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Accurate and rapid detection methodologies for monitoring the illicit trafficking of threatened species through highly exploited maritime routes are crucial to support law enforcement and conservation efforts. One of the most prominent trafficked species is the lion (Panthera leo), prized for their pelts, bones, and other derivatives, with the intensity of the trade contributing to their current vulnerable International Union for Conservation of Nature (IUCN) conservation status. The trade in such wildlife products is facilitated by the limited availability of detection technologies at seaports and border crossings to identify and intercept trafficking efforts. Thus, we explored the feasibility of airborne environmental DNA (eDNA) analysis as a novel method to detect lion pelts concealed in shipping containers. Air samples were collected within close proximity of the pelts, as well as from the external air vents of a sealed container using a custom air extraction device. To enhance trace eDNA capture and attempt to overcome the combined challenges of degraded DNA (common in wildlife trade samples) and a confined environment, samples were collected on plasma polymer-coated HEPA F7 filters. All filter samples captured eDNA from the air, with no significant difference in overall yield across filter types (p > 0.05). However, only three surface-modified filters captured amplifiable P. leo mitochondrial DNA using species-specific primers, and only when sampling occurred in close proximity to pelts. Although the adaptation of eDNA-based detection methods shows potential, our findings demonstrate that the current protocol may be unsuitable for law enforcement applications without significant optimisation and validation.
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1 Introduction

The exploitation of wildlife for consumables exerts considerable pressure on vulnerable species populations, with resource constraints hindering efforts to prevent the illegal movement of threatened species and their derivatives through complex local, regional and international trade networks. Large carnivores are particularly susceptible to anthropogenic population declines, and trade driven by cultural and economic incentives can intensify these pressures, especially in regions where habitat loss and human-wildlife conflict are prevalent (Arias et al., 2024; Bodasing, 2022). The trade in lion (Panthera leo) parts represents a growing threat to wild populations and conservation efforts across Africa (Almeida et al., 2025; Williams et al., 2025). While bones are the most extensively traded lion derivative, other parts including pelts, teeth and claws are also sought after for zootherapeutic traditional medicines and cultural regalia (Williams et al., 2017; 2025). Despite wildlife protection laws, enforcement challenges and clandestine networks limit effective wildlife trade monitoring (Fukushima et al., 2021), emphasising the need for improved detection measures.

Wildlife products are commonly concealed amongst legitimate goods and trafficked through shipping cargo containers (Duensing et al., 2023; Moloney and Chaber, 2024; Zavagli, 2021). However, customs authorities often lack the capacity to conduct comprehensive inspections. Traditional container inspection methods, including x-ray scanning, are often invasive, resource-intensive and may struggle to detect organic products, highlighting the need for versatile, scalable alternatives (Moloney and Chaber, 2024). Genetic techniques have become invaluable in wildlife forensic investigations, particularly for species identification, trade tracing and population monitoring (Kanthaswamy, 2024; Moore et al., 2021). However, the need for physical samples limits opportunities for trace-based detection in situations where containers cannot be opened or unloaded.

As a non-invasive alternative, environmental DNA (eDNA) analysis has emerged as a powerful tool for detecting trace vertebrate DNA. eDNA refers to genetic material shed by organisms into their surroundings, enabling species identification without the need for direct observation or capture (Thomsen and Willerslev, 2015). Initially gaining traction in aquatic ecosystems, eDNA has revolutionised biodiversity monitoring by offering a highly sensitive, non-invasive method for tracing species populations and monitoring ecosystem changes (Bista et al., 2017; Chucholl et al., 2021; Closek et al., 2019; Fraija-Fernandez et al., 2020). Recent advancements have expanded eDNA applications to monitor terrestrial species through airborne samples (Bohmann and Lynggaard, 2023; Clare et al., 2021; Lynggaard et al., 2022; 2023; Roger et al., 2022; Sohn and Song, 2024; Clare et al., 2022), suitable for species or environments which are challenging to survey using conventional approaches (Garrett et al., 2022; 2023). In biosecurity contexts, airborne eDNA analysis has facilitated the detection of invasive species from debris in shipping containers (Milián-García et al., 2025; Trujillo-González et al., 2022), suggesting the collection of samples for wildlife trafficking monitoring may also be possible.

However, implementing eDNA methodologies remains challenging, particularly in confined spaces where low DNA concentrations and DNA degradation due to poor air circulation and surface exposure limit its effectiveness (Trujillo-González et al., 2022; Milián-García et al., 2025). Additionally, wildlife trade samples are typically aged, processed and/or degraded and provide poor quality genetic material even for traditional analytical methods (Natesh et al., 2019), let alone via airborne sampling. In such cases, innovative strategies may be necessary to improve eDNA binding to air-sampler filters and enhance capture efficiency. For example, surface modification of the material can be considered. One such approach is plasma polymerisation: a versatile technique capable of changing the wetting properties of a substrate from hydrophilic to hydrophobic, and vice versa (Iqbal et al., 2019). This is achieved by fragmentation of volatile monomers into high-energy species in a plasma phase, followed by recombination to form a cross-linked product onto the exposed material: a nanometre thin, conformal coating with surface termination either rich in polar or nonpolar functional groups, depending on the monomer used (Goodman, 1960).

This study investigates the feasibility of capturing airborne eDNA to detect wildlife commodities concealed within shipping containers. Specifically, we aim to provide conceptual proof for the application of airborne eDNA techniques for the detection of P. leo pelts in a containerised environment using a custom air extraction device. Although lion bones are more widely trafficked, pelts were selected to establish this proof-of-concept, given the expectation that they would shed cellular material (i.e. skin, hair) and thus more readily facilitate airborne eDNA detection. We further aim to, i) compare detection success across different sampling configurations, and ii) evaluate the effectiveness of different plasma polymerised filter coatings for eDNA capture. By integrating airborne eDNA analysis with existing screening protocols, this method could provide a scalable, non-invasive approach to improve detection efficiency in settings where traditional container inspections are limited.




2 Materials and methods



2.1 Pelt samples

We acquired three adult African lion (P. leo) pelts from Zoos South Australia (Adelaide, Australia). Additionally, we had access to cheetah (Acinonyx jubatus), leopard (P. pardus), snow leopard (P. uncia) and tiger (P. tigris) pelts. The cheetah pelts were added in 2014 and 2012, the snow leopard in 2019, and one of the female lion pelts in 2019. The records for the remaining pelts were unavailable, but were all likely added before 2012.




2.2 Air extraction device

An air extraction device was developed to collect air samples from shipping containers, inspired by previous eDNA conservation studies (Lynggaard et al., 2022; 2023). The first component of the device consisted of a 3D-printed air vent attachment placed over the container wall vent and held in position by magnets. The attachment was connected via a pipe (43 mm internal diameter, 700 mm long) to a 3D-printed housing directly below. The housing consisted of a sample drawer (108 mm × 108 mm) above two inline 5 V USB-powered battery-operated DC axial fans (120 mm upHere USB fan, model number N12U04, maximum airflow 1.7 m3/min, 1300 rpm per fan). Filters were placed in the sample drawer located 18 mm above the fans. The second component of the device was a 240 V AC powered blower (Ozito, model number BLV-2401, maximum airflow 12.0 m3/min), attached to a 3D-printed nozzle (450 mm long × 7 mm wide) designed to penetrate the gap between the steel doors and the rubber door seal to facilitate the passage of forced air. The 3D-printed components were designed using CAD Inventor 3D modelling software (version 2025.3, Autodesk, USA) and printed with polyethylene terephthalate glycol (PETG) material (Cubic Technology, Australia). The isolated use of the housing component (without pipe and wall vent attachment) for sample collection in this study will be referred to as ‘extraction-only’, while the combined use of both the full extraction and blower components will be called ‘mixed-mode ventilation’.




2.3 Filter development

Filters were developed to suit the air extraction device used in this study, with the modifications selected to enhance the capture of eDNA. High Efficiency Particulate Air (HEPA) grade F7 filter material (Merv 13), normally used as a Heating, Ventilation, and Air Conditioning (HVAC) bag filter, was selected based on its previous success in capturing airborne eDNA (Lynggaard et al., 2023). Filters were cut to size to suit the sample drawer. Using plasma polymerisation, filters were coated on both sides with one of three different monomers; 1,7-octadiene (OD, >98% purity), acrylic acid (AAc, 99% purity), or 2-methyl-2-oxazoline (POx, >98% purity) (Merck, Australia).

Plasma polymerisation of the three precursors was carried out in a custom-made radiofrequency plasma reactor operating at 13.56 MHz, as previously described (Chan et al., 2020). The monomers underwent three freeze-pump-thaw cycles prior to use to remove any dissolved gases. The filters were placed in the reactor chamber onto the bottom brass electrode and primed with air plasma at a working pressure of 2.0 x 10–1 mbar, with RF power of 30 W for a duration of three minutes. The reactor was then evacuated to a base pressure of 2.0 x 10–2 mbar with a rotary vane vacuum pump (E2M28, Edwards, UK). Pressure within the reactor was monitored using a Pirani gauge (APG100-XLC, Edwards, UK) and controlled via fine or medium flow needle valves for OD and POx (Chell Instruments, UK), as well as ball valve (ANCORP, USA) for AAc. The plasma polymerisation conditions (Table 1) were optimised based on established procedures (Alvarez de Eulate et al., 2021; Esselbach et al., 2024; Michelmore et al., 2013), and through thorough surface characterisation: spectroscopic ellipsometry for film thickness determination, optical contact angle measurements for wetting properties analysis, as well as x-ray photoelectron spectroscopy (XPS) to confirm their chemical composition. Once the filter surfaces were modified with the plasma polymers, filters were vacuum sealed to prevent exposure to air and stored away from direct sunlight.


Table 1 | Plasma polymerisation conditions of the three monomers.
	Monomer
	RF power (W)
	Ignition pressure (mbar)
	Time (min)



	POx
	30
	1.2 × 10-1
	4


	AAc
	10
	1.5 × 10-1
	18


	OD
	20
	1.3 × 10-1
	2










2.4 Container configurations

This study evaluated four different sampling configurations (Figure 1). In the first scenario (config. 1), extraction-only samples were collected from within an enclosed space (volume approx. 0.1 - 0.3 m³) where pelts had been stored for one month. Next, extraction-only samples were collected from inside an empty standard ISO 20 ft shipping container (volume 33.2 m³) in the absence of pelts. This negative control is referred to as config. 2. After these samples had been collected, the lion pelts were laid out across the floor on a plastic tarp and sealed inside the container for four days. Extraction-only samples were then collected inside the container within 30 cm of the pelts (air intake facing upwards, not directed towards the pelts), referred to as config. 3. Finally, after the pelts had been sealed in the container for an additional two months, mixed-mode ventilation samples were collected externally from the shipping container vents (config. 4). During container sampling, the doors remained closed and movement was minimized to limit atmospheric disturbance. Average temperature and relative humidity recorded inside the container between 0900h and 1700h on sampling days for each configuration were: a) 14.6 °C, 70.0%, b) 16.8 °C, 60.0%, and c) 29.4 °C, 28.7%, respectively.

[image: Three diagrams of a shipping container, two (a and b) with open doors, and one (c) external view. (a) shows an arrow labeled 'extraction' inside, arrow pointing down. (b) is similar to (a) with a lion paw print beneath the arrow on the container floor. (c) shows an arrow labeled 'blower' pointing between the closed container doors, and an arrow labeled 'extraction' pointing down from the external container vent on the opposite side of the container.]
Figure 1 | Representation of the 20 ft shipping container configurations tested: (a) extraction-only samples from inside an empty container (config. 2), (b) extraction-only samples from inside a container within 30 cm of the lion pelts (represented by a lion’s pawprint) (config. 3), and (c) mixed-mode ventilation samples collected externally from the container vent with lion pelts sealed inside (config. 4). The arrows represent the direction of airflow generated from either the extraction (airflow towards the device) or blower (airflow away from the device, c only) components. The first sampling configuration (config. 1), in which air samples were extracted from the enclosed storage space, is not shown. The samples in config. 1 were effectively collected in the same manner as shown in config. 3, but from within a smaller volumetric space.




2.5 Filter testing

For each container configuration (see section 2.4), air samples were collected using one non-coated filter and three monomer-coated filters (see section 2.3). Thus, a total of four filters were collected for each configuration, except for config. 4 where two non-coated filters were included - one before and one after all coated filters were collected - to assess whether prolonged airflow altered eDNA conditions within the container, for a total of five filters. All filter samples were collected over a 30-minute period based on the protocol developed by Lynggaard et al. (2022). After collection, samples were immediately stored in sealed plastic sample bags at -20°C until DNA extraction. All sample filters were handled with sterile tweezers, and personnel wore medical gloves and masks to minimise contamination. Between and after sampling events, all equipment was decontaminated with 4-12.5% sodium hypochlorite (bleach) followed by 70% ethanol (Kampmann et al., 2017; Lynggaard et al., 2022; 2023). Containers were not cleaned between treatments.




2.6 DNA extraction

Hair and tissue samples were collected directly from all available pelts (P. leo, A. jubatus, P. pardus, P. uncia, P. tigris). DNA was extracted from all samples in a Physical Containment Level 2 (PC2) laboratory environment using the DNeasy Blood and Tissue Kit (QIAGEN, Germany) following standard laboratory and strict contamination control procedures. Tissues were dissected into 25 mg pieces and placed in microcentrifuge tubes, while for filters a 1.5 cm2 section was selected and cut into very small pieces using scissors. Cells were lysed by adding 400 μL Buffer ATL and 40 μL Proteinase K, then vortexed to mix the solution. The samples were then incubated at 56 °C for five hours (filters) or overnight (tissue and hair) to ensure complete lysis of the cells. After cell lysis, 200 μL Buffer AL was added and vortexed, and the sample was incubated at 70 °C for 10 minutes to further break down cellular components. To facilitate DNA binding, 200 μL of cold 96% ethanol was added, and the samples were mixed and transferred into DNeasy Mini spin columns. These columns were centrifuged at 8000 rpm for one minute to separate the DNA from impurities. The DNA was washed sequentially with 500 μL Buffer AW1 and 500 μL Buffer AW2, with each wash followed by centrifugation at 8000 rpm to ensure removal of contaminants. Finally, DNA was eluted with 100 μL of pre-warmed Buffer AE, incubated at room temperature for five minutes, and then centrifuged at 8000 rpm for one minute to collect the DNA. This elution step was repeated twice to ensure maximal recovery of DNA. DNA concentration was estimated through spectrophotometric measurement (Nanodrop ND-1000, Thermo Fisher Scientific, France) (Supplementary Table S1). DNA extracts were stored at -20 °C prior to PCR.




2.7 Primer selection and validation

Species-specific primers targeting mitochondrial DNA (mtDNA) developed by Henger et al. (2023) were used in this study (Table 2). P. leo primer specificity was assessed in silico using NCBI BLASTn (Altschul et al., 1997). Each primer was queried independently against the NCBI nucleotide database with default parameters. Cross-reactivity was evaluated by examining significant alignments to non-target taxa. To validate assay specificity in vitro, hair and tissue DNA extracts from all available pelts, both target (P. leo) and non-target species, were tested using species-specific primers. Only the P. leo samples showed a positive result at an annealing temperature of 55 °C. The PCR product was extracted from the gel and sent for sequencing at the Australian Genome Research Facility.


Table 2 | Species-specific primers considered in this study (derived from Henger et al., 2023), including length of amplified product, primer melt temperature (Tm) and primer sequences.
	Species
	Primer
	Size (bp)
	Tm (°C)
	Primer sequence (5’ –> 3’)



	Lion (Panthera leo)
	P. leo Cb F
	152
	55.1
	GAAATATTGGAATCATATTGTTGCTCACAG


	P. leo Cb R
	64.0
	CCACTCTACTAGGTCGGCCCCGATG


	Tiger (Panthera tigris)
	P. tig COI F
	98
	59.7
	TAGTTACTGCCCATGCCTTTGTGATAATCTTT


	P. tig COI R
	56.9
	CTCCGATTATTAACGGAACTAGCCAG


	Cheetah (Acinonyx jubatus)
	A. jub COI F
	358
	57.6
	GGCTAACTCTTCACTAGATATTGTTCTCCAT


	A. jub COI R
	58.7
	AAAGGCTTCTCATACCATGAAAACTATAAG


	Leopard (Panthera pardus)
	P. pardus ND4 F
	364
	56.8
	AATACTCATCATCTTGCAGCTTCTCT


	P. pardus ND4 R
	61.7
	CGGTAGCCATAGGTGGAGTCCATATAGG


	Snow leopard (Panthera uncia)
	P. uncia Cb F
	314
	65.3
	TCCCACTCCATCCAACATCTCCGCATGATGA


	P. uncia Cb R
	63.5
	TAGCCATGACTGCGAGCAATAGTACGGC










2.8 Conventional PCR testing

Conventional PCR was used to analyse both genomic and environmental DNA in this study. Each PCR reaction mixture consisted of 5 µL template DNA, 1 µL forward primer, 1 µL reverse primer, 0.1 µL High Fidelity Platinum™ Taq DNA Polymerase, 0.5 µL 10 mM dNTP Mix, 1 µL 50 mM MgSO4, 2.5 µL 10X High-Fidelity PCR Buffer and Nuclease-Free Water added to a final volume of 25 µL. Each sample was processed in triplicate, and each plate included a positive control P. leo genomic DNA and a non-template control. The PCR conditions included an initial denaturation (94 °C, 2 minutes), followed by 35 cycles of denaturation (94 °C, 30 seconds), annealing (55 °C, 90 seconds) and extension (68 °C, 1 minute). One final extension cycle was performed at 72 °C over 10 minutes. PCR products were visualised on 1% agarose gel under UV light.





3 Results



3.1 Primer evaluation

In silico evaluation of P. leo primers demonstrated high specificity for the target species (no amplification of non-target species at zero nucleotide mismatches for all primers). The forward primer exhibited several low-identity matches, with the highest identity match of these (83% identity) being to an unrelated sea urchin sequence. Meanwhile, the reverse primer exhibited a low-identity match (84% identity) to an extinct Panthera species (P. spelaea). No cross-reactivity of concern against other common DNA found in dust or the general shipping container environment was identified through this search. In vitro validation with hair and tissue samples confirmed successful amplification of P. leo mtDNA, with no cross-amplification observed in non-target species (A. jubatus, P. pardus, P. uncia, P. tigris). Species-specific primers for non-target felids failed to amplify mtDNA from their corresponding samples. Sequencing analysis of lion hair and tissue extracts indicated the presence of target mtDNA, where positive amplicons (152 bp) were confirmed to match against P. leo accessions in NCBI (accession no. XM_042950021.1) with a 99% pairwise similarity with 95% sequence coverage.




3.2 Filter surface characterisation

All plasma polymer films had a thickness of about 30 nm, as determined by spectroscopic ellipsometry. Water contact angle measurements on the plasma polymer coatings revealed that POx and AAc demonstrate hydrophilic wetting behaviour, while OD has hydrophobic wetting properties (Figures 2A–C). This is determined by their chemical composition, confirmed with XPS analysis. OD survey scan demonstrated the coating is almost entirely composed of carbon (C) as expected from its chemical structure (Figure 2F), with low oxygen (O) percentage attributed to adventitious contamination due to exposure to air. Both hydrophilic coatings have O content higher than OD, and POx has an additional heteroatom - nitrogen (N), all in line with their chemical structures (Figures 2D, E). The high-resolution C 1s scans showed that both POx and AAc have a variety of polar functional groups (Figures 2G, H) which govern their hydrophilic wetting behaviour and very similar advancing contact angles just above 60°. The presence of additional amine and imine surface termination on the POx coating determines the slightly lower receding contact angle, and therefore higher contact angle hysteresis (above 48°) in comparison to that of AAc (41°) corresponding to higher adhesion due to the strong interactions between the POx surface and the water droplet. In contrast, OD coating has an insignificant amount of polar functional groups (Figure 2I), and is predominantly terminated with alkyl functional groups, which determines low contact angle hysteresis (12°) and low adhesion between the surface and the water droplet, a consequence of the weak interactions between the two.

[image: Chemical structures of monomers 2-methyl-2-oxazoline, acrylic acid, and 1,7-octadiene and water contact angle images on the plasma polymerised films from them. Corresponding XPS survey spectra display elemental compositions: graphs (d), (e), and (f) list the percentages of C 1s, O 1s, and N 1s. High-resolution C 1s peaks in graphs (g), (h), and (i) show percentages of C-C, C-O/C-N, C=O/C=N, COOH, and COOHb bonds.]
Figure 2 | Summary of the surface characterisation of the three plasma polymer coatings used for filter surface modification. Advancing and receding water contact angles on POx (A), AAc (B), and OD (C) with the chemical structures of each monomer above them; XPS survey spectra of POx (D), AAc (E), and OD (F); XPS high-resolution C 1s scans of POx (G), AAc (H), and OD (I).




3.3 Container configuration sampling

Each filter extract was run through gel electrophoresis in triplicate, consistently yielding the same result (Supplementary Table S2). Two coated filters (AAc and OD) collected from the enclosed storage space, config. 1, tested positive for P. leo mtDNA. The non-coated and POx coated filters were negative in this first configuration. Only one filter (AAc) yielded a positive result in the extraction-only internal container configuration, config. 3. In contrast, all filter samples from both the empty extraction-only configuration (config. 2) and the mixed-mode ventilation configuration (config. 4) were negative.




3.4 Filter efficacy

The total mean DNA extract concentration, as measured by spectrophotometry, did not significantly differ between filter coatings (mean 2.8 ng/µL, SD 1.2 ng/µL; Kruskal-Wallis p > 0.05). However, target mtDNA was amplified from three filters in total, comprising two coated filter types: AAc and OD. None of the non-coated or POx coated filters captured detectable levels of P. leo mtDNA.





4 Discussion

This study aimed to explore the feasibility of capturing airborne eDNA to detect lion pelts in a containerised environment. Previous studies have demonstrated successful employment of eDNA techniques to detect trace terrestrial animal DNA in airborne environmental samples (Clare et al., 2021; Garrett et al., 2022; 2023; Lynggaard et al., 2022; 2023; Johnson et al., 2019; Roger et al., 2022; Clare et al., 2022), thus the adaptation of air extraction techniques to overcome the traditional challenges of container searches could provide a unique opportunity to improve detection rates. The availability of advanced detection techniques is essential to disrupt the extensive trade in vulnerable species, such as lions. The primer sets and PCR techniques applied were highly specific for lion eDNA, as validated through in silico testing, in vitro target amplification of genomic DNA, and additional sequencing. In this study, lion mtDNA was successfully extracted from three filter samples, suggesting it was indeed possible to capture eDNA in the air above the pelts. However, techniques suitable for eDNA extraction from containerised environments require further development.

Inconsistencies in eDNA capture may be attributed to the combined challenges of extracting DNA from air sampled from a containerised environment and from degraded samples. Notably, while abiotic (i.e. wind) and biotic (i.e. living organisms) factors significantly influence the dispersion of DNA in the environment (Caza-Allard et al., 2022; Ke et al., 2025), these factors were absent in the current containerised scenario. Air movement in particular is important for the dispersal of eDNA (Métris and Métris, 2023), thus it was hypothesised that the mixed-mode ventilation scenario would increase trace eDNA capture. Additionally, confined spaces are likely less prone to the dilution effect typically observed in environmental sampling and thus should promote better eDNA capture (Clare et al., 2021). However, no positive detections were observed in this configuration, suggesting that either eDNA in the sampled air was below the assay’s limit of detection, or that the number of PCR cycles was insufficient to amplify trace DNA effectively. More sensitive PCR techniques, such as quantitative PCR or digital PCR, could be considered as a means of amplifying trace eDNA suitable for detection, which may overcome some of the limitations associated with DNA availability. Concealment methods used by traffickers would undoubtedly make the detection of trace DNA even more difficult, however this was not assessed in the current study.

The quality of the pelts used in this study further challenged the success of eDNA capture, leading to potential biases in detection accuracy. Previous studies even suggest that, in some contexts, deceased animals or carcasses may not produce detectable eDNA (Curtis and Larson, 2020; Dunker et al., 2017). Whilst there was genetic material captured on all filters, this largely consisted of exogenous DNA. Sample quality likely influenced PCR success, as DNA availability and extraction efficiency depend on the quantity and quality of cellular material present, which is often diminished in wildlife trade-derived samples. Post-mortem processes with regards to cell death, fragmentation and decomposition impact DNA degradation (Alaeddini et al., 2010; Rogers, 2022), while sample collection, storage and handling conditions further influence DNA quality (Rogers, 2022; Zhou et al., 2025). The chemicals used to treat or preserve pelts are also known to degrade host DNA (Casas-Marce et al., 2010; Hebenstreitova et al., 2024), leaving minimal usable DNA for genetic investigations (McDonough et al., 2018; Casas-Marce et al., 2010). While the pelts used were untreated, they were aged and, due to the nature of the dead keratinised cells, DNA yield from direct hair (2.3 ng/µL) and tissue (4.2 ng/µL) analysis was low and of relatively poor quality. Although these samples were notably degraded, this reflects the variable and often poor-quality condition of materials seized across different wildlife trade supply chains, providing a realistic proxy for trace DNA identification. While airborne eDNA detection has its limitations in the context presented, previous studies have demonstrated successful trace DNA deposition detection from packaging materials in direct contact with traded wildlife, hence this may be a more appropriate application (Chan et al., 2024; LeClair et al., 2025).

In response to the expected low quality of DNA in wildlife trade samples, plasma polymerisation was used to modify the surface chemistry of filters to improve airborne eDNA adhesion and retention. While none of the non-coated filters in this study were positive, two coated-filter types – AAc and OD – successfully captured amplifiable target mtDNA. AAc plasma treatment is often used in biosensors and biomedical science as it enables the formation of a chemically active coating which provides surface hydrophilicity and functional carboxylic groups suitable to allow DNA to irreversibly bind (Bitar et al., 2018; Jafari et al., 2009; Ricciardi et al., 2012). AAc was deemed the most successful filter coating, as it was the only coating which produced two positive identifications (configs. 1 and 3). OD is a hydrocarbon monomer which introduces alkyl groups and a hydrophobic surface, and while it is less likely to interact with hydrophilic DNA, it was hypothesised to interact with nonpolar DNA fragments. For example, Cardenas et al. (2003) demonstrated that in aqueous solution single-strand (s-s) DNA adsorbs preferentially and more readily on hydrophobic surfaces than double-stranded (d-s) DNA (Cardenas et al., 2003; Lindman et al., 2021). The s-s DNA molecules are oriented parallel to the substrate and the adsorption occurs via the hydrophobic base fragments. When in air, DNA may undergo partial denaturation which can lead to further exposure of the base fragments, therefore inducing even more hydrophobic properties. Thus, DNA in air could be attracted to the OD coated surface via dispersion forces. Indeed, eDNA was also detected on the OD filter from the enclosed space, but none others. Meanwhile, POx coated filters did not improve sample capture. While the AAc and OD filter coatings overall improved detection efficacy, further scrutinisation is required.

The protocol presented effectively constitutes a presence-absence eDNA survey, and given the high primer specificity any trace mtDNA detection would confirm the presence of the target species. In the context of a suspected trafficking situation, law enforcement merely requires a positive indication of the presence of an illicit commodity to justify a full container search, hence this protocol was intended to provide the first piece of the puzzle in a search operation. In the present study, however, the inability to identify target DNA broadly across filters, especially those obtained from the external container vent, raises questions about the influence of variables affecting eDNA detection and the limitations of our methodology. It is worth noting however that while this protocol did not produce positive results using mixed-mode ventilation, it showed some success through direct sampling - equivalent to opening the container door and directly extracting air or DNA from the commodities, similar to Trujillo-González et al. (2022) and Milián-García et al. (2025). This approach may therefore still be valuable for customs authorities seeking to determine whether illegal goods are mixed with legal ones, especially when visual identification is not possible. While opening the container is more intrusive, it can provide crucial evidence.

This study indicates that eDNA detection for containerised wildlife trafficking requires further investigation. Whilst DNA remains fundamental for identification purposes, it is perhaps not well suited for container screening. Target DNA was successfully recovered from air samples captured using plasma polymer-coated filters, however detection sensitivity was limited by degraded sample quality, methodological shortcomings and constrained airflow, challenges which are also likely to be encountered in operational settings. Our findings highlight the need for further refinement of this method, with future studies focusing on improving sampling efficiency, optimising PCR cycling conditions, and revisiting primer design (i.e. considering primers that target smaller amplicons or conserved regions shared across multiple species). The transition from experimental design to forensic law enforcement practice presents substantial challenges, and at present the method lacks the robust validation required to bridge the gap between experimental feasibility and practical implementation (Frankham et al., 2025; Moore et al., 2021; Ogden et al., 2009). Integrating air sampling technology within existing inspection protocols could in future enhance regulatory efforts, however alternative methods of analysis, such as mass spectrometry (Brown et al., 2021; Coals et al., 2021; Price et al., 2020; Soso and Koziel, 2017; Ueland et al., 2016; 2020), might be more suitable for detecting illegal organic commodities, as the challenges surrounding implementing DNA screening at this stage outweigh the benefits.
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