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Abstract: Detergent chemistry enables applications in the world today while harming safe operating spaces that humanity
needs for survival. Aim of this review is to support a holistic thought process in the design of detergent chemistry. We
harness the planetary boundary concept as a framework for literature survey to identify progresses and knowledge gaps
in context with detergent chemistry and five planetary boundaries that are currently transgressed, i.e., climate,
freshwater, land system, novel entities, biosphere integrity. Our survey unveils the status of three critical challenges to be
addressed in the years to come, including (i) the implementation of a holistically, climate-friendly detergent industry; (ii)
the alignment of materialistic and social aspects in creating technical solutions by means of sustainable chemistry; (iii)
the development of detergents that serve the purpose of applications but do not harm the biosphere in their role as novel
entities. Specifically, medically relevant case reports revealed that even the most sophisticated detergent design cannot
sufficiently accelerate drug discovery to outperform the antibiotic resistance development that detergents simultaneously
promote as novel entities. Safe operating spaces that humanity needs for its survival may be secured by directing future
efforts beyond sustainable chemistry, resource efficiency, and net zero emission targets.

1. Introduction

Earth’s resources are limited and so is the ability for
humanity to grow on planet Earth. The development of a
paradigm that integrates the continued development of
human societies and the maintenance of Earth system is
supported through the planetary boundary framework.[1]

The science-based analysis of the planetary boundary
concept defines ‘safe operating spaces’ for humanity. Nine
aspects of anthropogenic threats to critical Earth systems
were identified, for each of which safe operating spaces
were defined with respect to nine planetary boundaries and
their threshold levels (Figure 1).[2] In many cases, control
variables that were chosen as indicators for monitoring the
transgression of planetary boundaries are chemical
entities.[2] If these thresholds are crossed, the environment
may lose the ability to self-regulate. Important subsystems,
such as lakes or coral reefs, could shift into a new state with
potentially serious consequences for humanity.[1a,3]

Six of the nine planetary boundaries are transgressed,[1b]

suggesting a need for a deeper understanding and modifica-
tion of underlying processes promoting this transgression
(Figure 1). To secure safe operating spaces that humanity
needs for its survival, chemists can contribute to restore
stability and strengthen resilience of the planetary system.[2]

Specifically, chemists can work on understanding the nature
of the looming threats, harness innovations that are central
to the practice of chemistry to develop sustainable solutions,
and transform chemistry itself to a driver for sustainability
and better stewardship of resources on planet Earth.[2]

With climate change being obviously associated with
chemistry, much effort has been spent on monitoring and
reducing carbon dioxide emissions.[4] Another chemically
relevant boundary that raises global interest is novel entities

(Figure 1). Novel entities are chemicals that are novel in a
geological sense and could have large-scale impacts on
biodiversity.[5] Detergents are amphiphilic molecules that
can make substances with opposing polarities miscible which
enables a diverse range of applications, such as laundry,
cleaning, or emulsifying.[6] However, due to their amphi-
philic properties, detergents also interact with cell mem-
branes during applications or along disposal routes, some-
times with harmful consequences for the biosphere, such as
antimicrobial resistance development.[7] To minimize the
role of novel entities on the transgression of planetary
boundaries, holistic design approaches are needed that
optimize the full life cycle of detergents, including produc-
tion, application, and disposal.

Recent reports on consequences for the biosphere imply
an unmet need for a holistic design thinking beyond the
known necessities for the prevention of climate change.
Previous reviews on detergent chemistry focus on niche
topics, like protein purification, antimicrobial resistance, or
antiseptics, and do not cover the holistic impact that
detergent chemistry currently has on planet Earth. However,
an overview on the current state of detergent chemistry in
context with Earth’s resources is pivotal to guide future
efforts that minimize the transgression of planetary bounda-
ries. Herein, we close this gap by establishing a method for
literature search that allows us to analyze the impact of
detergent chemistry on Earth’s resources more holistically
(Figure 1). First, we analyzed obvious paradigms that are
associated with detergent life cycles and affect the trans-
gression of planetary boundaries (Figure 1). This led us to
five boundaries that are most obviously affected by
detergent chemistry, including climate, land system, water,
freshwater change, novel entities, and biosphere integrity.
Second, we assessed current literature knowledge on the
impact that detergent life cycles can have on our five
designated planetary boundaries (Figure 1). Third, we
obtained a more holistic overview of the state of detergent
chemistry in context with Earth resources, including boun-
dary-specific challenges and underappreciated cross-boun-
dary interactions.
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2. Results and Discussion

2.1. Climate, Land System, and Freshwater Change

In the first part of this review, we analyzed interactions
between detergent chemistry and planetary boundaries with
relevance to a holistically, climate-friendly detergent indus-
try. Climate change is advancing globally, and the conse-
quences are becoming increasingly noticeable. Major con-
tributions to the transgression of climate change come from
industrial detergent production and packaging. While the
majority of detergents is still of petrochemical origin,[8]

detergent industry undergoes a paradigm shift towards
renewable sources to reduce carbon dioxide emission.[9] Bio-
based detergents are wholly or partly derived from materials
of biological origin and expected to drive future market
growth.[9–10] Substituting plastic packing material for card-
board packaging and recycling of packing material are
strategies to reduce carbon dioxide emissions.[11] However,
minimizing the transgression of a planetary boundary
selectively is difficult due to the entangled nature of Earth’s
sub-systems.[1] For example, substitution of petrochemicals

for bio-based production cycles may reduce carbon dioxide
emissions but at the same time it can promote the trans-
gression of land system and fresh water change. Bio-based
detergents obtained from plant resources, i.e., palm oil,
require farmland and freshwater. Expanding farmland to
increase bio-detergent production promotes regional
changes in climate, water scarcity, diversification, and
biodiversity (Figure 1).[12] Bio-based detergents, such as
rhamnolipids,[13] can be a more climate-friendly substitute
for petrochemicals, provided that the methods for obtaining
and producing them are ecologically sustainable.[8b] Biomass
waste that would be trashed otherwise seems to be a
valuable resource for detergent production.[14]

Green chemistry practices in detergent industry and
academic teaching have been reviewed in detail.[5f,15] This
brings us to the status of the second challenge that is the
alignment of materialistic and social aspects in creating
technical solutions by means of sustainable chemistry. The
role of lab routines in academic laboratories dealing with
detergent chemistry remains underappreciated. Another
literature survey analyzed 265 publications to picture recent
trends in detergent chemistry, 121 of which reported
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detergent synthesis by means of petrochemicals.[9] Com-
pared to industry, the immediate impact of academic lab
routines from a single project on the transgression of
planetary boundaries may be neglectable. However, aca-
demic lab routines are commonly passed onward from
teacher to student without third party regulation.[16] This
includes consolidated, climate-harming lab routines, like the
use of petrochemicals for reactions and purifications. The
time spent by a person in academic research labs depends
on the actual degree, varies from months to years, and is
usually longer than the duration of lab teaching courses
(Figure 2a). However, a student may become a supervisor
and will transfer acquired knowledge to the next generation
of scientists (Figure 2a). The rise in number of people (n)
confronted with this knowledge transfer over time can be
approximated by an exponential model (Figure 2b).

Even though our approximation may not reflect true
reality, it exemplifies the potential that continuously men-
toring sustainable lab routines can have on modulating the
transgression of climate change, from a social perspective. In
addition, research projects are commonly urged to justify
materialistic resources in proposals to meet societal
demands.[17] Scientific award Schemes can help to strengthen
visibility of sustainable innovations, stimulate knowledge
transfer and encourage scientists to adopt climate-friendly
lab routines. Aligning both materialistic and social aspects in
creating technical solutions by means of sustainable
chemistry will leverage the impact that funding decisions can

have on the transgression of planetary boundaries, including
climate change.[2]

2.2. Biosphere Integrity and Novel Entities

2.2.1. Medical Detergents Secure Human Integrity in Earth’s
Biosphere

Having analyzed the most obvious impact of detergent
chemistry on climate change, we now shift our focus to the
third challenge, which is the development of detergents that
serve the purpose of applications but do not harm the
biosphere in their role as novel entities. The biosphere
covers all living organisms and ecosystems. Maintaining its
integrity is vital for functional feedbacks in the Earth
system.[1b] To foster holistic detergent design approaches
that minimize the transgression of biosphere integrity and
co-affected boundaries, we reviewed the impact of medically
intended and daily detergent uptake routes on human health
(Figure 3).

Be it for hand washing, drug delivery, or the search of
new pharmaceutical reagents, detergents are made to
improve human health (Figure 3). At times of global aging
and expanding populations, better medicines are desperately
needed. Drug discovery is lengthy and costly. Owing to high
failure rates of the current drug development process,
biomedical research undergoes a paradigm shift towards

Figure 1. Detergents modulate the transgression of planetary bounda-
ries. Herein, the impact of detergent chemistry is reviewed for five of
the six planetary boundaries that are currently transgressed. Image was
adapted from an original image shown in reference[1b] with minor
modifications (CC BY-NC 4.0).

Figure 2. Social relevance of academic detergent chemistry for climate.
a Overview of career steps in chemistry and average lengths of lab
stays. Knowledge on lab routines acquired at any career stage can be
passed on when a person transfers it to pupils at other career stages. b
Overview of leverage in knowledge transfer from a parent academic
research lab (1st generation) to the next generations of academic
research labs. The diagram visualizes the number of people affected by
knowledge transfer over time, from the perspective of academic family
trees.
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human disease models with the ultimate goals to improve
clinical translations.[18] Complementary, detergent chemistry
aims to tackle innovation hurdles in drug development,
including drug solubility,[19] drug aggregation,[20] lysosomal
escape,[21] proteomics-based drug target identification,[22] and
structure-based drug discovery on membrane proteins.[23]

Technologies that promote drug solubility are crucially
needed. Poor water solubility causes poor bioavailability – a
speed breaker in drug discovery.[24] Oral drugs may not
sufficiently absorb into blood circulation and can be
excreted before reaching the side of action. Detergent
aggregates can improve drug solubility and bioavailability.
Detergent aggregates in water consist of a polar outer shell
filled with detergent head groups and a non-polar inner core
filled with detergent tail groups. The amphiphilic property
of detergents enables the solubilization of hydrophobic
drugs by aggregates (Figure 4a). Drug solubilization is
optimized empirically and depends on the structures of
detergents and drugs.[25] Furthermore, detergent aggregates
are dynamic equilibrium with monomers and properties
change with concentration. Co-localization of aggregates
and encapsulated drugs cannot be guaranteed, which can
limit utility for in vivo drug delivery.[9,26] Moreover, bio-
compatibility depends on the route of administration. Oral,
subcutaneous, and topical applications with detergent for-
mulations are common owing to higher biocompatibility to
relevant tissue environments.[27] However, detergents may
not be injected into blood streams. Treatable kidney injury
has been diagnosed in rare cases where larger volumes of
detergent formulations were injected into the blood stream,
e.g., 20 mL and 40 mL.[28] Subcutaneous and intramuscular

injections containing detergents are clinically relevant, like
AquaMephyton® and Konakion® (Figure 4b).[27] Both exam-
ples underline that the solubilization power of detergent-
drug formulations is often adjusted by mixtures of anionic
and non-ionic amphiphiles – a principle that is also
harnessed in transdermal drug delivery and laundry
applications.[29] Cationic detergents must never be used in
parenteral applications as they have their own pharmaco-
logical activity and antibacterial properties, which we discuss
separately in context with detergent-microbial
interactions.[27] Taken together, the utility of detergents as
solubility promoters in drug discovery is well established,
translated into clinics, and supports the integrity of humans
in Earth’s biosphere (Figure 3) (Figure 4).

Detergent chemistry also supports human health in pre-
clinical, academic research by tackling drug aggregation,[20]

and lysosomal escape (Figure 4b).[21] At micromolar concen-
trations, drug molecules can aggregate and non-specifically
interact with proteins and membranes, which is linked to
off-target effects. Comparing protein activities in response
to ligands in the presence and absence of detergents can be
used to identify aggregation-based mechanisms of action.[20]

Ligands with aggregation-based mode of action can be
removed early from drug discovery programs to improve
clinical translation rates.

Bio-based detergents can modulate mammalian cell
viability, which led to the idea to use detergents as cancer
therapeutics.[5f] Intracellular transport pathways include drug
binding to membrane surfaces followed by internalization
into endocytic vesicles and the lysosome (Figure 4b).[21]

Drug formulations may be ineffective if they cannot escape

Figure 3. Detergents affect human health and integrity in the Earth system. Schematic overview of medically intended and daily detergent uptake
routes. In both cases, oral, parenteral, and topical human-detergent interactions are widespread. Injections into the blood stream are rare and
associated with kidney injury.
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the lysosome. Detergents can diminish the integrity of
lysosomal membranes and facilitate lysosomal escape. Sir-
amesine was identified as lysosomotropic detergent that can
trigger cell death by destabilizing lysosomes, which opens
new directions for combination therapies (Figure 4b).[30]

Combination therapies ideally co-localize lysosome de-
stabilizing drugs and anticancer drugs in sufficient dose,
which often cannot be guaranteed in vivo.[9,26] A promising
direction are nanodrug vehicles that release covalently-
bound detergent molecules upon cleavage. Pierrat et al.
designed lipid-detergent conjugates for gene delivery (Fig-
ure 4b). Biodegradation of lipid-detergent conjugates inside
the acidic endosomal compartment or upon exposure to
lysosomal enzymes releases detergent molecules, which can
destabilize membranes and facilitate the release of genetic
material (Figure 4b).[31] In addition to detergents that target
endosomal and lysosomal membranes, a nanodetergent was
developed that can convert subtle pH perturbation signals
into sharp changes in membranolytic activity, thus leading to

selective plasma membrane rupture in more acidic tumor
microenvironments (Figure 4b).[32] Harnessing the solubiliz-
ing and membranolytic properties of detergents enables new
avenues for challenging drug delivery applications.

In addition to pharmacokinetic innovation hurdles,
detergents enable the search for new pharmaceutical ingre-
dients. Membrane proteins are targets for approximately
60% of current drugs.[33] Detergents enable structure-based
drug discovery of membrane proteins. Anionic detergents,
like sodium dodecyl sulphate, are key enabling steps for
proteomics applications that enable the search for bio-
markers, assist with drug selection in personalized disease
cases, and enable the identification of drug targets among
signaling cascades.[22b] Non-ionic detergents with saccharide
head groups, like n-dodecyl-β-D-maltoside and lauryl malto-
side neopentyl glycol, are key enabling steps for the
structural investigation of intact membrane protein com-
plexes by condensed-phase techniques, like crystallography
and cryo-electron microscopy.[34] Complementary, oligogly-

Figure 4. Opportunities and limitations of medical detergents in drug discovery. a Schematic visualizing the co-localization problem of drugs and
detergent micelles. Clinically relevant Konakion® harnesses anionic, steroid-based detergent and lipids to solubilize water-insoluble vitamin K1. b
Schematic showing profile of a mammalian cell and membranes to be solubilized by different medically relevant detergent architectures.
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cerol detergents are the emerging enabling step for the
structural investigation of intact membrane protein-ligand
complexes by gas-phase techniques, like native mass
spectrometry.[35] Detergents facilitate the search for new
pharmaceutical ingredients and the investigation of mem-
brane-ligand interactions with in vitro membrane models
(Figure 5a).[36] To capture a recent overview on the chemical
diversity of the detergentome, from the perspective of
membrane protein research, we refer to other
reviews.[9,22b,23b,36a]

2.2.2. Detergents are Novel Entities that Interact with
Biosphere

Detergents are novel entities that can lead to severe
consequences, not only for human health but also for the
wider biosphere. Approximately 16 million tons of deter-
gents are produced every year and around 60% of it end up
in aquatic ecosystems.[5c,f] Detergent pollution begins primar-
ily in detergent-consuming hospital-, urban-, and industrial
infrastructures via disposal into the sewers and can spread
(Figure 5a).[5d,37] Detergent removal from wastewater is
challenging. Wastewater treatment plants cannot quantita-
tively remove contaminants.[37c,38] Furthermore, micropollu-
tant concentrations in hospital wastewater can be 80 times
higher compared to domestic wastewater.[39] Hospital waste-
water that is co-treated with domestic wastewater in conven-
tional treatment plants contributes to the environmental co-
pollution with detergents and pharmaceuticals.[5e] Detergents
have been detected as emerging pollutants at different

places in the world with implications for the wider
biosphere.[40] Consequences for aquatic ecosystems include
eutrophication,[40c] oxygen depletion,[5c] antimicrobial resist-
ance development,[7] and changes in tissue structure in
fish.[41] The fade of detergents in the environment can be
accelerated by implementing cleavable groups.[42] However,
treatment-resistant detergent degradation products are an-
other emerging class of compounds whose biological activity
remains to be explored.[40a] Interactions between detergents
and all forms of life within the biosphere of planet Earth are
more the rule than an exception.

2.2.3. Detergent Pollution Directs Bacterial Evolution and
Antimicrobial Resistance

The detergent market is anticipated to increase and with it
the input of detergents into the environment.[5f,43] A form of
life whose interaction with detergents becomes increasingly
relevant are bacteria. Quaternary ammonium-based deter-
gents, like benzalkonium chloride (BAC) or alkyl
ammonium bromides, are the most clinically relevant
detergent class under debate as emerging pollutants and
promoters for antimicrobial resistance development.[7b] The
production, disposal, and environmental entry of BAC
peaked in response to the COVID-19 pandemic as a
consequence of ramped hygiene measures.[7b] Problemati-
cally, environmental co-pollution by detergents and anti-
biotics correlates with increased antibacterial resistance
development along disposal routes (Figure 5b).[5e,44] Unsafe
water consumption due to interactions between microbes

Figure 5. Detergents enable drug discovery and promote antimicrobial resistance. a Overview of main detergent-consuming infrastructures and a
schematic highlighting the academic research focus on tailoring detergents to enable drug optimization on protein targets with in vitro membrane
models. b Schematic showing the role of detergents as emerging pollutants in supporting antimicrobial resistance development.
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and pollutions contribute to the emergence and spread of
antimicrobial resistance, suggesting a need for a deeper
understanding of underlying processes (Figure 5b).[5e]

At the genetic level, quaternary ammonium-based
detergents can trigger the expression of resistance factors,
like efflux pumps, that can increase the intrinsic bacterial
resistance to antibiotics.[45,46] Detergents can facilitate the
exchange of mobile genetic elements, thus supporting the
exchange of resistance factors through horizontal gene
transfer.[47] Alternatively, quaternary ammonium-based de-
tergents can promote antimicrobial resistance development
and spread by causing membrane perturbation, imbalance of
osmosis, enzyme inhibition, dissipation of proton motive
forces, and oxidative stress, all of which can induce
mutations as consequence of error prone DNA
replications.[48,5b] Moreover, quaternary ammonium-based
detergents can also directly diminish the growth-reducing
properties of antibiotics on bacteria.[49] Importantly, quater-
nary ammonium-based detergents may not automatically
select for species with antibiotic-specific resistance genes.
However, selection pressure can change antibiotic resistance
profiles in bacterial communities in both directions, i.e., by
selecting species that are either more susceptible or more
resistant towards individual antibiotics.[7a] Shifts in micro-
biome profiles induced by detergents are not only relevant
in clinical settings but also for modulating the smell of
laundry[50] and the biological integrity of aquatic ecosystems,
including wastewater and drinking water resources.[7a]

Are detergent-induced shifts in microbiome profiles
relevant for antibiotic resistance in clinical settings? Liter-
ature analysis by J. M. Boyce consolidated the observation
that multiple episodes of contaminated in-use disinfectants
and antiseptics, which are often due to inappropriate use of
products, have caused outbreaks of healthcare-associated
infections.[51] The impact of quaternary ammonium-based
detergents on bacteria and its clinical relevance are well
documented.[5b,e,51–52] In contrast, less is known about the
impact of non-ionic and anionic detergents which are also
emerging pollutants.[5c]

Conversely, while detergent pollution contributes to the
development of antimicrobial resistance, the optimization of
detergents is increasingly communicated as key enabling
step in membrane protein-based drug discovery (Fig-
ure 5b).[22b,23,36a,53] However, even the best detergent for
membrane protein-based drug discovery cannot reduce the
time required for transitioning from an original drug
discovery idea to market entry. Drug development can take
10–15 years and is slower than the development of antibiotic
resistances, which can become widespread within 2–
3 years.[54] The number of FDA approvals for antibiotics has
been declining for decades.[55] The number of deaths related
to antimicrobial resistance likely increases until 2050, which
can lead to a situation that is reminiscent to the era before
antibiotics.[56] We conclude that the chemistry of detergents
that secures human health without promoting antimicrobial
resistance becomes increasingly relevant and needs to be
explored.

2.2.4. Implications of Detergent Consumption for Human
Health

Detergent science affects human health indirectly by
supporting drug discovery and antimicrobial resistance
development. However, detergents are also used to secure
disease prevention and well-being by enabling personal
hygiene, surface cleaning, and laundry. Owing to the
chemical properties of detergents and circumstances of
applications, human bodies get frequently into contact with
detergents (Figure 3). Daily uptake routes include oral
uptake, e.g., through detergent residues on dishes or the use
of detergent-containing toothpaste;[57] inhalation, e.g.,
through shampoo aerosols or handling detergent
powder;[5c,58] and skin contact, e.g., during personal hygiene
measures and laundry (Figure 3).[59] Medically relevant case
reports reviewed here outline concerns for human health,
regardless of the uptake route.

To understand if detergents are generally harmful, we
searched for publications that underline how detergents
enable life. The airways of many terrestrial species are
equipped with an approximately 0.1 μm thin film of pulmo-
nary surfactants that lines the alveoli, reduces surface
tension, and enables respiration.[60] C. Horwitz described
lung surfactants as natural detergents probably due to
similar surface tension-reducing properties.[61] However,
lung surfactants are mixtures of lipids and proteins, whose
molecular structures have not much in common with
detergents (Figure 6). Owing to their membranolytic prop-
erty, we expect detergents can destabilize fluid membrane
structures formed by pulmonary surfactants that are re-
quired for the sufficient lining of alveoli and protection of
underlying tissues. Detergent uptake into airways can induce
development of allergies, inflammations, and pulmonary
edema.[58,62] Membranolytic properties of detergents are a
main cause for side effects, regardless of the uptake route,
i.e., oral, airways, skin. For example, laundry detergents
have proven epithelial barrier-opening effects in lung tissue
and can induce eosinophilic airway inflammation by increas-
ing IL-33 expression and activation of ILC2 s.[62b] In the case
of detergent-containing dish washer formulations and tooth-
paste, epithelial barrier-opening effects were also observed
in gut and mucosal tissue models.[57]

Safe-to-use detergents for everyday life routines are
crucially needed. The problem with defining the chemistry
of safe-to-use detergents comes with the wording. The term
“detergent” can be used to describe a class of amphiphilic
molecules or product formulations containing various am-
phiphilic molecules and additives. Some reports investigated
biological effects in response to individual detergents[57a,59]

and some focus on detergent-containing product formula-
tions, often with complex chemical compositions.[57–58,62b] In
the case of formulations, the impact of individual detergent
molecules on experimental outcomes is difficult to delineate.
Complementary, a clinical trial with an aerosol (Alevair)
containing the detergent Triton WR1339 did not harm
patients with chronic bronchitis but also did not produce
benefits, suggesting that individual detergents may not be
harmful for airways per se (Figure 6b).[63] The use of
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detergents is deeply integrated into our society. We expect
future studies are required to delineate the role of detergent
molecules from detergent formulations in human health,
from a chemical biology perspective.

2.2.5. Membranolytic Properties are Curse and Blessing

Membranolytic property is a key parameter to define the
impact of detergents on biosphere integrity. The term
membranolytic property is used to describe the detergent’s
ability to interfere with structural integrity of cell mem-
branes by inducing membrane dissolution. Cell membranes
are held together by attractive hydrophilic and hydrophobic
interactions between amphiphilic proteins and lipids. Fol-
lowing the motto similia similibus solvuntur (similar sub-
stances will dissolve similar substances), detergents can
insert into membranes which affects structural integrity in a
concentration-dependent manner. Detergent-induced mem-
branolysis has been visualized through a three-stage model
by Kragh-Hansen and co-workers (Figure 7a).[64] At low
concentration, detergents insert into the lipid bilayer and
are randomly distributed. At intermediate concentration,
the lipid bilayer gets saturated with detergent molecules
which interact cooperatively and induce a phase transition
by membrane fragmentation. At high concentration, the
phase transition reaches an end point at which proteins and
lipids are solubilized in mixed micelles (Figure 7a). The
uptake of detergent monomers into membranes is a key step
for membranolytic activity.[65] However, above the critical

micelle concentration, detergents are present as monomer-
micelle equilibrium. Delineating the role of detergent
monomers from micelles in biological feedback is a task for
years to come.

Regardless of the mechanism, membranolysis causes
stress that leads either to cell death or cell modulation,
including genetic and functional feedback (Figure 7a).
Driving forces for lipid membrane integrity include electro-
static and hydrophobic interactions between amphiphilic
proteins and lipids. Since these driving forces are conserved
across all species and also mediate interactions to amphi-
philic detergents, membranolytic properties have been
observed for all detergent classes, i.e., anionic, cationic, non-
ionic (Figure 7b–d).[22] Herein, we complement this overview
by summarizing recent findings on genetic and functional
feedbacks. Specifically, cationic detergents, like BAC, are
drivers for antimicrobial resistance.[66] It is unclear whether
this is an intrinsic property of cationic detergents or specific
for certain cationic detergent structures. Furthermore, it is
unclear whether other anionic and non-ionic detergents, like
SDS, alkyl benzenesulfonate (ABS), C12-C15 alcohol eth-
oxylates, behave differently compared to cationic detergents
in terms of antimicrobial resistance modulation (Figure 7b–
d). Moreover, the link between chronic detergent exposure,
membranolytic properties, and inflammation has been
established.[62b] While chronic cell stress can promote cancer
development,[67] the contribution of sub-lethal detergent
exposure to cancer development remains to be explored.

Figure 6. Detergents have opposing utilities for lung health. a Schematic showing the structure of alveoli, including the alveolar sac, alveolar lining,
and main chemical components. b Schematic summarizing the role of detergents in lung health. Detergent formulations can negatively affect lung
health, while individual detergent molecules may not always be harmful. Gram-negative bacteria can act as reservoir for aminoglycoside antibiotics
whose release can be triggered by detergents and amplify the killing of co-infecting bacteria.[67] Downsides and benefits that can arise from the
inhalation of detergents are mainly related to their membranolytic properties.
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3. Conclusion

In summary, we provided the most holistic description of
the state of detergent chemistry in modulating Earth
resources available to date. Specifically, we harnessed the
planetary boundary concept as a framework to analyze the
role of detergent chemistry in three critical challenges to be
addressed in the years to come. Regarding the first
challenge, which is to establish a climate-friendly detergent
industry, our analysis underlines that bio-based detergents
can be a true climate-friendly alternative provided that
resources and methods for production are ecologically
sustainable. Regarding the second challenge, which is to
align materialistic and social aspects in creating technical
solutions by means of sustainable chemistry, our analysis
concludes the ability to instrumentalize knowledge transfer
in academic families as an opportunity. Knowledge transfer
in academic family trees can scale exponentially, which
underlines the impact that continuously mentoring sustain-

able lab routines can have on modulating the transgression
of climate change, from a social perspective.

Regarding the third challenge, which is the development
of detergents that serve the purpose of applications but do
not harm the biosphere in their role as novel entities, our
analysis uncovered an ambivalent view on the detergents’
utility for human health and wider biosphere. The irony is
that detergent chemistry is practiced to secure well-being
and human health while it causes harm in biospheres. From
a global perspective, root causes to undesired consequences
are cross-boundary interactions between novel entities and
biosphere because of increasing detergent production and
disposal volume. From a chemistry perspective, undesired
consequences in biospheres are linked to the detergents’
membranolytic properties. Membrane damage induces cell
stress which leads to functional and genetic feedback in
Earth’s biosphere, including inflammation, antimicrobial
resistance development, and maybe also cancer develop-
ment. The overarching pattern in chemical composition of

Figure 7. Membranolytic properties are curse and blessing. a Schematic of a three-stage model visualizing membranolysis at different detergent
concentrations and related impact on biosphere integrity. b Common detergents in representative application fields and information on known
consequences for biosphere integrity. The schematic of the three-stage model was adapted with permission from reference.[64] Copyright (2024)
American Chemical Society.
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detergents responsible for membranolytic properties is the
amphiphilic character. The chemical design of polar and
non-polar building blocks in detergents that serves the
purpose of applications but do not affect cell membranes in
biospheres is not well understood and needs to be explored,
from chemistry and chemical biology perspectives. Herein,
the challenge in knowledge transfer comes also with the
wording. Putting more emphasis on clarifying whether
detergent molecules or formulations are investigated in
structure–activity studies will help to delineate the impact
on biosphere integrity. We expect including the lessons
learned from the description of the state of detergent
chemistry in modulating Earth resources will foster new
directions in developing detergents whose life cycles can
minimize the transgression of planetary boundaries. We
anticipate that utilizing the planetary boundary framework
for literature surveys delivers a strategy to identify future
research directions that can help to minimize the trans-
gression of planetary boundaries, regardless of the
chemistry.
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