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nt of the bioactivities of sericin
protein extracted from a bacterial silk-like
biopolymer

Esamil M. El-Fakharany, *a Gadallah M. Abu-Elreesh,b Elbadawy A. Kamoun,cd

Sahar Zakib and Desouky A. Abd-EL-Haleem*b

Sericin is one of the main components of silk proteins, which has numerous biomedical applications

because of its antioxidant, anticancer and antimicrobial properties. We recently isolated and

characterized a novel silk-like protein named BNES. It is of non-animal origin and is like a bacterial

polymeric silk. Sericin is a very popular protein compound that is effective in treating cancerous tumors.

The process of extracting it from natural silk produced by silkworms or spiders is both complex and

expensive. From the published scientific literature, it has been shown that sericin has not been previously

extracted from a bacterial source. In the present study, sericin was extracted from bacteria capable of

producing a biopolymer named BNES whose chemical composition is like that of natural silk and its bio-

therapeutic effects were evaluated for the first time. The antioxidant activity of BNES measured by DPPH

and ABTS assays showed IC50 values of 0.38 and 0.41 mg mL�1, respectively. BNES displayed satisfactory

cytotoxic effect against four cancer cell lines, including Huh-7, Caco-2, MCF-7 and A549 cells, with IC50

values in the ranges of ca. 0.62 � 0.17, 0.72 � 0.27, 0.76 � 0.36 and 0.83 � 0.31 mg mL�1, respectively,

after 24 h of treatment and 0.51 � 0.22, 0.49 � 0.19, 0.41 � 0.25 and 0.55 � 0.38, respectively, after

48 h of treatment, without affecting normal cells (WI38 cells). The antitumor activity of BNES was

established to be an apoptosis-dependent mechanism determined via cellular morphology alterations,

cell cycle arrest in the sub-G1 phase and nuclear staining with highly fluorescent fragments. The

antimicrobial effects of BNES were examined with yeast and Gram-negative and Gram-positive bacteria.

The results confirmed its antimicrobial activity against all tested organisms at concentrations of up to

1.33 mg mL�1. The competitive advantage of the bacterial sericin BNES over sericin extracted from

spider or silkworm sources is that it can be produced in very large quantities through large-scale bio-

fermenters, which reduces the expected cost of production, in addition to having sustainable bacterial

production source.
1. Introduction

Silk is a natural brous protein obtained mainly from animal
origins. Silk has been playing a signicant role in medical
applications and economic life, such as in the textile industry
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from four centuries ago. Silk consists mostly of two types of
protein in a core–shell type shape: broin comprises the core
and is surrounded by the glue-like sericin, which cements itself
to the broin bers. Fibroin is composed mainly of three
proteins: two proteins linked together, called heavy (H) and
light (L) chain proteins, and a small glycoprotein called P25.1

The H-chain protein is hydrophobic, while the L-chain protein
demonstrates hydrophilic features and is comparatively elastic
with slight or no crystallinity; P25 protein helps retain the
combination between silk ingredients through non-covalent
connections to the covalent bonds of H-chain and L-chain
proteins. The molar ratio of H-chain : L-chain : P25 proteins
in silkworm is 6 : 6 : 1.2,3 Silk broin protein can be applied as
a biocompatible material in numerous forms, e.g. gels,
membranes, sponges, scaffolds and powders.4,5

Silk broin is characterized by many useful features,
including biocompatibility, biodegradability, self-assembly,
and strong mechanical properties, which can be improved via
This journal is © The Royal Society of Chemistry 2020
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various modications. These chemical modications can
enhance several applications, such as cell or polymer attach-
ments to the silk, the attachment of growth factors, and tissue
engineering.6 These applications can also involve immobiliza-
tion matrices for many enzymes and proteins, burn-wound
dressings, nets for use in tissue engineering, vascular pros-
theses and structural implants.7–9

Sericin is a natural hydrophilic biopolymer with a high
content of serine, about one third of the total content, and is
composed of 18 types of amino acids, most of which possess
strong polar side groups, e.g. carboxyl, hydroxyl and amino
groups.10 The glycoprotein sericin possesses several biological
properties, including antioxidation, immunomodulation, and
inhibition of tyrosinase and elastase activities.11,12 Recently,
sericin was found to reduce reactive oxygen species (ROS),
protect normal cells from UVB radiation oxidative damage and
H2O2, inhibit cancer progression and be an anti-bacterial
agent.13,14 The exploitation of puried proteins or their
extracts as antioxidant candidates has attracted particular
attention. Various proteins, from dairy products such as milk or
from other nutriceuticals such as soy, sh, corn and beans, have
been demonstrated to have antioxidant properties.14–17 Many
reports have revealed that peptides and protein hydrolysate
could be replaced and used as potent alternative antioxidant
agents.18–21 In addition to its antioxidant effect, sericin protein
was found to have potential anticancer activity against many
types of cancer cells. Sericin was found to induce the apoptotic
effect in SW480 colon cancer cells by enhancing caspase-3
activity and reducing Bcl-2 expression, resulting in cell cycle
arrest at the S phase.22 Also, sericin was found to suppress
DMBA–TPA of skin tumorigenesis in amousemodel23 and colon
tumorigenesis in animal tests.24,25 The antibacterial activity of
silk sericin and broin proteins against Gram-negative and
Gram-positive bacterial strains has been examined in many
studies. Senakoon et al.26 demonstrated that the Gram-negative
Escherichia coli is more sensitive to degummed eri sericin than
the Gram-positive Staphylococcus aureus using the disc diffusion
assay and critical-dilution micro assay methods. Basal et al.27

revealed that silk broin blend lms were found to have anti-
bacterial effect against E. coli and Staphylococcus epidermidis
using disc-diffusion and turbidity measurement methods.

BNES silk-like protein is a silk of non-animal origin, as it is
produced by a petroleum-originated bacteria called Bacillus sp.
strain NE.28 Increased use of bacterial polymeric silk-like
proteins is predicted in the near future for many reasons such
as quick secretion, low cost-effect and simple product recovery,
leading to production of a huge amount of bacterial sericin. In
general, production of sericin creates industrial byproducts that
are removed in waste products, causing environmental pollu-
tion and huge waste of natural resources. So, bacterial sericin
will need to be recovered and recycled in adequate manners to
provide social and signicant economic benets. There have
been several studies investigating the biological activities of
isolated sericin of animal origin, but no studies have presented
extraction of sericin from a bacterial origin. In the current
study, we attempted to investigate the biological activities of
a novel bacterial sericin as a benecial biomaterial to save our
This journal is © The Royal Society of Chemistry 2020
resources and protect the environment. The studied biological
activities included different effects of the bacterial sericin as an
antioxidant against DPPH and ABTS radicals as well as its
anticancer effect against different carcinoma cell lines. The
antimicrobial activities of BNES sericin were also investigated.
2. Experimental
2.1. Production of BNES

For the production of BNES, Bacillus sp. strain NE was cultured
as described previously by Kamoun et al.28 Briey, aer the
inoculation of the Bacillus sp. strain NE in a ask containing
100 mL of supplementary nutrient broth (SNB) medium, the
bacterial culture was incubated for 24 h at 30 �C and shaken at
150 rpm. About 5 mL of bacterial culture was cultured in
another ask containing 100 mL of TSM production medium.
Aerward, exo-biopolymer was formed by shaking the culture at
�150 rpm at 30 �C for 5 days. Then, cell free exo-biopolymer was
obtained by centrifugation of the culture for 30 min at
8000 rpm. Bacterial polymeric silk-like supernatant was
concentrated to 0.2 volumes using a rotary evaporator and
dialyzed against deionized water at 4 �C overnight. Aer adding
30 mL of cold ethanol to 10 mL of the dialyzed solution, the
precipitate was re-suspended in deionized water. Then, 10%
cetylpyridinium chloride (CPC) was mixed into the broth with
gentle stirring. The broth was le for several hours at room
conditions and then centrifuged for 30 min at 5000 rpm to
collect the precipitate. Aer dissolving the precipitate in 0.5 M
sodium chloride, three volumes of cold ethanol were added to
obtain further solids. Finally, the broth was rinsed three times
with 75% ethanol and then lyophilized to obtain puried
bacterial BNES.
2.2. Preparation of bacterial BNES sericin (BNES)

BNES was obtained from bacterial polymeric BNES as follows:
1 g of lyophilized BNES was chopped, added to 250 mL of
Na2CO3 (0.5 M, pH � 11–12), and boiled at 90–95 �C for one
hour. The mixture was centrifuged and ltrated to eliminate
solid particles and bacterial broin. The bacterial ltrate was
dialyzed with Milli-Q water for 3 days, then lyophilized and kept
at �20 �C for additional use.
2.3. Total antioxidant activity of the BNES

The total antioxidant capacity of BNES samples was assessed by
phosphomolybdenum procedure, as reported by Prieto et al.29

BNES solutions at concentrations of 0.075, 0.15, 0.3, 0.6 and
1.2 mg mL�1 were added separately in triplicate to 1 mL of
phosphomolybdenum reagent solution (4 mM of ammonium
molybdate, 28 mM of sodium phosphate and 0.6 M sulphuric
acid). All solutions were kept at 95 �C for 90 min and then each
sample was spectrophotometrically measured at 635 nm (BMG
LabTech, Germany), with ascorbic acid used as the standard.
The total antioxidant activity (%) was stated as ascorbic acid
equivalents (mg g�1 of sample).
RSC Adv., 2020, 10, 5098–5107 | 5099
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2.4. Free radical scavenging activity using DPPH method

In order to examine the antioxidant activity of BNES, the free
radical scavenging activity was measured using DPPH method
according to the procedure of Blios.30 Sample solutions of BNES
at ratios of 0.075, 0.15, 0.3, 0.6 and 1.2 mg mL�1 were added
separately in triplicate to 5 mL of 0.1 mM DPPH dissolved in
70% ethanol and then le to stand in the dark in ordinary
conditions. Aer incubation for 20 min, the absorbance of each
sample was detected spectrophotometrically at 517 nm. The
blank reading was considered the control and the activity of
DPPH radical scavenging was calculated by the following
formula:

% DPPH free radical scavenging activity ¼ [(X � Y)/X] �100 (1)

where X is the OD of the blank (control), Y is the OD of the
sample, and the IC50 value (the concentration of sample
required to scavenge 50% DPPH free radical) was calculated
using Graphpad Prism soware.
2.5. Antioxidant activity using ABTS method

The antioxidant activity of BNES was evaluated according to the
procedure of Re et al.31 Both ABTS (7 mM) and ammonium
persulfate (APS, 2.45 mM) were diluted in deionized water and
mixed in a molar ratio of 1 : 0.5. The mixture was kept in dark
conditions for 12–16 h at room temperature before being used
to produce ABTSc+ (ABTS radical cation). The ABTSc+ solution
was diluted in 70% ethanol to give an absorbance of 0.70 � 0.3
at 734 nm. BNES samples at concentrations of 0.075, 0.15, 0.3,
0.6 and 1.2 mg mL�1 were added separately into 1 mL of ABTSc+

solution in triplicate. Each sample was vortexed for 15 s and
incubated in a dark condition at 17 �C for 15 min. Aer incu-
bation, each sample was spectrophotometrically measured at
734 nm. The scavenging activity of ABTS radicals was calculated
according to the following equation:

% ABTSc+ scavenging activity ¼ [1 � (A/B)] � 100 (2)

where A is the OD of the sample and B is the OD of the control.
The IC50 value (the concentration of extract that scavenges 50%
of the ABTSc+) was calculated using Graphpad Prism soware.
2.6. In vitro cell culture studies

2.6.1. Cell culture and media. Human normal diploid lung
broblast (WI38), human hepatocyte carcinoma (Huh-7), human
epithelial colorectal adenocarcinoma (Caco-2), human breast
adenocarcinoma (MCF-7) and human lung carcinoma (A549)
cell lines were purchased from VSVRI (Cairo, Egypt). RPMI-1640
and DMEM media were purchased from Lonza Lmd. Co. (USA).
WI38, Huh-7 and Caco-2 cells were cultured in DMEM media
supplemented with 10% fetal bovine serum (FBS). MCF-7 cells
were cultured in RPMI-1640 media supplemented with 10%
FBS.

2.6.2. Cell viability by MTT assay. All normal and cancer
cells (5.0 � 103/well) were seeded in 96-well culture plates in
culture media supplemented with 10% FBS. Aer incubation
5100 | RSC Adv., 2020, 10, 5098–5107
overnight, both normal and cancer cells were tested with
various ratios of BNES (0.125–8.0 mg mL�1) for 24 and 48 h in
an incubator with 5% CO2. 200 mL of MTT reagent (0.5 mg
mL�1) was added to each well for 2–3 h at 37 �C. Then, the MTT
reagent was eliminated and formazan crystals were dissolved
with 200 mL of DMSO. The absorbance was read with a micro-
plate reader at 570 nm. The half maximal inhibitory concen-
tration (IC50) values of BNES that cause 50% cell viability were
calculated by Graphpad Instate soware and the selectivity
index (SI), known as the IC50 ratio on normal cells versus tumour
cells, was calculated as discussed previously.32

2.6.3. Morphological changes. The effect of BNES on
cancer cells was investigated for morphological alterations in
the cultured cells.33 All cancer cells (1.0 � 105) were seeded in
24-well culture plates. Aer incubation for 24 h, different
concentrations of BNES (0.25, 0.5, 0.75 and 1.0 mg mL�1) were
cultured for 48 h. Changes in the cellular morphology were
imaged by inverted phase contrast microscope (Olympus,
Japan) and compared with untreated cells.

2.6.4. Cell cycle analysis using ow cytometry. Modica-
tion in tumour cell cycle circulation before and aer testing
with different concentrations of BNES was determined by ow
cytometer. In brief, Huh-7 cells (1.0 � 105/well) were seeded in
24-well culture plates and cultured in complete DMEM media
for 48 h. The culture medium was eliminated and new fresh
complete medium containing different concentrations of BNES
(0.2–1.0 mg mL�1) was added. Aer incubation for 48 h, the
cells were trypsinized, harvested and rinsed with 1.0 M PBS (pH
� 7.2), then xed in 80% cold ethanol at 4 �C for one hour. The
treated and untreated cells were incubated with 5 mg mL�1

RNase A (Sigma, USA) at 37 �C for 30 min and then mixed with
10 mg mL�1 of propidium iodide (PI) (Sigma-Aldrich, USA) in the
dark for 30 min at room temperature. The cell cycle distribution
was analysed by ow cytometer (Partec, Germany) at 488 nm
using Cell Quist and Mod Fit soware.

2.6.5. Nuclear staining. The apoptotic effect of BNES
against Caco-2 cells was investigated by uorescent nuclear dye
using propidium iodide (PI) in comparison with untreated cells.
The cells were seeded in triplicate and treated as mentioned
before. Then, the cells were washed 3 times with PBS and xed
with cold 4% paraformaldehyde for 10 min at room tempera-
ture. Aer permeabilization with 3% paraformaldehyde and
0.5% Triton X-100, the cells were stained with PI dye at
concentration of 10 mg mL�1 for 20 min. Aer removing the PI
dye, the cells were viewed under a uorescence inverted phase
contrast microscope (Olympus, Japan) with an excitation lter
(480/30 nm). All cells having condensed and bright fragmented
nuclei were taken as apoptotic cells. The untreated cells and
cells treated with BNES were respectively used as the negative
reference and tested cells.34
2.7. Antimicrobial activity

The antimicrobial effect of BNES polymer was estimated on
Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC
15442), Salmonella typhimurium (ATCC 14028), Staphylococcus
aureus (ATCC 29213), Bacillus cereus (ATCC 33019), Enterococcus
This journal is © The Royal Society of Chemistry 2020
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faecalis (ATCC 29212) and Candida albicans (ATCC 10231) by
turbidity measurement.35 Sterile Erlenmeyer asks (250 mL),
each containing 30 mL nutrient broth, were inoculated with
0.25 mL of freshly prepared bacterial suspension from each
bacterial strain in order to maintain initial bacterial concen-
trations of 108 CFU mL�1. Subsequently, they were supple-
mented with different concentrations of BNES polymer (0.08,
0.16, 0.25, 0.33, 0.66, 1.0 and 1.33 mgmL�1) and then incubated
in an orbital shaker at 150 rpm at 30.5 � 2.5 �C for 24 h.
Microbial growth was measured as the increase in absorbance
at 600 nm as determined by a T60 UV/VIS spectrophotometer.
Experiments included a positive control (ask containing
polymer and nutrient media, devoid of inoculum) and a nega-
tive control (ask contains inoculum and nutrient media,
devoid of polymer). The negative controls indicated a microbial
growth prole in the absence of the polymer. The absorbance
values for positive controls were subtracted from the experi-
mental values (asks containing nutrient media, inoculum and
polymer).
2.8. Statistical analysis

All data (n ¼ 3) of cell viability were expressed as the mean �
standard error of the mean (SEM) from three independent
experimental measurements. The statistical signicance was
indicated by student's t-test and McNemar's test. The (p)-values
were considered statistically signicant at p < 0.05.
3. Results and discussion
3.1. Production of bacterial sericin

The bacteria strain Bacillus sp. strain NE isolated from petro-
leum oil has the ability to form an exo-biopolymer extract
named BNES. This extract was identied as a polymeric silk-like
protein using exo-polymer physical and chemical characteriza-
tions, as discussed in our previously published work.28 Most
published studies in this area have focused on the production of
biosynthetic spider-silk using genetically engineered
bacteria,36–38 whereas the present bacterial silk-like protein is
produced by a wild-type bacterial strain. Therefore, it was very
important to determine and assess its biological activities for
medical applications. In a recent study,28 BNES biopolymer was
characterized. It is composed of amino acids with aliphatic and
aromatic hydrophobic side chains, with the major repetitive
Table 1 Total antioxidant and DPPH and ABTS radical scavenging activi

Sample concentration
(mg mL�1)

Total antioxidant
(mg g�1)

0.075 20.82 � 0.97
0.15 30.63 � 0.96
0.3 39.34 � 1.05
0.6 49.54 � 1.09
1.2 62.42 � 0.78
IC50 (mg mL�1) —

a All values are expressed as mean � SEM.

This journal is © The Royal Society of Chemistry 2020
amino acids of the silk-like protein including proline 17%,
glycine 14%, alanine 27%, and aspartic acid 7%. BNES can be
dissolved in numerous aqueous solutions under very harsh
environments by heating and ultrasonic agitation at a very small
concentration of protein owing to its high viscosity and amino
acid composition. In addition, it has a high stability resistant to
thermal degradation conditions as analyzed by TGA, which
exhibited that BNES thermally degraded in three thermal
degradation regions observed at 140–373 �C. Furthermore, we
demonstrated that BNES has a broad smear of proteins on SDS-
PAGE related to broin (bands at 30, 35 and 400 kDa) and
sericin (bands at 6.5, 16, 66 and 95 kDa).28
3.2. Assessment of the total antioxidant, DPPH and ABTS
activities

The total antioxidant activity of BNES was tested using a phos-
phomolybdenum method; the data is summarized and shown
in Table 1. The assay indicated that BNES has a high scavenging
activity of 62.42 � 0.78 mg g�1 ascorbic acid equivalent for
1.2 mg of BNES, which is comparable to the well-known anti-
oxidant standard ascorbic acid.

The radical scavenging was investigated based on the DPPH
assay procedure. Our results indicate that the scavenging
capacity (%) on the DPPH radical was clearly improved by
increasing the concentration of BNES from 0.075 mg mL�1 to
1.2 mg mL�1 protein. The inhibition of DPPH (%) free radicals
ranged from 21.78� 0.42% to 80.26� 0.45% (in 0.075 mgmL�1

to 1.2 mg mL�1 of BNES) with an IC50 value of 0.38 mg mL�1

(Table 1). The ABTS radical scavenging method is applicable to
both hydrophilic and lipophilic samples and is widely used for
assessment of antioxidant capacity. The radical scavenging
activity was evaluated by ABTS assay. As shown in Table 1, the
radical scavenging activity (%) of BNES drastically increased
with increase of the concentration of BNES. The inhibition of
ABTS (%) free radicals ranged from 9.33 � 1.53% to 72.59 �
2.34% (in 0.075 mg mL�1 to 1.2 mg mL�1 of BNES) with an IC50

value of 0.41 mg mL�1. Meanwhile, the extracted sericin of
bacterial origin has high antioxidant activity similar to sericin
isolated from animal sources. Antioxidant properties, particu-
larly radical scavenging activities, are of importance to remove
toxic radicals in food and biological systems. In general, the
antioxidant properties of proteins depend on their amino acid
conformation and structure. The antioxidant potential of silk
ties of BS-BNES samplesa

DPPH radical scavenging
activity (%)

ABTS radical scavenging
activity (%)

21.78 � 0.42 9.33 � 1.53
46.26 � 0.53 19.47 � 1.21
71.28 � 0.48 34.34 � 1.25
73.08 � 0.57 51.96 � 1.71
80.26 � 0.45 72.59 � 2.34
0.38 0.41

RSC Adv., 2020, 10, 5098–5107 | 5101
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Table 2 IC50 (mg mL�1) and SI values of BS-BNES againstWI38, Huh-
7, Caco-2, MCF-7 and A549 cell lines

Cell lines

24 h 48 h

IC50 SI IC50 SI

WI38 4.26 � 0.42 — 4.16 � 0.31 —
Huh-7 0.62 � 0.17 6.92 0.51 � 0.22 8.14
Caco-2 0.72 � 0.27 5.88 0.49 � 0.19 8.43
MCF-7 0.76 � 0.36 5.58 0.41 � 0.25 10.25
A549 0.83 � 0.31 5.13 0.55 � 0.38 7.62
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sericin is associated with its amino acid composition, especially
the –OH groups of threonine and serine and the electron
donating groups of the aromatic amino acids (histidine,
phenylalanine, tyrosine and tryptophan),28 in addition to the
action of secondary metabolites, such as avonoids and poly-
phenols, which also contribute.12 Furthermore, alteration in the
pH of the protein during the extraction process, as when using
a basic or acidic environment, along with the heating process,
Fig. 1 Effects of BNES on morphological modifications of human canc
contrast microscope. Cells were treated with BNES at concentrations of
1.0 mg mL�1. The scale bar in all images is 500 mm.

5102 | RSC Adv., 2020, 10, 5098–5107
changes the amino acids' ionizations, thus producing sericin
peptides with different lengths that contain many proportions
of b-sheets, a-helices, turns and random coils.39 The percent-
ages of random coils and b-sheets respectively reect the
amorphous nature and crystalline structure of sericin
peptides.40 The antioxidant mechanism of bacterial sericin is
similar to that of animal origin for many reasons, including that
the amino acids containing aromatic hydrophobic side chains,
such as phenylalanine, histidine and tyrosine, account for
about 10 wt% and threonine and serine account for 4.65 wt%.
Moreover, BNES was found to contain amino acids with high
antioxidant activities, like glycine and proline, as well as
aliphatic hydrophobic amino acids like alanine, valine, lucine
and isolucine with an overall composition of 32%.28
3.3. Anticancer properties of the bacterial sericin

The viability of WI38, Huh-7, Caco-2, MCF-7 and A549 cells was
estimated aer treatment with BNES for 24 h and 48 h; the
highest SI values refer to the highest safe selectivity of the
sample. As shown in Table 2, IC50 values for BNES aer
er cells including Huh-7, Caco-2, MCF-7 and A549 cells under phase
0.0 mg mL�1 (control), 0.25 mg mL�1, 0.5 mg mL�1, 0.75 mg mL�1 and

This journal is © The Royal Society of Chemistry 2020
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treatment for 24 h were found to be 0.62 � 0.17, 0.72 � 0.27,
0.76 � 0.36, and 0.83 � 0.31 mg mL�1 with SI values of 6.92,
5.88, 5.58 and 5.13 againstHuh-7, Caco-2,MCF-7, and A549 cells,
respectively. Aer 48 h of treatment, IC50 values were detected at
0.51 � 0.22, 0.49 � 0.19, 0.41 � 0.25, and 0.55 � 0.38 with SI
Fig. 2 Cell cycle analysis of Huh-7 cells treated with 0.25–1.25 mg mL
diagrams and (B) quantitative distribution of BNES treated cell populations

This journal is © The Royal Society of Chemistry 2020
values of 8.14, 8.43, 10.25, and 7.62 against Huh-7, Caco-2,MCF-
7, and A549 cells, respectively. Notably, MCF-7 cells were found
that to be the most sensitive cells to BNES aer treatment for
48 h, followed by the Caco-2, Huh-7 and A549 cell lines,
respectively.
�1 of BNES for 48 h: (A) original flow charts of cell cycle distribution
in different phases of cell cycle compared with untreated control cells.
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In order to monitor the cellular morphological alterations,
all studied human cancer cells were treated with different
contents of BNES (0.25–1.0 mg mL�1) for 48 h. Here, all images
were taken in live-cell mode via a phase contrast microscope
and compared with untreated control cells. The results
demonstrate that BNES inicts obviously selective cell damage
and provokes morphological alterations, including blabbing,
cell shrinkage and nuclear condensation (Fig. 1), in all treated
human cancer cells. Hence, based on these ndings, it seems
that the bacterial sericin uses the apoptosis mechanism to
enhance its anticancer efficiency.41 The apoptosis mechanism is
complex due to its involvement in several signaling pathways. It
may be generated in extrinsic or intrinsic pathways, resulting in
possible alterations of the morphology and biochemistry of the
cells. Kaewkorn et al. demonstrated that worm sericin reduced
cell viability by stimulating apoptosis of colon tumor cells with
reduction of Bcl-2 expression and increased activity of caspase-
3.22 Furthermore, the anti-proliferative effect of sericin protein
may also contribute to numerous mechanisms other than the
apoptosis pathway, such as suppression of cancer progression,
inhibition of angiogenesis, and arrest of the tumor cell cycle.22

To advance insight into the prospective mechanism dis-
played by BNES to induce anticancer and anti-proliferative
effects, investigations of the cell cycle distribution proles
were conducted. For this purpose, Huh-7 cells were treated with
BNES at different concentrations of 0.25–1.25 mgmL�1 for 48 h.
Fig. 3 Photomicrographs of Caco-2 cells stained with PI dye under a pha
at concentrations of 0.0 mg mL�1 (untreated control cells) 0.25, 0.5, 0.75

5104 | RSC Adv., 2020, 10, 5098–5107
As shown in Fig. 2, the bacterial sericin has the capability to
stimulate cell cycle distribution captured in the both G0/G1 and
G2/M phases (the main checkpoints of cell cycle growth). The
presented results show that the percentage of the sub-G1 pop-
ulation increased while S phase decreased in a dose dependent
manner. These signicant ndings indicate that bacterial
sericin induced arrest in the cell cycle in the sub-G1 and S phase
populations of treated cells as compared with untreated control
cells, causing the apoptosis mechanism in a dose dependent
manner. In this analysis strategy, results suggest BNES is able to
arrest cells in both sub-G1 and S phases, changing the normal
cell cycle progression in a markedly dose dependent manner.

Further support to conrm the potent apoptotic effect and
antitumor activity of the bacterial sericin was found by
capturing the cellular morphological alternations in Caco-2
cells aer treatment through nuclear staining by PI dye. The dye
has the ability to bind with fragmented DNA, revealing the
apoptotic effect for any tested drug. Although PI dye enters
whole cells and binds to plasma membranes, its entry to the
nucleus signicantly occurs aer disruption of cell integrity.
Aer accumulation in the nucleus, PI forms DNA fragment-PI
complexes which can be visualized and detected under uo-
rescence microscopy, as the stained nucleus has extremely
brilliant uorescence. Fig. 3 indicates that the Caco-2 cells
appeared to have lost their spindle-shape and converted to
a round shape in a dose dependent manner aer exposure to
se contrast fluorescence microscope. Cells were exposed to BS-BNES
, 1.0 and 1.25 mg mL�1 for 48 h. The scale bar in all images is 500 mm.

This journal is © The Royal Society of Chemistry 2020
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BNES for 48 h compared with untreated cells. Results revealed
that the nuclei became more brilliantly uorescent with
increasing concentrations of BNES, in addition to their
condensation and chromatin fragmentation. Fig. 3A shows the
untreated Caco-2 cells with negligible PI positive stained cells,
while the maximum effect of BNES was detected at the
concentration of 1.25 mg mL�1 (Fig. 3F). Hence, the bacterial
sericin seemed to have a high anticancer selectivity against
liver, colon, breast and lung tumors while sparing normal WI38
cells. This anticancer selectivity of bacterial sericin seems
similar to the silk sericin isolated from silkworms or spiders.22,42
3.4. Antimicrobial activity

The antimicrobial activities of whole BNES were tested versus
Gram-negative and Gram-positive bacteria and yeast by the
decrease in the value of optical density (OD600 nm) aer exposure
to various concentrations of BNES. Fig. 4 and 5 show the OD
values of bacteria solutions aer treating with BNES. It is clear
that a dramatic reduction of OD was observed in the concen-
tration range up to 0.08 mg mL�1 of BNES for all tested
organisms, in particular with C. albicans. Aer that, the
Fig. 4 Antimicrobial activity of BNES against E. coli, Staphylococcus
aureus, and Bacillus cereus, respectively, measured by absorbance at
600 nm, as a function of polymer concentration added into the
medium according to turbidity method after 24 h of interaction.

This journal is © The Royal Society of Chemistry 2020
reduction of OD values continued, reaching its highest value at
1.33 mg mL�1 BNES.

Different studies have reported several types of protein,
peptide exotoxins and bacteriocins as antimicrobial agents43–46

and isolated a protein extract from Pseudomonas aeruginosa that
has antimicrobial effect against Vibrio sp., E. coli, Klebsiella
pneumonia, Salmonella typhi, S. aureus, E. faecalis and Proteus
vulgaris. Moreover, Manikandan et al.47 studied the
Fig. 5 Antimicrobial activity of BNES, as measured by absorbance at
600 nm, as a function of polymer concentration added into the
medium with Enterococcus faecalis, Salmonella typhi, Pseudomonas
aeruginosa and Candida albicans, respectively, according to turbidity
method after 24 h of interaction.
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antimicrobial activities of protein extracts from Bacillus bacteria
against Staphylococcus aureus and Pseudomonas aeruginosa
using an agar well diffusion assay with various concentrations
(25, 50, 75, and 100 mL) and the maximum results were zone
diameters equal to 18 mm and 15 mm against Staphylococcus
aureus and Pseudomonas aeruginosa, respectively. In this
respect, Senthilraja et al.47 reported the antimicrobial activity of
a protein extracted from Saccharomyces cerevisiae against ve
bacterial human pathogens: Escherichia coli, Staphylococcus
aureus, Vibrio cholera, Salmonella typhi and Shigella exneri. The
modes of action and mechanisms of some proteins and
peptides as antimicrobial agents were described by Le et al.48

These include inhibition of nucleic acids, proteins, metabolism,
cell wall biosynthesis, lipopolysaccharide-binding peptides, and
protein-folding.

Recently, in agreement with the results of the present study,
Abd El-Aty et al.49 conrmed the antimicrobial activity of silk
fabric extract from neem leaves against different types of
microorganisms (bacteria and fungi). In the same context,
Ahamad and Vootla50 reported the antimicrobial potential of
Antheraea mylitta silk sericin on several pathogenic bacterial
and fungal strains. The antibacterial activity of sericin silk
proteins from Bombyx mori has been investigated by Saviane
et al.,51 who found that it was able to inhibit the growth of Gram-
negative bacteria. In contrast, Wright and Goodacre52 found
that the web-silk of a native house spider inhibited the growth
of the Gram-positive bacterium Bacillus subtilis, while no
signicant inhibition of growth was observed versus the Gram-
negative bacterium Escherichia coli.
4. Conclusions

The present study provided a novel bacterial sericin-like protein
(BNES) which shows antioxidant, antimicrobial and anticancer
activities. BNES is isolated from a sustainable bacterial source
that simplies its production on the large-scale industrial level.
BNES showed effectiveness as an antagonist for a number of
tested cancer cells, such as colon, liver, breast and lung cancers.
It was also conrmed to be an antimicrobial agent against
Gram-positive and -negative bacteria, fungi, and yeasts. BNES
has no toxic effects on healthy cells, which make it a candidate
for an antagonist with no adverse side effects. BNES can be used
as a highly efficient biomaterial to treat many types of tumors
and infectious microbial diseases and/or as a mixture with
conventional chemical drugs in the treatment of various types
of cancer. In vitro studies revealed that BNES showed efficient
antioxidant and antibacterial activities and inhibited the
proliferation of many types of cancer cells by induction of the
apoptosis mechanism. However, in vivo assessment is needed
for its use as a potent antioxidant, antitumor and antibacterial
candidate in pharmaceutical applications.
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