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In the present study, crude bacterial extract containing violacein is investigated for
the preparation of antimicrobial polyamide fabrics. The optimal culture conditions of
Janthinobacterium lividum (JL) for maximum biomass and violacein production were
found to be 25°C, pH 7.0, while the addition of ampicillin of 0.2 mg mL~" in the small
scale increased violacein production 1.3-fold. In scale-up trials, the addition of 1% (v/v)
glycerol in a fed-batch bioreactor, resulted in fivefold extracted crude violacein increase
with final concentration of 1.828 g L~". Polyamide 6.6 fabrics were dyed following three
different processes; through simultaneous fermentation and dyeing (SFD), by incubating
the fabric in the sonicated bacterial culture after fermentation and by using cell-free
extract containing violacein. Maximum color change (AE) and color strength (K/S)
obtained for SFD fabrics were 74.81 and 22.01, respectively, while no alteration of
fastness and staining of dye at acid and alkaline perspiration or at water was indicated.
The dyed fabrics presented significant antifungal activity against Candida albicans,
C. parapsilosis, and C. krusei, as well as antibacterial properties against Escherichia
coli, Staphylococcus aureus, and the S. aureus MRSA. We have shown that J. lividum
cultures can be successfully used for violacein production and for simultaneous dying of
fabrics resulting in dyed fabrics with antimicrobial properties without utilization of organic
solvents.

Keywords: violacein, bacterial pigment, Janthinobacterium lividum, polyamide, antimicrobial activity

INTRODUCTION

Over the years, the production of natural pigments from different biological sources, such as
bacteria, fungi, and algae has been established. While synthetic dyes of lower cost rapidly expanded
in different applications including textile industry, it remains an undisputable fact that biological
dyes remain a “green” solution due to their biodegradability. Moreover, the biotechnological
dye production through fermentation processes comprises an eco-friendly approach, without the
drawbacks that the chemical synthesis of dyes present.

Additionally, the modification of fabrics in order to acquire antimicrobial properties and other
functionalities represents a new trend because of the “superbugs” problem (Cerkez et al., 2013;
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Yu et al, 2016; Alpert, 2017). In this unprecedented situation,
several microorganisms maleficent or noxious for human
health, such as Clostridium difficile and Enterobacteriaceae,
have evolved and developed multidrug resistance (Aruguete
et al., 2013; Alpert, 2017). In literature, the surface grafting of
cotton fabrics with irradiation and 1-butyl-3-vinyl imidazole
chloride bonding has been reported for antibacterial use against
superbugs, such as methicillin-resistant Staphylococcus aureus,
vancomycin-resistant  Enterococcus  faecium, Acinetobacter
calcoaceticus, and other common bacteria (Yu et al., 2016).
Turning to a biotechnological direction, fabric dyeing
using biological dyes with antimicrobial properties, such as
prodigiosins (Stankovic et al., 2014) or violacein, is an attractive
prospective to address the arising health problem.

Violacein  [3-(1,2-dihydro-5-(5-hydroxy-1H-indol-3-yl)-2-
oxo-3H-pyrrol-3-ilydene)-1,3-dihydro-2H-indol-2-one], is an
indole derivative compound with a deep purple hue. It is
produced from various bacteria such as Pseudoalteromonas
luteoviolacea, Alteromonas luteoviolacea, and Chromobacterium
violaceum, including Janthinobacterium lividum (JL) (Laatsch
et al., 1984; Yada et al., 2008; Rodrigues et al., 2012; Rahul et al,,
2015) and specifically the 1522 strain (ATCC 12473; Kimmel and
Maier, 1969) that was used in the present study. Recently, the
draft genome sequence of two J. lividum strains was published,
revealing the biosynthesis and regulation of violacein production
(Wu et al,, 2017). Depending on the strain, the culture medium,
and conditions of growth a different path is followed for
violacein production. The production of this purple pigment in
microorganisms possibly represents a response to environmental
stresses and contributes to the microorganism’s defense against
external danger (Pantanella et al., 2007).

Violacein’s production from various bacteria and its notable
properties have been studied thoroughly before. Violacein has
been proved to have antimicrobial, antileishmanial, antiviral, as
well as antitumor properties (Leon et al., 2001; Nakamura et al.,
2003; Kodach et al., 2006; Masuelli et al., 2016). The antimicrobial
impact of violacein from Duganella violaceinigra strain NI28
was recently justified against S. aureus (Choi et al, 2015a).
Additionally, violacein acts against phytopathogenic fungi such
as Rosellinia necatrix (Durdn et al., 2007). It also exhibited
antiprotozoal activity toward nanoflagellates (Matz et al., 2004).
The pro-apoptotic activity of violacein from C. violaceum CCT
3496 was demonstrated in vivo and in vitro in Ehrlich ascites
tumor and in MOLT-4 leukemia (Melo et al., 2000; Bromberg
etal., 2010). Recently the potential use of violacein in sunscreens
has been suggested and investigated (Suryawanshi et al., 2015).
Violacein has also been used as a colorant for a variety of
natural and synthetic fabrics (Shirata et al, 2000) instead
of other chemical colorants for textile dyeing (Kanelli et al.,
2017).

In the present study, the potential use of this purple pigment
for dyeing synthetic textiles is examined with the ulterior purpose
to produce materials with acquired antimicrobial and antioxidant
activity for application in a variety of fields, such as medicinal
or cleansing clothing or bags and other packaging applications.
Initially, a culture optimization study is conducted in order to
maximize biomass growth and violacein production. Scale-up

batch and fed-batch cultures in bioreactor were performed
to increase the amount of violacein production for dyeing
textiles. Polyamide 6.6 fabrics were dyed via simultaneous
fermentation and dyeing (SFD) or direct dyeing (DD) of fabrics
with cell-free extract containing violacein or by incubation
in the supernatant after fermentation and sonication of the
culture cells (DAFS). Color fastness and staining of dye at
acid and alkaline perspiration were evaluated in the final
dyed textiles. Antimicrobial and antioxidant potential of the
dyed fabrics was also investigated in order to evaluate the
added value of biotechnological process proposed in this
investigation.

MATERIALS AND METHODS

Materials and Chemicals
Nutrient broth (NB) consisting of 3 g L~! meat extract, 5 g L™!
peptone and salts was used as a medium for bacterial cultures.
Nutrient agar petri-dishes were prepared with composition 3 g
L~ ! meat extract, 5g L™! peptone, and 15 g L~ ! agar. Sabouraud
medium was used for maintenance of Candida spp. and it
contained 40 g L' glucose, 10 g L~! peptone, 20 g L™} agar,
pH 5.6.

1,1-Diphenyl-2-picryl-hydrazyl (DPPH) was purchased from
Sigma (St. Louis, MO, United States). Methanol used was of
HPLC grade. Polyamide knitted fabric with density 23 columns
cm~! and 15 rows cm™!, weight 12 g m~2, 154.7 Denier
and average thickness 0.309 mm was supplied by Colora S.A.
(Thessaloniki, Greece). The PA fabric was washed with detergent
Felosan NFG before use for the removal of impurities.

Microorganisms

Janthinobacterium lividum 1522 strain ATCC 12473 was
provided by WAAG Society, TextileLab, Amsterdam
(Netherlands) and was maintained frozen in Luria Bertani
(LB) broth containing glycerol 20% (v/v) at —80°C. Strains used
to determine antimicrobial properties, Pseudomonas aeruginosa
PAO1 ATCC 47085, Escherichia coli ATCC 25922, S. aureus
ATCC 25923, S. aureus MRSA ATCC 43300, Micrococcus luteus
ATCC 379, Bacillus subtilis ATCC 6633, Candida albicans ATCC
10231, C. krusei ATCC 6258, and C. parapsilosis ATCC 22019,
were obtained from the American Type Culture Collection
(ATCC).

Optimization of Violacein Production and

Extraction

Nutrient agar petri-dishes were prepared prior to their
inoculation with J. lividum stock at —80°C and were incubated
at 25°C overnight. Subsequently, 20 mL of NB in 100 mL
Erlenmeyer flasks were inoculated with J. lividum and incubated
at 25°C, under agitation (180 rpm). A final volume of 1%
inoculum was transferred into 250 mL Erlenmeyer flasks
containing 100 mL of fresh NB when the pre-culture’s cell
concentration reached the optical density ODggo value of 3.
Several conditions that affect violacein production were
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examined in order to optimize its production. A broad range
of initial pH (5.0-9.0) was studied using the following buffer
systems to achieve the desired pH: 15.6 g L~! NaH,PO,-2H,0
for pH 5.0, 13.25 g L™! NaH,P04-2H,0 and 2.67 g L™!
Na,HPO4-2H,0 for pH 6.0, 572 g L~! NaH,PO4-2H,0
and 11.3 g L=! Na,HPO4-2H,0 for pH 7.0, 0.85 g L~}
NaH,PO4-2H,0 and 16.8 g L~ NayHPO4-2H,0 for pH 8.0
and 17.8 g L~! NayHPO,4-2H,0 and 10% w/v NayCO3 for pH
9.0. The effect of temperature was also studied for violacein
production in the range of 20-35°C. Biomass and violacein
production were also examined in NB medium in the presence
of glucose (NB-G), glycerol (NB-GY), or xylose (NB-X) at
the concentration of 1% (w/v). Subsequently, the addition of
0.1 mg mL™! of antibiotic was examined. The antibiotics tested
were ampicillin, kanamycin, streptomycin, and tetracycline.
Finally, the effect of ampicillin concentration in the culture
supernatant was tested in the range between 0.05 and 0.4 mg
mL~!. All culture conditions were carried out at 180 rpm and in
duplicate.

Biomass production was measured daily on a dry weight
(d.w.) basis. Crude violacein was cell extracted from sample
volume with methanol (2.0:1.5, v/v), after incubation 150 rpm,
for 15 min at room temperature and quantified by measuring the
absorbance at 580 nm on a BOECO S-20 Spectrophotometer. The
gravimetric yield of cell-free extract containing violacein from
biomass at optimal growth conditions of temperature and pH
was estimated. Additionally, the amount of violacein from the
supernatant was also measured at 580 nm and it was extracted
with ethyl acetate.

Production of Violacein in Bioreactor

Cultures of 50 in 250 mL Erlenmeyer flasks were inoculated with
J. lividum and incubated at 25°C, under agitation (180 rpm),
overnight. An inoculum was transferred into 1.5 L of fresh
NB pH 7 so that biomass concentration reached the ODggg
value of 0.2. The scale-up bacterial culture was conducted
in 2 L capacity Bioflo® and Celligen® 310 Fermentor (New
Brunswick Scientific, Edison, NJ, United States). In addition,
a fed-batch culture was studied, where at the logarithmic
growth phase where ODgponm Wwas equal to 1.7, glycerol of
final concentration 1% (v/v) was added in order to boost
the biomass production and eventually violacein formation.
The temperature was controlled at 25°C and the pH of the
culture was controlled at 7.0 using a solution of 2M HCL
Ventilation was fixed at 0.75 vvm, with the dissolved oxygen level
controlled above 20 £ 10% with Sen, Inpro 6830/12/220/NBS
O, sensor (Mettler Toledo). Samples were withdrawn during
fermentation to measure biomass production via optical density
at 600 nm and on d.w. basis, violacein production and glycerol
consumption.

Cell biomass was freeze dried and crude violacein was
extracted with methanol, after incubation for 30 min at room
temperature and 150 rpm. Methanol was evaporated and the
cell-free extract containing violacein was stored in dark at
4°C. For the estimation of violacein content in the extract,
violacein was dissolved in ethanol and the extinction coefficient
of 56.01 mL mg ! cm™! at 575 nm was applied, which

corresponds to pure violacein in ethanol solution (Mendes et al.,
2001).

Dyeing of Polyamide Fabrics With

Violacein

Polyamide 6.6 samples were dyed following three different
processes; SFD where the fabric is incubated simultaneously
with the bacterium, DAFS where fabric was dyed using the
culture supernatant that was enriched by violacein released
after disrupting the cells with sonication, and DD (with cell-
free extract) where cell-free extract containing violacein from
bacterial biomass was utilized directly.

In SFD, sterilized fabrics (5 cm x 5 cm) were incubated
with J. lividum under optimal growth conditions of pH and
temperature in 250 mL Erlenmeyer flasks for 6 days. After
incubation, fabric samples were autoclaved and washed with 0.4%
Triton X-100 for 1 h at 80°C and finally with distilled water.

In DAEFS process, after fermentation of J. lividum for 6 days,
the culture underwent sonication (40% amplitude 20 min pulse
2 min On, 2 min Off) for maximizing violacein release. The cell
debris was removed and fabric sample 5 cm x 5 cm was incubated
for 48 h after the addition of 0.02% (w/v) sodium azide. Dyed
fabrics were autoclaved and washed with 0.4% Triton X-100 for
1 h at 80°C and finally with distilled water. All studies were
performed in duplicate.

In DD polyamide fabrics were dyed with the cell-free extract
containing violacein from cultures that were incubated for 6 days,
fabric sample 5 cm x 5 cm was incubated in 100 mL Erlenmeyer
flasks containing 30 mL of cell-free extract containing violacein
(1.02 mg mL™1') in methanol:water 1.7:10.0 (v/v) for 48 h. The
dyed samples were washed with distilled water.

Analysis of Violacein Dyed Textiles

Color coordinates were evaluated according to CIE L*a*b*
System, established by the “Commission Internationale de I
Eclairage-CIE” according to ASTM D 2244-68, with the use
of a color tris-timulus colorimeter (Data Color International,
Spectraflash SF450) (Lawrenceville, NJ, United States). For each
sample, four repeated measurements were taken to determine
color coordinates L, a, b. Color change (AE) and color strength
(K/S) were calculated as described before (Kanelli et al., 2015).

A crockmeter equipment was used to determined abrasion
resistance in dry and wet state of polyamide dyed fabric according
to EN ISO 105-X12. In the movable place of the equipment a
white dry or wet cotton fabric was fitted and was rubbed on
the sample of the dyed fabric by performing certain cycles and
under certain pressure. After test completion, the white cloth was
removed and evaluated for staining on a gray scale from 1 to 5
(where 5 is regarded as no staining). Similarly, wet white cotton
fabric was fitted and tested in order to determine color fastness
on it.

Color fastness and staining of dye at acid and alkaline
perspiration were measured according to EN ISO 105 E04 and
color fastness and staining of dye at water according EN ISO 105
EO01. Fabric specimens were fully wet at acid, alkaline and water
solution and after 30 min were placed between specific pressure
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plates, and remained there for 4 h at 37°C (simulating of human
temperature). Dyed polyamide fabric was sewed with standard
control fabric comprising control zones with the following
compositions: wool, acrylic, polyester, nylon, cotton, acetate, and
silk. The assessment of the specimens took place according to the
gray scales of staining and AE.

Furthermore, the color fastness to artificial light was assessed
with XENON arc fading lamp test. In order to determine the color
fastness after exposure to artificial light, specimens were placed in
a XENON arc fading lamp chamber and tested according to EN
ISO 105-B02:2013, with temperature of 45°C, humidity 40% and
irradiance 42 W m~2 in a wavelength of 300-400 nm.

Antimicrobial Activity Tests

Antimicrobial activity of polyamide fabric was quantitatively
tested in liquid NB culture on a panel of bacterial strains:
E. coli, P. aeruginosa, S. aureus, S. aureus MRSA, B. subtilis,
and M. luteus using previously published procedure based on
American Association of Textile Chemists and Colorists AATCC
100-1993 method (Shahmoradi Ghaheh et al., 2014). Antifungal
activity was tested on C. albicans, C. krusei, and C. parapsilosis
using the same approach. Briefly, overnight culture of each test
organism was diluted in 2 mL NB medium to a final optical
density, ODggo, of 0.1. Fabric samples of 100 mg mL™! were
sterilized by briefly wiping with 70% ethanol (v/v). Alternatively,
methanolic extracts containing violacein were dissolved in
DMSO (50 mg mL~ 1. stock solutions) and were added to cultures
in final concentrations of 2, 1, 0.5, and 0.1 mg mL~!. Tubes
were incubated at 37°C for 24 h with shaking at 180 rpm.
Serial dilutions were prepared and plated onto NB agar medium.
Colony forming units (c.f.u.) were enumerated after 24 h. The
percentage of reduction in the number of bacteria was calculated
by the following equation:

R(%) =

* 100,

where R is the percentage reduction of bacteria, A represents the
number of bacteria colonies in the control (the untreated fabric),
and B represents the number of bacteria colonies in the treated
fabrics. Appropriate controls, such as medium with or without
polyamide samples were included in each experiment. Tests were
performed in duplicate in two independent experiments.

Antibiofilm Assays

Ability of J. lividum crude methanolic extracts containing
violacein to inhibit the formation and to disperse preformed
biofilms of S. aureus ATCC 25923 and C. albicans ATCC
10231 were tested in 96-well microtiter format using a crystal
violet (CV) method for staining the adherent cells as described
previously (Merritt et al., 2005; Pierce et al., 2010). Experiments
were performed in hexaplicates using the methanolic extract
containing violacein dissolved in DMSO (50 mg mL™1, stock
solution) or DMSO as a control. Final concentrations of extracts
were 1, 0.5, and 0.25 mg mL~! for monitoring the inhibition
of biofilm formations 2, 1, and 0.5 mg mL~! for dispersion of
preformed biofilms. Briefly, overnight culture of S. aureus was
diluted in LB to 3 x 107 cfu mL™!, while C. albicans overnight

culture was diluted in RPMI medium supplemented with 2%
(w/v) glucose to 2 x 106 cfu mL~!. Biofilms were formed in the
presence of the extract containing violacein for 24 h (S. aureus)
and 48 h (C. albicans) at 37°C under static conditions. In the
biofilm dispersion assay, the extract was added to already formed
biofilms and incubated for further 24 h. In both experiments,
biofilms were washed with phosphate saline buffer (PBS), and
adherent cells were stained with 0.1% (v/v) CV. Optical density of
formed biofilms and biofilms that remained after treatment was
measured at a wavelength of 590 nm.

Antioxidant Potential of Violacein Dyed

Fabrics

Fabric samples (2.5 cm X 2.5 cm) were incubated in 5 mL of
DPPH free radical solution in ethanol (5.07 x 107> M) for 1 h
at room temperature in the dark. The antioxidant surface reacts
with the stable free radical of DPPH producing a colorless DPPH,
as reported elsewhere (Konzen et al., 2006). The absorbance at
517 nm was measured using a BOECO S-20 Spectrophotometer
against a blank without fabric. All analyses were carried out in
duplicate. The scavenging ability was calculated by the following

equation:
s ing ability % = (1 — (Aumple
cavenging ability % = ( — (m
is the DPPH radical solution in ethanol.

)) e 100; where blank

RESULTS

Optimization of Culture Conditions for

Violacein Production

Initially, an optimization study was conducted aiming at the
optimal conditions that boost biomass production along with
violacein production. The effect of an initial pH range from
5.0 to 9.0 was examined, as shown in Figure 1A. Biomass
was maximized for initial pH 7.0 and 8.0, however, violacein
production was up to 3.8-fold higher for initial pH 7.0 comparing
to pH 6.0 and 8.0. On the other hand, lower production of
biomass was observed for pH 5.0 with no violacein production,
where pH 9.0 proved a hostile environment for J. lividum
prosperity.

Subsequently, the effect of fermentation temperature in
the range between 20 and 35°C was examined (Figure 1B).
Psychrotrophic microorganisms attain a relatively lower
optimum temperature of growth due to the thermolability
of one or more essential cellular components, particularly
enzymes (Gounot, 1986). J. lividum seemed to grow well in the
vicinity of 20-25°C, where 30 and 35°C were considered an
inhibitory temperature. Maximum biomass was produced at
25°C with average concentration 0.79 mg mL~! accompanied
by maximum pigment production. At 25°C and initial pH 7.0,
average violacein production after 6 days of incubation in 100 mL
culture was measured to be 0.305 mg mL~!. Furthermore, the
leaked violacein in the supernatant was measured to be 0.215 mg
mL~1, indicating a loss of 41% of the total amount of violacein
that is produced in the cells. At higher temperatures of 30 and
35°C no biomass production was noted and subsequently there

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1495


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Kanelli et al.

Preparation of Antimicrobial Textiles

A 10 55
0.9 4 rs.0
~ 08 tas
i
E
07 40 g
2
g 06 33 g
0.5 20 2
L 25 £
J 3
3 04 20 3
E 03 4 s 2
=02 10
014 A %
00 4 : . 0.0
5 6 7 8 9
Initial pH
C o 55
= 50
2.6
~ 24 4.5
3 22 40 E
£ =
o 2.0 35 H
E I8 s
= 3.0
i . i E
Z4 25 =
f 3
2 12 20 g
g L0 2
2 08 [ 15
2 06
- 1.0
0.4 =4 [
02 a 0.5
0.0 - 0.0
Control Glucose  Glycerol Xylose
Carbon source
E 75
7.0
0.9 65
~ 08 6.0
0
= 55 E
g 7 5.0 §
o0 Ird
2 06 45
t 0.5 40 ﬁ
é - 35 g
2 04 30 8
E 25 £
E 03 20 £
a 02 1.5
1.0
0.1 0\()——0_0\0 0.5
0.0 T T T 0.0
0.0 0.1 0.2 03 04
Ampicillin (mg mL")
production cell-free extracted and leaked in the supernatant.
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was no violacein production, while at 20°C biomass reached
a concentration of 0.38 mg mL~! with second best violacein
production, justifying the psychrotrophic character of J. lividum.

In a following step, the carbon source context in the J. lividum
cultures was assessed. Glucose, glycerol and xylose were chosen
as the most common and less expensive carbon sources for
microorganism nutrition. All three media NB-G, NB-GY, NB-X
had a positive impact on biomass production, however, violacein
output does not show a similar trend (Figure 1C). NB-G
accomplished the highest biomass concentration of 2.25 mg
mL~1!, nonetheless, it inhibited violacein production as opposed
to basic NB as medium. NB-GY and NB-X also led to higher
biomass production (1.60 and 1.55 mg mL™!, respectively) but
lower than NB-G. Violacein production proved to maximize in
NB, while NB-GY presented the second best results in deriving
the target metabolite.

Finally, the effect on violacein production was examined by
adding different antibiotics. Figure 1D proves that only the
addition of ampicillin to the culture of J. lividum improves
violacein production without acute influence on biomass growth.

It is assumed that ampicillin addition represents stress-inducing
factor for cell growth and production of violacein. Cultures
were dosed with ampicillin in the range of 0.05-0.4 mg mL™!
(Figure 1E). It was observed that the addition of antibiotic in
the range of 0.1-0.4 mg mL~! enhanced violacein production
as a stress response, while cell growth was decreased. Ampicillin
concentration of 0.1-0.2 mg mL~! maximized violacein
production, increasing pigment concentration by 33-36% in
comparison to antibiotic-free cultures, without influencing cell
growth significantly.

Violacein Production Under Fed-Batch

Fermentation

Aiming at the scale up of violacein production, a 2-L
bioreactor was utilized under monitored conditions of pH,
temperature, agitation, and ventilation following the optimal
conditions found in shake flasks. The fermentation of J. lividum
carried out in batch mode resulted in maximum biomass
concentration of 0.77 mg mL™!, with an optical density of 4.75
at 600 nm, after a 48-h incubation as shown in Figure 2A.
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It is notable that the exact same biomass concentration was
achieved in shaking flasks. Violacein production was maximized
at 24 h reaching the concentration of 0.368 mg mL~!
(Figure 2B).

Subsequently, in an attempt to increase violacein production,
glycerol was added at the logarithmic phase of cell growth in
order to increase the carbon source when the dissolved oxygen
in the culture fluctuated in low levels ~20%. Glycerol was chosen
because in the optimization study (Figure 1C) it induced the
higher violacein production compared to glucose and xylose. In
Figure 2A the glycerol consumption over time is also presented.
Biomass is being produced up until 96 h, while glycerol is being
consumed until 120 h. With glycerol addition, the ratio of C/N
is increased and therefore violacein production is enhanced as a
secondary metabolite. The glycerol addition resulted in biomass
production with an optical density of 10.9 at 600 nm at 96 h of
incubation, with a satisfactory increase of 2.3-fold in comparison
to the batch fermentation. The biomass increase led to 1.828 mg
mL~! crude violacein production at 144 h, a fivefold violacein
increase compared to the no-glycerol added bioreactor, as shown
in Figure 2B. The cell-free extracted violacein in the current
study was crude, therefore its content was found by measuring
the absorbance at 575 nm, applying the extinction coefficient of
the pure metabolite found in literature. This way it was estimated
that the crude extract consists of 4.5% of pure violacein.

Dyeing of Polyamide Fabrics

Polyamide fabrics were dyed following three different processes,
namely SFD, DAFS, and DD (Figure 3A). In all cases, samples
were acquired and the color coordinates are presented in Table 1.
Both DAFS and DD dyeing processes at 48 h resulted in fabrics
with similar AE 63.83 and 67.88 and K/S 7.89 and 10.67,
respectively. SFD, however, presents the best dyeing results for
4-6 days of incubation with AE and K/S in the vicinity of
71.72-74.81 and 16.48-22.01, respectively. Additionally, it is a
notable fact that depending on the incubation time during SFD
process, more than one purple hues are acquired (Figure 3B). For

SED dyed polyamide samples dyeing strength was evaluated and
no alteration of color fastness and staining of dye was indicated
at acid and alkaline perspiration or at water (Supplementary
Table S1). Abrasion resistance in dry and wet state reached the
value 5 which means no staining on the cotton fabric and
subsequently no decolorization of the SFD fabrics. Polyamide
dyeing with violacein led to poor color fastness after light
exposure, when placed 165 h in the XENON arc lamp chamber
(Supplementary Table S2 and Supplementary Figure S1).

Antimicrobial Activity of Crude Extract
Containing Violacein and Violacein Dyed

Polyamide
In the initial screen, crude methanolic extract of J. lividum culture
was assessed for the antimicrobial properties against two Gram-
negative (E. coli and P. aeruginosa), four Gram-positive (S aureus,
S. aureus MRSA, M. luteus, and B. subtilis) bacterial strains, and
three fungal strains (C. albicans, C. krusei, and C. parapsilosis)
(Figure 4A). Culture extract, containing violacein, was able to
inhibit the growth of all tested strains between 15 and 60% in
comparison to untreated control at relatively high concentration
of 2 mg L™!. On the other side, the growth of S. aureus
was inhibited for 30% even at concentration of 0.5 mg L1,
Importantly, S. aureus MRSA strain has also been affected with
the presence of crude extract containing violacein, although
to lesser extent. The least affected was P. aeruginosa PAO-1.
C. parapsilosis was the most sensitive among fungal strains with
55 and 10% growth inhibition at 1 and 0.5 mg L™ ! of the extract,
respectively. Crude methanolic extract of J. lividum was also able
to moderately inhibit formation and to disperse already formed
biofilms of S. aureus at extract concentrations of 1 and 2 mg L™1,
while this effect has not been observed with C. albicans (Figure 5).
Staphylococcus aureus and Escherichia coli and three Candida
strains were used further for the evaluation of the antimicrobial
properties of polyamide dyed with this crude bacterial extract
containing violacein using three different approaches (Figure 4B
and Supplementary Figure S2). Violacein dyed polyamide was
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Contr(m

via SFD.

FIGURE 3 | (A) Untreated (control) and dyed fabrics via SFD, DAFS, or DD, (B) different shades, depending on incubation time, of purple-dyed polyamide 6.6 fabrics

inhibiting microbial cell growth between 55 and 10%, depending
on the strain and on the type of dying procedure. Overall,
polyamide dyed using SFD approach showed the greatest
antimicrobial effect, while DD approach resulted in the dyed
material with the lowest antimicrobial properties. This result
correlated well with the intensity of blue dye (Figure 3A).

Antioxidant Activity of Violacein Dyed

Polyamide

In this case, the antioxidant activity of dyed fabrics with violacein
was investigated with the DPPH radical method. Initially the
scavenging ability of crude violacein was examined and an
ICso equal to 0.16 mg mL ™! was estimated. Subsequently, dyed
fabrics through SFD, DAFS, or DD were tested for antioxidant

TABLE 1 | Color coordinates of fabrics dyed via SFD, DAFS, and DD processes.

Dyeing process L a b AE K/S
Control 89.90 0.14 2.09 0.36
SFD! 21.31 9.16 —26.39 74.81 22.01
DAFS? 34.71 7.75 —29.07 63.83 7.89
DD? 30.98 9.06 —30.43 67.88 10.67
Incubation time (h) SFD

0 89.90 0.14 2.09 0.36

24 60.04 3.17 -18.97 36.67 1.26
48 40.71 5.77 —24.53 56.21 4.85
72 30.34 7.71 —26.63 66.55 10.61
96 24.74 8.69 —26.63 71.72 16.48
120 23.1 8.78 —25.47 72.78 18.31
168 21.31 9.16 —26.39 74.81 22.01

DAFS and DD were conducted for 48 h. SFD results are also presented for
different times of incubation. ' Simultaneous fermentation and dyeing. Dyeing after
fermentation and sonication of cell culture. °Direct dyeing with cell-free extracted
violacein.

behavior, without demonstrating satisfactory antioxidant results
(Table 2).

DISCUSSION

J. lividum is a psychrotrophic species that has been found in
glacier and on the skin of amphibians, such as frogs or the
red-backed salamander Plethodon cinereus, where violacein is
produced as bacterial metabolite in concentrations that hinder
or kill the pathogen Batrachochytrium dendrobatidis (Brucker
et al., 2008; Harris et al., 2009; Lu et al., 2009). This pigment’s
antimicrobial and antioxidant activity can be exploited for
textile dyeing with acquired antimicrobial and antioxidant
properties.

Violacein microbial production depends on several factors
starting from the microorganism species to the environmental
conditions where the microorganism grows. Thus, a culture
optimization study is often necessary for improving the
production of the certain metabolite. Typically, violacein
producing microorganisms are reported in the literature to be
cultured in certain media like nutrient or LB broth without
further adjustment of the pH. In this study, considering the
effect of the initial pH on J. lividum growth, pH 7.0 proved to
be the most suitable for maximum cell growth and violacein
production. Psychrotrophic bacterium RT102 strain, a species
very close to J. lividum, was grown at pH 6 and 25°C (Nakamura
et al., 2003). The optimum temperature for the J. lividum
growth was found at 25°C, in accordance to literature (Rodrigues
et al., 2012; Masuelli et al., 2016) and similar to the J. lividum
strain TAM13948 (Shirata et al., 2000). On the other hand,
a J. lividum XT1 strain has been reported to grow better at
15°C, achieving pigment concentration of 0.85 g L™!, after 7
days of cultivation (Lu et al, 2009). Concerning the carbon
sources tested, inexpensive choices such as glucose, xylose, and
glycerol could be derived from exploitation of lignocellulosic
biomass and biodiesel waste, respectively, through fermentation
procedures (Kumar et al., 2009; Yang et al., 2012). When NB-G,
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NB-GY, and NB-X were tested as culture media, biomass
production was favored, however, there was a negative impact on
violacein production, justifying that the carbon source regulates
the metabolic path toward violacein production. In particular,
J. lividum grown in NB-GY medium produced 2.19-fold more
violacein comparing to NB-G. In literature the same strain has
been grown in LB broth, LB-glucose, and LB-glycerol media.
Violacein was produced in the presence of glycerol and to a lesser
extent in basic LB, while pigment production was inhibited by
glucose (Pantanella et al., 2007). Furthermore, the addition of an
antibiotic was examined as a stress inducing factor for cell growth
and production of violacein. The ampicillin dosage in the vicinity
0f 0.1-0.4 mg mL~! enhanced the violacein production up to 36%

as a stress response without influencing significantly cell growth.
This is in line with the previous report that addition of ampicillin
in J. lividum culture resulted in higher violacein production up to
25% (Pantanella et al., 2007).

Bacterial violacein is a compound difficult to extract and
purify and thus expensive in its commercial form. The scale-up
fermentation of J. lividum in 2-L bioreactor led to the same
biomass concentration, however, 2.7-fold less violacein was
produced comparing to shake flasks based on absorbance
measurements at 580 nm. At this point, it is important to
address that in both flasks and bioreactor experiments, a
similar amount of crude extract per volume of fermentation
was obtained, contrary to the absorbance measurements that
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represent violacein concentration. The biomass concentration
on the d.w. basis was also comparable, however, possibly due
to improved oxygen supply and pH control, and thus less
stressful environmental conditions in the bioreactor, violacein
production was decreased. Pure violacein comprised the 4.5%
of the whole methanol extracted amount, therefore its decrease
is not necessarily depicted in the final gravimetric yield of the
bioreactor, but it is depicted in terms of optical density at 580 nm.
On the other hand, the increase of carbon source through the
fed-batch process, led to a notable improvement in violacein
production, since the ratio of C/N is increased considerably
triggering the production of violacein. Biomass on d.w. basis
and violacein production reached a 2.3- and 5-fold increase,
respectively, in comparison to batch fermentation. Violacein
production in the fed-batch process also exceeds the small scale
violacein outcome in the flasks by 35% in terms of absorbance

at 580 nm. In previous studies, the estimation of violacein
concentration is derived from spectrophotometric analysis of
the extracted crude violacein in ethanol solution and therefore
the results presented are not directly comparable. Indicatively,
in literature, crude violacein production of 1.75 g L™! has
been achieved by an engineered E. coli in a 5-L fermentor
with interactive control of tryptophan pathway and violacein
biosynthetic pathway (Fang et al, 2015). A factorial design
has been conducted for the optimization of crude violacein
production from C. violaceum achieving 21 ¢ L~! biomass and
043 g L' crude violacein production (Mendes et al., 2001).
A psychrotrophic bacterium RT102 strain culture in a 3 L
fermentor reached maximum biomass yield of 15 g L~! and
violacein concentration 3.5 g L=! at 30 h. However, in this case,
the violacein was extracted from the supernatant (Nakamura
et al., 2003). Moreover, a pigment content of 0.8 g g~! of dry
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TABLE 2 | Scavenging ability of dyed polyamide fabrics with violacein via SFD,
DAFS, or DD.

Sample Scavenging ability (%)
Control 0+0.10
SFD' 24 h 10+ 0.1
SFD 48 h 12+ 1.13
SFD 168 h 12 +1.07
DAFS? 48 h 8+0.12
DDS 48 h 14+19

' Simultaneous fermentation and dyeing. 2Dyeing after fermentation and sonication
of cell culture. 3Direct dyeing with cell-free extracted violacein.

biomass has been achieved by a J. lividum XT1 strain through a
culture optimization study (Lu et al., 2009).

Bacterial violacein has been utilized before for dyeing different
kind of textiles (Choi et al., 2015b). The microbial pigment
is transported from the aqueous phase and absorbed onto
particular reactive groups of the fabric. In our study, the
fabrics dyed via SFD, DAFS, or DD attained similar K/S
and AE that were quite impressive. On the other hand, the
fabrics that underwent SFD process obtained even darker color
and better antimicrobial properties (Figures 3A, 4B). This
result is of outmost importance, since J. lividum under SFD
could provide outstanding dyed textiles with the minimum
environmental impact, since no chemical solvents were used,
while maintaining a mild fermentation process. This way textiles
could be dyed via SFD and the extracted violacein could be
utilized even for different applications as in biomedicine after
further purification. Furthermore, the dyed fabrics presented
poor light fastness. Obviously, high resistance to degradation or
fading of fabric dyes and prints due to light is an important
requirement for clothing items, but becomes less important in
different applications restricted to the indoor use of textiles,
such as medical applications. For fabrics dyed via SFD process,
sterilization and washing steps are essential for neutralizing the
microbial load, aiming at a final product that meets the market
requirements for a specific application (e.g., textile industry,
medicine, etc.). In literature, polyamide fabrics have been dyed
via immersing in violacein solution in several organic solvents
or in the autoclaved culture supernatant for 20 min, however,
no color coordinates were provided for the comparison with
the present study (Shirata et al,, 2000). Herein, through the
SED process a feasible biotechnological procedure of fabric
dyeing is proposed by using the crude extract that contains
the violacein, without using organic solvents. This way decrease
of the process cost and the environmental impact can be
achieved.

Textiles have evolved from being just commodity materials
to providing an array of benefits, including additional comfort
and protection, improved hygiene, and supporting healthcare.
The textile industry has shown great interest toward the
manufacturing of smart multifunctional fabrics oriented for
medical applications (Carosio and Monero, 2004; Marques et al.,
2014; Armstrong et al., 2017). In particular, there is great
interest in obtaining fabrics with antimicrobial properties capable
of controlling the spread of multiresistant microorganisms.

In literature, several studies have been carried out for acquiring
textiles with antimicrobial activity via bonding of phenols,
formaldehyde derivatives and others, however, the toxicity
and no-biodegradability of these compounds renders them
non-sustainable (Gupta and Bhaumik, 2007; Iyigundogdu et al,,
2017). Violacein and other natural pigments have been examined
for application in textile industry as they bring no harmful
effects on environment and aquatic ecosystem and provide
more developed functionalities to textiles simultaneously (Yusuf
et al.,, 2017). Violacein has been reported to have antibacterial
activity against several microorganisms such as S. aureus,
B. licheniformis, B. subtilis, B. megaterium, and P. aeruginosa,
as well as antifungal activity against Colletotrichum dematium,
Fusarium solani f. spp. mori, Bipolaris leersiae a.o. (Shirata et al.,
2000; Nakamura et al., 2003; Cazoto et al., 2011; Martins et al.,
2011). We have confirmed this broad spectrum of antibacterial
properties of methanol culture extract containing violacein.
Minimum inhibitory concentrations of pure violacein against
different microbial strains vary from 2 jug mL~! to more than
50 g mL~!, which is in line with our study since we have
shown that the content of violacein in the extract was about
5%. Importantly, violacein dyed polyamide showed excellent
antimicrobial properties, both against bacteria and Candida
strains. Notably, SFD fabric rendered the best antimicrobial
properties. Particularly the SFD fabrics mitigate cell growth of
S. aureus and S. aureus MRSA by 50 and 44%, compared to the
56 and 46% bacterial reduction that crude violacein exhibits at
the concentration of 2 mg mL~!. However, this is not the case
for the E. coli and Candida strains for which even SFD fabrics
present less inhibitive effect as opposed to cell-free extracted
crude violacein. In literature there in no documentation of
conducting antimicrobial tests on treated fabrics with violacein.
Researchers have prepared antimicrobial PA 6.6 fabrics with
silver nanoparticle coating after plasma treatment. Indicatively,
20 and 100 nm sized AgNPs polyamide fabrics induced 100
and 20% bacterial reduction of E. coli and 82 and 19% of
S. aureus, respectively (Zille et al., 2015). In fact the use of
metal nanoparticles in fabrics is a widely used technique for the
preparation of antimicrobial fabrics (Humberto, 2015), however,
in the herein work a more eco-friendly approach is suggested.
Cotton fabrics coated with chitosan have presented reduction
of 76-96% of S. aureus and 72-94% of E. coli growth (Rahman
Bhuiyan et al., 2017). Another study included the enhancement
of antibacterial properties of cotton fabrics by coating herbal
nanoparticles from Azadirachta indica resulting in 81% reduction
of E. coli and 77% of S. aureus, respectively (Subramani et al,,
2017).

When it comes to textiles with the potential to be used
in medical applications, antioxidant properties are essential
along with their antimicrobial profile, especially in the case of
“cosmetotextiles” (Zemlji¢ et al., 2014). Antioxidants are natural
substances used to regulate the processes triggered by external
aggressions, thereby preventing the oxidative stress. Violacein
possesses antioxidant properties based on the density functional
theory method (Cao et al., 2007). In short, it was calculated that
a certain N-H bond of violacein structure has bond dissociation
energy (BDE) slightly lower than that of the N-H in DPPH-H,
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therefore, violacein can scavenge DPPH radicals. Additionally,
violacein antioxidant properties have been justified before via
reacting with DPPH, nitric oxide, superoxide radicals, and
decreasing the hydroxyl radical electron paramagnetic resonance
(EPR) signal. In this case, the antioxidant activity of crude
violacein and dyed fabrics with violacein was investigated with
the DPPH radical method. Crude violacein presented an ICsq
equal to 0.16 mg mL~!, expecting that also other chemical
components of the crude extract contribute to the antioxidant
behavior. Via DPPH tests on pure violacein reported previously
(Konzen et al., 2006), it was concluded that pure violacein
exhibits an ICsp equal to 0.087 mg mL~!, 1.8-fold lower than
crude violacein, as expected, after incubation for 1 h at 37°C.
The antioxidant ability of polyamide textiles dyed with violacein
has not been examined before, so the direct comparison is not
possible. Nonetheless, indicatively, the treatment of cotton fabrics
with gallnut extract resulted in 100% scavenging activity of DPPH
radicals (Hong, 2014). On the contrary, the preparation of cotton
fabrics coated with chitosan that contains biologically active
antioxidant substances by Viola Tricolor did not present any
scavenging activity (Mocanu et al., 2013).

An eco-friendly approach is proposed for synthetic fabrics
dyeing using violacein from J. lividum. Pigment production
was improved and scaled up in bioreactor fermentation,
aiming at the effective dyeing of textiles with antifungal and
antibacterial properties. For the efficient application of the
microbial dye on polyamide fabrics, three different processes
were evaluated based on color characteristics and antimicrobial
properties. The SFD process showed the greatest antimicrobial
effect providing outstanding dyed textiles with the minimum
environmental impact, since extraction and purification steps
of violacein were avoided. Further studies are needed to
evaluate the potential of these functional textiles to support
healthcare for medical applications through the control of
multiresistant microorganisms. Moreover, violacein production
can be examined using lignocellulosic biomass and biodiesel
waste as carbon source for J. lividum growth in order to render

REFERENCES

Alpert, P. T. (2017). Superbugs: antibiotic resistance is becoming a major public
health concern. Home Health Care Manag. Pract. 29, 130-133. doi: 10.1177/
1084822316659285

Armstrong, D. G., Najafi, B., and Shahinpoor, M. (2017). Potential applications
of smart multifunctional wearable materials to gerontology. Gerontology 63,
287-298. doi: 10.1159/000455011

Aruguete, D. M., Kim, B., Hochella, M. F.,, Ma, Y., Cheng, Y., Hoegh, A,
et al. (2013). Antimicrobial nanotechnology: its potential for the effective
management of microbial drug resistance and implications for research
needs in microbial nanotoxicology. Environ. Sci. Process. Impacts 15, 93-102.
doi: 10.1039/C2EM30692A

Bromberg, N., Dreyfuss, J. L., Regatieri, C. V, Palladino, M. V, Durédn, N., Nader,
H. B, et al. (2010). Growth inhibition and pro-apoptotic activity of violacein in
Ehrlich ascites tumor. Chem. Biol. Interact. 186, 43-52. doi: 10.1016/j.cbi.2010.
04.016

Brucker, R. M., Harris, R. N., Schwantes, C. R., Gallaher, T. N., Flaherty, D. C,,
Lam, B. A, et al. (2008). Amphibian chemical defense: antifungal metabolites
of the microsymbiont Janthinobacterium lividum on the salamander Plethodon
cinereus. ]. Chem. Ecol. 34, 1422-1429. doi: 10.1007/s10886-008-9555-7

the process more sustainable. Also the encapsulation of violacein
for controlled release on the fabric is of great interest and
experiments are being carried out at the moment toward this
direction.

AUTHOR CONTRIBUTIONS

MKan, MM, MKal, and SV carried out the experiments and
wrote the manuscript. MKan and MKal contributed in the
optimization and scale up of violacein production. SV performed
the characterization of the dyed textiles. MM carried out
the antimicrobial experiments. JN-R, DK, and ET participated
in study conception, data interpretation, and corrected the
manuscript. All authors have read and approved the final
manuscript.

FUNDING

MM and JN-R were supported by Ministry of Education and
Science, Republic of Serbia Grant 173048.

ACKNOWLEDGMENTS

TextileLab Amsterdam, Waag Society (Netherlands) is gratefully
thanked for providing the J. lividum strain. Onassis Institute
should also be acknowledged for the support provided to MKan
throughout this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01495/full#supplementary- material

Cao, W., Chen, W., Sun, S., Guo, P,, Jirong, S., and Tian, C. (2007). Investigating
the antioxidant mechanism of violacein by density functional theory
method. J. Mol. Struct. Theochem. 817, 1-4. doi: 10.1016/j.theochem.2007.
04.022

Carosio, S., and Monero, A. (2004). “Smart and hybrid materials: perspectives for
their use in textile structures for better health care,” in Wearable Ehealth Systems
for Personalised Health Management, Vol. 108, eds A. Lymberis, and D. de Rossi
(Amsterdam: IOS Press), 335-354.

Cazoto, L. L., Martins, D., Ribeiro, M. G., Duran, N., and Nakazato, G. (2011).
Antibacterial activity of violacein against Staphylococcus aureus isolated from
bovine mastitis. J. Antibiot. 64, 395-397. doi: 10.1038/ja.2011.13

Cerkez, I, Worley, S. D., Broughton, R. M., and Huang, T. S. (2013). Antimicrobial
coatings for polyester and polyester/cotton blends. Prog. Org. Coat. 76,
1082-1087. doi: 10.1016/].PORGCOAT.2013.03.005

Choi, S. Y., Kim, S., Lyuck, S., Kim, S. B., and Mitchell, R. J. (2015a). High-level
production of violacein by the newly isolated Duganella violaceinigra str.
NI28 and its impact on Staphylococcus aureus. Sci. Rep. 5:15598. doi: 10.1038/
srep15598

Choi, S. Y., Yoon, K, Lee, J. I, and Mitchell, R. J. (2015b). Violacein: properties
and production of a versatile bacterial pigment. BioMed Res. Int. 2015:465056.
doi: 10.1155/2015/465056

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1495


https://www.frontiersin.org/articles/10.3389/fmicb.2018.01495/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01495/full#supplementary-material
https://doi.org/10.1177/1084822316659285
https://doi.org/10.1177/1084822316659285
https://doi.org/10.1159/000455011
https://doi.org/10.1039/C2EM30692A
https://doi.org/10.1016/j.cbi.2010.04.016
https://doi.org/10.1016/j.cbi.2010.04.016
https://doi.org/10.1007/s10886-008-9555-7
https://doi.org/10.1016/j.theochem.2007.04.022
https://doi.org/10.1016/j.theochem.2007.04.022
https://doi.org/10.1038/ja.2011.13
https://doi.org/10.1016/J.PORGCOAT.2013.03.005
https://doi.org/10.1038/srep15598
https://doi.org/10.1038/srep15598
https://doi.org/10.1155/2015/465056
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Kanelli et al.

Preparation of Antimicrobial Textiles

Durén, N., Justo, G. Z., Ferreira, C. V, Melo, P. S., Cordi, L., and Martins, D. (2007).
Violacein: properties and biological activities. Biotechnol. Appl. Biochem. 48,
127-133. doi: 10.1042/BA20070115

Fang, M. Y., Zhang, C,, Yang, S., Cui, J. Y., Jiang, P. X, Lou, K,, et al. (2015). High
crude violacein production from glucose by Escherichia coli engineered with
interactive control of tryptophan pathway and violacein biosynthetic pathway.
Microb. Cell Fact. 14:8. doi: 10.1186/s12934-015-0192-x

Gounot, A. M. (1986). Psychrophilic and psychrotrophic microorganisms.
Experientia 42, 1192-1197. doi: 10.1007/BF01946390

Gupta, D., and Bhaumik, S. (2007). Antimicrobial treatments for textiles. Indian J.
Fibre Text. Res. 32, 254-263.

Harris, R. N., Brucker, R. M., Walke, J. B., Becker, M. H., Schwantes, C. R., Flaherty,
D. C,, et al. (2009). Skin microbes on frogs prevent morbidity and mortality
caused by a lethal skin fungus. ISME J. 3, 818-824. doi: 10.1038/isme;j.2009.27

Hong, K. H. (2014). Preparation and properties of multi-functional cotton
fabric treated by gallnut extract. Text. Res. J. 84, 1138-1146. doi: 10.1177/
0040517513519007

Iyigundogdu, Z. U., Demir, O., Asutay, A. B, and Sahin, F. (2017). Developing
novel antimicrobial and antiviral textile products. Appl. Biochem. Biotechnol.
181, 1155-1166. doi: 10.1007/s12010-016-2275-5

Kanelli, M., Vasilakos, S., Ladas, S., Symianakis, E., Christakopoulos, P., and
Topakas, E. (2017). Surface modification of polyamide 6.6 fibers by enzymatic
hydrolysis. Process Biochem. 59, 97-103. doi: 10.1016/j.procbio.2016.06.022

Kanelli, M., Vasilakos, S., Nikolaivits, E., and Ladas, S. (2015). Surface modification
of poly(ethylene terephthalate) (PET) fibers by a cutinase from Fusarium
oxysporum. Process Biochem. 50, 1885-1892. doi: 10.1016/j.procbio.2015.08.013

Kimmel, K. E., and Maier, S. (1969). Effect of cultural conditions on the synthesis
of violacein in mesophilic and psychrophilic strains of Chromobacterium. Can.
J. Microbiol. 15, 111-116. doi: 10.1139/m69-017

Kodach, L. L., Bos, C. L., Duran, N., Peppelenbosch, M. P., Ferreira, C. V., and
Hardwick, J. C. H. (2006). Violacein synergistically increases 5-fluorouracil
cytotoxicity, induces apoptosis and inhibits Akt-mediated signal transduction
in human colorectal cancer cells. Carcinogenesis 27, 508-516. doi: 10.1093/
carcin/bgi307

Konzen, M., De Marco, D., Cordova, C. A. S., Vieira, T. O., Antonio, R.
V, and Creczynski-Pasa, T. B. (2006). Antioxidant properties of violacein:
possible relation on its biological function. Bioorg. Med. Chem. 14, 8307-8313.
doi: 10.1016/j.bmc.2006.09.013

Kumar, P., Kumar, P., Barrett, D. M., Barrett, D. M., Delwiche, M. J., Delwiche,
M. J,, et al. (2009). Methods for pretreatment of lignocellulosic biomass for
efficient hydrolysis and biofuel production. Ind. Eng. Chem. 48, 3713-3729.
doi: 10.1021/ie801542g

Laatsch, H., Thomson, R. H., and Cox, P. J. (1984). Spectroscopic properties of
violacein and related compounds: crystal structure of tetramethylviolacein.
J. Chem. Soc. Perkin Trans. 2, 1331-1339. 10.1039/p29840
001331

Leon, L. L, Miranda, C. C, De Souza, A. O., and Duran, N. (2001).
Antileishmanial activity of the violacein extracted from Chromobacterium
violaceum. J. Antimicrob. Chemother. 48, 449-450. doi: 10.1093/jac/48.3.449

Lu, Y., Wang, L., Xue, Y., Zhang, C., Xing, X. H., Lou, K., et al. (2009). Production
of violet pigment by a newly isolated psychrotrophic bacterium from a glacier
in Xinjiang, China. Biochem. Eng. J. 43, 135-141. doi: 10.1016/j.bej.2008.09.009

Marques, C., Ferreira, J. M. F., Andronescu, E., Ficai, D., Sonmez, M., and
Ficai, A. (2014). Multifunctional materials for bone cancer treatment. Int. J.
Nanomedicine 9, 2713-2725. doi: 10.2147/1JN.S55943

Martins, D., Costa, F. T. M., Brocchi, M., and Duran, N. (2011). Evaluation of
the antibacterial activity of poly- (D, L -lactide-co-glycolide) nanoparticles
containing violacein. J. Nanoparticle Res. 13, 355-363. doi: 10.1007/s11051-
010-0037-9

Masuelli, L., Pantanella, F., La Regina, G., Benvenuto, M., Fantini, M., Mattera, R.,
et al. (2016). Violacein, an indole-derived purple-colored natural pigment
produced by Janthinobacterium lividum, inhibits the growth of head and neck
carcinoma cell lines both in vitro and in vivo. Tumour Biol. 37, 3705-3717.
doi: 10.1007/s13277-015-4207-3

Matz, C., Deines, P., Boenigk, J., Arndt, H., Eberl, L., Kjelleberg, S., et al. (2004).
Impact of violacein-producing bacteria on survival and feeding of bacterivorous
nanoflagellates. Appl. Environ. Microbiol. 70, 1593-1599. doi: 10.1128/ AEM.70.
3.1593

doi:

Melo, P. S., Maria, S. S., Vidal, B. C., Haun, M., and Duran, N. (2000). Violacein
cytotoxicity and induction of apoptosis in V79 cells. In Vitro Cell. Dev. Biol. 36,
539-543. doi: 10.1290/1071-2690(2000)036<0539:VCAIOA>2.0.CO;2

Mendes, A. S., de Carvalho, J. E,, Duarte, M. C. T., Duran, N., and Bruns, Roy, E.
(2001). Factorial design and response surface optimization of crude violacein
for Chromobacterium violaceum production. Biotechnol. Lett. 23, 1963-1969.
doi: 10.1023/A:1013734315525

Merritt, J. H., Kadouri, D. E, and O'Toole, G. A. (2005). Growing and
analyzing static biofilms. Curr. Protoc. Microbiol. 1B.1.1-1B.1.17. doi: 10.1002/
9780471729259.mc01b01s00

Mocanu, G., Nichifor, M., Mihai, D., and Oproiu, L. C. (2013). Bioactive cotton
fabrics containing chitosan and biologically active substances extracted from
plants. Mater. Sci. Eng. C Mater. Biol. Appl. 33,72-77. doi: 10.1016/j.msec.2012.
08.007

Nakamura, Y., Asada, C., and Sawada, T. (2003). Production of antibacterial violet
pigment by psychrotropic bacterium RT102 strain. Biotechnol. Bioprocess Eng.
8, 37-40. doi: 10.1007/BF02932896

Humberto, P. (2015). Antimicrobial polymers with metal nanoparticles. Int. J. Mol.
Sci. 16, 2099-2116. doi: 10.3390/ijms16012099

Pantanella, F., Berlutti, F., Passariello, C., Sarli, S., Morea, C., and Schippa, S.
(2007). Violacein and biofilm production in Janthinobacterium lividum. J. Appl.
Microbiol. 102, 992-999. doi: 10.1111/j.1365-2672.2006.03155.x

Pierce, C. G., Uppuluri, P., Tummala, S., and Lopez-Ribot, J. L. (2010). A 96
well microtiter plate-based method for monitoring formation and antifungal
susceptibility testing of Candida albicans biofilms. J. Vis. Exp. 44:2287.
doi: 10.3791/2287

Rahman Bhuiyan, M. A., Hossain, M. A., Zakaria, M., Islam, M. N., and Zulhash
Uddin, M. (2017). Chitosan coated cotton fiber: physical and antimicrobial
properties for apparel use. J. Polym. Environ. 25, 334-342. doi: 10.1007/s10924-
016-0815-2

Rahul, S., Chandrashekhar, P., Hemant, B., Bipinchandra, S., Mouray, E.,
Grellier, P., et al. (2015). Parasitology international in vitro antiparasitic
activity of microbial pigments and their combination with phytosynthesized
metal nanoparticles. Parasitol. Int. 64, 353-356. doi: 10.1016/j.parint.2015.
05.004

Rodrigues, A. L., Gocke, Y., Bolten, C., Brock, N. L., Dickschat, J. S., and
Wittmann, C. (2012). Microbial production of the drugs violacein and
deoxyviolacein: analytical development and strain comparison. Biotechnol. Lett.
34, 717-720. doi: 10.1007/s10529-011-0827-x

Shahmoradi Ghaheh, F., Mortazavi, S. M., Alihosseini, F., Fassihi, A., Shams
Nateri, A., and Abedi, D. (2014). Assessment of antibacterial activity of wool
fabrics dyed with natural dyes. J. Clean. Prod. 72, 139-145. doi: 10.1016/].
JCLEPRO.2014.02.050

Shirata, A., Tsukamoto, T., Yasui, H., Hata, T., Hayasaka, S., Atsushi, K., et al.
(2000). Isolation of bacteria producing bluish-purple pigment and use for
dyeing. Japan Agric. Res. Q. 140, 131-140.

Stankovic, N., Senerovic, L., Ilic-Tomic, T., Vasiljevic, B., and Nikodinovic-Runic, J.
(2014). Properties and applications of undecylprodigiosin and other bacterial
prodigiosins. Appl. Microbiol. Biotechnol. 98, 3841-3858. doi: 10.1007/s00253-
014-5590-1

Subramani, K., Murugan, V., Kolathupalayam Shanmugam, B., Rangaraj, S.,
Palanisamy, M., Venkatachalam, R., et al. (2017). An ecofriendly route to
enhance the antibacterial and textural properties of cotton fabrics using herbal
nanoparticles from Azadirachta indica (neem). J. Alloys Compd. 723, 698-707.
doi: 10.1016/J.JALLCOM.2017.06.242

Suryawanshi, R. K., Patil, C. D., Borase, H. P., Narkhhede, C. P., Stevenson, A.,
Hallsworth, J. E., et al. (2015). Towards an understanding of bacterial
metabolites prodigiosin and violacein and their potential for use in commercial
sunscreens. Int. J. Cosmet. Sci. 37, 98-107. doi: 10.1111/ics.12175

Wu, X, Deutschbauer, A. M., Kazakov, A. E, Wetmore, K. M., Cwick,
B. A, Walker, R. M., et al. (2017). Draft genome sequences of two
Janthinobacteriumlividum strains, isolated from pristine groundwater collected
from the oak ridge field research center. Genome Announc. 5:€00582-17.
doi: 10.1128/genomeA.00582-17

Yada, S., Wang, Y., Zou, Y., Nagasaki, K., Hosokawa, K., Osaka, I, et al.
(2008). Short communication isolation and characterization of two groups
of novel marine bacteria producing violacein. Mar. Biotechnol. 10, 128-132.
doi: 10.1007/s10126-007-9046-9

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1495


https://doi.org/10.1042/BA20070115
https://doi.org/10.1186/s12934-015-0192-x
https://doi.org/10.1007/BF01946390
https://doi.org/10.1038/ismej.2009.27
https://doi.org/10.1177/0040517513519007
https://doi.org/10.1177/0040517513519007
https://doi.org/10.1007/s12010-016-2275-5
https://doi.org/10.1016/j.procbio.2016.06.022
https://doi.org/10.1016/j.procbio.2015.08.013
https://doi.org/10.1139/m69-017
https://doi.org/10.1093/carcin/bgi307
https://doi.org/10.1093/carcin/bgi307
https://doi.org/10.1016/j.bmc.2006.09.013
https://doi.org/10.1021/ie801542g
https://doi.org/10.1039/p29840001331
https://doi.org/10.1039/p29840001331
https://doi.org/10.1093/jac/48.3.449
https://doi.org/10.1016/j.bej.2008.09.009
https://doi.org/10.2147/IJN.S55943
https://doi.org/10.1007/s11051-010-0037-9
https://doi.org/10.1007/s11051-010-0037-9
https://doi.org/10.1007/s13277-015-4207-3
https://doi.org/10.1128/AEM.70.3.1593
https://doi.org/10.1128/AEM.70.3.1593
https://doi.org/10.1290/1071-2690(2000)036<0539:VCAIOA>2.0.CO;2
https://doi.org/10.1023/A:1013734315525
https://doi.org/10.1002/9780471729259.mc01b01s00
https://doi.org/10.1002/9780471729259.mc01b01s00
https://doi.org/10.1016/j.msec.2012.08.007
https://doi.org/10.1016/j.msec.2012.08.007
https://doi.org/10.1007/BF02932896
https://doi.org/10.3390/ijms16012099
https://doi.org/10.1111/j.1365-2672.2006.03155.x
https://doi.org/10.3791/2287
https://doi.org/10.1007/s10924-016-0815-2
https://doi.org/10.1007/s10924-016-0815-2
https://doi.org/10.1016/j.parint.2015.05.004
https://doi.org/10.1016/j.parint.2015.05.004
https://doi.org/10.1007/s10529-011-0827-x
https://doi.org/10.1016/J.JCLEPRO.2014.02.050
https://doi.org/10.1016/J.JCLEPRO.2014.02.050
https://doi.org/10.1007/s00253-014-5590-1
https://doi.org/10.1007/s00253-014-5590-1
https://doi.org/10.1016/J.JALLCOM.2017.06.242
https://doi.org/10.1111/ics.12175
https://doi.org/10.1128/genomeA.00582-17
https://doi.org/10.1007/s10126-007-9046-9
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Kanelli et al.

Preparation of Antimicrobial Textiles

Yang, F., Hanna, M. A,, and Sun, R. (2012). Value-added uses for crude glycerol-a
byproduct of biodiesel production. Biotechnol. Biofuels 5:13. doi: 10.1186/1754-
6834-5-13

Yu, M., Wang, Z., Lv, M., Hao, R,, Zhao, R., Qi, L., et al. (2016). Antisuperbug
cotton fabric with excellent laundering durability. ACS Appl. Mater. Interfaces
8,19866-19871. doi: 10.1021/acsami.6b07631

Yusuf, M., Shabbir, M., and Mohammad, F. (2017). Natural colorants: historical,
processing and sustainable prospects. Nat. Prod. Bioprospect. 7, 123-145.
doi: 10.1007/513659-017-0119-9

Zemlji¢, L. F., Volmajer, J., Risti¢, T., Bracic, M., Sauperl, O., and Kreze, T.
(2014). Antimicrobial and antioxidant functionalization of viscose fabric using
chitosan-curcumin formulations. Text. Res. J. 84, 819-830. doi: 10.1177/
0040517513512396

Zille, A., Fernandes, M. M., Francesko, A., Tzanov, T., Fernandes, M., Oliveira,
F. R, et al. (2015). Size and aging effects on antimicrobial efficiency of silver

nanoparticles coated on polyamide fabrics activated by atmospheric DBD
plasma. ACS Appl. Mater. Interfaces 7, 13731-13744. doi: 10.1021/acsami.
5b04340

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Kanelli, Mandic, Kalakona, Vasilakos, Kekos, Nikodinovic-
Runic and Topakas. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

July 2018 | Volume 9 | Article 1495


https://doi.org/10.1186/1754-6834-5-13
https://doi.org/10.1186/1754-6834-5-13
https://doi.org/10.1021/acsami.6b07631
https://doi.org/10.1007/s13659-017-0119-9
https://doi.org/10.1177/0040517513512396
https://doi.org/10.1177/0040517513512396
https://doi.org/10.1021/acsami.5b04340
https://doi.org/10.1021/acsami.5b04340
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Microbial Production of Violacein and Process Optimization for Dyeing Polyamide Fabrics With Acquired Antimicrobial Properties
	Introduction
	Materials and Methods
	Materials and Chemicals
	Microorganisms
	Optimization of Violacein Production and Extraction
	Production of Violacein in Bioreactor
	Dyeing of Polyamide Fabrics With Violacein
	Analysis of Violacein Dyed Textiles
	Antimicrobial Activity Tests
	Antibiofilm Assays
	Antioxidant Potential of Violacein Dyed Fabrics

	Results
	Optimization of Culture Conditions for Violacein Production
	Violacein Production Under Fed-Batch Fermentation
	Dyeing of Polyamide Fabrics
	Antimicrobial Activity of Crude Extract Containing Violacein and Violacein Dyed Polyamide
	Antioxidant Activity of Violacein Dyed Polyamide

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


