Combatting the antigenicity of common ragweed pollen and its primary allergen Amb a 1 with cold atmospheric pressure air plasma
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Abstract
[bookmark: _Hlk173266229]Airborne allergens, especially those originating from various types of pollen, significantly compromise the health and well-being of individuals on a global scale. Here, cold atmospheric pressure plasma (CAP) created in ambient air was used to treat highly allergenic and invasive Ambrosia artemisiifolia pollen. Immunoassays were used to evaluate the impact of CAP on the principal A. artemisiifolia allergen Amb a 1, demonstrating that >90% reduction in antigenicity could be achieved. Chemical analyses using Fourier Transform infrared revealed that CAP induced significant alterations to proteins on the surface of pollen grains, resulting in a 43% increase in the amide I peak area and a 57% increase in the amide II peak area. These findings were corroborated by Raman and X-ray photoelectron spectroscopy, which indicated that the protein modifications induced by CAP were due to carbonylation and nitration/nitrosylation processes. Beyond protein transformations, CAP also induced notable oxidation and modification of lipid-like compounds, polysaccharides and sporopollenin. Evident transformations at the chemical level translated into morphological changes at the grain surface, manifesting as increased roughness via significant outer-layer etching. These findings underscore the potential of CAP technology as a viable approach for mitigating against the allergenicity of pollen, providing a deeper understanding into the underlying chemical mechanisms.
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Graphical abstract

1 Introduction
[bookmark: _Hlk173443320]Allergy or atopy is a clinical condition associated with immediate hypersensitivity reactions of the immune system towards specific antigenic substances, known as allergens. These compounds can be introduced into the body through inhalation, ingestion, tactile contact and injection, resulting in a range of health conditions such as allergic rhinitis or hay fever, bronchial asthma, food intolerances, and anaphylaxis [1]. Allergic diseases are among the most common immune system disorders. Recent studies have shown an increase in the prevalence of sensitization and the incidence of associated diseases, such as allergic rhinitis and atopic asthma, which began to rise steadily in the 1970’s and currently affect up to 40% of the population in most industrialized countries. Hence, respiratory disorders related to allergy have become one of the most significant causes of chronic respiratory disease [2]. Allergies are the 6th leading cause of chronic illness in the US, costing over 20 billion US Dollars annually [3]. In the European Union, asthma and allergic rhinitis alone result in over 100 million lost workdays and missed school days each year, causing economic losses between 55 and 151 billion Euros per year. This burden is expected to increase, with projections indicating that by 2025, more than 50% of Europeans will suffer from at least one type of allergy, affecting people of all ages, social backgrounds, and geographical regions [4]. Despite these costs, allergic respiratory diseases significantly reduce quality of life, impairing sleep, daily activities, productivity, concentration, and emotional well-being. Additionally, many patients experience side effects from prescribed medications, further diminishing their overall well-being [5]. 
[bookmark: _Hlk173492442]Airborne allergens are the primary environmental agents responsible for respiratory allergies, particularly inhaled aeroallergens derived from different kinds of pollen [6]. The presence of pollen aeroallergens in the air reaches its maximum during the reproductive phase of seed-bearing plants. During this period, male gametophytes are produced and released in the form of pollen grains, which may contain allergenic proteins. Plants that are pollinated by wind pose a particular challenge, as they must release a significant amount of pollen to achieve successful reproduction, resulting in an exposure of humans to high levels of allergens [7,8]. One of the most problematic species in Europe, recognized for its highly allergenic properties and invasive nature, is common ragweed (Ambrosia artemisiifolia) with each individual ragweed plant producing over one billion pollen gains [9]. The IUIS database currently lists 11 distinct ragweed allergens, with Amb a 1 being the most significant due to its IgE sensitization rate between 90 and 95%. Amb a 1 belongs to the pectate lyase protein family and primarily aids in pollen growth by degrading pectins. Characterised as acidic non-glycosylated protein, it contains 397 amino acids and has a molecular weight of approximately 38 kDa [10]. The increasing prevalence of airborne allergens appears to be an inevitable consequence of global climate change and air pollution. Rising temperatures and elevated carbon dioxide concentrations have been found to prolong the pollen season and increase the abundance of pollen. Moreover, global warming further facilitates the geographic distribution of these allergens to regions that were previously unexposed [11]. In addition, modern houses are now constructed to limit ventilation to minimize heating and cooling expenses, which leads to additional accumulation of biophysical pollutants indoors [12]. The prospect of an ongoing rise in the incidence of the allergic respiratory conditions is worrisome. Although diseases such as allergic rhinitis do not inherently pose a threat to life, they can lead to illness and disability, and have a negative impact on overall quality of life [13]. Given the severity of allergy-related complications, a radical new approach is urgently needed to mitigate this widespread suffering.
Current approaches for the reduction and control of indoor allergens mostly involve methods such as air filtration where allergenic particles are trapped within a fibrous medium (e.g., HEPA filtration). Although effective, these techniques have significant limitations, such as high energy requirements for air filtration, reduced efficacy when the filtration medium is saturated, and an inability to trap non-particulate pollutants like chemical vapours. Furthermore, improper maintenance of filtration devices can worsen the symptoms of respiratory allergies [14]. Over the past decade, cold atmospheric pressure plasma (CAP) has demonstrated an immense potential as a novel decontamination technique for the elimination of hazardous biological and chemical pollutants found in the air [15–19]. CAP produced using only air and electricity is a highly non-equilibrium system that exhibits remarkable physical and chemical characteristics. Electron temperatures in the plasma can exceed 30,000 K, while the temperature of neutral species remains near ambient; these unique conditions lead to the generation of multiple powerful decontamination modalities, including strong electric fields, high-energy ultraviolet photons, and most importantly, highly reactive oxygen and nitrogen species (RONS). These include short-lived species such as atomic oxygen (O) and nitrogen (N), hydroxyl radicals (OH), and superoxide (O2-), as well as long-lived species such as hydrogen peroxide (H2O2), ozone (O3), and various nitrogen oxides (NxOy) [20,21]. 
Until recently, the majority of advancements in the field of CAP-driven decontamination have focused on the inactivation of airborne pathogenic microorganisms. Notable investigations have explored inactivation of microbes such as Escherichia coli, Pseudomonas alcaligenes, Pseudomonas fluorescens, Bacillus subtilis, Staphylococcus epidermidis, Penicillium expansum and others, using different CAP systems built in laboratory-scale ventilation systems, capable of reaching up to 3.5 log reduction [22,23]. Besides microbial inactivation, CAP has also shown promise in decontamination of various organic contaminants, such as organochlorines, pesticides, mycotoxins, as well as allergens [24–26]. Although research on CAP's potential for allergen degradation has primarily focused on studies in food science, recent findings suggest that it may also be applicable to airborne allergens. Aerosolised allergens such as Der p 1, Der f 1, Asp f 1, Alt a 1 and Can f 1 have been exposed to air CAP produced with a dielectric barrier discharge system placed in the experimental exposure chamber. The results demonstrated significant reductions of allergenicity of the aerosols, ranging from 30% to 80% [27]. Nevertheless, no study has been conducted on CAP treatment of pollen derived allergens so far. This poses a unique challenge, as the potential CAP-induced rupture of pollen grains could result in the release of an even greater quantity of allergens, multiplying the issue and rendering CAP a poor choice in such applications.
The primary focus of this study centres on the treatment of common ragweed pollen and its prominent allergen, Amb a 1, using CAP. Two distinct CAP treatment modalities were investigated: an indirect Surface Barrier Discharge (SBD) system and a direct Dielectric Barrier Discharge (DBD) system. Plasma characteristics were evaluated through optical emission spectroscopy (OES) and Fourier transform infrared spectroscopy (FTIR). The protein composition of CAP-treated common ragweed pollen, with particular emphasis on Amb a 1, was analysed using a variety of techniques, including Bradford assay for total protein concentration, enzyme-linked immunosorbent assay (ELISA), sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblotting. Additionally, the impact of plasma on the chemical and morphological surface characteristics of pollen grains was assessed using FTIR spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, and scanning electron microscopy (SEM). The outcomes of this investigation indicate that CAP exposure leads to a substantial reduction in Amb a 1 levels, alongside noteworthy alterations to the surface characteristics of exposed pollen grains.

2 Experimental
2.1 Plasma Setup and Treatments
An indirect CAP exposure was achieved using a surface barrier discharge (SBD) reactor that created 333 mm2 of air plasma at a distance of 5 mm from the pollen sample, thus forming an indirect treatment system where only longer-lived RONS could reach the target sample. A second reactor, employing a 31.4 mm2 diameter quartz coated powered electrode and a 20 mm2 diameter ground electrode was used to directly expose pollen to CAP. This was achieved by placing pollen samples on the grounded electrode for the duration of the CAP treatment, meaning both long- and short-lived RONS could interact with pollen surface (Fig. 1). Both reactors were powered using a home-made high voltage power source operating at kHz frequencies. For the purposes of comparison, both reactors were operated at a constant dissipated power of 18 W. 
[bookmark: _Hlk173402946]Preliminary tests were conducted to determine the optimal treatment durations for maximum allergen reduction. For indirect SBD treatments, exposure times of 1 x 2 minutes, 2 x 2 minutes, and 2 x 4 minutes were selected. During the 2 x 2 min and 2 x 4 min treatments, the pollen grains were stirred with a spoon to ensure an even distribution of plasma effluent throughout the sample. For direct plasma treatments, pollen was placed on the stainless-steel ground electrode with a 2 mm electrode separation and subjected to exposure times of 10 x 3 s, 10 x 6 s, and 10 x 9 s. A 15-second break was introduced between treatment repetitions to minimize the thermal effects generated by the direct plasma system. Each experiment was performed at least in duplicate and repeated independently more than three times.
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Fig. 1: Experimental scheme for treatment and assessment of pollen samples.

2.2 Plasma Characterisation
Optical emission spectroscopy (OES) was employed to obtain qualitative information of the excited states within the CAP generated in both reactors. The emitted light was directed into a spectrometer (Andor Shamrock 500i) through a 200 µm diameter optical fiber, featuring an entrance slit measuring 50 µm and an optical grating density of 600 lines mm-1. To detect long-lived IR active RONS created by the indirect plasma source, a Fourier-transform infrared spectroscopy system (FTIR, Frontier, Perkin Elmer, USA) was used. The measurements were conducted at a resolution of 4 cm−1 using a short-path gas cell with KBr windows and a path length of 100 mm.

2.3 Preparation of the protein samples
Pollen grains were incubated in 1 x PBS for 1.5 h at room temperature for ELISA tests and overnight at 4 oC, with gentle shaking. Afterwards, the pollen suspensions were centrifuged for 10 min at 14,000 rpm, followed by the recovery of the supernatants. The total protein concentrations were determined with addition of Bradford reagent and then measuring the absorbance at 595 nm.

2.4 ELISA
The concentration of major common ragweed allergen Amb a 1 was determined with the enzyme-linked immunosorbent assay (ELISA) kit, provided by Indoor Biotechnologies Inc., UK. In brief, protein samples and standards were introduced into an assay buffer, which had been preloaded into a 96-well microtiter plate coated with monoclonal antibody 2B6. These samples were subsequently incubated for 1 h at room temperature, shielded from direct sunlight, with gentle agitation. Following the incubation period, the plate was washed, and a mixture containing biotinylated detection antibody 4H7 was added. After another round of washing, a TMB substrate was introduced, followed by the addition of a stop solution to induce the development of a blue/yellow colour. The absorbance was measured at 450 nm. The reduction in antigenicity was expressed as normalised values relative to the control.

2.5 Electrophoresis
SDS-PAGE sample analysis was performed on 12.5% (m/v) hand-cast gels under reducing conditions (0.5% (m/v) SDS, 10% (v/v) glycerol, 50 mM DTT, 30 mM Tris/HCl, pH 6.8) following the procedure of Laemmli (1970) [28]. The proteins were stained using colloidal silver [29] and gel images captured on a ChemiDoc MP System (Bio-Rad, Hercules, CA, USA) imager.

2.6 Immunoblotting
Protein samples were analysed with SDS PAGE as described in section 2.5. The separated proteins were transferred onto a nitrocellulose membrane in Towbin buffer (25 mM Tris/HCl, 192 mM glycine, 0.1% (m/v) SDS and 20% (v/v) MeOH) using a constant current of 200 mA for a duration of 1.5 h. The membrane was blocked for 1 h at room temperature with 1% (m/v) blocking solution (Western Blocking Reagent, Roche, Switzerland) in Tris-buffered saline (TBS) (50 mM Tris; pH 7.5, 150 mM NaCl), followed by an overnight incubation with primary anti-Amb a 1 antibodies (diluted 1:1000 in 0.5% (m/v) blocking solution in TBS; Indoor Biotechnologies Inc., UK) at 4 °C. Subsequently, the membrane was washed twice for 10 min with TBS, containing 1% (m/v) Tween 20 (TBST), briefly rinsed with 0.5% (m/v) blocking solution in TBS, followed by a 1-hour incubation with secondary anti-mouse antibodies (diluted 1:10000 in 0.5% (m/v) blocking solution in TBS; Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L), Jackson Immunoresearch, UK) at room temperature. The membrane was then washed 4 times with TBST and detection carried out with the Lumi-LightPLUS substrate (Roche, Switzerland) following the manufacturer's instructions. The signal was detected using a ChemiDoc MP System and the bands quantified using the ImageLab Software (Bio-Rad, Hercules, CA, USA) imager.

2.7 FTIR
Treated and untreated pollen samples were also analysed with the an FTIR spectrometer (Frontier, Perkin Elmer, USA), using an ATR module with a diamond crystal. The spectra were recorded as an average of 24 scans with a resolution of 4 cm-1 with air being taken as a background. Plasma induced chemical modifications of the pollen surface were tracked in the spectral range of 400 – 4000 cm-1. 

2.8 Raman
Raman spectra were acquired using a He-Ne laser set at 633 nm and a confocal micro-Raman system (NT-MDT, model NTegra Spectra II, Ireland) that features a Peltier-cooled CCD sensor. To amplify the scattering signal from the pollen species, they were positioned on a high-purity, disc-shaped gold sputtering target (0.1 mm thickness, 57 mm diameter) sourced from Ted Pella Inc. A PLN20X/0.4 Plan Achromat Olympus Objective was used to direct and focus the laser. The exposure time was set at 1 s, with an accumulation count of 10. 

2.9 XPS
The chemical composition of the untreated control samples and pollen samples exposed to direct CAP for 90 s and to indirect CAP for 480 s was determined using X-ray photoelectron spectroscopy (XPS). The analysis was performed with a TFA XPS spectrometer (Physical Electronics Inc., USA), supplied with a monochromated Al Kα X-Ray source and operated under ultra-high vacuum of 10-7 Pa and at 1486.6 eV. Samples were analysed at three different spots with a 0.4 mm diameter sample area and analysis depth of 3 to 5 nm. The take-off angle of the electron analyser to the sample in the XPS spectrometer was 45°. High resolution spectra were acquired at an energy resolution of ~0.6 eV and pass energy of 29 eV. Chemical compositions were determined with MultiPak software (Version 9.9.0). 

2.10 SEM
The surface morphology of untreated and treated pollen samples was analysed using scanning electron microscopy (SEM, Prisma E, Thermo Fisher Scientific Inc., USA), operating at 2 kV and at elevated chamber pressure using water vapour as an amplifying gas. Before analysis, the pollen samples were submersed in a 2.5% glutaraldehyde fixative solution. After the overnight incubation, the dehydration of samples was performed in a sequence of increasing ethanol concentration, finally being placed in 100% ethanol, which was followed by the drying of the samples in hexamethyldisilazane (HMDS). Once in 100% HMDS, pollen samples were placed on bucky paper, and fixed on aluminium sample holders, which were inserted into the observation chamber of the SEM. 

2.11 Statistics
[bookmark: _Hlk173414345]Statistic calculations of the protein and Amb a 1 reductions according to Bradford assay, ELISA and immunoblotting were performed with Graph Pad Prism software (version 10.2.3) using two-way ANOVA and post-hoc multiple comparisons Tukey's test.
3 Results and Discussion
3.1 Chemical characterisation of the plasma
Optical emission spectra of plasma created by both systems was obtained (Fig. 2(b)). The recorded spectra from both systems were comparable, showing several emission lines between 290 and 410 nm, which are associated with the excited nitrogen second-positive band series. No other significant emission lines were observed between 280 and 600 nm. Given that both plasmas are created in the same gas, with the same electrical excitation it is not surprising that the emission spectra are similar in both cases. Critically, the main difference between the two CAP modalities examined in this study is in the composition of RONS arriving at the pollen surface. In the direct treatment scenario, short-lived and highly reactive RONS such as O, O2-, 1O2, OH and NO directly interact with the sample, these species are commonly known to affect the normal function of biological systems with the alternation of the main components involved [30]. In contrast, the spatial separation between plasma layer and sample in the direct treatment scenario acts as a spatial filter for RONS, significantly reducing the transport of highly reactive species to the pollen surface [31]. 
The composition of the gaseous phase generated by the in-direct system was characterised using FTIR spectroscopy. Fig 2(c) illustrates the infrared absorption spectra obtained at 120 s and 240 s after the initiation of plasma, these time intervals correspond to the those used in pollen treatment. The absorption spectra indicate distinct peaks located at wavenumbers of 1055 cm-1, 1275 cm-1, 1628 cm-1, 1715 cm-1, 1910 cm-1 and 2237 cm-1, corresponding to O3, N2O4, NO2, N2O5, and N2O, respectively. These absorption peaks were used to investigate the temporal behaviour of long-lived RONS present in the effluent of the CAP system (Fig. 2(d)). Evidently, within the initial 60 s of plasma operation, O3 was the dominant species, exhibiting the highest absorbance intensity and indicating the prevalence of reactive oxygen species (ROS) in the plasma effluent. Subsequently, the intensity of the O3 declined and eventually vanished after 120 s. Simultaneously, the peak associated with NO2 started to rise and became the prevalent species at 180 s. In contrast, N2O exhibited a linear increase, reaching its maximum at the end of the measurement period. The observed increase in the intensities of absorption peaks corresponding to NxOy clearly indicated a notable shift towards a gas phase chemistry that is dominated by reactive nitrogen species (RNS). The transition from O3 to NxOy, often referred to as 'O3 poisoning', can be attributed to two significant factors. Firstly, decomposition of O3 is partially induced by the thermal impact of plasma [32]. Secondly, the generation of NO consumes O, a precursor for O3 generation, while NO and O3 subsequently react to form NO2, further reducing O3 [33].
[image: ]
Fig. 2: (A) Schematic of indirect and direct CAP set-up; (B) OES spectra obtained from discharge layer of CAP generated with indirect and direct system; (C) FTIR spectra of CAP gaseous effluent generated with indirect system and recorded at 120 s and 240 s; (D) Time-resolved intensities of main FTIR spectral features of indirect CAP gaseous phase.  

3.2 Reduction of Amb a 1 and impact on the A. artemisiifolia total protein profile
The application of CAP treatments resulted in significant reductions in both the whole protein content and Amb a 1, as shown in Fig. 3. The total protein concentration was determined using the Bradford assay (Fig. 3A), while the antigenicity level of Amb a 1 was measured separately through ELISA (Fig. 3B) and concentrations calculated from the intensities of the bands in western blots (Fig. 3C). All three methods demonstrated a consistent trend, indicating the reduction of concentration and antigenicity with increased CAP treatment. The most significant reduction rates were observed after the longest exposure times, namely 2 x 4 min for indirect CAP treatment and 10 x 9 s for direct CAP treatment. These reductions were as follows: 74% after indirect treatment and 86% after direct treatment for the whole protein; 91% after indirect treatment and 94% after direct treatment for Amb a 1, obtained from ELISA; and 64% after the indirect treatment and 86% after the direct treatment for Amb a 1 obtained from western blot. Notably, minor discrepancies were observed between the reduction rates of specific experimental points obtained when using ELISA and immunoblot. These variations could potentially be attributed to various factors, such as differences in sample preparation, assay sensitivity, or the specificities of the individual analytical methods. Nevertheless, the significant reductions in both the whole protein and Amb a 1 content demonstrate the effectiveness of CAP treatments in modulating protein levels, irrespective of the analytical approach employed. In addition, the analysis indicates that the highest efficiency was achieved with direct CAP system. 
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[bookmark: _Hlk173404221]Fig. 3: CAP impact on A. artemisiifolia total protein profile and antigenicity of the Amb a 1; (A) reduction of total protein content; (B) Reduction of immunoreactive Amb a 1 content calculated from ELISA; (C) Reduction of immunoreactive Amb a 1 content calculated from the immunoblot; (D) SDS-PAGE gel with total protein profile and immunoblot of Amb a 1; A significant difference was performed by the two-way ANOVA, between control and treated samples (* p < 0.0332, ** p < 0.021, *** p < 0.0002 and **** p < 0.0001).

The CAP methods used in this study for the reduction of A. artemisiifolia allergens were highly effective when compared to previous studies focusing on plasma mediated allergen reduction. For example, a direct air fed DBD was applied to defatted peanut flour to inactivate the primary peanut allergen, Ara h 1. ELISA results indicated up to a 43% decrease in allergenicity after a 60-min exposure [34]. Another study exposed tropomyosin, a significant allergen in various crustaceans, including prawn, to an argon plasma jet, resulting in 17.6% and 26.9% reductions in IgE and IgG binding capacities after a 15-min treatment [35]. The results obtained in this study indicate a significantly higher level of reduction was achieved in shorter exposure times compared to prior studies, this is most likely attributed to the proficiency of CAP in targeting and removing surface-bound proteins without penetrating the internal matrix. Several previous studies have examined allergens that are likely internalised throughout a food matrix, thus making effective CAP treatment difficult, if not impossible. Ultimately, as CAP is primarily a surface treatment technique, its efficacy is limited by the ability of the RONS to penetrate into the sample.
Fig. 3D displays images of protein gels and immunoblots of the control and CAP treated A. artemisiifolia pollen samples. The representative gel shows the whole protein content of each experimental point without normalization, alongside the Amb a 1 standard. Notably, the protein bands observed in the case of samples exposed to direct plasma exhibited the most significant modification compared to the control, particularly for proteins with the highest and lowest molecular weights. Moreover, the intensity of the band, which was in line with the major band of the Amb a 1 standard (Fig. 3D, top panel, arrow), decreased with longer exposure times. In contrast, the disappearance of bands related to cleaved non-covalently associated chains of Amb a 1 that are typically susceptible to proteolysis, were less pronounced as observed in the case of the whole protein. 
The SDS PAGE analysis of protein samples, which were normalized to the same concentration based on the determination of whole protein content, revealed that direct CAP exposure led to the formation of a significantly higher number of bands with apparent molecular masses between 22 and 40 kDa (Fig. SI1), indicating that the most important mechanism of CAP interaction with proteins likely involved CAP induced cleavage of peptide bonds. Similar trends were also noticed in samples exposed to indirect CAP; however, the changes in the protein band pattern were not as significant as those observed in the direct treatment group. As highlighted in Fig SI2, the Amb a 1 standard and Amb a 1 in the control migrated at the apparent molecular mass of about 48 kDa. For this reason, the cleaved products appeared at slightly higher molecular masses as well. Anti Amb a 1 western blots were performed with normalised concentrations of the total protein of each experimental point (Fig. 3D, bottom panel). As shown, no major differences were observed between most of the samples, except for the sample exposed to direct CAP for 10 x 9 s, where the bands appeared visibly less intense.
Other researchers have reported similar changes in the protein profiles of other allergens exposed to CAP; for example, Venkataratnam et al. reported a decrease in the intensities of SDS-PAGE gel bands and immunoblots corresponding to peanut allergens Ara h 1 and Ara h 2 following treatment in a pin-to-plate plasma reactor for more than 30 min [36]. While Wu et al. demonstrated significant changes in the SDS-PAGE gel profile of Asp f 1 after exposure to DBD plasma [27]. While Meinlschmidt et al. used direct and indirect air SBD plasma systems for treating soy protein isolate, resulting in the complete disappearance of its major protein bands [37]. Similarly, SDS-PAGE analysis of caseins exposed to spark and glow discharge plasmas revealed the loss of corresponding bands (Ng et al.). Conversely, no notable change in protein profile of peanut flour and Ara h 1 was observed upon exposure to a direct DBD plasma [34]. Interestingly, the study also reported on reduced intensities of the corresponding immunoblots, indicating that CAP treatments led to the loss of the Ara h 1 antigenicity [34]. In addition, Ekezie et al. presented similar findings on argon plasma jet treatment of tropomyosin [35]. Nevertheless, none of these studies demonstrated the generation of cleaved products following exposure to plasma.
The results demonstrate that CAP significantly altered the protein profile of A. artemisiifolia pollen. The reactivity of CAP generated in humid air with biological material is mostly attributed to its ability to generate high concentrations of RONS, especially OH, O2-, 1O2, O3, NO, and NO2 [21]. The combination of photochemical, photophysical and electrochemical activity may potentiate the impact of CAP on proteins, inducing the cleavage of peptide covalent bonds, modification of protein chain side groups and interacting with amino acids. This may lead to the formation of shorter peptides, unfolding and the conformational changes of proteins and aggregation [38]. Krewing et al. reported the DBD plasma induced degradation of proteins such as bovine serum albumin (BSA), lysozyme, RNase A, and superoxide dismutases A and B. This was partially reduced with the addition of OH scavenger D-mannitol, indicating that OH plays a key role in the CAP induced cleavage of the peptide bond [39]. It has also been shown that the short-lived CAP generated RONS such as OH, O2-, hydroperoxyl radicals (HOO) and NO contribute the most to the significant modifications of amino acids [40]. Given that the direct CAP system used in this study is capable of producing high concentrations of OH and other short-lived species, these results corroborate with our findings with direct CAP treatment resulting in more severe degradation of proteins. Pollen samples treated with the indirect CAP system were primarily exposed to long-lived RONS, especially O3 and NO2. The outcome in terms of protein profile modification was comparable to that observed during direct CAP treatments; however, OH and other short-lived RONS are unlikely to play a direct role given the spatial separation between plasma and target [41]. 
CAP exposure also affected the secondary and tertiary structure of the treated proteins. CAP induced modification of secondary structure included changes to the ratio of α-helixes, β-sheets and β-turns. This mostly likely occurs via RONS mediated modification of amino acid side chains, resulting in the disruption of non-covalent bonds inside the peptide chain [42,43]. Apart from peptide bond cleavage, the disruption of protein tertiary structure can be also attributed to the CAP oxidation of aromatics, particularly sulphur-containing amino acid side chains with thiol groups, which are strongly subjected to CAP oxidation [35,38,44]. All of these factors may contribute to the reduced immunoactivity of Amb a 1 which was most likely achieved by modification of the Amb a 1 epitope site by CAP induced degradation of the protein, disruption of its integrity, denaturation, and alternation of the epitope's amino acid side chains. 

3.3 Uncovering the CAP induced chemical modifications of the pollen surface
The surface composition of pollen is chemically complex, containing a number of different organic compounds (Fig. 4A). Three complimentary methods were used for the chemical analysis of plasma-treated pollen samples, which were collected under the following conditions: indirect and direct CAP exposure for time periods of 2 x 4 min and 10 x 9 s, respectively. Significant peaks and bands of the FTIR spectra are presented in Table 1. As observed from Fig. 4B, CAP treatment led to significant chemical changes of the pollen surface which were the most evident in the FTIR spectral range between 1800 and 1000 cm-1. 

Table 1: Wavenumbers taken from FTIR spectra, corresponding chemical groups bond vibrations of the control ragweed pollen sample surface.
	Wavenumber[cm-1]
	Chemical bond
	Ref.

	3300
	O-H stretching vibrations of alcohol groups in pectin, cellulose, hemicellulose and lignin
	[45]
	2900 and 2850
	sp2 hybridised C-H bond in aldehyde found in lipids, proteins and carbohydrates
	[45,46]
	1735
	C=O stretching vibrations in lipids and pectin
	[47–50]
	1700–1600
	C=O stretching vibrations typical for amide I in proteins
	[45,46,50,51]
	1610
	Conjugated C=C stretching vibrations found in sporopollenin
	[50,52]
	1580–1530
	N-H bending vibrations typical for amide II in proteins
	[45,50,52]
	1510
	Phenolic ring vibrations
	[45,49]
	~1450
	C-H bending vibrations found in all organic compounds on pollen surface
	[48,50,53]
	~1415
	C-OH bending vibrations in carboxylic groups of lipids and proteins
	[50]
	1375
	CH3 bending vibrations of cellulose, hemicelluloses and lipids 
	[45]
	1340 and 1315
	C-OH stretching vibrations of cellulose and hemicellulose
	[45]
	1285
	C-OH stretching vibrations of pectin
	[54]
	1225
	P=O stretching vibrations of phospholipids
	[45,53]
	1190–900
	C-O-C stretching vibrations of cellulose, hemicellulose and sporopollenin
	[46]


Fig. 4C covers the spectral range from 1750 to 1590 cm-1, corresponding to vibration of C=O bonds found in various organic molecules. The cumulative peak area of the spectral range exhibited a respective increase of 35% and 48% in the samples treated with indirect and direct CAP, compared to the control group. The most notable differences were observed in the case of fitted peaks P1, P2, P4 and P5. Positioned at 1735 cm-1, P1 represents C=O stretching vibrations of alkyl esters found in pectin and lipids of waxy pollenkitt. P1 intensity doubled following direct CAP exposure, indicating drastic changes to the chemical structure. Moreover, the higher intensity of P1 can be also recognised as one of the indicators for lipid peroxidation [55,56]. This was also observed in the case of birch pollen grains exposed to O3. As reported, O3 reacted with double bounds of lipids chains, leading to the formation of more carbonyl groups and fatty acids saturation [57,58]. 
The peak areas of P2, P4 and P5 found at 1703, 1653 and 1626 cm-1, respectively, increased significantly in both the indirect and direct exposure scenarios. The peak areas underwent the following changes: P2 increased from 2.79 to 7.59 and 10.29, P4 increased from 14.22 to 19.16 and 20.34, and P5 increased from 9.75 to 18.3 for the indirect and direct treatment, respectively. Evidently, CAP treatments induced the formation of more carbonyl groups in the amide bonds on the pollen surface. While the intensity of P3 remained unaffected, it shifted towards higher wavenumbers (from 1669 to 1677 cm-1), suggesting a reduction in the molecular mass and indicating that CAP treatments led to the fragmentation of the ragweed pollen surface proteins. The notable alterations observed within the amide I region of the FTIR spectra provided evidence for the carbonylation of pollen proteins induced by CAP. The protein carbonylation predominantly takes place in the presence of ROS through three principal pathways: direct oxidation of amino acids bound within the protein structure, oxidative cleavage of the protein chain and addition of C=O groups as a result of generation of reactive intermediate products in the processes of lipid oxidation and glycation [59]. As such, the FTIR analysis corroborates the results obtained from SDS-PAGE, demonstrating that CAP treatments significantly altered the total protein profile of the exposed pollen surface.
Modifications in the spectral region from 1600-1500 cm-1 further indicate structural changes of the proteins and was composed of the fitted peaks P1, P2 and P3 (Fig. 4D). When compared to the control spectrum, indirect CAP treatment led to a 50% increase in the cumulative peak area, while exposure to the direct CAP resulted in 57% larger cumulative peak area. Clearly, P1, positioned at 1570 cm-1, was absent in the control sample spectrum and only became visible in the spectra of plasma treated samples. The P1 area reached 12.89 after indirect CAP exposure and 14.27 following direct CAP treatment. As both types of CAP led to the formation of RNS, P1 was most likely associated with asymmetrical stretching vibration of N-O bonds, indicative of the CAP-induced addition of nitro groups to the compounds [60]. Similarly in the control spectrum P2, at 1545 cm-1, is associated with the N-H bending vibration as a part of amide II [45,50,52]; both types of CAP exposure resulted in a greater than threefold increase in the P2 area. This pronounced change is again presumed to align with CAP's impact on nitration/nitrosylation of various compounds present on the pollen surface [61]. Certain segments of biomolecules are recognized to be particularly susceptible to the RNS attack. This includes phenol-based molecular portions like the aromatic amino acid tyrosine within protein chains and the phenol side chains of sporopollenin [62]. Furthermore, RNS are known for their ability to induce S-nitrosylation within cysteine side chains [59,63]. Comparable FTIR spectral features were also observed in the case of Platanus pollen when it was exposed to 0.025 ppm of NO2 [64]. In contrast, the area of P3 was reduced from 24.58 to 4.98 and 7.64 for samples exposed to indirect and direct CAP, respectively. Positioned at 1515 cm-1 and related to the phenolic ring vibrations, the reduced intensity of P3 indicated that CAP treatments induced drastic changes in pollen sporopollenin content [45,49]. A decrease in the peak position at similar a wavenumber was also observed when Ambrosia pollen was analysed following the fumigation of the plants with 80 ppb of O3 for the whole vegetation period [49]. Moreover, modifications in the sporopollenin FTIR profile were also reported in the case of NO2 treated Platanus pollen [64].
Following plasma treatments, the intensity of the cumulative peak area spanning from 1480 to 1250 cm-1 was nearly doubled (Fig. 4E). Composed of 7 fitted peaks, the most notable differences were observed in the case of P3 – P7. The increase of the P3 intensity, found at 1415 cm-1, indicated that both indirect and direct CAP led to the formation of more C-O bonds typical for carboxylic group [50]. Carboxylic groups likely originated from ozonolysis' Criegee mechanism within an oxidative environment, which led to the cleavage of alkene double bonds, found in unsaturated fatty acids of pollenkitt lipids and sporopollenin side phenolic parts [65,66]. The increased spectral features corresponding with carboxylic groups was also attributed to the CAP mediated cleavage of the glycosidic bond found in pollen polysaccharides [67]. Both CAP exposures led to a 3-fold intensity increase for P4, found at 1375 cm-1, indicating the formation of more -CH3 groups in polysaccharides and lipids [45], which is another indicator of CAP degradation of larger molecules into shorter transformation products. After exposure to CAP, significant changes were observed in the areas corresponding to P5, P6 and P7, positioned at 1340 cm-1, 1311 cm-1 and 1285 cm-1, respectively, which represent C-OH stretching vibrations of cellulose, hemicellulose and pectin [45,54]. Indirect CAP treatment resulted in a 5.5-fold increase in intensity for P5, a 11.6-fold increase for P6 and a 4-fold increase of P7. Similarly, direct CAP treatments led to the rise of the intensities of P5, P6 and P7, showing increases of 5, 10.5 and 3.8 times, respectively. These spectral changes can be attributed to CAP induced formation of more hydroxy groups in cellulose, hemicellulose and pectin as a result of depolymerisation [68,69].  
CAP induced changes across the FTIR spectral range from 1250 cm-1 to 900 cm-1 were not as significant as the other presented spectra (Fig. SI4). In contrast to others, the cumulative peak of this spectral region, composed of 9 fitted peaks, was slightly reduced following CAP treatment, i. e.- 5% and 7% in the case of indirect and direct exposure, respectively. Positioned at 1225 cm-1, P1 represents the P=O bond found in phospholipids. Reduction of the P1 peak area of 54% and 39% indicated that the RONS generated by both types of CAP system could penetrate and affect the pollen cell membrane. A slight change in peaks P4, P6 and P8 located in the spectral region from 1150 to 900 cm-1 indicated that both CAP treatments also slightly affected C-O-C parts of cellulose and hemicellulose [46]. 
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Fig. 4: Chemical characterisation of pollen surface with FTIR spectroscopy; (A) schematic of pollen and the composition of its surface; (B) general FTIR spectra of control sample and samples exposed to indirect and direct plasma treatment; fitted spectral areas of C=O (C), N-H and -NO2 (D), and C-OH (E) region; deconvolution of the spectra was performed with a use of Gaussian function.
Raman spectra, acquired within the 1800-500 cm-1 range, further corroborated the general trends observed within the FTIR data, while providing deeper insights into lower-frequency vibrational modes (Fig. 5). The increase in intensity of the peak at 1745 cm-1 exhibited a strong correlation with heightened ester C=O groups within lipid-like compounds, serving as conclusive evidence for the substantial modification of the pollenkitt due to CAP treatments [50]. Raman spectra revealed further alterations in protein structure due to CAP exposure. Firstly, the rearrangement of the spectral peak positions and an increase of the protein amide I band was observed in the region from 1700 to 1615 cm-1 which was most likely attributed to the presence of more C=O groups [70,71]. Secondly, notable changes in the amide III spectral region were observed, signifying a reduction in C-N/N-H content of the proteins following CAP treatment [72,73]. This outcome is likely a result of CAP-induced carbonylation of proteins, where lysine moieties act as one of the key precursors. The process involves OH abstraction from a hydrogen adjacent to the nitrogen of the lysine side amine group, leading to its loss and the generation of a new aldehyde group [59]. Furthermore, heightened intensities of the peaks in the spectral region 1500–1250 cm-1, with the special emphasis on the peak located at 1480 cm-1, could be generally attributed to the plasma induced rise of the in-plane bending and scissoring vibrations, typical for CH2 and CH3 in variety of compounds found on pollen surface. These findings underscore that CAP treatments trigger the degradation of these compounds into shorter fragments [50,70]. Moreover, the degradation of intine polysaccharides was evidenced by elevated intensities of peaks at 670, 620 and 535 cm-1, indicative of in-plane bending vibrations characteristic of monosaccharides [74]. 
In contrast to FTIR, Raman spectroscopy analysis revealed more prominently that CAP exposure caused substantial modifications to the phenolic/aromatic segments of pollen surface molecules, particularly sporopollenin within the exine layer feature within the spectral range from 1610 to 850 cm-1. This manifested as a decrease of the intensities of several peaks related to bonds found in sporopollenin, indicating that CAP treatments can partially remove it. Peaks at 1605 and 1565 cm-1 are correlated with the stretching vibrations of aromatic C=C bonds. Stretching vibrations of C-C bonds found in sporopollenin contributed to the formation of a peak at 1170 cm-1. The peak located at 850 cm-1 corresponded with the aromatic ring breathing vibrations [50]. Furthermore, the formation of new spectral feature at 1385 cm-1 most likely coincided with CAP mediated addition of nitro groups on aromatic rings of sporopollenin and proteins [75,76].
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Fig. 5: Raman spectra of control sample and samples exposed to direct and indirect CAP with highlighted spectral regions with most significant modifications as a result of CAP treatments.

XPS data provides detailed information on the elemental composition of the surface of ragweed pollen. As observed from the survey spectrum of the non-treated sample (Fig. 6A), it was composed of 91.5% of carbon, 6.95% of oxygen and 1.5% of nitrogen. CAP treatments induced significant changes to the elemental surface composition. Carbon content was decreased to 88.8% after exposure to the indirect CAP and to 79.2% following the treatment with direct CAP. Simultaneously, the content of oxygen and nitrogen increased to 9.05 % and 2.2 %, respectively, after the indirect CAP treatment, and to 17.7 % and 2.7%, respectively, after the direct CAP treatment. Such changes yield a shift in the O/C ratio (Fig. 6B), moving from 0.08 in control to 0.1 and 0.22 in the samples exposed to indirect and direct CAP, respectively. Such results indicate that CAP treatments, especially direct exposure, led to the oxidation of the ragweed pollen surface.
The high-resolution spectra of carbon (C1s) exhibited four primary components (Fig. 6C). C1, located at a binding energy of approximately 284.5 eV, represents bonds such as C-C and C-H. While C2, with a binding energy around 285.7 eV, corresponds to single bonds between C and O or N (e.g., C-OH, C-N, C-N-C=O, C-COO). C3 was identified at a binding energy of around 287 eV and corresponds to double or two single bonds between C and O or N (e.g., C=O, C=N, C-O-C). Lastly, C4, appearing at binding energies around 289 eV, encompasses C=O bonds in carboxylic groups and esters [64,77,78]. It is noteworthy that C1 and C2 remained unaltered following CAP exposure, while the intensities of C3 and C4 increased; such results agree with the findings obtained from FTIR and Raman. The change in peak area was less pronounced in the case of indirect CAP treatment, where the intensities of C3 and C4 nearly doubled. In contrast, following direct CAP exposure, P3 was amplified by over threefold, while C4 increased by more than fivefold.  
Significant alterations following the plasma treatment were also noted in the high-resolution spectra of oxygen (O1s; Fig. 6D). The O1s spectrum is characterized by three prominent peaks associated with the organic constituents of the pollen spectra (O2–O4), while O1 corresponds to oxygen bonded with inorganic substances, which manifested as a result of the XPS analysis process. O2 was positioned at a binding energy of approximately 532.3 eV and represents various bonds such as C-OH, O=C-O, O=C-N, and C-O-C-O-C. O3 appeared at around 533.7 eV, indicating the presence of O=C-OH and O=C-O-C bonds typical for proteins. Lastly, O4 exhibited a binding energy around 535 eV and corresponds to chemical bonds of O-(C=O)-O, commonly found in esters, and (C=O)-O-(C=O), prevalent in esters as well [77]. The impact of CAP treatment was most prominently observed as changes to the O3 and O4 components, confirming that CAP treatments significantly affected protein and lipid content of pollen surface. Unlike the C1s spectra, the disparity between CAP treatments was not as significant. The intensity of O3 more than doubled in both treatment cases, while O4 increased from 0.11 to 0.2 and 0.16 when samples were subjected to indirect and direct plasma treatment, respectively.
The high-resolution spectra of nitrogen additionally confirmed that CAP treatments affected the pollen surface proteins' structure (N1s; Fig. 6E). Three primary components can be observed in the untreated sample (N1-N3). N1 and N2 were located at approximately 399.8 eV and 401 eV, representing bonds N-C=O and C-N, respectively. Both CAP treatments resulted in an increase in the N1 peak area, reaching 0.7 for indirect plasma treatment and 0.98 for direct plasma treatment, compared to the initial value of 0.39. Conversely, the area of N2 slightly decreased by 8 % and 14 % following indirect and direct CAP treatments, respectively. N3, positioned around 402.3 eV, was associated with the presence of C-NH3+ and remained unchanged following the treatments [78]. CAP treatments, especially direct exposure, led to the formation of two new spectral features (N4 and N5), found at around 406.7 eV and 408.5 eV. N4 and N5 were indicative of bonds such as -NO2 and -O-NO2 [79]. As the CAP induced nitration/nitrosylation of the aromatic parts of the sporopollenin and proteins was also revealed by FTIR and Raman, XPS provided the information of formation of nitrooxy chemical groups which are typical for nitrated polysaccharides [80].
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Fig. 6: Chemical characterisation of surface of non-treated pollen and pollen exposed to indirect and direct CAP with XPS spectroscopy; (A) survey spectra; (B) O/C ratio; high resolution spectra with fitted peaks (Gaussian function) of C1s (C), O1s (D) and N1s (E).

The spectroscopic methods used in this study provide complementary insights into the modifications induced by CAP on the ragweed pollen grain surface. The results highlight significant alterations in the pollen grain wall due to CAP treatments, demonstrating that RONS penetrating into its most inner part, known as the intine layer (Fig. 4A). Importantly, CAP did not selectively impact only the protein content and allergens of the grain wall; it also affects other biological components, including waxes, lipids, polysaccharides, and sporopollenin. As discussed previously, the principal mode of action in CAP treatment stems from its ability to generate high concentrations of RONS. Although components in the grain wall differ in their chemical structure, the presented spectroscopic results indicate that similar mechanisms are involved in CAP mediated modifications. The increase in spectral features associated with hydroxy, carbonyl, carboxyl, nitro, and nitrooxy groups suggests the generation of new chemical groups on the pollen surface primarily through CAP-induced oxidation and nitration. While direct treatment results in higher reduction rates of ragweed total protein content and the antigenicity of Amb a 1, FTIR and Raman analyses reveal that the severity of oxidation and nitration of components in the pollen grain wall do not differ between the presented CAP approaches. The increased formation of C-O and C=O groups and the increase of the intensities of their corresponding FTIR peaks was also reported in the case of Aspergillus ochraceus hyphe exposed to an ambient air SBD [81]. In addition, microspectroscopic FTIR and Raman studies on the effects of an air DBD on B. subtilis and E. coli revealed the increase of the carbonyl and carboxyl groups [82] . Moreover, the increase in abundance of FTIR spectral features, which correspond to nitro groups, was recorded when an air plasma was used for the treatment of aspartic and glutamic acid, both important components of bacterial spore structure [83]. The spectral modifications also indicated structural changes such as distorted secondary structure of proteins alongside skeletal and side-chains bond cleavages of polymeric compounds found in the pollen wall. Further, modified FTIR amide I and amide II spectral regions of guar seed flour, treated with air plasma, indicated the destruction of the protein secondary structure of exposed samples [84]. Changes of the FTIR spectra that indicated protein structure deformation and depolymerisation of the glycosidic linkages were also reported when jackfruit seed flour was exposed to air plasma [85]. While the reduction of FTIR peak intensities corresponding to glycosidic C-O-C bonds were also reported when mango seed kernel starch was exposed to air plasma generated in a pin to plate plasma reactor [86]. 

3.3 Morphological characterisation
The morphological modifications of A. artemisiifolia pollen following CAP exposure were examined with SEM (Fig. 7). Untreated samples (Fig. 7 A-B) contained pollen grains of a similar spherical shape with a diameter around 20 µm with typical surface ornamentation, exhibiting small spikes in the shape of cones. Each spike was approximately 2 µm in diameter and covered with a thick pollenkitt layer (Fig. 3C). Fig. 3(D-E) and 3(G-H) show pollen samples exposed to indirect and direct CAP, respectively, under the longest exposure conditions for both systems (i.e., 2 x 4 min and 10 x 9 s). Notably, CAP treatments did not significantly reduce the size of the pollen, nor did they induce the fragmentation of the pollen grains. Thus, CAP does not promote additional pollen allergen release, which can happen in the case of pollen wall breakdown. However, CAP caused significant changes on the pollen surface (Fig. 3 F&I). Both exposure modalities made the layer of pollenkitt thinner, with the surface appearing significantly rougher with sharper spikes in the comparison to the control. The modifications were especially evident in the case of direct exposure (Fig. 3I), which caused the formation of a large number of fragments on the pollen surface and less defined tips on the spikes, demonstrating that direct treatment was more aggressive in comparison to the indirect treatment. 
CAP generated RONS are known to affect the cell integrity, starting at the outer layer and migrating inwards with longer treatment time. The etching effect is a likely consequence of the chemical interactions between RONS and the grain surface, resulting in the breaking of the bonds of biomolecules such as lipids, polysaccharides and proteins present in the pollenkitt, exine and intine. No similar studies examining the impact of CAP on pollen grains have been identified; yet a number of studies have considered CAP interaction with similar biological materials. In a study using a high voltage atmospheric cold plasma (HVACP), with characteristics similar to the direct system used in this study, Aspergillus flavus spores were exposed and analysed using SEM, with the results highlighting structural damage of the outer layer of the spore cell wall and the generation of considerable cell debris [87]. Similarly, it was reported that the surface of Saccharomyces cerevisie became rougher following the exposure to an air CAP jet. In addition, the same treatment of A. flavus spores led to the fragmentation of the spore cell wall, which was not observed in the case of untreated samples [88]. A SBD system, similar to the indirect CAP system used in this study, was used to treat spores of phytopathogenic fungi species Botrytis cinerea, Monilinia fructicola, Aspergillus carbonarius and Alternaria alternata. SEM analysis revealed that plasma treatment led to significant morphological damages of the spore surface, inducing complete removal of outer layer of the cell wall [89]. Other comparable methods were studied for their effects on pollen, including exposure to O3, NO2 and O3 in the combination with NO2 on Platanus pollen, the results indicated significant damage to the pollen exine following exposure [90]. Similarly, the surface morphology of the Quercusmongolica pollen was comparingly altered following the exposure to 2 ppm of NO2 [91].
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Fig. 7: SEM secondary electron micrographs of the surface features of A. artemisiifolia pollen at increasing magnification of control (A-C), treated with indirect CAP for 2 × 4 min (D-F) and treated with direct CAP for 10 × 9 s (G-I) sample.

4 Conclusions
[bookmark: _Hlk173445112]This study sheds light on the impact of CAP treatment of A. artemisiifolia pollen, a significant source of problematic aeroallergens. Direct CAP induced significant chemical and structural modification of the primary A. artemisiifolia allergen, Amb a 1. This impact was primarily attributed to CAP induced oxidation, resulting in chain cleavage within the protein. Consequently, the antigenicity of Amb a 1 was considerably diminished. Additionally, CAP treatment was shown to influence various other essential compounds present on the pollen surface. These findings underscore the potential of CAP technology as an innovative approach for air purification, mitigating the issues related to airborne allergens and associated health concerns. While the results are encouraging, further research is warranted to expand upon these findings, including assessments of the allergenicity of CAP-treated allergens via immunological methods. Moreover, the method has only been tested on one type of pollen, whereas a multitude of pollen types contribute to seasonal allergies. Additionally, other aeroallergens such as house dust mites, animal saliva, dander, urine allergens, and mold spores also play a significant role in allergic reactions. Despite these encouraging results, thorough research is necessary to determine the mechanisms of action for the degradation of each individual aeroallergen. This will ensure the technology's efficacy across a broader spectrum of allergens and solidify its application in comprehensive air purification solutions. Finally, before a functional CAP-based air-treatment device can be realised, the engineering challenge of removing long-lived and potentially harmful RONS from the device effluent must be overcome, this is vital to ensure CAP-based air treatment systems do not pose a risk to user safety.   
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