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Abstract

The development of novel methods for monitoring the integrity of food packaging is an important task
for the food industry. The study presents a colorimetric platform based on the enzyme-substrate system
for detecting oxygen leaks in packaging materials. The system is based on the oxidation of 2,2'-azino-
bis(3-ethylbenzothiasoline-6-sulfonic acid) (ABTS) by laccase to form the colored radical cation
ABTSe*. Humic acids (HAs) act as natural modulators. The reaction does not occur in an oxygen-free
environment, which ensures the indicator remains unresponsive in modified atmosphere packaging
(MAP). Control experiments confirmed that the oxidation of ABTS in a solution with HAs does not
occur without the addition of an enzyme. It was found that an increase in the concentration of HAs from
0 to 0.05 % reduces the initial reaction rate by 97 %. This is due to the dual function of HAs, which act
as competitive inhibitors of laccase, as well as reductants of the radical ABTS«". The color response and
response time of the system are determined by the concentration of the modulator — from green (minutes)
to brown (24 hours). The use of natural components ensures environmental safety, and the ability to
control the kinetics of the reaction allows the indicator to be adapted to various products and storage
conditions. The obtained results demonstrate a great opportunity of the system as a colorimetric platform
with a tunable response time.
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AHHOTAHUA

Pa3paboTka HOBBIX METOZOB KOHTPOJIS LIEJIOCTHOCTH YIAKOBKH MPOAYKTOB SIBJISIETCS BAYKHOM 3a1aueit
JUTSL TIMIIEBOH MTPOMBIIIIEHHOCTH. B pabote npencTapieHa KoJopuMeTpHUecKas TiaTpopma Ha OCHOBE
(bepMeHT-CyOCTpaTHOH CHCTEMBI JJIsi OTCIIC)KHUBAHUS T€PMETUYHOCTH YIaKOBOUYHBIX MarepuaioB. B
OCHOBE CHCTEMBI JISKUT PEaKIysl OKUCIIeHUs 2,2'-a3uH0-01C(3-3THIIOEH3THO30IHH-6-CYITh(hOKUCIIOTHI)
(ABTS) makkazoii ¢ 00pa3oBaHHEM OKpalIEHHOTO KaTHOH-paaukaia ABTSe’. ['yMHHOBBIE KHCIIOTHI
(I'K) BBICTYHarmT B KauyecTBE NPUPOJHBIX MOAYJIATOPOB. B OecKHCIOpomHOW cpejie peakius He
NPOTEKaeT, 4YTO oOecneyrBaeT CTa0MILHOCTh WHIMKATOpa B YINAKOBKE C MOAW(UIMPOBAHHON
atmocdepoit (MAP). KonTposbHble 9KCIEpUMEHTHI TOATBEp AN, uTo okucienue ABTS B pacTBope ¢



I'K me npoucxoaut 6e3 modaBieHns pepMeHTa. Y CTaHOBJICHO, YTO yBenudeHue KoHIeHTpamun 'K ot
0 o 0,05 % cHmwkaeT HAYaAIBHYIO CKOPOCTH peakunu Ha 97 %. D10 00ycioBIeHO NBOMHON (yHKITHEH
I'K, koTophie ACUCTBYIOT KaK KOHKYPCHTHBIC WHTHOMTOPHI JIAKKA3bl, 4 TAKXKE KaK BOCCTAHOBUTEIH
panukana ABTSe". [[BeTOBOI1 OTKIIMK 1 BpeMsi Cpa0aThIBaHHsI CUCTEMBI ONPEACISIFOTCSI KOHIICHTpaIue
MOIYJIATOpa — OT 3€JeHOro (MHUHYTHI) A0 KopuuHeBoro (24 waca). Mcmonmp3oBaHme HaTypaIbHBIX
KOMIIOHEHTOB 00ecIeYrBaeT 3KOJOTHYECKyl0 Oe30macHOCTh, a BO3MOXXHOCTH KOHTPOIUPOBATH
KHHETUKY DPEaKIMU IO3BOJIACT aJaNTUPOBaTh WHAMKATOP K PA3JIMYHBIM TPOAYKTAM U YCIOBHSIM
xpaHeHus. llomyueHHBIE pE3yIbTATHl AEMOHCTPUPYIOT NEPCHEKTHBHOCTH CHCTEMBI B KadecTBE
KOJIOPUMETPHUIECKOM IIaT(OPMEI C PETyITUPYEMBIM BpeMEHEM CpaOaThIBaHUS.
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Oxygen detection is an important analytical task. Optical sensors for this purpose are
attracting increasing interest, especially in the field of MAP [1]. Traditional indicators are
usually synthetic products that do not always meet modern safety and environmental
requirements [2]. In this regard, the development of new colorimetric systems based on natural
components is an urgent task. Among the natural compounds capable of modulating enzymatic
reactions, HAs are of particular interest. Due to the combination of antioxidant properties and
the ability to interact with oxidoreductases, HAs can serve as natural modulators of enzymatic
reactions. This makes them promise for the development of food packaging integrity indicators.

One of the main causes of food spoilage is oxygen, that is why MAP is used [3]. The
laccase-ABTS system has great potential as an oxygen-sensitive indicator, as the enzyme
requires oxygen to start the reaction. ABTS is converted into green cation radical ABTSe".
However, the unmodified reaction proceeds quickly, which may not be optimal for controlling
the gradual supply of oxygen over a long period of time. Therefore, regulation of reaction
kinetics is important for practical applications. HAs are macromolecules of organic matter rich
in phenolic groups, which allows laccase to integrate oxygen into them. The hypothesis that
HAs can be effective modulators of the laccase-ABTS reaction was tested, which makes it
possible to control the response time.

The oxidation of laccase-based ABTS was measured spectrophotometrically at 420 nm
in acetate buffer (pH 4.31). The concentration of ABTS varied from 0.15 to 0.6 mM as HAs
concentration increased from 0.014 to 0.05 %. The concentration of laccase in the solution was
constant and equal to 0.03 mg/mL. Control experiments confirmed that in the absence of oxygen
the reaction did not occur, regardless of the presence of HAs. The results demonstrate a clear
dose-dependent modulation of the reaction rate. Thus, at 0.15 mM ABTS HAs reduced the
initial reaction rate by 97 % (34.5 times). Similarly, at 0.3 mM ABTS, the rate decreased from
0.138 to 0.004 AAbs/min and at 0.6 mM ABTS from 0.134 to 0.010 AAbs/min under the same
HAs concentrations. The inhibitory effect was less pronounced at the highest substrate
concentration, which indicates a competitive type of enzyme inhibition.

The color response of the system directly depended on the degree of inhibition. At low
concentrations of HAs (0.014 %), the green color of the radical ABTSe" prevailed, and the
response time was about 5 minutes. As the HAs concentration increased, the green color
gradually changed to brown, and this transition occurred within a few hours. At 0.05 % HAs
the system remained stable for 24 hours before reaching the final brown color. Additional
experiments with gel matrices demonstrated similar behavior. The HAs-laccase-ABTS system
retains its tunable color characteristics in hydrogels. This experiment confirmed that the
modulating effect of HAs is present in solid media. Changing the concentration of humic acids
in such a colorimetric platform makes it possible to adapt the indicator to different products and
storage conditions. Further work will focus on choosing a non-toxic laccase substrate for
validation of the system. Moreover, the effectiveness of the HAs-laccase system will be tested
under production-used food packaging conditions.
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