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Abstract
Ag-based nanoparticles (NPs) were successfully produced through green synthesis using an aqueous extract from the cultivated
seaweedUlva clathrata as the reducing and stabilizing agent. The biosynthesized NPs had spherical to polymorphic shapes with
an average size of 9.5 nm. Microstructural and compositional studies revealed that these particles contained face-centred cubic
crystallites of metallic Ag and AgCl. Characteristic peaks in the Fourier-transform infrared spectrum (FTIR) and Raman studies
revealed the presence of functional bioactive metabolites from the seaweed extract, such as proteins, polysaccharides, and
polyphenols, which are responsible for forming and stabilizing Ag/AgCl NPs. The biosynthesized Ag/AgCl NPs exhibited an
important in vitro antibacterial effect against three Vibrio parahaemolyticus strains isolated from farmed shrimp affected with
acute hepatopancreatic necrosis disease (AHPND) in northwestern Mexico. Litopenaeus vannamei shrimp were exposed for 7
days to feeds supplemented with Ag/AgCl NPs at 10, 100, 1000, or 10,000 ppm (Ag nominal dietary concentrations). Dietary NP
supplement did not affect shrimp survival, growth, or feed conversion ratio, but high concentrations (1000 and 10,000 ppm)
decreased the hepatosomatic index significantly. The short-term consumption of Ag/AgCl NPs produced a significant dose-
dependent bioaccumulation of Ag in the hepatopancreas and to a lesser extent in the cuticle, while bioaccumulation in the muscle
was not significant. The depuration study confirmed a fast Ag assimilation in shrimp’s hepatopancreas and showed a fast
depuration rate in the hepatopancreas as well.
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Introduction

Shrimp farming is one of the most important aquaculture eco-
nomic activities in the world, and this activity generates im-
portant economic benefits. Mexico is one of the main ex-
porters to important international markets such as USA,
Vietnam and France (Conapesca 2017). Newly emerged
penaeid shrimp diseases caused by opportunistic pathogens
such as Vibrio are producing economic losses in Mexico and
worldwide (Aguirre-Guzmán et al. 2004). In 2009, the first
cases of acute hepatopancreatic necrosis disease (AHPND),
previously referred to as early mortality syndrome (EMS),
appeared in China, Vietnam, Thailand and Malaysia. Since
2013, high mortalities (40 to 100% in the first 35 days of
shrimp farming) caused by AHPND have been also reported
in Mexico and Central American countries. This disease is
caused by cer ta in pa thogen ic s t ra ins of Vibr io
parahaemolyticus and is characterized by a severe atrophy
of the shrimp’s hepatopancreas (HP) (Joshi et al. 2014; Yang
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et al. 2014; Soto-Rodriguez et al. 2015). To address these
issues, several antimicrobial agents were assayed. However,
these failed to completely satisfy aquaculture needs as Vibrio
species developed resistance to some of these treatments
(Sirvakumar et al. 2014; OIE 2014). The use of antibiotics
to control Vibrio strains in shrimp aquaculture is not allowed
in most of the countries (Defoirdt et al. 2011). Therefore, it is
necessary to develop alternative methods for the effective con-
trol of Vibrio strains in shrimp production. In the face of this
problem, silver nanoparticles (AgNPs) are a promising alter-
native because of their unique chemical and antimicrobial
properties (Rai et al. 2009; Swain et al. 2014; Singh et al.
2015; Sivaramasamy and Zhiwei 2016).

Different varieties of microorganisms and plant extracts
have been used in the last years for the production of metallic
nanoparticles with low or no toxicity. These procedures have
been called ‘green synthesis’ or ‘green chemistry’ (Dehnavi
et al. 2013). Green synthesis provides advantages over phys-
ical methods and conventional chemical synthesis of
nanomaterials because it produces NPs with inexpensive and
energy-efficient processes that have little to no impact on the
environment and human health. In addition, these processes
can be easily scalable and also do not require the use of high
pressure, energy, temperature, or toxic chemicals (Abdel-
Raouf et al. 2017).

Seaweeds are commercially-important, renewable, marine
living resources (Kumar et al. 2012) with biologically-active
compounds that have activities against pathogens such as vi-
ruses, bacteria and fungi (Ibañez et al. 2012). Scientists have
researched the green synthesis of gold and silver nanoparticles
using several seaweed species and obtained nanoparticles with
sizes averaging from 5 to 200 nm, a high synthesis rate, and an
excellent colloidal stability. The phytochemicals present in
seaweed extracts such as carbohydrates, peptides, alkaloids,
steroids, phenolics, saponins and flavonoids are responsible
for the reduction and stabilization of nanoparticles (Rai et al.
2009; Prasad et al. 2013; Swain et al. 2014; Singh et al. 2015;
Sivaramasamy and Zhiwei 2016; Vieira et al. 2016).

Ulva clathrata (Roth) C. Agardh is a green alga from the
Ulvaceae family with a worldwide distribution, and it can be
also produced by aquaculture. This seaweed has several ap-
plications in shrimp farming as a functional feed additive or as
f r e s h f o o d i n c o - c u l t u r e w i t h wh i t e s h r imp
Litopenaeus vannamei, allowing healthier shrimp and im-
proved water quality (Cruz-Suarez et al. 2010, 2013;
Laramore et al. 2018; Peña-Rodríguez et al. 2010).
CultivatedU. could be a promising source of reduction agents
for the synthesis of nanoparticles, which production would be
then easily scalable.

Although two recent reports evidenced the efficacy of
AgNPs in vivo (Morales-Covarrubias et al. 2016) and
in vitro against AHPND-causing V. parahaemolyticus
(Sivaramasamy et al. 2017), none had been synthetized with

seaweed extracts. Considering these antecedents, the aim of
this study was to purify and characterize Ag-based NPs pro-
duced through green chemistry using an aqueous extract of
cultivated U. clathrata (AEU), and to evaluate their in vitro
antibacterial activity against three V. parahaemolyticus strains
obtained from farmed shrimp affected with AHPND in north-
western Mexico. In addition, this project sought to examine,
through short-term dietary exposure experiments, the effects
of Ag-based NPs on shrimp survival and growth, as well as
the Ag bioaccumulation-distribution in different tissues along
with its depuration kinetics.

Materials and methods

Chemical reagents Water sterile-filtered (W3500), silver ni-
trate (209139), resazurine sodium salt (R7017), and sodium
chloride (V000106) were from Sigma-Aldrich (USA). The
bacteriological mediums Tryptic Soy Agar (TSA), Tryptic
Soy Broth (TSB), Mueller Hinton Agar (MHA), Mueller
Hinton Broth (MHB) and Agar Agar (AA) were obtained
from Difco (USA).

SeaweedUlva clathrata (Roth) C. Agardh was cultivated on a
large-scale system in a shrimp earthen pond in Sinaloa,
Mexico. Details of production and processing conditions are
reported by Peña-Rodríguez et al. (2011).

Bacterial strains Vibrio parahaemolyticus strains were obtain-
ed from laboratory culture collections at CIAD Mazatlan,
Sinaloa, Mexico. Samples were isolated from the stomach
and hepatopancreas of farmed shrimp affected with AHPND
in northwesternMexico. The molecular identification, charac-
terization and pathogenicity of the bacterial isolates used in
this work were reported by Soto-Rodriguez et al. (2015);
V. parahaemolyticus strains M9-04 and M6-05 are classified
as pathogenic, and M5-28 as non-pathogenic. Strains were
maintained in cryopreservation (− 80 °C) until activated in
TSB supplemented with 2% NaCl.

Preparation of aqueous extract of Ulva (AEU) Ten gram of
seaweed powder was extracted with 200 mL of distilled hot
water (90 °C) stirred constantly for 15 min and left to stand in
darkness for 12 h before centrifugation (2500 rpm) for 15 min
(IEC Centra MP4R, International equipment company, USA).
The pellet was washed twice with 100 mL hot water at 90 °C.
The soluble extracts were pooled and frozen at − 80 °C (ULT
1386-3-A14, Revco Scientific Inc., USA) for subsequent
freeze-drying (Freezone Benchtop 6L, Labconco, USA).

Synthesis of NPs NPs were obtained through green synthesis
with our patented method (Luna et al. 2015a, 2015b) by
adding 100 mL AgNO3 (1 × 10−3 M) aqueous solution to a

2432 J Appl Phycol (2020) 32:2431–2445



flask containing 170 mg AEU previously dissolved in 100
mL Sigma sterile-filtered water. The mixture was kept in
constant magnetic stirring at room temperature for 48 h.
The formation of NPs was confirmed by solution colour
change. NPs were washed three times using absolute ethanol
(ratio 1:3) as an antisolvent for precipitation assistance and
centrifuged (10,000 rpm). Finally, the purified precipitate
was re-dispersed using ultrasound (Ultrasonic cleaner
50HT, VWR International, USA) in Sigma sterile-filtered
water for further characterization studies. Ag concentration
was measured by atomic absorption spectroscopy (AAS)
(ICE AAS 3500, ThermoScientific, UK) according to the
AOAC method 990.08 (AOAC 1997) and was expressed in
μg Ag mL−1.

Characterization of NPs NPs presence in the brown purified
colloidal sample were confirmed through UV-vis spectrosco-
py (Nicolet 60S, ThermoFisher Scientific, USA) analysis in
the wavelength range of 300–1100 nm. Surface plasmon res-
onance (SPR) was observed for AgNPs. AEU without the
addition of AgNO3 solution was also analysed.

Crystal phases present in the sample were identified by
powder X-ray diffraction (XRD) studies (X′Pert PRO diffrac-
tometer, Panalytical, USA) with Cu Kα (λ = 1.5418 Å) radi-
ation. In this study, purified colloidal samples were dried at 50
°C overnight, obtaining dried samples in powder form. Values
of the mean coherence length perpendicular to the crystallo-
graphic planes (200) of AgCl and (111) of metallic Ag,
L200,AgCl and L111,Ag, were estimated using the Scherrer equa-
tion (Luna et al. 2015a, 2015b)

Lhkl ¼ 0:9 λ
βcosθ

ð1Þ

where λ is the X-ray wavelength, β is the broadening of the
diffraction peak (after subtracting the instrumental broaden-
ing), and θ is the Bragg angle.

Particle morphology and size distributions of the
biosynthesized samples were examined with transmission
electron microscopy (TEM) using a microscope (TITAN 80–
300 kV, FEI, USA) operated at 300 kV. To obtain more de-
tailed information about the microstructural properties of the
samples, high-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED) anal-
yses were also carried out. Moreover, energy-dispersive spec-
trometry (EDX) measurements were performed with an EDS
analyser attached to the TEM. For these studies, the colloidal
sample was properly diluted with water and a drop was de-
posited onto a lacey-carbon copper grid and allowed to dry in
ambient conditions in a free-powder area. No evidence of
structural or chemical transformations of the samples was
present during the TEM examination. Processing of TEMmi-
crographs and analysis of HRTEM images by fast Fourier

transforms (FFT) was carried out using the software Digital
Micrograph 3.7.0 (Gatan Inc., USA).

FTIR and Raman studies were performed to identify the
functional groups of the AEU responsible for the reduction of
Ag+ ions to Ag0, and their stabilizing action on Ag-based
nanoparticles. FTIR spectra (Nicolet 510 Fourier transform
spectrometer, ThermoFisher Scientific, USA) were collected
after diluting the specimen in KBr pellets in the wavenumber
range of 500–4000 cm−1. Raman spectra (HR800 UV
Confocal Raman Microscope, Horiba Scientific, USA) were
recorded across the range of 500–4000 cm−1 using a green
laser (532.14 nm), working at 600 line mm−1, × 100 objective,
20 mW, and 0.1-mm pinhole.

Antibacterial activity in vitro tests

Disc diffusion assay was performed on Mueller Hinton agar
(MHA) plates plus 2% NaCl spread with 100 μL of each
V. parahaemolyticus bacterial suspension (1 × 106 UFC
mL−1). Under aseptic conditions, filter paper discs (6 mm)
were saturated with 20 μL of each stock solution test from
AEU (50 μg dry extract mL−1), Ag/AgCl NPs, AgNO3 solu-
tion (50 μg AgmL−1) or distilled water (negative control), and
were placed onMHA plates. The final concentration was 1 μg
disc−1. After 24 h of incubation at 29 °C, the inhibition zone
(IZ) was measured with a digital Vernier (CD-6″CS, Mitotuyo
Corp., Japan), and the IZ values were recorded as the average
(mm) of two diameter measurements per disc taken in perpen-
dicular directions. Triplicates of the assay were performed for
each strain.

Microdilution broth assays were carried out according to
Sarker et al. (2007) with certain modifications. Different con-
centrations (100, 50, 25, 12.5, 10, 8 and 6 μg AgmL−1) of Ag/
AgCl NPs and AgNO3 solution were prepared, and each one
was added to four wells of sterile polystyrene 96-well micro-
titer plates (3370 Costar, USA). Additionally, 100 μL of
Mueller Hinton broth (MHB) with 2% NaCl and 50 μL of
each bacterial strain suspension (1 × 106 UFC mL−1) were
added to each well. Pure MHB with 2% NaCl, sterile water
and bacterial suspension were used as a negative control,
while sample blanks were the evaluated treatments and media
without bacteria. After incubation at 29 °C for 20 h, 10 μL of
0.1% aqueous solution resazurine sodium salt were added and
samples were incubated for four additional hours at the same
temperature. Colour change was then assessed visually. Any
colour changes from purple to pink or colourless were record-
ed as positive bacterial growth. The lowest concentration that
produces a colour change was taken as the MIC value (Zhao
and Stevens 1998). The lowest concentration at which no
colour change occurred was registered to the MBC.
Triplicates of the assay were performed for each strain.
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Short-term evaluation in vivo tests Two different experi-
ments were conducted to examine effects in survival and
growth performance, tissue bioaccumulation-distribution
and depuration of the Ag/AgCl NPs by short-term dietary
exposure in shrimp. The experiments were performed ac-
cording to OECD recommendations for acute toxicity in
aquatic arthropods (OECD 2005) and dietary exposure
bioaccumulation-distribution in fish (OECD 2012).

Supplemented feed preparation A commercial pelleted feed
with 44% protein and 8% lipid contents (742 UANL,
Nutrimar, Sinaloa, Mexico) was supplemented by aspersion
with Ag/AgCl NPs stock solution in order to obtain Ag con-
centrations of 0, 10, 100, 1000 and 10,000 mg Ag kg−1.
Different Ag/AgCl NP stock solutions were diluted or con-
centrated in the same final volume of distilled water (40 mL)
and sprayed on 100 g of feed previously weighed and placed
in aluminium trays. Diets were mixed for 5 min to ensure
complete homogenization. Finally, the feed was oven-dried
at 50 °C for 1 h. The final Ag concentration in Ag/AgCl
NP-supplemented feeds was quantified by AAS as described
above.

Estimation of NP losses from diets The percentage of Ag/
AgCl NPs lost from diets through leaching in seawater
was estimated as described by Nieto-López et al. (2011)
with certain modifications, including a correction in the
% dry matter loss expression (%DML) for the marine
salt absorbed by the immersed diets for 1 h in seawater
(35 g L−1, 28 °C). Ag content in leaching diets and in
the water of each sample was determined by AAS and
expressed as mg Ag kg−1 dry matter or mg Ag L−1

water.

Short-term acute toxicity and tissue distribution in vivo test
The first in vivo test evaluated acute toxicity using behav-
ioural, survival and growth performance parameters, and
analysed tissue distribution of Ag/AgCl NPs after 7 days
of feed consumption with low (0, 10 and 100 mg Ag
kg−1) and high (1000, 10,000 mg Ag kg−1) dietary levels.
During the experiment, 150 juvenile shrimp [Litopenaeus
vannamei (Boone, 1931) provided by FITMAR, Sinaloa,
Mexico (0.400 ± 0.02 g mean initial weight)] were ran-
domly allocated in 15 rectangular fibreglass tanks of 10 L
(10 shrimps per tank, five treatments and three replicates).
Experimental tanks had constant individual aeration and
were maintained daily with 100% manual exchange of
artificial seawater (Pro Aquatics, Fritz Industrial Inc.,
Mesquite TX, USA) and natural conditions of photoperi-
od. Water temperature, salinity and pH, ammonia, nitrite,
and dissolved oxygen contents were monitored daily and
maintained under favourable limits for shrimp growth.
The daily feed ration was 5% of total biomass per tank.

Acute toxicity parametersAfter 7 days of feeding shrimp with
the different treatments, their behavioural effects were regis-
tered. Zootechnical parameters such as survival (%), weight
gain (%) and feed conversion ratio (FCR) were calculated
according to Cruz-Suarez et al. (2009).

Tissue sampling for acute toxicity test The hepatopancreas,
cephalothorax cuticle and muscle from ten shrimps per treat-
ment were dissected with tweezers before the beginning and at
the end of the dietary exposure. The hepatopancreas for each
shrimp was weighed individually, and the hepatosomatic in-
dex was determined using the formula shown in Eq. 2. The
dissected shrimp samples of each tank were pooled and placed
in pre-weighed and labeled Eppendorf tubes. Finally, all sam-
ples were oven-dried at 60 °C for 24 h and stored in a freezer
at − 20 °C until Ag content analysis was performed by AAS.
Results obtained were expressed in mg Ag kg−1 dry weight.

HPI ¼ HP weight

final shrimp weight
� 100 ð2Þ

Depuration in vivo test The second in vivo test was conducted
to evaluate Ag/AgCl NP depuration using feeds supplemented
at 0 and 100 mg Ag kg−1 nominal concentrations. The proto-
col was designed according to OECD recommendations
which set uptake and depuration phases (OECD 2012;
Connolly et al. 2016). Litopaneis vannnamei juvenile shrimp
provided by FITMAR, Sinaloa, Mexico (1.9 ± 0.20 g mean
initial weight) were randomly allocated in nine rectangular 10-
L fibreglass tanks (19 shrimps per tank, two treatments and
three replicates). Organisms were maintained in the same con-
ditions as the first test. During the uptake phase (first 7 days),
the organisms were fed the low-dose experimental diet, while
the depuration phase (next 14 days) started on day 8 of the
assay by switching to a diet without NPs supplement (0 mg
Ag kg−1). The experiment duration was 21 days.

Tissue sampling for depuration test The hepatopancreas, gills
and muscle tissue from three shrimps per tank were randomly
selected and dissected with tweezers at 0, 7, 16 years and 21
days of the assay. Dissected samples were pooled and placed
in pre-weighed and labeled Eppendorf tubes. Finally, all the
samples were oven-dried at 60 °C for 24 h and stored in a
freezer at − 20 °C until Ag content analysis was performed by
AAS. Results obtained were expressed in mg Ag kg−1 dry
weight.

Depuration parameters Depuration rate and assimilation effi-
ciency were determined based on a simple two-compartment
model. To calculate the depuration rate (k2), a linear regression
of ln(concentration) versus time was performed. The slope of
the regression line is an estimate of k2. The chemical
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assimilation efficiency (%) (α, absorption of test substance
across the gut) was calculated with the formula in Eq. 3:

α ¼ C0d � k2
Ig � Cfood

� 1

1−e−k2 t ð3Þ

where C0,d is the measured concentration in shrimp at time
zero of the depuration phase (mg Ag kg−1 of shrimp), k2 is the
overall (not growth-corrected) depuration rate constant
(day−1), Cfood is the measured concentration in food (mg Ag
kg−1 feed), t is the duration of the feeding period (day), and Ig
is the food ingestion rate constant adjusted for shrimp growth
(g feed × shrimp−1 × day−1). During the uptake phase, Ig can
be calculated as shown in Eq. 4:

Ig ¼ I �W0

Wend of uptake
ð4Þ

where I is the gram feed per gram shrimp per day, W0

is the mean shrimp weight at the start of the experiment,
and Wend of uptake is the mean weight on the last day of
exposure.

Once the assimilation efficiency (α) is obtained, the
biomagnifiction factor (BMF) can be calculated by multiply-
ing α by the ingestion rate constant (Ig) and dividing by the
(overall) depuration rate constant (k2). Estimation of the time
(day) needed to reach the 50% depuration (t½) of Ag/AgCl
NPs was estimated using Eq. 5.

t1=2 ¼ 0:693

k2
ð5Þ

Statistical analyses Two-way ANOVAwas used to analyse the
significance on in vitro (diffusion disc assay), and one-way
ANOVAs were used for in vivo assays (growth performance
parameters, and final concentration of Ag in each tissue after 7
days of consumption), followed by Tukey post hoc tests. A
Dunett post hoc test was used for the hepatosomatic index data
(p < 0.05). All analyses were carried out using Statistica 8.0
(TIBCO Software, USA).

Results

NP synthesis and characterizationReduction of Ag+ to Ag° in
the sample was confirmed through a colour change from the
initial colourless AgNO3 solution to reddish-brown after
reacting with AEU (Fig. 1a, b). The ultraviolet-visible (UV-
vis) absorbance spectrum for a purified Ag/AgCl NPs suspen-
sion presents a surface plasmon of resonance (SPR) peak
centred at 435 nm; meanwhile, no peak was observed in the
AEU spectrum (Fig. 1c). The final Ag concentration in the
purified Ag/AgCl NPs solution was 535 μg Ag mL−1.

X-ray diffraction (XRD) studies The XRD spectrum of the Ag/
AgCl NPs shows a pattern displaying diffraction peaks at
around 27.7°, 32.1°, 46.1°, 54.8°, 57.4°, 67.5°, 74.5° and
76.7° (Fig. 2). These peaks show a good match with the ref-
erence peak positions of face-centred cubic (fcc) structure of
silver chloride (space group Fm3m, Joint Committee on
Power Diffraction Standard (JCPDS) file 31-1238). The most
intense of these peaks, which is centred at 32.1°, is associated
to the (200) planes of AgCl and has a corresponding mean
coherence length value of L200,AgCl = 41(1) nm. In addition,
less intense and rather wider peaks were found at approxi-
mately 38.1°, 44.3°, 64.4° and 77.5° and were associated to
the (111), (200), (220) and (311) crystalline planes of fcc

c)

a) b)

Fig. 1 (a) Ulva aqueous extract, (b) recently synthesized nanoparticles,
(c) UV–vis absorption spectra of an Ag/AgCl NPs purified suspension
(solid line) and Ulva aqueous extract (dash line) at room temperature

Fig. 2 XRD pattern of silver-based nanoparticles biosynthesized using an
Ulva aqueous extract. Diffraction peaks match the reference positions of
face-centred-cubic structures of AgCl (circles) or metallic Ag (diamonds)
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metallic Ag structure, respectively (space group Fm3m,
JCPDS file No. 04-0783). The average crystal size of this
phase, estimated using the Scherrer equation and the position
and width of the (111) peak, was L111, Ag = 18(1) nm.

Microstructural analyses Transmission electron microscopy
(TEM) images (Fig. 3a) revealed that the sample was com-
posed of spherical and irregular particles with different sizes,
90% being in the range from 5 to 20 nm and the rest of the
particles from 20 to 35 nm. Consequently, the particle size
distribution of the sample was fitted to a log-normal distribu-
tion. Particle size best-fitting central value and log-normal
standard deviation were 9.5 and 0.44 nm, respectively (see
insert image of Fig. 3a).

Selected area electron diffraction (SAED) patterns (Fig. 3b)
exhibited spotty rings associated to both Ag and AgCl crys-
talline phases in agreement with the XRD results. Energy-
dispersive X-ray (EDX) analysis (Fig. 3c) confirmed the pres-
ence of Ag, Cl and C in Ag/AgCl NPs (although the C peak
partially comes from the lacey-carbon of the TEM grid). In
addition, EDX spectrum often showed S peaks. The Cu peaks
are due to background from the TEM grid. On the other hand,
the presence of light elements, such as H, that are not detected
using the EDX technique should not be discarded.

HRTEM images of the smallest nanoparticles (Figures S1a,
S1c and S1e) displayed lattice fringes associated to a pure fcc Ag
phase. Analysis of these micrographs by FFT (Figures S1b, S1d
and S1f) revealed differentmicrostructural characteristics in these
particles, showing some to be polycrystalline (Figures S1a and
S1e) with twinning boundaries and stacking faults (Figures S1e
and S1f). However, nanoparticles with a rounded morphology
and monocrystalline-like properties were also observed
(Figures S1c and S1d), often along the [211] zone axis, and
exhibited ½ {131} classically forbidden reflections.

The microstructural investigation of the largest parti-
cles by HRTEM (Figure S2a) revealed that they usually
display both metallic Ag and AgCl crystals. An illustra-
tive example is presented in Figures S2a–d. Figure S2a
is an HRTEM image of two particles that display lattice
fringes with d-spacing values associated to both crystal-
line phases detected by XRD and SAED, and that were
determined analysing the spots of the corresponding
FFT images (Figure S2b). Fourier filtering of HRTEM
images selecting only reflections of AgCl (Figure S2c)
or Ag (Figure S2d) showed the distribution of these
crystalline phases in the particles, indicating that the
crystals of both phases tend to coalesce to form parti-
cles of 20 to 35 of nanometres in size.

Fig. 3 a) Representative TEM
image of Ag/AgCl NPs synthe-
sized using Ulva aqueous extract.
The insert image shows the relat-
ed size distribution. Solid red line
corresponds to the best log-
normal distribution fit. b) SAED
pattern. The expected positions of
the diffraction rings associated to
the crystallographic planes of fcc
metallic silver (JCPDS 04-0783)
and silver chloride (JCPDS 31-
1238) are indicated. c) EDX
spectrum

2436 J Appl Phycol (2020) 32:2431–2445



Fourier transform infrared spectrum (FTIR) In the FTIR spec-
trum of the AEU (Fig. 4a), the most significant FTIR bands
were found at 3258 cm−1, 1635 cm−1, 1539 cm−1, 1435 cm−1

and 1089 cm−1. The broad band observed in the wavenumber
range of 3700–2800 cm−1 (centred at 3258 cm−1)
corresponded to O–H stretching vibrations from polysaccha-
rides, polyphenols or proteins (Shanmugam et al. 2014). The
peaks located at 1635 cm−1 and 1539 cm−1 were associated to
the stretching vibration of the C=O group in peptides bound
(amide I) and the N–H bending vibration (amide II) in pro-
teins, respectively (Mendoza-Reséndez et al. 2013; Luna et al.
2015a, 2015b). The band located at 1435 cm−1 could poten-
tially be due to C–N stretching vibration in amine or amide
groups. The sharp and intense peak at 1089 cm−1 is due to C–
N stretching vibration in aliphatic amines (Shanmugam et al.
2014) and C–O–C alcoholic groups associated with polysac-
charides (Kora et al. 2012; Kannan et al. 2013b).

The Ag/AgCl NPs, after the purification process, presented
major absorption bands at 3350 cm−1, 2932 cm−1, 1599 cm−1,
1412 cm−1, 1081 cm−1 and 1039 cm−1. The broad band at 3350
cm−1, ascribed to –O–H stretching vibrations, appeared shifted
with respect to the same band observed in the spectrum of the
algae extract. The band located at 2932 cm−1 can be ascribed to –
C–H stretching vibrations in alkanes (Kora et al. 2012). In com-
parison with the FTIR spectrum of algae extract, an enhanced
and shifted absorbance band appeared at 1599 cm−1, suggesting
modifications of the C=O and N–H stretching vibration in amine
or amide groups due to these particles’ involvement in the reduc-
tion process (Kannan et al. 2013b). The band at 1412 cm−1 could
be ascribed to C–N stretching vibration of amine or amide
groups. Also, the C–N stretching vibration band of aliphatic
amines and C–O–C stretching vibration of alcoholic groups as-
sociated to polysaccharides (Kumar et al. 2012) appeared shifted
at 1081 cm−1 and 1039 cm−1, respectively.

Raman studies The Raman spectra of the algae extract used in
the biosynthesis and the final product can be observed in
Fig. 5. The spectrum of Ag-based particles displays highly

pronounced bands at 228 cm−1, 1370 cm−1 and 1595 cm−1

that are not observed in the algae extract spectrum. The sharp
band at 228 cm−1 is attributed to stretching vibrations of Ag-N
(Mukherjee et al. 2008; Kora et al. 2012) and Ag–O (Biswas
et al. 2007; Kora et al. 2012) bonds, suggesting that proteins
are bound to the particles’ surface though amino and/or car-
boxylate (Kora et al. 2012). Moreover, intense bands at 1370
cm−1 and 1595 cm−1 were observed, which were associated to
symmetric and asymmetric C=O stretching vibrations in the
COO− ions (Kora et al. 2012; Luna et al. 2015a, 2015b),
respectively, and/or phenyl ring stretch (Biswas et al. 2007;
Luna et al. 2015a, 2015b). Enhancement of the intensity of the
C=O stretching vibrations bands indicates the direct binding
of the COO− group with the Ag surface (Kora et al. 2012).

Antibacterial activity

Disc diffusion assay The antibacterial test performed by disc
diffusion showed significant differences in the growth inhibi-
tion zone diameter between the three V. parahaemolyticus
strains (p = 0.001), for the products (p = 0.001) and in their

Fig. 4 FTIR spectra of (a) aque-
ous extract of Ulva clathrata and
(b) Ag/AgCl NPs prepared using
silver nitrate and the Ulva
clathrata extract

Fig. 5 Raman spectra of Ulva clathrata extract (dash line) and Ag/AgCl
NPs (solid line)
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interaction (p = 0.001) with a two-way ANOVA (Fig. 6). The
discs impregnated with Ag/AgCl NPs produced an IZ of 9.2 ±
0.2, 5.3 ± 0.1 and 5.8 ± 0.2 mm for M5-28, M5-06 andM9-04
V. parahaemolyticus strains, respectively. The AgNO3 solu-
tion tested at same concentration produced lower IZ than Ag/
AgCl NPs, with values of 6.5 ± 0.6, 4.6 ± 0.1 and 4.5 ±
0.2 mm for the three strains, respectively. In contrast, the
AEU did not cause inhibition.

Microdilution assay The antibacterial test performed by
microdilution assay was only done with the products that
had obtained an IZ on the disc diffusion assay. The Ag/AgCl
NP solution presented a minimum inhibitory concentration

(MIC) of 3.2 μg mL−1 for all strains tested, while the
AgNO3 solution showed a MIC of 1.6 μg mL−1 for
V. parahaemolyticus M5-28 and M6-05 strains, and of
3.2 μg mL−1 for V. parahaemolyticus M9-04. The Ag/AgCl
NP solution showed a minimum bactericide concentration
(MBC) of 6.3 μg mL−1 for the three strains, while the
AgNO3 solution presented an MBC of 3.2 μg mL−1 for M5-
28 and M6-05 strains, and of 6.3 μg mL−1 for M9-04
(Table 1).

Short-term evaluation in vivo test

Stability of nanoparticles in supplemented feed Ag contents
in the experimental feeds are shown in Table 2. The leached

Fig. 6 Average inhibition zone diameters (mm) observed with diffusion
method tested at similar concentrations (10 μg Ag per disc for Ag/AgCl
NPs or AgNO3). The error bars represent standard deviation (SD), and the
data are means of three replicates (n = 3). The diameter of the paper disc is

not included (6 mm). Different letters (a–d) represent significant differ-
ences according to a Fisher LSD post hoc multiple mean comparison test
among the six treatments

Table 1 In vitro antimicrobial activity of NPs vs AgNO3 solutions as evidenced by microdilution assays (n = 3)

Vp strain Ag/AgCl NPs AgNO3

MIC (μg mL−1) MBC (μg mL−1) MIC (μg mL−1) MBC (μg mL−1)

M5-28 3.2 6.3 1.6 3.2

M6-05 3.2 6.3 1.6 3.2

M9-04 3.2 6.3 3.2 6.3

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
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feed had higher Ag content compared with the initial feed, and
the nanoparticles lost from the feed surface to the seawater
after 1 h were less than 5%.

Short-term acute toxicity in vivo (first test) and Ag distribu-
tion in tissues During the first short-term feed exposure test,
the organisms showed no behavioural changes and survival
was 100% for all treatments. The consumption of supplement-
ed feed for 7 days did not cause significant changes in feed
conversion but did affect weight gain (%), which was slightly
improved in shrimp consuming feeds supplemented with 10
and 100 mg Ag kg−1 feed, and slightly (but not significantly)
depressed in those consuming feeds with 10,000 mg Ag kg−1

(Table 3). In contrast, the hepatosomatic index (HPI) showed a
significant reduction with the consumption of feeds
supplemented with high doses (1000 and 10,000 mg Ag
kg−1; Fig. 7a).

Average concentration values of Ag were reported for dif-
ferent organ pools analysed at the end of 7 days of supple-
mented feed consumption (Fig. 1; hepatopancreas 7b,
cephalothorax cuticle 7c and muscle 7d). A greater bioaccu-
mulation of Ag was observed in hepatopancreas showing a
dose-dependent relation of up to 1500 mg kg−1 dry weight
(dw), while concentrations in cuticle and muscle were lower
than 8 mg kg−1dw. The hepatopancreas and cuticle Ag content
became significantly different when diets contained 1000 and
10,000 ppm Ag. In contrast, muscle Ag contents did not
change significantly with any treatment.

Depuration parameters (second test) The depuration rate (k2),
assimilation efficiency (α), half-life time (t1/2) and
biomagnification factor (BMF) could be determined for hepa-
topancreas and gills only (Fig. 8). The model used for calcu-
lating depuration parameters was not applicable in muscle

Table 2 Concentrations of Ag in experimental diets and in water after leaching (means ± standard deviation, n = 3)

Theoretical
concentrationsa

Concentrationsa in pellets before
leaching

Concentrationsa in pellets after
leaching

Concentrations in waterb after
leaching

0 < 1 < 1 0.07 ± 0.03

10 12.73 ± 1.74 14.08 ± 0.75 0.14 ± 0.02

100 85.90 ± 4.58 90.75 ± 13.28 0.18 ± 0.09

1000 827.59 ± 50.96 936.77 ± 142.49 0.37 ± 0.19

10 000 9 971.10 ± 612.69 10 272.11 ± 483.34 5.01 ± 1.50

amg Ag kg−1 dry matter
bmg Ag L−1

Table 3 Growth performance of L. vannamei juveniles fed for 7 days pelleted feeds supplemented with Ag/AgCl NPs at graded levels (from 0 to
10,000 mg Ag kg−1 feed, means ± standard deviation, n = 3)

Parameters Experimental diets (mg Ag kg−1 feed) p value

0 10 100 1000 10,000

Shrimp weight

Mean initial body weight (g) 0.441 ± 0.012 0.444 ± 0.005 0.438 ± 0.002 0.438 ± 0.009 0.440 ± 0.002 0.851

Mean final body weight (g) 0.512 ± 0.010 0.540 ± 0.005 0.534 ± 0.013 0.508 ± 0.011 0.498 ± 0.023 0.232

Shrimp feed intake

Mean feed offered (g feed g−1shrimp day−1) 0.050 ± 0.00 0.050 ± 0.00 0.050 ± 0.00 0.050 ± 0.00 0.050 ± 0.00 1.000

Consumption of Ag/AgCl NPs (mg Ag g−1shrimp day−1) 0.00a 0.64 ± 0.00a 4.3 ± 0.0b 41.4 ± 0.0c 499.0 ± 0.0d < 0.001

Shrimp growth and feed response

Weight gain (% WG) 16.1 ± 0.9 21.7 ± 1.0 21.9 ± 2.6 16.0 ± 2.1 13.1 ± 5.1 0.185

Feed conversion ratio (FCR) 5.0 ± 0.3 3.6 ± 0.2 3.8 ± 0.5 5.2 ± 0.8 8.1 ± 2.7 0.189

Shrimp survival (% S) 100 100 100 100 100 0.999

% WG = [(final mean weight − initial mean weight) / initial mean weight] × 100

FCR = total feed provided (g) / weight gain (g)

% S = (number of live organisms / initial number of organisms per tank) × 100

Superscript letters indicate different homogeneous subsets as determined by the Tukey multiple means comparison test
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tissue due to low Ag concentrations. However, results indicate
that the hepatopancreas has higher k2 and α values (0.156
day−1 and 33.053%, respectively) than gills (0.072 day−1

and 0.169%). The 50% depuration time (or t1/2) was shorter
in gills than in hepatopancreas, at 4.4 and 9.5 days, respective-
ly. The hepatopancreas showed a high food biomagnification

Fig. 7 a) Hepatosomatic index (HPI) box diagram (n = 3) and Ag bioac-
cumulation in shrimp tissues, b) hepatopancreas (n = 12), c) cephalotho-
rax cuticle (n = 4) and d) muscle (n = 4) after consumption for 7 days of
feeds supplemented with Ag/AgCl NPs at graded levels (from 0 to
10,000 mg Ag kg−1 feed). a) The white line represents the average HPI

value (n = 3), letters on top of the bars indicate the absence (a) or presence
(b) of a significant difference to the control group (Dunnet test). b)–d)
Letters on top of the bars indicate different homogeneous subsets as
determined by a Tukey multiple means comparison test. Error bars rep-
resent SD for all figures

Fig. 8 Kinetics of depuration
model ln(concentration) of the Ag
content in gills and
hepatopancreas
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factor (BMF) value of 10.553, while the gills had a 0.116
value. Finally, depuration of Ag accumulated in hepatopan-
creas and gills was already 89 and 99%, respectively, after
only 14 days of depuration (i.e. consuming the feed without
Ag/AgCl NPs).

Discussion

AgNPs exhibit an intense absorption peak in the UV-vis spec-
trum due to the SPR. According to Mie’s theory, the form,
width, height and the number of SPR peaks are strongly relat-
ed with shape, particle size, concentration and distribution of
the particles, respectively (Sun and Xia 2002; Dehnavi et al.
2013). The location and form of the single SPR peak observed
for the purified Ag/AgCl NPs demonstrate the presence of
spherical particles smaller than 100 nm, with a log-normal
distribution. These results are in agreement with the SPR spec-
tra reported by other authors for AgNPs or AgCl NPs (Choi
et al. 2008; Mendoza-Reséndez et al. 2013; Dhas et al. 2014;
Pal et al. 2015).

Ethanol is frequently used as an antisolvent to help recover
the particles selectively (McLeod et al. 2005; Liu et al. 2009), in
combination with centrifugation, in order to eliminate the ionic
silver that had not reacted during the synthesis; additionally,
centrifugation may be used to fraction particles by size (Novak
et al. 2001; Pal et al. 2015). The final Ag concentration after the
particle purification process was lower than the initial concen-
tration due to elimination of Ag from the initial mixture.

The signals from the crystallographic planes on the XRD
analysis indicate the presence of Ag and AgCl particles. The
formation of these particles could be due to the interaction of
the silver ions with chloride ions present in the Ulva extract.
The presence of Na+, K+ and Cl− is typical in macroalgae
given that they are the main ions responsible for maintaining
internal osmotic pressure (Lee and Liu 1999). Similar results
have been reported by Dhas et al. (2014) and Venkatesan et al.
(2016) regarding the biosynthesis of AgNPs with aqueous
extracts of the brown algae Sargassum plagiophyllum and
Ecklonia cava.

Synthesized NPs mediated by natural extracts also present
special and unique morphological and microstructural charac-
teristics, which are strongly linked to the reducing agent’s
composition. Ag/AgCl NPs exhibited a heterogeneous mor-
phology, with a predominance of spherically and irregularly
shaped particles. This is in agreement with reports from sev-
eral authors of spherical, irregular and triangular particle
shapes of NPs synthesized with green algae extracts
(Yousefzadi et al. 2014; Sharma et al. 2016; Vijayan et al.
2016). Ag/AgCl NPs’ sizes, as measured by TEM, are also
similar to that of other AgNPs synthesized with green algae
extracts. These authors report a range from 5 to 210 nm (Devi
and Bhimba 2012; Kannan et al. 2013a; Abirami and

Kowsalya 2015; Sharma et al. 2016; Ramkumar et al. 2017).
Particle size is relevant in this study given that the biological
activity of NPs is strongly associated to their size distribution
(Dehnavi et al. 2013).

Microstructural studies by SAED and EDX confirmed that
particles are composed mostly of Ag and Cl, followed by C, S
and O. These signals can likely be attributed to adsorbed pro-
teins and sulphated polysaccharides (ulvan) coming from the
extract composition. HRTEM studies exhibited two types of
particles: The first are small, spherical and monocrystalline
composed by only Ag phase, while the second are large, ir-
regular and polycrystalline composed of Ag and AgCl phases.
In addition, stacking faults were found in the morphology of
large particles. This property and the irregular particle form
are due to a growth in particle size by coalescence of smaller
particles that seek to stabilize within the medium. This phe-
nomenon has been reported briefly in AgNPs synthesized
using natural extracts (Mendoza-Reséndez et al. 2013,
2014). There is only one previous report of gold particles with
stacking faults. In that study, particles were synthesized using
an aqueous extract of a unicellular green alga (Chlorella
vulgaris), and the faults were attributed to particle growth
and stabilization (Xie et al. 2007).

Seaweeds constitute an inexhaustible source of bioactive
compounds and therefore are considered an important re-
source in biotechnology (Rauwel et al. 2015). Some biomol-
ecules extracted from green algae, such as polysaccharides,
peptides, phenolic compounds and pigments, are responsible
for metal bioreduction during NP manufacture, because these
compounds contain in their structure reducing functional
groups like hydroxyl (–OH), carbonyl (–COOH), primary
and secondary amines (–NH, –NH2), alcohol and aldehydes
(–CHO) (El-Kassas et al. 2014; Yousefzadi et al. 2014;
Ramkumar et al. 2017). FTIR and Raman analyses confirmed
the presence in the AEU of functional groups from biomole-
cules, mainly proteins, sulphated polysaccharides, and poly-
phenols that are adsorbed to the surface and microstructure of
Ag/AgCl NPs. According to several authors who reported
similar vibrations in FTIR studies of NPs synthesized with
green algae extracts, these molecules are the main compounds
responsible for reducing and buffering nanoparticles (El-Kassas
et al. 2014; Ramkumar et al. 2017), making them more stable,
and for a longer time, than those chemically synthesized
(Vijayan et al. 2016). Additionally, these compounds may con-
tribute novel and unique properties, as well as potential appli-
cations, for the corresponding NPs (Nezamdoost et al. 2014).

The antibacterial activity of the Ag/AgCl NPs obtained in
the present study agreed with several authors who reported IZ
with AgNPs or colloidal Ag in the range of 4.0 to 16.5 mm
against V. parahaemolyticus AHPND+ (Morales-Covarrubias
et al. 2016; Sivaramasamy and Zhiwei 2016; Sivaramasamy
et al. 2017) and 10 to 14.27 mm against Vibrio harveyi
(Kandasamy et al. 2012; Sivaramasamy and Zhiwei 2016).
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Sivaramasamy et al. (2017) reported similar results for
AgNO3 IZ ranging from < 1 to 4.6 mm for a strain of
V. parahaemolyticus that causes AHPND (the diameter of the
paper disc was not included for all results and comparisons in
this paper). This result is interesting because Ag+ ions arising
from solutions of AgNO3 usually exhibit more prominent effects
in growth inhibition against bacteria than AgNPs (Choi et al.
2008). Some authors have reported antibacterial activity of
Ulva sp. extracts (made with solvents of different polarities)
against Vibrio and other important strains for human health
(Rebecca et al. 2012; Saritha et al. 2013). However, in our case,
AEU antibacterial activity was not observed. This result may be
due to a difference in bacteria sensibility, Ulva species or the
extraction method. Nevertheless, the compounds extracted with
water fromU. clathrata had an excellent reducing and stabilizing
ac t iv i ty fo r the fo rmat ion of NPs . Among the
V. parahaemolyticus strains evaluated, M5-28 presented the
highest susceptibility.

The minimum inhibitory concentration (MIC) represents
the lowest concentration of antibacterial solution inhibiting
bacterial growth. In contrast, the minimum bactericidal
concentration (MBC) represents the lowest concentration
of antibacterial solution required to kill more than 99.9%
of the initial bacterial population (Petrus et al. 2011). The
MIC and MBC values obtained for Ag/AgCl NP were be-
low those reported by Petrus et al. (2011), where colloidal
Ag was evaluated against other Vibrio strains reporting a
MIC of 9.64 μg mL−1 and a MBC ˃ 100 μg mL−1. In
contrast, MIC and MBC values for colloidal Ag against a
strain of Vibrio causing AHPND reported by Morales-
Covarrubias et al. (2016) were lower (2 μg mL−1).

The differences between theoretical and measured Ag con-
centrations in supplemented feeds could be due to the manip-
ulation during the preparation process, coupled with the ana-
lytical error. However, these differences with respect to nom-
inal concentrations were acceptable. The increase shown in
the Ag concentrations in feed after leaching can be attributed
to the loss of soluble nutriments such as proteins (amino acids)
and sugars, while less soluble ingredients, or those that do not
leach in the water, were actually concentrated in the immersed
feed. This result confirms that dietary exposure is a good and
stable way to deliver NPs and to evaluate their effect in
shrimp. Nevertheless, further studies regarding the residual
content in shrimp feces and their final disposal are needed to
inform future applications in shrimp aquaculture.

During the first in vivo test, consumption of feeds supple-
mented at low concentrations (10 and 100 ppm) had a positive
effect on growth. This result coincides with survival and growth
results reported by Sivaramasamy and Zhiwei (2016), who fed
L. vannamei shrimp (6.82 ± 2.16 g) with a concentration of
10,000 ppm Bacillus subtilis-synthesized AgNPs for 65 days.
In contrast, feeds supplemented at high concentrations (1000
and 10,000 ppm) likely resulted inmoderate liver damage (non-

visible), as suggested by a significant reduction in HPI. This
negative effect on HPI, followed by histological damage, has
been reported in trout after 8 weeks of being exposed to water
with NPs at concentrations of 3300 and 1000 mg Ag L−1

(Monfared and Soltani 2013). However, there are no similar
studies in shrimp allowing a comparison with our results in
terms of HPI reduction and toxicity of dietary AgNPs.

In terms of bioaccumulation and biodistribution, the
highest Ag concentrations found in hepatopancreas were not
surprising, since the crustacean hepatopancreas gland can be
considered a ‘target organ’ for the accumulation ofmany types
of substances. In addition to performing important functions,
such as secreting digestive enzymes, serving as the main site
for food adsorption, and storing metabolic reserves, this organ
also contains vesicles with metal-binding proteins that allow it
to sequester heavy metals and other types of substances
(Carvalho et al. 1999). In contrast, muscle showed practically
no bioaccumulation, which is desirable given that it represents
the most edible portion of the shrimp. However, medium-
intensity bioaccumulation in the cephalothorax cuticle sug-
gests that shell-on shrimp tails could contain certain levels of
residual Ag. In this regard, several studies have found that the
biodistribution and toxicity of nanoparticles are strongly in-
fluenced by particle size, shape, surface charge, surface coat-
ing and solubility (Sivaramasamy and Zhiwei 2016).

In addition, results suggest that shrimp have a fast Ag
depuration capacity. This is mostly carried out by the hepato-
pancreas, which showed the highest depuration rates, similar
to what was previously seen in the assimilation efficiency. The
BMF value indicates howmany times the Ag feed content can
be biomagnified by hepatopancreas, which in this case indi-
cates an Ag biomagnification capacity of ten times more than
that administered by feed exposure.

Ag half-life times of 4 to 9 days were found in the tissues
sampled during the depuration study (hepatopancreas, gills
and muscle). This means that waiting an additional half-life
period can eliminate 50% of the residual Ag. These values are
lower than (but rather congruent with) that previously reported
by Metian et al. (2010), who showed a t½ value of 10.8 ± 2
days for the depuration of Litopenaeus stylirostris after dietary
exposure to radiolabeled Ag+.

Several authors have studied the bioaccumulation and
purification of noble and heavy metals including ionic,
radiolabeled or complexed silver in crustaceans. Their
purpose was to establish the current state of accumulation,
distribution and migration within the trophic chain of
metals that were a product of contamination in the eco-
system. The main objective of our study is not centered
around metal contamination in aquatic systems but rather
aims to provide information on next-generation antibacte-
rial products manufactured using nanotechnology, and to
promote appropriate doses that would have minimal im-
pact on biological systems.
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Conclusions

In vitro antibacterial activity studies herein suggest that
Ag/AgCl NPs synthesized for the first time with aque-
ous extract of cultivated U. clathrata seaweed have a
potential use for the management of Vp AHPND+. In
addition, consumption of Ag/AgCl NPs through dietary
exposure for 7 days had no lethal effects on shrimp.
Finally, shrimp hepatopancreas has a rapid capacity for
bioaccumulation and purification, while Ag accumula-
tion was lower in cuticles and insignificant in muscle
tissue. This suggests that headless, peeled shrimp could
be safer than shell-on presentations. Results also indi-
cate that Ag/AgCl NPs could be an effective treatment
against AHPND+ in farms. However, further studies are
required to properly establish safe parameters when
using Ag/AgCl NPs against V. parahaemolyticus
AHPND+ infections, as well as to investigate the spe-
cific effects of Ag/AgCl NPs on shrimp immune system
and histology. Through additional research, we hope to
provide a broader picture of the necessary consider-
ations for the application of NPs as an antibacterial
additive in shrimp feeds.
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