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PETIJUMA AKTUALITATE

Veseliga un drosa partika ir viens no butiskiem faktoriem, kas nodroSina
cilveku dzives kvalitati. Tadgl dabas vielu izp&te un to lietosana praks€ vienméer
ir bijusi nozimiga tautsaimnieciba (Zeb, 2021). Ellas kvalitates noverteSanai
razo$ana vai petnieciba tradicionali tiek izmantotas klasiskas noteikSanas
metodes, pieméram, spektrofotometrija. Tehnologiju attistibas rezultata
viedtalrunu izmantoSana kliist arvien pieejamaka un popularaka ka alternativa
kimiskajam analiz€m gan partikas, gan medicinas nozar€s, piedavajot plasakas
un &rtakas iesp&jas analizu veiksanai (Zeb, 2021; Hassanien, 2023). Viedtalruna
attelu analizes izmantoSanai ktmiskas analizes ir vairakas prieksrocibas: 1) tas ir
portativs, tapec to var izmantot dazadas vietas arpus laboratorijas telpam; 2) tas
var but ekonomiski izdevigaks, jo viedtalruna iegades izmaksas parasti ir
zemakas neka kimiskas analizes iekartam; 3) nav nepiecieSami lieli izdevumi
instrumenta apkopei un kalibré$anai; 4) to ir viegli lietot un izmantot bez
specializ€tu zinaSanu prasibam, tadgjadi tas papildina klasisko analizu iekartu un
metozu klastu (Bazani et.al., 2021). Nemot v&ra augoSo interesi par $adas
tehnologijas pielietoSanu analitiska kimija, §T metode var bait potenciali noderiga
arT kolorimetrisku augu ellu pasibu izp&te. Augu ellu krasa ir ciesi saistita ar to
antioksidantu Tpasibam. Antioksidanti ir vielas, kas palidz noverst vai samazinat
oksidacijas procesus, kas ietekmé augu ellu kvalitati un uzglabasanas laiku. Sie
procesi var izraisit sensoro 1pasibu izmainas, veidojot nepatikamu aromatu un
garSu, ka arT samazinat augu ellas uzturvertibu. Daudzi antioksidanti, piem&ram,
karotinoidi, tokoferoli, flavonoidi un fenola savienojumi, ir pigmenti, kas tie$a
veida var ietekmét Sos procesus (Ramadan, 2020). Neskatoties uz iespgjamam
priekSrocibam, toméer pastav ari ierobezojumi, piemeram, viedtalrunu kamera un
gaismas jutigie sensori var ietekmeét analizes precizitati. Turklat, janem vera, ka
ta ir relativi jauna metode, un tadel, vel ir nepiecieSams turpinat p&tjjumus un
salidzinat to rezultatus ar klasiskam analizes metodém (Nguyen et.al., 2022).

Promocijas darba hipotéze: viedtalruna att€lu analize un kolorimetrisko
metozu integracija ir ilgtsp€jiga alternativa klasiskajam optiskas analitiskas
kimijas metodém augu ellu novertésana.

Promocijas darba hipotézi pierada ar aizstavamam tézem.

1. Optimala viedtalruna kameras attaluma noteikSana nodrosina RGB krasu
sistémas vertibu atveidi un analizi.

2. Izmantojot viedtalruna att€lu analizi, tieck nodroSinata augu ellu
kolorimetriska krasas skaitlu noteikSana un fluorescences analize.

3. Kolorimetriska metode, kas balstita uz viedtalruna att€lu analizi, izmantojot
RGB krasu sistému, nodrosina radikalu neitralizéSanas aktivitati un kop€jo
fenolu satura noteikSanu augu ellas uzradot salidzinamus rezultatus ar
UV/VIS spektrofotometriju.

4. Python programmesanas valoda ir piemérota algoritmu izstradei digitalo
att€lu analizei RGB krasu sisteéma, nodrosinot automatiz&tu datu apstradi un
laujot izstradatos risinajumus pielagot izmantoSanai viedtalruna lietotn&.



Promocijas darba meérkis: izstradat un parbaudit metodiku viedtalruna attlu

analizes un kolorimetrisko metozu integracijai augu ellu novertésana.

1.

2.

Darba mérka sasniegSanai izvirziti $adi uzdevumi:

pétit optimalo viedtalruna kameras attalumu RGB krasu sist€émas vértibu
iegliSanai un analizei;

izstradat viedtalrupa att€lu analizes metodi kolorimetriska krasas skaitla
noteikSanai dazadu augu ellu analizei;

. veikt augu ellu fluorescences kolorimetrisko analizi, izmantojot RGB un

HSV krasu sisteémas, péc Tona vertibam,;

salidzinat viedtalruna att€lu analizes un UV/VIS spektrofotometrijas
rezultatus augu ellu radikalu neitraliz€Sanas aktivitates noteikSana,
izmantojot RGB krasu sistemu;

novertét viedtalruna att€lu analizes metodi kopgja fenolu satura noteikSanai
augu ellas, izmantojot RGB krasu sistemu, un salidzinat ieglitos rezultatus ar
UV/VIS spektrofotometrijas metodi;

izstradat un izmantot Python programmeésanas valoda veidotus algoritmus
digitalo att€lu datu apstrades un analizes atruma automatizé$anai, apvienojot
vertetas metodes vienota sisttma un nodrosinot to pielagosanu viedtalruna
lietotnei.

Darba novitate:

. pirmo reizi pétita kolorimetrisko metozu integracija radikalu neitraliz€$anas

aktivitates, kop&ja fenolu satura, fluorescences kolorimetriskai analizei un
krasas skait]la noteik$anai augu ellas, izmantojot viedtalruna att€lu analizi;
Python programmeéSanas valoda ir izstradati kopgjo fenolu satura un radikalu
neitraliz€Sanas aktivitates noteikSanas algoritmi, kas ir integréjami
viedtalruna lietotné DiColorimetry, un ir paredzeti digitalo att€lu
kolorimetriskai analizei RGB krasu sistema.

Tautsaimnieciska nozime.

. Viedtalrupa attelu analizes metodes izmantoSana augu ellu novert€sana

sekmé inovaciju attistibu, radot jaunus, efektivakus risinajumus analitisko
mérfjjumu veikSanai, veicina tehnologiju attisttbu un pielietojumu dazadas
raZoSanas nozares.

Integrgjot Python izstradatu algoritmu augu ellu kvalitates kontrolge,
laboratorijas var automatizét datu iegiiSanu un analizi, ka arT uzlabot datu
parvaldibu.

Viedtalrunu kameras un to pielagojamas programmatiiras lauj veikt att€lu
analizi RGB un HSV krasu sistéma, lai analiz€tu gan krasu pigmentu, gan
antioksidantu klatbiitni. L1dz §im veiktie p&tjjumi partikas matricas liecina
par viedtalrunu att€lu analizes augsto precizitati antioksidantu Tpasibu
noteikSana, salidzinot ar klasiskajam metodeém, uzradot labu linearitati un
precizitati.



ZINATNISKA DARBA APROBACIJA

P&ttjuma rezultati apkopoti un public@ti 5 recenzetos zinatniskos izdevumos,

kas indekséti SCOPUS un / vai Web of Science datubazes.

1. Vucane, S., Cinkmanis, I., Juhnevica-Radenkova, K., & Sabovics, M.
(2024). Revolutionizing Phenolic Content Determination in Vegetable Oils:
A Cutting-Edge Approach Using Smartphone-Based Image Analysis. Foods,
2024, 13(11), 1700. DOI:10.3390/foods13111700

2. Vucane, S., Cinkmanis, 1., Leitans, L. & Sabovics, M. (2022). The
authenticity of vegetable oil using smartphone-based image. 28th Annual
International Scientific Conference “Research for Rural Development
2021, International Scientific Conference Proceedings, Latvia University
of Life Sciences and Technologies, Jelgava, 37, 122-128. DOI:10.22616
/rrd.28.2022.018

3. Vucane, S., Cinkmanis, I., & Sabovics, M. (2022). Determination of total
phenolic content in vegetable oils by smartphone-based image analysis.
Journal of Hygienic Engineering and Design, 38, 199-203. UDC
665.3:547.56]:621.395.721.5

4. Vucane, S., Cinkmanis, I, & Sabovics, M. (2022). Colorimetric
measurements of vegetable oils by smartphone-based image analysis.
Proceedings of the Latvian Academy of Sciences. Section B. Natural, Exact
and Applied Sciences, 76(1), 110-115. DOI:10.2478/prolas-2022-0017

5. Vuecane, S., Sabovics, M., Leitans, L., & Cinkmanis, 1. (2020). Smartphone-
based colorimetric determination of DPPH free radical scavenging activity in
vegetable oils. Research for Rural Development 2020 : annual 26th
International scientific conference proceedings, Jelgava, Latvia, 13-15 May,
Latvia University of Life Sciences and Technologies. Jelgava, 35, 106-111.
DOI:10.22616/1rd.26.2020.016

P&tfjuma rezultati apkopoti un publicgti 1. zinatniska izdevuma, kas nav
indekséts SCOPUS un/vai Web of Science datubazes.

Vucane, S., Cinkmanis, 1., & Sabovics, M. (2021). Determination of
biologically active compounds in vegetable oils by smartphone image analysis.
Lidzsvarota lauksaimniectba: zindatniski praktiskas konferences raksti, Jelgava,
Latvija, 25.-26.febr., 2021 / Latvijas Lauksaimniecibas universitate.
Lauksaimniectbas  fakultate. Latvijas Agronomu biedriba. Latvijas
Lauksaimniecibas un meza zinatnu akadémija - Jelgava, 89-93.

P&tijuma rezultata izstradati 2 algoritmi un 1 viedtalruna lietotne, kas
registréti Zenodo repozitorija — zinatnes platforma, ko uztur CERN (Eiropas
kodolpétijumu organizacija) sadarbiba ar OpenAIRE projekta ietvaros un ar
Eiropas Komisijas atbalstu —, iegistot digitalos objektu identifikatorus (DOI).



1.

Vucane, S., Cinkmanis, I. & Cinkmanis H. (2025). DiColorimetry — A
mobile application for colorimetric analysis of digital images from
smartphones in chemical research. (Version 1.1) [Mobile application].
Zenodo, CERN. DOI: 10.5281/zenodo.15328506

Vucane, S., & Cinkmanis, 1. (2025). Analysis of Smartphone Images for the
Determination of Total Phenols in Vegetable Oils (Version 1.0)
[Software(Algorithm)]. Zenodo, CERN. DOI:10.5281/zenodo.15225435
Vucane, S., & Cinkmanis, 1. (2025). Determination of Radical Scavenging
Activity in Vegetable Oils Using Smartphone Image Analysis in the RGB
Color System (Version 1.0) [Software(Algorithm)]. Zenodo, CERN. DOI:
10.5281/zenodo.15229741

Par pétjjuma rezultatiem zinots 6 starptautiskas zinatniskajas un zinatniski

praktiskajas konferenc@s, kongresos un simpozijos Latvija, Izragla, Sveicg,
Makedonija.
1.

Vucane S., Sabovics M., Cinkmanis I. (2021) Smartphone-based
fluorescence analysis of vegetable oil. 35rd International Cofference
EFFoST, 1.-4.11.2021., Lousanne, Switzerland (E-referats / E-poster).
Vucane S., Cinkmanis L., Sabovics M. (2021) Determination of total phenolic
content in vegetable oils by smartphone-based image analysis. Food Quality
and Safety, Health and Nutrition congress NUTRICON 2021, 9-11.06.2021,
Ohrid, Macedonia (E-stenda referats / E-poster presentation).

Vucane S., Cinkmanis 1., Sabovics M. (2021) Biologiski aktivu savienojumu
noteikSana augu ellas ar viedtalruni iegiitu att€lu analizi. Zinatniski praktiska
konferencé "Lidzsvarota lauksaimnieciba 2021". 25 -26.02.2021, Jelgava,
Latvija (E-stenda referats / E-poster presentation).

Vucane S., Sabovics M., Cinkmanis I. (2020) Smartphone based colorimetric
determination of total phenolic content in vegetable oils. 34rd International
Cofference EFFoST, 10.-12.11.2020, Israel, (E-stenda referats / E-poster
presentation).

Vucane S., Cinkmanis 1., Sabovics M. (2020) Colorimetric measurements of
vegetable oils by smartphone-based image analysis 3rd International
Conference "Nutrition and Health", 9 — 11.12.2020 / University of Latvia.
Latvia University of Life Sciences and Technologies. Riga Stradin$
University, Riga, Latvia (E-stenda referats / E-poster presentation).

Vucane S., Sabovics M., Leitans L., Cinkmanis I. (2020) Smartphone-based
colorimetric determination of DPPH free radical scavenging activity in
vegetable oils Research for Rural Development 2020: Annual 26th
International scientific conference, 13-15.05.2020 / Latvia University of Life
Sciences and Technologies. Jelgava, Latvia (Zinojums / Report).

P&tijuma rezultati ir prezenteti starptautiskajas partikas ripniecibas izstades

“Riga Food 2020” un “Riga Food 2021”, izgudrojumu un inovaciju festivala
“MINOX Zemgale 2020, ka arT raksts par kopgja fenolu satura noteikSanu,



izmantojot viedtalruna att€lu analizi, ir publicéts starptautiskaja plaSsazinas
portala "Devdiscourse" 2024. gada 29. maija ar nosaukumu: "Bringing Lab to
Your Pocket: Smartphone-Based Method for Measuring Phenolic Compounds in
Vegetable Oils!.
Promocijas darba izstrade lidzfinanséta:

Eiropas Sociala fonda projekta “LLU akademiska personala pilnveidosana”
Nr.8.2.2.0/18/A/014, LLU “Zinatniskas kapacitates stiprinaSana LLU”. Projekts
“Viedtalruna izmanto$ana biologiski aktivu savienojumu noteik$anai augu
ellas”, Projekta Nr. 3.2.-10/126, Z46.
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MATERIALI UN METODES

Pétijuma laiks un vieta

Pettjums veikts Latvija laika no 2019. lidz 2025. gadam Latvijas Biozinatnu
un tehnologiju universitates (iepriek$ Latvijas Lauksaimniecibas universitates)
Partikas institita (iepriek§ Partikas tehnologijas fakultates) laboratorijas un
Zemkopibas Ministrijas Valsts Augu Aizsardzibas dienesta Agrokimijas
laboratorija.

Pétijjuma objekts — Latvijas mazumtirdzniecibas vietas tika iegadatas
40 dazadas augu ellas. P&tljuma izvéleétas augu ellas un to raksturojums ir
apkopots 1. tabula.

1.tabula / Table 1
Pétijuma izmantoto augu ellu paraugu raksturojums /
Characterization of vegetable o0il samples used in the research

Paraugs / Tips Zimols / Iepakojums / Valsts / Saisinajums /
Sample / Type Brand Packaging Country Abbreviation
. Extra Stikls / Glass Latvija / Latvia SE-LVA
Smiltserksku / Estvita Stikls / Glass Igaunija / Estonia SE-EST
auksti spiesta Dary Natury Stikls / Glass Polija/ Poland SE_POL
Sea buckthorn /
cold pressed Gustav Heess Stikls / Glass Vacija / Germany SE-DEU

! Bringing Lab to Your Pocket....
https://www.devdiscourse.com/article/technology/2953747-bringing-lab-to-
your-pocket-smartphone-based-method-for-measuring-phenolic-compounds-in-
vegetable-oils : Resurss skatits 2024. gada 15. augusta.
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1. tabulas turpinajums / Continuation of Table 1

Paraugs / Tips Zimols / Iepakojums / Valsts / Saisinajums /
Sample / Type Brand Packaging Country Abbreviation
Kanepju / auksti Spelta Stikls / Glass Latvija / Latvia HE-LVA

spiesta Bionaturalis Stikls / Glass Lietuva / Lithuania HE-LTU
Hemp/cold Dary Natury Stikls / Glass Polija / Poland HE-POL
pressed Bio Plancte Stikls / Glass Vacija / Germany HE-DEU
Kukuriizas / Basso Stikls / Glass Italija / ftaly CO-ITA
ekstrahéta Grapoila Stikls / Glass Ungarija / Hungary CO-HUN
Corn seed / Oleofarm Stikls / Glass Polija / Poland CO-POL
extracted Golden Kings Stikls / Glass Ukraina / Ukraine CO-UKR
Vinogu / Carapelli Stikls / Glass Italija / ltaly GR-ITA
ekstrahéta Borges Stikls / Glass Spanija / Spain GR-ESP
Grape / Lesieur Stikls / Glass Francija /France GR-FRA
extracted Gustav Heess Stikls / Glass Vacija / Germany GR-DEU
Linseklu ella / Iecavnieks Stikls / Glass Latvija / Latvia LI-LVA
auksti spiesta Polskie Ziarno Stikls / Glass Polija / Poland LI-POL
Linseed /cold Rapunzel Stikls / Glass Vacija/ Germany LI-DEU
pressed Goccia D’Oro Stikls / Glass Italija / ftaly LI-ITA
Rapsu ella / auksti Iecavnieks Stikls / Glass Latvija / Latvia RA-LVA
spiesta Polskie Ziarno Stikls / Glass Polija / Poland RA-POL
Rapeseed / cold I Love Eco Stikls / Glass Zviedrija / Sweden RA-SWE
pressed Bio Planéte Stikls / Glass Vacija / Germany RA-DEU
Olivella / Goccia D’Oro Stikls / Glass Italija / Italy OL-ITA
augstaka labuma Borges Stikls / Glass Spanija / Spain OL-ESP
Fhotra Virgin Gallo Stikls / Glass p;(‘;f‘j;‘;/ OL-PRT
fgj;f;’ %Z’n’y 3 SUNS Stikls/ Glass ~ Griekija / Greece OL-GRC
Mardadsa / Extrg Sti'kls / Glass LatYija / Latvia MI-LVA
auksti spiesta Polskie Ziarno quls / Glass Poluﬁ/ Poland MI-POL
Milk thisile/ FutuNatura Stikls / Glass Slovénija / Slovenia MI-SVN
i —
cold pressed Bio Planéte Stikls / Glass Vacija/ MI-DEU
Germany
Olitalia Stikls / Glass lialija / RI-ITA
Italy
Risu kliju / Gustav Heess  Stikls / Glass (;’ acija/ RI-DEU
2 ermany
ekstrahéta Indija /
Rice bran/ Sattvic Stikls / Glass ) RI-IND
extracted Ind{a
Amerikas
Ellyndale Stikls / Glass Savienotas Valstis / RI-USA
United States
Polskie Ziarno Stikls / Glass Polija / SU-POL
Poland
Saulqqulgu { Golden Kings Stikls / Glass Ukralr'la / SU-UKR
auksti spiesta Ukraine
Sunflower / Rapunzel Stikls / Glass Vacija / SU-DEU
cold pressed Germany
Olitalia Stikls / Glass ltalija/ SU-ITA

Italy




Digitalo attélu uznemsanai RGB krasu sistéma izmantots Huawei P30 lite
viedtalrunis (2019. gada modelis, Huawei Technologies Co. Ltd., Kina) ar
Android operétajsistemu.

Pétijjuma struktiira
Pétijums veikts piecos posmos un galvenie posmi apkopoti 2. tabula.

2. tabula / Table 2
Pétijuma posmi / Stages of the research

P;tsalgz / Apraksts / Description
I Posms / Augu ellu kvalitates raditaju noteiksana /
Stage 1 Determination of quality indicators in vegetable oils
I1 Posms / Optimalas distances noteikSana attglu iegtiSanai /
Stage 11 Determining the optimal distance for image acquisition
III Posms /  Kolorimetrijas p&tfjumi, izmantojot viedtalruni ieglitu att€lu analizi /
Stage 111 Colorimetry studies using smartphone image analysis
Radikalu neitralizésanas aktivitates un kopgjo fenolu satura
IV posms / kolorimetriska noteikSana, izmantojot viedtalruna att€lu analizi /
Stage VI Colorimetric determination of radical scavenging activities and total
phenolic content using smartphone image analysis
Algoritma izstrade Python programmésanas valoda un ta integracija
V posms / viedtalruna lietotn€ / Development of algorithm in the Python
Stage V programming language and its integration into a smartphone

application

Pétijuma I posma - Augu ellu kvalitates raditaju noteikSana — ir izvelétas
augu ellas un to kvalitates noteikSana. P&tijuma I posms ietver 2 solus.

Posma 1. soli iegadatas Latvija pieejamas augu ellas mazumtirdzniecibas
tikla, kuras nogadatas laboratorija un uzglabatas aukstuma (+3 + 1 °C) Iidz
turpmakai analizei.

Posma 2. soli noteikti augu ellu kvalitates raditaji pec sekojosam metodem -
Dzivnieku un augu ellas skabes skaitla noteikSana (LVS EN ISO 660:2020),
Dzivnieku un augu tauki un ellas — Peroksida skaitla noteikSana un aktiva
skabekla masas aprékins (LVS EN ISO 3960:2017) un Dzivnieku un augu tauki
un ellas — Joda skaitla noteik§ana (LVS EN ISO 3961:2018).

Lai noteiktu attalumu, kas ir nepiecieSams viedtalruna att€lu iegiiSanai,
pétijuma II posms - Optimalas distances noteik§ana attélu iegiiSanai - ictver
3.solus.

Posma 1. soli pétijuma veikSanai izvéléts Huawei P s€rijas viedtalrunis P30
Lite, kas 2019. gada ieguva labako TechRadar Mobile Choice patérétaju balvu
(TechRadar Mobile Choice Consumer Awards (MCCA)).

Posma 2. solt analizes veikSanai mazumtirdznieciba iegadata polivinilhlorida
fotostudija Puluz (Photo Studio Box Puluz, Puluz Technology Ltd., Kina) ar
atvertu prieksgjo dalu un §adiem izmeriem: 24 cm x 23 cm x 22 cm.
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Viedtalrunis / Smartphone

Posma 3. soli viedtalruna att€lu iegiiSanai analiz€ém optimalas distances
noteikSanai viedtalrunis Huawei P30 Lite tika novietots horizontali atvertas
puses fotostudijas korpusa prieksa 9, 10, 11, 12, 13, 14 un 15 cm attaluma no
2.5 mL vienreizgjas lietoSanas makro kivetem (BrandTech Scientific, Inc., ASV)
ar kalibracijas Skidumiem, salidzinasanas Skidumu un augu ellas paraugiem.
Kolorimetriska analize veikta saskana ar 1. attélu.

L
LED LED
- ROI
12 cm 5 /

-

Kivete / Cuvette

B — I Fons / Background
A B

1. att. (A) Fotostudijas un viedtalruna novietosanas ilustracija
kolorimetriskai attélu iegiiSanai; (B) analizes intereséjosa regiona (ROI)
jeb noteikSanas regiona piemeérs no iegiita attéla / Fig. 1. (4) Illustration of
the placement of a photo studio and a smartphone for colorimetric image
acquisition; (B) an example of the region of interest (ROI) or detection
region from the obtained image

Lai veiktu kolorimetrijas pétijumus, kas nepiecieSami viedtalruna att€lu
iegliSanai, pétjjuma III posms - Kolorimetrijas pétijumi izmantojot
viedtalruna attélu analizi - ietver 2 solus.

Posma 1.soli - Kolorimetriska noteik§ana ar viedtalruna attélu analizi -
kolorimetrijas metode balstas uz redzamas gaismas krasas noteikSanu augu ellas,
izmantojot viedtalruni iegiitu att€lu analizi. Lai noteiktu krasu toni augu ellas, tas
tika salidzinatas ar joda kalibracijas Skidumiem, kas sagatavoti saskana ar GOST
5477-2015 metodi (GOST 5477, 2015), un izteikti ka krasas skaitlis.

Posma 2. soll - Augu ellu fluorescences kolorimetriska analize -
fluorescences kolorimetriska analizes metode balstas uz augu ellu fluorescenci,
izmantojot 390 nm LED gaismas spektru un viedtalruni iegtitu att€lu analizi.

Radikalu neitralizéSanas aktivitates un kopéjo fenolu satura noteikSana,
izmantojot viedtalruni iegiitu attélu analizi, pétijuma IV posms ietver 2
solus.

Posma 1. soli noteikta augu ellu: 1. radikalu neitralizéSanas aktivitate, kur
metodes pamata ir radikalu neitraliz€Sanas aktivitates noteikSana augu ellas,
izmantojot viedtalruna att€lu analizi un sarkano, zalo un zilo (RGB) krasu
sisttmu. Radikalu neitralizéSanas aktivitate tiek izteikta ka DPPH radikala
inhibicija procentos (RSA); 2. kopgjais fenolu saturs, kur metodes pamata ir
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kopgjo fenolu satura noteikSana augu ellas, izmantojot viedtalrunt ieglitu att€lu
analizi un sarkano, zalo un zilo (RGB) krasu sistemu.

Posma 2. soli veikta kopéjo fenolu satura noteikSanas metodes
novértéjums un statistiska analize, ietver sarkanas krasas (R) vértibu
izmantoSanu, kas iegiitas no viedtalruna att€liem analizes gaita. Kalibracijas
liknu linearitate tika noverteta, pielietojot regresijas modeli izmantotajiem datu
punktiem. Tika aprékinats katras kalibracijas Iiknes slipums, brivais loceklis un
to kliidas. Atbilstiba tika noverteta, izmantojot determinacijas koeficientu (R?),
ka arT papildus veikts F-tests, lai salidzinatu abus kalibracijas modelus un
noteiktu labako atbilstibu. NoteikSanas (LOD) un kvantificesanas (LOQ) robezas
tika aprekinatas, izmantojot kalibracijas ltknes un to ieglitos vienadojumus,
tadgjadi iegistot zemako iesp&jamo noteikSanas koncentracijas robezu un
zemako koncentraciju, ko var precizi kvantificét. Metodes precizitate un
atkartojamiba tika novertéta, analiz&jot augu ellas paraugus 10 atkartojumos. Lai
novertétu merfjuma mainigumu, tika aprékinata relativa standartnovirze
(%RSD).

Algoritma izstrade Python programmeéSanas valoda un ta integracija
viedtalruna lietotné, pétijuma V posms ictver 2 solus. Posma 1. soli - Kopéjo
fenolu satura un radikalu saistiSands aktivitates (RSA) noteikSanas algoritma
izstrades pamata ir Python programmésanas valodas izmantoSana, lai viedtalrunt
iegiitos RGB krasu sistémas datus varStu ievadit un apstradat Microsoft
Windows 10 un 11, ka arT timekla parlikprogrammu vides, ka pieméram Kaggle
(https://www.kaggle.com).

Izstradatie Python algoritmi pieejami viedtalruna att€lu analizes projekta
timekla lietotng: https://github.com/SanitaVucane/Analysis-of-Smartphone-
images-in-RGB-colour-system®> un  https://github.com/SanitaVucane/
Determination-of-radical-scavenging-activity-using-smartphone-image-
analysis’.

Ka arT registréti Zenodo repozitorija — zinatnes platforma, ko uztur CERN
sadarbiba ar OpenAIRE projekta ietvaros un ar Eiropas Komisijas atbalstu —
ieglistot digitalos objektu identifikatorus (DOI):
https://doi.org/10.5281/zenodo.15225435 un
https://doi.org/10.5281/zenodo.15229741

Posma 2. solis ietver viedtalruna lietotnes DiColorimetry izstradi, kuras
pamata ir Flutter atvérta pirmkoda programmatiiras Flutter (Google) ietvars, kas

2 Determination of total phenols in Vegetable oils
https://github.com/SanitaVucane/Analysis-of-Smartphone-images-in-RGB-
colour-system : Resurss skatits 2024. gada 15. augusta.

3 Determination of Radical Scavenging Activity
https://github.com/SanitaVucane/Determination-of-radical-scavenging-activity-
using-smartphone-image-analysis Resurss skatits 2024. gada 15. augusta.
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balstits uz Dart programmésanas valodu integr&jot ieprieks izstradatos Python
algoritmus. Zenodo, CERN. https://doi.org/10.5281/zenodo.15328506.

Statistiskas datu apstrades metodes

Datu apstrade veikta ar matematiskas statistikas metodem. Iegitajiem
rezultatiem aprékinati vid€jie aritmétiskie lielumi, relativa standartnovirze
(%RSD), t-tests, klastera analize, izmantojot hierarhisko metodi, kur objektu
klasifikacija ir veikta pec Warda, lietojot IBM SPSS Statistics programmas
paketi (versija 23.0.0.0, George & Mallery 2016). Kopgjo fenolu satura un
radikalu neitraliz€Sanas aktivitates statistiska apstrade un korelacijas analize
veikta, izmantojot Python programmésanas valodu (versija 3.11, Windows 10)
un Kaggle timekla lietotni, kas lauj izp&tit un veidot Python modelus timekla
vide (https://www.kaggle.com).

REZULTATI UN DISKUSIJA

1. Augu ellu kvalitates raditaji

Lai noskaidrotu augu ellu svaiguma pakapi tika noteikti augu ellu kvalitates
raditaji, ka peroksida, joda un skabes skaitli, ka arT to ietekmi uz ellas kvalitati
un svaigumu. Peroksida skaitlis raksturo ellas esosa peroksidu forma saistita
skabekla daudzumu, kas norada uz ellas svaigumu un bojasanas procesu. Tika
konstatéts, ka tirdznieciba iegadato augu ellu grupas peroksida skaitli svarstijas
robezas no 1.1£0.1 mEq O; kg rapsu ellas grupa Iidz 5.1+0.1 mEq O kg!
smiltserksku ellas grupa. Codex Alimentarius standarts nosaka, ka svaigam
nerafinétam augu ellam peroksida skaitlim jabtit Iidz 15 mEq O kg™'.

Aktiva skabekla masa augu ellu grupas varié no 8.8+0.4 mg kg™!' rap3u ellas
grupa Iidz 39.2+0.4 mg kg smiltsérksku ellas grupa. Tas norada, ka ellas ar
zemaku aktiva skabekla saturu, pieméram, rapSu un kukurtizas, biis ilgak
uzglabajamas.

Linseklu ellas grupai konstatéts vislielakais joda skaitlis 185+1 g 100 g!, bet
olivu ellas grupai — vismazakais, 87+1 g 100 g''. Codex Alimentarius standarts
nosaka, ka linsgklu ellas joda skaitlim jabat no 170 Iidz 211 g 100 g!. Pamata
joda skaitlis raksturo nepiesatinato taukskabju daudzumu ella, tomeér
samazinoties dubultsaiSu skaitam, ir iesp&ja noteikt ar1 tas oksidacijas pakapi un
ietekmi uz kvalitati.

Skabes skaitlis norada uz brivo taukskabju daudzumu taukos, kas ietekmée
ellas uzglabasanas laiku un kvalitati. Skabes skaitla vertibas pétitajas augu ellu
grupas bija robezas no 1.3+0.1 mg KOH g risu kliju ellas grupa 11dz 2.5+0.1 mg
KOH g smiltserksku ellas grupa. Codex Alimentarius standarts nosaka, ka
nerafinétam ellam, kas ieglitas ar aukstas spieSanas tehnologiju, skabes skaitlis
nedrikst parsniegt 4.0 mg KOH g'.
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P&tijuma konstatéts, ka visas izveletas augu ellas atbilst svaigas ellas
kvalitates kriterijiem, kas noteikts Codex Alimentarius standarta, Iidz ar to var
tikt izmantotas turpmakiem kolorimetriskiem pé&tijumiem.

2. Optimalas distances noteik§ana attelu iegiSanai

Lai noteiktu optimalo attalumu no viedtalruna kameras objektiva attéla un
maksimalas krasas iegiiSanai, tika izmantotas augu ellas, kas iepilditas PS 2.5 mL
vienreizgjas lietoSanas makro kivete. Makro kivete tika ievietota fotostudijas
kamera. Izmantojot X—Rite ColorChecker krasu paneli, kas tiek izmantots
profesionalo fotokameru krasu un balansa attélu un video uznemsanai (Hunt &
Pointer 2011), tika konstatéts, ka dzeltenas krasas veértibas RGB krasu sistéma ir
185, 151, 18 pikseli (px) jeb RGB (185, 151, 18) (2. att.).

2. att. X-Rite ColorChecker krasu panela attels /
Fig. 2. Image of the X-Rite ColorChecker colour panel

Rapsu ellai, kas tika izv€leta par pamatu vizualam salidzinajumam (3.att),
optimalais attalums no viedtalruna kameras objektiva lidz analiz€jamajam
objektam ir noteikts ka 12.0+0.1 cm ar RGB vértibam 178, 152, 31 px. Sis
vertibas ir vistuvak X—Rite ColorChecker krasu panela (2. att.) dzeltenas krasas
veértibam (RGB 185, 151, 18 px), noradot uz visprecizako krasu attélojumu $aja
konkrétaja attaluma.

Ka redzams 3. attéla, atkariba no viedtalruna attaluma mainas noteikSanas
regiona diapazons, kas ietekmé RGB krasu sistemas skaitliskas vertibas.
Izvertgjot pargjo devinu augu ellu grupu vidéjas RGB vértibas, tika noverota
Iidziga tendence attieciba uz attalumu un krasu intensitati.

Visam augu ellam attalumos, kas parsniedz 12.0 + 0.1 cm, novérota RGB
vertibu pieauguma tendence, ko izskaidro krasas — ipasi zalas (G) un zilas (B) —
tuvinasanas baltajai krasai (RGB: 255 px). Ka paradits 3. attela, attaluma 15.0 +
0.1 cm noteikSanas regiona robezas parsniedz kivetes laukumu (pieméra: rapsu
ella), tadejadi aprekina tiek ieklauta arT balta fona krasa fotostudija, kas veicina
kopg&jo RGB vertibu tuvinaSanos maksimumam — 255 px. Savukart, samazinoties
attalumam mazak ka 12.0 + 0.1 cm, visas augu ellu grupas tika noveérots RGB
vertibu samazinajums, 1pasi G un B krasu kanalos, kas norada uz tendenci
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tuvinaties melnajai krasai (RGB: 0 px). ST paradiba skaidrojama ar to, ka mazaks
attalums starp objektivu un paraugu samazina caurejosas gaismas daudzumu, ka
rezultata ziid krasas intensitate un attéla skaidriba. Sados apstaklos LED
apgaismojums tiek vairak absorbéts, un viedtalruna kamerai klust griitak
nodrosinat precizu fokusésanu, kas negativi ietekmé RGB vértibu fiksaciju.

Augu ellam ar tumsSakiem vai piesatinatakiem toniem, pieméram,
smiltserksku un kanepju ellam, kuru sakotngjas RGB veértibas (pie 12 cm) jau ir
zemakas, vérojams straujaks RGB vertibu kritums tuvaka attaluma. Tas norada
uz biitiskam atskirtbam gaismas caurlaidiba starp dazadiem paraugiem. Savukart
gaisakas ellas, pieméram, risu vai saulespuku ellas, uzrada mazaku RGB vértibu
samazinajumu, saglabajot salidzino$i augstu krasas precizitati.

Izvertgjot iegiitos rezultatus, secinats, ka optimalais attalums precizai krasu
vertibu noteiksanai visiem analiz€tajiem augu ellu paraugiem ir 12.0 + 0.1 cm.
Saja attaluma tiek nodrofinats skaidrs un Iidzsvarots krasu spektrs, kas
visprecizak atbilst realajam krasam, vienlaikus novérsot parak gaisu (balta fona
ietekm@) vai parak tumsSu (gaismas absorbcijas ietekm&) tonu paradiSanos.
Aprekinata t—vertiba (p < 0.001) apliecina, ka, pie 95% ticamibas ITmena, pastav
statistiski nozimigas atSkiribas starp attalumu no viedtalruna objektiva lidz
paraugam un iegiitajam RGB krasu sist€émas verttbam.

Ka redzams 3. attela atkariba no viedtalruna attaluma mainas noteikSanas
regiona diapazons, kas ietekmé RGB sistemas skaitliskas vertibas.

s

9.0+0.1 cm 10.0£0.1 cm 11.0+£0.1cm 12.0£0.1 cm 13.0£0.1 cm 14.0£0.1 cm
RGB (168, RGB (175, RGB (177, RGB (178, RGB (180, RGB (184,

143, 16) 149, 23) 152, 31) 154, 33) 158,37)

148, 19)

15.0+0.1 cm (185, 160, 41)

3. att. Rapsu ellas krasu attéli, RGB krasu sistémas vértibas un noteikSanas
regioni / Fig. 3. Images of rapeseed oil colours, RGB colour system values,
and detection regions

Lai noteiktu, ka noteiktais attalums ietekmé& melno vai balto krasu, tika
izmantots X-Rite ColorChecker krasu panelis. Aprékinatas t—vértibas baltajai
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(3.69, p > 0.05) un melnajai (0.12, p > 0.05) krasai liecina, ka, izmantojot 95%
ticamibas limeni, nav statistiski nozimigu atSkiribu starp attdlumiem no
viedtalruna objektiva un X—Rite ColorChecker krasu panela melnajai un baltajai
krasai. Lidz ar to var secinat, ka attalums robezas no 9.0+0.1 Iidz 15.0+0.1 cm
neietekmg baltas vai melnas krasas izmainas, jo nav skérslu gaismas nonaksanai
lidz objektivam. Sadas izmainas var ietekmét p&tamais objekts, kas absorbe
noteiktu daudzumu gaismas, vai ar tas, ka noteikSanas regiona robezas ir arpus
analiz€jama objekta kivesu laukuma, tadgjadi nemot vera arT izmantojama fona
krasu, kas rada kliidu patiesas krasas iegiiSana.

3. Kolorimetriska noteikSana, izmantojot
viedtalruna attelu analizi

RGB krasu sistema krasas skaitla noteikSanai tika izmantota joda kalibracijas
Skiduma digitala att€lveidoSana, kas parada izmainas atkariba no S$kiduma
koncentracijas. Rezultati tika izteikti ka krasas skaitlis diapazona no 0 lidz 100
joda kalibréSanas Skidumam, nemot véra R-sarkanas, G-zalas un B-zilas krasas
intensitati (4. att.).
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Krasas skaitlis / Colour number
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4. att. RGB krasu sistémas izmainas atkariba no joda standartSkiduma
koncentracija, kas izteikts ka krasas skaitlis / Fig. 4. Changes in the RGB
colour system depending on the concentration of iodine standard solution,

expressed as a colour number

Ieverojamas izmainas joda kalibracijas $kiduma krasas skaitl1 tika nov&rotas
zalaja (G) un zilaja (B) krasa. Zalas krasas izmainas (G) tika konstatetas visa

krasas skaitla 1ikn€, savukart zilas krasas intensitate strauji samazinajas
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diapazona no 158 lidz 20 px. Sads zilas krasas intensitates samazinajums ir
saistits ar dzeltenas krasas intensitates pieaugumu, palielinoties joda
koncentracijai skiduma. Zilas krasas samazinasanas ir likumsakariga, jo T krasa
neveicina dzeltenas krasas veidoSanos, kas ir sekundara krasa, veidojoties no
sarkanas un zalas krasas sajaukuma. Petjjuma tika konstatéts, ka visos joda
kalibracijas Skidumos sarkanas krasas intensitate praktiski nemainijas.

Augu ellas var saturét ne tikai dzelteno krasu, bet arT zalo pigmentu,
piem@ram, hlorofilu, kas atrodams kanepju vai olivella. Tadel, lai iegiitu
precizaku augu ellu kolorimetrisko krasu spektru, tika aprekinata visu triju krasu
(sarkanas, zalas, zilas) sisttmas vid&ja RGB (RGB i/ avg) Vertiba. ST vidgja
krasas vertiba tika parveidota par absorbciju saskana ar Bera-Lamberta
vienadojumu, un tika iegita joda Skiduma kalibrésanas likne, kas izteikta ka
krasas skaitlis. legiitas krasas skaitla vertibas augu ellam ir dotas 5. attgla.

LI-DEU e— 3 §
LI-POL mo— |
LIATA eo— 4 2
LI-LVA  s— {2
GR-FRA we— {2
GR-DEU =e— 4 3
GR-ITA —— 4 4
GR-ESP  w— 4 6
RI-ITA ee— 4 5
RI-DEU  eo— 5 O
RI-USA  ee— G 90
RI-IND  ee— 720
CO-ITA m—— .9
CO-POL = 5 4
CO-HUN m— 5.3
CO-UKR e— (. 2
SU-POL  ee— ]
SU-ITA  ee—— 7 )
SU-DEU =o— 7 4
SU-UKR  — 7 3
MI-DEU 142
MI-POL 145
MI-SVN 15
MI-LVA 153
RA-DEU 142
RA-POL 145
RA-LVA 15.7
RA-SWE 163
SE-DEU 15
SE-POL 185
SE-EST 20
SE-LVA 233
OL-ITA 413
OL-ESP 426
OL-GRC 44.7
OL-PRT 452
HE-DEU 42
HE-POL 43.5
HE-LTU 44
HE-LVA 46.2

0 5 10 15 20 25 30 35 40 45 50
Krasas skaitlis / Colour number

LI - Linséklu / Linseed, GR — Vinogu / Grape, RI — Risu kliju / Rice bran, CO — Kukurtzas / Corn,

SU — Saulespuku / Sunflower, MI — Mardadza / Milk thistle, RA — Rapsu / Rapeseed,
SE — Smiltsérksku / Sea buckthorn, OL — Olivu / Olive, HE — Kanepju / Hemp

Augu ellas / Vegetable oils

5. att. Augu ellu krasas skaitlis / Fig. 5. Colour number of vegetable oils
Augstakais krasas skaitlis tika noteikts kanepju (42.0+0.1 — 46.2+0.1) un

olivu (41.34£0.1 — 45.2+0.1), bet vismazakais — lins€klu (3.8£0.1 — 4.2+0.1),
vinogu (4.2+0.1 — 4.6+0.1), kukurizas (4.9+0.1 — 6.240.1), risu kliju (4.5+0.1 —
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7.240.1) un saulespuku (7.0£0.1 — 7.8+0.1) ellu grupas. Vidgji liels krasas
skaitlis tika konstatéts mardadza (14.2+0.1 — 15.3£0.1), rapSu (14.2+0.1 —
16.34£0.1) un smiltsérksku (15.0+£0.1 — 23.3+0.1) ellu grupas (5. att.).

Izmantotais viedtalrunis noteica tris primaras daba sastopamas krasas —
sarkano, zalo un zilo (Pi et al., 2022). Ta ka balta krasa veidojas no visu tris
pamatkrasu — sarkanas (R), zalas (G) un zilas (B) — sajaukuma, par fonu attgla
iegiiSanai ar viedtalruni tika izmantota balta krasa (krasas kods (px) = (255, 255,
255)).

Katrai primarajai krasai pikselu vertibas diapazons ir no 0 1idz 255, un baltajai
krasai jabiit ar vertibu 255 pikseli. Izmantojot PULUZ fotostudiju ar gaismas
diodeém (LED), tika konstat€ts, ka nav iesp&jams iegiit pilnigi baltu krasu jeb 255
pikselus. LED apgaismojuma RGB krasu sistéma tika noteikti 182 pikseli. Sads
pikselu vertibu samazinajums ir saistits ar izmantotas LED gaismas krasas
temperatiiru (3200K), kura nevar sasniegt pilnu baltas krasas intensitati, lidz ar
to krasa vairak tiecas uz melno jeb 0 pikseliem.

Rezultati liecina, ka kanepju un olivellas ir augsts augu pigmentu saturs, un
tas ir bagatas ar biologiski aktivam vielam, pieméram, hlorofiliem un
karotinoidiem. Kanepju un olivellas konstatets lielaks hlorofilu saturs (138.0 / 2—
5 mg kg!) salidzinajuma ar karotinoidiem (33.6 / 6.0 mg kg™'). Ir zinams, ka
hlorofils pieskir produktam tumsaku krasu neka karotinoidi, tapec krasas skaitlis
§im ellam ir lielaks neka citam augu ellam (Fakourelis et al., 1987;
Nikolova et al., 2014). Linséklu, vinogu, risu kliju, kukuriizas un saulespuku
ellas hlorofila saturs ir zems (0.30 Iidz 1.79 mg kg™!), savukart karotinoidu saturs
ir augstaks —no 4.32 1idz 10.6 mg kg™!. MardadZa un rapsu ellas konstatets vidgjs
hlorofilu saturs (1.79 — 6.56 mg kg') un karotinoidi (5.02 — 9.57 mg kg™).
Zinatniskaja literattira smiltsérksku ella tiek uzskatita par vienu no bagatakajam
ar karotinoidiem, parsniedzot 302.8 mg kg™ ellas (Li & Beveridge, 2003;
Ramadan, 2020). Dazadas krasas skaitla vertibas augu ellas ir atkarigas no
izejvielu kvalitates, auga Skirnes un izmantotas raZo$anas tehnologijas.

4. Augu ellu fluorescences kolorimetriska analize

Lai iegiitu Tona vértibas, viedtalruna kolorimetriskie digitalie RGB sistémas
atteli ir japarveido par Tona atte€liem, izmantojot HSV krasu sistemu.

RGB krasu sisttma korelé ar cilveka vizualas sist€mas uztveri, tomér ta
nespgj pilniba att€lot visu krasu spektru. Tapéc tick izmantota krasu sisteéma, kas
precizak atbilst cilvéka krasu uztverei — HSV krasu sistéma, kas balstita uz Toni
(Hue), piesatinajumu (Saturation) un vértibu (Value). ST modela prieksrociba ir
ta spgja atdalit ahromatiskas (Value) un hromatiskas (Hue un Saturation)
atskirtbas (Loesdau et.al. 2014). Iegiito krasu informaciju no RGB attéla var
izmantot Tona vertibu iegiSana (6. att.), kas att€lo katrai augu ellai raksturigas
fluorescgjosas krasas. Tona vertibas parada, ka starp olivu, kanepju un pargjam
biezi sastopamajam augu ellam pastav ieve@rojamas fluorescences atskiribas,
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piedavajot kvantitativu pieeju to analizei. Olivu—kanepju, vinogu—saulespuku—
risu kliju—lins€éklu un mardadza—kukurtizas ellam ir lidzigas Tona vértibas.

Tona vertibas (6. att.) norada, ka pétitajam 10 augu ellu grupam ir konstateti
noteikti krasu tonu diapazoni.
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Tona vértibas / Hue Value

Augu ellu grupas / Vegetable oil groups

OL — Olivu / Olive, HE — Kanepju / Hemp, GR — Vinogu / Grape, SU — Saulespuku / Sunflower, Rl
— Risu kliju / Rice bran, LI — Linseklu / Linseed, M1 — Mardadza / Milk thistle, CO — Kukuriizas /
Corn, SE — Smiltsérksku / Sea buckthorn, RA — Rapsu / Rapeseed
6. att. Augu ellu grupu Tona vertibas /
Fig. 6. Hue values of vegetable oil groups

Saskana ar 6. att€lu oltvu un kanepju ellas atrodas sarkanaja krasu diapazona
no 330° lidz 360°, attiecigi ar vidgjam vertibam 351+£1° un 350+1°. Vinogu,
saulespuku, risu kliju un lins€klu ellas atrodas zilaja diapazona no 210° Iidz 270°
ar vidgjam verttbam 241+1°, 220+1°, 210£1° un 204+1°. Mardadza un
kukuriizas ellas ietilpst ciana diapazona no 150° lidz 210° ar vid&jam vertibam
187+1° un 186+1°. Smiltsérksku ella ir zalaja diapazona no 90° lidz 150° ar
vidgjo vertibu 144+1°, un rapsu ella atrodas dzeltenaja diapazona no 30° lidz 90°
ar vertibu 43+1°.

Augu ellu Tona vertibas ir diapazona no 0° Iidz 360°. Lai noteiktu, kura krasu
diapazona atrodas desmit augu ellu grupas, balstoties uz iegiitajam
fluorescgjosajam krasam, tika veikta hierarhiska klasteru analize (7. att.). Sis
analizes rezultata ellas tika iedalitas piecos klasteros:

1. pirmais klasteris: ietver olivu un kanepju ellas, kas veido Iidzigu sarkanas

krasas toni,

2. otrais klasteris: ietver vinogu, saulespuku, risu kliju un linseklu ellas, kas
izcelas ar zilas krasas toni;
treSais klasteris: ietver kukuriizas un mardadza ellas, kas veido ciana toni;
ceturtais klasteris: ietver rapSu ellu, kas rada dzelteno krasu;

5. piektais klasteris: ietver smiltsérksku ellu, kurai raksturigs zalais tonis.

B
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Tadgjadi, izmantojot fluorescences ipasibas un Tona vertibas, 10 augu ellu
grupas tika iedalitas piecos dazados krasu tonu klasteros: sarkana, zila, ciana,
dzeltena un zala.
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LI - Linseklu / Linseed, R1 — Risu kliju / Rice bran, CO — Kukuriizas / Corn, M1 — Mardadza / Milk
thistle, SU — Saulespuku / Sunflower, GR — Vinogu / Grape, SE — Smiltsérksku / Sea buckthorn, RA
— Rapsu / Rapeseed, OL — Olivu / Olive, HE — Kanepju / Hemp

7. att. Klasteru analize Tona vértibam, balstoties uz krasu diapazonu /
Fig. 7. Cluster analysis of Hue values based on the colour range

Olivellas specigo fluorescenci nodrosina dabiskas fluorescgjosas molekulas,
piem@ram, hlorofili, tokoferoli, feofitini, fenola savienojumi un to oksidacijas
produkti. Fluorescence no fenola savienojumiem olive]la tika konstateta,
izmantojot 362 — 400 nm diapazona robezas (Tena et al., 2009).

Kanepju ella satur hlorofilus, fenola savienojumus, karotinoidus un
tokoferolus, kas arT nodro§ina sp&cigu sarkano fluorescenci lidzigi ka olivella.
Sarkanas krasas fluorescence liecina par augstu hlorofila savienojumu
koncentraciju gan olivu, gan kanepju ellas. Krasu pareja no zilas uz cianu norada
uz E vitamina (tokoferola) koncentracijas samazinasanos ciano virziena, ar zilo
krasu ka visaugstako tokoferola koncentraciju un ciano ar viszemako.
Smiltserksku ellas spilgti zala krasa liecina par augstu karotinoidu saturu (Li &
Beveridge, 2003).

¢ =w

5. Radikalu neitralizeSanas aktivitates noteikSana

P&tijuma tika noteiktas individualas un jaukto krasu vertibas RGB krasu
sisteéma, lai noskaidrotu iesp&jas kolorimetrisko raditaju radikalu neitralizéSanas
aktivitates noteikSanai (RSA). Izmantojot balto fonu, vidgjam RGB krasu
sisteémas vertibam jabut 255 pikseliem, bet p&tijumi paradija, ka 96% etanola
Skidumam vid&jais RGB samazinas lidz 180 pikseli. Pikselu diapazona
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samazinasanas ir atkariga no koncentracijas un izmantota gaismas diozu (LED)
krasu temperatiiras, kura bija 3200 K.

Tika konstatéts, ka no zilas (B) krasas iegiitas vertibas atskiras no sarkanas
(R) un zalas (G). Atskiriga zilas (B) krasas jutiba tika izteikta, apvienojot tas ar
sarkanajam (R) vai zalajam (G) vertibam, veidojot RB un GB, kuras uzradija
vajakus rezultatus (p<0.05), salidzinajuma ar citam RG vértibam un UV/VIS
spektrofotometriju visam augu ellam. Tapé&c, lai iegiitu precizakus rezultatus, B,
RB un GB vértibas nevar izmantot augu ellu radikalu neitralizéSanas aktivitates
aprékinasanai. 2.2—difenil-1—pikrilhidrazils (DPPH) ir stabils radikalis ar sp&ju
piesaistit antioksidantus, kas atrodas augu ella, pievienojot Udenradi un
izveidojot stabilu DPPH-H molekulu (Lee et al., 2007; Choi et al., 2018).

Absorbcija samazinas, krasai mainoties no violetas uz gaisi dzeltenu vilpa
garuma, kas svarstas no 405 lidz 520 nm. DPPH reagg ar antioksidantu, veidojot
dzeltenu krasu; tomér klasiskaja UV/VIS spektrofotometrija maksimala vilpa
garuma absorbciju méra tikai viena spektra — 517 nm.

Izmantojot viedtalrunpa att€lu analizi, var vienlaikus noteikt plasaku redzamas
gaismas spektru no 400 Iidz 700 nm vilpa garuma; tap&c ir nepiecieSams analizgt
radniecigas jeb komplementaras krasas, kas tiek attelotas primaraja un
sekundaraja krasu aplt (8. att.).

8. att. Primaro un sekundaro krasu aplis /
Fig. 8. Primary and secondary colour wheel

Krasu aplis norada, ka violetas krasas komplementara krasa ir oranzi—
dzeltena (8. att.). Tacu viedtalruna digitala att€la iegiSana, izmantojot Android
aplikaciju “ColorMeter” un “DiColorimetry”, var noteikt tikai trIs primaras
krasas — sarkano (R), zalo (G) un zilo (B). Tadel, radikalu neitraliz€Sanas
aktivitates noteikSana ir jaizveélas tada primara krasa, kas ir vistuvak
komplementarajai, jeb sekundarajai, dzeltenajai krasai. Ka redzams krasu apli,
vistuvaka primara krasa dzeltenajai ir zala, bet, lai iegiitu precizakus rezultatus,
jaizmanto arT otra primara krasa — sarkana, tadgjadi veidojot RG krasu sistemu.
Rezultata, sajaucot sarkano un zalo krasu, tiek iegtita dzeltena sekundara krasa.
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Augstaka radikalu neitraliz€Sanas aktivitate tika konstatEta Portugales
olivellas (OL-PRT) parauga — UV/VIS spektrofotometrijas (UV/VIS) rezultats
bija 97.5 + 0.3%, savukart viedtalruna RG krasu sist€mas attélu analizé (RG) —
97.2 £ 0.7%. Lidzigi rezultati tika iegiti arT Griekijas olivella (OL-GRC) —
attiecigi 96.8 = 0.3% un 96.4 + 0.7%. Tapat augstu aktivitati uzradija Latvijas
kanepju ellas (HE-LVA) paraugs — 95.7 + 0.3% (UV/VIS) un 95.5 £ 0.7% (RG),
ka arm Latvijas mardadzu ella (MI-LVA) - attiecigi 94.3 + 0.3% un
94.6 + 0.6%. Smiltserksku ella no Latvijas (SE-LVA) tika konstatetas
salidzinamas vertibas: 93.5 £ 0.3% (UV/VIS) un 93.2 £ 0.7% (RG).

Zemaka radikalu neitralizéSanas aktivitate tika konstateta Italijas kukuriizas
ella (CO-ITA) 61.5 + 0.2% (UV/VIS) un 61.3 + 0.6% (RG), ka ar1 risu kliju ella
no tas pasas izcelsmes valsts (RI-ITA), kur rezultati bija attiecigi 67.6 + 0.2%
un 67.1 £ 0.6%.

Augu ellu klasifikacija grupas, katra ieklaujot Cetrus viena veida paraugus no
dazadam izcelsmém, lava novertet kopgjas tendences un identificét ellas veidus
ar augstako radikalu neitraliz€Sanas aktivitati. Rezultatos tika konstatéts, ka
olivellu grupa demonstrgja visaugstako radikalu neitraliz€éSanas aktivitati —
neatkarigi no izmantotas metodes. Vid€jais RSA UV/VIS spektrofotometrijas
rezultats olivellu grupa bija 96.5 + 0.3%, savukart viedtalruna att€lu analizg,
izmantojot RG krasu sistemu — 96.3 + 0.7%. Visu ¢etru olivellu paraugu (OL—
ITA, OL-ESP, OL-PRT, OL-GRC) radikalu neitralizeSanas aktivitates
parsniedza 95%, kas norada uz savstarp&ju atbilstibu un apstiprina abu metozu
salidzinamibu $aja ellu grupa.

Kanepju ellu grupa uzradija lidzigas radikalu neitraliz€Sanas aktivitates
vertibas, tomér ar lielaku izkliedi. UV/VIS metodes vidgjais bija 87.6 + 0.3%,
kamér RG vertibu vidga radikalu neitraliz€sanas aktivitate sasniedza
87.5 + 0.7%. Augstakie raditaji tika novéroti Latvijas (HE-LVA) un Lietuvas
(HE-LTU) paraugos (UV/VIS: 95.7 + 0.3% un 89.4 £+ 0.3%; RG: 95.5 £ 0.7%
un 89.5 £ 0.7%), savukart Polijas (HE-POL) un Vacijas (HE-DEU) paraugos —
nedaudz zemakas radikalu neitralizé$anas aktivitates vertibas (RG: 84.0 £ 0.7%
un 81.0 + 0.7%), iesp&jams, klimatisko vai agrokimisko faktoru ietekme.

Mardadzu ellu grupa tika noverota zemaka radikalu neitralizé$anas aktivitate
neka kanepju ellu grupa — vidgji 86.7 + 0.3% (UV/VIS) un 87.6 £ 0.6% (RG).
Latvijas (MI-LVA) un Slovénijas (MI-SVN) paraugos tika konstateti augstaki
rezultati, savukart Vacijas (MI-DEU) paraugs uzradija nedaudz zemaku radikalu
neitraliz€Sanas aktivitati (UV/VIS: 78.7 + 0.2%, RG: 81.3 + 0.6%).

Rapsu ellu grupa tika konstatéta plasaka radikalu neitraliz€Sanas aktivitates
vertibu izkliede — UV/VIS rezultati svarstijas no 81.0 + 0.3% (RA-DEU) lidz
95.2 £ 0.3% (RA-SWE), ar vidgjo vertibu 88.8 = 0.3%. Savukart RG svarstijas
robezas no 80.7 + 0.7% lidz 94.9 + 0.7%, vidgji sasniedzot 87.7 + 0.7%.
Augstakie rezultati tika iegiiti Zviedrijas (RA-SWE) un Latvijas (RA-LVA)
paraugos.

Smiltserksku ellu grupa tika novérotas nedaudz zemakas radikalu
neitraliz€Sanas aktivitate, salidzinot ar olivellas, kanepju, mardadzu un rapsu ellu
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grupam. Vidgjais RSA UV/VIS analizé bija 83.9 + 0.3%, bet RG vidgji sasniedza
83.6 £ 0.7%. Latvijas paraugs (SE-LVA) arf $eit uzradija augstako rezultatu visa
smiltsérksku ellas grupa (UV/VIS: 93.5 + 0.3%, RG: 93.2 £ 0.7%).

Saulespuku un linséklu ellu grupas raksturiga lielaka iekSgrupas mainiba.
Saulespuku ellu grupa UV/VIS vértibas svarstijas no 74.3 + 0.2% lidz
85.0 £ 0.3%, ar vidgjo — 79.3 £ 0.2%, savukart RG svarstijas plasak — no
73.8 £ 0.6% lidz 85.8 £+ 0.6%, vidgji — 79.4 £ 0.6%. Linseklu ellu grupa bija
attiecigi — vid&ji 67.7 = 0.2% (UV/VIS) un 67.8 + 0.6% (RG).

Zemakas kopgjas radikalu neitraliz€Sanas aktivitates vertibas tika konstatetas
risu kliju, kukurtizas un vinogu ellu grupas. Risu kliju ellu paraugi uzradija
UV/VIS radikalu neitraliz€Sanas aktivitati robezas no 67.6% Iidz 77.0%, ar
vidgjo — 73.2 + 0.2%, bet RG analizg — vid&ji 73.0 + 0.6%. Kukuriizas ellas grupa
novérotas vél zemakas vértibas: UV/VIS rezultati bija robezas no 61.5 + 0.2%
lidz 77.3 + 0.2%, ar vid&jo — 69.7 = 0.2%, savukart RG — no 61.3 + 0.6% lidz
76.7 £ 0.6%, vid&ji 69.3 + 0.6%. Vinogu ellu grupa vérojama izteikta vertibu
dispersija: UV/VIS rezultati svarstijas no 59.1 £+ 0.2% Iidz 88.7 + 0.3%, bet RG
—10 56.7 £ 0.6% lidz 83.7 + 0.6%, vidgji sasniedzot 71.8 + 0.2% (UV/VIS) un
69.7 £ 0.6% (RG). Viszemakie raditaji konstateti Francijas (GR-FRA) un
Vacijas (GR-DEU) paraugos, iesp&jams, saistiba ar atSkirigdm iegiiSanas
metodem, izejvielu apstradi, ka arT klimatisko vai agrokimisko faktoru ietekmi.

Salidzinot UV/VIS spektrofotometriju ar viedtalruna att€lu analizi, rezultati
liecina, ka viedtalruna att€lu RG krasu sist€mas dati visprecizak korele ar
UV/VIS metodi — t—vertiba 0.47 (p > 0.05) norada uz cieSu sastibu starp
merjumiem.

Apkopotie dati norada, ka relativa standartnovirze (RSD) brivo radikalu
neitraliz€Sanas aktivitates noteikSanai, izmantojot viedtalruna att€lu analizes
(VAA) metodi, vidgji bija 0.8%, kas ir par 0.5% vienibam lielaka neka
tradicionalaja UV/VIS spektrofotometrija (UV/VIS) novérota — 0.3%. Si
atskirba atspogulo krasas ietekmi uz analizes procesu, kas raksturiga konkrétajai
metodei, jo RSD kopgjo fenolu satura (TPC) noteiksanai, izmantojot VAA, bija
0.7%, kas ir par 0.1% mazaka, lietojot identiskus nosacijumus — vienadu
attalumu, baltu fonu, apgaismojumu un viedtalruna iestatijumus.

Atkartojamiba, kas aprekinata pec ISO 5725-2 standarta, izmantojot formulu
r=2.8 x RSD, VAA metodei sasniedza 2.3%, salidzinot ar 0.8% UV/VIS. Sis
vertibas atbilst 95% ticamibas intervalam starp para mérjjumu atskirtbam. Lai
gan VAA metodes atkartojamibas intervals ir plasaks, tas joprojam atbilst
analttiskas kimijas metozu pielaujamajai validacijas robezai (<5%). AtSkiribas
pieaugums no UV/VIS vidgjas 0.8% (maksimala — 1.0%) lidz VAA metodes
vidgjai vertibai 2.3% (maksimala — 3.0%) norada uz att€la iegiiSanas un
algoritmiskas apstrades mainiguma ietekmi; tomér tas neietekm& metodes
piemérotibu kvantitativai noteikSanai.

Precizitates noveértgjums liecina, ka VAA metodes vidgja absoliita novirze
bija 0.7% (maksimala — 4.4%), salidzinot ar UV/VIS. Tas norada uz minimalu
sistematisko kliidu un atbilstibu pielaujamajai +5% robezai.
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legiitie rezultati brivo radikalu neitralizéSanas aktivitates noteikSana
apstiprina, ka, iev@rojot standartizEtus att€la iegliSanas nosacTjumus un
izmantojot atbilstoSu attéla apstrades lietotni, viedtalruna VAA metode spgj
nodro$inat pietickamu precizitati (RSD < 1%), atkartojamibu (r < 2.3%) un
precizitati (< 4.5%). Tadgjadi So metodi var uzskatit par piemérotu alternativu
UV/VIS brivo radikalu neitralizé$anas aktivitates noteikSanai.

6. Kopéjo fenolu satura noteikSana

Lai noteiktu kop&jo fenolu saturu, tika izveidotas kalibracijas liknes,
izmantojot spektrofotometra un viedtalruna att€lu analizi. Liknes iegiitas,
balstoties uz gallusskabes kalibracijas Skidumiem ar zinamam koncentracijam
(9. att.).
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9. att. Galluskabes kalibracijas likne, izmantojot RGB krasu sistemu, ar
viedtalruna attelu analizi un spektrofotometru / Fig. 9. Calibration curve of
gallic acid using the RGB colour system with smartphone image analysis and

spectrophotometry

Katra parauga tika registrétas RGB krasu kanalu intensitates, kuras att€lotas
pret atbilstoSo koncentraciju, veidojot linearas regresijas liknes — katram krasu
kanalam atseviski.

Rezultata iegiiti $adi determinacijas koeficienti: R* = 0.9934 sarkanajam,
R2=0.9938 zalajam un R? = 0.9752 zilajam krasu kanalam. Sie raditaji atspogulo
augstu linearitati starp registréto krasu intensitati un fenolu koncentraciju,
tadgjadi apliecinot, ka arT att€lu analizes metode ir piemerota kvantitativiem
meérjumiem.  Salidzinajumam, UV/VIS spektrofotometriskaja  analizg,
determinacijas koeficients tika noteikts R* = 0.9997 (9. att.)
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Lai novertetu kopgjo fenolu satura noteikSanas metodi, veikti $adi statistiskie
aprekini: regresijas analize, t-tests, determinacijas koeficients (R?), F—tests,
relativa standartnovirze (%RSD), matricas efekts, ekvivalences testu (TOST),
noteikSanas robeza (LOD) un kvantificéSanas robeza (LOQ).

Nosakot sarkanas krasas (R) veértibas viedtalrunt ieglitiem att€liem, tas tika
izmantotas, lai aprékinatu galluskabes koncentracijas absorbcijas rezultatus.
Izvertgjot galluskabes kalibracijas linearitati intervalos no 1 1idz 200 mg L™ un
no 1 Iidz 160 mg L', tika iegiti §adi vienadojumi: y = 0.0056x + 0.006 (R> =
0.9935) un y = 0.0061x — 0.002 (R? = 0.9988)

Tika konstatgts, ka labaka linearitate iegtita, izmantojot 9 kalibracijas punktus
ar galluskabes koncentraciju robezas no 1 Iidz 160 mg GAE L', F-tests ir daudz
mazaka diapazond no 1 Iidz 160 mg L' (5.28 x 107, salidzinot ar diapazonu
no 1 Iidz 200 mg L' (3.74 x 107'%), kas parada butisku atSkirbu piemé&rotibas
kvalitate starp abiem diapazoniem. Kalibracijas likne diapazonam no 1 lidz 160
mg L! ir labaka neka diapazonam no 1 Iidz 200 mg L'

Nemot véra, ka F tests bija statistiski nozimigs un iegita likne bija lineara,
tika konstatéts, ka, izmantojot galluskabes koncentraciju no 1 Iidz 160 mg L™
devinu punktu kalibracija, iegtti precizaki rezultati. Rezultata tika aprékinatas
noteikSanas (LOD) un kvantificéSanas robezas (LOQ).

Tika konstatets, ka metodes noteikSanas robeza (LOD) ir 1.254 mg L un
kvantific€Sanas noteikSanas robeza (LOQ) ir 3.801 mg L™'. Tadgjadi izstradatas
metodes galluskabes mérijumu diapazons ir no 3.801 Iidz 160 mg L'. Turklat
tika noverots, ka analiz&to augu ellu matricas efekts neparsniedz +£5%, kas norada
uz metodes piemé&rotibu dazadu paraugu sastavam un nelielu matricas ietekmi uz
kopgjo fenolu kvantitativo noteikSanu. Literattira min&tas LOD un LOQ vértibas
apstiprina iegiitos rezultatus, noradot LOD diapazonu no 1.20 lidz 2.20 mg GAE
L' un LOQ diapazonu no 3.60 lidz 6.60 mg GAE L™!, izmantojot p&tijumos
kafijas produktus (Anh-Dao et al., 2023). Autori iesaka izmantot zilo (B) krasu
augu ekstraktiem, kas ir bagati ar fenolu savienojumiem, bet sarkano (R) krasu —
tiem, kuriem ir zemaks fenolu savienojumu saturs.

Lai kvantitativi salidzinatu viedtalrupa att€lu analizes precizitati ar UV/VIS
spektrofotometriju, tika veikts t—tests, kas paradija, ka aprékinata t—vertiba (4.63;
p <0.05) ir lielaka par kritisko, noradot uz statistiski nozZimigam atskiribam starp
abam metodém. Tomér, veicot ekvivalences testu (TOST) ar praktiski
nozimigam robezam +5 mg GAE kg™, iegltais 95% ticamibas intervals (0.27,
0.69 mg GAE kg') pilniba ietilpa pielaujamaja robeza, kas nozime, ka
viedtalruna att€lu analizes metode nodroSina pietiekamu precizitati fenolu
koncentracijas noteikSanai.

Kopuma analizeti 40 dazadu augu ellu paraugi, kas iedaliti desmit grupas
atbilstosi ellas veidam. Katras grupas ietvaros izvel&ti Cetri paraugi no dazadam
geografiskam izcelsmeém, kas lava izvertét fenolu saturu ne tikai starp dazadiem
ellas veidiem, bet arT to ieguves regioniem.

Visaugstakais kop€jais fenolu saturs noteikts olivella no Portugales (OL—
PRT) un kanepju ella no Latvijas (HE-LVA). Spektrofotometriskaja analizé
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Siem paraugiem tika noteikta attiecigi 400.1 = 1.6 un 181.4 + 0.7 mg GAE kg’
ellas, bet viedtalruna attélu analizé — 400.0 £ 2.5 un 184.5 £ 1.1 mg GAE kg™
ellas, kas norada uz lidzvertigu metozu savstarpgji iegiitiem datiem. Salidzinosi,
zemakais kop&jo fenolu saturs konstatéts vinogu un kukurlizas ellas, kuras
spektrofotometra dati bija robezas no 10.8 = 0.1 mg GAE kg™ Francijas vinogu
ella (GR-FRA) Iidz 13.2 + 0.1 mg GAE kg Italijas kukuriizas ellai (CO-ITA),
savukart viedtalruna attelu analizes vertibas svarstijas no 10.4 £ 0.1 mg GAE
kg™ (GR-FRA) Iidz 12.9 £ 0.1 mg GAE kg' (CO-ITA).

Analizgjot paraugu grupas, konstatéts, ka visaugstakais fenolu saturs tika
noteikts olivellu grupa, kura Portugales (OL-PRT) un Griekijas (OL-GRC)
paraugi uzradija iev@rojami augstakas vertibas neka Italijas (OL-ITA) un
Spanijas (OL-ESP) olivellas. Tas norada uz iesp&jamu ietekmi no audze$anas
apstakliem vai apstrades metodes. Lidziga tendence vérojama kanepju ellu
grupa, kur Latvijas (HE-LVA) un Lietuvas (HE-LTU) paraugi uzradija
augstakas fenolu koncentracijas neka Polijas (HE-POL) un Vacijas (HE-DEU)
paraugi. Sis atskiribas var biit saistitas ar klimatiskajiem un augsnes faktoriem.

Savukart rapsu ellu grupa novérotas vertibas bija ievérojami zemakas neka
olivellas grupa, kas ir sagaidami, nemot véra rapSu ellas kimiska sastava
atSkiribas. Lielakas vertibas tika konstatetas Zviedrijas (RA—SWE) un Latvijas
(RA-LVA) paraugos (101.4 £ 0.4 un 89.5 + 0.3 mg GAE kg™), bet zemakas —
Vacijas (RA-DEU) un Polijas (RA—POL) paraugos (80.7 £ 0.3 un 85.9 = 0.3 mg
GAE kg™). STs nelielas variacijas var biit saistitas ar rapsu $kirnu atskiribam un
regionalajam audze$anas praksém.

Zemakais fenolu saturs grupa konstatétas vinogu un kukuriizas ellu grupas.
Vinogu ellu grupa visaugstakais fenolu saturs tika noteikts Spanijas (GR—ESP)
ella (15.3 £ 0.1 mg GAE kg™), bet zemakais — Francijas (GR-FRA) ella (10.8 £
0.1 mg GAE kg'). Sis zemas vértibas liecina, ka vinogu ellas fenolu
koncentracija ir salidzinosi maza, kas var bt saistits ar ellas ekstrakcijas metodi
un izejvielas apstrades veidu. Lidzigi kukuriizas ellu grupa tika novérotas
zemakas fenolu koncentracijas visa p&tijuma, kas liecina, ka §ts ellas kimiskais
sastavs atskiras no citam augu ellam un fenolu saturs tajas ir ierobeZots.

Neskatoties uz dazam atskirtbam starp metodem, viedtalrupa att€lu analize
nodrosina fenolu satura noteikSanu, ko apliecina statistiski nozimiga korelacija
starp metodeém un neliela relativa kliida norada, ka So metodi var izmantot ka
alternativu UV/VIS spektrofotometrijai.

Salidzinot UV/VIS spektrofotometra un viedtalruna att€lu analizes
mérfjumus, tika konstatéts, ka relativa standarta novirze (%RSD) kopgja fenolu
satura noteikSana (TPC) bija attiecigi 0.5% un 0.7%, noradot, ka abas metodes
nodro$ina augstu precizitati un atkartojamibu. JaatzZime, ka literatlira noraditais
%RSD spektrofotometrijai svarstas no 0.1 Iidz 4.8% (Yanti et al., 2017,
Jakubikova et al., 2022; Anh-Dao et al., 2023; Zugazua-Ganado et al., 2024).

Lai gan mazaka mérjjumu izkliede UV/VIS spektrofotometra lauj iegtt
precizakus rezultatus, tomér viedtalruna att€lu analizes m&rjjumus var izmantot
ka alternativu UV/VIS spektrofotometrijai. Diemzgl zinatniskaja literattra nav
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izdevies atrast datus par viedtalruna att€lu analizes izmantoSanu kopg&jo fenolu
satura noteikSanai augu ellas.

Salidzinajuma ar literattira noraditam vertibam, $aja pétjjuma izstradata
viedtalruna att€lu analizes (VAA) metode uzradija bitiski zemakas %RSD
vertibas, kas norada uz analitisko precizitati un stabilitati starp atkartotiem
merjumiem.

Saskana ar ISO 5725-2 standartu tika noteikta atkartojamibas robeza (r = 2.8
x RSD), lai novértétu mérfjumu konsekvenci. ST robeZa nosaka maksimali
pielaujamo atskiribu starp diviem neatkarigiem mérfjumiem ar 95% ticamibu.
UV/VIS uzradija vid&jo atkartojamibu » 1.3% (maksimali — 2.6%), savukart
VAA metode — vidgji 1.9% (maksimali — 3.3%). Tadgjadi divi secigi mérijumi,
izmantojot VAA metodi, vidgji atskirsies £1.9% robezas (salidzinot ar £1.3%
UV/VIS), bet maksimalaja novérotaja mainiguma +3.3%. Gan vidgjas, gan
maksimalas atkartojamibas veértibas atbilst visparpienemtajiem analitiskajiem
metodes noteikSana kritérijiem (r < 5%), apliecinot, ka VAA nodrosina uzticamu
rezultatu atkartojamibu.

Precizitate tika novertéta, aprékinot absoliito procentualo atskirbu starp
rezultatiem, kas iegtti ar VAA attieciba pret UV/VIS. Tika konstatets, ka vidgja
novirze bija 1.5%, nevienam atseviskam mérfjumam neparsniedzot 3.7%. Sis
vertibas ir zem visparpienemtas +5% robezas kvantitativajam analizém,
apliecinot, ka VAA metode reproduce UV/VIS rezultatus ar minimalu
sistematisko klidu. Sie rezultati apstiprina metodes ticamibu, nodrosinot
precizus rezultatus kop€jo fenolu satura noteikSanai augu ellas un var tikt
izmantota, ka alternativa tradicionalajai UV/VIS spektrofotometrijai.

7. Korelacijas matricas analize, balstoties uz veikto analizu
rezultatiem

Korelacijas matricas analize nodroS$ina detalizétu kvantitativu ieskatu fizikali
ktmisko parametru savstarpgja mijiedarbiba dazadu augu ellu sastava, izmantojot
krasu intensitates karti. Korelacijas matricas intensitates karte (10 att.) ir ietverti
un savstarpgji salidzinati $adi iepriek$€jo analizu raditaji: krasas skaitlis (CN),
kopgjo fenolu saturs (TPC), radikalu neitraliz€sanas aktivitate (RSA) un Tona
vertiba (H), kas atspogulo augu ellas fluorescences krasu. Statistiski nozimiga
korelacija pastav starp krasas skaitli (CN) un kopgjo fenolu saturu (TPC) (r =
0.88, p < 0.05), kas norada, ka fenola savienojumi bitiski ietekmé ellas krasu.
Statistiski nozimiga ir arT CN un radikalu neitraliz€Sanas aktivitates (RSA)
korelacija (r = 0.72, p < 0.05), kas liecina par pigmentu saistibu ar
antioksidativam TpaSibam. CN un Tona vertibas (H) korelacija (r=0.61, p <0.05)
ir statistiski nozimiga, uzsverot atSkiribas starp redzamas gaismas un
fluorescences spektriem.
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10. att. Veikto analiZu korelacijas matricas intensitates karte /
Fig. 10. Heatmap of the correlation matrix for the analyses performed

Statistiski nozimiga ir ar korelacija starp RSA un TPC (r = 0.72, p < 0.05),
kas apstiprina fenola savienojumu ietekmi uz antioksidativajam ipasibam.
Savukart, RSA un H korelacija (r = 0.15, p > 0.05) ir vaja, noradot uz praktiski
neesosu saistibu starp antioksidativajam un fluoriscentajam Tpasibam.

8. Algoritma izstrade Python programmesanas valoda

Izstradatais algoritms lauj viedtalruni iegiitos att€lu datus RGB krasu sistéma
parveidot par absorbciju, iegit kalibracijas liknes kop€jo fenolu satura
noteikSanai un aprékinat analiz€jamo augu ellu paraugu kopgjo fenolu satura
koncentraciju un radikalu neitralize$anas aktivitati. Sadu atverta tipa programmu
var izmantot ar datora instalétu Python izstrades vidi (pieméram, IDLE Python
3.11) vai ar1 tieSsaistes programmesanas riku Kaggle (https://www kaggle.com).
Kaggle vides prieksrociba ir ta, ka nav nepiecieSama Python programmatiira
Windows, i0S, Linux vai citas operétajsistemas. Salidzinot ar MS Excel, Python
programmésanas valodai ir vairakas prieksrocibas, jo ta lauj veikt sarezgitakus
aprekinus, piedava plasu klastu specializétu biblioteku, kas paredzetas zinatnisko
datu sarezgitiem algoritmiem, aprékiniem un analiz€ém (piem&ram, NumPy,
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SciPy, Pandas), atbalsta lielaku datu apjomu, piedava augstaku reproducgjamibu,
laujot automatizet aprékinu procesus, ka ar to var integrét citas programmeésanas
vides, pieméram, C++, Java, HTML, vai arT Android un iOS lietotn&s.

Lai gan pastav citas Iidzvertigas programmeésanas valodas, pieméram, R un
RStudio, kuras arT tiek izmantotas datu analizei, statistikai un var integréties citas
programmeésanas valodas, Python priekSrocibas ir ta elastiba, ievErojams
biblioteku klasts un plasaks pielietojums zinatniskajas jomas, kas saistitas ar
licliem datu apjomiem, sareZgitiem algoritmiem, ka ari spécigs atbalsts
masinmacisanas un maksliga intelekta jomas.

8.1. Python algoritms viedtalruna attelu analizei kopéjo fenolu
satura noteikSanai augu ellas

Ja lietotajam nav iespgjas ievietot min€to Python algoritma kodu Python
izstrades vide (IDLE Python 3.11), tad pastav iespgja ievietot So kodu tieSsaistes
programmeésanas rika Kaggle (https://www.kaggle.com) vidg.

Viedtalruna att€lu analizé RGB krasu sisttma kopgjo fenolu satura
noteikSanai augu ellas tika izmantoti sekojosie Python koda algoritma strukttiras
posmi: 1) izmantotas biblioteékas; 2) lictotaja datu ievade un apstrade;
3) absorbcijas aprekini; 4) lineara regresija un kalibracijas liknu ziméSana;
5) analiz€jamo augu ellu paraugu datu analize, kas saistita ar kopgjo fenolu satura
noteikSanu; un 6) iegiito rezultatu datu saglabasana MS Excel faila formata.
Python izstradata algoritma pilna koda lejupielades tieSsaistes resurss ir dots
petijuma V posma apraksta.

Lai noteiktu kopg&jo fenolu saturu augu ellas, izmantojot Python algoritmu,
tiek importétas nepiecieSamas bibliotekas, ieskaitot NumPy, Pandas, Matplotlib
un SciPy. Lietotajs ievada nepiecieSamos datus, piem&ram, koncentracijas
vienibas, Iy vertibu un kalibracijas punktu skaitu. Absorbcijas aprékini tiek veikti
katram krasu kanalam (R, G, B) un apvienotajiem kanaliem (RGB, RG, RB, GB).
Izmantojot linedaras regresijas analizi, tiek aprékinatas kalibracijas liknes un
att€lotas grafiski. Rezultati tiek analizéti un saglabati MS Excel formata.
Algoritms ir izveidots ta, lai lietotajs varétu ievadit datus, kas péc tam tiek
parveidoti par NumPy masiviem efektivakai datu apstradei.

Izstradatais Python koda algoritms var tikt izmantots ne tikai augu ellu kopgjo
fenolu satura noteik$anai, izmantojot viedtalrunt iegiitu att€lu analizi, bet arT citu
augu vai ktmisku vielu analizes, kuras tiek izmantoti gaismas jutigie sensori, kas
sp€j noteikt RGB krasu sistemu.
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8.2. Python algoritms viedtalruna attelu analizei radikalu
neitralizéSanas aktivitates noteikSanai augu ellas

Viedtalrupa attelu analiz€ RGB krasu sistéma radikalu neitraliz€Sanas
aktivitates noteikSanai augu ellas izmantoti $adi Python koda algoritma
struktiiras posmi: 1) nepiecieSsamie moduli un bibliotekas; 2) lietotaja datu ievade
un apstrade; 3) absorbcijas aprekini; 4) analiz€jamo augu ellu paraugu datu
analize, kas saistita ar radikalu neitraliz€Sanas aktivitates noteikSanu; un
5) iegiito rezultatu datu saglabasana MS Excel faila formata. Python izstradata
algoritma pilna koda lejupielades tieSsaistes resurss ir dots pétijuma V posma
apraksta.

Lai noteiktu radikalu neitralizéSanas aktivitati augu ellas, izmantojot Python
algoritmu, tiek import&ti math modulis un Pandas biblioteka. Lietotajs ievada 10,
IDPPH vértibas un analiz€jamo paraugu skaitu. Absorbcijas vértibas tiek
aprékinatas katram krasu kanalam (R, G), un tiek veikti nepiecieSamie
matematiskie aprekini. legiitie rezultati tiek izvaditi lietotajam un saglabati MS
Excel formata. Algoritms nodrosina strukturétu pieeju datu ievadei un apstradei,
nodroSinot precizus un viegli interpret€jamus rezultatus. Izstradatie algoritmi
paver jaunas iesp&jas inovativai zinatniskai p&tniecibai un kimisko vielu analizei.

9. Viedtalruna lietotnes DiColorimetry funkcionalo iespéju

novertejums

Lai paplasinatu Python programméSanas valoda izstradata algoritma
pielietojumu un nodro$inatu ta pieejamibu arT viedtalruna ierices, tika izstradata
lietotne DiColorimetry (11.att., A). Tas mérkis ir nodrosinat lietotajam intuitivu
un funkcionali pilnvertigu vidi kopg&jo fenolu satura un radikalu neitraliz€Sanas
aktivitates kvantitativai noteikSanai, izmantojot viedtalruna att€lu datus RGB
krasu sist€éma.

Lietotne izstradata, izmantojot Flutter izstrades vidi, kas balstits uz Dart
programmésanas valodu. ST izvéle nodrodina modernu un vizuali vienotu
grafisko lietotaja saskarni vairakas platformas. Sist€mas arhitektiira apvieno
Flutter izveidoto lietotaja interfeisu ar Python algoritma integraciju, kas darbojas
ka analitiskais modulis. Sis modulis nodrosina datu apstradi un kvantitativo
analizi tieSi viedtalruna ierice, neizmantojot ar&jas datu apstrades platformas.

Lietotne sastav no trim galvenajiem analitiskajiem rezimiem: Total Phenolic
Content, Radical Scavenging Activity un Colorimetric Camera (11.att., B). Katrs
rezims ietver tiis logiski secigus posmus: datu sagatavosanu, paraugu analizi un
rezultatu vizualizaciju. Kalibracijas dati lietotn€ ievadami manuali vai iegiistami
no att€liem ar paraugiem, no kuriem automatiski tiek iegiitas RGB vértibas.
Talak Sie dati tiek parversti absorbcija un koncentracijas, izmantojot linearas
regresijas modeli. Iegttie rezultati tiek att€loti tabulu veida, un tos ir iesp&jams
eksportet CSV formata turpmakai analizei.
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11. att. Lietotnes DiColorimetry sakuma ekrans, analizes reZima izvéles
struktiira un kolorimetriskas kameras rezZima darbibas posms /
Fig. 11. Start screen of the DiColorimetry application, structure of the
analysis mode selection, and the operational stages of the colorimetric
camera mode

Kolorimetriskas kameras rezims nodrosina paplasinatu funkcionalitati, laujot
analiz&t attélu krasu informaciju gan RGB, gan HSV krasu sistémas (11.att., C).
Lietotajs var izvel&ties analiz€jamo noteikSanas regionu tiesi no attéla — apla vai
kvadrata forma. Atskiriba no TPC un RSA rezimiem, kuros iesp&jama tikai RGB
datu apstrade, Sis reZims ir piemérots plasakam pielietojumam, tostarp
eksperimentalai metodologiju izstradei un kimiskajam analizém daZados
matrices paraugos. Lietotne DiColorimetry mnodroSina augstu lietoSanas
pieejamibu un precizu datu apstradi viedtalruna vide, vienlaikus piedavajot
iespgjas datu eksportam un to talakai analizei zinatniskas pétniecibas noliikos.
Ta paver jaunas iespgjas jaunu metozu izstradei analitiskaja kimija.

SECINAJUMI

1. Analiz€jot peroksida, skabes un joda skaitlus, tika konstatets, ka
eksperimentos izveletas augu ellas atbilst svaigu ellu kvalitates raditajiem
un izmantojamas kolorimetrijas p&tijumos.

2. Izvertgjot optimalo distanci att€la un RGB krasu sisteémas iegiiSanai, tika
konstatéts, ka attalums 12.0+0.1 cm ir vispiemérotakais. Palielinot
attalumu, noteikSanas robezas klist mazak precizas attieciba uz kivesu
laukumu, savukart samazinot attalumu, nov€rojama objektiva griitaka
fokus@Sana.
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Kolorimetriskai krasas skaitla noteikSanai izmanto visu RGB krasu
sistému, jo augu ella var veidot ne tikai tai raksturigo dzelteno krasu, bet ar1
zalu un sarkanu, tad€l nevar nemt véra tikai primaro un sekundaro krasu
apli.

Izmantojot fluoresc€joso gaismu, pétitas augu ellas var iedalit seSos
hierarhijas klasteros péc to Tona ieglitajam vertibam: sarkana, zila, ciana,
zala un dzeltena.

Radikalu neitraliz€Sanas aktivitates noteikSana, izmantojot RGB krasu
sisttmas RG (sarkanas—zalas) vértibas, tika iegtiti Iidzigi rezultati ka ar
UV/VIS spektrofotometrijas metodi, ar statistiski nenozimigam atskiribam,
paradot §1s metodes potencialu ka piemerotu alternativu klasiskajam
analizes metodeém.

Radikalu neitralizeéSanas aktivitates novertéSana tika noteikts, ka metodes
vidgja atkartojamiba ir 2.3%, bet maksimala 3.0%, savukart vidgja
precizitate ir 0.7%, bet maksimala 4.4%. legiita relativa standartnovirze
(%RSD) 0.8% ir tuvu zemakajai literatiira noraditajai v&rtibai
spektrofotometrija, apliecinot metodes piemérotibu un ticamibu rezultatu
iegiSana dazados augu ellu paraugos.

Kopgjo fenolu satura analize, izmantojot galluskabes kalibracijas Iikni, tika
iegiiti determinacijas koeficienti sarkanajai (R) krasai R? = 0.9988, zalajai
(G) R*=0.9938 un zilajai (B) R?=0.9752. Sarkanas (R) un zalas (G) krasas
sisttmas uzradija lidzigu determinacijas koeficientu ka UV/VIS
spektrofotometrija (R? = 0.9977).

Kopgjo fenolu satura metodes noveértéjuma, tika iegiiti augsti precizitates,
atkartojamibas un ticamibas raditaji, ar determinacijas koeficientu (R?)
sarkanajai krasai 0.9988, noteikSanas (LOD) un kvantificéSanas (LOQ)
robezam attiecigi 1.25 mg L' un 3.80 mg L, apstiprinot §is metodes
piem&rotibu un salidzinamibu ar klasisko UV/VIS spektrofotometriju.
Kopgjo fenolu satura novértésana tika konstatéts, ka metodes vidgja
atkartojamiba ir 1.9, bet maksimala 3.3 mg GAE kg™! ellas, savukart vidgja
precizitate ir 1.5, bet maksimala 3.7 mg GAE kg ellas. legiita relativa
standartnovirze (%RSD) 0.7% ir tuvu zemakajai literatira noraditajai
vertibai spektrofotometrija, apliecinot metodes piemérotibu un ticamibu
rezultatu iegiiSana dazados augu ellu paraugos.

10. Python programmeéSanas valoda ir izstradati kop&jo fenolu satura un

11.
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radikalu neitraliz€Sanas aktivitates noteikSanas algoritmi, kas integréti
viedtalruna lietotn€ DiColorimetry.

Promocijas darba petijuma iegiitie rezultati apstiprina izvirzito hipotézi, ka
viedtalruna att€lu analize un kolorimetrisko metozu integracija ir ilgtsp&jiga
alternativa klasiskajam optiskas analitiskas kimijas metodém augu ellu
novertésana.



TOPICALITY OF THE RESEARCH

Healthy and safe food is one of the essential factors ensuring quality of life.
Therefore, the study and practical application of natural substances have always
been significant in the economy (Zeb, 2021). To assess the quality of oils in
production or research, traditional methods, such as spectrophotometry, are
commonly used. However, with the advancement of technology, the use of
smartphones has become increasingly accessible and popular as an alternative to
chemical analyses in both the food and medical industries, offering broader and
more convenient possibilities for conducting analyses (Zeb, 2021; Hassanien,
2023).

The use of smartphone image analysis in chemical analyses offers several
advantages: 1) they are portable, making them suitable for use in various
locations outside of laboratory settings; 2) they can be more cost-effective, as the
purchase cost of a smartphone is generally lower than that of chemical analysis
equipment; 3) there are no significant expenses associated with equipment
maintenance and calibration; 4) it is easy to use and operate without requiring
specialized knowledge, thereby complementing the range of classical analysis
equipment and methods (Bazani et al., 2021).

Given the growing interest in the application of such technology in analytical
chemistry, this method may also be potentially useful for the investigation of the
colorimetric properties of vegetable oils. The colour of vegetable oils is closely
linked to their antioxidant properties. Antioxidants are substances that help
prevent or reduce oxidation processes, which affect the quality and shelf life of
vegetable oils. These processes can lead to changes in sensory properties,
resulting in unpleasant odours and tastes, and can also reduce the nutritional
value of vegetable oils. Many antioxidants, such as carotenoids, tocopherols,
flavonoids, and phenolic compounds, are pigments that can directly influence
these processes (Ramadan, 2020).

Despite the potential advantages, there are also limitations; for instance, the
smartphone camera and light-sensitive sensors may affect the accuracy of the
analysis. Additionally, it is important to note that the use of smartphones in
chemical analysis is a relatively new method, and further research is needed to
compare its results with those of traditional analysis methods (Nguyen et al.,
2022).

The hypothesis of the thesis: smartphone image analysis and the integration
of colorimetric methods represent a sustainable alternative to classical optical
analytical chemistry methods for the evaluation of vegetable oils.

The hypothesis of the thesis has been confirmed by the defended thesis.

1. Determining the optimal distance for the smartphone camera ensures accurate
representation and analysis of RGB colour system values.
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2.

3.

Smartphone image analysis enables the determination of colorimetric colour
numbers and fluorescence analysis of vegetable oils.

The colorimetric method based on smartphone image analysis using the RGB
colour system provides the determination of radical scavenging activity and
total phenolic content in vegetable oils, showing comparable results with
UV/VIS spectrophotometry.

The Python programming language is suitable for developing algorithms for
digital image analysis in the RGB colour system, enabling automated data
processing and allowing the developed solutions to be adapted for use in a
smartphone application.

The aim of the thesis is to develop and test a methodology for integrating

smartphone image analysis with colorimetric methods for the evaluation of
vegetable oils.
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The following tasks were set to achieve the aim of the thesis:

to investigate the optimal distance for the smartphone camera that ensures
accurate acquisition and analysis of RGB colour system values;

to develop a smartphone image analysis method for determining the
colorimetric colour number in the analysis of various vegetable oils;

to conduct a colorimetric analysis of vegetable oil fluorescence using the
RGB and HSV colour systems, based on Hue values;

to compare the results of smartphone image analysis with those of UV/VIS
spectrophotometry in determining the radical scavenging activity of
vegetable oils using the RGB colour system;

to evaluate the smartphone image analysis method for determining total
phenolic content in vegetable oils using the RGB colour system, and to
compare the obtained results with those of the UV/VIS spectrophotometry
method;

to develop and use algorithms created in the Python programming language
to automate the speed of data processing and analysis of digital images,
integrating the evaluated methods into a unified system and ensuring their
adaptation for a smartphone application.

The novelty of the thesis:

for the first time, the integration of colorimetric methods for determining
radical scavenging activity, total phenolic content, fluorescence colorimetric
analysis, and colour number determination in vegetable oils using
smartphone image analysis has been studied;

algorithms for determining total phenolic content and radical scavenging
activity have been developed in the Python programming language. These
algorithms are integrable into the smartphone application DiColorimetry and
are intended for colorimetric analysis of digital images in the RGB colour
system.



The economic significance of the thesis.

1. The use of smartphone image analysis methods in the evaluation of vegetable
oils promotes the development of innovations by creating new, more efficient
solutions for conducting analytical measurements, and fosters technological
advancement and application across various production sectors.

2. By integrating algorithms developed in Python into the quality control of
vegetable oils, laboratories can automate data acquisition and analysis, as
well as improve data management.

3. Smartphone cameras and their customisable software enable image analysis
in the RGB and HSV colour systems to examine the presence of both colour
pigments and antioxidants. Existing studies on food matrices indicate a high
degree of accuracy in antioxidant property determination using smartphone
image analysis, demonstrating good linearity and precision in comparison
with classical methods.

APPROBATION OF THE RESEARCH WORK

Research results are published in 5 scientific journals indexed in SCOPUS
and Web of Science databases. The research results have been presented at
the 6th international scientific conferences, congresses and symposiums in
Latvia, Israel, Switzerland, Macedonia.

As aresult of the research, 2 algorithms and 1 smartphone application were
developed and registered in the Zenodo repository — an open science platform
maintained by CERN (European Organization for Nuclear Research) in
collaboration with the OpenAIRE project and supported by the European
Commission — obtaining Digital Object Identifiers (DOIs).

The research results have been presented at the international food industry
exhibitions "Riga Food 2020" and "Riga Food 2021," as well as at the invention
and innovation festival "MINOX Zemgale 2020." Additionally, an article on the
determination of total phenolic content using smartphone image analysis was
published on the international media platform "Devdiscourse" on 29 May 2024,
with the title: "Bringing Lab to Your Pocket: Smartphone-Based Method for
Measuring Phenolic Compounds in Vegetable Oils.

The study of PhD thesis was financially supported by:

European Social Fund project No. 8.2.2.0/18/A/014 "Improvement of LLU
academic staff" and LLU project "Strengthening Research Capacity in the LLU".
Project "Using a smartphone for the determination of biologically active
compounds in vegetable oils", Project No. 3.2.-10/126, Z46.
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MATERIALS AND METHODS

Time and place of the research

The research was developed in Latvia from 2019 to 2025 in the laboratories
of the Food Institute (former Faculty of Food Technology) at the Latvia
University of Life Sciences and Technologies (former Latvia University of
Agriculture) and in the Agrochemical Laboratory of the State Plant Protection
Service at the Ministry of Agriculture.

Research object - 40 different vegetable oils in glass packaging were
purchased from retail outlets in Latvia. The selected vegetable oils and their
characteristics are summarized in Table 1.

A Huawei P30 Lite smartphone (2019 model, Huawei Technologies Co. Ltd.,
China) with the Android operating system was used to capture digital images in
the RGB colour system.

The structure of the research

The research was conducted in five stages, and the main stages are
summarized in Table 2.

In Stage I of the research - Determination of quality indicators in
vegetable oils - selected vegetable oils were assessed for their quality. Stage I of
the research includes 2 steps.

In 1% step, vegetable oils available in the retail network in Latvia were
purchased, delivered to the laboratory, and stored under refrigeration at
+3 + 1 °C until further analysis.

In 2™ step, the quality indicators of vegetable oils were determined using the
following methods: Determination of acid value and acidity (LVS EN ISO
660:2020), Determination of peroxide value and calculation of mass of active
oxygen (LVS EN ISO 3960:2017), and Animal and vegetable fats and oils -
Determination of iodine value (LVS EN ISO 3961:2018).

To determine the distance required for capturing smartphone images, Stage
II of the research — Determining the optimal distance for image acquisition
- includes 3 steps.

In 1% step, the Huawei P series smartphone, P30 Lite, which won the
TechRadar Mobile Choice Consumer Award in 2019 (TechRadar Mobile Choice
Consumer Awards (MCCA)), was selected for the research.

In 2™ step, a polyvinyl chloride photo studio box (Photo Studio Box Puluz,
Puluz Technology Ltd., China) with an open front and dimensions of 24 cm x 23
cm x 22 cm was purchased from retail for analysis.

In 3" step, to determine the optimal distance for image acquisition, the
Huawei P30 Lite smartphone was positioned horizontally in front of the open
side of the photo studio box at distances of 9, 10, 11, 12, 13, 14, and 15 cm from
2.5 mL disposable macro cuvettes (BrandTech Scientific, Inc., USA) containing
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calibration solutions, comparison solutions, and vegetable oil samples. The
colorimetric analysis was conducted according to Figure 1.

To conduct the colorimetry studies required for smartphone image
acquisition, Stage I1I of the research - Colorimetry studies using Smartphone
image analysis - includes 2 steps.

In 1% step, Colorimetric determination using smartphone image analysis,
the colorimetry method is based on determining the visible light colour in
vegetable oils through the analysis of images obtained with a smartphone. To
determine the hue in vegetable oils, they were compared with iodine calibration
solutions prepared according to the GOST 5477-2015 method (GOST 5477,
2015), and expressed as a colour number.

In 2" step, Colorimetric analysis of vegetable oil fluorescence, the
fluorescence colorimetric analysis method is based on the fluorescence of
vegetable oils, using a 390 nm LED light spectrum and image analysis obtained
with a smartphone.

Stage IV of the research - Determination of radical scavenging activity
and Total phenolic content using smartphone image analysis — includes
2 steps.

In 1% step, the following were determined for vegetable oils: 1. radical
scavenging activity, based on the method of determining radical scavenging
activity in vegetable oils through smartphone image analysis using the red, green,
and blue (RGB) colour system. Radical scavenging activity is expressed as the
percentage of DPPH radical inhibition (RSA); 2. total phenolic content, based
on the method of determining total phenolic content in vegetable oils through
smartphone image analysis using the red, green, and blue (RGB) colour system.

In 2" step, the method for determining total phenolic content was evaluated,
and a statistical analysis was performed, involving the use of red colour (R)
values obtained from smartphone images during the analysis. The linearity of the
calibration curves was assessed by applying a regression model to the data points
used. The slope, intercept, and their respective errors for each calibration curve
were calculated. The fit was evaluated using the coefficient of determination
(R?), and an F-test was additionally performed to compare the two calibration
models and determine the best fit. The limits of detection (LOD) and
quantification (LOQ) were calculated using the calibration curves and their
resulting equations, thereby determining the lowest possible detection
concentration and the lowest concentration that can be accurately quantified. The
method's precision and repeatability were assessed by analysing vegetable oil
samples in 10 replicates. The relative standard deviation (%RSD) was calculated
to evaluate the variability of the measurements.

Development of the algorithm in the Python programming language and
its integration into a smartphone application, Stage V of the research includes
2 step.
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In 1% step The algorithm for determining total phenolic content and radical
scavenging activity (RSA) is based on the use of the Python programming
language, allowing RGB colour system data obtained from a smartphone to be
input and processed in Microsoft Windows 10 and 11, as well as in web browser
environments such as Kaggle (https://www.kaggle.com).

The developed Python algorithms are available in the web application for the
smartphone image analysis project: https://github.com/
SanitaVucane/Analysis-of -Smartphone-images-in-RGB-colour-system* and
https://github.com/SanitaVucane/  Determination-of-radical-scavenging-
activity-using-smartphone-image-analysis°.

They were also registered in the Zenodo repository—a scientific platform
maintained by CERN in collaboration with the OpenAIRE project and supported
by the European Commission—obtaining Digital Object Identifiers (DOIs):
https://doi.org/10.5281/zenodo.15225435 and
https://doi.org/10.5281/zenodo.15229741

In 2" step, includes the development of the smartphone application
DiColorimetry, which is based on the open-source Flutter framework (developed
by Google), built on the Dart programming language, and integrates previously
developed Python algorithms.

Zenodo, CERN. https://doi.org/10.5281/zenodo.15328506.

Statistical Data Processing Methods

Data processing was performed using methods of mathematical statistics.
The obtained results were used to calculate arithmetic means, relative standard
deviation (%RSD), t-tests, and cluster analysis using the hierarchical method,
where object classification was performed according to Ward’s method, using
the IBM SPSS Statistics software package (version 23.0.0.0, George & Mallery
2016). The statistical processing and correlation analysis of total phenolic
content and radical scavenging activity were carried out using the Python
programming language (version 3.11, Windows 10) and the Kaggle web
application, which allows for the exploration and development of Python models
in a web environment (https://www kaggle.com).

4 Determination of total phenols in Vegetable oils
https://github.com/SanitaVucane/Analysis-of-Smartphone-images-in-RGB-
colour-system : Resurss skatits 2024. gada 15. augusta.

> Determination of Radical Scavenging Activity
https://github.com/SanitaVucane/Determination-of-radical-scavenging-activity-
using-smartphone-image-analysis Resurss skatits 2024. gada 15. augusta.
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RESULTS AND DISCUSSION

1. Quality indicators of vegetable oils

To determine the freshness of vegetable oils, quality indicators such as
peroxide, iodine, and acid values were measured, as well as their impact on the
oil's quality and freshness. The peroxide value characterises the amount of
oxygen bound in the form of peroxides in the oil, indicating the oil's freshness
and the progression of spoilage. It was found that the peroxide values of
commercially purchased oils ranged from 1.1 = 0.1 mEq O: kg™ in rapeseed oil
group to 5.1 £ 0.1 mEq O: kg™ in sea buckthorn oil group. The Codex
Alimentarius standard stipulate that the peroxide value for fresh unrefined
vegetable oils should be up to 15 mEq O: kg™.

The active oxygen content in vegetable oil groups varies from 8.8+0.4
mg kg in rapeseed oil group to 39.2+0.1 mg kg™ in sea buckthorn oil group.
This indicates that oils with lower active oxygen content, such as rapeseed and
corn oils, will have a longer shelf life.

The linseed oil group exhibited the highest iodine value, 185+1 g 100 g™,
while the olive oil group showed the lowest, 87+1 g 100g™. The Codex
Alimentarius standards specify that the iodine value of linseed oil should be
between 170 and 211 g 100 g'. The iodine value primarily characterises the
amount of unsaturated fatty acids in the oil, but as the number of double bonds
decreases, it also allows the determination of the oil's oxidation level and its
impact on quality.

The acid value indicates the amount of free acids in the fats, which affects
the storage time and quality of the oil. The acid value of the studied oil groups
ranged from 1.3 + 0.1 mg KOH g in rice bran oil group to 2.5 £0.1 mg KOH
g ! in sea buckthorn oil group. The Codex Alimentarius standard stipulate that
the acid value for unrefined oils obtained by cold pressing should not exceed 4.0
mg KOH g™.

The research found that all selected vegetable oils meet the quality criteria
for fresh oils as specified in the Codex Alimentarius standards, and therefore can
be used in further colorimetric research.

2. Determining the optimal distance for image acquisition

To determine the optimal distance from the smartphone camera lens for
image capture and maximum colour accuracy, vegetable oils was used, placed in
a PS 2.5 mL disposable macro cuvette. The macro cuvette was placed in the
photo studio box. Using the X-Rite ColorChecker colour panel, which is used for
capturing colour and balance in professional camera images and videos
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(Hunt & Pointer 2011), it was found that the yellow colour values in the RGB
colour system were 185, 151, 18 pixels (px), or RGB (185, 151, 18) (Fig. 2).

For rapeseed oil, which was selected as the basis for visual comparison
(Fig. 3), the optimal distance from the smartphone camera lens to the object
under analysis was determined to be 12.0+0.1 cm, with corresponding RGB
values of 178, 152, 31 pixels. These values most closely match those of the
yellow colour panel on the X-Rite ColorChecker (Fig. 2) (RGB: 185, 151, 18
pixels), indicating the most accurate colour representation at this specific
distance.

As shown in Fig. 3, the detection region varies with the smartphone's
distance, affecting the numerical values of the RGB colour system. An evaluation
of the average RGB values for the remaining nine vegetable oil groups revealed
a similar tendency regarding distance and colour intensity.

For all vegetable oils, an increase in RGB values was observed at distances
exceeding 12.0+ 0.1 cm, which can be explained by the colours - particularly
green (G) and blue (B) - shifting towards white (RGB: 255 pixels). As shown in
Fig. 3, at a distance of 15.0£0.1 cm, the boundaries of the detection region
extend beyond the cuvette area (example: rapeseed oil), thus incorporating the
white background of the photo studio into the calculation. This inclusion
contributes to the RGB values approaching the maximum of 255 pixels.

Conversely, at distances shorter than 12.0 £ 0.1 cm, a decrease in RGB values
was observed across all vegetable oil groups, particularly in the G and B
channels, indicating a trend towards black (RGB: 0 pixels). This phenomenon
can be explained by the reduced amount of transmitted light due to the shorter
distance between the lens and the sample, resulting in diminished colour intensity
and image clarity. Under such conditions, the LED lighting is more readily
absorbed, and the smartphone camera struggles to maintain accurate focus, which
negatively affects the reliability of RGB value acquisition.

For vegetable oils with darker or more saturated tones, such as sea buckthorn
and hemp oils - whose initial RGB values (at 12 cm) are already lower, a more
pronounced decrease in RGB values is observed at closer distances. This
indicates significant differences in light transmittance among the various
samples. In contrast, lighter oils, such as rice or sunflower oils, exhibit a smaller
reduction in RGB values, thereby maintaining relatively high colour accuracy.

Based on the obtained results, it was concluded that the optimal distance for
accurate colour value determination for all analysed vegetable oil samples is
12.0£ 0.1 cm. At this distance, a clear and balanced colour spectrum is achieved,
which most accurately reflects the actual colours while avoiding overly bright
(due to white background interference) or overly dark (due to light absorption)
tones. The calculated t-value (p < 0.001) confirms that, at a 95% confidence
level, there are statistically significant differences between the distance from the
smartphone lens to the sample and the obtained RGB colour system values.
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As shown in Fig. 3, the range of the detection region varies depending on the
distance from the smartphone, which affects the numerical values of the RGB
system.

To determine how the specified distance affects black or white colour, the
X-Rite ColorChecker colour panel was used. The calculated t-values for white
(3.69, p > 0.05) and black (0.12, p > 0.05) indicate that, at a 95% confidence
level, there are no statistically significant differences between the distances from
the smartphone lens and the X-Rite ColorChecker colour panel for black and
white colours.

Therefore, it can be concluded that a distance range of 9.0£0.1 to 15.0£0.1
cm does not affect changes in white or black colours, as there are no obstacles to
light reaching the lens. Such changes could be influenced by the object being
studied, which absorbs a certain amount of light, or by the fact that the boundaries
of the detection region are outside the area of the analysed object in the cuvettes,
thus also considering the background colour used, which introduces an error in
capturing the true colour.

3. Colorimetric determination using smartphone image
analysis

To determine the colour number in the RGB colour system, digital imaging
of an iodine calibration solution was employed, demonstrating changes
depending on the solution concentration. The results were expressed as a colour
number ranging from 0 to 100 for the iodine calibration solution, based on the
intensity of the red (R), green (G), and blue (B) colour channels (Fig. 4).

Significant changes in the colour number of the iodine calibration solution
were observed in the green (G) and blue (B) colours. Changes in the green colour
(G) were noted throughout the colour number curve, while the intensity of the
blue colour rapidly decreased from 158 to 20 pixels. This drop in blue intensity
is associated with the increase in yellow intensity as the iodine concentration in
the solution increases. The decrease in blue is expected, as this colour does not
contribute to the formation of yellow, which is a secondary colour resulting from
the mixing of red and green. The study found that the intensity of the red colour
remained practically unchanged across all iodine standard solutions.

Vegetable oils can contain not only yellow but also green pigments, such as
chlorophyll, which is found in hemp or olive oil. Therefore, to obtain a more
accurate colorimetric spectrum of vegetable oils, the average RGB (RGByid/ avg)
value of all three colours (red, green, blue) was calculated. This average colour
value was then converted to absorbance according to the Beer-Lambert equation,
and the iodine solution calibration curve was obtained, expressed as a colour
number. The obtained colour number values for the vegetable oils are shown in
Figure 5.
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The highest colour number was observed in the hemp (42.0+0.1 —
46.2+0.1) and olive (41.3+£0.1 —45.2+0.1) oil groups, while the lowest was
found in the linseed (3.8 0.1 — 4.2+0.1), grape (4.2+0.1 — 4.6+0.1), corn
(49+0.1 —6.2+0.1), rice bran (4.5+£0.1 —7.2+0.1), and sunflower (7.0+ 0.1
— 7.8+0.1) oil groups. A moderate colour number was identified in the milk
thistle (14.2+0.1 — 15.3+0.1), rapeseed (14.2+0.1 — 16.3+0.1), and sea
buckthorn (15.0+£0.1 — 23.3+0.1) oil groups (Fig. 5). The smartphone used
detected the three primary colours found in nature - red, green, and blue
(Pietal., 2022). Since white is formed by the mixture of all three primary colours
- red (R), green (G), and blue (B) - white was used as the background for
capturing images with the smartphone (Colour code (px) = (255, 255, 255)).

The pixel value range for each primary colour is from 0 to 255, and the white
colour should have a value of 255 pixels. Using the PULUZ photo studio with
light-emitting diodes (LED), it was found that it was not possible to achieve a
completely white colour of 255 pixels. Under LED lighting, 182 pixels were
recorded in the RGB colour system. This reduction in pixel values is related to
the colour temperature of the LED light used (3200K), which cannot reach the
full intensity of white, causing the colour to trend more toward black, or 0 pixels.

The results indicate that hemp and olive oils have a high content of plant
pigments and are rich in biologically active substances, such as chlorophylls and
carotenoids. Higher chlorophyll content was found in hemp and olive oils
(138.0/2-5 mg kg™') compared to carotenoids (33.6/6.0 mg kg™). It is known that
chlorophyll gives a darker colour to the product than carotenoids, which is why
the colour number for these oils is higher than for other vegetable oils (Fakourelis
et al., 1987; Nikolova et al., 2014). In linseed, grape, rice bran, macadamia nut,
corn, and sunflower oils, chlorophyll content is very low (0.30 to 1.79 mg kg™),
while carotenoid content is higher - ranging from 4.32 to 10.6 mg kg™'. Milk
thistle and rapeseed oils contain moderate levels of chlorophylls (1.79 — 6.56 mg
kg™!) and carotenoids (5.02 — 9.57 mg kg). According to scientific literature,
sea buckthorn oil is considered one of the richest in carotenoids, exceeding 302.8
mg kg of oil (Li & Beveridge, 2003; Ramadan, 2020). The variation in colour
number values among vegetable oils depends on the quality of the raw materials,
the plant variety, and the production technology used.

4. Colorimetric analysis of vegetable oil fluorescence

To obtain Hue values, the smartphone-generated colorimetric digital images
in the RGB system must be converted into Hue images using the HSV colour
model. While the RGB colour system correlates with the human visual
perception, it does not fully represent the entire colour spectrum. Therefore, a
colour model that more accurately reflects human colour perception—the HSV
(Hue, Saturation, Value) model—is employed. This model has the advantage of

42



separating achromatic (Value) and chromatic (Hue and Saturation) components
(Loesdau et al., 2014). The colour information extracted from RGB images can
be used to derive Hue values (Fig. 6), which depict the characteristic fluorescent
colours of each vegetable oil.

The hue values indicate substantial differences in fluorescence between olive,
hemp, and other commonly encountered vegetable oils, offering a quantitative
approach for their analysis. Oils such as olive-hemp, grape—sunflower—rice
bran—linseed, and milk thistle—corn exhibit similar Hue values.

The Hue values (Fig. 6) reveal that the ten studied vegetable oil groups
possess distinct ranges of colour tones.

According to Fig. 6, olive and hemp oils fall within the red colour range of
330° to 360°, with mean values of 351+ 1° and 350+ 1°, respectively. Grape,
sunflower, rice bran, and linseed oils lie within the blue range of 210° to 270°,
with mean values of 241+ 1°, 220+1°, 210+ 1°, and 204 + 1°, respectively.
Milk thistle and corn oils fall within the cyan range of 150° to 210°, with mean
values of 187+ 1° and 186 + 1°, respectively. Sea buckthorn oil is located in the
green range of 90° to 150°, with a mean value of 144 + 1°, while rapeseed oil is
within the yellow range of 30° to 90°, with a value of 43 £ 1°.

The Hue values of the vegetable oils range from 0° to 360°. To determine the
colour range of the ten vegetable oil groups based on their fluorescent colours, a
hierarchical cluster analysis was performed (Fig. 7). As a result of this analysis,
the oils were classified into five clusters:

The strong fluorescence of olive oil is attributed to natural fluorescent
molecules such as chlorophylls, tocopherols, pheophytins, phenolic compounds,
and their oxidation products. Fluorescence from phenolic compounds in olive oil
was detected using excitation in the 362-400 nm range (Tena et al., 2009). Hemp
oil contains chlorophylls, phenolic compounds, carotenoids, and tocopherols,
which also contribute to strong red fluorescence, similar to olive oil. The red
fluorescence indicates a high concentration of chlorophyll compounds in both
olive and hemp oils. The colour transition from blue to cyan indicates a decrease
in vitamin E (tocopherol) concentration towards cyan, with blue representing the
highest concentration of tocopherol and cyan the lowest. The bright green colour
of sea buckthorn oil indicates a high carotenoid content (Li & Beveridge, 2003).

5. Determination of radical scavenging activity

In this study, individual and mixed colour values in the RGB colour system
were determined to assess the potential for using colorimetric indicators in the
measurement of radical scavenging activity (RSA). Using a white background,
the mean RGB values should theoretically reach 255 pixels; however,
experiments revealed that in a 96% ethanol solution, the average RGB value
decreased to 180 pixels. The reduction in pixel range was found to depend on the
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concentration and the colour temperature of the light-emitting diodes (LEDs),
which was set at 3200 K.

It was observed that values obtained from the blue (B) channel differed from
those of the red (R) and green (G) channels. The distinctive sensitivity of the blue
(B) channel was demonstrated by combining it with red (R) or green (G) values
to form RB and GB combinations, which produced weaker results (p <0.05)
compared to other RG values and UV/VIS spectrophotometry across all
vegetable oils. Therefore, to obtain more accurate results, B, RB, and GB values
should not be used in the calculation of radical scavenging activity in vegetable
oils.

2.2-Diphenyl-1-picrylhydrazyl (DPPH) is a stable free radical capable of
accepting hydrogen atoms from antioxidants present in vegetable oils, forming a
stable DPPH-H molecule (Lee et al., 2007; Choi et al., 2018). Absorbance
decreases as the colour shifts from purple to pale yellow, with corresponding
wavelengths ranging from 405 to 520 nm. While DPPH reacts with antioxidants
to form a yellow colour, classical UV/VIS spectrophotometry typically measures
maximum absorbance at a single wavelength - 517 nm.

In contrast, smartphone image analysis enables simultaneous detection across
a broader spectrum of visible light, from 400 to 700 nm. Therefore, it is essential
to analyse complementary colours, which are represented in the primary and
secondary colour wheel (Fig. 8).

The colour wheel indicates that the complementary colour to violet is orange-
yellow (Fig. 8). However, when obtaining digital images using the Android
applications “ColorMeter” and “DiColorimetry,” only the three primary colours
- red (R), green (G), and blue (B) can be measured. Therefore, when determining
radical scavenging activity, it is necessary to select the primary colour that most
closely corresponds to the complementary (i.e., secondary) yellow. As shown in
the colour wheel, the primary colour closest to yellow is green. However, to
achieve more accurate results, a second primary colour red should also be used,
thus forming the RG colour system. By combining red and green, the secondary
colour yellow is effectively recreated.

The highest radical scavenging activity was observed in the sample of
Portuguese olive oil (OL-PRT), with results of 97.5+0.3% by UV/VIS
spectrophotometry and 97.2+0.7% via smartphone-based RG colour system
image analysis. Similar results were obtained for Greek olive oil (OL-GRC):
96.8 £0.3% (UV/VIS) and 96.4 £ 0.7% (RG). High activity was also recorded in
the Latvian hemp oil (HE-LVA) sample - 95.7+0.3% (UV/VIS) and
95.5+£0.7% (RG) as well as Latvian milk thistle oil (MI-LVA), with respective
values of 94.3+0.3% and 94.6+0.6%. Comparable values were found in
Latvian sea buckthorn oil (SE-LVA): 93.5+0.3% (UV/VIS) and 93.2+0.7%
(RG).

The lowest radical scavenging activity was observed in Italian corn oil (CO-
ITA), with results of 61.5+0.2% (UV/VIS) and 61.3 = 0.6% (RG), as well as in
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rice bran oil from the same country of origin (RI-ITA), where values were
67.6+£0.2% and 67.1 + 0.6%, respectively.

Grouping vegetable oils into categories, each comprising four samples of the
same type from different origins, allowed for the assessment of overall trends
and the identification of oil types with the highest radical scavenging activity.
The results showed that the olive oil group demonstrated the highest radical
scavenging activity, regardless of the method used. The average RSA result for
the olive oil group by UV/VIS spectrophotometry was 96.5+0.3%, while
smartphone-based image analysis using the RG colour system yielded
96.3 = 0.7%. All four olive oil samples (OL-ITA, OL-ESP, OL-PRT, OL-GRC)
exceeded 95% RSA, indicating high internal consistency and confirming the
comparability of both methods within this oil group.

The hemp oil group exhibited similarly high RSA values, although with
greater variability. The average result for the UV/VIS method was 87.6 +0.3%,
while the RG-based result averaged 87.5+0.7%. The highest values were
observed in the Latvian (HE-LVA) and Lithuanian (HE-LTU) samples
(UV/VIS: 95.7£0.3% and 89.4+0.3%; RG: 95.5+0.7% and 89.5+0.7%,
respectively), whereas the Polish (HE-POL) and German (HE-DEU) samples
showed slightly lower RSA values (RG: 84.0 + 0.7% and 81.0 +0.7%), possibly
due to climatic or agrochemical factors.

The milk thistle oil group showed lower RSA values compared to the hemp
oil group, with averages of 86.7 + 0.3% (UV/VIS) and 87.6 £ 0.6% (RG). Higher
results were obtained from the Latvian (MI-LVA) and Slovenian (MI-SVN)
samples, whereas the German (MI-DEU) sample exhibited slightly lower RSA
(UV/VIS: 78.7 £ 0.2%; RG: 81.3 £ 0.6%).

The rapeseed oil group showed the widest variability in RSA values. UV/VIS
results ranged from 81.0 +0.3% (RA-DEU) to 95.2+0.3% (RA-SWE), with a
group average of 88.8+0.3%. RG values ranged from 80.7+0.7% to
94.9 + 0.7%, with an average of 87.7 £ 0.7%. The highest results were observed
in the Swedish (RA—SWE) and Latvian (RA-LVA) samples.

The sea buckthorn oil group exhibited slightly lower radical scavenging
activity compared to the olive, hemp, milk thistle, and rapeseed oil groups. The
average RSA by UV/VIS analysis was 83.9 & 0.3%, while the RG-based analysis
yielded an average of 83.6 +0.7%. The Latvian sample (SE-LVA) recorded the
highest value within the sea buckthorn oil group (UV/VIS: 93.5+0.3%; RG:
93.2+0.7%).

The sunflower and linseed oil groups showed greater intra-group variability.
In the sunflower oil group, UV/VIS values ranged from 74.3+0.2% to
85.0+0.3%, with a mean of 79.3 £0.2%, whereas RG values ranged more
widely, from 73.8+£0.6% to 85.8+£0.6%, averaging 79.4+0.6%. For linseed
oils, the mean values were 67.7+0.2% (UV/VIS) and 67.8+0.6% (RG),
respectively.

The lowest overall radical scavenging activity was recorded in the rice bran,
corn, and grape oil groups. Rice bran oil samples exhibited UV/VIS RSA ranging
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from 67.6% to 77.0%, with a mean of 73.2+0.2%; the RG-based mean was
73.0+0.6%. Even lower values were observed in the corn oil group: UV/VIS
ranged from 61.5+0.2% to 77.3+£0.2% (mean: 69.7+0.2%), and RG from
61.3£0.6% to 76.7+0.6% (mean: 69.3 £0.6%). The grape oil group showed
pronounced value dispersion: UV/VIS ranged from 59.1 + 0.2% to 88.7 + 0.3%,
and RG from 56.7 £ 0.6% to 83.7 = 0.6%, with means of 71.8 + 0.2% (UV/VIS)
and 69.7+0.6% (RG). The lowest values were found in the French (GR-FRA)
and German (GR-DEU) samples, potentially due to differences in extraction
methods, raw material treatment, or environmental/agrochemical conditions.

Comparing UV/VIS spectrophotometry with smartphone-based image
analysis indicates that RG colour system data from smartphone images strongly
correlate with the UV/VIS method. The t-value of 0.47 (p>0.05) suggests no
significant difference between the measurement methods.

Summary data indicate that the relative standard deviation (RSD) for RSA
determination using the smartphone image analysis (VAA) method averaged
0.8%, which is 0.5 percentage points higher than that observed with traditional
UV/VIS spectrophotometry (0.3%). This difference reflects the influence of
colour on the analytical process inherent to the method. For total phenolic content
(TPC) determination under identical conditions, same distance, white
background, lighting, and smartphone settings, the RSD for VAA was 0.7%,
which is 0.1% lower.

Repeatability, calculated according to ISO 5725-2 using the formula r = 2.8
x RSD, was 2.3% for the VAA method, compared to 0.8% for UV/VIS. These
values fall within the 95% confidence interval for pairwise measurement
differences. While the repeatability range is wider for VAA, it remains within
the acceptable validation limit for analytical chemistry methods (<5%).
The increase from a UV/VIS mean of 0.8% (maximum 1.0%) to a VAA mean of
2.3% (maximum 3.0%) reflects variability in image acquisition and algorithmic
processing; however, it does not compromise the method’s suitability for
quantitative analysis.

The assessment of accuracy revealed that the VAA method’s mean absolute
deviation was 0.7% (maximum 4.4%) compared to UV/VIS, indicating minimal
systematic error and compliance with the acceptable +5% limit.

The obtained results confirm that, under standardised image acquisition
conditions and with appropriate image processing applications, the smartphone-
based VAA method can provide adequate accuracy (RSD < 1%), repeatability
(r<2.3%), and precision (<4.5%). Thus, this method can be considered a
suitable alternative for determining radical scavenging activity in place of
conventional UV/VIS spectrophotometry.
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6. Determination of total phenolic content

To determine the total phenolic content, calibration curves were constructed
using both spectrophotometric and smartphone image analysis methods. The
curves were generated based on gallic acid calibration solutions of known
concentrations (Fig. 9).

In each sample, RGB channel intensities were recorded and plotted against
the corresponding concentration to generate linear regression curves for each
colour channel individually. The resulting coefficients of determination were as
follows: R?=0.9934 for the red channel, R?=0.9938 for the green channel, and
R2=0.9752 for the blue channel. These values indicate a high degree of linearity
between the recorded colour intensity and phenolic concentration, thereby
confirming that image analysis is suitable for quantitative measurements. For
comparison, the coefficient of determination for the UV/VIS spectrophotometric
analysis was R2=0.9997 (Fig. 9).

To evaluate the method for determining total phenolic content, the following
statistical analyses were performed: regression analysis, t-test, coefficient of
determination (R?), F-test, relative standard deviation (%RSD), matrix effect,
equivalence test (TOST), limit of detection (LOD), and limit of quantification
(LOQ).

The red channel (R) values from smartphone-captured images were used to
calculate the absorbance values corresponding to gallic acid concentrations.
Assessing the linearity of the gallic acid calibration across the ranges of 1 to
200 mg L' and 1 to 160 mg L' yielded the following equations: y = 0.0056x +
0.006 (R2=0.9935) for 1-200mg L' and y = 0.0061x — 0.002 (R?=0.9988) for
1-160mg L!

It was found that better linearity was achieved using nine calibration points
within the range of 1 to 160 mg GAE L™'. The F-test result was significantly
lower for the 1-160 mg L' range (5.28 x 107'*) compared to the 1-200 mg L™
range (3.74 x 107'"), indicating a substantial difference in the quality of fit
between the two ranges. Thus, the calibration curve in the 1-160 mg L' range
proved to be more suitable.

Given the statistical significance of the F-test and the observed linearity, it
was concluded that using a nine-point calibration with gallic acid concentrations
from 1 to 160 mg L' yields more precise results. Based on this, the limits of
detection (LOD) and quantification (LOQ) were calculated.

The method's limit of detection (LOD) was determined to be 1.254 mg L™,
and the limit of quantification (LOQ) was 3.801 mgL™". Therefore, the
measurement range for gallic acid using the developed method spans from 3.801
to 160 mg L. Additionally, it was observed that the matrix effect of the analysed
vegetable oils did not exceed £5%, indicating the method’s suitability for diverse
sample compositions and minimal matrix interference in the quantitative
determination of total phenolic content. Reported values in the literature support
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these findings, with LOD values ranging from 1.20 to 2.20 mg GAE L™ and LOQ
values from 3.60 to 6.60 mg GAE L™ in studies involving coffee products
(Anh-Dao et al., 2023). The authors recommend the use of the blue (B) channel
for plant extracts rich in phenolic compounds and the red (R) channel for those
with lower phenolic content.

To quantitatively compare the accuracy of smartphone image analysis with
UV/VIS spectrophotometry, a t-test was performed, which showed a calculated
t-value of 4.63 (p <0.05), exceeding the critical value and indicating statistically
significant differences between the two methods. However, when performing an
equivalence test (TOST) using a practical margin of +5mg GAEkg™, the
obtained 95% confidence interval (0.27 to 0.69 mg GAE kg™') fell entirely within
the acceptable range, demonstrating that the smartphone image analysis method
provides sufficient accuracy for determining phenolic concentrations.

In total, 40 vegetable oil samples were analysed, divided into ten groups
according to oil type. Each group included four samples of different geographical
origin, allowing assessment of phenolic content across both oil types and regions
of origin.

The highest total phenolic content was observed in Portuguese olive oil (OL—
PRT) and Latvian hemp oil (HE-LVA). In spectrophotometric analysis, these
samples recorded values of 400.1+1.6 and 181.4+0.7mg GAEkg™ of oil,
respectively. Corresponding smartphone image analysis values were 400.0 +2.5
and 184.5+ 1.1 mg GAE kg™ of oil, demonstrating consistency between the two
methods.

In contrast, the lowest total phenolic content was found in grape and corn
oils, with spectrophotometric values ranging from 10.8 +0.1 mg GAE kg™ in
French grape oil (GR-FRA) to 13.2+0.1 mg GAE kg in Italian corn oil (CO—
ITA). The smartphone image analysis values ranged from 10.4+0.1 mg
GAE kg™ (GR-FRA) to 12.9+ 0.1 mg GAE kg! (CO-ITA).

Analysis of sample groups revealed that the highest phenolic content was
found in the olive oil group, where the Portuguese (OL—PRT) and Greek (OL—
GRC) samples showed significantly higher values compared to Italian (OL—ITA)
and Spanish (OL-ESP) olive oils. This suggests potential influences from
cultivation conditions or processing methods. A similar was observed in the
hemp oil group, where Latvian (HE-LVA) and Lithuanian (HE-LTU) samples
demonstrated higher phenolic concentrations than those from Poland (HE-POL)
and Germany (HE-DEU), likely reflecting differences in climate and soil
conditions.

In contrast, the rapeseed oil group exhibited markedly lower values than the
olive oil group, which is expected given the differing chemical composition of
rapeseed oil. The highest values in this group were recorded in Swedish
(RA-SWE) and Latvian (RA-LVA) samples (101.4+0.4 and 89.5+0.3
mg GAE kg™), while the lowest were found in German (RA-DEU) and Polish
(RA-POL) samples (80.7+0.3 and 85.9+0.3mg GAEkg™). These small
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variations may be attributed to differences in rapeseed varieties and regional
cultivation practices.

The lowest phenolic contents were observed in the grape and corn oil groups.
Within the grape oil group, the highest content was found in the Spanish
(GR-ESP) (15.3+0.1 mg GAE kg™), and the lowest in the French (GR-FRA)
sample (10.8+0.1 mg GAEkg™). These low values suggest that grape oils
generally contain limited amounts of phenolic compounds, possibly due to the
extraction methods and raw material treatment. Similarly, the corn oil group
showed the lowest phenolic concentrations across the study, suggesting that this
oil type is chemically distinct and contains relatively low phenolic content.

Despite some differences between methods, smartphone image analysis
enables reliable phenolic content determination, as supported by the statistically
significant correlation between methods and the small relative error, indicating
that it can be used as an alternative to UV/VIS spectrophotometry.

Comparison of UV/VIS spectrophotometry and smartphone image analysis
showed that the relative standard deviation (%RSD) for total phenolic content
(TPC) determination was 0.5% and 0.7%, respectively. This demonstrates that
both methods offer high precision and repeatability. It is worth noting that the
%RSD reported for spectrophotometry in the literature ranges from 0.1% to 4.8%
(Yanti et al., 2017; Jakubikova et al., 2022; Anh-Dao et al., 2023; Zugazua-
Ganado et al., 2024).

While the lower measurement variability of UV/VIS spectrophotometry can
yield more precise results, smartphone image analysis measurements are still
viable as an alternative. Notably, scientific literature has not yet reported data on
the use of smartphone image analysis for determining total phenolic content in
vegetable oils.

Compared to values reported in the literature, the smartphone image analysis
(VAA) method developed in this study showed substantially lower %RSD
values, indicating analytical precision and consistency across repeated
measurements.

In accordance with ISO 5725-2, repeatability was assessed by calculating the
repeatability limit (r = 2.8 x RSD) to evaluate measurement consistency. This
limit defines the maximum allowable difference between two independent
measurements at a 95% confidence level. UV/VIS showed a mean repeatability
of 1.3% (maximum 2.6%), while the VAA method yielded a mean of 1.9%
(maximum 3.3%). This means that two consecutive VAA measurements differ,
on average, by £1.9% (compared to +1.3% for UV/VIS), with maximum
variation up to £3.3%. Both mean and maximum repeatability values meet the
commonly accepted analytical criteria (r<5%), confirming the reliability of
VAA results.

Precision was further evaluated by calculating the absolute percentage
difference between VAA and UV/VIS results. The average deviation was found
to be 1.5%, with no single measurement exceeding 3.7%. These values are within
the generally accepted £5% limit for quantitative analyses, demonstrating that
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the VAA method closely replicates UV/VIS results with minimal systematic
error.

These findings confirm the reliability of the VAA method for accurate
determination of total phenolic content in vegetable oils, supporting its
application as a viable alternative to conventional UV/VIS spectrophotometry.

7. Correlation Matrix Analysis Based on the Analytical
Results

Correlation matrix analysis provides a detailed quantitative insight into the
interrelationships among physicochemical parameters within the composition of
various vegetable oils, using a colour intensity heatmap. The correlation intensity
heatmap (Fig. 10) includes and compares the following indicators from previous
analyses: colour number (CN), total phenolic content (TPC), radical scavenging
activity (RSA), and hue value (H), which reflects the fluorescence colour of the
oil.

A statistically significant correlation was found between the colour number
(CN) and total phenolic content (TPC) (r=0.88, p<0.05), indicating that
phenolic compounds strongly influence the oil’s colour. A significant correlation
also exists between CN and radical scavenging activity (RSA) (r=0.72,
p<0.05), suggesting a link between pigments and antioxidant properties.
Additionally, the correlation between CN and hue value (H) was significant
(r=0.61, p<0.05), highlighting differences between the visible light spectrum
and the fluorescence spectrum.

A statistically significant correlation was also observed between RSA and
TPC (r=0.72, p<0.05), confirming the influence of phenolic compounds on
antioxidant properties. In contrast, the correlation between RSA and hue value
(H) was weak (r=0.15, p> 0.05), indicating a negligible relationship between
antioxidant and fluorescent properties.

8. Development of an algorithm in the
Python programming language

The developed algorithm allows data from images obtained on a smartphone
in the RGB colour system to be converted into absorbance, generate calibration
curves for determining total phenolic content, and calculate the total phenolic
content concentration and radical scavenging activity of the analysed vegetable
oil samples. This open-source program can be used with a Python development
environment installed on a computer (e.g., IDLE Python 3.11) or through online
programming tools like Kaggle (https://www.kaggle.com). The advantage of the
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Kaggle environment is that it does not require Python software to be installed on
Windows, i0S, Linux, or other operating systems.

Compared to MS Excel, the Python programming language offers several
advantages, as it enables more complex calculations, provides a wide range of
specialized libraries designed for scientific data, complex algorithms,
calculations, and analyses (e.g., NumPy, SciPy, Pandas), supports larger data
volumes, offers higher reproducibility, allowing for the automation of calculation
processes, and can be integrated into other programming environments such as
C++, Java, HTML, or Android and iOS applications.

Although there are other equivalent programming languages, such as R and
RStudio, which are also used for data analysis, statistics, and can be integrated
with other programming languages, Python's advantages lie in its flexibility,
extensive library offerings, and broader application in scientific fields related to
large datasets, complex algorithms, as well as its strong support in machine
learning and artificial intelligence.

8.1. Python algorithm for smartphone image analysis to
determine the total phenolic content in vegetable oils

If the user does not have the ability to run the Python algorithm code in a
Python development environment (IDLE Python 3.11), there is the option to
place this code in the online programming tool Kaggle
(https://www.kaggle.com). In the smartphone image analysis using the RGB
colour system for determining total phenolic content in vegetable oils, the
following stages were used in the structure of the Python code algorithm:
1) necessary libraries; 2) user data input and processing; 3) absorbance
calculations; 4) linear regression and calibration curve plotting; 5) analysis of the
vegetable oil sample data related to total phenolic content determination; and 6)
saving the obtained results as an MS Excel file. The online resource for
downloading the full Python algorithm code is provided in the description of
Stage V of the study.

To determine the total phenolic content in vegetable oils using a Python
algorithm, the necessary libraries are imported, including NumPy, Pandas,
Matplotlib, and SciPy. The user inputs the required data, such as concentration
units, lo value, and the number of calibration points. Absorbance calculations are
performed for each colour channel (R, G, B) and combined channels (RGB, RG,
RB, GB). Linear regression analysis is used to calculate the calibration curves,
which are then plotted graphically. The results are analysed and saved in MS
Excel format. The algorithm is designed so that the user can input data, which
are then converted into NumPy arrays for more efficient data processing.

The developed Python code algorithm can be used not only for determining
the total phenolic content in vegetable oils using smartphone image analysis, but
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also for the analysis of other plants or chemical substances that use light-sensitive
sensors capable of detecting the RGB colour system.

8.2. Python algorithm for smartphone image analysis to
determine radical scavenging activity in vegetable oils

In the smartphone image analysis using the RGB colour system for
determining radical scavenging activity in vegetable oils, the following structural
stages of the Python code algorithm were applied: 1) required modules and
libraries; 2) user data input and processing; 3) absorbance calculations;
4) analysis of the vegetable oil sample data related to radical scavenging activity
determination; and 5) saving the obtained results as an MS Excel file. The online
resource for downloading the full Python algorithm code is provided in the
description of Stage V of the study.

To determine the radical scavenging activity in vegetable oils using a Python
algorithm, the math module and Pandas library are imported. The user inputs the
Io and IDPPH values, as well as the number of samples to be analysed.
Absorbance values are calculated for each colour channel (R, G), and the
necessary mathematical calculations are performed. The obtained results are
displayed to the user and saved in MS Excel format. The algorithm provides a
structured approach to data input and processing, ensuring accurate and easily
interpretable results. The developed algorithms open new possibilities for
innovative scientific research and chemical analysis.

9. Evaluation of the functional capabilities of the
DiColorimetry smartphone application

To extend the applicability of the algorithm developed in the Python
programming language and ensure its accessibility on smartphone devices, the
DiColorimetry application was developed (Fig. 11A). Its aim is to provide users
with an intuitive and functionally comprehensive environment for the
quantitative determination of total phenolic content and radical scavenging
activity using smartphone image data in the RGB colour system.

The application was developed using the Flutter framework, which is based
on the Dart programming language. This choice provides a modern and visually
consistent graphical user interface across multiple platforms. The system
architecture integrates the Flutter-built user interface with the embedded Python
algorithm, which functions as an analytical module. This module performs data
processing and quantitative analysis directly on the smartphone, without the need
for external data processing platforms.
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The application comprises three main analytical modes: Total Phenolic
Content, Radical Scavenging Activity, and Colorimetric Camera (Fig. 11B).
Each mode includes three logically sequential stages: data preparation, sample
analysis, and result visualisation. Calibration data can be entered manually or
extracted from images of calibration samples, from which RGB values are
automatically obtained. These values are then converted to absorbance and
concentration using a linear regression model. The resulting data are displayed
in tabular form and can be exported in CSV format for further analysis.

The Colorimetric Camera mode offers extended functionality by enabling the
analysis of image colour data in both RGB and HSV colour systems. Users can
select the region of interest directly from the image, choosing between circular
or square shapes. Unlike the TPC and RSA modes, which are limited to RGB
data processing, this mode is suitable for a broader range of applications,
including the development of experimental methodologies and chemical
analyses in various sample matrices.

The DiColorimetry application ensures high accessibility and accurate data
processing within the smartphone environment, while also offering options for
data export and subsequent analysis for scientific research purposes. This opens
new opportunities for the development of novel analytical chemistry methods.

CONCLUSIONS

1. Analysis of peroxide, acid, and iodine values revealed that the selected
vegetable oils correspond to the quality indicators of fresh oils, rendering
them suitable for colorimetric studies.

2. Evaluation of the optimal distance for image acquisition in the RGB colour
system determined that a distance of 12.0+0.1 cm is most appropriate.
Increasing this distance reduces the precision of boundary detection
concerning the cuvette area, while decreasing it impairs the camera's focusing
capability.

3. The entire RGB colour system was used for colorimetric colour number
determination, as vegetable oil can exhibit not only its characteristic yellow
colour but also green and red hues. Therefore, it is not sufficient to consider
only the primary and secondary colour wheel.

4. Using fluorescent light, the studied vegetable oils were categorised into six
hierarchical clusters based on values obtained from their Hue: red, blue, cyan,
green, and yellow.

5. Determination of radical scavenging activity using the RG (red—green) values
of the RGB colour system yielded results comparable to those obtained with
the UV/VIS spectrophotometric method, with statistically insignificant
differences. This demonstrates the potential of this method as a viable
alternative to classical analytical techniques.
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Assessment of radical scavenging activity indicated a mean repeatability of
2.3% and a maximum of 3.0%, with a mean precision of 0.7% and a
maximum of 4.4%. The resulting relative standard deviation (%RSD) of
0.8% closely aligns with the lowest values reported in the literature for
spectrophotometric methods, confirming the method's suitability and
reliability across various vegetable oil samples.

In the analysis of total phenolic content using a gallic acid calibration curve,
the coefficients of determination obtained were R? = 0.9988 for red (R), R? =
0.9938 for green (G), and R* = 0.9752 for blue (B) colours. The red (R) and
green (G) colour systems demonstrated coefficients of determination similar
to that of UV/VIS spectrophotometry (R* = 0.9977).

Evaluation of the total phenolic content method revealed high precision,
repeatability, and reliability, with a determination coefficient (R?) of 0.9988
for the red colour. The limits of detection (LOD) and quantification (LOQ)
were determined to be 1.25 mg L' and 3.80 mg L', respectively, confirming
the method's suitability and comparability to classical UV/VIS
spectrophotometry.

Assessment of total phenolic content indicated a mean repeatability of 1.9
and a maximum of 3.3 mg GAE kg™ oil, with a mean precision of 1.5 and a
maximum of 3.7 mg GAE kg™ oil. The resulting relative standard deviation
(%RSD) of 0.7% closely aligns with the lowest values reported in the
literature for spectrophotometric methods, confirming the method's
suitability and reliability across various vegetable oil samples.

Algorithms for determining total phenolic content and radical scavenging
activity have been developed in the Python programming language and
integrated into the smartphone application DiColorimetry.

The results obtained in this PhD study confirm the proposed hypothesis that
smartphone image analysis and the integration of colourimetric methods
constitute a sustainable alternative to classical optical analytical chemistry
techniques for the evaluation of vegetable oils.
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