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ARTICLE INFO ABSTRACT

Keywords: Microplastics, pervasive contaminants in freshwater ecosystems, have raised ecological concerns.
P3HB ) ) Efforts are underway to substitute conventional plastics with biodegradable alternatives that
Biodegradable microplastics should be more easily decomposed in the environment. However, the biodegradation of these
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D. magna alternatives depends on specific conditions such as temperature, humidity, pH, and microor-
Reproduction ganisms, which are not always met. Consequently, these biodegradable alternatives can also
Growth fragment and generate microplastics, which can be ingested and affect biota. In this study, we

investigated the acute, chronic, and multigenerational effects of two fractions (particles <63 pm
and particles <125 pm) of biodegradable poly-3-hydroxybutyrate (P3HB) at varying concentra-
tions on the inhibition, mortality, reproduction activity, and growth of the freshwater inverte-
brate Daphnia magna. No acute effects were observed for either size fraction. However, during
chronic and multigenerational experiments, an increase in the concentration of P3HB micro-
plastics corresponded with increased mortality, reduced reproductive activity, and slower growth
among the mother organisms. Given the important role of D. magna in the food chain, these
findings suggest that biodegradable microplastics may indeed negatively affect freshwater
ecosystems.

1. Introduction

Microplastics (MPs) are defined as small plastic particles ranging from 1 to 1000 pm in size [1], and have become ubiquitous, found
in diverse locations worldwide, spanning from urban centers to remote regions, both on land and in the ocean [2]. Currently, there is a
growing scientific and societal concern about their impact on freshwater and marine organisms [3]. Nevertheless, research on
microplastic contamination in freshwater ecosystems remains comparatively limited when compared to the marine realm [4]. This
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discrepancy may be attributed to the conventional perception of freshwater environment solely serving as conduits for transporting
MPs into the oceans. However, the widespread presence of MPs in freshwater environments around the world has prompted a swift
evolution in studies exploring their potential impacts [5].

The risks associated with MPs are related to their physical and chemical characteristics, encompassing factors such as composition,
shape, and even color [6]. Their size renders them accessible as a potential food source for a wide range of organisms [7]. Subse-
quently, this can result in the obstruction of feed appendages, leading to reduced food intake, aggregation causing blockages in the
digestive tract of organisms, or potential translocation into the circulatory system [8,9]. Furthermore, MPs have the capacity to
introduce toxic substances into organisms. This occurs through two mechanisms: firstly, the gradual leaching of additives added during
production to enhance plastic properties, and secondly, their large surface area and hydrophobic properties enable MPs to accumulate
hydrophobic organic pollutants from the environment, which may subsequently be released within the bodies of organisms after
ingestion [10,11].

With the growing effort to replace conventional plastics with eco-friendly alternatives, degradable materials are coming to the fore
[12,13]. Biodegradable polymers (BDPs), emerging as viable substitutes for conventional plastics across various industrial sectors, are
polymeric materials capable of undergoing decomposition by microorganisms into carbon dioxide, water, and biomass under aerobic
conditions, or into methane and carbon dioxide under anaerobic conditions [14-16]. Comparable as conventional plastics, BDPs can
also naturally break down into small particles, generating a substantial quantity of MPs [17,18]. However, despite their biodegrad-
ability, these MPs can persist for extended periods due to the influence of various environmental factors (biotic and abiotic) envi-
ronmental factors such as temperature, humidity, pH, biologically active substances, and the presence and activity of microorganisms
[19,20]. These conditions are rarely met in aquatic environments.

Poly-3-hydroxybutyrate (P3HB) is a notable representative of biodegradable polymers. This polymer belongs to the group of
biodegradable linear polyesters known as polyhydroxyalkanoates (PHAs). PHAs are synthesized as an intracellular reserve for carbon
and energy sources by various bacteria (gram-negative, and gram-positive), thriving under aerobic and anaerobic conditions [21-23].
P3HB is a relatively hydrophobic material characterized by an approximate crystallinity of 50 %, a high melting point (180 °C), and
low elasticity. Its density (1.23 g/cm®) suggests a predisposition to settle down in aquatic environments, although factors such as
turbulence, water flow, and thunderstorms can lead to its resuspension within the water column [24-26].

The commonly used model organism for studying the influence of MPs on freshwater biota is the aquatic invertebrate Daphnia
magna. This filter-feeding species is capable to non-selectively ingest particles varying from <1 pm to approximately 70 pm in size [27,
28]. According to Scherer et al. [29], the probability of MPs ingestion by freshwater invertebrates depends on factors such as the
properties and concentration of MPs. Daphnids are also preferred for these studies because of their global abundance in aquatic en-
vironments and their significant role in bridging primary producers and higher trophic level consumers [30].

The majority of research in this domain has focused on the impact of conventional plastics on zooplankton including polystyrene
(PS), polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and others [31]. While PE,
PET, and PS MPs usually did not cause immobilization and mortality of D. magna during the standard acute exposure period (48 h),
adverse effects became evident with longer exposures (96-120 h) [30,32-36]. In addition, PS MPs can cause significant reduction of
the filtering capacity and a reduction of the swimming velocity of D. magna [37,38]. In chronic tests, PE and PET MPs exhibited
detrimental effects on the growth and reproductive activity of D. magna [39,40], while PS MPs were found to increase mortality and
affect growth and reproduction, depending on the initial age of the test organisms [30,41]. Additionally, Bosker et al. [42] observed a
negative impact of MPs on the population size and biomass of these organisms highlighting potential repercussions for the freshwater
ecosystem due to the importance of D. magna in the food chain.

Several studies have ventured into investigating the effects of biodegradable MPs. Savva et al. [43] compared the sublethal effects
and food intake of D. magna of polyhydroxybutyrate (PHB, not specified), PLA MPs, and conventional ones revealing that biode-
gradable MPs had a more pronounced toxic impact. The chronic effect of PLA, PVC, and polyurethane (PUR) was investigated by
Zimmermann et al. [44] who observed that all 3 types of MPs negatively affected the test organisms, with PVC showing the most
significant impact on reproduction and PLA causing the highest mortality. While the authors did not draw specific conclusions
regarding the potential toxicity of biodegradable MPs, recent research suggests that their presence might lead to nutrient depletion in
the medium due to biofilm formation and biosorption [45].

Hence, it is evident that the anticipated rise in the usage of biodegradable plastics will lead to a corresponding surge in envi-
ronmental contamination by MPs. While conventional MPs pose various risks to aquatic organisms, it remains uncertain whether
biodegradable MPs have similar adverse effects. Therefore, the aim of this study was to evaluate the impact of P3HB MPs on the
freshwater organism D. magna. We examined both the short-term and long-term consequences, including the effects on mortality and
reproductive activity of these organisms, with a focus on multigenerational outcomes.

2. Material and methods
2.1. Preparation of microplastics

P3HB MPs (ENMAT Y3000, spherical shape) from TianAn Biologic Materials Co., Ltd., Ningbo City, China were used. To prepare
size fractions, a suspension of P3HB MPs in MilliQ water was sieved through stainless-steel mesh sieves with openings of 63 and 125
pm. Subsequently, both size fractions (<63 pm and <125 pm) were dried in glass beakers in a fume hood at room temperature. The
particle sizes do not precisely match both size fractions (for details see Prochazkova et al. [45]) because ultrasonication was not
applied during the process. However, for clarity in the text, we refer to the mesh size used for particle preparation i.e. <63 pm and
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<125 pm.

2.2. Daphnia magna culture

The D. magna test organism obtained from laboratory culture at the Institute of Chemistry and Technology of Environmental
Protection (Faculty of Chemistry, Brno University of Technology, Czech Republic) was cultured in ASTM reconstituted hard water
[46]. This water was enriched with selenium, vitamins (biotin, thiamine, cyanocobalamine, according to the OECD guideline No. 202
[47]), and 20 pl/L seaweed extract (Marinure, Glenside, Scotland) according to Rosenfeldt et al. [48]. The medium was regularly
replaced three times a week and the organisms were nourished with green algae Desmodesmus subspicatus providing an equivalent to
200 pg carbon per organism daily. The culture was maintained under controlled conditions with a temperature of 20 + 1 °C and a
light-dark cycle of 16:8 (800-1000 lux).

Twenty-four hours prior to initiating the experiments, all offsprings were removed from mother cultures. After an additional 24 h
period, all newborn neonates were collected with a plastic pipette and quantified. These age-synchronized test organisms were
randomly distributed among various treatment (see Section 2.3, 2.4, and 2.5). and control groups.

2.3. Acute experiments

In the acute experiments, both size fractions of P3HB MPs (<63 and < 125 pm) were examined using two exposure methods: testing
in P3HB suspension and testing of P3HB leachate. The suspension was prepared by weighing the desired amount of P3HB and then
transferred to a volumetric flask, which was subsequently filled with culture medium (as described in Section 2.2). This suspension
underwent an ultrasonification for 10 min to disperse the particles. For the leachate, a suspension of P3HB in a culture medium was
prepared and then incubated for 96 h under the same conditions as the acute test with D. magna. Following incubation, the suspensions
was filtered through a 0.8 pm pore size filter.

The acute experiments were conducted in 150 mL glass beakers, with each beaker containing 50 mL of either test suspension,
leachate, or medium. The concentration of P3HB microparticles was 0, 6.25, 12.5, 25, 50, and 100 mg/L 1 mg of fraction <63 pm
corresponded to 3.20-10° particles, while for fraction <125 pm it was 2.39-101° particles [45]. This concentration range was selected
based on previous studies on the toxicity of MPs to D. magna [32,33,35] as well as the concentration limit stipulated for acute toxicity
testing of chemicals according to OECD guideline No. 202 [47].

For each treatment, two acute experiments were conducted: 1) newborn neonates of D. magna (<24 h old, and 2) 7-day-old
D. magna individuals (age-synchronized neonates were fed with green algae for 7 days) were exposed to prepared suspensions,
leachates, or media. The observation period was prolonged from 48 h to 96 h, during which immobilization of D. magna individuals
was visually assessed at 24, 48, 72, and 96 h. According to OECD guideline No. 202 [47] the organisms were not provided with food,
and the suspension, leachate, or medium was not changed throughout the experiments. Each experiment was repeated three times and
consisted of four replicates of the same treatment.

2.4. Chronic experiments

Chronic experiments were conducted for both size fractions of P3HB MPs (<63 and < 125 pm). We investigated the effects of
chronic exposure on fundamental life-history parameters in D. magna, specifically focusing on survival, growth, age at first repro-
duction, and total offspring number after exposure to various concentrations of P3HB MPs. The experiments were designed according
to the standard OECD No. 211: 21-d Daphnia reproduction test [49]. The organisms were exposed as newborn neonates (<24 h old).

Initially, we utilized the same concentrations of P3HB MPs as in the acute test (6.25, 12.5, 25, 50, and 100 mg/L) along with a
control group. However, due to the high mortality observed in the test organisms at high concentrations, we subsequently reduced the
P3HB MPs concentrations to 1.56, 3.13, 6.25, 12.5, and 25 mg/L.

The neonates were individually incubated in 150 mL glass beakers filled with 100 mL of test suspension or control medium. These
vessels were kept at 21 °C under a 16:8 light:dark cycle, and the organisms were provided with a daily diet of green algae D. subspicatus
(200 pg carbon per organism daily). Test suspensions and control medium were changed three times per week. Each test vessel held
one neonate, and there were ten replicates within each concentration. Each experiment was repeated three times and lasted 21 days.

2.5. Multigenerational experiments

For multigenerational experiments, we subjected four consecutive generations (FO — F3) of D. magna to exposure to P3HB MPs. The
exposure of each generation followed the OECD guideline No. 211 [49] and the setup and conditions were consistent with those
employed in the previous chronic experiments (see Section 2.4). The exposure concentration was set at 1.56 mg/L and both size
fractions of P3HB microplastics were evaluated. In addition, for each experiment, a control group (consisting of only the medium) was
included. The suspensions were changed three times per week and Daphnia were provided with a daily diet of green algae
D. subcapitatus (equivalent to 200 pg of carbon per organism).

To initiate the next generation, the offsprings originating from the third brood, sourced from at least three different parental
animals, were pooled and exposed as previously described. Each generation was exposed for a period of 21 d, during which survival,
growth, age at first reproduction, and total offspring number were determined.
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2.6. Determination of the growth rate of D. magna

All D. magna organisms, both before and after the chronic and multigenerational experiment (survivors) were captured using a
Nikon D3100 digital camera equipped with an AF-S Micro NIKKOR 40 mm 1:2.8 G lens (Nikon, Japan) on laminated graph paper. The
body lengths were subsequently measured utilizing the ImageJ software, extending from the apex of the helmet to the base of the apical
spine [50].

2.7. Data analysis

The average growth rate after 21 days of exposure was calculated as follows:

L L
k="

where y (mm/d) is the average growth rate, L, (mm) is the body length at the end of the experiment, L, (mm) is the body length at the
beginning of the experiment, and ¢ (d) is the exposure time (21 days).

The statistical significance of the differences between the control and individual concentrations was assessed using Dunnett’s test in
the R program, with differences being deemed significant when p < 0.05.
3. Results
3.1. Acute experiments

In this experiment involving P3HB MPs (whether suspension or leachate and whether with neonates or 7-day-old organisms), no
instance resulted in an increase in daphnid mortality, even after 96 h of exposure.

3.2. Chronic experiments

The preliminary experiments involving higher concentrations (6.25, 12.5, 25, 50, and 100 mg/L) of both size fractions of P3HB MPs
in suspension revealed a diminishing reproductive activity of maternal organisms with increasing concentration (Fig. S1A). Notably,
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Fig. 1. Results of chronic experiments involving both size fractions of P3HB MPs (<63 pm and <125 pm; n = 30): A — average number of offsprings
per mother organism, B — average day of first brood, C — mortality of mother organisms, D — specific growth rate of mother organisms from the
beginning to the end of the 21-day experiment. Asterisks indicate statistically significant deviations from the control (p < 0.05).
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for the larger size fraction (MPs <125 pm), a marginal stimulation of reproductive activity, compared to the control group, was initially
observed up to a concentration of 25 mg/L. In addition, for MPs <63 pm, there was a delay in the onset of the first brood at high
concentrations (50 and 100 mg/L), while for MPs <125 pm, this phenomenon was only observed at the highest concentration, i.e. 100
mg/L (Fig. S1B). A substantial mortality rate among maternal organisms was recorded for both size fractions, specifically reaching
53.3 % for MPs <63 pm and 46.7 % for MPs <125 pm at a concentration of 100 mg/L (Fig. S1C). Due to high mortality, we subse-
quently reduced the concentration of P3HB MPs in suspension to 1.56, 3.13, 6.25, 12.5, and 25 mg/L.

In the subsequent experiment involving a lower concentration of P3HB MPs, a minor stimulation (3.3 %) of reproductive activity
was noted for MPs <63 pm when compared to the control group. However, the reproductive activity exhibited a decline with
increasing microplastic concentration up to 19.9 %, and 11.2 % at concentrations 12.5 and 25 mg/L, respectively (Fig. 1A).
Conversely, for MPs <125 pm, an inhibition of reproductive activity (12.2 %) was monitored only at a concentration of 25 mg/L of
P3HB MPs in suspension (Fig. 1A). Additionally, a slight delay in the average day of the first brood of juveniles (up to 17.6 % for MPs
<63 pm, and 14.2 % for MPs <125 pm) was observed for both size fractions at all concentrations of P3HB MPs in suspension (Fig. 1B).
Moreover, an increase in the concentration of P3HB MPs in suspension led to elevated mortality rates among mother organisms for
both size fractions (up to 43.3 % for MPs <63 pm, and 46.7 % for MPs <125 pm, Fig. 1C). The last parameter monitored was the growth
rate of the mother organisms. For both size fractions of P3HB MPs, following a minor growth stimulation at the lowest microplastic
concentrations in suspension (1.9 % for MPs <63 pm, and 2.1 % for MPs <125 pm), there was a subsequent slight inhibition of growth
(13.6 % for MPs <63 pm, and 8.6 % for MPs <125 pm, Fig. 1D).

3.3. Multigenerational experiments

The same effects as in the chronic experiment were also observed in the multigenerational experiment. The impact of the lowest
concentration (1.56 mg/L) of both size fractions of P3HB MPs on the organism D. magna was assessed, specifically focusing on
reproductive activity, the day of the first brood, mortality of mother organisms, and growth rate.

In the first generation (FO) of maternal organisms, a stimulation of reproductive activity was documented for both size fractions of
P3HB (3.2 % for MPs <63 pum, and 4.0 % for MPs <125 um). However, in the subsequent generations (F1-F3), a slight inhibition of
reproductive activity was observed in all instances (Fig. 2A). In the last generation of mother organisms (F3) it reached 23.6 % for MPs
<63 pm, and 19.2 % for MPs <125 pm. Furthermore, a delay in the first day of reproduction was observed in all cases (Fig. 2B) along
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Fig. 2. Results of multigenerational experiments involving both size fractions of P3HB MPs (<63 pm and <125 pm, concentration 1.56 mg/L; n =
30): A — average number of offsprings per mother organism, B — average day of first brood, C — mortality of mother organisms, D — specific growth
rate of mother organisms from the beginning to the end of the 21- day experiment. Asterisks indicate the statistically significant deviations from the
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with a slight increase in the mortality of mother organisms, consistent with the results of the chronic experiment (Fig. 2C).

For MPs <63 pm, a decline in the growth rate of the mother organisms compared to the control was observed in the F2 and F3
generations (0.4 % and 5.9 %). Conversely, for MPs <125 pm, this decrease in growth rate was evident as early as the F1 generation
and reached 8.6 % (Fig. 2D).

4. Discussion

The extensive utilization of plastics resulted in a pressing environmental concern such as the pollution caused by MPs. Numerous
studies have highlighted the impact of conventional MPs on aquatic organisms, particularly D. magna, a keystone species in freshwater
ecosystems. This study introduces P3HB, a possible alternative to conventional plastics, and seeks to shed light on its potential
ecological implications.

Recent studies [30,32-36] showed that while conventional MPs such as PE, PET, or PS do not induce an increased immobilization
and mortality of D. magna in acute tests (48 h), an extended exposure period (96-120 h) gradually escalates their negative effect.
Interestingly, the results of this study diverge from this pattern, as we did not observe an elevation in D. magna immobilization even
after 96 h in any of the tested scenarios (suspension/leachate, juveniles/7-day-old organisms). However, during chronic experiments,
an increase in mortality alongside increasing concentration of both size fractions of P3HB in suspension was observed. Additionally,
there was a progressive reduction in the growth of daphnia and an inhibition of their reproductive activity. In accordance to our
results, PE and PET MPs did exert a negative effect on growth and reproductive activity during chronic experiments [39,40]. Also, PS
particles have been found to elevate mortality levels and disrupt the growth and reproduction of organisms [30,41]. In addition, Savva
et al. [43] have suggested that the sublethal effects and their impact on food intake in D. magna may be more pronounced in the
presence of biodegradable MPs such as PHB and PLA compared to conventional MPs.

In the multigenerational experiment, a slight inhibition of reproductive activity and a deceleration in the growth of organisms were
observed in the subsequent generations F1 to F3. Schiir et al. [27] reported that PS MPs induced a multigenerational effect in D. magna.
Exposure to MPs resulted in increased mortality in D. magna, as well as reduced reproduction and growth over the course of four
generations. To make a comparison with the effects of natural particles, they used kaolin, which did not yield such an effect.

The observed adverse effects on growth, reproduction, and mortality during chronic experiments highlight the pressing need to
address MPs pollution. These effects can be attributed to multifaceted mechanisms, which may involve mechanical damage to or-
ganisms through adsorption to their appendices and body surface [51], nutrient depletion in test medium [45], and the ingestion of
MPs [7]. Savva et al. [43] reported that biodegradable MPs (PHB and PLA) showed a greater post-exposure inhibition effect on the
feeding activity of D. magna than high-density polyethylene (HDPE). As recently reported in our work [52], the ingestion of P3HB MPs
depended on both their size and concentration in the surrounding environment. For example, at a concentration of 25 mg/L, D. magna
ingested P3HB MPs up to 10.3 wt% of MPs <63 pm and 6.3 wt% of MPs <125 pm, respectively. Furthermore, as the concentration of
P3HB MPs in suspension increased, so did the content of P3HB found in D. magna [52]. Therefore, the escalating mortality and growth
inhibition of D. magna with increasing P3HB MPs concentration in suspension (as depicted in Fig. 1C and D) is probably related to a
higher ingestion of P3HB MPs from the suspension. The fact, that a more pronounced effect was observed with smaller particles (<63
pm) confirms our assumption that the impact of P3HB MPs on D. magna is particle size-dependent. This observation aligns with the
research conducted by Ref. [53], who reported that secondary P3HB nanoplastics induced up to 85 % immobilization of D. magna after
48 h of exposure.

The potential effects of biodegradable plastics on biota are poorly understood, but even less is known about whether these effects
are influenced by their biodegradability. Biodegradation is associated with the development of a biofilm on the surface of the plastics
[54], which applies also to P3HB MPs [45]. Biofilm formation on MPs can modify their ingestion by organisms, for example, some MPs
coated with biofilms can release into the water noxious signals, known as infochemicals, prompting nearby organisms to ingest them
[55]. The development of biofilm on the surface of P3HB MPs could possibly be influenced by the time lag in the mortality of D. magna
when compared to conventional ones. When plastic particles or products are released into the aquatic environment, a coating layer of
inorganic and organic pollutants rapidly forms on their surface. Subsequently, the formation of biofilm on the plastic surface, lasting
minutes to hours, is mostly likely the initial interaction with the surrounding biota [54]. During the acute test (96 h) the organisms
might ingest not only P3HB MPs but also the biofilm presents on their surface, using it as a source of nutrients. However, after a longer
period (during chronic experiments), mechanical blockage of the digestive tract due to accumulated P3HB MPs probably led to
increased mortality.

In the natural environment, biodegradable plastics may pose some additional, secondary problems. They are expected to degrade in
the natural environment, even if their complete degradation is not always achieved due to unfavorable conditions (e.g. low tem-
perature, unsuitable pH, microorganisms), they generally degrade faster than conventional plastics [56]. Therefore, their biodegra-
dation can lead to oxygen depletion and affect nutrient levels, as shown in our previous study [45]. This in turn can affect organisms
that are sensitive to lower oxygen level or plants that require certain nutrients for their growth. Another issue associated with biofilm
formation on MPs is its potential to transport pathogens [57,58]. Therefore, further research is essential to elucidate the precise
mechanisms responsible for the observed differences and to assess the broader ecological consequences of adopting P3HB particles as a
more environmentally friendly alternative.

5. Conclusion

This research has demonstrated that the presence of P3HB MPs did not induce acute effects on D. magna. However, in chronic and
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multigenerational experiments, we observed an increase in mortality, a decrease in reproductive activity, and a slower growth rate of
mother organisms, all of which were dependent on the concentration of P3HB MPs in suspension. Furthermore, smaller MPs appeared
to elicit more pronounced effects. Both of these phenomena can be attributed to the ingestion of MPs, which increases with higher
concentrations of MPs in suspension and smaller particle sizes. The biofilm formation on the MPs surface also facilitates their ingestion.
Subsequently, the blockage of the digestive tract in D. magna leads to adverse consequences. It is evident that biodegradable MPs can be
comparable or even more hazardous to D. magna than conventional MPs, which requires careful consideration of their use and
management to mitigate their potential environmental impacts. Balancing the benefits of biodegradability with the risks of increased
toxicity is therefore a crucial challenge for policymakers, researchers, and industries.
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