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Heavy metal contamination of water bodies has been a cause of grave concern around the globe. Analysis of
various industrial effluents has revealed a perilous level of Cr (VI) and Ni (II). Pseudomonas aeruginosa is an
extracellular polymeric substances (EPSs) producing bacterium. EPS has a great potential in the sequestration of
heavy metal ions. In the present study efforts have been made to understand the effect of time, pH, and tem-
perature on production of EPS by P. aeruginosa (MTCC 1688). The extracted EPS has been applied for removal of
Ni (II) and Cr (VI) ions from aqueous system. The results revealed that highest EPS yield (26 mg/50 mL) can be
obtained after 96 h of incubation at pH 6 and 32 °C temperature in 50 mL of culture. Treatment of 10 mg/L Cr
(VI) and Ni (II) with 30 mg/L EPS resulted in the removal of 26% and 9% of Cr (VI) and Ni (II), respectively.
Fourier-transform infrared spectral analysis revealed the involvement of —-OH, -NH, C-O, diketone, and ester
functional groups of EPS in the attachment of Cr (VI) ion while involvement of amide and -C—0 groups in Ni (II)
binding with EPS. Scaling-up the production of EPS using bioreactor may further help in developing an efficient
process for treatment of water polluted with Cr and Ni.

1. Introduction oxidation states varying from -2 to 46 [14]. Acute- and

Extracellular polymeric substances (EPSs) have been defined as
macromolecules/biosynthetic polymers secreted by microorganisms
growing in natural or artificial habitat [1]. These are
high-molecular-weight complex macromolecules whose composition
depends on the type of microorganism and environmental/operational
conditions [2]. The biochemical analysis of EPS derived from various
sources revealed the presence of proteins, carbohydrates, lipids, nucleic
acids, humic substances, and their derivatives [3,4]. Numerous studies
have highlighted the role of EPS as a biosorbent for heavy metals which
is attributed to various biopolymers of EPS matrix containing different
functional groups such as hydroxyl, carboxyl, amide, phosphate, and
amin [5-10].

Leather, steel, electroplating, wood, and pulp-processing industries
along with other metal-using factories, discharge a large volume of ef-
fluents containing nickel and chromium [11]. The International Agency
for Research on Cancer (IARC) has classified metallic Ni (II) and Cr (VI)
as group 2B and group 1 carcinogen, respectively [12]. Nickel has been
found to be embryotoxic and teratogenic [13]. Cr (III) and Cr (VI) occur
in stable-state and have acquired environmental importance, out of nine
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chronic-exposure to Cr (VI) may lead to various respiratory, gastroin-
testinal, renal, and genetic disorders [12]. The environment (protection)
rules (1986) have recommended the maximum permissible limit of
discharge for Cr (VI) and Ni (II) in a range of 0.1-2 mg/L and 3-5 mg/L,
respectively, in various water bodies, namely, inland surface water,
sewerage water, and marine coastal areas [15].

Biosorption is an eco-friendly and sustainable approach for treat-
ment of wastewater containing heavy metals. Application of EPS
extracted from single or consortium of microorganisms as biosorbent is
considered advantageous due to its nontoxic and biodegradable nature.
Multiple binding sites confer heavy metal removal potential in EPS. An
increase in rhamnolipid (component of EPS) production was observed
when Pseudomonas aeruginosa 78 and P. aeruginosa 99 were exposed to
10 mg/L of Cr (VI) indicating the involvement of rhamnolipids in Cr (VI)
removal from the aqueous system and providing conducive growth
environment [16]. In the above context, Pseudomonas spp. (EPS-pro-
ducing bacteria) have been used to sequester heavy metals such as Cd
(ID), Cu (ID), Cr (VI), and Ni (II) from aqueous solution [5,16-19]. Be-
sides, EPS derived from Bacillus subtilis and P. aeruginosa has been found
to be > 45% efficient in removal of Cr (VI) from the aqueous system [16,
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20]. Bacillus subtilis MAI3 has been used in the reduction of Cr (VI) to Cr
(I11) which is less soluble and consequently less toxic [21]. In another
study, the efficiency of nickel removal using P. aeruginosa ASU 6a was
found to be 71% [17]. The efficiency of EPS and EPS-producing bacteria
for sequestration of Cr (VI) and Ni (II) have been reported in a range of
26-100% in a few reports (Table 1).

Looking at the potential applications of EPS in heavy metal seques-
tration [16-20,22] and its production from P. aeruginosa, experiments
have been carried out to optimize the pH, temperature, and incubation
period for maximum EPS yield. Studies have also been conducted to look
into the efficiency of extracted EPS in the removal of Ni (II) and Cr (VI)
from aqueous systems. To best of our knowledge, this is the first report,
where the effect of different operational conditions on EPS production of
P. aeruginosa MTCC 1688 has been evaluated and its efficiency in
removal of Ni (II) and Cr (VI) has been reported.

2. Materials and methods
2.1. Microorganism and culture media

P. aeruginosa (MTCC 1688), an aerobic and gram-negative bacterium
was procured from Microbial Type Culture Collection (MTCC), Chan-
digarh, India. The culture was revived using sterile nutrient broth me-
dium (Hi-Media M002) at pH 7 and temperature 37 °C and used in
further experiments.

2.2. Extraction of EPS

EPS was separated and purified according to the method described
by Lin et al. [23] with minor modifications. Bacterial cells were removed
after centrifugation (10,000 rpm for 30 min) of P. aeruginosa culture.
The supernatant was mixed with 95% ethanol in 1:3 ratio (v/v). The
mixture was incubated at 4 °C overnight to precipitate EPS. The EPS was
separated by centrifuging the mixture at 12,000 rpm for 20 min. This
EPS was re-suspended in double-distilled water and passed through 0.45
pm cellulose acetate membrane to remove traces of bacterial cell, if any
present. The EPS was lyophilized and weighed to get the yield. EPS was
extracted from 50 mL of bacterial culture hence the yield was given as
EPS mg/50 mL.

2.3. Effect of incubation period on EPS production

The sterile production (nutrient broth) medium was inoculated with
24h-old inoculum. The samples were recovered at definite time intervals
(24, 48, 72, 96, and 120 h) to study the effect of time duration of cultures
on production of EPS, maintaining the cultures at 37 °C temperature and
pH 7 in shaking incubator. Bacterial growth was assessed by recording
the absorbance at 540 nm using the Uv-Vis spectrophotometer (Thermo
Scientific, USA). Concurrently, bacterial biomass was also determined
by estimating the dry weight of bacterial cells.
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2.4. Optimization of pH and temperature

The influence of pH on the EPS yield of P. aeruginosa was investigated
at various pH levels like 4.0, 5.0, 6.0, 7.0, and 8.0. The pH of the media
was adjusted with 0.1 N HCl or 0.1 N NaOH. The cultures were main-
tained in shaking incubators at 37 °C for 96 h. To study the effect of
temperature on EPS yield, the cultures were incubated at different
temperatures (25 °C, 32 °C, 37 °C, and 42 °C) at pH 6 (optimum pH) for
96 h in a temperature-controlled rotary shaker.

2.5. Nickel and chromium removal efficiency of EPS

Separate stock solutions of Cr (VI) and Ni (II) were prepared by
dissolving KyCro0O7 and NiSO4-7H20, respectively, in double-distilled
water. In 100 mL solution of 10 mg/L metal ion (pH 7), 30 mg/L EPS
was mixed and kept at room temperature; the aliquots from this mixture
were withdrawn after 24 h, 48 h and 72 h intervals. These aliquots were
then subjected to centrifugation at 12,000 rpm for 20 min for separation
of EPS and the supernatant was analyzed for estimating concentrations
of Ni (II) and Cr (VI) using atomic absorption spectrophotometer
(Thermo Scientific, USA). The metal removal efficiency was calculated
as under

(C1 — C2)X100

Percentage metal removal efficiency = Cl

Where C1 and C2 are concentration of Cr (VI) and Ni (II) in aqueous
solution before and after treatment with EPS respectively.

2.6. Fourier-transform infrared spectroscopy

EPS with metal and without metal was used for Fourier-transform
infrared (FTIR) spectral studies to understand the involvement of func-
tional groups in interaction with metal ions. EPS and KBr were mixed in
ratio of 1:100, and then transmittance was recorded in a range of
4000-400 cm ™! using GX FTIR system (Shimadzu, Japan) at a resolution
of 4 cm™!. Atmospheric air was the background for the FTIR spectra.

2.7. Statistical analysis of data

Data related to effect of pH on growth of bacteria in terms of biomass
(mg) and absorbance at 540 nm (OD) and yield of EPS (mg), obtained
from various experiments, were subjected to Levene’s test of normality
(Table S1). The data was found to be not-significantly different from
normality based on the Skewness z value, Kurtosis z value and
Kolmogorov-Smirnov (Lilliefors Significance Correction) coefficient. To
look into the effect of pH on bacterial growth and EPS yield data were
subjected to one-way analysis of variance (ANOVA) using SPSS version
8.0 at the significance level of p < 0.05. Similarly, data analysis was
carried out to look into the effect of temperature on bacterial growth and
EPS yield.

Table 1
Removal of Cr (VI) and Ni (II) by extracellular polymeric substance-producing bacteria.
Metal EPS-producing bacteria Operating conditions Initial metal concentration (ppm) Percentage metal removal References
pH Temp (°C) Time (h)
Cr (VD) Klebsiella sp. 1 30, 35, 40, 45 1.33 20 99.2 [37]
Arthrobacter sp. - 25 12.00 50 100 [34]
Arthrobacter viscosus 7 - 24.00 20 96.4 [38]
Pseudomonas aeruginosa 7 20 96.00 50 94.3 [16]
Micrococcus sp. 7 20 72.00 100 35.5 [16]
Ochrobactrum 8 30 48.00 150 20.8 [16]
Bacillus subtilis 7 RT 24.00 10 48 [23]
Azotobacter beijerinckii 7 RT 24.00 10 26 [23]
Ni (ID) Pseudomonas sp. - 32 - 125 28 [22]
Cloacibacterium normanense. - - 2.00 48 85 [26]

Note: “~” indicates no information.
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3. Results and discussion
3.1. Effect of incubation period on EPS production

To evaluate the most favorable conditions for maximum production
of EPS from P. aeruginosa, the effect of time, pH, and temperature have
been studied. The EPS production has been found to be influenced by
growth phase (time) (Fig. 1). Highest EPS yield (22 mg/50 mL) has been
recorded after 96 h at pH 7 which further remains same (non-significant
difference) up to 120 h. Nouha et al. [24] have reported similar findings
where maximum (21.3 g/L) EPS production in Cloacibacterium norma-
nense was observed in late stationary phase after 72 h. To look into
relationship between biomass of bacteria and EPS yield correlation co-
efficient was calculated between biomass of bacterial cells and EPS. It
was found to be 0.971. It indicates that EPS yield is positively correlated
with bacterial biomass (Fig. 1). Bacterial biomass and EPS yield
enhanced in the logarithmic phase, while the maximum level was
attained at the stationary phase.

In addition, growth in the form of absorbance and bacterial biomass
has also been recorded. The bacterial biomass was found to be positively
correlated with EPS yield (Fig. 1). The amount of biomass and EPS
enhanced up to the logarithmic phase and the maximum amount was
recorded at the stationary phase.

3.2. Optimization of pH for EPS production

After standardizing the optimum time of 96 h, the effect of pH on EPS
yield has been studied by varying pH from 4 to 8 (Fig. 2). The obser-
vations revealed that pH 6 is optimal for the highest EPS production
(23.3 mg/50 mL). EPS yield increases with increase in pH from 4 to 6,
and then decreases. The decrease in the EPS yield with increasing pH
beyond 6 is also statistically significant. These findings are in accor-
dance with earlier reports for P. aeruginosa and B. subtilis [14,20]

3.3. Optimization of temperature for EPS production

Cultures were incubated at various temperatures ranging from 25 °C
to 42 °C to optimize temperature for the highest EPS yield from
P. aeruginosa at pH 6 after 96 h of incubation period. Results revealed
that 32 °C is most suitable temperature to get the highest EPS yield
(Fig. 3). However, it may be noticed that optimum temperature for
growth of this bacterium is 37 °C. Further increase in the temperature
leads to decreased growth and EPS yield.

These results are in conformity with earlier reports for EPS produc-
tion in Pseudomonas sp. GP32 [25]. In contrast, Kili¢ and Donmez [14]
and Zhou et al. [26] have reported 20 °C temperature to be optimum for
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EPS production from P. aeruginosa isolated from tannery effluent and
P. aeruginosa CICC 23618, respectively. More et al. [4] have reviewed
that the best possible temperature for growth of microorganisms and
EPS production. Lower incubation temperature facilitates EPS synthesis
by reducing growth and increasing the availability of precursor for EPS
synthesis [27]. The genotype, media composition, and culture condi-
tions such as pH, temperature, and incubation time influence the yield
and composition of EPS.

From the current experimental findings, it may be concluded that
bacteria produce EPS to protect the microbial cells from harsh external
environmental conditions/stress including extremes of pH and temper-
ature. Therefore, arrival of stressful conditions leads to increased EPS
production augmenting the endurance potential of bacterial cells.
Further, it has also been observed here that EPS yield was high at the
logarithmic phase, as at this time the maximum number of active bac-
terial populations were contributing in EPS production. Future, studies
may be focussed on manipulating environmental conditions to enhance
EPS production and develop better scientific understanding regarding
bacterial EPS production process.

3.4. Nickel and chromium removal efficiency of EPS

Owing to the presence of multiple binding sites, EPS plays a crucial
role as a biosorbent. In the present study, 30 mg/L EPS derived from
P. aeruginosa removed maximum of 26% and 9% of Cr (VI) and Ni (II),
respectively, from aqueous solution when the initial concentration of
each metal was 10 mg/L in separate batches (Fig. 4). This difference may
be due to difference in their ionization energies (Cr VI- 8744.9 KJ/Mol
and Ni (II) 1753 KJ/Mol). This energy governs the interaction of ele-
ments with compounds.

Cr (VI) and Ni (II) removal using EPS extracted from B. subtilis,
Klebsiella sp. H-207, Arthrobacter sp B4, Pseudomonas EJO1, and
C. normanense have been reported earlier (Table 1). Biosorption of Ni
using biomass derived from P. aeruginosa and Pseudomonas fluorescens
4F39 has also been reported [17,28]. Incubation time required for
maximum removal of Ni (II) and Cr (VI) was found to be 24 and 48 h,
respectively (Fig. 4). Variation in the time taken for metal ions to get
adsorbed on EPS surface is dependent on quality and quantity of EPS
[29]. Further, it is also influenced by nature of metal ions and opera-
tional conditions.

3.5. Interaction of functional groups of EPS with Cr (VI) and Ni (II)
FTIR spectral analysis of EPS (with and without metal ion(s)),

revealed the presence of few functional groups and their interaction at
certain frequencies (Table 2). Polysaccharides, proteins, and/or peptides
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Fig. 1. Effect of time on bacterial growth (OD), biomass production and EPS yield by Pseudomonas aeruginosa MTCC 1688 at pH 7 and 37 °C.
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Fig. 4. Removal of Ni (I) and Cr (VI) from aqueous system using EPS of
Pseudomonas aeruginosa at room temperature (volume of solution: 100 mlL,
initial concentration of metals: 10 ppm, EPS: 30 ppm).

in the extracted EPS are evident from the appearance of functional
groups including ~OH, -NH stretch in amines, -CH3 and —CHj, stretch of
aliphatic compounds, -C—=0 bond, -NH; group, diketone, ester, and the
C-N stretch of amide III bonds. Similar findings have been also reported
earlier [8,30,31]. These functional groups may interact with metal ions
which are an electron-rich moiety [18,32].

When EPS is treated with Cr (VI) and Ni (II), the spectral peaks shift
to a new position (Fig. S1 and Table 2) indicating the involvement of

Table 2
FTIR transmittance data for EPS derived from Pseudomonas aeruginosa with and
without Cr (VI) and Ni (II) (approx. frequency in em™ ).

EPS (Without metal) EPS with Cr (VI) EPS with Ni (II)

553.57 567.07
686.66 675.09
808.17 844.82 878
921
1020.34 989.48 964
1236.37 1228.66 1181
1286.52 1214
1363.67
1408.04 1452.40
1506.41
1539.20 1537.27
1625.09 1624.06 1659
1680.00 1668.43
1703.14 1702
1746
2331.94
2353.16 2360.87
2885.51 2881.65 2746
2996.52 2854
3190.26
3496.94
3545.16 3738.05
3890.42

certain functional groups in chelating the metal ions. The spectral
analysis points out the binding of chromium with EPS on -OH group,
—NH (amines), C-O, diketone, and ester functional groups as depicted in
Fig. S1 and Table 2 and similar results have been reported earlier as well
[5,32,33]. The FTIR spectrum indicates that the amide II band, which
appeared at 1540 cm ™! in EPS, disappeared after treatment with Ni (II).
A new stretch of -C=0 appeared at 1659 and 1702 cm ™ after inter-
action of Ni (II) with EPS. Our results are in agreement with earlier re-
ports where binding of Ni (II) with amide and -C=O group has been
observed [17].

4. Conclusion

From the present study, it is evident that P. aeruginosa MTCC 1688
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can produce maximum EPS when inoculated on nutrient broth having
pH 6 at 32 °C after 96 h incubation. This EPS has the potential to remove
26% Cr (VI) and 9% Ni (II) respectively from the aqueous system at pH 7
and room temperature. FTIR spectral observations indicate that metal
ions interacted with various functional groups present on EPS. Industrial
effluent may be treated in batches for the removal of these metals using
this EPS. Mutation studies and/or stress may be helpful in enhancing the
quantity and quality of EPS, which can make P. aeruginosa a better
resource in combating Cr (VI) and Ni (II) pollution.

Significance and impact of study

The leather, steel and textile industries release a huge amount of
waste water effluent containing Cr and Ni above the permissible limits
which poses serious hazardous effect on flora and fauna of aquatic
ecosystem. Removal of Cr and Ni using extracellular polymeric sub-
stances (EPS) derived from bacteria provides an eco-friendly and sus-
tainable solution to resolve this problem. Use of EPS in removal of Cr and
Ni is even a better approach than the use of living bacteria, as later
approach has a constrain to maintain the bacteria in living state. Owing
to the advantages associated with EPS-mediated heavy metal removal,
present work provides an insight on the factors influencing EPS pro-
duction by Pseudomonas aeruginosa. Besides, the potential of the
extracted EPS has also been explored to sequester Cr and Ni. Findings of
the present study will help in developing an efficient strategy to treat
water contaminated with Cr and Ni.
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