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Abstract Fish oil dietary supplements have been linked
with health benefits, due to high omega-3 concentration.
The sources of these effects, polyunsaturated fatty acids
such as eicosapentaenoic acid and docosahexaenoic acid,
are almost exclusively found in seafood products. Our
objectives were to characterize the composition of commer-
cial omega-3 dietary supplements dietary supplements and
to generate partial least square regression (PLSR) models
using infrared spectroscopy and chemometrics. Fatty acid
(FA) composition of oils was determined by FA methyl
ester gas chromatography. The supplements encompassed
a wide range of FA profiles and delivery methods. Infra-
red spectral data were collected by portable mid-infrared
Fourier transform infrared (MID FT-IR) equipment. Prin-
cipal components analysis (PCA) separated samples based
on the type of ester present in the fish oil dietary supple-
ments, showing a strong influence of the 1038 cm™! band,
which is typically associated with C=C and C-O stretch-
ing vibrations. In addition, PLSR was used to correlate the
spectra data with GC-FAME results. PCA using the spec-
troscopy data allowed for tight clustering of fish oil into
distinct classes, depending on the source and processing.
PLSR using MID FT-IR spectra and FA composition gener-
ated multivariate models with high correlation coefficient
(R > 0.93), and SEP between 0.53 and 2.13 g of FA per
100 g of oil. Our results indicate that IR spectroscopy com-
bined with chemometrics provides for robust screening of
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FA composition of fish oil supplements, and discriminate
types of FAs esterification.
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Introduction

Fish oil dietary supplements are usually made from mack-
erel, herring, tuna, halibut, salmon, cod liver, whale blub-
ber, or seal blubber, and contain a large amount of poly-
unsaturated fatty acids (PUFA). Omega-3 fatty acids (FA)
are long-chain n-3 FAs that are essential to the human
diet and have been found to provide a wide array of health
benefits, including anti-inflammatory, cardioprotective,
and anti-arthritic effects [1]. The compounds primarily
responsible for these benefits, PUFA such as eicosapentae-
noic acid (EPA), 20:5, and docosahexaenoic acid (DHA),
22:6, are almost exclusively found in seafood products [2].
Some research has shown that Western diets are deficient in
omega-3 FAs, leading to increased consumer awareness of
dietary supplements that contain these compounds [3]. The
composition of fish oils is highly variable, with fish type,
catch location, season, and processing all playing a role in
determining the ratios of the FAs found in the oils [4, 5].
As each PUFA has a different role in health promotion and
disease prevention, it is important to understand the vari-
ability in composition within fish oil products, and whether
they are supplied as triglycerides, esters, or free FAs. As a
result, it is essential to analyze the properties of the oils that
are not usually described on the label to ensure the deliv-
ery of claimed health benefits. The structure of these essen-
tial FAs plays a role in determining their health-promoting
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properties and efficacy [2]. Most fish oil supplements on
the market are heavily processed and may be provided as
ethyl esters, triacylglycerols, or less commonly in phos-
pholipid form. Research has yielded mixed results on the
bioavailability and bioactivity of different delivery forms.
But at least two studies have demonstrated a small, yet
significant, increase in bioavailability of triglycerides ver-
sus ethyl esters [6]. In addition, the effect of triglyceride
substitution pattern on the bioavailability and metabolic
fates of omega-3 FAs is not yet completely understood [7].
The high cost of fish oils and their myriad uses make them
prime candidates for adulteration and mislabeling. The die-
tary supplement health and education act of 1994, which
outlines regulations for dietary supplements, does not pro-
vide the same level of oversight for supplements that the
FDA provides for food and drug manufacturers [8]. The
delivery form, whether ethyl ester, triglyceride, or other,
is not required to be stated on packaging. Many supple-
ments are also processed and packaged outside the country
of sale, making it difficult to consistently track quality and
safety. Fish oils are susceptible to contamination with toxic
and carcinogenic compounds, either from the fish itself or
during processing [1]. Improper or incomplete purification
can lead to high levels of polychlorinated biphenyls (PCB),
dioxins, pesticides and other toxins [9, 10]. Modern, rapid
techniques to determine composition, authenticity, and
quality of fish oils are not yet readily available, but devel-
opment of Fourier transform infrared (FT-IR) and attenu-
ated total reflectance (ATR) spectrometry equipment has
opened the door to novel methods. FT-IR systems provide
a more robust alternative to older dispersive systems, and
ATR systems can accommodate a wide variety of sample
types, from gases to liquids and powders. Although the
food and supplement industries have utilized near-infrared
(NIR) spectroscopy for decades [11-14], the applications
of mid-infrared (MID) spectroscopy have recently gained
ground [15, 16]. MID FT-IR and NIR are non-destructive
and rapid techniques that allow for the analysis of all the
chemical bonds in a system. When combined with mul-
tivariate statistical analysis or chemometrics, the large
amount of information provided by spectroscopy methods
can be used to replace traditional techniques [17]. In oil
analysis, these traditional techniques are both time consum-
ing and expensive. Gas chromatography (GC) and high-
performance liquid chromatography (HPLC) are used in the
analysis of oils, but the extensive sample preparation, long
run-times, and destructive nature of the analysis has piqued
interest in spectroscopic alternatives. New methods, such
as 'H and '3C NMR, have been used to classify fish oils by
source, and provide a large amount of information regard-
ing the connectivity of FAs [18, 19]. The high equipment
costs and the inherent difficulty of quantification methods
have prevented widespread adoption of these techniques.
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Several studies have demonstrated the potential for classi-
fication and detection of adulteration in edible oils, includ-
ing fish oils, with infrared [20, 21]. Previous studies have
looked at determining fish oil quality [22] and composi-
tion in different supplement forms of fish oils [23]. While
several studies have undertaken analyses of retail fish oil
supplements [24-26], more study is needed on the applica-
tions of IR spectroscopy to these products. The objective of
this research was to evaluate a portable MID FT-IR equip-
ment combined with chemometrics for characterization of
dietary omega-3 oil supplements and for the rapid determi-
nation of their FA composition.

Materials and Methods

A total of 37 unique omega-3 oil dietary supplements
included 21 fish oil (FO) supplements, 4 cod liver oil
(CLO) supplements and 4 flaxseed oil supplements
(Table 1), from 16 different manufacturers, all purchased at
retail. New duplicate samples of 7 FO and 1 flaxseed oil
were purchased at a later date, ensuring separate lots from
the original supplements. All FA standards were purchased
from Nu-Chek Prep (Elysian, MN, USA). All solvents and
chemicals of analytical grade used in this study were pur-
chased from Fisher Scientific (Waltham, MA, USA).

Sample Separation

Oils supplied in gel capsule form were cleanly perforated
and the oil transferred to sealed, 1.5-mL flip-cap tubes for
cold storage (4 °C). For each encapsulated supplement,
three capsules were selected from the bottle at random for
spectral collection and subsequent FA composition analy-
sis. In the case of bulk oils, the containers were agitated
and an aliquot was removed and stored in the same manner
and location as the encapsulated oils.

Fatty Acid Profile

Determination of FA content in fresh oils was achieved
with a FA methyl ester (FAME) derivatization [27].
Briefly, esterification was achieved by adding meth-
anolic-sulfuric acid (10 mL, 4 % sulfuric acid) to the
oil sample (~0.05 g) with benzene (1 mL) in a glass
test tube with a Teflon screwtop cap. The mixture was
heated to 90 °C for 120 min in an oven. Methyl esters
were extracted using a partition of hexane and dis-
tilled water. An aliquot of the hexane portion (1 mL)
was collected in a 1.5 mL GC vial with crimp top and
was evaporated under nitrogen flush. The dried sam-
ples were re-diluted using iso-octane (0.5 mL). Sam-
ples were analyzed, in duplicate, on an HP-6890 GC
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Table 1 Labeling information from omega-3 oil supplements selected for analysis

Sample name

Supplement facts

Oil source

A
B
C (distilled omega-3)

D (coated fish oil)
E (flaxseed oil)
F (flaxseed oil)

G (fish oil concentrate)
H (fish oil 1200 mg 360 omega-3)

I (fish oil concentrate)
J (fish oil professional strength)

K (cod liver oil)
L (omega-3 fish oil)

M (omega-3 fish oil)

N (omega-3 fish oil)

O (pure extra virgin salmon oil)

Fish oil 500 mg, omega-3 FAs 250 mg, EPA 150 mg, DHA 100 mg
Fish oil: 70 % omega-3 FAs 1000 mg, EPA 400 mg, DHA 300 mg

Natural fish oil concentrate 2000 mg, omega 3 FAs 680 mg, EPA 360 mg,
DHA 240 mg, other omega 3 fatty acids 80 mg

Fish oil: 1000 mg total omega 3 FAs, 300 mg EPA/DHA
Alpha-linolenic acid 535 mg, linoleic acid 120 mg, oleic acid 120 mg

Flaxseed oil with lignans 1300 mg, omega-3 (alpha linolenic acid)
845 mg, omega-6 (linoleic acid) 117 mg, omega-9 (oleic acid) 117 mg

Fish oil: 1200 mg, total omega-3 FAs: 360 mg

Fish oil concentrate: 2400 mg, total omega-3 FAs: 720 mg, EPA 360 mg,
DHA 240 mg, other omega-3 120 mg

Total omega-3 FAs: 600 mg, EPA 300 mg, DHA 200 mg

Omega-3 FAs: 800 mg, EPA 400 mg, DHA 300 mg, other omega-3 s
100 mg

Norwegian cod liver oil 2200 mg, DHA 250 mg, EPA 170 mg

Marine lipid concentrate 2000 mg, total omega-3 FAs 600 mg, EPA
360 mg, DHA 240 mg

Fish oil concentrate 1250 mg, EPA 450 mg, DHA 270 mg, other omega-3
FAs 120 mg

Fish oil 2400 mg, EPA 646 mg, DHA 430 mg

Total omega-3 FAs 175 mg, EPA 50 mg, DHA 60 mg, DPA 20 mg, other
omega-3 s 45 mg, total -5 0.5 mg, total w-6 120 mg, total w-7 70 mg,

Pollock, whiting, cod

Sardines, anchovies, mackerel

Sardines, anchovies, mackerel

Anchovies, mackerel, sardines

Anchovies, sardines, mackerel

Norwegian cod liver
Sardines, mackerel, anchovy

Anchovy, cod, mackerel, sardine

Norwegian salmon

total w-9 300 mg
P (cod liver oil)

Q (omega-3 purified fish oil)

omega-3 s 350 mg
R (cod liver oil) N/A

S (omega-3 fish oil)
500 mg, DHA 250 mg

T (omega-3 mini gels)

U (omega-3 mini bursts)
EPA 364 mg, DHA 280 mg

V (fresh catch cod liver oil)

Total omega-3 FAs 970 mg, EPA 554 mg, DHA 369 mg
Total omega-3 FAs 1725 mg, EPA 825 mg, DHA 550 mg, other

Natural fish oil concentrate 1000 mg, omega-3 FAs 750 mg, EPA

Natural fish oil concentrate 1000 mg, EPA 360 mg, DHA 240 mg
Fish oil concentrate 1120 mg, total omega-3 FAs (as ethyl esters) 700 mg,

Total fat 2.0 g, EPA 170 mg, DHA 240 mg

Norwegian cod

Anchovies, sardines

Cod liver

Sardines, anchovies, mackerel

Sardines, anchovies, mackerel

Anchovy, sardine, tuna

Cod liver

(Agilent, Santa Clara, CA, USA) equipped with a flame
ionization detector (FID) and HP GI1513A autosam-
pler (Agilent). Separation of the components was done
using an HP-88 60 m x 0.25 mm x 0.2 pm column
(Agilent) using helium as the carrier gas. The injec-
tion volume was 0.2 wL in the splitless mode. The oven
conditions were 125-220 °C (5 °C/min), then hold
for 15 min. Injector temperature was 220 °C and the
detector temperature was 250 °C. The identification of
FAs was carried out by comparing the retention times
with EPA and DHA reference standards (NuChek Prep
U-99-A and U-84-A) and 18 standards (NuChek Prep
A-68C). An internal standard (Heptadecanoic acid,
NuChek Prep, N-17-A) was added at 0.005 g per meth-
ylation and the ratio of FA area to internal standard
(IS) peak area was used for quantification via a stand-
ard curve.

Free Fatty Acids

Determination of free fatty acids (FFA) was carried out
using the EasyPlus™ Titration (Mettler Toledo, Columbus,
OH, USA) coupled with a 10-mL burette. The sample was
weighed (~5 g) in a glass beaker and 25 mL of pre-neu-
tralized 1:1 xylene/ethanol were added to dissolve the oil.
Potassium hydroxide (0.1 N) in methanol was used to neu-
tralize the FFAs [28]. Results were expressed in grams of
oleic acid per 100 g of oil [29].

Spectra Collection
The collection of mid-infrared spectral (4000-700 cm™')
data was performed on a FT-IR portable spectrometer (Cary

630; Agilent), equipped with a temperature-controlled,
5-bounce ZnSe crystal ATR. Sealed sample containers of
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oil taken from the refrigerator were allowed to equilibrate
to room temperature prior to data collection and measured
in duplicate. Then, 80 wL of oil was deposited by micro-
pipette on the ATR (which was maintained at 65 °C), and
spectra were collected over a range of 4000-700 cm™!
at 4 cm™! resolution. Spectra were collected in terms of
absorbance using MicroLab software (Agilent).

Multivariate Analysis

Principal components analysis (PCA) was used to ana-
lyze spectra of the supplements. SNV and 2nd derivative
(Savitzky-Golay second-order polynomial filter with a
35-point window) transforms were applied to all samples
to reduce peak overlap and eliminate baseline shift of the
spectra [30]. Diagrams of scores and loadings were used to
analyze the relationship between the original variable and
sample grouping. Partial least squares regression (PLSR)
was used to correlate GC-FAME FA composition infor-
mation with the spectra. Construction of the PLSR models
was done by cross-validation (CV), using the leave-five-out
method. The optimal number of PLS factors were selected
by plotting the SECV versus number of factors and select-
ing the number of factors that did not significantly decrease
the SECV when this number were included in the model.
The IR regions included in the model were selected based
on the functional groups assigned previously by other
authors. The goodness of fit for each model was evaluated
using an independent validation set. Random sample selec-
tion was used to split the calibration [27] and validation
[10] sets. The performance of the PLSR models were eval-
uated by means of the standard error of prediction (SEP),
coefficient of correlation of prediction (rp,y) and ratio of
performance deviation (RPD), which is the ratio between
the validation set and the standard deviation of the refer-
ence set divided by SEP. Chemometric analysis was car-
ried out using Pirouette 4.0 rev. 2 (Infometrix, Bothell, WA,
USA).

Results and Discussion
Characterization of Fish Oils

Analysis of FA composition by gas chromatography
showed a wide range of EPA (0-61 %) and DHA (0-57 %)
concentrations, as well as large variation in other major-
ity components of the FA profile (Table 2). These values
were comparable to the label claims, with most of the
samples having a higher concentration of EPA and DHA
than claimed on the label. Studies on whether commer-
cially available fish oil products meet their label claims
have produced mixed results [24, 26, 31-34]. In summary,
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Table 2 Summary of fatty acids profile of 37 samples

Fatty acid Total
Min (%) Max (%) Mean (%) SD (%)

C14:0 0.00 9.50 4.00 3.75
C16:0 0.00 21.07 10.69 8.19
C16:1 0.00 11.27 5.30 4.25
C18:0 0.00 7.25 2.69 1.77
C18:1 0.00 37.42 10.04 6.90
C18:2 0.00 11.67 1.42 2.14
C18:3 0.00 1.04 0.12 0.29
C20:0 0.00 4.29 0.41 0.84
C20:1 0.00 13.34 3.08 221
C20:2 0.00 1.57 0.14 0.35
C22:0 0.00 9.70 2.52 2.25
C22:1 0.00 15.57 1.23 1.92
EPA 0.00 61.33 24.91 13.52
C24:0 0.00 345 1.18 1.00
C24:1 0.00 6.76 2.13 1.39
DHA 0.00 57.07 18.56 943
FFA 0.02 0.38 0.16 0.08

All the results are expressed in %. Free fatty acids are expressed in
g of oleic acid per 100 g of oil. Fatty acids without variability to be
used in the PLSR are shown in bold

EPA eicosapentaenoic, DHA docosahexaenoic acid, FFA free fatty
acids

the FA profile showed that the fish oil supplements are a
rich source of polyunsaturated fats, contributed primar-
ily by eicosapentaenoic (EPA), docosahexaenoic (DHA),
oleic, linoleic, palmitoleic and eicosenoic acids. The pro-
files exhibited moderate concentrations of saturated FA
(~18 %), with C16:0 being the most abundant (Table 2).
Flax oil supplements contained no EPA or DHA, but were
rich in linoleic (~25 %) and linolenic acids (~40 %). Low
concentrations of FFA (<0.4 %) were found in all dietary
oil supplements, with the exception of a conjugated linoleic
acid (CLA) dietary oil supplement, which was 100 % pure
CLA (a free fatty acid). Table 3 shows that the fish body
oil samples were divided into two major groups based on
their EPA/DHA levels: samples containing 65-91 % total
EPA/DHA and samples containing 32-37 % total EPA/
DHA. Cod liver oils contained levels of EPA/DHA rang-
ing from 23 to 28 %, exhibiting a narrower window of
concentrations from the fish body oils. The fish body oil
with the lowest EPA/DHA levels in our study was found
to contain only 8 % total EPA/DHA. This supplement was
advertised and labeled as “minimally processed and not
molecularly distilled”, which may explain the distinction
from the rest of the oils. Natural, non-concentrated fish oils
contain approximately 18 % EPA and 12 % DHA, although
the levels are highly variable, and dependent on factors
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Table 3 Average of eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids concentrations for the fish oil samples, including esti-
mated contents based on label information

Sample code GC determination Label

EPA (%) DHA (%) EPA (%) DHA (%)
FishA A 45.21 25.21 30.00 20.00
B 45.92 36.30 40.00 30.00
I 41.12 26.81 30.00 20.00
J 42.06 30.88 32.00 24.00
M 47.57 34.72 36.00 21.60
N 43.51 28.34 26.90 17.90
S 59.34 31.64 50.00 25.00
T 38.78 26.46 36.00 24.00
U 41.68 31.38 32.50 25.00
FishB C 2391 13.5 18.00 12.00
D 21.58 10.91 30.00*
G 25.28 7.48 36.00*
H 22.67 14.47 15.00 10.00
L 21.26 10.64 18.00 12.00
Q 21.72 11.21 16.50 11.00
Raw o 6.72 3.77 6.00 5.00
CLO K 13.11 11.73 7.70 11.40
P 14.51 10.12 12.30 8.20
R 13.42 14.62 -
\Y 11.48 11.87 8.50 12.00

# Manufacturer reported DHA and EPA as total omega-3 levels in
supplements

previously described [6]. As a result, oils with higher EPA/
DHA concentrations will have undergone a range of pro-
cessing, most commonly trans-esterification and molecular
distillation.

Spectral comparison of four samples, representing low
and high concentrations of EPA/DHA in fish body oils,
CLO, and flaxseed oil, revealed strong similarities between
spectra (Fig. 1). Differences were evident primarily in the
3006-3012 cm ™! region associated with the =C—H stretch-
ing vibration band and the C=O carbonyl band at 1720—
1746 cm™" [19, 35]. The fingerprint region (800-1500 cm™)
showed a large amount of variation, especially for the high
EPA/DHA fish oils in the 1050950 cm ™! region, which has
been ascribed to =C-H out-of-plane bending (Fig. 1).

PCA of Oil Supplements

Principal components analysis (PCA) using MID FT-IR
spectra revealed the clustering of 4 major classes among the
oil supplements (Fig. 2A-D). Further examination revealed
that these clusters were highly associated with oil source
and processing characteristics. Cluster A was associated to
pure CLA, B corresponded to samples containing negligi-
ble (Flax), low (11 %, extra virgin marine oil) and moderate
(34 %) EPA/DHA levels in fish body oils and CLO (25 %
EPA/DHA), while C was related to concentrated marine
oils (65-91 % EPA/DHA). Cluster D corresponded to a
single supplement (denoted in Table 1 as sample C) with
EPA and DHA concentrations of 24 and 14 %, respectively,

-C-H (CH,)

ii-C-H (CHy)
CH (CHy) | |

Absorbance

C=0 (ester)

C-0 and CH,

w ]

3000 3700

500 3300 3100 2900. 2700 2500 2300 .2100 1900 1700 1500 1300 1100 900

Wavenumber (cm!)

Fig. 1 Spectral comparisons of the 4 major supplement groups in this study. Peak assignment adapted from Guillen and Cabo [31]
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3% EPA

B

23% EPA

PC3

61 % EPA

Conjugated linoleic
acid (0% EPA)

D

PPLLLLEN

. o _,.".Molecularly
**Histilled Omega-3

S

23% EPA

Fig. 2 Three-dimension scores plot from PCA using MID FT-IR (4000-700 cm™") spectra pre-treated with SNV 2D (25 points). Dotted lines

are the 95 % confident ellipses used to define sample clustering

similar to samples containing moderate EPA/DHA levels in
class B but clustered farthest away as a different group (D)
(Fig. 2). This fish oil supplement (sample C) was manu-
factured using a molecular distillation process, involving
purification of FA esters in a vacuum system based on the
variations in boiling points of different FAs. Sub-groupings
were evident in samples included in Class B with flaxseed
and CLO samples being differentiated from the marine oil
samples. The slightly higher ratio of DHA to EPA found in
CLO versus fish body oils may play a role in differentiat-
ing these groups [5]. Also, the nature of CLO processing
and the fact that CLO concentrates are not readily available
[24] may explain the low variability within this group.
Loading plots show the spectral weights (4000-
700 cm™!) responsible for sample clustering (Fig. 3).
PC1 and PC2 showed high correlations with the 1750—
1745 cm™! region, attributed to the C—O stretching in esters
[35], and describing the shift in the carbonyl group (1745—
1710 cm ™) of the oils depending on the type of FAs esteri-
fication. PC3 exhibited a high correlation with bands in the
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3070-2800 cm™! and 1250-1150 cm™' regions attributed
to the C-H groups of the FAs and C=C and C-O stretch-
ing, respectively [35]. Examination of raw spectra reveals
a distinct carbonyl band shift (from 1704 to 1745 cm™!) in
the samples (Fig. 4) that may reflect the delivery of these
supplements as primarily FA ethyl esters instead of triglyc-
erides. Figure 4 showed that the conjugated linoleic acid
sample (Class A) showed strong absorptions at 1704 cm™!
attributed to the free FA; Class B samples showed a shift
of the absorption band to 1745 cm™! associated with the
carbonyl signal of triacylglycerides, while samples in Class
C and D showed a major band at 1737 cm™! assigned to
the absorption of the carbonyl methyl ester band [36].
High levels of EPA/DHA in many fish oil supplements are
obtained through esterification, fractionation and concen-
tration of omega-3 fatty alkyl esters. As a result, clustering
of fish oils may be due to the presence of these ethyl esters
in the supplements, either intentionally as a cheap way to
increase levels of EPA and DHA, or as a result of incom-
plete re-esterification after molecular distillation [24]. Alkyl
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Loadings

4000 3070

| T |
2138 1206 700

Wavenumber (cm™')

Fig.3 PCI1, PC2 and PC3 loading from the PCA using MID FT-IR
spectra pre-treated with SNV and 2D (25 points). Bands assign-
ment: 7 3006 cm™' =C-H (cis-), 2 2924 em™' -C-H (CH, ,.,,,), 3

1.5+ A 1704 (A
(C & D)1737 (A)
(B) 1744
1.0
2
<C
0.5

1877 1783 1690 1597
Wavenumber (cm-1)

Fig.4 MID FT-IR spectra of the samples between 1900 and
1500 cm™

2853 cm™! —-C-H (CHz,Sym), 4 1746 cm™' —C=0 (ester), and 5
1163 cm™!' —-C-0, -CH2—

esters of omega-3 fatty acids are more prone to oxidation
than their triglyceride counterparts, and some evidence sug-
gests that the bioavailability of alkyl esters is lower than that
of intact triglycerides [6]. The lack of distinction between
products containing triglycerides and FA alkyl esters reveals
a weakness of the dietary supplements health and education
act. Only one of the concentrated fish oils claimed to con-
tain ethyl ester FAs, and consumers that wish to choose one
form of supplement over the other have very little reliable
information on which to base their decision.

Partial Least Squares Regression Analysis

Random sample selection was used to select the sam-
ples for the calibration and validation sets. All FA ranges

Table 4 Summary of fatty

. . . Fatty acid  Calibration Validation

acids profile for calibration

[27] and validation [10] set of Min (%) Max (%) Mean (%) SD (%) Min (%) Max (%) Mean (%) SD (%)

samples
C14:0 0.00 9.50 3.61 3.85 0.00 9.10 547 3.01
C16:0 0.00 21.07 10.23 8.30 0.00 20.06 14.20 6.08
Cle:1 0.00 10.69 4.68 4.35 0.00 11.27 7.59 2.95
C18:1 1.41 37.42 9.59 7.44 0.00 16.44 11.70 4.26
EPA 0.00 61.33 31.60 14.41 7.61 32.37 15.32 7.37
DHA 0.00 57.07 21.08 12.67 9.37 26.35 12.43 5.10
FFA 0.02 0.38 0.16 0.10 0.11 0.31 0.16 0.06

All the results are expressed in (%). Free fatty acids are expressed in g of oleic acid per 100 g of oil

EPA eicosapentaenoic, DHA docosahexaenoic acid, FFA free fatty acids
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Table 5 Summary of goodness of fit for MID FT-IR portable Cary 630 equipment using 5-bounce ATR with temperature control

Fatty acid Spectral region (em™) PLS factors n outliers rey SECV (%) Fpred SEP (%) RPD
C14:0 3200-2800 5 2 0.99 0.58 0.99 0.53 5.71
C16:0 3200-2800 6 3 0.99 1.26 0.94 1.61 3.77
Cl6:1 3200-2800 3 2 0.95 1.38 0.93 0.82 3.6

Ci18:1 3200-2800 6 2 0.95 2.33 0.97 2.07 2.06
EPA 3200-2800 5 0 0.99 2.25 0.99 1.34 5.51
DHA 3200-2800 6 0 0.99 1.26 0.99 1.07 4.75
FFA 1800-1600 7 2 0.96 0.02 0.93 0.05 1.17

Internal validation (leave-five-out cross-validation) and validation statistics

EPA eicosapentaenoic, DHA docosahexaenoic acid, FFA free fatty acids, r, correlation coefficient of cross-validation, SECV standard error of
cross-validation, rp,,, correlation coefficient of prediction, SEP standard error of prediction, RPD ratio of performance deviation

were comparable, but the standard deviations were always
smaller for the validation set (Table 4). PLSR models for
estimating FA levels were constructed using the 3200—
2800 cm™! region related to the olefinic (=CH-) and ali-
phatic (-CH,—) stretching vibration bands in their infrared
spectra [19, 37]. The C=0 carbonyl MID region (1800—
1600 cm™!) was used to develop the FFA model.

The correlation coefficients of validation (>0.93) for
all models can be considered as excellent [38]. The stand-
ard error of prediction (SEP) ranged from 0.6 to 2.3 %
(Table 5). Overall, the low SEP and very high goodness of
fit (Table 5) showed that this method is capable of quan-
tifying levels of major FAs in dietary supplements across
a broad compositional range. PLSR models for estimat-
ing EPA and DHA showed high correlation coefficients
(ryy1 = 0.99) and low SEPs of 2.2 and 1.3 %, respectively.
RPDs were used as an indicator of predictive ability of
the models. RPDs can be broken down into the follow-
ing ranges: 0-2.3 indicates poor model or predictions,
and using this model is not recommended; RPD values
between 2.4 and 3 shows that models can only distinguish
between high and low values; values between 3.1 and 4.9
are good for screening applications, values between 5.0
and 6.4 are acceptable for quality control applications and
above 6.5 for process control purposes [39]. The best pre-
diction models for portable Cary 630 (MID FT-IR) equip-
ment with 5-bounce ATR and temperature control were
found for C14:0, EPA, DHA, C16:0 and C16:1 with RPDs
of 5.71, 5.51, 4.75, 3.77 and 3.6, respectively (Table 5).
Figure 5 shows the prediction versus measured for (A)
EPA and (B) DHA PLS models. All models were at least
classified for screening application, except for C14:0 and
EPA which were defined as quality control application
models (RPD >5). Although the correlation coefficient of
prediction for FFA showed a goodness of fit with r,, of
0.93, the low levels of FFA found in the dietary supple-
ments resulted in a validation set without enough variabil-
ity yielding poor prediction power (RPD <1.1).
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Fig. 5 Measured versus predicted diagram for a EPA concentrations
and b DHA concentration in the oil dietary supplements. Calibration
set (open diamond) and validation set (closed diamond) of sample
spectra were measured in duplicate

The results of the prediction model confirm the capa-
bility to estimate the main FAs of fish oil supplements, an
important quality parameter for Food and Drug Admin-
istration compliance. In addition, the regression model
allows for good predictions of important FAs associated
with health benefits of fish oil supplementation.
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Conclusions

This study demonstrated a fast, simple, and reliable
method for characterization of the primary FAs in die-
tary oil supplements, focusing on the two primary
omega-3 fatty acids present. This method has the poten-
tial to support and validate labeling claims by using a
portable mid-infrared system equipped with a tempera-
ture-controlled 5-bounce ATR accessory. The samples
analyzed covered a wide range of EPA/DHA concentra-
tions (0—60 %) and sources (fish body oils, cod liver oil,
and flaxseed oil). Classification of samples was associ-
ated with EPA content, oil source, and factors associated
with processing (alkyl ester or triglyceride). A discrimi-
nating factor was the carbonyl band (C=0), and regions
associated with C=C and C-H bonds. The difference in
the ester carbonyl band found in a comparison of the B
and C groups is consistent with that found in FA methyl
and ethyl esters versus triglyceride esters. Models were
developed for rapidly determining the FA profile, par-
ticularly EPA and DHA contents expected for fish oils,
by using MID FT-IR coupled with chemometrics. Mod-
els exhibited excellent performance in estimating DHA/
EPA in omega-3 supplements (r,,; = 0.99, SEP = 1.1 %
and RPD >4.8). The portable MID FT-IR technol-
ogy provided precise FA composition information and
allowed the determination of the state of these FAs,
whether they are methyl/ethyl esters, FFAs, or triglyc-
erides. We have shown the feasibility of using a port-
able unit that can provide in-field opportunities for test-
ing in industry, replacing or complementing traditional
techniques.
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