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ABSTRACT

The development of multi-drug-resistant bacteria and their biofilm formation capabilities has decreased the effectiveness of antibiotics
and other antimicrobial agents. Silver nanoparticle (AgNP) is currently being explored as an alternative strategy in countering biofilm-
related infections. In this study, AgNP was biosynthesized using the extracted exopolysaccharide (EPS) from two obligate alkaliphilic
bacteria, Bacillus krulwichiae M2.5 and Bacillus cellulosilyticus M4.1, isolated from a hyperalkaline spring in Zambales, Philippines. The
samples exhibited an absorption peak at around 420 nm corresponding to the surface plasmon resonance of AgNPs as shown by UV-Vis
analysis. The Fourier transform infrared (FTIR) spectroscopy spectra revealed functional groups in the EPS such as hydroxyl and carboxyl
involved in the reduction of Ag* to AgNP. Scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX)
spectroscopy showed stable irregular and spherical AgNPs with an average size of 25.88 + 10.49 nm and 23.99+ 8.43 nm for B. krulwichiae
M2.5 EPS-AgNP and B. cellulosilyticus M4.1 EPS-AgNP, respectively. The biosynthesized AgNPs significantly inhibited the biofilm
formation of Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus aureus in a dose-dependent manner as determined by
microtiter plate assay. However, the results showed a reduced inhibitory effect of the synthesized AgNPs on established biofilms indicating
the need for higher AgNP concentration. This study demonstrates that EPS from bacteria adapted to alkaline conditions can be used for

efficient AgNP biosynthesis with potential biomedical applications.
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INTRODUCTION

In recent years, there has been a constant decrease in effectiveness of antibiotics
mainly due to their unregulated use leading to the emergence of multi-drug-
resistant bacterial strains and biofilm formation abilities. Many infections are
caused by microorganisms growing in biofilms which are densely- packed
communities of microbial cells surrounded with self-secreted matrix. Biofilm-
related diseases are typically persistent infections characterized by slow
development, resistance to host immune defenses and transient response to
antimicrobial therapy. Therefore, it has become necessary to search for alternative
healthcare approaches such as the utilization of nanomaterials to mitigate the
problem of infections associated with bacterial biofilms (Sanyasi et al., 2016; Mu
etal., 2016).

Nanotechnology is an emerging field involving the synthesis and manipulation of
nanoscale materials with anticipated applications in various fields. The increasing
interest in nanoparticles lies on the premise of their unique optoelectronic and
physico-chemical properties (Kanmani and Lim, 2013). Silver nanoparticle
(AgNP) is the most commonly used nanoscale substance for various consumer
products (Saravanan and Nanda, 2010). They have been used in many
applications including food packaging, catheters, textiles, coatings, dental,
pharmaceutics, medical therapeutics, and diagnosis (Yoksan and Chirachanchai,
2010). Silver ions have low toxicity toward animal cells but exhibit high toxicity
toward bacterial and fungal cells (Rauwel et al., 2015). Several reports have
successfully demonstrated that AgNPs have wide spectrum of inhibitory activity
against many Gram-positive and Gram-negative bacteria, fungi and viruses
(Barapatre et al., 2016; Duncan, 2011; Rauwel et al., 2015).

Currently, physical and chemical methods are commonly employed for the
synthesis of AgNPs. Physical methods include evaporation-condensation as the
most common approach in producing high concentration of relatively stable
AgNPs (Iravani et al., 2014). Meanwhile, chemical reduction of silver salt with
the use of various reducing agents is the most commonly-used chemical method
(Ge et al., 2014). The synthesized nanoparticles are stable due to the capping
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agents that protect them from agglomeration to surfaces (Sato-Berfu et al., 2009).
However, the above-mentioned methods have several disadvantages since they are
costly, and involve high energy requirements and hazardous chemicals (Sabri et
al., 2016). The increasing demand for eco-friendly and inexpensive approach in
the synthesis of nanoparticles paved way for bio-based methods with the use of
organisms, from prokaryotic bacteria to eukaryotic fungi and plants (lravani et al.,
2014). Previous studies have demonstrated the synthesis of AgNPs using various
polysaccharides including heparin (Kemp et al., 2009), hyaluronic acid (Liang et
al., 2015), chitosan (Wei et al., 2009), cellulose (Cheng et al., 2013), starch
(Mohanty et al., 2012) and alginate (Mohan et al., 2016), however, most of these
materials are unable to synthesize stable and monodispersed AgNPs. Polymers
produced by microorganisms have been investigated for biogenic production of
metal nanoparticles (Kanmani and Lim, 2013), specifically exopolysaccharides
(EPS), which are biopolymers consisting of repeating units of sugar moieties
joined by glycosidic linkages (Mehta et al., 2014). Microbial EPS could serve as
an efficient alternative substrate for metal nanoparticle production given their
strong reducing and stabilizing properties largely contributed by their polyanionic
functional groups (Mehta et al., 2014). Apparently, microbial polysaccharides are
of higher quality than plants and marine macroalgal polymers because of their
novel functionality, stable cost and supply, and more reproducible production
parameters (Llamas et al., 2010). Several species of lactic acid bacteria, such as
those belonging to the genera Lactobacillus, Pediococcus, and Enterococcus, are
known to produce EPS that could serve as reductant for AgNP synthesis (Cioffi
and Rai, 2012).

Extremophilic microorganisms have developed adaptation strategies such as the
synthesis of EPS which plays an important role in cell adhesion, retention of water,
and concentration of nutrients under extreme conditions. The EPS from
extremophiles offer potential biotechnological applications primarily due to their
functional and structural diversity (Nicolaus et al., 2010). The halophilic
bacterium Halomonas maura has demonstrated the ability to produce mauran, a
sulfated EPS used to stabilize gold nanoparticles (Arias et al., 2003). Recently,
the metal removal and reduction potential of an EPS from a psychrotrophic Arctic
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soil bacterium Pseudomonas sp. was reported (Sathiyanarayanan et al., 2016).
However, the current knowledge on the structural and functional properties of EPS
from alkaliphiles is still limited and so are their applications.

This study reports the production of EPS from two alkaliphilic bacterial strains
isolated from hyperalkaline spring in Zambales, Philippines via enrichment
cultures and subsequent application of the EPS for the synthesis of AgNPs. The
biosynthesized AgNPs were further studied for their inhibitory effects against
biofilm formation and established biofilms of bacterial pathogens namely S.
aureus, P. aeruginosa and K. pneumoniae.

MATERIALS AND METHODS

Sample collection

Water samples were collected from Poon Bato hyperalkaline spring in Zambales,
Philippines (15° 17’ 22.5600” N, 120° 1’ 28.2000” E). The samples were
transferred aseptically into sterile bottles for analysis. The temperature, pH,
dissolved oxygen, and conductivity of water were measured using water quality
portable meter during the sample collection.

Isolation and screening of isolates for EPS production

Enrichment cultures were prepared by adding 10 mL of the collected water sample
to 90 mL each of the broth media initially adjusted to pH 11 by the addition 1 M
Na,COj3 (Table 1).The enrichment solutions were incubated at 37°C for 72 hours
in a shaker incubator. Samples from the enrichment culture were serially diluted
and were subsequently plated onto respective solid media. All plates were
incubated at 37°C for 72 hours, and morphologically distinct colonies that grew on
the plate were selected and purified via successive streak plating using the same
solid media. EPS-producing bacteria were first selected on the basis of the mucoid
appearance and ropiness by stroking them with sterile inoculating loop according
to the method of Kersani et al. (2017). Exopolysaccharide production of the
isolates was further assessed by inoculation onto Congo red agar medium and
incubation at 37°C for 48 hours. Positive result was indicated by the presence of
black colonies with dry crystalline consistency (Freeman et al., 1989). Pure
cultures of EPS-producing isolates were maintained for further use in glycerol
stock solutions (15% v/v).

Table 1 Growth media used in screening for EPS producing-alkaliphilic bacteria

Medium composition (L™)

20 g glucose; 3.18 g KH,PO4; 5.2 g K,HPO4; 0.3 g MgSOy4; 5 g peptone; 0.6 g (NH4).S04; 0.05 g CaCl,; 0.2 mg
5 g lactose; 5g tryptone; 5 g soya peptone; 5 g meat digest; 0.25 g MgSOy; 0.5 g ascorbic acid; 19 g di-sodium
20 g glucose; 0.2 g MgSO, * 7H,0; 0.05 g MnSO, * 4 H,0; 8 g meat extract; 10 g peptone; 5 g CH3COONa « 3

20 g sucrose; 0.2 g KH,POg; 0.8 g K;HPO,; 0.2 g MgSO, .7H,0; 0.1 g CaSO,.2H,0; 2.0 mg FeCls; Na,M0oO,

Medium no.
! ZnS0y; 0.2 mg CuSOy4; 0.2 mg MnSOy; 0.6 mg FeSO4;5 g yeast extract (Dossounon et al., 2016)
2 glycerophosphate; 2.5 g yeast extract (Kersani et al., 2017)
3 H,0; 2 g CsHsNazOy; 4 g yeast extract; 2 g K,HPO, (Bajpai et al., 2016)
4

.2H,0 (trace); 0.5 g yeast extract (Mu’minah et al., 2015)

5 g peptic digest of animal tissue; 1 g yeast extract; 0.1 g C¢HsFeO-; 19.45 g NaCl; 8.8 g MgCly; 3.24 g Na;SOy;
5 1.8 g CaCl,; 0.55 g KCI; 0.16 g NaHCOg3; 0.08 g KBr; 0.034 g SrCly; 0.022 g H3;BO3; 0.004 g Na,SiOg3; 0.0024 g
NaF; 0.0016 g NH4NOs; 0.008 g Na,HPO, (Welman et al., 2003)

Phenotypic characterization of EPS-producing isolates

The isolates were examined for their Gram-reaction, endospore formation, and
cultural characteristics, such as color, colony form, margin, surface, and elevation.
Factors contributing to the optimum growth conditions of the bacterial isolates
such as temperature, NaCl, pH and growth factor requirements were also
determined. Determination of NaCl requirement of the isolates was performed
using their respective solid media containing 1-15% NaCl concentrations. Growth
of isolates on different pH (pH 7-12) was also assessed using the same media
adjusted using 1 M Na,COs. Plates for the temperature experiment were incubated
at 4°C, 37°C, and 50°C for 24 hours. Growth factor requirements were determined
following the method described by Carino et al. (2017). Selected biochemical tests
including hydrolysis of cellulose, starch, Tween 80, and gelatin; nitrate reduction,
and activity of catalase, oxidase, protease and keratinase enzymes were also
performed.

Sequencing and phylogenetic analysis of 16S rRNA genes of the isolates

Pure bacterial isolates were sent for amplification and sequencing of 16S rRNA
gene to Macrogen Inc. Seoul, Korea. Amplification of 16S rRNA gene of the
isolates  was performed using the bacterial primers 27F
(AGAGTTTGATCCTGGCTCAG) and 1492R
(GGGTTACCTTGTTACGACTT) (Lane, 1991). Sequencing was carried out by
using Big Dye terminator cycle sequencing kit v.3.1 (Applied Biosystems, USA).
ChromasPro software (http://www.technelysium.com.au/) was used to manually
evaluate the sequences and to remove low quality regions usually at the start and
end of the fragment. DNA sequences were analyzed using the BLAST tool at the
National  Centre  for  Biotechnology Information  (NCBI)  server
(http://blast.ncbi.nlm.nih.gov). The sequences were submitted for multiple
alignments with reference sequences from the GenBank database using Clustal W.
Phylogenetic tree was constructed with the Maximum Likelihood method based on
the Tamura-Nei model of MEGA 7 software (Tamura and Nei, 1993) with
evolutionary distances calculated according to Kimura’s two-parameter correction
method. The phylogenetic tree was evaluated through bootstrap analysis from 1000
bootstrap replicates. All sequences generated in this study were submitted to
GenBank under accession numbers MH517429-MH517430.

Extraction and characterization of EPS from bacterial isolates

Exopolysaccharides produced by the isolates were extracted following the protocol
described by Kanmani et al. (2011) with modifications. Briefly, isolates were
grown in 200 mL of respective media broth and were incubated at 37°C for 18
hours. Subsequently, the broth cultures were heated to 100°C for 15 minutes to
inactivate the EPS-degrading enzymes. The treated culture broths were then
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centrifuged at 6000 rpm for 10 minutes at 4°C. Double volumes of 95% ice cold
ethanol was added to each supernatant and were maintained at 4°C overnight to
complete the precipitation of EPS. Each mixture was then centrifuged at 12,000
rpm for 15 minutes, and the crude EPS was washed three times with sterile distilled
water, air-dried, and kept at room temperature for characterization and AgNP
synthesis. A solution for each EPS was prepared and was then quantified by getting
the concentration using phenol-sulfuric method (Dubois et al., 1956). For the
detection of functional groups on the extracted EPS, infrared spectra of each
sample were recorded using Fourier transform infrared (FTIR) spectroscopy
(Perkin-Elmer, Inc. USA) in the 4000-600 cm™ with a resolution of 4 cm* and 16
scans.

Synthesis of silver nanoparticles using bacterial EPS

The crude EPS, amounting to 3 g for each isolate, was dissolved in 100 mL sterile
distilled water at pH 9 to form a uniform dispersion. Then, 10 mM AgNO; was
added to 3% EPS in a 1:1 ratio under stirring conditions, and the resulting solution
was subsequently stored in a dark place at room temperature. After 24 hours
incubation, the solutions were observed for the formation of yellow-brown color
indicating the formation of AgNPs. The solutions were kept under incubation for
10 days to increase the concentration of the AgNPs. The nanoparticle synthesis
was monitored by taking the OD within the range of 350-800 nm using UV-vis
spectrophotometer (Jinan Hanon Instruments Co. Ltd. China) by withdrawing 3
mL of each sample every after two days of incubation. The resulting solutions were
then repeatedly centrifuged at 12000 rpm for 20 minutes. The collected pellet was
washed with 1 mL sterile distilled water, and then air-dried at room temperature
for further analysis (Saravanan et al., 2017; Adebayo-Tayo and Popoola, 2017;
Sirajunnisa et al., 2014).

Characterization of silver nanoparticles

Synthesis of AgNPs using EPS by reduction of aqueous metal ions was monitored
after 1, 3,5, 7, and 10 days of incubation with the use of UV-Vis spectrophotometer
(Jinan Hanon Instruments Co. Ltd. China) at wavelengths 350 to 800 nm with a
resolution of 1 nm. Qualitative and quantitative analysis of the elemental
composition of the synthesized nanoparticles were done using scanning electron
microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX)
(Horiba, Ltd. England). The samples were prepared by mounting a small amount
of powdered AgNPs on the aluminum stub using a double-sided carbon tape. The
analysis was performed at an accelerating voltage of 5 kV. The average particle
size distributions of the AgNPs were calculated by averaging 200 particles from
the SEM images using IMAGE J 1.46r software (NIH, USA). For further analysis
on the synthesized AgNPs, a scan was performed within the two-theta angle in X-
ray diffraction (XRD) (Shimadzu Maxima XRD 7000). For each sample, a thin
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film of the powdered nanoparticles was mounted on a glass slide and the intensity
peaks were recorded continuously with a Cu X-ray tube having voltage and current
at 40 kV and 30 mA, respectively.

Anti-biofilm activity of the silver nanoparticles

To determine the efficacy of AgNPs in inhibiting biofilm formation, the microtiter
plate assay was applied. The wells of sterile microtiter plate were filled with 100
uL overnight grown bacterial suspensions, P. aeruginosa, S. aureus, and K.
pneumoniae, adjusted equivalent to 0.5 McFarland standard. Different
concentrations of AgNPs (i.e 0.1, 0.5, 1, 5, 10, 25, and 50 pg/mL) were then added
to the suspension and incubated overnight at 37°C. After incubation, the medium
was discarded and thoroughly washed with phosphate saline buffer (pH 7.2) to
remove free-floating planktonic bacteria. Biofilms formed by bacteria adherent to
the wells were fixed with sodium acetate (2% w/v) and were subsequently stained
using 0.1% crystal violet dye for 30 minutes at 25°C. Excess stain was rinsed off
by thorough washing with sterile distilled water and plates were kept for drying.
After which, 200 pL of 95% ethanol was added to the wells. To determine the
efficacy of AgNPs in inhibiting established biofilm, each well of sterile microtiter
plate was filled with 100 pL overnight grown bacterial suspensions and the plates
were incubated for 24 hours. After incubation, the established biofilms in the plates
were then added with 100 pL of different concentrations of AgNPs (i. 0.1, 0.5, 1,
5, 10, 25, and 50 pg/mL) and incubated for another 24 hours at 37°C. Similarly,
biofilm mass was evaluated using crystal violet staining (Barapatre et al., 2006;
Kanmani et al., 2013; Rajkumari et al., 2017; Cho et al., 2013). For
quantification of the total biofilm formation, the absorbance was recorded at a
wavelength of 570 nm. The percentage of biofilm inhibition was calculated using
the equation:

% biofilm inhibition = [1 — (ODs, of cells with AgNPs — ODs, of non-
treated control) x 100]

Statistical analysis

All statistical analyses were performed using IBM Statistical Package for the
Social Sciences (SPSS) version 20.0. For anti-biofilm activity, comparisons were
carried out using univariate (WUANOVA) or repeated measures analyses of variance
(rANOVA) to evaluate the statistical significance at P<0.05. The experiments were
done in triplicates and repeated two times.

RESULTS AND DISCUSSION

Isolation and identification of EPS-producing bacteria

Bacterial isolates were obtained from Poon Bato spring, a natural alkaline
environment in the Zambales ophiolite complex of the Philippines. The sampling

site is located downstream of the river which is rich in carbonate deposits. The
average water temperature of the sampling site measured during collection was
28°C and the measured pH was 11. Chemical analysis of the water samples
revealed that calcium is the most abundant at 50.3 mg/L among the other
components like magnesium, sulfate, chloride, and iron (Table 2). Poon Bato
springs are typical Ca?-OH" type waters (Barnes et al., 1967) indicating that H,
and CH, from regional serpentinization were incorporated. These serpentinization
reactions result in both strongly alkaline and highly reducing circulating water in
Poon Bato spring (Cardace et al., 2015).

Table 2 Physico-chemical characteristics of water samples obtained from Poon
Bato Spring

PARAMETER MEASUREMENT
pH 11
Temperature (°C) 28
Conductivity (uS/cm) 781
Dissolved Oxygen

(mg/L) 3.6
Calcium (mg/L) 50.3
Chloride (mg/L) 20.3
Sulfate (mg/L) 4.16
Magnesium (mg/L) 131
Iron (mg/L) 0.12
Nitrate (mg/L) <LoD*
Manganese (mg/L) ND**

*LoD — Limit of Detection (0.43 mg/L for nitrate), **ND — Not Detected

A total of sixteen bacterial isolates were obtained on the basis of mucoid property
using enrichment media supplemented with different carbon source. Two isolates,
M2.5 and M4.1, were selected for further study on the basis of high mucoid
production and ropiness. Isolates M2.5 and M4.1 were grown in media
supplemented with lactose and sucrose as carbon sources, respectively.
Exopolysaccharide production of the isolates was further confirmed using the
Congo red agar plate method. The isolates that tested positive for
exopolysaccharide production exhibited black colonies with dry crystalline
appearance. Based on phenotypic characterization (Table 3) and analysis of the
16S rRNA genes (Table 4), the isolates were identified as members of genus
Bacillus under phylum Firmicutes. Specifically, isolates M2.5 and M4.1 showed
99% similarity to the obligate alkaliphiles Bacillus krulwichiae and Bacillus
cellulosilyticus strains, respectively. A phylogenetic analysis confirmed their
similarity to the respective species (Figure 1).

Table 3 Phenotypic characteristics of the alkaliphilic bacterial strains from Poon Bato spring

. . Isolate Isolate
Characteristics Isolate M2.5 Isolate M4.1 Characteristics M25 Ma.1
white, Temperature

Cultural characteristics circular, cream, P ;
- . . requirement:
(color, colony form, entire, circular, entire, 4°C ) -
margin, surface, smooth, smooth, raised 37°C + +
elevation) raised 50°C ) -
NaCl requirement:
0, -
Gram reaction G+ G+ 10% *
rod 11% + -
Cell morphology rod
Endospore location ST ST 12% * )
P 13% + ;
14% + -
15% + -
Production of:
Cellulase - - (9i112)
Amylase + + pH tolerance: (9-12)
Lipase + + (pHoptimum) 11
Gelatinase + +
Nitrate reductase + + Growth factor +
Catalase + + requirement: +
Oxidase + + dextrose +
Protease + + yeast extract +
Keratinase - -

*ST, subterminal; +, positive/with growth; -, negative/ without growth; G+, Gram-positive.
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Table 4 Phylogenetic affiliations of the alkaliphilic bacterial isolates from Poon Bato Spring

Accession number of the

Isolate Nearest phylogenetic affiliation nearest phylogenetic % Similarity Phylogenetic group
affiliation

M2.5 Bacillus krulwichiae NR_114066.1 99% Firmicutes

M4.1 Bacillus cellulosilyticus NR_074904.1 99% Firmicutes

o M25

NR 024798.1 Bacillus krulwichiae strain AM31D

NR 114066.1 Bacillus krulwichiae strain NBRC 102362

NR 025650.1 Anaerobacillus macyae strain JMM-4

NR 115854.1 Anaerobacillus alkalilacustris strain Z-0521

921 NR 044420.1 Anaerobacillus alkalidiazotrophicus strain MS 6

NR 026141.1 Bacillus clarkii strain DSM 8720

NR 040850.1 Bacillus cellulosilyticus strain N-4
NR 074904.1 Bacillus cellulosilyticus strain DSM 2522

O M4

AH001790.2 Acidiphilium acidophilum

0.020

Figure 1 Phylogenetic tree based on 16S rRNA gene sequences highlighting the
phylogenetic position of the two isolates relative to other alkaliphilic strains.
Acidiphilium acidophilum was used as outgroup. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Tamura-Nei
model. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 18 nucleotide sequences. Evolutionary
analyses were conducted in MEGAT.

The type of carbon source added to the screening media is important on EPS
production because it serves as a source of energy for production and secretion of
EPS (Mu’minah et al., 2015). Likewise, Grobben et al. (1996) reported that the
regulation of the EPS biosynthetic pathway in L. bulgaricus NCFB 2772 could be
dependent on the carbohydrate source. Utilization of lactose as a carbon source
was reported by Yuksekdag and Aslim (2008) to produce high amount of EPS as
compared to when other sugar carbon sources were used. Similarly, Emtiazi et al.
(2004) noted that two strains of Azobacter species were able to produce maximum
amount of EPS with sucrose as the carbon source. This is due to the direct link of
carbon sources to cell proliferation and metabolite biosynthesis which can regulate
secondary metabolism through catabolic repression (Khani et al., 2016).

The phylum Firmicutes consists mostly of Gram-positive bacteria which are
phenotypically and physiologically diverse allowing them to inhabit a wide variety
of environments including hypersaline and hyperalkaline habitats. Members of this
phylum have been reported in several bacterial diversity studies of alkaline
environments such as the Lonar lake in India (Joshi et al., 2008), the Cabeco de
Vide aquifer in Portugal (Tiago et al., 2004), the Cedars in California (Brazelton
et al., 2013), and the Manleluag hyperalkaline spring in the Philippines (Baculi et
al., 2015) where they made up a large portion of the total isolates collected. The
high occurrence of Bacillus species in alkaline saline environments may be due to
their nutritional versatility, stress-tolerant thick-walled endospores, and broad
tolerance for environmental extremes. The presence of both strains in alkaline
environments has been previously documented in Lonar Lake in India. Isolate
M2.5 was closely affiliated to obligate alkaliphilic, halotolerant Bacillus
krulwichiae strain, isolated from Lonar Lake and alkaline soil in Japan (Tambekar
and Dhundale, 2012). Meanwhile, isolate M4.1 was closely affiliated to Bacillus
cellulosilyticus DSM 25227 previously isolated in Japan with pH tolerance of 8-10
and growth temperature range of 20-40°C (Vishnuvardhan Reddy et al., 2015).
Hence, it can be inferred that the alkaline pH of Poon Bato spring could possibly
support the growth of these bacteria. The occurrence of EPS-producing Bacillus
strains has been previously documented such as B. licheniformis and B. subtilis
(Berekaa, 2014; Abdul Razack et al., 2013). In this study, the ability of the
alkaliphilic isolates closely related to B. krulwichiae and B. cellulosilyticus to
produce EPS has not yet been reported.

Characterization of EPS produced by the isolates

Based on the analysis, B. cellulosilyticus M4.1 has produced 124.5 mg/mL crude
EPS when inoculated into sucrose-rich medium. Meanwhile, the B. krulwichiae
M2.5 secreted 67.67 mg/mL crude EPS lactose as carbon source. The FTIR spectra
of the crude EPS produced by the two strains revealed characteristic functional
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groups, such as a broad-stretching hydroxyl group at 3443 cm™ and 3190 cm™?, C-
H stretching peak at 3072 cm™ and 2889 cm™, and C=0 stretching peak of Amide
I and carboxyl groups at 1685 cm™ and 1684 cm™ (Figure 2).The hydroxyl
stretching vibration of the polysaccharide correlates to the carbohydrate ring and
is responsible for the characteristic water solubility of the EPS (Karbowiak et al.,
2007). The observed C-H stretching vibration usually corresponds to hexoses, like
glucose or galactose (Castellane et al., 2015). The presence of carboxyl and
hydroxyl groups in the EPS may serve as binding sites for divalent cations
(Bramhachari and Dubey, 2006). The differences in the peaks at 1300 — 900 cm"
! which corresponds to the fingerprint region of the spectrum unique for every
molecular species, suggest possible chemical differences between the EPS
produced by the two strains. Taken all together, the FTIR spectra of the extracted
EPS revealed the heteropolymeric nature of the sample due to the presence of
different functional groups which are powerful reducing agents and they may be
accountable for the bio-reduction of Ag* ions leading to Ag® nanoparticle
synthesis.

110
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865 gt

60
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Figure 2 FTIR spectra of exopolysaccharide extracted from B. krulwichiae M2.5
and B. cellulosilyticus M4.1.

Biosynthesis and UV-Vis characterization of silver nanoparticles

The formation of AgNPs by reduction of Ag*to Ag® was observed after the addition
of EPS in a solution of silver nitrate, followed by incubation at room temperature
in the dark. Biosynthesis of AgNPs was evident based on the color change of
individual reaction mixture from colorless to yellowish brown immediately upon
the addition of EPS. The maximum color intensity was attained as brown after 24
hours and remained stable throughout the 10-day storage period. No color change
was observed in the control solutions containing only AgNO; that was incubated
at the same condition as the experimental set-ups (Figure 3). AgNPs are known to
exhibit a range of colors due to their surface plasmon resonance (SPR) and can be
characterized accordingly by measurement of the absorption at different
wavelengths (Chhatre et al., 2012). The resulting color of the solutions suggests
possible details in the size and shape of the nanoparticles produced. As the particle
size decreases, the SPR shifts to a shorter wavelength resulting to the absorption
of blue light. The green and red lights are then scattered off a white background,
thereby resulting to a yellow to brown color. Furthermore, Logaranjan et al.
(2016) stated that the appearance of yellow-colored reaction mixture indicates the
formation of spherical shaped AgNP, which corroborates the SEM results in this
experiment.

The visual observations were confirmed using UV-Vis spectroscopy by measuring
the surface plasmon resonance (SPR) peaks for both sample solutions. AgNPs
usually reveal such unique and tunable optical properties due to their strong SPR
transition that are dependent on factors such as shape and size (Hebeish et al.,
2012). For both samples, an intense absorption peak was noted around 420 nm with
a broad band (Figure 4), which indicates the formation of AgNPs in varying sizes
(Kanmani and Lim, 2013). No characteristic absorption of AgNPs was observed
in the solution containing only AgNOs. Kalimuthu et al. (2008) reported that
observation of this peak, assigned to a surface plasmon, is well-documented for
various metal nanoparticles with sizes ranging from 2 nm to 100 nm. In the
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experiment, the intensity of the absorption maximum increased with longer
incubation time.

Exopolysaccharide structures are known to exhibit excess negatively-charged
functional groups which allow them to attract metal cations (Sathiyanarayanan
et al., 2016). This polyanionic nature of EPS is confirmed by the FTIR results
presented in this study. The reduction of AgNO; possibly involved the formation
of electrostatic interactions between the positively charged silver ions and the
negatively charged EPS molecules (Mariselvam et al., 2014). This interaction
confines the free electrons of the nanoparticles resulting to a high free electron
density, hence the observance of SPR peak at lower wavelength (Razack et al.,
2016).

A B

Figure 3. EPS-AgNO; reaction mixtures showing (A-B) colorless control
solutions, and (C-D) brown colored solutions attained after 24 hours using EPS
extracted from B. krulwichiae M2.5 and B. cellulosilyticus M4.1, respectively.

2,5 Day 0
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8 1,5"
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2 1
§ Day 7
< 05 Day 10
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Wavelength (nm)
3
Day 0
2,5 Day 1
2 B Day 3
3 \ Day 5
S 15 y
Q Day 7
2 1
é Day 10
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0
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-0,5
Wavelength (nm)

Figure 4 UV-Vis absorption spectra indicating the synthesis of AgNPs using EPS
from (A) B. krulwichiae M2.5 and (B) B. cellulosilyticus M4.1 during different
incubation period. The peak was noted around wavelength 420 nm for both sample
solutions.

Fourier-transform infrared (FTIR) analysis of silver nanoparticles
The FTIR spectrum measurement was carried out to identify the possible

functional groups of EPS responsible for the bio-reduction of Ag* and stabilization
of the AgNPs. The FTIR spectrum of the AgNPs revealed various characteristic
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peaks ranging from 3398 to 604 cm™' and from 3320 to 603 cm™* in B. krulwichiae
M2.5 and B. cellulosilyticus M4.1, respectively (Figure 5). A broad and weak
absorption peak for both AgNPs was observed at 3398 cm™" and 3320 ¢cm™! for
stretching vibration of the hydroxyl groups (OH), peak at 2958 cm™' corresponded
to CH stretching of aldehyde and peaks at 1764 cm™" and 1753 cm™ could be due
to C=0 stretch of saturated esters. The absorption peaks at 1684 cm™' and 1652
cm~'for both AgNPs indicated the presence of C=0 stretching of the amide or
carboxyl group while peaks at 947 cm™' and 945 cm™! correspond to the C-H, C-
C, and C-OH ring and side group vibration of carbohydrates (Figure 5). Most of
the peaks observed in the FTIR spectrum of EPS-stabilized AgNPs differed from
the FTIR spectrum results of the crude EPS. Once the EPS reacted with silver in
the solution, the bands shifted in peaks due to possible interaction of silver with
the functional groups in the EPS. In addition, the absorption of the characteristic
B-glycosidic linkages at 998 cm™ and 991 cm' respectively was absent in the FTIR
spectra of the AgNPs formed, indicating probable involvement of this linkage
towards formation of AgNP (Mehta et al., 2014). The functional groups observed
such as aldehyde, hydroxyl, carboxyl, and esters could have been responsible for
the reduction and stabilization of AgNPs as previously reported (Adebayo-Tayo
and Popoola, 2017). The observed changes both in the positions and in the
strengths of the FTIR spectra suggest a strong interaction of Ag® with the EPS
functional groups.
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Figure 5 FTIR spectra of silver nanoparticles synthesized using exopolysaccharide
extracted from B. krulwichiae M2.5 and B. cellulosilyticus M4.1.

Scanning electron microscopy (SEM) analysis of silver nanoparticles

It is evident that the synthesized AgNPs using the EPS from B. krulwichiae M2.5
have irregular and spherical shapes with size ranging from 7-61 nm and average
size of 25.88+ 10.49 nm. On the other hand, the AgNPs obtained using the EPS
from B. cellulosilyticus M4.1 displayed the same morphology, with size ranging
from 8-58 nm and average size of 23.99+ 8.43 nm (Figures 6 and 7). The observed
small particle size, and characteristic shape were almost similar to the results of
Phanjom and Ahmed (2017) who demonstrated the synthesis of spherical and
irregular-shaped AgNPs of size 5-13 nm at alkaline pH of 9 using filtrate of
Aspergillus oryzae. The authors also reported that the size of the particles decreases
with increasing pH and were found to be more uniform in sizes with almost
spherical in shape. Similar observations were previously reported where alkaline
condition was found to be effective for rapid reduction of metal ions by Coriolus
versicolor (Sanghi and Vermi, 2009) and Escherichia coli (Gurunathan et al.,
2009). The synthesis of smaller size AgNPs at alkaline condition can be explained
by the reduction of silver ions by electrons provided by OH™ ions. The present
results validated the plasmon resonance peak obtained using UV-Vis analysis. The
plasmon resonance peak of AgNPs is usually detected at shorter wavelength region
at higher pH with a concomitant decrease in the size of the AgNPs (Algadi et al.,
2014).The synthesized nanoparticles appreciably aggregated as clusters due to
extremely small dimensions. Moreover, agglomeration of AgNPs can be due to the
high surface energy and high surface tension of the ultrafine nanoparticles ranging
from 1-100 nm in diameter (Agrawal and Kulkarni, 2017).
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Figure 6 SEM images showing the size and morphology of the AgNPs synthesized
using the exopolysaccharide of (A-B) Bacillus krulwichiae M2.5 and (C-D)
Bacillus cellulosilyticus M4.1.
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Figure 7 Particle size distribution of AgNPs synthesized using EPS from (A) B.
krulwichiae M2.5 and (B) B. cellulosilyticus M4.1.

Energy dispersive x-ray (EDX) analysis of silver nanoparticles

The EDX profiles of the biosynthesized AgNPs showed the presence of strong
peaks for elemental silver along with trace peaks for other elements (Figure 8). The
characteristic optical absorption peak at 3 keV is typical for metallic silver
nanocrystallites due to their surface plasmon resonance (Gomaa, 2016). The
presence of peaks specific for C, N and O could be due to cellular components
including proteins and carbohydrates that possibly acted as stabilizing or capping
agents in the formation of AgNPs. This is consistent with the results of the FTIR
analysis which revealed the possible presence of functional groups involved in
stabilization of synthesized nanoparticles. The AgNPs synthesized from the EPS
of B. krulwichiae M2.5 and B. cellulosilyticus M4.1 are composed of 72.35% and
81.07% Ag, respectively. The difference in percent Ag content can be accounted
to the differences in EPS composition. It was reported that the use of low molecular
weight protein-rich EPS led to the production of AgNPs with higher Ag content
(Jian et al., 2016).
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Figure 8 EDX spectra of silver nanoparticles synthesized using EPS extracted
from (a) Bacillus krulwichiae M2.5 and (b) Bacillus cellulosilyticus M4.1.
diffraction silver

X-ray analysis of

nanoparticles

(XRD)

X-ray diffraction measurements were carried out to study the crystallinity and the
preferential orientation of the synthesized AgNPs. The XRD spectra exhibited 9
sharp diffraction lines for both AgNPs synthesized using EPS from B. krulwichiae
M2.5 and B.cellulosilyticus M4.1 (Figure 9). These diffraction peaks existed at low
angles of 20 ranging from 3° to 80° and indicate the crystal planes of the sample
AgNPS. The presence of peaks on the first sample at 26 values 20.82°,29.6°, 33.5°,
36.64°,47.78°,54.92°,57.5°,71.92° and 87.42° correspond to respective d-spacing
(100), (110), (111), (210), (211), (211), (211), (310), and (320) (Figure 9a), while
XRD peaks on the second sample at 20 values 19.56°, 20.78°, 30.22°, 33.72°,
36.58°,43.16°, 48.5°, 55.24°, and 60.66° correspond to (100), (100), (110), (111),
(200), (110), (110), (110), and (110) planes, respectively (Figure 9b). The typical
Ag diffraction peaks obtained imply the presence of a face-centered cubic (FCC)
structure on the crystalline nanoparticles (Kanmani and Lim, 2013). These
findings thereby support the idea of EPS-Ag ion interaction leading to AgNP
stabilization.
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Figure 9 XRD pattern of synthesized AgNPs after 10-day incubation by EPS from (a)

Bacillus krulwichiae M2.5 and (b) Bacillus cellulosilyticus M4.1.
Anti-biofilm activity of silver nanoparticles

Considering the important role of biofilms in infectious diseases, there has been an
increased effort towards the development of AgNPs that will modulate the
formation of bacterial biofilms. In the current study, the effect of EPS-AgNPs was
evaluated on the biofilm formation and established biofilms of Gram-negative
bacteria, P. aeruginosa and K. pneumoniae, and Gram-positive bacterium, S.
aureus.

To explore the efficacy of different concentrations of the synthesized AgNPs
against biofilm formation, planktonic cells of P. aeruginosa, K. pneumoniae, and
S. aureus were added in 96-well plate in the presence of varying AgNP
concentrations (0.1, 0.5, 1, 5, 10, 25, and 50 pg/mL). The results showed that the
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biosynthesized AgNPs significantly reduced (P < 0.05) the formation of biofilms
for all the tested bacterial strains at increasing AgNP concentrations. The highest
concentration of AgNPs used (50 pg/mL) gave percent inhibition of 54.65% and
71.12% on P. aeruginosa, 42.25% and 70.05% on K. pneumoniae, and 49.90% and
65.25% on S. aureus, for B. krulwichiae M2.5 EPS-AgNP and B. cellulosilyticus
M4.1 EPS-AgNP, respectively. Notably, all other concentrations showed
significant reduction in P. aeruginosa biofilm even at the lowest concentration
used. However, biofilm inhibition in K. pneumoniae and S. aureus was observed
at higher AgNP concentrations (> 5ug/mL), which could be correlated to the
decreased susceptibility of the strains to the AgNPs. In terms of effectiveness of
the AgNPs in biofilm inhibition, no significant differences were observed between
0.1- 10 pg/mL concentrations (Figure 10). The production of EPS is an important
hallmark of bacterial biofilms which is crucial for the initial attachment of the cells
as well as for holding the cells together. The AgNPs could possibly be involved
in neutralizing this adhesive substance needed for biofilm formation (Chaudhari
et al., 2012). It has been reported that AgNPs could penetrate and accumulate in
bacterial cytoplasm once adhered in the cell membrane. The accumulated AgNPs
could then inactivate enzymes through coagulation with sulfur- and phosphorus-
containing compounds such as those present in proteins responsible for EPS
synthesis (Matsukawa and Greenberg, 2004).

2014). The present work demonstrated the synthesis of AgNPs with size ranging
from 11-61 nm and complete detachment of established biofilms was not achieved
even at the highest concentration used. This observation is similar to the report of
Loo et al. (2013) which showed that AgNPs which are approximately 20 nm and
35 nm diameters have 75% inhibition. Moreover, their results showed that AgNPs
with 8 nm diameter were most effective in reducing P. aeruginosa biofilm, which
accounted for 90% inhibition. The low anti-biofilm activity of the synthesized
AgNPs against established biofilms in our study might be due to the aggregation
of the nanoparticles as revealed by SEM analysis. The potential application of
AgNPs against biofilms becomes limited when they tend to aggregate into larger
structures during post-synthesis phase (Sanyasi et al., 2016). Biofilms are
characterized by the presence of water channels or pores within the matrix that
serve as nutrient transport channels. Aggregation into larger clusters thereby limits
the penetration and dispersion of AgNPs within the biofilm matrix (Loo et al.,
2013). Taken together, the results indicated that the synthesized AgNPs using EPS
were more effective in inhibiting biofilm formation than in established biofilms of
P. aeruginosa, K. pneumoniae, and S. aureus. Hence, they could be used in the
development of potential anti-biofilm and antimicrobial agents for various
biomedical applications. However, further studies are needed to investigate the
mechanism of AgNPs against pathogenic bacterial biofilms.
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Figure 10 Effect of different concentrations of (a) B. krulwichiae M2.5 EPS-
AgNPs and (b) B. cellulosilyticus M4.1 EPS-AgNPs on biofilm formation of P.
aeruginosa, K. pneumoniae, and S. aureus. The experiment was performed in
triplicate and repeated two times. Bars represent standard deviation and * denotes
P-value (P<0.05).

Biofilm inhibition (%)

Mature biofilms are characterized by high tolerance to antimicrobial agents which
is largely contributed by altered growth rate of the cells and the rise of resistant
sub-populations. The efficacy of the synthesized AgNPs against established
biofilms was assessed by treating 24-hour culture of the test strains with varying
AgNP concentrations (0.1, 0.5, 1, 5, 10, 25, and 50 pg/mL). The results showed a
reduced inhibitory effect of the synthesized AgNPs on established biofilms as
compared to its effect on biofilm formation. At the maximum concentration used
(50pug/mL), the percent inhibitions were 26.55% and 58.34% on P. aeruginosa and
53.23% and 60.60% on K. pneumoniae using B. krulwichiae M2.5-AgNP and B.
cellulosilyticus M4.1-AgNP, respectively. No inhibition was evident on the biofilm
mass of S. aureus treated with 0.1 to 25 pg/mL AgNP concentrations, however,
2.22% inhibition was observed at 50pg/mL (Figure 11), indicating that higher
concentration of AgNP is necessary to significantly inhibit the established biofilms
of S. aureus. It has been reported that the effect of AgNPs on the removal of
biofilms appears to be size-dependent which is important in modulating their
transport within biofilms with their self-diffusion coefficients decreasing with
increasing size (Peulen and Wilkinson, 2011). Loo et al. (2013) reported that
smaller nanoparticles are more effective in reducing biofilms because they have
higher surface area that translates to a higher availability of surface area for
oxidation, and therefore Ag* release. Due to their minute size, AgNPs can possibly
reach the colonies inside the biofilm and attach to the surface of the cell membrane
disturbing its permeability and respiration (Loo et al., 2013; Gurunathan et al.,
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Figure 11 Effect of different concentrations of (a) B. krulwichiae M2.5 EPS-
AgNPs and (b) B. cellulosilyticus M4.1 EPS-AgNPs on established biofilm of P.
aeruginosa, K. pneumoniae, and S. aureus. The experiment was performed in
triplicate and repeated two times. Bars represent standard deviation and * denotes
P-value (P<0.05).

CONCLUSION

This study demonstrates the biosynthesis of AgNPs using the EPS of the
alkaliphilic bacteria, Bacillus krulwichiae M2.5 and Bacillus cellulosilyticus M4.1,
by effectively acting as reducing and stabilizing agents. Both of the extracted EPS
from the two isolates were able to reduce the Ag*ions from AgNOj3 and synthesize
stable AgNPs. Notably, the biosynthesized AgNPs were able to significantly
inhibit (P < 0.05) biofilm formation at increasing AgNP concentrations in all
bacterial strains used, namely P. aeruginosa, K. pneumoniae, and S. aureus.
However, the synthesized AgNPs were observed to have reduced inhibitory
activity on established biofilms suggesting the need for higher concentrations of
AgNPs. Further, the underlying mechanism of inhibition of AgNPs in biofilm
formation should be investigated by determining the exact mode of action of
AgNPs on bacterial biofilms.
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