Biodegradation of Polyurethane Odour Carriers in Natural Environment: Microbial Degradation and Material Breakdown
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Abstract
Information regarding the biodegradation of materials used in conservation ecology is limited. We evaluated the biodegradability of two polyurethane (PU) foams applied in wildlife management. The samples were buried in soil for 120 days to investigate their morphological and physicochemical changes. At the end of the study, the bacteria attached to the PU samples were isolated and identified. Weight loss analysis revealed stronger degradation in the aliphatic PU foam (11.70%) compared to the aromatic foam (1.85%). FTIR spectra indicated the breakdown of urethane and ester bonds as shown by comparing peak area ratios between pristine and degraded samples. SEM analysis revealed surface alterations and microbial colonization. Eight bacterial strains isolated from the soil, identified as PU degraders, belonged to the genera Pseudomonas, Bacillus, and Klebsiella. All the strains had the ability to utilize Impranil DLN, an anionic PU dispersion, as a carbon source, indicating their potential for PU degradation.




Introduction 
Polyurethane odour carriers are designed to contain odour repellents (OREs), which are a wildlife-vehicle collision (WVC) mitigation measure primarily focused on ungulates1. The odour of predators, captured in area repellents, has the potential to deter ungulates2. These carriers have been widely used in Central Europe to prevent or minimize the number of ungulate casualties on roads due to collisions with motor vehicles3,4. Foam carriers are commonly mounted on wooden battens, branches, or tree trunks. It has been more than 30 years since odour repellents were first applied as a solution to prevent or minimize WVCs, and despite considerable attention, some significant issues have still not been addressed. One such issue is the environmental persistence of the foam carrier1. 
Polyurethane (PU) is widely used in foams, coatings, adhesives, and elastomers, and its complex chemical structure prolongs its persistence in the environment5. The global market size of PU materials was valued at USD 69 billion in 2020 and is forecast to reach a market cap of USD 89 billion by 20306. However, most PUs are still produced from petrochemical resources7. Currently used commercial PU foams based on aromatic polyisocyanates are resistant to biodegradation, i.e., they do not serve as a source of nutrients for microorganisms, and they do not        biodegrade8–10.
Although it is challenging to completely degrade PU in natural environments, current investigations into microbial and enzymatic degradation present promising strategies for mitigating PU-related environmental concerns11.  Owing to their thermosetting characteristics, PU foams present significant challenges for physical recycling, allowing only limited reuse as powdered additives in new PU products12,13. Chemical recycling techniques such as hydrolysis and glycolysis are energy-demanding and require expensive equipment14,15. Biological (or enzymatic) recycling, which utilizes pure enzymes or active microbial cultures, is a promising strategy for converting PU waste into valuable monomers16–18. Moreover, in an open environment like fields or roadside applications, the biodegradation of PU foams appears to be the sole alternative19–21. 
This study aimed to evaluate the comparative biodegradation of aliphatic and aromatic PU foam carriers over a 120-day soil burial period, using detection methods such as weight loss analysis, microscopic analysis and Fourier Transform Infrared (FTIR) Spectroscopy. Additionally, this study aimed to isolate and identify the bacterial strains colonizing the foams. These isolates were further characterized to confirm their ability to utilize polyurethane as a sole carbon source, providing insight into the microbial drivers of the degradation process.




Results and Discussion
Soil pH and Moisture
The soil environment where the PU foams were buried remained relatively stable during the 120-day study period. Soil pH varied slightly between 6.74 and 7.03 but remained predominantly close to neutral throughout the experiment. Similarly, soil moisture content ranged from 26–31%, with only minor monthly fluctuations observed. 
Weight Loss Percentage of PU Foams 
Changes in weight were noted in PU foams following the first 30 days of exposure to the soil environment. Figure 1 shows variations in the weight loss percentage of PU-1 (aliphatic) and PU-2 (aromatic), indicating different rates of degradation. PU-1 displayed more weight reduction over time, which increased from 6.42% in the first 30 days to 9.93% after 90 days and then a steady rise to 11.70% after 120 days of soil incubation. Weight loss was slightly lower for PU-2, starting at 0.82% in the first 30 days and rising to just 1.85% after 120 days. A statistically significant difference (p < 0.05) in degradation was observed between PU-1 and PU-2. Moreover, since the surrounding conditions stayed nearly constant throughout the experiment, the lack of weight loss in PU-2 cannot be attributed to unfavorable soil conditions. Instead, it indicates the resistance of the polymer’s aromatic segments. The degradation of polyester-ether PU foams under aerobic conditions has been previously investigated for 12 weeks in soil reaching a 70% biodegradation rate22, and a 30–50% mineralization rate of aliphatic PU foams13. However, in these studies, the foams were incubated in soil under laboratory conditions favorable for the microorganisms, which resulted in elevated degradation rates.

Figure 1: Average weight loss percentage of polyurethane foams over 120 days. Values are expressed as mean of weight loss percentage. The weight change differences are statistically significant as determined by the Wilcoxon rank-sum test (p < 0.05).
FTIR Analysis 
The pristine FTIR spectra of PU-1 and PU-2 (Figure 2) showed the characteristic vibration bands of the functional groups present in PU foams. Both the samples had strong aliphatic CH2 stretches (around 2925–2930 and 2850 cm-1) and N–H urethane/urea bands near 3350 cm-1. Both showed carbonyl C=O bands around 1700–1720 cm-1 23,24. However, the key differences include the presence of an aromatic C–H stretch (3030 cm-1), an aromatic C=C band (1600 cm-1), and a sharp isocyanate stretch (2266–2273 cm-1) in PU-2, which are weak or absent in PU-124. PU-1 showed a stronger ester C=O (or combined urethane/ester) peak (around 1128 cm-1) and fewer or weaker aromatic features.


Figure 2: FTIR spectra of the pristine foams tested in this study showing the presence of characteristic functional groups. (a) PU-1; (b) PU-2.  
The degradation spectra of both samples buried in soil over 120 days are presented in Figure 3.  The intensity of urethane bonds, including C=O stretching around 1700 cm-1 and N-H stretching around 3300 cm-1, decreased over time for both PU samples. The most prominent bond weakening was seen in the first 30 days. This reduction is indicated by a maximum peak drop, followed slight further reductions over the remaining incubation period. This rapid degradation may be attributed to surface colonization of microorganisms and the attack of the easily degradable bonds. PU-1 samples exhibited greater degradation than PU-2 samples. The C=O and N-H peaks showed significant reductions, with a sharp decline. A peak shift in the ester groups C=O bands was also observed in PU-1 (Figure 3a), where it shifted from 1130 cm-1 to 1027 cm-1. The shifting, addition, and disappearance of peaks in PU-1 indicate structural changes made by microbial activity, as was previously described by Bhatia et al.25. A similar pattern of LDPE film spectra was reported by Gajendiran et al.26, where new peaks were observed at 1263.37, 1078.21 cm-1 (C–O stretch of ethers), and 987.55 cm-1 (=CH2 stretch of alkenes) after a 90-day incubation of the film with the fungus Aspergillus spp. The formation of new peaks at 1700–1650 cm−1 and 1000–1100 cm−1, has also been reported in previous studies that analyzed the biodegradability of untreated LDPE using FT-IR27.
b

Figure 3: FTIR spectra showing the degradation of PU foam carriers under soil conditions over 120 days. (a) PU-1; (b) PU-2.  
Table 1 shows the key band assignments of the characteristic functional groups along with their peak area ratios comparing the Day 120 (fourth month) and the control (pristine foam) spectra - A4/AC . The peak area ratios indicate that several functional groups decreased after 120 days of soil incubation. In PU-1, the N–H (urethane), C=O (urethane), and ester C=O bands all decreased (ratios 0.22–0.45), indicating hydrolysis of urethane and ester linkages. In PU-2, urethane, carbonyl, and isocyanate groups were also reduced, while the ether group and the aromatic C=C and C–H regions were relatively more stable (ratios 0.3–0.4).
	Functional group (assignment)
	PU-1 (A4/AC)
	PU-2 (A4/AC)

	N-H (urethane)
	0.45 ± 0.07
	0.39 ± 0.06

	C=O (urethane)
	0.25 ± 0.02
	0.33 ± 0.02

	C=O (ester)
	0.22 ± 0.06
	n.d.

	N=C=O (isocyanate)
	n.d.
	0.25 ± 0.03

	C=C (aromatic ring)
	n.d.
	0.35 ± 0.06

	C-O-C (ether)
	n.d.
	0.37 ± 0.03

	C–H (aromatic) 1
	n.d.
	0.34 ± 0.05

	C–H (aromatic) 2
	n.d.
	0.30 ± 0.07

	C–H (aromatic) 3
	n.d.
	0.40 ± 0.01


Table 1: FTIR peak area ratios (A4/AC) of selected functional groups in PU-1 and PU-2 after 120 days of soil incubation. Values represent mean ± standard deviation, n=2. “n.d.”: not detected/not prominent.
It can be observed from the degradation spectra that while PU-2 showed peak intensity changes in FTIR, such as a decrease in aromatic C=C ( around 1600 cm-1) and aromatic C–H out-of-plane (around 675 cm-1 to 840 cm-1) bands, these results did not seem to correspond with significant weight loss in the polymer. This suggests that microbes may have caused modifications in the surface chemistry of the polymer or partial depolymerization, but not bulk-scale hydrolysis. Similar observations have been reported; for example, when Tenebrio molitor larvae degraded PU foam, FTIR and SEM analysis revealed surface erosion and chemical changes with limited weight reduction (14%) in 17 days28. Similarly, another study involving soil burial of compostable aromatic–aliphatic polyesters found that the aromatic content and crosslinking, hindered fragmentation and weight loss, even though surface level modifications were observed29. Taken together, these findings suggest that the microbes were only confined to degrading the surface layers and weak linkages but did not result in overall weight loss of the polymer. 
SEM Analysis
SEM micrographs of PU-1 and PU-2 foams are presented in Figure 4. Control foam samples of both polymers exhibited smooth surfaces. In contrast, the samples recovered after being exposed to soil, showed various surface irregularities, including holes and cracks. PU-1 exhibited more surface alterations than PU-2. Similar surface alterations on polyethylene film surface have been previously demonstrated as an indicator of microbial degradation30–32. The SEM images also showed greater surface alterations in PU-1 than in PU-2. PU-1 had more microbial colonization, leading to the formation of prominent holes on the polymer surface. It has also been previously reported that the addition of degradable moieties into polybutylene adipate terephthalate (PBAT), greatly enhances its degradation33. 
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Figure 4: SEM images showing the formation of pits and holes on the surface of PU foam carriers under soil conditions over 120 days of soil incubation. (a–e) PU-1: (a) Control, (b) Day 30, (c) Day 60, (d) Day 90, (e) Day 120. (f–j) PU-2: (f) Control, (g) Day 30, (h) Day 60, (i) Day 90, (j) Day 120.


Detection and Characterization of PU Degrading Bacteria
[bookmark: _Hlk208836426]After 120 days of soil burial, both polyurethane samples (PU-1 and PU-2) contained more than 106 CFU/g of total viable bacteria when cultivated on PU agar containing Impranil DLN as the only carbon source. The population of bacterial PU-degraders was nearly one order of magnitude higher on PU-1 (2.3 × 107 CFU, resp. 7.37 log CFU/g) compared to PU-2 (3.0 × 106 CFU/g, resp. 6.48 log CFU/g). Different bacterial species were identified on both PU samples via MALDI-TOF MS, and then successfully confirmed by 16S rRNA gene sequencing (Table 2). Specifically, Klebsiella aerogenes, Pseudomonas chlororaphis, Pseudomonas corrugata, and Pseudomonas jessenii were recovered from PU-1, while Pseudomonas chlororaphis, Pseudomonas brassicacearum, Bacillus pseudomycoides, and Bacillus cereus were obtained from PU-2 . To validate the findings about the PU degradation ability, a clear zone area analysis was conducted. Interestingly, only six out of eight strains exhibited the PU degradation ability under the same cultivation conditions. Specifically, Pseudomonas corrugata PUF004, Bacillus cereus PUF008, and Pseudomonas chlororaphis PUF003 showed the highest PU degradation potential among all competent strains, while the ability of Klebsiella aerogenes PUF001 and Pseudomonas jessenii PUF005 was not confirmed. The sequences of the 16S rRNA gene are available in the GenBank database under accession numbers: PV564008, PV564009, PV564032, PV564059, PV564033, PV564046, PV564047, and PV564054 respectively.
	Bacterial strain
	Code
	MALDI-TOF MS identification (score)
	16S rRNA identification
	Clear Zone area (mm2)

	Klebsiella aerogenes PUF001a
	A9
	Klebsiella aerogenes (2.34)
	Klebsiella aerogenes (99.79%)
	-

	Pseudomonas chlororaphis PUF002 a
	B16
	Pseudomonas chlororaphis (2.10)
	Pseudomonas sp. (98.78%)
	86.64 ± 3.37

	Pseudomonas chlororaphis PUF003 b
	B17_2
	Pseudomonas chlororaphis (2.36)
	Pseudomonas chlororaphis subsp. aurantiaca (99.86%)
	100.90 ± 1.22

	Pseudomonas corrugata PUF004 a
	B80
	Pseudomonas corrugata (2.19)
	uncultured Pseudomonas sp. (99.86%)
	223.09 ± 16.32

	Pseudomonas jessenii PUF005 a
	B51
	Pseudomonas jessenii (2.45)
	Pseudomonas monachiensis (99.93%)
	-

	Pseudomonas brassicacearum PUF006 b
	B57
	Pseudomonas brassicacearum (2.08)
	Pseudomonas lini (99.79%)
	60.73 ± 2.16

	Bacillus pseudomycoides PUF007 b
	B74
	Bacillus pseudomycoides (2.09)
	Bacillus pseudomycoides (99.86%)
	75.60 ± 9.60

	Bacillus cereus PUF008 b
	B75_2
	Bacillus cereus (2.22)
	Bacillus cereus (99.93%)
	101.63 ± 11.29



Table 2: MALDI-TOF MS identified bacterial species and further validation based on 16S rRNA sequencing. The indexes (a) and (b) represent the source foams (a: PU-1; b: PU-2). Bruker criteria (scores) for assignment: 0.000–1.699 not reliable identification, 1.700–1.999 probable genus identification, 2.000–3.000 genus and species identification. 16S rRNA gene sequencing based on NCBI database. Clear zone area expressed as mean ± standard deviation. “–“: strains unable to form degradation zones.


Additionally, cell morphological analysis was performed for all isolated strains. It revealed typical cell characteristics for all isolated microbial taxa, which were in compliance with the previous studies for all detected bacterial species (Figure 5). Several bacterial strains were successfully isolated from the degraded foams and belonged to the genera Pseudomonas, Bacillus, and Klebsiella. Strain K. aerogenes PUF001 appeared as smooth rod-shaped cells combined into short chains which are typical for Klebsiella species34. Strains P. chlororaphis PUF002 and PUF003 showed a characteristic slender, motile rod-shaped appearance35. All Bacillus strains appeared as rod-shaped cells, straight or slightly curved, some in chains and some in long filaments36,37. 
[image: ]
Figure 5: Microscopic images of isolated soil bacterial strains showing the capability of PU degradation. (a) Klebsiella aerogenes PUF001; (b) Pseudomonas chlororaphis PUF002; (c) Pseudomonas chlororaphis PUF003; (d) Pseudomonas corrugata PUF004; (e) Pseudomonas jessenii PUF005; (f) Pseudomonas brassicacearum PUF006; (g) Bacillus pseudomycoides PUF007; (h) Bacillus cereus PUF008.
Bacterial strains identified from the aliphatic PU (PU-1) exhibited a dominance of Pseudomonas species, consistent with previous findings reporting this genus as a potent PU degrader in harsh environments38,39. Strains identified from the aromatic PU (PU-2) included Pseudomonas and Bacillus species. Bacillus spp. have also been reported in the literature for their enzymatic capability of breaking down synthetic polymers40,41. There are also studies showing PU degradation by various bacteria, for instance, Brevibacillus sp. P10 degraded 71.4% of waterborne PU after six days42. Bacillus altitudinis YX8-1 depolymerized polyester PU oligomers, producing 4,4'-methylene diphenylamine43. Additionally, Pseudomonas capeferrum TDA1, isolated from a plastic dump site, demonstrated degradation of PU oligomer44. These findings align with our observations, suggesting that the identified bacterial species from soil contribute to the degradation of PU foam carriers. 
It is also observed from the results in Table 2 that not all MALDI-TOF MS and 16S rRNA identifications matched completely. This can indicate discrepancies that often arise due to the similarity of ribosomal proteins across species and the obtained mass spectra45,46. Therefore, it is necessary to combine more methods to provide stronger confidence in microbial identity, especially for environmental isolates where database coverage may be lower47. 
The growth of bacterial strains on PUA medium having Impranil DLN as the sole carbon source and their ability to form a clear zone of degradation are shown in Figure 6. The results demonstrated in Table 2 and Figure 6, indicate that the strain P. corrugata PUF004, obtained from PU-1 (aliphatic foam), formed a significantly larger degradation zone within just 24 hours of incubation, with an area of more than 200 mm2, compared to other positive strains’ clear zone area ranging between 50–100 mm2. Additionally, the efficient clear zone formation by P. corrugata PUF004 suggests a comparatively higher enzymatic activity48,49, or substrate affinity. This higher degradation rate may be due to the efficient secretion of PU-hydrolyzing enzymes such as esterase or carbamate hydrolase, which are commonly linked to polyurethane degradation17,50–52. The inability of some strains to form visible zones despite showing growth on PUA, either indicates potential intracellular PU degradation pathways or limited enzyme production which might not be sufficient to create a visible halo53. 
[image: ]Figure 6: Growth of bacterial strains on PUA medium with Impranil DLN as the sole carbon source. (a) Growth of strain utilizing Impranil DLN; (b) positive result showing clear zone formation around the well; (c) negative result showing no clear zone formation.
The OD380 measurements of Impranil DLN in the presence of the eight bacterial strains with all replicates, grown as monocultures in minimal salt medium, over the 7-day experimental period, are presented in Table S1. The average degradation percentages, including standard deviations, are presented in Table S2. The degradation curves for Impranil DLN by the isolated strains are shown in Figure 7. The results indicate that most of the strains, especially P. corrugata PUF004 and B. cereus PUF008, significantly cleared the colloidal PU, giving a higher degradation percentage of 67–73% by day 7, compared to the abiotic control. Degradation percentage by P. chlororaphis PUF003 rose from 17% to 65%, showing a similarly high degradation ability but with a slightly slower rate in the beginning. K. aerogenes PUF001, P. chlororaphis PUF002, P. brassicacearum PUF006, and B. pseudomycoides PUF007 displayed a moderate but consistent degradation pattern, while P. jessenii PUF005 showed the lowest degradation activity reaching only 20% by day 7. The Impranil DLN degradation assay distinguished between efficient, moderate and a comparatively weak PU degraders. This provides direct biochemical evidence that these strains are capable of hydrolyzing dispersed PU. Such behavior is well aligned with other studies, for example, Pseudomonas putida A12 has been reported to degrade up to 92% of Impranil DLN in liquid culture in four days, associated with esterase/polyurethanolytic enzymes54. Moreover, Pseudomonas species in general, often regulate their Impranil DLN-degrading enzymes in response to carbon sources, as has been shown for Pseudomonas protegens Pf-5, where expression of two lipases (PueA and PueB) was repressed in the presence of glucose55. The use of defined minimal salt medium, with Impranil DLN as sole carbon source, likely favoured the induction of such depolymerizing enzymes. Interestingly, although some strains were unable to produce clear zone of degradation in PUA (e.g. K. aerogenes PUF001), their ability to degrade Impranil DLN was observed in liquid medium. This discrepancy suggests that the liquid assay was more sensitive to partial clearance of Impranil DLN, while the clear zone test primarily reports the ability of the strain to produce extracellular enzymes that can diffuse in the agar and locally clear the Impranil DLN colloid56,57. 

Figure 7: Degradation curves of Impranil DLN in presence of eight bacterial strains grown as monocultures in minimal salt medium over the 7-day experimental period. Each point on the curve shows a mean of degradation percentage. (a) Klebsiella aerogenes PUF001; (b) Pseudomonas chlororaphis PUF002; (c) Pseudomonas chlororaphis PUF003; (d) Pseudomonas corrugata PUF004; (e) Pseudomonas jessenii PUF005; (f) Pseudomonas brassicacearum PUF006; (g) Bacillus pseudomycoides PUF007; (h) Bacillus cereus PUF008.
The bacterial genera isolated in our study are frequently reported in polymer degradation, as they produce enzymes such as esterases, urethanases, proteases, and carbamate hydrolases that can cleave polymer backbone. Pseudomonas spp. are typically known to cleave the soft segment of the polyester first by secreting esterases, followed by attacking the urethane bonds in the hard segments by secreting amidases or urethanases58,59. A well-studied model is PueB from P. chlororaphis, an extracellular esterase that degrades Impranil DLN and PU model substrates60. These reports are consistent with our clear-zone data for P. corrugata PUF004, which suggests high extracellular hydrolase activity on a dispersed PU analogue. Bacillus spp. also secrete powerful serine hydrolases (esterases/lipases), and recent studies report measurable depolymerization of PU coatings/foams. Moreover, it is found that Bacillus spp. often compliments Pseudomonas spp. by intensifying esterase activity and contributing to biofilm formation that retains the enzymes to polymer surface56,61. Klebsiella spp. is less reported as a primary PU degrader, however, their presence is reported in plastic degrading consortia. This genus is also associated with the improved breakdown of oxidized PU, suggesting a cross-feeding role62. 
In conclusion, the results obtained in this study provide the first critical characterization of the initial interactions between specific PU carriers and local soil microbiota under field conditions. This 120 day screening phase identifies the susceptibility of PU to microbial breakdown, but full mineralization in the environment, which is a long-term process, should be further studied in future. Thus, our follow-up study will focus on extended degradation kinetics, the identification of intermediate breakdown products, and the assessment of their ecotoxicological impacts across multiple trophic levels. This future study will aim to provide a more comprehensive view of the long-term sustainability and safety of PU materials, offering insights toward more effective management strategies.















Methods 
Preparation and incubation of polyurethane foams 
Two types of polyurethane (PU) foam samples were used in this study: Bio10 PU foam and Hagopur scented PU foam. Bio10 open-pore foam carrier was purchased from Ekoplant, Czech Republic. It is an aliphatic polyurethane foam, further denoted by PU-1 in this study. The second sample, Hagopur scented PU carrier foam, was purchased from Hagopur, Germany, denoted as PU-2 in this study. 
	Parameter
	PU-1 (aliphatic PU foam)
	PU-2 (aromatic PU foam)

	Polyol type
	Polyester polyol (aliphatic, open pore)
	Polyether polyol (with aromatic moieties)

	Isocyanate component
	Aliphatic diisocyanate (hexamethylene diisocyanate (HDI))
	Aromatic diisocyanate (diphenylmethane diisocyanate (MDI))

	Aromatic content
	Absent/very low (confirmed by FTIR)
	High (aromatic C–H and C=C bands in FTIR)

	Additives reported
	None declared beyond blowing agent
	Fragrance mix, stabilisers, possible halogenated flame retardant (from SDS)



Table 3: Comparison of chemical composition of the two PU foams tested in this study. Data for PU-1 were obtained by Beneš et al., 20208, and further confirmed by FTIR analysis conducted in this study. Data for PU-2 were obtained from the manufacturer’s safety data sheet.
The foam samples were cut into approximate dimensions of 4  2  1 cm (length  breadth  height) under sterile conditions. The cut pieces (n = 30) were washed thoroughly with distilled water to remove any surface impurities. Following this, the samples were rinsed with 70% ethanol (Penta, Czech Republic) to ensure sterilization and air-dried in a sterile environment for 24 hours. After drying, the PU foam pieces were placed in separate nylon net bags to ensure easy retrieval while allowing soil contact. The net bags containing PU-1 and PU-2 were then buried at a depth of 15 cm in agricultural field soil located at the Czech University of Life Sciences, Prague (50°07'40.2"N 14°22'29.1"E) for 120 days (four months). The soil type was Cambisol, which covers nearly 27% of the total soil area in Europe63. Pristine PU samples at day 0 were used as control.


Soil parameters such as pH and moisture content were measured after every 30 days, throughout the burial period, starting from Day 0 to Day 120. Soil pH was measured using a calibrated digital pH meter in a 1:2.5 soil-to-water suspension. Soil moisture content was determined by oven drying the soil at 105 °C until it reached a constant weight and calculating dry matter (DM) percentage. Soil samples were collected from the immediate vicinity of the buried PU foams to capture local microenvironmental conditions.

Determination of Weight Loss Percentage of Polyurethane foams
To determine weight loss, foam pieces were collected from the field soil and washed thoroughly with distilled water to remove the attached soil particles. They were then washed with 70% ethanol to remove the microbial film from the surface of both PU samples. Finally, the washed PU samples were dried to a constant weight at 60 °C and weighed using an analytical balance KERN EMB (KERN, Germany). During the 120-day study period, samples were taken and examined periodically (after 30, 60, 90, and 120 days) to compare the degradation of PU after exposure to soil microbiota.
The weight loss was calculated and compared based on formula 164:
                         (1)

Scanning Electron Microscopy (SEM) Analysis
Scanning Electron Microscopy (SEM) was used to examine the surface morphology of pristine PU samples followed by the degradation pattern after 30, 60, 90, and 120 days of soil incubation. To minimize soil adsorption artifacts, recovered PU foam pieces were washed with distilled water followed by 70% ethanol then oven dried until complete dryness at 60 °C. The samples were then observed under a high-resolution scanning electron microscope (SEM; TESCAN MIRA3, Czech Republic) with EDX (Xplore 30 EDS). Prior to imaging, the PU pieces were coated with a 10 nm layer of gold65. 

Spectroscopic Analysis  
FTIR spectroscopy was used to analyze the chemical structure of pristine PU samples followed by the degradation pattern after 30, 60, 90, and 120 days of soil incubation. FTIR spectra were collected using Attenuated total reflection (ATR)-FTIR (Nicolet iS20, Thermo Fisher Scientific, USA). PU foam pieces were collected from their respective environments and prepared using the same procedure described for the SEM analysis, to minimize soil adsorption artifacts.  The investigated wavenumber range was 4000–600 cm-1 and 2 cm-1 was the resolution10. 
FTIR spectra of PU samples were processed in the Spectragryph software (Germany). For each spectrum, the baseline was first corrected using the built-in baseline correction function. Characteristic absorption bands corresponding to key polyurethane functional groups were then identified. For each selected band, the integration limits (minimum and maximum wavenumbers) were defined across all samples. The area under the curve within this range was calculated using the ‘integrate’ function of the software. The peak area obtained for the degraded sample after 120 days (four months) of soil exposure was denoted as A4, while the corresponding peak area of the pristine polyurethane was denoted as AC. The degradation index was expressed as the ratio A4/AC. The decrease in this ratio indicates a reduction in the respective chemical bond intensity relative to the pristine material, which reflects progressive chemical modification or breakdown of the polyurethane structure during soil incubation. Values are given as mean of measurements ± standard deviation.

Detection of Bacteria Attached to PU Surface
Polyurethane (PU) foam samples including PU-1 and PU-2 were retrieved after 120 days of soil burial. The samples were  cut into six pieces under sterile conditions, agitated manually for 2 min in sterile, aerobically prepared dilution medium – 5 g L-1 Tryptone, 5 g L-1 Nutrient Broth No. 2, 2.5 g L-1 Yeast Extract (both Oxoid, UK), 0.5 g L-1 L-cysteine, 1 mL L-1 Tween 80 (both Sigma-Aldrich, USA). Glass beads were added to the medium to facilitate homogenization. Then, the samples were serially diluted up to the 8th dilution and aliquots of 1 mL in Petri dishes were overlaid with PU Agar (PUA) containing 0.75% Impranil DLN v/v (Covestro Solution Center, Germany)66,67. PUA consisted of   1 g L-1 K2HPO4, 0.2 g L-1 KH2PO4, 1 g L-1 (NH4)2SO4, 0.01 g L-1 FeSO4⋅7H2O, 0.001 g L-1 ZnSO4⋅7H2O (all Sigma- Aldrich, Germany), 0.002 g L-1 CaCl2⋅2H2O, 0.5 g L-1 MgSO4⋅7H2O, 1 g L-1 NaCl (all Penta, Czech Republic), 1.5% Agar (Oxoid, UK), pH was adjusted to 7.0, and 0.75% Impranil DLN (used as received), added after sterilization. All plates were incubated aerobically at 30 °C for 48 hours.

MALDI-TOF MS Bacterial Identifications and isolations
The identity of freshly grown bacterial colonies was aseptically analyzed using Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-TOF MS) (Bruker Daltonik GmbH, Bremen, Germany) to the species level68, following the manufacturer’s instructions for extended direct transfer/formic acid with acetonitrile extraction method. Based on identification results and detected variability, selected bacterial colonies were then isolated into Tryptone Soya Broth (Oxoid, Basingstoke, UK) and aerobically cultivated at 30 °C for 24 or 48 hours. Grown cultures were then microscopically verified for their purity (Nikon Eclipse E 200LED MV RS, Japan), identified with MALDI-TOF MS extraction method, and stored in 30% glycerol (VWR, Radnor, Pennsylvania, USA) at –20 °C for further analysis. For all the following tests, freshly grown cultures were always prepared as follows: 9 mL of TSB in penicillin tubes was aseptically inoculated with 0.3 mL of culture and aerobically incubated at 30 °C for 24/48 hours to get full growth. To eliminate residual glycerol, the isolates were subcultured twice in TSB before use in subsequent assays.
DNA Extraction and 16S rRNA Gene Bacterial Identification
Selected isolates (n = 8) were further identified by 16S rRNA gene sequencing. DNA was isolated from freshly grown cultures in Tryptone Soy Broth using PrepMan UltraTM (Applied Biosystems, Waltham, Massachusetts, USA) according to the manufacturer’s instructions. Universal primers fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rP2 (5′-GGTTACCTTGTTACGACTT-3′) were used for PCR amplification of nearly the full 16S rRNA gene, following the protocols of Modrackova et al.68 and Kim et al.69. PCR products were purified using the E.Z.N.A. Cycle Pure Kit (Omega Bio-Tek, Norcross, Georgia, USA) and sequenced by Eurofins Genomics (Ebersberg, Germany). The resulting sequences were processed in Chromas Lite 2.5.1 (Technelysium Pty Ltd., Australia), BioEdit70 with CLUSTAL W algorithm71, and compared with 16S rRNA gene sequences in BLAST rRNA/ITS (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
Clear Zone Test for detection of PU Degradation ability
To confirm the growth capacity and degradation capability of the isolated strains, a clear zone test was performed on PUA following Nademo et al.30. The medium was autoclaved, allowed to cool to 45 °C and poured into sterile petri plates. The test was conducted in two variants. At first, 1 mL of the freshly grown culture was centrifuged at 14,500 rpm for 2 min. Then, the supernatant was discarded, and the biomass was aseptically streaked on PUA plates which were then aerobically cultivated at 30 °C for 48 hours. The presence of bacterial colonies after cultivation confirmed the growth capacity of the strains. PU-degradation capacity was confirmed by the presence of a clearance zone (halo) around the colonies, indicating hydrolysis of Impranil DLN. In the second variant, a 6 mm well was aseptically created at the center of the plate and filled with 30 µL of the freshly grown culture. Then, the plates were incubated under the same conditions. The appearance of clearance zones around the well confirmed the PU degradation ability of the tested strains. All tests were performed in duplicates. Clear zone area was measured in mm2 using ImageJ software72 following the manufacturer's instructions.
Impranil DLN Degradation Assay for confirmation of PU Degradation ability
In order to confirm the PU degradation ability of the isolated strains, the combination and modification of two previously described methods were performed54,73. Liquid PU medium was prepared using the same minimal salt medium (MSM) composition as the PU agar used in the isolation step, but without the addition of agar. Impranil DLN was aseptically added to a final concentration of 0.75% (v/v) as the sole carbon source. Then, the freshly grown 24 h cultures were centrifuged at 5,000 × g for 4 min using Hettich Universal 320 R 1420-B (Andreas Hettich GmbH, Germany). The supernatant was discarded, and the cell pellets were washed and resuspended in MSM to remove residual TSB73. The optical density of each suspension was measured using a Tecan Infinite M200 pro (Tecan Group, Switzerland). The average OD600 of the cultures prepared for inoculation was 0.53 ± 0.18, except for fully grown Bacillus pseudomycoides PUF007, whose non-uniform aggregates prevented reliable OD measurement. Then, 100 mL of sterile liquid PU medium in glass bottles was inoculated with 5 mL of the bacterial culture and cultivated at 30 °C for 7 days with continuous stirring. Abiotic controls contained liquid PU medium without any inoculum, and a medium-only control (MSM without Impranil DLN) served as the blank for all spectrophotometric readings. All variants were performed in triplicate. Then, 1.5 mL of the samples were aseptically collected at 0, 24, 48, 72, 96, and 120 h from each biological replicate and the abiotic control. Samples were centrifuged at 3,300 × g for 5 min54 using an OHAUS benchtop microcentrifuge (OHAUS Corporation, Switzerland), to remove bacterial cells, and the supernatants were transferred to cuvettes for OD measurements. Absorbance was recorded at 380 nm using M4 UV/Vis Spectrophotometer (VWR International bvba, Belgium). The specific wavelength was selected based on the maximum absorbance of 0.75% Impranil DLN within the scanned 320–460 nm range (Figure S1). 
The average degradation percentage with standard deviations was calculated for each test variant using the formula 2:
                         (2)

Statistical Analysis
Weight loss data were subjected to the Wilcoxon rank-sum test to determine significant differences between PU-1 and PU-2. All statistical analyses were performed using R software74 with significance defined at p < 0.05.

Data Availability
Data that support the findings of this study have been deposited to public repository: URL: https://figshare.com/s/6bf57415ada4bfdfeb33 
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Figure Legends:
Figure 1: Average weight loss percentage of polyurethane foams over 120 days. Values are expressed as mean of weight loss percentage. The weight change differences are statistically significant as determined by the Wilcoxon rank-sum test (p < 0.05).
Figure 2: FTIR spectra of the pristine foams tested in this study showing the presence of characteristic functional groups. (a) PU-1; (b) PU-2.  
Figure 3: FTIR spectra showing the degradation of PU foam carriers under soil conditions over 120 days. (a) PU-1; (b) PU-2.  
Figure 4: SEM images showing the formation of pits and holes on the surface of PU foam carriers under soil conditions over 120 days of soil incubation. (a–e) PU-1: (a) Control, (b) Day 30, (c) Day 60, (d) Day 90, (e) Day 120. (f–j) PU-2: (f) Control, (g) Day 30, (h) Day 60, (i) Day 90, (j) Day 120.
Figure 5: Microscopic images of isolated soil bacterial strains showing the capability of PU degradation. (a) Klebsiella aerogenes PUF001; (b) Pseudomonas chlororaphis PUF002; (c) Pseudomonas chlororaphis PUF003; (d) Pseudomonas corrugata PUF004; (e) Pseudomonas jessenii PUF005; (f) Pseudomonas brassicacearum PUF006; (g) Bacillus pseudomycoides PUF007; (h) Bacillus cereus PUF008.
Figure 6: Growth of bacterial strains on PUA medium with Impranil DLN as the sole carbon source. (a) Growth of isolate utilizing Impranil DLN; (b) positive result showing clear zone formation around the well; (c) negative result showing no clear zone formation.
Figure 7: Degradation curves of Impranil DLN in presence of eight bacterial strains grown as monocultures in minimal salt medium over the 7-day experimental period. Each point on the curve shows a mean of degradation percentage. (a) Klebsiella aerogenes PUF001; (b) Pseudomonas chlororaphis PUF002; (c) Pseudomonas chlororaphis PUF003; (d) Pseudomonas corrugata PUF004; (e) Pseudomonas jessenii PUF005; (f) Pseudomonas brassicacearum PUF006; (g) Bacillus pseudomycoides PUF007; (h) Bacillus cereus PUF008.

Table Legends:
Table 1: FTIR peak area ratios (A4/AC) of selected functional groups in PU-1 and PU-2 after 120 days of soil incubation. Values represent mean ± standard deviation, n=2. “n.d.”: not detected/not prominent.
Table 2: MALDI-TOF MS identified bacterial species and further validation based on 16S rRNA sequencing. The indexes (a) and (b) represent the source foams (a: PU-1; b: PU-2). Bruker criteria (scores) for assignment: 0.000–1.699 not reliable identification, 1.700–1.999 probable genus identification, 2.000–3.000 genus and species identification. 16S rRNA gene sequencing based on NCBI database. Clear zone area expressed as mean ± standard deviation. “–“: strains unable to form degradation zones.
Table 3: Comparison of chemical composition of the two PU foams tested in this study. Data for PU-1 was obtained from Beneš et al., 20208, and further confirmed by FTIR analysis conducted in this study. Data for PU-2 was obtained from the manufacturer’s safety data sheet.
PU-1	0	0.5284912309591967	0.50903975890633424	0.28792054639392467	0.48703013338344114	0	0.5284912309591967	0.50903975890633424	0.28792054639392467	0.48703013338344114	0	30	60	90	120	0	6.4204766870023704	8.8190739188483072	9.9388595716520527	11.709316633201482	PU-2	0	0.21776187814130116	0.15678616942196644	0.33278380089932946	0.4276474451843239	0	0.21776187814130116	0.15678616942196644	0.33278380089932946	0.4276474451843239	0	30	60	90	120	0	0.82641125614509936	0.85574352076399118	1.5288460205934158	1.8527800053461672	Bio10 control	0	0.33	0.28999999999999998	0.16	0.26	0	0.33	0.28999999999999998	0.16	0.26	0	30	60	90	120	0	1.47	1.61	1.77	1.81	Hagopur control	0	0.22	0.19	0.25	0.17	0	0.22	0.19	0.25	0.17	0	30	60	90	120	0	0.1	0.2	0.25	0.25	Time (days)


Weight loss (%)
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Absorbance
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Absorbance
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