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Abstract

Highly unsaturated fatty acids such as docosahexaenoic acid and linolenic acid are prone to oxida-
tion with a resulting loss of bioactivity and generation of malodorous degradation compounds.
Degradation proceeds by formation of the corresponding hydroperoxyl free radical with subse-
quent oxidative cleavage at the double bond site. FTIR-ATR was used to detect degradation
through spectral changes that were correlated to oxidative degradation. The spectrometer was
equipped with a heated stage so that a series of spectra could be collected while the sample was
exposed to elevated temperatures. The appearance of new bands at 972.8 cm 1, 2934 cm 1, and
3498 cm ! with the disappearance of bands at 703.6 cm ! and 3013 cm ! were observed after
heating and these spectral changes were evaluated by correlation spectroscopy analysis. These
results provide a method to quickly detect the oxidative degradation of polyunsaturated fats. This
approach is expected to be applied for the quality assessment of feed formulations fortified with
omega-3 fatty acids.
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1. Introduction

The polyunsaturated fatty acids such as docosahexaenoic acid (DHA) and linolenic acid (ALA) are finding ap-
plications in food and feed formulations due to their associated health benefits [1] [2]. However, these com-
pounds are susceptible to auto-oxidation that results in structural degradation, reduced bioactivity, and genera-
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tion of malodorous degradation products [3] [4].

The most common degradation products generated from unsaturated fatty acid oxidation are aldehydes, ke-
tones, alcohols, and carboxylic acids [5]. These compounds result from cleavage that occurs at unsaturated bond
sites. The mixture of oxidation products may be analyzed by instrumental methods such as gas chromatography
with mass selective detectors [6]. These methods are very sensitive but require skilled technicians and costly
equipment. Sample preparation and analysis time can also be significant. Alternative methods are based on colo-
rimetric or spectroscopic techniques [7]. The aldehydes, for example, generally do not contain strong chromo-
phores but can be derivatized by reaction with 1-methyl-2-phenylindole and then detected [8]. The biochemi-
cally important unsaturated oxidation product, 4-hydroxy nonenal, exhibits absorbance in the ultraviolet (UV)
range and may be measured by high performance liquid chromatography using a UV detector [9].

The current investigation was undertaken to explore the use of mid-range infrared spectroscopy to detect
changes associated with fatty acid degradation. Of particular interest are differences in absorbance between the
carbonyl groups of carboxylic acids or esters and aldehydes. Distinguishing spectral characteristics of these
compounds include the frequency of absorption due to C=0 stretching, absorption due to C-O stretching for ac-
ids and esters, and absorption due to the O-H stretch of acids or alcohols. The presence and location of these
spectral features could be used as the basis for a rapid analysis. The application of Fourier Transform Infrared
Spectroscopy (FTIR) with Attenuated Total Reflectance (ATR) was examined as a method to detect the oxida-
tion products of polyunsaturated acids. This technique can be used on solid or liquid samples with little prepara-
tion and requires a very small sample size. It is also a nondestructive method so that the sample could be recovered.

2. Experimental
2.1. Materials

Methyl docosahexaenate (98%) and methyl linolenate (99%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). These materials were used as received.

2.2. Spectroscopy

Spectra were collected with a Tensor 27 FT-IR system (Bruker Optics, Billerica, MA) equipped with a 300
Golden Gate diamond ATR and a temperature controller (Specac, Ltd., London, England). Samples were
scanned over the range 4000 - 600 cm * at a resolution of 4 cm ™. The spectrum of each sample was the result of
128 co-added scans. The instrument was controlled by OPUS v 5.0 software. A drop of the sample was placed
onto the ATR crystal and repeatedly scanned at ten minute intervals while the temperature was increased from
25°C to 120°C at 1°C/min. The sample was maintained at this temperature for up to 10 hours while spectra were
collected. Spectra were analyzed using Grams/Al v 8.0 (Thermo Fisher Corp., Waltham, MA, USA). Spectra
were baseline and offset corrected prior to analysis. Two-dimensional correlation analysis was performed with
the array basic program 2DGen in Grams/Al. Synchronous and asynchronous correlation maps were produced
from spectra collected at initial, intermediate, and final times and temperatures.

3. Results and Discussion

Spectra of DHA and ALA methyl esters are shown in Figures 1 and 2, respectively, collected at the start of the
experiment and after heating to 120°C. Prior to the heat treatment both fatty acid esters exhibited the characteris-
tic carbonyl stretching band at 1740 cm ', Additional strong bands were observed at 703.6 cm !, 1160 cm ™,
1436 cm*, 2964 cm ™, and 3013 cm* for methyl DHA and at 717.6 cm %, 1170 cm %, 1435.9 cm %, 2928.5 cm *,
2855.2 cm !, and 3011.2 cm* for methyl ALA. After the temperature reached 120°C the esters showed several
spectral changes were associated with oxidative degradation. The carbonyl stretch has shifted to a lower fre-
quency, from 1740 cm* to near 1730 cm ™, which is more typical of an aldehyde than an ester.

New bands appeared in the spectrum of methyl DHA at 972.8 cm *, 2934 cm™, and 3498 cm™* while previous
bands at 703.6 cm* and 3013 cm* are no longer observed. Similar spectral changes were seen with methyl
ALA (Figure 2).

Longer heating times produced no additional major changes in the spectra (Figure 3).

Analysis of these spectral changes was performed by correlation spectroscopy to identify the most highly cor-
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Figure 1. Spectra of DHA methyl ester at 25°C and 120°C.
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Figure 2. Spectra of ALA methyl ester at 25°C and 120°C.

T T T T T — T T 1
1000 500

T T T
2500 2000 1500
frequency (cm™!)

T T
3500 3000

I
4000

Figure 3. Time series of DHA methyl ester heated at 120°C.

)



R. A. Holser

related regions that could be used as the basis for a screening procedure to identify degradation of DHA or ALA
esters [10] [11]. Correlation maps were prepared to evaluate the feasibility of using the selected bands to predict
degradation in products fortified with these polyunsaturated fatty acids. The results are shown in Figures 4 and
5 as contour plots where the correlated regions appear at the intersection points along a diagonal line from the
origin. Figure 4 displays the synchronous map obtained from the analysis of spectra obtained while heating the
DHA methyl ester. The regions that are correlated include: 3000 cm ™, 1710 cm™*, 1170 - 970 cm %, 750 - 650
cm™. These are listed in increasing order. The magnitudes of the cross-peaks at 3000 cm * and 1710 cm™* are
equal and approximately half the magnitude of the cross-peak centered at 700 cm *. This analysis indicates that
the regions between 1170 - 970 cm ! and 750 - 650 cm* provide the strongest correlations and would be se-
lected for subsequent chemometric model development.

The results for the analysis of the spectra obtained from the ALA methyl esters are shown in Figure 5. The
strongest correlations are also identified in the regions centered at 1000 cm * and 700 cm ™.

This correlation analysis provided values that could be used in a chemometric model to automate the inter-
pretation of spectral data. It is anticipated that this approach can be applied for quality assessments on products
such as animal feeds that have been fortified with DHA or ALA.
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Figure 4. Synchronous plot of DHA methyl ester spectra.
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Figure 5. Synchronous plot of ALA methyl ester spec-
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4. Conclusion

The experimental results demonstrated that spectral changes associated with the degradation of DHA and ALA
methyl esters could be detected by FTIR-ATR. Visual interpretation of the spectra showed a shift of the car-
bonyl absorption band from 1740 cm™ to 1730 cm ™ and the appearance of a broad band centered at 3500 cm ™
that would be consistent with hydroxyl absorption. However, the frequencies that showed the strongest correla-
tion to oxidative degradation were determined from synchronous correlation maps to be 1170 - 970 cm™* and
750 - 650 cm . These regions could be used to develop a rigorous chemometric model for the rapid assessment
of oxidative degradation of DHA and ALA esters.
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