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ABSTRACT 

The worldwide rise in material and chemical usage, especially plastics, has raised 

significant concern over their long-term effects on the environment and human 

health. As a result, there is a growing interest in sustainable alternatives, leading 

to the development of innovative bio-based monomers and polymers from renew-

able resources. Although these options are intended to reduce reliance on fossil-

derived plastics, their safety is not assured; some bio-based monomers, polymers, 

or their degradation products may still be toxic. This underscores the need for a 

thorough environmental evaluation of such alternatives. 

This thesis investigates the environmental risks associated with bio-based 

materials, including isosorbide-based acrylates and methacrylates, PLA-derived 

acrylates, lignin-based methacrylates, and amines used in CO2 capture and 

“switchable water” solvent systems. A series of aquatic ecotoxicological assays 

using bacteria (Alivibrio fischeri, Escherichia coli), vascular plants (Spirodela 

polyrhiza), and invertebrates (Thamnocephalus platyurus, Daphnia magna) 

revealed that some monomers, especially acrylates, exhibited moderate to high 

toxicity, while their corresponding polymers were mainly non-toxic. Cytotoxicity 

testing on human HeLa cells further indicated a significant reduction in toxicity 

upon polymerization. Ecotoxicological evaluation of amines used in CO2 

capturing technologies revealed that these compounds are relatively safe towards 

aqueous life, except for the more hydrophobic diamines, which should be care-

fully considered. Furthermore, biofilm analysis on various materials showed that 

bacterial colonization patterns depend on the type of material, with conventional 

plastics and coated paperboard supporting distinct microbial communities. These 

biofilms include taxa with known biodegradability, highlighting their ecological 

significance.  

Overall, these findings emphasize that the chemical toxicity and microbial 

interactions of new bio-based materials need to be carefully assessed prior to their 

wider use. This comprehensive evaluation is essential to ensure that such materials 

not only lower carbon emissions but also safeguard environmental and human 

health. 
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INTRODUCTION 

The demand for materials and chemicals is growing every year, and simultane-

ously, concerns about their impact are also growing, as the increasing production 

and use lead to various detrimental climate and environmental effects. Currently, 

the chemical industry mainly uses raw materials derived from fossil fuels, which 

not only contribute to greenhouse gas emissions but also depend on non-renew-

able resources that are expected to become increasingly scarce in the future. Con-

ventional plastic materials, such as polypropylene, polyethylene, and poly-

styrene, have excellent performance and economic advantages, but they pose 

significant environmental problems due to their persistence in ecosystems, low 

recycling efficiency, and contribution to global pollution. Because of this, there 

is a need to transition from traditional fossil-based production systems to more 

sustainable alternatives. 

Green chemistry has emerged as a guiding framework for the development of 

more sustainable chemical processes and materials. The principles of green 

chemistry emphasize, e.g., the use of renewable feedstocks, the development of 

safer chemicals with reduced toxicity, increased energy efficiency, and the 

promotion of (bio)degradable end products. This approach has spurred research 

into bio-based polymers and materials derived from renewable sources such as 

agricultural crops and lignocellulosic biomass. These bio-based alternatives 

alleviate our dependence on fossil resources while potentially offering improved 

environmental profiles through carbon-neutral or carbon-negative life cycles. 

Life cycle analysis is used to estimate the influence of new materials on the 

environment, which also includes toxicological assessment.  

The transition to bio-based materials also has challenges. The assumption that 

“bio-based equals green” cannot be taken as granted and requires careful exami-

nation through a comprehensive environmental risk assessment and toxicological 

evaluation. Recent studies have shown that several biomaterials can exhibit toxi-

city levels similar or even higher compared to their conventional counterparts, 

highlighting the critical importance of careful safety assessment throughout the 

life cycle of these materials. This includes not only the final polymer products, 

but also monomers and intermediates that may exhibit higher biological activity 

and may be released during production, use, or degradation. 

In parallel with the development of bio-based materials, carbon capture and 

utilization technologies have emerged as additional strategies for environmental 

sustainability. Carbon capture and storage (CCS) technologies, including chemi-

cal absorption processes using amine-based solvents, offer promising approaches 

to reducing atmospheric CO₂ concentrations. In addition, new technologies such 

as “switchable water” processes provide energy-efficient alternatives for sepa-

rating organic compounds from aqueous solutions, solving one of the major chal-

lenges in biomass-based chemical production. 

The aquatic environment serves as an endpoint for many anthropogenic pol-

lutants, making aquatic ecotoxicology an important area in the evaluation of new 
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materials and chemicals. Standard ecotoxicological tests using a variety of orga-

nisms at different trophic levels – from bacteria and algae to crustaceans and fish 

could provide important data for understanding the potential environmental 

impacts of new materials relatively quickly. In addition, cytotoxicity assessments 

give information about potential risks to human health, which is also important 

as bio-based materials find use in food packaging, consumer products, and bio-

medical devices. An additional consideration when assessing the environmental 

impact of both conventional and biomaterials is their interactions with microbial 

communities through the formation of biofilms on plastic surfaces. These bio-

films can influence material degradation processes and serve as reservoirs for 

pathogens and antimicrobial resistance genes, adding another dimension to the 

environmental and health impacts of plastic materials in aquatic and terrestrial 

environments. 

In this thesis, the primary focus was to evaluate the environmental risk of 

novel bio-based materials and compounds used in green technologies. Firstly, the 

effects of isosorbide-based acrylate and methacrylate monomers and their cor-

responding polymers were evaluated toward bacteria, vascular plants, and 

invertebrates. Also, the toxicity level of isosorbide-based industrially relevant 

latexes was determined using bacteria. Secondly, the toxicity level of lactate 

amide acrylic monomers and polymers developed from PLA bags was evaluated 

on several aquatic organisms. Furthermore, the cytotoxicity of lignin-derived 

aromatic methacrylate monomers and their corresponding polymers was estab-

lished on an immortalized cell line, HeLa. Additionally, environmental risk 

assessment for amines used in CO2-capturing and “switchable water” processes 

was evaluated on aquatic organisms. Finally, biofilms formed in aquatic and 

terrestrial environments on different conventional and bio-based polymers, and 

coated paperboards used as packaging materials were analyzed and compared. 

Overall, this work advances understanding of the environmental and ecotoxico-

logical implications of emerging biobased materials, supporting the safer design 

and deployment of low carbon technologies. The findings can lead to the develop-

ment of next-generation bio-based materials that minimize ecological harm and 

promote sustainability. 

  



13 

1. LITERATURE OVERVIEW 

1.1 Sustainable chemical materials and processes 

1.1.1 Green chemistry 

Green chemistry is the approach to the chemical design of products and processes 

that aims to minimize the environmental impact.1 The main principles of green 

chemistry include using renewable feedstock, designing safer chemicals with re-

duced toxicity, enhancing energy efficiency, and promoting (bio)degradability of 

end products (Fig. 1).2 These principles guide academia and industry to find 

creative and innovative ways to reduce waste, save energy, and discover sub-

stitutes for hazardous substances. 
 

  

Fig. 1. The 12 principles of green chemistry (the figure is based on data published in 

ref. 3). 
 

The need to transition from conventional methods and materials to more sustain-

able ones is a result of growing environmental concerns. Pollution threatens 

human health and the ecosystems, with rising carbon emissions from various 

human activities contributing to global environmental change.4 Nowadays, most 

organic chemicals and materials are derived from fossil-based feedstock.5 Fossil-

based feedstock mainly consists of light petroleum fraction, but it can also be coal 

or natural gas. Most fossil fuels formed during the Carboniferous Period between 

362–286 million years ago,6 and are considered non-renewable, limiting their 

future availability. Moreover, our current extensive exploitation of fossil carbon 

is the main contributor to increasing carbon dioxide levels in the atmosphere.7 

While underground, the carbon is safely stored. However, when extracted and 

used as a fuel or a source for materials, most of this fossil carbon is eventually 

converted into additional CO2 in the atmosphere.  
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Conventional plastic materials such as polypropylene (PP), polyethylene (PE), 

polyvinyl chloride (PVC), polyurethane (PUR), polystyrene (PS), are produced 

from fossil-based resources (Fig. 2). However, new plastics can also be produced 

from alternative sources – such as plastic waste, or carbon obtained through the 

carbon capture technologies. There are two main methods to recycle plastic 

waste: mechanical recycling, which consists of shredding and remolding, and 

chemical recycling, in which the plastic waste is broken down into its basic che-

mical components (monomers or other chemicals) and re-polymerized into new 

materials.8 Over the past few decades, plastic production has increased expo-

nentially due to its wide use in packaging, construction, healthcare, electronics, 

and transportation applications.9 Plastic is a synthetic polymer material composed 

of a long chain of repeating units, called monomers, attached to each other.10 

Monomers are small molecules that combine with other molecules of the same or 

different type to form a polymer through chemical reactions.11 Plastics also often 

contain various additives to improve performance and functionality. Common 

fossil-based monomers used in plastic production include, e.g., ethylene, pro-

pylene, vinyl chloride, and styrene.  

 

 
Fig. 2. a) The sources for plastic production from 2018 to 2023; b) World plastic pro-

duction in 2023 (the figure is based on data published in ref. 14). 

 



15 

Plastics derived from petroleum-based monomers are lightweight, cheap, and 

easy to process.12 Unfortunately, however, they have become a serious environ-

mental threat due to poor recycling efficiency and their resistance to aging and 

degradation, which may lead to contamination after disposal.13 Also, green 

chemistry principles suggest avoiding fossil feedstock and replacing it with 

renewable bio-based feedstock as a more sustainable alternative.  

A renewable bio-based feedstock is a source obtained from recently living 

organisms, such as plants, algae, and microorganisms, which can be naturally and 

quickly replenished. If used responsibly, it is considered a sustainable alternative 

to fossil-based feedstock, supporting the transition to a circular economy and 

reducing environmental impact.15 In contrast to fossil feedstock, which releases 

CO2, bio-based feedstock absorbs CO2 from the atmosphere via photosynthesis 

during growth. Even when bio-based materials are decomposed or burned, they 

release CO2, but this CO2 can be absorbed again by new plants, maintaining a 

balanced carbon cycle rather than adding new carbon to the atmosphere. Because 

of that, their use can be carbon neutral or even carbon negative, especially when 

combined with sustainable agricultural practices or carbon capture techno-

logies.16 

Bio-based feedstocks are generally divided into three generations based on 

source and sustainability.17 First-generation feedstocks comprise traditional agri-

cultural crops such as corn and sugar cane. Second-generation feedstocks include 

lignocellulose biomass, agricultural waste, and residues, offering a more sustain-

able alternative as non-food biomass. Third-generation feedstocks are derived 

from unconventional sources, such as algae and other microorganisms, which 

have the potential for higher productivity. Typically, the biomass is first converted 

into platform chemicals, small molecules that serve as key intermediates in the 

production of a wide range of materials, which can be further converted into 

different bio-based polymers or other products.18  

The environmental impact of different feedstocks, products, or processes can 

be evaluated and compared using life-cycle assessment (LCA). LCA is an 

analytical method for evaluating various effects of a product or process on the 

environment during its entire life cycle.19 According to the principles of green 

chemistry, LCA allows for the quantification of how changes in chemical design, 

material sourcing, or processing can help to decrease emissions, reduce toxicity, 

and increase sustainability. Toxicological impacts (such as human health risks, 

ecotoxicity, and bioaccumulation) are a part of LCA analysis.20 Because LCA 

results are numeric and standardized, they enable comparisons between different 

materials under the same conditions, giving an opportunity to develop more 

sustainable production systems. 

 

1.1.2 Bio-based polymers 

Bio-based polymers are materials fully or partially produced from bio-based feed-

stock. Currently, bio-based plastic takes up approximately 1% of global plastic 

production (Fig. 2).21 However, it is expected that the production of bio-based 
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plastics will increase significantly in the coming years due to the growing demand 

for such materials. 

Lactic acid, derived from biomass through carbohydrate fermentation or 

chemocatalytic processes, is a widely used platform chemical in producing bio-

based materials.22 The most common product derived from lactic acid is a poly-

lactic acid (PLA) polymer.23 High molecular weight PLA is generally obtained 

via polycondensation of lactic acid or ring-opening polymerization of lactide 

(Scheme 1).24  

 

 

Scheme 1. Ring-opening polymerization of lactide to produce PLA.22  

 

PLA has advantages such as excellent biocompatibility, easy processability, and 

sufficient mechanical properties, which make it suitable for a wide range of appli-

cations: single-use plastics, textiles, food packaging, and biomedical products.23,25 

However, there are problems such as brittleness, limited thermal stability, rela-

tively low glass-transition temperature (Tg = 58 °C), poor recyclability, and the 

need for industrial composting conditions for degradation.26 Many studies have 

investigated modifying PLA or changing its molecular structure to improve its 

properties.27,28 For example, adding Pinus sylvestris (Scots pine) char to PLA 

composite increased its tensile strength by 98%, and the bending strength by 25%, 

compared to that of pure PLA.29 The palm fiber-reinforced PLA composites with 

bran filler composite have Tg = 125 °C, which is significantly higher compared 

to regular PLA.30 Also, industrial degradation of the PLA into CO2 and H2O 

occurs only under controlled environmental conditions such as temperature 

(usually around 58 °C), pH, and moisture content.31 Chemical depolymerization 

can be a good solution in converting PLA into valuable chemicals using alcohols 

and amines.32 For example, the reaction of PLA with ethanolamine followed by 

derivatization of the resulting lactate amide with methacrylic anhydride has been 

shown to be promising for producing photocurable resins for 3D printing 

(Scheme 2).33 Alternatively, diamines have been explored to synthesize valuable 

diol derivatives that, when reacted with dicarboxylic acids, yield poly(esteramide) 

structures with tunable properties when reacting with dicarboxylic acids.34  
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Scheme 2. Synthesis of dimethacrylate ester from PLA for 3D printing.33 

 

Isosorbide is another intensively investigated bio-based platform which is pro-

duced on a commercial scale. It is derived from sorbitol via double dehydration 

and is used as a building block to produce various polymers such as polyesters, 

polyethers, polycarbonates, polyterephthalates and polyurethanes (Fig. 3).35–38 In 

all these polymers, isosorbide is part of the main polymer chain. 

 

Fig. 3. Isosorbide-based polymers.35–38 

 

For example, the UV and scratch-resistant isosorbide-containing polycarbonate 

DURABIOTM is offered by the Mitsubishi Chemical Corporation and used in the 

car industry, for sunglasses production, and other purposes.39 However, studies 

by our and other groups have shown that various isosorbide-based monoacrylate 

and monomethacrylate monomers can also be prepared.40–45 Such monomers can 

undergo radical homo- or co-polymerization and afford corresponding polymers 

where the isosorbide units form pendant side groups attached to all-carbon back-

bones (Scheme 3). Isosorbide-based polymethacrylates have good thermal pro-

perties, e.g., glass-transition temperatures (Tg) are up to 168 °C and thermal 

stabilities up to approximately 250 °C.43 These thermoplastic isosorbide poly-

(meth)acrylates offer viable bio-based alternatives as a potential replacement of 

PMMA, PS, and other fossil-derived counterparts in coatings, adhesives, and 

engineering plastics. 
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Scheme 3. Synthesis and polymerization of isosorbide monomethylacrylate substituted 

with an aryl side group.43 

 

Another widely available biobased raw material is lignin. It is a part of the 

lignocellulosic biomass. Lignin has a highly crosslinked polyphenolic structure, 

and after cellulose, it is the second most abundant biopolymer from wood.46 It 

comprises three main phenylpropanoid units: hydroxyphenyl, guaiacyl, and 

syringyl (Fig. 4).47  

 

 

Fig. 4.

 

Structural fragment of lignin and some main lignin units.46 
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Lignin presents both a challenge and an opportunity for valorization because of 

its heterogeneous and irregular structure. Traditionally, lignin has been con-

sidered a by-product of the paper and pulp industries and is often burned for 

energy as a low-value fuel.48 However, due to its aromatic nature, lignin is parti-

cularly interesting as a renewable alternative to fossil-derived aromatic com-

pounds.49 Additionally, lignin can be used as an additive to well-known plastics. 

The blend of lignin with different polymers has been reported.50–52 However, the 

different hydrophilic and hydrophobic properties of lignin and polymers can 

decrease the performance characteristics of the resulting composite materials. 

Polymeric lignin can be chemically modified through different functional group 

modifications or grafting with various monomers, which can make it a functional 

additive in plastic. For example, kraft lignin esterification with different-length 

fatty acids via acylation exhibited thermal stability and processability, indicating 

its potential as a component in polymer blends.53 Depolymerization of lignin into 

low molecular weight monomers such as vanillin, guaiacol, syringaldehyde, and 

other phenolic derivatives can be another strategy to obtain bio-based building 

blocks (Fig. 4).54,55 For example, nitrile-containing methacrylate monomers were 

prepared from 4-hydroxybenzaldehyde and syringaldehyde by direct nitration of 

the aldehydes, while vanillonitrile was obtained from a commercial source 

(Scheme 4). The polymethacrylates exhibited very high glass-transition tempera-

tures, 150, 164, and 238 °C for 4-hydroxybenzonitrile, vanillonitrile, and syringo-

nitrile derivatives, respectively, and were thermally stable up to more than 

300 °C.56 

Scheme 4. Synthesis and polymerization of nitrile methylacrylate monomers from vanillin, 

syringaldehyde, and 4-hydroxybenzaldehyde.56 

 

Bio-based polymers are not only newly developed materials but can also be well-

known, conventional plastics in which the fossil-derived feedstock has been re-

placed with renewable, bio-based sources. For instance, PE can be classified as 

bio-based polyethylene (bio-PE) if ethylene, the monomer used for PE pro-

duction, is derived from bioethanol.57  

The studies assessing the environmental impact of bio-based polymers mostly 

focus on the evaluation of the beginning and end of the product life cycle, con-

sidering such aspects as CO2 emissions during production, feedstock renew-

ability, and degradability. As a result, there is often limited data on potential toxic 
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effects on humans and other species. However, due to the increasing use of such 

materials, it is necessary to be aware of the potential risks to ensure overall safety 

and sustainability. For example, several bio-based plastics and plant-based mate-

rials (PLA, bio-PE, starch, cellulose) were evaluated for potential toxicity and 

compared to conventional plastics.58 Six out of ten PLA samples, four out of ten 

bio-PE inhibited the bioluminescence of Vibrio fischeri, which indicates their 

toxicity toward bacteria. In the same study, six out of seven cellulose-based sam-

ples, four out of eight starch-based samples, four out of ten bio-PE samples, two 

out of ten PLA samples activated oxidative stress response, and one PLA sample 

demonstrated estrogenic activity in vitro. Comparisons between conventional 

plastics, bio-based plastics, and plant-based materials showed equally toxic levels. 

This study indicated that compared to conventional fossil-based plastics, bio-

based materials will not necessarily have a lower effect on humans or the environ-

ment. Thus, the environmental risk assessment for all new bio-based materials is 

necessary.  

 

1.1.3 CO2 capture technology 

Increasing carbon dioxide levels are one of the major contributors to global climate 

change. Its emissions primarily originate from various industrial activities, tran-

sportation, electricity and heat generation, and other activities where fossil fuels 

are burned. According to reports, in 2024, approximately 37.4 billion tons of CO₂ 

were released into the atmosphere, highlighting the urgent need for effective 

mitigation strategies.59 Implementation of CO2 carbon capture and storage (CCS) 

technologies is considered as one option to slow down the global environmental 

and climate changes. CCS is a process that was designed to capture CO2 emissions 

from industrial facilities and power plants, preventing their release into the 

atmosphere.16,60,61 This technology involves three main stages: capture, transport, 

and storage. The captured CO₂ could be stored in deep geological formations or 

reused for industrial applications, reducing its overall contribution to atmospheric 

greenhouse gas concentrations. 

Several technologies have been developed for CCS to effectively separate CO₂ 

from gas streams before transportation and storage. One of the studied 

technologies is chemical absorption, which is one of the most explored methods 

for CO2 removal.62 In this process, a liquid amine-based sorbent is used to sepa-

rate CO2 from flue gas (Fig. 5). Gaseous CO2 is absorbed into an aqueous amine 

solution, where CO2 reacts with the amines to form carbamate or bicarbonates,46,47 

depending on the amine type (primary, secondary, or tertiary).63,64 The CO2 can 

be released upon heating, and the water and amines can be recovered and reused. 

It is a well-established process that offers operational convenience, rapid and 

high-capacity CO2 absorption, and recyclability. Usually, monoethanolamine 

(MEA), diethanolamine, and potassium carbonate are used in this process.65 Also, 

other alkanolamines have shown the possibility to absorb CO2: methyldiethano-

lamine (MDEA), 2- amino-2-methyl-1-propanol (AMP), dimethylethanolamine 

(DMEA), diethylethanolamine (DEEA).66–68  
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Fig. 5. Basic principles of amine-mediated CO2-capturing process. 

 

1.1.4 “Switchable water” 

The development of new “green solvents” is crucial for advancing chemical pro-

cesses that are economically competitive and environmentally sustainable com-

pared to current fossil-based methods. Many biomass-based chemicals are water 

soluble and separating them from the water phase can cause serious diffi-

culties.69,70 The conventional separation techniques, such as distillation, have high 

energy requirements and can thus negate the environmental benefits of biomass 

conversion.71 There are alternative methods that can make this process more 

economically attractive, but they have other disadvantages. For example, salting-

out extraction produces large amounts of salt water, the purification of which is 

ecologically and economically expensive.72,73 

Solvent-assisted “switchable water” (SW) process (Fig. 6) facilitates the 

removal of water-soluble organic compounds (e.g., hydrophilic alcohols, acetic 

acid) from the water.74–77 In this process, an amine is added to a mixture of water 

and an organic compound, causing a reversible change in the polarity of the water, 

allowing the organic compound to be selectively extracted into a separate phase. 

Upon introducing CO2 gas into the system, the amine reacts to form its bicarbo-

nate salt, significantly impacting the solvent environment. The shift in ionic 

strength induces the precipitation of the organic product if it is a solid, or facili-

tates its separation in the form of an “organic-rich” liquid phase if it is a liquid. 

After separating the organic component, the aqueous phase can be decarbonated, 

and the removed CO2 can be reused. Decarbonation reverses the reaction, con-

verting the amine back to its neutral state. Finally, the amine can be recovered 

from the decarbonated water via reverse osmosis or by filtration and reused for 

another cycle.  

 



22 

Fig. 6. Basic principles of the “Switchable water” process. 

 

 

1.2 Environmental and human safety assessment 

of biomaterials and green technologies 

1.2.1 Environmental risk assessment 

Environmental risk assessment (ERA) is a method used to estimate and predict 

the likelihood of harmful effects on humans or ecosystems due to exposure to 

environmental stressors.78 ERA involves three main phases: problem formulation, 

where stressors, exposure pathways, and affected ecological receptors are 

identified; analysis, which assesses exposure levels and toxicological effects; and 

risk characterization, which integrates data to estimate the likelihood and severity 

of ecological harm (Fig. 7).  

Stressors can be classified as physical, biological, and chemical.80 Physical 

stressors involve environmental changes that modify habitat conditions and 

disrupt ecosystem functions. These changes can be caused by natural processes, 

such as hurricanes or volcanic eruptions, or anthropogenic processes, such as 

deforestation, which leads to habitat fragmentation, soil erosion, and changes in 

local climate.81 Biological stressors occur by introducing invasive species, patho-

gens, or genetic modifications that disrupt ecosystems. For example, an invasive 

species known as Dreissena polymorpha (zebra mussel) can significantly affect 

trophic interactions, displace native species, and influence water quality in 

freshwater ecosystems.82 Additionally, fungal pathogens such as Batrachochyt-

rium dendrobatidis, which cause the disease chytridiomycosis in amphibian 

populations, have caused a decline in biodiversity, particularly among species 

with restricted geographic distributions.83 Chemical stressors arise from the intro-

duction of synthetic or natural substances into the environment, often at concen-

trations exceeding the ecological tolerance thresholds. These stressors contribute 

to bioaccumulation, toxicity, and long-term ecosystem disruptions. Industrial pol-

lutants, such as heavy metals, solvents, plasticizers, and byproducts from manu-

facturing processes, can harm human health, microbial communities, and aquatic 
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ecosystems. Plastics production often involves the use of toxic compounds such 

as vinyl chloride, ethylbenzene, phthalates, etc., which can leach into the environ-

ment and pose risks to both ecosystems and human health. For example, a widely 

used polymer building block, bisphenol A (BPA), has been linked to endocrine 

disruption, reproductive toxicity, and immune system dysfunction in both humans 

and wildlife.84 
 

Fig. 7. General framework of environmental risk assessment (ERA) (the figure is based 

on data published in ref. 79). 

 

Environmental risk assessment of chemicals can be divided into two main 

categories: human health risk assessment and ecological risk assessment. Human 

health risk assessment examines the potential effects of chemical exposure on 

human health. This evaluation considers toxicity, exposure pathways (inhalation, 

ingestion, and dermal contact), and particularly vulnerable populations.85 On the 

other hand, ecological risk assessment focuses on the impact of chemicals on 

ecosystems, plants, animals, and microorganisms.86 It is considered that the aquatic 

environment becomes the final point for most anthropogenic contaminants. 
 

1.2.2 Aquatic ecotoxicology 

Aquatic ecotoxicology is an important part of ERA. The aquatic environment is 

divided into freshwater ecosystems (rivers, lakes, and streams) and marine eco-

systems (oceans and seas). Thus, freshwater and marine ecotoxicology assess 

how pollutants such as industrial chemicals, pesticides, pharmaceuticals, plastics 

and other contaminants affect aquatic species’ health, survival, growth, reproduc-

tion, and behavior of aquatic organisms from bacteria to fish.87 

In aquatic ecotoxicology, toxic effects are assessed using standardized tests 

that measure both acute (short-term, high dose) and chronic (long-term, low dose) 
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exposure.88 Tests recommended for measuring ecotoxicity should be validated to 

ensure the repeatability and quality of results. This validation should follow stan-

dardized guidelines currently available through international organizations such 

as the Organization for Economic Co-operation and Development (OECD) or the 

International Organization for Standardization (ISO). Ecotoxicological bioassays 

are designed to assess the impact of chemicals on organisms at different trophic 

levels. Model organisms for testing include representatives of producers (e.g., 

autotrophic organisms such as algae and aquatic plants), consumers (e.g., inver-

tebrates and vertebrates), and decomposers (microorganisms including bacteria). 

For example, common assays used in assessment include 48 h immobilization 

test of crustacean Daphnia magna (ISO 6341), 72 h algal growth inhibition test 

with Raphidocelis subcapitata (ISO 8692), and 30-min test with naturally lumi-

nescent bacterium Alivibrio fischeri that measures the decrease in light emission 

upon exposure to toxic substances (ISO 11348).89–91 Ecotoxicity testing is also 

mandatory under regulatory frameworks to assess the environmental impact of 

chemicals. In the European Union, chemical safety is governed by the REACH 

regulation (Registration, Evaluation, Authorization and Restriction of Chemi-

cals). For substances produced or imported onto the European market in quanti-

ties exceeding one ton per year, ecotoxicity data are required, including results 

from short-term (48 h) crustacean toxicity tests (the preferred species is D. magna; 

OECD, 2004)92 and 72 h aquatic plant growth inhibition tests, usually algae 

(OECD, 2011).93 When quantities exceed 10 tons per year, short-term (96 h) acute 

toxicity tests on fish are additionally required (OECD, 1992).94 

Ecotoxicity testing of substances involves exposing test organisms to a series 

of different concentrations of the testing substance, as well as a negative control 

in parallel. After a certain exposure period specific to each test organism, the 

relevant endpoint, such as growth inhibition, mortality, or reproductive yield, is 

measured and compared with a negative control. The toxicity of the test substance 

is then quantified by determining the effective concentration (EC50), which is the 

concentration at which 50% of the test population exhibits the stated adverse 

effect under specified conditions. 

 

1.2.3 Aquatic ecotoxicity of bio-based monomers and polymers 

Aquatic ecotoxicity of bio-based monomers and polymers is becoming an impor-

tant topic as the use of renewable materials increases in various industries. 

However, these materials are often promoted as environmentally friendly alter-

natives to fossil-based materials. Before larger-scale industrial development, the 

ecotoxicity and other environmental aspects of these new materials should be 

carefully evaluated. It is important to evaluate not only the polymers but also the 

monomers, as they are more biologically active and reactive. Also, unreacted 

monomers may remain in the final polymer product and can leach out during use 

or degradation. In addition, monomers may be released into the environment 

during polymer synthesis or processing, making their assessment necessary to 

assess the full life cycle impact of the material. 
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Lactic acid is considered to have low aquatic ecotoxicity because it is biodegrad-

able. It is naturally occurring in various biological systems, which decreases the 

possibility of adverse effects on the aquatic environment. One study evaluated 

the effects of lactic acid on aquatic organisms such as crustacean Daphnia magna 

(EC50 = 240 mg L−1), alga Selenastrum capricornutum (EC50 > 2800 mg L−1), and 

fish Brachydanio rerio (EC50 = 320 mg L−1).95 It was explained that the observed 

lactic acid toxicity was associated for D. magna and B. rerio with low pH values 

of the test substance solutions (4.1 and 3.5). Although this effect is not observed 

in algal media, because it is neutralized according to the relevant manual for this 

test. Another study tested lactic acid with the fish Oreochromis mossambicus 

(EC50 = 257 mg L−1), the cladoceran Moina micrura, (EC50 = 329 mg L−1) and the 

oligochaete worm Branchiura sowerbyi (EC50 = 50.8 mg L−1).96 They also found 

a decrease in pH in the tested medium. However, they considered that this para-

meter alone cannot explain the toxicity of the acid, since the high concentration 

of lactic acid, which provided the maximum decrease in media pH, had the least 

toxic effect on Moina micrura compared to the other acids tested in this study. 

 The data on isosorbide-based monomers in aquatic species are scarce. Isosor-

bide dimethyl ether, a potential aprotic solvent used in cosmetic and pharma-

ceutical products, was tested toward such aquatic species as algae and D. magna 

(EC50 >100 mg L−1) by the Dutch National Institute for Public Health and the 

Environment.97 Also, the compound was described as not readily biodegradable. 

Whereas the toxicity of PS and several types of other conventional plastics, 

such as PE, PET, PU, and PVC, have been evaluated in bioassays, the data on 

bio-based monomers and polymers are scarce.98 The direct acute ecotoxicity of 

the polymers is usually low due to low bioavailability (EC50 cannot be achieved, 

i.e. >1000 mg L−1 in standard assays). However, the introduction of various 

reactive functional groups needed for polymerization can affect the properties of 

the compound in different ways, and even minor changes in the chemical struc-

ture may have a large impact on its biological activity.99  

Acrylate and methacrylate groups are important and widely used building 

blocks in polymer chemistry due to their high reactivity and versatility in forming 

polymers via free radical polymerization.100 Derivatives with acrylate- and 

methacrylate functional groups have been reported to possess moderate to high 

toxicity towards algae and other organisms.101–103 In general, acrylates have some-

what higher toxicity compared to corresponding methacrylates, and the toxicity 

decreases when the compounds become more lipophilic. For example, whereas 

acrylic acid has shown high toxicity towards algae, methyl methacrylate showed 

moderate toxicity in similar tests.102 Also, acrylates exhibit higher toxicity than 

methacrylates due to their greater electrophilic reactivity, enabling Michael-type 

addition to cellular nucleophiles like glutathione and protein thiols. Methacrylates 

are less reactive and generally act through baseline narcosis unless metabolically 

activated.104 Thus, due to potential toxicity-related issues with acrylates and 

methacrylates, any such new derivative of potential industrial use needs to be 

thoroughly assessed. 
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1.2.4 Amine’s aquatic ecotoxicity 

Studies on the ecotoxicity of amines used in the CO2 capture and SW process 

have primarily focused only on a few alkanolamines, such as monoethanolamine 

(MEA), diethanolamine (DEA), and triethanolamine (TEA).105–108 Only limited 

and divergent information is available, mainly for some decomposer, producer, 

and first-level consumer organisms. These amines have been evaluated previ-

ously toward single-celled organisms (Entosiphon sulcatum and Chilomonas para-

mecium), bacterium (A. fischeri), invertebrate (D. magna) and alga (Skeletonema 

costatum). Generally, the findings from these studies suggest a low toxicity level 

of alkanol amines towards most tested species.109–111  

On the other hand, amines developed more recently, especially for the SW 

process, have not been evaluated. Moreover, the potentially harmful effects of 

amine emissions, such as the formation of nitrosamines and nitramines via photo-

oxidation in the atmosphere, which could harm human health and the environ-

ment, have been observed.112,113 The amine structure plays a critical role in the 

potential for the formation of these by-products. Studies have shown that secon-

dary and tertiary amines have a higher propensity to form nitrosamines compared 

to primary amines.114 Also, it was found that structural characteristics such as 

hydrophilicity and molecular configuration significantly affect toxicity. 

Given these results, there is a clear need for comprehensive ecotoxicological 

assessments of both traditional and novel amines used in CO₂ capture techno-

logies. Such assessments are necessary to fully understand their environmental 

impacts and develop mitigation strategies that minimize potential risks to aquatic 

ecosystems and human health. 
 

1.2.5 Cytotoxicity 

Cytotoxicity is an important toxicological assay to estimate disturbances in cellular 

homeostasis that may lead to cell death due to necrosis or apoptosis.115 Cytotoxic 

effects may be caused by disturbances in basal cellular mechanisms and cell 

integrity, such as cell morphology, cell viability, cell growth, metabolic rate, and 

transcription of genes controlling basal functions. Compared to the ecotoxicity 

tests that uses organisms with various biological complexity, cytotoxicity testing 

focuses specifically on the cellular level and is typically conducted in vitro using 

mammalian cell lines. Mammalian cell-based assays provide important infor-

mation at the cellular level, allowing for the early detection of compounds that 

may pose a risk to human health. Commonly used cell lines in cytotoxicity tests 

include immortalized cell lines such as HeLa (human cervical cancer cells), 

HepG2 (human hepatocellular carcinoma), Caco-2 (human colon adenocarci-

noma), NIH/3T3 (mouse fibroblast), and CHO (Chinese hamster ovary).116 These 

lines are usually chosen because of their ease of reproducibility and rapid growth, 

also, they are well characterized and widely used in research. The level of toxicity 

is usually evaluated by in vitro assays such as MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide) assay or LDH (lactate dehydrogenase) 

release assay.117,118 
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The MTT assay is one of the most commonly used in vitro methods for assessing 

cytotoxicity by quantifying cell viability and metabolic activity. It is based on the 

principle that metabolically active cells can reduce the yellow tetrazolium salt of 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to purple 

formazan crystals by mitochondrial dehydrogenase enzymes. The amount of for-

mazan produced is directly proportional to the number of viable cells because 

enzymatic reduction occurs only in living cells. Although the MTT assay is 

widely used due to its simplicity, reproducibility, and cost-effectiveness, it requires 

a solubilization step and can be affected by some test compounds. To overcome 

these limitations, related assays such as the MTS (3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay, the XTT 

(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) 

assay, and the WST-1 (water-soluble tetrazolium salt-1) assay have been devel-

oped, offering soluble formazan products and simplified protocols.119–121 In addi-

tion, fluorescent-based assays such as resazurin (commonly known as Alamar 

blue), calcein-AM (calcein acetoxymethyl ester), and annexin V-FITC/propidium 

iodide staining provide higher sensitivity and differentiate apoptotic and necrotic 

cells, although they are more expensive and require specialized equipment.122–124 

Despite these alternatives, the MTT assay still remains a reliable and affordable 

method for cytotoxicity screening. 

 The half-maximal inhibitory concentration (IC50) is a key parameter obtained 

from the MTT assay and other methods that assess cell viability, metabolic ac-

tivity, or cytotoxic endpoints. It indicates the concentration of the test substance 

that causes a 50% reduction in cell viability compared to untreated controls. IC50 

is widely used to compare the potency and toxicity of different chemicals or 

pollutants. Lower IC50 values correspond to higher cytotoxicity, while higher 

values indicate less effect on cell viability. This makes the MTT assay a reliable 

and reproducible method for screening toxic effects and determining safe expo-

sure levels in toxicological and other studies. 

 

 1.2.6 Lignin-derived monomers cytotoxicity 

Evaluation of the human health safety of bio-based monomers and polymers is 

necessary to ensure their safety in their future use as packaging and consumer 

materials, as well as biomedical applications. Although these materials are often 

considered more environmentally friendly than their fossil-based analogs, their 

biological interactions, especially at the cellular level, still need to be assessed. 

Vanillic acid and syringic acid are phenolic acids that can be produced from 

lignin by oxidation and used in bio-based polymer development.125 Vanillic acid 

had no cytotoxic effect on Hepatoma Tissue Culture (HTC) cells (cancer cell line) 

over a range of concentrations (1–100 μM) or after different exposure times (24, 

48, 72, and 96 h.) as measured by cell viability using the MTT assay.126,127 In human 

lymphocytes, vanillic acid demonstrated protective effects by significantly re-

ducing hydrogen peroxide (H₂O₂)-induced DNA damage.127 At the same time, 

syringic acid exhibited cytotoxic effects on different cancer cell lines. For 
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instance, syringic acid is cytotoxic at varying concentrations (5–40 μg/mL) against 

gastric cancer cells with an IC50 of 30 μg mL–1.128 In another study, the cytotoxic 

effect of syringic acid against the human hepatoma cell line (HepG2) was as-

sessed using the MTT assay.129 At 100 μM concentration after 24 h. of syringic 

acid treatment, a significant inhibitory effect (> 80%) on the growth of HepG2 

cells was observed compared to untreated control cells. It was concluded that 

syringic acid can induce cytotoxicity in HepG2 cells by apoptosis via the 

mitochondrial pathway. 4-hydroxybenzoic acid is another phenolic derivative of 

lignin that can be isolated by hydrolysis.130 4-hydroxybenzoic acid was tested 

against breast cancer cell lines with a range of concentrations (0–40 μg mL–1) for 

24 h using the MTT assay.131 The results demonstrated that it induced apoptosis 

in the cancer cells, indicating its potential as a cytotoxic agent targeting breast 

cancer. 

 

1.2.7 Biofilms on plastic 

Biofilm is a complex community of microorganisms (such as bacteria and micro-

eukaryotes) attached to an inert (e.g., plastics, glass, rocks) or living surface and 

embedded in a self-produced matrix of extracellular polymeric substances (EPS) 

(Fig. 8).132 EPS is mainly composed of exopolysaccharides, lipids, proteins, 

nucleic acids, and other biomolecules produced by microorganisms during growth, 

reproduction, and lysis.133 The EPS matrix helps the microbial community keep 

biofilm stability, adhere to surfaces, transport nutrients and waste, and protect 

from environmental threats. 

 

Fig. 8. Biofilm formation (adopted from ref. 134) 
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Biofilms easily accumulate on plastic materials present in the environment and 

have been demonstrated to be essential for microbial function and ecological pro-

cesses in freshwater and terrestrial environments. Microorganisms can be one of 

the initial steps in the biodegradation of polymers.135 This occurs under the action 

of enzymes generated by bacteria and is also dependent on the concentration of 

oxygen and biofilm density. Several known enzymes are involved in plastic 

degradation and can be classified as hydrolases and oxidoreductases.136,137 Hydro-

lases, which include lipases, esterases, cutinases, and ureases, degrade hydro-

lyzable plastics such as PET, PUR, and PLA with important enzymes produced 

by Candida antarctica and Aspergillus tubingensis.138–141 Ureases, a common soil 

enzyme important in the nitrogen cycle, have been identified as key contributors 

to PUR degradation.142 Oxidoreductases, including laccases, peroxidases, and 

monooxygenases, oxidize polyolefins such as PE and PVC, with laccase from 

Rhodococcus rubber C208 and manganese peroxidase from Trichoderma 

harzianum playing important roles.143 

On the other hand, biofilms may operate as a place for harmful microbes, e.g., 

pathogens and antimicrobial-resistant bacteria (ARB), allowing them to persist 

and spread in the environment.144–146 These microbial communities protect im-

planted bacteria from environmental stresses, antibiotics, and disinfectants, which 

improves their survival and resistance.147 Studies have identified antimicrobial 

resistance genes ARGs, including sulfonamides (sul1, sul2), aminoglycoside 

(strB), β-lactams (blaOXA, blaTEM), macrolides (ermB), tetracyclines (tetA, 

tetW), and quinolones (qnrS), in biofilms on plastics such as PE, PP, PVC, and 

polyhydroxyalkanoates (PHA), often associated with bacterial genera such as 

Pseudomonas, Bacillus, Mycobacterium, and Vibrio spp..146,148,149 Pathogens such 

as Aeromonas salmonicida, Aquabacterium, and Denitratisoma were identified 

in the plastispheres, potentially posing threats to fish and human health.150,151  
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2. AIM OF THE STUDY 

The current thesis aims to provide an environmental hazard assessment of novel 

bio-based monomers and their corresponding polymers, and amines that are used 

in the CO2–capturing process and in the “switchable water” process. The specific 

aims of the study were as follows: 

 

Paper I: Evaluate the ecotoxicity of isosorbide acrylate and methacrylate mono-

mers, their corresponding polymers, and industrial isosorbide methacrylate-

containing emulsion polymers 

 

Paper II: Evaluate the ecotoxicity of lactate amide acrylic monomers and poly-

mers developed from PLA bags 

 

Paper III: Evaluate the cytotoxicity of lignin-derived methacrylate monomers and 

their corresponding polymers 

 

Paper IV: Conduct ecotoxicity assessment of amines used in CO2-capturing and 

“switchable water” processes 

 

Paper V: Analyze and compare the structure and composition of biofilms formed 

in aquatic and terrestrial environments on different conventional and bio-based 

polymers, and coated paperboards used as packaging materials 
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3. METHODS AND EXPERIMENTAL DETAILS 

Toxi-chromo testTM: bacterial chromo inhibition test using  

Escherichia coli 

This analysis is based on the test compound’s ability to inhibit the de novo syn-

thesis of inducible β-galactosidase in a highly permeable mutant of E. coli.152 

Tests are carried out in 96-well plates in the kit’s standard diluent. Mercury 

chloride [4–0.6 μg mL−1] is used as a positive, highly toxic control. Samples with 

the bacterial mixture are incubated at 37 °C for 90 minutes. During the first 

incubation, the bacteria consume the sample components and attempt to induce 

the production and excretion of β-galactosidase. Next, a chromogen solution is 

added, lysing the cells and forming a blue color due to the presence of  

β-galactosidase. The color intensity, a measure of the toxicity, was recorded at 

600 (±20) nm by a spectrophotometer. 

 

WaterTOXTM STD: bacterial luminescence inhibition test using  

Alivibrio fischeri 

Toxicity of samples towards the bioluminescent marine bacterium A. fischeri was 

measured by comparing initial and final light emission after 15 min according to 

the ISO standard.91 The toxic effect caused by a decrease in cellular metabolism 

is expressed as a decrease of the luminescence intensity. Tests were carried out at 

15 °C in the kit’s standard diluent. A series of dilutions were prepared for each 

sample according to the manufacturer’s instructions. 

 

Growth inhibition test using vascular plants Spirodela polyrhiza 

This test is based on the measurement of growth retardation of the germinated 

dormant vegetative buds (turions) after 3 days of exposure to samples according 

to the ISP standard.153 The tests were carried out on a 48-well plate containing a 

dilution series of tested samples at 25 °C in the plant growth chamber, using an 

illumination system enabling at least 6000 lux. A digital image of the multiwell 

plate was taken at the start of the test and after the incubation to determine the 

size of the vegetative buds (turions) before and after incubation by Image 

Analysis (Image J, National Institute of Mental Health, Bethesda, Maryland, 

USA, software for image processing and analysis). Next, by comparing the data 

obtained from the test plate, the growth inhibition of the duckweeds was calcu-

lated by subtracting the mean of the “initial” surface area of the first frond from 

the mean “final” surface area, in the control and at various concentrations of 

diluted samples. The 72 h EC50 concentration of the compound was obtained from 

the percentage of growth inhibition of the duckweed. 
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Crustacean toxicity screening test for freshwater using Daphnia magna 

This test determines the lethal effects of toxicants on the D. magna after 48-h 

exposure. The 48-h immobilization test was performed in a multi-well test plate 

using the neonates of D. magna hatched from ephippia based on the ISO stan-

dard.89 Ephippia hatching was initiated before the start of the toxicity test in a 

Petri dish with Standard Freshwater medium at 25 °C for 72-h, under continuous 

illumination (at least 6000 lux). Two hours before collecting the neonates for the 

test, they were pre-fed with Spirulina powder. The test incubation was carried out 

on a multiwell plate containing a dilution series of the tested samples in darkness 

for 48 hours. The number of immobilized (dead) organisms was counted after  

48-h under a microscope (magnification 10–12×). The obtained data was used to 

determine the EC50 values. 

 

Thamnotoxkit F: crustacean toxicity screening test for freshwater using 

Thamnocephalus platyurus 

This test determines the lethal effects of toxicants on the T. platyurus after 24 h 

exposure. The 24 h immobilization test was performed in a multiwell test plate 

using the fairy shrimp T. platyurus hatched from cysts based on ISO standard.154 

Cyst hatching was initiated before the start of the toxicity test in a Petri dish with 

Standard Freshwater medium at 25 °C for 20–22 h, under continuous illumination 

(at least 3000 lux). The test incubation was carried out on a 24-well plate con-

taining a dilution series of the monomers or polymers in the dark for 24 hours. 

The number of immobilized (dead) organisms was counted after 24 h under a 

microscope (magnification 10–12×).  

 

Determination of EC50  

The level of toxicity of a substance was determined by establishing the effective 

concentration, EC50. The EC50 values for monomers and polymers were defined 

as mg L−1 and the evaluation of toxicity followed the toxicological categories 

adopted by the European Commission.155 According to this classification, the 

categories of aquatic toxicity are the following: very toxic: EC50 < 1 mg L−1, toxic: 

EC50 = 1–10 mg L−1, moderately toxic: EC50 = 10–100 mg L−1, practically harm-

less: EC50 = 100–1000 mg L−1 and harmless compounds with EC50 > 1000 mg L−1 

in this study.156 The EC50 data were represented by mean values, and confidence 

intervals (95% CI) were calculated for each concentration. 

All tested monomers and polymers were powders. They were dissolved in the 

tested medium directly or in a water/DMSO mixture (85:15 or 70:30, v/v). The 

potential background effect of DMSO on the test results was also evaluated and 

found to be negligible. All samples were tested in triplicate for each assay to 

ensure test reproducibility. 
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A comparison between tested substrates was analysed using one-way ANOVA, 

and a post-hoc pairwise comparison using Tukey test in R (version 3.6.0) using 

aov( ) and TukeyHSD( ) on EC50 data. 

 

Cytotoxicity test 

The cytotoxicity test of the tested materials was performed by using the 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma-

Aldrich) assay. Human cervical carcinoma HeLa cells were plated to the 96-well 

plates at 5000 cells/well in 100 μL DMEM with 1% penicillin-streptomycin and 

10% fetal bovine serum (FBS) and incubated at 37 oC in 5% CO2 and 100% 

relative humidity. After 24-h incubation to ensure adhesion, 100 μL of the tested 

material solution in DMEM was added for the cell cytotoxicity assay. Culture 

medium without additives was used as a negative control, and for the positive 

control, medium with 2% H2O2 was used. The samples were dissolved in DMSO 

at the concentration of 50 mg mL–1. These sample solutions were diluted with the 

culture medium to concentrations of 20, 40, 100, and 200 μg mL–1 for monomers 

and 200, 500, 750, and 1000 μg mL–1 for polymers. After the cells were exposed 

to the monomers and polymers for 24 and 48 h respectively, the medium was 

removed. Next, 100 μL of fresh culture medium and 20 μL of MTT dissolved in 

phosphate-buffered saline (PBS) solution at a concentration of 5 mg mL–1 were 

added to each well. After 2 h of incubation, the medium was removed, and 200 μL 

of DMSO was added to each well to resuspend intracellularly stored MTT 

formazan. The optical density of formazan product was measured at 560 nm 

(OD560). Relative cell viability was calculated using the following equation: 

relative cell viability (% of control) = (OD560 treated wells/OD560 control) × 100. 

All samples were tested 5 times to ensure test reproducibility. To determine the 

IC50 values of tested compounds, a dose-response curve of relative cell viability 

versus compound concentration was plotted. The IC50 was defined as the con-

centration that reduced MTT-formazan production by 50% compared to the 

untreated control. The IC50 values of materials were calculated using ED50plus 

v1.0 software. 

 

Experimental setup for biofilm formation in river water  

A river water biofilm experiment was conducted in the river Emajõgi, in Tartu, 

Estonia. In this study, materials were inserted separately into the cylindrical nets. 

All the samples were triplicate, and in total, we had 39 samples. Horizontally 

oriented nets were attached to the wooden frame in approximately 10 cm intervals 

and immersed 15 cm from the water surface. The frame had buoys and was 

attached to the wooden pier with a rope (Fig. 9). The long ropes gave the mounts 

the opportunity to slide vertically, and the exposure samples maintained the same 

position during the experiment. All samples were collected after 2 months of 

exposure together with 3 samples of river water. The river water samples were 



34 

taken from the water surface using SterivexTM presser filter with a pore size of 

0.22 μm. The experiment was conducted from May 2021 to July 2021. 

 

a) b) 

 

Fig. 9. a) Wooden frame with attached nets and buoys; b) scheme of attached nets. 

 

Experimental setup for biofilm formation in soil 

A soil exposure biofilm experiment was conducted in Rõhu test station, Estonian 

University of Life Sciences, Estonia, between July 2022 and April 2023. In this 

study, test materials were placed individually into nylon bags, which were then 

buried at a depth of approximately 15 cm in soil (Fig. 10). The experiment was 

carried out across four types of soil: compost 1 (com 1), compost 2 (com 2), 

mineralized soil (min), and untreated control soil (cont). Nylon bags were placed 

in four separate plots for each soil type. Half of the samples were collected after 

three months of exposure (first time point, 1tp), and the remaining samples were 

collected after nine months (second time point, 2tp). All materials were tested in 

triplicate. In total, 44 samples were collected at 1tp and 53 samples at 2tp. 

 

Fig. 10. Nylon bags with samples  
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Extraction of biofilm community DNA 

The plastic and paperboard samples from river and soil biofilm formation experi-

ments were stored at –84 °C until further processing. DNA extractions were 

carried out using DNeasy PowerWater Kit (Qiagen) according to the manu-

facturer’s instructions. The amount and quality of the DNA were controlled with 

a NanoDrop™ UV–Vis spectrophotometer. 

 

16S rDNA gene amplicon library preparation 

The bacterial community was analyzed using a 2-step PCR amplicon library pre-

paration and sequencing on an Illumina platform (MiSeq). First, amplicons were 

obtained in a 30 cycle PCR using the bacterial V3-V4 region of the bacterial 

16S rRNA gene with universal primers Bakt_341F and Bakt_805R with Illumina 

TruSeq adapters added to these primers. In the second step, the amplicons were 

tagged using a combination of tails (P5/P7) including an 8 bp index sequence 

unique to each sample. 

 

Bioinformatics and statistics 

Sequencing data analysis was conducted using the QIIME2 bioinformatics pipe-

line.157 Quality control, read pairing and chimera sequence removal were per-

formed with the q2-dada2 plugin.158 The 16S rRNA sequences were classified 

using the Greengenes2 release 2022.10 taxonomy with the q2-feature-classifier 

plugin.159,160 Sequence alignment was done using the q2-alignment plugin before 

constructing a phylogeny with the FastTree method via the q2-phylogeny plugin.  

General data processing and statistical analyses were performed in R. For 

alpha diversity analyses, the abundance table was assigned as an ASV table with 

taxa as rows, the taxonomy information was added as a taxonomy table, and the 

sample metadata was incorporated as a sample data object. Taxa identifiers were 

assigned to row names to ensure consistency across datasets. Alpha diversity 

indices, including observed richness and the Chao1 estimator, were calculated 

using the estimateR() function from the vegan package. Chao 1 plot was 

visualized with ggplot2. For beta diversity analyses, the phyloseq object was 

filtered to retain ASVs in at least one sample with a minimum abundance of 10 

reads to focus on the most prevalent taxa. The data was then transformed using 

the centered log-ratio (CLR) transformation via the microbiome::transform 

function to mitigate the compositional nature of amplicon data. Redundancy 

Analysis (RDA) was performed using the vegan::rda function to explore the 

variation in community composition explained by environmental factors. The 

significance of RDA model terms was assessed using ANOVA with the anova.cca 

function. Ordination plots were generated using phyloseq::plot_ordination and 

visualized with ggplot2. For taxonomic composition analysis, the phyloseq object 

was taxonomically agglomerated at the Phylum, Class, Order, Family, and Genus 

levels using phyloseq::tax_glom. Relative abundance transformations were applied 
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to the phyloseq object using phyloseq::transform_sample_counts. Taxonomic 

summaries at theFamily levels were visualized using bubble plots created with 

ggplot2::geom_point, with point size representing relative abundance and color 

indicating materials type. Venn diagrams were generated using the 

MicEco::ps_venn function to visualize the LefSe and CAP taxa across sample 

types. 
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4. RESULTS AND DISCUSSIONS 

Even though bio-based materials are produced from bio-based feedstock, they 

may still pose a risk to the environment. The toxicity of the compounds is related 

to the structure, not origin. Therefore, thorough ecotoxicity assessment is essen-

tial to ensure that these materials align with sustainability goals. This thesis pre-

sents a series of studies evaluating the environmental and human health impacts 

of novel bio-based monomers, polymers and compounds used in low carbon 

technologies. First, the ecotoxicity study of isosorbide acrylate and methacrylate 

monomers and corresponding polymers was carried out. Secondly, the ecotoxi-

city of isosorbide methacrylate-containing emulsion polymers and industrially 

relevant SA latex (CHP BAR 1400) was investigated. Next, the ecotoxicity of 

lactate amide acrylic polymers developed from PLA bags was evaluated. Thirdly, 

the cytotoxicity of methacrylate lignin-based monomers and polymers was 

investigated because of their potential for use in a variety of fields, including 

biomedical ones, where the potential impact on humans requires assessment 

using mammalian cell lines. Fourthly, amines used in the CO2 capturing and in 

the switchable water process were provided with ecotoxicological risk assess-

ment. Across all studies, common methodologies such as standardized eco-

toxicity tests and in vitro cytotoxicity assays were employed, allowing for a com-

parative and comprehensive evaluation of the different new bio-based materials. 

Finally, the biofilm formed on the different bio-based polymers and conventional 

polymers in the water and soil was investigated.  

 

 

4.1 Ecotoxicity of isosorbide acrylate and methacrylate 

monomers and corresponding polymers (Paper I) 

4.1.1 Development of isosorbide acrylate and methacrylate 

monomers, corresponding polymers and industrial based latex 

The ecotoxicity of the isosorbide-based materials was evaluated toward several 

aquatic organisms with various biological complexities, including bacteria (E. coli, 

A. fischeri), vascular plants (S. polyrhiza), and invertebrates (T. platyurus).  

Four isosorbide-based monomers were synthesized in our research group 

(Scheme 5), where the polymerization group is only attached to endo hydroxyl 

group: isosorbide 5-methacrylate (IM), isosorbide 5-methacrylate 2-acetate 

(IMA), isosorbide 5-acrylate (IA), and isosorbide 5-acrylate 2-acetate (IAA) 

(Fig. 11). The corresponding homopolymers were obtained by radical polymeri-

zation (PIM, PIMA, PIA, and PIAA) (Fig. 11). The polymers tested in this work 

have different average molecular weights (Mn), which varied from 4.8 to 

69.3 kg mol−1.  
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Scheme 5. Conversion of isosorbide into mono-(meth)acrylate monomers and 

subsequent radical polymerization. 

 

Also, isosorbide methacrylate emulsion polymers IMA-latex, IMP-latex, and 

IMB-latex were generously provided by CH-Polymers (Finland). The polymeri-

zation process of isosorbide methacrylate emulsion polymers was analogous to 

the standard industrial production of styrene-acrylate (SA) latex (CHP BAR 

1400), except 50% of the styrene monomer was replaced by isosorbide  

5-methacrylates, either by the 2-acetate (IMA), 2-propionate (IMP), or 2-buty-

rate (IMB) derivative (Fig. 11). SA latex is widely used as a food-grade water 

and oil resistant coating in paper and cardboard food packaging (e.g., coffee cups, 

paper plates, pizzaboxes, etc.). All samples were synthesized using semi-con-

tinuous emulsion polymerization in laboratory-scale glass reactors.  

 

 

Fig. 11. The chemical structures, abbreviations, names, and molecular weights of isosor-

bide acrylate and methacrylate monomers and corresponding polymers. 
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Aqueous solutions of poly(methacrylic acid) (PMAA) and poly(acrylic acid, 

sodium salt) (PAA) were tested in this work as possible products of hydrolytic 

cleavage of the studied isosorbide-based polymers.  

To conduct the aquatic toxicity tests, the solubility of the compounds in water 

was first determined. IM, IA, PIA, and the sodium salts of PMAA and PAA were 

determined to be fully soluble in water. IMA, IAA, PIMA, and PIAA were 

dissolved in a water/DMSO mixture (85/15, v/v), and PIM was dissolved in a 

water/DMSO mixture (70/30, v/v).  

 

4.1.2 Toxicity evaluation of isosorbide acrylate and 

methacrylate monomers 

The isosorbide methacrylate monomers IM and IMA exhibited low toxicity 

towards bacteria (E. coli and A. fischeri, Fig. 12a and b, respectively), vascular 

plant (S. polyrhiza, Fig. 12c), and invertebrate (T. platyurus, Fig. 12d) and can be 

considered as harmless. Except for one case where a certain effect of the acetate 

group in IMA on S. polyrhiza turions was found with the EC50 value 139 (95% 

confidence interval (CI): 115.8; 162.9) mg L–1, which is below the threshold of 

the practically harmless range. In the same test, monomer IM without the acetate 

group has an EC50 value above 1000 mg L–1. It is possible that the slightly higher 

toxicity of the acetate derivative IMA is potentially due to the release of acetic 

acid upon de-esterification, catalyzed by carboxylesterases present in the plants.161  

In contrast, replacing the methacrylate group with the acrylate group signi-

ficantly affected the toxicity level toward the tested organisms (Fig. 12). In the 

bacterial tests, two types of bacteria were used: E. coli, which evaluates toxicity 

based on inhibition of β-galactosidase synthesis, and A. fischeri, which measures 

toxicity through the reduction of bacterial bioluminescence. In the test with 

E. coli acrylate with free –OH group (IA) showed moderate toxicity with EC50 = 

16 (95% CI: 8.8; 24) mg L−1, compared to acrylate with the acetate group (IAA), 

which is practically harmless with EC50 = 124 (95% CI: 114; 158) mg L−1 (Fig. 

12a). However, in the test with another bacteria, both acrylate monomers IA and 

IAA showed a practically harmless effect toward A. fischeri [EC50 = 456 (95% CI: 

418; 511) mg L−1, EC50 = 585 (95% CI: 420; 749) mg L−1, Fig. 12b]. 

Both isosorbide acrylate monomers IA and IAA were toxic to S. polyrhiza 

with EC50 values 9 mg L–1 (95% CI: 5.8; 12.2) and 9.6 mg L–1 (95% CI: 6.8; 11.3) 

(Fig. 12c). In the test with invertebrates, IA was also toxic to T. platyurus [EC50 = 

8.7 (95% CI: 6.5; 11.1) mg L−1], while IAA was slightly less toxic and showed a 

moderately toxic effect [EC50 = 15.6 (95% CI: 8.46; 22.88) mg L−1] (Fig. 12d). 
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Fig. 12. Values of the mean effective concentration (EC50, mg L−1) of the tested mono-

mers (light-blue columns) and polymers (dark-blue columns). The compounds are 

ordered according to the level of toxicity156: values in green represent the harmless (EC50 

values > 1000 mg L−1) and the practically harmless (EC50 values 100–1000 mg L−1) com-

pounds; values in yellow denote moderately toxic (EC50 values 10–100 mg L−1) com-

pounds and values in orange designate toxic compounds (EC50 values 1–10 mg L−1). 

 

4.1.3 Toxicity evaluation of isosorbide acrylate and 

methacrylate polymers 

The ecotoxicity of corresponding isosorbide-based polymers PIM, PIMA, PIA, 

and PIAA showed that they exhibited harmless or practically harmless effects on 

all tested organisms (Fig.12a-d). The possible effect of polymers on the toxicity 

level can be caused by the leaching of unreacted monomers from polymer mate-

rials. Therefore, it is important to ensure that any residual monomer in polymers 

is removed. The toxicity observed for isosorbide-based acrylic monomers (IA and 

IAA) hasn’t extended to the corresponding polymers (PIA and PIAA). Tests on 

vascular plants (S. polyrhiza) and invertebrates (T. platyurus) showed the 

polymers to be harmless, with EC50 values over 1000 mg L–1, the highest con-

centration tested. There wasn’t an obvious correlation found depending on the 

polymer backbone structure (polymethacrylate vs. polyacrylate) or isosorbide 

side chain (2-OH vs. 2-OAc) with the measured EC50 values.  

The next step was to investigate the impact of different molecular weights 

(Mn) of the polymers PIM, PIA, and PIMA on their toxicity using the E. coli 

inhibition test (Table 1). All tested polymers showed a harmless (PIA and PIMA) 

or practically harmless (PIM) level of toxicity. It was found that the EC50 values 
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increase with increasing Mn. For instance, in the case with PIMA, where Mn 

increased roughly 5 times from 12.5 to 64.2 kg mol–1, the EC50 increased from 

1083 to 1895 mg L–1. It can be considered that the effect is relatively small. This 

trend can be explained by the fact that with an increase in molecular weight, the 

bioavailability of the material decreases.162 

 
Table 1. Ecotoxicology results of isosorbide-based polymers with different molecular 

weights in the bacterial chromo inhibition test with E. coli. 

Entry Polymer name 
Mn, 

 kg mol–1 
Ð 

EC50, mg L–1 

(95% CI) 

1 
PIM(a) 36.1 2.03 

319.5 

(153; 486) 

2 
PIM(b) 69.3 1.3 

374 

(280; 468) 

3 
PIA(a) 4.8 2.36 

12100 

(5757; 18443) 

4 
PIA(b) 42.9 2.2 

16410 

(12026; 20794) 

5 
PIA(c) 55.1 1.8 

18973 

(15507; 22438) 

6 
PIMA(a) 12.5 2.35 

1083 

(800; 1364) 

7 
PIMA(b) 45.7 1.95 

1215 

(917; 1514) 

8 
PIMA(c) 64.2 1.9 

1895 

(1260; 2530) 

 

In addition, the polyacrylic (PAA) or methacrylic acid (PMAA) sodium salts 

were evaluated in bacterial tests with A. fischeri and E. coli, and found these 

polymers to be harmless (Fig. 12a,b). These two salts can be formed during the 

possible degradation pathway of isosorbide-based polymethacrylates and 

acrylates due to hydrolytic cleavage of the ester bond between isosorbide and the 

polymer backbone. 
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4.1.4 Toxicity evaluation of isosorbide-based industrial latex 

The industrially relevant isosorbide methacrylate-containing polymer dispersion 

samples IMA-latex, IMP-latex, and IMB-latex, and the standard styrene-

acrylate-based latex (SA-latex), CHP BAR 1400, were evaluated using bacterial 

test with A. fischeri. This test was chosen because of its compatibility with the 

turbid dispersion of the tested materials. The results indicate that isosorbide-

containing latexes have a considerably high EC50 value and have a harmless effect 

on the bacteria (Table 2, entries 1–3). However, for the commercial SA-latex, it 

was not possible to establish an EC50 value due to the lack of any effect on 

bacteria even at the highest concentration tested (Table 2, entry 4). The difference 

between the commercial sample and the isosorbide-based samples may be due to 

the presence of small amounts of unreacted isosorbide methacrylate monomers 

remaining in the emulsion. It was found that the length of the side chain of 

isosorbide monomers had a certain effect on the A. fischeri. As the side chain of 

isosorbide alkanoate was increased from acetate (C2) to propionate (C3) and 

butyrate (C4), the EC50 values increased, indicating a decrease in toxicity with 

decreasing monomer hydrophilicity. This trend is similar to the results for acrylic 

acid esters, where a similar decrease in aquatic toxicity was observed with 

increasing alkyl chain length.163 

 
Table 2. Effect of industrially prepared latexes on A. fischeri.  

Entry 
Sample 

name 
Sample description 

Process 

type 

WaterTOXTM 

A. fischeri 

Toxicitya EC50, g L–1b 

(95% CI) 

1 IMA-latex 
SA-latex, 50% of 

styrene replaced by IMA 

lab 

synthesis 
Harmless 

158.2 

(141.3; 175) 

2 IMP-latex 
SA-latex, 50% of 

styrene replaced by IMP 

lab 

synthesis 
Harmless 

245.5 

(157.2; 333.8) 

3 IMB-latex 
SA-latex, 50% of 

styrene replaced by IMB 

lab 

synthesis 
Harmless 

451.5 

(372.1; 575.8) 

4 
CHP BAR 

1400 

Conventional SA-latex 

binder 

production 

grade 
Harmless >500c 

a H – harmless (EC50 values > 1000 mg L–1). b Weight corresponds to the total solids of latex in 1 L 

of latex. c EC50 value could not be observed even at the undiluted samples (i.e., at maximum viable 

concentration). 
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4.2 Ecotoxicity of lactate amide acrylic polymers developed 

from PLA bags (Paper II) 

4.2.1 Development of lactate amide acrylic polymers from PLA bags 

Commercially available PLA bags were chemically depolymerized in two ways 

(Scheme 6). In the first case, PLA was depolymerized directly by aminolysis with 

the corresponding amines. In the second case, ethyl lactate (EL) was first obtained 

from PLA, and then aminolysis was carried out with the corresponding amines. 

As a result of depolymerization, lactate amides were obtained, which were 

subsequently converted into acrylic monomers (LAAs).  

The corresponding poly(lactate amide acrylates) (PLAAs) were obtained 

using a Cu(II)Br₂/tris(2-dimethylamino)ethylamine (Me₆TREN)-mediated con-

trolled radical polymerization under UV light.  

 

Scheme 6. Synthesis of monomers via depolymerization of PLA by 1,5,7-triaza-

bicyclo[4.4.0]dec-5-ene (TBD) catalyzed aminolysis or alcoholysis, followed by acryl-

ation and subsequent controlled polymerization mediated by Cu(II)Br2/Me6TREN under 

UV-light 

 

The resulting polymers exhibited thermoresponsive behavior, characterized by a 

lower critical solution temperature (LCST). The LCST could be modulated by 

altering the N-substituents on the lactate amide moiety. Polymers with more 

hydrophilic substituents displayed higher LCSTs, while those with hydrophobic 

groups had lower LCSTs. This tunability is essential for applications requiring 

specific temperature-responsive behaviors. 
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4.2.2 Toxicity evaluation of lactate amide acrylic monomers 

and polymers  

The toxicity of a series of water-soluble lactate amide acrylic monomers and their 

corresponding polymers (Fig. 13) was evaluated toward aquatic organisms with 

different biological complexity: bacteria (A. fischeri), vascular plants (S. polyrhiza), 

and invertebrates (T. platyurus).  

 

Fig. 13. The chemical structure and abbreviation of the tested lactate amide acrylic mono-

mers and corresponding polymers. 

 

Test results are summarized in Table 3 and indicate that tested monomers LAA0, 

LAA5, LAA9 were harmless to A. fischeri with EC50 > 8000 mg L–1. Only LAA7 

showed a practically harmless effect toward bacteria with EC50 = 425 (95% CI: 

284; 566) mg L−1. However, all tested monomers demonstrated moderately toxic 

effects toward S. polyrhiza [ EC50(LAA0) = 17 (95% CI: 15; 19) mg L−1; EC50(LAA5) = 

33 (95% CI: 25; 40) mg L−1; EC50(LAA7) = 16 (95% CI: 12; 20) mg L−1; EC50(LAA9) = 

39 (95% CI: 26; 49) mg L−1]. Also, monomers exhibited toxic effects to 

T. platyrus [EC50(LAA0) = 6 (95% CI: 4; 7) mg L−1; EC50(LAA5) = 7 (95% CI: 4; 9) mg 

L−1; EC50(LAA7) = 5 (95% CI: 5; 6) mg L−1; EC50(LAA9) = 6 (95% CI: 4; 8) mg L−1]. 

The observed toxicity of the monomers is probably due to the acrylate group 

present in the monomers, because lactate esters (LE) and lactate amides (LA) 

such as ethyl lactate (EL) and dimethyl lactamide (DML) haven’t shown any 

toxicity before. It is also correlated with the isosorbide acrylates, which also 

showed the same level of toxicity towards vascular plants and invertebrates. 

Acrylate groups – due to their reactive double bonds – can affect biological 

systems and metabolic processes, leading to toxic effects.164,165 Notably, changes 

in the N-substituted side chains of the monomers did not result in significant 

differences in toxicity. 

In contrast, the corresponding polymers (Fig. 12), despite being derived from 

these acrylate-based monomers, were classified as harmless or practically harm-

less among all tested organisms. This is consistent with the general classification 
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of acrylic polymers as non-toxic, although minor toxicity was sometimes asso-

ciated with residual unreacted monomers or degradation by-products. Therefore, 

the observed low toxicity of the polymers reinforces the efficiency of the 

purification process and supports the conclusion that polymer backbone structure 

and side group variations had minimal impact on ecotoxicity, as reflected in the 

comparable EC50 values for all PLAAs tested. 

 
Table 3. Mean effective concentration (EC50, mg L–1) of the tested monomers and poly-

mers on bacteria (A. fischeri), vascular plant (S. polyrhiza) and invertebrate (T. platyu-

rus). Toxicity levels (Tox.) were stated as follows: H – harmless (EC50 > 1000 mg L–1), 

PH – practically harmless (100 < EC50 < 1000 mg L–1), MT – moderately toxic (10 < EC50 

< 100 mg L–1), and T – toxic (1 < EC50 < 10 mg L–1) 

Entry 
Sample 

name 

A. fischeri S. polyrhiza T. platyurus 

Tox. 

EC50, 

 mg L–1 

 (CI 95%) 

Tox. 

EC50,  

mg L–1 

(CI 95%) 

Tox. 

EC50,  

mg L–1  

(CI 95%) 

1 LAA0 H >8 000 MT 
17  

(15; 19) 
T 

6  

(4; 7) 

2 LAA5 H >8 000 MT 
33  

(25; 40) 
T 

7  

(4; 9) 

3 LAA7 PH 
425  

(284; 566) 
MT 

16  

(12, 20) 
T 

5  

(5, 6) 

4 LAA9 H >8 000 MT 
39  

(26; 49) 
T 

6  

(4;8) 

5 PLAA0 H >20 000 H >1000 H >1000 

6 PLAA5 H 

14  

638 (13696; 

15579) 

PH 
533  

(445; 619) 
PH 

394  

(181; 606) 

7 PLAA7 H 
6677  

(5995; 7358) 
PH 

325  

(234; 415) 
PH 

263  

(166; 360) 

8 PLAA9 H 
3915  

(3764; 4066) 
PH 

440  

(214; 667) 
PH 

252  

(145; 359) 
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4.3 Cytotoxicity of aromatic polymethacrylates from  

lignin-based feedstock (Paper III) 

4.3.1 Development of aromatic polymethacrylates  

from lignin-based feedstock 

4-hydroxybenzoic acid, vanillic acid, and syringic acid are structurally related to 

lignin units and can be derived from lignin through oxidation processes. The 

methacrylate lignin-based monomers 4-hydroxybenzyl methacrylate (BMA), 

vanillin methacrylate (VMA), and syringyl methacrylate (SMA) were synthe-

sized in two steps (Scheme 7). Corresponding lignin-based carboxylic acids were 

converted into methyl esters, followed by methacrylation of the phenolic hydroxyl 

group. The methacrylates obtained from the acylation with methacryloyl chloride 

in bio-based solvent 2-MeTHF have high yields and do not require chromato-

graphic purification. The corresponding polymers (PBMA, PVMA, PSMA) 

were obtained by radical polymerization. The homopolymers exhibited high Tg 

values: PBMA at 106 °C, PVMA at 128 °C, and PSMA at 197 °C. These values 

are significantly higher than for PMMA (105 °C), indicating enhanced thermal 

performance. Rheological measurements demonstrated that the polymers could 

be processed in the melt, indicating their potential suitability as thermoplastic 

materials for a range of applications. 

 

Scheme 7. Conversion of lignin-based carboxylic acids into methacrylate monomers and 

subsequent radical polymerization. 
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4.3.2 Cytotoxicity analysis of aromatic polymethacrylates 

from lignin-based feedstock 

The possible cytotoxicity of monomers and polymers (Fig. 14) was studied on 

the HeLa (human cervical carcinoma) cell line. The viability of HeLa cells was 

measured using an MTT assay after 24-hour exposure to monomers and after 48-

hour exposure to polymers. Based on the results, IC50 values for the chemicals 

were calculated. The higher the IC50 value, the lower the toxicity of the material 

to cells. 

 

Fig. 14. The chemical structures and abbreviations of the tested lignin-based methacrylate 

monomers and corresponding polymers 

 

The IC50 values for monomers were in the range from 42.8 to 95.1 g mL–1 

(Fig. 15). Those values are comparable to results obtained previously for other 

methacrylates.166 All monomers showed a strong influence on cells compared to 

the corresponding polymers. The IC50 values for corresponding polymers were in 

the range from 577.6 to 962 g mL–1 (Fig. 15). This difference between the poly-

mer and the monomers occurs because the polymers do not contain the reactive 

methacrylate group, which may exhibit toxic effects on living organisms. At the 

same concentration of 200 g mL–1 in the case of polymers, HeLa cells retained 

high viability after 48 hours, in the range from 86% to 100% (Fig.15 b) after 48 h 

of exposure to the polymers. In contrast, when exposed to the corresponding 

monomers for just 24 h, cell viability significantly decreased to 5–9% (Fig. 15a). 

At higher concentrations, all the polymers caused a reduction in cell viability 

(Fig. 15b). At 1000 μg mL–1, 41–72% of cells remained viable after 48 hours of 
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treatment. These results are comparable to those observed for polymethyl-

methacrylate (PMMA) reference material. PMMA is a well-known polymer that 

is used as a bio-medical material and is considered to have very low cyto-

toxicity.167,168  

 

Fig. 15. HeLa cells viability after exposure to the methacrylate monomers during 24 h (a) 

and polymers during 48 h (b). 

 

Therefore, PBMA and PSMA can be considered low-toxicity materials, while 

PVMA may be classified as non-toxic, as its IC₅₀ value exceeds 1000 μg mL–1. 

 

 

4.4 Ecotoxicity of amines used in ‘switchable water’ 

and CO2-capturing processes (Paper IV) 

4.4.1 Amines used in SW and CO2-capturing processes 

The ecotoxicity of structurally diverse amines utilized in emerging SW and CO2 

capture technologies was evaluated. The list of tested compounds (Table 4) inclu-

des primary monoethanolamine (MEA), secondary diethanolamine (DEA), tertiary 

triethanolamine (TEA), and dimethylethanolamine (DMEA), structurally hindered 

amino-2-methyl-1-propanol (AMP), and two diamines – tetramethylthylene-

diamine (TMEDA) and tetramethyl-1,3-propanediamine (TMPDA). Such amines 

are often used for SW and CC processes due to their ability to absorb gases effi-

ciently. MEA, DEA, TEA, AMP, and DMEA are alkanolamines used in both 

processes.  
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Table 4. The list of tested compounds.  

Entry 
Name/ 

amine type 
Formula 

MW  

(g mol–1) 
Log Kow

* Structure 

1 
Monoethanolamine  

(MEA) / Primary 
C2H7NO 61.08 –1.6  

2 
Diethanolamine  

(DEA) / Secondary 
C4H11NO2 105.14 –1.7 

 

3 
Triethanolamine  

(TEA) / Tertiary 
C6H15NO3 149.19 –2.5 

 

4 

Dimethylethanolami

ne (DMEA) / 

Tertiary 

C4H11NO 89.14 –0.9 
 

5 

Amino-2-methyl-1-

propanol (AMP) / 

Hindered 

C4H11NO 89.14 –0.7 
 

6 

Tetramethylethylene

diamine (TMEDA) / 

Diamine 

C6H16N2 116.24 –0.3 

 

7 

Tetramethyl-1,3-

propanediamine  

(TMPDA) /Diamine 

C7H18N2 130.23 0.2 
 

*Data taken from (Quantitative Structure-Activity Relationship) QSAR prediction analysis 

 

4.4.2 Toxicity evaluation of amines used in SW  

and CO2-capturing processes 

The ecotoxicity of the tested amines was assessed on aquatic organisms with 

varying biological complexity: bacteria (A. fischeri), vascular plants (S. polyrhiza), 

and invertebrates (D. magna). The results of the measurements are visualized in 

Fig. 16. The tertiary amine TEA showed the lowest toxicity level across all tested 

organisms and can be rated as non-toxic (EC50 > 1000 mg L–1, Fig. 16a–c). The 

secondary amine DEA and the primary amine MEA exhibited lower EC50 values 

compared to TEA. DEA and MEA and can be classified as practically harmless 

to A. fischery [EC50(DEA) = 468 (95% CI: 280; 656) mg L−1; EC50(MEA) = 227 (95% 

CI: 150; 304) mg L−1], S. polyrhiza [ EC50(DEA) = 549 (95% CI: 479; 619) mg L−1; 

EC50(MEA) = 358 (95% CI: 262; 454) mg L−1] and D. magna [EC50(DEA) = 367 (95% 

CI: 288; 447) mg L−1; EC50(MEA) = 260 (95% CI: 203; 317) mg L−1]. These results 

align with the previous study, where it was found that the toxicity decreased when 

alkyl substituents were added to the nitrogen group.111,169 Also, alkylamines with 

shorter and less-branched alkyl chains exhibited higher toxicity than those with 

longer and more highly branched chains. 105  
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Fig. 16. Values of the tested compounds’ mean effective concentrations (EC50, mg L−1) 

towards (a) A. fischeri, (b) S. polyrhiza, (c) D. magna. The compounds are ordered 

according to the level of toxicity: dark green represents the harmless (EC50 values > 

1000 mg L−1) compounds; light green represents the practically harmless (EC50 values 

100–1000 mg L−1) compounds; yellow denotes the moderately toxic (EC50 values of 10– 

100 mg L−1) compounds.  

 

DMEA is another tertiary alkanolamine, which has two ethanol groups replaced 

by methyl substituents. Compared to TEA, DMEA exhibited lower EC50 values 

and showed practically harmless level of toxicity to S. polyrhiza [EC50 = 229 

(95% CI: 188; 269) mg L−1], D. magna [EC50 = 223 (95% CI: 213; 234) mg L−1] 

and A. fischeri [EC50 = 437 (95% CI: 293; 581) mg L−1].  

AMP is a primary amine and structural isomer of DMEA with different 

arrangements of substituents. It has the same level of toxicity as DMEA, but the 

EC50 values for AMP were slightly higher than for DMEA: EC50 = 475 (95% CI: 

279; 671) mg L−1 towards A. fischeri, EC50 = 310 (95% CI: 240; 380) mg L−1 

towards S. polyrhiza and EC50 = 327 (95% CI: 287; 367) mg L−1 towards D. magna. 

TMEDA and TMPDA are two diamines with different length of the carbon 

spacer between the two nitrogen atoms. TMEDA with an ethylene spacer showed 

a practically harmless effect toward A. fischeri [EC50 = 167 (95% CI: 149; 
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186) mg L−1], D. magna [EC50 = 247 (95% CI: 192; 302) mg L−1] and S. polyrhiza 

[EC50 = 348 (95% CI: 308; 388) mg L−1]. However, TMPDA with propylene 

spacer was the only tested compound which showed moderately toxic level of 

toxicity to D. magna [EC50 = 73 (95% CI: 69; 77) mg L−1] and S. polyrhiza 

[EC50 = 61 (95% CI: 41; 81) mg L−1]. In the test with A. fischeri, TMPDA showed 

practically harmless effect with EC50 = 145 (95% CI: 117; 172) mg L−1, but this 

is also the lowest value among all tested amines. 

The relationship between the ecotoxicological results and the octanol-water 

partition coefficient (logKow) of the tested compounds (Table 4) was correlated. 

The logKow parameter quantifies the hydrophobicity of a compound by measuring 

its partitioning between octanol (hydrophobic phase) and water (hydrophilic 

phase).170 This parameter serves as a valuable predictor of environmental fate and 

potential environmental risk, since compounds with elevated logKow values 

generally exhibit reduced solubility in water, increased bioaccumulation poten-

tial, and, as a consequence, increased toxicity to aquatic organisms.171 A clear 

correlation was found between hydrophobicity and toxicological effects in all 

amine compounds tested. TEA, which had the lowest logKow value (−2.5) among 

all tested substances, showed non-toxic effect to all organisms assessed, con-

sistent with its highly hydrophilic nature. In contrast, the remaining alkano-

lamines with logKow values ranging from –0.7 to –1.7 showed practically harm-

less effect of toxicity that generally increased with hydrophobicity. This relation-

ship was most pronounced for the diamine TMPDA, which had the highest 

logKow value (0.2) and consequently showed moderate toxicity to both S. polyrhiza 

and D. magna. The observed trend that the more hydrophilic compounds (TEA, 

DEA, MEA, DMEA, AMP, TMEDA) consistently showed lower toxicity com-

pared to their more hydrophobic counterparts (TMPDA) confirms our previous 

ecotoxicological studies with isosorbide-based compounds. 

The mechanisms underlying amine-induced toxicity likely involve multiple 

pathways. One possible mechanism involves the induction of cellular oxidative 

stress through enhanced generation of reactive oxygen species (ROS), which can 

subsequently trigger lipid peroxidation cascades and ultimately lead to cyto-

toxicity.172,173 Furthermore, the formation of reactive amine metabolites, including 

nitrosamines and imines, has been linked to genotoxic effects through direct DNA 

damage pathways.113 These mechanistic insights, combined with the observed 

structure-activity relationships, provide a basis for predicting the environmental 

safety profiles of structurally related amine compounds. 
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4.5 Bacterial biofilm on bio-derived polymers, conventional 

plastics, and coated paperboards (Paper V) 

4.5.1 Researched bio-derived polymers, conventional plastics, and 

coated paperboards  

This study examines the interaction of freshwater bacteria and terrestrial bacteria 

with various bio-based and conventional polymer materials. Investigated polymer 

samples were incubated for 2 months in the river and in 4 types of soil for 3 months 

(1 tp) and 9 months (2 tp). Based on the physical appearance, the materials were 

divided into two categories: coated paperboards and plastics. Coated paperboard 

is a type of paperboard treated with one or more layers of polymer coating to 

improve its functional properties, often used for food packaging (e.g., coffee 

cups, juice cartons, etc.). The most common coating material is PE. However, the 

PE-coated paperboard packages (e.g., coffee cups) are practically not recyclable. 

Thus, in addition to the PE-coated paperboard (PE-CP), potentially recyclable 

paperboards with emulsion coatings based on three isosorbide methacrylates 

(IMA-CP, IMP-CP, IMB-CP), and a corresponding uncoated paperboard 

(UCP) as a reference, were tested (Table 5). These isosorbide-based industrial 

latex emulsions have been described and previously investigated for environ-

mental toxicity in Paper I. A thin layer of emulsion covered the paperboard to 

achieve a bio-based and recyclable analog of regular coated paperboard.  

 
Table 5. Overview of coated paperboard samples used in the study 

Entry Sample name Sample description Process type Structure 

1 IMA-CP 

Coated paperboard with 

SA-latex, 50% of 

styrene replaced by 

IMA 

Lab 

synthesis 

 

2 IMP-CP 

Coated paperboard with 

SA-latex, 50% of 

styrene replaced by IMP 

Lab 

synthesis 

3 IMB-CP 

Coated paperboard with 

SA-latex, 50% of 

styrene replaced by IMB 

Lab 

synthesis 

4 PE-CP 

Regular coffee cup 

paperboard coated with 

polyethylene 

Production 

grade 
 

5 UCP Uncoated paperboard – – 
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In the case of plastics, seven different types of polymers were chosen (Fig. 17). 

Polyurethane (PU(1–4)), polycarbonate (PC-1), and poly(thioether ester) (TE-1), 

based on rigid spirocyclic diols derived from citric acid, are high-performance 

materials from renewable feedstock. Poly(isosorbide 5-methacrylate-2-acetate) 

(PIAMA) film was chosen to evaluate whether the same isosorbide polymer 

behaves differently in different forms (i.e., as a coating or as a pure plastic film). 

All these polymers have been recently developed in our research group and can 

be generally characterized as high-performance plastics with potential appli-

cations in various fields of engineering.40,174–176 Cellulose laurate (C1), cellulose 

stearate (C2), cellulose myristate (C3), and cellulose palmitate (C4) are polymers 

where cellulose hydroxyl groups are partially replaced with laurate, stearate, 

myristate, and palmitate.177 All cellulose esters were a gift from Prof. Andres 

Krumme (TalTech) and these materials could be suitable as food packages. 

Granulated poly(lactic acid) (PLA) was turned into a film by using a standard 

solvent casting procedure. Polyethylene film (PE) is a common polymer for 

packaging and various other applications. 

 
Fig. 17. Overview of chemical structures and abbreviations of the tested plastics. 

 

 



54 

4.5.2 Microbial richness and community composition of biofilms 

A total of 149 841 amplicon sequence variant dates (ASVs) were obtained across 

all incubated samples from both aquatic and terrestrial environments. Rare taxa 

are ASVs with relative abundance < 0.01% across all samples, which present 

99.2% of all ASVs, and their relative abundance is 57.7%. Only 64 ASVs were 

classified as abundant taxa (relative abundance > 0.1%), and their relative 

abundance is 12.8%.  

To assess the diversity and structure of microbial communities on different 

materials, three standard ecological indices were analyzed: Chao1 taxonomic 

richness. Two-way ANOVA results indicated that this index was significantly 

influenced by the type of material (p < 0.05), suggesting that material com-

position plays a key role in shaping biofilm communities. 

The Chao1 index (A), which estimates species richness, was substantially 

higher in materials incubated in a terrestrial environment compared to those 

incubated in an aquatic environment (Fig. 18). This pattern was consistent across 

most material types, suggesting that the terrestrial environment supports a more 

diverse microbial community, possibly due to its higher nutrient complexity, 

moisture retention, and microbial reservoir. Paperboard samples, bio-based 

polyurethane and cellulose-based polymers exhibited the highest richness values 

in soil. These materials may offer more accessible substrates or surface properties 

favorable for colonization and growth. In contrast, materials incubated in aquatic 

environments, such as bio-based polyurethane, polylactic acid, and uncoated 

paperboard samples, showed lower microbial richness. This reduced diversity 

may reflect the more selective pressures of the aquatic environment, such as 

limited nutrient availability and greater exposure to hydrodynamic forces. 

Fig. 18. Materials type significantly affected the Chao1 indices. 
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Overall, these patterns suggest that the type of material composition influences 

microbial colonization by affecting both the number of taxa and their relative 

distributions. 

 

4.5.3 Distribution of bacterial community on the studied materials 

Distance-based redundancy analysis (dbRDA) is a constrained ordination method 

used in microbial ecology to visualize how environmental variables influence 

community composition. This method was used to determine changes in micro-

bial community composition depending on different chemical structures of mate-

rials and incubation environments (Fig. 19). The studied samples were grouped 

into ten categories depending on the chemical structure of the polymers or 

coatings on the paperboard. These groups include cellulose-based polymers 

(cellulose esters (C(1–4)), isosorbide-based polymer (PIMA), poly(thioether ester) 

(TE-1), polycarbonate (PC-1), polyurethane (PU(1–4)), polylactic acid (PLA), 

polyethylene (PE), paperboard with isosorbide-based coating (IMA-CP, IMP-

CP, IMB-CP), paperboard with polyethylene coating (PE-CP), uncoated paper-

board (UCP). There are also two control groups representing soil and water 

samples. 

The x-axis (dbRDA1) explains 3% of the variation, while the y-axis (dbRDA2) 

explains 1.6%. Although these two axes explained only 4.6% of the total variance, 

they demonstrated that material composition is a major determinant of biofilm 

community structure. There is a clear separation between biofilms on paperboard 

and plastic materials incubated in soil. As we can see from Fig. 18, most of the 

plastic materials and control soil samples form a tight and overlapping cluster on 

the left side of the dbRDA1 axis. This may indicate that the microbial com-

munities among these samples are not highly differentiated. While cellulose-

based polymers also group near the other plastics, they are more widely distri-

buted, particularly toward the upper region of the plot. This broader spread indi-

cates a higher variability in microbial composition, suggesting that cellulose-based 

polymers support more diverse microbial communities compared to other poly-

mer materials.  

 



56 

Fig. 19. Distance-based redundancy analysis (dbRDA). 

 

Otherwise, paperboard materials are spread more widely along the right side of 

the dbRDA1 axis, showing greater variability in microbial communities compared 

to plastic samples. This clustering is likely due to the fact that cellulose-based 

cardboard backbone provides a stable substrate for microbial colonization, poten-

tially favoring certain degradative organisms capable of using cellulose as a car-

bon source.  

The incubation environment significantly influences community structure. 

Samples incubated in an aquatic environment (triangles) tend to cluster toward 

the lower half of dbRDA2, suggesting that water conditions limit microbial diver-

sity or select for different taxa compared to soil. For example, even the same 

material (paperboards with isosorbide-based coating) shows different positioning 

depending on incubation. 
 

4.5.4 Analysis of key bacterial families using different approaches 

To better understand the distribution of microbial communities on the different 

types of materials tested, LEfSe (linear discriminant analysis of effect size) was 

applied at the family level of the taxonomic classification. LEfSe combines 

nonparametric statistical testing with linear discriminant analysis to identify 

microbial families that differ significantly in relative abundance between 

experimental groups. This method is particularly effective in identifying bacterial 

taxa that act as biomarkers.  

In addition, we used CAPscale analysis (CAP), a restricted ordination method 

that is related to distance-based redundancy analysis (dbRDA). This ordination 

approach is useful for identifying which taxa have the greatest influence on 

shaping the overall community structure under the conditions tested. 
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After performing both analyses, we cross-compared the results to identify 

bacterial families that were significant in both LEfSe and CAP analyses (Fig. 20). 

A total of 71 families were found to be common to both methods. These are im-

portant because they are not only differentially abundant (as revealed by LEfSe) 

but also play a central role in shaping community differences (as revealed by 

CAP). Additionally, some families were uniquely detected by each method – 69 

families by LEfSe and 20 by CAP, likely due to the differing statistical criteria 

used by the two approaches. This approach allowed a more complete inter-

pretation of how the composition of the studied materials and the environmental 

context affect microbial community dynamics, especially at the family level. 

 

 

Fig. 20. LefSe and CAP circle diagram with numbers of shared bacterial families. 

 

Common and unique bacterial families identified for LEfSe and CAP analyses 

were studied separately, depending on incubation type and time point. Specifi-

cally, comparisons were made for samples incubated in an aquatic environment, 

as well as for two different time points in the soil incubation.  

 

4.5.5 Family-level taxonomic analysis of bacterial communities on 

materials incubated in an aquatic and terrestrial environment 

Overall, 71 bacterial families were found to be shared between the two analyses 

in samples incubated across both environments. After excluding unclassified and 

potentially unknown taxa, 42 families remained. These were visualized in bubble 

diagrams to illustrate their relative abundance across different material types 

(Fig. A1, A3). Bio-based polyurethane polymers were incubated only for the 

second time point. In the discussion part, only samples included in the aquatic 

and the terrestrial second time point were analysed in detail. The bacterial 

families described in this part are illustrated in Fig. 21. 

 Among these, Mycobacteriaceae displayed consistently high abundance on 

all materials presented in these tests for both environments. This family includes 

acid-fast, lipid-rich bacteria commonly found in water and soil, known for their 

ability to form biofilms and degrade hydrophobic compounds and plastics – traits 

that support their dominance on polymer-based surfaces. Similarly, Gaiellaceae 
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is a family of Gram-positive, aerobic bacteria often found in soil and marine 

environments and known for their resilience in oligotrophic (nutrient-poor) con-

ditions. Their ecological versatility likely enables them to thrive on various 

types of surfaces. Tepidisphaeraceae, a thermophilic, biofilm-forming group, was 

detected on most materials, except for PC-1 in water. It also showed low abun-

dance on PE sample in soil with compost 1, again highlighting how material 

composition may selectively shape microbial colonization patterns. 

Pirelullacela appeared primarily on plastic materials but showed reduced or 

no abundance on paperboard with isosorbide-based coatings (IMA-CP, IPA-CP, 

IBA-CP) in water, control soil and in soil with compost 2. In soil with compost, 

1 relative abundance for Pirelullacela for all samples was equal, while in mine-

ralized soil, it was relatively the same for all samples, but wasn’t present in IMA-

CP. This suggests that specific surface chemistries and the type of environment 

may inhibit their colonization. Likewise, Methylomonadaceae, a family of 

methanotrophs often found in aquatic or moist environments, were present on the 

IMA-CP and IPA-CP at low abundance, on PC-1 and PIAMA samples at higher 

abundance and absent from PLA and PU-4 in the water incubated samples. 

Methylomonadaceae was detected on the terrestrial incubated samples at low 

abundance. These distribution patterns suggest a limited ability to adhere to or 

metabolize certain coated or polymer surfaces. 

Halieaceae, bacteria often associated with hydrocarbon degradation, were 

detected exclusively on bio-based plastics (excluding PLA) and paperboard with 

PE coating, but were absent in the river water control at the water incubation test. 

In the soil test, it was found in practically all samples at low abundance; only 

paperboard samples with isosorbide coatings have higher abundance in mine-

ralized soil and soil with compost 2. In contrast, Geminicoccaceae was found in 

higher abundance on hard-plastic samples, especially on cellulose-based poly-

mers, but was absent practically in all paperboard samples under terrestrial in-

cubation. Also, in the aquatic incubation test, this bacterium was present only in 

four samples (IMA-CP, IPA-CP, PU-1, TE-1, river water).  

The PU-4 sample showed a distinct bacterial community structure compared 

to other polyurethanes in water incubation test, possibly due to its smoother 

surface, which may influence microbial attachment. Notably, Planococcaceae – 

Gram-positive, spore-forming bacteria capable of degrading hydrocarbons and 

thriving in harsh conditions – were most abundant on PU-4 and absent from the 

control, supporting their role in polymer-associated biodegradation. In addition, 

Isosphaeraceae, a family often found in wastewater and capable of forming 

complex biofilms, showed higher abundance on PU-4 than on other polyurethane 

samples, suggesting that surface morphology or composition may favor their 

colonization. Gemmatimonadaceae, typically associated with oligotrophic envi-

ronments and known for slow growth and potential photoheterotrophy, were 

present in low abundance on nearly all samples but absent from PU-4. 
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Fig. 21. Relative abundances of selected bacterial families on different materials across 

various soil types and water samples. Bacterial families displayed in the plot were identi-

fied based on LEfSe and CAP analyses. These families were selected for their statistically 

significant differences in abundance and strong ecological associations with specific 

materials and environments. 

 

In the LEfSe analysis, 39 unique bacterial families were identified for the aquatic 

incubated materials. After filtering out unknown and unclassified taxa, 17 

families remained for interpretation (Fig. A2). The bacterial families described in 

this part are illustrated in Fig. 22. Among these, Pseudomonadaceae, and Ste-

roidobacteraceae, were consistently detected across all material types, though 

with varying relative abundances. These families are well-known for their meta-

bolic versatility, biofilm formation, and ability to degrade complex organic com-

pounds, which may contribute to their widespread colonization across diverse 

substrates. 

Rubrobacteraceae was detected mainly on paperboard-based materials and 

generally in low abundance and in higher abundance in uncoated paperboard 

samples and bio-based polycarbonate PC-1 under aquatic incubation. While 

under terrestrial conditions, it was present on practically all incubated samples, 

except IPA-CP and IBA-CP in the control soil. In contrast, Turicibacteracea was 

found mainly in hard-plastic samples incubated in water, but was absent in samples 

incubated in soil. 

Cytophagaceae, a family involved in the degradation of complex polymers 

such as cellulose and chitin, was found in higher abundance on PU-2 and PU-4 

under aquatic incubation, but it was present practically in all samples incubated 

in soil. This may indicate selective colonization, likely due to being influenced by 

the type of incubation. 
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Planctomycetaceae, Micromonosporaceae, and Pedosphaeraceae were detec-

ted in materials and generally in low abundance. These families are known for 

their roles in biofilm development, resistance to desiccation, and tolerance of 

low-nutrient environments, which could explain their association with porous, 

fibrous surfaces rather than dense plastics. Fimbriimonadaceae was detected on 

paperboard samples with coating but not on uncoated paperboard, and this family 

was also present on bio-based polyurethane samples in water incubated samples. 

In the soil, it was also found mainly on bio-based materials, in the uncoated paper-

board, it was found in mineralized soil in low abundance, and in soil with com-

post 2. Methylophilaceae, a family of methylotrophic bacteria that utilize single-

carbon compounds, appeared primarily on bio-based polyurethanes and the TE-1 

plastic, but among paperboard samples, it was only detected on one isosorbide-

coated type and on the PE-CP under aquatic incubation. Methylophilaceae was 

present in low abundance in practically all samples incubated in soil. Casi-

microbiaceae were found across materials, including PE-CP, PLA, PC-1, PU-1, 

and IBA-CP, but were absent from other samples and the river water.  

 

Fig. 22. The relative abundances of bacterial families on different materials in various soil 

types and water. Bacterial families displayed in the plot were identified based on LEfSe 

analysis. 

 

The CAP analysis initially identified 20 unique bacterial families, but after fil-

tering out unclassified or unknown taxa, only 6 remained (Fig. 23). Among them, 

Micrococcaceae, Polyangiaceae and Sphingobacteriaceae were consistently pre-

sent across all material types, though with varying relative abundances. These 

families are commonly found in soil and aquatic environments and are known for 

their roles in organic matter degradation, biofilm formation, and environmental 
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adaptability – traits that may explain their widespread presence across different 

substrates. 

Anoxybacillaceae, a thermotolerant, spore-forming family capable of surviving 

in fluctuating conditions, was detected on two paperboard with isosorbide coating 

samples IMA-CP and IPA-CP, and in the river water control sample under 

aquatic incubation. While in the samples under terrestrial incubation, it was detec-

ted in all paperboards with isosorbide coating samples in mineralized soil and soil 

with compost 2 in relatively high abundance, in soil with compost 1 in low abun-

dance, and it was absent in the control soil. In contrast to aquatic incubation, in 

the terrestrial environment, the Anoxybacillaceae were also present in a paper-

board sample with polyethylene coating in all soil types, also, in uncoated paper-

board except soil with compost 1. Anoxybacillaceae was also present in all cellu-

lose-based polymers in the control soil and in one C3 cellulose-based polymer in 

soil with compost 1 but was absent in mineralized soil and soil with compost 2. 

Also, it was absent in all soil samples (compost 1, compost 2, control, and mine-

ralized). 

Desulfitobacteriaceae, a family involved in reductive dechlorination and 

anaerobic degradation of complex compounds, was found on two paperboard 

materials, IMA-CP and IBA-CP, on TE-1 and PIAMA, in aquatic incubated 

samples. It was also detected in all paperboard samples with isosorbide coating 

in mineralized soil and soil with compost 1. In control soil was found only in 

IBA-CP sample, while in soil with compost 2 in IMA-CP and IBA-CP. Also, 

Desulfitobacteriaceae was detected in other materials incubated in a terrestrial 

environment, such as uncoated paperboard samples (mineralized soil and soil 

with compost 1 and 2), PU-4(control soil and soil with compost 1), PU-1 (soil with 

compost 1), PLA (mineralized soil), C2 (control soil and soil with compost 2), 

C3 (soil with compost 2). All these materials are bio-based, only in control soil 

and in soil with compost, 1 Desulfitobacteriaceae was found in paperboard with 

polyethylene coating, which may suggest a colonization pattern possibly driven 

by the bio-based composition of materials. Propionibacteriaceae was detected at 

relatively low abundance on only a few materials incubated in an aquatic environ-

ment: the isosorbide-coated paperboard IPA-CP and bio-based polyurethane  

PU-1, in PLA sample abundance was higher. Propionibacteriaceae was found in 

all paperboard samples with isosorbide and polyethylene coatings, in cellulose-

based sample C2, PLA, and uncoated paperboard. This family includes anaerobic 

or aerotolerant bacteria often associated with skin or fermentation environments, 

and their limited presence may reflect specific nutrient or surface preferences. 

Both Propionibacteriaceae and Desulfitobacteriaceae were absent from the river 

water control and soil control samples, indicating that their presence may be asso-

ciated with surface colonization rather than passive environmental background.  
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Fig. 23. The relative abundances of bacterial families on different materials in various soil 

types and water. Bacterial families displayed in the plot were identified based on CAP 

analysis. 
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SUMMARY 

The global increase in the use of materials and chemicals has raised serious con-

cerns about their long-term environmental and health impacts. Conventional 

fossil-based polymers are widely used due to their durability and low cost, but 

their persistence, low recycling rates, and accumulation in ecosystems contribute 

significantly to pollution. In response, bio-based materials derived from renew-

able feedstocks have attracted attention as more sustainable alternatives. How-

ever, their safety cannot be guaranteed as some bio-based monomers and degra-

dation products exhibit significant toxicity, demanding careful environmental 

assessment. 

In this study, several bio-based materials were assessed for their ecotoxico-

logical, microbiological impacts, and cytotoxicity. These include acrylates and 

methacrylates derived from isosorbide, lactate amide acrylates from depolymeri-

zed PLA, lignin-based methacrylate polymers, and amines used in CO2 capture 

and switchable solvent systems. The focus was on assessing the toxicity of mono-

mers versus polymers and understanding how structural factors such as hydropho-

bicity, molecular weight, and solubility affect biological interactions.  

Testing of isosorbide-based monomers showed that acrylate derivatives (IA, 

IAA) were more toxic than methacrylate derivatives (IM, IMA), especially to 

aquatic plants (Spirodela polyrhiza) and invertebrates (Thamnocephalus platyu-

rus). This is likely due to the higher reactivity of acrylates. Their corresponding 

polymers (PIA, PIAA, PIM, PIMA) had significantly lower toxicity, often 

showing EC50 values >1000 mg L−1, thus being classified as harmless. Increasing 

molecular weight further reduced toxicity, likely due to reduced bioavailability 

and limited cellular uptake. Industrially relevant latexes created using isosorbide 

monomers (IMA-latex, IMP-latex, IMB-latex) also showed low toxicity under 

standard conditions. The minor effects observed may have been due to residual 

monomer or surfactant content, but overall, these materials demonstrated safe 

profiles for packaging or coating applications. 

Lactate amide acrylic monomers derived from PLA (LAA0, LAA5, LAA7, 

LAA9) showed moderate to high toxicity levels towards aquatic species, espe-

cially S. polyrhiza and T. platyurus. However, after polymerization (PLAA0–

PLAA9), the toxicity of these materials decreased to practically harmless and 

harmless levels. These results highlight the critical role of polymerization in 

reducing the environmental impact of acrylate compounds and emphasize the 

importance of minimizing monomer residue levels in consumer products. 

Lignin-derived methacrylate monomers (BMA, VMA, SMA) were evaluated 

using HeLa cells. The monomers demonstrated moderate cytotoxicity with IC50 

values ranging from 42 to 95 g mL–1. In contrast, their corresponding polymers 

(PBMA, PVMA, PSMA) demonstrated much lower cytotoxicity with IC50 values 

greater than 500 g mL–1, and cell viability remained high at application-relevant 

concentrations. These results support the potential of lignin-derived methacrylates 

as safe and effective alternatives to conventional plastics such as PMMA. 
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Amines used in CO2 capture and switchable water processes were also eva-

luated. The compounds tested included monoethanolamine MEA, DEA, TEA, 

DMEA, AMP, and diamines such as TMEDA and TMPDA. TEA was found to 

be the least toxic among all species tested, including bacteria, plants, and inverte-

brates. In contrast, TMPDA, which is more hydrophobic (logKow = 0.2), showed 

moderate toxicity. A clear trend links increased hydrophobicity with increased 

toxicity, likely due to greater membrane permeability and bioaccumulation 

potential. These results highlight the importance of physicochemical properties 

in the early stage of amine screening for green applications. 

In addition to toxicity, this study investigated how material properties affect 

microbial colonization through biofilm formation. A total of 149,841 ASVs were 

identified from materials incubated in aquatic and terrestrial environments, with 

rare taxa accounting for most of the microbial diversity. Families such as Myco-

bacteriaceae, Gaiellaceae, and Tepidisphaeraceae were widely distributed, 

while others, such as Pirellulaceae, Halieaceae, and Methylomonadaceae, exhi-

bited material- and environment-specific patterns. Another families, such as 

Desulfitobacteriaceae and Propionibacteriaceae, were enriched on paperboards 

samples but absent from others, indicating active surface colonization. These 

results highlight the influence of polymer chemistry, surface structure, and 

environmental conditions on biofilm community formation.  
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SUMMARY IN ESTONIAN 

Uute biopõhiste polümeeride ning madala süsinikuheitega tehnoloogiates 

kasutatavate kemikaalide ohutuse hindamine 

 

Materjalide ja kemikaalide kasutuse suurenemine on tekitanud maailmas tõsiseid 

muresid nende pikaajalise keskkonna- ja tervisemõju osas. Fossiilset päritolu 

polümeerid on tänapäeval laialdaselt kasutusel oma vastupidavuse ja madala 

hinna tõttu, kuid nende püsivus, madalad taaskasutusmäärad ning kuhjumine 

ökosüsteemidesse põhjustavad olulist reostust. Sellele vastukaaluks on taastuvast 

toorainest saadavad biopõhised materjalid äratanud tähelepanu kui jätkusuut-liku-

mad alternatiivid. Siiski ei saa nende ohutust garanteerida vastavate uuringuteta, 

kuna biopõhised monomeerid, polümeerid ja nende laguproduktid võivad osu-

tuda samuti toksilisteks, mistõttu on vajalik põhjalik keskkonnamõju hindamine. 

Käesolevas uuringus hinnati mitmeid biopõhiseid polümeere ning nende 

lähteaineid (s.o. monomeere) ökoloogilise toksilisuse, mikrobioloogilise mõju ja 

tsütotoksilisuse osas. Uuritud materjalideks olid isosorbiidist saadud polüakrü-

laadid ja -metakrülaadid, depolümeriseeritud PLA-st saadud laktaatamiidakrü-

laadid, ligniinipõhised metakrülaatpolümeerid ning CO₂ sidumisel kasutatavad 

amiinid. Fookuses oli monomeeride ja polümeeride toksilisuse võrdlemine ning 

struktuursete tegurite – nagu hüdrofoobsus, molekulmass ja lahustuvus – mõju 

bioloogilistele koostoimetele. 

Isosorbiidipõhiste monomeeride testimine näitas, et akrülaadid (IA, IAA) olid 

toksilisemad kui metakrülaadid (IM, IMA), seda eriti veetaimedele (Spirodela 

polyrhiza) ja selgrootutele (Thamnocephalus platyurus). See võib olla tingitud 

akrülaatide suuremast reaktsioonivõimest. Nende vastavad polümeerid (PIA, 

PIAA, PIM, PIMA) olid oluliselt vähem toksilised, sageli EC50 väärtustega 

> 1000 mg L–1, mistõttu liigitati need ohututeks. Molekulmassi suurenemine 

vähendas samuti toksilisust, tõenäoliselt tänu vähenenud biosaadavusele ja 

piiratud rakku sisenemisele. Isosorbiidipõhised tööstuslikud lateksid (IMA-

lateks, IMP-lateks, IMB-lateks) näitasid samuti madalat toksilisust standard-

tingimustes. Vähesed täheldatud mõjud võisid olla seotud jääkmonomeeri sisal-

dusega, kuid üldiselt võib neid materjale pidada ohutuks. 

PLA-st saadud laktaatamiidakrülaatmonomeerid (LAA0, LAA5, LAA7, 

LAA9) osutusid mõõdukalt kuni tugevalt toksilisteks veeorganismide S. polyrhiza 

ja T. platyurus. Kuid pärast polümerisatsiooni (PLAA0–PLAA9) vähenes nende 

toksilisus tasemele, mida loetakse praktiliselt ohutuks või ohutuks. Need tule-

mused näitavad, et keskkonnamõju minimeerimiseks on oluline vältida mono-

meerijääkide sisaldust lõpptootes. 

Ligniinist saadud metakrülaatmonomeere (BMA, VMA, SMA) hinnati HeLa 

rakkudel. Monomeerid näitasid mõõdukat tsütotoksilisust IC50 väärtustega vahe-

mikus 42–95 g mL–1. Seevastu nende vastavad polümeerid (PBMA, PVMA, 

PSMA) olid oluliselt vähem toksilised, IC50 väärtustega üle 500 g mL–1, ning 

rakuelujõulisus jäi kõrgeks ka suurtel kontsentratsioonidel. Need tulemused 
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toetavad ligniinipõhiste metakrülaatide potentsiaali ohutute ja tõhusate alterna-

tiividena traditsioonilistele plastidele nagu PMMA ja polüstüreen. 

Samuti hinnati amiinide toksilisust, mida kasutatakse näiteks arendatavates 

CO2 sidumise tehnoloogiates. Uuritavate ainete hulgas olid monoetanoolamiin 

(MEA), dietanoolamiin (DEA), trietanoolamiin (TEA), dimetüületanoolamiin 

(DMEA), 2-amino-2-metüül-1-propanool (AMP) ning diamiiinid nagu tetra-

metüüleetaamindiamin (TMEDA) ja trimetüleentetrapropaan-1,4-diamin 

(TMPDA). TEA osutus kõige vähem toksiliseks nii bakterite, taimede kui ka 

selgrootute suhtes. Vastupidiselt sellele näitas TMPDA, mis on hüdrofoobsem 

(logKow = 0,2), mõõdukat toksilisust. Täheldati selget seost hüdrofoobsuse suure-

nemise ja toksilisuse kasvu vahel, mis tõenäoliselt on seotud parema membraani-

läbitavuse ja bioakumulatsioonipotentsiaaliga. Need tulemused näitavad amii-

nide keskonnamõju hindamise tähtsust enne nende laialdast tööstuslikku kasu-

tuselevõttu. 

Lisaks uuriti kuidas materjali omadused mõjutavad mikroobide koloni-

seerimist biokile moodustumise kaudu. Vee- ja maismaakeskkonnas inkubeeritud 

materjalidest identifitseeriti kokku 149 841 ASV-d, kusjuures haruldased takso-

nid moodustasid suurema osa mikroobide mitmekesisusest. Perekonnad nagu 

Mycobacteriaceae, Gaiellaceae ja Tepidisphaeraceae olid laialt levinud, samas 

kui teised, näiteks Pirellulaceae, Halieaceae ja Methylomonadaceae, näitasid 

materjali- ja keskkonnaspetsiifilisi mustreid. Teatud perekonnad, näiteks De-

sulfitobacteriaceae ja Propionibacteriaceae, olid rikkalikult esindatud pinna-

katte-proovidel, kuid teistel puudusid, mis viitab aktiivsele pinnakoloniseerimisele. 

Need tulemused demonstreerivad polümeeride struktuuri ja keskkonnatingimuste 

mõju biokile koosluse moodustumisele.  
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APPENDIX 

 
Fig. A1. The relative abundances of bacterial families on different materials in water. The 
bacterial families presented were identified as common based at family level on LefSe 
and CAPscale analysis. 
 
 

 
Fig. A2. The relative abundances of bacterial families on different materials in water. The 
unique bacteria at the family level for LefSe analysis.  
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Fig. A3. The relative abundances of bacterial families on different materials in different 
soil for 2 time point. The bacterial families presented were identified as common based 
at family level on LefSe and CAPscale analysis. 
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