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Abstract Development of nanostructured films using nat-

ural polymers and metals has become a considerable

interest in various biomedical applications. Objective of

the present study was to develop silver nano particles

(AgNPs) embedded chitosan films with antimicrobial

properties. Based on the Ag content, two types of chitosan

silver nano films, named as CAgNfs-12 (12 mM) and

CAgNfs-52 (52 mM) were prepared and characterized.

Field emission scanning electron microscope (FE-SEM)

images of two CAgNfs showed the circular AgNPs, which

were uniformly embedded and distributed in the matrix of

chitosan films. Antimicrobial experiment results clearly

indicated that CAgNfs can inhibit the growth of fish

pathogenic bacteria Vibrio (Allivibrio) salmonicida, V.

tapetis, Edwardsiella tarda and fungi Fusarium

oxysporum. Moreover, CAgNfs significantly reduced the

experimentally exposed V. salmonicida levels in artificial

seawater, suggesting that these CAgNfs could be used to

develop antimicrobial filters/membranes for water purify-

ing units to eliminate the pathogenic microbes.

Graphical Abstract

Keywords Antimicrobial activity � Chitosan silver nano
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Introduction

Development of nanostructured films with combination of

natural polymers and metals has become an important

research field of nanotechnology. Nano films can be

applied in various aspects in aquaculture such as in water
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treatments and filtration, diseases control (as antimicrobial

materials), reduce heavy metal toxicity, antifouling in

aquaculture nets, and biodegradable packaging materials

for seafood products [1]. The use of biopolymers for

developing nano films has been increased over the past

years due to their low cost, renewability, nontoxic prop-

erties and environment friendly processing methods.

Among various biopolymers, polysaccharides such as

starch, alginate and chitosan have been proven to be good

materials [2–5].

Chitosan is a natural poly cationic linear polysaccharide

composed of randomly distributed beta-(1,4)-linked D-

glucosamine (deacetylated unit) and N-acetyl-D-glu-

cosamine (acetylated unit). In general, chitosan can be

produced by deacetylation of chitin, which is a structural

element in crustacean exoskeleton, insect cuticle and fun-

gal cell wall. Chitosan has been widely used for developing

nano materials due to excellent properties such as

biodegradability and biocompatibility [2]. Besides that,

chitosan has shown a wide array of antimicrobial activities

and filmogenic properties. On the other hand, nano scale

silver (Ag) or silver nano particles (AgNPs) have shown

strong therapeutic power, hence, those materials have been

applied extensively on various biomedical applications

including antimicrobial and wound dressings [6, 7].

Moreover, the use of chitosan polymers as templates and

reducing agents is considered as one of the effective

alternatives to synthesize AgNPs [8]. Previous reports have

dealt with biopolymers like chitosan [9], heparin [10] and

soluble starch [11] as reducing and stabilizing agents for

preparation of AgNPs. Anastas and Williamson [12] have

emphasized that nano products should be developed by

green synthesis methods to reduce the formation of haz-

ardous waste.

At present, there is a great interest to generate antibac-

terial films due to their superior biomedical relevance [13].

Although, many synthetic polymer based nanocomposites

have been employed as surgical and wound dressings, they

often generate skin irritations due to leaching of harmful

chemicals, which cause numerous side effects [14].

Therefore, production of antimicrobial films using renew-

able natural sources like chitosan would be a better option.

Recently, Rujitanaroj et al. [15] reported the antimicrobial

activity of AgNPs incorporated gelatin fiber mats against

Escherichia coli, Pseudomonas aeroginosa, Staphylococ-

cus aureus and methicillin-resistant S. aureus (MRSA). To

date, only few reports have been published on the devel-

opment of CAgNfs which display antibacterial activities

against fish pathogenic bacteria. Moreover, there are no

reports on antifungal activities of CAgNfs against patho-

genic F. oxysporum.

In this study, two types of CAgNfs (CAgNf-12 and

CAgNf-52) were prepared based on the amount of Ag

content by applying low molecular weight chitosan under

‘‘green synthesis approach’’. In order to confirm the for-

mation of AgNPs in chitosan films, UV–Vis absorption

spectrum, field emission transmission electron microscopy

(FE-TEM), FE-SEM, film thickness and concentration of

AgNPs in films were determined, and compared with

normal chitosan film (Cf). Antimicrobial activity of

CAgNfs was tested (in vitro) against fish pathogenic bac-

teria (V. salmonicida, V. tapetis and E. tarda) and fungi F.

oxysporum. Our results showed that CAgNfs can inhibit the

growth of bacteria (V. salmonicida, V. tapetis and E. tarda)

and fungi (F. oxysporum). To the best of our knowledge,

this is the first report related to the antimicrobial activity of

CAgNfs against fish pathogenic bacteria and fungi.

Materials and Methods

Materials

Low molecular weight chitosan, silver nitrate (AgNO3),

nitric acid (HNO3), acetic acid (CH3COOH) and sodium

hydroxide (NaOH) were purchased from Sigma Aldrich

(USA). Marine broth (MB), potato dextrose broth (PDB),

marine agar (MA) and potato dextrose agar (PDA) were

purchased from Becton, Dickinson (USA). Carbon film on

300 mesh copper grids (CF300-CU) were purchased from

Electron Microscopy Sciences (USA).

Preparation of CAgNfs

CAgNf-12 and CAgNf-52 were prepared based on the

amount of Ag content. Chitosan stock solutions were pre-

pared as described by Regiel et al. [16]. Briefly, chitosan

solution (1% w/v) was prepared using acetic acid (0.5 M)

by heating the mixture at 65 �C under continuous stirring

till it becomes a homogenous solution. This chitosan

solution (50 mL) was further heated up to 95 �C while

stirring, and 20 mL of 12 mM AgNO3 solution was added

dropwise under heating to prepare CAgNf-12. Similar

procedure was followed for the preparation of CAgNf-52

using 52 mM AgNO3 solution. The dispersions were kept

under stirring for 3 h, and formation of colloidal chitosan

silver nanocomposites (CAgNCs) were confirmed by

gradual darkening of the solution. Films were produced by

drying the CAgNCs solution according to the solvent

evaporation method. Briefly, colloidal CAgNCs (25 mL)

were poured into the petri dishes (internal diameter -9 cm)

and dried at 50 �C to evaporate acetic acid. The final

product of CAgNfs was neutralized with 4% (w/v) NaOH,

and then washed with deionized water. The CAgNfs were

dried in the furnace at 60 �C, and stored in the dark until

further use.
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Physicochemical Characterization of CAgNfs

To determine the formation of AgNPs in film matrix, UV–

Vis absorption spectrum of colloidal CAgNCs solution was

recorded over a wavelength range from 300 to 500 nm

using a spectrophotometer (Mecasys, Republic of Korea).

The size and morphology of AgNPs in CAgNCs solution

were determined by TEM (Model Tecnai G2 F30 S-Twin,

FEI, USA). Briefly, few drops of CAgNCs solution were

placed on carbon coated copper grid, and subsequently

dried in air before transferring into the electron microscope

which was operated at an accelerating voltage of 300 kV.

Particle size and zeta potential were determined at 25 �C
using Zetasizer S-90 Malvern instruments (Malvern, UK).

The thickness of the CAgNfs was measured in 10 different

regions using a digital thickness gauge (Baxlo Micrometer

3006, Spain). Water uptake test was carried out according

to the method described by Sharma et al. [4]. Briefly,

triplicate samples of each film were weighed using a

weighing balance (HR-250 AZ, Japan) and equilibrated in

10 mL of phosphate buffered saline (PBS) (pH 7.4) at

room temperature. After 24 h, the films were taken out,

blotted the excess water, and weighed immediately. The

procedure was repeated until the membrane gained con-

stant weight. The water uptake weight percentage (%) was

calculated by the equation:

water uptake % ¼ wet weight�dry weightð Þ=dry weight½ �
� 100

The Ag content was determined by inductive coupled

plasma emission spectroscopy (ICP-AES) (3300DV, Per-

kin-Elmer Optima, USA). Briefly, a known amount of

CAgNfs was dissolved in HNO3 and the Ag content was

measured by ICP-AES. The surface structure of CAgNfs

was examined using FE-SEM (Hitachi S-4800, Japan).

Briefly, representative samples of two different CAgNfs

(CAgNf-12 and CAgNf-52) were coated with osmium ions

using an ion sputter coater under pressure of 0.1 torr and

20 mA current for 70 s (coating time). FE-SEM was

operated at an accelerating voltage of 5.0 kV. The atomic-

force microscopy (AFM) images of films were obtained

using scanning probe microscope (Park system XE-100,

Korea). The images of CAgNfs were recorded using digital

single lens camera (Canon 1000D, Japan).

In Vitro Antibacterial Activity of CAgNfs

To investigate the antibacterial activity of CAgNfs, three

fish pathogenic bacteria species, V. salmonicida (KCTC

2766), V. tapetis (KCTC 12728) and E. tarda (KCTC

12267) were used in this study. Antibacterial activities

were investigated by agar disc diffusion assay and modified

liquid growth inhibition assay as described previously [16].

CAgNfs were punched to make film discs (8 mm in

diameter) and sterilized by autoclaving for 30 min at

120 �C. A single colony from V. salmonicida, V. tapetis

and E. tarda was inoculated separately into 4 mL of MB

media (Becton, Dickinson, USA), and incubated at 25 �C
under shaking (160 rpm) for 16 h. In an agar disc diffusion

assay, three bacteria species were inoculated on separate

MA plates by spreading overnight culture using sterile

cotton tipped swabs under aseptic conditions. Subse-

quently, sterilized discs of CAgNCs films were immedi-

ately impregnated and incubated at 25 �C for 24 h.

Antibacterial activity was determined by measuring the

diameter of inhibition zone (DIZ) in millimeter scale (in-

cluding paper disc). Each assay was carried out in

triplicates.

For the liquid growth inhibition assay, overnight culture

of V. salmonicida, V. tapetis and E. tarda were inoculated

into 20 mL of fresh MB media at 1:100 dilution, and then

different concentrations (ranging from 25 to 100 lg/mL) of

CAgNfs (CAgNf-12 and CAgNf-52) were added to the

broth and incubated at 25 �C. Minimum inhibitory con-

centration (MIC) of CAgNfs was determined according to

the method described previously [16]. Different concen-

trations of CAgNfs were used for MIC determination and

the lowest concentration of CAgNfs that inhibits visible

growth colonies of bacteria (on MA plate) was considered

as MIC. Moreover, the lowest concentration that inhibits

the visible growth of the bacteria was considered as min-

imum bactericidal concentration (MBC).

In Vitro Antifungal Activity of CAgNfs

To investigate the antifungal activity of CAgNfs, a fish

pathogenic strain; F. oxysporum isolate CNUaq1 was used.

Antifungal activities were investigated by fungal growth

restriction assay on PDA plates. Both types of CAgNfs

were used for this experiment separately, and the semi-

circular pieces of Parafilm� were used as controls in this

experiment. Initially, fungal inoculums (3 mm in diameter)

were obtained from a growing mycelium edges, and placed

at the middle of the PDA plates. Then, growth restriction

rings (7.5 mm of internal radius and 15 mm of external

radius) were arranged with the initial inoculum using two

semi-circular film pieces, one made by para film and the

other made by CAgNfs (Fig. 1). All the plates were incu-

bated at 28 �C for 10 days. Fungal cultures were monitored

daily to identify the main fungal inhibitory events during

the incubation period such as mycelium reaching to inner

margin of the restriction ring, mycelium growth over the

restriction ring and mycelium spreading over rest of the

space. The time taken to grow over the restriction ring by

the fungi (t7.5 mm) and the mean radial fungal growth after
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10 days (r10d) were taken as main parameters for assessing

antifungal activity (ao). When fungi grow over the

restriction ring, a0 a t7.5 mm and a0 a 1/r10d the general rule

of antifungal activity can be applied.

Reduction of V. salmonicida in Seawater by CAgNfs

The bacterial reduction capacity of CAgNfs was deter-

mined using viable cell count method on the test patho-

genic bacteria V. salmonicida. Overnight bacteria culture

was inoculated in 20 mL of MB media at 1:100 dilutions.

When the bacteria growth reached to the 0.6 of optical

density (OD) at 600 nm, cells were harvested by centrifu-

gation (3500 rpm at 4 �C for 10 min), cell pellet was

washed, and re-suspended in 10 mL of PBS. Then the

bacteria OD was adjusted, and 1x106 cells/mL of V.

salmonicida was added to 15 mL of artificial seawater

(salinity 32%). Then, film samples (100 lg/mL) were cut

into the pieces (2.5 9 2.5 cm) and placed in individual

flask of V. salmonicida. V. salmonicida culture without film

was maintained as a control. All samples were incubated in

an aerobic chamber at 25 �C for 24 h under shaking. Ali-

quots of 0.1 mL of culture was taken from the flask, diluted

serially with 0.1% peptone water, and plated on MA plates

to determine the bacteria colony forming units (CFU),

which represent the bacteria count in the water. The plates

were incubated for 2 days at 25 �C and the number of

colonies on each plate were counted, and reported as CFU

per milliliter (CFU/mL). Experiment was conducted three

times, and average values were used to interpret the data.

Statistical Analysis

Statistical analysis was performed using unpaired, two-

tailed t test to find the significant differences between the

controls and the treatments using GraphPad Prism program

ver. 6 (GraphPad Software, Inc. USA). The significant

differences were defined at P\ 0.05.

Results and Discussion

Preparation and Properties of CAgNfs

In this study, two types of AgNPs impregnated chitosan

films were developed using low molecular weight chitosan

and AgNO3. Physiochemical properties (thickness and Ag

content) and antimicrobial activities were compared with

chitosan film, which was prepared without Ag. Abdelgawad

et al. [17] have shown that reaction (reducing) temperature

is critical for the reduction of Ag?1 into Ag0 and suggested

that 95 �C as the optimum temperature for the formation of

AgNPs. Furthermore, chitosan has reducing power, and it

can also be used as capping agent which helps to protect

from coalescence of AgNPs. For the preparation of

CAgNfs, 1% (w/v) low molecular weight chitosan was used

as a reducing agent, and maintained at 95 �C. Under this

condition, formation of AgNPs in film matrix was observed

by the color change from gray to brown with respect to the

Cfs. The surface plasmon resonance (SPR) describes the

collective excitation of conduction electrons in a metal on

interaction with the incident light [18]. In the UV–vis

spectra, characteristic SPR absorption band of Ag (at

415 nm) was observed in dispersions of CAgNCs after 3 h

of preparation (before casting), which indicates the pres-

ence and the level of metallic AgNPs (Fig. 1). A peak at

415 nm was not shown for the Cf, while the highest

absorbance at 415 nm was observed for CAgNf-52 solution

when compared with the CAgNf-12 solution, suggesting the

high shifting could be due to increased level of AgNPs.

The results were further confirmed with the FE-TEM

data. The FE-TEM image, particle size distribution and

Zeta potential of Cf, CAgNf-12 and CAgNf-52 are shown

in Fig. 2. The FE-TEM image of CAgNCs showed no

aggregation of AgNPs in chitosan suspension (Fig. 2 a–c).

In other words, both CAgNf-12 and CAgNf-52 illustrated a

well distribution and high occurrence of AgNPs on Cfs.

However, it was found that the CAgNf-52 contains higher

particle size AgNPs (12 nm) than CAgNf-12 (9 nm), that

could be due to particle agglomeration. The average par-

ticle size of Cf (Fig. 2d) obtained from dynamic light

scattering (DLS) technique showed relatively higher size

distribution (610.4 ± 4.6 nm) than both CAgNf-12

(380.8 ± 10.1 nm) and CAgNf-52 (480.1 ± 6.1 nm) as

shown in Fig. 2 e, f, respectively. In CAgNf-52, larger

particle size distribution might be a result of AgNPs

aggregation. Zeta potential that is surface charge can

greatly influences the particle stability in the suspension

through the electrostatic repulsion among particles [19].

Fig. 1 Ultraviolet visible absorbance patterns of Cf, CAgNf-12 and

CAgNf-52
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Figure 2g shows that the surfaces of Cf suspension have a

positive charge of approximately 42.8 ± 3.1 mV, while

that of AgNPs loaded CAgNf-12 and CAgNf-52 chitosan

suspensions exhibit approximately 44.8 ± 8.6 and

49.2 ± 7.1 mV as shown in Fig. 2h, i, respectively. This

positive surface charge might be imparted by protonated

amino groups (-NH3
?) of chitosan molecule, which sur-

rounds the particles [20].

Digital and AFM photographs of both CAgNfs (CAgNf-

12 and CAgNf-52) were homogenous, flexible and dis-

played smooth surfaces. However, color variation was

correlated with the amount of Ag used for preparation of

the films (Fig. 3). Surface color of normal Cf was gray

(Fig. 3a), and it showed semitransparent appearance. In

contrast, CAgNf-12 and CAgNf-52 displayed light yel-

lowish (Fig. 3b) and brownish tint (Fig. 3c) on surface,

respectively. Level of transparency was greatly reduced

with the increasing concentration of AgNPs. This could be

due to distribution of AgNPs throughout the chitosan

polymer matrix. Thin Cfs, CAgNf-12 and CAgNf-52 pre-

sent different surface topography, when analyzed with

AFM (Fig. 3d–f). However, CAgNf exhibits combination

of both chitosan and AgNPs surface topography. The

CAgNf morphology was dependent upon several factors

including polymer solubility, solvent evaporation, total

thickness, molecular weight and surface composition [21].

Average thickness of Cf, CAgNf-12 and CAgNf-52 were

35, 25 and 45 lm, respectively (Table 1), and variation of

these film thicknesses may be due to compacting differences

of chitosan chains during the process of film formation.

Moreover, the thicknesses of CAgNfs could be influenced

by the concentration of the Ag precursor. The swelling

behavior of an antibacterial film is an important aspect of its

biomedical applications [4]. Table 1 shows the water uptake

behavior of three films in PBS at room temperature. The

water uptake of Cf was the highest compared to the CAgNfs.

The lowest water uptake was observed for the highest Ag

containing film, CAgNf-52 giving evidence that water

uptakes of chitosan polymer were restricted with AgNPs.

Based on the ICP–AES analysis, it was confirmed that

CAgNf-12 and CAgNf-52 contain 4.62 and 16.86% Ag

content, respectively. Difference between theoretical and

real Ag contents was observed as less than 7% for both

CAgNfs. In general, there is a strong correlation between the

Fig. 2 FE-TEM images, corresponding particle size and zeta potential distributions of chitosan and CAgNCs colloidal solution
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theoretical values and the results obtained by ICP–AES. As

expected, these values tend to be lower than the theoretical

Ag content, presumably due to loss of some Ag during film

processing at the neutralization and washing steps.

FE-SEM images showed that chitosan polymer helps in

nucleation, stabilization and uniform distribution of AgNPs

throughout the chitosan matrix (Fig. 4). Moreover, CAgNf-

12 and CAgNf-52 showed circular shape AgNPs, which are

Fig. 3 Digital and AFM photographs of Cf and CAgNfs. Digital: a Cf; b CAgNf-12 and c CAgNf-52. AFM: d Cf; e CAgNf-12 and f CAgNf-52

Table 1 Comparison of thickness, water uptake (%) and AgNPs percentage (%) in Cf and CAgNfs

Type of film Thickness (lm) Water uptake (%) Amount of AgNPs (w/w%) (Theoretical) Amount of AgNPs (w/w%) (Real-ICP-AES)

Cf 35 ± 5 42.4 ± 5.3 0 0

CAgNf-12 25 ± 10 34.3 ± 2.4 5 4.62 ± 0.28

CAgNf-52 45 ± 10 28.4 ± 1.4 18 16.86 ± 0.36

Fig. 4 FE-SEM images of CAgNfs. a Cf; b CAgNf-12 and c CAgNf-52. Circular AgNPs are marked in red circles (color figure online)
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homogeneously distributed in the films (Fig. 4b, c),

whereas the Cf (Fig. 4a) showed complete absence of

AgNPs. Additionally, CAgNf-52 exhibited higher particle

size of AgNPs (30 nm) than CAgNf-12 (20 nm), suggest-

ing this may be due to particle agglomeration.

In Vitro Antibacterial Activities of CAgNfs

Chitosan has a unique molecular structure, which can deal

with microorganisms and toxic materials to clean polluted

water. Therefore, we tested the in vitro antibacterial

activities of two CAgNfs to find out whether these films

can be developed as an antibacterial filters. Antibacterial

activities of two CAgNfs were tested against V.

salmonicida, V. tapetis and E. tarda as indicator species

which are pathogenic to fish. Disc diffusion assay showed

that both CAgNfs can inhibit the growth of V. salmoni-

cida, V. tapetis and E. tarda compared to Cf (Fig. 5).

However, there was no significant difference (P\ 0.05)

in the growth inhibition of selected three bacteria species

between CAgNf-12 and CAgNf-52 that may be due to

size variation of AgNPs. The MIC and MBC values for

the tested bacteria were given in the Table 2. The MIC of

CAgNf-12 and CAgNf-52 against E. tarda was 50 and

Fig. 5 Images of antibacterial activity assays on marine agar plates

a V. salmonicida b V. tapetis c E. tarda, and d quantitative disc

diffusion assay results. The error bars indicate the mean ± S.D.

(n = 3). Significant differences (P\ 0.05) were calculated with

respect to controls (Cf), and simple letters (a—V. salmonicida, b—V.

tapetis and c—E. tarda) represent the significant differences between

control and the CAgNfs corresponding to each bacteria
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25 lg/mL, respectively. Moreover, the highest MIC value,

75 lg/mL was observed for both CAgNf-12 and CAgNf-

52 against V. salmonicida and V. tapetis. The MBC of

CAgNf-12 against V. salmonicida, V. tapetis and E. tarda

was 75, 125 and 75 lg/mL, respectively. However, for

CAgNf-52, the MBC values were changed as 50, 100 and

50 lg/mL for the same species of the bacteria mentioned

above.

In Vitro Antifungal Activity of CAgNfs

According to the fungal growth restriction assay results,

both types of CAgNfs have effectively inhibited the growth

of F. oxysporum compared to the control (Fig. 6b). Three

days post inoculation, fungal mycelium was spread uni-

formly within the inner growth circle in all tested plates.

Then at 6 days post inoculation, fungal mycelium was

overgrown and passed the semicircular parafilm (7.5 mm

wide) growth restriction rings (control). However, fungal

growth was restricted at semicircular CAgNfs growth

restriction rings indicating irregular and aggregated

mycelial growth (at the inner edges) at 6 days post inoc-

ulation. Complete mycelial growth was observed at the side

of parafilm halves at 10 days post incubation. Total inhi-

bition of fungal growth/fungistatic activity was observed in

both types of CAgNfs compared to controls. Antifun-

gal/fungistatic activities of two CAgNfs have been tested

with F. oxysporum, as it has been reported in fresh water

systems [22] and its mycotoxin has been taken as an

indicator for water pollutions [23]. Several studies have

been reported the lack of measurable zone diameter in disc

diffusion assay with several fungi including Fusarium [24].

The size of the clear zone in the disc diffusion assay mainly

depends on the size of the disc and the inoculum, type of

the substrate and the extent of the disc-medium interface

[25]. During our experiment, we experienced the same

phenomena, and decided that disc diffusion assay for

CAgNfs is not efficient with F. oxysporum as it grows

densely from the center. Fungal growth restriction assay

demonstrated in this study was identified as a better mea-

surement to determine the antifungal activity of CAgNfs.

Chitosan nano films have potential to inhibit fungi at the

contact surface, and it cannot inhibit the fungi remain in the

media without direct contact [26]. This gives a clear

explanation to the nonexistence of inhibition zone near

inner margin of the CAgNfs restriction ring, and the acute

mycelial growth decline at the edge of the CAgNfs

restriction ring. The productive zone of the fungal myce-

lium provides the nutrient and other supportive factors to

the vegetative leading edge to fly-over the growth restric-

tion ring at the control halves. Due to the inhibitory effect

Table 2 The MIC and MFC values of chitosan and CAgNfs against

different bacteria

Type of film Bacteria name MIC (lg/mL) MBC (lg/mL)

CAgNf-12 V. salmonicida 75 75

V. tapetis 75 125

E. tarda 50 75

CAgNf-52 V. salmonicida 50 50

V. tapetis 75 100

E. tarda 25 50

Fig. 6 Schematic diagram of fungal growth restriction assay and

antifungal activity of CAgNfs. A: 1 petri dish boundary; 2 PDA

media; 3 fungal inoculum (3 mm diameter); 4 semi-circular growth

barrier (parafilm/control); 5 semi-circular growth barrier (CAgNfs); 6

fungal growth over the control barrier and spread over the

corresponding half of the plate (10 days after inoculation). B:

antifungal activity of CAgNf-12 (a’) and CAgNf-52 (b’) against F.

oxysporum after 10 days of inoculation. Respective controls are

indicated as a and b
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on mycelial leading edge, fungi were unable to fly-over the

growth restriction ring at CAgNfs halves. These results

clearly demonstrate the strong fungistatic/inhibitory prop-

erties of CAgNfs.

Control of Bacteria in Seawater by CAgNfs

To prevent diseases, it is important to maintain minimum

microbial level, organic compounds, and heavy metals in

aquaculture systems. Therefore, we tested two types of

CAgNfs (CAgNf-12 and CAgNf-52) to find out, whether

they can be practically used in the aquarium model system

as a new type of film, with the intention of developing it as

antibacterial filters in the future. All the prepared mem-

branes were assessed with V. salmonicida as a model

bacterium to examine the inhibitory effects. As shown in

Fig. 7, after 24 h, V. salmonicida count was significantly

reduced in both CAgNfs compared to Cf added artificial

seawater. Furthermore, inhibition of V. salmonicida was

slightly higher in CAgNf-52 treated seawater than CAgNf-

12. However, after 24 h, V. salmonicida level was not

completely eliminated in CAgNfs added seawater. Sarasam

and Madihally [27] reported that the chitosan based films

are not bactericidal, and they only reduced the bacteria

growth in liquid culture. Consequently, it can be suggested

that complete elimination of bacteria can be reached by

increasing the concentration of CAgNfs as well as the

exposure time.

Possible Antimicrobial Mechanism of CAgNfs

Growth inhibition of pathogenic bacteria by nano fibrous

membranes combined with Ag as exogenic antibacterial

agents such as cellulose acetate/AgNPs, poly vinylidene

fluoride/AgNPs and chitosan/polyvinyl alcohol/AgNO3/

TiO2 have been reported [28–30]. Though the mechanism

of chitosan or AgNPs on antibacterial activity has been

reported [31], the exact mechanism to explain the antimi-

crobial activity of CAgNfs is poorly understood yet. Anna

et al. [16] reported that, the direct contact between the

bacteria and the chitosan–silver films is necessary to

achieve a strong antimicrobial action compared with pure

chitosan films, and proved that Ag? can release from chi-

tosan silver nanocomposite film. Ignatova et al. [32]

demonstrated that polycationic chitosan (pure polymeric

films) interacts with negatively charged bacterial cell wall

and leads to intracellular components leakage, Moreover,

Lok et al. [33] concluded that releasing of Ag? could not

be solely responsible for the strong bactericidal action of

AgNPs in chitosan–silver films. In agreement with the

previously described probable mechanisms related to

antimicrobial activity of AgNPs and the ionic Ag [34, 35],

since chitosan film did not show any inhibitory action, we

could postulate that growth inhibitory action of CAgNfs in

this study also could be due to association of the AgNPs

and the ionic Ag with bacteria. It has been reported that

AgNPs or Ag ions which is released from the AgNPs could

directly affect the cell-membrane morphology [36], inter-

fere with permeability of microbial membrane, cause

oxidative stress [37], trigger inactivation of respiratory

enzymes, interrupt electron transport [38] and DNA repli-

cation [39], and cause even bacteriolysis. However, the

exact antimicrobial mechanism of CAgNfs needs to be

elucidated in the future.

Conclusions

In conclusions, AgNPs were successfully introduced into

chitosan using a green reduction method in order to

develop biologically active CAgNfs. Incorporation of Ag

was confirmed by the SPR peak at 415 nm for both

CAgNfs indicating the formation of AgNPs. Results from

disc diffusion and turbidimetric assays clearly indicated

that both CAgNfs can inhibit the growth of pathogenic

bacteria (V. salmonicida, V. tapetis and E. tarda) as well as

fungi F. oxysporum. These CAgNfs could be developed or

modified into antimicrobial filters/membranes for water

filtering units to eliminate the pathogenic bacteria and

fungi in future.
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