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Abstract

Smart food packaging addresses key challenges in the food industry by monitoring product freshness
and extending shelf life through indicator and antimicrobial properties. This study developed a potential
formulation for a packaging material that includes carbon dots (CDs) synthesized on nanocrystalline
chitosan (ChsNCs) as active components. CDs/ChsNCs possess both indicator and antimicrobial
properties. The fluorescence of the particles is quenched by spoilage metabolites released by food
products into the atmosphere, allowing for the actual condition of the product inside the packaging to
be observed. Regarding antimicrobial activity, both carbon dots and nanocrystalline chitosan exhibit
antimicrobial activity — CDs by generating reactive oxygen species (ROS), and ChsNCs by disrupting
microbial membranes. Antimicrobial efficacy was confirmed by minimum inhibitory concentration tests
against E. coli, and relative cytotoxicity using the MTT assay confirmed safe particle concentrations
(>70% cell viability) that meet regulatory standards for food contact. This composite material improves
consumer safety and reduces manufacturer costs by inhibiting microbial growth.
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AHHOTAIIUA

YMHas iuIeBas yrmakoBKa peniaer KIFoUeBbie MPOOIeMbl TUIIEBOW MPOMBIIIIIEHHOCTH, KOHTPOIUAPYS
CBEXECTh NMPOAYKTA WM TPOJUIEBAs CPOK €r0 XPaHEHWs 3a CUeT MHAWKATOPHBIX W aHTUMHUKPOOHBIX
¢byaknuii. B manHOM mccnenoBaHum pa3paboTaH BO3MOXKHBINA COCTAaB /ISl YIAKOBOYHOI'O MaTepHala,
BKJTFOUATOIIHIA B ce0s B KAYeCTBE aKTUBHBIX KOMITOHEHTOB yriiepoaHbie Touku (CD), cHHTe3npOBaHHEIE
Ha ©HaHoKpuctamumieckoM xuto3aHe (ChsNCs). CD/ChsNCs o00magaroT Kak WHAMKATOPHBIMH
CBOWMCTBaMH, TaK M aHTUMHUKPOOHBIMH. (DIIyopecHeHIUs YacTHIl TacUTCs MeTaboNuTaMH IOpYH,
BBIIEISIEMBIME TTUIIEBBIME TPOIYKTaMU B Ta30BYIO CpEIy, YTO IMO3BOJIIET OTCIEKHBATH PEalbHOE
COCTOSIHME TMpPOAYKTAa BHYTPU YIakoBKH. YTO Kacaercsi aHTUMHKPOOHOW aKTHBHOCTH, TO Kak
yIJIepOIHBbIE TOYKH, TAK U HAHOKPUCTAJUIMYSCKUN XUTO3aH MPOSBIISIOT aHTUMUKPOOHYIO aKTUBHOCTh
— YIJIepoAHbIe TOYKH 3a cUeT reHepanuu akTuBHBIX (opMm kucimopoaa (ROS), a ChsNCs — 3a cuer
paspylieHus MeMOpaHbl MHKPOOPTaHU3MOB. AHTUMHUKpOOHass 3(()EeKTHBHOCTH OblIa YCTaHOBJIEHA



TeCTaMH HAa MHHHMMATBHYIO WHTHOMPYIONIYIO KOHIGHTpaiuio mpoTuB E.coli, a oTHocuTenbHas
IIUTOTOKCUYHOCTH C MoMoInkio aHanmm3a MTT nmoarsepauia Ge3onacHbie KOHIIEHTpauu yactuil (>70%
JKU3HECIIOCOOHOCTH KJICTOK), COOTBETCTBYIOIIME HOPMATUBHBIM CTaHIapTaM JiIsi KOHTaKTa ¢
MUIICBBIMU MPOJAYKTAMHU. DTOT KOMIIO3UTHBIH MaTEpUas TOBBIIIAET 0E30MaCHOCTh MOTPEOUTENCH |
CHHUYKAET U3ACP>KKU MTPOU3BOJICTBA 32 CUET MOJABICHUS POCTAa MUKPOOPTaHU3MOB.
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One of the crucial challenges in the modern food industry is the development of smart
food packaging. Smart packaging is a type of packaging material that can identify the actual
condition of the product inside and help extend its shelf life. Therefore, creating a material that
combines the properties of both indicator and antimicrobial packaging will ensure consumer
safety by protecting them from contaminated food, and will also help manufacturers reduce
production costs by extending the shelf life of products by inhibiting microbial growth.

Carbon dots (CDs) synthesized on a polymer carrier — nanocrystalline chitosan
(ChsNCs) — could become the key functional component of smart food packaging. CDs exhibit
a fluorescent response, enabling them to act as indicator molecules in a formulation: the
fluorescence intensity of the nanoparticles decreases with increasing levels of spoilage
metabolites in the system. Both CDs and ChsNCs possess antimicrobial properties, making it
possible to impart these beneficial characteristics to the material in which they are intended to
be incorporated. The antimicrobial activity of CDs is based on the formation of reactive oxygen
species (ROS) under the influence of light [1]. Increased ROS concentrations lead to oxidative
stress and cell death. The proposed mechanism of chitosan's antimicrobial action is that the
interaction of positively charged chitosan molecules with negatively charged microbial cell
membranes causes the membranes changes and cells’ deaths. [2, 3]. However, ChsNCs has
proven biocompatibility and biodegradability, allowing this polymer to be used as a key
component in the synthesized material.

As a result of the study, a packaging material composition was developed with carbon
dots on chitosan incorporated into the film as active components. To confirm the antimicrobial
properties of the components included in the packaging material, a nanoparticle incubation test
with E.coli was conducted, followed by inoculation with CFU to assess the minimum inhibitory
concentration of the agents. Relative cytotoxicity tests were also conducted to ensure that the
included components can safely come into contact with food products. Relative cytotoxicity
was studied using the MTT assay, identifying particle concentrations at which the relative
oxidative activity of cells remained at least 70%. This corresponds to the required regulatory
standards for incorporating components into food packaging material and will ensure consumer
safety even in the event of particle migration from the film into the product [4].
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