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Abstract
The challenges in wastewater treatment and the increasing scourge of waterborne diseases have necessitated the search for effective bioflocculating antimicrobials in nanoparticles. In this study, bioflocculants produced by Streptomyces sp. HDW7 and Nocardia sp. OX5 were used for AgNPs (SBAgNPs and
NBAgNPs) biosynthesis. The AgNPs were characterized using UV-vis spectrophotometry, FTIR and SEM,
and their flocculating and antibacterial activities evaluated. The bioflocculants bio-reduced AgNO3 to AgNPs and the surface plasmon resonance absorption peak was at 600 nm. 10 mM AgNO3, pH 3.0 and 9.0,
and 45oC supported the highest nanoparticles biosynthesis. FTIR spectra showed 21 and 23 peaks for the
bioflocculants and were respectively reduced to 16 and 20 for SBAgNPs and NBAgNPs. The SBAgNPs
and NBAgNPs were porous and anisotropic/irregular, with sizes of 9.5 nm and 11.8 nm, respectively. SBAgNPs and NBAgNPs had 86 and 71% flocculation efficiency in abattoir wastewater treatment and good
antibacterial activity with a broad spectrum against Gram-positive and Gram-negative pathogens from water sources. The biosynthesized AgNPs can serve as potential flocculating and antibacterial agents in water
purification and wastewater treatment.
Keywords: nanoparticles, bioflocculants, characterization, flocculation efficiency, antibacterial activity,
wastewater treatment.
Резюме
Предизвикателствата при пречистването на отпадните води и нарастващото разпространение
на водопреносими инфекции наложиха в био-производството търсенето на ефикасни биофлокуланти
с антимикробни свойства, включени в наночастици. В това проучване, за синтезата на сребърни
наночастици AgNP (SBAgNP и NBAgNP) са използвани биофлокуланти, получени от Streptomyces
sp. HDW7 и Nocardia sp. OX5. AgNP са охарактеризирани с помощта на UV–Vis спектрофотометрия,
FTIR и SEM, оценени са техните флокулиращи и антибактериални свойства. Биофлокулантите
редуцират AgNO3 до AgNP, а пикът на абсорбция на повърхностния плазмен резонанс е 600 nm.
Най-ефективна биосинтеза на наночастици се поддържа при параметри 10 mM AgNO3, pH 3.0 и 9.0
и 45oC. Спектрите на FTIR показват 21 и 23 пика за биофлокулантите и съответно намалени до 16 и
20 за SBAgNP и NBAgNP. SBAgNP и NBAgNP са порести и анизотропни, с размери съответно 9.5
nm и 11.8 nm. SBAgNP и NBAgNP показват 86 и 71% ефективност на флокулация при пречистване
на отпадъчни води от кланици и добра антибактериална активност при широк спектър от Грам–
положителни и Грам–отрицателни патогени от водни източници. В заключение, синтезираните
AgNP могат да служат като потенциални флокулиращи и антибактериални агенти при пречистване
на вода и третиране на отпадъчни води.
Introduction
The inadequacy vis-à-vis the lack of potable
water is a fundamental threat to public health with

attending consequences of waterborne diseases especially in developing countries (Deshpande et al.,
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nanoparticles using Streptomyces sp. HDW7 and
Nocardia sp. OX5 bioflocculants, and determination of the flocculation efficiency and antibacterial
activity of the nano-bioflocculants.

2020). Not less than 40% of an estimated 800 million people in Sub-Saharan Africa have no access
to clean and safe drinking water (WHO, 2017; Andres et al., 2018). One hundred million Nigerians
still lack basic sanitation facilities and 63 million
do not have access to improved sources of drinking
water (World Bank, 2017). Diverse anthropogenic
activities, urbanization and industrialization greatly affect the quality and properties of the limitedly
available water resources, rendering it unfit for human and industrial consumption (Oberholster and
Ashton, 2008).
Although various flocculating chemicals/
agents and methods have been employed for
purification of water and wastewater treatments
(Arezoo, 2002; Zhang et al., 2008; Li et al., 2009;
Mabinya et al., 2011; Yang et al., 2012; Nwodo et
al., 2014), the need to develop environmentally
friendly and cost-effective technology for sustainable development culminated in the bio-fabrication
of silver nanoparticles (AgNPs).
Microorganisms and/or their metabolites
such as bioflocculants play an important role in the
remediation of toxic metals through the reduction
and stabilization of the metal ions (Kalishwaralal
et al., 2008). In the area of water purification and
wastewater treatment, nanoparticles play a crucial
role and offer the possibility of efficient removal
of pollutants and germs (Tiwari et al., 2008). More
so, ensuring evidence-based provision of safe water, sanitation, and waste management practices in
communities, homes, schools, marketplaces, and
healthcare facilities is essential for preventing and
protecting human health during pandemics such as
COVID-19, caused by the novel virus SARS-CoV-2
(WHO, 2020). Advances in nanoscale, science and
engineering suggest that many of the current problems involving water quality could be resolved or
greatly diminished by using nonabsorbent nanocatalysts or bioactive nanoparticles with characteristic
length scales of 9-10 nm (Diallo and Savage, 2005).
Metallic nanoparticles are the most promising, owing to their high reactivity, large surface
area to volume ratio (Zaki et al., 2014), and the
fact that they exhibit good antimicrobial properties even to the growing resistant microbial strains
(Zhou et al., 2013). Silver has long been known
to exhibit strong toxicity to a wide range of microorganisms (Liau et al., 1997) and for these
reasons silver-based compounds have been used
extensively in many bactericidal applications
(Nomiya et al., 2004; Lateef et al., 2015). This
research was aimed at the bio-fabrication of silver

Materials and Methods
Bio-fabrication of silver nanoparticles
Stock bioflocculants produced by Streptomyces sp. HDW7 and Nocardia sp. OX5 isolated from
wastewater were used for bio-fabrication of silver
nanoparticles (SBAgNPs and NBAgNPs, respectively): 1:1 (v/v) of each bioflocculant was mixed
with 2 mM silver nitrate (AgNO3) and the resulting solution was incubated in the dark overnight
at room temperature. AgNO3, prepared under the
same experimental conditions was used as a control
(Kannan and Subbalaxmi, 2011).
Optimization of bio-fabricated silver nanoparticles
Different concentrations of AgNO3 (4.0 - 10.0
mM), pH (3.0, 7.0 and 9.0) and incubation temperatures (28, 35 and 45oC) were used to optimize the
bio-fabrication of the SBAgNPs and NBAgNPs by
a modified method of Lachhwani (2005), and the
absorbance was read at different wavelengths (200
– 800 nm).
Characterization of the bio-fabricated silver
nanoparticles
The bio-fabricated SBAgNPs and NBAgNPs
were characterized by visual observation for colour change, UV-visible spectrophotometry, Fourier
Transform Infrared (FTIR) spectroscopy, and Scanning Electron Microscopy (SEM).
Determination of flocculation efficiency of the biofabricated silver nanoparticles
The flocculation efficiency of 2 mM of each
of the bio-fabricated SBAgNPs and NBAgNPs on
an abattoir waste water sample was determined according to the method of Zhang et al. (2008). The
flocculation efficiency in percentage was calculated
as follows:
% Flocculation=(A-B)/A X 100
where A and B stand for the optical densities of the
blank (control) and the sample at 550 nm, respectively.
Antibacterial activity of the bio-fabricated silver
nanoparticles using agar well diffusion assay
Antibacterial activities of the bio-fabricated
AgNPs (SBAgNPs coded as HDW7a and NBAgNPs coded as OX5a) at different concentrations
were assessed by an agar well diffusion method.
Two waterborne bacteria, namely: Bacillus
sp. and Escherichia coli were used as test patho127

gens for the investigation. Briefly, 15 mL of prepared Mueller Hilton agar were poured into each of
the Petri plates and allowed to cool; then, 10 μL of
a 24 hrs Mac Farland standardized culture of each
of the test pathogens were evenly spread on the surface of the agar. 6 mm wells were made on the agar
layers, and then 500 μL of each of the bio-fabricated SBAgNPs (HDW7a) and NBAgNPs (OX5a)
at different concentrations (2.0 – 10.0 mM) were
inoculated per well. Similarly, 500 μL of streptomycin (10.0 mg/mL) and of the bioflocculant production medium (BPM) were also applied per well
as positive and negative controls, respectively. All
the inoculated plates were incubated at 28°C for 24
hrs, and the diameter of the zone of inhibition on
each well was determined according to the Clinical
and Laboratory Standards Institute (CLSI), 2015.
Statistical Analysis
All experiments were performed in duplicate
and the results were expressed as mean values ±
standard error. Student’s t-test was used to compare
the results and values of p < 0.05 were considered
statistically significant.

Fig. 2. Optimization of AgNO3 for bio-fabrication
of (A) SBAgNPs and (B) NBAgNPs
Figure 3 (A and B) shows the optimized pH
for the bio-fabrication of SBAgNPs and NBAgNPs,
respectively. Different pH had varied broad surface
plasmon resonance but pH 3.0 and 9.0 supported
the highest biosynthesis of SBAgNPs and NBAgNPs, an indication that the AgNPs bio-fabricated
are ion-dependent.

Results
The bioflocculants of Streptomyces sp.
HDW7 and Nocardia sp. OX5 bio-reduced AgNO3
to AgNPs: (A) SBAgNPs and (B) NBAgNPs, respectively, and were observed visually to change
from colourless AgNO3 to yellowish/dark brown
AgNPs (Fig. 1).

Fig. 1. Visual observation of bio-fabricated (A)
SBAgNPs and (B) NBAgNPs
The UV-Vis spectra in Fig. 2 (A and B) depict the optimized concentration of AgNO3 on the
bio-fabrication of SBAgNPs and NBAgNPs, respectively. The different concentrations of AgNO3
show varying surface plasmon resonance (SPR)
peaks but the highest peak at 600 nm was recorded
for 10 mM.

Fig. 3. Optimization of pH for bio-fabrication of
(A) SBAgNPs and (B) NBAgNPs
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Fig. 4. Optimization of temperature for bio-fabrication of (A) SBAgNPs and (B) NBAgNPs

Fig. 5. FTIR of bioflocculants HDW7 (A1) and OX5 (B1) compare to SBAgNPs (A2) and NBAgNPs (B2)
NPs) are 3416.05, 2966.62, 2362.88, 1624.12, and
570.95 cm−1, corresponding to functional groups
of hydroxyl/amine, alkanes, alkynes, ketone, and
strong halo compound, respectively; whereas the
peaks in (B1) for bioflocculant (OX5) are 3427.62,
2877.89, 1724.42, 1230.63, 1130.32, 979.87, and
418.57 cm−1, corresponding to functional groups of
hydroxyl/amine, aldehyde/carbohydrate, aliphatic
ketone, alkyl halides, aliphatic ether, carboxyl, and
aromatic (benzene), respectively, but that of (B2)
for the bio-fabricated silver nanoparticles (NBAgNPs) include 3481.63, 2908.75, 2393.74, 1174.69,
and 617.24 cm−1, corresponding to functional
groups of hydroxyl/amine, alkanes, alkynes, strong
tertiary alcohol, and halo compound, respectively.
In this study, the 3-dimensional nanotomographies of the bio-fabricated silver nanoparticles
(SBAgNPs and NBAgNPs) are shown in Fig. 6 (A

The increase in incubation temperature from
28to 45oC led to an increase in the bio-fabricated
SBAgNPs and NBAgNPs, with the highest SPR
band observed at 45oC as shown in Fig. 4 (A and
B).
Figure 5 (A1 and B1) shows spectra of 21
and 23 peaks for the bioflocculants of Streptomyces sp. HDW7 and Nocardia sp. OX5 that were
bio-reduced to 16 and 20 peaks (A2 and B2) for
the bio-fabricated silver nanoparticles of SBAgNPs
and NBAgNPs, respectively.
The adsorption peaks in (A1) for bioflocculant (HDW7) include 3406.40, 2970.48, 2330.09,
1444.73, 1182.40, and 688.61 cm−1, corresponding
to functional groups of hydroxyl/amine, alkanes,
alkynes, carboxylic acid, ester, and strong disubstituted (cis) alkene, respectively, while that of (A2)
for the bio-fabricated silver nanoparticles (SBAg129

Fig. 6. A 3-Dimensional image of (A) SBAgNPs and (B) NBAgNPs
and B). The micrographs revealed the bio-fabricated AgNPs to be loosely packed fluffy crispy flakes
with irregular/anisotropic arrangement of reduced
and highly stabilized average sizes of 9.5 nm and
11.8 nm for SBAgNPs and NBAgNPs, respectively.
Application of 2 mM of SBAgNPs (HDW7)
or NBAgNPs (OX5) to purify abattoir wastewater,
gave a flocculation efficiency of 86 and 71%, respectively (Fig. 7).

mediated silver nanoparticle. The bioflocculants of
Streptomyces sp. HDW7 and Nocardia sp. OX5 act
as reducing as well as stabilizing agents for the silver nanoparticles (AgNPs) through a method considered as green, simple, environmentally-friendly,
cost-effective and biocompatible for sustainable
development of the ecosystem.
The unique characteristic peak of 600 nm observed in this study could be a result of the anisotropic size, shape, and morphology, as well as the
refractive index capable of inducing the extension
of plasmonic bands (SPR) of the bio-fabricated AgNPs (Kumar et al., 2018) and may be attributed to
the dipole resonance and the strong coupling of the
extracellular bioflocculants with the terminal silver
ions leading to aggregation of the bio-fabricated
AgNPs (SBAgNPs and NBAgNPs). This observable result is similar to the works of Pal et al. (2007),
who recorded three main absorption peaks ranging
from 480-575nm, and Adebayo-Tayo et al (2016),
who reported an extension of SPR peak at 550 nm;
but different from the bands of wavelength 419 nm
as reported by Lateef et al. (2015).
It should be noted that different concentrations of bio-functionalized silver nanoparticles
have varying degrees of inhibitory effects on pathogens. The concentrations also exerted a significant effect on the size and size distribution of the
bio-fabricated AgNPs (SBAgNPs and NBAgNPs).
Generally, a broad peak at a higher wavelength indicates an increase in particle size and vice-versa
with a simultaneous increase in the SPR bands due
to the bioflocculants produced by Streptomyces sp.
HDW7 and Nocardia sp. OX5 acting as stabilizing
and surface functionalizing ligands.
In this study, the formation of the bio-fabricated SBAgNPs and NBAgNPs in acidic conditions (pH 3.0) is similar to the work of Yumei et al.
(2017) but differs from the alkaline conditions (pH
9.0) in the work of Iram et al. (2014).
Temperature is an important factor for ionic
solubility, reaction mechanism, and nanoparticle
formation. This study revealed the bio-fabrication

Fig. 7. Flocculation efficiency of SBAgNPs
(HDW7) and NBAgNPs (OX5) in abattoir wastewater
The antibacterial activities of the bio-fabricated SBAgNPs (HDW7a) and NBAgNPs (OX5a)
for 2 mM showed inhibition zones of 14 mm, 7 mm
and 11 mm, 7 mm against E. coli and Bacillus sp.,
respectively (Fig. 8A).
SBAgNPs (HDW7a): NBAgNPs (OX5a) at 4
mM, 6 mM, 8 mM, and 10 mM showed inhibition
zones of 16:9 and 12:8, 18:10 and 9:6, 20:14 and
8:6, and 18:13 and 7:4 against E. coli and Bacillus
sp., respectively (Fig. 8 B, C, D, and E).
Discussion
The ability of the bioflocculants produced by
Streptomyces sp. HDW7 and Nocardia sp. OX5 to
reduce AgNO3 for bio-fabrication of the silver nanoparticles (A) SBAgNPs and (B) NBAgNPs, respectively, was evident in the surface plasmon resonance (SPR) peaks. The silver nanoparticles (A)
SBAgNPs and (B) NBAgNPs were bio-fabricated
through the reduction of Ag+ to Ag0 by the bioflocculants. This observation is similar to that of Rajoka et al. (2020), who worked on exopolysaccharide
130

Fig. 8. Antibacterial activities of the bio-fabricated SBAgNPs (HDW7a) and NBAgNPs (OX5a) for:
2mM (A), 4 mM (B), 6 mM (C), 8 mM (D) and 10 mM (E)
of the AgNPs (SBAgNPs and NBAgNPs) was significantly faster at elevated temperature than at
room temperature probably due to an increase in
the bioenergetics and reaction kinetics. This result
is similar to the work of Khan et al. (2013) but differs from that of Saravanan et al. (2017).
FTIR characterization was used to identify the
various functional groups present in the bioflocculants and compared to that of the bio-fabricated silver nanoparticles (SBAgNPs and NBAgNPs). The
reduction of 21 and 23 spectra peaks of the bioflocculants to 16 and 20 for SBAgNPs and NBAgNPs,
respectively, confirms the nanoparticles bio-fabrication while the presence of characteristic peaks of
halo compounds, alkyne, carbohydrate, and amine
as shown by some of the spectra indicated that the
bio-fabricated AgNPs were composed of reduced
and highly stabilized terminal silver-exopolysaccharide with protein moieties. The FTIR results of
this study were consistent with those of the green

synthesis of silver nanoparticles previously reported by Zao et al. (2019) and the exopolysaccharide
mediated silver nanoparticle reported by Rajoka et
al. (2020).
In nanotechnology vis-à-vis materials science, various techniques for reconstruction of microstructures have been applied successfully for
decades. One such driving force is perhaps the
need to achieve nanometer-scale resolution and the
desire to obtain three-dimensional shapes of nanoparticles. This is possible by using a significant
technique of advanced instrumentation capable of
focusing the beam of microscopic electrons into a
multipurpose analytical and structural tool (Möbus
and Inkson, 2007; Kanmani and Lim, 2013; Xu et
al., 2017). The average sizes of 9.5 nm and 11.8 nm
respectively for SBAgNPs and NBAgNPs strongly influenced the bio-catalytic, optical and electromagnetic properties in respect to their flocculation
efficiencies, antibacterial activities, absorbances,
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and the reductions in the bonds of the bio-fabricated AgNPs. This is similar to the works of Gomaa
(2016), who reported that the morphology of a synthesized AgNPs had an average size of 11 – 25 nm,
and Odeniyi et al. (2020), who reported AgNPs size
of 12 nm but differs from Bello et al. (2017), who
revealed that the bio-synthesized AgNPs were approximately 50 nm size and that of Rajoka et al.
(2020), who reported an aggregated and varied
sized nanostructures ranging from 30 to 100 nm
with an average size of 45 nm.
More so, the highly effective flocculation
efficiencies of the bio-fabricated AgNPs obtained
in this study could probably be due to the fact that
the charge of the particles suspended in the abattoir wastewater is negative and they are being attracted by the net positive charge of the Ag+/AgNPs
bio-fabricated. These flocculation efficiencies are
in accordance with the work of Arafat et al. (2014),
in which 3 mM of silver nanoparticle bioflocculants
were used for treatment of River Nile water but differ from those of Adebayo et al. (2020).
Both the Gram-positive Bacillus sp. and the
Gram-negative E. coli were significantly inhibited by the bio-fabricated AgNPs (SBAgNPs and
NBAgNPs) due to the released pools of Ag+ which
then acted as reducing, capping, and/or stabilizing
agents, thereby making SBAgNPs and NBAgNPs
excellent promising bioactive metabolites with reference to therapeutics in a concentration-dependent
manner.
In this study, the Gram-positive bacterium
Bacillus sp. generally showed lesser inhibition
zone (i.e. less suppressed) possibly due to it thicker
cell wall and abundant peptidoglycan, whereas the
Gram-negative bacterium E. coli was more sensitive to the bio-fabricated AgNPs (SBAgNPs and
NBAgNPs) probably because of its thinner cell
wall with less peptidoglycan and the electrostatic attractions between the positive charges of the
bio-fabricated AgNPs and the negatively charged
lipopolysaccharides of the Gram-negative E. coli.
However, the antibacterial activities of the bio-fabricated AgNPs (SBAgNPs and NBAgNPs) were not
affected by the cell membrane/structure because
both Gram-positive and Gram-negative bacteria
were inhibited. Hence, it could be deduced that the
mechanism(s) of action of the bio-fabricated silver
nanoparticles (SBAgNPs and NBAgNPs) is either
inhibition of the protein synthesis mediated by the
30S ribosomal subunit, nucleic acids synthesis or a
combination of the two or more.
To further gain a complete understanding of

the mechanism(s) of action of the bio-fabricated
silver nanoparticles (SBAgNPs and NBAgNPs),
a known antimicrobial agent (positive control:
Streptomycin) was explored. By using the positive
control (Streptomycin), the mode of action of the
bio-fabricated silver nanoparticles (SBAgNPs and
NBAgNPs) can be inferred. In this study, Streptomycin was expectedly observed to have broad
spectrum effects on both the Gram-positive and
Gram-negative bacteria in the same manner as
the bio-fabricated silver nanoparticles (SBAgNPs
and NBAgNPs), indicating that the bio-fabricated
SBAgNPs and NBAgNPs probably share common
target(s) in the bacteria vis-à-vis the mechanism of
action as that of the positive control (Streptomycin).
It should be recalled that Streptomycin, an
aminoglycoside antibiotic known to be bactericidal, irreversibly binds to the 16S rRNA and S12 protein blocking the bacterial 30S ribosomal subunit.
These results were consistent with those on
the antibacterial activities of biosynthesized AgNPs
reported by Mubarak Ali et al. (2011), Priyadarshini et al. (2013), and Bilal et al. (2017) but different
from the results of Lara et al. (2010), who reported
50.00 mM and 6.25 mM as the highest and lo west
concentrations, respectively, for bactericidal effectiveness of silver nanoparticles.
Conclusion
In this study, bio-reduction of Ag+ to Ag was
due to the ability of the bioflocculants extracellularly produced by Streptomyces sp. HDW7 and Nocardia sp. OX5 to serve as capping and stabilizing
agents. During optimization, 10 mM AgNO3, pH
3.0 and 9.0 as well as 45oC supported the highest
bio-fabrication of SBAgNPs and NBAgNPs, while
the SPR peak was recorded at 600 nm. This may
be probably due to the fact that encoded proteins
such as nitrate reductase, which reduces and stabilizes the silver ions, shuttles the electron(s) to terminal silver ion(s) in aqueous solution(s) and in the
presence of NAD and H+ acting as reducing agents.
Some other bonds, such as aldehyde, amine, amide,
alkyne and halo compounds may also be responsible for the subsequent stabilization of the silver
nanoparticles. FTIR spectra of the AgNPs further
revealed the aldehyde, amine, alkyne, halo compounds and amide linkages of the residues that gave
rise to the reduced and stable AgNPs (SBAgNPs
and NBAgNPs).
The average size of 9.5 nm and 11.8 nm for
SBAgNPs and NBAgNPs, respectively, could be
an attestation to a large surface area that ultimately
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increases their interaction with the test pathogens,
thereby enhancing the antimicrobial/bactericidal
effect. SBAgNPs and NBAgNPs had 86% and 71%
flocculation efficiencies when used to treat abattoir
wastewater and excellent antibacterial activities in
a concentration-dependent manner against selected
pathogens of water source. The inhibitory effects
on both the Gram-positive Bacillus sp. and the
Gram-negative E. coli of waterborne sources permit
us to forecast their therapeutic potential that could
be beneficial for the management of waterborne
diseases. This also suggests that the bio-fabricated
silver nanoparticles (SBAgNPs and NBAgNPs) are
broad spectrum antibacterial agents and could also
be potential antimicrobials against Gram-positive
and Gram-negative pathogens, possibly tackling
the menace of multi-drug resistant strains. However, further research will still be needed on analysis
of silver (Ag) and other composition elements that
might be present in the bioflocculant-mediated AgNPs. More so, for the potentials to be explored in
the natural environments, cytotoxicity and in vivo
assays of the bio-fabricated AgNPs need to be investigated.
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