the size by first measuring the Brownian motion of particles
in the samples using DLS and interpreting a size from this
using the established theories. The relationship between par-
ticle size and its speed due to Brownian motion is defined in
the Stokes-Einstein equation.

D= KT , (1)
6mnR

where D is the diffusion coefficient, Ky is the Boltzmann con-

stant, T is the temperature of the sample, # is the viscosity,

and R is the hydrodynamic radio, which represent particle

size in nm. Each sample was measured at room temperature

(25°C) in triplicate.

2.4. Zeta Potential and Conductivity (o). { and o of AgNP
solutions were measured by using a Zetasizer Nano ZS
(Malvern Instruments, UK). The instrument calculates the
{ by determining the electrophoretic mobility (y,) using the
Henry equation [36]:

= %,2") @)
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where z, €, 7, and f(ka) denote the {, media dielectric
constant, media viscosity, and Henry’s function, respec-
tively. Two values are generally used as approximations
for the f(ka) determination, either 1.5 or 1.0. Electropho-
retic determination of { is most commonly made in aque-
ous solvent and moderate electrolyte concentration. f(ka),
in this case, takes the value of 1.5 and is referred to as the
classical Smoluchowski approximation [37].

a=e—. (3)

Samples were placed into a U-shaped folded capillary
cell for { measurements. Each sample was measured at
room temperature (25°C) in triplicate.

2.5. FT-IR. Fourier transform IR spectroscopy experiments
were performed on a PerkinElmer FT-IR, System Spectrum
GX. Spectra were obtained in transmittance mode in the
region comprised between 4000 and 500 cm™, at a resolution
of 0.3cm™.

2.6. TEM and SEM. AgNP characterization was carried out
in a field emission JEOL microscope, model 2010F. The
equipment has a spherical aberration corrector that allows
a point-to-point spatial resolution of 0.19 nm. The operat-
ing voltage was 200kV. 10 uL of NPs was deposited on a
formvar/carbon copper (EMS) TEM grid (300 mesh)
coated with a carbon film as support. The sample was left
to dry on the grid at room temperature until the solvent
evaporated (12h) and then stored in an Eppendorf tube
(1.5mL) until it was observed. TEM and SEM were per-
formed using a FEG (Hitachi S-5500), an ultrahigh resolu-
tion electron microscope (0.4nm at 30kV) with a BF/DF
Duo-STEM detector.

2.7. Sample Preparation by Ultramicrotomy. TEM and SEM
were performed using a FEG (Hitachi S-5500), as described
before. In the analysis of glutaraldehyde-fixed organisms, a
petri dish was used, under an extraction hood to obtain the
hepatopancreas using a scalpel. Tissue sections were placed
in 2mL Eppendorf tubes, and two consecutive washes were
made with PBS (phosphate-buffered saline) for 15 min each.
Subsequently, PBS 1x was removed and a solution of 1%
osmium tetroxide (OsO,) in PBS was deposited in the tube
for 1h to stain the tissue sample to be observed by TEM
and SEM. OsO, was removed, and two PBS washes were
made for 15min each to remove the excess, followed by a
series of consecutive ethanol washes at concentrations of
25, 50, 75, 95, and 100% for 15 min each (based on 96% of
ethanol). After ethanol washing, samples were washed with
propylene oxide (Aldrich Chemistry), twice for 15 min each
to remove ethanol; then, tissues were placed one hour in
a 50:50 mixture of propylene oxide with the LX-112
(Ladd Research) resin. Finally, samples were placed in an
Eppendorf tube to give orientation and we place LX-112
resin with a catalyst for resin polymerization. Samples
were placed in an oven at 60°C for 48 h. During prepara-
tion, in the step of ethanol washes, a 20 yL sample was
taken and deposited on a copper grid with the carbon

cover and allowed to dry for observation by SEM. Once
in the solid state, the resin was taken to an ultramicro-
tome, where ultrafine cuts (90 nm) were made with a dia-
mond blade and collected with a copper grid with carbon
coating to be observed by TEM. Shrimp and Vibrio para-
haemolyticus cut were observed in different models of the
transmission and scanning electron microscope.

2.8. Determination of Minimum Inhibitory Concentration
(MIC) by a Broth Microdilution Method. For this study, a
pathogenic strain from V. parahaemolyticus bacterium,
donated by the Center for Biological Research of the
Northwest (CIBNOR) [38] and characterized in the Inter-
disciplinary Research Center Regional Integral Develop-
ment (CIIDIR) [39], was used. For growth kinetics tests,
a Synergy HTX (BioTek Instruments) plate reader was
used. The absorbance was monitored at 540nm every
15min with shaking at 30°C for 24h. Tests were carried
out in new and sterile 96-well plates. Each well contained
50 uL of Mueller-Hinton culture medium (Difco), 30 uL of
inhibitory agents (5, 10, 15, 20, 25, 30, and 35 ug/mL of
AgNPs and 88, 100, 110, and 330 ug/mL of Rh extract),
and 20 uL of inoculum of V. parahaemolyticus at a well
concentration of 10° cells/mL. Each treatment was per-
formed in triplicate. As a blank, culture medium was used
and, as a control, the bacteria without treatment. The MIC
value was taken at the lowest concentration of antibacterial
agents that inhibits the growth of bacteria [40].

2.9. Time-Kill Curves. An inoculum of V. parahaemolyticus
was seeded on a plate with marine agar (BD Difco) at 30°C
for 24 h. Later, bacterial concentration was adjusted to 10°
by the McFarland method [41]. Distilled and sterilized water
was used, and saline solution was prepared at 2.5% NaCl
(Sigma-Aldrich). For the broth macrodilution test, 5 vials
were used, which contained 1mL of an inhibitory agent,
500 puL of V. parahaemolyticus inoculum, and 3.5mL of
Mueller-Hinton broth at 2.5% NaCl. In control, the volume
of an inhibitory agent was replaced by culture broth. As
inhibitors, AgNPs (25 and 200 #g/mL) and the Rh extract
(220 and 880 pug/mL) were evaluated. The tested concentra-
tions correspond to 1 and 4 times the MIC for both treat-
ments. As a control, V. parahaemolyticus was used without
treatment. During the trial, vials were maintained in constant
agitation on a test tube rocker (United Products & Instru-
ments Inc.) at 25 cycles per minute in order to ensure contact
between inhibitors and bacteria. V. parahaemolyticus initial
concentration in the vials was 10° CFU/mL. To construct
time-kill curves, samples were taken from the vials at 0, 4,
8, 12, and 24h. Serial ten-fold dilutions (10-10"®) of the
bacterial suspension had been performed in saline water
(35ppm), and 100 uL was inoculated into plate count agar
(PCA) (n=3). After 24h of incubation at 30°C, CFU were
counted and the limits of count detection were of 5-
50 CFU. Killing rate was determined by plotting the total
number of viable cells as log10 CFU/mL versus time. Bacteri-
cidal activities have been defined as to 3 —log,, decrease in
CFU/mL (99.9% kill) [42].



2.10. Reactive Oxygen Species Assays. A suspension of V.
parahaemolyticus bacteria was prepared from an inoculum,
and saline water (35 ppm) was used to adjust optical density
of suspension in 0.5, measured in a spectrophotometer. Sus-
pension was diluted to get a final concentration of 10° bacte-
ria per well. Bacteria were seeded in 96-well plates, where NP
treatment (25 and 100 pg/mL) and Rh extract (220 and
800 pg/mL) were added. Treatments were incubated at 6h.
Later, DCFDA (2',7'-dichlorofluorescin diacetate) was
added at a concentration of 10 uM (Sigma), which was incu-
bated for 2 h and subsequently analyzed in a spectrofluorom-
eter Synergy HTX (BioTek) at an excitation and emission
wavelength of 485/528 nm.

2.11. A. franciscana Nauplii and Toxicity Test. In the present
work, A. franciscana nauplii from INVE brand cysts were
used as a vector for AgNPs and Rh extract in the treatment
of shrimp postlarvae infected with V. parahaemolyticus. For
hatching, 0.5 g of A. franciscana cysts was weighed in a flask
with constant aeration and illumination with a white light led
lamp (20 W), containing 500 mL of diluted seawater at 35 ppt
(part per thousand), previously filtered with 0.2 ym acrodisc
filter and sterilized in an autoclave, at a temperature of 30°C
for 48 h. Nauplii were harvested and washed three times with
sterile seawater to reduce their bacterial load and resus-
pended again in sterile seawater in a clean flask. Before exper-
imental use, the density of nauplii was estimated in the
container. Johari et al. have proposed the use of a standard-
ized method to evaluate the toxicity of nanoparticles in Arte-
mia nauplii with a ISO/TS 20787 based mainly on behavior of
specimens and proposing a positive control with potassium
dichromate [43].

For the toxicity test, an average of 25 A. franciscana nau-
plii were placed per well in a six-well culture plate (10 mL
each well). Each well contained 4.5 mL of seawater, 1 mL of
aliquot of A. franciscana nauplii stock, and 0.5 mL of treat-
ment, for a total volume of 6 mL per well and concentrations
of 45 and 50 pg/mL of NPs and 220 and 240 ug/mL of Rh
extract. Each treatment was performed in triplicate. A. fran-
ciscana nauplii were observed and counted every six hours
through a stereoscope during 24 h. At the end of the assay,
the number of active (live) nauplii was recorded and survival
percentage was calculated for each well and separate experi-
ments using following equation:

#live nauplii (¢)

%survival = x 100. (4)

#live nauplii (¢,)

2.12. L. vannamei Postlarvae Survival Assay. White shrimp
postlarvae in stage PI-15 (fifteen days in a postlarval stage)
were obtained from GENITECH S.A. (San Agustin, Sonora,
Mexico). The shrimp postlarvae in the mentioned stage were
deposited in our laboratory in a plastic container of 250L
with saline water at 30°C. The organisms remained for 5 days
with air flux and commercial feed until the survival assay.
Correspondingly, A. franciscana cysts were hatched accord-
ing to the protocol described above. The newly hatched nau-
plii were divided in petri dishes with a total volume of 10 mL
for later treatment (50 pug/mL of AgNPs and 220 ug/mL of Rh
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extract), for 18 h. Prior to the survival assay, two groups with
300 P1-20 were placed in two 500 mL beakers, with 250 mL of
seawater. For each shrimp postlarvae, 50 A. franciscana nau-
plii were placed, “loaded” with different agents on each bea-
ker, and the P1-20 were fed with them for 4h. Nine fed
postlarvae were chosen randomly for each treatment and
then verted into flasks with 300 mL of seawater, with an aer-
ation and at 30°C. Assays were realized by triplicate, so a total
of 27 postlarvae were counted by treatment. For toxicity
assay, 3 groups were obtained (G-1: shrimps fed with
untreated A. franciscana and noninfected, G-2: shrimps fed
with AgNPs—A. franciscana—and noninfected, and G-3:
shrimps fed with Rh—A. franciscana—and noninfected).
For the microbial challenge, inoculum of V. parahaemolyti-
cus was aggregated on corresponding flasks with fed postlar-
vae to get a concentration of 10 cells/mL. After four hours of
infection, it was considered the initial time of survival moni-
toring (¢ = 0 h). Finally, 6 groups were obtained: G-4: shrimps
fed with untreated A. franciscana and infected, G-5: shrimps
fed with AgNPs—A. franciscana—and infected, and G-6:
shrimps fed with Rh—A. franciscana—and infected. During
the experiment, live organisms were counted every six hours
during 24 h. At the end, samples were harvested and fixed in
4% glutaraldehyde for later observation by SEM. Statistical
analysis was performed using 2-way ANOV A with the Origin
software followed by Tukey HSD; significant differences are
expressed (P < 0.05).

3. Results and Discussion

3.1. UV-Vis and IR Spectroscopy. El-Shahaby et al. [44]
reported AgNP synthesis using Rumex dentatus (R. dentatus)
extracts, where they obtain sizes between 5 and 30 nm, and
the maximum absorption band associated with AgNPs is
located at 460nm. In our synthesis, we have maximum
absorption band at 415 nm (Figure 1(a)), which confirms that
our NPs show smaller sizes (2-10 nm). These results may be
due to the types of compounds present in the respective
extracts. Since in the case of Rh, whose extracts are obtained
from the plant root, the main antioxidant molecules are cat-
echins (EC, ECG, and EGCG) and stilbenes (t-resveratrol
glycoside) [20]. While in R. dentatus, the extract used comes
from the aerial part of the plant, where phenolic compounds
stand out and hydroxyl groups, potentially reducing, are not
as abundant as in the case of catechins.

AgNPs synthesized with Rh extract have the appropriate
sizes to achieve a remarkable bactericidal effect, which is
smaller than 15nm, according to other authors [45, 46]. It
has recently been shown that AgNPs obtained with Rh
extracts have inhibitory effects on gram-positive and gram-
negative bacteria [21]; in addition, it has been demonstrated
that NPs form a composite NP-Rh extract system. Results
described above support UV-Vis and IR spectroscopy data,
where the NP system, even after undergoing a cleaning pro-
cess, signals corresponding to the extract that can be
detected. Remarkably, we can establish that NPs are com-
plexed to Rh extract, which favors the system stability by
forming a AgNP-Rh extract complex, which may improve
the bactericidal activity.
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FIGURE 1: (a) UV-Vis spectrum of AgNPs synthesized with Rh extract under sunlight illumination. (b) FTIR spectrum of Rh extract

and AgNPs.

TaBLE 1: {, size, and o analysis of AgNPs at different concentrations. All measurements show standard deviation (SD), and size also shows a

polydispersity index (PDI).

Concentration (ug/mL) { (mV) Size (nm) PDI o (mS/cm)

6.25 -46.3 £ 0.95 82.75+0.25 0.556 £ 0.03 0.123 +£0.003
12.5 -47.1+£0.40 79.86 £0.18 0.552 +0.005 0.0156 + 0.005

25 -49+1.36 80.91 +£0.36 0.56 £ 0.006 0.0117 +5.77 x 107
50 -48.3+ 1.1 80.61 +£0.03 0.554 +0.003 0.0176 £ 0.008
100 -47.9 £ 0.40 79.97 £0.43 0.55 £ 0.006 0.0189 +3.179 x 107*

In the FTIR spectrum of AgNPs (Figure 1(b)), the peak
centered around 1650cm™ is more intense than in Rh
extract, which could be the carbonyl group (C=0) between
1620 and 1690 cm™ [47, 48]. In such way, this increase in
the signal can be attributed to the presence of quinones, gen-
erated by polyphenolic molecule oxidation present in Rh
extract. These data confirm that NPs are stabilized by poly-
phenolic molecules. AgNPs have been subjected to a cleaning
protocol to remove extract excess.

3.2. Size, Zeta Potential, and Conductivity. Size measure-
ments by DLS (Zetasizer NS) show that the mean hydrody-
namic radio of AgNPs is 80.82+ 1.1642nm, which does
not change as concentration increases (Table 1). AgNP (
was measured to 5 different concentrations in a range of
6.25-100 pg/mL. Table 1 shows the { values of NPs, whose
mean value is —47.72 £ 1.0498 mV, showing high stability.
Moreover, conductivity (o) of solutions was measured for
the same range of concentrations, whose mean value was
0.01522 +0.00317 mS/cm (see Table 1). All NPs were dis-
solved in ultrapure water. When AgNPs were dissolved in a
NaCl (35g/L) buffer, the size, {, and o change drastically,
data not shown. In this medium, only AgNP size was increas-
ing in time.

3.3. Transmission and Scanning Electron Microscopy. Using
TEM, stable particles of quasi-spherical geometry were
observed (Figure 2(a)), where NP average size is 4.9+ 1.4
nm with sizes between 2 and 10nm (Figure 2(a) inset). In
Figure 2(b), the TEM micrographs of a region of AgNPs
and its corresponding selected area electron diffraction
(SAED) are observed. From analysis, it was obtained that
diffraction rings correspond to crystalline planes. Miller
indexes are indicated, and cubic structure centered on the
faces (fcc) of Ag, according to the crystallographic sheet
04-0783 of the International Diffraction Data Center
(ICDD).

Images in Figure 2(c) correspond to high-resolution
HRTEM micrographs of a set of AgNPs and an individual
AgNPs (Figure 2(d)). In both images, the crystalline
planes, whose distances were determined by the processing
of the images using the Digital Micrograph software, are
clearly identifiable. In all cases, a distance d=2.3A was
obtained; the crystallographic planes used in the determi-
nation of distance are shown in red. On Figure 2(d) inset,
the image corresponding to fast Fourier transform (FFT)
of the individual AgNPs is shown. It is observed that the
obtained diffraction corresponds to plane (111) of Ag fcc
crystal structure.
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F1GUrE 2: TEM micrography of AgNPs at different magnifications. (a) Panoramic field and size distribution statistic (inset), (b) SAED, and (c)

and (d) HRTEM of AgNPs.

Figure 3(a) shows the micrograph SEM formed by sec-
ondary electrons (SE) of the AgNP system. It can be seen that
a continuous film envelops the nanoparticles. This covering
corresponds to compounds of Rh extract that stay yet, after
a clean process. When depositing a sample drop of AgNPs
over an electron microscopy grid, solvent evaporated and
dried Rh extract forming the coverage shown. Figure 3(b)
shows the image formed by SEM in the transmission mode
where it can be seen through extract coverage, clearly reveal-

ing the presence of AgNPs. Thus, silver nanoparticles are sta-
bilized by extract molecules adsorbed on surface forming a
composite material of organic (extract) and inorganic
(AgNPs) parts. This confirms results obtained by FTIR and
explains why hydrodynamic radius obtained by DLS is much
greater than AgNP size determined by TEM. Preliminary
thermogravimetric analysis for this system that will be pub-
lished soon has allowed estimating the organic content in
30% of weight.
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FIGURE 4: Growth kinetics for V. parahaemolyticus using (a) AgNPs and (b) Rh.

3.4. MIC Determination. When bacterial growth kinetics
treated with AgNPs were analyzed, there is an effect pro-
duced by the nanomaterial. In concentrations from 5 to
20 pug/mL, a delay in the log phase can be observed, which
apparently is dependent on AgNP concentration. However,
after a phase of exacerbated growth is manifested, bacterial
growth is even higher than in bacteria that did not receive
any treatment, as shown in Figures 3(a) and 3(b). There are
reports showing that bacteria such as Escherichia coli and
Pseudomonas aeruginosa have become resistant to AgNPs.
This is through flagellin protein, which decreases AgNP sta-
bility, thus decreasing the bactericidal effect [49]. V. parahae-

molyticus also has flagellin [50-52], and it is possible to think
that effects of AgNPs at the lowest concentration are due to
the mechanism mentioned above. This indicates that maybe
there is an adaptation phase by V. parahaemolyticus to
AgNPs; however, more experiments are needed to clarify
the involved mechanisms.

The MIC of AgNPs and Rh extract was 25 and 220 yg/mL,
respectively, showing bacterial inhibition (Figures 4(a) and
4(b)). AgNPs were synthesized with Spirulina extract to
control V. parahaemolyticus [53], tested and performed
the inhibition tests by the well method. They found that
concentration of NPs corresponding to 25, 50, and
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75 ug/mL presented the same halo of inhibition, without
difference between them. Likewise, the extract of the Spi-
rulina plant used to synthesize NPs showed no inhibition
on V. parahaemolyticus.

The tested different concentrations of AgNPs against
Vibrio harveyi showed that, at 35 ug/mL, there was no growth
of the bacteria [54]. This value is higher than that found in
our study of 25 yg/mL. Johari et al. discuss that heavy metals
react with proteins by combining the -SH groups of enzymes,
which leads to the inactivation of proteins [55, 56]; they use a
powdered silver zeolite (SZ) to evaluate the Saprolegnia
growth in different concentrations of SZ.

The molecular mechanism of action on the effect
caused by EGCG on bacterial inhibition is not yet well
understood. On the one hand, some authors suggest that
the hydrogen peroxide, produced by EGCG on an alka-
line environment, shows up a mechanism to be related
with bacterial inhibition [57-59]. On the other hand,
Xiong et al. [60] suggest that bactericidal action of EGCG
is because of a considerable increase in intracellular oxi-
dative stress, due the coadministration of antioxidant.
Moreover, it has been proposed that deposits of EGCG
on the outer membrane of gram-negative bacteria block
the porin protein channel inhibiting their function [61].
Resveratrol properties have also been studied in bacteria.
It has been reported that in gram-negative bacteria such
as E. coli, resveratrol affects bacterial metabolic activity,
where it has been observed that it inhibits ATP synthase,
which affects both hydrolysis and synthesis of ATP. Res-
veratrol also induces DNA fragmentation and abnormal
cell division due to the inhibition of FtsZ protein, result-
ing in bacterial cells with elongated structure [62, 63]. In
other studies, it has been reported that the MIC for V.
cholera is 60 pg/mL using resveratrol. As mentioned

above, in this work, the MIC for V. parahaemolyticus was
25 ug/mL, a concentration lower than that reported for V.
cholera; however, it must be considered that resveratrol con-
centration in the nanocomposite may be lower, since the
organic part is composed of a pool of compounds, such as
EGCG and resveratrol.

3.5. Time-Kill Curves and Reactive Oxygen Species Assays.
Time-kill curves for AgNPs and Rh are shown in
Figure 5(a). AgNPs have a bactericidal effect at 4 times
MIC concentration (100 yg/mL), where a clear effect is
observed at four hours. For AgNPs in the concentration of
1 MIC (25 pg/mL), it is observed that the growth phase is
delayed, which is recovered at 24 h, even reaching the control
level. For Rh extract, it is found that for the concentration of
4 times the MIC (880ug/mL) the bactericidal effect is
reached after 12h, whereas for the concentration of 1 MIC
(220 pug/mL) only a bacteriostatic effect is observed.

In order to elucidate the mechanisms by which AgNPs
and Rh extract exert a bactericidal effect, ROS production
assays were carried out (Figure 5(b)). When analyzing ROS
production of AgNPs at concentration of 1 MIC, it was found
that there is a significant production of ROS. If the obtained
result is compared with the concentration of 4 times the MIC,
it is possible to notice that ROS production is lower; however,
this may be due to a lower concentration of bacteria as shown
in the time-kill curves, which translates into a lower ROS
production. AgNPs bactericidal effect at 4 times the MIC
concentration can be due to a synergistic effect of membrane
damage by AgNPs coupled to ROS production by the parti-
cles that may be internalized [64]. In the case of Rh extract,
it is observed that ROS production increases as the extract
concentration increases, which leads us to think that the
death mechanism produced by the extract is by ROS, which



Journal of Nanomaterials 9

100 pm

(e) ®)

FIGURE 6: (a) Dark field microscopy of A. franciscana, 24 h after hatching without treatment, and (b) confocal laser scanning microscopy
Artemia autofluorescence. Artemias 24h after treatment with Rh extract (c, d) and AgNPs (e, f), images obtained by white light
microscopy (e) and CLSM (f).
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TaBLE 2: Survival assay percentage of Artemia nauplii exposed at different concentrations of AgNPs and Rh extract.

Time (h) Control AgNPs (45 pg/mL) AgNPs (50 pg/mL) Rh (220 pg/mL) Rh (240 pg/mL)
0 100 100+ 0 100+ 0 100+ 0 100+ 0

6 100 89.7+2.2 97.1+2.5 100 £ 0 100+ 0

12 100 88.4+0.4 93+2.7 100+ 0 98.76 £2.1

18 100 88.4+0.4 91.4+2.2 98.6+2.3 98.7+2.1

24 100 88.4+0.4 91.4+2.2 97.3+4.6 97.5+4.2

FIGURE 7: Scanning electron micrograph of V. parahaemolyticus exposed at AgNPs. The arrows point to the bacteria destroyed.

it is known to be induced by EGCG, a compound found in
the extract.

The results obtained by time-Kkill curves for AgNPs differ
from the results obtained in MIC determination assays,
where, at 25 pg/mlL, it is found that there is no bacterial
growth. Several works on microbicidal activity of silver nano-
particles report MBC values lower than 10 yg/mL; however,
time-kill curves are performed in small volumes, which could
affect the material/bacteria interaction [65, 66].

3.6. Survival Assay for Artemia. Concentrations of AgNPs (45
and 50 g/mL) and Rh (220 and 240 ug/mL), which showed
the highest inhibitory activity against V. parahaemolyticus,
were evaluated in Artemia nauplii. Figure 6(a) shows the
hatched and unfed brine shrimp. Figure 6(b) corresponds
to the autofluorescence of Artemia obtained by confocal
microscopy. In both images, the arrows indicate the digestive
tract of the brine shrimp without feed and perfectly clean. At
18h after fed Artemia, most of the organisms presented
material in the intestine, Rh extract (Figures 6(c) and 6(d))
and AgNPs (Figures 6(e) and 6(f)). The survival before both

concentrations of AgNPs was slightly higher than 88%. There
were no differences for both concentrations, with a survival
higher than 95% (Table 2). No significant differences were
found between the two treatments (P < 0.05).

In the literature reviewed, there were no records of the
use of Artemia nauplii as a NP vector; however, there are
works where it has been used as a model to evaluate the tox-
icity of nanomaterials. Wang et al. [67] evaluated the toxicity
of a-Fe,O; NPs in A. salina. They reported mortalities of
20% at a concentration of 50 mg/L, like those found in our
work with 10% mortality at 24 h of the Artemia toxicity test
at 50 ug/mL. The toxicity and effectiveness of AgNPs synthe-
sized with Adhatoda vasica were evaluated, testing Artemia
against V. parahaemolyticus bacteria [6]; the authors
reported that in their results at 24h in the case of NPs
(50 mg/mL) showed survival below 75% in Artemia.

3.7. V.  parahaemolyticus ~ Samples  Prepared  for
Ultramicrotomy Observation by TEM and SEM. With the
purpose of visualizing possible structural damage due to
AgNPs on V. parahaemolyticus, an inoculum of the bacteria
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(c)

FIGURE 8: V. parahaemolyticus exposed at AgNPs: TEM micrograph (a) and SEM (dark field) micrograph (b). V. parahaemolyticus without
treatment, SEM micrograph (c). Images correspond at samples prepared by ultramicrotome. The arrows indicate regions where bacteria

membrane shows damage.

was exposed to a high concentration of NPs (100 pg/mL) for
24h. Subsequently, it was fixed in glutaraldehyde for its
preparation and observation by electron microscopy.
Figure 7 corresponds to the SEM micrograph of V. parahae-
molyticus exposed to AgNPs. The structural damage to the
bacteria is clear, as indicated by the arrows. To track the
location of AgNPs in the bacteria, samples were processed
by ultramicrotomy. Figures 8(a) and 8(b) correspond to
micrographs of V. parahaemolyticus with AgNPs obtained
by TEM and SEM (dark field), respectively. Arrows indicate
the areas where the plasma membrane is discontinuous,
probably because of AgNPs internalized in the bacteria
(black dots in (a) and bright spots in (b)). Figure 8(c) corre-
sponds to the SEM (dark field) micrograph of V. parahae-
molyticus without AgNPs. It is observed that bacterial
membranes are found undamaged, which coincides with
the absence of bright spots (AgNPs). Radhakrishnan et al.
used ultramicrotome bacterial cells treated with AgNPs
(1/5 MIC) in TEM micrographs to show that damage to
the cell membrane led to leakage of the cytoplasm [68].
Hartmann et al. indicate the damage to the integrity of
the cell wall after treatment with AgNPs [69], as observed
in Figure 8(a). Siritongsuk et al. studied the damage in E.
coli bacteria observed by TEM and show that cells contain
additional membranous structures [42]; in Figure 8(b), we
observe these additional structures. Yin et al. have
described using SEM AgNPs located on the cytoplasmic
membrane and cell wall [70], similar results we observed
in Figure 8(b).

3.8. Shrimp Survival Assays. In the control treatment, where
AgNPs and Rh extract were used, as well as postlarvae with-
out inhibitory elements, all without infection, 100% survival
was obtained, with the exception of the control, which pre-
sented a shrimp survival of approximately 95%. No signifi-
cant difference was found between treatments (P < 0.05).
With respect to treatments and after 24 h of experimentation,
survival was recorded for the treatments: for Rh extract
92.1%, for AgNPs 87.5%, and for control 58.3%. No statistical
differences were found between NP and Rh treatments but
yes between Rh and control treatments (Figure 9).

125

100

75

Survival (%)

50

25

0 6 12 18 24
Time (hours)
e AgNPs
mm Rh
mm Control

FIGURE 9: Survival assay of shrimp larvae (P1-15) infected with V.
parahaemolyticus.

3.9. Shrimp Prepared for Ultramicrotomy Observation in
TEM. Osmium tends to react with double bonds C=C; this
means that it acts on unsaturated lipids and various
functional groups that have proteins. This tells us that it
manages to cross the membrane between proteins and
unsaturated lipids. The fine slices obtained were observed
by electron microscopy which showed atrophied hepato-
pancreatic cells and necrotic areas. The mapping with
EDS shows the presence of Ag in tissue. By leading to fur-
ther amplification, it was not possible to find AgNPs in the
tissue (Figures 10(a) and 10(b)).

4. Conclusion

Rumex hymenosepalus extract provides a fast and eflicient
synthesis of AgNPs. Both agents have a relevant antimi-
crobial activity against V. parahaemolyticus. The action
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FiGURE 10: (a) Shrimp larva hepatopancreatic tissue with AgNPs and (b) Ag distribution in a sample by EDS.

mechanisms of materials are interaction with bacterial mem-
brane and ROS generation. Artemia viability tests showed
that both agents are harmless to the organism, which is ben-
eficial to use it as a carrier of these agents on vibriosis treat-
ment for marine organisms. The survival study of V.
parahaemolyticus-infected shrimp postlarvae revealed that
feeding shrimps with Artemia loaded with both systems
(AgNPs and Rh) prior to infection results in a higher sur-
vival, compared to the shrimp that did not receive any treat-
ment. In particular, Rh extract treatment exhibits a
significant statistical difference with respect to the control,
indicating that treatment with Rh can be a biosustainable
alternative on V. parahaemolyticus control and eradication.
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