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This study aimed to investigate themolecular characterization, antioxidant activity in vitro, cytotoxicity study of
an exopolysaccharide isolated from Citrobacter freundii. Firstly, the culture conditions were standardized by the
Design of experiments (DoE) based approach, and the final yield of thecrude exopolysaccharide was optimized
at 2568± 169mg L−1. One large fraction of exopolysaccharide was obtained from the culture filtrate by size ex-
clusion chromatography and molecular characteristics were studied. A new mannose rich exopolysaccharide
(Fraction-I) with averagemolecular weight ~ 1.34× 105 Dawas isolated. The sugar analysis showed the presence
of mannose and glucose in a molar ratio of nearly 7:2 respectively. The structure of the repeating unit in the
exopolysaccharide was determined through chemical and 1D/2D- NMR experiments as:
NMR studies
Structure
Antioxidant activity
Cytotoxicity
Finally, the antioxidant activity, and the cytotoxicity of the exopolysaccharidewere investigated and the relation-
ship with molecular properties was discussed as well.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Citrobacter freundii is a facultative anaerobic, Gram-negative bacillus
within the family Enterobacteriaceae. C. Freundii is frequently found in
the environment, including in the intestines of animals and humans.
This bacterium was previously recognized as a low virulence microor-
ganism, however, recent reports demonstrated it to be thecausative
agent for a spectrums of infection, including pneumonia, diarrhea, and
septicemia [1–6].

C. freundiiwasfirst isolated from soil, now it is known to exist in var-
ious natural habitats. Some C. Freundii strains isolated from various en-
vironments were reported for potential use in various fields. C. freundii
ondal),
).
isolated from industrial outlet streams in Maharashtra, India, was
found to be electrochemically active [7]. C. freundii strain JPG1, isolated
from a gold mining tailing in China, was reported to be resistant to
heavy metals, and to have the capacity to remove copper. Thus, it has
a good potential in the treatment of copper-rich industrial effluents
[8]. Another strain (IFO 13545) of C. Freundii found to has the ability
to produce bioflocculant, can be used in water supply system, to treat
wastewater, and food production [9]. We found a Cu and Pb resistant
strain [GenBankaccession no MT594116.1] of C. freundii from industrial
wastewater ground of Haldia, India which is capable of producing
exopolysaccharide. Basically bacteria have severalmechanisms to toler-
ate heavy metal, including the production of extracellular polymers
[10]. These polymers consisting mainly of polysaccharides and proteins
with little portion of DNA, lipids, and humic substances [11], are se-
creted bymicroorganisms into their environments [12]. These polymers
are anionic in nature, and are capable chelating certain metals and ions
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[13–16].Thus biofilms are protecting the bacterial cells from heavy
metals and other stresses [17].

Exopolysaccharide production is a common characteristic of ESKAPE
(Enterococcus faecalis, Staphylococcus aureus, Klebsiellapneumoniae,
Acinetobacterbaumannii, Pseudomonas aeruginosa, and Enterobacter
spp.) pathogen [18]. However, the production of exopolysaccharide is
less common to C. freundii. Hossain et al.(2017), isolated 47 virulent
strains of C. freundii from pet turtle, six out of which strains were
capableofproducing biofilm [19]. C. freundii Cf1 isolated from sewage
sludge samples, was reported to form biofilm [20].

Natural polysaccharides including bacterial exopolysaccharides are
diverse in structure, andmost of them have amolecular weight ranging
between 104–106 Da [21]. The structural complexity of polysaccharides
enables them to interact with other molecules, and thus many of them
exhibit biological activity. Recent studies have found that many micro-
bial exopolysaccharides that have biological activities, including antitu-
mor, antiviral, immunostimulatory, and anti-inflammatory activities
[22–24]. It is considered that the polysaccharide ability to increase the
host immune function, is one of the mechanisms of antitumor activity.
[25,26]. Another widely reported property of exopolysaccharides iso-
lated from different bacteria is antioxidant properties.Polysaccharides
consist ofvarious organic group like –OH, which play an important
role in exhibiting antioxidant activity [27–31].

Mannose is a biologically active compound. Mannose rich polysac-
charides have anticancer [32,33], antitumor [34,35], and antioxidant
[36] activity. In this study we isolated and purified a mannose rich
exopolysaccharide from C. freundii, established the probable repeating
unit structure, and evaluated its in-vitro antioxidant activity and cyto-
toxicity against HeLa cell line.

2. Materials and methods

2.1. Isolation and purification of the exopolysaccharide

Themicroorganismwas isolated from industrial wastewater ground
and identified as Citrobacter freundii. A design of experiment (DoE) ap-
proach was undertaken to optimize the yield (mg L−1) of the
exopolysaccharides with the target of minimum runs possible, however
without compromising with statistical robustness. Design of Experi-
ment (DoE) is an advanced technique, which enables optimization of
theprocess parameters by using a robustmultivariate statisticalmethod
to obtain desired performance in terms qualitative as well as quantita-
tive outputs [37]. A customized two-factor interaction (2FI) model
was adopted to evaluate the five numerical main effects (Concentration
of Yeast Extract, pH, Temperature, Days of incubation, and NaCl concen-
tration), two categorical main effects (Sugar: Glucose and Control) and
fifteen interaction effects by usingDesign of Experiment® software. DoE
experiments were executed according to the thirty-two random runs as
given by design. The designs as well as the results of the experimental
runs are shown in (Table S1). Finally, a design space was developed
based on the optimized parameters.

To validate the design space, further experimentation was per-
formed in triplicates by selecting the specific parameters within the
established range. The microorganism was cultured in 250 mL Erlen-
meyerflask in batch to produce the exopolysaccharide. The composition
of the culturemediumwas 10 g L−1 of tryptone, 4 g L−1 of yeast extract,
and 11 g L−1 of NaCl. The pH of the media was adjusted at 7.5. The cul-
ture was inoculated with 1% inoculum, and incubated at 30 °C for 120 h
(5 days) with 120 rpm constant shaking. After the incubation, bacterial
cells were separated from media by centrifugation at 8500 ×g for
15 min. To separate theexopolysaccharide, the supernatant was mixed
with isopropanol (1:1 v/v), and incubated overnight at −20 °C. The
polysaccharide was precipitated by centrifuging the resultant mixture
at 20000 ×g for 30 min [38].

The crude exopolysaccharide was dialyzed by cellulose dialysis tube
(Fisher Scientific, USA, molecular cutoff 12 kD - 14 kD) for 24 h against
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deionized water, and lyophilized. The exopolysaccharide was further
purified by Gel filtration chromatography (GFC). For each batch 25 mg
of exopolysaccharide was purified using a Seralose 6B (SRL, India) col-
umn. The column dimension was 50 cm × 1.8 cm, the flow rate was
fixed at 0.5 mL per min, 90 fractions of 2 mL each were collected. The
desiredfractions were collected after identification by monitoring
phenol-sulphuric acid method [39], and lyophilized to obtain the puri-
fied polysaccharide (Fraction-I).

2.2. Estimation of carbohydrate and protein

The total sugar content of the Fraction-I was estimated by
phenol-sulphuric acid method using glucose as the standard
[40]. The protein content of the sample was determined by Low-
ery method [41] using Bovine serum albumin (BSA) as the
standard.

2.3. Determination of molecular weight

The apparent molecular weight of the Fraction-I was determined by
gel-permeation chromatography [42,43]. Standard dextrans T-110, T-
40, and T-10 were passed through a Sepharose 6B column, and the elu-
tion volumes were then plotted against the logarithms of their respec-
tive molecular weights. The elution volume of Fraction-I was plotted
in the same graph and the average molecular weight of Fraction-I was
measured accordingly.

2.4. Monosaccharide analysis

The monosaccharide constituent of the purified sample was analyzed
as follows. The sample was hydrolyzed by CF3COOH, and reduced using
NaBH4 in NH4OH. The monosaccharide residues were acetylated by
Ac2O. The sample was dissolved in chloroform, and 1 μl of the sample
was injected into the GLC using autosampler (Perkin Elmer Clarus SQ
8). AnRTX-5MS 30 M column with a 0.32 mm inner diameter (ID)was
used in this experiment. Helium was used as the carrier gas. The total
run time for this experiment was 30 min. The initial holding was
1.5 min at 40 °C; the temperaturewas then increased up to 130 °C with
a heating rate of 40 °C min−1; subsequently the temperature was in-
creased up to 290 °Cwith a heating rate of 8 °Cmin−1, and the final hold-
ing spanned was 5 min.

2.5. Methylation analysis

Methylation analysiswas carried out as follows. Fivemgof Fraction-I
in 0.5 mL Dimethyl sulfoxide (DMSO) was added in finely powdered
NaOH (20 mg) and methyl iodide (0.1 mL), and kept at room tempera-
ture for a 1 and ½ h with continuous stirring. The methylated products
were isolated by partition between CHCl3 and H2O (5:1, v/v). The prod-
uct was hydrolysed with 90% HCOOH,and the excess acid was evapo-
rated by co-distillation with distilled water. The hydrolysed product
was dissolved in water (4 mL), to which NaBH4 (9 mg) was added for
the reduction and acetylated with 1:1 pyridine-Ac2O in boiling water
bath for 1 and ½ h [44]. The alditol acetates of the methylated products
were analyzed by Gas-liquid chromatography–mass spectrometric
(GLC-MS). GLC-MS analysis was performed on PerkinElmer Clarus 680
GC system, using Elite-5MS, 20 m × 0.32 mm ID, 1.0 μmdf column.
The program was isothermal at 150 °C; the holding time was 5 min,
with a temperature gradient of 2 °C min−1, up to a final temperature
of 200 °C.

2.6. NMR analysis

The polysaccharide sample was kept in a vacuum desiccator over
P2O5 until the sample was completely dried. The sample was then
dissolved in D2O (Sigma), and lyophilized for three times to



I. Choudhuri, K. Khanra, P. Maity et al. International Journal of Biological Macromolecules 168 (2021) 537–549
exchange with deuterium [45,46]. The 1H and 13C NMR experi-
ments were carried out at 700 MHz and 125 MHz, respectively
with a Bruker Avance DPX-700 spectrometer. The 1H, 13C, DQF-
COSY, NOESY, and HSQC NMR spectra were recorded in D2O at
27 °C. The 1H NMR spectrum was recorded by suppressing the
HOD signal (fixed at δ 4.64) using the WEFT pulse sequence [46]
with acetone as internal standard fixing methyl proton signal at δ
2.19. Acetone was used as an internal standard (δ 31.05 ppm) for
13C spectrum. The 2D-DQF-COSY experiment was performed
using standard BRUKER software. The NOESY mixing delay was
300 ms.
2.7. Biological properties

2.7.1. Total antioxidant capacity
The totalantioxidant capacity of Fraction-I was evaluated by the

phosphomolybdenummethod, and expressed as the number of equiva-
lents of ascorbic acid. This assay was based on the reduction of Mo (V1)
to Mo(V) by the sample analyte, which formed green phosphate/Mo
(V) complex at acidic pH. In brief, 100 μL of different concentrations of
the sample were mixed with 1 mL of reagent solution containing
0.6 M of Sulphuric acid, 28 mM of Sodium phosphate, and 4mMof Am-
moniummolybdate. Themixtureswere incubated inwater bath at 95 °C
for 1 and ½ h, and cooled to room temperature. The absorbance of the
mixture was measured at 695 [47].

2.7.2. Chelating effect on ferrous ions
To evaluate the chelating capacity of the polysaccharide, different

concentration of sample solution was mixed with 0.2 mM ferrous chlo-
ride at1:5 ratios. 5 mMferrozine was added to the sample (two volume
of the polysaccharide sample) to initiate the reaction, and the mixture
was incubated at room temperature. After 10 min, the absorbance was
measured at 562 nm, this decreasing absorbance being an indication
of the chelation of Iron (II). Ethylenediaminetetraacetic acid (EDTA)
was used as a positive control [48].

2.7.3. Hydroxyl radical scavenging activity
Hydroxyl radical scavenging activity of Fraction-I was performed as

follows. Different concentration of Fraction-I (0–1000 μg mL−1,
500 μL)weremixedwith 500 μL of 9mMFeSO4,500 μL of 9mM salicylic
acid-ethanol, and finally 500 μL of 9 mMH2O2 to initiate reaction. The
mixtures were incubated a37 °C for 30 min, and the absorbance of the
reaction mixtures were recorded at 510 nm [49]. Ascorbic acid was
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used as the positive control. The ability to scavenge hydroxyl radical
was calculated as follows:

Scavenging rate %ð Þ ¼ 1− A1−A2ð Þ=A0½ � � 100

where A0indicates the absorbance of the blank,A1 is thefinal absorbance
of Fraction-I/ ascorbic acid, and A2 is the backgroundvalue of the
existing H2O2.

2.7.4. Cytotoxicity study
The cytotoxicity of the Fraction-I was tested by 3-(4,

5dimethylthiazol2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay
[50]. HeLa and HEK-293 cell lines were obtained from the National Cen-
tre for Cell Science, Pune, India, and cultured in Dulbecco's Modified
Eagle's medium (DMEM)with 10% Foetal bovine serum (FBS). The
cells were seeded in a 96 well tissue culture plate at a density of 104

cells per well, and were allowed to attach in the surface. Next day, the
cells were treated with different concentrations (0–500 μg mL−1) of
Fraction-I after 4 h of serum starvation, and wereincubated at 37 °C
with 5% CO2. 1% DMSO in complete medium was used as thesolvent
control. Afterincubation, MTT was added to each well at a final concen-
tration of 0.5 mgmL−1, and the cells were incubated further at 37 °C for
3 and ½ h. The formazan was dissolved by adding 100 μl of DMSO into
each well. The color changes were measured at 540 nm using an ELISA
reader (Robonik, Readwell touch ELISA PLATE analyzer, India) [51].
The rate of survival of the treated cells was determined as follows,

Cell viability %ð Þ ¼ ODAT=ODACð Þ � 100

where ODAT = Absorbency of control cells and ODAC = Absorbency of
treated cells.

2.7.5. Anti-proliferation assay
HeLa cells were plated at a density of 4 × 105 cells mL−1 in 24-well

plates and were incubated at 37 °C in 5% CO2 incubator until they got
confluent. A scratch was made by using a sterile pipette tip (p10) after
6 h serum starvation. The plates were then rinsed with Phosphate buff-
ered saline (PBS) and grown in complete mediumwith 250 μg mL−1 of
Fraction-I. After 0, 24, 48, and 72 h, the imageswere taken at 200×mag-
nification and analyzed by ToupView 3.7 (ToupTek) software [52].

2.7.6. Statistical analysis
Experiments were done at least three times, and the results are here

expressed as mean ± Standard deviation (SD). Variancesatless than 5%
(P < 0.05) have been considered as significant results.
3. Results and discussion

3.1. Isolation, purification and chemical analysis

Four models, namely Linear, 2FI (Two Factor Interaction), Quadratic and Cubic were statistically compared, and 2FI model was found to be statis-
tically significant in the current experimental design. Terms namely Yeast extract, Day, Sugar and interactions like Yeast extract X pH (AB), Yeast ex-
tract X Temperature (AC), Yeast extract X NaCl (AE), pH XNaCl (BE) and NaCl X Sugar (EF) were found to be statistically significant (p ≤ 0.05).
Therefore, it was evident that except day, all the parameters played a pivotal role in the yield of the exopolysaccharide through interactions
(Table S2).
Based on the Yield criteria ≥2700 mg L−1, we observed that

although Glucose was an essential parameter for increasing the yield of exopolysaccharides, however, it was found that control con-
dition (i.e. without Glucose) with other interacting variables could also produce a high amount of exopolysaccharides. Based on the
statistical significance (p ≤ 0.05) we screened AB, AC, AE, BE, and EF to establish a design space for the target Yield
(≥2700 mg L−1) with and without Glucose. The basis of selection of design space out of the available options was to provide a com-
paratively broad range of interacting significant variables (X1 and X2) as well as to identify the out of target specification (i.e. Yield
≤2700 mg L−1) points. Since ‘Day’ did not have any statistical effect on interaction terms, it was kept at the highest point, i.e. five
days. After the careful screening, we selected pH X NaCl (BE) as the interacting terms in the design space. Parameters were for the
optimized design space was finalized as pH range: 7.3 to 7.9 (X1), NaCl: 8.6 to 12 mg L−1 (X2), Yeast extract: 4 g L−1, and
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Temperature: 30 °C without sugar (i.e. Control). In similar parameters, when Glucose was used it gave a broad range of pH (6.9 to
7.9) and NaCl (8 to 12 g L−1) (Fig. S1).

The yield of the crude exopolysaccharide (2568 ± 169 mg L−1) from the validation experiment was found to be close to the pre-
dicted design space value 2760.21 mg L−1. 25 mg of thecrude polysaccharide was purified through Gel permeation chromatography
(Fig. 1a) in batch. In total 90 fractions of 2 mL each were collected. One major fraction was obtained (>90%, Fraction I). The fraction
was lyophilized, yielding 15.1 ± 0.3 mg of polysaccharide. This fraction contained 90.3 ± 0.6% of carbohydrate and 1.2 ± 0.2% of pro-
teins. The molecular weight of the Fraction-I was estimated as 1.34 × 105 Da(Fig. 1b). GLC analyses of the alditol acetates of this poly-
saccharide revealed the presence of glucose and mannose in a molar ratio of nearly 2:7. The GLC-MS analysis of the alditol acetates of
methylated product showed the presence of 1,5-di-O-acetyl-2,3,4.6-tetra-O-methyl-D-glucitol, 1,5-di-O-acetyl-2,3,4.6-tetra-O-methyl-D-
mannitol, 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-glucitol, 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-D-mannitol, and 1,4,5,6-tetra-O-acetyl-2,3-
di-O-methyl-D-mannitol in a molar ratio of approximately 1:1:1:4:2. These results indicated the presence of terminal glucopyranosyl,
terminal mannopyranosyl, (1 → 4)-glucopyranosyl, (1 → 4)-mannopyranosyl, and (1 → 4,6)-mannopyranosyl residues in the
Fraction-I.

3.2. NMR and structural analysis of fraction-I

The 1H NMR spectrum (700 MHz, 27 °C, Fig. 2a) of the Fraction-I showed nine anomeric signals at 5.14, 4.99, 4.96, 4.94, 4.90, 4.89, 4.75, 4.60, and
4.59 ppm. They were chosen as A, B, C, D, E, F, G, H and I according to their falling anomeric proton chemical shifts (Table 1a). In 13C NMR spectrum
(125 MHz, Fig. 2b) at 30 °C, eight signals were found in the anomeric region at 102.6, 101.9, 100.9, 100.5, 100.0, 99.5, 98.6, and 97.9 ppm. From the
HSQC spectrum (Fig. 3, Table 1a), the anomeric carbon signals at 101.9, 100.9, 100.5, 100.0, 99.5, 98.6, and 97.9 ppm were correlated to the anomeric
proton signals δ 4.99 (B), 4.59 (I), 5.14 (A), 4.89 (F), 4.75 (G), 4.96 (C), and 4.94 (D) respectively. Whereas the anomeric carbon signal at 102.6 ppm
was correlated to both the proton signals 4.90 (E) and 4.60 (H) respectively. All the 1H and 13C signals (Table 1a) were assigned using DQF-COSY, and
HSQC (Fig. 3) spectrum.

The anomeric chemical shift for residue A at δ 5.14 and 100.5 confirmed that the residue A was present in α-configuration. All the proton and
carbon signals matched nearly to the standard values of methyl glycosides [53,54]. Thus, residue A was terminal α-D-mannopyranosyl moiety.

Residue B was assigned as (1→ 4, 6)-α-D-Manp. The H-1 (δ 4.99) and C-1 (δ 101.9) signals of B confirmed by HSQC experiment indicated that
residue Bwas α-D-Manp. The downfield shift of C-4 (δ 78.4) and C-6 (δ 65.5) carbon signals with respect to the standard methyl glycosides [53,54]
indicated that residue Bwas (1→ 4,6)-linked α-D-manopyranosyl moiety. The O-6 substitution was confirmed from the respective reverse peak in
the DEPT-135 spectrum (Fig. 2b).

Theα-configuration of the residues (C–F) was confirmed by H-1 (4.96–4.89 ppm) and C-1 (97.9–102.6 ppm) signals. The downfield shifts of C-4
(δ 78.7, 78.7, 78.1, and 78.4) with respect to the standard value of methyl glycoside indicated that residue C, D, E and F were (1 → 4)-linked α-D-
Manp.

The downfield shifts at C-4 (δ 78.2) and C-6 (δ 65.8) with respect to the standard value of methyl glycoside indicated that residue G
was (1 → 4,6)-β-D-Manp. The O-6 substitution of residue G was confirmed from the respective reverse peak in the DEPT-135 spectrum
(Fig. 2b).

The β-configuration of residues (H and I) was confirmed by H-1 (4.59 and 4.60 ppm) and C-1 (102.6 and 100.9 ppm) signals [55,56]. The down-
field shifts of C-4 (δ 77.0)with respect to the standard value ofmethyl glycoside indicated that residueHwas (1→ 4)-linkedβ-D-Glcp. In residue I, all
the proton and carbon chemical shifts values were found to be nearly to the standard value of methylglucosides. Thus, residue I was terminal β-D-
Glcp.

The sequence of glycosyl residues (A to I) was determined from the NOESY experiment (Table 1b, Fig. 4). The NOESY experiment
showed the inter-residual contacts: AH-1/BH-6a, BH-6b; BH-1/EH-4; CH-1/DH-4, DH-1/BH-4, EH-1/FH-4, FH-1/GH-4, GH-1/HH-4, HH-
1/CH-4, IH-1/GH-6a, GH-6b along with other intra-residual contacts (Fig. 4). The above NOESY connectivities established the following
sequences: A (1 → 6) B; B (1 → 4) E; C (1 → 4) D; D (1 → 4) B; E (1 → 4) F; F (1 → 4) G; G (1 → 4) H; H (1 → 4) C; I (1 → 6) G
(Table 1b).
Fig. 1. (a) Gel permeation chromatogram of the crude exopolysaccharide isolated from Citrobacter freundii using Sepharose 6B column. (b) Determination of molecular weight of the
Fraction-I by gel permeation chromatography in Sepharose 6B column.
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Fig. 2. (a) 1HNMR spectrum (700MHz, D2O, 27 °C) of the Fraction-I isolated from the exopolysaccharide producedby Citrobacter freundii. (b) 13C NMR spectrum (125MHz, D2O, 27 °C) of a
Fraction-I isolated from Citrobacter freundii. Part of DEPT-135 spectrum (D2O, 27 °C) of a Fraction-I isolated from the exopolysaccharide produced by Citrobacter freundii (inset).
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Based on the chemical and NMR spectral evidences the structure of repeating unit in the Fraction-I was proposed as:
3.3. Evaluation of biological properties

3.3.1. Total antioxidant capacity
Free radicals are generated in cells due to biochemical reaction within the cells, or by external agent present in environment like Methyl

methanesulfonate (MMS), Benzo[a]pyrene (BAP), radiation etc. Cells can scavenge a certain amount of free radicals by their own mechanism.
541



Table 1a
The 1H NMRa and 13C NMRb chemical shifts of Fraction-I from Citrobacter freundii.

Glycosyl residue H-1/
C-1

H-2/
C-2

H-3/
C-3

H-4/
C-4

H-5/
C-5

H-6a, H-6b/
C-6

α-D-Manp-(1→
A

5.14
100.5

3.93
70.0

3.86
69.8

3.58
66.7

3.66
73.2

3.61c, 3.73d

61.0
→4,6)-α-D-Manp-(1→
B

4.99
101.9

4.08
69.1

3.78
70.3

3.97
78.4

3.45
74.2

3.63c, 3.79d

65.5
→4)-α-D-Manp-(1→
C

4.96
98.6

4.08
69.1

3.69
70.4

3.87
78.7

3.50
74.8

3.61c, 3.75d

61.0
→4)-α-D-Manp-(1→
D

4.94
97.9

4.08
69.1

3.73
68.9

3.87
78.7

3.50
74.8

3.61c, 3.75d

61.0
→4)-α-D-Manp-(1→
E

4.90
102.6

4.08
69.1

3.67
68.6

3.82
78.1

3.50
74.8

3.61c, 3.75d

61.0
→4)-α-D-Manp-(1→
F

4.89
100.0

4.08
69.1

3.66
70.4

3.97
78.4

3.50
74.8

3.61c, 3.73d

61.0
→4,6)-β-D-Manp-(1→
G

4.75
99.5

4.09
69.1

3.64
73.1

3.81
78.2

3.37
75.6

3.63c, 3.87d

65.8
→4)-β-D-Glcp-(1→
H

4.60
102.6

3.45
74.2

3.67
75.6

3.78
77.0

3.47
75.0

3.61c, 3.75d

61.0
β-D-Glcp-(1→
I

4.59
100.9

3.24
73.1

3.49
75.1

3.34
69.6

3.36
75.6

3.61c, 3.75d

61.0

a The values of chemical shifts were recorded keeping HOD signal fixed at δ 4.64 at 30 °C.
b The values of chemical shifts were recorded with reference to acetone as internal standard and fixed at δ 31.05 at 30 °C.
c Interchangeable.
d Interchangeable.
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Excessive numbers of free radicals generated within the cells result in an array of diseases including cancer. Antioxidants through their scavenging
power can prevent those diseases. Many natural polysaccharides were found to possess free radical scavenging activities [57–59]. The total antiox-
idant activity of Fraction-I of the exopolysaccharide was estimated by the phosphomolybdenum assay method, using ascorbic acid as the standard.
Since it was a quantitate method, 1 mg of Fraction-I was found as functional as approximately 92.50 ± 0.17 μg of ascorbic acid.

3.3.2. Chelating effect on ferrous ions
Some transition metals act as catalysts for the initial formation of radicals. Chelating agents might stabilize transition metals in living cells and

inhibit free radical generation. Due to high reactivity of ferrous ions, they are themost effective pro-oxidants in the food content among the transition
metals. Fe2+ catalyses oxidative changes of cellular components like proteins, lipids, and other. Thus, it is associated with an increased risk of free
radical damage. Chelation of ferrous ions may possibly reduce this kind of free radical damage [60]. Molecule containingmore than one of the func-
tional groups, such as\\OH,\\COOH,\\C_O,\\PO3H2,\\SH,\\NR2,\\S\\, and\\O\\, exhibit chelating ability [61]. Thus, one of the common prop-
erties of polysaccharides is ferrous ions chelating property. The Fe2+ ions chelating activity of Fraction-I is presented in Fig. 5a.The percentage of Fe2+

ions chelating capacity at 62.5–1000 μgmL−1 of the Fraction-I was found to be between 5.63% and 71.92% with a 479.5 μgmL−1EC50 value.This value
is higher than some other bacterial polysaccharide previously reported,where the EC50values were found to be >1000 μg mL−1 [29,62].

3.3.3. Hydroxyl radical scavenging activity
Hydroxyl radical (OH•) is generated in living cells through Fenton reaction. It is considered as the most toxic of the reactive oxygen species.

Though it has a very short life span, it is capable of damaging almost all biomolecules in the cellular system [63]. The hydrogen irons release fromthe
hydroxyl groups present in the polysaccharide, neutralized the free radicals, thus terminating the chain reaction initiated by the hydroxyl radical. The
hydroxyl radical scavenging activity of the Fraction-I was evaluated in different concentration between 62.5 and 1000 μg mL−1, which scavenged
2.97 ± 0.09 to 60.3 ± 0.6% of the hydroxyl radical generated in the reaction (Fig. 5b),the EC50value found at 525.9 μg mL−1.The result was higher
than some other polysaccharide isolated from bacterial and plant origin [64–66], where the EC50 value found to be >1000 μg mL−1.

3.3.4. Cytotoxicity study
The Fraction-I, showed toxicity against HeLa cells after 48 h of treatment. It showed toxicity against HeLa cells in adose dependent manner at

62.5–500 μg mL−1, killing 28.7 ± 7.2 to 63.9 ± 4.2% of the population (Fig. 6a). The LD50value was calculated to be 262.8 μg mL−1. Although the
LD50 value is not comparable with Doxorubicin (Fig. 6c), it is comparable in many other reported polysaccharides isolated from natural sources
[67–69], where the LD50 values after 48 h of treatment was found to be ~300–500 μg mL−1. Apart from that, Doxorubicin possesses many adverse
side effects [70,71], whereas in-vitro study showed that isolated polysaccharides were found to be less toxic against HEK-293 cell line, which is a
non-cancer cell line. In the case of HEK-293, more than 75% cells survived up to 250 μg mL−1 of Fraction-I.It killed only around 32% HEK-293 cells
at a concentration of 500 μg mL−1 after 48 h of incubations. Thus at that concentration, more than 68% of the cells survived (Fig. 6b).

3.3.5. Anti-proliferation activity
Fraction-I showed anti-proliferation activity against HeLa cells. With a treatment of 250 μg mL−1 of Fraction-I, which is less than LD50 valueit

healed 33.1%, 42.2% and 56.8% of scratch in24, 48, and 72 h respectively. At the same time 48.9, 72.8, and 100% scratch was healed respectively in
control (without any treatment)(Fig. 7). This result is justified bythe cytotoxicity study result.

The isolated exopolysaccharide (Fraction-I) from C. freundii exhibited Fe2+ chelation, andOH− radical scavenging activity. Although, the activities
are not best in the class, found to be higher than some previously reported bacterial exopolysaccharide. A comparison between antioxidant activities
of different bacterial exopolysaccharides shown in Table 2. The antioxidant properties of polysaccharides are associatedwith several factors including
monosaccharide constituent, molecularmass, structure and conformation of the polysaccharides [72,73]. It is considering that themolecular mass of
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Fig. 3. The HSQC spectrum (D2O, 27 °C) of (a) anomeric part and (b) other than anomeric part of Fraction-I isolated from the exopolysaccharide produced by Citrobacter freundii.
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polysaccharides is one of the most important structural factors [74]. The polysaccharides with higher molecular weight, have large no of organic
groups than the polysaccharides have lower molecular weight, which helps to increase antioxidant activity. The Fraction-I is a mannose rich large
molecule (1.34 × 105 Da), exhibited Fe2+ chelation, and OH− radical scavenging activity with an LC50 value of 479.5 μg mL−1, and 525.9 μg mL−1

respectively. In contrast, exopolysaccharides isolated from Edwardsiella tarda (ETW1, ETW2) are also mannose rich but relatively small molecule
(29 and 70 kDa respectively) [66]. The LC50 value of OH− radical scavenging activity for both ETW1 and ETW2 reported >1000 μg mL−1. The EPS-
1 and EPS-2 isolated from Paenibacilluspoly myxa are fructose-rich and have large molecular weights (1.22 × 106 and 8.69 × 105 Da respectively).
The corresponding LC50 values of OH− radical scavenging activity were reported for the exopolysaccharide are ~400, and ~200 μg mL−1 respectively
[31]. Similarly, exopolysaccharide isolated from Pseudomonas PF-6 has a molecular weight of 8.83 × 105 Da, which is almost four times higher than
themolecularweight of Fraction-I. The LC50 value for Fe2+ chelationwas reported as ~250 μgmL−1, almost half of the Fraction-I (479.5 μgmL−1) [28].
The above examples have validated the relationship between the size of the exopolysaccharide and their antioxidant activity. But the molecular
weight is not the sole factor that affecting antioxidant property of the polysaccharides. As an example, EPS-1, EPS-2, and EPS-3 isolated from
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Table 1b
NOESY data for the Fraction-I## from Citrobacter freundii.

Glycosyl residue Anomeric proton NOE contact proton

δ δ residue atom

α-D-Manp-(1→
A

5.14 3.63
3.79
3.93
3.86
3.66

B
B
A
A
A

H-6a
H-6b
H-2
H-3
H-5

→4,6)-α-D-Manp-(1→
B

4.99 3.82
4.08
3.78

E
B
B

H-4
H-2
H-3

→4)-α-D-Manp-(1→
C

4.96 3.87
3.69
3.50

D
C
C

H-4
H-3
H-5

→4)-α-D-Manp-(1→
D

4.94 3.97
3.72
3.50

B
D
D

H-4
H-3
H-5

→4)-α-D-Manp-(1→
E

4.90 3.97
4.08
3.67
3.50

F
E
E
E

H-4
H-2
H-3
H-5

→4)-α-D-Manp-(1→
F

4.89 3.81
4.08
3.66
3.50

G
F
F
F

H-4
H-2
H-3
H-5

→4,6)-β-D-Manp-(1→
G

4.75 3.78
3.64

H
G

H-4
H-3

→4)-β-D-Glcp-(1→
H

4.60 3.87
3.45
3.67
3.47

C
H
H
H

H-4
H-2
H-3
H-5

β-D-Glcp-(1→
I

4.59 3.63
3.87
3.24
3.49
3.36

H
H
I
I
I

H-6a
H-6b
H-2
H-3
H-5
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Lactobacillus helveticus have a similarmolecularweight (~2 × 105 Da) like the Faction-I, but all are reported less Fe2+ chelation, andOH− radical scav-
enging activity than Fraction-I (>1500 μg mL−1, and >2000 μg mL−1 respectively) [29].

Natural polysaccharides are considered safe to healthy cells; however, some of them exhibiting anticancer and antitumor properties [75]. Glucans
are widely distributed in mushrooms and possess anticancer and antitumor activity, reported in several studies earlier [76]. Glucomannans are an-
other natural polysaccharide, available in microorganisms and higher plants, which are known to possess anticancer activity [77]. Fraction-I consists
glucose and mannose in 2:7 M ratios; the backbone structure consists β-(1 → 4) glycoside bond, that linked D-mannose and D-glucose, and only
lightly branched through β-(1 → 6), which are the common characteristics of glucomannan [78]. Although the mode of action of Fraction-I on
HeLa cells not studied yet, earlier studies suggested someprobablemechanisms. The anti-cancer activitymechanism of polysaccharides is considered
to be three approaches, (1) direct cytotoxicity, (2) immune-enhancement, and (3) synergistic effects in combination anti-cancer drugs [75] Earlier
Fig. 4. Part of NOESY spectrum of a Fraction-I isolated from the exopolysaccharide produced by Citrobacter freundii. The NOESY mixing time was 300 ms.
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Fig. 6. (a) Cytotoxicity of the Fraction-I against HeLa cells at 48 h. The error bar indicating SD (n = 6). 500 μg mL−1 starch was used as negative control (* P < 0.5; **P < 0.001).
(b) Cytotoxicity of the Fraction-I against HEK293 cell line at 48 h (n = 6). (c) Cytotoxicity of Doxorubicin against HeLa at 48 h.

Fig. 5. (a) Chelating effects of Fraction-I on ferrous ions, EDTA used as standard (b) Hydroxyl radical scavenging activity of Fraction-I, Ascorbic used as standard. Data are presented as
mean ± SD (n = 3).
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Fig. 7. Anti-proliferation activity of Fraction-I. Black column are % of wound heal in case of without treatment (control). Grey columns indicate wound heal for treatment with Fraction-I.
Error bar indicating SD (n = 3).
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reports revealed that glucomannan blocking the PI3K/AKT signallingpathway, and directly impact on survival of tumour cells [79,80]. Generally, after
treatment with glucomannan, cells exhibit increased apoptosis, and proliferation capacity is decreased. During this time, the chemokine receptors
(CCR7 and CXCR4) expression is reduced. As a result of that, the migratory ability of the tumour cells is decreased [81]. In this study, Fraction-I ex-
hibits cytotoxicity against HeLa cells after 48 h, and almost nontoxic to HEK-293 cells after the same period of incubation. The prolong cytotoxicity of
Fraction-I probably is the indication of apoptosis. The Fraction-I also inhibited proliferation of the HeLa cells. The results validated the above-
mentioned phenomenon. The actual mode of action of the Fraction-I on carcinoma cells will be studied in future.

The researches on cancer treatment are focused on two areas, one is discovering a new anticancer drug, another is the development of an effective
drug delivery system. A specific drug delivery system enhancing the efficiency of drug with a reduce side effect. In general, glucomannans are low
toxic to normal cells, have modifiability, and non-immunogenic in nature [82]. These characteristics of glucomannanmake it a suitable drug carrier.
The isolated Fraction-I also exhibit low toxicity to noncancerous HEK-293 cells. The possibility of Fraction-I as a drug delivery systemwill be studied
in future.
4. Conclusion

This study has explored the structure and the biological activity of the exopolysaccharide produces by the Citrobacter freundii, isolated from in-
dustrial wastewater ground.This is one of the few reports, where theexopolysaccharide producing C. freundii is reported. The work was reported
Table 2
Comparison of antioxidant activity between Fraction-I and some other bacterial exopolysaccharides.

Sl No Origin of the exopolysaccharide EC50 (μg mL−1) References

Ferrous ion chelating activity Hydroxyl radical scavenging activity

1 Citrobacter freundii (Fraction-I) 479.5 525.9 This study
2 Lactobacillus helveticus (EPS-1, EPS-2, EPS-3) >1500 >2000 29
3 Paenibacillus polymyxa >1000 – 62
4 Halolactibacillus miurensis (HMEPS) >5000 >1200 64
5 Edwardsiella tarda (ETW1, ETW2) – >1000 66
6 L. paracasei (01EP) ~10,000 – 27
7 Pseudomonas PF-6 ~250 – 28
8 Paenibacillus polymyxa (EPS-2, EPS-1) – ~200–400 31
9 Streptococcus phocae – >2400 82
10 Streptococcus thermophiles (SEPS, EPS) – ~750, ~1000 83
11 Bacillus thuringiensis – ~600 84

546



I. Choudhuri, K. Khanra, P. Maity et al. International Journal of Biological Macromolecules 168 (2021) 537–549
on C. freundii capable of producing 2568±169mg L−1 of exopolysaccharide, as optimized by DoE basedmethod. Themain fraction (Fraction I) had a
molecular weight of ~1.34 × 105 Da. The monosaccharide composition of the Fraction I was mannose and glucose with a molar ratio of 7:2.The fol-
lowing structure was characterized by chemical analysis and 1D/2D NMR studies:
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ijbiomac.2020.12.063.
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