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Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, Lisbon 1049-001, Portugal
15Consorzio Italbiotec, Piazza della Trivulziana 4/a, Milano 20126, Italy
16Institute of Molecular Enzyme Technology (IMET), Heinrich Heine University Düsseldorf, Forschungszentrum Jülich, Wilhelm Johnen Straße, Jülich 52426, Germany
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Abstract

Today, the chemosphere’s and biosphere’s compositions of the planet are changing faster than experienced during the past thousand
years. CO2 emissions from fossil fuel combustion are rising dramatically, including those from processing, manufacturing and consuming
everyday products; this rate of greenhouse gas emission (36.2 gigatons accumulated in 2022) is raising global temperatures and destabiliz-
ing the climate, which is one of the most influential forces on our planet. As our world warms up, our climate will enter a period of
constant turbulence, affecting more than 85% of our ecosystems, including the delicate web of life on these systems, and impacting socio-
economic networks. How do we deal with the green transition to minimize climate change and its impacts while we are facing these new
realities? One of the solutions is to use renewable natural resources. Indeed, nature itself, through the working parts of its living systems,
the enzymes, can significantly contribute to achieve climate neutrality and good ecological/biodiversity status. Annually they can help de-
creasing CO2 emissions by 1–2.5 billion-tons, carbon demand by about 200 million-tons, and chemical demand by about 90 million-tons.
With current climate change goals, we review the consequences of climate change at multiple scales and how enzymes can counteract or
mitigate them. We then focus on how they mobilize sustainable and greener innovations in consumer products that have a high contri-
bution to global carbon emissions. Finally, key innovations and challenges to be solved at the enzyme and product levels are discussed.

Lay Summary

Accumulated greenhouse gas emissions are expected to increase from 36.2 to 60 gigatons over the next three decades. The global sur-
face temperature has increased by þ1.09�C since 2001, and might increase by þ2.2�C in 2100, þ3.6�C in 2200 and þ4.6�C in 2500.
These emissions and temperature rise cannot be reduced in their entirety, but they can be lowered by using enzymes. Enzymes are
proteins that catalyze biochemical reactions that make life possible since 3.8 billion years ago. Scientists have been able to ‘domesti-
cate’ them in such a way that enzymes, and their engineered variants, are now key players of the circular economy. With a world
production of 117 kilo-tons and a trade of 14.5 billion-dollars, they have the potential to annually decrease CO2 emissions by 1–2.5
billion-tons, the carbon demand to synthesize chemicals by 200 million-tons, the amount of chemicals by 90 million-tons, and the
economic losses derived from global warming by 0.5%, while promoting biodiversity and our planet’s health. Our success to increase
these benefits will depend on better integration of enzymatic solutions in different sectors.
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Climate change: a global challenge
According to the Intergovernmental Panel on Climate Change
(IPCC) in its AR6 report from 2021 to 2022, greenhouse gas (GHG)
reached averages of 410 ppm (parts per million) of carbon dioxide
(CO2), or 0.410 g of CO2/L of air, causing a constant warming up-
rising during the last four decades [1]. In 1800, the CO2 level was
285 ppm, a constant value since the year 1 of our era. Increasing
GHG emissions are a direct consequence of a continuously grow-
ing consumption of fossil fuels that nowadays produce 84.3% of
global energy, while only 11.4% comes from renewables [2, 3]
(Fig. 1A). The last time the atmospheric CO2 concentration
reached the current level occurred more than three million years
ago [4]. A total of 36.2 gigatons (Gt; 1 Gt¼ 109 tons) of CO2 have
been released into the atmosphere, which may increase to 60 Gt
by 2050 if current trends continue [5]. If we compare this amount
with distances travelled by car [an average European car emits
0.175 kg CO2 equivalent (CO2e)/km] and the amounts of carbon
sequestered by trees (a mature tree sequesters �0.917 kg CO2e
per month), this amount will be equivalent to �342 trillion km
(1.5 million times the distance to Mars) and 65 trillion tree-
months (21 times the number of trees globally) [6]. CO2 acts as a
barrier trapping the sun’s heat on Earth. As a consequence, the
global surface temperature from 2001 to 2020 increased by
þ1.09�C (compared to the period from 1850 to 1900) [7]. Scientists
from the IPCC foresee at least a 50% likelihood that global warm-
ing will reach or exceed þ1.5�C during the period from 2021 to
2040 and an increase of up to þ5.5�C over the next century [8, 9].
However, other recent projections suggest that mean global
warming will achieve þ2.2�C above present-day levels by 2100,
and will continue to rise to þ3.6�C in 2200 and þ4.6�C in 2500.
This warming is also projected to be unequally distributed [10].
As an example, over the last 30 years, the temperature increase
in Europe was þ1.5�C, at a rate of þ0.5�C every 10 years, more
than double the global average; this being said, GHG emissions in
Europe over the same period have been reduced by 31%, and the
target is to reduce them to 55% by 2030 [11]. This means that the
drastic actions required to fight climate change must go beyond a
local scale.

CO2 is not the only molecule directly affecting global warming.
Indeed, humans have synthesized >140 000 artificial chemicals
and mixtures of chemicals, and �220 billion-tons (Bt) of those are

produced and disposed each year, thus contributing also to global

warming like CO2 [12]. The global carbon demand to synthesize

those chemicals and derived materials, 450 million-tons (Mt) per

year in 2020 mostly sourced from fossil resources, is expected to

increase at an annual rate of 2.7%, reaching 1000 Mt per year by

2050 (Fig. 1B). This is why the massive increase of carbon recy-

cling by 2050 is necessary because de novo carbon mining either

from fossil or renewables is just not possible in this amount using

the technologies available (Fig. 1B).
Different projections and scenarios may have to be reviewed

because of the changes that countries are making in response to

new realities, particularly to the SARS-CoV-2 pandemic and new

political facts. Independently of these revisions, when environ-

ment changes, nature has the potential to stabilize itself.

However, nature can only respond to slow changes. The only in-

stance that self-equilibration did not occur was �250 million

years ago, when the planet warmed up, contributing to mass ex-

tinction [13, 14]. To gain some perspective, in the past 2 million

years, several temperature changes have occurred on our planet.

Before times of industrialization and globalization, a rise of þ5�C

in global temperature took �5000 years. The increase in GHG

emissions and temperature, first acknowledged in 1856, is now

happening 20 times faster [15–17]. This rate is too quick to allow

nature to stabilize by its own, forcing us to take drastic steps to

adapt to the acute extreme heat events that the world is facing

[18].
Climate change is a global challenge whose effects must be

considered beyond 2100 [10]. A number of solutions that can help

mitigate climate change are currently available, including shift to

renewable energy sources, electric and low-carbon alternatives.

These actions also include reduction of food loss, waste genera-

tion, deforestation and ecosystems damage, etc. [19]. Such

actions, and others to be implemented in the future, are being

and will be effective and sustainable in the long term only if so-

cioeconomic and policy reforms are considered, and if we all first

know the consequences of climate change at multiple levels,

from micro- to macro-scale, and also the possible solutions at dif-

ferent levels. Here, we break down some of such consequences

and one of the solutions to mitigate or even reverse these delete-

rious effects. To this end, we need enzymes, which are not only

Graphical Abstract

Repowering industry with naturally occurring or artificially repurposed enzymes, to boost consumer products innovations and to achieve climate neutrality.
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the working parts of living systems, but also constitute one of the
cornerstones of a circular (bio)economy.

Climate change: social and economic
consequences
Climate change is provoking extreme weather phenomena such
as large drought periods, more frequent torrential storms, and
drastic changes with an overall increase in temperature that will
result in the thawing of permafrost and melting of ice at the
poles. These factors have a direct threatening effect on biodiver-
sity and human life [20]. The socioeconomic consequences of cli-
mate change can also be substantial (Table 1 [21–50]).

From an economic point of view, the total value of equities
traded on the world’s stock markets is approximately USD 70 tril-
lion per year, and it has been suggested that climate change
could cause a potential loss in traded equities of approximately
USD 7 trillion per year [41]. The final effect on the global economy
will depend on different climate change scenarios and mitigation
actions [51]. For instance, agriculture will be the sector most af-
fected by heat stress in the period 2050–2100. This is exemplified
by projected total global gross domestic product losses of 2.6–
4.0%, agricultural productivity losses of 2–15%, food price
increases of 1.3–56%, and a food-demand gap of 1.26 Bt [10, 46–
48, 52–54].

Reducing food and water security and transforming their dis-
tribution will affect human health and life expectancy [49, 55]. As
an example, a recent study by Carlson et al. shows evidence of
how climate change can increase cross-species viral transmission
risk [56]. Indeed, climate and land-use change will produce novel
opportunities for viral transmission among previously geographi-
cally isolated wildlife species, facilitating zoonotic spill over, thus
increasing the risk of novel epidemic and pandemic outbreaks
with already well-known consequences at the social and eco-
nomic levels.

In addition, climate change is expected to affect civil and polit-
ical rights, including rights to live, access to safe food and water,
health, security, shelter and culture, and contributes to humani-
tarian crises by creating new problems or exacerbating existing
problems for vulnerable populations [57]. Finally, it should be

highlighted that all projections unambiguously confirm that the
actions we take in the coming years to respond to the climate cri-
sis will determine the future of billions of human lives given that
the global effects of climate change are not felt homogeneously
across the planet [44]. Indeed, by 2070, �3.5 billion people will
live in conditions and surroundings with high vulnerability to cli-
mate change, and it has been estimated that for every degree of
temperature increase, a billion people will be forced to live in
uninhabitable places, exacerbating hostilities and giving rise to
conflicts [44]. A recent study concluded that the present warming
since 1980 elevated conflict risk in Africa by 11% [45].

Vulnerability of the ecosystems and the
associated webs of life
It is important to remark that the vulnerability of humans and
ecosystems, including the life forms inhabiting them, are interde-
pendent, and that safeguarding biodiversity and ecosystems is
fundamental for climate-resilient development [1]. According to
a recent study, more than 85% of the ecosystems will be affected
by climate change by 2070–2090, and 16–30% of plant and animal
species might go extinct [36–38].

It is worrisome that climate change effects on microorganisms
are rarely considered, although scientists have warned that there
is an urgent need to keep a close eye on this matter [58]. A 16%
loss in microbial diversity by 2100 is projected by predictive mod-
els if the rate of GHG emissions continues [36, 39]. A redistribu-
tion of microbial diversity is also foreseen, causing the
composition of bacteria to undergo a strong and generalized
global homogenization process across locations [59]. Again, these
changes will not occur equally globally or over the different taxa
[9, 10, 36, 58, 60, 61]. As an example, typical desert bacteria, in-
cluding phylotypes such as Geodermatophilus spp., Mycobacterium
spp., Venturia spp. and Devriesia spp., and microbial producers of
antibiotic resistance genes such as Streptomyces spp., will become
increasingly common in the future. This will occur because the
plasticity of thermal response originates from different strategies
of adaptation [62]. Examples include differences in: (i) the physio-
logical plasticity, defined as the extent to which an organism can
change its physiology in response to environmental cues; (ii) the

Figure 1. Distribution of primary energy supply worldwide (A) and global carbon demand (in Mt carbon, with indication of percentages depending on
the source) to synthesize chemicals and derived materials (B). Adapted from [2, 3].
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regulation of genes (e.g. temperature-dependent expression of
isoenzymes and/or epigenetic regulation); and (iii) the genetic ad-
aptation that drives the selection of new enzyme variants for
which the reaction rate is adapted to changing environmental
conditions (e.g. advantageous mutations or acquisition of new
genes). The latter mechanism is particularly important in short
generation time (and high turn-over) organisms, such as microor-
ganisms, capable of timely adapting to new conditions.

The consequences of future microbial redistributions, which
may be a direct or indirect consequence of climate change, are
currently not fully understood. As microscopic organisms are
necessary for the planet with a crucial role and influence on car-
bon cycles and the storage of carbon, avoiding its release into the
atmosphere, these changes should not be underestimated [63–
66]. Indeed, it is assessed that, since the start of the industrial
revolution, microorganisms through the enzymes they contain
have absorbed almost half of all our CO2 emissions, while also
carrying out many essential functions, such as nutrient recycling,
crop fertility, detoxification of pollutants, regulation of carbon
storage and even production and absorption of GHG such as
methane and nitrogen oxides [67–70]. Therefore, the imbalance

in the abundance and diversity of microorganisms expected by
2090 may also contribute to climate change [36, 60]. Thus, recent
studies have demonstrated that under aþ 4�C warming scenario,
microbial production of CO2 will rise by 0.05–0.15% as a conse-
quence of global warming and its effect on prokaryotic biomass
[40]. At the same time, using a projected warming of þ1.9�C by
2100, the carbon sequestration by microbes could decrease by
17 6 7% [71].

All the above issues, including GHG emissions, hazardous
waste disposal, global carbon demand, socioeconomic impacts
and alterations in ecosystems and their delicate web of life
(Table 1), are some of the matters that need to be addressed re-
garding climate challenges. It is essential to handle the so-called
green transition by developing new technologies capable of help
achieving climate neutrality. How do we do this in energy, food,
raw materials, consumer products, etc.? These questions need to
be solved due to climate change, new realities, including new po-
litical facts, and re-politicization of adaptation decision-making
[72]. The lessons we have learned from these realities are critical
to allow strategic autonomy and building sustainable systems. In
this context, it is now accepted that transforming the fossil-

Table 1. Parameters representing the effect and the consequences of climate change and how they can be minimized with the help of
enzymes

Quantification

Parameter Worldwide value (year in brackets) Reductions achieved by using enzymes (year
in brackets)

GHG (CO2) emissions/year 36.2 Gt (accumulated in 2022)a 1000–2500 Mt/year (by 2030)b

60 Gt (accumulated by 2050)a

49 700 Mt (only in 2022)c,d

700 Mt/year (increase rate from 1990 to 2019)c

Global carbon demand for chemicals 450 Mt/year (in 2020)e 45 Mt (in 2022)e

200 Mt/year (by 2050)e1000 Mt/year (by 2050)e

Total amount of chemicals 220 Bt/yearf,g 90 Mt/yearh

Ecosystem alterations 85% affected (by 2090)i Not quantified
Plant, animal species loss 16–30% (by 2070)j Not quantified
Microbial diversity loss 16% (by 2100)k Not quantified
Microbial CO2 increase 0.05–0.15% (under aþ 4�C warming scenario)l Not quantified
Economy loss 7 trillion USD/yearm 0.5% reduction/yearn

People vulnerability 3.5 billion (by 2070)o Not quantified
Conflict risk increase 11% (in 2022)p Not quantified
Food price increase 1.3–56% (by 2050)q Not quantified
Global food demand 60% (by 2050)r Not quantified
Food-demand gap 1260 Mt (by 2050)s Not quantified
Agricultural productivity loss 2–15% (by 2100)t Not quantified

a According to Refs [4, 5, 21].
b According to Ref. [22].
c Approximately 62 Mt, 1291 and 8–23 Mt correspond to the washing laundry, textile and cosmetic sectors, respectively [23–26].
d According to Ref. [27]. This includes (i) a Worldwide reduction of 50–119 Mt/year in the textile sector, according to [24, 25, 28–30]; (ii) a Worldwide reduction of

1.9–5.3 Mt/year in the cosmetic sector, namely the bioprocessing of ingredients for cosmetics, according to Ref. [26]; and (iii) a reduction in the EU of 1.4 Mt/year and
in the USA of 2.3 Mt CO2 in the washing laundry sector according to Refs [23, 31, 32].

e According to Refs [2, 3].
f According to Ref. [12].
g The production of 1 kg textile requires �3 kg of chemicals, which according to a worldwide production of 119 Mt textiles [24, 25, 33], can be translated into

�357 Mt potential chemicals. In the case of the washing laundry sector according to IndexBox estimates, in 2019 �24 Mt of washing laundry detergents were
consumed worldwide, and according to an increase of 9.5% in 2020, the total amount by the end of 2020 reached about 26 Mt [34], which can be potentially flushed
into the water system. For cosmetic sector no reliable data are available.

h According to Ref. [35].
i According to Ref. [36].
j According to Refs [37, 38].
k According to Refs [36, 39].
l According to Ref. [40].
m According to Ref. [41].
n According to Refs [42, 43].
o According to Ref. [44].
p According to Ref. [45].
q According to Ref. [46].
r According to Ref. [47].
s According to Ref. [48].
t According to Refs [10, 49, 50].
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powered linear economy towards a circular (bio)economy is criti-
cal to our strategy to achieve climate neutrality (Table 1).
Repowering the industry with enzymes can contribute to improve
and accelerate this transformation. This is discussed hereinafter.

Enzymes: key players to achieve climate
neutrality
Enzymes, as a part of nature, are active proteins that catalyze
biochemical reactions. They build and maintain all living organ-
isms, increasing the reaction rates of both syntheses and break
down reactions in vivo, but also in vitro [5, 73]. All living organisms
on Earth, including plants, animals, microorganisms and
humans, would never have evolved the way they have without
the help of enzymes. Since their initial appearance on Earth 3.8
billion years ago, these catalytic proteins have been allowing life
to thrive through adaptations to multiple conditions, including
extensive ice ages or global warming, and to new chemicals intro-
duced into the environment, including plastics [74, 75]. This abil-
ity to adapt to a multitude of different conditions, i.e. their
striking versatility, assigns to them a realistic and outstanding
role also in reducing GHG emissions. Table 2 summarizes the dif-
ferent products that are produced by enzymes. Natural products
such as structural protein-based biomaterials or fibers must be
extracted and downstream processed before they can be used in
different applications. Additionally, a large number of important
products for our daily life are manufactured using enzymes
in vitro including commodity chemicals, bioplastics and many
others.

How much can enzymes contribute to fight climate change
and global warming? Before quantifying their contribution, one
should consider the multiple benefits that enzymes can intro-
duce in industrial processes and products: (i) lower energy foot-
print; (ii) reduction of waste production and chemical
consumption; (iii) reduction of environmental impacts across

several categories, acidification, eutrophication, photochemical
ozone and energy use; (iv) making process conditions safer; and
(v) using renewable feedstocks, to name a few [5, 64–66, 77, 78].
As such, the most comprehensive comparative environmental
assessments conducted over 15 years have revealed that imple-
menting enzymatic processes in place of conventional chemical
ones generally leads to reduced contributions to global warming
by saving up to 155 kg CO2 per kg of product, depending on the
product [29]. Recent estimations suggest that the full climate
change mitigation potential of enzymes may range from between
1 and 2.5 Bt of CO2 emissions per year by 2030 [27]. This reduction
would be equivalent to the annual emissions of about 16–40% of
all cars on the road worldwide (estimated to be 1.4 billion).
Obviously, enzymes have a solid potential to transform our
planet into a global powerhouse to drive the green transition
(Table 1). In addition, carbon tax implementation (USD 40–80 per
ton CO2) is expected to force industries not only to reduce their
carbon footprint, but also to convert CO2 into valuable chemicals
and materials, which is key to reduce CO2 emissions into the at-
mosphere [79]. Here, enzymatic processes may have a key role
[5]. Enzymes also contribute to lowering the carbon footprint by
supporting the production of about 90 Mt bio-based chemicals,
which represents about 0.04% of the total chemical worldwide
demand (Table 1) [12, 35].

It is worth mentioning that not all enzymes contribute equally
to the fight against climate change, simply due to their different
performances and because the products or processes they assist
may have a greater or lesser impact in terms of energy, water and
chemical consumption and waste generation. For example, one
of nature’s fastest-working enzymes, carbonic anhydrase, reacts
1 million times per second to convert CO2 into HCO�3 (bicarbon-
ate). As such, this enzyme together with other CO2-converting
enzymes has greater potential to help fight climate change, con-
tributing to the capture of 14% of the GHG emissions that needs
to be reduced by 2050 [80, 81].

Table 2. Enzymes allow, both in vivo and in vitro, the development of unique and innovative functional products (including materials) or
processes that are key in the circular (bio)economy

Sector Examples Number of
companies

Number of
employees

Total sales
in billion e

Automotive sector Car body parts reinforced by natural fibers, car in-
terior lining and seats based on bioplastics, tires
based on dandelion

17 756 000 36

Building industry Wooden structures, composite materials rein-
forced by natural fibers, insulation materials,
biobased screw anchors, biobased concrete mix-
tures

317 300 1 900 000 172

Chemical industry Bioplastics, biobased platform chemicals 2121 434 313 186
Energy Pellet stoves, biogas, biodiesel fuel, bioethanol,

synthetic fuels, algae, kerosene, enzymes for bet-
ter oil extraction

923 220 157 466

Agriculture and forestry Precision agriculture, plant and animal breeding,
short-rotation forestry, aquaculture

285 000 1 000 000 32

Mechanical engineering Bioreactors, bioprocessing engineering, agricultural
technology and equipment, greenhouse technol-
ogy, biolubricants

6277 978 000 207

Pharmaceutical industry Biopharmaceuticals, medicinal plants and herbs 923 135 773 36
Food and beverage industry Enzymes, fragrances, amino acids, natural food

additives, probiotics, food lupin protein
6000 555 000 41.4

Consumer goods Biobased tensides, bioactive constituents in cos-
metics, enzyme-based additives for cleaning
agent

203

Textiles and clothing Natural raw materials for synthetic fibers, high-
tech fibers made of spider web, plant tannins

1300 111 313 11.33

Adapted from Ref. [76].
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The growing concern of climate change
requires new enzymes
It is estimated that our planet is home to 1 trillion (1012) microbial
species living and operating in a broad range of working condi-
tions, although only �420 000 have been formally described in
GenBank. Additionally, the amount of DNA sequences represent-
ing different species deposited in databases is huge, with the
number of bases doubling approximately every 18 months [82,
83]. Every strain, representing each species, is expected to be a
wide reservoir of enzymes [84]. As an example, the genome of a
single bacterium, such as Escherichia coli, contains 4391 predicted
genes, among which �607 are enzymes catalyzing more than 700
reactions. A single fungal strain contains more than 16 000 genes,
among which at least 800 are enzymes that support at least 1069
reactions. However, the estimated diversity of some environmen-
tal samples reached 100 000 microbial species per gram, which
theoretically overestimates the number of enzymes at our dis-
posal [85]. Indeed, it is estimated that nearly 1010–1015 proteins
exist across all life forms inhabiting our planet, 40% of which
may be catalytically active proteins, i.e. enzymes [86].

This astronomical number is far from the number of enzymes
we have been able to observe and to have in our hands. Thus,
�270 000 enzymes have been identified that all together support
�6500 different reactions; the protein structure of 170 000 of
them has been characterized [84, 87, 88]. What is significant is
that with these enzymes, which represent a tiny fraction of those
at our disposal in ecosystems, significant global economic and
environmental achievements have been made (Table 1). The fol-
lowing data serve as examples: the worldwide enzyme produc-
tion reached 117 kilo-tons (Kt) per year [43]; nowadays the trade
in enzymes represents 0.037% of total world trade (ca. USD 14.5
billion) with a projected annual growth rate from 2022 to 2028 up
to 6.5%; and enzymes are expected to reduce economic losses de-
rived from global warming by 0.5%, and if enzymes become more
important, these losses could be substantially minimised [42, 43].
Access to, or design of a higher number of enzymes will thus al-
low the industrial reconversion needed to complete the green
transition and to achieve climate neutrality.

Sustainable consumer products to fight
climate change
The use of enzymes, whether they are new or naturally occurring
enzymes, will contribute significantly to the protection of the en-
vironment. This occurs during production, use or disposal
through the conservation of resources, reducing global GHG
emissions, promoting energy-efficient processes and the use of
renewable energy, minimizing the use of toxic agents, reducing
waste and conserving water [5, 89, 90] (Table 1). Therefore,
enzyme-derived products have the potential to benefit both the
environment and our quality of life [91, 92]. Together with these
benefits and stringent environmental regulations, the main driv-
ing force supporting the green trend in industry is related to the
increased concern of consumers regarding climate change and
environment, and the augmented awareness of the impact con-
sumers can have on their everyday consumption choices. Indeed,
according to Silva de Oliveira et al., ca. 90% of consumers will buy
a product with an environmental benefit and have a more posi-
tive image of a company that supports biotechnology [93].
Furthermore, 50% of consumers are willing to recognize a green
premium for a more sustainable greener alternative. This con-
sumer trend is important, as there is strong evidence that

consumption habits are interlinked with awareness of climate
and environmental change [94]. Thus, changes in consumption
behavior can significantly decrease environmental impacts [95].
For example, negative environmental impacts are expected to de-
crease if sustainable choices, instead of fashion choices, are pri-
oritized. Indeed, in the 21st century, the fashion industry has
been found to be responsible for 10% of GHG emissions [94].
Therefore, constant innovation is needed to pursue a 100% sus-
tainable model of production and consumption that could help
to effectively fight climate change while even improving the qual-
ity of goods.

Below, we review to what extent enzymes can mobilize sus-
tainable and greener innovations in consumer products, to miti-
gate and even reverse the effect of climate change. In particular,
we focus on textiles, detergents and cosmetics that contribute
globally to carbon emissions (Table 1), which can be reduced by
the use of enzymes.

Greening textiles through enzymes
The contributions of the textile industry to climate change de-
pend mainly on the type of textile. However, one of the main en-
vironmental issues in the process chain of textiles is that finished
textiles commonly do not meet the desired requirements in the
final inspection and return to production for improvement. Such
production and correction cycles, which are large chemical and
energy-consuming processes, make the textile industry one of
the largest contributors to climate change, with up to 10% of GHG
emissions occurring worldwide [25]. Each kg of plastic-based fab-
ric emits on average �11.9 kg of CO2, which accounts for a total
of �1291 Mt CO2 (equivalent to 7.3 trillion km travelled by car),
given the worldwide production of 119 Mt textiles [24, 25]
(Fig. 2A). Therefore, being more aware of the impact of their pur-
chasing decisions, textile sustainability is becoming an important
new driver for industries and consumers [96].

To pursue a greener textile industry, different eco-responsible
approaches are being investigated and developed [93, 97, 98].
They include (i) the utilization of alternative sources of fibrous
raw materials that mitigate the negative impacts of traditional
cotton culture, such as bamboo; (ii) the utilization of natural dyes
and pigments; (iii) the use of supercritical CO2 for reduction and
cleaning operations, instead of water; (iv) the production of dura-
ble and high-quality fabrics; and (v) the implementation of heat
recovery, so the energy used to warm water (especially in the dye-
ing and finishing processes) comes from that generated in other
steps, such as the stentering frames or the steam boilers, the use
of groundwater for the cooling process and returning it with the
same quality, to mention a few. These approaches do not con-
sider the application of enzymes so far.

Nonetheless, enzymes also have the ability to play a signifi-
cant role in supporting the conversion of the textile industry into
a zero-waste, zero-pollution, fully sustainable market. This po-
tential stems from the fact that enzymes can be applied to all
steps of the textile production chain. This may start with the pro-
duction of biopolymers with the potential to replace common
fabrics [99, 100]. Subsequently, the removal of chemicals used in
all steps required to achieve the final fabric can be envisaged
from the starting polymers, including fiber spinning, weaving
and knitting, solvent cleaning, dyeing, washing, finishing, cutting
and sewing, in this order [93, 101–105]. This requires highly time-
and energy-intensive washing processes that are responsible for
the highest amount of GHG emissions, �9.6 kg of CO2 per kg of
fabric [24]. Indeed, dyeing of the textile materials requires a
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significant amount of water, and prior to the dyeing procedure, the
removal of sizing products, such as silicones, paraffins, mineral
oils and waxes, is needed. These residual spinning oils added to
yarns in order to allow for them to spin, will generate emissions
during the drying and fixation steps and can have a negative im-
pact on the subsequent dyeing/finishing processes themselves.
Additionally, the processed water is circulated through the system
again. The goal of using enzymes is to promote the reduction of the

rinsing steps and their duration, optimize the dyeing process, and
help discoloration and neutralization of the water resources used.
Life cycle assessments demonstrated that enzymes could reduce
the overall carbon footprint of fiber spinning, solvent cleaning,
dyeing, washing and finishing of fabrics: 1 g of enzyme can save
0.42–1.0 kg CO2 per kg of dry-weight yarn, which can be translated
to a worldwide reduction of �50–119 Mt CO2, giving the worldwide
production of 119 Mt textiles [24, 25, 28, 29] (Fig. 2A).

Figure 2. Schematic workflow of the key steps to produce or bioprocess textiles (A), washing laundry detergents (B) and ingredients to be incorporated
into cosmetics (C), and the benefits enzymes could introduce in terms of the carbon footprint. Data for textiles according to Ref. [30]. Data for washing
laundry according to Refs [23, 31, 32]. Data for cosmetics according to Ref. [26]. WW, worldwide; EUþUSA, Europe and USA (as no reliable WW data are
available).
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For this reduction to affect the whole process, the impact asso-
ciated with the enzyme production must be low. Here, the ques-
tion which environmental impacts are associated with the
enzyme production arises. The carbon footprint of the enzyme
production can vary greatly, even for the same enzyme depend-
ing on the raw materials, the production method and the trans-
portation. For the most advantageous method, a value as low as
8.9 g CO2 eq. per gram of enzyme from cradle-to-gate was found
in recent life cycle assessments [106] (Table 3). These values
clearly demonstrate the competitive advantages that enzymes
bring to textile bioprocessing, and that the contribution of the en-
zyme production to the entire carbon footprint of a textile biopro-
cess is significantly low.

Enzymes will be also essential to avoid the accumulation of re-
calcitrant garments in landfills. In this context, enzymes can be
applied in the biodegradation of the current textile materials in
such a way that they can even be reused to produce new recycled
textiles. Tackling this issue can prevent our planet from accumu-
lating 3400 Mt of waste by 2030 [107–109]. Note that each second,
a truckload of clothes is thrown away or incinerated. Adding
enzymes to the recycling process can result in substantial savings
of 5.5 kg of CO2 per kg of textile material compared to chemical
processes [30]. If all textiles (119 Mt) were recycled with enzymes,
then an overall reduction of �655 Mt CO2 (equivalent to 3.7 tril-
lion km travelled by car) could be achieved.

Whether sustainable clothing might be a marketable product
rather than a real commitment to reduce environmental impact
and climate change, will depend on our ability to offer new
enzymes to transform procedures, since a very large amount of
textile products is being generated. Such newly developed enzymes
may be directed at least in two key steps required to achieve the
fabric on rolls. The first step consists of removing residual spinning
oils/sizing products that, if not eliminated, will otherwise generate
emissions during the drying and fixation steps. The second step
consists of the dyeing process of the textile materials, that needs a
lot of water, that further needs to be discolored and circulated in
the system again. Currently, these additives/preparation materials
and residual dyes are removed by a water/surfactant process and
reducing the rinsing steps/duration is the expected goal when add-
ing enzymes into the cleaning processes, and enzymes are needed
to support water-based, low-temperature, fewer water discharge
and fewer energy consumption processes.

Greening detergents through enzymes
According to IndexBox estimates, by the end of 2020, �26 Mt
washing laundry detergents were consumed [34]. It is difficult to
find reasonable and valid (public) numbers for potential CO2 an-
nual emissions of washing industry, because of the high intra-
country variability (average factor of 6.5) in the average GHG

emissions related to the laundry washing process [110]. However,
estimates for >840 million domestic washing machines in 2016
suggested >62 Mt CO2, equivalent to 350 billion km travelled by
car (Fig. 2B) [23]. For countries with a mainly fossil-based electric-
ity system, the dominant source of variability in GHG emissions
results from consumer choices in the use of washing machines;
in this context, predictive models foresee a potential reduction of
39 Mt of CO2 worldwide per year if water and energy-efficient
washing machines are employed [23]. For countries with a rela-
tively low-carbon electricity mix, variability in emissions is
mainly determined by laundry product-related parameters. It is
at this latter point that enzymes play a major role, being one of
the standard and commercially available key ingredients (added
in amounts of 0.3–3%) in laundry detergent formulations since
decades (the early 1970s) to make the washing cycle effective and
more sustainable [110]. In this case, we are talking about
enzymes that efficiently break down different types of stains to
enable the surfactants to better capture and keep these materials
in the wash water. Adding these enzymes allows rebalancing the
levels of surfactants and washing temperature, which in turn can
contribute to lowering CO2 emissions without compromising
washing performance. Indeed, the potential lowering of the en-
ergy savings by facilitating reduced wash temperatures and the
impact of the use phase of a detergent product, accounting for
about 60% of CO2 emissions, are among the major roles of
enzymes in detergent products. As an example, the average GHG
emissions related to enzymatic-laundry washing processes were
estimated to be 500 g CO2 per wash cycle at 60�C, which can be
reduced to 330 g CO2 per wash cycle when the water temperature
is lowered to 30�C, which means a drop of 35% [110].

The following three data from the ‘I Prefer 30�’ campaign [31]
confirm these arguments. First, the European average wash tem-
perature in 2020 was 42.4�C. Second, 90% of the energy the wash-
ing machine uses goes towards heating the water. Third, data
collected through the ‘I Prefer 30�’ campaign, which promotes
washing at 30�C, estimated a saving of 1307.9 GWh/year of cur-
rent total laundry energy in the five campaign countries, based on
a 3�C reduction of the average wash temperature. If a 3�C reduc-
tion was to be achieved across the 23 European countries, the re-
duction would be �12% (2.49 terawatt-hour (TWh)/year,
equivalent to about 1.4 Mt/year CO2, and to about 122 000 cars not
driven) [111]; this reduction can be 18% if the temperature is re-
duced by 5�C (instead of 3�C). In the USA, this reduction could
achieve 2.3 Mt/year CO2, equivalent to 200 000 cars not driven [32].

Implementing better performing enzymes may significantly
reduce the carbon footprint of the washing laundry sector fur-
ther. These enzymes should have strong resistance to laundry
ingredients (anionic and nonionic surfactants, chelators, bleach
or oxidizing agents) and be efficient enough to eliminate stub-
born stains at low temperatures without the extensive use of
chemical additives; this is essential to decrease the percentage of
chemical surfactants in the detergent formulations and to
achieve washing programs with as low emissions as possible.
Additionally, enzymes have to be stable at different temperatures
to increase market opportunities, such as in emerging markets,
where enzymes and enzyme-containing products can be exposed
to higher temperatures, especially during transport. In theory,
the optimal enzyme has a high robustness against chemical
ingredients, is inexpensively producible, and has especially high
washing performance at low wash temperatures. Hence, there is
plenty of potential for such enzymes for laundry detergents to
help achieving climate neutrality.

Table 3. Carbon footprint of key tasks associated to the screen
and production of enzymes

Task Carbon footprint

Bioinformatic and
computational screen

113–5477 kg CO2e per analysisa

0.008–0.38 kg CO2e per enzymeb

Production 8.9 g CO2e per g enzymec

a According to Ref. [6].
b Some of the tasks reported by Grealey et al. include the analysis of up to

�15 000 genes in a computational run; while the equivalence may not be
appropriate, the given carbon footprint per gene (or enzyme) refers to this
number [6].

c According to Ref. [106].
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Greening cosmetics through enzymes
The cosmetics market is experiencing a fast boost worldwide,
with an annual growth of 5.8%. This increase might be attributed
to the fact that 34% of males showed more interest in cosmetics
products and purchased these goods at higher rates than ever be-
fore in early 2020, while the current interest from women was
maintained [112, 113]. In particular, the skin care industry is pro-
jected to increase by 24.3% from now to 2025 [114]. While cos-
metic products are produced and used (�5 g person/year) in less
volume than detergents or textiles, their consumption also leads
to a major environmental impact, reflected by the fact that more
than 120 billion units of cosmetic products are released world-
wide into the environment each year [115]. In this scenario, cos-
metic companies are emphasizing the fight against climate
change, as revealed by an analysis of sustainability report topics,
therefore applying strategies to reduce their impact on the envi-
ronment [116]. Accordingly, there is a growing attention directed
to obtain new sustainable bioingredients produced with the use
of enzymatic technologies [117]. Indeed, in the manufacturing of
personal care or cosmetic items, the production and extraction of
active ingredients are the major sources of environmental im-
pact, accounting for �20% of the total impacts of cosmetic items.
Recent estimates foresee from 0.78 to 2.33 kg CO2 per 1 kg of final
cosmetic product, which considering a global production of
�10 000 tons of cosmetics and personal care products, will ac-
count for a total of 8–23 Mt CO2 (equivalent to 45–113 billion km
travelled by car) (Fig. 2C) [26]. These emissions are expected to be
lowered by 23% if eco-ingredients are produced with enzymes
[26]. As for the textile and detergent sectors, implementing novel
and better performing enzymes, capable of supporting water-
based and fewer energy consumption processes with which to
produce cosmetic ingredients, may significantly reduce this car-
bon footprint while offering innovative consumer products.

Synergy to better bioprospect and design
novel enzymes
As discussed before, the growing concern on climate change and
the request for greener consumer products require the search for
or design of new enzymes capable of maintaining high catalytic
performance during a number of uses and catalytic cycles in an
enzyme’s lifetime, and whose production cost and carbon foot-
print is as low as possible [106, 118]. This last issue is currently
feasible through platforms capable of managing and testing the
high-throughput expression of more than 1500 enzymes per ex-
periment [119]. The option to find such new enzymes, although
being challenging, costly (e30k per enzyme) and time-consuming
(15 months per enzyme), is realistic given the recent technologi-
cal advances. Indeed, the use of bioinformatics, machine learn-
ing, accurate protein structure prediction and data-driven
artificial intelligence (AI) techniques are essential to fully exploit
the potential of sequencing data as a source of new enzymes
(Fig. 3) [120–124].

These developments must go hand in hand with experimental
strategies to test computational predictions and platforms that
speed up their incorporation in appropriated synthetic biology
chassis and their repurposing through novel engineering techni-
ques with ultrahigh-throughput methods [120, 125–129] (Fig. 4).
To highlight, for more than 98% of natural enzymes the average
catalytic efficiency (kcat/KM) value is �105 M�1 s�1, and it is de-
sired that kcat/KM values approach the physical limit of diffusion
rate (�109 M�1 s�1), to ensure their industrial transfer [130].

Pending access to such natural enzymes, these levels can be
achieved using engineering techniques. Indeed, AI techniques are
being used to create completely novel enzymes that open the
possibilities to enrich industrial applications because of their in-
creased properties [131, 132]. Thus, the list of potential enzymes,
including those, is almost infinite!

But for the synergy between these techniques being effective,
it is essential to link sequences encoding enzymes with the speci-
fications (e.g. enzyme’s activity, stability and lifetime) and needs
(e.g. substrates to transform, working conditions, etc.) of indus-
tries [133]. In relation to this, it remains to be clarified whether
current machine learning, AI and engineering techniques would
be effective when applied to new enzymes and to approach fu-
ture climate concerns, or whether new tools would need to be
implemented, such as data-driven predictive tools (Fig. 3).

Clearly, the potential of computing and AI for searching or
repurposing enzymes will depend on available computing capaci-
ties. As an example, if one uses a personal computer with a single
core at 3.6 GHz, the search of enzymes in sequence databases
may take �142 minutes (or 1.86 g CO2 emission) using Diamond
(as the fastest search standard). The same analysis using a com-
puting cluster takes �18 minutes (or 0.11 g CO2 emission) using
the minimum configuration with a single node composed of 40
cores at 2.5 GHz, from a hypothetical maximum of up to 134
nodes. Finally, if one has access to cloud resources (with up-to-
date hardware), the search for a single genome usually takes 1–5
min (or 0.06 g CO2 emission) [134]. All these computational run-
ning times and resources imply that enzyme screening also has a
carbon footprint. Thus, it is estimated that the carbon footprint
to search for an enzyme encoded somewhere in the entire DNA
from an environmental sample, the metagenome, range from
113 to 5477 kg CO2e [6]; this is mainly due to emissions from
efforts spent on sequencing, assembly, annotation, classification
and virtual screening using molecular simulations. This amount
is equivalent to the amount of carbon sequestered by 103–5020
tree/month, or produced when driving a car 19–958 km. Thus, it
is difficult to estimate what the carbon footprint associated with
the screening of a single enzyme would be, given that these data
refer to the analysis of samples whose enzyme content is a priori
unknown, but values ranging from 0.008 to 0.38 kg CO2e per en-
zyme may be suggested (Table 3).

Access to advanced supercomputers and AI would not only
enable faster searches but also minimize the associated carbon
footprint. As an example, it is worth noting that, considering all
possible applications, AI, information and communication tech-
nology (ICT), supercomputers and quantum computing have the
potential to reduce GHG emissions by between 2.6 and 5.3 Gt
CO2, equivalent to 14.8–30.3 trillion km travelled by car [135, 136].
However, supercomputers still consume a high amount of en-
ergy, especially for cooling: the world’s supercomputers have an
annual carbon footprint in the broad region of 3 million tons.
Consequently, supercomputing facilities are urgently needed
that do not produce any carbon emissions because they use 100%
renewable power.

Designing novel bio-processes for
decarbonization
Many of the above-described products and processes will rely on
the implementation of more and better performing enzymes. But
there is also a need for enzymes that not only make these prod-
ucts and processes more sustainable and environmentally
friendly, but also allow the design of novel pathways for CO2
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fixation and ultimately building up products by using atmo-

spheric CO2. Therefore, developing bio-based CO2 capture tech-
nologies at industrial scale will be a very urgent task to
decarbonize their production processes [137]. Currently, seven
different pathways involved in CO2 fixation are known and they

can be exploited for enzyme-driven decarbonization. The best-

studied pathway is the Calvin–Benson–Bassham cycle with

ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) as
the main CO2-fixing enzyme [138]. It is used by green plants, al-
gae, cyanobacteria and many other microorganisms. Yet another
pathway is the Wood–Ljungdahl pathway. It is well conserved

within the acetogenic bacteria and the methanogenic archaea

Figure 3. Schematic workflow for the bioprospecting of enzymes for circular (bio)economy and climate change mitigation. Shown are the steps related
to extraction, sequencing, assembling, annotation and virtual screening of new enzymes from the metagenomes of environmental samples, followed
by their accurate protein structure prediction, high-throughput characterization and iterative improvement by engineering; finally, validation of
computational predictions to design of predictive tools with which to artificially design de novo new enzymes.

Figure 4. Schematic workflow for the engineering of enzymes for circular (bio)economy and climate change mitigation. Shown are the steps for
iterative improvement of enzyme performances by either rational design or directed evolution.
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and is often associated with extreme habitats [139]. A key en-
zyme here is hydrogen-dependent CO2 reductase (HDCR), the only
known biocatalyst that can reduce CO2 to formate using only H2 as
electron donor. As the reaction is fully reversible, HDCR can be used
for H2 production as well as carbon capture and production of for-
mate as a starting material for a variety of high-value products [140].
In addition, nature has evolved efficient few other pathways to fix
CO2 from the atmosphere among them the 3-hydroxypropionate
bicycle, the 3-hydroxypropionate/4-hydroxybutyrate cycle, dicarboxy
late/4-hydroxybutyrate cycle (DC/HB cycle) and the reverse tricar-
bonyl acid cycle [141, 142]. Altogether, these pathways and their re-
spective enzymes will be important for the built up of enzyme-driven
CO2 fixing biotechnological processes.

Positive impact of enzymes on biodiversity
and planet’s health
The benefits that enzymes bring in terms of reducing GHG emis-
sions and supporting the bio-processes for decarbonization and
recycling carbon from renewables (Table 1) have a direct influ-
ence on controlling or minimizing climate change and its effects.
However, enzymes can also help to reduce the need and con-
sumption of chemicals (Table 1), and to establish recycling and
biodegradation processes that help to reduce pollution and reme-
diate contaminated sites. This is an important issue as environ-
mental pollution resulting from human activity is detrimental to
ecosystems at different levels, such as biodiversity level which,
as mentioned above, is crucial to maintain the planet’s health
status [36]. Note that recent estimates of bacterial and archaeal
diversity suggested the existence of at least 2.2–4.3 million pro-
karyotic operational taxonomic units, that have inhabited on
Earth over 3.8 billion years ago, and the diversity and distribution
of up to 60% of the global ocean microbiome and 85% of terres-
trial ecosystems are associated with temperature and contami-
nation [36, 143, 144]. They co-exist with higher complex forms
that include plants, animals, fungi and single-celled organisms
with true nuclei (i.e. all ‘eukaryotes’), of which about 1.8 million
species are being described to date through the Earth Biogenome
Project [145]. The grand aim is to minimize the influence on, or
even rehabilitate or restore, the biodiversity of our ecosystems.
Enzymes, as part of the nature-based solutions and circular bio-
based systems, have the potential to substantially contribute to
avoid the release of chemicals to, and remove pollutants from,
environmental sites to improve the biodiversity status, thus
extending the Natura 2000 network, that marked a significant
step forward in environmental management [146]. Access to new
enzymes that are not only capable of producing biobased chemi-
cals but also help degrade pollutants in our ecosystems is critical
to maintaining biodiversity and the health of our planet [147].

Conclusions
Climate change is here to stay unless humankind manages to
knock it off. The only feasible approach encompasses the devel-
opment of new methods, techniques and processes, mainly aim-
ing at reducing GHG emissions. This is not an easy path, not all
will be fixed by tomorrow, but it is in our hands to gradually re-
duce the damage to our environment, which also means to our-
selves and all living forms. It is important to remark that signs of
the effectiveness of the measures tackled are already beginning
to be visible. For instance, in the EU Member States and the UK,
fossil emissions in 2019 decreased by nearly 3.8% [148]. This ten-
dency needs to be extended to the whole planet and maintained

or, preferably, accentuated. However, monitoring this trend will
be challenging in the following years because of the disturbances
produced by the irruption of the worldwide SARS-CoV-2 pan-
demic, and the new realities and political facts we are facing [72].
The actions to fight climate change need to be engaged at local
and global levels, and at personal, industrial and government lev-
els. There is evidence that eco-consciousness is increasing across
all regions and that at least 170 countries and many cities are in-
cluding adaptation in their climate policies and planning pro-
cesses [1]. Social media, publicizing or initiatives like the Earth
Hour, the International Day of Climate Action or Fridays for
Future are also of great importance to create awareness of the
consequences of inaction. The IPCC also calls out a warning: the
effectiveness of adaptation to reduce climate risk will decrease
with increasing warming, so we all need to grow in the same di-
rection, and we need to do it now, so we can make the world
green again. We have demonstrated here that, apart from new
policies and actions, more prototypes of enzymes are needed to
become techno-economic capable of implementing technologies
that can contribute to the sustainable development for a circular
(bio)economy, mitigate climate change and contribute to blue-
print roadmaps for avoiding the release of chemicals and for re-
habilitation or restoration of ecosystems. At this point, with only
several thousand commercially available enzymes, the environ-
mental impacts have already been significantly reduced by 1–2.5 Bt
of CO2, including those emissions associated with everyday con-
sumer products [5]. It remains to be quantified what benefits we
will be able to achieve if we succeed to access and transfer new
enzymes, either native, engineered or de novo designed, to industry,
thereby offering to consumers innovative greener and sustainable
products. The problems persist, but the signs are promising.
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70. Vicu~na R, González N. The microbial world in a changing envi-

ronment. Rev Chil Hist Nat 2021;94:2.

71. Cavan EL, Boyd PW. Effect of anthropogenic warming on mi-

crobial respiration and particulate organic carbon export rates

in the sub-Antarctic Southern Ocean. Aquat Microb Ecol 2018;

82:111–27.

72. Henrique KP, Tschakert P. Everyday limits to adaptation. Oxf

Open Clim Change 2022;2:kgab013.

73. Heckmann CH, Paradisi F. Looking back: a short history of the

discovery of enzymes and how they became powerful chemical

tools. Chem Cat Chem 2020;12:6082–102.

Enzymes, consumer products and climate change | 13

D
ow

nloaded from
 https://academ

ic.oup.com
/oocc/article/3/1/kgad003/7078116 by FH

N
W

 user on 12 Septem
ber 2023

https://www.kemi.se/en/publications/reports/2014/report-6-14-chemicals-in-textiles
https://www.kemi.se/en/publications/reports/2014/report-6-14-chemicals-in-textiles
https://www.kemi.se/en/publications/reports/2014/report-6-14-chemicals-in-textiles
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/02/Bio-based-chemicals-a-2020-update-final-200213.pdf
http://www.irena.org/Publications


74. Steinweg JM, Dukes JS, Paul EA et al. Microbial responses to

multi-factor climate change: effects on soil enzymes. Front

Microbiol 2013;4:146.

75. Busch F, Rajendran C, Heyn K et al. Ancestral tryptophan syn-

thase reveals functional sophistication of primordial enzyme

complexes. Cell Chem Biol 2016;23:709–15.

76. Federal Ministry of Education and Research (BMBF) and

Federal Ministry of Food and Agriculture (BMEL). Bioeconomy in

Germany: Opportunities for a bio-based and sustainable future, 2015.

https://biooekonomie.de/; https://www.fona.de/medien/pdf/

Bioeconomy_in_Germany.pdf (2 December 2022, date last

accessed).

77. Wackett LP. Microbial industrial enzymes: an annotated selec-

tion of World Wide Web sites relevant to the topics in micro-

bial biotechnology. Microb Biotechnol 2019;12:1090–1091.

78. Lange L, Connor KO, Arason S et al. Developing a sustainable

and circular bio-based economy in EU: by partnering across

sectors, upscaling and using new knowledge faster, and for the

benefit of climate, environment & biodiversity, and people &

business. Front Bioeng Biotechnol 2021;8:619066.

79. Dolphin G, Xiahou Q. World carbon pricing database: sources

and methods. Sci Data 2022;9:573.

80. Bernhardsgrütter I, Stoffel GM, Miller TE et al. CO2-converting

enzymes for sustainable biotechnology: from mechanisms to

application. Curr Opin Biotechnol 2021;67:80–7.

81. Talekar S, Jo BH, Dordick JS et al. Carbonic anhydrase for CO2

capture, conversion and utilization. Curr Opin Biotechnol 2022;

74:230–40.

82. Locey KJ, Lennon JT. Scaling laws predict global microbial di-

versity. Proc Natl Acad Sci USA 2016;113:5970–5.

83. Sayers EW, Cavanaugh M, Clark K et al. GenBank. Nucleic Acids

Res 2020;48:D84–6.

84. UniProt Consortium. UniProt: the universal protein knowledge-

base in 2021. Nucleic Acids Res 2021;49:D480–9.

85. Schloss PD, Handelsman J. Toward a census of bacteria in soil.

PLoS Comput Biol 2006;2:e92.

86. Beckwith W. American Association for the Advancement of

Science. Science’s 2021 Breakthrough: AI-powered Protein Prediction.

https://www.aaas.org/news/sciences-2021-breakthrough-ai-

powered-protein-prediction (2 December 2022, date last

accessed).

87. Feehan R, Franklin MW, Slusky JSG. Machine learning differen-

tiates enzymatic and non-enzymatic metals in proteins. Nat

Commun 2021;12:3712.

88. Velankar S, Burley SK, Kurisu G et al. The Protein Data Bank ar-

chive. Methods Mol Biol 2021;2305:3–21.

89. Liew WT, Adhitya A, Srinivasan R. Sustainability trends in the

process industries: a text mining-based analysis. Comput Ind

2014;65:393–400.

90. Yi D, Bayer T, Badenhorst CPS et al. Recent trends in biocataly-

sis. Chem Soc Rev 2021;50:8003–49.

91. Bhardwaj AK, Garg A, Ram S et al. Research trends in green

product for environment: a bibliometric perspective. Int J

Environ Res Public Health 2020;17:8469.

92. Ray C, Ming X. Climate change and human health: a review of

allergies, autoimmunity and the microbiome. Int J Env Res Pub

He 2020;17:4814.

93. Silva de Oliveira CR, da Silva Júnior AH, Mulinari J et al. Textile

re-engineering: eco-responsible solutions for a more sustain-

able industry. Sustain Prod Consum 2021;28:1232–48.

94. Boykoff M, Chandler P, Church P et al. Examining climate

change and sustainable/fast fashion in the 21st century:

‘Trash the Runway’. Oxf Open Clim Change 2021;1:kgab003.

95. Rizos V, Bryhn J, Alessi M et al. European Economic and Social

Committee. Identifying the Impact of the Circular Economy on the

Fast-Moving Consumer Goods Industry: Opportunities and

Challenges for Business, Workers and Consumers: Mobile Phones as

an Example. Publications Office, 2019. https://www.eesc.eu

ropa.eu/en/our-work/publications-other-work/publications/

identifying-impact-circular-economy-fast-moving-consumer-

goods-fmcg-industry-opportunities-and-challenges-businesses

(17 November 2022, date last accessed).

96. Gazzola P, Pavione E, Pezzetti R et al. The perception of sustain-

ability and circular economy: a gender/generation quantitative

approach. Sustainability 2020;12:2809.
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