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ARTICLE INFO ABSTRACT

Keywords: The emergence of drug-resistance pathogens is one of the major challenges in aquaculture. Finding an alternative
Pseudomonas sp. remedy for diseases control is now crucial and indispensable. The present study aimed to develop different silver
AgNPs nanocomposite BBC membranes and verified their bactericidal activity either synergistically or independently

BBC membrane
Aquatic pathogens
Bactericidal activity

against seven threatening aquatic pathogens (Vibrio harveyi, V. parahaemolyticus, V. alginolyticus, V. vulnificus,
Aeromonas hydrophila, A. veronii and Streptococcus iniae) using membrane disc diffusion and antibacterial log
reduction assays. The aqueous extract of Pseudomonas sp. was used for the synthesis of AgNPs and the composite
BBC materials were characterized using FTIR, XRD, EDS, and FESEM to confirm their holding capacity of in-
tegrated AgNPs. Results evidenced that the TEMPO-oxidized BBC membrane coated with bacterial-based AgNPs
exhibited an excellent crystallinity, porous properties, and strongest holding capacity. The membrane also
showed potent bactericidal activity represented by wide inhibitory zones (17-20 mm), high killing ratios
(95.93-99.86%). and high antibacterial log-reduction values (1.39-2.85). In conclusion, the synergism between
TEMPO-oxidized BBC membrane and biologically synthesized AgNPs is an eco-friendly alternative remedy to
control aquatic diseases without serious impact.

1. Introduction

Aquaculture is one of the most promising fish-producing sectors that
can cover the gap of food shortage due to overpopulation worldwide
(FAO, 2018). The sustainability of this sector is limited by the increased
incidence of myriad diseases, induced by several opportunistic patho-
gens including bacteria, fungi, and virus (Lightner, 1985; Surachetpong
et al., 2017; Austin, 2019; Gholipourkanani et al., 2019). The most
common crisis in aquaculture is mainly caused due to bacterial infec-
tion (Toranzo et al., 2005; Mabrok et al., 2016), mainly Vibrionacea (El-
Sayed et al., 2019; Xu et al., 2019; Zhang et al., 2020), Aeromonas hy-
drophila (Algammal et al., 2020), A. veronii (Dong et al., 2017), and
Streptococcus iniae (Agnew and Barnes, 2007). Although, the classical
antibiotic treatments can destroy or inhibit most of the aquatic
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threatening pathogens; their indiscriminate use becomes completely
inadmissible due to the influence of emerging drug-resistant pathogens
(Bernal et al., 2017; Wahdan et al., 2020). To the best of our knowl-
edge, there were no proper and/or effective alternative remedies for the
treatment of these pathogens in aquaculture. Accordingly, still, re-
searchers are extensively working to find potential antimicrobial bio-
materials that can overcome the current issues.

Among various biomaterials, the potential ions (Ag, Au and chit-
osan) composite biodegradable bacterial cellulose (BBC) material is
considered as an excellent one with potent antimicrobial properties
(Kumar et al., 2020). BBC has been extensively used in biomedical
sciences, tissue engineering, wound dressings, and drug delivery (Wu
et al., 2014; Khamrai et al., 2017). Recent studies were reported on
molecular structure and physical characterization of BBC membrane,
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including thermal and mechanical stability, flexibility, nontoxicity (Pal
et al., 2017), crystallinity, durability, water retention capacity (Oliveira
et al., 2018), and strong biocompatibility (Rajwade et al., 2015). BBC
membrane is produced simply by Acetobacter bacteria (Gluconaceto-
bacter sp.) and its purity is relatively high compared to plant cellulose
membrane (Feng et al., 2014). The antimicrobial activity of BBC
membrane can be increased by integrating BBC membrane with oxi-
dizing agents (TEMPO) and some potential guest ions nanoparticles
(NPs) such as silver nitrate (AgNOj) (Abdel Rahim et al., 2017;
Elayaraja et al., 2017), silver chloride (AgCl) (Hu et al., 2009), zinc (Zn)
(Wasim et al., 2020), titanium (Ti) (Gutierrez et al., 2013), copper
oxide (CuO) (Vasantharaj et al., 2019) and gold (AuNPs) (Chen et al.,
2015).

TEMPO-mediated oxidation is the most valuable method for cellu-
lose activation since it is a backbone for introducing functional carboxyl
groups (Feng et al., 2014; Elayaraja et al., 2017). Besides, TEMPO acts
as a binding device that promotes the formation of aldehyde-carboxyl
group complex to reduce and stabilize the cellulose template for AgNPs
incorporation eco-friendly (Lai et al., 2014).

Silver composite BBC materials are widely used as one of the most
promising potential biomaterials (Adepu and Khandelwal, 2018; Loh
et al., 2018). BBC nanocomposite has unique optic and catalytic fea-
tures to create new and advanced functional materials (Elayaraja et al.,
2017). The impact of this material is related but not limited to their
bactericidal activities (Singh et al., 2015). The bactericidal function is
due to the release of silver ion (Ag*) during the elemental process of
silver compounds in aqueous solution. AgNPs can also serve as a means
of more efficient delivery of Ag™ to bacteria cytoplasm and membrane
(Xiu et al., 2012) through several patterns such as interacting with
DNA, respiratory chain, and cell division (Mijnendonckx et al., 2013;
Pourali et al., 2014).

Indeed, the chemically synthesized AgNPs tend to hold some che-
mical impurities after completing the reaction (Balashanmugam and
Kalaichelvan, 2015; Saha and Gupta, 2017), and thus could induce
unfavorable toxicity in various medical and pharmaceutical applica-
tions. Moreover, the preparation of chemically synthesized AgNPs ul-
timately needs restricted physical conditions such as high pressure,
high energy and variable temperature (Mitiku and Yilma, 2018). In
contrast, AgNPs of bacterial origin are clean, non-toxic, eco-friendly,
environmentally benign synthetic procedure, and have a strong bac-
tericidal activity (Sivaramasamy et al., 2016). Hence, there is an ever-
growing need to use these products as a surrogate for other chemical
and physical AgNPs (AbdelRahim et al., 2017). Recently, several ap-
proaches have been developed to synthesize inorganic nano-and micro
materials based on the use of microbes (Mandal et al., 2006). Among
them, Pseudomonas sp., has received great attention in the biosynthesis
of NPs due to its rapid growth, ease of handling, and genetic stability
(Singh et al., 2018). Extracellular synthesis of microbial-based nano-
particles has been mediated by various enzymatic reactions, where the
nitrate reductase enzyme can promote the releasing and elimination of
metal nanoparticles from the metal ions (Nelson et al., 2005). In view of
the above information, the objective of this study was to prepare dif-
ferent silver nanocomposite BBC membranes and to investigate their
bactericidal activity either synergistically or independently against
different threatening aquatic pathogens using membrane disc diffusion
and antibacterial log reduction assays.

2. Materials and methods
2.1. Bacterial isolates and culture conditions

To prepare BBC membrane and bacterial-based AgNPs, two species
of bacteria Gluconacetobacter xylinum, and Pseudomonas sp. were kindly
provided by China general microbiological culture collection centre
(Beijing, China) with a reference preservation code of CGMCC NO
1.2378 and 9651, respectively. Gluconacetobacter xylinum was routinely
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cultured on Schenk and Hildebrandt (SH) medium (Schenk and
Hildebrandt, 1972), containing glucose 20 g/L, tryptone 5 g/L, yeast
extract 5 g/L, Na,HPO, .12H,0 2.7 g/L, citric acid 1.5 g/L, agar 15 g/L
with pH 5.0 at 30 °C in a shaking incubator (120 rpm) for 5 days,
whereas the Pseudomonas sp. were cultured on Pseudomonas base agar
at 37 °C for 24 h. Both bacteria were kept frozen at —20 until used for
further examination.

For the bactericidal assay, the seven pathogens (Vibrio harveyi, V.
parahaemolyticus, V. alginolyticus, V. vulnificus, Aeoromonas hydrophila,
A. veronii, and Streptococcus iniae) were selected, which were previously
isolated from the skin tissues and internal organs of diseased shrimp
(Penaeus vannamei) and Nile tilapia (Oreochromis niloticus). The patho-
gens were identified using different sets of biochemical reagents and
were confirmed by API 20E identification kits. The chemical reagents
were purchased from Macklin Biochemical Co. Ltd. (Shanghai, China)
and Luoyang biotechnology co. LTD (Hangzhou, China). Further mo-
lecular characterization was performed using one set of universal pri-
mers targeting 16 s rRNA gene (27F, 5-AGAGTTTGATCCTGGCTCAG-3
and 1492R, 5-CTACGGCTACCTTGTTACGA-3), where the species
identity was confirmed by 16 s rDNA sequencing and sequence align-
ment using NCBI basic Local alignment search tool. These bacteria were
routinely cultured on Tryptic soy agar (TSA) overnight at 28 °C. The
harvested colonies were checked for their purity and then inoculated
into 5 mL of fresh sterile Tryptic soy broth (TSB) and/or nutrient broth
(NB) for an additional 24 h at 250 rpm and 28 °C. The bacteria are kept
frozen at —20 °C until used for further examinations.

2.2. Preparation of BBC membrane

The BBC membrane was prepared from G. xylinum1.2378 bacteria
using the methods described by Elayaraja et al. (2017). Briefly, the
bacteria were grown in Schenk and Hildebrandt (SH) medium under the
same optimal conditions described above. A single pure colony was
harvested and inoculated into 50 mL of SH broth at 30°C in a shaking
incubator (120 rpm) for 24 h. The culture was centrifuged (Thermo-
Fisher Scientific, Fiberlite F20-6 x 100) at 10864 x g for 15 min and
10 mL of the collected supernatant was then mixed with 100 mL of SH
broth in 500 mL Erlenmeyer flask at 30 °C for 10 days. The BBC
membrane (wet weight 14.7 g, and 8.1 cm) was collected aseptically
from the surface of the mixture, purified at 100 °C for 1 h, and then
treated with 0.1 M NaOH to eliminate any bacterial cells and residues.
The collected BBC membrane was further washed with deionized water
until obtaining a neutral pH. Eventually, the BBC membrane was sub-
jected to three different processes: (i) TEMPO-oxidized BBC membrane
coated with (pure AgNO3) NPs (chemical composite BBC, CC-BBC), (ii)
BBC membrane coated with bacterial-based AgNPs (biological compo-
site BBC, BC-BBC), and (iii) TEMPO-oxidized BBC membrane coated
with bacterial-based AgNPs (chemico-biologically composite BBC, CBC-
BBCQ).

2.3. TEMPO-mediated oxidation process (chemical process)

The carboxyl groups (backbone) of BBC membrane were oxidized
using 2,2,6,6-tetramethylpiperidine-1-oxyradical (TEMPO) according
to the method described by Cao et al. (2013). Briefly, 0.016 g of TEMPO
was dissolved in 90 mL of sodium phosphate buffer (0.1 M, pH 6.8) in a
tight flask. Subsequently, 1.13 g of sodium chloride was added to the
mixture to accelerate the oxidation process.

2.4. Integration of AgNPs into the oxidized BBC membrane (CC-BBC)

It was performed according to the method described by Cao et al.
(2013). Briefly, the oxidized BBC membrane was immersed in 50 mL of
an aqueous solution of silver nitrate (AgNOg, at a final concentration of
1 mM and pH 6 without adding reducing agents and left incubated
overnight at 40 °C in a dark place. The immersed membrane was further
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Fig. 1. Biodegradable bacterial cellulose (BBC) membrane formed by G. xylinum. (a) collected BBC membrane before wash; (b) BBC membrane after washing with

deionized water.
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Fig. 2. UV-Vis spectra of AgNPs, produced from the extracellular products of Pseudomonas sp. Inset TEM image represented the size (50 nm magnification) and

distribution of AgNPs particles.

purified using deionized water. The final product (AgNPs- TEMPO-
oxidized BBC) was successfully characterized and used for the further
antibacterial assay.

2.5. Preparation of AgNPs from the extracellular products of Pseudomonas
sp. (biological process)

It was prepared according to the method described by Vanaraj et al.
(2017) with slight modifications. In brief, the Pseudomonas sp. was
cultured on Pseudomonas base agar under the same conditions de-
scribed above. After cultivation, the supernatant was obtained by cen-
trifugation (ThermoFisher Scientific, Fiberlite F20-6 X 100) at 15644
X g for 10 min, and 100 mL of the supernatant was filtered through a
0.45-um syringe filter (PVDF,25pcs/Lot, Lab Chemical Labware, China)
and mixed with a filter-sterilized solution of AgNO3 (99.9% pure) to
reach the final concentration of 1 mM, pH 7. The mixture was then
incubated in a dark condition at 30 °C and 200 rpm and was analyzed at

300-700 nm from 6 h to 36 h using a UV-Vis Spec. (Ultraviolet-visible
spectroscopy, Agilent Technology-G6860A, Cary 60) to confirm the
production of AgNPs. Filtered supernatant without AgNO3 was used as
a blank. The reduction of silver ions (Ag+) was monitored by visual
observation for the synthesized nanoparticles according to the method
of Velmurugan et al. (2014). AgNPs were confirmed by UV-Vis and
their sizes and shapes were determined using carbon-coated copper
grids and visualized under transmission electron microscopy (TEM,
JEOL-JEM-1200 EX model).

2.6. Concentration and conversion calculation of Ag* to AgNPs (Ag°) by
ICP-AES

The concentration of AgNPs (Ag®) after the synthesis process, either
biological or chemically was determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Shimadzu ICPE-9820,
CCD detector, Japan) according to Rahman et al. (2019). Briefly,
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Fig. 3. Field-Emission Scanning Electron Microscopy (FESEM) analyses of pure and treated AgNPs-based BBC membranes. (a, e) pure BBC membrane; (b, f) TEMPO-
oxidized BBC membrane coated with pure silver NPs (CC-BBC membrane); (c, g) BBC membrane coated with bacterial-based AgNPs (BC-BBC membrane); (d, h)
TEMPO-oxidized BBC membrane coated with bacterial-based AgNPs (CBC-BBC membrane). e, f, g, and h showed the cross-section and diameter of each membrane.
Yellow circles donate variable sizes of synthesized AgNPs at different scales bar among the BBC membranes, while the dot lines clarified the diameter size of such
membrane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

suitable volumes of the overnight mixture of synthesized AgNPs were
20 x diluted with 5% nitric acid solution (HNO3) and analyzed to as-
sess the total amount of silver. NaCl (1 mM) was added to the diluted
samples and incubated for 12 h to precipitate the untreated Ag + as
AgCl. The samples were then centrifuged at 1000 x g for 10 min to
remove the precipitated salt and the supernatant was 20 x diluted with
5% nitric acid solution for ICP-AES analysis. An equal volume of Nitric
acid solution (5%) in Elix water was used as a blank and the detection
of Ag was at a wavelength of 328.068 nm. Each sample was analyzed in
triplicates, where the concentration of Ag in the supernatants re-
presented the amount of released AgNPs that were not precipitated by
NacCl.

The conversion efficiency (C%) of AgNPs was calculated as a per-
centage using the following formula:

C% = A/B x 100

where A is the concentration of the released AgNPs (mM) and B is the
initial concentration of AgNO3 used for the synthesis process (1 mM).

2.7. Integration of bacterial-based AgNPs into the pure BBC membrane (BC-
BBC membrane)

The purified BBC membrane was immersed into 100 mL of extra-
cellular AgNPs solution and incubated at 37 °C for 24 h at 200 rpm. The
immersed membrane was rinsed with deionized water to remove excess
AgNO; solution. Finally, the BBC was freeze-dried for further char-
acterization and antibacterial assay.

2.8. Integration of bacterial-based AgNPs into the TEMPO-oxidized BBC
membrane (CBC-BBC membrane)

The TEMPO-oxidized membrane was immersed into 100 mL of
biologically synthesized AgNPs solution and incubated at 37 °C and
200 rpm for 24 h. The immersed membrane was rinsed with deionized
water to remove the excess of AgNO; solution. Finally, the BBC was
freeze-dried for further characterization and antibacterial assay.

2.9. Characterization of different modified BBC membranes

2.9.1. Field emission scanning Electron microscopy (FESEM)

The entire structure and surface morphology of different modified
membranes were investigated by FESEM (SU8010, Hitachi High-
Technology Corporation, Japan), while the distribution patterns of in-
tegrated AgNPs within the membranes were observed by energy-dis-
persive X-ray spectroscopy (EDS).

2.9.2. Fourier transform infrared (FTIR)

FTIR analysis of the dried and grounded BBC membranes was per-
formed on Avatar 370, Termmo Nicolet (USA), using samples prepared
as KBr pellets. The spectra of the samples were collected over the range

of 4000-400 cm ! with a resolution of 4 cm ™.

2.9.3. X-ray diffraction (XRD)

The crystallinity of the BBC membranes was investigated using x-ray
step-scanning powder diffractometer (XRD, PANalytical, X'Pert PRO,
Netherland). The BBC membranes were mounted on a copper holder
and scanned in 26 (10°-40°) Bragg-Brentano geometry using Cu-Ka
radiation (K = 1.54 Ao) at a scanning rate of 0.5/min, using a voltage
of 30 kV and a current of 20 mA.

2.10. Antibacterial assay

The antibacterial activities of the pure and treated BBC membranes
were evaluated against various aquatic pathogens. For the preparation
of inoculum, all bacterial cultures were adjusted to a final concentration
of 107 colony-forming unit (CFU/mL) using a classical plating tech-
nique and by mean of Helber counting chamber. The antibacterial assay
was performed using a membrane disc diffusion and log-reduction as-
says according to Feng et al. (2014) and Yang et al. (2012), respectively
with some modifications. Briefly, for a membrane disc diffusion
method, pure and treated BBC membranes were cut into uniform flat
discs with of 5-6 mm diameter and sterilized both the side under UV for
1 h. The disc was placed aseptically on different plates of Mueller-
Hinton agar, seeded with different bacteria at a concentration of
107 CFU/mL. The plates were incubated at 28 °C for 18 h and were
examined for zones of inhibition.
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Fig. 4. Energy-dispersive X-ray (EDX) spectroscopy for elemental analysis of
treated AgNPs-based BBC membranes. (a) TEMPO-oxidized BBC membrane
coated with AgNPs (CC-BBC membrane); (b) BBC membrane coated with bac-
terial-based AgNPs (Biological BC-BBC membrane); (¢) TEMPO-oxidized BBC
membrane coated with bacterial-based AgNPs (CBC-BBC membrane).

Regarding the log-reduction assay, it was used for quantitatively to
evaluate the antimicrobial activity of differently treated nanocomposite
BBC membranes. Briefly, 100 pL of each bacterial suspension was
transferred onto the treated membranes and incubated for18h under
complete aseptic condition. Subsequently, the streaked membranes
were washed off using 50 mL of PBS (0.03 M) to harvest the bacteria.
Serial dilutions of harvested bacteria were then cultured on tryptic soy
agar at 37 °C for 24 h for counting. The results were expressed as CFUs.
The same procedure was performed on a pure BBC membrane without
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AgNPs addition and served as a control. The antimicrobial activity of
the different treated membranes was assessed using different equations
(Pinto et al., 2009).

Bactericidal activity

= Log CFU T, control — Log CFU T3 nanocomposite BBC membrane.

Bacteriostatic activity

= Log CFU Tz control — Log CFU T3 nanocomposite BBC membrane.

Killing ratio (%)
= CFU T3 control-CFU T3 nanocomposite BBC membrane X 100.
CFU Ti5 control.

CFU T, control and CFU T4 control purposed the viable bacterial
number for the pure membrane (control) at 0 h and 24 h of incubation,
respectively, while CFU T,, nanocomposite BBC membrane meant the
viable bacterial number for the treated nanocomposite membrane at
24 h of incubation.

2.11. Statistical analysis

It was performed using SPSS statistics 20.0 for windows package
(IBM Corporation, NY, USA). Data are expressed as mean *+ standard
error of the mean (SEM) and were analyzed using one way ANOVA and
Student's t-test to determine the differences between tested BBC mem-
branes. The level of significance used was P < .05.

3. Results and discussion

Biodegradable bacterial cellulose membrane is being considered as
one of the most promising biomaterials that are being extensively used
in the field of biomedical and agricultural science (Pal et al., 2017).
Based on our previous study Elayaraja et al. (2017), 3-D nanofibers
thick BBC membrane was successfully produced from the extracellular
product of G. xylinum after 10 days (Fig. 1a) and was subsequently,
washed with deionized water, boiled to remove any impurities without
any further changes in its physical appearance and stiffness (Fig. 1b).
BBC itself does not have any antimicrobial properties to prevent mi-
crobial infections (Pourali et al., 2014). Although several studies re-
ported that the basic BBC membrane impregnated with some potential
guest ions NPs enhanced the antimicrobial property to increase its
beneficial use for diseases control (Xu et al., 2019), there are many
limitations on the use of chemically-synthesized BBC membrane in
biological application due to the high load of chemical impurities
(Pourali et al., 2014; Balashanmugam and Kalaichelvan, 2015). Hence,
it is imperative to improve BBC composites with strong antimicrobial
NPs of bacterial origin in an eco-friendly manner without having any
toxic and carcinogenic properties. The present study aimed to impreg-
nate the bacterial-based AgNPs, produced from Pseudomonas sp. ex-
tracellular products with an oxidized BBC membrane to find out an
alternative remedy to control the bacterial diseases, particularly in
aquaculture.

Fig. 2 showed the formation, persistence, and maximum absorption
of bacterial-based AgNPs (reddish-brown) at approximately 420 nm.
TEM analysis revealed that the nanoparticles were spherical in shape
with the size ranged between 5 and 25 nm in diameter. The results are
in good agreement with Li et al. (2010) and Pourali et al. (2014). The
size and shape of nanoparticles are necessary to produce a nanomaterial
with strong antimicrobial activity, as the smallest particles can pene-
trate and interact easily with bacterial cell walls and thus have better
antibacterial activity (Fondevila, 2010).

The concentration of AgNPs at the completion of each synthesis
process was measured by ICP-AES and the conversion efficiency was
calculated based on these concentrations. In terms of production of Ag®,
the amount of bio-released AgNPs (0.733 mM) was significantly higher
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Fig. 5. X-Ray Diffraction (XRD) patterns of pure and treated
AgNPs-based BBC membranes. (a) pure BBC membrane; (b)
TEMPO-oxidized BBC membrane coated with AgNPs (CC-BBC
membrane); (¢) BBC membrane coated with bacterial-based
AgNPs (BC-BBC membrane); (d) TEMPO-oxidized BBC mem-
brane coated with bacterial-based AgNPs (CBC-BBC mem-
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Fig. 6. Fourier-transform infrared (FTIR) spectrum analysis of pure and treated
AgNPs-based BBC membranes. (a) pure BBC membrane; (b) TEMPO-oxidized
BBC membrane coated with AgNPs (CC-BBC membrane); (c) BBC membrane
coated with bacterial-based AgNPs (BC-BBC membrane); (d) TEMPO-oxidized
BBC membrane coated with bacterial-based AgNPs (CBC-BBC membrane).

Table 1
Functional groups of FTIR spectra of pure and AgNPs treated BBC membranes.

Peak location (cm™) a b ¢ d  “Functional group
3405-3342 + 4+ + + Secondary amide (N—H stretch, H-
bonded)
2922-2896 + 4+ + + Alkane (C—H stretching)
1692-1668 + + 4+ + Carbonyl (C=0)
1534 and 1429 — — — 4+ Aromatic (C—C stretching)
1371 - - +  Alkyl Halide (C—F)
1336-1060 -+ +  Primary alcohol (C—O stretching)
899 — = =+ Alkene (=C—H bending
669-462 - 4+ + + Alkene (=C—H bending)
+, presence of the functional group in the BBC membranes; —, absence of

functional group in the BBC membranes; a, pure BBC membrane; b, TEMPO-
oxidized BBC membrane coated with AgNPs (CC-BBC membrane); ¢, BBC
membrane coated with bacterial-based AgNPs (BC-BBC membrane); d, TEMPO-
oxidized BBC membrane coated with bacterial-based AgNPs (CBC-BBC mem-
brane).

? The corresponding functional groups for each peak location.

than that obtained in completing the chemical process (0.479 mM) with
a conversion efficiency of 73.3 and 47.9%, respectively. These values
are consistent with previous findings from the EDX spectroscopy for

elemental analysis (Fig. 4). The respective results are in good agree-
ment with Rahman et al. (2019) who stated that the biosynthesis of
AgNPs from wild type and cell wall deficient strains was increased at
1.250 mM concentration of AgNOj3 then at 0.625 mM. In addition, the
bio-released AgNPs did not reach 100% with the current assay as the
higher toxicity of Ag + compared to other mineral precursors could
limit the reduction of Ag™ to Ag® facilitated by metabolically produced
reducing agents (Shabnam and Pardha-Saradhi, 2013; Dahoumane
et al., 2014).

The surface morphology of the four BBC membranes was in-
vestigated using FESEM (Fig. 3). The pure BBC membrane (untreated)
showed expected nanofibers with well-organized 3D web-like porous of
100 nm (Fig. 3a). The selected BBC has good physical characteristics
and better inherent biocompatibility for further studies, consistent with
(Rouabhia et al., 2014). Significantly, after oxidation by TEMPO, the
membrane became more sophisticated as the surface area was smooth
and homogeneous, while the pores showed higher density and irregular
distribution, congruent with (Xu et al., 2019). Thus, could be attributed
to the TEMPO-mediated oxidation process, in which the hydroxyl
groups of BBC membrane were converted to carboxyl and aldehyde
functional groups particularly at the C6 position that in turn enhanced
the physical properties of the entire pure BBC membrane (Elayaraja
et al., 2017; Jun et al., 2019). Similar results were reported by Lai et al.
(2014) who stated that TEMPO-oxidized jute fibers showed variable
sizes of AgNPs, ranging from 50 + 2to 90 * 4.7 nm in diameter after
impregnation in a silver solution.

CC-BBC membrane produced polymorphs AgNPs with an approx-
imate size of 80 nm in diameter with a cubic structure on the surface of
the BBC membrane (Fig. 3b). The surface morphology of the BC-BBC
membrane showed aggregation and clustering of nanoparticles in dif-
ferent surface areas of the membrane (Fig. 3c). In contrary, the AgNPs
were randomly, uniformly dispersed, and strongly adhered to the 3D
nanofibers of the CBC-BBC membrane, and thus covering the entire
surface of the membrane and also reduced the pore density (Fig. 3d).
These results suggested that the TEMPO-oxidized BBC membrane al-
lowed the bacterial-based AgNPs (spherical shape) with an average
diameter ranged from 5 to 25 nm to be diffused throughout its inner
space in an easier way than the other pure and chemically modified
membranes, in agreement with Feng et al. (2014). The cross-section
investigation of the internal matrix of BBC membrane using FESEM
(Fig. 3e, f, g and h) suggested that the ability of AgNPs to penetrate the
internal matrix was noticeably increased in addition to the membrane
thickness Fig. 3h. These results are consistent with those reported by
Pal et al. (2017).

The spectra map obtained from EDS spectra analysis (Fig. 4a, b, ¢
and inset) (3cps/KeV) showed that the silver elemental peaks were
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Fig. 7. Zones of inhibition (mm) of seven aquatic threatening pathogens after 18 h incubation with pure and treated AgNPs-based BBC membranes. (a) pure BBC
membrane; (b) TEMPO-oxidized BBC membrane coated with AgNPs (CC-BBC membrane); (c) BBC membrane coated with bacterial-based AgNPs (BC-BBC mem-
brane); (d) TEMPO-oxidized BBC membrane coated with bacterial-based AgNPs (CBC-BBC membrane). Data are presented as mean SD = (n = 3). The level of

significance was *P < .05, **P < .01, and ***P < .001 using t-test.

Table 2

Average zones of inhibition (mm) of seven aquatic threatening pathogens after
18 h incubation with TEMPO-oxidized BBC membrane coated with bacterial-
based AgNPs (CBC-BBC membrane) using a membrane disc diffusion method.

Tested pathogens Membrane disc diameter Average inhibition zones

(mm) (mm)
Vibrio harveyi 5-6 20 = 1.4
Vibrio parahaemolyticus 19 = 0.6
Vibrio alginolyticus 17 = 1.9
Vibrio vulnificus 19 = 15
Aeromonas hydrophila 18 = 1.3
Aeromonas veronii 20 = 1.1
Streptococcus iniae 18 = 1.7

Data are presented as mean SD * (n = 3).

significantly increased in the CBC-BBC membrane with a maximum
peak of 7.49% (Fig. 4d). Additionally, two extra elemental peaks (C and
O) were observed in the same membrane, which might be from the
stabilizing protein of the membrane. These results are inconsistent with
those reported by Jinga et al. (2013) and Khan et al. (2015). Surpris-
ingly, the peak reported in this study was relatively lower than that of
Elayaraja et al. (2017) who mentioned that silver atoms in the NPs
exhibited a strong signal of 73.89%.

Based on XRD patterns, a pure (untreated) BBC membrane showed
only two distinct peaks at 14.3° and 22.5° (Fig. 5a), indicating that the
membrane was not completely crystalline. The CC-BBC membrane had
four additional peaks at 32.6°, 46.3° 55.1° and 57.8° corresponding to
the positions 101, 211, 118, and 220, respectively (Fig. 5b), which
indicated the crystallinity of the membrane and ensured the presence of
AgNPs cubic structure, in agreement with Wan et al. (2006) and Cao
et al. (2013). Regarding BC-BBC membrane, the results showed an
additional one strong and one weak peak at 38.2° and 68.7° corre-
sponding to the position 004 and 311, respectively (Fig. 5c). Likewise,
the CBC-BBC membrane displayed two extra peaks at 46.1° and 62.3°
corresponding to the positions 105 and 311, respectively, when com-
pared with the biologically composite one (Fig. 5d), in agreement with

Elayaraja et al. (2017).

Overall, the BC-BBC and CBC-BBC membranes have the strong
binding capacity to the eliminated AgNPs and therefore expected to
have strong bactericidal activity. Furthermore, the characteristic peaks,
shapes, and crystallinity of those membranes may be related to the
functional carbon sources, pH, optimum time, and drying method used
(Pourali et al., 2014).

The FTIR spectrum was performed to identify the promising inter-
face between AgNPs and BBC composites (Fig. 6). The result revealed
that there was a significant variation among each band between 4000
and 400 cm ™! and thus revealed the presence of different functional
groups (Table 1). In the terminal base, the vibration between 3342 and
3405 cm ™! was observed, representing commonly obtained molecule
C—H (carboxyl group) and vibration near 2922-2896 cm ' linkages to
O—H (hydroxyl) (Pal et al., 2017). Both CC-BBC and BC-BBC mem-
branes exhibited a group of absorption peaks at the wavenumber
1500-1000 cm ~ ! due to the C — O and C — C stretching vibration of
the cellulose network (Fig. 6b, c). Similarly, Wu et al. (2014) also re-
ported with AgNPs composites BBC that showed a group of absorption
bands at 1600 cm ™. Further, these modified membranes showed si-
milar characteristic bands appeared between 1648 and 1084 cm™*,
which were comparable to those reported by Rouabhia et al. (2014) and
Tabaii et al. (2017).

The results suggested that the CBC-BBC membrane exhibited new
characteristic bands appeared at 1668 cm™!-anhydride (C=0
stretching, 1534 and 1429 cm ™ '-aromatic (C—C stretching), 1371,
1336, and 1280 cm ™ 1-Primary alcohol (C—O stretching), and 899 cm !
Alkene (=C—H bending) (Table 1), which did not appear in other
modified membranes. Overall all treated membranes showed con-
sistently C=O vibrations of the carboxylate anion particularly at
1668 cm ™' when compared to the pure BBC membrane (Fig. 6d) and
thus could explain the reduction of Ag™ to zero valence metals (Ag?)
during the preparation of different BBC membranes, in agreement with
Ifuku et al. (2009).

The results of membrane disc diffusion assay (Fig. 7) showed that all
the modified membranes independently displayed a bactericidal
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Table 3

Comparison of quantitative antimicrobial activity assay of different modified silver based BBC membranes against seven threatening aquatic pathogens.

CBC-BBC membrane

“BC-BBC membrane

“CC-BBC membrane

Pathogens

Killing ratio Bactericidal activity Bacteriostatic activity Killing ratio Bactericidal activity Bacteriostatic activity Killing ratio

Bacteriostatic activity

Bactericidal activity

%

log reduction

log reduction

log reduction

99.67 * 0.02%

2.48 *= 0.03"

+ 0.03°

2.91
2.93

98.44 + 0.02"
99.35 + 0.02"
99.30 + 0.05°

97.83

1.81 + 0.01°

2.23 + 0.01°

87.15 * 0.44°

0.89 + 0.01°

+ 0.02¢

+ 0.02°
1.35 = 0.02°
2.03

1.31
1.32

Vibrio harveyi

+ 0.01°

99.86
99.51

+ 0.04°
+ 0.02%

2.85
231
2.76
1.79
1.80

0.01%
2.50 + 0.03%
2.89

1.85
1.97

+

2.19 + 0.01°

2.27 + 0.01°

+ 0.13¢
93.12 + 0.10"

94.19
98.72

1.24 = 0.01°¢
0.01¢
0.01

1.16
1.89

Vibrio parahaemolyticus

Vibrio alginolyticus
Vibrio vulnificus

+ 0.02°

2.16 + 0.03"

1.89

2.35 + 0.05"

2.30

0.04
+ 0.48°
+ 0.32°

+
95.93 * 0.49"

99.82

0.09
+ 0.13°

0.13

+

2.47

0.68

0.73

0.04
+ 0.18°
+ 0.95°

+
91.56 + 0.56"

0.03

98.34

0.20"

93.04 + 0.26" +

95.68 + 0.21"

1.04 + 0.01° 90.91 1.21 + 0.09" 1.16 *= 0.02°
1.36 + 0.02"

1.10 + 0.08"

Aeromonas hydrophila

Aeromonas veronii

98.39

+ 0.09"

1.39 + 0.05°

0.02°

+
1.52 + 0.03"

1.54 + 0.05"

92.49

1.13 * 0.06"
1.07 = 0.03"

+ 0.01°
1.20 + 0.06"

1.30

92.08 + 1.28"

1.10 + 0.07°

1.23 = 0.01°

Streptococcus iniae

Data are presented as means SD = standard error of the mean (SEM). Superscripts lower case letter donates significant differences between the treated BBC membranes. Data were analyzed by one way ANOVA. The level

of significance was P < .05.

# CC-BBC membrane (TEMPO-oxidized BBC membrane coated with AgNPs).
£ BC-BBC membrane (BBC membrane coated with bacterial-based AgNPs).

‘' CBC-BBC membrane (TEMPO-oxidized BBC membrane coated with bacterial-based AgNPs).

@ represent the High value

b Medium
¢ Low
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activity due to their unique physical properties, AgNPs-holding capa-
city, and possible degenerative effects on bacterial cells, in agreement
with Pal et al. (2017). Specifically, the CBC-BBC membrane demon-
strated effective bactericidal activity compared to others and displayed
wide inhibition zones (mm) against all tested pathogens (Table 2).

Moreover, the quantitative assay for antimicrobial activity of dif-
ferent composites was evaluated using antibacterial log reduction assay
(Table 3). Generally, the antimicrobial activity was classified according
to the log reduction number, where 1-log reduction was considered
low, whereas between 1 and 3 and greater than 3-log reduction were
considered moderate and high, respectively (Gallant-Behm et al.,
2005). As indicated, all treated BBC membranes showed moderate to
high antimicrobial effects against all tested pathogens with a log re-
duction above 1, in agreement with Yang et al. (2012). There was a
significant increase in bacteriostatic log-reduction numbers
(1.39 = 0.05 to 2.85 =+ 0.04) and killing ratios (95.93 * 0.49 to
99.86 + 0.01%) observed with CBC-BBC membrane against all pa-
thogens suggesting that the membrane has more potential than other
BBC membranes. A possible explanation is that the physical and me-
chanical properties of the developed CBC-BBC film, including low pore
size and large surface exposure area, may fortify the passage of AgNPs
across the membrane and encourage the release of Ag™ into the ex-
ternal environment, thus favoring a stronger antibacterial effect (Pal
et al., 2017).

The potential AgNPs, produced by secondary metabolites of
Pseudomonas sp. may react effectively, and are attached firmly to oxi-
dized carboxyl groups of BBC membranes and thus increase their an-
tibacterial activities. Similarly, Feng et al. (2014) and Elayaraja et al.
(2017) were reported a strong bactericidal activity against several field
pathogens using chemical and biological composite BBC membranes
either in vitro or in vivo. Moreover, Rouabhia et al. (2014) investigated
about the antibacterial properties of potential guest NPs composite BBC
against several multidrug-resistant pathogens suggested that the NPs
act as a barrier that reduced the growth of these pathogens and prevent
the infection.

Recently, the potential use of nanocomposites for water treatment,
including water purification and removal of toxic ions, organic im-
purities, microbes and their by-products, has attracted keen interest
from researchers, especially in the field of aquaculture (Sharma et al.,
2011; Yaqoob et al.,, 2020). Several studies distinctly reported the
functional use of nanoparticles and/or nanocomposites for the proces-
sing of marine and freshwater fish polyculture with zero water ex-
change, no oxygen, and high survival rate for eight closed months
(Handy, 2012; Bhattacharyya et al., 2015). Moreover, nanocomposites,
especially silver, inhibit the growth of water bacteria and common
pathogens, keeping the water clean for long-term use (Dankovich and
Gray, 2011). Our future goal is to modify the design nanocomposites
membrane into a powder form or into a nano-bio-bag unified filter, to
be easily amenable for the processing of fish and shrimp culture water.

In conclusion, the BBC membranes are unique versatile material
with extraordinary physicochemical properties and good bioavail-
ability. The CC-BBC membrane tends to retain high chemical residues of
toxic and carcinogenic properties, which may hinder its field applica-
tion. The novel CBC-BBC membrane exhibited high bactericidal and
bacteriostatic activities as well as high killing ratios against the selected
aquatic pathogens. Finally, yet importantly, the current data provide an
insight into the potential use of bacterial-based AgNPs in aquaculture as
a surrogate for many classical antibiotics to overcome the problem of
antibiotic resistance. Nonetheless, their field application and validation
to combat pathogens still require further investigation.
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