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3. Results and Discussion
3.1 SPME-GC-MS

Representative gas chromatograms of headspace volatiles at Week 0 and Week 24 are
shown in Figure 1 for whole wheat flour and Figure 2 for quinoa flour. Tables 1 and 2 list
volatile compounds identified in whole wheat flour and quinoa flour, respectively. The values in
Table 1 are the amounts of volatile compounds in whole wheat flour that were consistently
present during storage, either in increasing or decreasing concentrations. The results are reported
as relative abundance in mg/L, compared to the known concentration of the internal standard.

The data in Table 1 indicate that 1-hexanol is present in all samples and significantly
increases over time. The compounds 2-pentylfuran, phenol, hexanoic acid, hexanal, and 1-
pentanol also significantly increase over time, after they appear in the samples. These
compounds are consistent with the compounds in fresh whole wheat flour identified by Xu et al.
(2017), who identified pentanol, hexanal, 1-hexanol, 2-pentylfuran, and other compounds. A
study by Yuan et al. (2016) also identified 1-hexanol as one of the main volatile compounds in
fresh whole wheat flour. Yuan et al. additionally identified hexanoic acid and other compounds.
A study conducted by Li et al. (2013) found hexanal, furan, and phenol in whole wheat flour.

The differences in identified compounds among the three previous studies and this
research could be due to the differences in the wheat, sensitivity of the instruments used, and
variations in preparation of the whole wheat flour samples, i.e. milling method. None of the
previous studies looked at whole wheat flour over time, at room temperature or higher
temperatures of accelerated storage. The increase of 1-hexanol, 2-pentyl furan, phenol, hexanoic
acid, hexanal, and 1-pentanol during storage in this study suggests they may be good indicators

of flour age.



Table 2 shows the data for the SPME-GC-MS for quinoa flour. The compound 1-hexanol
is present in all samples and significantly increases between Week 0 Week 16. Phenol
significantly increases after appearing in Week 8 and then decreases at Week 24. Hexanal, 1-
pentanol, and 1-octanol all appear at Week 12 and significantly increase by Week 16. Nonanal,
decanal, and 2-undecenal appear at Week 16 and significantly increase through Week 24. 2 .4-

nonadienal did not significantly increase.
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Figure 1: Gas chromatogram of headspace volatiles in whole wheat flour at Week 0 (a) and
Week 24 (b).
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Figure 2: Gas chromatogram of headspace volatiles in quinoa flour at Week 0 (a) and Week 24
(b).
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Table 1: Whole wheat flour volatiles and their relative abundances (mg/L) during storage at 40°C as determined by SPME-GC-MS*

Compound | Week 0 Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
1-hexanol 49.7 +£5.4* | 56.66 £8.52% | 115.20 £17.71% | 135.33 £18.24% | 174.84 £12.29% | 136.04 £6.35> | 215.22 +6.25¢
2- ND** 15.10 £2.51% | 35.68 £6.30%> | 58.51 +9.83> | 94.59 +11.28% | 83.10 +2.74% 120.20 £2.74¢
pentylfuran

Phenol ND ND 34.85 +8.562 80.72 £17.95% | 116.62 £12.29° | 101.95 £8.15%° | 63.20 +£0.282
Hexanoic ND ND 62.32 +6.412 129.72 £12.122 | 336.02 £51.99° | 343.64 +£26.88° | 399.95 +31.94°
acid

Hexanal ND ND ND 19.38 +£3.932 51.42 £10.28" | 45.98 +3.78% 53.32 £3.80°
l-pentanol | ND ND ND ND 25.98 £156%° 22.25 +0.68? 28.17 +£1.08P

*Mean values are reported with the standard error of the means, n=3
**ND- none detected for that sample

a¢Means with different superscript letters within a row indicate significant differences (P<0.05)
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Table 2: Quinoa flour volatiles and their relative abundances (mg/L) during storage at 40°C as determined by SPME-GC-MS*

Compound Week 0 Week 4 Week 8 Week 12 Week 16 Week 20 Week 24
1-hexanol 53.16 +4.05* | 34.45+1.62* | 164.66 £7.89% 329.70 £72.47° | 311.22+17.55° | 193.10 £10.11%* | 252.58 +£2.50"
2-pentylfuran | ND** ND 37.25 £7.42* 142.26 £36.86° | ND ND ND

Phenol ND ND 105.16 £20.41* | 105.33 £6.99* 152.68 £7.06%° 185.49 +4.65° 103.86 £6.35?
Hexanal ND ND ND 175.41 £3.45° 1062.56 £48.42° | 1677.45 +£63.16° | 1132.14+74.96°
1-pentanol ND ND ND 39.49 £4.99* 98.96 +£9.55% 114.13 £4.27¢ 81.70 £1.17°
1-octanol ND ND ND 68.08 £11.27° 146.98 £8.57° 187.34 £10.58° 146.33 £9.59°
1-nonanol 35.81 £0.56* | ND ND 67.27 +8.73° 173.08 +£3.75°¢ ND ND

Nonanal ND ND ND ND 237.55 +£10.78* | 422.17 £14.72°¢ 307.02 £19.71°
Decanal ND ND ND ND 93.21 £1.47* 202.44 +£5.12° 195.73 £17.15°
2,4- ND ND ND ND 119.45 £2.12° 183.32 £12.00° 113.08 +£5.98°
nonadienal

2-undecenal | ND ND ND ND 127.09 +6.14* 221.64 £12.11° 212.60 £10.26°

*Mean values are reported with the standard error of the means, n=3
**ND- none detected for that sample
a¢Means with different superscript letters within a row indicate significant differences (P<0.05)




3.2 Sensory

Figure 3 represents the data from the descriptive odor analysis sensory panel for whole
wheat flour. The values on the chart represent the averaged results from duplicate panels. Figure
3 indicates that the intensity of fresh flour steadily decreased over time. Cardboard/stale
increased during storage up to Week 16, plateaued at Week 20, and then declined. Musty
intensity was low until an increase at Week 16 that dramatically rose at Week 24. It is probable
that any presence of cardboard/stale odor after Week 16 was obscured by the musty odor
detected at Weeks 20 and 24.

These findings seem to correspond with previous sensory analysis relating to wheat germ
and whole wheat bread. Work by Sjovall et al. (2000) used sensory paired-comparison tests to
detect differences in samples of wheat germ and found significant differences in samples stored
for three weeks compared to one week. Jensen et al. (2011) used descriptive sensory analysis to
determine that the scores for aroma descriptors of bran and dough of whole wheat bread
decreased after storage. The aroma descriptors of dust, fatty, and rancid increased over the same
storage period. Licciardello et al. (2017) evaluated how packaging affects the sensory aspects of
whole wheat bread stored in plastic bags for consumers. They observed that the odors of
semolina and toast decreased during storage, while the odors of stale and sour increased during
storage.

Results of the descriptive panel on quinoa flour is represented in Figure 4, which
indicates that the intensity of grassy drops drastically after Week 0 and then steadily declines.
Cardboard/stale rose steadily until Week 16, plateaued, and then declined. Musty intensity was
low until Week 16 where it increased gradually before rising quickly at Week 24. Like whole

wheat flour, it is probable that any presence cardboard/stale after Week 16 was obscured by the
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musty odor detected at Weeks 20 and 24. The initial presence of the descriptor grassy appears to
match the results of a study by Hager et al. (2012) that compared bread made with various flours
to bread made from wheat flour. The aroma profile analysis for the crumb of bread from quinoa
showed a medium to high intensity for the descriptor pea-like. Since the bread samples were only
evaluated shortly after preparation, it is not possible to compare the results presented by Hager et

al. (2012) to the descriptors that developed over time in this study.
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Figure 3: Whole wheat flour odor descriptor intensity scores on a scale of 0 to 15 during storage
at 40°C (n=8)
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Figure 4: Quinoa flour odor descriptor intensity scores on a scale of 0 to 15 during storage at
40°C (n=8)

3.3 Correlation of GC Volatiles and Sensory

Several significant correlations were observed between GC volatiles and odor scores
across the 6 months of storage. In whole wheat flour, the scores for the descriptor fresh flour
were negatively correlated with 1-hexanol (r=-0.82), 2-pentylfuran (r=-0.86), and hexanoic acid
(r=-0.88). These negative correlations indicate that as whole wheat flour ages, it loses its fresh
flour odor in a rate similar to its increase in these volatiles. Additionally, the descriptor
cardboard/stale was positively correlated with 1-hexanol (r=0.89), 2-pentylfuran (r=0.97), phenol
(r=0.97), hexanoic acid (r=0.98), and hexanal (r=0.99). This suggests that it is possible to
evaluate rancidity using compounds other than hexanal. The correlations with the descriptors
fresh flour and cardboard/stale show that SPME-GC-MS can effectively identify and quantitate
at least some aspects of whole wheat flour odor changes.

In quinoa flour, only one significant correlation was observed between volatiles and odor

descriptors (P<0.05). The descriptor musty was positively correlated with the compound 1-
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nonanol (r=.99). The rise and fall of the compounds in quinoa flour prevent more significant
correlations between the volatile compounds and descriptive sensory analysis scores.
4. Conclusions

Volatile compounds, as measured by SPME-GC-MS, present in whole wheat and quinoa
flours change over time in accelerated storage. Descriptive sensory analysis of odors also
indicates that accelerated storage alters the human-perceptible volatiles. The positive correlations
that 1-hexanol, 2-pentylfuran, phenol, hexanoic acid, and hexanal have with the descriptor
cardboard/stale indicate that SPME-GC-MS analyses can be used as a rapid and less expensive
means of determining whole wheat flour age and acceptability. The SPME-GC-MS data could
potentially be included on a certificate of analysis (COA) originating from a mill, similar to how
oil companies include peroxide values on COAs. Future studies should be conducted with flours
stored at ambient temperatures in real time to determine if the same correlations exist. In
contrast, the absence of multiple correlations between instrumental quantitation of volatiles and
descriptive sensory analysis scores in quinoa flour suggest that SPME-GC-MS analyses may not

be preferable to human sensory determination of quinoa flour age and acceptability.
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APPENDIX A: EXPANDED LITERATURE REVIEW

The initial objective of this research was to develop a rapid method for predicting the
shelf life of whole grain flours. The following research and method development sections include
the information related to the initial objective.

USDA Guidelines Regarding Whole Grain Consumption

Current USDA guidelines recommend that at least half of all grains consumed should be
whole grains (ChooseMyPlate). These government regulations come from many recent studies
about the health effects of dietary fiber, which is found in whole grains. Fiber has been found to
reduce blood cholesterol, to reduce the risk of heart disease, obesity and type II diabetes, and to
give a feeling of fullness. The Adequate Intake value for fiber corresponds with the median value
of fiber intake shown to lower the risk of coronary heart disease. The results published in the
Handbook of Dietary Fiber, as mentioned by Slavin, affirmed that soluble fibers help lower
blood cholesterol, which can have heart-healthy benefits. The same report also mentioned that an
increased intake of dietary fiber could increase the levels of satiety, potentially helping with
weight loss (Slavin, 2008). These desirable outcomes were also discussed by Khan (2009) in an
article developed for the Canadian Hypertension Education Program which recommends “to
prevent and treat hypertension ... follow a diet that emphasizes dietary and soluble fiber, whole
grains and protein from plant sources.”

Factors Influencing Whole Wheat Flour Shelf Life

Variation in flour shelf life can be due to grain conditions prior to milling. The type of
grain being milled, the time of harvest, amount of time between harvest and milling, and the
moisture of the grain when milled all affect the flour. Additionally, the form of milling used and

the particle size can effect shelf life. With all the factors that can affect shelf life, it is important
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to know which influence plays the largest role in the shelf life of whole wheat flour. Galliard
(1986) indicated that the lipid oxidation occurs rapidly in stored whole wheat flour. Lipid
oxidation is the most unstable factor affecting the shelf life of whole wheat flour and is the main
reason flour loses functionality during storage (Doblado-Maldonado et al., 2012).
Whole-grain and Other Flour Product Storage Studies

Many studies have looked at the effect of storage on the chemical, physical, and/or
sensory changes in different types of flour, including whole wheat, quinoa, fufu, oat, sorghum,
walnut, cassava, einkorn, and pregerminated breadwheat (Abugoch et al., 2009; Becker and
Hanners, 1990; Brandolini et al., 2009; Doblado-Maldonado et al., 2012; Labuckas et al., 2011;
Meera et al., 2011; Molteberg et al., 1996; Nielsen and Hansen, 2008; Ng et al., 2007; Obadina et
al., 2007; Ogungbenle, 2003). These studies provide useful information and entailed either an
ambient condition shelf life study or an accelerated shelf life study. Many studies have looked at
different flours including wheat, quinoa, amaranth, kaniwa, buckwheat, teff, sorghum, and
millet, and mixtures of these flours in basic food matrices (Alvarez-Jubete et al., 2001; Bell et
al., 1979; Chlopicka et al., 2012; Collar and Angioloni, 2014; Demir, 2014; Diaz et al., 2015;
Elgeti et al., 2013; Hozova et al., 1997; Lee et al., 2006; Robin et al., 2015; Schoenlechner et al.,
2010; Tait and Galliard, 1988). The studies looked at the physiological, sensory, and flavor
changes to these products initially and after storage. Studies have also been done looking at how
pretreating flours can increase the shelf life of various grain flours, including wheat, corn masa,
millet, and quinoa (Brady et al., 2005; Marathe et al., 2002; Marquez-Castillo and Vidal-
Quintanar, 2011; Nantanga et al., 2008; Rose et al., 2008). Grains have varying levels of

unsaturated fatty acids and iron, which can greatly affect the shelf life of the whole grain flours.
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Table 3 shows the lipid and iron levels of several traditional and “ancient” grains, as reported in

the USDA National Nutrient Database (2017).

Table 3: Lipid and iron content of whole grains.

Grain Total Lipid (%) Saturated Fatty Monounsaturated Polyunsaturated | Iron
Acids (%) Fatty Acids (%) Fatty Acids (%) (mg/100 g)

Quinoa 6.07 1.20 2.74 5.60 4.57
Amaranth 7.02 1.46 1.69 2.78 7.61
Whole 1.95 0.43 0.28 1.17 3.71
Wheat

Spelt 2.43 0.41 0.45 1.26 4.44
Teff 2.38 0.45 0.59 1.07 7.63
Kamut 2.13 0.20 0.21 0.62 3.77
Chia 30.74 3.33 231 23.67 7.72
Millet 4.22 0.72 0.77 2.13 3.01
Sorghum 3.46 0.61 1.13 1.56 3.36

Correlation of OSI with Sensory Shelf Life

Previous studies have correlated sensory results with OSI values. In a study reported by

Broadbent and Pike (2003), canola oil samples stored for an increasing number of days at 60°C

were evaluated for nine days. The sensory scores were then correlated to the induction time

found using a fresh sample and OSI. A similar study conducted by Coppin and Pike (2001)

correlated sensory results with OSI of light-exposed soybean oil.
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Use of Rancimat to Determine Stability of Whole Foods

Metrohm Inc. has published an application bulletin (Metrohm, 2015) that lists several
solid foodstuffs that were evaluated using the Rancimat. Table 4 states the induction time for

several such foodstuffs. The bulletin includes the method parameters and suggested sample size.

Table 4: Induction times for solid foodstuffs (Metrohm, 2015)

Sample Induction time / h
Butter cookies 24.25
Muffins (Magdalenas) 10.23
Potato chips (crackers) 28.47
Peanut curls 8.19
Almonds 7.56
Peanuts 3.10
Instant noodles 16.81
Kitsune Udon noodles 15.12
Yakisoba noodles 21.02
Soup pearls 8.31
Hazelnuts 20.60

Potato chips (crackers, 140 °C) 9.20

Proposed Methods

Oil Stability Index is determined using a two vessel system (See Figure 5). One of the
vessels contains the sample and is heated to a specific temperature. The other vessel contains a
water trap. This water trap collects the volatiles formed in the first vessel and measures the
changing conductivity. When the conductivity begins to change rapidly, this indicates the
endpoint (See Figure 6). Once the endpoint has been determined, the induction time can then be

calculated (Pike, 2001).
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Gas Chromatography of Grain Products

Recent reviews have looked at the increasing number of studies done using solid-phase
microextraction (SPME) to evaluate food (Kataoka et al., 2000; Xu et al., 2016). There have
been many studies looking at the headspace volatiles present in cereal products baked with flours
stored for various amounts of time (Ruiz et al., 2003; Jensen et al., 2011; Jensen and Risbo,
2005). There have also been studies identifying volatiles in millet powder (Wang et al., 2014),
barley flour (Cramer et al., 2005), semolina (Beleggia et al., 2009), oat flour (Moltederg et al.,
1996), and oat flakes (Klensporf and Jelen, 2008). One study investigated the volatiles present in
whole wheat flour, but it did not look at correlation the volatile compounds to sensory data
(Yuan 2016). An additional study looked at the volatile compounds in heat-treated wheat flour
(Xu 2017).
Correlations Between Gas Chromatography and Descriptive Sensory

Studies have looked at the correlations between SPME-GC-MS data and descriptive
sensory analysis for various products, including sour cream (Shepard et al., 2013), milk powder
(Park and Drake, 2017), and extruded oats (Lampi et al., 2015).
Fatty Acid Profiles and Oxidation Mechanisms

Tables 5 and 6 show fatty acid profiles for wheat flour and quinoa, respectively, as

reported in the USDA National Nutrient Database (2017).
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Table 5: Wheat lipid fatty acid profile

Fatty Acid Amount (g per 100 g of flour)
16:0 Hexadecanoic acid 0.410
18:0 Octadecanoic acid 0.020
18:1 9-octadecenoic acid 0.273
18:2 9,12-octadecadienoic acid 1.093
18:3 6,9,12-octadecenoic acid 0.073
20:1 9-eicosenoic acid 0.010

Table 6: Quinoa lipid fatty acid profile

Fatty Acid Amount (g per 100 g of flour)
16:0 Hexadecanoic acid 0.600
18:0 Octadecanoic acid 0.037
18:1 9-octadecenoic acid 1.420
18:2 9,12-octadecadienoic acid 2.977
18:3 6,9,12-octadecenoic acid 0.260
20:0 Eicosanoic acid 0.030
20:1 9-eicosenoic acid 0.093
22:0 Docosanoic acid 0.030
22:1 13-docosenoic acid 0.083
22:6 DHA 0.047
24:0 Tetracosanoic acid 0.010
24:1 Nervonic acid 0.017
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APPENDIX B: EXPANDED MATERIALS AND METHODS
Oil Stability Index

Whole wheat flour samples were evaluated using the Rancimat (Metrohm Inc.)
instrument. The parameters used were based on application bulletins published by Metrohm
(2015) and personal modifications determined from laboratory experiments.

Lipids were extracted from whole wheat flour using a modified version of the method
described by Bekes et al. (1983). The solvent of hexane:isopropanol (3:2) was determined
through experiment and the information from Bahrami et al. (2013). The effectiveness of the
different methods and solvents was determined by comparing the fatty acid profiles determined
using the sodium methoxide method (AOAC Method 969.33) with the profile from a Soxhlet
extraction (AOAC Method 920.39C).

Rancimat Results for Whole Wheat Flour

Different parameters of the Rancimat method were altered to test the results using whole
wheat flour. Figures 7 and 8 show the results from various tests. Despite several attempts to find
a working method, none of the whole wheat flour samples produced typical oil stability index

curves.
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Figure 7: OSI plots of whole wheat flour at different Rancimat temperatures
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Figure 8: OSI plots of whole wheat flour at different Rancimat flow rates

Extraction Method

180 190

After determining that whole wheat flour could not be tested in the Rancimat, an attempt

was made to determine the OIS of extracted wheat flour lipids. The lipid extraction method used
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was a modified version of Bekes et al. (1983). Since the method was modified, fatty acid profiles

were run on the samples to determine if the results were the same as those from a Soxhlet

extraction. These results are presented in Table 7.

Table 7: Fatty acid profiles for different lipid extraction methods

Fatty Acid in Percentage

Solvent 14:0 | 15:0 | 16:0 | 18:0 | 18:1 18:2 | 18:3 | Total
USDA 0.00 | 0.00 | 21.94 | 1.07 | 14.61 | 58.48 | 3.91 | 100.00
Soxhlet 1 0.20 | 0.00 | 18.12 | 0.88 | 18.08 | 59.53 | 3.19 | 100.00
Soxhlet 2 0.18] 0.19 | 17.64 | 0.89 | 19.25| 58.61 | 3.25 | 100.00
Water-Saturated 0.19 | 0.00 | 20.90 | 0.72 | 13.55| 61.47 | 3.16 | 100.00
Butanol 1

Water-Saturated 0.2510.20 | 19.94 | 0.73 | 14.53 | 61.22 | 3.14 | 100.00
Butanol 2

Hexane:Isopropanol 1 | 0.17 | 0.00 | 16.58 | 0.73 | 16.58 | 62.54 | 3.40 | 100.00
Hexane:Isopropanol 2 | 0.13 | 0.00 | 16.71 | 0.76 | 16.64 | 62.43 | 3.33 | 100.00
Hexane:Isopropanol 0.00| 0.00 | 16.75 ] 0.00 | 17.17| 62.74 | 3.34 | 100.00
12.5:1 3 hour 1

Hexane:Isopropanol 0.20] 0.00 | 1691 | 0.71 | 16.30 | 62.53 | 3.34 | 100.00
12.5:1 3 hour 2

Hexane:Isopropanol 0.00| 0.00 | 16.29 | 0.00 | 18.69 | 61.61 | 3.42 | 100.00
6:1 3 hour 1

Hexane:Isopropanol 0.00 | 0.00 | 15.95| 0.00 | 19.34 | 61.23 | 3.47 | 100.00
6:1 3 hour 2

Hexane:Isopropanol 0.00 | 0.00 | 16.76 | 0.00 | 18.70 | 61.22 | 3.32 | 100.00
6:1 .5 hour 2

Rancimat Results for Extraction Method

After the extraction method was established with a 6:1 solvent to flour ratio, oil was

extracted from wheat flour. The results at different Rancimat parameters are shown in Figures 9

and 10.
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Figure 9: OSI plots of extracted whole wheat flour oil at different temperatures
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Figure 10: OSI plots of extracted whole wheat flour oil at different Rancimat flow rates

Even with extracting the lipids from the flours, no clear endpoint was observed. This led

to the conclusion that an alternative instrumental method would be necessary to evaluate the

flour

samples.
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