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Preface

Any product intended for human consumption needs to be rigorously tested, and because

foodstuffs are ingested, the testing is often especially crucial to prevent any potential health issues.

Thus, food analysis is a very important branch of analytical chemistry, as it provides information

about the chemical composition, processing, quality control, and contamination of foodstuffs,

ensuring compliance with food and trade laws. For this reason, it impacts both the economic and

medical aspects of modern societies. The development of analytical methods in food matrices,

as well as the understanding of how the food matrix influences nutrients’ bioaccessibility, has

always been difficult due to the large variety of their physicochemical properties. In terms of the

techniques that are used to name a few common examples, the range of instruments includes nuclear

magnetic resonance (NMR) spectroscopy, gas chromatography (GC), atomic absorption spectroscopy

(AAS), and high-performance liquid chromatography (HPLC). The choice of technique(s) depends

on what foodstuff is being analyzed, what is being analyzed within the foodstuff, and the reasons

for the analysis, which can change analyte structure and extraction efficiencies because of different

processing procedures throughout preparation and distribution. Furthermore, the multiplexing

trend, which means the simultaneous detection of multiple analytes at the same time, requires the

development of more appropriate sample preparation methods, as well as instruments that take into

account such factors as sustainability, green chemistry, and operator intervention.

Gianfranco Picone

Editor
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Abstract: A variety of metabolites contribute to the freshness and taste characteristics of seafood.
This study investigated the effects of high hydrostatic pressure (HHP; 400, 500, and 600 MPa) for
10 min) on the metabolome of striped prawn during chilled storage, in relation to microorganisms’
development. All treated samples showed lower viable counts throughout storage compared to
the untreated counterparts. The limit of acceptability from a microbiological point of view was
extended from 9 to as many as 35 days by 600 MPa treatment. Metabolites were quantified by
1H-NMR through a targeted-untargeted metabolomic approach. Molecules linked to nucleotides’
degradation and amines’ anabolism suggested an overall freshness improvement granted by HHP.
Notably, putrescine and cadaverine were detected only in untreated prawn samples, suggesting
the inactivation of degradative enzymes by HHP. The concentration of molecules that influence
umami perception was significantly elevated by HHP, while in untreated samples, the concentration
of molecules contributing to a sour taste gradually increased during storage. As metabolomics was
applied in its untargeted form, it allowed us to follow the overall set of metabolites related to HHP
processing and storage, thus providing novel insights into the freshness and taste quality of striped
prawn as affected by high hydrostatic pressure.

Keywords: fish freshness; high hydrostatic pressure; fish storage; spoilage; metabolomics; 1H-NMR

1. Introduction

The striped prawn (Melicertus kerathurus) belongs to a species of prawn autochthonous
of the Mediterranean Sea, appreciated and traded for its delicate flavor and pleasant aroma.
Striped prawn catches in the Mediterranean Sea recorded more than 6900 tons in 2016,
with an additional 300 tons in the Central-Eastern Atlantic [1]. Even if catching practices
are evolving toward freezing of the products on the fishing boat, nearly half of the catch
is still consumed in its “live, fresh, or chilled” forms [1], prone to the logistic problems
connected to high perishability. The primary causes of spoilage, in addition to autolysis, are
microorganisms, whose growth negatively impacts shelf life and overall product quality [2].

High hydrostatic pressure (HHP) is a non-thermal technology that has been effectively
used on perishable seafoods to reduce the growth of undesirable spoilage microorganisms,
thereby substantially extending their shelf life and improving their safety [3]. For these
purposes, pressures of 100–600 MPa for 2–10 min at 2–25 ◦C are generally applied [4,5].
Reyes et al. [6] found that treatment at 450 MPa for 3 min increases the microbiological
shelf life of Chilean Jack mackerel from 6 to 29 days, while treatment at 550 MPa for 4 min
increases it to 40 d. The extension of the microbiological shelf life is mainly attributed
to a reduced initial load of spoilage microflora in the samples. As a consequence, HHP
application contributes to delaying the formation of nitrogen-based volatile compounds,
mainly trimethylamine (TMA), related to reduced freshness [7].

Foods 2022, 11, 3677. https://doi.org/10.3390/foods11223677 https://www.mdpi.com/journal/foods
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Microbial growth, and many of its consequences on the sensory characteristics asso-
ciated by consumers with freshness and high quality, can be conveniently followed by
observing the evolution of the fish flesh metabolome, the ensemble of the low-weight
molecules it harbors [8]. For example, bacterial growth leads to inosine (Ino) and hy-
poxanthine (Hx) from adenosine-5′-triphosphate (ATP), adenosine-5′-diphosphate (ADP),
adenosine-5′-monophosphate (AMP), and inosine-5′-monophosphate (IMP) [9,10]. The
relative amounts of these molecules have been therefore combined for decades in freshness
scores, such as the K-value [11]. Moreover, in addition to TMA, the microbial degra-
dation of fish constituents generates biogenic amines and organic acids associated with
spoilage [12], as well as unpleasant, bitter-taste-related compounds, including arginine,
valine, and methionine. Moreover, some water-soluble, low-weight components are known
as taste-active components because they contribute to the specific aspects of seafood’s
organoleptic characteristics linked to sweetness, sourness, or umami taste [13].

Unfortunately, all the above-mentioned compounds are characterized by a high variety
of functional groups that hinder their rapid and simultaneous determination using a single
analytical platform. In this respect, proton nuclear magnetic resonance (1H-NMR) can
be a convenient tool because the physical principles it relies on may make it intrinsically
quantitative regardless of the chemistry of the molecules observed. In fact, numerous works
have been devoted to the evaluation of seafood freshness by 1H-NMR [8,14–17].

It is also important to notice that 1H-NMR spectra used for analyses targeted toward
specific molecules of interest can be simultaneously used for untargeted observations. This
is particularly appealing as the consequences of HHP on the fish metabolome are still
largely unknown. Therefore, with this work, we sought to perform a combined targeted
and untargeted study on the metabolome of prawn flesh treated with HHP during storage,
a topic at present limitedly covered by the published literature.

2. Materials and Methods

2.1. Sample Preparation

The striped prawns (Melicertus kerathurus) used in this study were fished in the Adriatic
Sea. The company Economia del Mare (Cesenatico, Italy) fast-froze them at −30 ◦C for
24 h until sample preparation, as typically performed at the industrial level for products
intended for raw consumption. For sample preparation, thawing at 4 ◦C for 16 h was
followed by mechanical deboning and removal of the shell. Finally, the striped prawns
were manually finely diced, similarly to a fish tartare, into portions (15–20 g) and vacuum-
packed in a polypropylene (PP) tray with PP film. A total of 21 packages were created, each
containing 6 portions, for subsequent analysis.

2.2. HHP Treatment

Vacuum-packaged samples were placed in a 350 L chamber (HPP Italia s.r.l, Parma,
Italy) filled with water at 5 ◦C. The samples were then subjected to 0 (used as a control), 400,
500, and 600 MPa pressure for 10 min. During the rise in pressure, lasting approximately
1 min, adiabatic heating of 3.3 ◦C every 100 MPa was registered.

2.3. Storage

After HHP treatment, all samples were stored at 2 ± 1 ◦C, and analytical determina-
tions were planned at 1, 6, 9, 14, 21, 28, and 35 days. For each HHP treatment, the effective
storage duration was based on the results of microbiological analysis, considering the
reaching of a microbial load of 6 log CFU/g as the end of the shelf life. For each treatment,
and at each storage time, 2 portions were used for metabolomics analysis by 1H-NMR and
3 portions were used for microbiological analysis. Each portion for the same analysis was
obtained from different packages.
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2.4. Microbiological Analysis

By following the rationale of previous works [18], to assess the microbiological quality
of packaged striped prawns in relation to the HHP treatment applied, a few selected micro-
bial groups were considered by giving priority to those with the highest expected impact
on the metabolome. These were total mesophilic bacteria (TMB; ISO 4833), Lactobacillus spp.
(ISO 15214), Pseudomonas spp. (ISO 13720), Clostridia (ISO 7937), total Coliform and E. coli
(ISO 16649-2), Staphylococcus aureus and coagulase positive staphylococci (ISO 6888-1),
Salmonella spp. (ISO 6579-1:2017/A1:2020), and Listeria monocytogenes (ISO 11290-1:2017).
The microbial groups were determined according to the corresponding ISO protocols.

2.5. Metabolomics Analysis by 1H-NMR

A 1H-NMR analysis solution was prepared, comprising a 10 mM D2O solution of
3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TSP) as a chemical-shift reference
(δ−0.017). A 1 M phosphate buffer granted a pH of 7.00 ± 0.02, while 10 μL of NaN3 2 mM
avoided microbial proliferation.

By modifying the procedure set up by Ciampa et al. [15], trichloroacetic acid (TCA)
extraction was performed by adding 0.5 g of fish muscle to 3 mL of 7% (w/w) TCA, followed
by homogenization by Ultra-Turrax (IKA, Germany) at 14,000 rpm for 20 s. The homogenate
was centrifuged at 18,630× g for 10 min at 4 ◦C, and then, 0.7 mL of the supernatant was
added with 0.100 mL of a D2O solution of 10 mmol/L of 3-(trimethylsilyl)-propionic-2,2,3,3-d4
acid sodium salt (TSP). The pH was adjusted to 7.00 ± 0.02 using 9 mol/L of KOH in an
Eppendorf microfuge tube. After centrifuging once more under the above-mentioned
conditions, 0.65 mL of the supernatant was transferred to an NMR tube for analysis.

To register 1H-NMR spectra, an AVANCE III spectrometer (Bruker, Milan, Italy) was
used, operating at a frequency of 600.13 MHz and equipped with Topspin (ver. 3.5) software.
1H-NMR spectra were acquired at 298 K using a CPMG pulse sequence, with suppression
of the solvent signal, by setting the key parameters as follows: fid constituted by 32 k points
for an acquisition time of 2.28 s, 256 scans, 16 dummy scans, 12 ppm of spectral width, and
relaxation delay of 5 s. The NMR spectra were pre-processed using Topspin.

Signal assignment to compounds was performed using Chenomx ver 8.3 software
(Chenomx Inc., Edmonton, AB, Canada) through comparison with Chenomx (ver. 10)
HMDB (release 2) databases. Absolute quantification of molecules was performed in
one reference sample by adding 100 μL of maleic acid (9.26 mM) as an internal standard.
Spectra from any other sample were adjusted toward the reference by probabilistic quotient
normalization (PQN) [19] to compensate for differences in water content. The concentration
of each molecule was calculated from the area of one of its signals, measured by global
spectra deconvolution, implemented in MestReNova (ver. 14.2.0-26256) software (Mestrelab
research S.L. Santiago De Compostela, Spain), by considering a limit of quantification (LOQ)
of 5. This was carried out after applying a line broadening of 0.3 and a baseline adjustment
by the Whittaker Smoother procedure.

2.6. Statistical Analysis

The significance of the differences among groups was tested with SPSS Statistics (ver.
8.0) software by analysis of variance (ANOVA), followed by Tukey’s post hoc test (p < 0.05).
In R computational language (ver. 4.0.2), Spearman’s correlation tests were performed to
determine the relationships between microorganisms and metabolites. For this purpose,
p-values were adjusted for multiple comparisons according to Benjamini and Hochberg by
relying on the R package “p.adjust.”

To express the concentration of taste-active molecules in terms of their contribution to
sensorial characteristics, their taste-active value (TAV) was calculated as the ratio of the
concentration of an individual compound in the striped prawns and its corresponding
taste recognition threshold. In this respect, compounds were considered to contribute to
the certain taste characteristic of striped prawns when its TAV was higher than 1. Taste
thresholds were obtained from the literature [20,21]. The TAVs of individual compounds

3
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were then summed up to estimate their overall contribution to the striped prawn taste
component (umami, sweet, bitter, sour).

3. Results

3.1. Characterization of the Striped Prawn Flesh Metabolome

A 1H-NMR spectrum representative of the samples observed in the experiment is
shown in Figure 1. In total, 53 metabolites were identified in the aqueous extract of striped
prawns. The metabolite groups mostly characterizing these spectra (Table S1) included
amino acids, amines, carbohydrates, nucleotides, and organic acids. The most concentrated
metabolites were glycine and betaine in each sample. Signals from specific molecules,
such as spoilage-related putrescine and cadaverine, were detected only on the last day
of storage. The intensities of other signals, such as ethanol, acetate, or ornithine, showed
marked differences between treated and untreated samples, especially at the end of the
storage period.

Figure 1. Examples of 1H-NMR spectra registered on striped prawn samples analyzed for the investigation.

To highlight the main trends in the patterns of metabolites, their concentrations were
expressed as a distance matrix and then grouped by means of hierarchical clustering. Two
heat maps were then generated to show the overall changes in the metabolites due to differ-
ent processing pressures on day 1 and due to storage time (Figure 2). A visual inspection
allowed us to appreciate two main trends. On day 1 (Figure 2a), untreated samples could
be easily distinguished from samples treated with any level of pressure. Among samples
observed along with storage (Figure 2b), untreated samples collected on days 9 and 14
differed substantially from any other, witnessing a compromised microbial profile.

4



Foods 2022, 11, 3677

Figure 2. Heatmap visualization of the differential concentrations of metabolites among striped
prawn samples subjected to different treatments on day 1 (a) and during storage (b). Red and green
squares highlight metabolites more and less concentrated, respectively, than the average, with the
depth of colors indicating greater differences.

3.2. Effect of HHP on Freshness-Related Metabolites during Storage
3.2.1. Nucleotide Degradation

Among the 53 molecules that we were able to observe by 1H-NMR, it was possible to
notice the complete set of molecules from which freshness is typically estimated, under the
parameter K-value, namely ATP, ADP, AMP, IMP, inosine, and hypoxanthine. As Table 1
shows, there was a gradual increase in the K-value with storage time for all treatments. In
detail, the K-value increased for the control group from 39.93% on day 1 to 93.52% on day 9,
while it increased from 31.83% on day 1 to 44.13% on day 9 for the samples treated with
a pressure of 600 MPa. Intermediate pressures led, as a trend, to intermediate K-values.
Focusing on the last day of storage for each treatment, the K-values of the treated samples
were all at least 55% lower than the K-values of control samples.

Trends during storage in the nucleotide concentration for each treatment are detailed
in Figure 3. Unexpectedly, the total content of ATP, ADP, and AMP in samples treated
with a pressure of 400 MPa was systematically lower than in any other and compared to
the control group. Moreover, the total concentration of ATP, ADP, and AMP remained
low (<1.4 μmol/g) in all samples during the whole storage period. The main differences
between control and treated samples was found in IMP, inosine, and hypoxanthine. In
control samples, IMP and inosine showed the lowest concentrations, particularly on days 9
and 14, while the hypoxanthine content increased sharply after day 6. Finally, as a general
trend, the rate of change in IMP, inosine, and hypoxanthine levels during storage was
higher in the control group.

5
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Table 1. K-values measured during chilled storage in striped prawns untreated (control) or treated
by HHP at 400, 500, and 600 MPa.

Time
(Days)

Treatment

Control 400 MPa 500 MPa 600 MPa

1 39.93 ± 8.51 AB * 33.62 ± 1.06 AB 40.11 ± 1.91 A 31.83 ± 0.95 B

6 42.24 ± 0.66 A 38.68 ± 0.29 B 37.13 ± 0.44 C 37.91 ± 1.97 AC

9 93.52 ± 1.23 A 50.28 ± 3.57 B 45.95 ± 2.63 BC 44.13 ± 0.38 C

14 40.36 ± 0.21 41.12 ± 0.03 40.48 ± 1.42
21 50.3 ± 0.83 44.33 ± 0.41 44.78 ± 0.48
28 45.45 ± 1.24 45.56 ± 0.6
35 52.12 ± 1.15 46.32 ± 0.14

* Different capital letters in the same row indicate significant differences (p < 0.05).

Figure 3. Changes during storage in nucleotide concentrations in striped prawn flesh control samples
(black squares) and in samples treated with HHP at 400 (red circles), 500 (blue upward triangles), and
600 MPa (purple downward triangles).

3.2.2. TMAO, TMA, and DMA

Molecules largely quantified for their ability to provide information about fish fresh-
ness connected to microbial spoilage are trimethylamine-N-oxide (TMAO) and its volatile
catabolites trimethylamine (TMA) and dimethylamine (DMA) [7].

The evolution of TMAO, TMA, and DMA content during storage is shown in Table 2.
The TMAO concentration decreased sharply on day 9 in the control group, reaching a
concentration of 17.47 mg/100 g of flesh. The same molecule changed moderately with
storage in HHP-treated samples, so its levels were all greater than 115 mg/100 g of flesh
during storage. A similar but opposite trend was found for TMA. In detail, TMA reached a
concentration of 139.1 mg/100 g of flesh in untreated samples after 9 days, while in treated
samples, its concentration was under 3 mg/100 g of flesh during the entire storage period.
In addition, at each storage time, TMA concentrations in treated samples were always
lower than those in the untreated counterparts. DMA was detected in each sample, but no
significant differences were highlighted between treated and untreated samples.

6
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Table 2. Amine concentrations (mg/100 g of flesh) during chilled storage of striped prawn untreated
(control) or treated with HHP.

Treatments
Time

(Days)
TMAO TMA DMA Cadaverine Putrescine Tyramine

Control 1 137.8 ± 3.13 Ab * 0.48 ± 0.04 Bc ** 0.1 ± 0 Aa - *** - -
6 178.64 ± 0.71 Aa 1.09 ± 0.18 Ac 0.15 ± 0.02 Aa - - -
9 17.47 ± 2.43 Bc 139.1 ± 0.89 Aa 0.1 ± 0.01 Aa 2.78 ± 0.36 102 ± 13.5 14.19 ± 1.18

400 MPa 1 183.33 ± 14.1 Aa 0.7 ± 0.04 ABa 0.12 ± 0 Aa - - -
6 141.7 ± 4.1 Abc 0.7 ± 0.05 ABa 0.06 ± 0 Bc - - -
9 135.93 ± 4.87 Abc 2.55 ± 1.08 Ba 0.1 ± 0 Ab - - -

14 156.45 ± 5.34 Aab 1.82 ± 0.48 Ba 0.09 ± 0 Ab - - 0.69 ± 0.15
21 125.8 ± 4.61 Bc 0.96 ± 0.01 Aa 0.09 ± 0 Ab - - 8.2 ± 0.36

500 MPa 1 173.62 ± 15.48 Aa 0.56 ± 0.05 Bb 0.12 ± 0 Aab - - -
6 157.63 ± 3.17 Aa 0.52 ± 0.03 Bb 0.12 ± 0 ABa - - -
9 159.13 ± 2.67 Aa 1.41 ± 0.22 Ba 0.1 ± 0.01 Aabc - - -

14 150.26 ± 2.72 Aa 0.71 ± 0 Bb 0.1 ± 0 Acd - - -
21 148.7 ± 4.65 Aa 0.79 ± 0.03 Ab 0.1 ± 0 Abc - - -
28 138.74 ± 8.26 a 0.4 ± 0.01 b 0.08 ± 0 d - - -
35 156.72 ± 0.35 a 0.47 ± 0.03 b 0.11 ± 0 ab - - -

600 MPa 1 186.41 ± 18.67 Aa 0.87 ± 0.01 Aa 0.12 ± 0.02 Aa - - -
6 161.97 ± 15.03 Aabc 0.5 ± 0.02 Bd 0.13 ± 0.02 ABa - - -
9 151.44 ± 6.29 Aabc 0.8 ± 0.03 Bab 0.11 ± 0 Aa - - -

14 173.41 ± 4.35 Aab 0.69 ± 0.02 Bbc 0.1 ± 0 Aa - - -
21 115.76 ± 6.1 Bc 0.59 ± 0.03 Bcd 0.1 ± 0.01 Aa - - -
28 120.67 ± 9.25 c 0.5 ± 0.05 d 0.11 ± 0 a - - -
35 130.21 ± 3.59 bc 0.64 ± 0.02 d 0.1 ± 0 a - - -

* Different capital letters (A, B, C) in the same column indicate significant differences on the same day among
treatments (p < 0.05). ** Different lowercase letters (a, b, c) in the same column indicate significant differences
among different storage times for the same treatment (p < 0.05). ***—below the LOQ.

3.2.3. Biogenic Amines

Biogenic amines testify to the ongoing proteolysis or amino acid decarboxylase activity
of microorganisms during storage and are therefore considered biomarkers of spoilage [12].
The evolution of putrescine, cadaverine, and tyramine content during storage is given in
Table 2. Putrescine and cadaverine were detected only in untreated samples on days 9 and
14. The tyramine level could be determined at the end of the storage period in untreated
samples and samples treated with 400 MPa HHP, while it was under the limit of detection
in samples treated with 500 and 600 MPa HHP.

3.3. Effect of HHP on Taste-Active Metabolites during Storage

A part of the metabolites that contribute to the four tastes umami, sweet, bitter, and
sour could be detected and quantified by 1H-NMR. As shown in Table S2, on day 1, lactate,
IMP, and arginine showed a concentration above the threshold for sour, umami, and
bitter tastes, respectively, while glycine, lysine, and alanine exceeded the threshold for
sweet taste. Both HHP treatment and storage had an impact on the concentrations of
taste-active compounds.

The TAV of lactate systematically decreased below the threshold on the last day of
storage in all groups, while IMP and arginine decreased too but never below the threshold.
Interestingly, glycine followed a trend like IMP and arginine only in treated samples, while
it tended to increase in the control group. The TAV of valine and methionine tended to
reach levels above 1 at the end of the storage period for all the treatments tested, while
acetate and succinate did so only for untreated samples or for those treated with the
lowest pressures.

To get an overview of the effects of these molecules on umami, sweet, bitter, and sour
tastes, their sum is shown as radar graphs in Figure 4. The overall umami TAV on day
1, as estimated by metabolomics, was higher in treated than in untreated samples. On
the following days, the difference faded away toward values around 6 for each treatment.
From the metabolomic perspective, a sour TAV was below the threshold on day 1, while
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it tended toward values above 1 in untreated samples. Bitterness, as assessed by the
combined quantification of nine molecules through 1H-NMR, tended to decrease with time
as a consequence of each treatment, particularly in untreated or less treated samples.

Figure 4. Overall umami, sour, sweet, and bitter taste activity by compounds detected by 1H-NMR
in control and treated (400, 500, 600 MPa) striped prawns’ samples on days 1, 6, 9, and 14.

3.4. Effect of HHP Treatment on Other Metabolites

Key metabolites that could be quantified by an untargeted approach are presented
in Figure 5. Pyruvate in seafood is mainly produced through pyruvate from glucose, in
turn mainly derived from glycogen. Control samples showed a steady decrease, while the
opposite was found in samples treated with HHP at 500 and 600 MPa, and an intermediate
trend was observed in samples treated with HHP at 400 MPa.

Figure 5. Changes during storage in pyruvate, ethanol, and ornithine concentrations in striped prawn
flesh control samples (black squares) and in samples treated with HHP at 400 (red circles), 500 (blue
upward triangles), and 600 MPa (purple downward triangles).

Ethanol decreased from day 1 to day 6 in both treated and untreated samples, and
then, it spiked on the last day of storage in the control group and in samples treated with
HHP at 400 MPa, reaching, respectively, a concentration 3 and 4 times higher compared to
day 1.

Ornithine increased 2-fold on the last day of storage, compared to the corresponding
fresh samples, in all treated samples, while it showed a 4-fold increase in the control group.
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3.5. Effect of HHP on Microorganisms

The effects of HHP treatment on the microbiological quality of packaged striped
prawns are reported in Figure 6. In all samples, Salmonella spp., Listeria monocytogenes, or
coagulase-positive staphylococci were never detected during the microbial shelf life of
striped prawns. In general, the application of HHP treatment increased the microbiolog-
ical shelf life of the considered products, and the inactivation effect was more severe at
higher pressures.

Figure 6. Changes in microbial cell loads (log CFU/g) of total mesophilic bacteria, total Coliforms,
Lactobacillus spp., Pseudomonas spp., Clostridia, and E. coli during chilled storage of packaged striped
prawn untreated (gray) or after treatment with HHP at 400 (red), 500 (blue), and 600 MPa (green).

Regarding untreated striped prawns, initial TMB loads (T1) of control and samples
treated at 400 MPa showed values of 4.65 and 2.45 log CFU/g, respectively, while for
samples treated at 500 MPa and 600 MPa, mesophilic bacterial counts were below the
detection limit (<1 log CFU/g); see Figure 6. Considering a threshold level for acceptability
of 6.0 log CFU/g, the TMB in samples treated at 400, 500, and 600 MPa reached such a limit
in 21, 28, and 35 days of storage, respectively, compared to 9 days of the control group. A
marked difference was evident also in the trends in single species. E. coli and Clostridia
were always under the detection limit for any treatment. In samples treated at 600 MPa,
this was true also for total Coliforms, Lactobacilli, and Pseudomonas spp., while intermediate
trends could be observed for samples treated at 400 and 500 MPa (Figure 6).

3.6. Correlations between Microorganisms and Metabolites

To evaluate the relationship between microorganisms and metabolites, the results of
Spearman’s correlation tests between total mesophilic bacteria (TMB) cell loads (log CFU/g)
and metabolites are listed in Table 3. TMAO appeared as being negatively correlated with
TMB, with a correlation coefficient of −0.66. It is worth noting that TMAO, which produces
TMA by bacterial activity, was significantly correlated (p < 0.05) with microorganisms. This
suggests that the consumption of TMAO is associated with bacteria during the chilled
storage of striped prawns. The amino acids could be divided into two groups according
to the trend of their correlation. Nine amino acids (tryptophan, phenylalanine, threonine,
ornithine, creatine, methionine, isoleucine, valine, and leucine) were positively correlated
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with TMB, while the opposite could be observed for betaine, glycine, arginine, and sarcosine.
All nucleotides (AMP, Ino, IMP) were negatively correlated with TMB, with IMP showing
a higher negative correlation of −0.69. This result was consistent with the idea that
nucleotides are related to the quality of fish. In addition, significant positive correlations
were found between TMB and succinate, acetate, ethanol, and propionate, while opposite
correlations were found between TMB and alpha-ketoisovalerate, glycerol, and fumarate.

Table 3. Correlations between total mesophilic bacteria (TMB) and the metabolite concentrations in
striped prawns during chilled storage.

Metabolite Correlation Adjusted p-Value

Amines
Trigonelline −0.41 1.46 × 10−2

TMAO −0.66 8.72 × 10−6

Amino Acids
Arginine −0.59 1.21 × 10−4

Glycine −0.51 1.29 × 10−3

Betaine −0.47 4.77 × 10−3

Sarcosine −0.45 5.64 × 10−3

Ornithine 0.34 4.87 × 10−2

Creatine 0.36 3.33 × 10−2

Tryptophan 0.38 2.38 × 10−2

Threonine 0.43 8.70 × 10−3

Methionine 0.46 5.64 × 10−3

Phenylalanine 0.52 1.17 × 10−3

Leucine 0.59 1.21 × 10−4

Isoleucine 0.63 3.49 × 10−5

Valine 0.73 4.87 × 10−7

Organic acids
Fumarate −0.51 1.29 × 10−3

Succinate 0.59 1.21 × 10−4

Acetate 0.56 3.38 × 10−4

Nucleotides
AMP −0.5 2.01 × 10−3

Inosine −0.45 5.64 × 10−3

IMP −0.69 2.40 × 10−6

Other
Glycerol −0.4 1.74 × 10−2

Alpha-ketoisovaleric
acid −0.4 1.59 × 10−2

Ethanol 0.34 4.87 × 10−2

Propionate 0.44 8.12 × 10−3

4. Discussion

The effects of HHP treatment on preservation have been observed in a variety of
seafood products, with results varying considerably depending on process parameters and
also on the seafood species [22–24].

Setting up non-thermal methods for the microbiological extension of the shelf life of
a fresh food product is a challenging task because it implies a never-perfect compromise
between the need for safety and the need to maintain, or even improve, the original
organoleptic characteristics. This is especially true when dealing with the application of
high hydrostatic pressures to control microorganisms’ proliferation in a product based on
fresh striped prawns. Fresh seafood is one of the most prone to rapid microorganisms’
growth. The application of HHP to hinder such growth is still in its infancy, with key
pieces of information for optimal application still lacking. This is especially true for the
consequences on the food’s molecular profile, as the microorganisms’ metabolism has a
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direct effect on a wide range of molecules both easily perceived by the consumer and
traditionally associated with freshness.

It seems therefore a natural choice to investigate the effects of HHP treatment on
seafood by combining microbiological measurements with the quantification of the widest
possible set of molecules. In this context, it seems wise to flank observations targeted
toward specific molecules, known to have an impact on already established quality indexes,
with untargeted metabolomics in order to evidence potential biomarkers or unexpected
switches of the microorganisms’ metabolism caused by sub-lethal treatments.

Metabolomics by 1H-NMR allowed us to follow the entire set of molecules used to
calculate the nucleotide breakdown freshness index K-value, which shows the extent of
enzymatic spoilage in hypoxanthine-forming seafood, characterizing those species that
contain a low inosine concentration [25–28]. The differences between untreated and treated
samples were striking, with control samples showing 6.7 points of increase per day against
0.35 and 0.43 caused by 500 and 600 MPa treatments, respectively. It is anyway interesting
that the 400 MPa treatment caused the K-value to increase by 0.8 points per day. This
number is far lower than the one obtained for control samples but anyway double that
obtained with stronger treatments, suggesting that the K-value can finely discriminate
among treatments of different intensity. Such sensitivity is likely granted by the fact that the
K-value combines the concentration of several molecules, so spikes in one are compensated
by more stable values of others. A visual impression that the combination of molecules
gives finer information than single molecules can be obtained by comparing Table 1 with
the trends in single molecules in Figure 3. This figure shows also that the decrease in ATP,
ADP, AMP, and IMP does not lead to a corresponding increase in inosine and hypoxanthine,
witnessing the evolution of the latter molecules to further degradation products.

The convenience of 1H-NMR as an analytical platform for our case is reinforced by
the possibility to quantify from the same spectrum used for the K-value also the fresh-
ness indicators TMAO and its catabolites, despite the different chemical structure. It is
established that microbial activity has the greatest influence on the concentrations of these
molecules. Examples can be traced in the work of Prabhakar et al. [29], who found that
in Rohu fish stored at 5 ◦C, TMA passes from values around 0.1 mg/100 g of flesh to
approximately 2 mg/100 mg of flesh after 20 days. Our data, anyway, suggest that HHP
treatment itself affects, even if at a far lower extent, the concentration of TMAO and TMA.
In detail, although control samples show a concentration of TMA of 0.48 mg/100 g of flesh
on day 1, treated samples show concentrations from 0.56 to 0.87 mg/100 g of flesh. In
parallel, the concentration of TMAO passed from 137.8 mg/100 g of flesh in the control
group to values higher than 170 mg/100 g of flesh in treated samples. Changes in the
TMA concentration with HHP are well documented in the literature, but they seem to
be matrix and temperature related, likely determined by the procedure applied for the
extraction from fish flesh. Consistent with our results, Briones-Labarca et al. (2012) found
that the application of HHP at 550 MPa for 5 min increases the TMA-N concentration to
0.81 mg/100 g of flesh compared to 0.08 of the control. Contrary to our results, Erkan
et al. [22], focusing on horse mackerel, found that applying HHP at 0, 220, 250, and 330 MPa
at 7 ◦C for 5 min leads to TMA-N concentrations of 2.58, 2.45, 1.98, and 1.90, respectively.
Intriguingly, Senturk and Alpas [30] found that treating Atlantic mackerel for 5 min with
increasing pressures decrease TMA-N at 5 ◦C but increases it at 15 ◦C.

Despite the described peculiarities that can be noticed right after HHP treatment,
the main differences in TMA and TMAO concentrations can be undoubtedly noticed
throughout storage, related to microbial activity. In fact, although in treated samples,
TMAO decreased at most by 30% and the TMA concentration did not show appreciable
modifications, TMAO decreased and TMA increased by 1 order of magnitude in untreated
samples. The complexity of the relationship between treatment and matrix can be observed
in this context, too. In fact, although in samples treated at 500 MPa, TMAO decreased by
almost 10%, in samples treated at 600 MPa, it showed a decrease close to 30%.
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Correlations with total mesophilic bacteria seem to separate amino acids into two
groups, with arginine, glycine, betaine, and sarcosine being negatively correlated and nine
others showing a positive trend. As many metabolic pathways regulate the concentration of
amino acids, it is hard to give a single explanation of the biological reasons. Anyway, Kegg
metabolic pathway databases (https://www.genome.jp/kegg/pathway.html, accessed on
31 October 2022) show that sarcosine, betaine, and glycine are doubly linked to glycine
through the action of several enzymes, among which are sarcosine dehydrogenase and
glycine-N-methyl transferase.

It is intriguing to notice that a single 1H spectrum obtained by NMR makes it possible
not only to calculate objective indexes of freshness but also to measure molecules with
a known direct effect on the consumer’s gustatory perception. The clearest trend that
could be observed concerned umami taste on day 1, with pressure increasing the IMP
concentration, thus emphasizing umami perception, as observed from a metabolomics point
of view. This observation could be rationalized by noticing that high-pressure treatments
have been demonstrated to reduce the activity of 5′-nucleotidase (5′-NT) enzyme and
nucleoside phosphorylase (NP), which carry out the dephosphorylation of IMP to form
Ino and Hx, respectively. Karim et al. [27] reported that high-pressure processing results
in significantly lower (p < 0.05) mean 5′-NT and NP activity in pressure-treated haddock
(Melanogrammus aeglefinus) and herring (Clupea harengus) compared to the controls. They
speculated that high-pressure treatment effectively slows down the conversion of inosine
to hypoxanthine.

The possibility to obtain instrumental data on taste preliminary to a proper taste
investigation through panelists is compelling. Anyway, it is necessary to emphasize the
main limit of our application—that molecules known to have a conspicuous impact on
umami taste could not be quantified. This is particularly true for AMP, which could
amplify umami taste up to 8-fold [31]. In perspective, the fact that we could actually
quantify AMP, but only together with ATP and ADP, allows us to foresee a convenient
space for improvements.

Biogenic amines are related to fish spoilage since they accumulate through ongoing
proteolysis and amino acid decarboxylase activity of microorganisms in storage [32]. Bio-
genic amines (putrescine, cadaverine, tyramine, and histamine) have been used as a quality
indicator for fish freshness [33,34]. In this study, putrescine, cadaverine, and tyramine were
only detected at the end of storage in untreated samples, while putrescine and cadaverine
were not detected in treated samples. Our results suggest that the freshness evaluation
using biogenic amines as indicators was not relevant for striped prawns because of the
low accumulation rate detected. A possible explanation for this might be the low levels
of tyrosine, ornithine, and lysine in striped prawns, which degrade to arginine, tyramine,
putrescine, and cadaverine, respectively [35]. Another possible explanation for this is
the inactivation of microorganisms by HHP, such as Pseudomonas spp. and E. coli. As
reported by previous studies, Pseudomonas spp., E. coli, Photobacterium, Shewanella spp., and
Psychrobacter are responsible for the formation of putrescine and cadaverine in fish and
shrimp [35–37]. Combined with the observations on microorganisms, this suggests that
HHP could reduce the accumulation of biogenic amines and the microbial load. A similar
result was reported by Gou et al. in semi-dried squid [38].

The possibility to quantify molecules besides those targeted in connection to previous
knowledge, through an untargeted investigation, represents a positive characteristic of
1H-NMR. This is particularly evident with ethanol, which showed a marked increase at
the end of the storage time in control samples and in samples treated at 400 MPa, thus
appearing as a potential convenient biomarker of microbial spoilage. In fact, ethanol is
mainly a result of microorganisms’ activity, as documented, among others, by Xu et al. [39].
Another example of potential biomarkers, in line with the observations of Lou et al. [8], is
represented by acetate, which increased by 40 and 7 times in samples untreated and treated
at 400 MPa but by less than 2 times in the other samples.
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5. Conclusions

Fish freshness is the result of a complex interaction among a plethora of molecules.
Any analytical technique aiming at exploring the topic should, likewise, give the widest
possible picture of the fish flesh molecular profile. In this investigation, we observed the
consequences of HHP treatments at 400–600 MPa on the metabolome of striped prawn
flesh during storage. This was carried out through the calculation of objective indexes of
freshness, such as the K-value and the absolute quantification of the amines, key molecules
in this respect. From the same 1H-NMR spectra, therefore with no extra effort needed, we
estimated characteristics linked to perceived freshness, namely umami, sweet, bitter, and
sour tastes. More molecules, quantified simultaneously to the so-outlined indexes, were
found to be related to total mesophilic bacteria, setting the stage for indexes allowing a
direct estimation of microbial spoilage and for a deeper understanding of the underlying
mechanisms. Comparisons with literature evidence that the effects of this non-thermal
preservation treatment are deeply matrix related, so investigations of this kind should be
extended to other kinds of fish and emerging processing technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11223677/s1, Table S1: Metabolites of striped prawn samples
untreated or treated with HHP at 400, 500, and 600 MPa during chilled storage; Table S2: The taste,
taste threshold, and TAVs of taste-active molecules in untreated and treated (400, 500, 600 MPa)
striped prawns during storage [20,21,40].
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Abstract: Tryptophan (Trp) is an essential amino acid usually found in fruit juices. Its determination
is necessary for food companies because of its relation to human health. In this work, a new
electrochemical method based on sonogel–carbon electrodes (SNGCEs) was developed and validated
using an ultra performance liquid chromatography (UPLC) method as a reference method for the
determination of Trp in fruit juices. Cyclic voltammetry (CV), chronoamperometry, and differential
pulse voltammetry (DPV) techniques were applied to investigate the oxidation of Trp on a previously
polarized SNGCE surface in a Britton–Robinson (BR) buffer solution at pH 3.6. The operating
conditions for electroanalysis were optimized using a Box–Behnken design (BBD), obtaining an
oxidation peak for Trp at 0.749 V. The linear range for this method was from 0.1 to 5 mg/L. The
intraday and interday precision, expressed as a relative standard deviation (RSD), were 3.1% and
2.7%, respectively. The average recovery was 99.01%, and the limit of detection and quantitation
were 0.33 and 1.09 mg/L, respectively. Therefore, from the quality analytical parameters obtained,
it can be concluded that the new electrochemical method can be successfully used for the routine
analysis of Trp in fruit juices. As far as we are concerned, this is the first time that a methodology for
Trp determination was performed in this kind of real food matrices.

Keywords: tryptophan; ultra performance liquid chromatography; differential pulse voltammetry;
sonogel–carbon electrodes; fruit juice

1. Introduction

Tryptophan (Trp) is an essential amino acid [1,2] with various physiological roles: it
can function independently or by incorporation into the structure of larger molecules or
polymers, such as proteins [1,3]. Trp is required for the biosynthesis of proteins, and it is
important in nitrogen balance and the maintenance of muscle mass and body weight in
humans [4]. It is also a precursor of many biologically active substances, such as serotonin,
5-hydroxytryptamine (5-HT, a monoamine neurotransmitter), melatonin (a neurohormone),
vitamin B3 (niacin) [4,5], and kynurenine (a pathway in which 95% of Trp is catabolized) [6].
If there is a deficiency of vitamin B6 in the body, Trp may be transformed into vitamin B3.
The production of vitamin B3 is very important since the body considers its production to be
more important than that of serotonin. Therefore, if the body is not getting enough vitamin
B3 from the diet, it uses up its available Trp, which will lead to a deficiency of serotonin
and melatonin [5]. An abnormal level of serotonin can cause depression, while melatonin is
associated with sleeping disorders and Alzheimer’s and Parkinson’s diseases [7]. Therefore,
the daily intake of Trp is an important matter for human health.

Foods 2022, 11, 2149. https://doi.org/10.3390/foods11142149 https://www.mdpi.com/journal/foods
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As mentioned before, Trp is an essential amino acid, so it is commonly added as a
food fortifier in dietary food products and in pharmaceutical products because it is scarcely
present in vegetables and cannot be directly synthesized in the human body [1,4,8]. Trp
is essential for humans and acts predominantly as the precursor of serotonin, which is
an important neurotransmitter with physiological activity [3,9] for the transduction of a
neurochemical signal between neurons. The synthesis of serotonin in the brain is dependent
on the availability of its precursor, the Trp amino acid. Serotonin is considered essential in
the modulation of several behavioral and physiological functions, such as mood, sleep and
wakefulness, sexual behavior, cognition, appetite, impulsivity, aggression, neurodevelop-
ment, circadian rhythms, body temperature, and neuroendocrine function [10]. Therefore,
Trp plays also an important role in physiological processes, such as nerve transmission
and immune response, and pathological processes, such as stress, depression, sleep, and
appetite disorders, because of its relationship with serotonin [3]. However, improper
metabolism of Trp results in toxic products that can be accumulated in the brain, and which
can then cause problems, such as hallucinations, delusions, and schizophrenia. If Trp is
taken in high doses, it may show side effects, such as agitation, confusion, diarrhea, fever,
and nausea [1].

In the past, various methods were developed for the determination of Trp in food sam-
ples, such as spectroscopy, high performance liquid chromatography (HPLC), fluorimetric
methods, capillary electrophoresis and electroanalysis [11], flow injection chemilumines-
cence [9,12], and colorimetric methods [13]. Some of the previously reported methods for
the determination of Trp in different samples are shown in Table S1.

The electrochemical detection method was developed as a potentially useful technique
for pharmaceutical applications [1]. It has been found to be a more attractive technique for
the determination of electroactive compounds in biological samples and foodstuffs because
of its sensitivity, fast operation, reproducibility, accuracy, low cost, very small sample, and
solvent consumption. In fact, modern electrochemical methods are more regularly used for
the study of industrial and environmental applications and drug analysis in dosage forms
and biological samples [14].

As shown above in Table S1 and other reported methods, Trp was determined in
different food samples, different kinds of biological samples, and pharmaceutical prepa-
rations using various analytical methods. However, there few applications related to the
determination of Trp in fruit juices that have been reported.

Fruit juices play an important role worldwide in the human diet, and the industry has
become large and profitable [15]. When fruit juices are consumed in moderation as part of a
balanced diet, they have a positive effect on promoting health and reducing disease risk [16].
As fruit juices are healthier choices among consumers, the quality and the safety of juice
products are always a worry, and they are always subjected to very detailed legislation,
ensuring all the necessary information on their nutritional benefits and consumptions [17].
Therefore, the development of a simple, sensitive, and less expensive detection method
for Trp is of great significance and interesting to public health and food companies. Thus,
the aim of this study was to develop an electrochemical method using sonogel–carbon
electrodes for the direct determination of Trp in different fruit juices (apple; pineapple;
tropical; five fruits; mixture of pineapple and grape; mixture of peach and grape; mixture
of pineapple, apple, and grape; and mixture of peach, apple, and grape) and to validate
the methodology using ultra performance liquid chromatography (UPLC) as a reference
method. To the extent of our knowledge, this is the first time that Trp determination has
been accomplished in fruit juices using this analytical technique.

2. Materials and Methods

2.1. Chemicals and Reagents

Tryptophan standard (T0254-5G, reagent grade, purity ≥ 98%) was obtained from
Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA). HPLC-grade methanol, ace-
tonitrile, acetic acid, trimethoxymethylsilane, hydrochloric acid, sulfuric acid, phosphoric
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acid, and boric acid were purchased from Merck KGaA (Darmstadt, Germany); sodium
hydroxide from Panreac Quimica SAU (Barcelona, Spain); graphite powder from Alfa
Aesar (Kandel, Germany); and gold (III) chloride trihydrate (HAuCl4) from Sigma Aldrich
(St. Louis, MO, USA). All the reagents were of analytical grade and used without further
purification. Purified water was obtained from the Milli-Q System (Billerica, MA, USA).
Samples of fruit juices were purchased from local supermarkets (Mercadona and Supersol)
in Puerto Real, Cadiz, Spain.

2.2. Preparation of Buffer, Tryptophan Standard Solution, and Real Samples

An amount of 0.04 M Britton–Robinson (BR) buffer solution was used as an electrolyte
and placed in the electrochemical cell. The pH of the solution was adjusted using a pH
meter (Crison GLP21). The buffer solution at pH 3.6 was prepared from a mixture of 2.3 mL
of acetic acid (CH3COOH), 2.7 mL of phosphoric acid (H3PO4), and 2.48 g of boric acid
(H3BO4) in a 1 L volumetric flask and by diluting to a volume with Milli-Q water. Then
the pH of the buffer solution was adjusted to 3.6 using sodium hydroxide (NaOH). The
prepared BR buffer solution was used as a blank in the determination of Trp. The pH of the
buffer solution was adjusted to 3.6, considering the pH’s of the fruit juices to be determined,
which were in the range of 3.3 to 3.8.

A Trp standard stock solution (100 mg/L) was prepared in methanol. Working stan-
dard solutions were prepared from stock solution at concentration levels ranging from
0.1 to 5 mg/L in a 50:50 (v/v) Milli-Q water/methanol mixture.

Different types of fruit juice samples were purchased from local supermarkets, Mer-
cadona (apple, pineapple, tropical, five fruits, mixture of pineapple and grape, and mixture
of peach and grape), and Supersol (apple; mixture of pineapple, apple, and grape; and
mixture of peach, apple, and grape). Apple; pineapple; mixture of pineapple and grape;
and mixture of pineapple, apple, and grape were prepared directly by filtering through a
0.45 μm filter, then filtered through a 0.22 μm filter, transferred to a vial, and injected into
the UPLC system. Other fruit juice samples—tropical; five fruits; peach; and mixture of
peach, apple, and grape—were first clarified by centrifugation (4000× g, 5 min), filtered
through a 0.45 μm filter and then through a 0.22 μm filter, transferred to a vial, and injected
to the UPLC system. As it is not required by law, no information about the levels of Trp
appeared in the commercial labels.

2.3. Preparation of Sonogel–Carbon Electrodes

Sonogel–carbon was synthesized by mixing 500 μL of trimethoxymethylsilane and
100 μL of HCl 0.2 M, as reported in [18]. The mixture was homogenized using a high-power
ultrasound generator, Sonicator 3000, from Misonix (Misonix, Inc., Farmingdale, NY, USA)
(equipped with a 13 mm titanium tip), which provides a maximum power of 600 W. In
this case, the energy applied was between 90 and 100 joules. After sonication, 0.5 g of
graphite powder was added to the mixture and well homogenized. Then the SNGCEs were
prepared by inserting the material obtained into glass capillary tubes (internal diameter of
1.15 and external diameter of 1.55 mm) and connecting the ceramic material to a copper
wire for electric contact.

2.4. Polarization and Modification of Sonogel–Carbon Electrodes

The measurements of standard solutions and quantitation of tryptophan in fruit
juice samples were carried out using a SNGCE. Before conducting the measurements,
SNGCEs were well polished with a waterproof silicon carbide paper (FEPA P#1200, Struers,
Germany) and white paper until the surface become shiny. Then the polished electrodes
were polarized amperometrically in 25 mL of 0.1 M H2SO4 in an electrochemical cell. The
polarization was performed as follows: The working electrode potential was poised at
−0.7 V for 10 s, and then stepped at +1.8 V for 10 s, the procedure being repeated 8 times,
as reported previously [19,20]. After that, the SNGCEs were conditioned in a 4 mL blank
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solution from −0.5 to 1.2 V, with a step potential of 0.005 V, at a scan rate of 0.05 V/s, using
cyclic voltammetry technique, being then ready for measurements.

The SNGCEs were modified using two approaches: electrodeposition from a gold so-
lution (0.05 mM of HAuCl4) and drop casting of gold nanoparticles (AuNPs, 4 μL of AuNP
colloidal solution) onto the surface of SNGCE [21]. A gold solution (0.05 mM of HAuCl4)
was prepared by dissolving 0.005 g HAuCl4 in a H2SO4 0.5 M solution and diluting to a
volume with the same solution in a 25 mL volumetric flask. Then the electrodeposition was
performed by polarizing the SNGCE in 25 mL of the previous solution using amperometry
technique. Additionally, the effect of duration time on the electrodeposition of a gold
solution on the electrode surface was studied by setting the duration time at 200, 600, and
1000 s under the amperometric conditions.

2.5. Chromatographic Conditions

An ACQUITY UPLC® H-Class system coupled to an Acquity UPLC® Fluorescence
Detector and the system was controlled by EmpowerTM 3 Chromatography Data Software
(Waters Corporation, Milford, MA, USA). The Acquity UPLC system was equipped with
a binary solvent manager, a sample manager including the column heater, an optional
sample manager, pumps, and the detector.

Analysis of tryptophan standard solution and real samples (fruit juice samples) was
performed using an Acquity UPLC® H-Class system coupled to an Acquity UPLC® Fluo-
rescence Detector, and the system was controlled by EmpowerTM 3 Chromatography Data
Software (Waters Corporation, Milford, MA, USA). Separations were performed using
a reverse-phase RP C18 Cortecs UPLC® Solid-Core-Based (SCB) Column (silica-based
solid-core particle, 100 mm length, 2.1 mm ID, 1.6 μm particle size) obtained from Wa-
ters. Identification of Trp was carried out by setting the photodiode array detector in the
wavelength range of 210–400 nm for the 3D scan and set at 278 nm for peak integration.
Quantitation of real samples was carried out, setting the fluorescence detector (FD) at an
excitation wavelength, λex = 280 nm, and an emission wavelength, λem = 325 nm. The
FD sensitivity for the 3D scan was set at PMT gain 1000. The mobile phase was a binary
solvent system consisting of phase A (water with 2% acetic acid) and phase B (acetonitrile
with 2% acetic acid). The injection volume of the sample was 1.5 μL, and the flow rate was
0.6 mL/min. The analyses were performed at 47 ◦C (column temperature) for 4 min using a
gradient elution (Table 1). The column was equilibrated for 3 min before starting injections.
The samples were filtered before injections using a 0.45 μm filter and then filtered through
0.22 μm syringe-driven filter. Under these conditions, the resulting retention time for Trp
was 2.64 min for 11 concentration levels ranging from 0.1 to 5 mg/L.

Table 1. Elution gradient for tryptophan determination by UPLC (phase A: water with 2% acetic acid;
phase B: acetonitrile with 2% acetic acid).

Time (min) Flow Rate (mL/min) Phase A (%) Phase B (%) Curve

1 Initial 0.6 100.0 0.0 Initial
2 1.00 0.6 100.0 0.0 6
3 3.00 0.6 95.0 5.0 6
4 4.00 0.6 90.0 10.0 6

2.6. Electrochemical Measurements

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) experiments were
carried out using an Autolab PGSTAT128N (Ecochemie, Utrecht, The Netherlands) poten-
tiostat/galvanostat connected to 663 VA stand (Metrohm, Swiss) and a personal computer.
The GPES program version 4.9 software was used to generate signals, data analysis, and
storage. A three-electrode electrochemical system composed of a platinum wire as the
auxiliary (counter) electrode, Ag/AgCl (KCl 3 M) electrode as the reference electrode, and
unmodified sonogel–carbon electrode (SNGCE) as the working electrode was employed.

20



Foods 2022, 11, 2149

The calibration curve for Trp standard solution and the quantitation of real samples
were performed using differential pulse voltammetry. The DPV measurements were
performed in Britton–Robinson buffer by setting the interval time at 0.6 V, step potential at
0.016 V, and modulation amplitude at 0.1 V; the solutions were magnetically stirred for 20 s.

2.7. Electrochemical Analysis of Tryptophan

The calibration curve for Trp standard solution and the quantitation of real samples
were performed using differential pulse voltammetry. After the polishing, amperometrically
polarizing, and CV conditioning of the SNGCE, the DPV measurements were performed
by adding Trp standard solution into an electrochemical cell containing 4 mL of Britton–
Robinson buffer and stirring the solution for 20 s with a magnetic stirrer. Real samples were
determined, first, running the blank. Subsequently, the blank was discarded, and 4 mL of a
real sample was added into the electrochemical cell and stirred for 20 s with a magnetic
stirrer. After each measurement of the real sample, the SNGCE was repolished, repolarized,
and reconditioned. This methodology ensured the reproducibility and repeatability of the
measurements, avoiding fouling of the electrode surface.

2.8. Experimental Design and Statistical Analysis

A Box-Behnken design (BBD) is a kind of experimental design commonly used to
optimize successfully experimental variables [22,23]. In this work, it was employed to mea-
sure the effect of three independent variables: modulation amplitude (×1), step potential
(×2), and interval time (×3) on the determination of Trp using DPV. It is supposed that
the independent variables are continuous and controllable during the experiments. Three
levels were selected for each factor, being coded as −1, 0, and +1 (low, central, and high
value), respectively. The values considered for each variable were: modulation amplitude
at 0.01 (−1), 0.055 (0), and 0.1 (+1) V; step potential at 0.004 (−1), 0.010 (0), and 0.016 (+1) V;
and interval time at 0.2 (−1), 0.4 (0), and 0.6 (+1) s.

The matrix experiment based on BBD was established by combining the treatment
variables at the midpoints of the edges of the process space and the center, thus avoiding
extreme treatment combinations, which are the advantage of the design. The number
of experiments required was calculated by applying the particular BBD equation [24]:
N = 2k (k − 1) + C0, where N is the total number of experiments required, k is the number
of factors (×1, ×2, ×3), and C0 is the number of central points. Accordingly,
N = 2 × 3 (3 − 1) + 3 = 15, the design consisting of 15 experimental points, including 3 central
points, was used to assess the effects of three variables and the interaction effects between
variables on responses by fitting the data to a polynomial model [24–26].

A Trp standard solution of 0.5 mg/L was measured by performing 15 experimental
runs. Statgraphics® Centurion software was used to design the experiment and to calculate
the model from the experimental data that best describes the variation of the signals. For
this purpose, analysis of variance (ANOVA) was performed at a significance level of 95%
(p-value = 0.05). A t-value of 2.571 was established to evaluate which independent variable
was statistically significant.

2.9. Method Validation

A variety of general validation protocols have been recommended by organizations,
such as the Food and Drug Administration (FDA) and the International Conference on
Harmonization (ICH). Consequently, the validation of the developed electrochemical
method and the proposed UPLC method for the analysis of Trp was carried out as outlined
by FDA [27] and ICH [28,29] guidelines. The validation parameters used were linearity,
precision, accuracy, limit of detection, and limit of quantitation.

Linearity and range

The linearity of Trp was determined by addition method. A working solution at
11 concentration levels ranging from 0.1 to 5 mg/L was added from a standard stock
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solution of Trp (100 mg/L) into the electrochemical cell containing 4 mL of the blank (BR
buffer solution) for DPV measurements.

Precision

Repeatability, as recommended by the ICH guideline, is determined from a minimum
of 9 determinations covering the specified range of the procedure (e.g., 3 concentrations,
3 replicates each) or from a minimum of 6 determinations at 100% of the test or target
concentration [28,29].

The precision of the proposed method was determined as repeatability (intraday pre-
cision) and intermediate precision (interday) and expressed in terms of percentage relative
standard deviation (%RSD) of the peak current. Repeatability was determined from 10 repli-
cate measurements (n = 10) of Trp standard solution (2.5 mg/L), and intermediate precision
was analyzed at different concentration levels in triplicate (n = 3) on 3 separate days.

Accuracy and recovery

The accuracy of the method was determined by standard addition. It was determined
by spiking the real sample with standard Trp solution. Then the recovery was calculated as
%RSD from the peak current.

Limit of detection and limit of quantitation

Limit of detection (LOD) and limit of quantitation (LOQ) for Trp were calculated
from the equation of regression analysis obtained from the calibration curve as follows:
LOD = 3σ/S and LOQ = 10σ/S, where σ is the standard deviation of the intercept and S is
the sensitivity expressed by the slope of the calibration curve [30,31].

3. Results

3.1. Optimization of the Electrochemical Method
3.1.1. Modification of Sonogel–Carbon Electrodes

As it is well known, the modification of the electrode surface with some kind of
nanomaterials, for instance, gold nanoparticles, affects positively the analytical signal [32].
Therefore, different procedures were evaluated for enhancing the Trp signal and sensitivity
of SNGCEs. This includes electrodeposition of a gold solution and drop casting of AuNPs
onto the surface of the electrodes. Then the modified electrodes and bare electrodes were
used to determine the Trp standard solution at concentration levels of 0.1 to 10 mg/L.
Calibration curves were constructed from DPV measurements, and the sensitivities of
modified and unmodified electrodes are given in Table 2. Duration in the table means the
time required for the modification of the electrode using the electroanalytical technique
(chronoamperometry). After comparing the results, bare (unmodified) electrodes showed
better sensitivity and signal than the modified electrodes. The sensitivity of the bare
electrodes is almost 75% higher than that of the modified electrodes. The standard deviation
(SD) in this case is referred to as a measure of repeatability of the modified or not modified
sensor. The bare electrode is much more sensitive by far, and the slight increase in SD
with respect to Au-deposited electrodes is not a demerit in the future electroanalytical
performance of this bare electrode, when compared with the deposited ones. Here, the
deposition with gold does not offer improvement in Trp detection. Thus, the determination
of Trp was carried out using an unmodified SNGCE.

Table 2. Sensitivity of modified and unmodified SNGCE.

SNGCE Duration (s)
Sensitivity (n = 2)

(μA·L/mg)
SD

Gold solution electrodeposited
(HAuCl4)

200 0.18 0.009
600 0.11 0.006

1000 0.14 0.012
Gold nanoparticles drop-casted

(AuNPs) 0.13 0.005

Bare (unmodified) 0.43 0.042
SNGCE: Sonogel–carbon electrode; SD: standard deviation.
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It was also observed that the reproducibility of the electrode was improved when the
electrode was repolished and repolarized after each measurement and having a comparable
voltammogram (Figure 1) from the CV scanning.

Figure 1. Voltammograms of different SNGCEs obtained from CV scanning: ‘blue: after polishing
and polarizing 1’, ‘red: after polishing and polarizing 2’, ‘green: after polishing and polarizing 3’.

In order to avoid the early oxidation of other species in the medium at potential
values lower than 0.3, which could affect the Trp signal, and to obtain a good shape for
the peak signal, the initial potential was set at 0.3 V and the end potential at 1.2 V for all
the electroanalytical measurements. After that, a peak current corresponding to Trp was
observed at a potential of about 0.749 V, and a typical voltammogram obtained during the
calibration analysis is shown in Figure 2.

3.1.2. Optimization of DPV Conditions Using the Box–Behnken Design

The differential pulse voltammetric conditions were optimized using the BBD. The
optimization process was carried out according to a previous work [32] in order to maximize
the current intensity (used as the response variable) (see Section 2.9 for more details). Hence,
after performing 15 experimental runs (Table 3), the data obtained were used to build a
model (adjustment of 90%), where the optimal values extracted for the variables were
as follows: modulation amplitude = 0.1 V, step potential = 0.016 V, and interval time =
0.6 s. Under these conditions, improved signals (with optimized current intensities or
peak currents) were obtained. The surface plot obtained from the experiments is shown in
Figure 3. The response surface indicates that the anodic current intensity is maximized at
the highest modulation amplitude and step potential values using intermediate values of
the interval time variable.
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Figure 2. Voltammogram with the final peak signal of tryptophan (2 mg/L) after adjusting the
measurement conditions.

Table 3. Box–Behnken design for optimizing electroanalytical experimental conditions.

Experiments
Modulation
Amplitude
(MA, mV)

Step
Potential
(ST, mV)

Interval
Time (IT, s)

Coding Variables
(MA, ST, and IT)

Current
Intensity

(μA)

1 100 16 0.4 +1 +1 0 3.50 × 10−2

2 10 10 0.2 −1 0 −1 6.03 × 10−3

3 100 10 0.6 +1 0 +1 4.66 × 10−2

4 55 16 0.2 0 +1 −1 1.42 × 10−2

5 55 4 0.2 0 −1 −1 1.12 × 10−2

6 55 10 0.4 0 0 0 2.84 × 10−2

7 10 4 0.4 −1 −1 0 4.53 × 10−3

8 10 16 0.4 −1 +1 0 5.98 × 10−3

9 55 10 0.4 0 0 0 3.13 × 10−2

10 55 4 0.6 0 −1 +1 3.17 × 10−2

11 55 16 0.6 0 +1 +1 3.84 × 10−2

12 100 4 0.4 +1 −1 0 3.52 × 10−2

13 55 10 0.4 0 0 0 2.76 × 10−2

14 100 10 0.2 +1 0 −1 1.37 × 10−2

15 10 10 0.6 −1 0 +1 4.81 × 10−3
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Figure 3. Surface plot of current response.

3.2. Validation of the Electrochemical Method

Linearity, LOD, LOQ, and intraday and interday precision were used to validate the
new method. A Trp standard solution was analyzed at 11 concentration levels in the range
of 0.1 to 5 mg/L, and a good linear regression was obtained between peak current and
concentration. The correlation coefficient, y-intercept, and slope of the regression line
were then determined. It was observed that using the optimized conditions, the slope
(i.e., the sensitivity) was increased from the starting measures (Table 2). The analytical
characteristics for the different concentration ranges are given in Table 4.

Table 4. Analytical characteristics for the determination of tryptophan.

Linearity Range (mg/L) 0.1–5
Regression equation Y = 0.6273 × −0.2523

Determination coefficient (r2) 0.9880
Correlation coefficient (r) 0.9940

Intercept (b) (μA) 0.2523
LOD (mg/L) 0.33
LOQ (mg/L) 1.09

LOD and LOQ were determined from the calibration data using regression analysis
and were found to be 0.33 and 1.09 mg/L, respectively. The sensitivity of the electrode
expressed as the slope of the calibration curve (0.63 μA·L/mg) was also improved as
compared with the sensitivity (0.43 μA·L/mg) shown in Table 2.

The values of RSD were calculated to determine intraday and interday precision. The
results showed that the RSD values for intraday and interday precision of the Trp standard
solution were found to be less than 3.15% and 2.75%, respectively. The RSD value for the
intraday precision of a real sample was 4.06% (Table 5). Therefore, the repeatability of the
detection of the Trp concentration on the electrode was excellent.
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Table 5. Intra- and interday precision for tryptophan (SD: standard deviation; RSD: relative
standard deviation).

Intraday Precision (n = 10) Interday Precision (n = 3)

Concentration (mg/L) SD RSD (%) SD RSD (%)

2 1.19 × 10−8 1.21
2.5 3.94 × 10−8 3.12 3.19 × 10−8 2.51
3 4.54 × 10−8 2.73

Real sample (n = 7) 3.06 × 10−8 4.06

The accuracy for Trp was determined by standard addition method as percent recovery.
Recovery values (%) were calculated from the peak current, and the average recovery (n = 3)
was found to be 99.01%, which indicates that excellent recovery was obtained. Thus, the
developed method may be successfully used for the determination of Trp in fruit juices
with adequate accuracy.

It is also very important to remark that after consecutive measurements, the signal of
Trp decreases due to fouling of the analyte on the electrode surface. Previous studies [33]
reported that Trp, like most other organic molecules, can be easily adsorbed onto electrodes
and can foul the electrode during successive scans. The fouling effect of bare glassy carbon
electrodes (GCEs) was higher than that of modified electrodes. There was a decrease
of almost 30% of the initial response after the 10th consecutive cycle in a tryptophan
standard solution using the modified electrode, whereas the decrease of the same degree
was observed after only the 3rd cycle using bare GCEs. This demonstrates that the fouling
effect was much higher in bare GCEs than in modified electrode. In our case, it seems that
this situation can be also corroborated (see Section 3.4). The redox mechanism involving Trp
oxidation at a SNGCE, as concluded after CV results varying the scan rate, indicates that Trp
might need not only to diffuse from a solution to the electrode surface, but also to interact
with the surface before suffering the oxidation process, and that this interaction could
control the rate of the redox process. This fact makes too much probable the existence of a
fouling effect during Trp determination at a sonogel–carbon electrode. Therefore, adequate
methodology, as the one used here, based on polishing, polarization, and CV conditioning
of SNGCEs, was necessary before determining the analyte with our sensing system.

3.3. Study of the Electrochemical Reaction Mechanism

The results obtained in this section support the new method proposed to determine
Trp. To understand the electrochemical reaction mechanism of Trp, the effect of scan rate
on the oxidation peak currents of Trp at an unmodified SNGCE was investigated. The
electrode was well polished and polarized in 25 mL of 0.1 M H2SO4 using amperometric
conditions. Then, the CV measurement for a Trp standard solution of 2 mg/L in a BR
buffer solution (pH 3.6) was performed at different scan rates of 50, 75, 100, 125, 150,
and 200 mV s−1. Subsequently, the signals were recorded and the oxidation peak current
measured (see Figure 4a). It was observed that the oxidation peak potential of Trp shifts
positively with the increase in scan rate, as reported in the literature [34,35]. These shifts
may be attributed to the accumulation of the oxidation or reduction products on the
electrode surface [35]. As shown in Figure 4b, a linear relationship between the oxidation
peak current (Ip) and the scan rate (v) was obtained: Ip = 7.3248v + 0.5501 (Ip: μA, v:
V s−1), with a correlation coefficient of R = 0.9938, in the range of 50–200 mV s−1 and
in a BR buffer solution (pH 3.6). This fact indicates that the electrochemical oxidation of
Trp at the SNGCE was an adsorption-controlled process [1,34,36,37]. Similarly, a linear
relationship was obtained between the oxidation peak current and the square root of the
scan rate: Ip = 4.8953v − 0.2285 (Ip: μA, v: V s−1), with a correlation coefficient of R = 0.9788
(Figure 4c), suggesting that the electrochemical oxidation of Trp was a diffusion-controlled
process. Besides, the plot of logarithm of the peak current versus the logarithm of the
scan rate gave a straight line with a slope close to a theoretical value of 0.6 (log Ip = 0.5738

26



Foods 2022, 11, 2149

log v − 5.3088; R2 = 0.9816), which indicates a reaction with a mechanism controlled by
a mixed adsorption/diffusion electrode process [35]. According to the results obtained
and due to the fouling suffered by the electrode surface, it can be concluded that the
electrochemical process of Trp consists of a mixture of both adsorption and diffusion-
controlled processes. These results serve to corroborate the responses obtained and the
electroanalytical methodology proposed for Trp determination.

Figure 4. Cyclic voltammograms of tryptophan at different scan rates (a) (50 (blue), 75 (red),
100 (light green), 125 (purple), 150 (light blue), and 200 (orange) mV s−1), plot of peak current
vs. scan rate (b), and plot of peak current vs. square root of scan rate (c).

3.4. UPLC Determination of Tryptophan in Fruit Juice Samples

Based on the previously developed and validated UPLC method [38] with a fluo-
rescence detector, Trp was quantified in different fruit juice samples. The retention time
of Trp was found to be about 2.64 min (see Figures S1 and S2 in the Supplementary
Materials section).

The UPLC method was validated for linearity, precision, accuracy, LOD, and LOQ
according to the ICH and FDA guidelines.

The linearity of the method was determined by analyzing a series of standard solutions
of tryptophan following the same conditions stated in Section 2.9. The signals obtained were
proportional to their concentrations within these ranges. The equation for the calibration
curve was y = 411,296 × −258,786 with a linear correlation coefficient (r) of 0.9996.

LOD and LOQ for Trp were calculated from the equation of regression analysis
obtained from the calibration curve based on the standard deviation of the response and
the slope of the calibration curve. The limit of detection and limit of quantitation were
found to be 0.09 and 0.29 mg/L respectively.
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The precision of the UPLC method was determined as repeatability (intraday preci-
sion) from 10 independent analyses (n = 10) of the fruit juice samples on the same day.
Repeatability was also determined from 5 independent analyses (n = 5) by running the
blank between each sample. The percentage relative standard deviations were 1.77% and
1.01%, respectively.

Moreover, the effect of the filtration of fruit juices on the recovery was assessed by
spiking a standard solution of 1 mL (5 mg/L) with 5 mL of a pineapple juice sample before
filtration and after filtration in triplicate (n = 3). It was observed that good recoveries were
obtained in both cases. The spiking of the standard solution before the filtration of the
real sample and then the filtering through 0.45 and 0.22 μL filters gave a recovery of 117%.
Meanwhile, the spiking of the standard solution after the filtration of the real sample with
0.45 μL and then the filtering of the spiked sample through 0.22 μL gave a recovery of 115%.
This ensured that the filtration of the fruit juice samples before spiking or after spiking has
no significant effect on the analysis results. Thus, the method can be successfully used for
the determination of Trp in fruit juice with adequate accuracy.

3.5. Comparison of UPLC and Electrochemical Methods

The developed electrochemical method was compared with the reference UPLC
method with respect to method validation parameters (Table 6), and the results showed that
both methods are reproducible and can be successfully used in a food quality control labo-
ratory. As shown in the table below, UPLC has lower LOD and LOQ and, similarly, better
recovery and intraday precision as compared with the electrochemical method. However,
the electrochemical method is faster and requires less expensive systems.

Table 6. Method validation parameters for the determination of tryptophan in fruit juices.

Parameter UPLC Electrochemical

Linear range concentration (mg/L) 0.09–5 1.09–5
Coefficient of determination (r2) 0.999 0.988

Intraday precision (n = 9), RSD (%), real sample 1.77 4.06
Intraday precision (n = 10), RSD (%), standard 3.12

Recovery (%) 116.18 99.01
LOD (mg/L) 0.09 0.33
LOQ (mg/L) 0.29 1.09

The developed electrochemical method was used for quantifying tryptophan in fruit
juice samples, as an additional step in the validation process. The extent of our knowledge,
this is the first time that tryptophan has been determined electrochemically in fruit juices.
Results from the UPLC method were used as a reference method. Tryptophan was quanti-
fied in fruit juices that were packed in a container containing 200 mL, and the results are
shown in Table 7. A fruit juice containing a mixture of pineapple and grape showed the
maximum concentration, and an apple juice sample showed the minimum concentration in
both the reference method (UPLC) and the developed electrochemical method. It must be
noted that for those samples containing apple juice, either pure or mixed with other juices,
the electrochemical method produced higher results than the chromatographic method.
It can be concluded that the samples elaborated with apple juice contained some kind of
interference that affected the electrochemical signal. Those interferences were separated
using the chromatographic method.

28



Foods 2022, 11, 2149

Table 7. Concentration of tryptophan in some analyzed fruit juices.

Real Samples
Electrochemical UPLC

Conc. (mg/L) Conc. (mg/L)

Pineapple 2.56 1.84
Peach + grape 1.31 1.15

Apple 1.34 0.45
Peach + apple + grape 1.22 0.65

Peach 1.13 1.21

4. Conclusions

An electrochemical method using a sonogel–carbon electrode was developed, opti-
mized, and validated for the determination of Trp in fruit juices using ultra performance
liquid chromatography as a reference method.

Sonogel–carbon electrodes were prepared as an electrochemical sensor for the deter-
mination of Trp. The developed electrochemical method was sensitive, rapid, cheap, and
easy to use, and this is the first time that Trp determination was accomplished in fruit
juices using the proposed methodology. Moreover, this methodology avoids fouling effects
due to the Trp nature with an adequate combination of mechanical and electrochemical
cleaning procedures of the electrode surface; that is why electrode surface modification
is not recommended. The sample preparation needs only a previous filtration step as in
UPLC; no other pretreatment is performed on the juice sample. The proposed method has
shown many desirable properties for the determination of Trp, including good limit of
detection and linear range, good reproducibility and repeatability, good recovery, and good
sensitivity. The LOD and LOQ were 0.33 and 1.09 mg/L, respectively, for the developed
electrochemical method. Additionally, the recovery was 99.01%, and the RSDs for intraday
and interday precisions were 3.12% and lower than 2.75%, respectively. Comparison with
the reference method demonstrated good agreement for the results of Trp for those fruit
juices without apple juice; therefore, it can be successfully used in food quality control for
most fruit juices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11142149/s1: Figure S1: Chromatogram of tryptophan
obtained during the calibration curve; Figure S2: Chromatogram of tryptophan obtained during
the analysis of pineapple juice; Table S1: Some of the previously reported methods and samples
analyzed for the determination of Trp; References of Table S1. References [39–46] are cited in the
supplementary materials.
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Abstract: Simultaneous determination of a mixture of food contaminants, including pesticides,
sulphonamides, fluoroquinolones, anthelmintics, and aflatoxin B1, in solid biological samples
(chicken liver) by dispersive liquid-liquid microextraction/liquid chromatography-high resolution
mass spectrometry (DLLME/LC-HRMS) is presented. Previous work focused on the application of
DLLME to single-class contaminants. In this work, the DLLME extraction method has been extended
to complex multiresidues in the biological matrix. The first part of this study was the selection
of an appropriate solvent that enabled the dissolution of analytes from the chicken livers. The
matrix-matched calibration curves showed good linearity in the range 0.5–50.0 μg kg−1 for aflatoxin
B1 and 50–500 μg kg−1 for pesticides, fluoroquinolones, sulphonamides, and anthelmintics, with
a coefficient of determination (R2) values of 0.9916–0.9967. The mean recoveries were in the range
of 80.4–96.3%, and the relative standard deviation (RSD) values were in the range of 1.53–8.98%.
The limit of detection (LOD) and the limit of quantification (LOQ) values were 0.03 μg kg−1 and
0.09 μg kg−1, respectively, for aflatoxin B1, and for pesticides, fluoroquinolones, sulphonamides, and
anthelmintics, they were in the range of 0.011–1.197 μg kg−1 and 0.150–2.579 μg kg−1, respectively.
The developed method was compared with the standard solid phase extraction (SPE) method, and
there was no significant difference between the two methods.

Keywords: pesticides; sulphonamides; fluoroquinolones; anthelmintics; Aflatoxin B1; dispersive
liquid-liquid microextraction; biological samples; solid phase extraction

1. Introduction

The safety of food is important in our everyday lives because of its impact on our
health. Globally, an increase in scientific knowledge on chemical contamination of food
destined for human consumption has been observed. The concern for food safety is also of
great importance to world trade due to public health. Billions of people in the world are at
risk from unsafe food due to physical, chemical, and biological contamination, especially
organic contaminants such as pesticides, veterinary drugs, persistent environmental chem-
icals, and naturally occurring toxicants [1,2]. Contamination of foods can occur during
production [3], storage, transportation, food processing [4], and the use of veterinary drugs
in food-producing animals [5]. In addition, the safety and quality of food products have be-
come a growing concern for consumers, governments, and producers because the presence
of unwanted and/or threatening contaminants in foods such as meat, animal products,
etc. impacts both the local and export economies [6–8]. Several institutions worldwide
have put systems in place to protect humans from exposure to many of the chemicals
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identified as unsuitable for human consumption. The European Union (EU), the United
States Environmental Protection Agency (USEPA), the United States Food and Drug Ad-
ministration (FDA), Codex Alimentarius (Codex Alimentarius Commission, FAO-WHO),
as well as other public health agencies around the world, have set maximum residue limits
for contaminants in animal food and products. As an example, the use of veterinary drugs
in the EU is regulated through Council Regulation 2377/90/EC (European Commission
(EC) 2002). In general, regulatory bodies have set maximum residue limits (MRLs) for
mycotoxins, veterinary drugs, and pesticides in products of animal or vegetable origin
that are intended for human or animal consumption in order to assure human food safety
(Table 1).

Table 1. Maximum residue limits (MRLs) set by the European Commission and South Africa for
selected pesticides, sulphonamides, fluoroquinolones, anthelmintics, and aflatoxin B1 [9–11].

Compounds Species

Maximum Residue Limit (MRL)
(μg kg−1)

SA EU

Aflatoxin B1 Chicken liver - 2
Albendazole All food-producing animals 5000
Atrazine All food-producing animals - -
Danofloxacin Chicken liver 400 400
Enrofloxacin Chicken liver 50 200
Fenbendazole All food-producing animals 500 -
Mebendazole All food-producing animals - -
Simazine All food-producing animals - -
Sulphachloropyridazine All food-producing animals 100 100
Sulphadiazine All food-producing animals 100 100
Sulphamerazine All food-producing animals 100 100
Sulphaquinoxaline All food-producing animals 100 100
Sulphapyridine All food-producing animals 100 100
Terbutryn All food-producing animals - -
Thiabendazole All food-producing animals - -

-: not stated.

Therefore, in order to control and monitor contaminants in food, analytical methodolo-
gies must accurately identify and quantify the occurrence of harmful chemical substances
in food samples. Sample preparation steps are key to any analytical methodology, as
reflected by the time and cost of this step. The primary goal of any extraction technique
is the isolation and/or preconcentration of analytes of interest from the complex sample
matrix. In most cases, it is difficult, if not impossible, to determine analytes of interest
from the food sample directly without sample preparation methods [12]. Some methods
for comprehensive analysis of harmful chemicals (mycotoxins, veterinary medications,
and pesticides) have been developed; however, they are time-consuming, expensive, and
harmful to the environment [12–17]. In recent decades, researchers have focused on the
miniaturisation of extraction techniques and the use of solvents that are less harmful to the
environment (green solvents) in an attempt to address environmental issues as well as chal-
lenges associated with biological matrices. These new analytical techniques are compliant
with green analytical chemistry principles [18,19]. One such method that has drawn the
interest of many researchers is dispersive liquid microextraction due to its advantages of
being simple, cheap, rapid, green, and having high efficiencies. This miniaturized sample
preparation method is attractive since it uses microlitre volumes of organic solvents yet
is capable of achieving high enrichment factors and producing clean extracts. In the past,
the approach to residue analysis has targeted single-class organic contaminants in food.
For example, a number of DLLME applications in biological matrices are targeted at single-
class contaminants using different analytical instrumentation. Deng et al. [20] extracted
sulphonamides, while Moema et al. [21] extracted fluoroquinolones from chicken livers

34



Foods 2023, 12, 2594

using DLLME. In another research work, Liu and co-workers [22] extracted clenbuterol
from porcine tissues, and Vinas et al. [23] also reported the extraction of thiamines from
foods using DLLME. However, the continuous detection of various types of contaminants
in food necessitates the development of analytical methods that can handle multiclass
residues. This current work extends the capabilities of DLLME to a mixture of various
classes of contaminants in response to recent developments in FAO and Codex.

In this work, a rapid, cheap, simple, and green extraction method, DLLME, was
developed and validated for the simultaneous determination of multiple contaminants
in chicken liver samples using LC MS/MS. To the best of our knowledge, this is the first
DLLME method reported for the simultaneous determination of multiple contaminants like
aflatoxin B1, pesticides, fluoroquinolones, sulphonamides, and anthelmintics in biological
chicken matrices.

2. Experimental

2.1. Chemicals, Reagents, and Materials

All reagents and solvents were analytical and LC-MS grade. The following indi-
vidual standards (>97% purity) and internal standards (IS) used in this study were pur-
chased from Sigma-Aldrich (Steinheim, Germany): aflatoxin B1, albendazole, atrazine,
danofloxacin, enrofloxacin, fenbendazole, mebendazole, simazine, sulphachloropyridazine,
sulphadiazine, sulphamerazine, sulphaquinoxaline, sulphapyridine, terbutryn, thiabenda-
zole, Aflatoxin B1-13C17 (IS), Albendazole-d3 (IS), Atrazine-d5 (IS), Danofloxacin-(methyl-
d3) (IS), Enrofloxacin-d5 (IS), Fenbendazole-d3 (IS), Mebendazole-d3 (IS), Simazine-d10
(IS), Sulfamethazine-d4 (IS), Sulfaquinoxaline-d4 (IS), Sulfapyridine-d4, Terbutryn-d5 (IS).
Reagents used in the experiments were HPLC and LC-MS-grade solvents and were pur-
chased from Sigma Aldrich (Steinheim, Germany). These include acetone, chlorobenzene
(C6H5Cl), 1,1,2,2-tetrachloroethane (C2Cl4), HPLC grade, while methanol, acetonitrile (LC-
MS grade), and formic acid were purchased from Romil Ltd. (Cambridge, UK). Ultrapure
water (18.2 MΩ cm at 25 ◦C) was processed by the Milli-Q® Reference Water Purification
System (Merck Millipore, Bedford, MA, USA). Nitrogen gas (N2) of 99.9% purity was gener-
ated using a Genius 1022 Nitrogen Generator (Peak Scientific Inc., Billerica, MA, USA). The
Pierce™ Calibration Solutions (Pierce™ ESI Negative Ion Calibration Solution and Pierce™
LTQ ESI Positive Ion Calibration Solution) (10 mL) were obtained from Thermo Fisher
Scientific (Rockford, IL, USA). Table S1 lists the structures, CAS numbers, pKa values, and
Kow values (listed in the table as log P) of target analytes used in this study.

2.2. Preparation of Standard Solutions

Individual stock solutions of 1000 μg mL−1 of aflatoxin B1, SQ, SPD, SDZ, SCP,
SMZ, DFX, ENR [24–26], SIMZ, TRB, ATR, TBZ, FBZ, ABZ, and MBZ were prepared
by accurately weighing out standards using a Mettler Toledo XP6U Micro Comparator
balance (Greifensee, Switzerland) and dissolving them in either ACN, MeOH, water,
or dimethyl sulfoxide depending on the solubility of each compound. Isotopically la-
belled internal standards (IS) solutions of aflatoxin B1-13C17, Albendazole-d3, Atrazine-d5,
Danofloxacin-(methyl-d3), Enrofloxacin-d5, Fenbendazole-d3, Mebendazole-d3, Simazine-
d10, Sulfamethazine-d4, Sulfaquinoxaline-d4, Sulfapyridine-d4, Terbutryn-d5 were pre-
pared separately but in the same way as the working standard solution mixture. The stock
solutions of the individual standards were used to prepare working mixture solutions and
calibration standard solutions.

Matrix-matched calibration standard solutions were prepared by spiking the blank
liver samples with appropriate volumes of the target analyte working standards such
that the concentration range was 5 to 500 μg kg−1 for pesticides, sulphonamides, fluoro-
quinolones, and anthelmintics and 0.5 to 50 μg kg−1 for aflatoxin. This was followed by
adding isotope-labelled standards to each matrix matched calibration standard sample.
The matrix-matched calibration standard samples were then treated with the DLLME
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procedure as described in Sections 2.4 and 2.5 below. The standard solutions were stored at
a temperature of 2–8 ◦C until ready for analysis.

2.3. LC-HRMS Analysis
2.3.1. Mass Spectrometry

A Thermo Scientific™ Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spec-
trometer coupled to a Thermo Scientific™ Dionex UltiMate™3000 UHPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) was used in this study. Detection was carried out
using Exactive™ Plus LC-MS/MS equipped with a heated electrospray ionisation (HESI)
probe in multiple reaction monitoring (MRM) mode. The optimum ion source conditions
compatible with the HPLC flow rate were used (capillary temperature of 290 ◦C; sheath gas
flow, 50 arbitrary units (AU); spray voltage, 3.5 kV; auxiliary temperature, 400 ◦C). Analysis
was performed in full MS, single ion monitoring (SIM) mode, and all-ion fragmentation
(AIF) in positive ion mode over a scan range from m/z 80 to 750 with a mass accuracy of
<5 ppm. The mass spectrometer was operated at a mass resolution offset of 70,000 full width
at half maximum (FWHM), with the automatic gain control (AGC) target set at 1.0 × 106

and a maximum injection time (IT) of 100 ms. The mass spectrometer was calibrated weekly
for mass accuracy using Thermo Scientific™ Pierce™ Calibration Solutions (Pierce™ ESI
Negative Ion Calibration Solution and Pierce™ LTQ ESI Positive Ion Calibration Solution).

2.3.2. HPLC Separation

A Waters® XBridge™ C18 (3.5 μm, 4.6 × 75 mm) column was used, with 0.1% (v/v)
formic acid in water as mobile phase A and 0.1% (v/v) formic acid in acetonitrile as mobile
phase B. Linear gradient elution was used for the separation, starting from 2% to 45% B
in 6 min, then held for 0.5 min, and decreased again to 2% B in 1.5 min, followed by a
re-equilibration time of 1 min for the next run; the total run time was 8 min, at a flow rate
of 0.5 mL min−1, a sample injection volume of 10 μL, and the column temperature was set
at 35 ◦C. The data analysis and processing were carried out using the Qual/Quan Browser
TraceFinder software package (TraceFinder, Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Sampling and Sample Pre-Treatment

The chicken liver biological matrix was utilised for method optimisation and validation
and was acquired from local supermarkets in Gauteng province, South Africa. In this study,
chicken liver blank samples were obtained from non-commercial, informal organic farmers.
Blank samples were screened and confirmed to be free of residues of the analytes of
interest (fluoroquinolones, pesticides, sulphonamides, anthelmintics, and aflatoxin B1).
The samples were wrapped in aluminium foil to protect them from photo-degradation
and then stored at 4–8 ◦C. The procedure for the extraction of the analytes of interest
from chicken livers consisted of sample pre-treatment and DLLME. The pre-treatment
procedure was performed as reported by Moema et al. [21], with some modifications.
Chicken livers were chopped up into smaller pieces and homogenised, using a food
processor to produce a puree. Homogenised liver samples, i.e., 5 g of the homogenate
were weighed into 50 mL Falcon tubes. The blank chicken liver samples were spiked with
standard solutions and internal standard solutions of analytes (fluoroquinolones, pesticides,
sulphonamides, anthelmintics, and aflatoxin B1). The samples were then treated with 5 mL
of 0.08% HF:MeCN (15:85) and mixed on a vortex mixer for 30 s, then centrifuged for
10 min at 4000 rpm. Optimisation studies were carried out using various concentrations of
formic acid. The supernatant (acetonitrile extract) was transferred into a vial, and a 1 mL
aliquot of the acetonitrile was used for the DLLME procedure.

2.5. Dispersive Liquid-Liquid Microextraction

For the DLLME extraction procedure, 5 mL of UHP water was first placed into a
15 mL centrifuge tube (Figure S1). Thereafter, a mixture of 1 mL of the acetonitrile sample
extract (used as a disperser solvent) obtained from the earlier procedure and 400 μL of
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tetrachloroethane (the extraction solvent) were rapidly injected into the tube using a 5 mL
syringe with a sharp needle to induce the formation of a cloudy solution that results from
the dispersion of fine droplets of the extraction solvent in the water sample. The content was
then centrifuged at 4000 rpm for 10 min to separate the organic phase (sedimented bottom
layer) from the aqueous phase (upper layer). The lower/organic phase was withdrawn
with a microsyringe and transferred into a 1.5 mL vial for evaporation of the solvent under
nitrogen. The residue was reconstituted in 500 μL of the mobile phase and injected into the
LC-MS/MS for analysis.

2.6. Solid Phase Extraction

A solid-phase extraction technique was adopted by Zhang et al. (2018) with some
modifications [24]. A chicken liver sample (5.0 ± 0.01 g) was weighed into a 50-mL conical
centrifuge tube. An amount of 5 mL of 0.08% formic acid: MeCN (15:85) was added and the
tube was vortexed for 10 s. The sample was sonicated for about 30 min, then centrifuged
at 4000 rpm for 20 min. The resulting supernatant solution was slowly transferred into
a 15-mL centrifuge tube. A Waters Oasis HLB cartridge (12 cc, 500 mg) was set up for
pass-through filtration. Before extraction, each Waters HLB cartridge was pre-conditioned
with 3 mL of methanol and then rinsed with 3 mL of deionized water on an SPE manifold.
An extract sample was then passed through the HLB cartridge. After extraction, the
cartridge was washed with 1 mL of 5% methanol in water and subsequently air-dried
under a vacuum for at least 20 min. The residues were then eluted from the cartridge with
2 portions of 5 mL of MeCN (LC grade). All the extracts were completely evaporated to
dryness by a gentle stream of nitrogen. The dried sample under a gentle stream of nitrogen
was followed by reconstitution in 500 μL of acetonitrile, and 10-μL aliquots were injected
into HR-LC MS/MS system.

3. Results and Discussion

3.1. Mass Spectrometry Optimisation

The mass spectrometry (MS) method development was conducted through the in-
troduction of target analytes into the mass spectrometry system via direct infusion of the
standard solutions. All the target analytes and internal standards were found to be more
sensitive in the positive ion mode. Previous studies confirmed the presence of the precursor
ion [M+H]+ of aflatoxin B1 [25], sulphonamides (SQ, SPD, SDZ, SCP, and SMZ) [26–30], flu-
oroquinolones (DFX and ENR) [31–33], pesticides (SIMZ, TRB, ATR, and TBZ) [34,35], and
anthelmintics (FBZ, ABZ, and MBZ) [34,35]. Solutions of individual analytes in acetonitrile
containing 0.1% (v/v) formic acid were infused at a flow rate of 10 μL min−1 to determine
the MS conditions for each analyte. Multiple reaction monitoring (MRM) was used, and a
summary of precursor and product ions and collision energies for each compound is pre-
sented in Table 2. The developed separation method (Figure S4) in combination with MRM
conditions generated typical ion chromatograms of the mixture of mixed contaminants
(Figure S5).

3.2. Optimisation of DLLME Conditions

The DLLME extraction method was optimised for aflatoxin B1, pesticides, fluoro-
quinolones, sulphonamides, and anthelmintics in the chicken livers. The biological matrix
extraction method was adopted from Moema et al. [21]. Various parameters that affect
extraction efficiency, such as the type and volume of extraction solvents and the type and
volume of disperser solvents, and the sample pH, were optimised. In DLLME extraction
recovery (ER) was used to evaluate the extraction efficiency to obtain optimized extraction
conditions. The extraction recovery was calculated: ER = {Csed × Vsed}/{Vo × Veq,}× 100
where: (Csed) and (C0) initial concentrations of analytes within the sample and concen-
trations in the sediment phase, and Vsed and Vaq are the volumes of the sediment phase
and sample solution, respectively. The blank chicken liver samples were spiked with the
analytes at a concentration of 100 μg kg−1 for pesticides, fluoroquinolones, sulphonamides,
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and anthelmintics, and at a concentration of 10 μg kg−1 for aflatoxin B1, and treated with
0.08% formic acid in water and acetonitrile (MeCN). The effect of the percent composition of
formic acid in water/acetonitrile on the extraction efficiencies for mixed contaminants from
blank chicken liver samples was investigated. The best ratio of formic acid in water (HF)
and acetonitrile (MeCN) was found to be 15:85 (Figure 1). This solution was further used
as the disperser solvent. Five mL of UHP water were placed into the Falcon tube, and the
disperser and extraction solvents were rapidly added to the tube. For all the optimisation
studies, peak areas were used to evaluate the extraction efficiencies.

3.2.1. Selection of Disperser Solvent

The disperser solvent is one of the ternary solvents that plays a key role in the DLLME
extraction process, and it is a very important parameter to be optimise. It is a prerequisite
that it should be miscible with both the aqueous and organic phases. Additionally, it is
necessary that the disperser solvents disperse the extraction solvent into very fine droplets
in the aqueous sample to increase contact area; the increased surface area of the droplets
assists in the instantaneous partitioning of the analytes from the aqueous phase into the
organic phase. The disperser solvent is critical for the formation of cloudiness due to the
presence of fine droplets of extraction solvent dispersed throughout the aqueous phase.
In this, acetone, acetonitrile, and methanol were evaluated as possible disperser solvents.
The results showed the best extraction efficiency from the tested solvents in acetonitrile
(Figure 2). Aflatoxin B1 was found to be most amenable to extraction, with recovery
efficiencies ranging from 26–41%. This observation was very interesting considering the
diversity of the analytes in this work and can be attributed to the high compatibility of
acetonitrile with the aqueous solution in comparison with acetone and methanol. Therefore,
acetonitrile was selected as the disperser solvent for all further experiments.

Table 2. Multiple reaction monitoring (MRM) conditions.

Analyte
Precursor Ion [M + H]+,

m/z Quantifier Ion, m/z Qualifier Ion, m/z
Collision
Energies

Aflatoxin B1 313.0707 285.0755 269.9604 28
Aflatoxin B1-13C17 (IS) 330.1836 234.0700 191.0152 28
Albendazole 266.0955 234.0702 264.0775 15
Albendazole-d3 (IS) 269.1146 234.0691 191.0152 13
Atrazine 216.1011 216.1017 174.0547 10
Atrazine-d5 (IS) 221.1324 216.1015 221.1328 10
Danofloxacin 358.1562 258.1568 81.01760 25
Danofloxacin-(methyl-d3) (IS) 361.1749 360.1725 316.1826 30
Enrofloxacin 360.1718 245.1725 202.0438 37
Enrofloxacin-d5 (IS) 365.2032 360.1725 202.0438 20
Fenbendazole 300.0801 186.0814 242.1442 10
Fenbendazole-d3 (IS) 303.0989 186.0812 242.1438 11
Mebendazole-d3 (IS) 299.1211 264.0773 265.0799 13
Mebendazole 296.1025 264.0764 296.1035 10
Simazine 202.0854 202.0858 84.0015 10
Simazine-d10 (IS) 212.1482 212.1486 313.0712 25
Sulphachloropyridazine 285.0208 156.0116 108.0448 10
Sulphadiazine 251.0597 251.0603 108.0449 10
Sulphamerazine 265.0754 156.0759 108.0449 13
Sulfamethazine-d4 (IS) 283.1161 283.1167 112.0700 13
Sulphaquinoxaline 301.0754 156.0100 301.0760 10
Sulfaquinoxaline-d4 (IS) 305.1005 305.2044 301.0760 13
Sulphapyridine 250.0645 250.0650 108.0449 10
Sulfapyridine-d4 (IS) 254.0896 254.0894 250.0644 10
Terbutryn 242.1429 186.0804 242.1438 10
Terbutryn-D5 (IS) 247.1748 189.0995 245.1621 10
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Figure 1. The extraction efficiencies of mixed contaminants (concentration of 100 μg kg−1 was used
for all sulphonamides, fluoroquinolones, pesticides, anthelmintics; concentration of 10 μg kg−1 for
aflatoxin) from spiked blank chicken liver biological matrix.

 

Figure 2. Effect of types of disperser solvent on extraction efficiency in the extraction of mixed
contaminants (concentration of 100 μg kg−1 for sulphonamides, fluoroquinolones, pesticides, an-
thelmintics; concentration of 10 μg kg−1 for aflatoxin B1) in DLLME. Extraction conditions: 5 mL of
UHP water; 400 μL of extraction solvent (tetrachloroethane); 1000 μL of disperser solvent (acetone,
acetonitrile, methanol).

3.2.2. Extraction Solvent Selection

The selection of an appropriate extraction solvent is also important for the successful
and efficient use of the DLLME. In the conversional DLLME, the extraction solvent has a
density that is higher than that of water [36]. This facilitates the separation via centrifu-
gation of the extractant analyte from the aqueous environment. In addition, the solvent
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must have good extraction capability for the compounds of interest, good chromatographic
behaviour, and miscibility with water [37]. In this study, three organic solvents, with their
densities given in parentheses, including tetrachloroethylene (1.62 g cm−3), chloroform
(1.49 g cm−3), and tetrachloroethane (1.59 g cm−3), were investigated as potential extraction
solvents. Spiked chicken liver biological matrix samples were exposed to these different ex-
traction solvents according to the procedure given in the experimental section (Section 2.5).
Figure 3 clearly shows that tetrachloroethane was the most efficient extraction solvent in
comparison to the other two solvents. Therefore, tetrachloroethane was used for further
extraction work.

 

Figure 3. Effect of types of extraction solvent on extraction efficiency in extracting mixed contami-
nants (concentration of 100 μg kg−1 for sulphonamides, fluoroquinolones, pesticides, anthelmintics;
concentration of 10 μg kg−1 for aflatoxin B1) in DLLME. Extraction conditions: 5 mL of UHP water;
400 μL of extraction solvent (tetrachloroethane); 1000 μL of disperser solvent (acetone, acetonitrile,
methanol).

3.2.3. Optimisation of pH of the Sample

The pH is important in microextraction techniques, and in this study, pH optimisation
was carried out. The distribution ratio of target analytes between the aqueous and organic
phases is pH-dependant. Therefore, optimisation of pH is an attempt to get as many of
the analytes in complex biological matrices into an extractable form [38–40], especially
considering the diversity of the analytes of interest in this study. For example, amphoteric
sulphonamides, with their pKa values in the pH ranges of 1.97–2.14 and 4.3–6.99, tend
to exist as anionic forms in alkaline solutions [39,40]. The quinolone class of antibiotics
is also amphoteric, with pKa values ranging from 5.63–6.73 and 5.69–6.68). In addition,
multiple forms (cationic, anionic, zwitterionic, and neutral) could be expected in basic
donor solutions [40,41]. The target pesticides are also ionisable.

In this study, the effect of sample pH on the extraction efficiencies for the target
analytes was evaluated by varying the pH values from 5 to 10 using NaOH and HF
(Figure 4). It was observed that all target analytes were extracted above 11% within
the pH range of extraction. At pH ranges between 6 and 7, it was observed that most
compounds were extracted with efficiencies > 50%. Extraction efficiencies of more than
50% for eight compounds were achieved at pH 6, while 11 compounds were extracted at
efficiencies > 60% at pH 7 (Figure 4). The optimum pH for the extraction of analytes of
interest was pH 7, where five analytes (ABZ, ATZ, FBD, SIZ, and AFB1) were extracted
with efficiencies > 80%. This observation was an indication that the neutral forms of the
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analytes were more efficiently extractable than their ionic forms. In addition, it appears the
stability of the target analytes was maintained in weakly acidic and alkaline environments.
The degradation of target analytes in strongly acidic and alkaline conditions that has been
suggested [38–40] did not impact this study. For the extraction of analytes of interest, the
sample pH was therefore maintained at pH 7.

 

Figure 4. Effect of sample pH on extraction efficiency in extracting mixed contaminants (concentration
of 100 μg kg−1 for sulphonamides, fluoroquinolones, pesticides, anthelmintics; concentration of
10 μg kg−1 for aflatoxin B1) in DLLME. Extraction conditions: 5 mL of UHP water; 400 μL of
extraction solvent (tetrachloroethane), 1000 μL of disperser solvent (acetonitrile).

3.2.4. The Effect of Extraction Solvent Volume

The volume of extraction solvent is an important parameter and has a major effect on
the extraction efficiency [42,43]. As the extraction solvent volume increased, dilution of the
analyte was observed. The extraction efficiency remains constant, resulting in a decrease
in the sensitivity of the determination for the target compounds [44,45]. In this work, the
effect of extraction solvent volume was investigated by varying the volume from 100 to
500 μL, while maintaining all other parameters constant. The results showed that with an
increase in the solvent volume, an increase in the extraction efficiencies was observed, up to
a maximum at 400 μL (Figure S2). The results also showed that at volumes >400 μL there
was a slight decrease in the extraction efficiencies. The observed decrease was due to the
dilution of the analytes caused by the increase in the volume of the organic (sedimented)
phase. The extraction efficiencies ranged from 22–95% for all the analytes, with an extraction
efficiency of >60% observed for 10 compounds and >78% for eight compounds. Hence,
400 μL of extraction solvent volume was used for all subsequent experiments.

3.2.5. The Effect of Disperser Solvent Volume

The cloudiness of the solution, the degree of dispersion of the extraction solvent in
the aqueous phase, and the extraction efficiency are dependent on the disperser solvent
volume [44]. The effect of the volume of the disperser solvent, i.e., acetonitrile, on the
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extraction efficiency was investigated by varying the volume from 250 to 1500 μL, while
maintaining all other parameters constant. The results showed an increase in extraction
efficiencies was observed with an increase from 500 to 1000 μL, followed by a decrease in
extraction efficiencies at volumes >1000 μL (Figure S3). The results showed that extraction
efficiencies of 38 to 96% for all analytes were achieved at a MeCN volume of 1000 μL. It was
observed that 11 compounds had extraction efficiency >59%, whereas seven compounds
had an extraction efficiency >79% [45]. This is because at significantly high volumes, the
volume of the sedimented phase is increased, thus lowering the partitioning of the analytes
into tetrachloroethane [46]. Similarly, when the disperser solvent volume was too low,
the cloudiness was low, and therefore the recovery of analytes was also low. However,
when the disperser solvent volume was too high, the solubility of the analytes in the
aqueous phase increased, and therefore the extraction efficiency decreased; the decrease
in distribution coefficient (D) or partition coefficient (P) plays a role here. The optimum
volume of the disperser solvent was taken to be 1000 μL.

3.3. Method Validation

As defined by the ISO/IEC 17025 guideline, validation is “the confirmation by ex-
amination and the provision of objective evidence that the particular requirements for
a specific intended use are fulfilled” [47]. In-house method validation was performed
to investigate the applicability of the proposed method according to the main reference
documents, namely Commission Decision (EC) No. 2002/657/EC, SANTE/12682/2019
Guidance Document on analytical quality control and method validation procedures for
pesticide residues and analysis in food and feed, and the Eurachem Guide: The Fitness for
Purpose of Analytical Methods [48–50].

Using the optimum extraction conditions of the developed method, the limits of
detection, quantification, linearity, recovery, and precision were investigated using spiked
liver samples. The linearity of the method was assessed using nine-point matrix-matched
calibration curves. It should be noted that at each point, a maximum of three replicates were
used. An internal standard was added to each sample. The blank liver samples were spiked
with the target analytes in the range from 5 to 500 μg kg−1 for pesticides, sulphonamides,
fluoroquinolones, and anthelmintics, and in the range of 0.5 to 50 μg kg−1 for aflatoxin.
Calibration curves were constructed using an analyte/internal standard peak area ratio
vs. concentration of analyte. The least-squares regression equations from the calibration
curves were used to calculate the limit of detection (LOD) and limit of quantification
(LOQ). LODs and LOQs were calculated from the calibration data and regression statistics
using the formulas XLOD = 3 Sy/x/b and XLOQ = 10 Sy/x/b, respectively, where Sy/x is
the standard error and b is the slope of the regression line [51]. The LODs ranged from
0.03 to 1.197 μg kg−1, whereas the LOQs ranged from 0.036 to 2.99 μg kg−1. Table 3 shows
the calibration curve data, together with the coefficient of determination (R2), LODs, and
LOQs. The calibration curves gave good linearity, at various ranges, with the coefficient of
determination (R2) ≥ 0.9916 for all target analytes.

In any extraction method, the recovery is an important parameter to assess its suit-
ability. In this work, three concentration levels ranging from 20, 50, and 200 μg kg−1

for fluoroquinolones, pesticides, sulphonamides, and anthelmintics and from 2, 5, and
20 μg kg−1 for aflatoxin B1 were used for recovery studies. The precision expressed as a
relative standard deviation (RSD) of the method was also calculated at these concentration
levels. Five replicates of each sample were analysed within a day (intra-day precision), and
the procedure was repeated over three consecutive days (inter-day precision) (Table 4).
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Table 3. Analytical performance parameters for the determination of mixed contaminants in chicken
liver samples using DLLME method.

Compound
Linear Range

(μg kg−1)
R2 LOD (μg kg−1) LOQ (μg kg−1)

Aflatoxin B1 0.5–50 0.9938 0.026 0.086
Albendazole 5–500 0.9939 0.263 0.876
Atrazine 5–500 0.9967 0.292 0.975
Danofloxacin 5–500 0.9925 0.665 2.172
Enrofloxacin 5–500 0.9916 0.774 2.579
Mebendazole 5–500 0.9926 0.109 0.364
Fenbendazole 5–500 0.9949 0.026 0.085
Simazine 5–500 0.9916 0.011 0.036
Sulphaquinoxaline 5–500 0.9927 0.234 0.779
Sulphadiazine 5–500 0.9916 0.465 1.548
Sulphamerazine 5–500 0.9976 0.166 0.597
Sulphachloropyridazine 5–500 0.9917 1.197 2.99
Sulphapyridine 5–500 0.9925 0.278 0.927
Terbutryn 5–500 0.9916 0.040 0.150
Thiabendazole 5–500 0.9947 0.274 0.913

3.4. Comparison of DLLME with SPE

In this work, a paired t-test was used to compare the developed and validated DLLME
method with the standard SPE method (Waters Oasis HLB cartridge) to assess if the
methods were significantly different. For this purpose, the comparison was done using
mean recoveries at three concentration levels of mixed contaminant analytes ranging from
20, 50, and 200 μg kg−1 for fluoroquinolones, pesticides, sulphonamides, and anthelmintic,
and 2, 5, and 20 μg kg−1 for aflatoxin B1. Table 5 shows the results of comparison of
recoveries using the two extraction methods.

The calculated t-value for all analytes is less than the t-critical value of 2.45, indicating
that the results obtained by DLLME and SPE methods do not differ significantly in terms
of accuracy. Furthermore, of the two methods, DLLME has the advantages of very short
extraction times and the fact that the extraction equilibrium is attained very quickly (a few
seconds) compared to the SPE method. Overall, DLLME has the advantages of being very
simple, rapid, inexpensive, easy to use, benign to the environment, and not involving any
labour-intensive steps compared to solid phase extraction.

3.5. Quantification of Mixed Contaminants

The optimised and validated DLLME method was applied to real samples obtained
from several local supermarkets in Gauteng province, South Africa. Processed by DLLME
extraction and analytes quantified by high resolution LC-MS/MS as described above
(Sections 2.3 and 2.4).

Table 6 shows a summary of determination of the mixed contaminants in 12 different
chicken liver samples. Aflatoxin B1, SCP, and ENR were detected in five of the 12 chicken
liver samples assayed. The other mixed contaminants were not detected in any of the
samples, which might be due to the fact that the concentrations of target analytes in the
samples were below the limit of detection (LOD) and limit of quantification (LOQ). All the
mixed contaminants detected were found to be below the stipulated South African MRL
range and EU MRL range, which might be an indication that proper withdrawal times were
observed by farmers. However, since this was a small sample population, more samples
still need to be analysed for confirmation.
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Table 4. Recovery and precision of method to determine mixed contaminants in chicken liver samples
spiked at three different concentration levels.

Target Compounds Added (μg kg−1) Detection % Recovery

Precision

Intra-Day
% RSD (n = 18)

Inter-Day
% RSD
(n = 54)

Aflatoxin B1
2 1.80 90.00 6.57 5.78
5 4.70 940.0 7.21 6.23

20 19.00 95.00 2.38 4.52

Albendazole
20 17.77 88.84 4.75 3.87
50 44.94 89.88 6.22 7.22

200 158.80 79.40 2.40 4.89

Atrazine
20 17.40 87.00 2.21 3.87
50 47.80 95.60 1.77 2.77

200 174.20 87.10 7.45 8.98

Danofloxacin
20 19.70 98.50 6.66 6.75
50 43.70 87.40 7.14 4.23

200 168.60 84.30 2.50 5.52

Enrofloxacin
20 19.45 97.25 4.34 8.23
50 41.75 83.50 8.82 8.66

200 176.85 88.43 3.01 6.20

Fenbendazole
20 19.54 97.71 6.23 4.44
50 19.54 39.09 6.23 6.23

200 182.59 91.30 3.57 4.66

Mebendazole
20 18.43 92.17 6.34 2.56
50 47.57 95.13 6.05 7.52

200 166.70 83.35 5.25 6.47

Simazine
20 17.17 85.83 5.54 6.57
50 48.12 96.24 5.87 7.21

200 190.02 95.01 7.25 2.38

Sulphachloropyridazine
20 17.81 89.05 5.42 4.75
50 44.18 88.37 6.49 6.22

200 164.39 82.20 4.42 2.40

Sulphadiazine
20 18.36 91.79 2.57 2.21
50 40.41 80.83 2.45 1.77

200 182.76 91.38 4.34 9.45

Sulphamerazine
20 17.25 86.25 5.53 6.66
50 43.45 86.90 8.00 7.14

200 176.85 88.43 8.61 2.50

Sulphaquinoxaline
20 16.17 80.87 2.81 4.34
50 40.52 81.04 3.09 8.82

200 173.57 86.78 2.86 3.01

Sulphapyridine
20 16.87 84.33 4.33 6.23
50 46.18 92.37 5.93 5.23

200 162.85 81.43 3.07 3.57

Terbutryn
20 16.16 80.82 1.53 6.34
50 40.39 80.78 2.30 6.05

200 167.33 83.66 2.27 6.57

Thiabendazole
20 19.07 95.35 1.85 7.21
50 44.72 89.44 8.53 5.38

200 186.82 93.41 4.83 6.52
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Table 5. Comparison of DLLME with SPE method using paired t-test, mean recoveries of each of
mixed contaminants were compared at three different concentration levels.

Target Compounds Standard Deviation (SD)
Standard Error of the

Mean (SE)
t-Value t-Critical (0.05)

Aflatoxin B1 4.44 2.56 1.55 2.45
Albendazole 1.06 0.61 −3.17 2.45
Atrazine 1.31 0.76 −0.64 2.45
Danofloxacin 2.99 1.73 −014 2.45
Enrofloxacin 2.99 1.73 −2.54 2.45
Fenbendazole 2.95 1.71 −0.29 2.45
Mebendazole 2.78 1.61 0.78 2.45
Simazine 6.81 3.93 −0.59 2.45
Sulfachloropyridazine 2.66 1.53 −1.49 2.45
Sulfadiazine 1.67 0.96 2.14 2.45
Sulfamerazine 1.98 1.14 −2.81 2.45
Sulfaquinoxaline 4.02 2.32 2.08 2.45
Sulphapyridine 1.87 1.08 −2.27 2.45
Terbutryn 1.28 0.74 0.73 2.45

Table 6. Detection of fluoroquinolones, pesticides, sulphonamides, anthelmintics and aflatoxin B1 in
chicken liver samples.

Sample
Analytes

AFB1 ABZ ATZ DFX ENR MEB FEB SIZ SCP SDZ SMR SPD SQ TER TBZ

A <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
B <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
C <LOD <LOD <LOD <LOD 41.02 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
D 0.23 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 92.11 <LOD <LOD <LOD <LOD <LOD <LOD
E <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
F <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 26.50 <LOD <LOD <LOD <LOD <LOD <LOD
G 0.94 <LOD <LOD <LOD 31.85 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
H <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
I <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
J <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
K <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
L <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD

<LOD (Limit of detection), Concentration in μg kg−1.

4. Conclusions

The presented DLLME sample preparation method was successful in efficiently ex-
tracting a rather complex mixture of food contaminants, which are usually challenging
due to their diverse chemical properties. The method was successfully developed, val-
idated, and applied to a biological food matrix such as chicken livers. The developed
method was validated with a coefficient of determination (R2) range of 0.9916–0.9967, LOD
and LOQ of 0.03 μg kg−1 and 0.09 μg kg−1, respectively, for aflatoxin B1, and LOD and
LOQ for pesticides, fluoroquinolones, sulphonamides, and anthelmintics that ranged from
0.011–1.197 μg kg−1 and 0.150–2.579 μg kg−1, respectively. The mean recoveries were in
the range of 80.4–96.3%, and the relative standard deviations (RSDs) were in the range
of 1.53–8.98%. Comparison with standard SPE methods shows that DLLME provides
acceptable accuracy and thus could be considered as an alternative fast, simpler, and green
method for the extraction of multiclass contaminants in food matrices. Therefore, the newly
developed method could be used as a routine method for the determination of mixed
contaminants in chicken liver samples due to its advantages over other methods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12132594/s1, Figure S1: Effect of volume of extraction solvent
on extraction efficiency in DLLME. Figure S2: Effect of volumes of disperser solvent on extraction
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efficiencies in DLLME; Figure S3: Effect of volumes of disperser solvent on extraction efficiencies
in DLLME; Figure S4: Chromatogram of mixed contaminants (sulphonamides, fluoroquinolones,
pesticides, anthelmintic and aflatoxin B1); Figure S5: Selected ion Chromatograms for individual
compounds; Table S1: Recoveries and RSDs of target compounds at different spiked levels in
chicken liver using solid phase extraction; Table S2: Physicochemical properties of fluoroquinolones,
pesticides, sulphonamides, anthelmintics and aflatoxin B1 [52].
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Abstract: The number of plant-based dairy alternative products on the market is growing rapidly.
In the case of soybean-based yoghurt alternatives, it is important to trace the content of saponins,
the phytomicronutrients with a disputable health effect, which are likely to be responsible for the
bitter off-taste of the products. We present a new sample extraction method followed by hydrophilic
interaction liquid chromatography with mass spectrometric detection (HILIC-MS) for identifying
and quantifying soyasaponins in soybean-based yoghurt alternatives. Soyasaponin Bb, soyasaponin
Ba, soyasaponin Aa, and soyasaponin Ab were quantified using commercially available standard
compounds and with asperosaponin VI as the internal standard. As the recoveries of soyasaponins
were unacceptable in yoghurt alternatives at their natural acidic pH, the adjustment of pH was
performed as one of the first steps in the sample extraction procedure to achieve the optimum
solubility of soyasaponins. The validation of the method included the assessment of linearity,
precision, limit of detection and limit of quantification (LOQ), recovery, and matrix effect. The
average concentrations of soyasaponin Bb, soyasaponin Ba, soyasaponin Ab, and soyasaponin Aa in
several measured soybean-based yoghurt alternatives utilising the developed method were 12.6 ± 1.2,
3.2 ± 0.7, 6.0 ± 2.4 mg/100 g, and below the LOQ, respectively. This method provides an efficient
and relatively simple procedure for extracting soyasaponins from yoghurt alternatives followed by
rapid quantification using HILIC-MS and could find a rightful application in the development of
healthier and better-tasting dairy alternatives.

Keywords: bitterness; Glycine max; plant-based foods; plant proteins; LC-MS

1. Introduction

In recent decades, the market for plant-based dairy alternatives has vastly expanded.
In addition to cereals, pseudocereals, and nuts, legumes are typically used to produce
plant-based dairy alternatives. Due to their high protein content and quality, legumes
such as soybeans (Glycine max L.) are widely used to manufacture dairy alternatives [1].
However, there is still a lack of quantitative data on the migration of phytonutrients during
food processing from plant-based protein sources to the final consumable products. Along
with macronutrients, soybeans contain several classes of biologically active compounds,
including naturally occurring complex oleanane triterpenoid glycoside saponins [2]. Chi-
tisankul et al. studied saponin content in nine soybean varieties and fourteen different
soybean-based milk alternatives. The average total soyasaponin content reported was
246 ± 92 and 269 ± 140 μmol per 100 g dry weight basis (dwb), respectively [3,4], sug-
gesting a transfer of saponins from the dry matter throughout the production chain of
plant-based milk alternatives.

Foods 2023, 12, 2164. https://doi.org/10.3390/foods12112164 https://www.mdpi.com/journal/foods
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The dietary preferences of many consumers are shifting towards plant-based products
due to environmental, health, and ethical reasons. Thus, from a nutritional point of view,
it is important to quantify phytochemicals from emerging plant-based alternatives. Al-
though human cells are not able to degrade saponins [5], some bacteria from gut microbiota
convert saponins into sapogenols [6] and enter the bloodstream [7]. Until now, the data
on the effects of saponins on human health are controversial. Negative consequences
of high saponin consumption have been proven in livestock; e.g., health issues in the
digestive tract of ruminants as well as decreases in wool, milk, and egg production were
observed [8]. In addition, high concentrations of saponins may lead to the inefficient ab-
sorption of fat-soluble vitamins and damage the membrane of the intestinal inner epithelial
wall [9]. On the contrary, several in vitro and in vivo studies have shown the positive
immunological and antiviral effects of soyasaponins [10]. In addition, anti-cancerogenic [6],
hepato-protective [11], anti-inflammatory [12], and anti-obesity effects [13,14] have been
reported. The beneficial and deleterious nutritional properties of saponins are likely to be
dose- and diet-dependent.

Soyasaponins are amphiphilic compounds composed of polar sugar moieties attached
to a nonpolar pentacyclic ring [15,16]. Soyasaponins are generally distributed between
group A and B depending on the glycosylation positions of soyasapogenol A and soyasa-
pogenol B [17,18]. Soyasaponin Aa and soyasaponin Ab are glycosylated at the C-3 and
C-22 position of soyasapogenol A (group A), while soyasaponin Ba and soyasaponin Bb
are glycosylated at the C-3 position of soyasapogenol B (group B). The structures of the
studied soyasaponins are shown in Figure 1.

Figure 1. Chemical structures of soyasaponins (soyasaponin Aa, soyasaponin Ab, soyasaponin Ba,
and soyasaponin Bb) quantified in this study and asperosaponin VI (used as internal standard (IS)).
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In addition to structural differences, group A soyasaponins contribute more to a bitter
sensation than group B saponins [19], causing a major unpleasant taste of soybean-based
dairy alternatives [20,21]. The group A soyasaponins are located both in soybean seed
hypocotyls and cotyledons [3]. The removal of hypocotyls is usually performed during the
production of soybean-based milk alternatives but is not enough to fully discard group A
soyasaponins from the end products [3,4]. Hence, the residual soyasaponin concentration
might still influence the bitterness of a product and thus limit the consumer acceptance.

Researchers have widely characterised the molecular structures of several forms of
soyasaponins and have reported different methods for their quantification [4,22–29]. Indeed,
saponin quantification is considered challenging due to the lack of chromophores in their
molecular structure, leaving out the possibility of using UV light at a specific wavelength
for quantification. Liquid chromatography (LC) coupled to electrospray ionisation mass
spectrometry (ESI/MS) is an alternative approach providing significant selectivity and
specificity without a need for the derivatization of analytes [16,25]. Despite extensive
research carried out on different soybean foods, only a few studies have identified or
relatively quantified the levels of soyasaponins in soybean-based dairy alternatives [4,29].
In the case of previously published methods, the liquid samples were initially pre-processed
before extraction by being either freeze-dried [4] or dried by rotary evaporation [29]. The
time-consuming application of these techniques may be considered the major drawback of
previously reported quantification methods impeding the direct analysis of liquid samples.
New extraction procedures are required to mitigate the issues with traditional analysis
methods, allowing to save on equipment resources, increase the analysis throughput, and
overall, facilitate the implementation of quality control throughout the development of
new soybean-based dairy alternative products.

This study aimed to develop a selective extraction and quantification method for
the determination of soyasaponins (soyasaponin Aa, soyasaponin Ab, soyasaponin Ba,
and soyasaponin Bb) from a soybean-based yoghurt alternative matrix using hydrophilic
interaction liquid chromatography with mass spectrometric detection (HILIC-MS). To our
knowledge, there are no studies presenting the soyasaponin quantification method in
which sample extraction has been performed directly from liquid soybean-based dairy
alternative samples.

2. Materials and Methods

2.1. Food Samples

Soybean-based drink (SBD) and five soybean-based yoghurt alternatives (YA1, YA2,
YA3, YA4, and YA5) from different producers were purchased from the local supermarket.
Supplementary Table S1 provides nutritional and compositional information available on
the label of the products. Samples were aliquoted and stored at −20 ◦C.

2.2. Chemicals and Materials

All solvents were HPLC grade and were purchased from Honeywell (Charlotte,
NC, USA). Formic acid (FA) (98% for MS) and the ammonia solution (25% for LC-MS)
were from Honeywell (Charlotte, NC, USA) and Merck KGaA (Darmstadt, Germany),
respectively. The standard compounds soyasaponin Aa, soyasaponin Bb, soyasaponin Ba,
and asperosaponin VI Phyproof® Reference substances were from PhytoLab GmbH & Co.
KG (Dutendorfer, Germany), and soyasaponin Ab was from MedChemExpress (Monmouth
Junction, NJ, USA). Biotage Isolute® PLD+ (100 mg/mL) cartridges were obtained from
Biotage Sweden AB (Uppsala, Sweden). Ultrapure water (18.2 mΩ·cm) was prepared using
MilliQ® HX 7040SD equipped with MilliQ LC-Pak (Merck KGaA, Darmstadt, Germany).

2.3. Extraction Method for Samples

Soyasaponins were extracted according to the previously published method developed
for pea and oat saponins [30] with some modifications. Briefly, the thawed homogeneous
liquid sample was weighed (0.35–0.40 g) into a 5 mL volumetric flask (n = 3). Ultrapure
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water was added to the line and mixed thoroughly. The sample solution (native pH of
yoghurt alternative was ~4.6) was alkalised to reach the sample pH 8 ± 0.25 using aqueous
ammonia solution (5%, v/v) or aqueous FA (25%, v/v). Samples were incubated on a tube
rotator Stuart SB3 ( Bibby Scientific Ltd, Staffordshire, UK) at room temperature for 30 min.
After incubation, samples were centrifuged at 17,000 g at 10 ◦C for 10 min. After transferring
the supernatant to a new Eppendorf tube, an equal volume of pure acetonitrile was added
(MeCN, 1:1, v:v). The solution was mixed thoroughly and centrifuged at 14,800× g at
10 ◦C for 10 min to remove precipitated proteins. The supernatant (1000 μL) was passed
through a PLD+ column using a vacuum manifold (VacMaster 10, Biotage Sweden AB,
Uppsala, Sweden) at –0.5 bar. The filtrate (100 μL) was combined with an IS working
solution (asperosaponin VI; 100 μL) and injected into the LC-MS.

2.4. Liquid Chromatography Mass Spectrometry

Analysis was performed as described previously [30] with adaptations to the analysis
of soyasaponins. Briefly, a Waters UPLC® system (Waters Corporation, Milford, MA, USA)
attached to a Waters Quattro Premier XE Mass Spectrometer equipped with ZSpray™
Source was used to analyse the samples. The equipment was controlled by Waters MassL-
ynx™ 4.1 (V4.1 SCN805, Waters Corporation, Milford, MA, USA). Mobile phase A consisted
of ultrapure water containing 0.1% FA, and mobile phase B consisted of MeCN containing
0.1% FA. The gradient was changed as follows: 0–0.17 min at 10% A; 0.17–1.5 min linear
gradient 10–70% A; 1.5–4.17 min at 70% A; 4.18 min switch to 10% A; 4.18–6.0 min at
10% A. The mobile phases were pumped at 200 μL/min flow rate. A BEH Amide column
(1.0 × 50 mm, 1.7 μm) coupled with BEH Amide VanGuard Pre-column (2.1 × 5 mm) from
Waters Corporation (Milford, MA, USA) were used to retain saponins. The autosampler
and column heater were set at 8 ◦C and 50 ◦C, respectively.

The MS part of the method proposed for determination of oat and pea saponins [30]
was adapted to target the quantification of soyasaponins. Based on a scan-type experiment
of external standards, the deprotonated molecules [M-H]− were chosen. The capillary
voltage was set to −2.5 kV; cone voltages were optimised separately for every compound.
The analysis was performed using negative electrospray ionisation (ESI−) mode using
single-ion-recording (SIR) mass-to-charge ratios shown in Table 1. High-purity nitrogen
was set as a cone and as desolvation gas at a rate of 25 L/h and 600 L/h, respectively. The
temperature of the desolvation gas was set to 350 ◦C. Data acquisition and target analyte
quantification were performed in Waters MassLynx™ and QuanLynx™ V4.1 (SCN805,
Waters Corporation, Milford, MA, USA) and Microsoft Excel® (Microsoft 365 Apps for
enterprise, Microsoft Corporation, Richmond, WA, USA). Other parameters for MS were
employed according to the description provided previously [30].

Table 1. The used m/z values and cone voltages for analytes.

Analyte
[M − H]−

m/z ± 0.5 Da
Cone Voltage (V)

Soyasaponin Bb 941.5 100
Soyasaponin Ba 957.3 120
Soyasaponin Aa 1364.3 120
Soyasaponin Ab 1435.6 120

Asperosaponin VI 927.5 120

2.5. Calibration and Quantification

The stock solutions of soyasaponin Aa, soyasaponin Ab, and soyasaponin Bb
(1000 mg/L) were prepared in ethanol (EtOH; 99.9% purity). The stock solution of soyas-
aponin Ba (1000 mg/L) was dissolved in ethanol:methanol solution (EtOH:MeOH; 1:1, v/v).
The stock solution of asperosaponin VI used as IS (1000 mg/L) was prepared in ultrapure
water. All solutions were aliquoted and stored at −80 ◦C. The working solution of asperos-
aponin VI (30 mg/L) was made freshly before the analysis using the aqueous MeCN (50%,
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v/v). The calibration curve standard solutions were diluted in MeCN:H2O:EtOH solution
(50:36:14, v/v).

The IS (asperosaponin VI) working solution was added to the calibration curve stan-
dard solutions and the sample solutions before the injection, keeping the concentration
of the IS constant. Calibration curve solutions were built for all soyasaponins and were
run in triplicate (0.01–2.5 mg/L). Seven-point calibration curves of soyasaponins were
prepared by plotting peak area ratios of soyasaponins/IS against the concentration of
the external standard compound. The linear regression approach led to linear responses
showing correlation coefficients of >0.99 for all analytes.

2.6. Validation of the Method

The European Medicines Agency (EMA) validation guideline was used to evaluate
the following parameters during method validation: selectivity, specificity, calibration
curve and range, limit of detection (LOD), limit of quantification (LOQ), precision, sample
extraction recoveries, and matrix effect (ME) [31].

The calibration curve and range were evaluated via repeated measurements of stan-
dard solutions of soyasaponins consisting of eight individual points obtained from serial
dilution of stock solutions. The LODs and LOQs were calculated using a previously
published tutorial [32].

To determine the intra- and interday precision of the instrumental method, the stan-
dard solution and the IS were both injected six times and across three independent days to
affirm the stability of the retention times (RTs) and peak areas. In addition, the repeatability
(intraday) and intermediate precision (interday) of the whole method was investigated
using YA2. Repeatability analysis was performed by six replicate analyses of samples on
the same day. The intermediate precision of the method was by analysis of six replicates on
three different days over four weeks under the same experimental conditions.

The total recoveries of analytes were assessed by spiking YA2 with a known amount
of soyasaponins at four different concentration levels (unspiked, lower LOQ, middle LOQ,
and upper LOQ) and performing the extraction methods as described above [33].

ME was evaluated by post-extraction spiking of sample extracts with calibration
curve standard solutions and comparing the solvent-matched calibration curve slopes with
matrix-matched slopes [32].

2.7. Statistical Analysis

Data analysis for sample extraction method development was performed in R 4.2.2 (The R
Foundation for Statistical Computing, Vienna, Austria). ANOVA followed by Tukey–Kramer
post hoc test was performed with R package ‘agricolae’ 1.3–5. The significance level was set
to 0.05. The results are presented as mean with standard deviation (SD) or relative standard
deviation (RSD). All analyses were repeated in triplicate if not marked otherwise.

3. Results and Discussion

3.1. Development of Liquid Chromatography Mass Spectrometry Method

Previously reported LC-MS methods for the quantification of saponins varied from 6
to 80 min [2,30,34,35]. The shortest method with some modifications in the gradient and
a total runtime of six minutes was used as a basis in our study. The SIR chromatograms
shown in Figure 2 were obtained following an analysis of the soyasaponin standards, the
sample of soybean-based yoghurt alternative, and the IS using the optimised analytical
method described in Section 2.4. During the method development, we tested the multiple
reaction monitoring (MRM) experimental conditions on our instrumentation. However, it
did not enhance selectivity; instead, it notably decreased sensitivity by failing to generate
consistent fragments. Nevertheless, the reasonably rapid retention of soyasaponins on
the column and high-resolution peaks were achieved using the SIR mode. The proposed
chromatographic method is more environmentally friendly and sustainable than previous
approaches as i has a shorter duration, high-throughput nature, and reduced solvent usage.
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Figure 2. LC-MS chromatograms of external standard compounds and YA1 sample (SIR; ESI-):
(A) soyasaponin Bb, (B) soyasaponin Ba, (C) soyasaponin Aa, (D) soyasaponin Ab, and (E) internal
standard asperosaponin VI.

Although soyasaponins include over one hundred different compounds [4], only the
forms relevant to soybean-based yoghurt alternatives, including soyasaponin Bb, soyas-
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aponin Ba, soyasaponin Aa, and soyasaponin Ab, were selected for total quantification.
During method development, we also screened soybean-based yoghurt alternatives for the
possible semi-quantification of the DDMP-conjugated form, but these compounds were
not identified in the matrix. Plant-based yoghurt alternatives are typically pasteurised at
95 ◦C or undergo an ultra-high-temperature treatment above 100 ◦C during the production
process, which helps to manage microbiological concerns and prolong the shelf life [1].
Under heat treatment, the thermo-sensitive DDMP conjugates of group B soyasaponins may
degrade into non-DDMP saponin species. Hu et al. showed that the DDMP-conjugated B
group saponins started to decrease already when heated at 65 ◦C [2]. Indeed, the range
of possible analytes to quantitate could be potentially expanded by total synthesis or
fractioning other soyasaponin compounds from raw materials, but in both cases, it is
time-consuming, not cost-effective, and impractical for routine analysis in laboratories.

Asperosaponin VI was chosen as the IS for soyasaponins in this method based on its
structural similarity to the triterpenoid core [36] (Figure 1) and LC-MS retention similar
to the targeted analytes. Ideally, each soyasaponin target compound should be quantified
using its corresponding isotopically labelled internal standard when these become more
readily available, without the need for the custom total synthesis of standards or the
cultivation of isotopically labelled soybeans.

3.2. The Influence of Sample pH on Saponin Extraction

A previously published method for the measurement of saponins in oat- and pea-based
drinks [30] was used as a starting point for the development of an extraction method for
soyasaponins from soybean-based yoghurt alternatives. Traditionally, saponin extraction
is performed using ethanol or methanol from a solid fat-free sample before subsequent
LC-MS analysis, the whole procedure starting from a Soxhlet-assisted fat-removing step,
followed by the solvent extraction. The simplified procedure in this recently proposed
method allowed the extraction of saponins from liquid samples with a minimal number
of extraction steps and a small volume of solvents. The comprehensive comparison of the
performance of this extraction method with selected traditional ones has been provided
elsewhere [30].

In the present study, we focused on the exploration of the effect of the pH of the
soybean-based yoghurt alternatives on the quantification of soyasaponins as the pH of
these products is considerably lower than that of the SBD. The native pH of the SBD and
the soybean-based yoghurt alternatives (YA1 and YA2) were 8.8 and 4.6–4.7, respectively.
The effect of the native pH of the products and the effect of the pH adjustment before
extraction on the yield of the extracted saponins are reported in Table 2. The SBD and the
soybean-based yoghurt alternatives were analysed as described in Section 2.3: unspiked
and spiked with all four soyasaponins and with or without a pH adjustment included in
the sample extraction protocol. Indeed, in the samples at their native pH, the recoveries
of soyasaponins in the SBD ranged from 80 to 109%, while for both yoghurt alternatives,
the concentrations and recoveries were significantly lower than those observed in the
SBD. Moreover, the recoveries of soyasaponins at native pH were similar among yoghurt
alternatives. These results suggest that soyasaponin recoveries could be pH-dependent.
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As the composition and nutritional information of the SBD, YA1, and YA2 were very
similar (see Table S1), the following experiments were conducted with adjusted pHs of
the samples to test the hypotheses of pH effects on soyasaponin recoveries (the results
are shown in Table 2). The pH of the SBD was acidified to mimic the pH of the yoghurt
alternatives, while the yoghurt alternatives were alkalised to mimic the pH of SBD. The
experiment indicated that the SBD acidified to pH 4.2 had unacceptable recoveries of
soyasaponins, ranging from 23 to 54%. On the contrary, yoghurt alternatives that were
alkalised (pH 7.0 ± 0.2) resulted in higher soyasaponin recoveries: from 77 to 115% and
from 83 to 98% in YA1 and YA2, respectively.

Based on these findings, additional experiments were conducted to assess the pH
value at which soyasaponins would result in the highest and most meaningful recovery.
YA2 was analysed at three additional pH values: 7.5 ± 0.2, 8.0 ± 0.2, and 8.5 ± 0.2. The
results indicated that pH values of 7–8.5 had a beneficial influence on the recovery of
soyasaponins, but there was no strict pH optimum value. ANOVA showed a statistical
difference in the recoveries of soyasaponins at analysed pH values in most cases. The most
acceptable recoveries were achieved at pH 7.5 ± 0.2 and pH 8.0 ± 0.2. Therefore, for further
analyses, the method’s optimum pH value was chosen to be 8 ± 0.25.

Even though saponins are known as amphiphilic molecules, having a non-water
soluble triterpene core and attached water-soluble sugar moieties, and are preferably
soluble in organic solvents, soyasaponin Bb solubility is very low in the acidic region
and increases drastically in the 6.5–7.3 pH region in aqueous buffers, having a solubility
maximum in the range of 7 to 8 pH [37]. This fact elucidates the influence of different
pH values of the samples on the soyasaponins recovery experiments. By adjusting the
pH in soybean-based yogurt alternatives, the solubility issues of soyasaponins in acidic
environments are overcome, enabling the direct analysis of liquid samples using a recently
published method with modifications relevant to soyasaponins [30].

3.3. Validation of the Method

Validation was executed to assess the linear ranges, LODs and LOQs, precision, recov-
eries, and matrix effect of the proposed method for the determination of soyasaponins in
yoghurt alternatives (Table 3). The calibration curves were constructed using a linear model
with a weighing of 1/x. All four soyasaponins standards had high linearity (R2 > 0.99)
in the 0.01–2.52 mg/L concentration range. The estimated LOQs for soyasaponins were
≤33.4 μg/L. The results of the LOQs were either lower or in accordance with previous
research [34,35].

Table 3. The linear range, calibration curve, limits of detection (LODs), and limits of quantification
(LOQs) of soyasaponins.

Analyte
Linear Range

(mg/L)
Calibration Curve R2 LOD (μg/L) LOQ (μg/L)

Soyasaponin Bb 0.01–2.52 y = 0.7699x + 0.0048 0.9930 0.2 12.6
Soyasaponin Ba 0.02–2.26 y = 0.2949x + 0.0025 0.9975 8.0 33.4
Soyasaponin Aa 0.02–2.33 y = 0.3994x + 0.0021 0.9965 7.0 27.0
Soyasaponin Ab 0.01– 2.48 y = 0.3259x + 0.0033 0.9943 1.4 25.1

The repeatability of the method was investigated after the linearity of the soyasaponins
was defined as acceptable. The results of the experiments are shown in the Supplementary
Materials (Table S2). The RSDs of the peak RTs and the peak areas did not exceed 2% and
4%, respectively. It was observed that the intra- and interday RSDs for the whole method
were lower than 12% and suitable for the routine analysis of soybean-based products.
The precision observed using this method agreed with results reported by other LC-MS
methods [34,35].

The recoveries of the soyasaponins were determined by spiking the YA2 with the
analytes. Table 4 shows the results of the recovery of the YA2 at three spiking levels. The
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recoveries ranged from 81 to 101%. The obtained recoveries were acceptable according to
the guidelines [31] and comparable with the previously published methods [2,30,34,35].

Table 4. The recoveries of soyasaponins in soybean-based yoghurt alternative matrix (mean ± standard
deviation (n = 3)).

Spiking
Level

Soyasaponin Bb 1 Soyasaponin Ba 2 Soyasaponin Aa 3 Soyasaponin Ab 4

mg/L R, % mg/L R, % mg/L R, % mg/L R, %

L1 0.03 95 ± 4 0.02 97 ± 5 0.02 101 ± 9 0.03 96 ± 3
L2 0.77 87 ± 4 0.68 87 ± 3 0.62 81 ± 1 0.8 90 ± 2
L3 1.54 82 ± 2 1.36 86 ± 2 1.23 81 ± 0 1.61 88 ± 0

1 Unspiked matrix soyasaponin Bb concentration: 0.99 mg/L. 2 Unspiked matrix soyasaponin Ba concentration:
0.27 mg/L. 3 Unspiked matrix soyasaponin Aa concentration: 0.03 mg/L. 4 Unspiked matrix soyasaponin Ab
concentration: 0.72 mg/L.

The experiment demonstrated that the soyasaponin Bb, soyasaponin Ba, soyasaponin
Aa, and soyasaponin Ab MEs were 91%, 94%, 99%, and 94%, respectively. According to
the guidelines, the achieved MEs were at an acceptable range [38], indicating sufficient
sample clean-up.

According to validation guidelines, the method has confirmed sufficient validation
performance regarding precision, recovery, sensitivity, and specificity. In addition, its
efficiency and robustness for all the different yoghurt alternatives make the method valuable
for screening and quality assurance.

3.4. Determined Concentrations of Soyasaponins in Soybean-Based Yoghurt Alternatives

We applied the developed and validated sample extraction method to quantify the
soyasaponins in five soybean-based yoghurt alternatives (Table 5). All analysed samples
had similar soyasaponin concentrations. The soyasaponin Bb, soyasaponin Ba, and soyas-
aponin Ab concentrations ranged from 11.7 to 14.5 mg/100 g, 2.6 to 4.2 mg/100 g, and 2.7
to 8.5 mg/100 g, respectively. The soyasaponin Aa concentration in all measured samples
was below the LOQ.

Table 5. Soyasaponins content (mg/100 g) in soybean-based yoghurt alternatives (mean ± standard
deviation (n = 3)). ANOVA statistical significance test was performed across all analysed samples;
means with different letters are significantly different at p < 0.05.

mg/100 g
Sample Code Soyasaponin Bb Soyasaponin Ba Soyasaponin Aa Soyasaponin Ab

YA1 14.5 ± 0.4 a 2.8 ± 0.2 b <LOQ 3.5 ± 0.4 bc

YA2 11.9 ± 0.8 b 2.9 ± 0.2 b <LOQ 7.7 ± 0.3 a

YA3 12.6 ± 0.5 b 4.0 ± 0.4 a <LOQ 8.5 ± 0.4 a

YA4 11.7 ± 0.4 b 2.6 ± 0.1 b <LOQ 2.7 ± 0.3 c

YA5 13.3 ± 1.0 ab 4.2 ± 0.6 a <LOQ 4.5 ± 0.5 b

Until now, limited data on the contents of soyasaponins in soybean-based dairy
alternatives, including yoghurt alternatives, were available. A recently published study
focused on characterizing the soyasaponin composition of 39 food products, including
an analysis of 14 soybean-based milk alternative product [4]. The study showed that
soyasaponin Aa was below the LOQ, soyasaponin Bb ranged from 27 to 308 mg/100 g
dwb, soyasaponin Ba was quantified to be up to 14 mg/100 g dwb, and soyasaponin
Ab ranged from 1 to 44 mg/100 g dwb in these products. Considering the average dry
weight (~11%) of the samples in our study, our results showed that the average values of
soyasaponin Bb, soyasaponin Ba, and soyasaponin Ab in the samples were 114 mg/100 g
dwb, 29 mg/100 g dwb, and 54 mg/100 g dwb, which are in agreement with previously
reported concentrations [4]. In another study, soyasaponin content was investigated [17],
and the average sum of soyasaponin content in soybean-based milk alternatives was
39 μmol/100 g. The estimated average sum of quantified soyasaponins in the present study
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was 21 μmol/100 g in soybean-based yoghurt alternatives. Considering different methods
used for quantification and possible different soy varieties, our results supported both
previously published soyasaponin studies [4,17].

Previously, nine varieties of soybean were studied [3]. They found that only four
varieties contained soyasaponin Aa (from 22.3 to 97.5 mg/100 g dwb of seed), two vari-
eties contained soyasaponin Ab (from 75.8 to 95.5 mg/100 g dwb of seed), seven varieties
contained soyasaponin Ba (up to 6.4 mg/100 g dwb of seed), and all nine studied vari-
eties contained soyasaponin Bb (from 8.7 to 21.3 mg/100 g dwb of seed) among other
soyasaponins. Generally, hypocotyls contained larger quantities of soyasaponins than
cotyledons. Since hypocotyls might be removed during the production of soybean-based
dairy alternatives, there may be smaller amounts of soyasaponins than in the original
soybean seed [3]. The seeds contained DDMP-conjugated soyasaponin Bb and soyasaponin
Ba, which might degrade into respective non-conjugated forms during the production of
soybean-based yoghurt alternatives [1,2], resulting in higher soyasaponin contents reported
in our study.

In another study, the soyasaponin content was analysed in tofu, one of the popular
consumed soybean-based foods [4]. The authors showed that tofu had a quite diverse
soyasaponin composition. Among others, tofu contained soyasaponin Aa at 80 mg/100 g
dwb, soyasaponin Ab from 23 to 136 mg/100 g dwb, soyasaponin Ba from 5 to 11 mg/100 g
dwb, and soyasaponin Bb ranging from 112 to 312 mg/100 g dwb of the product. The
quantities of soyasaponins in tofu were also similar to the results obtained in the current
study in the soybean-based yoghurt alternatives.

Although the number of analysed samples in the present study was small, due to the
limited number of soybean-based yoghurt alternatives available on the local market, it was
possible to demonstrate the applicability of the developed method on real samples. In the
case of commercial end products, it is not possible to make assumptions about the content
of saponins in the soybean varieties used for the production or the effectiveness of starter
culture bacteria involved in the technological process to degrade saponins. Analysing the
entire production chain, from soybean seeds to the final dairy alternative products, would
provide a more comprehensive understanding of the mitigation of phytonutrients and
allow for a thorough investigation of the entire technological process.

4. Conclusions

In this study, a new sample extraction method for the direct analysis of liquid samples
was developed for the determination of soyasaponins in soybean-based yoghurt alter-
natives using HILIC-MS. The rapid LC-MS method was able to quantify soyasaponin
Bb, soyasaponin Ba, soyasaponin Aa, and soyasaponin Ab using asperosaponin VI as an
internal standard. The results show that the acidic pH of the soybean-based yoghurt alter-
natives significantly affected the quantification of soyasaponins, leading to unsatisfactory
soyasaponin recoveries. To address this issue, the effect of alkalisation on the extraction
yield of saponins was evaluated, and the highest yield (from 100 to 114%) was achieved
at pH 8.0 ± 0.25. By adjusting the pH at the beginning of the sample extraction process,
it became possible to achieve satisfactory recoveries of soyasaponins in soybean-based
yoghurt alternatives. The developed method was validated using a soybean-based yoghurt
alternative as a test matrix. Overall, the inter-day precision of the method was below 12%.
This validated method could be applied in the analysis of commercially available soybean-
based yoghurt alternatives and used in technology and product development, e.g., for the
high-throughput screening of fermentation processes to unveil the saponins-degrading abil-
ity of starter cultures. The application of the presented method has the potential to enhance
the acceptance of emerging and developed plant-based dairy alternatives by consumers
by improving the quality of the final product and the taste by controlling the taste-active
compounds. This method could also be extended for analyses of soyasaponins in dairy
alternative products produced from other legume species.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/foods12112164/s1. Table S1: Nutritional information of analysed products.
Table S2: Repeatability of retention times (RTs), peak areas of soyasaponins, and precision of the
whole method.
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Abstract: Introduction: Toxic aldehydic lipid oxidation products (LOPs) arise from the thermo-
oxidative deterioration of unsaturated fatty acids present in heated culinary oils when exposed to
high-temperature frying episodes, and currently these effects represent a major public health concern.
Objectives: In this study, we investigated the applications of low-field (LF), benchtop NMR analysis
to detect and quantify toxic aldehyde species in culinary oils following their exposure to laboratory-
simulated shallow frying episodes (LSSFEs) at 180 ◦C. Four culinary oils of variable fatty acid (FA)
composition were investigated to determine the analytical capabilities of the LF NMR instrument.
Oil samples were also analysed using a medium-field (400 MHz) NMR facility for comparative
purposes. Results: Aldehydes were quantified as total saturated and total α,β-unsaturated classes.
The time-dependent production of α,β-unsaturated aldehydes decreased in the order chia > rapeseed
≈ soybean > olive oils, as might be expected from their polyunsaturated and monounsaturated FA
(PUFA and MUFA, respectively) contents. A similar but inequivalent trend was found for saturated
aldehyde concentrations. These data strongly correlated with medium-field 1H NMR data obtained,
although LF-determined levels were significantly lower in view of its inability to detect or quantify
the more minor oxygenated aldehydic LOPs present. Lower limit of detection (LLOD) values for
this spectrometer were 0.19 and 0.18 mmol/mol FA for n-hexanal and trans-2-octenal, respectively.
Aldehydic lipid hydroperoxide precursors of aldehydic LOPs were also detectable in LF spectra.
Conclusions: We therefore conclude that there is scope for application of these smaller, near-portable
NMR facilities for commercial or ‘on-site’ quality control determination of toxic aldehydic LOPs in
thermally stressed frying oils.

Keywords: benchtop NMR spectrometer; frying practices; cooking oils; PUFAs; MUFAs; lipid
hydroperoxides; aldehyde toxins; quality control

1. Introduction

High-field, high-resolution 1H nuclear magnetic resonance (NMR) analysis is exten-
sively applied in lipidomics, together with determinations of the full composition and
molecular nature of many culinary oil products (including the saturation and unsatura-
tion status of major fatty acids (FAs) present, for example), their longevities, and even
geographic origins [1]. More recently, it has also been quite widely employed for the
specific determination of toxic lipid oxidation products (LOPs) in these products, including
a series of aldehydes which are formed in these commonly employed cooking oils during
high-temperature frying practices [2–4]. Furthermore, additional studies have extensively
documented the potential toxicological hazards that these aldehydic species may present,
along with their overall public health implications [5–7]. Indeed, these aldehydes, espe-
cially the α,β-unsaturated classes, are highly chemically reactive, and they form relatively
stable, latent source adducts with many critical biomolecules in vivo, for example selected
proteins and DNA. Such DNA damage renders these toxins mutagenic, genotoxic and,
at least in some cases, carcinogenic. Consistently, Weng et al. reported that aldehydes
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represent the dominant carcinogens present in tobacco cigarette smoke [8]. The causal links
between reactive aldehyde species and non-communicable chronic disease (NCD) risks in
humans are therefore of much pertinent importance, and to date there is much evidence
available indicating associations between the consumption of fried foods and the develop-
ment and progression of a range of serious NCDs, for example, coronary heart diseases [9]
and prostate cancer [10]. Further studies, e.g., that reported in [11], have established as-
sociations between human exposure to Chinese-style cooking fumes, which contain high
levels of toxic aldehydes such as acrolein, and the risk of developing lung cancer. Moreover,
it has been demonstrated that aldehydic toxins are readily transferred to foods from the
oils in which they are fried; these foods typically include potato chips, beef patties, and
fried chicken, which are frequently consumed by humans [12]. However, these levels were
found to be significantly lower in fried potato chips than they were in the frying oil itself
(only ca. 5% or so in mol/kg units), and this is attributable to only a small amount of the
food mass being accounted for by uptake of aldehyde-rich oil (typically 10–15% (w/w) [13]),
and their known chemical reactions with different classes of food biomolecules. A range of
other factors such as frying oil FA compositions and frying duration are also relevant.

To date, high-field (HF) NMR spectroscopy has been successfully utilised for the rapid
multicomponent analysis of quite a wide variety of LOPs present in thermally stressed
frying oils, which have included primary conjugated hydroperoxydiene isomers, their
secondary fragmentation products (particularly saturated and unsaturated aldehydes), and
epoxy-fatty acids, for example [4,14]. Moreover, the use of two-dimensional correlation
spectroscopies, both homo- and heteronuclear, has been invaluable for confirming provi-
sional LOP assignments made in 1D spectra [15]. Notably, our research group was the very
first to report these applications and advantages as early as 1994 [16]. Such advances have
recently led to the development of methods for the analysis of such LOPs in fried foods,
approaches which feature a key lipid extraction stage [12].

Notwithstanding, the use of both medium-field (MF, with 300–400 MHz operating
frequencies) and HF 1H NMR spectroscopy for the simultaneous multicomponent analysis
of aldehydic and further LOPs in such matrices is reliant upon a number of operational ne-
cessities such as the institutional accessibility of such expensive instruments, which are de-
pendent on bulky cryogenically cooled superconducting magnets, the frequent use of high
volumes of deuterated solvents such as deuterochloroform (CDCl3) for sample preparation
purposes, and requirements for the professional inputs of highly specialised operational
technical staff, along with the availability of those with specialist spectral interpretational
skills. Moreover, the high costs of such large HF facilities (e.g., with 500–700 MHz oper-
ating frequencies), together with their stringent demands for high volumes of cryogenic
cooling gases [16], limits their applications in many academic institutions, or within the
commercial sector. Comparatively, low-field (LF) ‘benchtop’ NMR instruments benefit
from considerably lower power requirements, permanent magnets, and virtual portability.
Thus, LF NMR analysis shows great promise for applications within industrial cooking oil
production, or even restaurant settings, for the direct ‘on-site’ detection and determination
of edible oil quality, together with screens for toxic LOPs generated within during the use
of such frying media.

Currently, such LF NMR spectrometers are emerging, cost-effective and portable al-
ternatives to their HF counterparts [17]. Indeed, recent studies have demonstrated the
growing applications of LF NMR spectroscopy to numerous analytical sectors, includ-
ing ‘point-of-care’ medical diagnostics [17], forensic science, synthetic chemical reaction
monitoring [18], and versatile approaches towards chemical education [19]. Furthermore,
selected hyperpolarisation techniques have been applied to specific investigations [20]. The
research landscape of developing applications for LF NMR has also been shown to offer
major advantages in the detection of vegetable oil adulteration [21,22], together with both
one- (1D) and two-dimensional (2D) NMR approaches for probing and determining edible
oil authenticities [23].
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Previously, preliminary studies of the LF NMR detection and analysis of aldehyde
species in used and reused cooking oils has only been documented by Grootveld et al.
(2014) [24,25], wherein detectable levels of selected aldehyde classes were observed in
heated sunflower oil samples, and olive oil collected from a ‘real-life’ restaurant site. In the
current study, we report the further exploration and development of LF NMR techniques
for evaluating frying oil qualities. In particular, we consider the analytical reliability and
reproducibility of LF 1H NMR determinations of aldehydic LOPs in oils heated according to
shallow frying practices, and also limits for their detection and quantification. Comparisons
of these analytical data to those acquired at MF strength are also made. We also consider
the potential health risk status of these products through the reliable quantification of alde-
hydic LOP toxins. Overall, this LF NMR analysis technology highlights great promise for
application at industrial food product manufacturing sites or restaurants for the detection
and determination of these agents.

2. Materials and Methods

2.1. Reagents and 1H NMR Solvents

All materials, including deuterochloroform (CDCl3) and aldehyde calibration stan-
dards, were purchased from Sigma-Aldrich Chemical Co. (UK), unless otherwise stated;
the CDCl3 product contained the 1H NMR reference standard tetramethylsilane (TMS) at
an added level of 1.00% (v/v) (equivalent to 73.45 mmol/L on consideration of its density
of 0.648 g/mL). NMR tubes were purchased from Norell (Morganton, NC, USA), and
EppendorfTM microcentrifuge tubes were obtained from Fisher Scientific Ltd. (Loughbor-
ough, UK).

2.2. Culinary Oil Products and Their FA Compositions

Four culinary oils of differing triacylglycerol FA compositions were studied. These
comprised a mixed-origin refined olive oil (MOO), soybean oil (SBO), rapeseed oil (RSO)
and chia seed oil (CSO). With the exception of the SBO, which originated from a US retail
source, all these products were purchased from reputable retail outlets based in the UK.
The acylglycerol contents of FA classes present in the oils analysed were calculated using
major acylglycerol resonance intensities from 400 MHz 1H NMR spectra of the unheated
control (0 min heating time-point) samples, according to the methodological equations
reported in Ref. [4].

Samples were stored under dark conditions at ambient temperature to diminish pho-
todegradative peroxidation during storage periods prior to analysis. The lipid content
profiles of each oil analysed, which are represented as % (w/w) saturated (SAT), monoun-
saturated (MUFA) and polyunsaturated (PUFA) FA contents, were found to be MOO: 16%
SAT, 76% MUFA and 8% (w/w) PUFA; SBO: 16% SAT, 24% MUFA and 60% (w/w) PUFA, the
latter including 5% omega-3 FAs (predominantly linolenoylglycerols); RSO: 5% SAT, 67%
MUFA and 28% (w/w) PUFA, the latter including 7% (w/w) omega-3 FAs (predominantly
linolenoylglycerols); CSO: 9% SAT, 9% MUFA and 82% (w/w) PUFA, the latter including 65%
(w/w) omega-3 FAs (again predominantly as linolenoylglycerols). For the SBO, RSO and
CSO products, omega-3 FAs were analysed via electronic integration of their characteristic
linolenoylglycerol-distinctive δ = 0.95 ppm triplet resonance in 400 MHz spectra acquired
on this oil.

Preliminary experiments conducted also featured a commercially available sample of
a UK refined sunflower oil (SFO) product. This oil was found to have an FA content of 10%
SAT, 31% MUFA and 59% PUFA.

2.3. Aldehydic LOP Calibration Standards

Aldehyde calibration standards were prepared using n-hexanal and trans-2-octenal
in deuterochloroform (CDCl3) solution, and increasing concentrations of these analyte
solutions were added to unheated (control) olive oil (MOO product) samples. These
preparations were conducted by adding a 0.20 mL aliquot of each aldehyde calibration
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solution (ranging from 0.00 to 54.98 mmol/L for n-hexanal, and 0.00 to 40.40 mmol/L for
trans-2-octenal), 0.20 mL of unheated olive oil, 0.20 mL of additional CDCl3 solvent, and
0.10 and 0.06 mL of solutions of the lipid-soluble antioxidant 2,5-di-tert-butylhydroquinone
(2,5-DTBHQ) and the secondary 1H NMR chemical shift reference and internal standard
1,3,5-trichlorobenzene (TCB) (67.0 and 19.8 mmol/L, respectively), both in CDCl3. The
densities of these aldehydes were accounted for when adding or diluting μL volumes
of each. For experiments in which the signal-to-noise (STN) ratio was determined and
evaluated, a corresponding series of aldehyde calibration standards were prepared in a
medium without any added oil, and in these cases the 0.20 mL unheated olive oil constituent
was replaced with an equivalent volume of additional CDCl3.

2.4. H NMR Analysis
1H NMR analysis of prepared aldehyde calibration standard solutions, and control

and thermally stressed oil samples, was performed on a 60 MHz Magritek Spinsolve
Benchtop system operating at a frequency of 61.67 MHz. Spectra were acquired using
a 1D Proton+ sequence. Parameters employed for these analyses were 32K data points;
128 scans; acquisition time 6.4 s; repetition time 10 s; and a pulse angle of 90◦ (the total
sample acquisition duration was ~21 min). These spectra were also acquired on a MF
400 MHz Bruker Avance AV400 NMR spectrometer (Leicester School of Pharmacy, De
Montfort University, Leicester, UK) operating at a frequency of 399.93 MHz. For this facility,
spectral acquisition parameters were 32K data points; 128 scans with 2 dummy scans; 3 μs
pulses, spectral width 8278 Hz; and a receiver gain setting of 14.8.

2.5. Purity of Aldehyde Calibrations Standards Used

Reference 1H NMR spectra of these aldehyde standards revealed that they contained
17 and 5 mol% of their corresponding carboxylic acid oxidation products, i.e., hexanoic
acid and trans-2-octenoic acid, for n-hexanal and trans-2-octenal, respectively, and this was
again considered when preparing their calibration standard solutions; purities reported by
their manufacturer were 98 and 94% (w/w), respectively. The identities of these carboxylic
acid oxidation products were confirmed by the observation of their characteristic 1H NMR
resonances in the aldehyde spectra acquired, i.e., that of the α-CH2 protons of hexanoic
acid (t, δ = 2.354 ppm, J = 7.67 Hz) and those of the 2- and 3-positon olefinic protons in
trans-2-octenoic acid (i.e., dt, δ = 5.831 ppm, J = 16.0, 1.3 Hz, and m, δ = 6.660 ppm, J = 15.9,
7.0 Hz, respectively) [26]. The concentrations and contaminating mol % values of these
oxidation products in these standard solutions were determined via electronic integration
of these resonances, together with the corresponding, more prominent signals arising from
their parent aldehydes.

2.6. H NMR Determination of Different Classes of Aldehydes

Aldehyde concentrations were determined by electronic integration of their character-
istic 1H NMR -CHO function resonances, and normalising these data to those of the total
acylglycerol terminal-CH3 function resonance (δ = 0.82–1.11 ppm) of total FAs from the
added unheated olive oil co-calibrant at both 60 and 400 MHz operating frequencies, so that
aldehyde concentrations are reported as mmol aldehyde per mol of total FA (mmol/mol FA
units). Aldehydic LOP levels in control and thermally stressed culinary oil products were
then determined via reference to the calibration plots shown in the Results Section below.
However, it should be noted that for the purpose of comparative evaluations, aldehydes
were simply classified as either total saturated or total α,β-unsaturated, since it was not
possible to effectively resolve superimposing resonances of individual sub-classes of these
analyte species within their overall saturated and α,β-unsaturated classes at LF strength
(60 MHz).
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2.7. Calibration and Bland–Altman Dominance Plots of Authentic Standard Aldehyde Solutions in
Combined CDCl3/Culinary Oil Media

Calibration and Bland–Altman style dominance plots of the 1H NMR-determined
concentrations of the saturated and α,β-unsaturated aldehydes n-hexanal and trans-2-
octenal, respectively, involved matched analysis sample datasets, with determinations
made on these two analytes at both 60 and 400 MHz operating frequencies. Units for these
determinations, which were conducted in the combined CDCl3/culinary oil medium, were
mmol aldehyde/mol total acylglycerol FA. For these plots, Dixon’s test was applied to
detect any potential outlier samples, but none were found. Similarly, all determinations
which were found to have none detectable (nd, specifically values below the specified lower
limit of detection (i.e., <LLOD) at both operating frequencies utilised were removed from
the datasets. As recommended [27], corresponding 1H NMR profiles of blank samples,
which were prepared as described above but with CDCl3 in place of culinary oils, were
acquired, and their ’noise’ intensities at the appropriate δ values were included in these
calibration plots. Spectra were acquired on replicate (n = 3) preparations of such blank
samples for these purposes.

2.8. Estimation of Signal-to-Noise Ratios, and Lower Limits of Detection and Quantification
Values, for Saturated and α,β-Unsaturated Aldehyde Analyte Solution Calibrants in Neat CDCl3
and Combined CDCl3/Culinary Oil Media

STN ratios for total saturated and α,β-unsaturated aldehydes were monitored by
LF 1H NMR analysis of the n-hexanal and trans-2-octenal calibrant standards for each of
these two aldehyde classes, and which were fully resolvable and quantifiable at this field
strength, were determined using built-in software scripts within the MestreNova software
package (Feliciano Barrera 9B—Bajo, 15,706 Santiago de Compostela, Spain). The signal-
free region used to calculate the noise level was δ = 10.50–11.50 ppm, and Equation (1) was
employed to derive the standard deviation of this value (Noise SD), where N = number of
datapoints within the signal-free region; Yi = value of each digital point in the spectrum;
and Ym = mean value of the digital points within that region. Mean STN ratio values were
then computed as the ratio of the aldehyde resonance peak heights to that of the Noise
SD value.

Noise SD =

√
∑

(Yi − Ym)
2

(N − 1)
(1)

Lower limits of detection and quantification (LLOD and LLOQ, respectively) were esti-
mated as three-times and ten-times the mean STN ratio values (3(STN) and
10(STN), respectively).

2.9. Thermal Stressing of Culinary Oil Products According to Laboratory-Simulated Shallow
Frying Episodes

Each culinary oil evaluated was exposed to laboratory-simulated shallow frying
episodes (LSSFEs) for periods of 0–90 min as previously described in Ref. [12], although for
the experiments outlined here, samples were collected for 1H NMR analysis at the 0, 30,
60 and 90 min time-points. A total of n = 3 replicate samples for each culinary oil tested
and each collection time-point were obtained. Volumes (6.00 mL) of each culinary oil were
placed in air-dried 250 mL glass beakers within a thermostatted silicon oil bath, which was
heated to 180 ◦C in the presence of atmospheric O2 according to our LSSFEs in order to
simulate shallow frying conditions. Aliquots (0.25 mL) of these oils were sampled for 1H
NMR analysis at each of the above time-points.

2.10. Sample Collection and Preparation for 1H NMR Analysis

Aliquots (0.20 mL) of all oil samples collected were transferred to 1.5 mL micro-
centrifuge tubes, and then 0.40 mL of CDCl3 containing 1% (v/v) TMS as a chemical
shift reference (δ = 0.00 ppm), and 0.06 and 0.10 mL volumes of CDCl3 solutions of TCB
(67.0 mmol/L) and the chain-breaking antioxidant 2,5-DTBHQ (19.8 mmol/L), respec-
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tively, were added. 2,5-DTBHQ was included in these preparations in order to prevent any
artefactual peroxidation of culinary oil unsaturated FAs (UFAs) during periods of sample
preparation and storage prior to analysis. Subsequently, samples were vortexed thoroughly
and transferred to 5 mm diameter Norell NMR tubes for 1H NMR analysis.

1H NMR analysis of these oil samples was performed at both 60 and 400 MHz operat-
ing frequencies as described in Section 2.4

2.11. ANOVA Model for the Statistical Analysis of Experimental Datasets

Univariate statistical chemometrics analysis was conducted to detect any signifi-
cant differences between the mean replicate values of both total saturated and total α,β-
unsaturated aldehydic LOPs for each oil product evaluated, each LSSFE sampling time-
point (60 versus 90 min) and for each instrumental operating frequency (60 versus 400 MHz)
by an analysis-of-variance (ANOVA) model. The experimental design employed comprised
a three-factor model with the fixed effects of culinary oil product (Oi), LSSFE sampling
time-point (Tj) and spectrometer operating frequency (Fk). Also incorporated in the designs
were first-order oil product × sampling time-point, oil product × spectrometer operating
frequency, and sampling time-point × spectrometer operating frequency interaction effects
(OTij, OFik and TFjk, respectively). The mathematical model for this design is displayed
in Equation (2), where yijkl represents each replicate aldehyde concentration, μ the overall
sample mean aldehyde concentration in the absence of any possible explanatory sources of
variation, and eijkl fundamental error. An ANOVA rather than an analysis-of-covariance
(ANCOVA) model was selected for this analysis since the latter approach is dependent on
linear relationships between response variables (aldehyde concentrations) and the quanti-
tative sampling time-point covariable considered, and this was clearly not the case for the
dataset acquired in this study, since it is well known that all such relationships are sigmoidal
(S-shaped) and not linear [12]. Software module options utilised for the performance of
these ANOVA models were those available from XLSTAT2020 (Addinsoft, Paris, France).
Post hoc evaluations of the different oil products tested involved comparisons of their mean
values using the Bonferroni test.

yijkl = μ + Oi + Tj + Fk + OTij + OFik + TFjk + eijkl (2)

Subsequent to application of this model, if all first-order interaction terms were found
not to be statistically significant (as indeed they were for the total unsaturated but not
the saturated aldehyde outcome variables), they were removed from the model, and their
variance contributions were then transferred to that of the error term for the re-testing of
the main factor effects only (Equation (3)).

yijkl = μ + Oi + Tj + Fk + eijkl (3)

Any missing data from the above ANOVA models were estimated by replacement
with group mean or mode values, followed by reduction of error mean square degrees-of-
freedom values by the number of such replacements made accordingly.

2.12. Computational Simulations of the 1H NMR Spectra of Solution-Phase Triacylglycerols

Simulated 1H NMR spectra of triacylglycerols, and that of their glycerol backbone,
were obtained using Bruker TopSpin NMR-SIM software. Chemicals shift and coupling con-
stant values, and example 1H NMR spectra, were first obtained from the Human Metabolome
Database (HMBD) [26]. A 400 MHz reference spectrum of glycerol in hexadeuterated
dimethylsulphoxide (d6-DMSO), was first simulated, and these data were then applied
and optimised to simulate the experimental spectra of a typical triacylglycerol species at
both 60 and 400 MHz operating frequencies.
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3. Results

3.1. H NMR Analysis of Major Acylglycerol FA Classes in Control (Unheated) Culinary Oils at 60
and 400 MHz Operating Frequencies

The 1H NMR profiles of major acylglycerols present in control (unheated) culinary oil
samples were obtained for all products tested, and the 60 MHz spectra obtained were more
than adequate to allow determinations of different types of FAs present, specifically SATs,
MUFAs and PUFAs. Although the terminal-CH3 signal of ω-3 FAs (δ = 0.96 ppm) was at
least partially distinguishable from that of other PUFAs (predominantly ω-6 FAs), MUFAs
and SATs (δ = 0.91 ppm) at an operating frequency of 60 MHz, its electronic integration
and quantification was precluded in view of resonance overlap with the latter more intense
corresponding bulk lipid signal. Figure 1 shows typical spectral profiles of soybean oil
(0.00–10.00 ppm), and characteristic resonances assigned and labelled are listed in Table 1,
including those arising from oleoylglycerols, linoleoylglycerols and linolenoylglycerols,
together with saturated FAs.

(a) 

(b) 

Figure 1. Cont.
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Figure 1. Comparative evaluation of the 1H NMR spectral profiles of bulk major lipids in an unheated
(control) sample of SBO acquired at (a) 60 and (b) 400 MHz operating frequencies. Assignment labels for
resonances are available in Table 1. (c) Simulated partial 1H NMR spectrum of the glycerol backbone
resonances of a typical triacylglycerol species (expanded Resonance 9A and 9B regions (3.90–5.50 ppm)).
Resonances A and B had centralised chemical shift values of 4.22 and 5.30 ppm for this simulation. The
2JAB coupling constant utilised was 10.8 Hz, with 3JAX = 6.0 Hz, and 3JBX = 5.2 Hz.

Table 1. Assignments for the major lipid resonances found in the 1H NMR spectra of the culinary
oils evaluated in this study at both 60 and 400 MHz operating frequencies. The spectral ranges and
multiplicities of these signals are also provided in the second column.

Resonance Assignment Code δ/ppm (Coupling Pattern) Assignment

1 0.00 (s) TMS-CH3
2 0.85–0.92 (t) Acyl chain Terminal-CH3 (non-ω-3 FAs)
3 0.94–0.97 (t) Acyl chain Terminal-CH3 (ω-3 FAs)
4 1.20–1.38 (m) Bulk acyl chain -(CH2)n-
5 1.56–1.66 (m) Acyl chain -OCO-CH2-CH2-
6 1.95–2.11 (m) MUFA/PUFA Acyl chain -CH=CH-CH2-
7 2.26–2.36 (dt) Acyl chain -OCO-CH2-
8 2.75–2.82 (dd) PUFA Acyl chain -CH=CH-CH2-CH=CH-

9A 4.11–4.32 (ABX, dd, dd) Glycerol backbone -CH2-OCO-
9B 5.20–5.23 (ABX, dd) Glycerol backbone -CH-OCO-
10 5.23–5.28 (m) MUFA/PUFA -CH=CH-
11 7.26 (s)/7.27 (s) TCB Aromatic Protons/CHCl3

Although the 400 MHz 1H NMR profile shows a clear AB portion of the ABX multiplet
(ABX) of its triacylglycerol glycerol backbone -CH2OCO- resonance pattern (δ = 4.11–4.32 ppm),
at 60 MHz the appearance of this multiplet is significantly different, and this observation is
attributable to the well-known ‘roofing’ effect that occurs when scalar J-coupled signals appear
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just a few Hz away from each other in spectra acquired. Whilst the chemical shift difference
between the A and B signals of the glycerol backbone-CH2OCO- group are the same at 60 and
400 MHz when measured in ppm, when determined in Hz, the difference in chemical shift
between these markedly differs between these two operating frequencies (there are only 60 Hz
per ppm at 60 MHz, but 400 Hz per ppm at 400 MHz). Therefore, the signals of A and B in this
ABX system are spectrally ‘closer’ in Hz when measured at 60 MHz (15 Hz apart) compared to
when spectra are acquired at 400 MHz (73 Hz apart). Given that the 2J AB scalar coupling for
the two magnetically inequivalent -CH2OCO- protons is 10.8 Hz, the chemical shift separation
of these A and B protons in Hz is very similar to the size of the coupling constant between
them at 60 MHz, and therefore this resonance appears as a distorted second-order multiplet.
However, at 400 MHz, the separation between the chemical shift values of these protons is
much larger than the coupling between them (i.e., a 73 Hz separation); therefore, at this MF
strength, the multiplet appears as a ‘classical’ doublet of doublets for both the A and B portions
of it. The low intensity signals located both slightly downfield and upfield of the multiplet at
60 MHz operating frequency (δ = 4.11–4.32 ppm) are therefore not unexpected, and have been
be accurately calculated and simulated in this work, as shown in Figure 1c.

3.2. Detection and Quantification of Distinctive Aldehyde Classes at Different 1H NMR
Operating Frequencies

The original experimental design for this investigation primarily featured the heating
of culinary oils according to LSSFEs at a temperature of 180 ◦C for durations of 0, 30, 60
and 90 min. However, although reliable aldehyde levels were provided at an operating
frequency of 400 MHz, the majority of aldehyde levels in all cooking oils explored at the
30 min sampling time-point were below, or far below the LLOQ value determined for the
LF 60 MHz spectrometer employed, and therefore we elected to completely remove the
30 min dataset from this investigation. Hence, the remaining sampling time-points for this
investigation were the 0, 60 and 90 min heating exposure durations only. However, little
or no aldehydic LOPs were detectable in the oil samples at the zero-control (unheated)
time-point, even at an operating frequency of 400 MHz.

Aldehydic LOP species arising from the thermo-oxidation of UFAs in edible oils ex-
posed to laboratory-simulated shallow frying episodes were readily detectable by LF 1H
NMR analysis, and the major signals identifiable by 1H NMR analysis predominantly
arose from trans-2-alkenals, trans-trans-2,4-alkadienals and n-alkanals (Figure 2). Although
this 60 MHz technique was able to partially distinguish between these two major α,β-
unsaturated aldehydes generated (doublets located at δ = 9.48 and 9.52 ppm, respectively),
their individual quantification using this operating frequency was not possible. However,
these two unsaturated aldehyde signals were indeed resolvable from that of n-alkanals
(δ = 9.74 ppm, t) at this operating frequency [12]. Additionally, signals assignable to 4,5-
epoxy-trans-2-alkenals, cis,trans-alka-2,4-dienals and low-molecular-mass n-alkanals in
thermally stressed PUFA-rich oils investigated [12] were also observable in 60 MHz spectra,
most especially at the 90 min heating time-point (Table 2), but again estimates of their indi-
vidual concentrations were not feasible in view of the superimposition of their resonances
with themselves and/or other aldehydic LOPs.

Notwithstanding, as expected, 400 MHz 1H NMR analysis had the power to not only
resolve the above 9.48 and 9.52 ppm α,β-unsaturated aldehyde resonances, but also both
detect and resolve the lower intensity unsaturated aldehyde resonances present, specifically
those of 4,5-epoxy-2-alkenals (δ = 9.55 ppm, d), cis,trans-alka-2,4-dienals (δ = 9.63 ppm, d),
cis-2-alkenals (δ = 10.07 ppm, d), and a composite 4-hydroxy-trans-2-alkenal/4-hydroperoxy-
trans-2-alkenal signal region (δ = 9.57 and 9.58 ppm, respectively, d), along with those as-
signed to 4-oxo-n-alkanals (δ = 9.78 ppm, t) and low-molecular-mass n-alkanals (δ = 9.79 ppm,
t) [2–4,12,13,15,25]. Although selected resonances were visible and hence detectable, despite
their decreased resolution and relatively low concentrations present in these thermally stressed
oil media, these resonances were not quantitatively distinguishable from those of the more
highly intense aldehydic signals in the 60 MHz spectra acquired, nor each other, and hence
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this series of aldehydes were not directly quantifiable at this field strength. As expected, the
LF spectra acquired contained much spectrally broader overlapping resonances than those
observed at the 400 MHz operating frequency. Comparative 60 and 400 MHz 1H NMR profiles
of the MOO product prior and subsequent to thermal stressing at 180 ◦C for 90 min are shown
in Figure 3.

The minor oxygenated aldehydic LOPs detectable and quantifiable at MF strength are
only generated from PUFA sources, along with much higher and higher concentrations
of the di-unsaturated aldehydes trans,trans- and cis,trans-alka-2,4-dienals, respectively.
Although MUFA-rich culinary oils such as the MOO product evaluated here, which contain
only low levels of PUFAs, generate markedly lower levels of aldehydes in general (a
consequence of the relative resistivity of MUFAs to peroxidation), higher or much higher
proportionate concentrations of n-alkanals and trans-2-alkenals than these isomeric alka-
2.4-dienals are detectable therein when they are exposed to thermal stressing episodes.
Therefore, for this MOO product, the intensity of the total unsaturated aldehyde spectral
region is largely but not exclusively ascribable to trans-2-alkenals. Moreover, because the
oxygenated aldehydes 4,5-epoxy-, 4-hydroxy- and 4-hydroperoxy-trans-2-alkenals can also
arise from the thermally induced transformation of trans,trans-alka-2,4-dienals [4], even
higher levels of these secondary LOPs are generated in PUFA-rich rather than PUFA-deplete
culinary oils when exposed to such high-temperatures.

Figure 2. High-frequency (8.10–10.20 ppm) aldehydic proton region of the LF (60 MHz) 1H NMR
spectrum of SBO heated at 180 ◦C for a 90 min duration. Numbered label assignments correspond
to those in Table 2. Aldehyde signals labelled 3 and 5 represent only one line from the doublet
resonance usually observed for these α,β-unsaturated aldehydes at MF strength (400 MHz), as shown
in Figure 3.
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Figure 3. High frequency (8.10–10.20 ppm) aldehydic proton (-CHO) regions of the LF (60 MHz) and
MF (400 MHz) 1H NMR spectra of an olive oil (MOO) sample before and after heating for a period of
90 min at 180 ◦C. Numbered label assignments correspond to those available in Table 2.

Table 2. Assignments for the labelled aldehydic proton (-CHO) resonances present in the 60 and
400 MHz 1H NMR profiles of culinary oils exposed to LSSFEs for periods of 60 or 90 min in Figures 2–4
and 8 (resonance 4 was undetectable at the 60 MHz operating frequency). These assignments were
made by a consideration of those available in Refs. [2–4,12,13,15,25]. The spectral ranges and
multiplicities of these signals are also provided in the second column. Abbreviations: d, doublet;
t, triplet.

Resonance Assignment Code δ/ppm (Coupling Pattern) Assignment (-CHO Signal)

1 9.47–9.51 (d) (trans)-2-Alkenals
2 9.51–9.55 (d) (trans,trans)-Alka-2,4-dienals
3 9.54–9.58 (d) 4,5-Epoxy-(trans)-2-alkenals
4 9.57–9.61 (d) Combined 4-Hydroxy-(trans)-/4-Hydroperoxy-(trans)-2-alkenals
5 9.62–9.65 (d) (cis,trans)-Alka-2,4-dienals
6 9.73–9.76 (t) n-Alkanals
7 9.78–9.82 (t) Low-molecular-mass n-Alkanals

On consideration of the above aldehyde signal resolution problems encountered at
60 MHz, and for the clarity of comparative evaluations of 60 versus 400 MHz 1H NMR
quantitative determinations, we elected to group the resonances of aldehydic LOP species
into only two major classification groups, specifically total α,β-unsaturated and saturated
aldehydes, and electronically integrated their total grouped signal intensities at both 60 and
400 MHz operating frequencies. Spectral regions for these two aldehydic LOP classes were
specified as the α,β-unsaturated aldehyde (δ = 9.40–9.70 ppm), and the saturated aldehyde
integral domains (δ = 9.70–9.80 ppm). However, the cis-2-alkenal doublet resonance located
at δ = 10.07 ppm in MF and above spectra [12] was excluded from the grouped α,β-
unsaturated aldehyde resonances in order to avoid any complications arising from its lack
of spectral response in the LF spectra acquired. Additionally, although only a minor issue,
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these ppm ranges were also used to further negate any issues of cross-species integration
observed at MF (400 MHz), for example the partial superimposition of the 4-hydroxy- and
4-hydroperoxy-trans-2-alkenal signals observed at this higher operating frequency.

As noted in Section 2, total α,β-unsaturated and saturated aldehyde signals were
electronically integrated and then normalised to the complete δ = 0.82–1.11 ppm region,
which encompassed the bulk lipid chain terminal-CH3 resonances of all acylglycerol FAs,
including ω-3 acyl FAs. Therefore, each class of aldehyde integrals (total α,β-unsaturated
and saturated) was computed to determine aldehyde concentration per mole of total FA
(mmol aldehyde/mol FA).

3.3. Analytical Calibration of Standard Authentic Aldehydes at 60 and 400 MHz
Operating Frequencies

Primarily, we explored the analytical calibration response of the 1H NMR signals of one
saturated and one α,β-unsaturated aldehyde calibration analytes; these aldehydes, n-hexanal
and trans-2-octenal, represent major products arising from the peroxidation of PUFAs [12].
Both LF and MF NMR spectra acquired on series of n-alkanal and trans-2-octenal calibration
standards in CDCl3 solution containing unheated olive oil are shown in Figure 4.

Figure 4. Partial aldehydic proton (-CHO) regions of the 1H NMR spectra of n-hexanal (δ = 9.75 ppm,
t) and trans-2-octenal (δ = 9.48 ppm, d) in a combined CDCl3/unheated MOO medium at analyte
solution concentrations of 5.40–54.98 and 2.42–40.40 mmol/L, respectively. Spectra acquired at (a) 60
and (b) 400 MHz operating frequencies are shown. The analyte media for these experiments were
prepared according to one of the methods described in Section 2.3, and contained 0.20 mL of control
(unheated) olive oil in a total volume of 0.76 mL. Numbered label assignments correspond to those
available in Table 2.

Plots of the ratio of aldehydic proton (-CHO) resonance intensity to that of the terminal
FA-CH3 group of a fixed volume of an unheated (control) olive oil solution additive co-
calibrant versus added n-hexanal calibrant concentration are shown in Figure 5a,b for
spectra acquired at both 60 (blue datapoints) and 400 MHz (red datapoints) operating
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frequencies. These plots were clearly linear for this aldehyde, with Pearson correlation
coefficients (r values) = 0.9757 (p = 3.05 × 10−7) and 0.9979 (p = 5.78 × 10−12) for the 60
and 400 MHz spectrometers, respectively, and 95% confidence intervals (CIs) for their
regression coefficients (gradients) and ordinate (y-axis) intercepts were 4.88 to 6.87 × 10−4

and −2.65 to 1.88 × 10−3, respectively, for the 60 MHz, and 5.39 to 5.96 × 10−4 and
−8.29 to 4.53 × 10−4, respectively, for the 400 MHz instruments (n = 10 datapoints). In
view of the clear overlap of these CI values for both linear regression coefficients and
y-intercept values, it may be confirmed that there were no major differences between
n-hexanal concentrations determined by either the LF or MF NMR spectrometers employed
for this analytical purpose. Moreover, the ordinate intercepts of both these calibration plots
were not significantly different from zero. However, it should be noted that the 60 MHz
facility’s quantitative NMR (QNMR) linear calibrant response to this analyte was not as
acceptable as that achieved at MF (400 MHz).
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Figure 5. (a,b), Plots of the ratio of aldehydic proton (-CHO) intensity to that of the terminal FA-CH3

group of a fixed volume of an unheated (control) olive oil solution co-calibrant additive versus
n-hexanal calibrant concentration for spectra acquired at both 60 (blue datapoints) and 400 MHz (red
datapoints) operating frequencies, respectively. (c,d), As (a,b), respectively, but for the trans-2-octenal
calibration standard. Analytical calibrant solutions contained 0.20 mL of each aldehyde stock solution
(0.00–54.98 mmol/L for n-hexanal, and 0.00–40.40 mmol/L for trans-2-octenal) in CDCl3, 0.20 mL
of the olive oil co-calibrant, a further 0.20 mL of the CDCl3 solvent, and 0.10 and 0.06 mL aliquots
of the 2,5-DTBHQ antioxidant (67.0 mmol/L) and the additional TCB 1H NMR reference standard
(19.8 mmol/L) solutions, also in CDCl3. Abbreviations for the correlation plots shown in (a–d): - - - - -,
grey, 95% confidence intervals (CIs) for means; --------, black, 95% CIs for observations.

Likewise, corresponding ratio versus calibrant concentration plots for trans-2-octenal
yielded excellent linear relationships for both spectrometer operating frequencies (Figure 5c,d),
with high r values of 0.9997 and 0.9998 (p = 5.34 and 2.21 × 10−11 for the 60 and 400 MHz in-
struments, respectively). The 95% CIs for their regression coefficients were 5.41 to 5.67 × 10−4

for the 60 MHz and 4.87 to 5.07 × 10−4 for the 400 MHz facilities, whereas for their ordi-
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nate intercepts, these CIs were −2.49 to 1.35 × 10−4 (60 MHz) and −3.28 to −0.31 × 10−4

(400 MHz) (n = 8 datapoints). Since the gradient parameter for the 60 MHz calibration plot
was significantly greater than that observed at 400 MHz, it appears that the LF benchtop NMR
instrument may overestimate this aldehydic LOP by a factor of ca. 11% when monitored as a
single analyte standard in this manner, specifically calibration line gradients of 5.54 versus
4.97 × 10−4 for the LF and MF spectrometers, respectively. Although the 95% CIs for the
400 MHz calibration plot’s ordinate-intercept did not quite cover the zero value, the upper
limit for this was very close to this expected value. Reasons for this marginally negative
ordinate-intercept observed are not simply explicable However, they may arise from analyte
standard preparations which are of a concentration which is slightly lower than those expected,
but this is very unlikely since the same solution calibration was conducted on the 60 MHz
spectrometer, and the ordinate-intercept for that plot was not significantly different from its
expected zero value (Figure 5c). Despite this observation, the effect on trans-2-octenal’s linear
calibration at 400 MHz can be considered to be largely negligible.

3.4. LLOD and LLOQ Values for Saturated and α,β-Unsaturated Aldehydes Monitored in
Thermo-Oxidised Culinary Oils

Plots of STN ratio versus standard aldehyde calibrant concentration for n-hexanal
and trans-2-octenal in either ‘neat’ CDCl3 or olive oil/CDCl3 analytical matrices are shown
in Figure 6, and Table 3 lists simple linear regression parameters for these four plots.
These results clearly show that there were no significant differences between the regression
coefficients (gradients), nor ordinate- (y)-axis intercepts of these plots ‘between-aldehyde
nature’ found, nor for samples which were analysed following the introduction of 0.20 mL
of a culinary oil medium into the analytical matrix, as for all oil samples analysed. However,
it should be noted that there were very marginally slimmer 95% CIs, together with slightly
improved r values, obtained for the CDCl3-only analyte medium, as might be expected.
Estimated LLOD and LLOQ values for these two analytes were represented by STN values
of 3.00 and 10.00, respectively, and these are shown in Table 4. These estimated LLOD and
LLOQ values were 0.18–0.19 and 0.62–0.65 mmol/mol FA for both classes of aldehydes
analysed in CDCl3 media containing a 0.20 mL aliquot of olive oil.
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Figure 6. Plots of signal-to-noise (STN) ratio versus concentration of aldehyde calibrants. (a,b), n-
Hexanal in ‘neat’ CDCl3 and olive oil/CDCl3 analytical solutions, respectively; (c,d), as (a,b), respec-
tively, but for trans-2-octenal calibrant solutions. Abbreviations for the correlation plots shown in
(a–d): as described in Figure 5.

Table 3. Linear regression parameters for plots of analytical STN ratio values versus added n-hexanal
and trans-2-octenal calibrant concentrations in media including and excluding olive oil added to
the analyte media at an operating frequency of 60 MHz. The 95% Confidence intervals (CIs) are
provided for the estimated regression coefficients and ordinate intercepts of these plots. Abbreviation:
r, Pearson correlation coefficient.

Aldehyde Solution Medium r Regression Coefficient ± 95% CIs Ordinate Axis Intercept ± 95% CIs

n-Hexanal CDCl3 0.9980 4.73 ± 0.30 −3.34 ± 3.35
n-Hexanal Olive Oil/CDCl3 0.9860 4.52 ± 1.04 −1.47 ± 2.92

trans-2-Octenal CDCl3 0.9886 4.01 ± 0.43 −1.41 ± 1.77
trans-2-Octenal Olive Oil/CDCl3 0.9801 4.38 ± 0.62 −1.67 ± 2.57

Table 4. Estimated LLOD and LLOQ values for n-hexanal and trans-2-octenal at an 1H NMR operating
frequency of 60 MHz. Units of mmol/L were employed for all analyte media, but mmol/mol FA
units were also applicable to those prepared in a combined olive oil/CDCl3 medium.

Aldehyde Solution Medium
LLOD: 3(STN)

(mmol/L)
LLOD: 3(STN)
(mmol/mol FA)

LLOQ: 10(STN)
(mmol/L)

LLOQ: 10(STN)
(mmol/mol FA)

n-Hexanal CDCl3 0.63 n/a 2.10 n/a
n-Hexanal Olive Oil/CDCl3 0.66 0.19 2.21 0.65

trans-2-Octenal CDCl3 0.75 n/a 2.49 n/a
trans-2-Octenal Olive Oil/CDCl3 0.63 0.18 2.10 0.62

Notably, the -CHO function resonances of both of these aldehydic calibrant species did not suffer from the issue
of signal collapse, and fully maintained their multiplicities at an operating frequency of 60 MHz.
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3.5. Analytical Consistency of Aldehyde Calibrant Analyses at 60 and 400 MHz 1H NMR
Operating Frequencies

The analytical consistency of aldehyde analysis conducted at the two different 1H
NMR operating frequencies (60 versus 400 MHz) was also checked through an examination
of Bland–Altman style dominance plots (BAPs) for both the n-hexanal and trans-2-octenal
calibration standards (Figure 7). These BAP plots show the 400 MHz-determined concen-
trations subtracted from the corresponding 60 MHz ones (analytical deviations) versus the
mean values of these matched sample analyses, and these provided valuable supporting
information regarding the nature of operating frequency-dependent deviations between
estimations of these two aldehydic analytes. For n-hexanal in (a), there were no apparent
concentration-dependent trends for such deviations, although one datapoint laid outside
the meand ± 1.96sd limits, and hence overall, this analysis indicated an acceptable agree-
ment between the two operating frequencies. For trans-2-octenal in plot (b), however,
there appeared to be a positive deviational trend with increasing calibrant concentrations,
although with only a single datapoint laying outside the ±1.96sd limits. This plot also
confirmed a small but nevertheless significant analytical overestimation of this aldehyde at
60 MHz, but only at the higher concentrations investigated. In view of this observation,
it is proposed that a benchtop facility operating at only 60 MHz should be employed for
reliable aldehyde determinations only when the aldehyde-CHO:FA terminal acylglycerol-
CH3 signal intensity ratio values are ≤0.003 (which correspond to estimated aldehyde
concentrations of ≤ca. 5.0 mmol/mol FA), so that the analytical deviations observed for
measurements made at LF strength remain small.

Paired t tests performed on the datasets displayed in Figure 7 also verified that
there was no significant ‘between-operating frequencies’ difference found for estimated
concentrations of n-hexanal. Notwithstanding, it should be noted that trans-2-octenal
concentrations estimated at 60 MHz were significantly greater than those determined
at 400 MHz operating frequency (p < 10−4), as shown in Figure 7d; however, as noted
above, this was the case only for values with relatively high abscissa axis values, which
represent the mean of the integration ratios determined at both operating frequencies.
Nevertheless, for this unsaturated aldehyde, the BAP showed a significant increase in the
60–400 MHz difference value with these increasing abscissa axis values. Nevertheless, at
low (60 MHz Ratio + 400 MHz)/2 ratios (i.e., <0.003), these difference values were actually
lower than the mean difference value determined (Figure 7d), although all were higher than
the zero-control optimum. Since this deviation from the optimal zero difference optimum is
approximately 0.0005 when this ratio’s values are <0.003, determinations of trans-2-octenal
were considered acceptable within this abscissa axis limit.

3.6. Analytical Precision of Total Saturated and α,β-Unsaturated Aldehyde Classification
Determinations in Control and Thermally Stressed Culinary Oils at 60 and 400 MHz
Operating Frequencies

The analytical precision of the LF α,β-unsaturated aldehyde concentration data ac-
quired was comparable to the results acquired at MF, with ‘between-replicate’ SD and 95%
CI values for total saturated and α,β-unsaturated aldehydes being similar at these two
operating frequencies. Indeed, ‘between-replicate’ coefficient of variation (CV) values for
this class of aldehydes ranged from 0.4 to 13.4% (albeit with the exception of two values
which were >20%) at LF, whereas those for the MF spectrometer varied from 1.2 to 12.1%
(data not shown). However, for the LF data available for total saturated aldehydes, these
values were less precise (CV 8.7 to 22.2%, with one value being >30%); those for the MF
spectrometer employed, however, ranged from 3.0 to 12.2%, with the majority of these
values being <7%.
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Figure 7. Plots of the concentrations of (a) n-hexanal (t, δ = 9.74 ppm) and (b) trans-2-octenal (d,
δ = 9.48 ppm) determined at a 60 MHz operating frequency on a LF benchtop NMR spectrometer
versus those obtained on a conventional MF 400 MHz NMR facility. Abbreviations for the correlation
plots shown in (a,b): - - - - -, grey, 95% confidence intervals (CIs) for means; ——–, black, 95% CIs for
observations. (c,d), Corresponding Bland–Altman style dominance plots (BAPs) for comparisons
of analytical results generated by the 60 and 400 MHz NMR facilities, respectively. For the BAP
plots, the dark blue and red lines represent the null hypothesis zero difference and determined mean
difference values, respectively. The dotted black lines represent 95% CIs for the mean difference
(depicted as the red line), and the dotted green lines display the ±1.96sd limits for the latter; sd

represents the standard deviation of the difference values for each plot.
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3.7. LF and MF 1H NMR Analysis of Aldehydic LOPs in Culinary Oils Collected during Their
Time-Dependent Exposure to Thermal-Stressing Episodes at 180 ◦C

For thermally stressed culinary oil samples collected at the 60 and 90 min LSSFE time-
points, all the expected α,β-unsaturated aldehydes were readily detectable and quantifiable
in thermally stressed culinary oils in spectra acquired at an operating frequency of 400 MHz
(Figures 3 and 8), and with the exception of the partially superimposed 4-hydroxy- and
4-hydroperoxy-trans-2-alkenal signals, all their -CHO function 1H NMR signals were
sufficiently resolved. Importantly, at an operating frequency of only 60 MHz, the lowest
determined concentration of the total α,β-unsaturated class of aldehyde at 60 MHz was
found to be 0.95 mmol/mol FA (at a LSSFE time-point of 60 min), and therefore, with the
exception of one missing replicate value, all 60 MHz determinations were included in the
parametric ANOVA statistical analysis performed (Section 3.8).

Figure 8. Aldehydic proton (-CHO) region (9.40–9.90 ppm) of the MF (400 MHz) 1H NMR spectrum
of a soybean oil (SBO) sample heated for periods of 0, 30, 60 and 90 min at 180 ◦C according to
our LSSFEs. Numbered label assignments correspond to those available in Table 2. The triplet
resonance located at δ = 9.817 ppm is this spectrum is attributable to low-molecular-mass n-alkanal
species, which arise from the thermo-oxidative deterioration of ω-3 FAs, and higher levels of these
are generally characteristic of oils containing significant contents of these highly unsaturated FAs
(≥5% (w/w)) when exposed to high-temperature thermal stressing episodes [28]. Colour key code:
blue, 0 min; red, 30 min; green, 90 min; violet, 90 min.

However, unfortunately this was not the case for the total saturated aldehyde variable.
Indeed, for the MOO samples, all determinations made (with the exception of a small num-
ber at the 90 min time-point), were found to be below the specified LLOQ value (Table 4),
and therefore these estimates were excluded from the statistical analysis performed. Like-
wise, two of the SBO (both at the 60 min time-point), and four of the RSO samples (three at
the 60 min, and one at the 90 min time-points), were similarly excluded. However, three
further values which were below the LLOQ threshold, but were ≥90% of this parameter,
were permitted to remain in the saturated aldehyde analytical dataset for data analysis
by ANOVA.

Therefore, although readily observable and detectable in the 60 MHz LF spectra
acquired, the majority of n-alkanal concentrations determined in the MUFA-rich MOO
product, especially those at the earlier LSSFE sampling time-point, remained below the
LLOQ threshold. Indeed, in such cases the background noise and diminished resolution and
sensitivity of the LF instrument hindered the direct observation of characteristic patterns of
aldehydic LOP resonances.
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As expected, an enhancement of total unsaturated aldehyde formation was also observed
in the PUFA-rich oils analysed on increasing the thermal stressing duration from 0 to 60
and 60 to 90 min, although the ability to distinguish between each of the aldehydic species
was compromised by the low resolution at an operating frequency of 60 MHz, as noted
above for the overlapping trans-2-alkenal and trans-trans-2,4-alkadienal signals (Figure 2).
Comparatively, when analysed at an operating frequency of 400 MHz, trans,trans- and cis,trans-
alka-2,4-dienals, 4,5-epoxy-trans-2-alkenals, 4-hydroxy-/4-hydroperoxy-trans-2-alkenals, cis-2-
alkenals and low-molecular-mass n-alkanals (i.e., propanal and n-butanal) were all detectable
and quantifiable, in addition to trans-2-alkenals and n-alkanals (Figures 3 and 8). These
secondary LOPs were also all observable at the 30 min heating time-point. Therefore, accurate
determination of the contents of virtually all classes of both saturated and α,β-unsaturated
aldehydes would require a spectrometer operating frequency of at least 400 MHz. Minor level
low-molecular-mass saturated n-alkanal species were also observable and quantifiable at this
operating frequency, However, this type of saturated aldehyde was also detectable, albeit not
quantifiable, in 1H NMR profiles obtained on the LF spectrometer (Figure 2).

For replicate MUFA-rich MOO samples exposed to 60 or 90 min thermal-stressing
periods, estimates of the total α,β-unsaturated aldehyde concentrations made at an op-
erating frequency of 400 MHz were 2.06 ± 0.13 and 2.82 ± 0.02 mmol/mol FA, respec-
tively (mean ± SD values), whereas at 60 MHz, these values were only 1.12 ± 0.13 and
1.70 ± 0.01 mmol/mol FA, respectively. Therefore, for this oil, total α,β-unsaturated alde-
hyde levels determined at LF strength were only ca. 60% of those found at MF, and this
is readily explicable by the inability of the 60 MHz instrument to detect and quantify
lower levels of the more structurally complex minor aldehydic LOPs generated in cooking
oils exposed to LSSFEs (specifically 4,5-epoxy- and 4-hydroxy-/4-hydroperoxy-trans-2-
alkenals, and cis-2-alkenals), although the major trans-2-alkenal class is also derived from
the thermally induced peroxidation of PUFAs [12].

Although largely unquantifiable in the MOO product at a LSSFE time-point of 60 min
when analysed at an operating frequency of 60 MHz, at 400 MHz mean ± SD levels of total
saturated aldehydes were found to be 0.64 ± 0.06 and 0.79 ± 0.05 mmol/mol FA at the 60
and 90 min sampling time-points, respectively.

Heated PUFA-rich soybean, rapeseed and chia oils were also included in this inves-
tigation to determine the ability of LF NMR analysis to provide some level of analytical
distinction between unsaturated aldehyde species generated therefrom. In view of the
inability of the 60 MHz instrument to fully resolve trans-2-alkenal and trans-trans-2,4-
alkadienals resonances (Figure 2), the potential application of quantitative two-dimensional
(2D) 1H-1H COSY or TOCSY determinations may be valuable. Indeed, such 2D spectra are
readily acquirable on LF benchtop NMR facilities, may indeed facilitate the independent
quantitative determination of these aldehydes in used or fried PUFA-rich edible oils, albeit
only if present at concentrations sufficiently above the specified LLOQ value (Table 4).

3.8. ANOVA of Total Saturated and α,β-Unsaturated Aldehyde Concentration Datasets in
Culinary Oils Exposed to LSSFEs for Periods of 60 and 90 min

An extensive ANOVA model was applied to further explore the level of analytical
agreement between the LF and MF spectrometers employed for the determination of both
total saturated and α,β-unsaturated aldehydic LOPs, in addition to evaluations of the
statistical significance of concentration differences observed ‘between oil products’ and
‘between LSSFE sampling time-points’ (i.e., at the 60 versus 90 min sampling time-points).

This model demonstrated that for total saturated aldehyde levels, there were highly
significant differences between all the main factors investigated, with p = 0.036 for oil type,
0.00030 for heating time (60 versus 90 min), and 0.005 for spectrometer operating frequencies
employed for the analysis; the latter observation represents higher levels observed at 400
than at 60 MHz in view of its significantly higher STN and lower LLOQ values, most notably
those for certain classes of saturated aldehydes such as low-molecular-mass n-alkanals (t,
δ = 9.78 ppm) which remain non-quantifiable at 60 MHz. Corresponding mean ± 95% con-
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fidence intervals (CIs) for this saturated aldehyde analysis protocol are shown in Figure 9.
Figure 9a shows that the patterns of total saturated aldehydes were significantly lower for the
60 min heating time-point than that found at 90 min, and Figure 9c reveals that the levels of
these aldehydes generated were in the product order RSO > CSO ≈ SBO > MOO.
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Figure 9. ANOVA of saturated aldehydic LOP concentration dataset from experiments involving the
exposure of four different culinary oil products to LSSFEs. (a–c) Bar diagrams showing mean ± 95%
CI values for saturated aldehydic LOP concentrations generated in culinary oils heated according to
our LSSFEs at a temperature of 180 ◦C for periods of 60 and 90 min, and showing differences between
heating time-points, NMR spectrometer field strength and oil products evaluated, respectively.
(d) Plot of observed saturated aldehyde concentration versus those predicted from this ANOVA
model (Equation (2)), which included a statistically significant first-order oil product x spectrometer
operating frequency interaction effect (R2 = 0.828). Abbreviations: OF, NMR spectrometer operating
frequency; CSO, chia seed oil; MOO, refined olive oil; RSO, rapeseed oil; SBO, soybean oil.
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Additionally, the oil type x spectrometer operating frequency first-order interaction
effect was also statistically significant (p = 0.027), and this is best rationalised by again
considering limits for the detection and quantification of different classes of saturated
aldehyde LOPs. Indeed, Figure 9b shows that although there were higher mean values
for the 400 MHz spectrometer saturated aldehyde concentrations found for CSO, RSO
and SBO (those for CSO and SBO being significantly so), the extent of these differed in
each case. Indeed, there was notably a quite high deviation of this parameter for the
SBO product, which served as a major contribution to the statistical significance of this
interaction effect. Nevertheless, this deviation is not simply explicable, although it should
be noted that this oil contains a significant ω-3 FA (linolenoylglycerol) content (5% (w/w)),
which can lead to the generation of low-molecular-mass alkanal species such as propanal
and n-butanal following thermo-oxidation and fragmentation. It is therefore feasible that
the levels of such secondary LOPs formed and remaining in the oil medium during LSSFEs
are too low to be detectable and quantifiable in this oil, and hence are not included as a
contribution towards its total saturated aldehyde concentration determined at both the
60 and 90 min heating time-points. This may also explain why the ‘between-operating
frequency’ differences observed between the saturated aldehyde concentrations of the CSA
oil product were lower than those observed for SBO, since the ω- FA content of the former
was as high as 65% (w/w), and hence in principle it is possible that the total saturated
aldehyde contents found for this oil included a significantly higher proportion of such
low-molecular-mass species. However, if this was the case, a similar significant 60 MHz
deviation might also be expected for the RSO product (ω-3 FA content 7% (w/w)), but this
was not the case (Figure 9b). Moreover, an examination of both 60 and 400 MHz spectra
acquired on the high ω-3 content CSA oil showed that the low-molecular-mass aldehyde
resonance (δ = 9.80 ppm, t) had an intensity that was always <10% of that of the more
intense δ = 9.75 ppm one.

A further possibility is that the LLOD and LLOQ values calculated for SBO may differ
somewhat from those determined from an analyte solution containing a combined unheated
olive oil/CDCl3 medium according to our analytical protocol described in Sections 2.6
and 2.7; experiments to explore this are currently in progress.

The overall R2 value for this model with this interaction effect included was 0.828,
whereas that for the model excluding all first-order interactions was significantly lower
(0.716), which demonstrates the importance of including it in the model. A plot of observed
total saturated aldehyde level versus that predicted from this interaction-incorporated
ANOVA model is shown in Figure 9d, and this confirms an acceptable concurrence be-
tween them.

Similarly, ANOVA results for the total unsaturated aldehyde levels are displayed in
Figure 10. This analysis revealed that all the main effects were again very highly statistically
significant (p = 3.17 × 10−14, 1.17 × 10−12 and 1.49 × 10−7 for the ‘between-oil classes’,
‘between-heating time-points’ and ‘between-spectrometer operating frequencies’ sources of
variation, respectively), whereas the mean square estimates for all second-order interactions
tested were not. Therefore, all these interaction effects were removed from the model, and
mean squares for the main effects were recalculated following supplementation of that
for the error term with these removed, albeit insignificant contributions. The R2 value for
the model which excluded all interaction effects was 0.876, but this value only increased
to 0.907 following incorporation of these contributions. The lack of significance of these
effects is clearly visible in the mean ±95% CI plots shown in Figure 10a–c, which showed
similar patterns for each of the time-point, spectrometer operating frequency and oil type,
respectively, with clearly higher total unsaturated aldehyde levels for the 90 min time-point,
the 400 MHz operating frequency, and oil products in the order CSO > RSO ≈ SBO > MOO,
as expected. The observation of higher levels of α,β-unsaturated aldehydes in the heated
CSO product arose from its very high content of ω-3 FAs. Figure 10d shows a plot of
observed total α,β-unsaturated aldehyde concentration versus that predicted from this
interaction-free ANOVA model, and this shows a good agreement between these values.

87



Foods 2023, 12, 1254

 
(a) 

0

1

2

3

4

5

6

7

CHI MOO RSO SBO

m
m

ol
/m

ol
 F

A

Oil

Time (min.)-60 Time (min.)-90

 
(b) 

Figure 10. Cont.

88



Foods 2023, 12, 1254

 
(c) 

 
(d) 

-1

0

1

2

3

4

5

6

7

8

9

-1 1 3 5 7 9

C
on

ce
nt

ra
tio

n 
(m

m
ol

/m
ol

 F
A

)

Predicted Concentration (mmol/mol FA)

Figure 10. ANOVA of α,β-unsaturated aldehydic LOP concentration dataset from experiments
involving the exposure of four different culinary oil products to LSSFEs. (a–c) Bar diagrams showing
mean ±95% CI values for α,β-unsaturated aldehydic LOP concentrations generated in culinary oils
heated according to our LSSFEs at a temperature of 180 ◦C for periods of 60 and 90 min, and showing
differences between heating time-points, NMR spectrometer operating frequencies and oil products
evaluated, respectively. (d) Plot of observed concentration versus those predicted from this ANOVA
model (Equation (3)), which included no interaction effects (R2 = 0.876). Abbreviations: OF, NMR
spectrometer operating frequency; CSO, chia seed oil; MOO, refined olive oil; RSO, rapeseed oil; SBO,
soybean oil.
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The mean percentages of saturated and α,β-unsaturated aldehydes fromed at the
90 min LSSFE time-point for the CSO, MOO, RSO and SBO products evaluated were 16
and 84%, 23 and 77%, 20 and 80%, and 19 and 81%, respectively. Therefore, it appears that
the MUFA-rich MOO product generated slightly higher proportions of saturated aldehydic
LOPs over those of the other oil products when exposed to thermal stressing episodes.
Moreover, the ω-3 FA-rich CSO oil appeared to produce marginally higher proportions of
α,β-unsaturated aldehydes.

3.9. LF 1H NMR Detection of Aldehydic Lipid Hydroperoxide Precursors

As previously observed in experiments conducted at both MF and HF operating
frequencies, many of the LF 1H NMR spectra acquired here on oils exposed to LSSFEs
were also found to contain broad, relatively intense signals ascribable to exchangeable
lipid hydroperoxide-OOH functions, i.e., the aldehyde precursors conjugated hydroper-
oxydienes (CHPDs) and/or unconjugated hydroperoxymonoenes (HPMs) derived from
the peroxidation of PUFAs and MUFAs, respectively (Figure 11). Indeed, these signals are
reported to have solution-state chemical shift values ranging from 8.0 to 8.9 ppm in CDCl3
solution [2–4], although these values are highly dependent on analytical conditions such as
analyte solution viscosity, and NMR acquisitional parameters such as NMR probe tempera-
ture for the sample, etc. Figure 11 demonstrates that 60 MHz 1H NMR spectra acquired
on thermo-oxidised SFO samples contain one major and one more minor -OOH function
resonances centred at δ = 8.08 and 8.63 ppm, respectively. As previously observed [2,3],
such resonances were found to completely disappear following the addition of a small μL
aliquot to the sample after thorough mixing.

Figure 11. Expanded 7.80–12.00 region of the 1H NMR spectrum of a sample of sunflower oil
thermally stressed according to our LSSFEs (180 ◦C for a period of 90 min). Abbreviations: LHP-
OOH, broad lipid hydroperoxide signals attributable to CHPDs and/or HPMs. Numbered label
assignments correspond to those in Table 2.
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Therefore, the LF 1H NMR monitoring of concentrations of these hydroperoxide
species offers a valuable addition to the information provided by this technique on the
degradation of UFAs in cooking oils, and which is a major requirement for the quality
monitoring of such products [29]. Data acquired regarding changes in the 1H NMR-
detectable levels of these primary LOPs with increasing LSSFE time-points (0–90 min) will
be reported in detail in a follow-up paper.

4. Discussion

This study demonstrated that LF (60 MHz) 1H NMR analysis could detect and quantify
secondary total saturated and unsaturated aldehydic LOP concentrations in thermally
stressed cooking oils as a function of high-temperature LSSFE exposure time, albeit most
especially at thermal stressing time-points of 60 and 90 min However, in the case of MUFA-
rich oils, such as the MOO product explored here, results obtained at LF were hampered by
limitations of such analysis using this operating frequency, predominantly by the lowered
sensitivity of this technique and the superimposition of resonances usually resolved at MF
strength, along with increased levels of spectral noise. Indeed, for the purpose of making
comparative analytical evaluations between results obtained on the 60 and 400 MHz
spectrometers in this study, we had no option but to combine aldehyde contents within two
classification groups: total saturated and total α,β-unsaturated types. This approach was
adopted despite some partial resolution between trans-2-alkenal and trans,trans-alka-2,4-
dienal resonances in all oils investigated (Figure 2). However, the absolute concentrations
of these two different α,β-unsaturated aldehydes could, at least in principle, be quantified
on LF spectrometers through the application of suitable spectral deconvolution strategies.

As previously reported, thermally stressed MUFA-rich oils produce greater relative
amounts of trans-2-alkenals and only minor relative levels of all other α,β-unsaturated
aldehyde species [1–4,12]. However, in MF spectra acquired, resonances assignable to
virtually all these unsaturated aldehydes, including isomeric alka-2,4-dienals, are observed
in spectra acquired on such heated oils, and may be individually included in the resonance
integration values for quantification purposes, as shown in Figure 3. However, in LF
spectra, the trans,trans- isomer signal (δ = 9.52 ppm, d) is not sufficiently resolved from that
of trans-2-alkenals (δ = 9.48 ppm, d), whereas levels of the cis,trans-isomer (δ = 9.63 ppm, d)
generally fall below the LLOQ threshold value specified, and this served as a limitation
of the technique. Therefore, these more minor aldehydic products are not accurately
represented by LF 1H NMR data, and therefore a difference in total α,β-unsaturated
aldehyde content between MF and LF analyses would be expected. This is indeed the
case, with total α,β-unsaturated aldehyde concentrations in heated culinary oils ranging
from 10 to 30% higher at the 400 MHz operating frequency (Figures 9b and 10b). Also
expected was the evolution of a more diverse range of α,β-unsaturated aldehyde compound
signals in the MF spectra acquired at the extended heating periods featured (>60 min).
Notably, these resonances, e.g., those of oxygenated aldehydes such as 4,5-diepoxy- and
4-hydroxy/4-hydroperoxy-trans-2-alkenals, and that of malondialdehyde, may also arise
from the thermally induced oxidation and/or degradation of pre-formed alka-2,4-dienal
species [12].

The higher levels of isomeric alka-2,4-dienals observed in thermally stressed PUFA-
rich oils arise from the thermo-oxidative fragmentation of higher concentrations of their
specific CHPD precursors, and not of HPMs from the primary MUFA peroxidation stage
(the latter yielding only trans-2-alkeanls and n-alkanals on degradation). Indeed, higher
total concentrations of α,β-unsaturated aldehydic species derived from PUFA-rich oils are
more readily observable at LF than only trans-2-alkenals arising from MUFAs (Figure 10b).

Interestingly, the analytical precision of the LF α,β-unsaturated aldehyde concentra-
tion data was found to be similar to those acquired at MF operating frequency. Indeed,
‘between-replicate’ CV values determined at 60 MHz predominantly ranged from 0.4 to
13.4%, and those at 400 MHz ranged from 1.2 to 12.1%. However, for saturated aldehyde
species, estimated LF CV values were found to be not as precise, whereas those at MF were
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predominantly <7.0%. Additionally, the CSO product displayed a less than favourable
level of reproducibility for both total saturated and α,β-unsaturated aldehydes determined
at the 90 min heating time-point using the LF spectrometer.

However, CSO is certainly not recommended for cooking or frying purposes anyway
in view of its very high ω-3 FA content. Indeed, this oil would be expected to lead to higher
levels of aldehydic LOPs than those observed in oils with high linoleoylglycerol contents
(e.g., natural sunflower and corn oils); this appears to be coupled with proportionate
increases in their ‘within- and between-assay’ analytical variabilities. Furthermore, the
potentially higher volatilities of aldehydic LOPs arising in linolenoylglycerol-rich oils may
also contribute towards this higher variance (the inclusion of this unusual oil in this study
was primarily to determine the capability of LF NMR analysis to identify and determine
differential classes of aldehydic LOPs arising from the specific peroxidation of omega-3
rather than omega-6 PUFAs).

The STN ratios and LLOQ values of aldehydic-CHO function proton resonances
determined here are, unfortunately, restricted by the fact that only a single proton gives
rise to their signals observed at 60 MHz (δ = 9.4–9.9 ppm), which are split into doublets
or triplets for α,β-unsaturated and saturated n-alkanals, respectively. Unfortunately, the
use of alternative 1H NMR resonances for these aldehydes is not possible, since that of the
terminal-CH3 group of all aldehydes is obscured by very intense, major bulk lipid ones,
as are those of their chain-(CH2)n- groups; the STN values of the latter are also limited
by their complex coupling patterns. Similarly, the use of olefinic proton resonances of
α,β-unsaturated aldehydes for QNMR purposes at LF strength is also restricted by such
complex coupling patterns.

As previously described, the potential toxicological effects of dietary LOPs are likely
expended by their uptake by foods fried at high-temperatures in cooking oils, followed
by the consumption of such fried foods, e.g., potato chips and fried chicken, etc., by
humans [7,12]. Analytical estimates of the three major classes of aldehydic LOPs in potato
chips were reported to be 121 ± 33, 157 ± 43 and 126 ± 25 μmol/kg for total n-alkanals,
trans-2- alkenals and alka-(trans,trans)-2,4-dienals, respectively, using 1H NMR analysis [12].
The mean trans,trans-alka-2,4-dienal level found was comparable to that determined for
the single trans,trans-deca-2,4-dienal analyte alone by Boskou et al. [30] in French fries
fried in a domestic deep-fryer at 170 ◦C (65 μmol/kg). It has been shown that fried food
aldehyde levels are predominantly dependent on their uptake of LOP-containing frying
oils during frying practices; this uptake may range from a few % to as high as 30% (w/w),
however [7]. If we assume that this uptake level is 10% (w/w), a typical value for UK
fast-food restaurants [13], then the above values would be ca. 10-fold higher in the oil itself,
and would be equivalent to contents of 0.37, 0.49 and 0.39 mmol Aldehyde per mol Of oil
FA for n-alkanals, trans-2-alkenals and trans,trans-alka-2,4-dienals, respectively, all of these
values being lower than, but approaching, our LLOQ values for the analysis of cooking oil
aldehydes by the LF benchtop NMR spectrometer employed here (Table 4). However, the
total level of unsaturated aldehydes in these potato chip samples would be 0.88 mmol/mol
of uptaken FA, a value which is indeed above our LLOQ threshold limit for determinations
made at 60 MHz; although saturated aldehydes would not be validly quantifiable at this
operating frequency, they would be detectable since the value of 0.37 mmol/mol FA remains
above our LLOD limit, which is 0.19 mmol/mol FA for n-hexanal (Table 4). Our previously
reported MF or HF 1H NMR analysis of aldehydic LOPs in French fry samples relies on
a CDCl3 extraction process, and modifications to this protocol, such as the use of larger
quantities of food samples for this purpose, a process giving rise to greater volumes of
oils extracted therefrom, would, of course, yield lower LLOQ values for analysis at LF
strength. However, it has been reported that the fried food aldehyde contents are markedly
lower than those anticipated from the percentage oil uptake value alone [14], and this
is likely to be attributable to their chemical consumption through Maillard or Michael
addition reactions with food amino acids, peptides and proteins, and/or acetal and ketal
formation on reaction with certain food carbohydrates. Indeed, it is well known that
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such aldehydes have a high level of reactivity with a range of biomolecules present in
many biosystems. Fried food contents of aldehydic LOPs will, of course, also be strikingly
dependent on a wide range of further factors, for example frying temperatures and fried
food exposure times, the potential recycling of reused oils, frying type (i.e., shallow versus
deep-frying episodes), frying oil MUFA, PUFA and ω-3 FA contents, and potentially also
their lipid-soluble antioxidant contents, etc.

Therefore, in summary, LF NMR analysis has the capacity to monitor n-alkanals (satu-
rated aldehydes) in thermally stressed culinary oils at detectable levels of 0.19 mmol/mol
FA (equivalent to 0.66 mmol/L), and quantifiable at levels of 0.65 mmol/mol FA (equiv-
alent to 2.21 mmol/L) when analysed in an olive oil co-calibrant placed in CDCl3 solu-
tion. Moreover, it was determined that trans-2-alkenal species were detectable at levels of
0.18 mmol/mol FA (equivalent to 0.63 mmol/L), with quantifiable levels of 0.62 mmol/mol
FA (equivalent to 2.10 mmol/L) in an olive oil/CDCl3 medium. Similar LLOD and LLOQ
estimates were found for both aldehyde calibrants when analysed in a ‘neat’ CDCl3 solution
medium alone (Table 4).

Of further interest, this technological LF NMR development was also found to be
valuable for the detection and quantification of precursors of the aldehydic LOPs monitored,
specifically CHPDs and HPMs, as demonstrated in Figure 11. Results arising from the
LF NMR assessment of the generation of these precursors, and the dependence of their
culinary oil concentrations on LSSFE heating time, will be made available in a follow-up
paper shortly.

This LF NMR analysis option is also valuable for determining the FA and unsaturation
status of culinary oils in general, as shown in Figure 1. One interesting feature of these major
lipid component H NMR profiles was differences in the spectral appearance of selected
triacylglycerol multiplet resonances, and this is ascribable to the previously reported
‘roofing’ effect which occurs when scalar J-coupled signals appear just a few Hz away from
each other in spectra acquired, as indeed they are in LF (60 MHz) spectra.

In principle, near-portable, non-stationary LF NMR spectrometers could be employed
for the purpose of directly monitoring toxic aldehydic LOPs, together with their lipid
hydroperoxide precursors, in a range of culinary frying oils at commercial food production
and manufacturing sites, or alternatively at large outlets of global fast-food restaurant
chains. Indeed, analysis is rapid, and the skillset required for the operation and manage-
ment of such devices is far simpler and appealing than that required for institutionally
based MF or HF spectrometers; indeed, with the exception of a succinct level of training,
no previous specialist operator knowledge is required.

5. Limitations of the Study

Although results obtained herein have demonstrated the ability of LF benchtop NMR
spectrometers to detect several different classes of aldehydic LOP species in oil samples,
unfortunately quantification of these species is limited to total saturated and total α,β-
unsaturated aldehydes in view of an insufficient resolution of the 1H NMR resonances of
these LOPs, most notably that involving the latter class of these analytes. Veritably, LF
NMR analysis does suffer from a number of limitations, including signal convolution which
leads to issues of both identification and quantification for individual unsaturated aldehyde
species. Furthermore, because of the reduced resolution and increased background noise
of such instruments, the magnitude of and demands for satisfactory LLOD and LLOQ
parameters were somewhat greater than those which are usually mandatory for QNMR
approaches employed on MF and HF NMR facilities. Moreover, the analytical sensitivity
threshold of the LF NMR technique for our analysis protocol (Table 4) also served as a
further limitation; this involved the analysis of only a 0.20 mL aliquot of culinary oil in a
total NMR tube volume of 0.760 mL. However, pilot experiments have revealed that we
may increase this analytical volume of oil sample up to 0.40 mL, and therefore the LLOD
thresholds determined here would be decreased 2-fold if that were the case. Unfortunately,
larger increments in proportionate sample volume restrict signal resolution and hence the
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analysis of aldehydes and other LOPs in view of the resulting high viscosity of the analyte
solution medium.

Data available in Figures 9b and 10b revealed that for both the 60 and 90 min heating
time-points, mean total saturated aldehyde concentrations determined in PUFA-rich oils
at an operating frequency of 60 MHz were 79 and 89% of that determined at 400 MHz for
the CSO and RSO products, respectively, but only 62% for the SBO one (these ‘between-oil’
differences in analyte receptivity were also manifested by the observation of a statistically
significant first-order oil × spectrometer operating frequency interaction effect for this
aldehyde classification). For total α,β-unsaturated aldehyde levels, however, corresponding
values were 83, 69 and 81% for the CSO, RSO and SBO products, respectively (MOO 71%).
Therefore, it is important that this current restriction should be recognised by analysts
and researchers, and perhaps the application of a suitable ‘correction factor’ should be
considered to overcome this issue.

It should also be noted that saturated aldehydic LOPs (mainly two types of NMR-
distinguishable n-alkanals) are generated at much lower concentrations than the α,β-
unsaturated aldehyde classifications, and for this study, it was found that the former class
were only ca. 20% of the total aldehyde levels determined by the LF spectrometer at
the 90 min heating time-point. These diminished concentrations will also restrict their
determination at an operating frequency of only 60 MHz.

Another consequence of the LF 1H NMR monitoring of aldehydes in culinary oils,
heated or otherwise, is that the total amounts of aldehydic LOPs liberated from the per-
oxidation of UFAs is not a direct reflection of those found in these oil products following
exposure to thermal stressing periods. Indeed, a significant proportion of these toxins have
boiling-points below standard frying temperature (now ranging from 160 to 180 ◦C), with
some, such as acrolein (the lowest α,β-unsaturated aldehyde homologue), exceedingly
so [14]. Hence, a quite substantial fraction of the total amount of aldehydic LOPs evolved
from these frying oil ‘reaction’ media are in the volatile, i.e., gaseous form, and due caution
should be exercised by humans to avoid the inhalation of these toxins during frying or
cooking exercises, be they commercial or domestic. Therefore, oil aldehyde contents only
serve as incomplete reflections of the total amounts generated.

Since our LF 1H NMR-determined aldehyde concentrations were segmented into total
saturated and α,β-unsaturated classifications, variance contributions towards these from
structurally more complex LOPs would be expected to expand with increasing complexity
level, most notably for PUFA-rich oils which have been exposed to prolonged heating
durations. Ultimately, saturated aldehydes were only observed at quantifiable levels in
the LF NMR spectra of heated oil samples from the 60 min, but not the 30 min, time-point,
although not all oils thermally stressed in this manner for a 60 min period gave sample alde-
hyde levels higher than the LLOQ threshold level determined here. Despite this, LF-NMR
analysis shows promise as an appropriate approach for detecting and quantifying total
aldehydes in oils that have been heated for durations which are ≥60 min, and putatively
less so for samples with higher oil contents present in analyte media solutions.

6. Conclusions

In this study, we have demonstrated the applications of LF NMR analysis for the
identification and quantification of both saturated and unsaturated aldehydic LOP species
in heated culinary oils. This investigation was also valuable for monitoring the abilities
of LF and MF NMR spectrometers to distinguish between differential classes of these
toxic products.

The investigations conducted demonstrated that this technology was valuable for
determining the concentrations of LOP toxins in such culinary oil products exposed to
LSSFEs, but only for those which were thermally stressed for minimal durations of 60 min
or so. Although distinctive patterns of aldehydes were observed for different oil products
investigated, unfortunately resonance superimposition and the limited sensitivity of the
technique precluded the determination of individual molecular classes of aldehyde toxins
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in these products. However, LF NMR analysis remains a very promising technique, and in
some thermally stressed PUFA-rich oils, a total of four or more unsaturated aldehydes, and
two saturated aldehydes, along with their CHPD and/or HPM precursors, were detectable,
although not all were directly quantifiable (Figures 2 and 11). However, the LF NMR
determination of total saturated and α,β-unsaturated aldehyde oil contents, along with
those of their hydroperoxide precursors, remains a relevant and acceptable avenue for
aldehydic toxin analysis in commonly employed frying oils.

In principle, the non-stationary LF NMR technique could be employed for the ‘on-site’
monitoring of aldehydic toxins present in thermally stressed cooking oil samples at food
manufacturing sites, or even at fast-food take-out restaurants.
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Abstract: This work presents the sample extraction methods for solid and liquid sample matrices for
simultaneous quantification of oat (Avena sativa L.) and pea (Pisum sativum L.) saponins: avenacoside
A, avenacoside B, 26-desglucoavenacoside A, and saponin B and 2,3-dihydro-2,5-dihydroxy-6-methyl-
4H-pyran-4-one (DDMP) saponin, respectively. The targeted saponins were identified and quantified
using a hydrophilic interaction liquid chromatography with mass spectrometric detection (HILIC-MS)
method. The simple and high-throughput extraction procedure was developed for solid oat- and pea-
based food samples. In addition, a very simple extraction procedure for liquid samples, without the
need to use lyophilisation, was also implemented. Oat seed flour (U-13C-labelled) and soyasaponin
Ba were used as internal standards for avenacoside A and saponin B, respectively. Other saponins
were relatively quantified based on avenacoside A and saponin B standard responses. The developed
method was tested and successfully validated using oat and pea flours, protein concentrates and
isolates, as well as their mixtures, and plant-based drinks. With this method, the saponins from
oat- and pea-based products were separated and quantified simultaneously within 6 min. The use
of respective internal standards derived from U-13C-labelled oat and soyasaponin Ba ensured high
accuracy and precision of the proposed method.

Keywords: oat; pea; avenacosides; saponin B; DDMP saponin; plant-based protein

1. Introduction

The demand for sustainable protein sources in food production is continuously grow-
ing [1,2]. Oat (Avena sativa L.) and pea (Pisum sativum L.) proteins in the form of concentrates
or isolates can act as an alternative to animal proteins due to their potential ability to pro-
vide desirable technological properties in plant-based meat and dairy substitutes [3,4]. Pea
protein is an insufficient source of methionine but, on the other hand, has a high content
of the essential amino acid lysine and branched-chain amino acids-leucine, isoleucine,
and valine [4]. In contrast to pea, oat contains enough methionine but a scarce amount
of lysine [3]. Blending oat and pea proteins in products is one way to achieve a complete
essential amino acid profile [5], and such products are already available on the market.
However, one of the main obstacles in the application of plant-based proteins in food
production is their bitter and astringent off-taste [6–8]. It has been suggested that saponins
might be the main cause of this sensation [9–14] influencing consumer acceptance.

Saponins are a diverse group of secondary defence metabolites widely spread in plant
species [15]. Saponins investigated in this study are amphiphilic molecules, with polar
water-soluble sugar moieties attached to a nonpolar, water-insoluble steroid or triterpene
core [16]. Oats, as the only cereals capable of accumulating saponins, contain bisdesmosidic
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steroidal saponins avenacoside A and B, and monodesmosidic 26-desglucoavenacoside A in
their leaves and grains (Figure 1) [9,10,12,13,17]. Saponin B and 2,3-dihydro-2,5-dihydroxy-
6-methyl-4H-pyran-4-one (DDMP) saponin are monodesmosidic triterpenoid saponins
found in peas [18,19]. Besides being taste-active bitter compounds, saponins have also
been reported as antinutrients. As such, they may affect nutrient absorption by inhibiting
metabolic and digestive enzymes [20] and by binding to minerals such as zinc and iron [21].
High concentrations of saponins in the diet may lead to hypocholesterolemic effect [22],
hypoglycemia [23], inefficient protein digestion, vitamin and mineral uptake in the gut,
and the development of a leaky gut [24]. Despite the reported negative nutritional impact,
some studies have also shown positive cholesterol-lowering [25] and anticancerogenic [26]
effects of saponins.

Figure 1. Chemical structures of saponins: avenacoside A, avenacoside B, and 26-
desglucoavenacoside A from oat, saponin B and DDMP from pea, and soyasaponin Ba (used as
internal standard [IS]).

The analysis of saponins could be performed using a wide range of classical methods
such as gravimetry [15,27], hemolysis [28], bioassays [29], and spectrophotometry [30].
In addition, different saponins could be separated and analysed using chromatographic
methods, e.g., thin-layer chromatography [31,32], gas chromatography [33], and high-
performance liquid chromatography (HPLC) [19]. The detection of the saponin class
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compounds could be carried out using the simplest optical detection methods [34,35],
but these methods usually lack the selectivity and sensitivity of more advanced analytical
techniques such as mass spectrometry [9,17,36–38]. The saponin extraction and the pre- and
post-extraction sample clean-up before the LC analysis [9,17,19,39] are required to obtain
a clean extract which would minimise matrix effect in mass spectrometric measurements.
However, these sample preparation procedures are time-consuming and unsuitable for
routine analysis of large amounts of samples. This creates the need for an improved,
efficient, sensitive, more selective, and reproducible extraction method of saponins prior
to the analysis. The use of liquid chromatography coupled with mass spectrometry (LC-
MS) allows more precise and selective determination of the contents of different types of
saponins in various plant species: oat [9,13,17], pea [19,32], and soya [39,40]. Although, the
amounts of saponins have been quantified mainly from the seeds or husks of numerous oat
and pea varieties [9,19,32], there is a lack of data concerning the concentrations of saponins
in processed food ingredients, and the half- and end-products produced therefrom. To
the best of our knowledge, there is no versatile method for the determination of saponins
derived from different plant species in various food matrices.

The objective of this study was to develop simple sample extraction methods for solid
and liquid plant-based food sample matrices for the selective and quantitative determina-
tion of five oat and pea saponins: avenacoside A, avenacoside B, 26-desglucoavenacoside
A, saponin B, and DDMP saponin, using hydrophilic interaction liquid chromatography
with mass spectrometric detection (HILIC-MS). To our knowledge, there are no reports on
simultaneous HILIC analysis of the above-mentioned saponins in solid and liquid samples
containing concurrent oat and pea ingredients.

2. Materials and Methods

2.1. Chemicals and Materials

HPLC-grade acetonitrile (MeCN), methanol (MeOH), ethanol (EtOH), hexane, propan-
2-ol (IPA), and formic acid (FA) (for MS, 98%) were purchased from Honeywell (Charlotte,
NC, USA). The standard compounds avenacoside A, saponin B (soyasaponin I), and
soyasaponin Ba phyproof® were purchased from Sigma-Aldrich (Darmstadt, Germany).
Uniformly isotopically labelled oat seed flour (U-13C oat seeds, Avena sativa 97 atom%) was
obtained from IsoLife BV (Wageningen, The Netherlands). Ultrapure water (18.2 MΩ·cm)
was prepared with MilliQ® HX 7040SD equipped with MilliQ LC-Pak (Merck KGaA,
Darmstadt, Germany). Biotage Isolute® PLD+ and C18 columns (100 mg/1 mL) were
purchased from Biotage Sweden AB (Uppsala, Sweden). Amicon Ultra-0.5 centrifugal filter
units (3, 10, 30, 50 kDa) and Millex-LCR filters (pore size 0.2 μm, filter dimension 13 mm)
were obtained from Merck KgaA (Darmstadt, Germany).

2.2. Food Samples

Yellow pea flour, whole-grain oat flour, and oat and pea drinks were purchased
from a local supermarket. Pea protein isolate (Bang & Bonsomer Estonia OÜ, Tallinn,
Estonia), pea protein concentrate (Aloja-Starkelsen Ltd., Limbažu novads, Latvia), and oat
protein concentrate (Lantmännen, Stockholm, Sweden) were obtained from producers. The
composition and nutritional information available on the product label of these products
is available in Supplementary Table S1. Untreated and extruded blends of pea protein
isolate, oat protein concentrate, and pea protein concentrate (52:28:20, w/w) were produced
in-house by following a previously published protocol [41].

2.3. Extraction Method for Solid Samples and for Liquid Samples

Sample extraction methods 1A, 1B, 2A, 2B, and 2C, which were tested during solid
sample extraction method development, are described in the supplementary information.

Solid sample extraction (method 2D) was performed according to Heng et al. [19] with
some modifications. Powdered non-defatted solid sample (100 mg) was weighed into a
10 mL volumetric flask (n = 3), filled with aqueous EtOH (70%, v/v), mixed thoroughly, and
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ultrasonicated for 30 min (without additional heating). After ultrasonication, samples were
centrifuged (14,000× g for 10 min at 10 ◦C) to remove insoluble matter. The supernatant
(500 μL) was passed through PLD+ columns by applying positive pressure to remove
proteins and phospholipids. The obtained filtrate was diluted to receive an aqueous MeCN
(50%, v/v) solution. The diluted filtrate (100 μL) was transferred to the LC-MS vials, mixed
with 50 μL soyasaponin Ba working solution and 50 μL U-13C-oat extract working solution,
and injected into the LC-MS.

A homogeneous liquid sample was weighed (0.25 g) into a 5 mL volumetric flask
(n = 3), filled with ultrapure water, and mixed thoroughly. Diluted sample solutions were
centrifuged (14,000× g for 15 min at 10 ◦C) to remove insoluble matter. Sample supernatant
(200 μL) and 800 μL MeCN were transferred into the next tube, mixed thoroughly, and
centrifuged (14,000× g for 15 min at 10 ◦C) to remove precipitated proteins. The supernatant
(500 μL) was passed through PLD+ columns. The obtained filtrate (300 μL) was transferred
into a clear tube and diluted with 180 μL ultrapure water to obtain an aqueous MeCN
solution (50%, v/v). The diluted sample filtrate was combined with internal standard
solutions as described for solid samples and injected into the LC-MS.

2.4. Preparation of Standard Solutions

The stock solution of avenacoside A (500 mg/L) was prepared in ultrapure water
and the aliquots were stored at −80 ◦C. The stock solution of saponin B (500 mg/L) was
prepared in aqueous EtOH (60%, v/v) and aliquots were stored at −80 ◦C. The internal
standard stock solution of soyasaponin Ba (100 mg/L) was prepared in MeOH.

The stock solution of U-13C-oat seed flour extract containing 13C51-avenacoside A
was prepared using the previously described solid sample extraction method 2D with
some modifications. U-13C-oat seed flour (150 mg) was weighed into a 50 mL volumetric
flask, filled with EtOH (70%, v/v), and mixed thoroughly. The flask was ultrasonicated for
30 min (without additional heating) and the obtained solution was centrifuged (17,000× g
for 10 min at 10 ◦C) to remove insoluble matter. The supernatant was passed through
PLD+ columns using a vacuum manifold. The cleaned extract was aliquoted and stored
at −80 ◦C.

The internal standard working solutions were prepared freshly before the analysis.
The working solution of internal standard soyasaponin Ba was prepared by diluting stock
solution in the aqueous MeCN (50%, v/v). The U-13C-oat extract working solution was
prepared by diluting the stock solution two-fold with neat MeCN.

2.5. Liquid Chromatography Mass Spectrometry

Samples were analysed using a Waters UPLC® system (Waters Corporation, Milford,
MA, USA) coupled with a Waters Quattro Premier XE Mass Spectrometer equipped with
ZSpray™ Source and controlled by Waters MassLynx™ 4.1 (V4.1 SCN805, Waters Corpora-
tion, Milford, MA, USA). Mobile phases were as follows: (A) 0.1% FA in ultrapure water,
(B) 0.1% FA in MeCN. Weak needle wash was composed of MeCN in ultrapure water (90%,
v/v), and strong needle wash consisted of IPA in MeCN (50%, v/v). The seal wash solution
was aqueous MeCN (50%, v/v). Samples were stored in an autosampler which was set at
8 ◦C. The injection volume was 2 μL. Saponins were separated using BEH Amide column
(1.0 × 50 mm, 1.7 μm) coupled with BEH Amide VanGuard Pre-column (2.1 × 5 mm) from
Waters Corporation (Milford, MA, USA). The final gradient was as follows: 0–0.17 min at
10% A, 0.17–3.5 min linear gradient 10–70% A, 3.5–4.0 min at 70% A, 4.0–4.5 min linear
gradient 70–10% A, 4.5–6.0 min at 10% A. The column temperature was held at 50 ◦C
during all experiments. The flow rate was set at 200 μL/min.

The analytes were ionised under negative electrospray ionisation (ESI-) and optimised
source conditions. The source temperature was set to 120 ◦C, and high-purity nitrogen was
fed into the source at 25 L/h (cone) and 600 L/h (desolvation) and desolvation gas was
heated to 350 ◦C. The capillary voltage was set to −1.5 kV, cone voltage to 80 V, and extractor
voltage to 3 V. For measurement of analytes, a set of m/z values for single-ion-recording
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(SIR) experiments was recorded simultaneously during one chromatographic run. For
saponin quantification, deprotonated molecules [M-H]- were chosen based on a scan-type
experiment. Mass-to-charge ratios (m/z ± 0.5 Da) for SIR channels were set as follows:
avenacoside A—m/z 1061.5; avenacoside B—m/z 1223; 26-desglucoavenacoside A—m/z
899.5; 13C51-avenacoside A—m/z 1112.5 (internal standard); saponin B—m/z 941.5; DDMP
saponin—m/z 1067; soyasaponin Ba—m/z 957.5 (internal standard). Data acquisition was
performed in Waters MassLynx™ V4.1 (SCN805, Waters Corporation, Milford, MA, USA).
Data analysis was performed in Waters QuanLynx™ V4.1 (SCN805, Waters Corporation,
Milford, MA, USA) and Microsoft Excel® (Microsoft 365 Apps for enterprise).

2.6. Calibration and Quantification

The working solution was prepared by diluting standard stock solutions 100 times
with MeCN:H2O:EtOH solution (50:36:14, v/v). Internal standards, soyasaponin Ba and U-
13C-oat extract, were added before injection to the autosampler vial, and their concentration
in the vial was set at 0.75 mg/L and 0.3 mg/L, respectively. Calibration curve standard
solutions (100 μL) were mixed with internal standards working solutions (50 μL U-13C-
oat extract working solution and 50 μL soyasaponin Ba working solution). Calibration
curves were built for avenacoside A (0.01–2.44 mg/L) and saponin B (0.01–2.48 mg/L)
using eight-point measurements of serially diluted standards, which were run in triplicate.
The regression was found by fitting points to the linear equation. The external standard
calibration curves were built by correlating the concentrations of external standards to the
response factors, which were calculated according to Equation (1).

response factor (RF) = (area of analyte)/(area of internal standard) (1)

As only the avenacoside A standard was commercially available, other analytes of
interest (avenacoside B and 26-desglucoavenacoside A) were quantified relatively using the
avenacoside A calibration curve. Avenacoside B and 26-desglucoavenacoside A results are
presented in avenacoside A equivalents. Avenacosides were quantified using isotopically
labelled 13C-avenacoside A as an internal standard. As DDMP saponin could not be
sourced commercially, its quantification was based on the saponin B standard curve, and
the results are given in saponin B equivalents. Both were quantified using soyasaponin Ba
as an internal standard.

2.7. Validation of the Method

The following parameters were assessed during method validation: linearity, limit
of detection (LOD), limit of quantification (LOQ), precision, specificity, sample extraction
recoveries, and matrix effect (ME). Developed extraction methods for solid and liquid
samples were validated separately. Oat protein concentrate and pea protein isolate were
used to validate the solid sample extraction method. Saponin determination in liquid
samples was validated using oat and pea drinks.

The linear range and linearity were evaluated via repeated measurements of standard
solutions of avenacoside A and saponin B consisting of 8 individual points obtained from
serial dilution of stock solutions. For the calculation of LOD and LOQ values for avena-
coside A and saponin B compounds, the standard deviation (SD), obtained by analysing
the peak areas of the lowest standard concentration point, was multiplied by three or ten,
respectively [42].

To determine the intra-day precision of the instrumental method, oat protein concen-
trate and pea protein isolate extracts containing all analytes and internal standards were
injected six times, and for inter-day precision, sample extracts were studied across three in-
dependent days to confirm the stability of the retention times and peak areas. The precision
of the extraction methods was determined by repeatability (intra-day) and intermediate
precision (inter-day). Repeatability was carried out by performing six repeated analyses of
the samples on the same day, while the intermediate precision of the method was assessed
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using samples that were analysed on three different days over two months under the same
experimental conditions.

The total recoveries for avenacoside A and saponin B were evaluated by spiking
the solid and liquid samples with a known amount of avenacoside A and saponin B at
three different concentration levels. For estimation of solid sample extraction method
recovery, oat protein concentrate and pea protein isolate (100 mg) were weighed into
a 10 mL volumetric flask (n = 3). Aliquots of avenacoside A and saponin B standard
solutions (10 mL) at three different concentrations were prepared in aqueous EtOH (70%,
v/v) separately. These solutions were added to oat protein concentrate and pea protein
isolate, mixed thoroughly and subjected to the solid sample extraction method as described
above. The recoveries of avenacoside A and saponin B in oat and pea liquid samples
were determined by cross-matrix spiking both sample matrices. For estimation of liquid
sample extraction method recovery, separate standard stock solutions of avenacoside A
and saponin B were prepared (200 mg/L). These solutions were added in different volumes
to 0.25 g of liquid sample (oat and pea drink) (n = 3) weighed into a 5 mL volumetric
flask, mixed thoroughly, and subjected to the liquid sample extraction method as described
above. The total recovery was calculated using Equation (2) [43],

total recovery (%) = (Cspiked/(Cunspiked + Cspike)) × 100% (2)

where Cspiked is the amount of saponin determined in the spiked sample, Cunspiked is the
amount of saponin in the unspiked sample, and Cspike is the amount of saponins at three
different concentration levels.

ME as one of the most problematic issues in LC-MS was evaluated for all four sample
matrices (oat protein concentrate and pea protein isolate and plant-based drinks) by post-
extraction sample spiking with calibration curve standard solutions, then constructing
a calibration curve based on response factors and spiked standard concentrations, and
comparing the matrix-matched calibration curve slope with the calibration curve slope in
solvent (Equation (3)) [42]

ME (%) = slopematrix-matched/slopesolvent × 100%. (3)

Statistical analysis was carried out using Excel® (Microsoft® 365 for enterprise). The
results are presented as mean ± SD or relative standard deviation (RSD).

3. Results and Discussion

3.1. Development of Liquid Chromatography Method

The HPLC method was developed and assessed by analysing external standards and
compounds available in oat and pea sample matrices. During development of the liquid
chromatography method, two types of stationary phase chemistry were tested (C18 and
HILIC) as well as different column dimensions. The best separation performance in terms
of time of analysis, selectivity, and efficiency was achieved by the BEH Amide column
(1.0 × 50 mm, 1.7 μm). Based on the literature [9,19] and scan-type experiments of oat flour
and pea flour sample extracts, m/z values for SIR channels were chosen for the detection
and relative quantification of targeted compounds without existing standard compounds
in these sample matrices. Avenacoside B and 26-desglucoavenacoside A were found to
be present in the oat sample matrix in addition to avenacoside A. DDMP saponin also
occurred in the pea sample matrix besides saponin B. MRM experiments were conducted
during development of a methodology but we have found that the MRM approach did not
bring any more selectivity but significantly reduced sensitivity by not producing consistent
fragments. The example of a chromatogram obtained by injecting the oat and pea flour
extracts is shown in Supplementary Figure S1.
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3.2. Development of Sample Extraction Methods

Two previously published extraction methods (avenacosides in grain and husks of
oats [9] and saponins in peas [19]) were the starting points for the development of a method
for simultaneous saponin extraction from oat and pea matrices. As both extraction methods
were time-consuming, a more efficient sample preparation was proposed for saponin
quantification. All samples were analysed using LC-MS method described in the Materials
and Methods section.

Table 1 shows the main steps of extraction methods and saponin extraction yields
obtained by reference methods (1A and 2A) and modified methods (1B, 2B, 2C, and 2D).
To demonstrate the efficiency of the optimized methods, oat protein concentrate and pea
protein isolate were analysed in duplicate.

Since both reference methods [9,19] started by fat elimination, defatted oat protein
concentrate (fat 18.9%) and pea protein isolate (fat 4.7%) were extracted using methods 1A,
1B, 2A, and 2B. The oat protein concentrate extracted using method 1B gave 37% higher
avenacoside A concentration compared to method 1A, and method 2B resulted in 50%
higher yield than method 2A. Overall, the highest avenacoside A content in oat protein
concentrate was achieved using extraction method 2B. Using method 1B, the pea protein
isolate gave two times higher saponin B yield than using extraction method 1A, and method
2B gave a 76% higher yield than method 2A. Thus, the highest saponin B amount from pea
protein isolate was extracted using method 2B. Although both improved methods 1B and
2B gave similar saponin yields in analysed matrices, it was decided to proceed with more
process-efficient method 2B, as method 1B utilizing two-step methanol reflux extraction is
very time-consuming.

The necessity for fat removal before saponin extraction from the matrix was deter-
mined. For this, saponins from four samples (oat flour and protein concentrate and pea
flour and protein isolate) were extracted using extraction methods 2B and 2C, and lastly,
the extracts were filtered through different filtering devices (the molecular weight cut-off
filters with different membrane pore sizes (3, 10, 30, and 50 kDa), 0.2 μm syringe filter, and
ISOLUTE® PLD+ Protein and Phospholipid Removal columns) before the LC-MS analysis.
The results of this experiment are shown in Supplementary Figure S2.

No significant differences in avenacoside A, avenacoside B, saponin B, and DDMP
saponin content were determined in Soxhlet-defatted and non-defatted oat and pea matri-
ces. On the other hand, different molecular cut-off sizes had a significant impact on the
recovery of saponins. The 3 kDa and 10 kDa cut-off filters showed inferior performance
irrespective of the sample matrix and saponin type determined. The maximum recovery of
analytes in the samples was achieved using 50 kDa and in some cases 30 kDa cut-off devices.
In all sample matrices except oat protein concentrate, the application of PLD+ columns and
syringe filters gave even better results than 30 kDa or 50 kDa cut-off filters. Although the
PLD+ and 0.2 μm syringe filters gave quite similar analyte recovery, the application of PLD+
columns resulted in clearer MS chromatograms with a minimum number of interfering
peaks in the chromatogram baseline. Moreover, filtering through the PLD+ column enables
an easy transition of the procedure to a high-throughput workflow in the case of using
96-well PLD+ plates. The ISOLUTE® PLD+ proprietary multifunctional sorbent phase is
optimised to selectively retain proteins and phospholipids [44]. The results indicated that
pre-extraction fat removal is not necessary before saponin extraction and could be omitted
and the application of PLD+ columns is the best solution for post-extraction clean-up of
sample extracts. This resulted in a modified method 2C (described in Table 1).
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The influence of ultrasonic power on the saponin extraction yields was also investi-
gated. Saponins from oat protein concentrate, pea protein isolate, and oat and pea flours
were extracted using methods 2C and 2D (results are shown in Supplementary Table S2).
The results showed that ultrasonication did not have a statistically significant effect on
saponin yield but considering the extraction time the application of ultrasonication is
preferable. It should be noted that heating taking place during sonication had no effect on
the analytes. During this experiment, the ultrasonic bath heated itself from ambient temper-
ature (23 ◦C) to 40 ◦C in 30 min. Previous research has shown that the exposure of DDMP
saponin to a temperature higher than 40 ◦C has a profound effect on its degradation into
saponin B [18]. However, in another study, it was reported that the pure DDMP saponin in
methanolic solution started to decrease in concentration when heated at 65 ◦C [45].

Based on the obtained results and considering the extraction time and yield, method
2D was utilized for analysis and validation of all solid samples.

Liquid food samples were analysed without the need to use lyophilisation before the
sample extraction. The sample preparation method was based only on the application
of ISOLUTE® PLD+ cartridges for sample extract purification before LC-MS analysis,
previously chosen as the most efficient for cleaning the extracts of the solid samples.

3.3. Validation of the Method

When the chromatographic methods and sample extraction methods were developed,
validation was performed to evaluate the linear range, LODs and LOQs, precision, re-
coveries, and matrix effect of the proposed method. The linearity of response and other
calibration parameters for avenacoside A and saponin B are presented in Table 2. Linearity
for these two saponin standards was obtained in the concentration range of 0.01–2.5 mg/L.
The LOQs were estimated from the lowest point of the calibration curve ranging from
0.015 mg/L for avenacoside A and 0.014 mg/L for saponin B. The obtained LOQ results
were lower than or in accordance with previous research [9,13,17,39].

Table 2. The linear range, calibration curve, limits of detection (LODs), and limits of quantification
(LOQs) of avenacoside A and saponin B.

Analyte Linear Range (mg/L) Calibration Curve 1 R2 LOD (mg/L) LOQ (mg/L)

avenacoside A 0.01–2.44 y = 0.2445x − 0.0197 0.9998 0.004 0.015
saponin B 0.01–2.48 y = 0.6350x − 0.0059 0.9999 0.004 0.014

1 Calibration curve: y = ax + b, where x is the response factor and y is the concentration in mg/L.

After linearity was found to be acceptable for avenacoside A and saponin B, the
repeatability of the method was appraised. Repeatability of retention times and peak
areas were studied first with six replicate injections of oat protein concentrate and pea
protein isolate extract. Table 3 shows the repeatability of retention times, peak areas, and
the precision of solid and liquid sample extraction methods. RSDs of peak areas for all
saponins did not exceed 6%. Intra- and inter-day RSDs were at a similar level, indicating
that the methods are reproducible to an acceptable extent for the routine analysis of oat
and pea products. Intra-day and inter-day RSDs were determined by extracting oat protein
concentrate, pea protein isolate, and plant-based drinks on different days. The RSD of
the intra-day precision ranged from 6 to 13% and inter-day precision from 7 to 11% in
powdered oat and pea samples. For oat and pea plant-based drinks, the intra-day precision
ranged from 3 to 12% and inter-day precision from 7 to 16%. The precisions for the DDMP
saponin pea drink were not evaluable despite multiple measurements (DDMP saponin
content in this sample was <LOQ).
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The recoveries were determined in oat protein concentrate and pea protein isolate
powder by spiking the oat matrix with avenacoside A and the pea matrix with saponin B.
The recovery of analytes in the case of the liquid sample extraction method was investigated
separately. Table 4 shows the recovery results of powdered and liquid samples. The
recoveries of avenacoside A and saponin B ranged from 90 to 115% and from 82 to 100% in
oat protein concentrate and pea protein isolate, respectively. In the oat drink, the recovery
of avenacoside A ranged from 96 to 113% and saponin B from 98 to 113%. In the pea drink
matrix, the recoveries of avenacoside A and saponin B were from 94 to 106% and from 89
to 98%, respectively. According to validation guidelines, the acceptable recovery range for
this method should be in the range of 80 to 110% [46]. Thus, the mean values of obtained
recoveries were acceptable for both matrices. The recovery results obtained with the current
procedure were similar to ones reported for previously proposed methods [9,13].

Table 4. Recoveries of saponins in solid (oat protein concentrate and pea protein isolate) and liquid
samples (oat drink and pea drink) 1.

Spiking Level Spike (mg/L)
Recovery (%)

Spike (mg/L)
Recovery (%) Recovery (%)

Oat Protein Concentrate 2 Oat Drink 3 Pea Drink 4

A
ve

na
co

si
de

A L1 1.2 115 ± 7 0.24 104 ± 6 106 ± 1

L2 0.9 90 ± 7 0.12 113 ± 7 99 ± 3

L3 0.4 107 ± 12 0.06 96 ± 13 94 ± 1

Pea protein isolate 5 Oat drink 4 Pea drink 6

Sa
po

ni
n

B L1 1.1 82 ± 2 0.23 105 ± 2 98 ± 5

L2 0.5 100 ± 1 0.11 113 ± 8 89 ± 2

L3 0.3 96 ± 10 0.06 98 ± 15 93 ± 6

1 Each result represents mean ± SD (n = 3). 2 Unspiked matrix initial analyte concentration 0.70 mg/L. 3 Unspiked
matrix initial analyte concentration 0.45 mg/L. 4 Analyte-free sample matrix. 5 Unspiked matrix initial analyte
concentration 0.55 mg/L. 6 Unspiked matrix initial analyte concentration 0.15 mg/L.

Oat protein concentrate ME on avenacoside A was 100%, and pea protein isolate ME
on saponin B was 110%. Avenacoside A and saponin B ME were 107% and 105% in the
oat drink and 105% and 102% in the pea drink, respectively. All measured ME were in the
optimal range between 90 and 110% [47].

The stock solution of U-13C-oat seed flour extract was analysed for purity. The un-
labelled avenacosides were not detected; thus, isotopically labelled avenacoside A was
regarded as fully labelled. The working solution of 13C-oat flour was added into the LC-MS
vial before the analysis to assess the quantity of analytes and take into account ME. More-
over, recovery experiments confirmed that the method could be used even with internal
standards added post-extraction.

Overall, the method has demonstrated acceptable validation performance in terms of
recovery, sensitivity, specificity, and precision, and could be characterised as robust and
effective and could potentially be applied in a high-throughput environment. Thus, the
developed sample extraction method and the LC-MS method are suitable tools for the
analysis of oat and pea saponins in different matrices, e.g., flours, protein concentrates and
isolates, mixed matrices, and liquid plant-based drinks.

3.4. Determined Concentrations of Saponins in Food Ingredients, Half- and End-Products

High sensitivity and reproducibility as well as very short analysis time make the de-
veloped method suitable for routine quality analysis of oat- and pea-based food ingredients
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and foods, as well as products containing oat and pea components. The results of saponin
contents in various samples are shown in Table 5.

Table 5. Contents of saponins in different food samples 1.

mg/100 g

Sample Avenacoside A Avenacoside B 2 26-desglucoavenacoside A 2 Saponin B DDMP Saponin 3

Oat protein concentrate 42.3 ± 3.0 33.8 ± 0.7 5.1 ± 0.2 n.a. n.a.
Whole-grain oat flour 23.4 ± 2.9 14.0 ± 1.5 <LOQ n.a. n.a.

Oat drink 4.6 ± 0.1 2.7 ± 0.2 <LOQ n.a. n.a.
Pea protein isolate n.a. n.a. n.a. 243.8 ± 6.2 10.8 ± 0.7

Pea protein concentrate n.a. n.a. n.a. 20.3 ± 1.6 107.6 ± 4.1
Pea flour n.a. n.a. n.a. 6.2 ± 0.4 61.1 ± 2.0
Pea drink n.a. n.a. n.a. 3.5 ± 0.2 <LOQ

Blend 4 13.5 ± 1.0 10.9 ± 0.3 1.3 ± 0.3 123.9 ± 6.3 27.1 ± 3.5
Extruded blend 4 10.6 ± 0.3 9.6 ± 0.9 1.1 ± 0.9 132.9 ± 12.4 11.4 ± 0.8

1 Each result represents mean ± SD (n = 3). 2 Equivalent of avenacoside A. 3 Equivalent of saponin B. n.a. Not
available in this sample matrix. 4 Blend: 52% pea protein isolate, 28% oat protein concentrate, and 20% pea
protein concentrate.

In whole-grain oat flour, the contents of avenacoside A, avenacoside B, and 26-
desglucoavenacoside A were 23.4 ± 2.9 mg/100 g, 14.0 ± 1.5 mg/100 g, and below LOQ,
respectively. According to previous research, the concentrations of avenacosides and their
ratios are different and depend largely on the variety of oats [9]. According to the lat-
ter study, the average avenacoside A content in oat grain in 16 analysed varieties was
36 ± 8 mg/100 g, avenacoside B content was in the range of 30 ± 4 mg/100 g, and 26-
desglucoavenacoside A was 2.4 ± 0.8 mg/100 g [9]. Indeed, the contents of avenacoside
A differed up to two-fold depending on the variety, and the ratios of avenacoside A to
avenacoside B varied from 0.9 to 1.7 [9]. According to Günther-Jordanland et al. (2020), ave-
nacoside A and avenacoside B content in oat flour has been reported to be 24.6 mg/100 g
and 21.9 mg/100 g, respectively [13]. Thus, the concentration of avenacosides in the whole-
grain oat flour determined in the present study is in a good correspondence with the results
reported before [9,13]. In oat protein concentrate (53% protein; Table S1), avenacoside
A content was 42.3 ± 3.0 mg/100 g, avenacoside B was 33.8 ± 0.7 mg/100 g, and 26-
desglucoavenacoside A was 5.1 ± 0.2 mg/100 g. According to specification (Table S1), this
product was manufactured from oat bran. Previous research has shown that the average
content of avenacoside A and avenacoside B in three analysed oat bran products was
26 ± 7 mg/100 g and 8 ± 2 mg/100 g, respectively [17], which is similar to concentrations
determined in the whole-grain flour in the current study. Thus, the increased content of
avenacosides in oat protein concentrate should be ascribed to the partial concentration
of the oat saponins together with the protein fraction during the production process of
oat protein concentrate. In an oat drink, avenacoside A content was 4.6 ± 0.1 mg/100 g,
avenacoside B was 2.7 ± 0.2 mg/100 g, and 26-desglucoavenacoside A was below LOQ. As
it was a commercial liquid product with low dry matter content, it resulted in an apparently
lower content of measured saponins. Nevertheless, according to specification (Table S1),
the product contains only 1% of protein and the oat base is the only protein source in the
oat drink. In this respect, considering the oat drink and, e.g., the whole-grain oat flour
(12.5% of protein), the ratio of avenacosides to protein is much higher in the oat drink. One
can suppose the considerable migration of saponins into the liquid phase when soaking
the oats during the initial step of oat drink manufacture.

In pea flour (17.9% protein; Table S1), saponin B content was 6.2 ± 0.4 mg/100 g and
relatively quantified DDMP saponin content was 61.1 ± 2.0 mg/100 g. In fact, our findings
are inconsistent with the results of Reim and Rohn (2015), who analysed saponin B and
DDMP saponin contents in hulls and peas in six different pea varieties using the HPTLC
method [32]. They reported that saponin content in peeled peas was 10 to 40 mg/100 g
of saponin B and 0 to 20 mg/100 g of DDMP saponin depending on pea variety [32].
Nonetheless, the present findings of high DDMP content in pea flour are comparable with
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the results of Heng et al. (2006): the DDMP saponin content varied from 70 to 150 mg/100 g
DM, whereas saponin B varied from 0 to 40 mg/100 g DM [19]. Our results confirm that
the DDMP saponin is the predominant naturally occurring saponin present in pea. The
high level of DDMP saponin in pea flour was observed in the current study most likely
because it has not been thermally treated and DDMP saponin has not been converted into
saponin B. In pea protein concentrate (46.9% protein; Table S1), the saponin B content
was 80.3 ± 1.6 mg/100 g and DDMP content was 107.6 ± 4.1 mg/100 g. Saponins are
found in the cotyledons and are often associated with the protein bodies of legumes [4].
Therefore, saponin accumulation in pea concentrate produced by dry milling and air
classification is evident [4], which is in accordance with at least twice higher levels of
saponins in pea protein concentrate compared to pea flour determined in our study. In pea
protein isolate (75% protein; Table S1), saponin B content was 243.8 ± 6.2 mg/100 g and
DDMP content was 10.8 ± 0.7 mg/100 g. These results show that protein wet extraction
and isoelectric precipitation, likely performed to achieve protein isolate, degrade unstable
DDMP saponin naturally occurring in peas into saponin B. In the pea drink, saponin B
content was 3.5 ± 0.2 mg/100 g and DDMP saponin was below LOQ. According to the
product specification (Table S1), it contains 2% of protein, and the only protein source is pea.
Although the exact production process of the pea drink is unknown, taking into account
the content of saponin B per 1 g of pea drink protein (1.75 mg), the probable pea protein
source should contain at least 175 mg of saponins (sum of saponin B and DDMP saponin,
as DDMP saponin is converted into saponin B during drink pasteurization) per 100 g of
pure pea protein.

To test the applicability of the developed method for simultaneous determination of oat
and pea saponins from one matrix, the blend of pea isolate, oat protein concentrate, and pea
protein concentrate was used. In addition, the part of the mixture was extruded according
to the previously published article [41]. Results show that avenacoside A, avenacoside
B, 26-desglucoavenacoside A, saponin B, and DDMP saponin content in the blend were
13.5 ± 1.0 mg/100 g, 10.9 ± 0.3 mg/100 g, 1.3 ± 0.3 mg/100 g, 123.9 ± 6.2 mg/100 g,
and 27.1 ± 3.5 mg/100 g, respectively. Considering that this blend was composed of
52% pea protein isolate, 28% oat protein concentrate, and 20% pea protein concentrate,
which were also analysed separately, the recoveries of avenacoside A, avenacoside B, 26-
desglucoavenacoside A, saponin B, and DDMP saponin were 114%, 115%, 90%, 95%, and
100%, respectively. In the extruded blend, avenacoside B and 26-desglucoavenacoside A
content did not change significantly, avenacoside A content decreased by 21%, and saponin
B content increased from 123.9 to 132.9 mg/100 g, which could potentially happen due to
DDMP saponin conversion into saponin B during extrusion cooking.

4. Conclusions

In conclusion, the HILIC-MS-based method for oat and pea matrices, with a relatively
simple extraction procedure for solid and liquid samples, allowing the simultaneous quan-
tification of avenacoside A and saponin B, and the relative quantification of avenacoside B,
26-desglucoavenacoside A, and DDMP saponin, was employed for analysis of saponins
in various food ingredients and products. Oat protein concentrate, pea protein isolate,
and oat- and pea-based drinks were chosen for development and validation of the sample
extraction methods. The optimised HILIC-MS method was able to absolutely quantify
avenacoside A and saponin B in the matrices; other compounds were quantified based on
existing standard compounds. The validation of the improved methods for both sample
types (solid and liquid) showed the acceptable linear range, LODs and LOQs, precisions,
recoveries, and MEs. Generally, an inter-day precision was below 20%. The accuracy
and the precision of quantification were achieved by using the labelled internal standard
(13C-avenacoside A) obtained from U-13C-labelled oat flour and with soyasaponin Ba as
internal standards. The content of saponins was measured in different plant-based oat
and pea products (ingredients, half- and end-products). This method could be potentially
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extended for other plant-based sample matrices, and the absolute quantification of all
analytes could be achieved if the missing saponin standards were to arrive on the market.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/foods12050991/s1. Description of solid sample extraction methods
(1A, 1B, 2A, 2B, and 2C) used during the method development; Table S1: Nutritional information of
analysed products; Figure S1: LC-MS chromatograms of oat and pea flours (SIR and ESI-). In oat flour:
avenacoside A, avenacoside B, 26-desglucoavenacoside A, and internal standard 13C-avenacoside A.
In pea flour: saponin B, DDMP saponin, and internal standard soyasaponin Ba; Figure S2: Saponin
yield in (a) oat and (b) pea matrices. The effect of sample clean-up: the pre-extraction of fat and
six post-extraction filtration possibilities. The results of avenacoside B are presented in equivalents
of avenacoside A mg/g and DDMP saponin in equivalents of saponin B mg/g; Table S2: The
effectiveness of ultrasonic bath extraction compared to reference extraction conditions using the tube
rotator (extraction yield 100%).
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Abstract: Butyric acid is a short-chain saturated fatty acid with four carbon atoms in its molecule. It
is unique to butter made from cow’s milk and is an indicator to evaluate the quality of butter and
milk products as stated in their ingredient labels. This study determined the milk fat content of butter
blends and blended milk products by analyzing the content of butyric acid prepared as derivatives
of methyl esters prior to injection into a gas chromatography flame ionization detector (GC–FID).
Results revealed that this method had specificity, a linear relationship for concentration in the range
of 0.04–1.60 mg/mL, a coefficient of determination (R2) > 0.999, an instrumental limit of detection
(LOD) and a limit of quantitative analysis (LOQ) at 0.01% and 0.10% of total fat, respectively, and an
instrumental working range of 0.10–3.60% of total fat. The results of a precision study using relative
standard deviation (RSD) was 1.3%, while an accuracy study using the spiking method showed %
recovery in the range of 98.2–101.9%. The method linearity range for milk fat analysis had a good
linear correlation in the range of 3–100% of total fat (R2 > 0.999). Results for method LOD and LOQ
were 1% and 3% of total fat, respectively. This method also had good precision (1.3% RSD) and
accuracy (99.6–100.1% recovery), which indicates reliability in terms of precision and accuracy. This
method, therefore, can be used to check claims about the quality of blended butter and blended milk
products to ensure consumer confidence in product quality.

Keywords: butyric acid; butter fat; butter blends; blended milk products; GC-FID

1. Introduction

Butyric acid is a clear, colorless liquid with a pungent odor, a boiling point of 163.5 ◦C,
and a chemical formula of CH3CH2CH2COOH or C4H8O2. Butyric acid is a type of
saturated fatty acid containing only four carbon molecules (short-chain fatty acid, C4:0).
These molecules occur naturally in the form of triglyceride compounds in the milk fat of
cows and other ruminants but not in animal adipose or vegetable fats [1], which makes
butyric acid an indicator or marker for milk fat blends [2].

Butter contains butyric acid at about 4% of total fatty acids [3]. It also contains up
to 400 other different fatty acids [3,4]. Butyric acid is used in food and pharmaceutical
industries as additives as well as in health foods. Studies report that butyric acid can
inhibit the growth of cancer cells and fight against the formation of atherosclerosis [5–8].
Consequently, butter has a higher nutritional value than other fats and is classified within
a group of important food products due to its nutritious nature, especially for infants,
children, working-age people, pregnant women, and the elderly [9–11].

Global demand for butter in dairy products has continued to increase [9,12] since it
is a component of many everyday foods, such as butter itself, blended butter, blended
milk products, cheese, chocolate, flavored milk, cream, dietary supplements, baked goods,
snacks, and other foods. Butter is also an important food trade item and, due to competition,
has been imitated by using vegetable oils and other fats (e.g., margarine) that are classified
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as non-milk fats or non-dairy fat products [13]. These products have lower nutritional
value, but their appearance is similar to butter. Moreover, their use in replacing real butter,
in part or in whole, may not be clearly stated in a food product’s ingredient label, which
can cause consumer confusion and misunderstanding. In addition, potential health risks
arise because these substitutes are more difficult to digest in terms of their fat compared to
butterfat products.

Producers and importers of blended butter and blended milk products [13] in countries
such as the United States, New Zealand, Japan, the People’s Republic of China, and the
European Union (EU) have recognized the problem of unfair trade competition in the price
and quality of blended butter and blended milk products [14]. The International Food
Standards Program, Codex Stan 256-2007, requires disclosure of ingredients, including those
of butterfat products, on food product ingredient labels to make it clearer for consumers
and reduce potential economic disadvantages. Consequently, each country has developed
analytical methods for quality inspection.

A variety of methods exist to determine butyric acid and fat content that differ in terms of
chemical use, materials, procedures, and experimental conditions of the methods, and the tools
used for analysis. Analyzing butyric acid and fat content using a gas chromatography flame
ionization detector (GC-FID) is the preferred method for laboratory testing [1,3–5,8,9,15–18],
with most laboratories using it in a general laboratory setting [18]. Use of advanced in-
strumentation for butyric acid analysis, such as LC-APCI-MS/MS [17], high-resolution
gas–liquid chromatograph (HR-GLC) [16], and Carbon-13 nuclear magnetic resonance
(13C NMR spectroscopy), also have been reported [8]. Results using these instruments
have relied on additional indicators other than butyric acid, such as triacylglycerols
(TAGs, TGs). However, results have not been significantly different between GC-FID
and advanced instrumentation.

As a producer and importer of blended butter and blended milk products, Thailand
has taken steps to prevent the imitation of food products through the Thai Notification
of the Ministry of Public Health (No. 348), B.E. 2555 Re: Margarine, blended butter,
margarine products, and mixed milk products [19]. This Notification is based on the
CODEX Alimentarius international food standards (CXS 256-2007 Standard for fat spreads
and blended spreads [20]). It states that the quality of margarine and margarine products
(fat spreads) must have milk fat not exceeding 3% of the total fat content and have a total
fat content of 80–90% and 10–80% by weight, respectively. Blended butter and blended
fat spreads must have a milk fat content of more than 3% of total fat and have a total fat
content of 80–90% for blended butter and 10%, but less than 80% for blended fat spreads.

Milk fat content is an important indicator for butter blends and blended milk products
with different fat contents depending on the type of product. Consequently, this present
study centered on developing a method to determine fat content by analyzing butyric acid
content from a butyric acid standard solution and a butter fat standard solution by adding
valeric acid (internal standard) and preparing all solutions as a derivative of methyl ester.
The reaction esterification allows easy vaporization of these fatty acids and is suitable for
GC-FID analysis. The fat content is then analyzed by analogy with the content of butyric
acid analyzed by standard curves. To our knowledge, the results of this new research
concept have not been published previously. In addition, method validation of the new
method was determined. This study’s output is to support the country’s laboratory mission
to monitor the quality of fat in butter blends and blended milk products in order to facilitate
consumer protection, prevent the adulteration of milk fat, and reduce potential damage to
the country’s population and economy.

2. Materials and Methods

2.1. Standards and Chemicals

Butyric acid (C4H8O2, purity ≥ 99.6%) and valeric acid (C5H10O2, purity ≥ 99.9%) were
purchased from Sigma-Aldrich®, Switzerland. Anhydrous Milk Fat (AMF, purity ≥ 99.95%)
was purchased from Fonterra®, New Zealand. Petroleum ether (40–60 ◦C), methanol,
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n-heptane, sodium hydroxide, anhydrous sodium sulfate, and sodium chloride were
analytical grade from RCI Labscan®, Thailand. Boron trifluoride-methanol (20% solution
in methanol) was obtained from Merck®, Germany.

2.2. Instruments and Allied Equipment

Gas chromatography (GC, Perkin Elmer Clarus 600, Flame Ionization Detector [FID])
was used in this study. The analytical capillary column was SPTM 2330 (30 m, 0.25 mm
id, 0.2 μm film thickness). The GC condition for injection was: automatic liquid sampler
injector, split mode 10:1, temperature set at 260 ◦C, and injection volume 1 μL. Oven
temperature was programmed at initial 40 ◦C, held for 5 min, ramp rate 10 ◦C/min to
230 ◦C, and held for 3 min. Detector temperature was set at 260 ◦C with H2 flow rate of
45 mL/min and air zero flow rate of 450 mL/min, which was used to ignite the vapor to
ionization. Carrier gas (He) was set at velocity of 20 cm/sec. Analysis time required for all
separation stages was about 27 min.

Before analysis, a system suitability test was performed by injection, at 5 repetitions,
using a standard solution (butyric acid, C4) and internal standard (valeric acid, C5) by
preparing derivatives of methyl ester at a concentration of 0.40 mg/mL. Percentage relative
standard deviation (%RSD) of retention time (RT) and peak area were calculated with
acceptance criteria at RSD ≤ 1% and ≤ 2.5%, respectively.

2.3. Preparation of Standard Solutions

An internal standard solution (0.4 mg/mL) was prepared by weighing 100 mg of
valeric acid, dissolving, and then adjusting by volume with methanol to 250 mL. A stock
standard solution (2 mg/mL) was prepared by weighing 100 mg of butyric acid, dissolving,
and then adjusting by volume with methanol to 50 mL. Working standard solutions at
different concentrations (0.04, 0.08, 0.40, 0.80, 1.20, and 1.60 mg/mL) were prepared to
create a matrix calibration curve by pipetting stock standard solution (2 mg/mL) at 0.1,
0.2, 1, 2, 3, and 4 mL, respectively, into flasks containing 0.2 g of palm oil (matrix blank). A
standard solution of valeric acid (0.4 mg/mL) was pipetted (5 mL) into each flask to obtain
a final concentration of 0.4 mg/mL.

Milk fat standard solutions were prepared at 8 concentrations (3, 5, 10, 20, 40, 60, 80,
and 100% of total fat) to analyze butyric acid content and create a standard curve. They
were prepared by weighing a standard substance (butter fat or anhydrous milk fat, AMF)
mixed with palm oil to concentrations of butter fat at 3, 5, 10, 20, 40, 60, 80, and 100% of
total fat. The prepared solution (0.2 g) and standard valeric acid solution (0.4 mg/mL,
5 mL) were added into each flask to a final concentration of 0.4 mg/mL.

2.4. Sample Preparation

Butter blends and blended milk products were randomly purchased from department
stores (2–3 containers) to represent a total sample of approximately 200–300 g. They were
mixed thoroughly, taking care in terms of liquid separation. The reserved samples were
stored in a refrigerated compartment at 2–8 ◦C. To prepare each sample, fat was extracted
from the sample by weighing 2 g of the prepared sample in a centrifuge tube (50 mL
polypropylene) according to the standard method (ISO 17189/IDF 194, 2003: Butter, edible
oil emulsions and spreadable fats—Determination of fat content [Reference method] [21]).
Petroleum ether (20 mL) was added, mixed well with a vortex mixer, and shaken by hand
for 1–2 min. Each sample was centrifuged at 3000 rpm for 5 min, after which the clear
solution was poured into a beaker and evaporated in a water bath. The extraction processes
were performed 2–3 times. The combined extracted fat was evaporated by blowing with N2
before drying in a hot air oven at 102 ± 2 ◦C for 2 h (to evaporate the residual moisture) and
weighing to a constant weight (dried another 1 h in a hot air oven, weight difference less
than 0.002 g). The lower weight value was used to calculate the amount of extracted fat.

Method blank was analyzed according to the above method without samples added.
Matrix blank (palm oil) was also analyzed using all chemicals and processes. Due to the
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major constituents of both palm oil and butter being triglycerides of oil or fat, the analysis of
butyric acid in the sample was analyzed only for oil/fat extraction. The prepared solutions
were injected into the GC-FID machine to check for interferences. If the chromatogram had
no interference peaks (only the peaks of butyric acid and valeric acid), the palm oil samples
were used as matrix blanks for further testing of the method’s accuracy.

2.5. Analytical Method and Method Validation

To analyze butyric acid content, the extracted fat (0.2000–0.2005 g) was weighed into
a 50 mL flat bottom flask. The standard solution of valeric acid (0.4 mg/mL) was added
at 5 mL and then 4 mL of 0.5 N NaOH in methanol. The solution was connected to a
condenser and refluxed for 8 min. Boron trifluoride-methanol (5 mL) was added via the
condenser and boiled for 2 min. Organic solvent (n-heptane, 5 mL) was added via the
condenser and boiled for 1 min. The flask was removed from the condenser, and 15 mL
of saturated sodium chloride was added. The stopper was closed and shaken vigorously
for approximately 15 sec. The saturated sodium chloride was continuously added until
the n-heptane layer formed at the neck of the flask. The n-heptane layer, at approximately
2–3 mL, was transferred via a dropper into a test tube containing approximately 2 g of
anhydrous sodium sulfate. This solution was mixed with a vortex mixer and left to stand
for 5–10 min. The clear solution was then transferred into a vial and injected into the
GC-FID for butyric acid determination.

Butyric acid analysis was performed in standard solution, butyric acid (working
standard solution 6 concentrations), milk fat standard solution (8 concentrations), and
sample solution according to Equation (1) below. Milk fat content was determined by
creating a standard graph relationship between butyric acid content (percent of total fat,
y-axis) and fat content (percent of total fat, x-axis) and then calculating the fat content from
the linear equation according to Equation (2) below.

Butyric acid content (% of total fat) =
CS × VS

W × 10
(1)

where CS is the amount of butyric acid in the solution obtained from the standard curve
(mg/mL); W is the weight of the extracted fat (g); VS is the volume of the solution in the
n-heptane layer (5 mL)

Milk fat content (% of total fat) =
y − b

m
(2)

From a standard calibration graph, the relationship between butyric acid content (%
of total fat) and fat content (% of total fat) is shown in linear equation as y = mx + b, where
y is the amount of butyric acid (% of total fat), b is intercept, m is slope.

The linearity and working range of the method were assessed using standard butyric
acid (working standard solution) at 6 concentration levels: 0.04, 0.08, 0.40, 0.80, 1.20, and
1.60 mg/mL. Each concentration was analyzed 3 times. Standard calibration curve was
created between the peak area ratio of butyric acid and valeric acid and the butyric acid
concentration. The determination of coefficient (R2) was calculated using the concentration
at 8 levels (3, 5, 10, 20, 40, 60, 80, and 100% of total fat). Each concentration was analyzed
3 times. The determination of coefficient (R2) calculated the relationship between the
amount of butyric acid (% of total fat) and milk fat content (% of total fat).

Limit of detection (LOD) and limit of quantitation (LOQ) of butyric acid content
analysis were evaluated by adding the lowest concentration of standard butyric acid into a
matrix blank and analyzed for 10 repetitions. LOD and LOQ were calculated from 3 times
and 10 times of the standard deviation (SD), respectively. The accuracy and reliability of
the LOQ value of both butyric acid and milk fat were verified by analyzing 10 times of
LOQ concentration. The percentage of recovery (demonstrate accuracy) and the relative
standard deviation (demonstrate precision) were assessed.

118



Foods 2022, 11, 3606

Accuracy and precision tests were performed with standard butyric acid at concen-
trations of 0.1, 0.8, 1.5, 2.2, 2.9, and 3.6% of total fat. Each concentration was analyzed for
10 repetitions and calculated in terms of the % recovery and the relative standard deviation
of each concentration. The acceptance criteria for accuracy (% recovery) was 95–105%, and
the acceptance criteria for precision using Horwitz’s equation. For milk fat at the concentra-
tions of 3, 5, 10, 20, 40, 60, 80, and 100% of total fat, the acceptance criteria for accuracy (%
recovery) was 98–102%, and the acceptance criteria for precision using Horwitz’s equation.
For intermediate precision (analysis between days) study, blended milk products were
analyzed twice a day for 10 days, and results were calculated using Analysis of variance
(ANOVA) [22] as an output shown in Table 1. The intermediate precision (SI) is calculated
from Equation (3).

SI =
√

S2
r + S2

between (3)

where Sr =
√

MSw, Sbetween=
√

MSb−MSw
n , MSb = mean square of between-group standard

deviation, MSw = mean square of within-group standard deviation.

Table 1. One-way ANOVA output table, as example.

Source of
Variations

Sum of Squares
(SS)

ν
Mean Square

(MS)
p Fcrit

Between
groups SSb p−1 MSb = SSb/(p−1) MSb/MSw

Within
groups

(residuals)
SSw N−p MSw = SSw/(Np)

Total SStot = SSb + SSw N−1

Measurement uncertainty of the analytical method was estimated according to the
Eurachem/CITAC guideline [23] by taking into account all uncertainty sources. The
expanded uncertainty was reported at the 95% confidence level (coverage factor, k = 2).

3. Results

For the specificity of the method, the peak methyl ester of butyric acid (C4) and valeric
acid (C5) in blended milk products were well-separated and showed symmetrical peaks,
as in Figure 1. The retention times (Rt) of these two compounds were 5.07 and 7.26 min,
respectively. No other fatty acid peaks were found to interfere with the interested peaks of
samples.

C4 C5 

Figure 1. Chromatogram of butyric acid (C4) and valeric acid (C5) methyl esters in blended fat
spreads analyzed by GC-FID.

For linearity and analytical range of the standard solution, all concentrations of butyric
acid (0.04, 0.08, 0.40, 0.80, 1.20, and 1.6 0 mg/mL) provided a good relationship between
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the peak area ratio of butyric acid and valeric acid (C4/C5 ratio) and the concentration
(Figure 2). A coefficient of determination (R2) was 0.9995, which was confirmed by the
residual plot. The linearity for milk fat standard solutions at 3, 5, 10, 20, 40, 60, 80, and
100% of total fat was obtained (Figure 3). A standard calibration graph showed a good
relationship between the concentration of butyric acid and the concentration of milk fat,
with an R2 of 0.9993.
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Figure 2. The standard calibration graph shows the relationship between the peak area ratio of
butyric acid and valeric acid and the butyric acid concentration.
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Figure 3. The standard calibration graph shows the relationship between butyric acid concentration
and milk fat content.

For the detection limit with a peak signal higher than that of signal to noise at three
times, the limit of detection (LOD) for butyric acid was 0.01% of total fat and for milk fat
was 1% of total fat. The limit of quantitative (LOQ) of butyric acid was 0.1% of total fat,
and milk fat was 3% of total fat. The % recovery of butyric acid at concentrations of 0.1, 0.8,
1.5, 2.2, 2.9, and 3.6% of total fat was in the range of 98.2–101.9%, which met the AOAC
standard guideline (97–103%) [24]. For the precision study assessing % RSDr, the range
was 0.70–1.33%, as shown in Table 2. For milk fat fraction at concentrations 3, 5, 10, 20, 40,
60, 80, and 100% of total fat, the % recovery of all eight concentrations was in the range of
99.6–100.1%, which met the AOAC standard guideline (98–102%) [24] as shown in Table 2.
The precision was in the range of 0.71–1.31% RSDr.
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Table 2. Recovery study of butyric acid and milk fat content (n = 10).

Standard
Concentration (% of

Total Fat)
% Recovery
(Min–Max)

Mean ± SD

Butyric acid 0.1 98.22–101.89 99.91 ± 1.24
0.8 98.49–101.51 99.81 ± 0.98
1.5 98.25–101.40 99.80 ± 0.95
2.2 98.56–101.68 100.13 ± 1.02
2.9 98.97–101.03 100.12 ± 0.70
3.6 98.89–101.72 100.02 ± 0.94

Milk fat 3 98.13–101.90 99.77 ± 1.31
5 98.00–102.08 99.55 ± 1.23
10 98.11–101.43 99.81 ± 1.14
20 98.60–101.51 99.82 ± 0.97
40 98.32–101.40 99.78 ± 1.02
60 98.56–101.68 100.13 ± 1.02
80 98.97–101.03 100.09 ± 0.71

100 98.89–101.72 100.02 ± 0.94

For intermediate precision (SI) from control sample analysis, two examples of mixed
milk products with a concentration of butyric acid at 0.17 and 1.46% of total fat analyzed
twice a day on 10 different days were analyzed by using one-way ANOVA statistic [22]. The
results of the SI value presented as %RSD were 4.38 and 2.03%, respectively, which passed
the acceptance criteria of the AOAC standard guideline [24] for reliability (Horwitz’s ratio;
HORRAT < 2 and p-value > 0.05). This result indicated no significant difference between
the two samples, as shown in Table 3a–c.

Table 3. (a). Results of butyric acid in milk products, analysis on different days, twice a day for
10 days. (b). Results of intermediate precision (SI) of butyric acid in sample 1 assessed by one-
way ANOVA. (c). Results of intermediate precision (SI) of butyric acid in sample 2 assessed by
one-way ANOVA.

a

Date Example 1 (g/100 g Fat) Example 2 (g/100 g Fat)

Replicate 1 Replicate 2 Replicate 1 Replicate 2

1 0.165 0.162 1.494 1.455
2 0.184 0.173 1.435 1.438
3 0.171 0.165 1.469 1.542
4 0.169 0.185 1.406 1.399
5 0.172 0.168 1.432 1.427
6 0.185 0.178 1.420 1.455
7 0.153 0.167 1.514 1.470
8 0.175 0.182 1.458 1.503
9 0.163 0.157 1.434 1.478

10 0.186 0.170 1.511 1.465

b

Source of
Variation

SS df MS F p-value
F

Critical
SI

Between Groups 0.0012 9 0.00013 2.663 0.0715 3.020 0.0074
Within Groups 0.0005 10 0.00005

Total 0.0017 19
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Table 3. Cont.

c

Source of
Variation

SS df MS F p-value
F

Critical
SI

Between Groups 0.0196 9 0.00218 2.699 0.0689 3.020 0.0296
Within Groups 0.0081 10 0.00081

Total 0.0277 19

All sources of measurement uncertainty were included for estimating measurement
uncertainty; for instance, repeatability of measurement, uncertainties due to calibration
curve, analytical balances, volumetric flask, pipettes, and purity of standards. They were
calculated into combined uncertainty (uc) and expanded uncertainty (U) at a 95% confidence
level (k = 2). For example, the measurement uncertainty of butyric acid at 0.69% of total fat
was 0.06% of total fat, and for milk fat, at 20% it was 2% of total fat (Table 4).

Table 4. Estimation of measurement uncertainty of butyric acid and milk fat in butter blends.

Components Value, xi Unit u(xi) u(xi)/xi Contribution (%) 
Standard:      
- Pstd (purity) (butyric acid, C4) 99.6 % 0.11547 0.00116 1.61 
- Wstd (weight) (butyric acid 0.100 g 0.00021 0.00212  
- Wstd (weight) (valeric acid, C5) 0.100 g 0.00021 0.00212 4.17 
- Wstd (weight) (butter, MF) 25 × 7 g 0.00056 0.000003  
Volume:      
- VC4 (final volume) 50 mL 0.11815 0.00236  
- VC4 (pipette, std. curve) 0.1 mL 0.00025 0.00254  
- VC4 (pipette, std. curve) 0.2 mL 0.00047 0.00237  
- VC4 (pipette, std. curve) 1 mL 0.00592 0.00592  
- VC4 (pipette, std. curve) 2 mL 0.00714 0.00357 12.95 
- VC4 (pipette, std. curve) 3 mL 0.00881 0.00294  
- VC4 (pipette, std. curve) 4 mL 0.01072 0.00268  
- VC5 (final volume) 250 mL 0.58222 0.00233  
- VC5 (pipette, 5 mL) 5 × 18 mL 0.05416 0.00060  
Sample:      
- Ws (weight) (Blends) 2.0082 g 0.000212 0.000106  
- Wfat (weight) (Fat) 0.4016 g 0.000300 0.000747 6.39 
- Wfat (weight) (Fat) 0.2000 g 0.000900 0.004500 
- VS (pipette, 5 mL) 5 × 18 mL 0.054160 0.000602  
C0 from calibration curve 0.2762 mg/mL 0.01233 0.044635 62.01 
Precision (% RSD) * 100 % 0.92645 0.009264 12.87 

Combined standard uncertainty (uc/c) = 0.04569 (c = 0.68926 g/100 g) 
Standard uncertainty (uc) = 0.03 g/100 g 

Expanded uncertainty (U), k = 2 = 0.06 g/100 g 

* % RSD was obtained from method validation (maximum RSD, 1.31%, standard uncertainty divided by 1.414).

4. Discussion

The analytical method based on ISO 17678/IDF 202: 2010 (milk and milk products–
determination of milk fat purity by gas chromatographic analysis of triglycerides, reference
method) [25] analyzes milk fat purity through the analysis of triglycerides. However, milk
fat contains up to 400 different types of fatty acids and has more than 50 atoms of carbon,
which leads to a complicated method for determining milk fat. Analysts must be highly
skilled in analyzing data and interpreting results correctly, making this method difficult in
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practice and analytically time-consuming. The International Food Standard, Codex Stan
256-2007 [20] (standard for fat spreads and blended spreads) recommends the AOAC official
method (990.27: butyric acid in fats containing milk fat) [26] using gas chromatography
flame ionization detector (GC-FID) for measurement. However, using a glass column
for the analysis of butyric acid limits this method due to separation difficulties and a
long conditioning time. To improve the separation efficiency of butyric acid and solvent
peaks, adding % H3PO4 acid must be applied, which adversely affects peak symmetry
and leads to instability. This method also has limitations in terms of milk fat analysis.
Consequently, this present study aimed to address these issues through the analysis of both
butyric acid and milk fat in butter blends and blended milk products. This new method
could make laboratory analysis easier, faster, more efficient and accurate, and achieve more
reliable results.

Extraction of butyric acid from total fats by method ISO 17189/IDF 194:2003 (But-
ter, edible oil emulsions, and spreadable fats—determination of fat content, Reference
method) [21] provided only fats without nutrients and other substances. The fat extraction
of this method was not fully validated. To improve accuracy and precision, this present
study’s method used valeric acid as an internal standard for the analysis of butyric acid
by GC-FID. Valeric acid had similar properties to the analyzed substance, provided a
symmetry peak, clearly separated, and was stable, which can reduce variation and errors in
the results. Some previous studies also chose valeric acid as the internal standard. Methyl
esterification of butyric and valeric acids to methyl butyrate and methyl valerate provided
efficiency of detection, no interference, and were well-separated with suitable retention
times (5 and 7 min, respectively). In using palm oil as a matrix blank to prepare the work-
ing standard solution and milk fat standard solution, neither butyric acid nor valeric acid
was found. All parameters of method validation of butyric acid content were performed
according to the Eurachem Guideline [22] and Generation Accreditation Guidance [27].
Results showed that the developed method had a specificity and linearity test range from
0.04 to 1.60 mg/mL, which was sufficient for the analysis of samples. There was linearity
in the standard calibration graph with the value of R2 0.9995, a good limit of detection,
and detection of quantitation. The results of this method also provided good precision
and accuracy. Internal quality control using a control sample for analysis of each set of
analyses provided good results. This method also participated in an external quality control
(proficiency testing) program in Thailand, which achieved satisfactory results (|z| ≤ 2).

The analysis of milk fat content in blended milk fat using the results of butyric acid
at each milk fat concentration led to a straight line in the calibration curve (calculate the
value of the variable X or the fat content from the linear equation y = mx + b). This
technique reduced the discrepancy of the result by more than one point on the average
or representative value of the butyric acid content [14]. Results of the accuracy test for
milk fat content revealed linearity (R2 0.9993) with concentration ranging from 3% to
100% of total fat. The LOD and LOQ of milk fat were 1% and 3% of total fat, respectively,
which is comparable to the CODEX STAN 256-2007 standard and conforms to the Thai
Notification of the Ministry of Public Health (No. 348, B.E. 2555) [19] (Re: Margarine,
blended butter, margarine products, and blended milk products) which states that milk fat
must contain more than 3% of the total fat. For accuracy and precision tests, the developed
method analyzed milk fat between 3 to 100% of total fat; acceptable recovery was achieved
(99.6–100.1%) as well as acceptable precision (relative standard deviation of repeatability,
RSDr = 0.71–1.31%).

An assessment of the measurement uncertainty (MU) of the developed method was
calculated from all sources of uncertainty, which can fulfill the requirements of international
standard of testing laboratories ISO/IEC 17025: 2017 (Topic 5.4.6.2, the laboratory shall
at least attempt to identify all the components of uncertainty and make a reasonable
estimation). This method also provided measurement traceability to the SI unit and
unbroken chain. Based on the butyric acid content at a concentration of 0.69% of total fat,
the MU was reported at 0.06% of total fat (at a 95% confidence level) with 8.7% relative
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uncertainty, which met the criteria for consideration [28] which is less than two times of
the predicted Horwitz’s relative standard deviation of reproducibility (RSDR). For the
milk fat in blended milk at a concentration of 20.0% of total fat, the MU was 2% of total
fat with 8.7% relative uncertainty. Considering all sources of measurement uncertainty,
the source of uncertainty due to the calibration curve (C0) was a major part of the MU (up
to 62%). The sources of uncertainty from repeatability (precision) and the volume were
approximately the same percentage (about 13%). For the reduction of relative uncertainty of
measurements, all three sources of uncertainty could be considered and reduced, especially
uncertainty due to the calibration curve.

GC-FID is one of the instruments used in most analytical laboratories. The cost of
a machine, running cost, and maintenance are approximately 8–10 times cheaper than
high-technology instruments such as high-resolution gas–liquid chromatography (HR-GC)
or gas chromatography–mass spectrometry. In this study, the analytical results of butyric
acid showed no significant difference between GC-FID and HR-GC. A study by Joachim
and Dietz [15] analyzed milk fat using the mean value of C4 content as a substitute for the
milk fat calculation in the mixed fat sample that showed a relatively high error (± 10%).
The result from actual C4 content showed a decrease in error (± 4%) at milk fat contents
of 60% and 25%, and also did not study at a low amount of milk fat. In this study, the
developed method determined the milk fat content from the actual milk fat contents as a
calibration curve to control the tolerance to cover the milk fat content ranging from 3% to
100% of total fat. This method presented an error of less than 2% and can also analyze milk
fat content as low as 3% that is consistent with or compatible with the CXS 256-2007 [20]
benchmark with a milk fat content LOQ of 3%. Therefore, this study demonstrated the
capability of GC-FID to analyze butyric acid and milk fat in butter blends and blended milk
products with reliable results.

5. Conclusions

Development and method validation of butyric acid and milk fat analysis in butter
blends and blended fat spreads by GC-FID is essential for laboratories that must conduct
analyses for food production, quality control during production, and inspection tasks
for the import and export of these food products. Due to incidents of food fraud and
adulteration in both the quality of products and the prices of butter blends and blended
milk products, the reliable measurement of butyric acid and milk fat is essential for all
related stakeholders. This study demonstrated that the developed method provided reliable
results according to international guidelines in terms of good specificity, linearity, LOD,
LOQ, precision, accuracy, and measurement uncertainty. This method can also be used
to analyze samples of other dairy products, such as butter, cheese, cream, and other fat
products like margarine and margarine products. The outcome of this study could directly
affect a country’s economy and mediate harmful effects on consumer health.
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Abstract: Raw milk adulteration with cheese whey is a major problem that affects the dairy industry.
The objective of this work was to evaluate the adulteration of raw milk with the cheese whey obtained
from the coagulation process, with chymosin enzyme using casein glycomacropeptide (cGMP) as
an HPLC marker. Milk proteins were precipitated with 24% TCA; with the supernatant obtained,
a calibration curve was established by mixing raw milk and whey in different percentages, which
were passed through a KW-802.5 Shodex molecular exclusion column. A reference signal, with a
retention time of 10.8 min, was obtained for each of the different percentages of cheese whey; the
higher the concentration, the higher the peak. Data analysis was adjusted to a linear regression model,
with an R2 of 0.9984 and equation to predict dependent variable (cheese whey percentage in milk)
values. The chromatography sample was collected and analyzed by three tests: a cGMP standard
HPLC analysis, MALDI-TOF spectrometry, and immunochromatography assay. The results of these
three tests confirmed the presence of the cGMP monomer in adulterated samples with whey, which
was obtained from chymosin enzymatic coagulation. As a contribution to food safety, the molecular
exclusion chromatography technique presented is reliable, easy to implement in a laboratory, and
inexpensive, compared with other methodologies, such as electrophoresis, immunochromatography,
and HPLC-MS, thus allowing for the routine quality control of milk, an important product in
human nutrition.

Keywords: casein glycomacropeptide; adulteration; raw milk; whey; HPLC

1. Introduction

Milk of animal origin is a highly nutritional food, with 3.5% protein, 3% to 4% fat,
and 5% lactose. It is an important product of the human diet, due to its essential nutrients,
such as calcium, magnesium, selenium, riboflavin, vitamin B12, and pantothenic acid [1].
Statistics from the Food and Agricultural Organization of the United Nations (FAO) reveal
Colombia is among the foremost milk producers in Latin America, with an annual volume
of 6900 L. According to the Colombian Ministry of Agriculture, milk production represents
12% of agricultural gross domestic product (GDP) and generates 20% of farming jobs, where
the cost of milk production per liter is around 0.25 US dollars. At the national level, the
dairy sector averages contribute 1.5% of the total GDP, where 1.1% corresponds to milk
production, with the remaining 0.4% corresponding to dairy products [1,2].

There are different types of food fraud, such as perception, adulteration, artificial
enhancement, counterfeiting misuse of undeclared-unapproved or prohibited biocides,
misrepresentation of nutritional content, fraudulent labeling, or removal of authentic
constituents, etc.). This type of food fraud seeks financial gain for food manufacturers,
retailers, or importers, which is of concern in the production of food and beverages,
including milk [3]. In developing countries, milk is usually adulterated with formaldehyde,
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rice flour, glucose, water, turmeric, whey, cane sugar, neutralizers (caustic soda, caustic
potash, sodium carbonate, lime water, etc.), and sodium and potassium nitrates [3]. In
Colombia, influenced by the high demand for milk, the dairy industry faces the adulteration
of milk with whey, altering its physicochemical properties and food quality. Reports of
the indiscriminate use of whey protein indicate that, in high doses, or taken for prolonged
periods, they can have detrimental effects on the body (stomach pain, cramps, reduced
appetite, nausea, sore throat, headache, fatigue, acne, kidney and liver damage, and altered
microbiota), that are aggravated by sedentary habits. Furthermore, from a nutritional point
of view, it is strange to consume whey protein, and there is no natural equivalent [4,5].
These alterations in raw milk cannot be detected by the routine analyzes used in the
dairy industry (pH, cryoscopy, total protein, total solids, specific gravity, etc.) [6], which
particularly affects suppliers, distributors, and final consumers.

There are two methods to coagulate milk: one by lactic or acid coagulation and the
other by enzymatic coagulation. In the first method, the caseins coagulate, due to a change
in the milk pH (isoelectric point), depending on the amount of acid produced by lactic
bacteria or directly added. The curd is partially demineralized, porous, disintegrable, and
not very contractile. The second method uses enzymatic coagulation, where enzymatic
proteolysis is carried out by chymosin or rennet. The curd obtained is highly mineralized,
compact, flexible, contractile, elastic, and waterproof. Other available coagulants from
animal, plant, or microbial sources are used less frequently, due to changes in the manu-
facturing method, costs, and finished product [7]. In Colombia, the dairy industry mainly
uses enzymatic coagulation (chymosin). However, in the coastal region of the country, acid
coagulation is very common [8].

During cheese manufacturing, the κ-casein protein present in milk is hydrolyzed
by the rennet enzyme acting on the phenylalanine 105-Methionine 106 peptide bond,
resulting in two fractions: a solid para-κ-casein fraction (cheese curd) and liquid casein
glycomacropeptide (cGMP) fraction. In other words, the milk separates into the liquid
whey from a solid curd. Furthermore, GMP in the liquid fraction shows a particular
chemical structure with 64 amino acids, in which some threonine residues are attached to
short carbohydrate chains, known as O-glycosidic bonds. Moreover, it is hydrophilic and
remains in suspension in the whey fraction, while the remaining section (para-k-casein)
precipitates to form cheese. In general, in bovine milk, cGMP should be present in very
low concentrations, which allows it to be used as a marker of milk adulteration, since it is
only found in whey in high concentrations. In cheese manufacturing, during the hydrolysis
process, the cGMP released by casein is almost ten times higher than the cGMP present in
cow’s milk [4].

In Colombia, the milk industry is regulated by Decree 616 of 2006, stating the con-
ditions that milk must comply with for human consumption, processing, transporting,
bottling, commercialization, exporting, or importing to the country. In this decree, milk and
dairy products have been considered priority foods for public health, so they must meet
several requirements for consumption. Additionally, article 14 lists all the prohibitions,
including adding whey to milk at any stage of the production chain. Although it is illegal to
add cheese whey to milk, Colombia does not currently have a method to detect its addition,
according to the standard [9].

Several methods are currently available for isolating and quantifying cGMP from
cheese whey, such as protein precipitation with trichloroacetic acid (TCA) or ethyl alcohol.
In addition, chromatographic techniques, such as molecular exclusion chromatography,
affinity chromatography (AC), hydrophobic interaction chromatography (HIC), and ion ex-
change chromatography (IEC), can be used to separate and quantify cGMP. Other methods
used for identification and quantification are colorimetric and fluorometric analysis, im-
munological methods (Elisa), western blot, immunochromatographic assay, polyacrylamide
gel electrophoresis (SDS-PAGE), and biosensors. However, chromatographic techniques
are preferred because of their accuracy, replicability, and repeatability [4,10–15].
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The objective of this research is to present the molecular exclusion chromatography
technique as a tool to detect milk adulteration with cheese whey, using whey from enzy-
matic coagulation of milk with chymosin as a natural standard and cGMP as a marker. The
good results obtained will make it possible to generate milk quality control and regulate
these control mechanisms at the governmental level. This fast, simple, accurate, and re-
liable technique allows us to determine the quality of milk and its derivatives, so it can
be implemented by governmental and non-governmental entities (dairy industry) and
contribute to improving the quality of a basic product in human nutrition.

2. Materials and Methods

2.1. Materials and Chemicals

Trichloroacetic acid, monopotassium phosphate, and dipotassium phosphate were
purchased from Loba Chemie Pvt (Mumbai, India). Sodium sulfate was obtained from
Schaurlau (Barcelona, Spain). Deionized water was purified using a Milli-Q system (Mil-
lipore; Bedford, MA, USA). Rennet (chymosin) enzyme was supplied by the CAL Group
(Bogota, Colombia). A cGMP pattern was acquired from Sigma-Aldrich (St. Louis, MO,
USA. An immunochromatographic test for casein glycomacropeptide detection in milk
(Stick cGMP) was acquired from Operon (Zaragoza, Spain).

2.2. Sweet Cow Whey Production as a by Prooffrom Enzymatic Coagulation with Chymosin

Raw cow’s milk samples were obtained from a dairy farm in Cundinamarca, Colombia.
Samples were collected in clean containers, maintaining the cold chain during transport
and storage until use. Sweet whey was prepared by adding 0.12 mg of commercial chy-
mosin/liter of raw milk (following the manufacturer’s specifications). Samples were heated
to 36 ◦C and incubated for 45 min until curdled. The whey (liquid cheese residue or super-
natant) was then centrifuged at 4000 rpm for 10 min at 4 ◦C and filtered through Whatman
No. 1 paper. The whey was bottled and stored at 4 ◦C ± 2 ◦C until use.

2.3. Adulterated Milk Sample Preparation with Sweet Whey

Adulterated milk samples were prepared by mixing raw milk with whey obtained by
enzymatic coagulation in the following percentages (% m/m (50 g of base as maximum
established weight): 0% (fresh unadulterated milk), 2.5% (48.75 mL of adulterated milk
with 1.25 mL of whey), 5%, 7.5%, 10%, and 12.5%. Milk and whey were mixed gently for
1 min and stored at 4 ◦C for 3 h. Subsequently, the majority of proteins were precipitated
with 24% (w/v, aqueous) trichloroacetic acid (TCA) under constant agitation. After one
hour, the mixture was centrifuged at 3500 rpm for 15 min at 4 ◦C. The supernatant was
completely removed from the curd (precipitate) and filtered through a 0.22 μm membrane.
The filtered samples were stored at 4 ◦C, until HPLC analysis was performed, following
the methodology reported by the European Official Standard [10]. The analysis of the
samples was performed in quadruplicate for each adulteration point (or mixture of raw
milk and whey), which is expressed as an average of the chromatography area for each
adulterated sample.

2.4. HPLC Analysis

Chromatographic analysis was performed on a Shimadzu Prominence liquid chro-
matograph (HPLC), equipped with a diode array detector at 205 nm and Shodex KW-802.5
molecular exclusion chromatographic column. A total of 20 μL of each sample (mixture of
adulterated milk and sweet whey) was injected with a flow rate of 0.9 mL/min of the mo-
bile phase (0.1 M phosphate buffer and 0.15 M sodium sulfate) at 40 ◦C. Chromatographic
analyzes were performed for each adulterated sample in quadruplicates.

The presence of a distinct and increased signal in the analyzed chromatographic
profile from whey adulterated samples, as well as its absence in unadulterated milk sample
profile, indicates the chromatography molecular exclusion technique can be effectively
implemented for the analysis of adulterated milk with cheese whey.
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To confirm the presence of cGMP in the signal of interest, an additional assay was
performed under the same HPLC device chromatographic conditions. A Sigma-Aldrich
bovine cGMP standard (Catalog number, C7278) was used, and the retention times were
compared with the target signal obtained at 10.8 min in the adulterated sample. The cGMP
standard was dissolved in 0.1 M phosphate buffered saline at a concentration of 2 ppm.
From this stock solution, dilutions were prepared (0.25, 0.5, 1.0, and 2 ppm) and analyzed
by HPLC.

2.5. MALDI TOF Analysis and Immunochromatography

The fraction corresponding to the target signal at 10.8 min, observed by HPLC, was
collected employing a fraction’s collector and analyzed by MALDI-TOF-MS (matrix assisted
laser desorption ionization-time of flight mass spectrometry) from Bruker Microflex LT
Biotyper (Bruker, Bremen, Germany). For the analysis, 1 μL of the fraction collected at
10.8 min retention time was spotted onto a polished steel target plate, air-dried at room
temperature, and overlaid with 1 μL of matrix solution (alpha-cyano-4-hydroxycinnamic
acid, diluted in 50% acetonitrile and 2.5% trifluoroacetic acid, followed by air-drying). The
mass spectrum for cGMP was analyzed using Flex Control software to verify its presence,
based on its molecular weight.

Additionally, qualitative identification of cGMP was performed with Immunostick
cGMP visual assay to selected samples of interest. To identify the presence of cGMP in each
sample’s fraction, an immunochromatographic strip (OPERON S.A.), containing mono-
clonal antibodies specific for cGMP, was introduced into the collected fraction, following
the manufacturer’s specifications.

3. Results and Discussion

The molecular exclusion chromatography technique, based on the separation of particles
by weight and molecular size, was utilized to detect casein glycomacropeptide, as an indicator
of the fraudulent addition of sweet whey obtained by coagulation with the enzyme chymosin
in milk samples. Whey affects milk’s physicochemical properties, thus decreasing its quality.
This practice also generates problems throughout the supply chain because whey contains
chymosin (a milk clotting enzyme), which, in its active state, can change the properties of
milk, thus altering the final product and possibly deteriorating its microbiological properties.
Furthermore, it can affect its protein content, thus diminishing its stability.

For many years, for certain populations, cheese whey was fed to pigs or even con-
sidered a waste product. Therefore, cheese whey wastewater was discarded without
appropriate treatment, possibly affecting the environment. On the other hand, cheese whey
is an important reservoir of food protein, which can be consumed by athletes, infants, and
patients. Currently, a variety of products and ingredients are being developed and tested,
such as fortified beverages and foods, which are becoming increasingly popular among
young bodybuilders. In addition, it has been reported that whey proteins help in the
prevention or treatment of obesity, type 2 diabetes mellitus, hypertension, oxidative stress,
cancer, high blood pressure, hepatitis B, osteoporosis, and metabolic syndrome associated
with metabolic complications [16,17].

Under Colombian law, and in many other countries, adding whey to milk is forbidden
because it is a fraud involving milk adulteration. It involves every actor in the production
chain: from the producer to the consumer, via the distributors, with nutritional and legal
consequences. Therefore, it is necessary to implement, both for governmental control
entities and the dairy industry, a precise, accurate, fast, reliable, accessible, and quantita-
tive technique, such as the molecular exclusion chromatography technique, using casein
glycomacropeptide as a marker of adulteration, to ensure milk’s quality for the consumers.

3.1. HPLC Analysis

The basic physical–chemical parameters that many dairy plants receiving raw milk
evaluate are the amount of water, fat, protein, pH, titratable acidity, presence of chlorides
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and neutralizers, and determination of total solids and non-fat solids [18]. However, these
analyzes do not determine the presence of cheese whey in milk at the time it arrives at the
plant. Hence, it is necessary to implement a reliable, quantifiable, fast, and easily accessible
technique for quality control in dairy plants.

In this study, the isolation and separation of casein glycomacropeptide from cheese
whey were achieved using of 24% TCA for protein precipitation, as well as a high efficiency
liquid chromatography technique using a KW-802.5 Shodex size exclusion column for its
separation. Adulterated sample (2.5%, 5%, 7.5%, 10%, and 12.5% (m/m)) HPLC analyses
identified a signal in the chromatographic profile, with a retention time of 10.8 min (x-axis).
This signal increased its intensity (area under the peak) as the percentage of adulteration
with cheese whey increased (Figure 1). On the contrary, for the milk sample not adulterated
with cheese whey (0% fresh milk, without adulteration), this signal was very low or not
present in the chromatogram profile.

 

Figure 1. Chromatograms obtained from adulterated milk samples with cheese whey: (1) 0% unadul-
terated milk sample, (2) 2.5% adulterated sample, (3) 5% adulterated sample, (4) 7.5% adulterated
sample, (5) 10% adulterated sample, and (6) 12.5% adulterated sample. A distinct single signal
appeared at 10.8 min retention time. An increase in the chromatographic area was noticeable as the
percentage of cheese whey increased in the adulterated milk.

Based on these results, we suggest that this obtained signal at 10.8 min is presumably
due to the presence of cGMP. Table 1 illustrates the chromatographic area integration’s
average value for the quadruplicate analyses of every adulteration percentage. This may
well be because, as the adulteration percentage increased, so did the presence of cGMP.
Thus, the area of the chromatographic signal of interest increased in the profile.

Table 1. Data were obtained for the signal of interest chromatographic area, according to cheese
whey adulteration percentage. High accuracy was achieved by this method, according to the results’
standard deviations and coefficient of variance.

Cheese Whey Adulteration
Percentage

Chromatographic
Area Average

Standard
Deviation

Coefficient of
Variance

0 153,603 6690 0.044
2.5 756,269 26,076 0.034
5 1,381,484 20,389 0.015

7.5 1,845,755 11,828 0.006
10 2,401,283 45,091 0.019

12.5 2,942,586 46,265 0.016

Further more, unadulterated samples revealed a very small area value, corresponding
to the small amounts of free cGMP naturally present in raw milk. cGMP can be produced
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by the degradation induced by bacteria, depending on the cow’s stage of lactation and
sanitary condition of the udder. However, its concentration will not achieve the high value
observed in milk adulterated with cheese whey. According to Furlanetti et al. [19], the
average content of free cGMP in mature milk is almost ten times less than the cGMP present
in cheese whey or adulterated milk. This is because cGMP constitutes between 20–25% of
total proteins in cheese whey [15].

Data from the chromatographic area and adulteration percentage, presented in Table 1,
were plotted in a linear model, applying the minimum squares method. In the calibration
curve generated with these values, we obtained an adjusted equation for the straight line,
where Y = 221,077X + 198,433, Y represents the chromatographic area, and X represents the
percentage of adulteration of milk with whey. The slope value was 221,077, and 198,433 was
the intercept value. The correlation coefficient (R) calculation was 0.9992, which specifies a
strong positive linear relationship between the two variables, as well as a determination
coefficient of (R2) 0.9984, thus indicating that 99.84 of the chromatographic area changes
were due to changes in adulteration percentages (Figure 2). The R2 value provides an
estimate of the association strength between the proposed linear model and response
variable, which corresponds to the chromatographic area [12]. The results obtained for the
association between the chromatography area and cheese whey percentages demonstrate
the data fit a linear regression model.

Figure 2. Calibration curve and linear regression model equation obtained for the chromatographic
area of each adulterated milk with cheese whey percentage. The samples analyzed were prepared in
quadruplicate for each of adulterate sample point (0%, 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, and 20%
(m/m)); the average and precision of data is presented for each adulteration point.

3.2. Assays to Confirm cGMP Present in the Chromatographic Profile
3.2.1. HPLC Analysis of a cGMP Standard

The samples corresponding to Sigma-Aldrich’s lyophilized cGMP peptide powder
pattern (Catalog number, C7278) were dissolved in PBS at 2 ppm; different concentrations
were analyzed by HPLC under the same conditions used to separate and analyze adulter-
ated cheese whey samples in order to compare the retention times between the standard
and the fraction collected in 10.8 min. The retention times obtained in the chromatographic
profile for the cGMP standard showed a single signal at 10.8 min. for each of the dilu-
tions prepared, with a chromatographic area that increased as the concentration of the
standard did (Figure 3). These results suggest that the signal of interest obtained in the
chromatographic profile for adulterated milk samples with cheese whey may correspond
to cGMP.
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Figure 3. A standard of cGMP (Sigma-Aldrich) was dissolved in 0.1 M PBS at different concentrations
and then analyzed by HPLC under the same conditions used to separate and analyze the samples
adulterated milk with cheese whey. The dilutions of the standard presented a fine single signal at the
same retention time as the adulterated milk samples.

3.2.2. MALDI TOF Analysis

To identify the presence of the cGMP marker in the fraction corresponding to the
signal of interest at 10.8 min from adulterated samples, the fraction was collected in the
chromatographic assays and then analyzed by MALDI-TOF MS. Figure 4 shows the results
obtained by MALDI-TOF mass spectrometry for an adulterated sample, where a signal was
observed for a compound with a molecular weight of 6780 Da.

Figure 4. MALDI-TOF mass spectrum from recollected fraction corresponding to the signal of interest
at 10.8 min by HPLC of an adulterated sample. The molecular weight result (Da) identified for a
peptide in this fraction is similar to the molecular weight corresponding to cGMP monomer reported
by other authors, between 6755 and 6787 Da [15,20].

The casein glycomacropeptide is a peptide that comprises 64 amino acids, correspond-
ing to the C-terminal end of the hydrophilic region of k-casein protein. Some of its threonine
residues may or may not be glycosylated (sialic acid-galactose-N-acetyl); additionally, this
peptide is also phosphorylated. It is the result of the hydrolysis of the k-casein protein
with the chymosin (rennet) enzyme, making the molecular weight of cGMP dependent
on the κ-casein variant from which it derived, as well as the degree of glycosylation and
phosphorylation of the molecule. Vreeman et al. reported that approximately 40% of
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cGMP is not glycosylated [20,21]. Using MS liquid chromatography, it was found that the
non-glycosylated molecule had a molecular mass between 6755 and 6787 Da, while, for
the glycosylated form, the molecular weight was around 9631 Da. Findings from other
studies suggest that, under certain pH conditions, this monomer can aggregate or dissociate.
The reported molecular weight varies, depending on the technique used to isolate it; for
example, by using SDS–PAGE, the peptide is in a polymeric form, with a molecular weight
ranging between 14 to 30 kDa, two or three times higher than the theoretical weight, due to
the association of monomers [15,22,23]. According to our MALDI-TOF assay results for the
interest signal fraction, this corresponds to the cGMP’s reported molecular mass.

3.2.3. Immunochromatography

The immunochromatographic strip assay involves a recognition of antigen–antibody,
specific on a strip that detects the presence or absence of a target analyte (cGMP) in
the sample (milk) and enables the rapid detection of the analyte with a high sensitivity.
For appropriate cGMP qualitative identification in the signal fraction of interest, with a
10.8 min retention time, an Immunostick cGMP visual assay was carried out, employing
an immunochromatographic strip (OPERON S.A.) [24]. This strip contains monoclonal
antibodies specific for cGMP that guarantee high specificity for cGMP detection, in addition
to an automatic qualitative recognition. The results revealed the presence of GMP by the ap-
pearance of a red band on the strip for the collected and analyzed chromatographic fraction
(signal at 10.8 min), as shown in Figure 5b, thus confirming cGMP presence in adulterated
milk with cheese whey sample obtained from enzymatic coagulation. This red band was
not present in unadulterated milk samples (0% fresh milk without adulteration), as shown
in Figure 5a, because the milk was not adulterated. The results achieved in this assay are
similar to those of previous assessments, obtained by Oancea, for the qualitative identifica-
tion of cGMP as an adulteration marker using this type of immunochromatographic strip
in adulterated milk with cheese whey [14]. Additionally, Martín-Hernández found that the
results of immunostick strips correlate and coincide with the results obtained by HPLC,
using a size exclusion column, and were more reliable than other methodologies [25].

 

Figure 5. Immunochromatograms from the collected fraction corresponding to the signal of interest
at 10.8 min by HPLC of an adulterated sample, (a) Absence of recognition of cGMP in the sample
negative control, only the blue control line was observed; fresh milk without adulteration (0%) and
(b) Presence of cGMP in the 5% cGMP sample; recognition of the monoclonal antibodies located on
the strip (Immunostick) of cGMP present in the collected fraction for the signal of interest. The blue
control line and the positive test red line were observed.

Two factors govern the quality of milk: The first one is the milk’s physicochemical
composition, where different parameters are evaluated, such as acidity, protein, fat, lactose,
minerals, vitamins, non-fat solids, and total solids, i.e., parameters that determine its
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nutritional value. The second factor is the hygienic quality of the milk, related to the
microbial content of raw milk, which directly affects the shelf life of the finished product.
These factors are controlled through the application of good manufacturing practices by
companies that produce dairy products. Raymond et al. found a correlation between the
total bacteria count and cGMP content in milk. In these tests, a concentration of 33 mg/L of
cGMP was obtained for a total bacterial count of 5.6 × 106 CFU/mL [26].

Many authors have concluded that there is a close relationship between the quality
of milk and content of psychrotrophic bacteria (cold-tolerant bacteria). In raw milk, the
predominant genera include Pseudomonas, Achromobacter, Aeromonas, Serratia, Alcaligenes,
Chromobacterium, and Flavobacterium spp. And, to a lesser extent, Bacillus, Clostridium,
Corynebacterium, Streptococcus, Lactobacillus, and Microbacterium spp. After arrival at the
dairy plant and storage for 48 h at 6 ◦C, bacterial counts have shown Pseudomonas to be
the predominant genus, to which milk and milk-product organoleptic deterioration have
been largely attributed. It has been estimated that populations of psychrotrophs, in the
order of 5 × 106 to 20 × 106 CFU/mL, are capable of generating detectable organoleptic
changes in milk, such as gelling, unpleasant odors, and flavors [27,28]. According to
the type of psychrotroph, Punch et al. [29] found unpleasant flavors in milk when the
count was in the order of 5.2 × 106 to 200 × 106 CFU/mL for Pseudomonas, between
2.5 × 106 and 14 × 106 CFU/mL for Alkaligens, 8.3 × 106 to 120 × 106 CFU/mL for
Flavobacteria, and 2.7 × 106 to 150 × 106 for Coliforms [27,30]. Tolle et al. determined that
populations of 5 × 106 CFU/mL of Pseudomona Fragi and Pseudomona fluorescens cause
organoleptic changes in milk at 6 ◦C [30]. However, it all depends on the amount and type
of psychrotrophic bacteria present, storage temperature and time, and good practices for
collecting, preserving, transporting, and processing milk in the collection center.

According to Raymond et al., high bacterial counts can generate a visible deterioration
in raw milk (>5 × 106 CFU/mL), thus allowing for its detection in the dairy plant, through
routine microbiological tests in the production process [20–22,26]. Consequently, such a
high value, in the order of 33 mg/L of cGMP in milk or a commercial dairy product, cannot
be solely due to psychrotrophic bacteria. Therefore, it is important to establish a reliable
methodology to detect food fraud, and chromatographic methods have been presented as
a good alternative to detect milk adulteration with cheese whey, using cGMP as a marker,
thus allowing for the precise control of milk quality.

The results of this methodological proposal show that the addition of 24% TCA
for protein precipitation, followed by high-performance liquid chromatography using a
molecular exclusion column (Shodex KW-802.5) of the supernatant obtained, allows for
finding a signal in the chromatogram (10.8 min), whose intensity increases (area under
the peak) with the concomitant increase in the percentage of adulterated milk with cheese
whey. In addition, these data are fitted to a linear regression model, with an R2 value
(determination coefficient) of 0.9985, which suggests a strong correlation between the
two variables (chromatogram area versus percentage of adulteration). This is a versatile
model with a short analysis time and little interference in the determination process. In
other countries, measures have already been taken to prevent food fraud, due to milk
adulteration with cheese whey. In the European Union, the official method to determine
adulteration with cheese whey is based on HPLC by molecular exclusion chromatography.
Countries such as Spain and Brazil have also implemented this same methodology within
their regulations [10,31–33].

To confirm the presence of cGMP in adulterated samples, the signal fraction of interest
was collected and tested in different assays. The results indicate that this fraction contains
the monomer of glycomacropeptide casein, which was recognized against cGMP-specific
monoclonal antibodies, presented a molar mass of 6760 Da in agreement with that reported
for cGMP, and presented a chromatographic run, similar to that obtained for the commercial
standard of cGMP. The method presented in this research presents short analysis times
and is quantitative, reliable, reproducible, precise, and exact, in comparison with other
proposed methodologies, such as electrophoresis, immunochromatography, fluorometry,
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and even HPLC-Ms. This method is easy to develop and implement in the laboratory.
Collectively, we propose that this assay can become a test for the detection of cheese
whey adulteration of milk using cGMP as a marker. The method executed in this research
requires a short analysis time and is quantitative, reliable, reproducible, precise, and exact,
in comparison with other proposed methodologies, such as electrophoresis (long analysis
times), immune-chromatography (it is a quantitative method), the fluorometry method
(quantitates sialic acid to estimate cGMP content), and even HPLC-MS (a costly method to
implement) [4,15]. The method proposed by HPLC and exclusion by size is easy to develop
and implement in the laboratory. Collectively, we propose that this assay can become
a test for the detection of milk adulteration with cheese whey obtained from enzymatic
coagulation (chymosin), using cGMP as an adulterated marker to ensure milk’s quality
for consumers.

4. Conclusions

Casein glycomacropeptide (cGMP) is a peptide resulting from cleavage at residue
105-106 of k-Casein protein by hydrolysis of the enzyme rennet or chymosin during cheese
production. It is present in whey with chemical and nutritional properties and high func-
tional benefits for health. Some dairy product companies are already commercializing
it to take advantage of its potential as a food supplement. cGMP is the marker for the
adulteration of milk with cheese whey that has been used in the different analysis methods.
This report presents the development of a method for determining the adulteration of milk
with cheese whey using HPLC, in which 24% TCA was added to milk for protein precipita-
tion; then, it was centrifuged and filtered prior to chromatographic analysis, employing
a column (Shodex KW-802.5). The chromatograms obtained showed a signal of interest,
whose chromatographic area increased concomitant with the percentage of adulteration
with cheese whey. These results were adjusted to a linear regression model. This procedure
is robust, shows very good precision, and is reproducible, which allows its use in qualitative
and quantitative tests in milk. This is a versatile method with short analysis time and
reduced interference in the determination. The presence of cGMP in the signal of interest
collected in the HPLC analysis of adulterated samples was confirmed by three analyses:
mass spectrometry, comparison of the chromatographic run with a commercial cGMP
standard (retention time), and by the recognition of cGMP-specific monoclonal antibodies
on an immunostick strip. The presented method is easy to implement and develop in the
laboratory; it can be applied to routine tests of milk arriving at the dairy plant. It can also
be used in finished products by small or large milk processing industries, distributors,
and even government regulatory entities to promote the quality and protection of the
authenticity of milk, as a product for daily consumption, which is considered a basic in the
family diet.
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Abstract: As an essential beverage beneficial for Tibetan people, Ya’an Tibetan tea has received scarce
attention, particularly from the point of view of the characterization of its metabolome. The aim of
the study is to systematically characterize the metabolome of Tibetan tea by means of untargeted
1H-NMR. Moreover, the variations of its metabolome along ageing time are evaluated by taking
advantage of univariate and multivariate analyses. A total of 45 molecules are unambiguously
identified and quantified, comprising amino acids, peptides and analogues, carbohydrates and
derivates, organic acids and derivates, nucleosides, nucleotides and catechins. The concentrations of
amino acids, organic acids, carbohydrates and catechins are mainly determined by ageing time. The
present study would serve as a reference guide for further work on the Ya’an Tibetan tea metabolome,
therefore contributing to the related industries.

Keywords: Ya’an Tibetan tea; metabolome; proton nuclear magnetic resonance spectroscopy; ageing
time

1. Introduction

Tea is regarded as one of the most popular and widely consumed beverages throughout
the world [1]. The consumption of tea has increased yearly, not only due to the distinct
flavor and pleasant taste, but also to the important physiological state and potential health
benefits, granted by the presence of various compounds, for instance, carbohydrates,
polyphenols, caffeine, amino acids, vitamins and purine alkaloids [2]. There are five main
marketed varieties of tea, differentiated by their fermentation process. In detail, green tea
is unfermented, white tea is lightly fermented, oolong tea is partially fermented, black
tea is fully fermented and dark tea is post-fermented. Among them, dark tea is a unique
post-fermented tea produced by pile fermentation attributed to microbial fermentation [3],
whose history could be dated back to the Ming Dynasty around 1500 A.D. [4]. In the
dark tea family, it is worth mentioning that Ya’an Tibetan tea was initially produced in
Southwestern China and then carried via the mountains to Tibet [5], where it has become
an essential beverage benefitting millions of Tibetan people.

The Tibetan Plateau is not well suited for cultivating vegetables, fruit and trees, due to
its altitude between 3000 and 5000 m. Thus, highly caloric foods are typically consumed,
with low fiber intake, by Tibetan people in daily life [6]. These high-protein, high-lipid diets
can effectively help them overcome the harsh environment, while they may also increase
the risk of cardiovascular and indigestion diseases. Interestingly, they generally drink
Tibetan tea along with meals based on high fat milk and red meat, therefore balancing
cholesterol and fat absorption. Till now, numerous studies have demonstrated that Ya’an
Tibetan tea exhibits antioxidant, cytoprotective [7] and antiradiation effects [8] by in vitro
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and in vivo experiments. Moreover, Li et al. reported that Ya’an Tibetan tea can effectively
lower blood pressure, remove blood lipids and reduce the generation of atherosclerosis [9],
which could be linked to its good inhibitory effects on lipase [10]. Intake of Ya’an Tibetan
tea is also confirmed to have an anti-inflammatory effect through regulating gut microbiota
and altering inflammation and immune system pathways expression in mice models [11].

Untargeted metabolomics, which could provide holistic information about a biofluid,
is regarded as the most comprehensive representation of an organism’s phenotype [12].
This approach attempts to provide qualitative and quantitative information of low weight
metabolites (<900 Da) from biological samples. Until now, metabolomics has been widely
applied to investigate tea metabolome profiles altered by internal and external factors, such
as fermentation process [13,14], shade treatment [15] and seasonal variation [16]. As one
of the mostly applied techniques for metabolomics investigations, 1H-NMR spectroscopy
has been applied in related fields thanks to its non-invasive nature, highly reproducible
molecules’ quantification and effectiveness in analyzing a diverse range of compounds.
Lee et al. evaluated strong inter-country and inter-city relationships in the quantities of
theanine and catechin derivatives found in green and white teas by means of 1H-NMR [17].
Ohno et al. found that growing tea at higher altitudes leads to a high amount of theanine
and caffeine and to low levels of thearubigins, especially thearubigin 3,3′-digallate [18].

Commonly, consumers perceive a direct connection between storage time and qual-
ity, accepting therefore higher prices for more aged teas. However, there have been no
studies on the change of comprehensive metabolomic profiles during storage for Ya’an
Tibetan tea, except for one paper published recently which just referred to concentrations
of polyphenols and catechin compounds affected by storage time [19]. Moreover, there is
limited knowledge of expected concentrations of metabolites from Ya’an Tibetan tea. To fill
these gaps, the present study aims to systematically characterize the metabolomic profiles
of Ya’an Tibetan tea by means of 1H-NMR. Furthermore, the evolution of the metabolomic
profile of Ya’an Tibetan tea along storage time was evaluated. This study could offer
guidance for consumers to select Ya’an Tibetan tea products and act as a reference for the
related industries to produce high-quality products.

2. Materials and Methods

2.1. Sampling

As described by Xie et al., five years could be considered as the milestone from the
perspective of chemical constituents of Pu-erh tea, a fully fermented tea similar to Tibetan
teas [20]. For this reason, we collected Ya’an Tibetan tea samples spanning 10 years of
ageing. All the Ya’an Tibetan tea samples were purchased from Sichuan Ya’an Tea Factory
Co., Ltd. (Sichuan, China). The samples comprised 30 Tibetan tea samples, sorted into
three groups, namely 1 year, 5 years and 10 years. Each group included ten samples.

2.2. Metabolome Analysis

By adapting the procedure described by Ohno et al. [18], one gram of each Ya’an
Tibetan tea was added to 30 mL of boiling bi-distilled water. The mixture was kept for
4 min at 95 ◦C and then left at room temperature for 10 min. After vortex mixing for
1 min and centrifuging for 15 min at 14,000 rpm and 4 ◦C, 0.5 mL of supernatant were
taken to a new Eppendorf tube, and then 0.2 mL of a D2O solution of 3-(trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt (TSP) 10 mM was added, used as NMR chemical-shift
reference, buffered at pH 7.00 ± 0.02 using 1 mol/L phosphate buffer. In order to avoid
microbial proliferation, 10 μL of NaN3 2 mmol/L was also added. Finally, each sample was
centrifuged again at the above conditions. The workflow of sample preparation procedure
is shown in Figure S9a.

1H-NMR spectra were performed at 298 K equipment with an AVANCE III spectrom-
eter (Bruker, Milan, Italy) operating at a frequency of 600.13 MHz. Taking advantage of
presaturation, the HOD residual signal was suppressed. This was done by employing
the noesygppr1d sequence, part of the standard pulse sequence library. Each spectrum
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was acquired by summing up 256 transients by means of 32 K data points over a 7184 Hz
spectral window, with an acquisition time of 2.28 s and a recycle delay of 5 s. The workflow
of spectra processing is shown in Figure S9b. In detail, 1H-NMR spectra baseline-adjusted
through peak detection in accordance with the “rolling ball” principle [21] implemented in
the baseline R package [22]. Differences in water and fiber content among samples were
calculated by means of probabilistic quotient normalization (PQN) [23] applied to the entire
spectra array. The signals were assigned by comparing their chemical shift and multiplicity
to Chenomx software library (Chenomx Inc., Edmonton, AB, Canada, v.8.4) and authentic
material or published data [18]. Integration of the signals was obtained for each molecule
using rectangular integration.

2.3. Statistical Analysis

Statistical analysis was performed in R computational language [24] and online
metabolomic data analysis platform MetaboAnalyst (https://www.metaboanalyst.ca, Mon-
treal, QC, Canada, v.5.0, accessed on 25 July 2022). Prior to univariate analysis, concentra-
tions of molecules in each group that were not-normally distributed were transformed in
accordance with Box and Cox [25]. And then, to figure out perturbations caused to single
molecules by the effects considered, t-tests were performed with a cut-off p value below
0.05.

3. Results

3.1. 1H-NMR Spectra of Ya’an Tibetan Tea Samples

Represented spectra from 1H-NMR were assigned as pictorially described in Figure 1,
while the entire concentrations for each sample are reported in the supporting materials.
An important step for signal assignments performed by 1H-NMR is the comparison with
references of the fine structure of the signals visually [26]; there are supplemental material
reports, for each characterized molecule, and superimpositions of spectra registered and
simulated for pure compounds (Supplementary Materials, Figures S1−S8). In addition,
to increase the reproducibility of our results, the functional groups and ppm for each
identified metabolite are reported in Table 1.

Figure 1. Portions of 1H-NMR spectra from typical Ya’an Tibetan tea samples. Name of the molecules
appears on the signals used for their quantification. The vertical scale of each portion is conveniently
set to ease the signals observation.
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Table 1. Information for molecules identification by means of 1H-NMR.

ppm Functional Group Multiplicity *

Amino acids, Peptides and Analogues
4-Aminobutyrate 2.2854 CH2-2 t

Alanine 1.4754 CH3 d
Aspartate 2.7009 CH2 dd
Carnitine 3.2146 CH3 s
Creatine 3.0270 CH3 s

Creatinine 3.0405 CH3 s
Glutamine 2.4492 CH2-2 m
Isoleucine 0.9906 CH3-4 d
Leucine 0.9479 CH3 t
Lysine 3.0130 CH2 t

N,N-Dimethylglycine 2.8999 CH3 s
N-Acetylglutamate 2.2318 CH2-2 t

Pyroglutamate 2.5275 CH2-5 m
Threonine 1.3117 CH3 d
Theanine 1.0936 CH2 m

Valine 0.9718 CH3 d
Carbohydrates

Arabinose 4.5082 CH2 d
Fucose 1.2313 CH3 d
Glucose 3.4074 CH-3 t
Maltose 4.6291 CH d
Sucrose 5.3954 CH d

Trehalose 5.1807 CH d
Organic Acids

2-Oxoglutarate 2.4246 CH2-2 t
3-Methyl-2-oxovalerate 1.1004 CH3-4 d

4-Hydroxybenzoate 7.7896 CH2-3 d
Acetate 1.9082 CH3 s
Formate 8.4454 CH s

Fumarate 6.5080 CH s
Gallate 7.0203 CH s

Propionate 1.0438 CH3 t
Protocatechuate 7.3737 CH dd

Quinic acid 1.8642 CH2 d
Nucleosides, Nucleotides and Analogues

Thymidine 7.6287 CH-7 s
Uracil 5.7969 CH-6 d

Uridine 5.8970 CH s
Catechins

Catechin gallate (CG) 2.6328 CH2 dd
Epicatechin gallate (ECG) 6.9439 CH d
Epigallocatechin gallate

(EGCG) 6.6304 CH d

Miscellaneous
Caffeine 7.8612 CH-9 s

Dimethylamine 2.7132 CH3 s
Methanol 3.3495 CH3 s

Methylguanidine 2.8057 CH3 s
myo-Inositol 3.2878 CH t

Propylene glycol 1.1248 CH3 d
Trimethylamine N-oxide 3.2494 CH3 s

* s stands for singlet, d stands for doublet, t stands for triplet, and m stands for multiplicity.

3.2. Ya’an Tibetan Tea Metabolome Variations along Storage Time

As can be seen from Table 1, a total of 45 molecules were identified and quantified,
mainly pertaining to the chemical groups of amino acids, peptides and analogues (16),
carbohydrates (6), organic acids (10), nucleosides, nucleotides and analogues (3), catechins
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(3) and miscellaneous (7). As shown in Figure 2, the concentration of total amino acids,
peptides and analogues was significantly reduced from 5 years to 10 years. Moreover,
the content of total carbohydrates was reduced in the early storage period, and then the
content increased markedly as storage was prolonged. As for organic acids, nucleosides,
nucleotides and analogues, and miscellaneous, their trends were similar, namely, increasing
first until five years and decreasing afterwards. The amount of catechins was significantly
decreased after 5 years. However, it is worthy to note that several represented molecules
did not exactly follow the same trend as their groups. Therefore, volcano plots, reported
in Figure 3, evidence the main differences between each couple of time points. Moreover,
concentrations of molecules showing a fold change above 2 in each of the two groups are
shown as boxplot, in Figure 4.

Figure 2. Concentrations of the main classes of molecules quantified by 1H-NMR among the three
groups. The italic lowercase letters above each box indicated the significances of the comparisons
among the three groups, where a common superscript is not significantly different.
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Figure 3. Cont.

144



Foods 2022, 11, 2986

 

Figure 3. Volcano plot built on the concentration of molecules in each of the two groups. (a) indicates
1 Year vs. 5 Year, (b) indicates 1 Year vs. 10 Year and (c) indicates 5 Year vs. 10 Year.

Figure 4. Boxplot based on the concentration of molecules whose fold change is above 2 in each of
the two groups. Asterix indicates the mean value of the group in each box.
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Comparing the first five years with the subsequent five, the concentration of several
molecules exhibited opposite trends, namely maltose, n-acetylglutamate, dimethylamine,
4-aminobutyrate, caffeine, uridine, uracil, formate and acetate, as shown in Figure 3a,c and
Figure 4. However, widening the view to comprise the entire period evaluated (Figure 3b),
the amounts of creatinine, alanine, lysine, acetate, caffeine and isoleucine were significantly
increased along storage time, while the levels of sucrose, glucose, n-acettylglutamate, CG,
dimethylamine, fucose, arabinose and maltose appeared as significantly decreased.

To obtain deeper details into which metabolic pathway could undergo the widest
modifications with storage time, an enrichment analysis was performed by means of the
MetaboAnalyst platform. The pathways evidenced as potentially altered by storage time
(p-value < 0.05) were glutamate metabolism, urea cycle and glucose-alanine cycle, as shown
in Figure 5.

Figure 5. Enrichment analysis built on the concentration of molecules significantly varied along
storage time.

4. Discussion

As one of the essential beverages for Tibetan people, most of the works dealing with
Tibetan tea have been focused on its beneficial properties for human health and on safety
risk assessments. For instance, Li et al., found that high doses (400 mg/Kg/d) of Tibetan
tea supplementation reduced bodyweight gains and markedly attenuated serum lipid
profiles and atherosclerosis index in mice model [9]. Xie et al. evaluated that Tibetan tea has
antioxidative or cytoprotective properties linked to phenolic compounds, such as gallic acid
and four catechins (catechin, CG, ECG and EGCG) [7]. Ye et al. assessed ten mycotoxins
in Tibetan tea samples, ruling out potential risks for consumers [27]. In contrast, less
attention has been devoted to Tibetan tea itself, with only a few papers having attempted
to investigate the volatile [28] and phenolic compounds [7] in Tibetan tea by means of
metabolomic approaches. To the best of our knowledge, there are no complete reports about
quantitative information for each molecule that can be characterized by 1H-NMR. Moreover,
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there seem to be no reports about the variations of Ya’an Tibetan tea metabolomic profiles
with ageing time. To gain more information about these aspects, the present work attempts,
for the first time, to provide reference quantitative values for the molecules mostly present
in the Ya’an Tibetan tea metabolome, as observable by 1H-NMR. A total of 45 metabolites
were unambiguously characterized, a number much higher than those previously obtained
based on the same platform [15,17,18]. The quantified molecules mainly pertained to the
categories of amino acids, peptides and analogues, carbohydrates and derivates, organic
acids and derivates, nucleosides, nucleotides and analogues, catechins and miscellaneous.
The most important chemical constituents that influence the taste and flavor of tea infusions
are sugars, organic acids, amino acids, polyphenols, caffeine, flavonols and volatile flavor
compounds [29]. In the present work, we found that the concentrations of 12 amino acids,
3 organic acids, 6 sugars, 2 nucleosides, nucleotides and analogues, and 5 miscellaneous in
total were significantly altered with ageing time by means of volcano plot. According to
the above observations, we could infer that ageing time would eminently affect the taste
and flavor of Ya’an Tibetan tea.

In terms of amino acids, several remarkable works have indicated that there is a
relationship between the quality of tea and the amino acid contents [30], with consequences
on fresh and brisk tastes of tea infusion and aroma substances [31,32]. Moreover, Alcázar
et al. observed a clear relation between the amino acids content and the elaboration process
of teas. In detail, unfermented or lightly fermented teas exhibit higher levels of free amino
acids than fully fermented or post fermented ones [1]. Focusing on the total amino acids
content, the present work noticed no significant variations but a slightly increase in the first
five years of ageing, while a significant decrease occurs in the following five years. Such a
phenomenon could be linked to the degradation of proteins into amino acids during the
early stage of pile-fermentation process [33], and then part of amino acids could evolve into
volatile compounds along storage time [34]. Among the amino acids quantified, it is worth
noticing that theanine, a unique amino acid that is found almost exclusively in tea, could
contribute to the brothy sweet umami taste of tea [35,36]. Cheng et al. found that theanine
content was reduced by 93.51% during Qingzhuan tea processing [37]. Our results were in
line with such trends, with the fermentation procedure reducing the contents of theanine,
even if to lesser extents. This could be due to the distinct fermenting conditions and, in
turn, to the different microbial community.

As one of the primary inhibitory neurotransmitters, 4-aminobutyrate plays an im-
portant role in the vertebrate central nervous system and has antianxiety and antihyper-
tensive effects [38]. 4-aminobutyrate is mainly biosynthesized through the irreversible
α-decarboxylation of Glutamate to 4-aminobutyrate, which is catalyzed by pyridoxal
5′-phosphate (PLP)-dependent glutamate decarboxylase (GAD) in plants [39]. Even if
glutamate could not be quantified in the present study, this biosynthetic route for 4-
aminobutyrate may be confirmed by the trend we highlighted for glutamine. In fact,
glutamine is synthesized through glutamine synthetase from glutamate, and its concentra-
tion shows a trend opposite to that of 4-aminobutyrate. Such a pathway was highlighted
by enrichment analysis, too, further indicating that it plays an important role during the
pile-fermentation process of Ya’an Tibetan tea.

Organic acids are considered as major detrimental contributors to overall taste of dark
teas. In terms of total organic acids, their content was significantly increased in the first
five years, while decreased during the following five years. Therefore, we could speculate
that five years could be regarded as the line of demarcation during pile-fermentation [20].
Among the characterized organic acids, acetate is produced by acetic acid bacteria from
glucose. In the present study, the concentration of acetate increased in the first five years,
followed by a decrease in the next five years. Such result was in line with previous studies
on the topic [20,40]. Gallate is another important compound widely found in tea leaves,
which could be regarded as a precursor for catechin catabolism. Gallate is derived from
the hydrolysis of procyanidins and gallyolated catechins and degraded into methoxy
phenolic compounds during dark tea processing [41]. The trend of gallate we found is in
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agreement with Qingzhuan tea process [37], but opposite that found for Pu-erh tea [42].
This discrepancy is probably due to the degradation of gallate, which exceeds the hydrolysis
of gallyolated catechins during Ya’an Tibetan tea processing.

Catechins, which account for 60−80% of tea polyphenols, are the main components
contributing to the antioxidant activity of tea [4]. Catechins, together with caffeine [43] and
volatile components [44], have also been used to differentiate tea categories. The contents of
catechins in dark teas share the same trends with amino acids, with a concentration much
lower than the one characterizing unfermented and semi-fermented teas [4]. In the present
study, the overall trend of catechins was in agreement with the previous work, while a
smaller number of catechins were quantified, which could be linked to the discrepancy
of detection sensitivity between different metabolomic approaches, namely 1H-NMR and
UPLC-QqQ-MS/MS [19]. Such an observation could be explained considering that post
fermentation process highly decreases the contents of catechins and form pigments such as
theabrownines, which have been suggested as linked to the oxidation and condensation
of catechins during post fermentation by microorganisms [42,45]. As catechins contribute
to the astringency taste of tea, their decrease with storage could lead to a decline in the
astringency taste and could deepen the color of Ya’an Tibetan tea infusion. Together with
a significant increase in the total content of carbohydrates, prolonging storage time may
have beneficial effects on the improvement of tea infusions’ sensory evaluation.

5. Conclusions

To the best of our knowledge, the present study, for the first time, has been devoted
to obtaining a holistic metabolomic representation of Ya’an Tibetan tea, by providing
quantitative information of Ya’an Tibetan tea metabolome through untargeted 1H-NMR. A
remarkably higher number of metabolites than previously reported was characterized by a
single platform. The contents of amino acids, organic acids, carbohydrates and catechins
are mainly determined by ageing time, which would eminently affect the taste and flavor
of Ya’an Tibetan tea. As we purchased Ya’an Tibetan tea samples from the same factory, the
conditions of fermentation could be considered as identical across the samples analyzed,
but there are still several factors (such as the variations in raw tea leaves collected each
year) that should be taken into consideration for further investigations. The present study
could serve as a reference guide for further Ya’an Tibetan tea metabolome studies.
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Abstract: Sour meat is a highly appreciated traditional fermented product, mainly from the Guizhou,
Yunnan, and Hunan provinces. The flavor profiles of sour meat from goose and pork were evaluated
using gas chromatography–ion mobility spectrometry (GC–IMS) combined with an electronic nose
(E-nose) and tongue (E-tongue). A total of 94 volatile compounds were characterized in fermented
sour meat from both pork and goose using GC–IMS. A data-mining protocol based on univariate and
multivariate analyses revealed that the source of the raw meat plays a crucial role in the formation of
flavor compounds during the fermentation process. In detail, sour meat from pork contained higher
levels of hexyl acetate, sotolon, heptyl acetate, butyl propanoate, hexanal, and 2-acetylpyrrole than
sour goose meat. In parallel, sour meat from goose showed higher levels of 4-methyl-3-penten-2-one,
n-butyl lactate, 2-butanol, (E)-2-nonenal, and decalin than sour pork. In terms of the odor and taste
response values obtained by the E-nose and E-tongue, a robust principal component model (RPCA)
could effectively differentiate sour meat from the two sources. The present work could provide
references to investigate the flavor profiles of traditional sour meat products fermented from different
raw meats and offer opportunities for a rapid identification method based on flavor profiles.

Keywords: fermented meat; volatile compounds; GC–IMS; intelligent sensory; chemometrics

1. Introduction

Sour meat is a traditional fermented product, mainly from the Guizhou, Yunnan, and
Hunan provinces, where it is known as Nanx Wudl [1]. Its manufacture is usually carried
out at an artisanal level based on non-standardized production protocols, where salt, rice,
and seasonings, such as Chinese prickly ash and chili, are added to the meat. Fermentation
is mainly carried out by taking advantage of naturally occurring lactic acid bacteria (LAB)
and requires approximately 1–2 months under anaerobic conditions [2]. The meat most
often used is pork, but others may be employed, such as the more expensive goose, which
plays a special role from the consumer’s perspective because of its strong associations with
the traditions of local Chinese communities [3]. From this point of view, it is worth noting
that China accounts for as much as 70% of all the goose meat produced and consumed in
the world [4].

Independent of the meat source in these fermented products, sour meat has attracted
increasing attention outside the typical production areas— mainly due to its unique senso-
rial characteristics, but also due to its positive compositional traits, such as the richness in
probiotics or the absence of nitrites. This brought about an increasing number of scientific
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works investigating various aspects of its production and characteristics. For instance,
Lv et al. investigated the effect of fermentation temperature on the quality, bacterial
community, and metabolites of sour meat. Their results showed that reduction in pH,
thiobarbituric acid reactive substances (TBARS), and water content and an increase in lactic
acid, free amino acids, and the number and amount of volatile compounds occurred as
the fermentation temperature and time increased [5,6]. Lv et al. found that sour meat
samples inoculated with S. cerevisiae LXPSC1 had better sensory characteristics than their
naturally fermented counterparts, together with higher levels of pH, ethanol, free amino
acids, and volatile organic compounds [7]. Zhang et al. found that the double-starter
culture (Lactobacillus curvatus LAB26 and Pediococcus pentosaceus SWU73571) increased the
L* and a* values, amino nitrogen content, and free amino acid content of sour meat signifi-
cantly while also lowering the b* value; lowering the levels of nitrite, biogenic amines, total
volatile basic nitrogen, and malondialdehyde; and restraining the coliform count [8]. Wang
et al. found that low-salt fermentation can accelerate sourmeat maturation and facilitate
the oxidation and decomposition of protein and fat and that it is more conducive to sour
meat fermentation and to distinct fermented flavor production [9].

The main sensory characteristic that has been found to drive consumer preference and
acceptance of fermented meat products is flavor [10]. Gas chromatography coupled with
mass spectrometry (GC–MS) is considered the technique of choice for the qualitative and
quantitative detection of volatile compounds in foods. In recent years, gas chromatography–
ion mobility spectrometry (GC–IMS) has been increasingly used for flavor characterization
in the food industry, because it can effectively distinguish the differences in flavor between
products [11]. GC–IMS is an analytical technique that uses the difference in the migration
rate of gas-phase ions in an electric field to characterize chemical substances [12]. It
combines the excellent separation capacity of GC with the high sensitivity and fast response
of IMS, granting a high accuracy of analysis [13]. To have a comprehensive view of the
sensory characteristics of a food, it is ideal to couple this technique with an electronic
nose and tongue. These devices are designed to mimic human olfactory and gustatory
perception, respectively, without subjective judgements. They consist of a series of sensors
designed to gain an overall fingerprint of the molecular profiles that give rise to complex
odors and flavors [14]. Their application offers numerous advantages, among them rapidity
of response, ease of use, reliability, and accuracy [15].

Despite the importance of aroma in determining consumer preferences for fermented
meat foods and the potential of the E-nose, E-tongue, and GC–IMS for the purpose, few
studies have evaluated their combination in this area. Moreover, most of the studies have
considered products specifically manufactured at a laboratory scale or obtained at the retail
level, which were industrially produced [16,17]. Finally, to the best of our knowledge, no
studies have investigated the effects of different meat sources on the final product’s flavor
profile, even though it has been demonstrated that the action of fermenting microorganisms
(particularly LAB), which leads to the final flavor profile, is deeply influenced by the
starting raw material [18,19].

To fill these numerous gaps, we attempted, for the first time, to discriminate traditional
sour meat based on goose and pork by means of an E-nose and E-tongue, and to obtain
their flavor features through a metabolomics approach based on GC–IMS. This work
could provide a framework for investigating the flavor profiles of traditional sour meats
fermented from pork and goose through GC–IMS and could offer opportunities for a rapid
identification method based on overall flavor characteristics by means of an E-nose and
E-tongue.

2. Materials and Methods

2.1. Experimental Design

In accordance with the traditional artisanal procedure for producing sour meat (Nanx
Wudl) in the Yunnan province, fresh pork (Large White breed) and goose meat (Chinese
Goose breed) were cut into small pieces (around 3 cm × 5 cm × 0.6 cm and 200 g each),
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and then mixed with 3% salt and pickled in a refrigerator at 4 ◦C for 24 h. Next, 1% pepper
was added, along with 7% glutinous rice, fried to golden yellow and ground into coarse-
grained, and 1% glutinous rice, fried to golden yellow and steamed. Finally, the ingredients
were placed in ten sealed containers (five for pork and five for goose) and spontaneously
fermented at room temperature (approximately 15 ◦C) for 60 days.

2.2. Electronic Nose Analysis

A commercial E-nose (FOX 4000, Alpha MOS, Toulouse, France), equipped with an
injection system, 18 sensor chambers, a mass flow controller, and an acquisition board
with a microcontroller, was used to discriminate different sour meat samples. The main
pieces of information granted by each sensor are shown in Figure 1. In order to fulfill the
requirement of E-nose analysis, 0.25 g of sour meat samples was put into a 10 mL headspace
bottle, and then the samples were incubated at 70 ◦C for 5 min and manually injected. The
measurement and rinsing phases took 120 s and 240 s, respectively. The observation of each
sample was repeated five times, and three stable sets of data were retained. The average
value for each sample was included in an RPCA plot.

Figure 1. Performance description of the E-nose sensors (a); an RPCA model based on the E-nose
response data, presented as a score plot (b); and a Pearson correlation plot of the loadings (c).

2.3. Electronic Tongue Analysis

E-tongue analysis was performed by the α-ASTREE (equipped with sixteen autosam-
pler carousel positions, Alpha MOS, Toulouse, France), which provided seven sensors for
sourness (AHS), saltiness (CTS), umami (NMS), sweetness (ANS), bitterness (SCS), and
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two reference electrodes (PKS and CPS) [20–22]. Sour meat samples (20.0 g) were mixed
with 200 mL of deionized water to extract the taste substances. After the mixed solution
was centrifuged 2265× g for 10 min at 4 ◦C, the water phase (100 mL) was obtained for
E-tongue analysis. Each collection time was set to 120 s. The stirring rate was set to 60 rpm,
and the cleaning time was 30 s. Deionized water was used as a cleaning solution. The
average value measured between 100 and 120 s was taken as the output value. Following
the suggestion of Li et al. [20], each sample was repeated eight times, and the data of the
last 5 stable sets were selected as the original data for analysis. The average value for each
sample was included in an RPCA plot.

2.4. GC–IMS Analysis

The volatile compounds in the sour meat samples were analyzed using GC–IMS
(Flavorspec, G.A.S. Instrument, Munich, Germany) with an MXT-WAX capillary column
(30 m × 0.53 mm × 1 μm) (Restek, Mount Ayr, USA). Without any sample pre-treatment,
0.25 g of meat samples was accurately weighed and put into a 20 mL headspace (HS)
vial with a magnetic screw seal cover. Then, the samples were incubated at 50 ◦C for
10 min. After incubation, 100 μL of the headspace sample was automatically injected into
the injector (splitless mode) via a heated syringe at 65 ◦C. The column was kept at 60 ◦C,
with the drift tube temperature at 45 ◦C. The drift gas flow was set to a constant flow rate
of 150 mL/min. Nitrogen carrier gas (99.999% purity) was used, and the GC column flow
rate was programmed as follows: 2 mL/min for 5 min, 10 mL/min for 10 min, 15 mL/min
for 5 min, 50 mL/min for 10 min, and 100 mL/min for 10 min. Following the suggestions
of previous papers [23,24], the retention index (RI) of volatile compounds was calculated
using n-ketones C4–C9 as external references. Volatile compounds were identified by
comparing their RI and ions’ drift time— that is, their migration time from the ionization
source to the detector in the IMS chamber— with those of the standards in the GC–IMS
library. In accordance with Guo et al. [25], the relevant calculation formula is as follows:

RI(x) = RI(x − 1) +
[RI(x + 1)− RI(x − 1)]× [RT(x)− RT(x − 1)]

RT(x + 1)− RT(x − 1)

RT(x): The retention time of the substance/min;
RT(n): The retention time of the n-ketones/min;
n: The number of carbon atoms in the n-ketones;
x: target to be carried out via qualitative and quantitative analysis;
x − 1: The component peaking before target x;
x + 1: The component peaking after target x.

Each sample was detected once, and the quantification of volatile compounds was
based on the peak signal intensity. Using the Laboratory Analytical Viewer, Reporter,
and Gallery Plot supported by the GC–IMS instrument, three-dimensional (3D) and two-
dimensional (2D) topographic plots and gallery plots of the volatile compounds were
constructed.

2.5. Statistical Analysis

Statistical analysis was performed in R computational language. Prior to the univariate
analyses, the distribution of the data was brought to normality according to Box and
Cox [26]. We used t-tests to look for significant differences between groups (p < 0.05).

Following the suggestions of previous studies [27,28], with the aim of obtaining an
overall view of the data, robust principal component analysis (RPCA) models were set up
based on the average values of the E-nose and E-tongue sensors and the molecules’ peak
signal intensities, respectively. For each RPCA model, a score plot and a Pearson correlation
plot of the loadings were calculated, to highlight the structure of the data and to find out
the relationships between variables and the model components.
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3. Results

3.1. Electronic Nose Analysis

The E-nose analyzer, equipped with 18 sensors, was used to identify different sour
meat formulations and to assess their comprehensive flavor characteristics. The main
performance of the sensors is described in Figure 1a, as suggested by Wen et al. [29]. The
response from nine of the sensors was found to be significantly different between the two
groups (p < 0.05). To obtain an overview of the trends of these sensors, their response
values were employed as a basis for an RPCA model, shown in Figure 1b,c.

Sour meat samples fermented from goose and pork could be clearly distinguished
when observed along PC 1, with goose mainly characterized by higher response values
from the sensors LY/LG, LY/Gh, P40/2, LY2/AA, PA/2, T40/2, and P30/1 and by lower
response values from the sensors P10/1 and P40/1.

3.2. Electronic Tongue Analysis

The E-tongue analyzer, equipped with seven sensors, was used to identify different
sour meat formulations and to assess their comprehensive taste characteristics. Six of the
sensors gave a significantly different response when analyzing the two groups (p < 0.05).
In order to obtain an overview of the trends of these sensors, their response values were
employed as a basis for an RPCA model, shown in Figure 2.

 

Figure 2. Score plot (a) and Pearson correlation plot (b) of the loadings of an RPCA model based on
E-tongue response data.

The results showed that sour meat samples fermented from goose and pork were well
distinguished along PC 1. Sour meat fermented from goose was mainly characterized by
higher response values from the sensors CPS, NMS, and SCS and by lower response values
from the sensors PKS, CTS, and AHS.

3.3. GC–IMS Analysis

The processing pipeline of the GC–IMS information about the volatile components in
the samples from goose and pork meat is summarized by Figure 3.
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Figure 3. GC–IMS observations of sour meat fermented from goose and pork. (a) Their three-
dimensional representation. (b) Their bird’s-eye view representation, with spectra from goose meat
employed as a reference and the corresponding spectra from pork represented as differences from
goose meat. In the latter case, red and blue highlight components that were over- and under-expressed,
respectively. (c) Their representation as ion migration spectra, where the ions are numbered and then
listed in (d) as gallery plots, in which the color was brighter, the content was higher.

The 3D representation of Figure 3a offers an unbiased visual impression that the
samples from the two meat sources differed along large portions of the GC–IMS spectrum.
This allows us to establish that GC–IMS is a technique well suited for distinguishing
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fermented meat from the two studied sources. The point-by-point differences between
the two sets of samples in Figure 3b allow us to appreciate in finer detail that most of the
peculiarities regarded compounds with retention times between 200 and 1000 s, whose
ions showed drift times between 6.0 and 10.0 ms. A total of 94 compounds were identified,
including ketones (10), acids (8), alcohols (19), aldehydes (15), esters (27), and others (10).
The relevant information about each of them is provided in Table 1.

The topographic plots of Figure 3d allow us to visually appreciate the trends dis-
tinguishing the two sets of samples, and they demonstrate that many of the volatile
compounds distinguishing fermented goose meat from fermented pork were acids and
alcohols. For example, hexyl acetate, sotolon, heptyl acetate, butyl propanoate, hexanal,
and 2-acetylpyrrole appeared as more concentrated in sour meat from fermented pork,
while levels of 4-methyl-3-penten-2-one, n-butyl lactate, 2-butanol, (E)-2-nonenal, and
decalin were higher in the samples from goose meat.

In accordance with Zhu et al., to identify the molecules showing the highest differences
between the two types of samples, a volcano plot was set up, which nicely combines
the results of the t-test and fold-change analysis on a molecule-by-molecule basis [30].
Significantly different molecules with a fold change higher than 2 are shown in Figure 4a. To
obtain an overview of the trends of these molecules, their signal intensities were employed
as a basis for an RPCA model, as shown in Figure 4b,c.

In the score plot of Figure 4b, the PC 1 accounted for as much as 96.4% of the samples’
overall variability and perfectly summarized the differences between goose and pork
samples, with negative and positive PC 1 scores, respectively. The Pearson correlation plot
of the loadings of Figure 4c shows that sour meat fermented from goose has higher amounts
of β-myrcene, 2-butanol, 2-methylpentanoic acid, isophorone, decaline, n-butyl lactate,
4-methyl-5-vinylthiazole, and cyclohexanone and lower concentrations of 2-hexanone,
hexanal, α-phellandrene, 2-methyl-2-pentenal, γ-octanoic lactone, isoamyl propionate, and
cuminaldehyde.
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Figure 4. Volcano plot (a) indicating the changes in the concentrations of metabolites in sour meat
samples from the two groups. The RPCA model was set up on the basis of the molecules selected by
the volcano plot. In the score plot (b), squares and circles indicate goose and pork samples, respec-
tively. The median of each sample group is indicated by wide, empty circles. The Pearson correlation
plot of the loadings (c) shows the molecules with significant correlations between concentration and
importance over PC 1 (p < 0.05).

3.4. Correlation between E-Nose and GC–IMS

The E-nose and GC–IMS can classify sour meat fermented from pork and goose meat
from different points of view. For example, E-nose was able to provide overall information
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on the volatile compounds in each sample. In contrast, GC–IMS could provide the specific
volatile profile of each sour meat. Therefore, in order to promote the overall performance
of both techniques, the potential correlation between E-nose sensor responses and volatile
compound levels detected by GC–IMS was analyzed, as shown in Figure 5.

Figure 5. Spearman’s correlation heatmap showing the correlation between the significantly altered
volatile compound levels and the electronic nose sensor responses. Colors represent correlation
coefficients, with red and blue indicating positive and negative correlation, respectively. Asterisks
* and ** stand for significance at p < 0.05 and p < 0.01, respectively.

As shown in Figure 5, the LY2/AA and LY2/Gh sensors were found to positively
correlate with hexanal, α-phellandrene, and 2-hexanone. These compounds were charac-
terized by GC–IMS at high levels in the sour meat fermented from pork. In contrast, the
PA/2, P10/1, P40/1, LY2/LG, P30/1, T40/2, and P40/2 sensors were found to positively
correlate with 2-methylpentanoic acid (D), decaline, β-myrcene, cyclohexanone, n-butyl
lactate, 2-butanol (M), and isophorone. These compounds were characterized by GC–IMS
at high levels in the sour meat fermented from goose meat. These results indicate that
the E-nose sensor response values and volatile compound quantifications characterized
through GC–IMS can discriminate the unique flavors of sour meat fermented from pork
versus goose meat.
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4. Discussion

Sour meat (Nanx Wudl) is a fermented meat product traditionally manufactured by
minorities (the Dong, the Miao, the Dai, the Tujia, the Maonan, etc.) but increasingly
appreciated in wider parts of China due to its unique flavor, richness in nutrients, and
long shelf life [2,16,31]. However, studies evaluating the effects of different raw meats
on the formation of the typical complex flavor during fermentation are still lacking. To
shed light on the issue, the present study attempted, for the first time, to comprehensively
characterize the flavor profiles of sour meat from goose and pork by means of GC–IMS
combined with an electronic nose and tongue—a perfect combination for the purpose, but
still rarely employed.

Nine of the eighteen sensors on the E-nose analyzer showed a significantly different
response between the samples from goose meat and pork, evidencing that this tool is
extremely sensitive to peculiarities in the overall flavor profiles connected to the raw
materials for fermented meat. From this point of view, it is worth underlining that this tool
is not able to identify the specific volatile compounds giving rise to the overall response; a
specific high-throughput technique tailored for the purpose, such as GC–IMS, should be
used in parallel to obtain fine-grained information, at least in the first stages of investigation.
Six of the seven sensors on the E-tongue showed a significantly different response to the
two tested products, demonstrating that, in this context, this technique gives interesting
complimentary information from the point of view of taste attributes.

A total of 94 compounds was characterized in each of the tested samples by GC–
IMS, by comparing their RI and ion drift time to the standards in the GC–IMS library
and references [32–35], pertaining to ketones (10), acids (8), alcohols (19), aldehydes (15),
esters (27), and others (10). Among them, twenty-one compounds exhibited significant
differences between the two types of samples, namely hexyl acetate, 2-hexanone, 2-methyl-2-
pentenal, isoamyl propionate, cuminaldehyde, hexanal, γ-octanoic lactone, α-phellandrene,
4-methyl-2-pentanol, sotolon, 4-methyl-5-vinylthiazole, β-myrcene, 2-methylpentanoic acid
(D), cyclohexanone, isophorone, decaline, propanol, n-butyl lactate, 2-butanol (M), linalool
oxide (D), and 4-methyl-3-penten-2-one.

2-Butanol is a flavor-enriching substance with a sweet and pleasant scent [36]. The
compound is derived from the reduction of 2-butanone. Moreover, it can also derive from
pyruvate, similar to 1-propanol [37]. In turn, pyruvate generation could be attributed to
amino acid metabolism, active in lactic acid bacteria, particularly for aspartate [38]. The
distinct content of 2-butanol in sour meat fermented from goose meat and pork could
be explained, at least in part, by the different amino acid profiles of goose meat versus
pork [39,40].

Hexanal and 2-methyl-2-pentenal, belonging to the chemical class of aldehydes, have
been found in beef meat [41] and chicken meat [42] and are considered to be useful markers
of lipid oxidation [43,44]. Choi et al. found, by studying plant substrates during drying,
that hexanal and 2-methyl-2-pentenal are produced from the action of residual enzymes
so that, especially at low drying temperatures, their concentration is proportional to the
residual humidity of the sample [45]. From these studies, it could be inferred that the
different contents of hexanal and 2-methyl-2-pentenal in sour meat fermented from goose
meat versus pork could be linked to different activity of residual enzymes, in turn leading
to variable extents of lipid oxidation in the final product [46].

2-Hexanone, like many ketones, has an unpleasant, pungent odor [47]. By observ-
ing silver carp during chill storage, Jia et al. found that 2-hexanone was initially absent
and increased gradually with storage time, showing a good correlation with microbial
growth [48]. Similar to 2-hexanone, 2-methyl-2-pentenal, 2-methylpentanoic acid, and
4-methyl-3-penten-2-one were found to be linked to microbiota metabolism, though they
were mainly linked to lipid oxidation, carbohydrate fermentation, and amino acid degrada-
tion [49,50].

Hexyl acetate is an ester with a pleasant fruity scent, which can usually be found in
meat products. Li et al. found that hexanal was first reduced to 1-hexanol by Lb. fermentum
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and subsequently converted into hexyl acetate by P. kluyveri during pork fermentation [51].
Similarly, Jiang et al. found that there were positive correlations between the levels of
Leuconostoc and Lactobacillus versus hexyl acetate in smoked horse meat sausages [52].
Zhang et al. found that hexyl acetate was a crucial positive contributor to the flavor profile
of unsmoked bacon [53].

Overall, the trends we observed of the above-mentioned molecules seem to confirm
that microorganisms’ role in determining flavor profile is determined by the raw materials,
particularly the meat. The trends of other molecules seem to confirm this observation.
Linalool oxide can contribute to woody and floral aromas [54]. Sotolon is formed through
the aldol condensation of α-ketobutyric acid, produced by threonine and acetaldehyde,
which in turn result from the oxidation of ethanol generated, by the glucose metabolism
of yeasts during fermentation, among other processes. Confirming this, Ohata et al. used
10% commercial koji and 10% salts to ferment a pork meat sauce for 12 months, and
they found that the main odor contributors in their fermented meat sauce were sotolon
and ethyl furaneol, which gave the meat sauce a sweet and caramel-like note [55]. Other
compounds such as α-phellandrene, β-myrcene, and cuminaldehyde can be considered
plant-derived [56–58]. The presence of these compounds in the final product is most likely
due to the spices added to fresh meat, particularly pepper.

In the present study, it is worth noting that the combination of the E-nose, E-tongue,
and GC–IMS could improve the overall performance of all techniques and provide a
comprehensive characterization of sour meat fermented from pork and goose meat. In
particular, the correlation between E-nose response values and GC–IMS molecule peak
areas highlighted that lipid-oxidation-related compounds (such as hexanal and 2-hexanone)
played important roles in discriminating sour meat fermented from goose meat and from
pork. Moreover, a few of the E-nose sensors (such as PA/2, P10/1, P40/1, LY2/LG, T40/2,
and P40/2), which exhibited significantly higher response values for the above compounds,
could be considered potential candidates for developing targeted analysis methods by
means of an E-nose for practical sample analysis.

5. Conclusions

In this study, for the first time, the flavor features of sour meat traditionally fermented
from goose and pork were systematically characterized by means of GC–IMS, an E-nose,
and an E-tongue. Taking advantage of a protocol based on univariate and multivariate
analyses, we found that the raw material played a crucial role in introducing peculiarities
to large portions of the flavor profile, so that sour meat from goose was readily distin-
guishable from that based on pork. Though the E-nose and E-tongue are able to grant an
overall view of the odor and taste features of samples, it is still necessary to apply high-
throughput techniques in parallel, to spot the specific volatile compounds conveying the
overall response. Notably, none of the tested analyses required sample preparation, which
implies that these operations are simple, fast, and nondestructive. Therefore, the present
work could provide a basis for investigating the flavor profiles of traditional sour meats
fermented from different meat sources and shed light on establishing more comprehensive
and rapid methods for identifying flavor characteristics.
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Abstract: It is estimated that food fraud, where meat from different species is deceitfully labelled or
contaminated, has cost the global food industry around USD 6.2 to USD 40 billion annually. To over-
come this problem, novel and robust quantitative methods are needed to accurately characterise
and profile meat samples. In this study, we use a glycomic approach for the profiling of meat from
different species. This involves an O-glycan analysis using LC-MS qTOF, and an N-glycan analysis
using a high-resolution non-targeted ultra-performance liquid chromatography-fluorescence-mass
spectrometry (UPLC-FLR-MS) on chicken, pork, and beef meat samples. Our integrated glycomic ap-
proach reveals the distinct glycan profile of chicken, pork, and beef samples; glycosylation attributes
such as fucosylation, sialylation, galactosylation, high mannose, α-galactose, Neu5Gc, and Neu5Ac
are significantly different between meat from different species. The multi-attribute data consisting
of the abundance of each O-glycan and N-glycan structure allows a clear separation between meat
from different species through principal component analysis. Altogether, we have successfully
demonstrated the use of a glycomics-based workflow to extract multi-attribute data from O-glycan
and N-glycan analysis for meat profiling. This established glycoanalytical methodology could be
extended to other high-value biotechnology industries for product authentication.

Keywords: O-glycan; N-glycan; glycomic; meat species

1. Introduction

With the growing human population and the increasing demand for food, food adul-
teration has become a global problem estimated to affect 10–20% of all food consumed in
the world [1,2]. Such contamination by either additions or substitutions of meat from a
different species is a significant dietary issue, particularly for individuals with allergies
or those of a certain religious conviction [3,4]. It is thus prudent to develop techniques in
authenticating meat products as a means of ensuring safe trade and ethics [2,3].

Currently, many methods have been developed for the means of food fraud de-
tection, including microscopic, spectroscopic (NMR, FTIR), and DNA-based techniques
(PCR) [2,5–7]. Indeed, amidst these techniques, biomarkers identification by means of
omics technology allows such quantification and distinction at a molecular level [8,9].
In fact, the significant popularity and application of these technologies in resolving food
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compositions in general at a high resolution has developed an entire field of “foodomics”
to identify molecular traits pertaining to the production and processing of these com-
plex mixtures [10,11].

Interestingly, within the available omics technologies in the analysis of meat from dif-
ferent species, the use of glycomics remains relatively unknown. Considering the multiple
diverse glycan structures that can arise as a result of the complex protein glycosylation
pathways, it is likely that significant structural differences in glycan compositions can
be detected between samples derived from different animal species [12,13]. In particular,
studies have found at least six different N-glycan structural differences between duck and
meat samples as a means of differentiating these two species [13]. Additionally, the types
of O-glycan structures in meat samples are not presently known, and thus the discrim-
ination patterns between different meat samples using an O-glycan analysis have also
not been resolved. With recent advances in deciphering glycan structures, such as a com-
bined fluorescence-based quantitation with an LC-MS technique (LC-FLR-MS) in resolving
N-glycan structures at great sensitivity [14,15], as well as novel methods in releasing
O-glycans with free reducing-end aldehydes for O-glycan analysis [16–18], a deep and total
structural analysis of both N-linked and O-linked glycans can be performed to characterise
samples with a degree of resolution that previously would not have been possible.

In this study, we demonstrate the use of this approach to determine the diverse
O-linked and N-linked glycan profiles of three meat samples (chicken, beef, and pork).
In the O-glycan analysis, we find a clear difference in the distinct structures between
the different meat samples. The abundance and diversity of each O-glycan structure
appears to be significantly dissimilar, suggesting well-defined O-glycosylation patterns
between meat samples derived from different animal species. In the N-glycan analysis, our
high-resolution measurements have identified the presence of up to 17 different N-glycan
structures in the meat samples, which is an increase by a factor of two compared to the
previously carried out analysis [13]. The individual glycan structures, as well as the total
glycosylation attributes, are clearly distinguishable between the different meat samples.
Finally, a principal component analysis (PCA) is also performed with all O-glycan and
N-glycan structures within the meat samples, revealing straightforward discrimination
between the samples, and thus the potential use of such integrative glycomic approaches
for the high-throughput authentication of meat samples in the future [19].

2. Materials and Methods

2.1. Meat Lysis and Protein Extraction

Meat samples for each species were purchased and processed within the same day.
Chicken samples were isolated from peroneus longus, whilst pork and beef samples were
isolated from extensor carpis radialis. Fat and connective tissues were trimmed off from
the meat. Pea-sized meat samples were snap-frozen using nitrogen and were minced to
homogeneity using a pestle and mortar. Approximately 150 μg of each homogenised meat
sample was lysed in 800 μL of T-PER tissue protein extraction reagent supplemented with
protease inhibitor (1:100, both from ThermoFisher, UK) for 10 min on a rotary shaker. After
this, the samples were centrifuged at 10,000× g for 5 min and the supernatant was collected.
Proteins extracted were stored at −80 ◦C before being subjected to the O- and N-glycan
analysis workflow.

2.2. Release and Permethylation of O-Glycans

O-glycans were released from 100 μg of meat samples by adding 200 μL of (0.5 M)
sodium borohydride in 0.05 M potassium hydroxide and incubating in a 50 ◦C oven for
16 h. The reaction was terminated by adding glacial acetic acid dropwise followed by a
clean-up using Dowex 50W-X8(H) 50–100 mesh resin chromatography. The samples were
loaded onto the pre-prepared Dowex resin column and the flowthrough was collected
in a glass tube. The O-glycans were eluted using 5 mL of 5% acetic acid and combined
with the flowthrough. Eluted O-glycans were evaporated to dryness using a nitrogen
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sample concentrator. Then, 500 μL of 10% acetic acid in methanol was added and dried to
remove borate (repeated five times). Sodium hydroxide dissolved in dimethyl sulfoxide
and iodomethane were added to the dried glycan samples in glass tubes. The reaction
was allowed to proceed under rotation at 30 rpm for about 3 h. Next, 1 mL of deionised
water was added dropwise to quench the reaction. After 2 mL of chloroform was added,
the mixture was mixed thoroughly. After allowing the mixture to separate into 2 layers,
the upper aqueous layer was removed. Deionised water was added to the chloroform layer
and this step of mixing and removal of aqueous layer was repeated several times until the
chloroform layer was clear. The chloroform layer was then evaporated to dryness using a
nitrogen sample concentrator.

2.3. Sep-Pak Separation of Permethylated Glycans

C18 Sep-Pak® cartridge (Water Corporation, Milford, MA, USA) was primed sequen-
tially with 5 mL methanol, 5 mL deionised water, 5 mL acetonitrile and 5 mL deionised
water. The dried permethylated sample was redissolved in 200 μL of 50% methanol and
loaded to the Sep-Pak® cartridge. Elution was carried out by adding 2 mL of 15, 35, 50 and
75% acetonitrile in water (v/v). Each elution fraction was collected and evaporated to
dryness using a SpeedVac.

2.4. Mass Spectrometry Analysis of O-Glycans

Permethylated O-glycans from the 35% and 50% fractions were combined and recon-
stituted in 100 μL of 80% methanol with 0.1% formic acid. Then, 10 μL of reconstituted
released O-glycans were injected into Agilent 1290 infinity LC system coupled to an Agi-
lent 6550 iFunel qTOF mass spectrometer (Agilent Technologies, Santa Clara, CA, USA).
O-glycans were separated using an Agilent Zorbax Eclipse Plus C18 RRHD column (1.8 μm,
2.1 mm × 50 mm) at 500 μL/min, with an elution gradient of 3 to 10%, 10 to 40%, 40 to 70%,
and 70 to 90% of 0.1% formic acid in acetonitrile (ACN, mobile phase B) at 0 to 10 min, 10 to
25 min, 25 to 30 min, and 30 to 38 min, respectively. For mobile phase A, 0.1% formic acid
in water was used. The column was flushed with 90% mobile phase B for 12 min before
re-equilibrating with 3% mobile phase B for 15 min.

Mass spectra were acquired in positive ion mode over a mass range of m/z 100–2000
with an acquisition rate of 1 Hz. The following parameters were used for the acquisition:
drying gas temperature 150 ◦C at 12 L/min, sheath gas temperature 300 ◦C at 12 L/min,
nebuliser pressure at 45 psi and capillary voltage at 2500 V. Mass correction was enabled
using an infused calibrant solution with a reference mass of m/z 121.0873 and 922.0098.

2.5. O-Glycan Assignment

LC-MS data were processed using Molecular Feature Extractor (MFE) algorithm of
MassHunter Qualitative Analysis Software (version B.06.00 Build 6.0.633.10 SP1, Agilent
Technologies, Santa Clara, CA, USA). A permethylated mass list was generated based on
the neutral masses of O-glycans found on the GlycoStore and Consortium for Functional
Glycomics database [20,21]. This list with a mass filter of 10 ppm was used to search the
LC-MS data. Mass peaks were filtered with a peak height of at least 100 counts and resolved
into individual ion species. Using a Glycans Isotopic distribution model, charge state of
a maximum of 3 and retention time, all ion species with singly and doubly protonated
ions and their sodium adducted ions associated with a single compound were summed
together. The neutral compound mass was then calculated and a list of all compound
peaks in the samples and standards were generated with relative abundances depicted by
chromatographic peak areas.

Targeted tandem MS was acquired in positive ion mode over a mass range of m/z
100–2000 with an acquisition time of 1.5 Hz. A targeted mass list was generated based on
the desired MFE compounds found on the samples for MS/MS analysis. The precursor
masses of interest, along with its charge state, retention time and peak width were indicated.
The isolation width used was medium (~4 m/z) and the collision energy (CE) used for each
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precursor compound were automatically calculated by the acquisition software based on
the following equation:

CE (eV) = 3 (m/z ÷ 100) − 4.8 (1)

The targeted tandem MS data were processed using MFE algorithm with the same
settings used for searching LC-MS data and the MS/MS spectrum were extracted from
each of the targeted compounds.

2.6. N-Glycan Release and Labelling

N-glycans of meat were released and labelled using GlycoWorks RapiFluor-MS (RFMS)
N-glycan kit (Waters Corporation, Milford, MA, USA) according to the manufacturer’s
protocol. Briefly, 15 μg of dried protein extracted from meat was reconstituted in 22.8 μL of
LCMS grade water and 6 μL of 5% RapiGest solution (final concentration 0.01% RapiGest,
Waters Corporation, Milford, MA, USA). The solution was incubated at 95 ◦C for 5 min
to denature the protein extracted from meat. N-glycans were released enzymatically by
adding 600 U of recombinant PNGase F (New England Biolabs, Ipswich, MA, USA) fol-
lowed by 10 min incubation at 55 ◦C. Released N-glycans were labelled with 12 μL of the
RapiFluor-MS Reagent Solution (fluorescence label, 0.07 mg/μL in anhydrous dimethyfor-
mamide (DMF), Waters Corporation, Milford, MA, USA) at room temperature for 10 min.
The solution was diluted in 358 μL of ACN, followed by clean-up using a GlycoWorks
HILIC μElution Plate (Waters Corporation, Milford, MA, USA). Isolated released N-glycans
were dried and reconstituted in 9 μL of LCMS grade water, 10 μL of DMF, and 21 μL of
ACN sequentially for LC-MS analysis.

2.7. Liquid Chromatography-Mass Spectrometry Analysis of RFMS-Labelled N-Glycan

Released N-glycans were analysed as previously described [22]. First, 10 μL of re-
constituted released N-glycans were injected into an ACQUITY H-Class UPLC (Waters
Corporation, Milford, MA, USA) coupled to a SYNAPT XS mass spectrometer (Waters
Corporation, Milford, MA, USA). Samples were separated using an ACQUITY UPLC
Glycan BEH amide column (130 A, 1.7 μm, 2.1 mm × 150 mm, Waters Corporation, Mil-
ford, MA, USA) at 60 ◦C and 400 μL/min, with a 40 min gradient from 25 to 49% of
50 mM Ammonium Formate (mobile phase A). As mobile phase B, 100% ACN was used.
RFMS-labelled glycans were excited at 265 nm and measured at 425 nm with an ACQUITY
UPLC FLR detector (Waters Corporation, Milford, MA, USA). The MS1 profile scans of m/z
400–2000 were acquired using the SYNAPT XS in positive mode with an acquisition rate of
1 Hz. The electrospray ionisation capillary voltage was set at 1.8 kV, cone voltage at 30 V,
desolvation gas flow at 850 L/h, and ion source temperature and desolvation temperature
were kept at 120 ◦C and 350 ◦C, respectively. Leucine Enkephalin (Waters Corporation,
Milford, MA, USA) was used as the LockSpray compound for real-time mass correction.
RapiFluor-MS Dextran Calibration ladder (Waters Corporation, Milford, MA, USA) was
also injected into LC-MS to calibrate the retention time of sample peaks. The retention
times were normalised using the dextran calibration curve to Glucose Units (GU).

2.8. N-Glycan Assignment

Released N-glycans were analysed using the UNIFI Scientific Information System
(Version 1.8, Waters Corporation, Milford, MA, USA). Fluorescence peaks were integrated
manually using the UNIFI Scientific Information System and relative quantitation of peaks
was obtained by area-under-curve measurements followed by normalisation to the total
area. Glycan assignment was carried out by matching neutral mass and/or Glucose
Units (GU) of each peak to the modified “N-glycan 309 mammalian no sodium” database
available in the Byonic software.

2.9. Statistical Analyses

Data are presented as mean ± standard error of the mean. Statistical analyses were
performed by Student’s t-test or one-way ANOVA with Tukey’s post hoc test using Graph-
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Pad Prism 8 (GraphPAD Software Inc., San Diego, CA, USA). Multiple comparisons were
performed between chicken, pork, and beef in ANOVA tests. O-glycan and N-glycan
relative abundance was analysed using principal component analysis (PCA). The criterion
for significance was p < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results

3.1. Framework for an Integrated Glycomic Study of Meat Samples from Different Species

The overall glycomic-based workflow consists of: (i) an experimental approach in
extracting and isolating glycan structures from meat samples, (ii) a quantitative glycomic
analysis of the abundance of both N-glycans and O-glycans, and finally (iii) the computation
of the principal component analysis (PCA) to successfully discriminate glycans belonging
to the different meat samples (Figure 1).

Figure 1. Glycomics-based workflow for the characterisation and profiling of meat samples. Samples
are first processed for the extraction of proteins, which undergo separate procedures for the release of
N-linked and O-linked glycans. These glycans are finally quantitated via a mass spectrometry-based
analysis. Permethylated O-glycans are quantitated through the mass abundance of the ions whilst
N-glycans are quantitated via the fluorescence of the RFMS label.
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In the first step, whole meat samples are grounded and subjected to lysis using
T-PERTM Tissue Protein Extraction Reagent. Subsequently, a centrifuge step is employed to
pellet the tissue debris, and the final supernatant product contains all proteins successfully
extracted from the meat samples, including the glycoproteins of interest. In the next step,
the same samples are split for N-glycan and O-glycan analysis. In the O-glycan analysis,
O-glycans are released and permethylated before the LC-MS analysis, while in N-glycans,
they are released and labelled with Rapifluor-MS (RFMS) before an UPLC-FLR-MS analysis.
Both workflows allow the differentiation and quantification of the abundance of distinct
N-glycans and O-glycans. Finally, these results are pooled together for a PCA analysis
which allows the novel discrimination of the different meat samples on a molecular level
(Supplementary Figures S1–S54).

3.2. O-Glycan Characterisation of Meat

We demonstrate the application of this workflow by applying the above workflow to
three types of meat samples, namely chicken, pork, and beef. The extracted proteins were
first analysed based on their O-glycan profiles. O-glycan structures, in particular, have
been shown to exhibit a diverse glycosylation pattern in eukaryotes, owing to the many
biosynthetic pathways [23]. In the case of the three meat samples, we observe the presence
of four distinct O-glycan structures found through the analysis of released permethylated
O-glycans. Through the combined analysis of the retention time and MS2 fragment data
of the O-glycan standards, two of the most abundant glycans were identified as Gal-
GalNAc and NeuAc-Gal-GalNAc (Figures 2 and 3A,B). Gal-GalNAc, in particular, was
observed to be the most abundant structure in all samples, though its relative abundance
ranged from 74.7 ± 0.6% in pork meat to 45.7 ± 3.3% in chicken meat (Figure 3A, Table 1).
This significant abundance corroborates previous observations of Gal-GalNAc as one of
the core, and thus most abundant, O-glycan structures that can be found, particularly
in mammals [24,25]. On the other hand, the relative abundance of NeuAc-Gal-GalNAc
was observed to range from 10–25% instead, depending on the sample. The presence
of two other distinct glycans was also observed, though their exact linkage could not be
ascertained. These two structures, labelled instead through their chemical compositions as
Hex-HexNAc (RT~15.5 min), and Hex(NeuAc)HexNAc (RT~18.8 min), respectively, was
observed to be more abundant in the chicken meat samples than the other animal samples
(Figures 2 and 3C,D).

Table 1. Summary of relative abundances of O-glycans in percentage detected in chicken, pork,
and beef. (±, standard error of mean; ND, not detected).

Chicken (%) Pork (%) Beef (%)

Hex-HexNAc 23.6 ± 2.2 ND 13.8 ± 1.0

Gal-GalNAc 45.7 ± 3.3 74.7 ± 0.6 63.1 ± 3.6

Hex(NeuAc)HexNAc 19.3 ± 2.4 ND ND

NeuAc-Gal-GalNAc 11.3 ± 1.9 25.3 ± 0.6 23.1 ± 3.6

Furthermore, a quantitative comparison of the relative abundances of all four
O-glycans was made across all three meat samples (Figure 3A–D, Table 1). ANOVA
test indicated that the relative abundances of Gal-GalNAc and Hex-HexNAc (by chemical
composition) in chicken, pork, and beef meat samples are significantly different from each
other (Figure 3A,C). An interesting trend was observed in the case of sialylated O-glycans
within the meat samples. In particular, chicken meat samples were observed to contain
a significant amount of Hex(NeuAc)HexNAc (by chemical composition) which was oth-
erwise undetected in the beef and pork samples (Figure 3D). However, in the case of
the other sialylated O-glycan NeuAc-Gal-GalNAc, chicken meat samples had the lowest
relative abundance as compared to the other two samples (Figure 3B, 11.3 ± 1.9% ver-
sus 25.3 ± 0.6% and 23.1 ± 3.6%, respectively, p < 0.05, p< 0.01). Indeed, the combined
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quantification of all sialylated glycans (Hex(NeuAc)HexNAc and NeuAc-Gal-GalNAc)
yield no statistically significant difference between species (Figure 3E). This highlights the
importance of high resolution glycomics in characterising individual O-glycan structures
for the proper distinction between meat samples of different animal origins.

Figure 2. Representative extracted ion chromatogram of permethylated O-glycans extracted from
(A) chicken, (B) pork, and (C) beef. Gal-GalNAc and NeuAc-Gal-GalNAc were detected in all species,
whilst Hex-HexNAc was detected only in chicken and beef and Hex(NeuAc)HexNAc was detected
exclusively in chicken. (White square, N-acetylhexosamine; white circle, Hexose; yellow square,
N-acetylgalactosamine; yellow circle, galactose; purple diamond, N-acetylneuraminic acid).
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Figure 3. The relative abundance of permethylated O-glycans in meat samples. (A) Gal-GalNAc,
(B) NeuAc-Gal-GalNAc, (C) Hex-HexNAc, (D) Hex(NeuAc)HexNAc, and (E) sialylation of chicken,
pork and beef. (One-way ANOVA followed by Tukey’s post hoc test, multiple comparisons were
performed between chicken, pork, and beef, n = 4; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3.3. N-Glycan Characterisation of Meat

We also performed a full characterisation of the N-glycan structures of the extracted
proteins from the three meat samples (Figure 4). We released N-glycans using the en-
zyme PNGaseF and labelled them with RFMS fluorescence tag before subjecting them to
FLR-LC-MS workflow. Interestingly, from the FLR chromatogram, which reflects the abun-
dance of the fluorescently labelled N-glycans, we can observe distinct overall N-glycomic
signatures between the samples. For instance, in the case of the chicken meat sample,
an even distribution of peaks was observed (Figure 4A), whilst distribution of peaks from
pork and beef meat samples were skewed towards those with higher retention time, which
also corresponds to higher neutral mass (Figure 4B,C). In particular, the overall N-glycome
of the pork sample appeared to be less heterogeneous, with one major peak observed
at around 20.8 min. N-glycan compositions were further confirmed with neutral mass
and/or glucose unit (GU) and labelled in the representative FLR chromatogram (Figure 4).
We subsequently quantified the relative abundance of each N-glycan structure between
the meat samples (Table 2). In each sample, up to 17 different glycan structures could be
identified, which is significantly higher than that reported from previous studies [13]. We
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note that other rare, low-abundant glycan structures may also be present in these samples,
whose signal is masked by the relatively much more abundant glycan structures. These N-
glycans of these samples were grouped based on their glycosylation attributes—fucosylation,
sialylation, galactosylation, and the presence of high mannose (Figure 5). We observed that
the pork meat samples contained the highest abundance of fucosylated N-glycan structures
(Figure 5A, p < 0.0001 and p < 0.05, for comparison between pork and chicken or beef,
respectively), followed by beef and chicken samples (Figure 5A, p < 0.001, for comparison
between chicken and beef). Chicken meat samples contained the lowest relative abun-
dances of sialylated and galactosylated N-glycans compared to pork and beef meat samples
(sialylation: Figure 5B, p < 0.001 and p < 0.01, for comparison between chicken and pork
or beef, respectively; galactosylation: Figure 5C, p < 0.001, for both comparison between
chicken and pork or beef), with no statistically significant difference between pork and beef
meat samples. In contrast, the chicken meat sample had the highest amount of N-glycans
with high mannose structure (Figure 5D, p < 0.001, for both comparison between chicken
and pork or beef), while no statistically significant difference was found between pork and
beef samples.

Figure 4. Representative fluorescence (FLR) chromatograms of RFMS-labelled released N-glycans
from (A) chicken, (B) pork, and (C) beef. (Blue square, N-Acetylglycosamine; green circle, mannose;
yellow circle, galactose; red triangle, fucose; purple diamond, N-acetylneuraminic acid; light blue,
N-Glycolylneuraminic acid.) Glycan images represent compositions and linkage type is not deter-
mined. (Samples were separated using an ACQUITY UPLC Glycan BEH amide column).
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Table 2. Summary of relative abundances of N-glycans detected in chicken, pork, and beef.

Chicken (%) Pork (%) Beef (%)

HexNAc(2)Hex(3) 1.0 ± 0.4 0.3 ± 0.3 ND

HexNAc(2)Hex(4) 2.9 ± 0.8 0.5 ± 0.5 1.0 ± 1.0

HexNAc(4)Hex(3)Fuc(1) 1.1 ± 0.2 6.3 ± 0.2 0.8 ± 0.5

HexNAc(2)Hex(5) 9.3 ± 0.2 4.3 ± 0.5 5.8 ± 0.3

HexNAc(4)Hex(4)Fuc(1) ND 1.2 ± 0.4 1.8 ± 1.4

HexNAc(5)Hex(4)Fuc(1) 1.6 ± 0.1 ND ND

HexNAc(4)Hex(5) 2.0 ± 0.2 0.3 ± 0.1 ND

HexNAc(2)Hex(6) 8.1 ± 0.8 4.5 ± 1.0 4.1 ± 1.4

HexNAc(4)Hex(5)Fuc(1) 2.2 ± 0.4 ND 2.5 ± 0.5

HexNAc(5)Hex(5)Fuc(1) 5.9 ± 0.5 ND ND

HexNAc(4)Hex(5)NeuAc(1) 9.4 ± 0.5 ND ND

HexNAc(4)Hex(5)Fuc(1)NeuAc(1) 6.2 ± 0.6 0.2 ± 0.2 ND

HexNAc(2)Hex(7) 6.6 ± 0.6 3.9 ± 0.6 4.1 ± 0.9

HexNAc(4)Hex(5)Fuc(1)NeuAc(2) 4.3 ± 0.5 60.7 ± 6.3 4.6 ± 0.1

HexNAc(5)Hex(5)Fuc(1)NeuAc(1) 6.0 ± 0.3 ND ND

HexNAc(4)Hex(6)Fuc(1)NeuAc(1) ND 1.2 ± 0.5 8.1 ± 0.7

HexNAc(4)Hex(5)NeuAc(2) 11.9 ± 1.0 2.3 ± 0.2 9.7 ± 1.0

HexNAc(2)Hex(8) 10.8 ± 1.1 2.2 ± 1.4 0.6 ± 0.1

HexNAc(4)Hex(7)Fuc(1) ND 3.3 ± 0.3 17.8 ± 1.3

HexNAc(4)Hex(6)Fuc(1)NeuGc(1) ND ND 4.2 ± 0.4

HexNAc(4)Hex(7)NeuAc(1) ND 1.1 ± 0.1 2.3 ± 0.2

HexNAc(4)Hex(5)NeuAc(1)NeuGc(1) ND ND 18.5 ± 1.4

HexNAc(4)Hex(5)Fuc(1)NeuAc(1)NeuGc(1) ND 4.9 ± 0.3 2.2 ± 1.0

HexNAc(2)Hex(9) 9.2 ± 0.7 2.3 ± 1.4 ND

HexNAc(4)Hex(5)NeuGc(2) ND ND 5.8 ± 0.4

HexNAc(4)Hex(5)Fuc(1)NeuGc(2) ND ND 2.5 ± 1.0
Hex, hexose sugars; HexNAc, N-acetylhexosamine; Fuc, fucose; NeuAc, N-acetylneuraminic acid; NeuGc,
N-glycolylneuraminic acid. The number beside each sugar refers to the number of such molecules present in that
structure. (±, standard error of mean; ND, not detected).

The relative abundances of two predominant sialic acids on N-glycans, Neu5Ac and
Neu5Gc were also characterised, considering the prominent role of sialic acids in multiple
biological functions [26]. In particular, the uptake of Neu5Gc from red meat has been shown
to trigger inflammatory response and cancer development [27]. Our results show that pork
samples contained significantly higher relative abundance of Neu5Ac than chicken and
beef samples, with no difference between chicken and beef samples (Figure 5E, p < 0.001,
p < 0.01, for comparison between pork and chicken or beef, respectively). On the other
hand, no Neu5Gc was detected in chicken, with 4.8 ± 0.3% and 34.4 ± 1.9% of Neu5Gc
detected in pork and beef, respectively (Figure 5F). More than half of the total sialic acid
content (Neu5Ac and Neu5Gc) found in beef was Neu5Gc, compared to only a significantly
small proportion of Neu5Gc detected in pork (Figure 5G, 58.2 ± 1.8% versus 6.9 ± 0.4%).
The ratio of Neu5Gc to total sialic acid in all three meats agrees with previously published
work that analysed free sialic acid using HPLC method [27].
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Figure 5. The relative abundance of (A) core fucosylation, (B) sialylation, (C) galactosylation,
(D) high mannose, (E) α-galactose, (F) N-acetylneuraminic acid (Neu5Ac), and (G) N-glycolylneuraminic
acid (Neu5Gc) measured in N-glycans of chicken, pork, and beef. (H) Ratio of Neu5Gc and total sialic
acid was also calculated. (One-way ANOVA followed by Tukey’s post hoc test, n = 4 independent
biological replicates; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Our high resolution glycomic workflow also allows the full characterisation of N-glycans
with α-galactose (galactose-α-1,3-galactose). It is important to characterise the abundance
of α-galactose in meat samples because it is implicated in alpha-gal syndrome (also known
as red meat allergy)—a potentially life-threatening allergy to red meat [28]. The highest
relative abundance of α-galactose amongst the meat samples was detected in the beef meat
sample, followed by a moderate amount found in the pork sample, and an undetectable
amount in chicken meat samples (Figure 5H, 35.8 ± 1.8%, 5.1 ± 0.8%, and 0%, respectively).
This agrees with our understanding that α-galactose is found more abundantly in red meat
than in white meat [29].

3.4. PCA Analysis

Our characterisation of the N-linked and O-linked glycans of the three different meat
samples shows the distinct differences in their relative abundances, suggesting a unique
overall glycomic profile of each sample that can be distinguished with the integrative
glycomic workflow. In order to achieve a unified glycome analysis of both N-linked and
O-linked glycans, the datasets were pooled together and subjected to principal component
analysis (PCA). The dataset was transformed into two principal components—PC1 and
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PC2,—which explained percentages of variance, which were 57.4% and 25.8%, respectively.
The reliability of this PCA analysis can be observed by more than 82% of the total variance
that can be accounted for by the first two PCs. The score plot of PC1 and PC2 of each
meat allowed visual discrimination of different species (Figure 6). This analysis demon-
strates, with strong statistical significance, the well-defined glycomic characteristics of meat
samples pertaining to different animal species, and the strength of the overall integrated
glycomic approach in profiling meat samples.

Figure 6. Principal component analysis was performed on relative abundances of O- and N-glycans
of chicken, pork, and beef. A clear separation was observed between meat from different species.
Each dot represents an independent biological replicate.

4. Discussion

Current glycomic approaches are extensively applied for the use as biomarkers in
different areas, particularly in medical and biotechnology fields [30–32]. In this study,
we have described in detail the extended use of an integrated glycomics approach to
characterise meat samples in terms of their O-linked and N-linked glycan structures.
The abundances of individual glycan types are significantly different both in terms of the
O-linked as well as N-linked glycans. Previous studies have investigated the O-linked
glycans found in food, such as bovine whey protein product and mucins from salmon and
chicken [33–35]. However, to the best of our knowledge, O-linked glycan characterisation
has not been employed in meat profiling. The novel discovery of the main types of
O-glycan structures found in meat samples shows different molecular signatures pertaining
to each species, and an orthogonal measurement in glycomics for meat differentiation
purposes. Similarly, the identification of a diverse number of N-glycan structures in each
sample shows the diversity of mechanisms which each species undergoes for glycosylation,
resulting in their distinct structural differences. Despite the variety of N-glycan structures
that can be present, it is interesting that meat samples of each animal species possess a
distinct subset of these structures. This suggests a high degree of specificity, especially in
the glycoenzymes involved in the synthesis of these glycans [8].

It is worth noting that meat tissues were isolated only from one region of the animal
(peroneus longus from chicken samples, and extensor carpis radialis from the pork and
beef samples). As glycosylation is context- and tissue-specific, we anticipate potential
differences in the glycan profile of different tissues belonging to the same animal [36,37].
By systematically comparing the differences between tissue sources, and between animals,
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future studies can further reveal the potential of glycomics in its versatile applicability in
different types of food samples. In addition, this study has not characterised the glycan
profile of all animal species. It has been observed that meat species adulteration can occur
between meat samples of closely related species such as horse meat and beef [1,38]. Thus,
further studies investigating the glycome differences between meat samples derived from
closely related species are warranted.

The meat industry presents other major challenges such as fraudulent labelling of
geographical origin and production system (e.g., organic vs. non-organic) of the meat
samples. Amongst the many analytical techniques available in the meat industry, there
are only a few capable of performing the authentication of geographical origin and pro-
duction system. For instance, DNA-based methods such as polymerase chain reactions
and genomics rely on a specific DNA sequence or taxonomic marker to differentiate the
species of meat, but they are unable to detect fraudulent labels of geographical origin
and production system. Since dietary patterns, lifestyle and environmental changes are
known to affect protein glycosylation in humans, animals would likely also undergo glycan
changes. As such, such changes in glycan profile could be exploited in the authentication
of geographical origin and production system. The use of glycomic techniques in meat
species profiling presented in this paper serves as a proof-of-concept and its use in the
authentication of other meat product features should be investigated. Importantly, glyco-
proteomic approaches harnessing both proteomic and glycomic potentials could also be a
promising tool to further the molecular characterisation of meat samples.

Considering the traction of cultured meat products (growing cells to generate meat-like
tissue structures in the laboratory) as an alternative protein source for human consumption,
the glycoprofile workflow described in this study can also be used in establishing the critical
quality attributes (CQA) of cultured meat products [39–41]. Given the considerable risk of
cell line contamination and product adulteration in this growing industry, such techniques
can help to establish a stringent quality control of these cultured meat samples in the
future [42,43]. With the advent of FDA-approved genetically modified pigs with α-galactose
for human consumption, our glycomic techniques can also be used to monitor the controlled
manipulation of cultured meat [44]. This includes their modification in consideration of
unwanted glycans such as α-galactose and Neu5Gc for health and safety reasons.

While more studies are warranted to investigate how these glycomic signatures may
differ based on breed genetic compositions, parts from which the meat samples were ob-
tained, and other extrinsic factors (e.g., feed intake, growth conditions, regional differences),
it is evident that the use of O-linked and N-linked glycome profiling allows the successful
differentiation between different meat samples, and as a proof-of-concept paves the way for
a new high-throughput and robust approach in quantifying meat adulteration. This may be
particularly advantageous over other approaches as N-glycan profiling is unaffected by the
harsh processing of meat (heat-induced treatments) that can degrade DNA and affect the
accuracy of genomic approaches [8]. Given its highly quantitative and efficient procedure,
the adoption of such glycome profiling approaches provides a powerful future alternative
technique to traditional methods in meat identification and authentication.
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