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NIC nature-identical compounds  

OA(s) organic acids  
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RIA  radioimmunoassay 

ROS reactive oxygen species 
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SPE solid-phase extraction  

SPME solid-phase microextraction  

TEWL  transepidermal water loss  

USP United States Pharmacopeia 

UV ultra violet 

WHO World Health Organization 

 

Latin Terms 

in vivo 
"in the living", studying processes in real-life settings, on a living 

organism 

in vitro 
"in glass", meaning the process is being studied in laboratory 

conditions, e.g., in a Petri dish  

in silico "in stone", meaning the process is conducted using simulations 

ex vivo 
"outside the living", meaning the process is being conducted with 

materials taken from a living organism and treated outside   
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1.1. Introduction to Toxicology and Toxicity Testing  

1.1.1. Toxicology and Toxicity 

Toxicology, often referred to as the science of poisons, is a discipline that examines 

the harmful effects of chemical, biological, and physical agents on living organisms 

(Introduction to Forensic Sciences, Second Edition 1996; Langman and Kapur 2006; 

Poklis 1996).  

While its traditional scope focused on identifying poisons and their lethality, modern 

toxicology is far more comprehensive in its scope. It encompasses the study of how 

toxic substances interact with biological systems, how these effects can be measured 

qualitatively and quantitatively, and how such exposures can be prevented, treated, or 

mitigated.  

The word toxicology stems from the Greek toxikon, initially referring to poison used 

on arrows, and was later adapted through Latin. Over time, the scope of toxicology has 

expanded beyond the study of poisons to encompass all interactions between 

potentially harmful substances and biological systems (Casarett and Doull's toxicology 

2013). 

A toxicant is any substance that can cause adverse biological effects when present at 

a sufficient concentration. This idea underpins one of the most fundamental principles 

in toxicology: the dose-response relationship (S§nchez-Bayo et al. 2011). The roots 

of this concept can be traced back to the 16th-century physician Paracelsus, who stated, 

"All things are poison, and nothing is without poison; only the dose makes a thing not 

a poison." His insight highlighted that toxicity is not simply a matter of substance 

identity, but also of quantity and exposure. Even substances commonly perceived as 

benign, such as water or oxygen, can become toxic under extreme conditions. At the 

same time, small amounts of well-known poisons like cyanide or arsenic may be 

tolerated without noticeable harm (Poklis 1996). 

Toxicology is therefore not just concerned with the presence of a potentially harmful 

agent, but with the conditions under which exposure becomes hazardous. It is a 

quantitative science that aims to define thresholds, tolerances, and biological 

responses, distinguishing between therapeutic and harmful doses. This dose-

dependency also blurs the distinction between drugs and poisons: many medications 
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exert their effects by modulating physiological functions, yet these same substances 

can become harmful or even fatal when administered in excessive amounts (Langman 

and Kapur 2006). 

Historically, toxicology began taking shape as a formal science in the early 19th 

century. Through autopsy-based research demonstrated that poisons could leave 

discernible traces in specific organs and tissues, establishing the idea that toxicology 

required not only chemical precision but also biological insight. The first publication 

of modern toxicology, Trait® des Poisons, laid the groundwork for toxicology as both 

a medical and legal science (Orfila 1818). 

Toxicology is distinguished into three kinds: environmental, clinical, and forensic.  

Environmental toxicology focuses on the unintended exposure to harmful substances 

present in the air, food chain, or various occupational and recreational settings. In 

contrast, clinical toxicology, often regarded as a subfield of medicine, examines the 

effects of substances deliberately introduced into the body, such as pharmaceuticals, 

with a particular focus on adverse reactions or unintended consequences. Forensic 

toxicology, on the other hand, bridges the gap between science and law by addressing 

the toxicological aspects of legal investigations, including the detection and 

interpretation of poisons or drugs in biological specimens (Langman and Kapur 2006; 

Poklis 1996; Fenton 2001). 

Finally, it is essential to distinguish between toxicology and toxicity. Toxicology is the 

field of science that investigates and explains harmful interactions between substances 

and living systems. Toxicity, however, refers to the degree of harm a specific substance 

can cause under certain conditions (Sauv® 2024). Understanding both concepts is 

fundamental for assessing chemical safety, designing experiments, and evaluating 

data, as shown in Table 1. 

1.1.2. Drug Toxicity Analysis  

Over the past two centuries, drug analysis techniques have undergone a remarkable 

evolution, from the first arsenic test in 1832, one of the earliest forensic chemical tests, 

to the high-precision analytical tools of today (Langman and Kapur 2006). Early 

methods, such as liquid-liquid extraction and ultraviolet spectrophotometry, were 

time-consuming and required large sample volumes. 
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Table 1: Division of different toxicology branches 

Branch of Toxicology  Toxicity Type  Target System  
Examples of 
Substances  

Environmental Toxicology 

Aquatic toxicity, Terrestrial 
toxicity, Bioaccumulation, 

Endocrine disruption, 
ecotoxicity 

Ecosystems (algae, 
fish, soil organisms), 
wildlife, food chains 

Pesticides, heavy 
metals, UV filters, 

microplastics, PFAS 

Clinical Toxicology 

Neurotoxicity, Hepatotoxicity, 
Nephrotoxicity, 
Cardiotoxicity, 

Hematotoxicity, Reproductive 
toxicity, Developmental 

toxicity 

Nervous system, liver, 
kidneys, heart, blood, 
reproductive system, 

fetus 

Pharmaceuticals, 
therapeutic drugs, 

chemotherapy agents, 
and overdosed 

medications 

Forensic Toxicology 
Acute toxicity, CNS 
depression, Drug 

intoxication, Poisoning 

Central nervous 
system, systemic 

(whole-body) 

Illicit drugs, alcohol, 
opioids, toxic 

household chemicals, 
and poisons 

 

The development of solid-phase extraction (SPE) and later solid-phase 

microextraction (SPME) revolutionized sample preparation, increasing reproducibility 

while reducing solvent usage (Kabra et al. 1985; Lin et al. 1985). The introduction of 

immunoassays, such as radioimmunoassay (RIA) and enzyme-multiplied 

immunoassay technique (EMIT), enabled the rapid and sensitive detection of drugs in 

small biological samples, making routine therapeutic drug monitoring more accessible. 

(Schneider et al. 2012). Meanwhile, chromatographic techniques culminating in 

advanced high-performance liquid chromatography (HPLC) and gas chromatography-

mass spectrometry (GC-MS) allowed for the separation and identification of complex 

compounds with high accuracy (Pippenger 1984; Adams and Vandemark 1976; Wong 

1989; Maurer and Peters 2005).  

1.1.3. Toxicology in the Pharmaceutical Industry 

Investigative toxicology has emerged as a pivotal discipline in pharmaceutical 

development, aiming to identify and mitigate safety risks proactively before clinical 

trials begin. Contemporary pharmaceutical companies are increasingly integrating 

advanced tools, such as high-throughput in vitro assays, organotypic 3D cultures, and 

multi-omic analyses, into early-stage toxicological screening (Pognan et al. 2023). 

These platforms enable the detection of off-target activities, reactive metabolite 

formation, and specific mechanistic liabilities at lower organizational costs and with 

reduced animal use. Computational modelling and in silico predictions further refine 

candidate selection, guiding the design of safer drug candidates by forecasting 

potential toxicities. In parallel, there is a shift in focus toward translational biomarkers 
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and physiologically based pharmacokinetic (PBPK) modeling, which supports precise 

exposure-response assessments and dose-safety margin determination (Tylutki et al. 

2018). Together, these strategies aid formulation development by ensuring excipient 

compatibility, optimizing dosage forms, and setting realistic exposure targets for 

pivotal toxicity studies. By embedding investigative toxicology early in the pipeline, 

pharmaceutical developers can significantly reduce late-stage attrition, enhance 

regulatory readiness, and uphold ethical standards in preclinical research (Pognan et 

al. 2023). 

1.1.4. Toxicity Testing for Cosmetic Formulations 

Toxicity assessment of cosmetic formulations has undergone a significant 

transformation over the past two decades, driven by ethical imperatives and regulatory 

mandates, especially the EU's Cosmetics Regulation (EC) No. 1223/2009, which 

banned animal testing for finished products and ingredients (Regulation (EC) No. 

1223/2009 of the European Parliament and of the Council of 30 November 2009 on 

cosmetic products, Official Journal No. L342, Chapter V, Article 18). In place of 

traditional in vivo assays, the industry now employs a suite of in vitro and ex vivo 

methods designed to evaluate critical safety endpoints. These include 2D human skin 

cell cultures for assessing anti-inflammatory responses and genotoxicity screening, 3D 

reconstructed human epidermis models for skin irritation testing, and excised human 

skin for evaluating dermal absorption, the current gold standard (Barthe et al. 2021; 

OECD Guidelines 2025). Further, safety evaluations encompass ocular irritancy, 

sensitization potential, genotoxicity, endocrine disruption, and systemic exposure. 

While each of these new approach methodologies (NAMs) offers advantages in ethical 

acceptability and human relevance, they also face limitations, such as insufficient 

coverage of repeated-dose toxicity, reproductive toxicity, or long-term carcinogenicity. 

Emerging technologies like organ-on-a-chip systems, high-content imaging, and 

integrated omics analyses are being explored to overcome such gaps, potentially 

expanding the predictive power of cosmetic safety assessments beyond local effects to 

systemic toxicity (Barthe et al. 2021; OECD Guidelines 2025). 
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1.1.5. Current Methods to Assess Environmental Toxicity 

Environmental toxicity testing is rooted in the broader field of ecotoxicology, which 

studies the adverse effects of chemical, physical, and biological agents on organisms 

within their ecological context. While traditional toxicology focuses primarily on 

human health, ecotoxicology and environmental toxicology examine how pollutants 

impact a wide range of species, spanning from microorganisms to top predators, and 

how these effects ripple through populations, communities, and ecosystems (Sauv® 

2024).  

The concept of ecotoxicology, first introduced in the 1970s, emphasizes the 

importance of ecological interactions and realistic environmental exposure scenarios. 

Unlike classic toxicity tests that assess isolated chemicals in single-species models, 

ecotoxicology takes a more integrated approach, accounting for cumulative and 

sublethal effects, habitat changes, and complex mixtures of contaminants (Vasseur et 

al. 2021). It has evolved into a multidisciplinary science that not only investigates the 

fate and behavior of toxicants in the environment but also supports ecological risk 

assessment and management. As such, environmental toxicity testing increasingly 

incorporates a range of indicator species, such as algae, Daphnia, fish, and bacteria, 

to reflect the interconnectedness of ecosystems and to better predict long-term 

ecological consequences of chemical exposure (Figure 1) (Khabib et al. 2022). 

 

 

Figure 1: Current toxicity testing models ï 

reprinted from (Khabib et al. 2022) 

These eight invertebrate and lower vertebrate 

models with the advantages: low 

maintenance costs, short life cycles, ease of 

laboratory handling, high fecundity, and, in 

some cases, asexual reproduction. Their 

suitability as alternative models stems from 

both practical and biological traits that make 

them efficient for high-throughput and 

ethically favorable toxicity studies. 
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These methods face ethical concerns, long durations, complex maintenance, and high 

costs. The push to reduce the use of vertebrate models has spurred the search for 

alternative bioassays. In vitro models with human cell lines (e.g., keratinocytes, 

fibroblasts) assess cytotoxicity but do not address aquatic toxicity or environmental 

impact. Physicochemical methods, such as HPLC-MS, identify and quantify toxic 

components but fail to evaluate their biological effects (ISO/IEC 17025:2017). There 

is a need for fast, sensitive, reproducible, and ecologically relevant assays. The A. 

fischeri bioluminescence assay (MicrotoxÈ, 1979) was the first to deliver these results. 

1.2. The Microorganism of Aliivibrio fischeri (A. 

fischeri) 

The marine bacterium Aliivibrio fischeri (formerly Vibrio fischeri/ Photobacterium 

fischeri) (Harvey 1952) has garnered significant scientific interest due to its unique 

ability to emit visible light through bioluminescence (Figure 2). This naturally 

occurring phenomenon plays a crucial ecological role in symbiosis with marine 

animals and underpins one of the most widely utilized microbiological test systems in 

ecotoxicology (Septer and Visick 2024; Nyholm and McFall-Ngai 2021; Koropatnick 

et al. 2004). 

 

 

Figure 2: A. fischeri cultures used in this study. 

(A) Agar plate cultures: Presented are duplicated cotton swabs of bacteria after a particular chemical 

was added to the liquid growth media (upper part) and 24h after incubating with it (lower part)  

(B) The liquid cultures are grown overnight with different chemicals, as a trial for bioluminescence 
inhibition. From left to right: one Erlenmeyer flask of untreated bacteria and triplicate cultures of 

bacteria grown with three different chemicals are presented from left to right 
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1.3. Origin and Natural Habitat of A. fischeri 

A. fischeri is a Gram-negative, facultatively anaerobic, motile, rod-shaped bacterium 

predominantly found in marine environments. It is commonly isolated from seawater, 

sediment, and aquatic animals, particularly in temperate and tropical coastal zones. 

The organism thrives in saline conditions and grows optimally at temperatures 

between 20 and 30ÁC (Harvey 1952). 

One of the most intriguing aspects of A. fischeri biology is its symbiotic relationship 

with marine organisms, notably the Hawaiian bobtail squid (Euprymna scolopes) and 

certain deep-sea fish such as Monocentris japonica. In these symbioses, the bacteria 

colonize specialized light organs and produce bioluminescence that aids the host in 

camouflage or communication. In return, the host provides the bacteria with nutrients 

and a stable environment (Figure 3). This symbiotic lifestyle exemplifies A. fischeri's 

ecological versatility and serves as a model for studying host-microbe interactions, 

quorum sensing, and co-evolution in marine systems (Septer and Visick 2024).  

 

 

Figure 3: A. fischeri's symbiotic host, the squid E. scolopes  ï reprinted from (Septer and Visick 2024) 

A) Adult E. scolopes under laboratory cultivation conditions;  (B) Juvenile E. scolopes in the cultivation bowl; 

(C) Drawing of the light organ of a juvenile squid. The light organ is bilobed and contains internal crypts (I, II, 

and III), where the symbiotic bacterium Aliivibrio fischeri colonizes. The organ features ciliated appendages that 

facilitate bacterial recruitment and pores that allow entry of environmental microbes. The structure and function 

of the light organ are crucial for the establishment and maintenance of a species-specific symbiosis 
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1.3.1. Applications and Relevance of Aliivibrio fischeri in 

Research and Industry 

Aliivibrio fischeri serves as a valuable model organism in biomedical, environmental, 

and industrial research due to its bioluminescent properties, which offer a highly 

sensitive biological readout. Bioluminescence is produced through a biochemical 

reaction catalyzed by the enzyme luciferase, which oxidizes a long-chain aldehyde 

(RCOH) and reduces flavin mononucleotide (FMN), resulting in light emission. This 

process is controlled by the lux operon, where the genes for light production are 

regulated by a quorum-sensing system involving the LuxI and LuxR proteins. LuxI 

synthesizes an autoinducer (AI) that accumulates as the bacterial population grows.  

Once a threshold concentration of AI is reached, it binds to LuxR, activating the lux 

operon and stimulating light production. The system ensures that bioluminescence 

occurs only when the bacterial population reaches a high density, coordinating an 

efficient and synchronized light response (Figure 4). The bioluminescence process is 

intricately linked to the bacterium's metabolic activity, with LuxD and LuxC 

responsible for producing fatty acids and activating fatty acyl groups, which are then 

converted into long-chain aldehydes by LuxE. LuxC, LuxE, and LuxG also recycle 

components such as fatty acids and FMN, produced during the luciferase reaction. This 

combination of genetic regulation and metabolic processes makes A. fischeri 

particularly useful for non-invasive, real-time applications, including environmental 

toxicology, where it is employed to detect toxic effects in water, soil extracts, and 

various chemical substances, such as pharmaceuticals and personal care products 

(Septer and Visick 2024; Miyashiro and Ruby 2012; Fung et al. 2024; Sedarat and W. 

Taylor-Robinson 2024). 
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In environmental toxicology, A. fischeri is widely used to detect toxic effects in water, 

soil extracts, and various chemical substances (Gondek et al. 2017; Gatidou et al. 2015; 

Garcia-Ordiales et al. 2019; Gagn® 2017; Froehner et al. 2000). The inhibition of its 

bioluminescence serves as a rapid and quantitative indicator of general toxicity. 

Moreover, the bacterium plays a key role in real-time monitoring systems for aquatic 

pollution, offering an early warning tool in environmental surveillance (Determination 

of the inhibitory effect of water samples on the light emission of Vibrio fischeri: TUE-

282 2014; Abbas et al. 2018). Beyond passive detection, A. fischeri has also been 

utilized in the development of biosensors, including genetically modified strains 

tailored for detecting specific pollutants or environmental stressors (Brennan et al. 

2013; Gagn® 2017; Garcia-Ordiales et al. 2019; Lee et al. 2018; Sweet et al. 1997). 

Additionally, the species is frequently used in quorum-sensing research, providing 

insights into bacterial communication, population-density-dependent gene regulation, 

Figure 4: Bioluminescence system in A. fischeri ï reprinted from (Sedarat 

and W. Taylor-Robinson 2024) 

The process of bioluminescence production is described under paragraph 

1.3.1. 
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and biofilm formation (Brackman et al. 2011; Brackman et al. 2008; Deng et al. 2012; 

Lupp et al. 2003; Moln§r et al. 2021). These attributes underscore the organism's broad 

utility as both a research model and a practical environmental and biomedical science 

tool (Kokkali and van Delft 2014; Parvez et al. 2006; Froehner et al. 2000; Froehner 

et al. 2002; Blaschke et al. 2010). Due to its reliability and ease of handling, A. fischeri 

has become a workhorse organism in applied microbiology, particularly in screening 

assays requiring a rapid indication of cellular viability or metabolic disruption. The 

key attributes are summarized in Table 2. 

Table 2: Several distinctive properties of A. fischeri for use in research and toxicological assessments 

Key Attribute Description 

Natural Bioluminescence 

A. fischeri does not require genetic modification to emit 
light. Its natural bioluminescence can be quantitatively 
measured in real time and responds sensitively to 

changes in cellular health, making it an ideal indicator of 
toxic stress. 

Fast and Quantitative Response 

Changes in luminescence can be detected within minutes 
after exposure to toxicants, allowing for rapid screening 
and high-throughput testing. Light emission closely 
correlates with metabolic integrity and luminescence 
inhibition and is thus a reliable proxy for cell viability. 

High Sensitivity to a Broad Spectrum of Compounds 

A. fischeri reacts sensitively to various toxic substances, 
including heavy metals (e.g., HgĮϕ, CdĮϕ, PbĮϕ), organic 
solvents, hydrocarbons, detergents, surfactants, 

pharmaceuticals, and cosmetic ingredients. This broad 
detection range enables its use in screening complex 

mixtures and environmental samples. 

No Animal Testing Required 

As an alternative to animal-based toxicity models, the A. 
fischeri assay supports the 3Rs (Replace, Reduce, 
Refine) principles in toxicological testing, aligning with 
ethical guidelines and regulatory trends emphasizing 

non-animal methods. 

Simplicity, Stability, and Standardization 

Commercially available preparations (e.g., freeze-dried 
cells) ensure reproducibility and ease of use. The 

bacterium's resilience and compatibility with various test 
formats make it well-suited for laboratory and field 

applications. 

 

1.3.2.  A. fischeri Test Systems: Applications and Standards 

The utilization of A. fischeri as a test organism in ecotoxicological assessments has 

become increasingly prevalent due to its simplicity, rapidity, and high sensitivity to a 

broad range of environmental contaminants. Several standardized and commercially 

available test systems have been developed based on the principle that toxic substances 

inhibit the metabolic activity of A. fischeri, which manifests as a measurable decrease 

in bioluminescence. 
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1.3.2.1. The MicrotoxҀ System 

A prominent and long-established test system utilizing A. fischeri is the MicrotoxҀ 

assay, developed in 1979 by Microbics Corporation (now owned by Modern Water, 

U.K.). This assay has become a benchmark method for rapid aquatic toxicity screening 

and is widely used in research and regulatory contexts (Rose and Morris 1979). The 

MicrotoxҀ test involves exposing a freeze-dried suspension of A. fischeri to various 

concentrations of a test substance. The bacteria are rehydrated shortly before testing 

and exposed to the sample under controlled conditions. Using a luminometer, the 

decrease in light emission is measured after a short incubation period, typically 5, 15, 

or 30 minutes. The degree of inhibition is then calculated relative to a negative control 

and expressed as a percentage of the negative control. The half-maximal effective 

concentration (EC ) can also be determined (https://www.modernwater.com/; 

accessed June 16, 2025). This method is codified in international standards such as 

ISO 11348 and ASTM D5660-96. MicrotoxҀ has been successfully utilized in various 

contexts, including monitoring industrial effluents, screening pharmaceuticals and 

personal care products, and evaluating chemical mixtures and unknown pollutants (Ng 

and Koh 2017; Garralaga et al. 2022; Backhaus et al. 1997; Badmus et al. 2021; Blaise 

and F®rard 2005; Blaschke et al. 2010; Bonnet et al. 2007; Cho et al. 2004; Deng et al. 

2012; Doe et al. 2005; Froehner et al. 2000; Froehner et al. 2002). 

1.3.2.2. Other Commercial and Research-Based Assays 

In addition to the commonly used MicrotoxҀ system, various commercial and research-

based test systems have been developed that utilize A. fischeri as a bioluminescent 

reporter organism. These alternative systems offer flexibility, portability, and 

scalability depending on the specific application. Examples include BioToxÊ, 

ToxAlertҀ, LumiMARAÊ, and LUMIStoxҀНыFigure 5ь, which are designed to provide 

portable or semi-automated solutions for field testing and high-throughput laboratory 

screening. These systems are valuable for routine environmental monitoring or when 

rapid, on-site assessments are necessary. MicrotoxҀ (Modern Water) is a portable 

system widely applied for acute toxicity assessment of water, sediments, and chemical 

substances. It relies on freeze-dried A. fischeri and quantifies the inhibition of bacterial 
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bioluminescence via a dedicated luminometer. LUMIStox (Aboatox) is a ready-to-use 

toxicity test kit specifically designed for water samples. The kit includes pre-aliquoted 

test tubes with lyophilized A. fischeri, reconstitution reagents, and detailed protocols 

for rapid analysis. LumiMARAÊ (Gara) offers a modular platform that enables the 

assessment of complex matrices using A. fischeri, alongside other marine luminescent 

bacteria, thereby facilitating more comprehensive environmental toxicity screening. 

ToxAlertҀ (Merck KGaA) is a standardized, semi-automated test system for acute 

toxicity testing. It includes bacterial reconstitution agents, growth media, and control 

reagents, ensuring high reproducibility and sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Microplate-based assays represent another vital advancement. They enable the parallel 

analysis of multiple samples or concentrations using 96-well plates and a compatible 

luminometer. This format is particularly useful in academic and industrial research 

settings, where large-scale screening of chemical libraries or formulation variants is 

required (Hirmann et al. 2007). Moreover, various custom-developed bioreporters and 

biosensors have been created for more specialized applications. These often employ 

genetically modified strains of A. fischeri or utilize immobilization techniques for 

Figure 5: Different toxicity tests using A. fischeri 

(A) Microtox ̓(Modern Water; /www.modernwater.com ); (B) LUMIStox ̓(Aboatox,https://www.biotoxicity.com/); 

(C) LumiMARAÊ (Gara, https://www.ncimb.com/ecotoxicity-testing/lumimara-ecotoxicity-test/); (D) ToxAlert ̓

(Merck KGaA, https://www.aboatox.com/?page_id=297)  
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continuous, real-time in situ monitoring of water quality. Such advanced systems are 

gaining attention for their potential use in environmental risk assessments (ERAs), 

particularly concerning emerging pollutants (Costa et al. 2015; Girotti et al. 2008; 

Parvez et al. 2006; Hirmann et al. 2007). A. fischeri-based assays are increasingly used 

to evaluate the toxicity of complex and novel substances, such as nanomaterials (e.g., 

silver nanoparticles or titanium dioxide), endocrine-disrupting chemicals, and 

leachates from plastics or microplastics (Mortimer et al. 2008; Zimmermann et al. 

2021). These substances often pose challenges for conventional test methods due to 

their chemical complexity, low concentrations, or unknown modes of action (Bergua 

et al. 2021; Gagn® 2017). The scientific foundation and practical strengths of A. 

fischeri bioluminescence assays make them well-suited for such applications. A key 

advantage is the detection speed; results can typically be obtained within minutes to a 

few hours, facilitating timely decision-making in environmental and industrial 

contexts. The method is also highly sensitive, detecting various toxicants, including 

heavy metals, organic solvents, surfactants, and antibiotics (Ma et al. 2014). 

Additionally, the assays require relatively low-cost and straightforward equipment 

compared to animal-based tests or mammalian cell cultures (Ma et al. 2014). Despite 

their simplicity, they provide robust, quantitative data that can be analyzed statistically, 

typically in percentage bioluminescence inhibition or EC  values. The tests are 

adaptable to various sample types, including aqueous solutions, suspensions, or 

extracts from solid matrices, making them broadly applicable across fields such as 

environmental science, toxicology, pharmacology, and cosmetics development. 

1.3.2.3. Limitations and Considerations 

The A. fischeri assay has limitations, including interference from sample turbidity, 

color, pH, salinity, and volatile or nonpolar substances that affect bioluminescence and 

bacterial viability. Proper controls and sample preparation (e.g., filtration, dilution, 

buffer adjustment) are crucial. While useful for screening, it doesn't reveal the 

mechanisms of action of toxicants; therefore, it is often paired with other assays (e.g., 

cytotoxicity, genotoxicity, and mutagenicity tests) to provide a comprehensive toxicity 

profile. Despite its limitations, the A. fischeri assay remains effective for early toxicity 
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evaluation and environmental monitoring as part of an integrated testing strategy 

(Abbas et al. 2018; Miyashiro and Ruby 2012; Silva et al. 2021). 

1.3.2.4. Expanding the Role of A. fischeri in Formulation Toxicology 

Given the increasing concerns surrounding environmental exposure to cosmetic and 

pharmaceutical substances/formulations, particularly through widespread consumer 

use and subsequent waterborne discharge (Wirtu 2024; Kukkola et al. 2024; Bilal et 

al. 2020), toxicity studies have been conducted on various cosmetic ingredients and 

products, with sunscreens being among the most extensively investigated. UV filters 

used in sunscreens have been shown to have toxic effects on marine organisms. Their 

environmental pathway has been researched, spanning from production to consumer 

use and eventual release into aquatic ecosystems, including activities such as 

sunbathing, swimming, or showering (Hodge et al. 2025). However, many other 

formulations used for self-care or therapeutic purposes may follow similar 

environmental trajectories, yet remain largely unexamined in terms of their 

toxicological profiles on aquatic systems or the environment. Only a limited number 

of ingredients have been tested for their aquatic toxicity, and there is a notable absence 

of studies assessing these substances. This gap in the literature, combined with our 

research's focus on formulations, prompted us to investigate how such compounds may 

influence bioluminescence inhibition in A. fischeri, thereby shedding light on their 

potential environmental impact. 
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1.4. Marburg SkinLab Testing Systems 

In our established research, the two most commonly used systems to test formulations 

are the Marburg ex vivo skin model and the ex vivo gut model (Pelikh et al. 2021; 

Abdelkader et al. 2023).  

1.4.1. Marburg ex vivo Skin Model 

The Marburg ex vivo porcine skin model is an established approach for evaluating 

topical formulations, which utilizes freshly obtained pig ears with the skin left intact 

and unaltered throughout the experiment. This method avoids any mechanical 

manipulation such as cutting, compressing, or stretching, thereby preserving the 

tissue's natural structure. Additionally, when the compound of interest is fluorescent, 

the model allows for visualization of penetration depth using epifluorescence 

microscopic analysis. In such cases, treated skin areas are sampled using punch 

biopsies, sectioned into thin slices, and examined microscopically to evaluate 

distribution within the stratum corneum and the layers beyond (Kaushik and Keck 

2021; Keck et al. 2022; Pelikh et al. 2021; Kaushik et al. 2021) (Figure 6). The process 

of the Marburg ex vivo skin model begins with washing and carefully tap-drying 

porcine ears. The first step is the estimation of biophysical properties, where the ears 

are tested to ensure they are suitable for the experiment. Next, areas on the lower part 

of the ear (see Figure 6) are marked, and the application of formulations follows. 

Afterward, the ears undergo an incubation phase to mimic human body temperature, 

allowing the formulations to penetrate and take effect on the skin. Following 

incubation, skin biopsy retrieval takes place, and the biopsies are then embedded in a 

freezing medium and cryosectioned. The final step is fluorescence microscopy of the 

freshly cryosectioned skin slices, and image analysis with the retrieved images using 

image analysis software. 
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1.4.2. Ex vivo Porcine Gut Model 

The porcine gut model has become a valuable tool in translational gastrointestinal 

research due to its close anatomical, physiological, and microbial parallels with 

humans. Structurally, the porcine gastrointestinal tract resembles that of humans in 

terms of size, enzyme distribution, and tissue architecture, which enhances the 

reliability of findings related to nutrient absorption, drug metabolism, and microbial 

interactions (Zhang et al. 2013). Studies highlight the suitability of the pig model for 

investigating dietary effects and gut microbiota dynamics, as its microbiome 

composition and immune responses closely resemble those of humans.  

Figure 6: Marburg ex vivo skin model 

The steps are thoroughly described under paragraph 1.4.1. 
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This alignment makes the porcine gut model an ideal bridge between rodent 

experiments and human clinical trials (Ekser et al. 2012). Its large size also allows for 

repeated, serial sampling of intestinal segments and luminal content, enabling 

comprehensive analyses of pharmacokinetics, microbial ecology, and mechanistic 

toxicology within a single subject. These features collectively enhance the model's 

translational value, reducing uncertainty when extrapolating preclinical data to human 

health scenarios (Zhang et al. 2013). In our laboratory, the ex vivo pig intestine model 

is relatively new and well-established (Abdelkader et al. 2023) (Figure 7).  

While both the skin and gut models are well-established and yield a wealth of data, 

they do not address the toxicity of any kind. In pursuit of more comprehensive and 

cost-effective testing methods, our research group aims to identify techniques that 

provide substantial results across various domains. To this end, integrating A. fischeri, 

known for its sensitivity to environmental factors, into our testing framework 

represented the next logical step. By incorporating this model into the specialty of the 

research group: formulation development and testing, we can further expand the scope 

and effectiveness of our research. 

 

 

 

 

Figure 7: Marburg ex vivo porcine gut 

model  (Anam Sajjad Khan 2025) 

After being carefully cleaned of every 

food residue, the intestines are punched 

into 15mm biopsies, treated, and 

incubated. The biopsies are then frozen, 

undergo cryo-cutting, and are subjected 

to fluorescence microscopy. The digital 

images are then analyzed and evaluated 

to produce results.  
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1.5. Formulations and the Most Commonly Used 

Ingredients in Them 

Modern pharmaceutical and cosmetic formulations are not only about skin's 

appearance but are also linked to well-being, status, self-care, and psychological well-

being (Heather A.E. Benson 2019). Combining sensory and texture parameters has 

provided a comprehensive understanding of how consumers perceive their products, 

thereby guiding the design of effective formulations (Vieira et al. 2020). 

However, the ingredients used and the whole production process of cosmetic and 

pharmaceutical formulations are strongly regulated by different organizations like the 

Food and Drug Administration (FDA), United States Pharmacopeia (USP), and the 

Modernization of Cosmetics Regulation Act (MoCRA) in the United States; the 

European Commission (EC), Scientific Committee on Consumer Safety (SCCS), 

European Medicines Academy (EMA), Good Manufacturing Practice (GMP) and 

European Pharmacopeia in Europe update and regulate every step of production of all 

these formulations. Ingredients such as preservatives, fragrances, actives, and UV 

filters have their highest allowed concentration in formulations, which should not be 

exceeded. 

1.5.1. Key Ingredients in Formulations 

Although formulations can contain a wide variety of ingredient classes, this thesis 

focuses on the most commonly used ingredient groups, those that are not only essential 

to product function but also subject to ongoing scientific and regulatory debate. 

1.5.1.1. Preservatives 

Preservatives are essential components in cosmetic and pharmaceutical formulations, 

primarily used to inhibit microbial growth and extend product shelf life, especially in 

water-based formulations, which are inherently prone to contamination. While 

generally well tolerated by individuals with intact skin, some preservatives can trigger 

sensitivities in more vulnerable users (Walters et al. 2015). Despite growing concerns, 

their absence can lead to severe outcomes, such as product degradation or pathogenic 
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contamination (e.g., Pseudomonas aeruginosa infections in ocular applications) 

(Engel et al. 1998). Commonly used preservatives include parabens, phenoxyethanol, 

benzyl alcohol, and organic acids. However, synthetic agents like isothiazolinones and 

chloroxylenol have raised concerns due to their ecotoxicity and cytotoxic effects on 

human tissues. Balancing antimicrobial efficacy with human and environmental safety 

remains a key challenge in modern formulation science (Nowak-Lange et al. 2022). 

1.5.1.2. Surfactants 

A surfactant is a "surface active agent," a substance that can be absorbed onto surfaces 

or into a system and alter their surface or interfacial free energies (Rosen 2004). 

Surfactants are essential components in cosmetic formulations due to their ability to 

modify surface and interfacial tension. This function enhances the mixing, spreading, 

and cleansing performance of products, affecting their stability and viscosity. Despite 

their functional benefits, surfactants have drawn growing attention regarding their 

safety, particularly concerning skin irritation and allergic reactions, as well as their 

environmental impact (Badmus et al. 2021). They are composed of a hydrophilic head 

and a hydrophobic tail, which makes them ideal for mixing substances of different 

chemical properties, such as oil and water. Surfactants are categorized into four main 

groups: non-ionic, cationic, anionic, and amphoteric, based on the charge of their 

hydrophilic region. 

1.5.1.3. Essential Oils 

Essential oils exemplify the intersection of pharmaceutical and cosmetic formulation, 

acting as both bioactive agents and sensorial ingredients. Composed of diverse volatile 

compounds, they exhibit antimicrobial, anti-inflammatory, and antioxidant properties, 

making them useful in therapeutic contexts. Simultaneously, their aromatic complexity 

enhances the sensory appeal of cosmetic products such as creams and shampoos. As 

consumer interest in natural, multifunctional ingredients grows, essential oils are 

increasingly used in "clean" beauty formulations. However, when biological claims 

are made, their regulatory classification may shift toward cosmeceuticals, 

underscoring their dual functional and aesthetic role in modern formulation science  

(Essential Oils 2023; Da Silva et al. 2020; Ivanova et al. 2025). 
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1.5.1.4. Fragrances 

Fragrances are one of the most crucial ingredients in cosmetic products, as they serve 

as a sensory enhancer, making the product more desirable and impacting the 

consumer's memory (Gonz§lez-Mu¶oz et al. 2014). Fragrances can be either natural 

or synthetic, and in skincare products, more than 3,000 synthetic fragrances and 

hundreds of natural ones are used (Buckley 2007). Studies have shown that skin 

irritations are documented as a reaction to fragrance components (Schubert 2006). 

1.5.1.5.  Antioxidants 

Many stressors make our skin prone to premature aging, hyperpigmentation, fine lines, 

and other issues. Reactive oxygen species (ROS) are believed to play a significant role 

in the changes to the skin's extracellular matrix associated with natural aging and 

photoaging. These ROS can arise through various enzymatic and non-enzymatic 

pathways, collectively increasing oxidative stress within biological systems. 

Antioxidants are compounds found primarily in food, and their function is to scavenge 

free radicals. As ingredients, they are widely used in cosmetics to prevent or repair 

skin damage. Our skin benefits from both enzymatic and non-enzymatic antioxidants. 

1.5.1.6. UV-filters 

Exposure to sunlight has been proven to release endorphins and play a crucial role in 

the body's production of vitamin D, which is beneficial for numerous bodily functions 

(Osterwalder et al. 2014; Ramos et al. 2002). However, sunlight and other ultraviolet 

(UV) light sources are also responsible for skin cancer, premature aging, and other 

skin-altering phenomena (Osterwalder et al. 2014). UV filters can be inorganic or 

mineral-based physical agents that scatter UV rays, while organic or chemical agents 

absorb UV rays and release thermal energy. 

In recent years, growing attention has been directed toward the safety of UV filters for 

human health and the environment. Specific filters, such as avobenzone and ethylhexyl 

dimethyl PABA, can break down under UV exposure, producing ROS and 



INTRODUCTION 

 

23 

 

photodegradation by-products that may trigger phototoxic or photoallergic reactions 

in the skin (Chaiprasongsuk et al. 2016).  

1.5.1.7.  Sunscreens and their importance in skin health 

The use of sunscreens is highly regulated in various states worldwide. For example, 

the USA includes sunscreens under drug regulations and not under cosmetics. 

Sunscreen formulation types include emulsions, oils, gels, single-phase sprays, sticks, 

compacts, and aerosols (Heather A.E. Benson 2019). Sunscreen formulations, 

particularly those containing organic UV filters such as oxybenzone and octinoxate, 

have come under increasing scrutiny for their environmental and potential health 

impacts. Studies have shown that these compounds contribute to coral reef degradation 

by inducing oxidative stress, DNA damage, and hormonal disruption in marine 

organisms, even at very low concentrations. Regulatory responses have led to bans in 

regions like Hawaii and Palau (Downs et al. 2022). Beyond ecological harm, research 

has confirmed that several sunscreen ingredients are systemically absorbed through 

the skin, with some reaching plasma concentrations that raise concerns about their 

potential to disrupt the endocrine system (Matta et al. 2020). While animal and in vitro 

models suggest hormonal interference, current human studies remain inconclusive. 

Vulnerable populations, such as infants, may face increased risks due to higher skin 

permeability and body surface area-to-weight ratios. As public awareness grows, 

demand for safer alternatives is rising, driving both regulatory reforms and innovation 

in sun care formulations (Danovaro et al. 2008; Sander et al. 2020; Matta et al. 2020).  

For this reason, we decided that sunscreens should also be tested as whole formulations 

in this thesis. 
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The overarching aim of this thesis was to establish Aliivibrio fischeri as a model 

organism and use its bioluminescence as an indicator to enrich the methodological and 

testing systems in our research niche, which has traditionally focused on 

dermatological formulations and ex vivo porcine skin and gut models.  

The aims of the research for this thesis were divided into two significant parts: 

 

Part 1: Model development and establishment 

 

The first step before starting the trials and studies with A. fischeri was its establishment 

in the conditions of the laboratory where the research would take place. This was 

achieved through minor optimization and modification of the known growth and 

cultivation protocols for this bacterium. 

After the establishment, the optimization of the growth of A. fischeri cultures on the 

ex vivo gut model to screen antimicrobial formulations for their bioefficacy followed.  

The second application on a biological model was the growth on intact and disrupted 

ex vivo porcine skin to serve as a microbiome surrogate in skin-related studies, testing 

its adaptability to skin surface alterations and microbial interactions.  

 

Part 2: Application to aquatic toxicology of pharmaceutical and cosmetic 

ingredients/formulations 

 

The aim of the second stage of the research in this thesis was to establish a robust test, 

which critically examines the acute and chronic aquatic toxicity effects of 

pharmaceutical/cosmetic ingredients and formulations using A. fischeri as a sensitive 

biosensor. Although an assay already exists (MicrotoxҀ), it only tests the acute toxicity 

over 30 minutes. Previous studies have determined that the acute toxicity is not enough 

to determine if a tested substance is toxic or not, as some of them show their influence 

later on. To overcome the limitation, a modified bioluminescence assay (ñAquatoxò) 

was developed to achieve reproducible and high-throughput results in an extended 

time of 24 h under the current laboratory conditions. The ñAquatoxò test was applied 

to a broad range of cosmetic and pharmaceutical ingredients, including preservatives, 

surfactants, fragrances, UV filters, and antioxidants, at concentrations below, at, and 

above European Union regulatory thresholds. Also, entire formulations, including 32 
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commercial sunscreens and selected leave-on products, were tested to mimic real-

world exposure conditions in aquatic systems. Protocols for sample handling, 

incubation, and data interpretation were developed to ensure reproducible and reliable 

performance across all tests. 
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3.1. Materials  

3.1.1. Bacteria 

For the studies, the Aliivibrio fischeri (A. fischeri) strain NRRL-B-11177 was obtained 

in freeze-dried form from a reputable source, the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures GmbH (Braunschweig, Germany). 

The freeze-dried form ensures the stability and viability of the bacteria during 

transportation and storage, maintaining the integrity of the research. 

3.1.2. Tested Substances 

Commonly used substances in cosmetic and pharmaceutical formulations were 

searched to assess their water toxicity. Five different groups were chosen, including 

preservatives, surfactants, fragrances, UV filters, and antioxidants. The selection was 

based on the European Commission CosIng Regulation. Within each substance group, 

a broad spectrum of representatives was chosen. Concentrations were oriented towards 

the maximum allowed concentrations defined by the European Union (CEU). In the 

case of surfactants/emulsifiers, the critical micelle concentration (CMC) was taken as 

a reference value to evaluate toxicity with respect to both micelle formation and the 

surfactant itself. After testing single substances, commercial products (sunscreens and 

leave-ons) were also tested. More about the European Commission ruling and other 

information can be found under the Supplementary Information chapter of this thesis. 

Purified water (ELGA LabWater, Veolia Water Technologies Deutschland GmbH, 

Germany) was used to mix the substances in the required concentrations. All the tested 

substances are listed in the tables below: 

Table 3: List of the tested preservatives 

Preservative  CEU EC No. CAS no.  
Annex
/Ref. 

Used in:  Provider  

Ethylparaben 0.40% 204-399-4 120-47-8 V/12 
cosmetic 
formulations 

Sigma-Aldrich 
(Darmstadt, 
Germany) 

Methylparaben 0.40% 202-785-7 99-76-3 V/12 
cosmetic 
formulations 

Sigma-Aldrich 
(Darmstadt, 
Germany) 

Propylparaben 0.40% 202-307-7 94-13-3 V/12 
cosmetic 
formulations 

Sigma-Aldrich 
(Darmstadt, 
Germany) 
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Preservative  CEU EC No. CAS no.  
Annex
/Ref. 

Used in:  Provider  

2-Phenoxyethanol 0.50% 204-589-7 122-99-6 V/29 both 
Alfa-Aesar 
(Schwerte, 
Germany) 

Aqua conservata 0.40% 
Freshly prepared Methylparaben: Propylparaben (3:1); pharmaceutical 

formulations (0,075 g:0,025 g per 100 g of formulation) 

Benzalkonium 
chloride 

0.10% 264-151-6 
8001-54-
5 

V/54 
III/65 

pharmaceutical 
formulations 

Applichem / 
PanReac / 
ITW 

(Darmstadt, 
Germany) 

Benzoic acid 2.5% 200-618-2 65-85-0 V/1 both 
Sigma-Aldrich 
(Darmstadt, 
Germany) 

Biphenyl-2-ol 
(2-Hydroxybiphenyl) 

0.15% 201-993-5 90-43-7 V/7 both 
Sigma-Aldrich 
(Darmstadt, 
Germany) 

Ethanol > 15.00% 200-578-6 64-17-5 - 
cosmetic 
formulations 

Sigma-Aldrich 
(Darmstadt, 
Germany) 

Euxyl PE 9010 
(Phenoxyethanol 

and 
Ethylhexylglycerin) 

1.00% 
204-589-
7/70445-33-

9 

122-99-
6/70445-
33-9 

V 29/- 
cosmetic 
formulations 

Schülke & 
Mayr 

GmbH 
(Germany) 

Salicylic acid 0.5% 200-712-3 69-72-7  V/3 both 

Caesar & 
Loretz GmbH 

(Hilden, 
Germany) 

Sorbic acid 0.6% 203-768-7 110-44-1 V/4 both 

Thermo 
Fischer 

Scientific 
(Kandel, 

Germany) 

Thiomersal 0.007% 200-210-4 54-64-8 V/16 
cosmetic 
formulations 

Sigma-Aldrich 
(Darmstadt, 
Germany) 

Table 4: List of the tested surfactants 

Surfactant  CMC EC No. 
Trade 
name 

CAS no.  
Specification of 

functions  
Provider  

Capryl 
Glucoside 

0.496 
mg/ml 

500-
220-1 

Plantacare® 
810 UP 

68515-73-1 
cleansing, 
foaming 

BASF 
(Ludwigshafen, 

Germany) 

Decyl 
Glucoside 

1.287 
mg/ml 

259-
218-1 

Plantacare® 
2000 UP 

54549-25-6 cleansing 
BASF 

(Ludwigshafen, 
Germany) 

Lauryl 
Glucoside 

0.557 
mg/ml 

- 
Plantacare® 

1200 UP 
110615-47-9 cleansing 

BASF 
(Ludwigshafen, 

Germany) 
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Surfactant  CMC EC No. 
Trade 
name  

CAS no.  
Specification of 

functions  
Provider  

Cetearyl 
Alcohol (and) 

Sodium 
Cetearyl 
Sulfate 

0.1% to 
1% 

(w/v) 

267-
008-6 / - 

Lanette® N 
67762-27-0, 
59186-41-3 

skin conditioning 
(emollient), 
(surfactant) 
emulsifying, 

emulsion 
stabilizing, 
(surfactant) 

foam boosting/ 
opacifying, 
(surfactant) 
cleansing, 
viscosity 

controlling 

Caesar & Loretz 
GmbH (Hilden, 

Germany) 

Glycerol 
monostearate -

60 

1-5% 
(w/v) 

250-
705-

4/286-
490-9 

- 31566-31-1 
Emulsifying, skin 

conditioning 
(emollient) 

Caesar & Loretz 
GmbH (Hilden, 

Germany) 

Cetearyl stearyl 
alcohol 

0.1% to 
1% 

(w/v) 

267-
008-6  

Lanette® O 67762-27-0 

skin conditioning 
(emollient), 
(surfactant) 
emulsifying, 

emulsion 
stabilizing, 
(surfactant) 

foam boosting/ 
opacifying, 
(surfactant) 
cleansing, 
viscosity 

controlling 

Combi-Blocks 
(San Diego, 

California, USA) 

Macrogol-20-
glycerol 

monostearate 

0.1% to 
1% 

(w/v) 
- PEG 20 25322-68-3 

Humectant, 
solvent 

Carl Roth 
(Karlsruhe, 
Germany) 

Octoxynol-12 
(TritonX-100) 

0.22mM - PEG - ether 9002-93-1 emulsifying 
Carl Roth 

(Karlsruhe, 
Germany) 

Poloxamer 188 
4.1 

mg/ml 
- 

Pluronic 
F68 

9003-11-6 
emulsifying, 
cleansing 

Sigma-Aldrich 
(Darmstadt, 
Germany) 

Poloxamer 407 
34.2 

mg/ml 
- 

Pluronic F-
127 

 
9003-11-6 

emulsifying, 
cleansing 

BASF 
(Ludwigshafen, 

Germany) 

Polysorbate 80 
13 - 15 

mg/l 
- Tween 80 

 
9005-65-6 

emulsifying, 
cleansing 

Merck 
(Darmstadt, 
Germany) 

Stearic acid 
220 

mg/L  
200-

313-4 
- 57-11-4 

cleansing, 
(surfactant), 
emulsifying, 

emulsion 
stabilizing, 
fragrance, 

Sigma Aldrich 
(Darmstadt, 
Germany) 
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refatting, 
(surfactant) 
cleansing 

Other  
(tested with 
surfactants)  

CEU EC No. 
Trade 
name  

CAS no.  
Specification of 

functions  
Provider  

Dimethicone 
10%. 
(CEU) 

- - 63148-62-9 

antifoaming, 
skin conditioning 

(emollient), 
skin 

conditioning, 
skin protecting 

Santa Cruz 
Biotecnology, 
Inc. (Texas, 

USA) 

Lanolin 
25% 
(CEU) 

232-
348-6 

- 8006-54-0 

Antistatic, 
skin conditioning 

(emollient), 
(surfactant) 
emulsifying/ 

hair 
conditioning/ 

skin 
conditioning, 
(surfactant) 
cleansing 

Sigma Aldrich 
(Darmstadt, 
Germany) 

Table 5: List of the tested  fragrances 

Fragrance  CEU EC No. CAS no.  Annex /Ref. Provider  

alpha-
Phellandrene 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

224-167-6 4221-98-1 - 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Benzyl Alcohol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

202-859-9 100-51-6 III/45 and V/34 
Alfa-Aesar 
(Schwerte, 
Germany) 

Camphor  

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

253-242-6 36861-47-9 II/1730 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Cinnamal 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

203-213-9 104-55-2 III/76 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Citronellol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

203-375-0 106-22-9 III/86 

Thermo Fischer 
Scientific 
(Kandel, 

Germany) 

Coumarin 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

202-086-7 91-64-5 III/77 
Merck 

(Darmstadt, 
Germany) 

Eucalyptus oil 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

283-406-2 84625-32-1 III/355 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Farnesol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

225-004-1 4602-84-0 III/82 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Geraniol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

203-377-1 106-24-1 III/78 

TCI EUROPE 
N.V. 

(Zwijndrecht, 
Belgium) 

Laurus nobilis 
oil 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

- - III/359 
Shear Essence 
(New Jersey, 

USA) 
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Fragrance  CEU EC No. CAS no.  Annex/Ref.  Provider  

Lavender oil 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

- - III/360 
Casida® 
(Werdau, 
Germany) 

Menthol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

201-939-0 89-78-1 III/338 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Nerol 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

203-378-7 106-25-2 - 
Bosynth (Itasca, 

Ireland) 

Patchouli oil 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

282-493-4 8014-09-3 - 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Salicylaldehyde 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

201-961-0 90-02-8 III/340 
Sigma Aldrich 
(Darmstadt, 
Germany) 

Turpentine oil 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

232-350-7 8006-64-2 III 124 

Applichem / 
PanReac / 

ITW  (Darmstadt, 
Germany)  

Vanillin 

0,001 % in 
leave-on 

products/0.01 
% in rinse-off 

204-465-2 121-33-5 III/346 
Merck 

(Darmstadt, 
Germany) 

 

Table 6: List of the tested UV filters/blockers 

UV-
filter /blocker  

CEU EC No. CAS-NO. Annex /Ref. Provider  

Avobenzone   
(Eusolex® 9020)   

5% 274-581-6 70356-09-1 VI 8 
Merck (Darmstadt, 

Germany) 

Homosalate   
(Eusolex® HMS)   

7,34 % 204-260-8 118-56-9 VI/3 
Merck (Darmstadt, 

Germany) 

Oxybenzone  
(Eusolex® 4306) 

6% 205-031-5 131-57-7 VI/4 
Merck (Darmstadt, 

Germany) 

Titanium dioxide 25% 236-675-5 [1] 13463-67-7 
IV/143 VI/27 

VI/27a (nano) 

Applichem / PanReac / 
ITW (Darmstadt, 

Germany) 

Zinc oxide 25% 215-222-5 1314-13-2 
IV/144 VI/30 

VI/30a 
Merck (Darmstadt, 

Germany) 

 

Table 7: List of tested antioxidants 

Antioxidant  CEU EC No. CAS no.  Provider  

Tocopherol  
(Vitamin E) 

1% 233-466-0 10191-41-0 Sigma - Aldrich (Darmstadt, Germany) 

Apigenin 2% 208-292-3 520-36-5 Sigma - Aldrich (Darmstadt, Germany) 

Ascorbic acid (Vitamin C) 10% 200-066-2 50-81-7 Sigma - Aldrich (Darmstadt, Germany) 

Coenzyme Q10 0.05% 206-147-9 303-98-0 Sigma - Aldrich (Darmstadt, Germany) 

Hesperetin 2% 208-290-2 520-33-2 Thermo Fischer Scientific (Kandel, Germany) 

Rutin 2% 205-814-1 153-18-4 Sigma - Aldrich (Darmstadt, Germany) 
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3.2. Methods 

3.2.1. Cultivation and Maintenance of Aliivibrio fischeri (A. 

fischeri) 

Aliivibrio fischeri was grown overnight in a liquid medium composed of 5 g meat 

peptone (CAS 91079-38-8, Sigma-Aldrich, Darmstadt, Germany), 0.5 g yeast extract 

(CAS 8013-01-2, Sigma-Aldrich, Darmstadt, Germany), 30 g NaCl (CAS 7647-14-5, 

Sigma-Aldrich, Darmstadt, Germany), 6.10 g Na2HPO4Ŀ2H2O (CAS 10028-24-7, 

Sigma-Aldrch, Darmstadt, Germany), 3.52 g KH2PO4 (CAS 7758-11-4, Biosolve 

Chimie, Dieuze, France), 0.204 g MgCl2Ŀ7H2O (CAS 10034-99-8, Applichem / 

PanReac / ITW  (Darmstadt, Germany), 0.7 g NH4H2PO4 (CAS 7722-76-1, Sigma-

Aldrich, Darmstadt, Germany), 3 mL glycerol (CAS 56-81-5, Sigma-Aldrich, 

Darmstadt, Germany) per 1 L of distilled water, for the growth in Petri dishes using a 

solid medium, 12 g Lī1 agar (CAS 9002-18-0, Sigma-Aldrich, Darmstadt, Germany) 

was added. The pH of the medium was adjusted to 7.0 with either 1 M HCl or 1 M 

NaOH (Education Line pH meter, Mettler Toledo AG, Schwerzenbach, Switzerland, 

Aerial-Nr. B404248686). The media were sterilized using an autoclave (Type VX-95, 

Systec GmbH, Wettenberg, Germany) for 20 min at approximately 100 kPa and 121 

ÁC. To maintain and preserve the bacteria, overnight-grown cultures were mixed with 

335 ɛL of sterile 80% glycerol/mL and then stored at -80 ÁC. The viability of the frozen 

stocks was checked the next day by streaking them onto agar plates and incubating 

them at room temperature overnight. After freezing, the bacteria were grown in liquid 

media by adjusting the cryovial to room temperature, resuspending the contents, and 

transferring them to a 50 mL Falcon tube containing 30 mL of fresh bacterial growth 

medium. The culture was subsequently incubated overnight at room temperature by 

shaking at 150 rpm (KS 15 A, Edmund B¿hler shaker, Johanna Otto GmbH, 

Hechingen, Germany). 
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3.2.2. Determination of Bioluminescence of A. fischeri on 

Gut Biopsies 

This study was part of a joint project (Abdelkader et al. 2023). The ex vivo antibacterial 

activity was assessed using a porcine intestinal model (Abdelkader et al. 2022). Fresh, 

intact porcine intestines were sourced from a local slaughterhouse and used for 

experimentation within two hours of slaughter. Small sections (approximately 15 cm 

long) of intestinal tissue, positioned 15-20 cm away from the pylorus, were isolated, 

dissected longitudinally, and spread flat. The intestinal sections were gently wiped to 

avoid disrupting the villi structure and preexisting mucus layer. A 2 mL culture of A. 

fischeri was centrifuged at 1000 rpm for 10 minutes at room temperature using a 

MIKRO 120 centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany). 

The resulting pellets were resuspended in 30 ɛL of fresh medium, and the bacterial 

dilution was applied to each test area of the intestinal sections. The A. fischeri-infected 

gut tissues were incubated at room temperature for 2 hours to facilitate bacterial 

growth. During incubation, norfloxacin-loaded smartFilmÈ and physical mixture 

tablets were pre-digested to simulate the digestive process and subsequent changes 

following oral administration. Each tablet was immersed in 500 mL of phosphate-

buffered saline (pH 6.8, 37ÁC) and stirred at 300 rpm for 10 minutes using a universal 

shaker (SM-30 control, Edmund B¿hler GmbH, Bodelshausen, Germany). After pre-

digestion, 100 ɛL aliquots were withdrawn from each formulation and applied to the 

A. fischeri-infected intestinal tissues 2 hours post-infection. One infected area on each 

tissue served as an untreated control. Sterilized cotton swabs were used to collect 

samples from the surface of each intestinal area at 0, 2, 4, 6, 8, 12, and 24 hours post-

treatment. These swabs were cultured on artificial seawater agar plates using the 

spread plate technique and incubated overnight at room temperature. (Fathi et al. 

2020). Each experiment was performed in triplicate, and luminescence intensity was 

measured after 18 hours. The plates were photographed in darkness using a Nikon 

D7200 Digital SLR camera with an 18ï300 mm lens (Nikon Europe B.V., Amsterdam, 

The Netherlands). Bioluminescence was documented using a fixed photographic 

setup. Bioluminescence intensity was semi-quantitatively analyzed by digital image 

processing (Figure 8), as described previously, with minor modifications (Pelikh 



MATERIALS AND METHODS 

 

38 

 

2020; Eckert et al. 2021; Keck et al. 2022; Kaushik and Keck 2021; Kaushik et al. 

2021).  

ImageJ software, version 1.53k, was used for the analysis (Schneider et al. 2012). 

The initial step involved automated color adjustment to distinguish between class I 

(foreground) and class II (background) pixels. Foreground pixels represented bacterial 

bioluminescence, while background pixels represented the surrounding medium. Class 

II pixels were subtracted from class I pixels. The remaining pixels in the processed 

image indicated the bacterial bioluminescence intensity post-treatment. The 

luminescence was assessed as the mean grey value (MGV/px) from each image, and 

the results were reported as the mean bioluminescence intensity Ñ standard deviation 

for different replicates and time points. 

 

3.2.3. Determination of Bioluminescence of A. fischeri on 

Skin Biopsies 

Three porcine ears were selected and prepared for analysis to determine the 

bioluminescence of A. fischeri on skin biopsies. The ears were thoroughly washed 

using standard procedures (Pelikh et al. 2021), and the hair was left uncut. Skin 

assessments were conducted to measure transepidermal water loss (TEWL), pH, and 

elasticity. 

Figure 8: (A) Macroscopic image of an agar plate in the dark, cultured with A. fischeri swabs after 18 h. 

(B) Macroscopic image after the automated threshold algorithm, which subtracted the background of the 

picture. The remaining white pixels correspond to the bioluminescence intensity of A. fischeri. (Abdelkader 

et al. 2023) 
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Each ear was then divided into two sections (Figure 9, Figure 10), one designated as 

"intact" and covered to preserve its original state. The exposed section of the skin was 

disinfected using OcteniseptÈ (Sch¿lke & Mayr, Norderstedt, Germany), left to act for 

5 minutes, and subsequently rinsed with purified water before being allowed to air-

dry. 

Skin biophysical measurements were measured for both the intact and exposed 

sections, including transepidermal water loss (TEWL), pH, and elasticity. Each section 

was then further divided into three smaller areas to facilitate different treatment 

protocols: 

1. Treatment with acetone (Honeywell Riedel-de Ha±nÊ, Germany), applied for 

30 seconds, followed by 10 minutes of aeration; repeated for 30 seconds with 

an extended 20-minute aeration. 

2. Treatment with a DermarollerҀ (10 mm) is applied by rolling over the skin 

surface 10 times. 

3. An untreated intact control area. 

After the treatments, skin biophysical properties, including TEWL, pH, and elasticity, 

were again measured for each treatment area. Finally, skin biopsies were prepared, 

with five biopsies collected from each treated area for further analysis. 

The biopsies were placed on a 24-well measurement plate (CytoSoftÈ, Merck, 

Germany) and exposed to bacterial infection using 15 ɛL of an overnight-grown 

bacterial culture. The remaining half of the plate was supplemented with an agar 

medium sourced from agar plates. The infected biopsies were incubated at room 

temperature for 2 hours. Measurements were conducted using a TECAN Infinite 200 

PRO microplate reader (Tecan Group, Mªnnedorf, Switzerland) at 0, 6, and 18 hours 

post-incubation. 
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3.2.4. Determination of Bioluminescence of A. fischeri in 

the Aquatic Environment (modified MicrotoxÈ-

Assay) 

For this part of the study, as a first step, the most common ingredients in 

pharmaceutical/cosmetical formulations were determined. It was concluded that two 

major groups would be tested: individual substances (Group I) and complex leave-on 

formulations (Group II). For Group I, five different subgroups of 

ingredients/substances were chosen as the most commonly used: preservatives, 

surfactants, fragrances, antioxidants, and UV filters. For Group II, products were 

separated into sunscreens and leave-on products.  The European Commission's CosIng 

(Cosmetic Ingredients) database categorizes ingredients and substances into Group I. 

The allowed concentrations of preservatives, fragrances, UV filters, and antioxidants 

were also searched in this database, including the critical micelle concentration (CMC) 

of the surfactants. Five other concentrations deriving from the European Union (EU) 

regulation were also produced to conduct the test. These were made at the levels of 

twice the CEU (2x CEU), half the CEU (50 % CEU), 10 % CEU, 1 % CEU, and 0.1 % CEU.  

Figure 10: Ears after punch biopsies and 

preparation for bioluminescence reading 

Figure 9: Protocol of the preparation of the 

porcine ears 
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3.2.5. Tested substances, Part II: Sunscreens and Leave-on 

Products 

Commercial sunscreens were used for the sunscreen testing, and more detailed 

information about their composition can be found under supplementary information. 

One mL aliquots of each formulation were collected, and thirty-two creams were 

tested. To mimic the skin, dialysis membranes (Medicell International Ltd., London, 

U.K.) were prepared in a 6 mm diameter to fit into the wells of a 96-well plate. To 

measure the amount of sunscreen to be used on the membranes, the surface of the 

membrane was measured through the formula of the ringôs surface:  

═ Ⱬ► 'ÁÌÌÉÅÒ ÁÎÄ 8Õ ςπρσ 

The recommended amount of sunscreen application, as recommended by the World 

Health Organization (WHO) and the U.S. Food and Drug Administration (FDA), is 2 

mg/cmĮ (21 CFR, Part 352). Each sunscreen was tested in triplicate at three different 

concentrations: 1 mg/cmĮ, 2 mg/cmĮ, and 4 mg/cmĮ. Before inoculating the bacteria, 

the prepared dialysis membranes with applied sunscreens were allowed to preincubate 

in the 96-well plates for 30 min at room temperature. 

3.2.6. Water Toxicity "Aquatox" Test Preparation and 

Measurements  

Bacteria were grown overnight and then brought to an optical density (OD600) of 0.05 

to assess the toxicity of the tested substances in water. The method was adapted from 

(Westlund et al. 2018) and (T·th et al. 2019). Changes were made to align with the 

type of study required under the conditions present in our laboratory. The test was 

performed after the desired OD600 was achieved. The test was conducted using black 

96-well plates (Nunc 96 flat-bottom black polystyrene, Thermo Fisher Scientific, 

Germany). Twenty microliters of each substance to be tested were pipetted into the 

wells in sextuplicate, and 100 microliters (Õl) of bacterial suspension were transferred 

to each well. Bioluminescence values were measured at different time points using the 

TECAN InfiniteÈ 200 PRO microplate reader (Tecan Trading AG, Mªnnedorf, 
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Switzerland). The plates were left in the plate reader for acute toxicity, and 

bioluminescence was measured at 0, 0.25, 0.5, 0.75, and 1 hour.  

For chronic toxicity testing, bioluminescence values were measured at additional time 

points: 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h. After each measurement, the 

covered plates were incubated at room temperature by shaking at 90 rpm using an 

Edmund B¿hlerSwip KS-10 (Edmund B¿hler GmbH, Bodelshausen, Germany). 

Bioluminescence values were evaluated by calculating the relative bioluminescence 

values compared to the non-treated control group of bacteria. The control group 

consisted of untreated bacteria in a growth medium and was present in every plate 

measured. 

3.2.7. Statistical Analysis and Data Presentation 

Microsoft Excel (Microsoft 365, Redmond, WA, USA) and JASP software (version 

0.19.1.0, University of Amsterdam, Amsterdam, The Netherlands) were used to 

generate graphs and conduct descriptive analyses.  

Descriptive statistics were generated through JASP software (version 0.19.1.0).  

Normality was assessed through the Shapiro-Wilk test. For variance homogeneity, 

Leveneôs test was used. 

The mean values for normally distributed data were determined through one-way  

ANOVA. Post hoc analyses (Tukey, Bonferroni, Dunnôs tests) were used to determine 

the significance between the data compared. The results are presented as mean Ñ 

standard deviation (SD). A p-value of less than 0.05 was considered statistically 

significant. For variance homogeneity, Welchôs adoption was applied, while for non-

parametric data, Kruskal-Wallis analysis was used. 

Adobe Illustrator (version 25.0.1,  Adobe Inc., Adobe Illustrator 2024, San Jos®, CA, 

USA) was used to present and convert the heatmaps shown later in the thesis.  
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4.1. Cultivation and Maintenance of A. fischeri 

Before using A. fischeri as a biosensor for the studies conducted for this thesis, 

cultivation, optimization, growth, and bioluminescence stabilization under the 

conditions in which the tests were going to be performed were the first measurements 

taken.  

After successfully growing and maintaining the bacterial cultures in the lab, they 

underwent various trials to cultivate them on different models. This study part was 

conducted to check and establish a constant growth and bioluminescence rate of the 

bacteria to go on further with the short- and long-term toxicity measurements for the 

ñAquatoxò test, especially as there is still no official standardization of long-term 

toxicity testing, but also A. fischeriôs bioluminescence is sensitive and changes from 

different factors, which can lead to results that might not be replicable (Backhaus et 

al. 1997; Froehner et al. 2000; Froehner et al. 2002; Da Silva et al. 2020; Silva et al. 

2021; Rose and Morris 1979; Abbas et al. 2018). 

By having this information, first, I analyzed the growth of A. fischeri under controlled 

conditions. Only a little growth from 0 to 3 hours post-inoculation (lag-phase) was 

observed (Figure 11). This was followed by a log-phase from 3 h to 10 h, reaching a 

maximum OD600 of 0.12. Between 10 and 12 h, the typical bacterial stationary growth 

phase was observed, after which the OD600 dropped to 0.06 between 12 and 21 h. 

Instead of falling into the death phase, a slight increase between 22 to 24 h is observed. 

Notably, the measured growth curve deviated from the growth curve described in 

published literature (Figure 12) (Silva et al. 2021). This variation can be attributed to 

specific methodological differences in the experimental setup. Unlike the standard 

practice of cultivating bacteria in Erlenmeyer flasks with high shaking intensity and, 

therefore, high oxygen transfer rates, the bacterial culture in this study was grown in a 

96-well plate with a lid and subjected to a lower shaking speed of 90 rpm. 

In contrast, the published article measured growth and bioluminescence (BL) time up 

to 70 h, constantly refreshing the cultures, whereas our study measured for 24 h, 

following the same protocol and growth conditions used in the later ñAquatoxò test 

(meaning also, the same culture that was applied at 0 h remained up until 24 h), which 

likely contributed to a faster reduction in optical density. The controlled conditions, 

including limited oxygen availability due to the small well volumes, may have further 
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impacted the growth dynamics, as substantial amounts of oxygen are necessary to 

sustain bioluminescence activity. Despite these differences, the overall clustering of 

growth patterns was consistent in every plate and experiment, ensuring the reliability 

of the experimental outcomes and similarity with the typical bacterial growth curve. 

 

Figure 11: Measured growth curve of A. fischeri in 24 hours 

 

 

 

Untreated A. fischeri bioluminescence readings were performed to determine the initial 

light intensity levels for upcoming tests (Figure 13). The bioluminescence behavior 

showed a distinct peak at 0.75 h, followed by subsequent peaks at 4 and 12 hours. The 

BL showed an additional increase between 8 h and 12 h, but it did not reach the same 

level as the peak at 0.75 h. The experimental conditions, including bacterial growth in 

small wells under low-speed shaking at 90 rpm, likely restricted oxygen availability, 

which is essential for bioluminescence-producing enzymatic reactions. The luciferase-

mediated oxidation of luciferin requires oxygen as a substrate to produce light in A. 

fischeri (Christensen and Visick 2020).  

Figure 12: Published growth (A) and bioluminescence (BL) curve (B) of A. fischeri (Silva et al. 

2021) 
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Figure 13: Measured bioluminescence curve of A. fischeri in 24h 

 

Consequently, reduced oxygen levels could have suppressed bioluminescence. In this 

research, keeping a constant BL curve in every experiment was more important, rather 

than finding ways to increase oxygen, because the bacteria had to adapt to the 

conditions of growing in the small wells of the plates that would be used for later tests. 

In this case, letting the bacteria adapt on their own BL cycle instead of promoting 

conditions to maintain it was more beneficial.  

 

4.2. Determination of Bioluminescence of A. fischeri 

on Gut Biopsies 

This section is part of an already published article: "Improving the Bioactivity of 

Norfloxacin with Tablets Made from Paper," by Abdelkader, A.A.; Nallbati, L.; and 

Keck, C.M. in Pharmaceutics 15(2):375, January 2023. 

 

For this part of the work, A. fischeri was applied in an ex vivo gut biopsy model to 

evaluate its suitability as an indicator for antimicrobial activity. Within this 

collaborative study, my contribution focused on establishing the bacterial test system, 

including the preparation and conservation of A. fischeri cultures for use on the porcine 

gut tissues, as well as the development of a reliable photography protocol to document 

bioluminescence over time to determine the antimicrobial activity of Norfloxacin 

SmartFilms in an ex vivo gut model, aiming to observe the successful growth and 

bioluminescence of A. fischeri on the porcine gut (Abdelkader et al. 2023). To achieve 
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this, a growth on a porcine ex vivo gut model and a sample documentation protocol 

were determined before the study itself. The cultivation and growth are already 

described in Materials and Methods.  

Different trials were first conducted to document the bioluminescence through 

photography, until the correct settings were determined as follows (Figure 14):  

 

1. The camera was positioned 31 cm above the agar plates containing the already 

grown bioluminescent bacteria.  

2. The camera settings were set to: aperture f/1.8, ISO 800, and a 30-second 

shutter speed.  

 

 

 

 

 

 

 

 

 

 

 

This setup provided a reliable method to analyze bioluminescence intensity over time. 

Initial trials established baseline bioluminescence intensities for untreated bacteria, 

with subsequent comparisons against physical mixture and SmartFilm formulations. 

Untreated bacteria exhibited stable bioluminescence across the 0, 8, and 12-hour 

measuring time points. In contrast, the SmartFilm tablets demonstrated significant 

bioluminescence suppression within 8 hours, outperforming the physical mixture 

(Figure 15).  

 

Figure 14: Schematic visualization of the camera setting to observe the bioluminescence over time (left) 

and the real camera setting (right) 

The camera was installed on a holder with the agar plates in the same position every time 
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By 12 hours, the visual differences between formulations became less distinguishable, 

underscoring the importance of quantitative evaluation. The results showed higher 

efficacy of SmartFilm tablets in inhibiting bioluminescence and bacterial activity. To 

provide constant bioluminescence inhibition for testing, the pattern of sterile cotton 

swabbing was always the same and was only performed by the same person, to ensure 

reliable results and growth pattern on the agar plates. Through this setup, an apparent 

suppression of bioluminescence was observed after application of the SmartFilm 

formulation, confirming its enhanced antibacterial activity compared to the physical 

mixture (Abdelkader et al. 2023). 

 

This method achieved reproducible results, which were also published (Abdelkader et 

al. 2023). Through this analysis, it was successfully determined that SmartFilm tablets 

demonstrated approximately double the antibacterial activity compared to physical 

mixture tablets, reducing bacterial bioluminescence by 68% versus 39 %, respectively, 

after 12 hours, pointing out the faster release of norfloxacin from the SmartFilm tablets 

(Figure 16). 

Figure 15: Difference of bioluminescence on the cotton swabs taken from gut biopsies 

The cotton swabs are taken from the gut biopsies inoculated with A. fischeri. Untreated bacteria samples, as 

well as physical mixture and SmartFilmïtreated samples, were collected at different time points 
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4.3. Determination of Bioluminescence of A. fischeri 

on Skin Biopsies 

4.3.1.  Alteration in Biophysical Properties of the Skin 

To ensure reliable experiments with A. fischeri, it was necessary to disinfect the 

porcine skin to remove the skin's own microbiome as much as possible. However, 

disinfection itself may alter skin properties relevant for assays. Therefore, this study 

investigated the effect of OcteniseptҀ on transepidermal water loss (TEWL), pH, and 

elasticity of the ex vivo porcine skin, using both intact and barrier-disrupted skin 

models. Barrier disruption was achieved chemically through acetone or mechanically 

through a DermarollerҀ. On intact skin, application of OcteniseptҀ did not significantly 

change TEWL, elasticity, or pH (Figure 17 - Figure 19). 

 

 

 

 

Figure 16: Ex vivo antibacterial activity (as measured by the luminescence of A. fischeri) after treatment 

with norfloxacin-loaded smartFilm tablets compared to physical mixture tablets. Reprinted from 

(Abdelkader et al. 2023) 
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Figure 17: Transepidermal water loss of the skin before and after disinfection with Octenisept ̓and 

manipulation through Acetone and DermarollerÈ 

 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 

 

What changed the skin's TEWL and pH values was the manipulation of the skin, and 

not the disinfection.  

Chemical manipulation does not affect the TEWL in contrast to intact skin. On the 

other hand, the mechanical one results in significant changes (p < 0.001 compared to 

intact skin and chemical manipulation with and without disinfection) (Figure 17). 

While the elasticity of the skin remains completely unaffected by manipulation or 

disinfection (Figure 18), the pH (Figure 19) shows a significant reduction only on the 

disinfected, manipulated skin compared to disinfected intact skin (p < 0.01).  

The most essential aim of this part of the study, to determine if the skin can be 

disinfected with OcteniseptҀ and still not be affected by it, is achieved, as its 

application does not present any significant influence on the tested skin properties, 

regardless of the manipulation type, and can therefore be used as a disinfectant in 

subsequent A. fischeri bioluminescence assays. 
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Figure 18: Changes of elasticity on the skin after disinfection with Octenisept ̓È and chemical and 

mechanical manipulation  

Data shows no significant change. 

 

 

Figure 19: pH value changes before and after skin disinfection with Octenisept ̓and chemical and mechanical 

manipulation 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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4.3.2. Observation of Bioluminescence on the "Artificial 

Microbiome Layer" 

As described in the Aims of the Thesis, this part of the study aimed to establish an 

"artificial microbiome layer" on the skin to examine its potential behavior under 

chemical and mechanical manipulation.  

When comparing bacterial inoculation on agar versus skin (Figure 20), 

bioluminescence was approximately eight times higher on agar (9.83 Ĭ 10  RLU on 

agar compared to 1.18 Ĭ 10  RLU on the skin), as expected. This difference is 

attributed to agar's nutrient-rich composition, which promotes bacterial viability and 

sustained bioluminescence. On the other hand, A. fischeri faces challenges adapting to 

the skin environment as a non-native inhabitant of porcine skin.  

Disinfection results in significant bioluminescence inhibition only when applied to 

agar plates (p < 0.001); otherwise, it does not affect the bioluminescence intensity on 

the skin. On the contrary, the bioluminescence on the skin shows the same potency for 

the intact and disrupted skin, indicating that the application of OcteniseptÈ does not 

reduce the bioluminescence to significant levels.  

Figure 20: Bioluminescence behavior on skin and agar before and after chemical/mechanical 

manipulation and disinfection 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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4.4. Determination of Bioluminescence of A. fischeri 

in the Aquatic Environment (modified 

MicrotoxҀ-assay) 

To correctly interpret the findings presented in this chapter, it is essential to revisit the 

introduction-mentioned mode of how A. fischeri produces and regulates 

bioluminescence under the test conditions. To recapitulate, light emission arises from 

an enzyme-catalyzed reaction involving luciferase, O , aldehyde, flavin reductase, and 

NAD(P)H (Figure 21).  

 

 

 

 

 

 

 

On the other hand, bioluminescence is not a vital process for A. fischeri, which means 

that, if in contact with toxicants, bioluminescence is one of the first processes that the 

bacterium reduces or diminishes. By knowing this information, careful interpretation 

is required: ñno bioluminescenceò should not automatically be equated with ñbacteria 

are deadò unless confirmed by complementary assays.  

Standard MicrotoxҀ protocols capture acute responses within 30 minutes, but they may 

underestimate effects that only emerge after prolonged exposure. For cosmetic and 

pharmaceutical ingredients, which are often present in low concentrations but with 

significant environmental accumulation in the environment, such short-term endpoints 

are insufficient. Chronic testing is needed to capture delayed toxicity (Figure 22). 

Some ingredients/substances target the bacteria in an unspecific mode of action, which 

is reflected right away. In this case, an acute toxicity test is suitable. Regardless, 

previous studies have shown that some chemicals are toxic first after 30 min, or way 

later, at 24h (Backhaus et al. 1997; Froehner et al. 2000; Froehner et al. 2002). This 

Figure 21: Chemical reaction equation of bioluminescence production in A. fischeri 
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phenomenon happens as a result of these ingredients targeting specific pathways in the 

bacterial cell, like the synthetic pathways (Figure 22). In this study, both acute and 

chronic (0 ï to 24 h) assays were therefore performed to reflect the diverse chemical 

properties and potential modes of action of the tested substances. While acute 

inhibition highlights immediate stress responses, the chronic one provides insight into 

effects on protein synthesis and other specific pathways necessary for long-term 

bacterial function (Backhaus et al. 1997).   

 

 

4.4.1. Aquatic Toxicity of Pharmaceutical and Cosmetical 

Ingredients 

To evaluate the toxicity of commonly used ingredients in pharmaceutical and 

cosmetical formulations as individual components, both acute and chronic toxicity 

tests were successfully conducted over a 24-hour timeframe. The study focused on 

determining the impact of these substances on the bioluminescence of A. fischeri. The 

Figure 22: An overview of incubation and measurement timepoints of A. fischeri 

Presented is a summary of the processes that happen during 24 h with A. fischeri and the bioluminescence. In 

the acute phase, chemicals that do not target specifically mainly result toxic within 30 minutes. During the 

lag and chronic phase, there is little cell reproduction in general, but the most crucial part is the protein 

synthesis. Another essential time point is at 24h, where substances that potentially block the synthetic 

pathway can show inhibition. 
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relative bioluminescence of treated samples was calculated in comparison to untreated 

bacteria using the formula:  

►▄■╪◄░○▄ ╫░▫■◊□░▪▄▼╬▄▪╬▄ ►▄■Ȣ║╛
║░▫■◊□░▪▄▼╬▄▪╬▄ ◄►▄╪◄▄▀

║░▫■◊□░▪▄▼╬▄▪╬▄ ◊▪◄►▄╪◄▄▀
●  

 

The calculated relative bioluminescence value was set relative to the bioluminescence 

value of non-treated bacteria and expressed as a percentage.  

Given the many tested substances, the results were visualized as a heat map for clarity 

and ease of interpretation. This visual approach effectively compared inhibition levels 

across multiple substances and formulations. A color-coding system was conceived 

based on the observed bioluminescence behavior, with the following values defining 

the impact: 

 

Ó 100 %: enhanced bioluminescence ï The relative bioluminescence exceeds 100%. 

This enhancement may suggest that the substance promotes metabolic activity or 

interacts with the bacteria to augment their bioluminescence. 

 

100  >  85 %: no toxicity ï The relative bioluminescence ranges between 85 % and 

100 %, indicating no significant impact on bioluminescence. Substances in this 

category are considered non-toxic under the test conditions. 

 

> 85: initial toxicity ï A higher reduction in bioluminescence is observed, but the 

effect is insufficient to inhibit bacterial activity fully. This category highlights early-

stage toxic effects. 

 

> 50%: toxicity ï 50% or more of the bioluminescence is reduced, reflecting a level 

where the bioluminescence inhibition is probably toxic and already disrupting the 

bacterial metabolism. 

 

> 75%: high toxicity ï Bioluminescence is 75% reduced, or approaching 0%. In this 

case, the substance might be severely toxic.  
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Figure 23 gives an overview of the color-coding of the following heatmaps of the 

substances tested:  

 

 

 

 

 

 

 

 

 

 

 

4.4.2.     The Aquatic Toxicity of the Preservatives 

Preservatives were classified two times. First classification divides them into classical 

pharmaceutical, as crossovers (used both in pharmacy and cosmetics),  preservatives 

used in cosmetics, and others.  

The other division was based on the functional groups, as outlined in the corresponding 

heatmaps (Figure 24, Figure 25).  

Another evaluation of the results, except heatmaps, follows in graphs presenting the 

bioluminescence behavior of the preservatives classified in their specific groups, 

regardless of which formulations they are mainly used in (Figure 27, Figure 28, 

Figure 29). The last review shows the overall impact of the single substances during 

the acute phase, chronic phase, and 24 h, as the most critical checkpoints of the 

Aquatox test (Figure 30, Figure 31, Figure 32). The impact values were calculated as 

100 (meaning 100%) minus the percent value of the relative bioluminescence: 

 

╘□▬╪╬◄ ▫▪ ◄▐▄ ╫░▫■◊□░▪▄▼╬▄▪╬▄ Ϸ  □╪●░□╪■ ▬▄►╬▄▪◄╪▌▄ ○╪■◊▄Ϸ

▄○╪■◊╪◄▄▀ ►▄■Ȣ║╛ ○╪■◊▄Ϸ  

 

Setting values for rel. BL [%]  impact on A. fischeri  

> 100 enhanced bioluminescence 

100 - 85 no toxicity 

> 85 initial toxicity 

> 50 toxicity 

> 75 high toxicity 

Figure 23: Legend of the setting values of the rel. BL for 

the evaluation of the heatmap for the toxicity testing  
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The value obtained from this equation can determine if the impact on the 

bioluminescence is positive (the result has a plus value) or negative (the result has a 

minus value). 

 

Figure 24: Heatmap of tested preservatives 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced BL. 
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Organic acids (OAs) overall exhibit acute and chronic toxicity. Sorbic acid exhibits 

the lowest toxicity.  

Benzalkonium chloride is profoundly toxic across all tested concentrations and 

exposure durations, with total inhibition (0 %) observed during chronic phases, even 

at relatively low concentrations.   

Figure 25: Heatmap of the tested preservatives 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced BL. 
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Thiomersal, a preservative with notable antimicrobial properties, is predominantly 

used for eye products, including eye shadows, mascaras, and ophthalmic solutions  

(Silva Belluco et al. 2023). However, most brands do not use it due to reports of allergic 

reactions and contact dermatitis (Silva Belluco et al. 2023; Zukiewicz-Sobczak et al. 

2013; Zhu et al. 2008). It exhibited toxicity at concentrations exceeding 50 % of the 

EU regulatory limit. Although this preservative is still allowed and falls under no 

strong restrictions, its allowed concentration in the product is extremely low (0.007%). 

The rule cites as follows: ñ0.007% (of Hg). If mixed with other mercurial compounds 

authorized by this Regulation, the maximum concentration of Hg remains fixed at 

0.007%.ò In this assay, thiomersal shows that it is toxic to microorganisms, even in 

this extremely low concentration, probably due to mercury, which is a well-known 

antimicrobial agent (Rahimian et al. 2023). 

Ethanol exhibits enhanced BL in the acute phase. During the chronic phase, it remains 

well-tolerated by A. fischeri in concentrations lower than the EU regulation, with toxic 

effects manifesting only at EU-allowed concentration (20%) and higher (40%). This 

stresses the theory of the importance of chronic toxicity testing up to 24 h, where 

substances inhibiting synthetic pathways might show toxicity for the first time.  

Parabens, chemically classified as para-hydroxybenzoic acid esters, predominantly 

exhibit mild to moderate BL inhibition in the acute phase (Figure 24, Figure 25). 

Among the evaluated compounds, butylparaben and propylparaben demonstrate a 

heightened level of BL reduction in the chronic phase (lag phase - 8h), which 

undergoes a distinct transition during 10 - 24 h. By the 10th hour mark, bacterial 

adaptation appears to mitigate the toxic effects, culminating in an increase in 

bioluminescence (BL) up to the 24-hour endpoint. Ethylparaben is the most toxic 

paraben, presenting initial toxicity during the acute phase, followed by high toxicity at 

the end of the assay at 24 h. Conversely, methylparaben, in the acute phase, exhibits 

initial toxicity, followed by an unexpected increase in BL from 4 h until the end, 

constantly increasing at 24 h. Notably, a 3:1 combination of methylparaben and 

propylparaben (4-Hydroxybenzoic acid esters/Aqua conservata) disrupts BL in the 

acute phase but enhances it during the chronic phase.  

Phenolic compounds are the least problematic preservative category, exhibiting 

minimal to non-toxic impacts up to the EU concentration threshold. 2-

Hydroxybiphenyl, recognized as a potent antimicrobial agent capable of eradicating 
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bacteria and fungi in formulations (Gomis-Berenguer et al. 2023), has been deemed 

safe for cosmetic applications following toxicological evaluations (Hennessy and 

Buchwald 2002), a finding corroborated by the present study.  

Euxyl 9010 exhibits toxicity at 50% CEU. Salicylic acid exhibits significant toxicity 

during both the acute and chronic phases, particularly at concentrations exceeding 10 

% of the EU maximum concentration, or even lower at the acute phase. Salicylic acid 

falls under the Annex V (List of preservatives allowed in cosmetic products) ruling of 

the EU CosIng regulation. Since it is categorized as an irritant, the warning of this 

ingredient reads as follows: ñSalicylic acid is currently listed in Annex V (entry 3) of 

the Cosmetics Regulation (EC) No. 1223/2009 as a preservative to be used in all 

cosmetic products up to a maximum concentration of 0.5% (acid). The following 

restriction applies: Not to be used for children under 3 years old, except for 

shampoos.ò Salicylic acid, according to the same regulation, is also used as a 

medication to treat warts, as a skin peeling agent, and for other treatments thanks to its 

keratoplastic properties. Although the EU regulation is concentrated on human health, 

in this case, salicylic acid exhibits toxic patterns for aquatic microorganisms, too.  

To have a more comprehensive comparison (Figure 27, Figure 28, Figure 29), a 

comparison of bioluminescence inhibition at the acute, chronic, and 24-hour time 

points of preservatives divided into specific groups is presented.  

Quaternary ammonium compounds elicit the most pronounced inhibited rel. BL, 

reducing it to 0 % across all exposure phases (acute, chronic, and 24 h) relative to 

untreated bacteria (p < 0.001). This category is followed by organic mercury 

compounds (p < 0.001), which initially reduce rel. BL  to 2 % in the acute phase, 

subsequently increasing to 19 % in the chronic phase, and at 24 h. Preservatives in 

cosmetics exhibit rel. BL reductions of 20% (acute phase), 51% (chronic phase), and 

91% (24 h, although not statistically significant). Quaternary ammonium compounds, 

such as benzalkonium chloride, are well-documented broad-spectrum antimicrobial 

agents frequently utilized in cosmetic formulations. However, benzalkonium chloride 

is also a known allergen, with studies linking its use to contact dermatitis, particularly 

affecting the eyelids  (Amin and Belsito 2006). While this study does not assess dermal 

toxicity, benzalkonium chloride is observed to extinguish A. fischeri bioluminescence, 

a finding consistent with its established bactericidal properties. Studies have 

demonstrated its ecotoxicological impact on aquatic microorganisms, including A. 
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fischeri (Tezel et al. 2009). Its mechanism of toxicity is attributed to the disruption of 

cell membrane integrity, impairing nutrient uptake and waste expulsion (Tezel et al. 

2009; S¿tterlin et al. 2008).  

Although the toxicological effects of organic mercury compounds (thiomersal) on A. 

fischeri have not been previously investigated, their bactericidal impact on other 

sensitive bacterial species suggests a similar mode of toxicity, wherein cellular 

processes are disrupted, resulting in decreased BL (Miyashiro and Ruby 2012). 

The category of ñotherò preservatives, as corroborated by individual compound 

analyses (Figure 30, Figure 31, Figure 32), represents the third most toxic 

preservative group. Euxyl PE 9010, a mixture of ethylhexyl glycerine and 

phenoxyethanol, is classified as a ósecondary preservativeô (Heather A.E. Benson 

2019). It functions primarily as an emollient with antimicrobial properties, while 

phenoxyethanol, a broad-spectrum preservative and formaldehyde donor, has been 

implicated in allergic reactions on compromised skin (Malinauskiene et al. 2015). 

Although the toxicity of phenoxyethanol has not been previously evaluated in A. 

fischeri, its antibacterial efficacy against Gram-negative bacteria, including A. fischeri, 

has been documented (Komatsu et al. 2002).  

Organic acids (OA) exhibit a substantial reduction in relative BL, with a decline to 60 

% in the acute phase (p < 0.001), 73 % in the chronic phase (not significant), and 8 % 

at 24 h (p < 0.001). Their action likely involves pH reduction, prompting bacterial cells 

to activate proton pumps to restore homeostasis, which requires substantial energy 

expenditure and harms metabolic activity (see Figure 26).  

Parabens exhibit a complex toxicological response, with BL increasing significantly 

in the acute phase (p < 0.001), peaking at 100% during the chronic phase, and rising 

to 150% at 24 hours (Figure 27, Figure 28, Figure 29). Prior studies have primarily 

focused on the acute toxicity of parabens in A. fischeri (Terasaki et al. 2009; Lee et al. 

2018).   
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Comparatively, previous investigations reported a 40 % BL inhibition (Lee et al. 2018). 

The present study observed a 17 % reduction in the four parabens (Ethyl-, methyl-, 

butyl-, and propylparaben), a result potentially attributable to variations in 

experimental conditions, culture environments, paraben degradation, or 

methodological approaches.  

Alcohols, parabens, and phenolic compounds have the least impact on 

bioluminescence. The concentration to act as bactericides or reduce the bacterial 

number might be insufficient to disrupt all vital processes (Figure 30, Figure 31, 

Figure 32). 

 

Figure 27: Overall comparison of the bioluminescence inhibition of all the preservative groups ï acute 

phase 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 

Figure 26: Antimicrobial 

mode of action of organic 

acids (OA).  

The model is generally 

accepted as the mode of 

action for OA. Created with 

Biorender.com (2019) The 

figure is reprinted from 

(Rossi et al. 2021) 
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Figure 28: Overall comparison of the bioluminescence inhibition of the preservative groups ï chronic 

phase 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 

Figure 29: Overall comparison of the bioluminescence inhibition of the preservative groups ï 24h 

timepoint 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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4.4.3.     The aquatic toxicity of surfactants 

The surfactants were divided into four groups: classical pharmaceutical, mixed, 

cosmetic surfactants, and others (mainly not classified as surfactants, but as emollients, 

soaping, occlusives). 

A general evaluation suggests that surfactants represent the least problematic 

substance group among all tested compounds (Figure 33, Figure 34). Surfactants 

classically used in pharmaceutical formulations show the highest rel. BL inhibition 

during the lag phase, which later turns into enhanced rel. BL.  

Figure 33: Heatmap of the tested surfactants 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced BL. 
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Lanette O shows acute toxicity in the 2xCMC concentration, which then fades after 

the lag phase. Lanette N, a fatty alcohol blend, appears to be efficiently metabolized 

by A. fischeri. Research suggests that fatty alcohols play a role in regulating 

bioluminescence. Combined with long-chain fatty acids, they produce acylated 

homoserine lactones, which play a central role in quorum sensing and bioluminescence 

enhancement (Ruby et al. 2005). Glycerol-monostearate 60, which is composed of a 

glycerol backbone esterified with stearic acid and a hydroxyl group, exhibits an 

interesting metabolic response. In the acute phase, the toxicity is initial; then in the lag 

phase, the bioluminescence is inhibited. However, after four hours, toxicity declines, 

and from six hours onward, bioluminescence begins to increase. This suggests that A. 

Figure 34: Heatmap of the tested surfactants 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced BL. 
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fischeri may metabolize glycerol-monostearate 60 sequentially, first utilizing stearic 

acid, followed by glycerol, which serves as a nutrient source for luminescence 

production (Uhler and Lafferty 2014). Mixed surfactants present the highest rel. BL 

enhancement, with PEG-20 glyceryl stearate (Macrogol ï 20 ï glycerol monostearate) 

being the one that shows the highest bioluminescence of all. This is a surfactant 

containing long-chain fatty acids and appears to have the lowest toxic impact on 

bioluminescence over time. As already discussed in this thesis, long-chain fatty acids 

play a crucial role in the bioluminescence production of A. fischeri (Goh and Li 2011). 

This could explain why this surfactant enhances bioluminescence, increasing it in the 

chronic phase and having the highest peak at 24 hours (Figure 38 - Figure 40).  

The two triblock copolymers, Poloxamer 188 and Poloxamer 407, do not exhibit long-

term toxicity. However, Poloxamer 188 reduces bioluminescence during the acute 

phase.  No previous studies have investigated the impact of these compounds on A. 

fischeri, yet an interesting pattern emerges: the more hydrophobic Poloxamer 407 

presents a higher bioluminescence response than Poloxamer 188. This effect may be 

attributed to Poloxamer 407 primarily engaging in micelle formation at lower 

concentrations rather than interacting with bacterial cell membranes, which allows A. 

fischeri to maintain growth without significant disruptions.  

The typical cosmetic surfactants, PlantacareҀ, are a novel category derived entirely 

from plant-based, renewable feedstocks. They are designed for gentle applications, 

including baby care products, with an emphasis on mildness and environmental 

compatibility. However, results from the Aquatox test indicate that, except for 

PlantacareҀ 1200 UP, the two other PlantacareҀ variants exhibit both acute and chronic 

toxicity, with toxic effects becoming evident from 50% of the CMC for 810 UP and 

from as low as 10% for 2000 UP. When comparing toxicity levels within this group, 

PlantacareҀ 2000 UP and 810 UP exhibit more toxicity than PlantacareҀ 1200 UP. No 

prior studies have examined the effects of these three surfactants on A. fischeri. A 

striking observation is that PlantacareҀ 1200 UP, which possesses a longer alkyl chain 

length than 810 UP  (C12), enhances the bioluminescence up to its CMC.  

Lastly,  Octoxynol-12 and Tween 80 exhibit enhanced bioluminescence, except for the 

acute and lag phases. Although there are no direct studies for A. fischeri, these 

surfactants have been shown not to affect Gram-negative bacteria such as Escherichia 
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coli and Staphylococcus aureus (Lee et al. 2015; Figura et al. 2012). Regarding this 

information, the same effect might be happening with A. fischeri.  

In general, the surfactants show an inhibition on the acute phase, while later, the 

bacterium seems to integrate and metabolize most of them well, especially Tween 80, 

macrogol-20-glycerol monostearate, and glycerol-monostearate 60 (Figure 38 - 

Figure 40). Although Plantacares are mild and innovative surfactants, the classical 

ones (part of the classical pharmaceutical and mixed group) seem to have a more 

positive impact on the bioluminescence (Figure 35 - Figure 37). 

 

 

 

 

Figure 35: Overall comparison of the bioluminescence inhibition of all the surfactant groups ï acute 

phase 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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Figure 37: Overall comparison of the bioluminescence inhibition of all the surfactant groups ï 24h 

timepoint 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001  

Figure 36: Overall comparison of the bioluminescence inhibition of all the surfactant groups ï chronic 

phase 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 



 

RESULTS AND DISCUSSION 

 

73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
i
g
u
r
e
 

3
8: 
O
v
e
r
v
i
e
w
 
o
f
 
t
h
e
 
i
m
p
a
c
t
 
o
f
 
t
h
e
 
t
o
x
i
c
i
t
y
 
o
f
 
s
i
n
g
l
e
 
s
u
b
s
t
a
n
c
e
s
 
a
t
 
t
h
e
 

a
c
u
t
e
 
p
h
a
s
e

 

D
a
t
a
 
a
r
e
 
p
r
e
s
e
n
t
e
d
 
a
s
 
m
e
a
n
 
Ñ
 
s
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
 
(
S
D
)
.
 
T
h
e
 
a
s
t
e
r
i
s
k
s
 
i
n
d
i
c
a
t
e
 
t
h
e
 
p

-v
a
l
u
e
:
 
 
*
 
p
 
<
 
0
.
0
5
,
 
*
*
 
p
 
<
 
0
.
0
1
,
 
*
*
*
 
p
 
<
 
0
.
0
0
1

 

R
e
d
 
s
y
m
b
o
l
i
z
e
s
 
a
 
n
e
g
a
t
i
v
e
 
i
m
p
a
c
t
,
 
g
r
e
e
n
 
a
 

p
o
s
i
t
i
v
e

 o
n
e
.

 



 

RESULTS AND DISCUSSION 

 

74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
i
g
u
r
e
 

3
9: 
O
v
e
r
v
i
e
w
 
o
f
 
t
h
e
 
i
m
p
a
c
t
 
o
f
 
t
h
e
 
t
o
x
i
c
i
t
y
 
o
f
 
s
i
n
g
l
e
 
s
u
b
s
t
a
n
c
e
s
 
a
t
 
t
h
e
 

c
h
r
o
n
i
c
 
p
h
a
s
e

 

D
a
t
a
 
a
r
e
 
p
r
e
s
e
n
t
e
d
 
a
s
 
m
e
a
n
 
Ñ
 
s
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
 
(
S
D
)
.
 
T
h
e
 
a
s
t
e
r
i
s
k
s
 
i
n
d
i
c
a
t
e
 
t
h
e
 
p

-v
a
l
u
e
:
 
 
*
 
p
 
<
 
0
.
0
5
,
 
*
*
 
p
 
<
 
0
.
0
1
,
 
*
*
*
 
p
 
<
 
0
.
0
0
1

 

R
e
d
 
s
y
m
b
o
l
i
z
e
s
 
a
 
n
e
g
a
t
i
v
e
 
i
m
p
a
c
t
,
 
g
r
e
e
n
 
a
 

p
o
s
i
t
i
v
e

 o
n
e
.

 



 

RESULTS AND DISCUSSION 

 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
i
g
u
r
e
 

4
0: 
O
v
e
r
v
i
e
w
 
o
f
 
t
h
e
 
i
m
p
a
c
t
 
o
f
 
t
h
e
 
t
o
x
i
c
i
t
y
 
o
f
 
s
i
n
g
l
e
 
s
u
b
s
t
a
n
c
e
s
 
a
t
 
t
h
e
 
2
4

-h
o
u
r
 
t
i
m
e
p
o
i
n
t

 

D
a
t
a
 
a
r
e
 
p
r
e
s
e
n
t
e
d
 
a
s
 
m
e
a
n
 
Ñ
 
s
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
 
(
S
D
)
.
 
T
h
e
 
a
s
t
e
r
i
s
k
s
 
i
n
d
i
c
a
t
e
 
t
h
e
 
p

-v
a
l
u
e
:
 
 
*
 
p
 
<
 
0
.
0
5
,
 
*
*
 
p
 
<
 
0
.
0
1
,
 
*
*
*
 
p
 
<
 
0
.
0
0
1

 

R
e
d
 
s
y
m
b
o
l
i
z
e
s
 
a
 
n
e
g
a
t
i
v
e
 
i
m
p
a
c
t
,
 
g
r
e
e
n
 
a
 

p
o
s
i
t
i
v
e

 o
n
e
.

 



 

RESULTS AND DISCUSSION 

 

76 

 

4.4.4.     The aquatic toxicity of fragrances 

Figure 41: Heatmap of the tested fragrances 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced 

BL. 
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Figure 42: Heatmap of the tested fragrances 

Red symbolizes bioluminescence inhibition. Green indicates unaffected BL, and blue indicates enhanced BL. 
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The fragrances were categorized according to their chemical structure to observe how 

specific functional groups or molecular arrangements influence their interactions with 

biological systems.  

In general, the fragrances, despite their fluctuations in bioluminescence observed 

throughout timepoints, show consistent toxicity (acute and chronic) (Figure 41, 

Figure 42).  In the acute phase, salicylaldehyde, Laurus nobilis oil, lavender oil, and 

turpentine oil do not exhibit acute toxicity. Alcohols present early bioluminescence 

inhibition. Farnesol shows adverse effects as soon as one hour post-exposure, making 

it the most toxic compound within its category. Geraniol follows as the second most 

inhibiting, inducing BL reduction at just 50 % of the EU permissible concentration. 

Aldehydes demonstrate a consistent pattern of rel. BL inhibition in the chronic phase, 

with cinnamal causing adverse effects even at minimal concentrations, as low as 0.1 

% of the EU-approved threshold.  

Camphor, however, appears to be tolerated within the 6ïto 12 h timeframe, showing 

improved rel. BL, which is reduced again at the 24 h time point.  

Coumarin, the sole representative of the esters, induces acute BL inhibition when 

concentrations exceed 50 % of the EU-allowed concentration. However, in the lag 

phase and at 24 h, all the prepared concentrations result in BL reduction. 

Terpenoids and phenols, by contrast, appear to be the least BL-inhibiting category. 

Alpha-phellandrene and turpentine oil exhibit the lowest toxicity levels within their 

group and across all tested fragrances. Alpha-phellandrene induces acute toxicity only 

at concentrations exceeding 50 % of the EU-permitted limit.  

All tested concentrations initially induce acute toxicity during the lag phase; however, 

after 4 hours, bioluminescence undergoes modification. Notably, eucalyptus oil begins 

to exhibit toxicity from the first hour after exposure and progresses to chronic toxicity 

until the 24-hour mark.  

Laurus nobilis oil, on the other hand, initially increases bioluminescence during the 

acute phase before transitioning into an initial toxicity phase, potentially making it a 

lesser concern.  

Aliivibrio fischeri tolerates lavender oil for up to 24 h, after which all tested 

concentrations exhibit toxic effects.  
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Patchouli oil does not appear to be problematic at concentrations lower than the EU 

limit in either the acute or chronic phase. However, toxicity is observed at and beyond 

the EU-permitted level at 24 h.  

Turpentine oil exhibits initial toxicity during the lag phase, which lasts up to three 

hours, followed by an increase in bioluminescence in the acute phase and the 4-to 24 

h time period.  

Meanwhile, vanillin transitions from an initially inhibiting profile to exhibiting 

complete toxicity at concentrations exceeding 50 % of the EU-permitted threshold. 

Notably, lower than 50% CEU shows an increase of the BL in the acute phase, but turns 

inhibiting throughout the whole chronic phase until 24h.   

A broader analysis of the fragrance groups regarding acute toxicity indicates that all 

tested fragrances significantly alter bioluminescence (p < 0.001, Figure 44). The most 

substantial decline in bioluminescence is observed among aldehydes and ketones, 

which reduce relative bioluminescence to 70 %.  

Esters follow closely, with a reduction to 79 %, while alcohols cause an inhibition to 

89 %. Interestingly, terpenoids and phenols increase bioluminescence by 108 %.  

During the chronic phase (3 h to 12 h) (Figure 45), all fragrance groups contribute to 

an overall increase in bioluminescence (not significant), with aldehydes and ketones, 

followed by alcohols, and lastly, terpenoids/phenols, increasing the BL by around 10%.  

By the 24-hour mark (Figure 46), bioluminescence declined across all groups, with 

esters emerging as the most inhibiting, displaying a relative bioluminescence of 44 % 

(p < 0.01). In contrast, terpenoids and phenols maintain relatively high 

bioluminescence levels at 84 %. 

A more detailed assessment of individual fragrances tested during the acute, chronic, 

and 24 h  phases highlights a consistent toxicity pattern among specific alcohols and 

aldehydes (Figure 47 - Figure 49).  

Benzyl alcohol, geraniol, cinnamal, and vanillin consistently negatively affect 

bioluminescence across all time points, marking them as the most toxic fragrances. 

Notably, benzyl alcohol, which also serves as a preservative, may prolong its harmful 

effects due to its antimicrobial properties. While no prior studies have examined its 

toxicity in A. fischeri, its well-documented antimicrobial nature (listed as a 

preservative under Eu CosIng) likely explains its prolonged impact on 

bioluminescence.  
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Conversely, geraniol, cinnamal, and vanillin, which are classified as nature-identical 

compounds (NIC), have been extensively studied. Their toxicity to A. fischeri is 

primarily linked to their ability to disrupt the bacterial outer membrane, potentially 

leading to leakage of intracellular content, as illustrated in Figure 43. The same study 

indicates that menthol and eucalyptus oil have a similar effect on A. fischeri. Their 

mechanism of action consists of increasing the permeability of the bacterial cell 

membrane, which causes leakage of cell contents, leading to inhibition of quorum 

sensing, which is the leading mechanism of bioluminescence production in A. fischeri 

(Rossi et al. 2021). Interestingly, the only fragrances from all the tested ones positively 

impacting bioluminescence at 24 h are alpha-phellandrene and turpentine oil. There 

are no specific studies to back up the obtained results. Alpha-phellandrene shows 

enhanced BL at 24 h. The speculation for such results might be either a hormetic effect, 

where the bacteria might have already metabolized the substance during the 

replication, and the amount of the substance left might enhance the BL at low 

concentrations, rather than show toxicity. As shown also on the heatmap (Figure 42), 

the inhibition is higher from 0 to 4 h, where the toxicity lowers with increasing time. 

Turpentine oil shows toxicity in the lag phase, also known as the adaption phase. The 

allegation for this phenomenon might be the same as in alpha-phellandrene, with the 

only difference being that during the first hour, as seen on the heatmap, turpentine oil 

shows enhanced bioluminescence, and the inhibition happens between 2 to 4 h. At 

these times, the respiration might be disturbed. Later, the bacteria might get used to 

the stress environment, probably because the concentration of both these substances is 

not high enough to have an antimicrobial effect, and such, the bacteria make 

themselves compatible with the environment. 
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Figure 43: Antimicrobial mode of action of nature-identical compounds (NIC). Botanicals 

can have different targets to exert their antimicrobial mode of action (1ï6). Reprinted from 

(Rossi et al. 2021) 

Figure 44: Overall comparison of the bioluminescence inhibition of all the fragrance  groups ï acute 

phase 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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Figure 45: Overall comparison of the bioluminescence inhibition of all the fragrance  groups ï chronic 

phase 

The data present no significance. 

Figure 46: Overall comparison of the bioluminescence inhibition of all the fragrance  groups - 24h 

timepoints 

Data are presented as mean Ñ standard deviation (SD). The asterisks indicate the p-value:  * p < 0.05, ** p < 

0.01, *** p < 0.001 
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