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ABSTRACT

The textile industry is responsible for the production of more than 2 billion tons of
effluents/waste, most of which are discarded into the ecosystem, namely and mostly
into water ecosystems, essentially after the dyeing and printing processes. In fact,
dyeing is one of the most polluting processes in the textile industry, representing a
high source of pollution. According to the World Bank, the textile dyeing industries
are responsible for more than 20% of the pollution of all water used at the industrial
level. One of the serious problems related to the group of synthetic dyes is the level
of chemical compounds used for their production, which has a high level of toxicity. In
this context, the group of azo dyes stands out, for example, which predominate in most
textile processing applications and have carcinogenic and mutagenic potential. These
mentioned problems do not only have an impact in terms of the environment, but
also in terms of human health since they can cause irritation to people’s skin, eyes,
and respiratory tract. Additionally, various health problems such as neurotoxicity,
carcinogenicity, reproductive toxicity, and developmental toxicity can arise because
of exposure to wastewater pollution. One of the emerging research domains is rela-
ted to the exploration of obtaining natural dyes from microorganisms, known as Bio
colorants. However, the approaches used also to limit the yield and performance of the
obtained formulations, since the dyeing process occurs directly, through the exposure
of the microorganism to the substrate. Additionally, to date, there is no solution appli-
cable to continuous dyeing. This research work has as its main objectives the research
and development to obtain dyes for application in textile finishing processes, namely
dyeing, and printing, resorting to bacterial metabolic processes for the bioproduction
of these same dyes. Complementarily, with this project, it is expected to obtain dyeing
and printing processes with a reduction in contaminated effluents, because of the high
biodegradability of the biodyes to be developed, thus contributing to the reduction of
decontamination processes of industrial effluents.

Keywords: Biodyes, Metabolic study, E. coli, Pseudomonas aeruginosa, Textile dyeing, Printing
technological processes

© 2023. Published by AHFE Open Access. All rights reserved. 62


https://doi.org/10.54941/ahfe1003641

Biodyes: A New Approach in Textile Dyeing and Printing Technological Processes 63

INTRODUCTION

This project, therefore, aims to achieve the following research and deve-
lopment milestones: i. New biotechnological approach for obtaining the
biodye; ii. High performance and functionalization of the biodye on tex-
tile substrates. iii. Reproducibility and uniformity of the process on various
types of substrates. A differentiating approach will be investigated, through
the metabolic study of the culture conditions of microorganisms, without
resorting to genetic modification, and without the use of toxic chemical com-
pounds, allowing, in this way, to generate a unique concept in the sector. As
will be duly demonstrated given that, to date, biodye solutions obtained from
microorganisms for continuous dyeing are unknown. At the level of the pro-
posed concept, it is intended to develop formulations of biodye in powder
and/or liquid, with performances equivalent to synthetic dyes, to meet the
facilities and operational needs of industrial textile dyeing and printing pro-
cesses, directly responding to industry and market requirements. Effectively,
this concept is unique and distinct in the sector, since the discontinuous dyeing
solutions of biodyes (from microorganisms) available, occur by direct tran-
sfer of the color of the microorganism to the substrate, which entails high
constraints in the productive processes in the industries of the sector, which
do not have the capacity to adapt their infrastructures. The provision of a
powder/and/or liquid formulation makes it possible to respond to this pro-
blem and needs. Within the scope of this research process, difficulties may
be encountered in obtaining a sufficiently high production yield of biodyes
using the different substrates to be tested. Although this is not expected for
the production of the red biodye (using the E.coli microbiological strain), it
may eventually occur in the production of the yellow and/or blue biodyes. In
this case, the consortium team will investigate metabolic pathways of diffe-
rent bacterial and fungal strains to analyze alternatives for obtaining biodye
with chromophores of different tones that are an added value for the needs of
the sector, through the study and production based on Blakeslea trispora, or
in fungi of the genus Penicillium. These strategies will enable the investigation
of bio-colorant solutions with yields compatible with industrial needs. This
research project also intends to demonstrate and validate the application of
the bio-colorant to textile ennoblement processes, in the specific case, indu-
strial textile dyeing, and printing processes (batch and continuous) applied
to a series of prototypes/pieces of clothing, with different compositions of
textile fibers, for which it is intended to demonstrate high levels of intensity,
saturation, and colorimetric solidity.

The present investigation related to this work intends, therefore, to
respond to the pressing needs of the textile industry, with regard to obtaining
new typologies of sustainable dyes, which, at the same time, can respond to
the characteristics and performance of synthetic dyes, in technological proces-
ses. batch dyeing, continuous dyeing, conventional printing or digital printing
on textile surfaces in the production of colored textiles, with reduced impact
on the environment and human health.

It is known the potential that exists in the generation of color and a wide
range of functionalities, from biotechnology, with regard to the metabolic
pathway of certain microorganisms, in the specific case of bacteria such as
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E. coli. The main advantages of the innovation proposed in the investigation
of this project are, compared to synthetic dyes/pigments, its very low environ-
mental impact, regarding the consumption of material and energy resources,
environmental pollution, and non-toxicity of the resulting effluents (Gulzar
et al., 2019). At the same time, the production of dyes from microorganisms,
bacteria or fungi, presents benefits compared to natural alternatives of vege-
table origin due to its independence from seasonal limitations and climatic
conditions, as well as the rapid growth of some substances and therefore with
much higher biological yields and subsequent industrial application (Pankaj
& Kumar, 2016). The application of biodyes on textile substrates is an emer-
ging research area (Liu et al. 2020), but with a high potential to respond to
the pressing needs of the textile and fashion sector, in terms of sustainability.

However, there are still limitations to be overcome both in terms of its
extraction, yield for its industrial application, and in terms of its compatibility
with the different textile substrates of natural, artificial or synthetic origin,
which will be the focus of the activities of this work. research. Effectively, the
reluctance of the textile industry to use dyes other than synthetic ones, most
used so far, is related precisely to the fact that non-synthetic compounds still
do not offer guarantees in terms of textile quality and functionality (eg levels
of fastness from color to light, color durability, namely fastness to washing,
fastness to perspiration), which has made the application of dyes obtained
by alternative processes in the textile industry in general unfeasible in pra-
ctice. It is intended, therefore, to invert this paradigm with the realization of
this project.

The structure of the various types of fibers is one of the factors that condi-
tion the fiber-biodye interaction, through the type and amount of functional
groups available to participate in the binding. The main functional groups of
each type of fiber are represented in Figure 1.

CHEMICAL PROPERTIES OF THE FIBER-DYE INTERACTION

Organic Textile Fibers
|

i ! !

[ Cellulose-based ] [ Protein-based ] [ Synthetic ]
Mainly Mixed polymers Carbo-chain Hetero-chain
cellulose e.g. lignin, hemicelluloses
> Cotton Leaf, fruit, bast, seed: > Wool(sheep) Polysthylene Polyamide
> Rayon/Viscose > Linen > Silk (silk worm) Polypropylene > Nylon
> Coir (coconut) > Cashmere (goat)
> Sisal (Agave plant) > Angora (rabbit) Polyvinyl Polyester

> Acrylic
Polyurethane
> Elastane

Hydroxyl groups Carbonyl groups Aliphatic Carbonyl groups
Hydroxylgroups  Carbonyl groups Amidegroups hydrocarbon-like  Amidegroups
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Figure 1: Main types of textile fiber and the respective major functional groups pre-
sent in its structure, which will play an essential role in the fiber-biodye interaction
(Chattopadhuay, 2011; Choudhury, 2011; Grishanov, 2011; Koh, 2011; Lewis, 2011).
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STUDY OF THE SPECIFICATIONS OF THE PROCESS TO OBTAIN
BIODYE

Several factors influence the production of microbial biodyes (Venil et al.
2016; Gongalves & Vasconcelos, 2021), namely:

(a) Abiotic factors, such as temperature, pH, culture oxygenation, among
others;

(b) Biotic factors, such as carbon (C) and nitrogen (N) sources available,
C:N ratio, micronutrients, use of precursors and inducers of the biosynthetic
pathway, and growth phase in which biosynthesis is initiated, among others.

The effect of these factors on biosynthetic pathway activation and micro-
bial physiology is also dependent on the genetic repertoire of the producing
species (and sometimes strain).

The effect of these factors on biosynthetic pathway activation and micro-
bial physiology is also dependent on the genetic repertoire of the producing
species.

The effect of abiotic and biotic factors on the production of selected biod-
yes will be systematically evaluated using a statistical rationale, based on the
Plackett Burman design method (Venil et al., 2014; Gahlout et al., 2021).
This method will allow the tracking and identification of factors (variables)
that significantly affect the yield of the production process, positively (incre-
asing it) and negatively (reducing it), in view of 3 parameters: (i) the amount
of biomass, which reflects cell growth, (ii) the concentration of biodye obtai-
ned per liter of culture, and (iii) the concentration of biodye accumulated
per mass of cells. The effects of synergy or antagonism between the variables
will also be evaluated by Response Surface Methodology associated with a
Central Composite Design approach, in order to define a regression model
for each biodye under study, optimize the yield of the production process
and predict the concentration maximum possible to obtain under the culture
conditions used (Gahlout et al., 2021).

The approach planned in this research, a process was started to obtain
several strains of bacteria and fungi/yeasts, through the acquisition of already
existing and characterized strains.

Based on the literature and the availability for the transfer of biological
material, the biodyes and microorganisms listed in Table 1. were considered.

Study of the Conditions and Specifications of Some Tests Carried Out

The textile fibers on which the biodyes to be produced by the strains were
tested are listed in Figure 2.

The biodyes expected to be produced will thus have the potential to dye
and print a wide range of natural and synthetic fibres. However, the informa-
tion available on dyeing and printing processes in published studies is quite
limited.

The first biodyes production tests were developed with the Gram-negative
bacterium Pseudomonas aeruginosa (strain PA01), immediately available for
this investigation. Its production of the blue pyocyanin biodye can reach
10 mg/L under culture conditions that stimulate the biosynthetic pathway,
which is a higher value than that reported to produce the P. aeruginosa
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Table 1. Microbial strains to be obtained to produce biodyes (Jones et al., 2015; Liman
et al., 2020; Domrdse et al., 2017; Schwartz et al., 2017; da Silva et al., 2021).

Overview of strains & biocolourants being acquired

REPORTED
BIOCOLOURANT MICROORGANISM YIELD REF
RED :
Lycopene(carotenoid) Oleoginous yeast Yarrowialypolytica =100 mg/L Schwarzetal 2017
Cyanidin-3-O-glucoside Bacteria Escherichiacoli =100 mg/L Lim ef al. 2015

(anthocyanin, flavonoid)

5-Me-phenazine-1-COOHacid Bacteria Escherichiacoli

=1000 mg/L da Silva el al.

(phenazine) {unpublished)
BLUE |pyocyanin Bacteria Escherichiacolf =16 mg/L  daSiva etal 2021

(phenazine) Bacteria Pseudomonasaeruginosa =10 mg/L iMM collection
YELLOW Bacteria Pseudomonas putida =400 mg/L. Domrdse ef al 2017

Phenazine-1-COOH acid

(phenazine) Bacteria Escherichiacoli =1000 mg/L  ©a Siva etal

Phenazine-1-carboxamide

Bacteria Escherichiacoli

{unpublished)

=1000 mg/L  ga Silva et al

(phenazine) {unpublished)
i =1800 Jones et al 2015
PURPLE Violacein(indole) Bacteria Escherichiacoli mgiL
Bacteria Pseudomonas putida =100 mg/L  Domrose ef al 2017
BIOCOLOURANT REPORTED FABRICS

ReD ]

Lycopene (carotenoid) Polyester

Wool*, Silk*, Polyamide* “plant extracts

Cyanidin-3-O-glucoside

(anthocyanin) Wool*, Cotton*, Silk* *plant extracts

5-Me-phenazine-1-COOH acid

(phenazine) Novelty, not previously tested in textiles
BLue Pyocyanin Cotton

(phenazine) Polyester
YeLLow | Phenazine-1-COOH acid

(phenazine) Novelty, not previously tested in textiles

Phenazine-1-carboxamide

(phenazine) Novelty, not previously tested in textiles
PURPLE | Violacein Cotton, Silk, Rayon

(indale) Polyamide, Polyester

Figure 2: Textile fibers on which the biodyes to be produced by the strains in the
acquisition process were tested. 5-Me-phenazine-1-COOH acid, 5-methyl-phenazine-
1-carboxylic acid; phenazine-1-COOH acid, phenazine-1-carboxylic acid.

KU_BIO2 strain (2.6 mg/L) by DeBritto et al. 2020, in which the pigment
was tested in cotton fiber dyeing.
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In the preliminary tests carried out to establish the pyocyanin production
and extraction protocol (Figure 3), different conditions were tested:

- the use of rich Lysogenic Broth (LB) and King’s medium B (King’s B) rich
media, as well as minimal mineral medium (MM);

- the carbon source, where glycerol is described as being preferred to sti-
mulate the biosynthetic pathway. The use of 2% (v/v) glycerol as the only
carbon source or with glucose supplementation was tested;

- the production temperature from 30°C to 37°C;

- the production time, after 24 h and 48 h;

- the buffering of the MM medium to an initial pH of 7.0, using a
final concentration of 1x and 3x phosphate buffer, to reduce the inhibi-
tory and rapid acidification of the culture, which is usually in the growth of
P. aeruginosa with glycerol.

The highest concentrations of extracted pyocyanin were obtained from
cultures of P. aeruginosa (strain PAO1) in the rich LB medium or in the
MM mineral medium, using 2% (v/v) glycerol, with a production time of
24 h at 37°C. The MM mineral medium can be used preferably since it will
contain a smaller number of compounds that may contaminate or interfere
with the extraction and purification of pyocyanin (e.g. medium components,
cellular constituents, since the MM medium supports a smaller amount of
biomass and lysis by chloroform that promotes a better separation between
the organic and aqueous phases).

According to the estimate, a total of 550 ug of pyocyanin was obtained,
in a total of 100 mL, corresponding to a solution of 5.5 mg/L. This solu-
tion will then be concentrated in vacuo. According to the literature, and

Retrieved PYO mg/L (estimated by spectrophotometry Abs520 nm)

LB, Lysogenic Broth (Miller), MM, Minimal Medium; Gly, Glycerol (%v/v); Gluc, Glucose (% w/v)
50 mL cultures

mg/L

0 1 2 3 4 5 6 7 8 9 [§] Richmedia
LB +2%Gly - Minimal media
37°C; 24h (n=3) | N
King's B +2%Gly (n=1+1) T-test
37°C; 24h | ns
37°C; 24h |
MM +2%Gly +0.6%Gluc n=1) Test
37°C; 24h *
MM +2%Gly +buffer 3x conc n=2) |,
37°C; 24h

1 T-test
MM +2%Gly (n=2) | e
30°C; 24h
MM +2%Gly _ Test * P_value < 0.05
37°C; 48h (n=2) E ns. “* poyzlue < 0.01

Total pooled = §55 pg PYO

Total 100 mL PYO fractions Missing validation
(=5.5mg/L) with standard

To be concentrated by vacuum

Figure 3: Pyocyanin concentrations obtained in 50 mL of P aeruginosa culture (strain
PAO1). Pyocyanin concentrations were estimated spectrophotometrically using the
extinction coefficient at 520 nm (Abo-Zaid et al. 2015; Bacame-Valenzuela et al. 2020).
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with information from the Textile Science and Technology Industry, it will
be necessary to obtain concentrations in the order of hundreds of mg/L to
apply the biodye in fiber tests, so the production and optimization of the
biosynthesis of pyocyanin will have to continue.

CONCLUSION

Efforts to optimize pyocyanin production in P. aeruginosa will continue to
be the main focus of research, including testing on additional culture media
(eg King’s medium A and Pseudomonas Isolation medium), which were not
included in the preliminary tests due to the unavailability of some reagents
for its formulation. The use of other carbon sources will also be tested (such
as carboxylic acids, individually or in combination with glycerol supplemen-
tation) and the concentration of micronutrients, supplementation of amino
acid precursors of the shikimate pathway (shikimate), which generates the
intermediates for biosynthesis of phenazines in P. aeruginosa.

The acquisition process of pyocyanin-producing E. coli (strain 1M2L3H,
from da Silva et al. 2021) is ongoing. Unlike P. aeruginosa, which is a Safety
Level 2 bacteria, E. coli is a Safety Level 1 bacteria, widely validated for indu-
strial applications. Thus, the production of pyocyanin by E. coli 1IM2L3H
will be privileged and considered, especially if concentrations higher than
those obtained with P. aeruginosa (strain PAO1) are obtained.

However, considering the low yield reported for strain PAO1 and obtained
in the tests carried out, when other microbial strains, producers of biodyes
with higher yields, become available, the production of pyocyanin by P. aeru-
ginosa (strain PAO1) will not be considered a priority. The selection of the
approach to follow will be carried out in a judicious way, taking into account
production yield estimates, purification difficulty, monetary and environ-
mental costs, possible toxicity of intermediate compounds or reagents, and
process length.
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