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Abstract
When a journalist asked Steve Jobs what the greatest innovation of the 21st century would be?, he said, "I think the 
greatest innovation of the 21st century will be the combination of biology and technology" [1]. At that time, almost no 
one thought that this applied to the textile and fashion industry as well, although genetically engineered (GE) textiles 
and genetically modified (GM) textile fibres were becoming more and more present in our wardrobes and everyday life. 
From the early nineties of the last century, when the first ex vitro cultivation of GM cotton was realised, until today, 
when fibres can be biologically designed, i.e. genetically engineered (GE) according to our needs, GM fibres of plant 
and animal origin, as well as GE textile fibres of various origins, have become increasingly present as raw materials in 
the textile and fashion industries, despite numerous controversies surrounding their use. The paper presents an over-
view of the achievements made in the field of genetically engineered/modified fibres, so far, as well as a review of their 
use in the context of contemporary thinking on sustainable textiles and fashion.
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1.	 Introduction
The twentieth century brought about revolutionary 
changes in science and technology, which had far-
reaching consequences for our lives. [2]. Computers and 
the Internet were invented, a wide range of synthetic fibres 
were offered to the market, and the human genome was 
found and sequenced, all of which allowed biotechnology 
to become the most popular and promising scientific 
discipline. Although some forms of biotechnology have 
been present since the beginning of civilization, through 
the domestication of plants and animals and the discovery 
of fermentation, public awareness of the possibilities of 
biotechnology and genetic engineering is a relatively 
recent phenomenon, a phenomenon of the 21st century 
[3]. Biotechnology and genetic engineering are often 
used interchangeably, although biotechnology represent 
much broader term that implies the usage of biology in 
the development of new products, methods and organisms 

intended to improve human health and society. It can be 
defined as any technique that uses living organisms to 
make or modify a product to improve plants or animals or 
to develop microorganisms for specific use [3-7]. 

Genetic engineering, also regularly called genetic 
modification, is just one part of modern biotechnology 
(along with tissue culture and cloning). It is a collection of 
current biological techniques used to change an organism’s 
genetic features, such as introducing, modifying or 
eliminating certain genes, while also allowing for gene 
transfer across unrelated species. As a result, a genetically 
modified organism (GMO) contains additional or modified 
characteristics encoded by the introduced gene(s) [8]. 
Through genetic engineering, organisms can be given 
targeted combinations of new genes, and thus new 
combinations of properties that do not appear in nature 
(Fig. 1.), i.e. cannot be developed naturally or through 
long-term and repeated selection of several generations.

Isolation of the 
desired gene

The desired gene is
inserted into the existing

strand of DNA

The new DNA is
inserted into a cell

Cells grow

Cells inserted into
a plant Plant grows to the

specification of 
mofied genes

Fig. 1. GMOs depend on genetic engineering for their creation and can be modified in any way a scientist chooses [9]
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The possibilities of such genetic manipulation, as well as 
its benefits, are the main reasons why genetics is today 
seen as a promising science, and biotechnology as one of 
the leading industries.

Although, among wider population the textile industry is 
not perceived as a modern and inventive industry, but as an 
industry that uses non-renewable raw materials to a greater 
extent and contributes significantly to environmental 
pollution, it is worth pointing out that the textile and 
fashion industries were the first to recognize and use the 
potential of biotechnology several decades ago. Namely, 
enzymes are routinely used (Fig. 2.) for washing and 
bleaching textiles, giving the desired fashionable effect 
of a worn look to denim clothes, preventing shrinkage of 
wool, etc. [10].

According to some predictions, the new wave of 
biotechnology and the imperative of sustainable 
development could lead to the situation where our clothes 
and functionalised textiles would be made and dyed by 
living organisms, microbes or bacteria. In this scenario, 
many of the chemical treatments and manufacturing 
processes, which are currently most accountable for the 
negative perception of the textile and fashion industry, 
could be avoided [11].

Since fibres are the basic building block of every textile 
product (Fig. 3.), it is not surprising that they were the 
starting point for the implementation of biotechnology and 
genetic engineering in the textile and fashion industries.

Fig. 2. Some examples of old well-established biotechnology 
usage in textile industry

Fig. 3. From fibre to final textile product
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2.	 Genetically engineered/modified natural 
fibres 

Nature has created different types of fibreforming plants 
and animals, with fibres exhibiting unique properties, 
resulting from their genetic structure [12]. The genetic 
traits of naturally occurring fibrous materials are based 
on the structure and function of DNA (deoxyribonucleic 
acid), which is the basic carrier of genetic information 
in all living organisms. DNA is composed of four 
nucleotides: adenine, thymine, cytosine and guanine, 
which are covalently linked in a specific order, forming 
a gene, the functional unit of inheritance [13]. Genes 
determine the production of specific proteins, which 
make up the structure and function of all biological 
systems, including natural fibres. After the discovery 
of the structure of DNA, in 1953 by Watson and Crick, 
genetic modification enabled the development of genetic 
engineering techniques that also found their application 
in the textile industry [4]. Genetic engineering provides 
scientists with the possibility of direct intervention 
in genetic organisms. It allows them to add, remove 
or modify the existing gene in order to modify certain 
characteristics of natural fibres [14]. This process uses 
a variety of methods, including recombinant DNA 
technology, a process that combines DNA sequences 
from different sources into a single molecule, CRISPR-
Cas9 gene editing, a method for precise gene editing 
that uses a molecular tool to “cut” and “paste” DNA 
at desired locations in the genome and transgenesis, 
the procedure by which the genes of one species are 
transferred and integrated into the genome of another 
species, creating so-called transgenic organisms [15-
18]. Genetic modification of fibres (namely plants and 
animals) for the needs of the textile and fashion industries 
takes place in several directions: increasing fibre yield 
with less environmental impact, improving the properties 
of natural fibres and creating new, high-tech fibres, to be 
used for the production of additionally resistant, durable, 
more fashionable and environmentally friendly textiles 
[19-23].

2.1. Genetically engineered/modified plant fibres

Cotton is the seed fibre of the plant of the same name 
belonging to the Gossypium genus of the Malvaceae 
family, and which can be said to be the most important 
conventional textile fibre despite the increased 
consumption of different artificial fibres. Thanks to its 
fineness, strength, shapeability and ability to absorb 
moisture, cotton is one of the most commonly used 
materials in the production of clothing [19, 24]. Despite 
its numerous advantages, conventional cotton also 
has significant shortcomings, including the need for a 
significantly high use of water and pesticides during 
cultivation, and susceptibility to diseases and pests [20, 
22]. Only four of the 39 cotton plant species are grown 
for fibre production: G. hirsutum, G. barbadense, G. 
herbaceum and G. arboreum [25]. Genetic diversity, the 
increase in crop profit and utilization, and the geographical 
and market spread of cotton inspired the interest of 
biotechnologists and geneticists in cotton at the end of the 
20th century already. Cotton genetic modification aimed 
to achieve two primary objectives: to create resistance 
to pests and tolerance to glyphosate, an herbicide that is 
often used in agriculture and intensive cotton cultivation 
[19, 20, 22]. To reduce crop failures, scientists modified 
cotton genetically by inserting a gene known as Cry2AX1 
into the cotton genome. This gene comes from the 
bacterium Bacillus thuringiensis (Bt), which produces 
a toxin that is harmful to certain species of cotton pests 
[26]. Successful incorporation of this gene into the cotton 
DNA creates plants that produce their own pesticide (Fig. 
4.), resulting in a reduced need to spray chemicals on 
them. This approach has been used for many years and 
has proved to provide effective protection against certain 
types of pests, such as Helicoverpa armigera, one of 
the most dangerous cotton pests [20, 27, 28]. Bt cotton 
was introduced into commercial use in 1996 [29] and 
since then has significantly reduced the use of pesticides 
in many regions of the world, which has had a positive 
impact not only on the environment, but on human health 
as well [20, 27, 28].

Fig. 4. Production of Bt Cotton
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After the successful introduction of Bt cotton, researchers 
continued to develop new varieties of genetically 
modified cotton with additional improvements. Namely, 
cotton (in intensive and extensive cultivation) is sensitive 
to glyphosate, i.e. one of the most commonly used 
herbicides in agriculture, which limits its use in cotton 
fields. To solve this problem, scientists have genetically 
modified cotton to develop varieties that are resistant 
to glyphosate [6, 30]. Glyphosate is a broad-spectrum 
herbicide that in turn inhibits an enzyme known as 
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS). 
This enzyme is crucial for the biosynthesis of essential 
amino acids, making it necessary for plant growth 
and development. By modifying the cotton genome, 
cotton plants can survive glyphosate treatment, which 
enables effective weed control without crop damage 
[20, 22, 23]. In order to achieve genetic modification 
various techniques might be used, including for example 
the transformation by the bacterium Agrobacterium 
tumefaciens. This method exploits the natural ability of 
the bacterium for genetic engineering and the ability to 
transfer new genes into plants [22]. Usually, a modified 
CP4-EPSPS gene from the bacterial strain Agrobacterium 
sp. is used for this purpose since CP4 strain is naturally 
resistant to glyphosate [23].

Naturally coloured cotton has grown in popularity in 
recent years as a result of the ever-present intersection 
of ecology and fashion, as well as the growing public 
interest in environmental concerns and environmentally 
responsible production processes. Coloured cotton, as a 
type of genetically modified fibre, has become popular in 
the textile industry due to its environmental friendliness 
and potential to reduce the costs of textile dyeing [31]. 
However, there are certain disadvantages of this fibre that 
reduce consumer enthusiasm for choosing naturally dyed 
cotton fabrics. The fibres are too short and weak to be used 
for finer pieces of fabric, and there is a limited selection of 
desired shades and colours [32]. Colours come in shades 
of brown, green and purple [31-34]. However, significant 
progress has recently been made in this area as growers 
in Australia have genetically modified cotton to produce 
dyed cotton in black and other dark colours that are 
durable [35]. Since the introduction of the first genetically 
modified cotton, biotechnology has progressed, and new 
generations of GM cotton have been developed with the 
aim of improving fibre properties (length, strength, colour, 
resistance to burning, etc.), resistance to diseases and pests, 
and adaptation to different climatic conditions. Possibilities 
for reducing the consumption of water and nutrients during 
cultivation, and thus reducing the negative impact on the 
environment [36, 37], are also being explored.

Although genetically modified cotton offers many 
advantages, it also carries certain challenges and 
controversies. Some of these challenges include potential 
health and environmental risks associated with genetic 
modification, as well as ethical issues and regulations 
that limit its use and distribution [28, 38], such as GOTS 
(Global Organic Textile Standards) norms and EU 
directives [39, 40].

Flax, a genus of annual plants from the Linaceae family, 
with more than 200 once yearly and perennial species. 

The flax fibre is mainly obtained from the stem of the 
blue flax plant (Linum usitatissimum L.), and in addition 
to being one of the oldest textile fibres, it should be noted 
that by the end of the 18th century, along with wool 
and hemp, was the most important textile raw material 
[36, 41]. Today, when the use of renewable textile raw 
materials is imperative, flax is gaining in importance once 
again [42-44]. As a natural fibre, flax is extremely strong, 
absorbs moisture well and shows resistance to bacteria 
and fungi [36]. Despite these advantages, conventional 
flax production faces numerous challenges, including high 
production costs and limitations in terms of fibre quality, 
as well as unsustainable maceration processes [45]. 
Genetic modifications of flax were started at the end of 
the last century, primarily with the aim of increasing crop 
yields and flax resistance to herbicides and their residues 
in the soil [46]. The first flax transgenic plants/fibres on the 
market were engineered for glyphosate (Roundup®) [30] 
tolerance. Further study focused on genetic modifications 
of flax with the goal of improving fibre properties. One 
example is the introduction of transgenes that encode 
enzymes involved in lignin synthesis, which, according to 
some studies, facilitates the extraction of fibres from the 
stem without impairing their quality [46, 47].

The following step in engineering flax fibre [48] was 
aimed at generating transgenic flax plants that could 
be retted more efficiently. The constitutive expression 
of Aspergillus aculeatus genes resulted in a significant 
reduction in the pectin content in tissue-cultured and 
field-grown plants. This pectin content reduction was 
accompanied by a significantly higher retting efficiency 
of the transgenic flax fibres. Despite the good indicators, 
there are no genetically modified flax currently grown in 
the EU, primarily because of the EU regulations and a fact 
that European importers refused to buy it due to the health 
and environmental safety issues.

The study of genetic cotton and flax modification has 
prompted the genetic modification of other plants that 
generate textile fibres, such as nettle, hemp, and jute. The 
aim of these researches is to improve fibre properties, 
including strength, formability and the resistance to 
diseases and pests, as well as improving the adaptability 
of plants to different climatic conditions in order to 
ensure sufficient yields of textile raw materials of plant 
origin, due to the increased interest in the production of 
biocomposites [49-54].

Advances in the field of biotechnology and its use for the 
needs of the textile and fashion industries have recently 
led to the innovative and creative cultivation of cotton 
fibres from stem cells in laboratory conditions (Fig. 
5.) [55]. Various cultivars of cotton plants are grown in 
greenhouses in order to isolate the stem cells from them in 
the laboratory. The stem cells, which have the potential to 
transform into any part of the plant, are placed in enormous 
bioreactors and their development is aided by the supply 
of nutrients. Once the cells begin to multiply, they are 
transferred to a bioreactor where they are differentiated 
into fibres. Instead of growing the whole plant, this 
approach merely produces cotton fibres. The process 
itself is significantly faster than traditional cotton growing 
- it only takes 18 days compared to the 180 days needed 
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Fig. 5. Production of Bt cotton

for traditional growing. Additionally, this method uses 
less than 80% of water and land compared to traditional 
cotton cultivation. However, despite all these advantages, 
the quality of the fibres themselves is questionable and 
still unknown. Currently, the project is still in the research 
and development phase. The plan is to produce cotton, 
under reasonable price on the market, for ecologically and 
ethically conscious fashion brands [55, 56].

2.2. Genetically engineered/modified animal fibres

Animal or natural protein fibres is a common name for 
fibres that represent the hair covering of certain animals 
(so-called keratin fibres, e.g. wool) and fibres that are 
secretions of certain animals (so-called fibroin fibres, e.g. 
mulberry silk) [58].

Wool has been an integral part of human life for millennia, 
and as such, it has been and continues to be the focus 
of much research. In particular, wool, thanks to its 
structure and resulting properties, is considered one of 
the most complicated fibres whose secrets have not yet 
been completely discovered. Numerous improvements 
in the fleece covering of today’s sheep compared to 
their ancestors are the result of sheep domestication, 
long-term efforts to select the best ones and care for 
their adequate safe and sound breeding, considering the 
climatic and vegetation conditions in which they are 
bred. For generations, genetic selection has been used to 
improve the existing phenotypic traits of sheep through 
the breeding of sheep most likely carrying the optimum 
gene combinations [59, 60]. However, while steady gains 

have been made, the progress is relatively slow, taking 
multiple generations. In the process, selective breeding 
relies solely on genes already within the sheep genome, a 
factor that clearly sets a biological limit for genetic gain. 
With respect to the main drivers of profitability in the wool 
industry, selective breeding has made great progress in the 
achievement of both higher clean fleece weights and lower 
fibre diameters. However, that was not enough considering 
the contemporary requirements of the global textile and 
fashion industries and their end users. Unlike artificial 
fibres, wool, as a textile raw material, is extremely non-
uniform, not only among individual breeds of sheep (e.g. 
merino wool and domestic pramenka wool), but also 
within the breed (different sub-breed), due to the climatic 
and vegetation conditions in which it is grown (e.g. 
Australian vs. New Zealand or Spanish merino; Istrian vs. 
Lika pramenka). Additionally, the non-uniformity of wool 
is also contributed through the fact that wool of the same 
breed and sub-breed differs according to the gender of the 
sheep (i.e. ram vs. ewe), the part of the body from which 
it originates (e.g. back wool vs. belly wool), but also along 
the fibre itself (e.g. root vs. fibre tip) [61, 62]. Careful 
on-farm management of nutrition and minimization of 
environmental stresses contributes to the production of 
fibres with quite uniform protein compositions as well as 
properties like fineness, crimpness, length, strength, etc. 
However, such treatments come at a high cost, in terms of 
energy, used chemicals and human labour. Traditionally, 
post-farm processing treatments (starting with sorting and 
classifying, followed by industrial pre-treatments) have 
been the primary tool for the improvement or uniformity 
of wool fibre properties, necessary for its processing into a 
finished product [63, 64].
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It is not unexpected that biotechnology and genetic 
engineering (especially transgenesis) have emerged as 
potential alternatives to selective breeding for modifying 
sheep genetics and achieving fibre modification 
and unification [65]. Complete decoding of keratin 
intermediate filaments (KIFs) and keratin-associated 
proteins (KAPs) present in wool follicles (Fig. 6.) has 
still not been accomplished and is under research. It is 
partially due to the fact that wool fibre represents the most 
sophisticated biological composite material and partially 
because wool fibre characteristics change during fibre 
formation by the activity of the follicles from which it 
grows [65-71].

Fig. 6. Sketch of a mature wool follicle and summary of the 
gene expression that takes place in the wool follicle to produce 

the KIF and KAP [65, 69]

Numerous attempts have been made to modify wool fibre 
properties through enzymatically assisted CRISP/Cas9 
genetic modification technology. New transgene DNA 
fragment for adding to sheep has been prepared through 
this work. In the case of the transgenic sheep made 
via the cortical-specific K2.10 transgene base vector, 
sometimes it is possible to see visible difference in the 
appearance of sheep fleeces depending upon the level of 
transgene expression, (Fig. 7.) [65]. The wool fibres of 
the high expressor have no crimp but rather a moderate 
wave, and high lustre. Since waviness is a consequence 
of cortex bilateral structure, it is obvious that such genetic 
modification can impact the fibre ultrastructure as well 
as properties like density, strength and stretchability, dye 
uptake and moisture sorption [72]. 

Such genetic sheep modification can offer chances 
for sustainable, faster and cheaper production of more 
uniform fibres or functionalized wool of different qualities 
[73, 74], but it also opens up numerous ethical and safety 
dilemmas [74], which is illustrated by the news that sheep 
have already been bred in laboratories with different 
fleece colours [75].

Silk is the common name for all-natural protein fibres 
that are created by the secretion of silkworms, spiders 
and/or shellfish [76, 77]. Due to its exclusivity and 
exceptional properties (fineness, strength, softness, lustre, 
biocompatibility, etc.), silk is often called the queen of 
fibres. Still, most commonly, this name is associated 
with mulberry silk that is obtained by pulling threads 
from cocoons made by silk moth larvae (silkworms). 
Historically, it has been cultivated and used not only for 
making luxury clothes and fashion accessories, but also 
for making tapestries, wall coverings, floor coverings, 
parachutes, surgical suture, etc. [78-80]. Advances in 
the field of biotechnology have opened up possibilities 

Fig. 7. Differences between the fibres / fleece depending on the level of expression of the added transgene [65]
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for genetic engineering of silk in order to modify and/or 
improve its original properties and expand its application 
in e.g. the field of fibre-reinforced composites, the 
pharmaceutical and cosmetic industries or, to increase 
its use in the textile and fashion industries through the 
creation of smart as well as sustainable textiles [78, 80-
85]. Genetic modification involves altering the silkworm 
genome to create improved or entirely new types of silk 
[83, 86]. After the world’s first genetic modification 
of silkworms in Japan at the National Institute of 
Agrobiological Sciences (NIAS) in 2002, they managed to 
develop three lines of transgenic silkworms in 2009 [87]. 
The first line produced silk threads that emit green, red, 
or orange fluorescent light. These threads were created 
by introducing genes into silkworm eggs that promote 
the generation of fluorescent proteins. Green fluorescence 
was achieved using genes extracted from jellyfish, while 
red and orange fluorescence was achieved using genes 
extracted from corals [88, 89]. The cocoons were smaller 
and the quality of such genetically modified silk was 
slightly lower compared to traditional silk. However, 

fluorescent silk threads have attracted the attention of 
high-end apparel producers and fashion designers (Fig. 
8.) [90, 91].The second line of transgenic silkworm 
yielded an ultra-fine silk thread. By introducing genes for 
producing especially fine thread into “Haugen silkworms” 
(a stable crossbreeds for fine silk creation), NARO (Japan 
National Agriculture and Food Research Organization) 
[91] developed a silkworm line that produced a thread 
even finer than that of ordinary ”Haugen silkworms” 
[91-93]. The unique look and feel of fabric made from 
this type of ultra-fine silk makes it highly attractive 
to designers and producers of Haute Couture clothing 
and other fashion products. The third line of transgenic 
silkworm was realised by introducing genes that bolster 
cell adhesion and resulted in silk that exhibited high level 
of cell adhesion. The thread produced by these silkworms 
is expected to have applications in the field of medicine, 
e.g. for artificial blood vessels or as a cell culture substrate 
in the production of artificial cornea and artificial cartilage 
[83, 93, 94]. 

Wedding dress produced of the coloured fluorescent silks [90] Twelve-layered dance costume designed using fluorescent silk [91]

Fig. 8. Clothes from fluorescent silk

Fig. 9. Spider silk

Different types of spider` silk [103] Structural hierarchy in spider silk [98]
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After many years of effort, the silkworm Bombyx Mori 
has been developed into insect systems for which the 
most advanced genetic technologies are available [83]. 
The application of these technologies has enabled the 
sophisticated genetic modification of silkworms to 
improve their commercial value. One significant step in 
this direction has been the recombinant production of 
protein spider silk [95-98].

Spider silk fibres are one of outstanding fibrous 
biomaterials [99-103]. Due to their remarkable protein 
sequence and ultramolecular structure (Fig. 9. [102]) they 
possess nature’s most exceptional mechanical properties, 
along with biocompatibility and biodegradability [103]

Spider silk fibres have tensile strength comparable to 
steel and some silks are nearly as elastic as rubber on 
a weight-to-weight basis. Through the combination of 
these properties, silks reveals toughness that is several 
times higher than that of synthetic fibres like Nylon® 
or Kevlar® [10, 25, 58, 104, 105]. With such unrivalled 
combination of strength and toughness, spider silk is the 
model for creating high performance materials in the area 
of technical textiles, as well as in the area of sustainable 
fashion [104, 106-108]. Unfortunately, spiders cannot be 
farmed at a large scale to meet the commercial demand for 
spider silks, because of their territorial and cannibalistic 
behaviours [101, 109, 110]. In order to produce the 
purified spider silk proteins a variety of heterologous 
hosts have been explored like e.g. Escherichia coli, yeast, 
alfalfa, potatoes, goats etc. [111]. The purified spider silk 
proteins can artificially be spun into fibres, but the process 
is too complex, unpractical, and not so sustainable and, 
above all, such artificial spider silk fibres can not reach 
similar mechanical properties as natural spider silk fibres 
[110-112]. The questions – Why? and What is wrong? 
arises within scientific community. The answer appears 
to be in particular conditions of silkworm spinning that, 
in the case of natural silk, is responsible for finalising 
ultrastructure of fibres and corresponding properties 
[113-115]. CRISPR/Cas9 initiated fixed-point strategy 
used to successfully incorporate spider silk protein genes 
into the Bombyx Mori genome [111]. Using transgenic 
silkworms with their natural spinning apparatus has 
proven to be a promising way to spin spider silk-like 
fibres. The resulting fibres were 100% spider silk, as 
strong as native spider silks (1.2 GPa tensile strength), 
could withstand a stretching force of 1299 MPa without 
breaking, making them several times stronger than nylon. 
The energy that these fibers could absorb from an impact 
(toughness) was 319 MJ/m3, which is six times stronger 
than Kevlar® [106].This strategy shows the feasibility 
of using silkworms as a natural spider silk spinner for 
industrial production of high-performance fibres, the 
more so transgenic silkworms. If realised in this way, they 
exhibit normal inheritance of the transgenes.

3.	 Fibres obtained by genetically modifying 
microorganisms

BioSteel fibres are genetically modified fibres that 
imitate the properties of spider silk. They are created 
using genetically modified microorganisms [117]. Using 

recombinant DNA methods, researchers managed to 
produce spider silk proteins through genetic modification 
of bacteria and yeast, thereby creating the possibility for 
the production of a large amount of this valuable material 
[14, 95, 96, 118]. Escherichia coli, mostly known as E. 
coli, is widely used bacterium in biotechnology since it 
exhibits fast growth and a large capacity for the production 
of foreign proteins. Modified E. coli can produce silk 
proteins that can be used for silk production [14, 119]. 
The researchers cloned the relevant genes from the spider 
Nephila clavipes and introduced them into the bacteria. 
Using small and large-scale bioreactors, they were able 
to produce synthetic spider silk proteins (spidrones). The 
final product is a silk fibre similar to natural silk [15, 119], 
and can be used in the textile and fashion industry [96, 
98,120] or, more broadly, in the field of biomedicine [82, 
119, 121]. The advantage of silk production through E. 
coli is that it can be carried out in laboratory conditions, 
without the necessity for large amounts of space 
and resources [14, 119], which contributes to global 
sustainable development [117, 122]. 

The term “Biosteel” was first used to describe a recombinant 
protein material similar to spider silk that was obtained 
from the milk of transgenic goats and produced by Nexia 
Biotechnologies [123]. Since the company ceased to exist 
in 2009, the name was taken over and registered by the 
company AMsilk, which produced fibres obtained from 
bacteria through an industrially proven fermentation 
process [124, 125]. In cooperation with Adidas, AMSilk 
developed the world’s first sports shoes (Fig. 10.) made 
of Biosteel® fibres [125-127]. The Adidas Futurecraft 
Biofabric prototype shoe features an upper made of 100% 
Biosteel® fibres. The material offers a unique combination 
of properties, such as being 15% lighter than conventional 
synthetic fibres, and has the potential to be the strongest 
all-natural material. In addition, Biosteel® fibres are 100% 
biodegradable in a completely natural process [124].

Bacterial cellulose (BC) represents a significant part 
of the research in the context of genetically engineered/
modified fibres for the textile and fashion industries. It is 
recognized as a new material suitable for a wide range 
of applications, due to its unique structure, high purity, 
outstanding mechanical properties and biocompatibility 
[128]. Various types of bacteria, including the genera Ace-
tobacter, Gluconobacter, Komagataeibacter, Rhizobium, 
Agrobacterium, and Sarcina [129, 130], can synthesize 
BC from a wide variety of substrate through fermenta-
tion [117, 130]. During this process, bacteria produce and 
secrete extracellular polymers, which form a cellulose 
structure with unique properties [130]. The structure and 
properties of BC can be controlled by varying fermen-
tation conditions, including substrate concentration, fer-
mentation time, temperature, and pH [131] (Fig. 11.).

Bacterial cellulose has a wide range of potential 
applications. Biocompatibility and ability to be formed 
into different shapes and sizes makes BC an ideal material 
to be used in the sustainable fashion production [128, 
130]. Bacterial cellulose is biodegradable, which further 
encourages its use as an environmentally friendly material 
for the textile and fashion industries. Due to its outstanding 
ability to absorb water, it can also be used in the production 
of highly absorbent products, such as diapers [131]. 
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In addition, properties such as high strength and flexibility, 
together with excellent wear resistance, make it suitable 
for the use in the production of various types of textiles 
and composite materials. Bacterial cellulose also plays 
a significant role in biomedical applications. Due to its 
biocompatibility, BC can be used in the production of 
medical implants, tissue engineering, wound and skin 
dressings, as well as in drug delivery control [128].

4.	 Benefits and risks of genetically 
engineered/modified textiles:  
Current controversies and perspective 

Today, there are already numerous innovative companies 
and projects [117, 120, 122, 131-137] that have dedicated 
themselves to the development and commercialization 
of genetically engineered/modified textiles in advanced 
biotechnological procedures (Fig, 12.) [117, 132].

Such projects offer an alternative to traditional, often 
resource-intensive, fiber manufacturing processes, promo-

ting the shift to greener and more sustainable textile and 
fashion industries. Over time, more and more of these 
pioneering projects have appeared on the market (Fig. 13.), 
bringing with them new materials and technologies that 
have the potential to radically reshape the textile industry 
as we know it today [133-136]. At the same time, they 
not only open up new possibilities in the production of 
functionalized textiles (designed for use), but also contribute 
to sustainability and environmental preservation. However, 
every progress in science and technology, as history has 
shown, is accompanied by controversies and shortcomings 
that we unfortunately become aware of after the initial 
euphoria. Some of the advantages and disadvantages of 
genetic textiles are summarised in Table 1.

Genetically modified textile fibres and their applications 
will continue to evolve as technology advances. Colla-
boration between researchers, industry and regulatory 
authorities will be the key to successful dissemination 
of these innovations and their application across various 
sectors.

Fig. 11. Factors influencing the production of bacterial cellulose [131]

Fig. 10. Adidas shoe from Biosteel® fibre [124-127]
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Fig. 12. Bio-couture clothes (The first research on bacterial cellulose inside the fashion domain was performed by the British fashion 
designer Suzanne Lee, for her research project “Biocouture, an initiative on sustainable material”) [117, 132]

Fig. 13. Textiles for the future

Advantages (pro) Disadvantages (contra)

•	Increasing fibre yield - genetic modification (GM) of fibre-
forming plants can increase fibre yield per unit area of 
cultivation resulting in: reduction of resources/lands needed for 
fibre production, reduction of the need to expand agricultural 
areas, which helps preserve natural habitats and biodiversity.

•	Improving fibre quality - GM can improve fibre quality, 
including strength, elasticity, softness, air and water 
permeability and resistance to abrasion. 

•	Danger to human health - GM fibres can affect human health, 
especially if they are used to make clothing and textile products 
that come into contact, with the skin.

•	Environmental risks - GM plants can have environmental 
impacts on non-target organisms such as fish, worms, bees and 
insects, loss of biodiversity and gene instability. The release of 
such products and their possible impacts on the environment 
asks for high environmental biosecurity surveillance in order to 
reduce or completely eradicate the risk they cause. 

Table 1. Genetically engineered/modified textiles - pro at contra
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Public opinion and perception are significant barriers 
to the widespread use of genetically engineered textile 
fibers. The negative perception of GMOs can in some 
cases lead to opposition to their use, despite potential 
benefits. Educating and communicating with the public 
about the benefits, risks and safety of genetically modified 
textile fibres can help overcome this challenge.

Complex regulatory and legal frameworks can also be 
an obstacle to the spread of genetically modified textile 
fibres. It is necessary to establish clear and comprehensive 
regulations that enable the research, development and 
commercialization of genetically modified fibres, while at 
the same time ensuring the safety and protection of people 
and the environment.

Ethical concerns about genetic alteration may potentially 
influence the acceptability of genetically modified textile 
fibers. The ethical implications of genetic modification 
need to be carefully considered, including issues of genetic 
material ownership, potential risks to biodiversity and the 
environment, and potential social and economic impacts.

Future research and development in the field of genetically 
modified textile fibres should include an interdisciplinary 
approach that must combine knowledge and skills from 
different disciplines, such as biotechnology, genetics, 
textile technology and engineering, ecology, ethics and 
sociology.

5.	 Some final remarks
When studying genetically engineered/modified textiles, it 
becomes evident that it is still an insufficiently known area 
of progress, novelties, patents, innovations and creative 
designs, striving to overcome the deficiency of raw 
materials, improve the functionality or multifunctionality 
of textiles and clothing through rapidly renewable raw 
materials, eco - design and production, with a significant 
reduction of environmental load and impact on climate 
change. At the same time, it should be emphasized 
that along with rapid and often legally and regulatory 
unsupported progress, there are also controversies and 
problems that we will become aware later, such as the 
problem of fast fashion and the desire to fulfil the wishes 
of customers through a profitable and exclusive product 
that exist now. Having perceived the advantages and 
disadvantages of genetic textiles and the positive and 
negative implications on our life and the environment, 
instead of a conclusion, it is left to each and every reader 
to make his/her own judgment and decide, whether he/she 
will in the future support well-promoted marketing brands 
and designers that use genetically modified clothing or, 
perhaps ask himself/herself - What am I wearing? (Fig. 
14.) or Have we crossed the line?

In ethical reflection, crossing the border implies the 
ability to deal with the content beyond the boundary. 
The technological power of today is greater than man’s 

Advantages (pro) Disadvantages (contra)

•	Resistance to diseases and pests - GM fibres can be more 
resistant to diseases and pests, which reduces the need for 
pesticides and other chemical means to protect plants.

•	Resistance to abiotic stress - GM can improve the resistance 
of plants to stressful conditions, such as drought or high salt 
concentrations in the soil, thus enabling the production of fibres 
in different climatic and geographical areas, reducing the need 
for irrigation and helping to conserve water resources, thus 
reducing emission of greenhouse gases.

•	Potential functionalization of fibres - GM fibres can be 
engineered to incorporate new properties such as resistance to 
moisture, fire, bacteria or UV radiation.

•	Potential increase in durability - GM can be used to develop 
fibres that are even more sustainable than now, thus reducing 
resource consumption, waste and negative impact on the 
environment.

•	Possibly personalized textile products - GM materials can be 
used to create personalized textile products, such as clothing 
that adapts to body temperature or the environment.

•	Legislation - different laws and regulations in countries around 
the world regulate the way how genetically modified fibres can 
be used and traded. There is controversy over how products 
containing genetically modified fibres should be regulated and 
labelled.

•	Monopolization - several large companies hold patents on 
GMO technology, which can lead to monopolization in the 
industry and potentially disadvantage small farmers.

•	Gene flow - The most serious problem associated with gene 
flow is the loss of biodiversity, and it is often cited as a 
potential risk. Chances of accidental cross-pollination between 
GM crops and their wild relatives are very high, making them 
super-weeds that could be resistant to various herbicides and 
become difficult to control. There are several examples of gene 
flow from crops to related weeds, such as Beta vulgaris, Avena 
strigose, Brassica napus, etc. 

•	Increased resistance to antibiotics - GM products might enter 
the human body through food, vaccines, bacteria or viruses. 
There is a concern that GM plants with bacterial resistance 
genes in their genome could act as a source of drug resistance 
genes for clinically important bacteria.

•	Allergies - introducing new genes into plants can cause 
allergies by creating unexpected products (proteins and 
metabolites) in plants. For example, Bt bacteria can effectively 
control insects that attack crops. However, the probability 
of consuming Bt toxins and reacting to mammals that cause 
allergies is equally high.

•	Starvation - insects, birds and other animals that feed on certain 
crops may not consume genetically modified crops due to 
allergic reactions or toxic products. As a result, large numbers 
of fauna may face starvation, affecting entire food chains and 
causing serious threats to ecosystems.
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reflective power [152], which means that we have to 
take into account - bioethics. Bioethical situation can be 
reconstructed and followed in its changes within various 
forms of social and cultural life as well as at different 
levels of collective existence. At the same time, it should 
be kept in mind that all formats of bioethical situation 
are resulting not only in awareness, but could also 
historically determine the change in the world-historical 
situation, which we call an epoch [153]. In other words, 
genetically engineered/modified textiles become a key 
point and a sign in which a new epoch appears - the epoch 
of biotextiles, which will be achieved through synthetic 
biology in addition to genetic design.
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