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Abstract 

Background: Antibiotic resistance is a global issue that threatens public health. The excessive use of antibiotics con‑
tributes to this problem as the genes of antibiotic resistance can be transferred between the bacteria in humans, ani‑
mals and aquatic organisms. Metallic nanoparticles could serve as future substitutes for some conventional antibiotics 
because of their antimicrobial activity. The aim of this study was to evaluate the antimicrobial effects of silver and zinc 
oxide nanoparticles against major fish pathogens and assess their safety in vitro. Silver nanoparticles were synthesized 
by chemical reduction and characterized with UV–Vis spectroscopy, transmission electron microscopy and zeta sizer. 
The concentrations of silver and zinc oxide nanoparticles were measured using inductively coupled plasma‑mass 
spectrometry. Subsequently, silver and zinc oxide nanoparticles were tested for their antimicrobial activity against 
Aeromonas hydrophila, Aeromonas salmonicida subsp. salmonicida, Edwardsiella ictaluri, Edwardsiella tarda, Francisella 
noatunensis subsp. orientalis, Yersinia ruckeri and Aphanomyces invadans and the minimum inhibitory concentrations 
were determined. MTT assay was performed on eel kidney cell line (EK‑1) to determine the cell viability after incuba‑
tion with nanoparticles. The interaction between silver nanoparticles and A. salmonicida was investigated by transmis‑
sion electron microscopy.

Results: The tested nanoparticles exhibited marked antimicrobial activity. Silver nanoparticles inhibited the growth 
of both A. salmonicida and A. invadans at a concentration of 17 µg/mL. Zinc oxide nanoparticles inhibited the growth 
of A. salmonicida, Y. ruckeri and A. invadans at concentrations of 15.75, 31.5 and 3.15 µg/mL respectively. Silver nano‑
particles showed higher cell viability when compared to zinc oxide nanoparticles in the MTT assay. Transmission 
electron microscopy showed the attachment of silver nanoparticles to the bacterial membrane and disruption of its 
integrity.

Conclusions: This is the first study on inhibitory effects of silver and zinc oxide nanoparticles towards A. salmonicida 
and A. invadans. Moreover, zinc oxide nanoparticles inhibited the growth of Y. ruckeri. In low concentrations, silver 
nanoparticles were less cytotoxic than zinc oxide nanoparticles and represent an alternative antimicrobial compound 
against A. hydrophila, A. salmonicida and A. invadans.
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Background
Increases in global fish consumption have resulted in 
greater development and intensification of aquaculture 

worldwide [1, 2] which have led to a massive use of anti-
biotics for promoting growth and prophylaxis, especially 
in intensive aquaculture [2]. The EU has prohibited the 
use of antibiotics as growth promoters in animals since 
2006 [3]. However, it is difficult to assess the quantity 
and identify the classes of antimicrobial agents in aqua-
culture [4]. Tuševljak et al. [5] conducted a survey of fish 
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farms in 25 countries in North America, South America, 
Europe, Africa and Asia, and found that tetracycline and 
quinolones are applied frequently, especially in salmon 
aquaculture. Nevertheless, detailed investigations about 
the types and the amounts of antibiotics in fish farms 
are still needed [4, 6]. The problem of antibiotic resist-
ance has become a major concern in human and veteri-
nary medicine [2, 3, 7]. The antibiotic resistance genes 
could be transferred between bacteria from different 
environments. Sharing of such genes occurs between 
bacteria which infect aquatic animals, terrestrial animals 
and humans, and thereby poses a hazard to animal and 
human health [7]. The closing statement of the joint sci-
ence ministers meeting at the G8 summit in 2013 empha-
sized that antimicrobial resistance is one of the most 
important global health challenges in the 21st century. At 
the same time, bacterial, viral, mycotic and parasitic fish 
diseases constitute a massive threat to the aquaculture 
industry [8]. Aeromonas hydrophila is a major bacterial 
pathogen, which causes dermal ulceration and haemor-
rhagic septicemia in many fish species [9]. Aeromonas 
salmonicida was one of the first discovered causative 
agents of fish diseases, and is a widely-occurring patho-
gen of salmonids, which causes septicemia with high 
mortality rates [10, 11]. Edwardsiella ictaluri is respon-
sible for enteric septicemia of channel catfish (Ictalurus 
punctatus), while Edwardsiella tarda is the causative 
agent of emphysematous putrefactive disease in the same 
species [12, 13]. Francisella noatunensis subsp. orientalis 
is an intracellular bacterial pathogen, which infects tila-
pia and produces a chronic granulomatous inflamma-
tion [14]. Yersinia ruckeri is the causative agent of enteric 
red mouth disease (ERM), which causes a wasting con-
dition in fish and result in cumulative mortalities with 
high economic losses in fish farms [15, 16]. In spite of the 
production of a commercial vaccine against motile and 
non-motile strains of Y. ruckeri, field cases of vaccina-
tion failure have been reported [17]. Oomycete infections 
caused by Aphanomyces invadans induce skin ulcerations 
that extend deep into the underlying muscles leading to 
high morbidity and mortality in fish during outbreaks of 
epizootic ulcerative syndrome (EUS) [18].

Sørum [7] has reported the emergence of antibiotic 
resistant strains of A. hydrophila, A. salmonicida, and 
Y. ruckeri in fish farms. One of the recent strategies to 
combat microbes and multi-drug resistant bacteria is the 
application of metallic nanoparticles, which exhibit anti-
microbial activities [19–22].

Antimicrobial effects on fish pathogens have been 
observed with silver and gold nanoparticles [21–28], and 
zinc oxide nanoparticles [29, 30].

Silver nanoparticles show antibacterial effects against 
A. hydrophila, Aeromonas bestiarum, Pseudomonas 

flourescens, E. tarda, Vibrio harveyi, Proteus spp. and 
Flavobacterium spp. [23–28, 30] and inhibit the growth 
of multiple drug resistant isolates of Staphylococcus 
aureus, Micrococcus luteus and Klebsiella pneumonia [31, 
32]. One advantage of silver nanoparticles over conven-
tional antibiotics is that their antimicrobial action arises 
through interference with multiple cellular processes of 
the bacteria, so the emergence of resistance is less likely 
[33]. Exact mechanisms that underlie the antibacterial 
actions of silver nanoparticles are not completely under-
stood [34, 35]. However, modes of action have been sug-
gested by different researchers [22, 33–36] and include 
the interaction of the silver nanoparticles with the bac-
terial cell wall, production of reactive oxygen species 
(ROS), interaction with DNA, and release of  Ag+ ions.

Similarly, zinc oxide nanoparticles exhibit potent anti-
microbial activities [29, 30, 37], which are suspected 
of arising through complex mechanisms of action that 
include release of  Zn2+ ions, production of ROS and 
interference with bacterial replication by inhibition of 
cellular processes like glycolysis, acid tolerance and 
transmembrane proton translocation [36, 38].

In this study, we investigated the antibacterial and 
antifungal activity of silver and zinc oxide nanoparticles 
against A. hydrophila, A. salmonicida subsp. salmoni-
cida, E. ictaluri, E. tarda, F. noatunensis subsp. orientalis, 
Y. ruckeri and A. invadans. We also assessed cytotoxicity 
and host cell viability using an MTT assay after incubat-
ing nanoparticles with eel kidney-1 cells (EK-1).

Methods
Materials
Silver (≈100 nm) and zinc oxide (≈66 nm) nanoparticles 
were purchased from Sigma-Aldrich, Austria. Chemi-
cals and reagents used for silver nanoparticles synthesis 
[silver nitrate, sodium citrate tribasic hydrate, sodium 
borohydride, polyvinyl pyrrolidone (PVP) and de-ionized 
water] were also purchased from Sigma.

Silver nanoparticles synthesis
All beakers and cylinders were thoroughly cleaned and 
autoclaved before use and deionized water was used for 
the synthesis. Silver nanoparticles synthesis was car-
ried out by the chemical reduction method as previ-
ously described [39]. Briefly, silver nitrate was used as a 
source of silver, sodium borohydride solution was used 
as a reducing agent, and PVP acted as a stabilizing agent 
to prevent particles agglomeration [40]. Sodium citrate 
tribasic hydrate functions as both reducing and stabi-
lizing agent at the same time, besides, the combination 
of PVP and sodium citrate increases the stability of the 
newly formed nanoparticles [41]. Silver nitrate was dis-
solved completely in de-ionized water then sodium 
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citrate tribasic hydrate and PVP were added. After com-
plete dissolving, sodium borohydride solution was added 
to the mixture and stirred for 30  min. The color of the 
solution changed from colorless to brown indicating the 
formation of silver nanopaticles.

As silver nanoparticles are sensitive to light, they were 
kept dark in a clean autoclaved bottle at 4 °C.

Characterization of silver nanoparticles
The absorption spectra were determined using a UV–Vis 
spectrophotometer (NanoDrop  2000®, Thermo Fischer 
Scientific, Massachusetts, USA) against the spectrum of 
deionized water as a blank. All measurements were per-
formed at room temperature on 3 separate days.

Morphology of the synthesized nanoparticles was 
investigated using transmission electron microscopy (EM 
900, Zeiss, Oberkochen, Germany) operating at an accel-
erating voltage of 80 kV. One drop of silver nanoparticle 
solution was deposited on the carbon-coated copper grid 
then left to evaporate at room temperature forming a 
monolayer. The mean size of the particles was calculated 
using (Image SP  Viewer®) software to measure 100 ran-
domly sampled nanoparticles.

Nanoparticles size distribution and zeta potential were 
measured based on the dynamic light scattering (DLS) 
using a Malvern zeta sizer Nano  ZS® device. Three sepa-
rate measurements on different days were performed at 
room temperature.

Determination of nanoparticles concentration
Elemental concentrations of the nanoparticle solutions 
were measured using inductively coupled plasma-mass 
spectrometry (ICP-MS). Milli-Q water and nitric acid 
were used in all samples, with elemental standards for 
ICP-MS measurements from CPI international (Amster-
dam, The Netherlands). Samples were digested in nitric 
acid using a microwave discover SP-D system (CEM 
Microwave Technology, Germany) with parameters: tem-
perature 200 °C; ramp time 4 min; hold time 6 min; maxi-
mum power 300 W. Digested samples were diluted with 
Milli-Q water to give nitric acid concentrations lower 
than 3% and zinc and silver concentrations lower than 
20 ng/g.

ICP-MS measurements were performed according to 
Theiner et  al. [42] using an ICP-quadrupole MS instru-
ment Agilent 7500ce (Agilent Technologies, Waldbronn, 
Germany) equipped with a CETAC ASX-520 autosampler 
(Nebraska, USA) and a MicroMist nebulizer, at a sample 
uptake rate of approx. 0.25 mL/min. The instrument was 
tuned daily, and rhenium served as an internal standard 
for zinc and silver. The ICP-MS was equipped with nickel 
cones and operated at an RF power of 1550  W. Argon 
was used as plasma gas with a flow of 15  L/min and as 

a carrier gas with a flow of ~1.1  L/min. The dwell time 
was set to 0.3 s and replicates of 10 measurements were 
taken. Agilent  MassHunter® (Workstation Software, Ver-
sion B.01.01, 2012) was used for data processing.

Bacterial strains and growth conditions
Six bacterial strains were tested: A. hydrophila (252/13), 
A. salmonicida subsp. salmonicida (A-14390), E. ictaluri 
(93/146), E. tarda (30.1/14), F. noatunensis subsp. orien-
talis, Y. ruckeri biotype-2 (7959-11); all were obtained 
from our MikroBank in the clinical division of fish medi-
cine, University of Veterinary Medicine, Vienna, Austria. 
A. hydrophila was isolated from naturally-infected com-
mon bream (Abramis brama L.), A. salmonicida subsp. 
salmonicida and Y. ruckeri were isolated from naturally-
infected rainbow trout (Oncorhynchus mykiss). E. ictaluri 
and E. tarda were isolated from infected channel catfish 
(I. punctatus) and discus (Symphysodon aequifasciatus), 
respectively. F. noatunensis subsp. orientalis was isolated 
from Malawi cichlid (Aulonocara stuartgranti). A loop 
from each pure strain was streaked on Müller-Hinton 
(MH) agar plates (Sigma-Aldrich) except for F. noatun-
ensis, which was inoculated firstly in cystine heart broth 
and incubated for 24  h then streaked on cystine heart 
agar supplemented with 2% horse blood. All cultured 
agar plates were incubated at 22 °C for 24 h except for A. 
salmonicida which was incubated at 15 °C for 48 h and F. 
noatunensis which requires 5 days incubation at 22 °C for 
colony growth.

Bacterial growth inhibition test
A single bacterial colony from each strain was inocu-
lated in brain heart infusion (BHI) broth (Sigma-
Aldrich) except for F. noatunensis which was inoculated 
in modified Müller-Hinton II cation-adjusted broth 
(Sigma-Aldrich) enriched with 2% IsoVitalex (Becton–
Dickinson). After inoculation, all isolates were incubated 
in a shaking incubator (144 rpm) at 22 °C for 24 h, except 
for A. salmonicida which was incubated at 15  °C for 
48 h. A spectrophotometer (Eppendorf  BioPhotometer®, 
Eppendorf, Hamburg, Germany) was used to deter-
mine the optical density  (OD600). Bacterial cultures were 
diluted with BHI broth to adjust their concentration at 
 106  CFU/mL, which was confirmed by plate counting. 
Equal volumes of each nanoparticle solution and each 
bacterial strain were mixed to reach a final concentration 
of 5 × 105 CFU/mL. A negative control was prepared by 
mixing equal volumes of bacteria and deionized water. 
All samples were then incubated overnight in a shaking 
incubator at the same conditions as above. After that, 
100  µL of each sample was streaked on Müller Hinton 
agar plate (Sigma Aldrich) or cystine heart agar supple-
mented with 2% horse blood and incubated in a static 
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incubator to observe the bacterial growth, according to 
Bresee et al. [43]. The test was performed in triplicate.

Minimal inhibitory concentration (MIC)
Nanoparticles that inhibited bacterial growth were sub-
jected to the minimal inhibitory concentration (MIC) 
assay in triplicate, according to Swain et  al. [30] with 
some modifications. Double fold serial dilutions of nano-
particles were added to the cultures containing  106 CFU/
mL of bacteria and incubated as before. Then 100 µL of 
each was streaked on Müller Hinton agar plates. The dou-
ble fold serial dilutions were prepared for each nanopar-
ticle solution up to five times to determine the MIC value 
at which no bacterial growth on the plate was observed.

The effect of silver and zinc oxide nanoparticles on bac-
terial growth kinetics in BHI broth was measured using 
Eppendorf ® spectrophotometer at 600  nm. The deter-
mined MICs of silver and zinc oxide nanoparticles were 
applied in this assay. Oxytetracycline (25  µg/mL) and 
bacterial cultures only were used as positive and negative 
controls, respectively. The absorbance values (OD 600) 
were recorded at 4, 8, 12, 16, and 24 h. The experiment 
was performed in triplicate.

Fungal growth inhibition test
Silver and zinc nanoparticles were tested for their inhibi-
tory effects against A. invadans. The fungus was isolated 
from infected dwarf gourami (Colisa lalia). It was grown 
on glucose-peptone (GP) agar and incubated at 26  °C 
for 5  days [18]. An anti-fungal assay was conducted as 
described by Mori et  al. [44] with some modifications. 
Mycelia from the periphery of the growing fungus (about 
1 mm) were inoculated in 2 mL GP broth in 10 mL fal-
con tubes. Equal volumes (2 mL) of each tested nanopar-
ticle solution were added to the broth. An equal volume 
(2  mL) of deionized water was added to one tube as a 
negative control. All tubes were incubated at 26  °C for 
5 days. Then, 100 µL of broth from each tube was inocu-
lated in the center of a GP agar plate and incubated again 
at 26  °C for 5  days to monitor fungal growth or inhibi-
tion. Nanoparticles that inhibited the fungal growth were 
further diluted in twofold serial dilutions to determine 
the MIC. The experiment was performed in triplicate.

Assessment of cytotoxicity via MTT assay
We assessed three concentrations of silver and zinc 
oxide nanoparticles for their cytotoxicity, to determine 
the safety of these concentrations as therapeutants 
in vitro. Nanoparticle concentrations were chosen based 
on our MIC data. Eel kidney cells (EK-1) were used in 
96-well plates at approximately 1.5 ×  104 cells per well 
in L-15 medium  +  GlutaMAX (Gibco) supplemented 
with 10% fetal bovine serum (FBS) and antibiotics 

(Penicillin100  IU/mL and streptomycin 100  μg/mL). 
After 24  h incubation at 26  °C, three concentrations of 
silver (8.5, 17, 25.5 µg/mL) and zinc oxide nanoparticles 
(7.88, 15.75, 23.63 µg/mL) were added to the EK-1 cells; 
cells with medium alone served as negative controls. 
The medium was then removed and wells were washed 
with phosphate buffered saline (PBS) twice to remove 
any residual nanoparticles. Subsequently, cell viability 
was assessed by incubating the triplicate wells of silver 
and zinc oxide nanoparticles, negative control cells and 
blank (medium only) with MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich). 
MTT assay was performed as described by Mosmann 
[45]. 10 µL of the MTT (5 mg mL−1 dissolved in PBS) per 
100 µL media were added to each well and incubated for 
3  h at the same temperatures as described above. After 
that, 100 µL of MTT solubilization solution (Sigma-
Aldrich) was added into each well to solubilize formazan 
crystals, and mixed using a rotatory shaker. The absorb-
ance values of each well were recorded at 570 nm using 
 EnSpire® multimode plate reader. Triplicate tests were 
performed for each concentration and the control. After 
blank correction, the percentage of cell viability was cal-
culated as the optical density values of nanoparticles-
treated cells/the mean optical density of non-treated 
control cells ×100. Data were analyzed using one-way 
ANOVA test with  SPSS® 16.0 software.

Ultrastructural interaction between silver nanoparticles 
and A. salmonicida
Aeromonas. salmonicida was incubated in BHI broth at 
15  °C for 2 days, as described by Bresee et  al. [43] with 
some modifications (Pellet was fixed with 5% glutaralde-
hyde in 0.1  M PBS for 4  h instead of overnight fixation 
with 2.5% glutaraldehyde in 0.1  M sodium cacodylate 
buffer). The culture was adjusted to 2.1 × 108 CFU/mL, 
then, 1 mL added to 1 mL of silver nanoparticles (34 µg/
mL), and incubated for 1  h at room temperature. The 
mixture was centrifuged at 11,600×g for 15  min, then 
the pellet was re-suspended in 1 mL PBS. Centrifugation 
was repeated with the same conditions. The pellet was 
fixed with 500 µL of glutaraldehyde (5% in 0.1 M PBS) at 
4 °C for 4 h. Glutaraldehyde was removed and the pellet 
washed twice with 0.1 M PBS and incubated overnight at 
4  °C. The pellet was post-fixed in 1% osmium tetroxide 
for 2 h at 4 °C and washed twice with PBS. Samples were 
dehydrated using graded alcohol series (70, 96 and 100%) 
before a 1:1 mixture of glycidyl ether and propylene oxide 
was added for 45 min then incubated overnight with a 3:1 
mixture of glycidyl ether and propylene oxide. Samples 
were embedded in gelatin capsules then ultrathin sec-
tions were prepared using an ultramicrotome. For trans-
mission electron microscopy (TEM) imaging, we used an 
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EM 900  (Zeiss®, Oberkochen, Germany) and Image SP 
 Viewer® software.

Results
Characterization of silver nanoparticles
UV–Vis analysis of the synthesized silver nanoparti-
cles showed a sharp absorption peak (0.806) at 395  nm 
(Fig.  1a). TEM images of the synthesized silver nano-
particles showed they were spherical (Fig.  1b), with a 
mean diameter of 21 nm (range of sizes 11–39 nm). DLS 
showed two peaks: a smaller peak at 8.3 nm and a larger 
peak at 44.5  nm (Fig.  1c), which indicated the presence 
of two populations of silver nanoparticles, zeta potential 
value was −30.7 ± 0.45 mV.

Determination of nanoparticles concentration
ICP-MS measurements revealed a silver concentration 
of 34 µg/mL in the synthesized silver nanoparticles and 
16  µg/mL in the commercial silver nanoparticles. The 

concentration of zinc in zinc oxide nanoparticles was 
63 µg/mL. Sizes and concentrations of nanoparticles are 
summarized in Table 1.

Bacterial growth inhibition test
The synthesized silver nanoparticles and the commercial 
zinc oxide nanoparticles exhibited antibacterial activ-
ity against A. hydrophila, A. salmonicida and Y. ruckeri. 
However, they were not able to inhibit the growth of E. 
ictaluri, E. tarda and F. noatunensis. Commercial sil-
ver nanoparticles did not inhibit bacterial growth of the 
strains in this study (Table 2).

Minimal inhibitory concentration (MIC)
The growth of both A. hydrophila and A. salmonicida 
was inhibited completely after incubation with the syn-
thesized silver nanoparticles at 17  µg/mL or zinc oxide 
nanoparticles at 15.75  µg/mL. This was confirmed by 
the absence of bacterial growth on Müller Hinton agar 

Fig. 1 Characterization of silver nanoparticles. a UV–Vis analysis of silver nanoparticles showed peak absorption (0.806) at 395 nm, which matches 
with the surface plasmon resonance of silver nanoparticles, b TEM micrograph showing the morphology of silver nanoparticles: they are spherical 
with a mean size of 21 nm. (scale bar = 50 nm), c particle size distribution of the synthesized silver nanoparticles, showing two peaks: a smaller peak 
at 8.3 nm and a larger peak at 44.5 nm, which indicate presence of two particle size populations
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plates (Figs. 2, 3), and the complete inhibition of bacte-
rial growth in BHI as observed by a spectrophotometer 
(Fig. 4a, b). The growth of Y. ruckeri was inhibited after 
incubation with zinc oxide nanoparticles at 31.5  µg/mL 
(Table 2). That was confirmed by OD 600 measurements, 
which indicated complete inhibition of bacterial growth 
after incubation with zinc oxide nanoparticles at 24  h. 
In contrast, oxytetracycline (25  µg/mL) failed to reach 
complete inhibition of Y. ruckeri at the same time point 
(Fig. 4c).

Fungal growth inhibition test
Silver and zinc oxide nanoparticles inhibited A. invadans 
growth in both GP broth and agar. After double fold 
serial dilutions, the MIC values were 17 and 3.15  µg/
mL for synthesized silver and zinc oxide nanoparticles, 
respectively (Table 2).

Assessment of cytotoxicity via MTT assay
Viability of EK-1 cells varied widely between silver and 
zinc oxide nanoparticles. The cells viability after addition 
8.5 µg/mL of synthesized silver nanoparticles showed no 
significant difference (P  ≤  0.05) when compared with 
non-treated control cells. After incubation of the cells 
with 17 and 25.5  µg/mL of silver nanoparticles the cell 
viability measured 69.1 and 63% respectively (Table  3). 
For zinc oxide nanoparticles, all concentrations resulted 
in 100% cell death.

Ultrastructural interaction between silver nanoparticles 
and A. salmonicida
Silver nanoparticles were observed attached to the outer 
membrane of A. salmonicida (Fig.  5a). At two-times 
higher magnification, we observed that silver nanoparti-
cles induced widening of periplasmic space (arrowhead), 
and caused diffuse intra-cytoplasmic edema (arrow) 
(Fig.  5b). Smaller nanoparticles (8  nm) were observed 
inside the bacterial cytoplasm (arrow) (Fig.  5c). Finally, 
silver nanoparticles disrupted the bacterial cell mem-
brane, leading to complete cell lysis and leakage of intra-
cellular content (Fig. 5d).

Discussion
Infectious diseases caused by parasites, bacteria, fungi 
and viruses constitute major threats to cultured fish [8]. 
Concurrently, there is a need to minimize use of antibi-
otics in farming, to combat antibiotic resistance [3, 4]. 
Thus, there is a growing need for alternative antimicro-
bial therapeutics, and metal and metal oxide nanopar-
ticles are being widely investigated for their potential 
medical applications, including their use in fish medicine 
[22].

In this study, we investigated the antibacterial and 
antifungal effects of commercially obtained zinc oxide 
and silver nanoparticles, and synthesized silver nano-
particles in-house. For this synthesis, we used PVP as a 
capping agent, to stabilize the nanoparticles and prevent 
them from aggregating [46], with the direct benefit that 

Table 1 The properties of the tested nanoparticles (sizes and concentrations)

Type of nanoparticles Size by  
TEM (nm)

Size by DLS (nm) Concentration 
(µg/mL)

Silver nanoparticles (synthesized) 21 Two sizes: 8.3 and 44.5 34

Silver nanoparticles (commercial) 100 96 16

Zinc oxide nanoparticles (commercial) – 66 63

Table 2 Antimicrobial effects of  the tested metallic nanoparticles and  their minimum inhibitory concentrations (MICs) 
in µg/mL

(–) = MIC was not reached

Pathogen Silver nanoparticles  
(synthesized) (µg/mL)

Silver nanoparticles  
(commercial) (µg/mL)

Zinc oxide nanoparticles 
(commercial) (µg/mL)

A. hydrophila 17 – 15.75

A. salmonicida 17 – 15.75

E. ictaluri – – –

E. tarda – – –

F. noatunensis – – –

Y. ruckeri – – 31.5

A. invadans 17 – 3.15
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PVP-capped nanoparticles are an ideal form for adminis-
tration in water for fish.

UV–Vis analysis of the synthesized silver nanoparti-
cles showed absorbance peak at 395 nm which lies in the 
spectrum range of silver nanoparticles and confirms the 
successful synthesis [47, 48]. The analysis of the size dis-
tribution of silver nanoparticles using zeta sizer revealed 
the presence of two peaks, one peak at 8.3  nm and a 
larger peak at 44.5  nm, which indicates the presence of 
two populations of silver nanoparticles where the major-
ity of particles were located under the larger peak with 
mean size of 44.5 nm. TEM images confirmed that silver 
nanoparticles were spherical in shape, with an average 
particle size of 21 nm. While TEM provides the morphol-
ogy and the mean size of the nanoparticles, zeta sizer 
indicates the real size distribution.

In our study, silver nanoparticles showed antibacte-
rial activity against A. hydrophila which agreed with 
the results from previous studies [23, 25, 30]. Also, zinc 
oxide nanoparticles exhibited antibacterial activity 

against A. hydrophila which corresponded with Swain 
et al. [30]. However, in our study the MIC was measured 
at 15.75  µg/mL which is lower than their results which 
ranged from 250 to 2500 µg/mL. This difference is mostly 
due to the variation in the size of the nanoparticles used 
when comparing these two studies. The particle size 
along with the concentration plays a crucial role in the 
antibacterial properties of the nanoparticles. Smaller-
sized nanoparticles have a higher surface area which 
increases their antibacterial activity [38].

To the best of our knowledge, this is the first study to 
demonstrate the inhibitory effects of silver and zinc oxide 
nanoparticles against A. salmonicida and A. invadans, in 
addition to the inhibitory effect of zinc oxide nanoparti-
cles against Y. ruckeri [49].

Synthesized silver nanoparticles at a concentration 
of 17 µg/mL were capable of complete inhibition of the 
growth of both A. salmonicida and A. invadans. In com-
parison, oxytetracycline (25  µg/mL) required longer 

Fig. 2 Minimum inhibitory concentration determination for silver 
nanoparticles. a Note the formation of small pinpoint colonies (arrow-
heads) of A. hydrophila on the control plate (on the right), while no 
bacterial growth was observed after incubation with 17 µg/mL silver 
nanoparticles (on the left), b growth of A. salmonicida with production 
of brown pigments on the control plate (on the right), while neither 
bacterial growth nor pigment production was observed after incuba‑
tion with 17 µg/mL silver nanoparticles (on the left)

Fig. 3 Minimum inhibitory concentration determination for zinc 
oxide nanoparticles. a Note the formation of small pinpoint colonies 
(arrowheads) of A. hydrophila on the control plate (on the right), while 
no bacterial growth was observed after incubation with 15.75 µg/mL 
zinc oxide nanoparticles (on the left), b growth of A. salmonicida with 
production of brown pigments on the control plate (on the right), 
while neither bacterial growth nor pigment production was observed 
after incubation with 15.75 µg/mL zinc oxide nanoparticles (on the 
left)
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time to inhibit the growth of A. salmonicida as shown in 
Fig. 4b.

Using MTT assay, there was no significant difference 
between the lowest concentration of silver nanoparticles 
(8.5  µg/mL) and the control group. Silver nanoparticles 

were less cytotoxic to EK-1 cells when compared with 
zinc oxide nanoparticles. However, higher concentrations 
of silver nanoparticles were reported as cytotoxic and 
genotoxic to the fish cell lines and zebrafish [50].

Commercial silver nanoparticles failed to inhibit the 
bacterial growth of the tested pathogens in this study, 
possibly due to their lower concentration and bigger 
particle size in comparison with the synthesized silver 
nanoparticles.

Residual silver nanoparticles in the aqueous environ-
ment bind to organic and inorganic sulfur in sea or fresh 
water. Sulfidation of silver nanoparticles leads to signifi-
cant decrease of their toxicity due to the lower solubility 
of the resulting silver sulfide and thus cause low detri-
mental impact on the environment [51].

Zinc oxide nanoparticles inhibited the growth of 
A. hydrophila and A. salmonicida at a concentration 
of 15.75  µg/mL, which is near to the MICs of silver 
nanoparticles.

Zinc oxide nanoparticles (31.5  µg/mL) inhibited the 
growth of Y. ruckeri, while oxytetracycline could not 
completely inhibit the growth of Y. ruckeri after 24  h 
(Fig. 4c).

Moreover, zinc oxide nanoparticles showed a strong 
antifungal activity against A. invadans at concentration 
of only 3.15 µg/mL, which was much lower than the MIC 
of silver nanoparticles against the same fungus. Unfor-
tunately, the zinc oxide nanoparticles were highly toxic 
against the EK-1 cell line at all concentrations (7.88, 
15.75, 23.63 µg/mL). These results are in accordance with 
Fernández et al. [52] who report high sensitivity of RTG-
2, RTH-149 and RTL-W1 fish cell lines to zinc oxide nan-
oparticles. The observed cytotoxicity may be attributed 
to release of free  Zn+2 ions [53, 54].

When zinc oxide nanoparticles are released into 
the aquatic environment, their behavior is controlled 
by water environment such as oxygen level, pH, ionic 
strength and amount of organic matter. Due to the high 
ionic strength in sea water, the zinc oxide nanoparticles 
tend to aggregate and become less mobile [55], while in 
fresh water they tend to dissolve rapidly which increases 
the risk of acute toxicity for aquatic organisms [56].

We investigated the interaction between silver nano-
particles and A. salmonicida on the ultrastructural level. 
TEM showed larger nanoparticles (>20  nm) bound to 
the bacterial cell membrane (Fig. 4), thereby presumably 
interfering with its integrity and function. Smaller parti-
cles (8 nm) were observed inside the bacterial cytoplasm 
(Fig.  4c). These observations were in concordance with 
previous reports [35, 57]. Presence of nanoparticles in 
the cytoplasm suggests that the small-sized nanoparticles 
could pass through the S-layer pores, which range from 
2 to 8  nm in diameter as described in A. salmonicida 

Fig. 4 Absorbance values (OD 600) measurements for the bacterial 
cultures only and after incubation with silver nanoparticles, zinc oxide 
nanoparticles or oxytetracycline, a OD 600 values for A. hydrophila, b 
OD 600 values for A. salmonicida, c OD 600 values for Y. ruckeri. AgNPs 
silver nanoparticles (17 µg/mL), ZnONPs zinc oxide nanoparticles 
for A. hydrophila and A. salmonicida (15.75 µg/mL) and for Y. ruckeri 
(31.5 µg/mL), OT oxytetracycline (25 µg/mL)
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[58]. In the cytoplasm, the particles would be able to 
react directly with the intracellular components and 
mechanisms.

Conclusions
Due to their high antimicrobial activity and low envi-
ronmental and cytotoxic effects, silver nanoparticles can 
be used as an effective antimicrobial agent against A. 
hydrophila, A. salmonicida and A. invadans. This repre-
sents a proof-of-concept for the consideration of silver 

Table 3 Effect of  different silver nanoparticles concentra-
tions (0, 8.5, 17, 25.5 µg/mL) on EK-1 cells viability

The values are expressed as mean ± SD. Different letters (a, b) in the same 
column means that they are significantly different (P ≤ 0.05)

Concentrations µg/mL Viability %

0.0 100.3 ± 18.6a

8.5 92.8 ± 12.1a

17 69.1 ± 37.0b

25.5 63.0 ± 14.3b

Fig. 5 Transmission electron microscopy microphotograph showing the interaction between silver nanoparticles and A. salmonicida, a electron‑
dense silver nanoparticles attached to the outer membrane of A. salmonicida (bar = 500 nm). b Widening of periplasmic space, presence of silver 
nanoparticles inside the periplasm (arrowhead), and marked intra‑cytoplasmic edema which appears electron lucent (arrow) (bar = 500 nm). c 
Silver nanoparticles attached to the outer membrane (arrowhead) of A. salmonicida, with some particles inside the bacterial cytoplasm (arrow) 
(bar = 100 nm). d Complete lysis of A. salmonicida by silver nanoparticles (bar = 250 nm)
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nanoparticles in novel therapeutics development and 
disease management in aquaculture. Additional in  vivo 
studies are needed to investigate the efficacy and safety of 
the silver nanoparticles in the living fish.
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