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ABSTRACT
A rapid, nonthermal method for surface decontamination of aflatoxins B1, G1, B2, and G2 was developed using vacuum 
ultraviolet (VUV) photons emitted from an inductively coupled hydrogen plasma. The plasma, sustained at 18 Pa with input 
powers between 50 and 700 W, produced intense VUV emission in the 140–160 nm range (photon energy ≈ 8 eV) that was 
delivered to samples through an MgF₂ window with > 80% transmittance. On quartz glass substrates coated with 40 ng of 
aflatoxin mix (film thickness ≈3 nm), VUV photons caused > 90% degradation within 10 s of VUV exposure. When applied to 
artificially contaminated maize grains (≈20 µg kg⁻¹ AFB1/G1, 4 µg kg⁻¹ AFB2/G2), VUV treatment achieved up to 80% toxin 
removal in under 1 min as measured by HPLC, but the remaining (≈20%) persisted even after 10 min of VUV irradiation, which 
was explained by the inability of VUV photons to penetrate into micron‐scale grooves and crevices on the maize grain surface. 
These findings demonstrate that hydrogen‐plasma VUV radiation can rapidly inactivate surface‐bound aflatoxins on smooth 
substrates and agricultural commodities. However, the restricted penetration depth and vacuum chamber requirements limit 
bulk‐grain scalability. Hybrid approaches combining VUV pretreatment with mechanical agitation and enzymatic 
degradation may offer a more energy‐efficient, scalable solution for decontaminating porous food substrates.

1 | Introduction 

Aflatoxins are aromatic organic compounds produced in minute 
quantities by several fungi in an adequate environment [1–3]. 
They are very toxic to humans and many animals [4, 5], and 
have also been proven to be carcinogenic [6–8]. Chronic ex
posure to aflatoxins leads to liver cancer, immunosuppression, 
and stunted growth in children, imposing severe public health 
burdens worldwide. Beyond health impacts, regulatory limits 
on aflatoxin levels trigger frequent crop rejections and trade 

barriers, resulting in annual economic losses in the agro‐food 
industry estimated at over $1 billion globally [9, 10].

Aflatoxins are very stable compounds that cannot be degraded 
by boiling or applying any other standard method for destroying 
organic molecules. Roasting at a temperature of about 500 K 
causes slow degradation, but the technique is impractical for 
large‐scale operations [11]. Some fungi cause the gradual deg
radation of aflatoxins in a biological environment [12]. Various 
methods for the degradation of aflatoxins have been reported in 
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the scientific literature. A classical one reported decades ago 
uses enzymes [13, 14]. Enzymatic degradation exploits laccases, 
peroxidases, and bacterial enzymes to selectively break down 
aflatoxin B₁, often producing less toxic metabolites [15]. 
Recently, Xu et al. [16] reported two peroxidase enzymes that 
proved better than the standard single‐enzyme degradation. 
Despite specificity and mild reaction conditions, enzyme‐based 
methods face challenges in terms of enzyme cost, stability, and 
integration into existing processing lines. None have been 
widely commercialised for grain decontamination [17]. How
ever, the biological methods remain popular for the degradation 
of aflatoxins [18–20].

Singh et al. [21] suggested a proteinaceous pathway and found 
80% degradation after 1‐day incubation. Zhang et al. [22] em
ployed microwave heating, while Chen et al. [23] employed 
photocatalytic treatment. Niu et al. [24] treated aflatoxins with 
X‐rays and reported over 50% degradation when the dose of 
X‐rays approached 10 kGy. The authors also reported possible 
degradation pathways. Wang et al. [25] treated aflatoxins with a 
low‐pressure gaseous plasma sustained in the residual atmo
sphere at 15 Pa by capacitively coupled radio frequency (RF) 
discharge, while the application of atmospheric‐pressure 
plasma was disclosed in [26]. The newest report on the appli
cation of gaseous plasma was provided by Nguyen et al. [27]. 
Other available techniques for the degradation of aflatoxins are 
reviewed in [28].

Irradiation of liquids containing aflatoxin with ultraviolet (UV) 
radiation was probably first mentioned in 1985, but details were 
not provided [29]. Liu et al. [30] also used UV radiation, but did 
not mention the type of UV source. Ultraviolet (UV) irradiation 
offers a non‐chemical route to degrade aflatoxins in liquids and 
on surfaces. Reports date back to UV‐C milk treatment for M₁ 
reduction and aqueous B1 degradation using low‐pressure 
mercury lamps [29, 30]. Pulsed‐light systems and LED‐based 
UV‐A reactors have shown up to 90% toxin removal in thin 
films and water matrices, while combined peroxide‐UV treat
ments enhance degradation rates [31–33]. However, limited 
penetration depth and uneven exposure on grain surfaces 
constrain the scalability of this technique.

Aflatoxins exhibit fluorescence which peaks at the wavelength 
of ~428 nm for aflatoxin B1, ~425–430 nm for aflatoxin B2, 
~450 nm for aflatoxin G1, and ~465 nm for aflatoxin G2 [34, 35].

The brief literature survey indicates that methods for aflatoxin 
degradation remain a hot scientific topic, probably because a 
technologically applicable method is yet to be invented. 
Namely, none of the methods reported in the scientific litera
ture are scalable or enable degradation within a reason
able time.

We employed vacuum ultraviolet radiation (VUV) to destroy 
aflatoxins on the surface of model substrates and maize grains. 
The source of VUV radiation was low‐pressure gaseous plasma. 
Most plasmas radiate in the VUV range [36], but we chose 
hydrogen plasma because it is the most efficient source of such 
radiation. Classical literature reports that up to about 10% of 
discharge power is transformed into VUV radiation [37], pro
vided that the discharge power density (power spent on plasma 
excitation divided by the plasma volume) is large. Powerful 
plasma will cause significant heating of any product, so we 
isolated photochemistry from plasma‐induced heating and 

reactive species with a VUV‐transparent window. According to 
Wunderlich et al. [38], the transmission of MgF2 windows for 
VUV radiation is above 0.8 down to the wavelength of about 
200 nm. The transmittance decreases with decreasing wave
length and assumes values of 0.5 and 0.2 at 140 and 120 nm, 
respectively. The transmittance is marginal below 113 nm. We 
evaluated degradation kinetics on quartz substrates and maize 
grains, and analysed penetration constraints for the potential 
use of VUV‐based plasma decontamination for agro‐food safety.

2 | Experimental Details 

Commercially available aflatoxins were purchased from Biopure 
(Romer Labs, Austria). The BiopureTM MIX contained a mixture 
of aflatoxins at concentrations of 2 µg/mL for Aflatoxin B1, 2 µg/ 
mL for Aflatoxin G1, 0.5 µg/mL for Aflatoxin B2, and 0.5 µg/mL 
for Aflatoxin G2 in acetonitrile. The solution was applied to model 
substrates (quartz glass discs). Maize grains were artificially con
taminated with an aflatoxin mix in a concentration of approxi
mately 20 µg/kg for aflatoxin B1 and G1 and 4 µg/kg for B2 and G2 
by dipping the grains into the mix solution.

2.1 | Experiments With Model Substrates 

The BiopureTM MIX solution was deposited onto glass sub
strates. The substrates were discs of thickness 1 mm and 
diameter 4 mm made from quartz glass. They were purchased 
from Lianyungang Huoyunquartz Technology Co. Ltd., China. 
The discs were first cleaned in ethanol in an ultrasound bath 
before the deposition of the aflatoxin solution. Droplets of vol
ume 2 µL were deposited on glass substrates. The surface ten
sion of acetonitrile is low, so the droplet of the aflatoxin solution 
spreads rather uniformly on the entire glass surface. Acetoni
trile has a high vapour pressure at room temperature, so the 
solvent evaporates within several minutes after being deposited 
on the glass surface. The aflatoxins remained on the surface 
after acetonitrile had evaporated. The mass of dry aflatoxins on 
the glass substrates was calculated from the droplet volume 
and the concentration of aflatoxins in the BiopureTM MIX. 
Since the concentration was 20 µg/mL and the droplet volume 
was 2 µL, the mass of dried toxins on the glass substrates was 
40 ng. If the toxins were deposited in a laterally uniform film, 
the thickness would be about 3 nm.

The relative amount of aflatoxins on the glass substrates was 
determined by optical fluorescence. Namely, the aflatoxins used 
in this study exhibit natural fluorescence when illuminated 
with photons of appropriate wavelength. We used a multi‐mode 
microplate reader (Tecan Infinite PRO 2000, Switzerland) to 
monitor the fluorescence. The samples were illuminated at an 
excitation wavelength of 230 nm, and emission wavelengths 
from 340 to 640 nm were measured. A standard calibration 
curve was prepared by measuring the fluorescence emission of 
aflatoxin mix at determined concentrations, as explained in 
[39]. Briefly, the original solution was diluted using high‐purity 
acetonitrile and deposited onto glass substrates. The fluores
cence was measured, and the intensity was plotted versus the 
concentration of aflatoxins in the deposited droplet. The 
equivalent toxin‐film thickness was calculated based on the 
aflatoxin concentration that remained on the surface.
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The quartz substrates coated with 40 ng of aflatoxin mix were 
treated with VUV radiation. The source of VUV radiation was 
a radiofrequency inductively coupled hydrogen plasma. The 
scheme of the experimental setup is shown in Figure 1. The 
discharge tube was made from a borosilicate glass tube with a 
diameter of 4 cm. A copper coil was fixed onto the discharge 
tube and connected to a radiofrequency generator (Cesar 
1310, Advanced Energy, Fort Collins, CO, USA) via a 
matching network (Advanced Energy, Fort Collins, CO, 
USA). The discharge tube was pumped with a rotary pump 
with an ultimate pressure below 0.1 Pa and a nominal 
pumping speed of 80 m3/h. Hydrogen of commercial purity 
99.999% was leaked into the discharge tube during continu
ous pumping using a flow controller Aera FC‐7700 
(Advanced Energy, Denver, USA). The hydrogen flow of 
70 sccm resulted in a pressure of 18 Pa. The pressure was 
measured with an absolute gauge (MKS Instruments, And
over, MA, USA). VUV spectra were acquired with a VS7550 
V‐UV to NIR Mini‐Spectrograph (Resonance LTD., Canada). 
The position of the spectrometer is shown in Figure 1. The 
atmosphere in the discharge tube was separated from the 
photon detector with an MgF2 window.

Numerous quartz glass substrates with the same amount of dry 
toxins (40 ng) were prepared. They were treated in the experi
mental system shown in Figure 1. Each substrate was covered 
with a VUV‐transparent window except for the control samples, 
which were not mounted in the plasma chamber. We used 
magnesium difluoride windows supplied by Crystal GmbH, 
Berlin, Germany. The VUV‐transparent window was fitted to 
the glass substrate, which was covered with a very thin film of 
dry aflatoxins, as shown in Figure 1. There was no loss of 
aflatoxins from the glass substrates because the contact with a 
VUV‐transparent window was negligible.

Thermal effects are not the primary driver of aflatoxin degra
dation in plasma treatments [39]. The study concluded that the 
rapid degradation of aflatoxins during plasma treatment is 
predominantly due to reactions with oxygen plasma species, 
particularly neutral oxygen atoms, rather than elevated tem
peratures. Degradation of aflatoxins due to thermal effects from 
hydrogen plasma is therefore negligible.

2.2 | Experiments With Maize 

Maize grains, hybrid 9241, were sterilised by autoclaving before 
the experiment. Some grains were pasted onto a sample holder 
and imaged by scanning electron microscopy (SEM). A typical 
SEM image of a grain surface is shown in Figure 2. The surface 
exhibits rich morphology with grooves and gaps.

Maize grains were dipped into the aflatoxin solution and then 
dried at ambient temperature. Afterwards, the grains were 
subjected to treatment with VUV radiation. We used an ex
perimental setup shown in Figure 3. The source of VUV was an 
inductively coupled hydrogen plasma generated at 18 Pa. The 
discharge glass tube was 30 cm long with an inner diameter of 
3.6 cm. The 6‐turn excitation coil was connected to the RF 
generator (Advanced Energy CESAR 1320) via a matching 
network. The discharge chamber was pumped with a two‐stage 
rotary vacuum pump (Trivac D40B Leybold). The discharge 
tube was vertically oriented, as shown in Figure 3. The sample 
chamber and the discharge chamber were separated with an 
MgF2 VUV transparent window. The MgF2 window was posi
tioned 33 cm from the centre of the coil on the top of the sample 
chamber. Considering the MgF2 window's diameter (4 cm) and 
its distance from the centre of the coil (33 cm), the utilisation of 
the irradiated VUV from plasma was about 0.1%. The only 
plasma‐generated species that reached the samples were 
therefore photons. The sample chamber was vacuum‐tight and 
was filled with nitrogen, so there was practically no VUV 
absorption above 130 nm. Namely, pure nitrogen does not 
absorb VUV photons in the photon energy range transmitted 
through a MgF2 window, and the concentration of gaseous 
impurities (mainly oxygen and water vapour) was below 
100 ppm. The absorption coefficient for oxygen in this range 
peaks at about 140 nm and is just above 300 cm−1 at atmo
spheric pressure. This value was reported by several authors 
and confirmed in the classical literature by a carefully designed 
experiment, in which oxygen was irradiated with the VUV 
photons arising from hydrogen plasma [40]. Again, we must 
stress that plasma‐generated ions and atoms did not reach the 
samples. Samples were treated only with UV and VUV emis
sion. Each sample contained 10 g of maize grains. Grains were 
placed inside a sample chamber, as shown in Figure 3. The 

FIGURE 1 | Schematic of the discharge chamber for treating samples with VUV radiation (not to scale). 
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treatment was pulsed, meaning there were time intervals 
between “plasma on” and “plasma off” treatments. During the 
“plasma‐off” time, the entire plasma device system was manu
ally moved from a vertical to a horizontal position and back 

three times, and then shaken, so that the grains were distrib
uted relatively evenly in the sample chamber before the next 
“plasma on” interval. Such mixing enabled fairly uniform ex
posure of the entire grain surface to VUV radiation. The loss of 

FIGURE 2 | A typical image of the surface of a maize grain. 

FIGURE 3 | Experimental setup of VUV treatment of maize grains (not to scale). 
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aflatoxins due to the chamber movement and mixing was 
negligible.

The concentration of aflatoxins on untreated and VUV‐treated 
maize grains was measured by high‐performance liquid chro
matography (HPLC). For the preparation of maize with an 
aflatoxin B1 and G1 (AFB1 and AFG1) concentration of 
0.020 mg/kg and aflatoxin B2 and G2 (AFB2 and AFG2) con
centration of 0.005 mg/kg, 200 mL acetonitrile containing 7 µg 
AFB1 and AFG1, and 1.75 µg AFB2 and AFG2 (3.5 mL standard 
with AFB1 and AFG1 concentration of 2 µg/mL and AFB2 and 
AFG2 concentration of 0.5 µg/mL) was added to 350 g of 
uncontaminated maize grains (a sample of 10 g was analysed 
before treatment). The solution was evaporated at room tem
perature. The concentration of aflatoxins (AFs) was determined 
in two samples of contaminated maize (10 g each). Before the 
analysis, aflatoxins were extracted from the surface of treated 
maize seeds. The linear shaker IKA HS 501 digital (IKA 
Labortech‐nik, Staufen, Germany) was used for the extraction. 
AFs were extracted from the samples with a mixture of meth
anol and deionised water (50 + 50). The extraction in all sam
ples was performed on unground kernels.

We used a HPLC system (Waters Alliance 2690, Milford, MA, 
USA) equipped with a computer with Millennium program for 
the system control and data processing, a Phenomenex Prodigy 
column 5 µm ODS (2), 250 × 4.60 mm (Torrance, CA, USA), a 
Kobra cell (Rhone diagnostics, Glasgow, UK) for the post‐ 
column derivatisation with bromine and a Waters 474 scanning 
fluorescence detector.

The extract was cleaned up with immunoaffinity columns 
(R‐Biopharm Rhone). AFs were eluted from the column with 1 mL 
of methanol. The column was then washed with 1 mL of deionised 
water, which was added to the eluate. AFs were determined by 
liquid chromatography with fluorescence detection (Waters) after 
derivatisation with bromine in a Kobra cell (Rhône diagnostics). 
The mobile phase was a mixture of deionised water, methanol, and 
acetonitrile (600 + 200 + 200), adding 350 µL of a 4 M HNO3 solu
tion and 119 mg KBr. The flow rate was 1 mL/min, the injection 
volume 100 µL, and the column temperature 30°C. The detection 
was performed at λEx = 362 nm and λEm = 425 nm.

After treatment with VUV photons, the AF concentration was 
determined in each sample using the same HPLC‐FLD procedure.

3 | Results and Discussion 

3.1 | Aflatoxin Fluorescence 

Figure 4a shows the fluorescence emission spectra of aflatoxin 
films deposited on a quartz glass substrate and excited at a 
wavelength of 230 nm. The emission intensity is plotted against 
wavelength, and the mass of deposited aflatoxins is varied as the 
key parameter (ranging from 0.4–40 ng). Each curve represents 
a distinct aflatoxin mass, with intensity increasing monotoni
cally with mass.

The spectra display a clear fluorescence peak for the aflatoxin 
mix centred around 440 nm, and the intensity of this peak 
increases with the quantity of deposited toxin. The lowest‐ 
intensity curve corresponds to the mass of deposited aflatoxins 
of 0.4 ng, while the maximum intensity is observed for 40 ng. 
The baseline signal from the acetonitrile control (solvent only) 
is also included and remains barely visible, confirming negli
gible background fluorescence from the solvent.

The fairly linear increase in fluorescence with increasing afla
toxin mass, particularly within the range of 2–40 ng, supports 
the assumption of an optically thin film, where fluorescence 
intensity is directly proportional to toxin mass. These spectra 
are used to calibrate the fluorescence signal against toxin mass 
in subsequent plasma degradation experiments (Figure 4b).

3.2 | VUV Radiation From Hydrogen Plasma 

Hydrogen plasma sustained at a pressure of 18 Pa was char
acterised with a VUV spectrometer. The acquired spectra for a 
few discharge powers are shown in Figure 5. As expected, the 
intensity increases with the increasing discharge power. The 
shape of the spectra, however, is very similar. Figure 5 shows 
intense radiation arising from the transitions of electronically 
highly excited states in the range of wavelengths between about 
130 and 160 nm (photon energy between 9.5 and 7.8 eV). This 
transition arises from both the singlet and triplet systems of 
neutral hydrogen molecules (Werner and Lyman molecular 
bands) [37]. Furthermore, a well‐pronounced continuum peaks 
at about 183 nm (photon energy 6.8 eV). The continuum ex
pands toward the UV range and results from the radiative dis
sociation of highly excited neutral hydrogen molecules [37]. 

FIGURE 4 | Fluorescence spectra of aflatoxin samples illuminated with 230 nm photons as a function of deposited toxin mass (a), and fluo
rescence intensity at 440 nm vs. mass of aflatoxins (b). 
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Photons with energies of 6–9 eV (≈140–206 nm) carry more 
than enough energy to overcome typical covalent bond disso
ciation thresholds (~3.5–4.5 eV) [41]. However, whether those 
photons actually break bonds in the aflatoxin molecule hinges 
on several photochemical factors: strong absorption at the 
photon wavelength, an allowed excited‐state transition, and a 
photodissociation quantum yield high enough to compete with 
rapid nonradiative decay. In practice, aflatoxin B1 absorbs pri
marily below 300 nm and channels most excitation energy into 
ultrafast relaxation pathways, making direct bond breakage by 
6–9 eV photons highly inefficient [31, 42, 43].

The penetration depth of photons in the VUV part of the 
spectrum is yet to be measured for aflatoxins, but as a rule of 
thumb, it decreases with increasing photon energy. For some 
organic molecules, it is about 100 and 1000 nm at the photon 
wavelength of 140 and 200 nm, respectively [44]. Since the 
thickness of the dried aflatoxins on the glass substrates is a 
few nm only, it is possible to conclude that the aflatoxin 
deposits are optically thin and that the photons in the 
low‐wavelength part of the spectra in Figure 5 contribute more 
effectively to the aflatoxin degradation.

3.3 | Degradation of Toxins on Glass Substrates 

The quartz glass substrates coated with a thin layer of aflatoxins 
and covered with a VUV‐transparent window were treated with 
VUV radiation in the experimental system shown in Figure 1. 

Triplicates of the samples were treated simultaneously and 
probed by fluorescence spectrometry within half an hour after 
the treatment with the VUV radiation. The remaining mass of 
the aflatoxins versus the treatment time is shown in Figure 6. 
As expected, the mass of the remaining aflatoxin decreases with 
treatment time. The mass of remaining aflatoxins approaches 
the detection limit of fluorescence spectrometry after treating 
the samples for about 10 s.

It is not feasible to measure the flux of photons in our systems, 
but according to Fanz et al. [37], it should be of the order of 
1020 m−2 s−1. The flux of VUV photons from low‐pressure 
plasma depends on numerous parameters, and the major ones 
are the type of gas and the electron density. In the case of 
hydrogen plasma sustained at a pressure of several Pa, the flux 
of photons is similar to the flux of ions [37]. In fact, there is a 
direct correlation between the ion flux and the plasma density 
in low‐pressure plasmas, that is, the flux increases almost lin
early with increasing plasma density following the equation 
j = k n [36]. Here, j is the VUV photon flux, n is the plasma 
density, and k is the coefficient deduced from over 20 various 
measurements. According to [36], the coefficient k is 
3 × 102 m/s. Typical deviation from this general line is by a 
factor of 3 or 4 and depends mostly on the type of gas. The 
general line is valid only for low‐pressure plasmas, which are 
optically thin, of course.

3.4 | Degradation of Toxins on Maize Grains 

The experimental results shown in Figure 6 indicate rapid 
degradation of toxins deposited on model substrates. Based on 
these results, we selected different treatment times to measure 
the degradation of toxins on maize grains. We selected different 
discharge powers and various treatment times. The results are 
presented in Figure 7. We used HPLC to measure the concen
tration of aflatoxins in the whole grains extracted from the 
sample surface. The HPLC spectra of the analysed samples can 
be found in the open repository Zenodo (https://doi.org/10. 
5281/zenodo.17358345).

Fluorescence detection limit (100 µL, 96‐well plate) on the Te
can Infinite 200 PRO is approximately 7 × 10⁻¹⁶ mol, corre
sponding to ~4 × 10⁸ molecules per well. In our experiments, 
the mass of aflatoxins ranged from 0.4–40 ng, corresponding to 
approximately 1.28 × 10⁻10 and 1.28 × 10⁻12 mol, respectively, 

FIGURE 5 | The radiation transmitted through the VUV‐transparent 
window. The discharge power is the parameter. 

FIGURE 6 | The mass of aflatoxins on a quartz glass substrate after treatment with VUV radiation from hydrogen plasma at various VUV 
exposure times. (a) at discharge power 300 W, and (b) 700 W. 
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meaning the detection of the aflatoxins in solution was not 
questionable.

First observation is that the concentration of toxins on the 
untreated samples is rather small, that is, around 10 µg per kg of 
grains. Let us calculate the thickness of the aflatoxins on the 
grain surface in the approximation of a smooth surface. This 
approximation is not justified, taking into account the rich 
morphology as shown in Figure 2, but it is useful for estimating 
the maximal possible thickness. The thickness is

c m S= /( ) (1) 

Here, c is the measured concentration of aflatoxins, m is the 
measured mass of a grain, ρ is the density of toxins, and S is the 
surface of a grain. Different grains had different masses, but 
the average was 0.25 g. Also, the surface of grains varied, but the 
average was 2 × 10−4 m2. Considering numerical values, the 
thickness of the deposited film of aflatoxins is about 
x = 0.025 nm. This value is well below the thickness of a 
monolayer of any material, so the simple calculation shows that 
the aflatoxin was unevenly distributed on the maize grains 
after dipping in the solution. Still, even such small concentra
tions are measurable by HPLC, with detection limit a few 
nanograms for many compounds. The following observation 
upon examining the results shown in Figure 7 is that the ratio 
of concentration of different toxins on the surface of the 

untreated sample is similar to that of the concentration in the 
original mix (i.e., 2:0.5). This observation clearly shows that the 
adsorption upon dipping grains in the aflatoxin mix is not 
selective.

The curves in different diagrams in Figure 7 are similar: the 
concentration of aflatoxins drops quickly upon treatment with 
VUV radiation, stabilising at about 20% of the initially deposited 
amount. This observation is not supported by Figure 6, which 
clearly shows complete degradation after prolonged treatment 
times. The discrepancy could be explained by the morphology 
of the maize grains (Figure 2). According to this explanation, 
the toxins are relatively uniformly distributed on the entire 
surface, including gaps, pores, grooves, and similar features. 
Namely, acetonitrile is a polar solvent, and its surface tension is 
much lower than the surface energy of maize grains. The liquid 
thus penetrates inside the morphological features. Once dried, 
the aflatoxins will remain inside the gaps. The VUV radiation 
quickly degrades the aflatoxins on the exposed surface of the 
grains, but cannot penetrate the gaps because their penetration 
depth in organic matter is much smaller than the depth of the 
gaps, grooves, etc. [45]. Therefore, the aflatoxins inside these 
morphological features remain intact even after prolonged 
treatment, up to 10 min, which was the longest treatment time 
used in our experiments.

The aflatoxin degradation products are not cytotoxic. In the 
study, Stanley et al. [32] demonstrated that UV‐A irradiation at 

FIGURE 7 | Aflatoxin concentration on the maize grains versus VUV radiation exposure time for (a) aflatoxin B1, (b) aflatoxin G1, (c) aflatoxin 
B2, and (d) aflatoxin G2. Aflatoxin concentration on the grains was determined with HPLC analysis, and duplicates for each sample were tested. 
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365 nm effectively degraded aflatoxins B1 (AFB1) and M1 
(AFM1) in ultrapure water, and the resulting degradation 
products were found to be less toxic than the parent com
pounds. Cytotoxicity analysis using HepG2 liver cells showed 
increased cell viability as the UV‐A dose increased, with no 
significant cytotoxicity observed at the maximum dose of 
1200 mJ/cm². This indicates that the degradation products are 
safe and do not adversely affect cell viability.

4 | Conclusions 

The experiments performed on the model substrate clearly show 
that VUV radiation from hydrogen plasma effectively decomposes 
aflatoxins. The degradation of 40 ng of aflatoxin mix on a substrate 
with an area of about 1 cm2 is accomplished after a few 10 s of 
exposure to radiation, whose source is hydrogen plasma sustained 
by an inductively coupled RF discharge at a power of several 
100 W and pressure of 18 Pa. Plasma coupling at such conditions 
in the glass discharge chamber with an inner diameter of 3.6 cm is 
in the H‐mode. The energy efficiency of such a system is rather 
low, since only roughly 10% of the RF discharge power is con
verted into useful VUV photons, which then contribute to 
molecular bond breaking. The remaining energy is lost to the 
system heating. The optimisation of VUV conversion efficiency 
will be essential to reduce the energy per mass of toxin degraded. 
However, even the most optimal UV plasma sources (low‐pressure 
mercury lamps) do not exceed the energy efficiency of 20–30%. 
The lifetime of our plasma source, however, is very long because 
hydrogen plasma does not cause detectable modification of 
plasma‐facing components. The scalability of such a process is 
constrained by the size of the vacuum chamber. The treatment 
uniformity may be questionable in any attempt to upscale the 
methods. Also, as shown in this paper, the aflatoxins in deep pores 
and surface crevices will remain inaccessible to VUV alone, so 
they persist even after prolonged irradiation with VUV photons. 
Because of these challenges, degradation with VUV photons from 
plasma is most suitable for decontaminating smooth flat 
surfaces—such as food packaging, and toxins on the surface of 
treated materials. For bulk agro‐food commodities, hybrid solu
tions that combine VUV pretreatment with mechanical clean
ing, enzymatic breakdown, or other decontamination steps 
may offer a more energy‐efficient, scalable path forward.
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