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Abstract: Consumers are showing increasing awareness of the concept of ‘functional foods”: foods that
can provide health benefits in addition to their nutritional value. There is particular demand for foods
with a high antioxidant and phenolic content, which may improve cardiovascular health, reduce
inflammation, and slow or prevent the onset of chronic, non-communicable diseases. However,
there is a lack of comprehensive databases using consistent analytical protocols to analyze the
antioxidant and phenolic content of different food types, particularly in regional areas such as
Australia. Over the past four years, our laboratory has analyzed over 1000 food-related samples
using several antioxidant capacity assays (ferric reducing antioxidant power—FRAP—and cupric
reducing antioxidant capacity—CUPRAC), as well as the total phenolic content (TPC) using the
Folin—Ciocalteu method. Here, we provide a summary of these data by different food types to inform
researchers, policy planners, nutritionists, and consumers about the typical levels of antioxidants
and total phenolics found across a range of Australian foodstuffs, particularly grains. The highest
antioxidant and phenolic contents were typically found in native Australian fruits, while grains,
nuts, and non-native fruits showed lower antioxidant and phenolic contents. Spices, processed
foodstuffs, and non-fruit native Australian foods showed an intermediate content. Furthermore,
medicinally used plants showed a much higher phenolic content and antioxidant capacity compared
to non-medicinal plants. Finally, we present correlations between the various analytes.

Keywords: phytochemicals; total phenolic content; antioxidant capacity; correlation; health benefits;
bioactives

1. Introduction

There are contradictory opinions in the scientific literature about the true health
benefits of antioxidant compounds and polyphenols. Numerous authors have argued that
total antioxidant activity is not a good indicator of food quality or health benefits [1,2]. On
the other hand, numerous epidemiological studies indicate a strong correlation between
antioxidant and/or polyphenol intake and a reduced risk of chronic disease, particularly
cardiovascular-related conditions [3-7].

Further complicating the issue, other authors suggest that antioxidants may not be
beneficial in their isolated forms but do provide health benefits in their endogenous forms,
where there is a mix of phytochemicals present in a natural matrix [8].

A recent study suggested that the dietary total antioxidant capacity (DTAC), as mea-
sured by the ferric reducing antioxidant potential (FRAP) method, could be considered
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an indicator of healthy diet quality [3]. Consequently, establishing databases of the typi-
cal phenolic and antioxidant contents of common foodstuffs is an important step toward
establishing the potential health benefits of different food groups [2].

This study aims to contribute to that aim by providing a retrospective analysis of the
phytochemical content of foodstuffs and related samples analyzed by our laboratory.

2. Materials and Methods
2.1. Samples

Data from a broad range of samples are included in this study, principally plant-based
foods or foodstuffs grown in Australia. These samples were procured from various sources
and analyzed in our laboratory over a four-year period between 2019 and 2023. Table 1
provides an overview of the sample types and numbers included in the dataset.

Table 1. Summary of the sample types investigated in this study.

Category Subcategory No. Samples
Foodstuffs Edible leaves 2
Fruit 18
Grain 519
Native food (non-fruit) 19
Native fruit 18
Nuts 36
Processed foodstuff 5
Spice 271
Vegetable 10
Animal foodstuffs Animal supplement 5
Livestock fodder 298
Medicinal plants Medicinal plant (non-Australian) 14
Medicinal supplement (plant-based) 2
Native medicinal plant 60
Other samples (non-edible) By-product (of food) 52
Native plant 29
Root 34

2.2. Sample Processing

Fresh plant samples were washed with distilled water. Vitamin C extraction was
performed on selected samples using fresh material. The remainder of the material was
freeze-dried using an FTS Flexidry system (—50 °C, 50 mT); a few of the sample types were
oven-dried at low temperatures (<60 °C).

For most samples, the moisture content was recorded from the loss in mass upon
drying and calculated as a percentage of the original sample (by weight).

The dried material was ground to a fine, homogenous flour, typically using a Breville
Coffee and Spice Grinder (Botany, NSW, Australia), and stored in darkness at 4 °C until
used for further chemical analysis.

2.3. Measurement of Vitamin C Content

After extraction with 3% w/v metaphosphoric acid, the vitamin C content of selected
samples was measured on an Agilent 1100 HPLC-DAD system, as previously reported [9].
Results were expressed as mg per 100 g of sample.

2.4. Measurement of Phytochemical Composition

Polar phenolic compounds were extracted with 90% methanol, following the protocol
described in Johnson et al. [10], using a sample/solvent ratio of around 1:15 (typically
a sample mass of ~1 g and a final volume of 14-15 mL). While the sample masses and
extraction volumes varied between sample types (depending on the mass of each sample
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available for analysis), the steps and times in the extraction protocol were kept consistent.
Extractions and subsequent assays were performed in duplicate for each sample.

The TPC, FRAP, CUPRAC, and TMAC were analyzed following the methods described
in Johnson et al. [10]. As a further measure of antioxidant activity, the ABTS (2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)) decolorization assay was conducted in selected
samples using the methods of Re et al. [11].

Results for TPC were expressed in gallic acid equivalents (GAEs), results for FRAP,
CUPRAC, and ABTS in Trolox equivalents (TE), and results for TMAC in cyanidin-3-
glucoside equivalents (C3G); all expressed as mg per 100 g of original sample material (dry
weight basis—DW).

2.5. Measurement of Protein Content

The crude protein content was measured on a selection of samples using LECO TruMac
Series Carbon and Nitrogen Analyser (LECO, St. Joseph, MI, USA); protein content was
calculated using an appropriate conversion factor (typically 6.25, but dependent upon the
specific foodstuff type) [12].

2.6. Statistical Analysis

Statistical tests were performed on the phytochemical and phenolic data using R
Studio running R 4.0.5 [13]. Where applicable, results are presented as mean =+ 1 standard
deviation. A significance value of p < 0.05 was taken as statistically significant.

3. Results and Discussion
3.1. Antioxidant Contents of Different Foodstuffs

As shown in Table 2, there was an extensive range of variation in the composition of
different foodstuffs and related groups. Although this was not aimed at being a compre-
hensive or strictly representative study, the categories with larger sample sizes (see Table 1)
are likely to be reasonably representative of the category in general.

Overall, the highest TPC values were found for the native Australian fruit (mean of
8500 mg GAE/100 g DW), plant-based medicinal /herbal supplements (6000 mg/100 g),
non-Australian medicinal plants (3850 mg GAE/100 g), and native Australian medicinal
plants (2500 mg/100 g). Among other common foodstuffs, fruits, grains, nuts, and veg-
etables tended to show a low TPC (140-300 mg GAE/100 g), while processed foodstuffs,
native Australian bushfoods (excluding native fruit), and spices showed a moderate TPC
(550-1400 mg GAE/100 g).

Similarly, the highest FRAP values were found in native Australian fruit (mean of
17,700 mg TE /100 g DW), followed by plant-based herbal supplements (6300 mg TE/100 g),
native Australian medicinal plants (4800 mg TE/100 g), and non-Australian medicinal
plants (4700 mg TE/100 g). Most common foodstuff groups (e.g., nuts, grains, and fruit)
showed a relatively low FRAP (90-410 mg TE/100 g), while moderate values were seen
in spices and Australian bushfoods (700-900 mg TE/100 g). Interestingly, the processed
foodstuffs included in this study contained a higher average FRAP (2100 mg TE/100 g),
although this may not be the case for all processed foods.

The CUPRAC was also highest for native Australian fruit (76,400 mg TE/100 g DW),
followed by Australian medicinal plants (17,500 mg TE/100 g), other native Australian
plants (12,500 mg TE/100 g), non-Australian medicinal plants (10,600 mg TE/100 g), and
food by-products (10,300 mg TE/100 g).

Anthocyanins, as measured by TMAC, were most abundant in processed foodstuffs,
although there was a very high level of variability. Among non-processed foods, the highest
TMAC values were seen for native fruits, native non-fruit foods, and commercial fruits.
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Table 2. Average content of total phenolics, antioxidants, anthocyanins, moisture, protein, and vitamin C in different groups of Australian foodstuffs and related

samples. Results are given on a dry-weight basis (mean + SD). See Table 1 for sample sizes.

Category Subcategory ( TPC FRAP CUPRAC TMAC Moisture (%) Protein (%) ABTS Vitamin C
mg GAE/100 g) (mg TE/100 g) (mg TE/100 g) (mg C3G/100 g) (mg TE/100 g) (mg/100 g)
Foodstuffs Edible leaves 2666 ° 2471 4+ 1054 10,470 + 3706 60" - 19" - -
Fruit 268 + 534 414+ 914 1659 = 2379 2+78 80 + 23 8" 617 + 659 99 + 63
Grain 251 + 299 182 + 258 720 + 837 9+7 10+2 24+5 - -
Native food (non-fruit) 858 + 594 711 + 582 4573 + 1070 28 + 33 58 + 14 - - 54+ 24
Native fruit 8486 + 6205 17,735 + 18,745 76,412 + 42,402 29 + 55 65 + 25 - 6008 + 7993 290 + 178
Nuts 139 +18 89 + 16 138 + 18 - - 2742 - -
Processed foodstuff 548 + 552 2093 + 1446 2914 + 2231 124+ 176 - - - 7+1
Spice 1362 + 620 896 + 1231 3070 + 2454 14+9 49 + 40 - - -
Vegetable 304 + 102 213 + 178 3129 + 1840 244 82+ 11 4° 1837 + 1708 55 + 49
Animal foodstuffs Animal supplement 1385 + 1124 448 + 194 2980 + 2015 - - - - -
Livestock fodder 1022 + 562 754 + 387 2931 + 1695 19+ 13 10° 20+6 - -
Medicinal plants ?ﬁgﬁﬂiﬁgﬁ;‘% 3846 + 2841 4686 + 5998 10,553 + 10,183 5+11 - - - -
Medicinal supplement 6025 + 1719 6284" 7153 + 3277 - - - - -
(plant-based)
Native medicinal plant 2493 + 1667 4776 + 4764 17,501 + 18,279 - 50 + 16 - - -
Other samples By-product (of food) 811 + 1263 1083 £ 1917 10,281 =+ 5801 9+ 14 - 1342 1290 + 541 296 + 335
(non-edible)
Native plant 1501 + 1035 2569 + 4169 12,498 + 13,529 6+8 31+ 11 - - 54+ 74
Root 390 + 119 467 + 175 390 + 119 - - 741 - -

A dash (-) indicates no data (not tested). ~ SD cannot be calculated as only one sample was measured for this analyte.



Biol. Life Sci. Forum 2023, 26, 17 50f7

The remaining parameters (moisture, protein, ABTS, and vitamin C) were only mea-
sured in a smaller selection of the samples. However, most sample classes fell into fairly
clear groups such as low moisture content (grain and fodder), moderate moisture content
(native plants, spices, native foods, and native fruit), and high moisture content (fruit and
vegetables). Similarly, low-protein content (<10%) classes included vegetables (one sample),
roots, fruit (one sample), and food by-products, while a high protein content (>20%) was
found in the grain and nut samples.

Similar to the FRAP and CUPRAC assays, much higher ABTS values were found
for native Australian fruit compared to introduced commercial fruits (6000 vs. 600 mg
TE/100 g, respectively). Finally, a low average vitamin C content (<10 mg/100 g) was
found in processed foodstuffs; a moderate content (~50 mg/100 g) in vegetables, native
bushfood, and native (non-food) plants; and a high vitamin C content (~300 mg/100 g) in
food by-products and native Australian fruit.

Of particular note are the considerably higher TPC and antioxidant capacities observed
among medicinal plants (both international and Australian species) compared to other
plants. This supports previous proposals that the medicinal properties of these plants may
be mediated in part by their antioxidant-active compounds [4].

Additionally, it was noted that the native Australian medicinal plants showed a lower
average TPC compared to their international counterparts but a higher antioxidant capacity
(as measured by FRAP and CUPRAC).

3.2. Correlation between Different Analytes

As seen in Table 3, there was a very strong positive linear correlation between the TPC,
FRAP, and CUPRAC across all sample types. The strongest correlation was seen between
TPC and CUPRAC (rjg94 = 0.900, p < 0.001), while the correlation strength was similar
between FRAP and TPC (r1304 = 0.845, p < 0.001), and between FRAP and CUPRAC was
similar (r1g9y = 0.848, p < 0.001). Numerous previous studies have reported positive correla-
tions between TPC and antioxidant capacity [14-16], albeit to varying extents. However,
this study confirms the strong positive correlation between these assays for a very large
number of samples (>1000) across a wide range of matrix types. One benefit of only using
data from our laboratory is that all the samples were tested using consistent methodology,
which is likely to provide a better picture of the true correlation between these assays.

Table 3. Pearson linear correlation analysis between various analytes measured across the sample
types. The sample size (number of samples where both analytes were measured) is shown below
each correlation.

Analyte TPC FRAP CUPRAC TMAC Moisture Protein ABTS Vitamin C
TPC ) 0.845 *+* 0.900 *** 0.275 ** 0.327 ** —0.013 N8 0.096 NS 0.783 **
(n=1304)  (n=1094)  (n="528) (n=671) (n = 706) (n=6) (n=78)
FRAP ) i 0.848 *** 0.309 *** 0.167 *** —0.046 N 0.909 *** 0.744
(n=1097) (n =536) (n = 620) (n =706) (n=16) (n=284)
0.413 *** 0.168 *** 0.123 ** 0.978 *** 0.698 ***
CUPRAC ) ) ) (n =325) (n =443) (n =538) (n=22) (n="76)
TMAC ) i i ) 0.094 NS —0.083 NS 0.917 ** 0.015 NS
(n = 365) (n = 251) (n =20) (n=41)
Moisture - i i ) ) —0.356 *** —0.083 NS 0279 *
(n =215) (n=22) n=91)
Protein - - - - - - ND ND
0.185 NS
ABTS - - - - - - - (n=21)
Vitamin C - - - - - - - -

NS__not significant (p > 0.05); ** p < 0.01, *** p < 0.001. ND = no data.
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The antioxidant capacity also showed a strong positive correlation with vitamin C
content, a weak correlation with TMAC, and a very weak positive correlation with moisture
content. TPC showed similar correlations with most of these parameters, but not ABTS. The
moisture content also showed a weak positive correlation with vitamin C but a negative
correlation with protein content. Finally, CUPRAC (but not other measures of antioxidant
capacity) was very weakly correlated with protein content.

4. Conclusions

This study provided information on the typical phytochemical composition of >1000
samples of principally Australian foodstuffs and related plant products, including their
phenolic contents and antioxidant capacities. Typically, the highest contents were found
in native Australian fruits, while grains, nuts, and non-native fruits showed fairly low
antioxidant and phenolic contents. Spices, processed foodstuffs, and Australian (non-fruit)
bushfoods showed an intermediate content. Notably, medicinally used plants showed a
much higher phenolic content and antioxidant capacity compared to other, non-medicinal
plants. Additionally, this work also highlighted the significant nutrient potential that
can occur in food by-products, including their high antioxidant and vitamin C contents.
Continued attention should be given to valorizing these by-products into higher-value
products—either for food or non-food purposes.
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