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O6CyXpal0TCS BOSMOXHOCTU CMEKTPOCKoNuu
KOM6UuHauunoHHoro paccesHus (KP) ceeTa

AN ANarHOCTUKMU pacTUTE/IbHbIX Macen

1 6uonornyeckun akTueHbIX ao6asok (BA)

Ha OCHOBE NOJIMHEHACHILLLEeHHbIX XXUPHbIX
Kucnot cemeincraa omera-3 (MHXK w-3).
Moka3aHo, 4uTo no cnektpam KP MoXxHoO
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macen, popmMmy U OTHOCUTeNIbHOE o6l ee
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n pokosarekcaeHosowm (AIK) kucnot B BAJ,
Owmera-3. O6cyXaarTcsa BO3MOXHOCTU
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This paper discusses the potential of Raman
spectroscopy for the characterization of
vegetable oils and dietary supplements

based on polyunsaturated fatty acids of the
omega-3 family (w-3 PUFA). The present study
demonstrates that Raman spectra can be
employed to determine the iodine value of
vegetable oils, form of w-3 PUFA, relative total
w-3 PUFA content, and ratio of the mass fractions
of eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids in the Omega-3 dietary supplements.
Furthermore, the paper discusses potential
applications of the principal component analysis
(PCA) to Omega-3 supplement characterization
using Raman spectra.
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INTRODUCTION

Today, many industries (medical, pharmaceutical,
and agricultural) require the implementation of non-
destructive quality control methods for both raw mate-
rials and final products. The development of such meth-
ods is of a great importance for mass-market products,
which include vegetable oils and animal fats. Vegetable
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BBEAEHWE

B Hacrosmee BpeMsi BO MHOTHMX OTPac/IsiX IIPOMBIII-
JTeHHOCTH (MenuLMHe, GapMalleBTHKe, CeJIbCKOM
XO3SIFICTBe U T.[I.) BeCbMa BOCTpebOBaHBEI Hepaspylla-
IOlIHe MeTOABbl 3KCIIPeCC-KOHTPOJISL KadecTBa ChbIPbs
Y IIPOM3BOJMMOH IIPOAYKLKM. Pa3BUTHE TAKHUX MeTO-
OB 0COBEHHO aKTYaJIBHO ISl IIPOLYKTOB MAacCCOBOTO
roTpebyieHHs, K KOTOPBIM OTHOCSTCSL PacTHUTeIbHBIE
Macia ¥ JKUBOTHBIE KU PHI.

Kak HM3BeCTHO, paCTHUTe/JbHBbIe Macjla U >KHUBOT-
Hble >KMPBl SIBJISIOTCS L@eHHBIM IIPOAYKTOM IIHMTa-
HHUS, MHUPOKO MNPUMEHSIOTCS IJIS1 CO3JaHUS JeKap-
CTBEHHBIX IIpeIlapaToB M KOCMETHYEeCKUX CpelCcTB [1].
I[ToMHMO 3TOro, OHHM PacCMATPHUBAIOTCS B KadecTBe
IIePCIIEKTUBHBIX BO30OHOBIISEMBIX CBIPBEBBIX pecyp-
COB I CO3OaHHUs OHMOOM3eNbHOTO TOIUIMBa [1, 2],
BXOIAT B COCTAaB OMOJIOTHYECKH aKTHUBHBIX N0OABOK
(BALl). Hampumep, B Poccuu BAJl Ha 0CHOBe PbI6bETO
SKApa, 2 UMeHHO Ha OCHOBe OMera-3 KUPHBIX KUCJIOT
(BAIl OMera-3), SBISIOTCS OOHHUMM M3 CAMBIX II0Tpe-
6nsieMbIx 06aBok [3]. PerynsipHbIM NpHeM TaKHX
n06aBOK ITOMOTaeT BOCIIONHUTD TPAAUIIMOHHBII /IS
Poccuu medUIUT OJTUHHOLEIIOYEYHBIX [TOJIUHEHACHI-
II€HHBIX >KUPHBIX KHCI0T CEMENCTBA OMera-3 (TTH>KK
®-3), B YACTHOCTHU, HePUIIUT 3HMKO3aIMEeHTACHOBOM
(3K, C,,H;,0,) u morosarekcaeHosou (Ir'K, C,,H;,0,)
KHCJIOT, a TaKKe IIOMOIaeT IIOA[ep>KHUBaTh 3[40pPOBbe
CepeuHO-COCYIUCTON U HEPBHOM cHUcTeM [4].

PacTuTenbHBIE MacCaa KM >KUBOTHBIE >KUPBL IIPef-
CTaBIAIOT cobor cMecu Tpurauuepunos (TI) Hacw-
IIeHHBIX M HEeHACBIIIEeHHBIX >KUPHBIX KHUCJIOT.
COOTHOIIIEHHEe YHCJIa HEeHACHIeHHBIX IBOMHBIX
(C=C) m HachmeHHHX ofguHapHHEX (C-C) yriepon-
yIT1epOISHBIX CBSI3€H B monekynax Takux TI' B 3Ha-
UHTe/NbHOM CTeleHH oIlpefie/sieT MHOTHe CBOMCTBa
PacTUTeNbHBIX Macel (UyBCTBUTE/IBHOCTb K Harpesy,
YCTOMUYHMBOCTD K OKMCIEHHIO0, CTaBHUIBHOCTH, CKOPOCTh
BBICBIXaHHS U T. I.), YCIOBUS UX XpaHeHHUs U 0671acTh
npuMeHeHHUs [5]. 9TO COOTHOIIeHHe XapaKTepH3y-
€TCs1 C IIOMOIIBIO HOAHOI0 YK C/IA, OIIpefiesieMoro KaK
Macca mozga (B r), KOTOpas MOKET IIPHCOeNUHUTHCS
K 100 r Macsia IpU IpPOBeAEHHH XMMHUYECKOM peak-
LM FaJloTeHUPOBaHUS.

3HaHHWe UOLHOTO YHC/Id HeoOXO0OHMO IIPH KCIIONb-
30BAaHHH Macenl B dapmaleBTHYecKOM, KOCMeTHYe-
CKOM U JIaKOKPAaCOYHOM ITPOMBILUIEHHOCTSIX, a TakoKe
IS CO3maHMs Ouomu3enbHOro Torivea [1, 2]. Tem
He MeHee, /1 psiia IPUMeHEeHHU, B YaCTHOCTH IIpU
nipou3BoncTBe BAJl Omera-3, TpebyeTcs ompemensTsh
He MOOHOe YHC/I0, a obllee comepskanue INTHXKK w-3,
a TakKe cofepsKaHue U cooTHomeHue IIIK u ATK.

INHXK ®-3 B komMepyeckux BAJl Omera-3 moryt
OBITH B HECKOJIBKUX PA3IHUYHBIX GOPMax, OT KOTOPBIX
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oils and animal fats are valuable food products that are
widely used in the manufacture of pharmaceuticals
and cosmetics [1]. They are also a potential renewable
raw material for biodiesel production [1,2] and are main
part of the composition of nutritional supplements. In
Russia, for example, fish oil supplements (omega-3
supplements), especially based on omega-3 polyun-
saturated fatty acids (w-3 PUFA), are among the most
widely consumed categories of supplements [3]. Regu-
lar intake of such supplements helps one to compen-
sate the traditional deficiency of w-3 PUFAs in Russia,
especially the deficiency of eicosapentaenoic acid (EPA,
Cy0H;,0,) and docosahexaenoic acid (DHA, C»,H3,0,), as
well as helps to maintain the health of the cardiovascu-
lar and nervous systems [4].

Vegetable oils and animal fats are mixtures of tri-
glycerides (TG) of saturated and unsaturated fatty acids.
The ratio of the number of unsaturated double (C=C)
and saturated single (C-C) carbon-carbon bonds in the
molecules of such TGs largely determines many prop-
erties of vegetable oils (sensitivity to heat, resistance
to oxidation, stability, drying rate, etc.), their storage
conditions and applications [5]. This ratio is character-
ised by the iodine value, defined as the mass of iodine
(in grams) that can bond to 100 grams of oil in a chemi-
cal halogenation reaction.

Knowledge of the iodine value is essential when
using oils in the pharmaceutical, cosmetic and paint
industries, as well as in the production of biodiesel [1,2].
However, for a number of applications, particularly in
the manufacture of omega-3 supplements, it is neces-
sary to determine the total w-3 PUFA content and the
content and ratio of EPA and DHA rather than the
iodine value.

The w-3 PUFAs found in commercial omega-3 supple-
ments exist in a number of different forms, which can
affect the rate at which the body absorbs the -3 PUFAs.
The most prevalent forms of the w-3 PUFAs in such sup-
plements are TG and ethyl esters (EE) of fatty acids.

The structural formulas of fatty acid TC and EE mol-
ecules, as well as EPA and DHA, are shown in Figure 1.

The counterfeiting or production of low-quality vege-
table oils and dietary supplements, as well as violations
of transport and storage conditions, pose a significant
risk to the safety and health of consumers. Therefore,
the development of rapid and efficient analytical meth-
ods for these products is essential to ensure quality
control, particularly at the stage of delivery from the
manufacturer to the consumer, as well as for the in-
time detection of counterfeit products.

The traditional techniques for analyzing the compo-
sition and quality of vegetable oils and animal fats are
chemical and physicochemical methods, namely liquid
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3aBHCHUT CKOPOCTb HX YCBOEHHS
opraHusmoM. Hambonee pacmpo-
CTPAaHEHHBIMH SBJISIOTCA GOPMBI
Tr 1 3THI0BEIX 3QUPOB (I3) KUP-
HBIX KHUCJIOT. CTPYKTypHBIe (op-
mysel Mojiekyn TI U 33 SKUPHBIX
KucnoT, a Tarkke JIIK u AI'K moka-
3aHBI Ha puC. 1.

danbCcUPUKALMS MM IIPOH3-
BOJICTBO HEKa4YeCTBEHHBIX PaCTH-
TeIbHBIX Maceql U BAJl, Hapyie-
HHe YCIOBHUH TPaHCIOPTHPOBKHU
U XpaHeHHUs CO3JAI0T CePbe3HYI0
yrposy 6e30macHOCTH >KU3HU
M 300pOoBbIO JWOJeH. TakuMm
obpa3oM, paspaborka OBICTPBHIX
U 30PeKTHBHBIX MEeTOJO0B aHAIKU3a
3THX IIPOAYKTOB HeobXoAMMa IS
obecrieyeHHsT KOHTPOJISI KauecTBa,
IIPeKZe BCero, Ha 3Tarle LOCTAaBKHU
OT MPOU3BOAMTEeNs K IOTpebu-
TeII0, a TaKXKe i CBOEBPeMeH-
Horo obHapyskeHHsI KOHTpadakT-
HOM MPOAYKLIHH.

TpagUMLIMOHHBIMU MeTOLAMHU
aHajM3a CoCTaBa M KayecTBa pac-
THUTE/NbHBIX MaceJl M >KHBOTHBIX
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Puc. 1. CmpykmypHbie popmyabl monekya TI u 33 xupHblx kucaom, MK u ArK.
R1, R2, R3 - y2neso0opodHbie paduKanbl >KUPHbIX KUCAOM

Fig. 1. Structural formulas of molecules of fatty acid TGs and EEs, EPA and DHA.
R1, R2, R3 are hydrocarbon radicals of fatty acids

JKUPOB ABJIAIOTCA XHMHYECKHE

U XUMHKO-QHU3HUeCKHe MeTOMBI,

TaKkHue KaK KUIKOCTHAas MK Ia3oBas XpoMartorpadus
WM TUTPUMeTPHUYeCKUI aHalu3 [6-8]. OTH MeToabl
TpebyI0oT BBICOKOrO IPOPeCcCHOHATBHOIO YPOBHS
IlepcoHala, MpUMeHeHUsI Hebe30IaCHBIX PeaKkTH-
BOB M MOTYT OBITb MCIIO/Ib30BAaHbI TOIBKO B yC/IOBHSIX
CIeIJUaIbHBIX J1abopaTopui. BBuAy 3Toro cermuac
aKTHUBHO pa3BHUBAIOTCS a/IbTepHATHBHBIE MeTOJbI
HCCIeOBaHUS Macesl, OCHOBAaHHBIe, B YaCTHOCTH, Ha
KosebaTebHOM CIIeKTPOCKOIKY [9-12].

BO3MOKHOCTh IIPOBOAMTEL HCCIENOBAHUSI Hepaspy-
IIAIOIIKM CII0cO6OM M BHe CIeLHa/lbHBIX J1aboparo-
pur, OBICTPOTA IOTy4eHHUs pe3yabTaTa, OTCYTCTBHE
3Tarla IOArOTOBKHU ITPob /Ie/IaloT CIIeKTPOCKOIIHIO KOM-
buHanronHoro paccesHus (KP) cBeTa IepCIIeKTHB-
HBIM METOIOM MCC/Ie[JOBAaHHS PAaCTHUTEeNIBbHBIX Maces
1 KMBOTHBIX KUPOB. B oT/HM4YMe OT APYrHX MeTOIOB,
creKTpockomnus KP mo3BosisieT IPOBOJUTD KX HCCIe0-
BaHMe depe3 IIJIACTUKOBYIO YIIAKOBKY, a B c/Iydae BA]|
Omera-3 - yepes >KelaTHHOBYIO Karcyay [13]. Hemaro-
BaXHBIM (GAaKTOPOM IJisi PasBUTUSL B POoCCHU 3TOro
MeToJa NPHUMEHHUTeNIbHO K 3afadyaM MOHHTODHUHTA
KadeCTBa IIPOAYKLMHU SIB/ISIeTCS Hala’KeHHOe IIPOH3-
BOZCTBO ITOPTaTHUBHEIX KP-crieKTpoMeTpoB [14].
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or gas chromatography and titrimetric analysis [6-8].
These techniques require a high level of expertise and
the use of potentially hazardous reagents. In addition,
they can only be provided in specialized laboratories.
For this reason, alternative methods of oil characteriza-
tion, based, in particular, on vibrational spectroscopy,
are now being actively developed [9-12].

Raman spectroscopy is a fast and non-destructive
analytical method that requires no sample prepara-
tion. The analysis can be performed in a mobile labo-
ratory or “in situ”. For this reason, this technique is
a very attractive option for the study of vegetable oils
and animal fats. In contrast to traditional techniques,
Raman spectroscopy permits analysis through plastic
packaging and, in the case of Omega-3 supplements,
through a gelatin capsule [13]. For the Russian Fed-
eration, the important factor in the development of
this technique for tasks of product quality monitor-
ing is the established production of portable Raman
spectrometers [14].

In this paper, we study the potential of Raman
spectroscopy to determine the degree of unsaturation
(iodine value) in vegetable oils, as well as the content
and form of w-3 PUFAs in Omega-3 supplements.
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B srort pabore MBI HM3y4aeM BO3MOXKHOCTH OIIpe-
JeneHus 1o ciekrpaM KP cTemeHH HeHACHIIEHHO-
cTH (MOJHOIO YMC/IA) PACTUTENIbHBIX Maces, a TakKe
comepskaHus U dopMel [TH)KK w-3 B BAZL OMera-3.

MATEPUAJIbI N METO/1 bl

B pabote ucciemoBanuch 06pasisl 18 pa3mMIHEIX KOM-
MepUecKHX PacTUTeIbHBIX Macesl U 18 KoMMepUYeCcKux
BAJl Omera-3. [yig perucTpauuu crekTpos KP macen
u BA]J] mcriones3oBancs KOHGOKanbHbBIN KP-MHUKPOCKOII
Senterra II (Bruker, CIIIA), ocHalLeHHBIE 06 beKTHBOM
C yBemu4yeHreM 20x (H.A. 0,40) u 71a3epoM C JJIMHOU
BOJIHBI U3/yUeHHUs 785 HM U C BBIXOJAHOMN MOIIHOCTBIO
100 mBT. CrieKTphl pPerMCTPUPOBATIMCh B FeOMETPHHU
paccessHHS Ha 180° co CIeKTpa/JbHBIM pa3pelleHreM
1,5 cm7L. [Ing kaskmoro obpasa 6pu10 3ammcaHo 40 crek-
TPOB, BpeMs HaKOIUIEHUS Ka’KAOIO CIIeKTPa COCTaB-
Js110 5 C.

MomHble YUCIa PACTUTENBHBIX Macesl OIpemes-
JIMCB C IIOMOIIBI0O TUTPUMETPHUYECKOr0 aHa/Ik3a, IIpo-
BOAMMOIO 110 MeToay Maproiueca [15]. g Kaskmoro
obpasua 6bI0 CIeIaHO OT 3 10 6 U3MEePeHH I HOJHOr0
YM(/Ia, B Ja/IbHEHIIeM KCIO0NIb30BaJIOCh UX YCPeLHEeH-
HOe 3HaueHHe.

AHa/JIM3 MeTOAOM IJIABHBIX KOMIIOHEHT IIPOBO-
IOUJICS C HCIIOJNb30BaHMEM IIpUIOKeHHUs Principal
Component Analysis for Spectroscopy nans mpo-
rpamMmHoro nakera OriginPro (nmuueH3usi Learning
Edition).

PE3YJIbTATblI U OBCYXXAEHWNE

Ha puc. 2 1 3 moKasaHbl COOTBETCTBEHHO CII@KTPhI
KP pacTUTeNnbHBIX Maceqa C Pa3IM4YHBIM HOOHBIM
4uCIoM U criekTpel KP BAJL OMmera-3 ¢ pasau4HbIM
OTHOCHUTeJIBHEIM codepkaHueM ITHJKK w-3. Ilop
OTHOCHUTE/IbHBIM CONEepKaHHEeM IIOHHMMaJIoCh OTHO-
meHne Maccel Bcex ITHXXK w-3 kK Macce peibHOro
Kupa B mpenapate. COeKTpel HOPMHPOBAHBI Ha
MaKCHMaJbHYI0 HMHTEHCHBHOCTb I0j0Chl KP, coot-
BeTCTBYOIIeH JedopMaLlMOHHOMY KonebaHHUIO
CH, rpynn (8(CH,)). 9To KonebaHue HabnroomaeTcs
B CIeKTpaX pacTUTeNIbHBIX Macen U BAJl Omera-3
c cogepkanueM ITHJKK w-3 MeHee 40% Ha 4acToTe
1440 cm™!, gasg BAJL Omera-3 ¢ comepkanueM ITHIKK
®-3 6omee 40% - Ha uyacTtoTe 1448 cml. B obna-
ctu 1200-1700 cm™! 3Bonmronus crnexkTpoB KP BAJ
¢ poctoM comepskaHus [TH)KK w-3 aHa/JIOTM4YHA 3BO-
NIOLIUU CIIeKTPOB, Habl10gae MoK /Il PAaCTUTEbHBIX
Maces C BO3pacTaHHeM HOAHOTO uKcia (puc. 2 U 3).
A MMEHHO: C POCTOM CTeIleHM HeHAaCHIIIeHHOCTH
Mmacen U cogepkaHusa [THJ)KK w-3 yBelHYHBaIOTCA
MHTEHCUBHOCTH JUHUHU KP c yacToTaMHu OKojo 1265
U 1658 cM™!, OTHOCAIIMXCS COOTBETCTBEHHO K fedop-

=

MATERIALS AND METHODS

This study examined samples of 18 commercial veg-
etable oils and 18 commercial Omega-3 dietary sup-
plements. A Senterra II confocal Raman microscope
(Bruker, USA) equipped with a 20x objective (N.A. 0.40)
and a laser with an emission wavelength of 785 nm
and an output power of 100 mW was used to record the
Raman spectra of oils and dietary supplements. Spec-
tra were recorded at 1.5 cm™ spectral resolution in a 180°
scattering geometry. For each sample, 40 spectra were
recorded. The accumulation time of each spectrum was
5 s. The iodine values of the vegetable oils was deter-
mined by titrimetric analysis using the Margoshes
method [15]. The iodine value for each sample was
measured 3 to 6 times, and the average value was used
in the following analysis.

Principal component analysis was performed using
the utility “The Principal Component Analysis for Spec-
troscopy application” for the OriginPro software pack-
age (Learning Edition license).

RESULTS AND DISCUSSION

Figs. 2 and 3 show the Raman spectra of vegetable
oils with different iodine values (IV) and the Raman
spectra of Omega-3 supplements with different rela-
tive content of w-3 PUFAs, respectively. The relative
content was taken as the ratio of the mass of all the
PUFAs -3 to the total mass of the fish oil in the supple-
ment. Spectra were normalized to the peak intensity of
the Raman band belonging to deformation CH, vibra-
tion (8(CH,)). This vibration is observed in the spectra
of vegetable oils and Omega-3 supplements with «-3
PUFA content less than 40% at 1440 cm. For the con-
tent of these acids in the Omega-3 supplements more
than 40%, the 8(CH,)) vibration has a wavenumber of
1448 cm™. In the 1200-1700 cm spectral region, the
evolution of the Raman spectra of dietary supplements
with increasing w-3 PUFA content is similar to that
observed for vegetable oils with increasing iodine value
(Figs. 2 and 3). Namely, when the degree of unsatura-
tion of the oils and the w-3 PUFA content increases, the
intensities of the Raman bands with wavenumbers of
1265 and 1658 cm! increase. These vibrations are related
to the deformation C-H vibrations and stretching C=C
vibrations in HC=CH groups, respectively.

Figs. 4 and 5 show the dependences of the ratio
(Ligss/Iscu,) of the peak intensities of the Raman band
at 1658 cm! and the band corresponding to the §(CH,)
vibration on the iodine value (for vegetable oils) and
on the relative mass content (in % of the total fat mass)
of w-3 PUFAs in Omega-3 dietary supplements, respec-
tively. For both cases, it was found that the experimen-
tal values of (Igsg/I5(cy,) are well approximated by lin-
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Puc. 2. Cnekmpbl KP pacmumenbHbix
MaceA ¢ pazAudHbiM GOOHbIM YUCAOM
(IV, 241030/ 100 2,40,0): MCT (0m anan.
Medium Chain Triglycerides) macno,
He codepxkatuee C=C cas3el (1), Koko-
cosoe (2), kacmoposoe (3), NodconHeu-
Hoe (4) macaa, macAo 3xuyma (CuHsKa
nodopoxxHozo) (5)

Fig. 2. Raman spectra of vegetable
oils with different iodine value

(I, Gipgine/ 100 g,;)): MCT (Medium
Chain Triglycerides) oil with no C=C
bonds (1), coconut (2), castor (3),
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manuroHHoMy C-H u BamenTtHOMYy C=C KoJlebaHUAM
B HC=CH rpymnmnax.

Ha puc. 4 u 5 mmokasaHbl COOTBETCTBEHHO 3aBHCH-
MOCTU OTHOIIIEHHS (11658/15(CH2)) IIHUKOBBIX MHTEHCHUB-
HOCTel JIMHUHU C 4acToToM 1658 cM™ U mosockl, oTBe-
vawmen §(CH,)-konebaHU0, OT HOLHOrO YUCIa (I
PaCTUTENBHBIX Macesl) U OT OTHOCHTEIBHOIO Macco-
BOT'0O Comep>kaHUsI (B % OT 0bIer Macchl skupa) [THXKK
®-3 B BAJl Omera-3. B oboux ciay4asix obHapyskeHo,

ear functions (coefficient of linear correlation r>0.95).
Thus, the (Lgsg/Iscy,) ratio can be used to estimate
both the iodine values of vegetable oils and the relative
mass content of »w-3 PUFAs in Omega-3 supplements.
Note, in contrast to vegetable oils, we did not observe
a direct proportionality between the ratio (Igsg/Is(cy,)
and the w-3 PUFA content in dietary supplements. This
is due to the contribution to the intensity of the band
at 1658 cm of vibrations of other fatty acids present

Litte

Puc. 3. Cnekmpbl KP AL Omeza-3

C pa3AUYHBIM OMHOCUMEeAbHbIM
codepxkaruenm (8 macc. %) MHXXK w-3.
KpacHble u cuHue auHuUU - cnekmpbl AL
coomaemcmaeHHo ¢ MHXK w-3 8 33

u Tl popmax

Fig. 3. Raman spectra of Omega-3
dietary supplements with different rela-
tive content of w-3 PUFAs (in mass. %).
Red and blue lines are the spectra of
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9TO SKCIIePUMEHTA/IbHble 3HAUeHHUS Ijgsg/ Ig(cy,) AOCTA-
TOYHO XOPOLIO AMNIPOKCHMMHMPYIOTCS JTHHEHHBIMH
3aBUCUMOCTAMH (KO3QOHULIEHT JIMHEHMHOM Koppess-
uuu r>0,95). CyienoBaTenbHO, OTHOIIEHHUE [1cq/ Is(cry)
MO3KeT OBITh HCIIOJIB30BAHO IS OLIEHKHU KaK HMOTHBIX
YHCe/l PacTUTEeJIbHBIX Macejl, TaK U OTHOCHUTEIBbHOIO
maccoBoro comepskanusa ITHXKK w-3 B BAJl Omera-3.
OTMeTHM, 4YTO B OT/IMYHE OT PacTUTEJbHBIX Maces
B c1ydae BAJl MpSIMOM IPOIOPLKOHAIEHOCTH MeKIy
OTHOILIIeHHEM 11658/15(CH2) U copmepkanueMm ITHJKK w-3
He HabIogaeTcsi, IIOCKOIBKY BKJIAJ, B MHTEHCHBHOCTb
JTUHUU C YaCTOTOM 1658 cM~! BHOCAT KoyebaHUS IIPH-
CYTCTBYWOIIMX B BA/l Ipyrux, B YaCTHOCTH MOHOHEeHa-
CBIIEHHBIX SKUPHBIX KHUCJIOT.

ObHapy>keHO, 4TO IO crekTpaM KP MOXKHO pa3-
nu4ath dopmy (33 mam TI), B KoTopou ITHIKK w-3
NpUCYTcTBYIOT B BAJl (puc. 1). A MMeHHO: B CIIeKk-
Tpax BAJl OMera-3, IIOMHMO 4YaCTOTHOIO CABHUIA
s konebanust 8(CH,), yactotHbist casur (~9 cm1)
Habmrofancs Aj1s BajleHTHOro konebanus C=0 cBsizeit
(v(C=0)). B criexktpax KP BAJl c HU3KUM (MeHee 40%)
comepskaHueM ITHJKK w-3, Kak ¥ B criekTpax KP pac-
THUTe/IbHBIX Maces, JUHHUS, oTBedarias v(C=0) koe-
6aHMIO, KMesia 4yacToTy 1747 cm™L. B ciekTpax KP BAJl
c comepskarueM ITHXXK w-3 6onee 40% 3To KonebaHUe
Habmmomanoch Ha 4yactoTe 1738 cm™l. OTMeETHM, YTO
IIPOM3BOJMTE/Ib He BCer/la yKa3blBaeT, B Kakou popme
B BAJl mpucyTcTByioT [IH)KK w-3. M3 mccieqoBaHHBIX
HaMU 06pasioB popma I3 ObIa 3aBeJOMO H3BECTHA
TonpKo Ot BAl, comepskamux 90 u 73% ITHDKK w-3.
s pacTUTE/IBHBIX Macesl, KaK ys>ke TOBOPHJIOChH BhIIIIE,
xapakTepHa ¢opma TT KMPHBIX KUCIOT. COIIOCTaBUB
vyacToTel V(C=0) KonmebaHuUs I STHUX 00pa3lioB, MBI
IPUIUIK BBIBOAY, YTO B MCC/IAOBAHHBIX HAMH 00pas-
nax BAJl ¢ copepkanueM ITHXKK w-3 40-90% 3TH Kuc-
JIOTBI HaXoAATCsl B opMe I3, a B obpasliax ¢ comepska-
HueM ITHJKK w-3 meHee 40% - B popme TT.

TakuM 06pa3oM, TpaAHULIKMOHHbBIE METOABl aHAIH3a
CriekTpoB KP I103BOJISAIOT OLIEHWBATDH [JBe XapaKTepH-
cTukH BAJl OMera-3: ¢opMy K OTHOCHTeIbHOE 0obIee
comepskaHue [THJKK w-3.

C penpio M3BIeYb MHPOPMALIUIO O COOTHOIIEHHH
comepxkanu JIIK u OIK, cnekTtpsl KP BAJl OMera-3
OBLIM ITPOaHAIM3KMPOBAHBl METOJOM IJIaBHBIX KOM-
noHeHT ([K). OH M03BO/IsIeT aHATHM3UPOBATh CIIEKTP
LeTHuKoM 0e3 BhbIIeNeHHUs! OTHAeNbHBIX JHUHHH. [Ipu
IIPUMeHEHUHU 3TOT0 MeTOAa BCe JaHHBIe M3HAYaJIbHO
LIeHTPUPYIOTCSA: H3 BCeX CIEeKTPOB §; BBHIYMTAETCS
yCpeMHeHHbIi criekTp S obydaromeit Bei6opku. Ilocye
3TOro BblenseTcss Habop 'K U BBIUHCASIOTCS cdeTa -
IIPOeKUMH Ha HHUX LEeHTPUPOBAHHEBIX CIIEKTPOB
ASi=Si—§. B mIpocTpaHCTBe CYETOB KasKAOMY CIIEKTPY §;
CTaBUTCSL B COOTBETCTBHE TOYKa O; C KOOpAHMHATAMHM —
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Fig. 4. The 555/ I5(c1,) ratio as a function of the iodine value of
vegetable oils
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Puc. 5. OmHoweHue ’1658/’6(CH2) KAk QyHKUuUS omHocumenb-
H020 maccoe020 codepkarus NMHXKK w-3 8 ALl Omeza-3.
Ouwubka 8 onpedeaeHuu cooep>kaHus MHXXK w-3 daHa

8 CO0MBEMCcMaBUU € OAHHbIMU, YKA3AHHBIMU HA YNAKoBKax
BAZ. SKcnepumeHmanbHble daHHble npedcmasneHbl MoAbKo
0nst mex bAZL, 951 Komopbix 6b1A0 3a8600MO U38ECMHbI
omHocumenbHble codepxkanus MHXXK w-3

Fig. 5. The ligss/ 151, ratio as a function of the relative mass
content of w-3 PUFAs in Omega-3 dietary supplements. The error
in determining the content of w-3 PUFASs is provided according to
the data indicated on the packaging of the dietary supplements.
Experimental data are presented only for the dietary supple-
ments with the relative contents of w-3 PUFAs known in advance
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ImpoeKIUAMH AS; Ha TIJIaBHBIe
KOMITOHeHTHI [16]. HMIx B3anmMHoOe
pacrosiokeHHe aHaJIM3UPYyeTcs
Ha ocHoBe T? pacnpeneneHus
XoTe/uIMHIa € GOpMHpOBaHHEM
obracreli, B KOTOpPble C 3aJaHHOMN
BepOSITHOCTBIO IIOIAAyT TOYKH,
COOTBETCTBYIOIIKE 06pas3Liam oIrpe-
HeleHHOM TIPYHIbl. Pe3ylIbTaThl
aHanu3a metogoM 'K Bo MHOrom
3aBUCAT OT TOro, Kak CcOOpMHUpO-
BaHa obyuaromasi BbIOOpKa CIIeK-
TPOB U OT 0TOOpa aHATH3HUPYEMBIX
I'K.

Ha pric. 6 moKa3aHBbI pe3y1bTaThl
aHai1M3a MeTtomoM I'K, mpuMeHeH-
HOr'0 KO BCEMY MAaCCHBY CIIEKTPOB
KP wuccmemyembix B pabore BAJL
Omera-3. B gaHHOM (C/ly4ae aHa-
JIU3MPOBAJICS CIIEKTPaJbHBIN JHa-
mmasoH 540-1800 cml. Kak BHIHO
M3 pUC. 6, Bce uccaenyeMmeie BAJL
pasmenuch Ha ABe rpymmel. CoIo-
cTaBUB 4acTOThl V(C=0) KonebaHusg
Y IPYIIIBI, B KOTOPHIe romnanu BA/L
OMera-3, Ha IIIOCKOCTH II€pBOM
U BTOPOM IJIaBHBIX KOMIIOHEHT
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m ONTUYECKME M3MEPEHUS II——
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Fig. 6. Results of the PCA applied to the entire set of Raman spectra of the
studied Omega-3 dietary supplements in the range of 540-1800 cm™. Ellipses are
the areas in which the spectrum of each studied Omega-3 dietary supplement is

included with a probability of 95%
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4YTO pasfeneHue Mpousouio mo dopme (33 u TT)
IMNHKK ®w-3. CTOMT yTOYHUTH, UTO AJjI HAIJISALHOCTH
Ha pHUC. 6 ITOKa3aHa TOJIBKO YacTh PO30BOTO JIMIICA,
B KOTOPOH COCPefOTO4YeHBl BCe JKCIIepHMeHTalbHbIe
naHHble. OTMeTHM, uto BAJl ¢upm Doppel Herz
v NOW mormanu B pasHble IPYIIIIbI, HECMOTPS Ha TO,
4TO cofepskaHue B HUX [THJKK w-3 pa3jinvanoch He3Ha-
yuTtenbHo (38 u 40%). Takum o6pa30M, TaKoOM IO~
XOJl He IpPefoCTaBH/I HHUKaKOM HOBOM HH(OpMAallUHU
0 XapaKTepUCTHKax BAJl o CpaBHEHHMIO C JAHHBIMH,
IIOJTy4YeHHBIMY Ha OCHOBE TPAaJHIIMOHHOIO aHaaM3a
criekTpoB KP. BBUAY 3TOr0, MBI HCKIIOYHIN M3 pac-
CMOTpeHHUsI Haubojlee UYyBCTBUTENBbHYIO K Qopme
[THXK -3 crmexkTpanbHylo obnacte 1200-1800 cm!
U npuMeHunH Meton I'K Kk criekrpam KP BAJl, B KOTO-
prix ITHXKK w-3 umenu ¢opmy I33. Ilo JaHHBIM IIPO-
HU3BoJMTeNel Takuhe BAJl pasnHyaniuch II0 COOTHO-
IIeHHWIO B HUX comepaHun DIIK u JITK. PesynbTaThl
aHanr3a MetomoM I'K, IpHMeHeHHOro K CIIeKTpaM
KP stoi1 rpynmsl BAJL B obnactu 540-1200 cm™!, moka-
3aHBl Ha pHC. 7. Kak BHUAHO H3 pHUC. 7, Ha IUIOCKO-
CTU TpeTber U 4eTBepTOH IJIaBHBIX KomIoHeHT (I'K3
u I'K4) yoanock pasmenuTh BAJIl IO COOTHOIIEHMUIO
B HUX MaccoBeIx monert IIK u AI'K. B BAJl, comepska-
mux [THXKK w-3 B popme TI', COOTHOIIEHHMe MaCCOBBIX
nonert JOIIK u AIK Opl7I0 HNPUMEPHO OJHHAKOBBIM.
IIpoBens IOmOOHBIM aHanu3 Ay 3TUX BAJl, 6bLIO
II0JIy4eHO, YTO HU OJHA M3 TOYeK B IIpocTpaHcTBe I'K
He BBINIUIA 32 IIpefie/ibl 06/1acTH, B KOTOPYIO C BEPOST-
HOCTBIO 95% momagaroT CrieKTphl BAJ] ¢ COOTHOLIeHHEeM
MaccoBbIx monett 1K u AITK ot 1,3 10 1,5.

BbIBO/ bl

B pabote mokasaHo, 4To crieKTpockorus KP sBiseTcs
OBICTPBIM CIIOCOOOM OIlpefie/ieHUs CTeIleHH HeHachl-
IIeHHOCTH (MOAHOIO YHKC/Ia) PAcTUTENIbHBIX Macell.
A MMeHHO: OTHOLIeHHe MHKOBBIX HHTeHCHBHOCTEH
Ligss/Is(cn, MMHMH C YacTOTOHM 1658 c¢M™ U IOJIOCHL,
orBevatomenn O(CH,)-KonebaHUSIM, IIPOIIOPLIHO-
HaJIBHO MOJHOMY YMC/y B JHalla30He MOJHBIX YHCel
oT 0 10 188 ry;,/100 Ty, B MOXET 6BITH HMCIIONb-
30BaHO /ISl OIpeleeHHsl 3TOHM Ba’KHOH XapaKTepHu-
CTHUKH PACTUTEIbHBIX Macej.

B cinydae BAJl OMera-3 TpagHULIMOHHBIE METOMBI
aHanu3a cnekTpoB KP, ocHOBaHHBIe Ha aHaIH3e
OTHENBbHBIX CIEeKTPaJIbHBIX JIMHHUM, II03BOJISIIOT OLle-
HUBAaTh [Be XapaKTE€PHUCTHUKH: OTHOCUTEIbBHOE COHep-
skaHue Bcex INHXKK w-3 u ux ¢opmy B BAJ. Ilog
OTHOCHUTE/IBHBIM COZeP;KaHHeM IIPUHKMMAajIoCh OTHO-
meHHe Macchl Bcex [THXKK w-3 K Macce peibHOro skupa
B IIperapate. JJist 6BICTPOI OLleHKH OTHOCHTEIBHOTO
comepskaHus IMH)KK w-3 y,Z[O6HO HCIIO0JIb30BaTh OTHO-
mreHue Ijgsg/Iscy,), KOTOpOe JIMHEMHO 3aBHCHUT OT

=

in in dietary, in particularly monounsaturated fatty
acids.

It was found that Raman spectra permit to distin-
guish the forms (EE or TC) in which w-3 PUFAs are
present in the supplements (Fig. 1). Namely, a wave-
number shift (-9 cm) in the spectra of Omega-3 sup-
plements was observed for the stretching vibration of
the C=0 bonds (v(C=0)) in addition to the wavenumber
shift of the 8(CH,) vibration. In the Raman spectra of
dietary supplements with low (less than 40%) w-3 PUFA
content, as well as in the Raman spectra of vegetable
oils, the band corresponding to the v(C=0) vibration
has a maximum at 1747 cm’'. In the Raman spectra
of the dietary supplements with a w-3 PUFA content
of more than 40%, this vibration was observed at 1738
cm®. Note that the manufacturer does not always
specify the form of w-3 PUFA present in supplements.
Among all the studied samples, the form of EE was
known only for the supplements containing 73% and
90% w-3 PUFAs. As it mentioned above, fatty acids in
vegetable oils present in TG form. After comparing the
wavenumbers of v(C=0) vibration for these samples,
we concluded that the samples of dietary supplements
with the -3 PUFA content of 40-90% contain these
acids in the EE form, and the samples with the content
of w-3 PUFA less than 40% - in the TG form. Therefore,
traditional methods of analyzing Raman spectra allow
us to evaluate two characteristics of Omega-3 supple-
ments: the form and the relative total content of w-3
PUFAs.

In order to extract information about the ratio of
EPA and DHA contents, the Raman spectra of Omega-3
dietary supplements were analyzed using principal
component analysis (PCA). It allows analyzing each
spectrum as a whole without selecting particular
bands. When applying this method, all the data were
initially centered by subtracting the mean spectrum S
of the training data set from all spectra §;. After that,
a set of principal components (PC) was extracted, and
scores were calculated as projections of the centered
spectra AS;=S,-S onto them. In the score space, each
spectrum §; corresponds to a point O; with coordinates
that are the projections of AS; onto the PCs [16]. Their
mutual arrangement was analyzed using Hotelling’s
T? distribution with the establishment of regions into
which points corresponding to samples of a certain
group are included with a specified probability. The
results of the PCA largely depend on the way the train-
ing set of spectra was built and on the selection of the
analyzed PCs.

Fig. 6 shows the results of PCA applied to the entire
set of Raman spectra of the Omega-3 supplements
studied in this work. In this case, spectral range from
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3TOM XapaKTepUCTHUKU BAJl. MOHHTOPHUHI YacTOTHI
BaJIEHTHOro Kojebauus C=0 cBsasen (v(C=0)) mo3Bo-
nsieT pasnudaTh popmsel [THXKK w-3: v(C=0)=1747 cm!
COOTBETCTBYeT TPUITHLEepUAHOKU dopMe ITH)KK w-3,
v(C=0)=1738 cM™! - popMe STHUIOBBIX IPHUPOB.

Hcrionb30BaHHME MeETOAAa TIJIaBHBIX KOMIIOHEHT
[103BOJIsIeT PACIIMPUTh BO3MOXKHOCTH CIIeKTPOCKO-
nuu KP mo muarHoctuke BAIl Omera-3. B 4acTHOCTH,
IIpUMeHeHMe 3TOr0 MeToJa IIPH aHalM3e CIIeKTpajb-
HOTro Auarma3soHa 540-1200 cm! mokasano, 4To TPeThs
Y 4eTBepTas I[VIaBHbIe KOMIIOHEHThl HecyT MHdopMa-
IIMI0O O COOTHOLIeHHWM MaccoBhIX monen DIIK um [I'K.
OpmHaKo I TAaKOTO aHAIKM3a HeobXOmLMMO IIpelBapH-
TeJIbHO YCTaHOBUTh Ppopmy ITHXKK w-3. Takum obpa-
30M, Pa3sBHUTHE 3SKCIIPECC-METOOUK CIIeKTPOCKOIHH
KP 110 ompeneneHuo KadectBa BAJl OMmera-3 DO/KHO
CTPOMTCS Ha COYETAHHUM [ABYX IIOAXONOB K aHa/IH3y
crieKTpoB KP: TpaAUILIMOHHOM IIOAXOAe, OCHOBAHHOM
Ha aHa/IM3e OTHENbHBIX CIIeKTPa/JIbHBIX TUHUM, U Ha
[IpUMeHeHHUH MeTO[a [JIaBHBIX KOMIIOHEHT.

[TonydyeHHBle B paboTe pe3yabTaTbl MOTYT OBITH
KCII0/Ib30BaHbI [JI1 PA3BUTHS Hepa3pyllarlUuX MeTo-
[IOB aHaJIM3a COCTABA U Ka4eCTBa PACTUTE/IbHBIX Macesl
¥ BAJl Ha 0OCHOBe oMera-3 SKMPHBIX KHUCJIOT.

NCTOYHUKN PUHAHCHNPOBAHUA
ViccrmemoBaHUsI BBIIIOJHEHBL 33 CYeT I'paHTa Poccuit-
cKkoro Hay4Horo ¢oHga Ne 24-22-20100, https://rscf.ru/
project/24-22-20100/.
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540 to 1800 cm™® was analyzed. As can be seen in Figure
6, all the studied dietary supplements were separated
into two groups. By comparing the wavenumbers of
the v(C=0) vibration and the groups where the spec-
tra of Omega-3 supplements appeared on the plane of
the first and second principal components (PC1 and
PC2, Fig. 6), it was found that the separation occurred
according to the forms (EE and TC) of the w-3 PUFAs.
For clarity, Fig. 6 shows only the part of the pink
ellipse in which all the experimental data are concen-
trated. It should be noted that Doppel Herz and NOW
supplement spectra appeared in different groups, in
spite of the fact that their w-3 PUFA content was almost
the same (38 and 40%). Thus, this approach did not
provide any new information on the characterization
of dietary supplements compared to the data obtained
from traditional Raman spectra analysis. For this rea-
son, we excluded the spectral region 1200-1800 cm,
which is the most sensitive to the form of w-3 PUFA,
from consideration and applied the PCA to the Raman
spectra of dietary supplements with the EE form of
-3 PUFA. According to the information provided by
the manufacturers, these supplements differed in the
ratio of EPA to DHA masses. Fig. 7 shows the results of
PCA applied to the Raman spectra of this group of sup-
plements and to spectral range from 540 to 1200 cm'.
As it can be seen in Fig. 7, on the plane of the third
and fourth principal components (PC3 and PC4), it was
possible to divide the supplements according to the
ratio of the EPA/DHA mass contents. The ratio of the
EPA/DHA mass contents was about the same in supple-
ments containing w-3 PUFA in the TG form. Perform-
ing a similar analysis for these supplements, we found
that none of the points in the PC plane was outside
the region in which the spectra of supplements with
the ratio of the EPA/DHA mass contents from 1.3 to
1.5 appear with a probability of 95%.

CONCLUSIONS

In this study, we revealed that Raman spectroscopy
is a rapid tool to determine the degree of unsatura-
tion (iodine value) of vegetable oils. Namely, the
ratio of the peak intensities (Iss5/Is(cyy,) of the Raman
band at 1658 cm! and the Raman band assigned to
deformation CH, vibration (8(CH,)) is proportional
to the iodine value in the range of iodine values
from 0 to 188 g;,4ine/100 g,;. This ratio can be used to
determine this important characteristic of vegetable
oils. In the case of Omega-3 supplements, traditional
methods of analyzing Raman spectra, based on the
analysis of individual spectral bands, permit the eval-
uation of two characteristics: the relative content of all
-3 PUFAs and their form in the supplement. This rela-
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tive content was calculated as the ratio of the mass of
all the »-3 PUFAs to the total mass of the fish oil in the
supplement. We recommend using the (Ijsss/Isc,)
ratio, which has a linear dependence on the relative
®-3 PUFA content, in order to rapidly estimate this
property of the Omega-3 supplements. Raman moni-
toring the wavenumber of the C=0 stretching vibra-
tion (v(C=0)) allows the differentiation of the forms
of »-3 PUFAs: the triglyceride form is indicated by the
v(C=0) band at 1747 cm’!, while the ethyl ester form is
indicated by the v(C=0) band at 1738 cm™.

The application of principal component analysis
allows for the potential expansion of the diagnos-
tic capabilities of Raman spectroscopy in relation to
omega-3 supplements. In particular, the application
of this method to the analysis of the spectral range
of 540-1200 cm! demonstrated that the third and
fourth principal components contain the information
regarding the ratio of mass fractions of EPA and DHA.
However, the form of ®w-3 PUFAs must be identified
before such analysis. Consequently, the development
of rapid methods of Raman spectroscopy to determine
the quality of omega-3 supplements should be based
on the combination of two approaches to the analy-
sis of Raman spectra: the traditional approach based
on the analysis of individual spectral bands and the
application of principal component analysis.

The results obtained in this study can be employed
in the development of non-destructive analytical tech-
niques for the characterization of the composition
and quality of vegetable oils and dietary supplements
based on Omega-3 fatty acids.
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