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Abstract

Saturated fatty aldehydes are products from lipid oxidation that negatively affect the
organoleptic properties and nutritional quality of food and represent a risk to human
health. For this reason, they are frequently used as indicators of oxidation in food
safety. Usually, their determination is carried out by derivatization using an excess of
2,4-dinitrophenylhydrazine (DNPH), but the excessive use of derivatizing agents requires a
high proportion compared to the analyte concentration to ensure a complete reaction, which
causes interferences and limits the chromatographic separation of derivatized products. In
this context, the encapsulation of DNPH in alginate spheres is proposed to determine alde-
hydes concentration in edible vegetable oil samples, allowing the gradual release of DNPH
to form the corresponding hydrazones, which were subsequently separated and analyzed
by HPLC-DAD. The proposed method was optimized by a Taguchi Lo(3*) experimental
design, validated, and applied for the determination of aldehydes in edible oils. Limits of
detection in the intervals of 0.77 to 1.41 mg L~! were obtained with adequate precision
(expressed as relative standard deviation < 10%), which are suitable values for monitoring
lipid oxidation in foods The proposed methodology represents a viable alternative to apply
in quality control studies and lipid degradation profiles.

Keywords: aldehydes; 2,4-dinitrophenylhydrazine encapsulation; alginate sphere; edible
vegetable oils
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out as the most abundant compounds, and their formation is closely related to the original
fatty acid profile.

The main aldehydes formed are aliphatic aldehydes, «, 3-unsaturated aldehydes,
and oxygenated aldehydes [2,8,10]. Although adverse health effects, including muta-
genic [3], genotoxic [8,11] and carcinogenic effects [7], have been primarily associated
with unsaturated aldehydes, saturated aliphatic aldehydes have also been attributed
to toxic properties in the body, such as lung problems, and a relationship with diverse
types of cancer [5,8]. In this sense, different methodologies have been proposed for the
determination of aldehyde [8,12,13]. The use of gas chromatography (GC) and high-
performance liquid chromatography (HPLC) are the preferred techniques [14], since
they allow the coupling of different detection systems and are compatible with differ-
ent derivatization methodologies [15,16]. Numerous compounds have been employed in
the aldehydes’ derivatization, such as O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine [17],
pentafluorophenylhydrazine [18], and 2,4,6-triclorophenlyhidrazine [19] for GC, as well as
4-hydrazinobenzoic acid [20], 1-naphthalenyl hydrazine [16], and N-propyl-4-hydrazine-
1,8-naphthalimide [21] for HPLC. The 2,4-dinitrophenylhydrazine has been the most widely
used compound [22-24]. Nonetheless, methods developed using DNPH have faced some
disadvantages, such as a low selectivity, and when it is used in excess, a tendency to
precipitate is shown, which limits the degree of preconcentration [25]. Furthermore, the
residual presence of excess derivatizing agent can interfere with detection and instrumental
separation, compromising the analytical precision and accuracy [26,27].

Different strategies have been explored to improve the derivatization process using
DNPH combined with solid-phase and liquid-phase extraction steps [16,26-29]. Among
these, the retention of a derivatizing agent in/on polymeric matrices stands out, as it
improves stability, allows a controlled release, facilitates the derivatization process, and
simultaneously reduces the amount of unreacted derivatizing agent, improving the chro-
matographic profile [29-31]. Materials such as polydimethylsiloxane [29], carrageenan,
and chitosan [32] have been used for the derivatizing agent retention. Calcium alginate,
widely used in the food, medical, and chemical industries for the immobilization of active
compounds, proteins, and even microorganisms, could be an alternative to allow a gradual
reagent release [33].

Therefore, this work proposes an alternative strategy for the derivatization and deter-
mination of pentanal, hexanal, heptanal, octanal, nonanal, and decanal aldehydes in edible
vegetable oils, based on the encapsulation of DNPH in calcium alginate spheres, to allow
a controlled release of the derivatizing agent, reducing the amount of free DNPH in the
injection and improving the chromatographic profile.

2. Materials and Methods

Acetonitrile, methanol, and acetic acid were purchased from ].T. Baker (Phillipsburg,
NJ, USA). Aldehydes pentanal, hexanal, heptanal, octanal, nonanal, decanal, 2-hydroxy-
5-methoxybenzaldehyde, and DNPH were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Sodium alginate (food grade) and calcium chloride (food grade) were used. Commer-
cial edible vegetable oil samples from soybean, canola, olive, and safflower were obtained
from local supermarkets. Solutions were prepared using deionized water with a resistivity
not lower than 18.0 MQ) cm, purified by a Milli-Q system (Millipore, Bedford, MA, USA).
A stock solution of each aldehyde (pentanal, hexanal, heptanal, octanal, nonanal, and
decanal) at a concentration of 1000 mg L~! was prepared in methanol.

Chromatographic analysis was performed using an HPLC 1260 Infinity system (Agi-
lent Technologies, Waldbronn, Germany). The system was controlled using Agilent Open-
LAB CDS software (Agilent Technologies, ChemStation Edition, version A.01.05). Sep-
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aration of the hydrazones was carried out using a ZORBAX Eclipse XDB-C8 column
(150 x 4.6 mm, 5 um) from Agilent Technologies. A mobile phase consisting of an aqueous
solution of acetic acid at 1% v/v (A) and methanol (B) was employed using the following
gradient: A/B (20/80) for 6 min, from 80 to 85% B from 6 to 9 min, 85% B from 9 to 15 min,
from 85 to 80% B from 15 to 18 min, and A /B (20/80) from 18 to 20 min, at a flow rate of
1.0 mL min~! and an injection volume of 20 uL. The mobile phase was filtered using a
0.45 pm membrane. Detection was performed using a diode array detector at 360 nm.

Hydrazones were characterized by infrared spectroscopy using a Perkin Elmer GX
spectrometer (Waltham, MA, USA) in the range of 4000-400 cm~!. Nuclear magnetic
resonance (NMR) spectra at 400 MHz were obtained using a Bruker spectrometer (Bruker,
Billerica, MA, USA), using CDCl3 (Sigma-Aldrich) as solvent.

A solution containing sodium alginate at 2% w/v and DNPH at 1000 mg L~! was
prepared in a solution of deionized water and ACN at a 4:1 v/v ratio. This solution was
prepared under constant stirring at 30 °C to promote the polymer dissolution. The resulting
solution was dropwise added using a syringe into a calcium chloride solution at 10% w/v,
remaining for 2 min. After that, the spheres were rinsed in deionized water and dried at
60 °C for 6 h. Finally, the spheres were stored in an amber flask at room temperature until
their use.

Optimization of the procedure was carried out using a Taguchi Lo(3*) experimental
design. The following variables were evaluated: sample volume (2, 3, and 4 mL), reaction
time (60, 90, and 120 min), acetic acid concentration (86, 172, and 258 mM), and activation
time (90, 120, and 150 min). Experiments were performed using mineral oil spiked with
15 mg L~! of each aldehyde and 15 mg L~! de 2-hydroxy-5-methoxybenzaldehyde as the
internal standard. Statistical analysis was performed using Minitab 21 software, using the
Y. aldehyde to internal standard area ratio as the response variable.

The representation of the derivatization methodology is shown in Figure 1. DNPH-
alginate spheres were immersed in 1 mL of ACN for 120 min. Subsequently, a 2 mL aliquot
of each oil was taken and doped with 15 mg L~! of 2-hydroxy-5-methoxybenzaldehyde
(dissolved in mineral oil) used as the internal standard. The sample was transferred to
a polypropylene tube containing one DNPH-alginate sphere, and glacial acetic acid was
added to achieve a concentration of 258 mM. The mixture was allowed to react for 90 min
at 60 °C, 1.0 mL of ACN was added, and it was mixed and centrifuged at 2000 rpm,
recovering the ACN phase. Liquid-liquid extraction was performed twice, both ACN
portions were combined and evaporated under a continuous air flow, and finally the
residue was reconstituted in 250 pL of methanol before its analysis by HPLC-DAD.
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Figure 1. Schematic representation of the methodology for aldehyde determination using DNPH-
alginate spheres.

3. Results and Discussion
3.1. Characterization of Alginate-DNPH Spheres

Calcium alginate spheres were prepared by ionic gelation using sodium alginate as
a polymeric matrix. When DNPH-sodium alginate solution was dropwise added into a
calcium chloride solution, the Ca(II) ions replaced the Na(l) ions, leading to the formation
of a crosslinked three-dimensional network. The effectiveness of sphere formation was
ensured by controlling alginate and calcium chloride concentrations, as well as the gelation
time, resulting in homogeneous and spherical beads, which allowed for the prolonged and
adequate release of the derivatizing agent.

The derivatization process using the spheres was evaluated using two strategies:
(1) hydrated spheres (after their formation in the calcium chloride solution) and (2) spheres
that were dried at 60 °C for 4 h. Figure Sla shows a bead in its hydrated state with a spher-
ical shape, with an average diameter of 0.54 + 0.03 mm, while the sphere obtained after
the drying process presented an irregular shape and an average diameter of 0.19 = 0.02 cm
(Figure S1b).

The release of DNPH from both spheres was compared, showing that the dried
spheres allowed a more controlled release of the derivatizing agent. Furthermore, the dried
DNPH-calcium alginate spheres were stable in edible oils, and the hydrazones formed were
solubilized in the oil phase allowing the liquid-liquid extraction with ACN. The calcium
alginate phase remained stable, and therefore the viscosity was not affected. In contrast,
the non-dried spheres tended to break, releasing the DNPH and water contained inside
them, which negatively affected the derivatization reaction. Therefore, the dried spheres
were selected for the experiment design.

The infrared spectra obtained for sodium alginate, DNPH, and alginate-DNPH spheres
are presented in Figure S52. FTIR spectrum of sodium alginate (Figure S2a) showed a char-

1

acteristic band around 3250 cm ™" corresponding to the stretching vibration of -OH groups,
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bands at 1600 cm~! and 1400 cm~! corresponding to the asymmetric and symmetric
stretching vibrations of the carboxylate group [34], and a band at 1000 cm ™!, attributed to
C-O-C stretching vibrations [35]. Meanwhile, the DNPH spectrum (Figure 52b) showed a
band at 3330 cm ! corresponding to N-H stretching of the hydrazine group, signals in the
3000-3100 cm ™! intervals associated with C-H stretching, a band at 1600 cm~ ! attributed to
C=C stretching vibration of the aromatic ring, and bands around 1500-1300 cm~! charac-
teristic of the asymmetric and symmetric stretching vibrations of NO, groups [36,37]. The
DNPH-alginate spectrum (Figure S2c) showed representative bands of both the polysac-
charide and DNPH, highlighting the presence of the band at 3330 cm ™! corresponding
to N-H stretching and signals in the 3090-3110 cm ™! interval, characteristic of aromatic
C-H stretching. The FTIR of alginate-DNPH sphere confirmed the preservation of the
characteristic absorption bands of both components, without the appearance of new bands
indicative of covalent bond formation. The spectral variations could be attributed to weak
interactions such as hydrogen interaction or van der Waals forces. The spectral similarity
supported the absence of chemical modification of DNPH in the alginate matrix. Addition-
ally, the effective release of DNPH from the alginate spheres and the subsequent formation
of aldehyde-DNPH hydrazones confirmed that the interactions inside the structure were
non-covalent.

3.2. Characterization of Aldehyde-DNPH

To obtain the corresponding hydrazones between DNPH and the fatty aldehy-
des pentanal, hexanal, heptanal, octanal, nonanal, and decanal, 5 mL ACN containing
1000 mg L~! of DNPH was placed with the respective aldehyde in excess for 90 min. After
the reaction time, the solvent and the excess aldehyde were evaporated until a powder
was obtained.

The hydrazones were characterized by FTIR spectroscopy. Figure S3b corresponds to
the spectrum of hexanal, which showed bands around 3000-2900 cm ™! corresponding to
the symmetric and asymmetric stretching vibrations of methylene and methyl groups of the
aliphatic chain. In the 2800-2600 cm ! interval, bands corresponding to the O=C-H bond
of the aldehyde (Fermi resonance) were observed, while at 1717 cm~!, the characteristic
stretching vibration band of the aldehyde C=0O group was visible, and at 1400 cm !, the
C-H bending vibration band appeared [38—40]. The analyzed aldehydes showed only
changes in the length of the aliphatic chain, exhibiting a similar profile in the FTIR spectra.

In the FTIR spectrum of the hexanal-DNPH hydrazone (Figure S3c), a shift and in-

crease in intensity of the signal at 3295 cm ™!

corresponding to the N-H stretching vibration
was noticed. Also, bands at 3000-2900 cm ! corresponding to the symmetric and asym-
metric stretching vibrations of methylene and methyl groups of the aliphatic chain and the
appearance of a band in the 1600-1500 cm ! range corresponding to C=N stretching were
observed. Meanwhile, the vibration bands corresponding to the aldehyde OC-H bond and
the C=0 stretching vibration (2800-2600 cm ! and 1717 cm~! respectively) disappeared
compared to the starting materials, indicating the hydrazone formation. All hydrazones
showed only changes in the length of the aliphatic chain, exhibiting a similar profile in the
obtained FTIR spectra [41].

Additionally, 'H NMR spectra allowed the structural analysis of the reagents (DNPH
and aldehydes) and the obtained hydrazones. For hexanal 'H NMR: (CDCl;, T = 25 °C) 6
ppm: 9.75 (s, -CHO, 1H), 2.40 (m, -OHCCH,, 2H), 1.62 (m, -CH, 2H), 1.30 (m, -CH,, 4H)
0.89 (t, -CHj, 3H). For DNPH 'H NMR (CDCl3, T = 25 °C) § ppm: 9.44 (s, -NH-N, 1H) 9.10
(d, DNPH aromatic protons, 1H), 8.29 (d, DNPH aromatic protons, 1H), 7.84 (d, DNPH
aromatic protons, 1H), 3.99 (s, -NH, 2H). For hexanal-DNPH TH NMR: (CDCl3, T=25°QC)
b ppm: 11.03 (s-NH-N, 1H), 9.15 (d, DNPH aromatic protons, 1H), 8.31 (d, DNPH aromatic
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protons, 1H), 7.94 (d, DNPH aromatic protons, 1H) 7.55 (t-CHN, 1H), 2.44 (m, -NHCCH,,
2H), 1.66 (m, -CHj, 2H), 1.40 (m, -CHj, 4H) 0.95 (t, -CHj3, 3H). Figure 54 shows the spectra
of hexanal, DNPH, and the corresponding hexanal-DNPH hydrazone. Comparing the
spectra, when the hydrazones were formed, the aldehyde signal, a characteristic shift
of approximately 9.7 ppm, disappeared [42]. However, the signals corresponding to the
aliphatic chain and the aromatic ring of DNPH were observed [43]. In addition, a signal
associated with the H-C=N group was visible around 7.55 ppm, while the NH proton
showed a chemical shift to 11.03 ppm [37]. These signals confirmed the formation of the
respective hydrazone. The spectra of the other hydrazones formed are shown in Figure S5,
exhibiting the following shifts in the signals:

For pentanal-DNPH H NMR: (CDCl3, T =25 °C) & ppm: 11.07 (s-NH-N, 1H), 9.13
(d, DNPH aromatic protons, 1H), 8.33 (d, DNPH aromatic protons, 1H), 7.92 (d, DNPH
aromatic protons, 1H) 7.52 (t-CHN, 1H), 2.43 (m, -NHCCHj,, 2H), 1.59 (m, -CH,, 2H), 1.33
(m, -CHy, 2H) 0.94 (t, -CHj3, 3H). For heptanal-DNPH 'H NMR: (CDCl3, T = 25 °C) § ppm:
11.00 (s-NH-N, 1H), 9.11 (d, DNPH aromatic protons, 1H), 8.27 (d, DNPH aromatic protons,
1H), 7.90 (d, DNPH aromatic protons, 1H) 7.52 (t-CHN, 1H), 2.39 (m, -NHCCH,, 2H),
1.55 (m, -CH,, 2H), 1.31 (m, -CH,, 6H) 0.89 (t, -CH3, 3H). For octanal-DNPH 'H NMR:
(CDCl3, T=25°C) & ppm: 10.98 (s-NH-N, 1H), 9.07 (d, DNPH aromatic protons, 1H), 8.24
(d, DNPH aromatic protons, 1H), 7.88 (d, DNPH aromatic protons, 1H) 7.51 (t-CHN, 1H),
2.38 (m, -NHCCH,, 2H), 1.57 (m, -CH,, 2H), 1.26 (m, -CH,, 8H) 0.85 (t, -CHjs, 3H). For
nonanal-DNPH 'H NMR: (CDCl;, T = 25 °C) § ppm: 10.95 (s-NH-N, 1H), 9.05 (d, DNPH
aromatic protons, 1H), 8.21 (d, DNPH aromatic protons, 1H), 7.85 (d, DNPH aromatic
protons, 1H) 7.47 (t-CHN, 1H), 2.35 (m, -NHCCH,, 2H), 1.57 (m, -CH,, 2H), 1.21 (m, -CH>,
10H) 0.82 (t, -CH3, 3H). For decanal-DNPH 'H NMR: (CDCl;, T = 25 °C) § ppm: 10.95
(s-NH-N, 1H), 9.04 (d, DNPH aromatic protons, 1H), 8.21 (d, DNPH aromatic protons, 1H),
7.85 (d, DNPH aromatic protons, 1H) 7.47 (t-CHN, 1H), 2.35 (m, -NHCCH,, 2H), 1.58 (m,
-CH,, 2H), 1.24 (m, -CH,, 12H) 0.81 (t, -CH3, 3H).

3.3. Optimization of Reaction Conditions

The derivatization with DNPH applied in the aldehyde determination is based on
the hydrazone synthesis through a condensation reaction influenced by diverse variables,
such as sample volume, reaction time, acid concentration, and activation time. Therefore,
optimization was carried out using a Taguchi Lo(3*) experiment design where the intervals
for each variable were defined based on a prior evaluation of the selected intervals [9,44],
generating the orthogonal matrix of the Taguchi experimental design shown in Table 1. Each
experiment was performed in a doped mineral for method optimization and validation
due to its stability against oxidation because of its high saturated hydrocarbon content,
which allows a clear evaluation of the effect of the studied variables. For the analysis, a
sphere was used that contains an estimated concentration of 0.06 £ 0.01 mg of DNPH.

Table 1. Taguchi orthogonal array Lg(3%).

Exp Sample Reaction Activation [AcOH] Y
Volume (mL) Time (min) Time (min) (mM) (RCHOs/IS)
1 2 60 90 86 1.31
2 2 90 120 172 1.41
3 2 120 150 258 1.51
4 3 60 150 86 1.17
5 3 90 920 172 0.90
6 3 120 120 258 1.10
7 4 60 120 86 0.58
8 4 90 150 172 0.70
9 4 120 90 258 0.68
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Multiple aliphatic, o, 3-unsaturated aldehydes, and hydroxyaldehydes generated
from lipid oxidation have been described [10], so 2-hydroxy-5-methoxybenzaldehyde
was selected as an internal standard since it is not an aldehyde usually described in the
analytical matrix or generated from lipid oxidation. Although this aldehyde is structurally
different from the evaluated ones, no interference was observed in the formation of the
corresponding hydrazone, making it suitable for the monitoring of the technique. The
optimization of derivatization conditions using the Taguchi design allowed identification
of the levels of each variable, which offered the highest analytical response in terms
of the X Aldehyde-to-IS peak area ratio. According to the results (Figure 2), a sample
volume of 2.0 mL was the value of the variable with the greatest contribution among
the evaluated factors. On the other hand, increasing the oil volume provoked a decrease
on the response variable related to the equilibrium in mass transfer governed by the
dependence between sample volume and extractant volume, as the distribution decreases
with increasing sample volume [45,46]. The highest acetic acid concentration (258 mM)
also favored an increase in the response signal, since the hydrazone formation occurs
through a nucleophilic addition to the carbonyl group followed by a dehydration step.
However, the addition of an acidic medium is required to protonate the oxygen and enable
nucleophilic addition, with this step being crucial [47]. Finally, sphere conditioning time
showed an improvement in derivatization capacity when longer activation periods were
employed. This increase in analytical response can be attributed to structural changes in
the alginate matrix that modifies DNPH availability. After spheres dry, porosity decreases,
and the polymer network becomes denser, limiting internal diffusion of the encapsulated
compound. However, the immersion in ACN reduces the polymer rigidity and improves
internal mobility, facilitating the diffusion of the derivatizing reagent. Thus, a longer
conditioning period facilitates DNPH diffusion toward the sphere surface [48-51]. Related
to the reaction time variable, results indicated that this factor influenced the process
performance, since sufficient reaction time is required for its completion. In short times, the
reaction cannot go on quantitatively, whereas excessively long reaction times could lead to
the formation of other species or product decomposition. The optimal values obtained from
the experiment design were a sample volume of 2.0 mL, [acetic acid] of 258 mM, 150 min
of sphere activation, and 90 min of reaction. These conditions were used for subsequent

experiments.
[AcOH] Reaction time Activation time Sample volume
15 (mM) (min) (min) (mL)
7]
[
<
g
8
&
E 1 *\/ /\ //
7
<
g
<
N
0.5 t t t t t t t t t t t t t t t
86 172 258 60 90 120 90 120 150 2 3 4
Variables

Figure 2. Main effect plot for mean of Taguchi design.
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Under optimal conditions, the calibration curves were constructed, obtaining linear
intervals from 2.34 to 50.0 mg L~!. Analytical parameters are presented in Table 2. The
limits of detection (LOD) ranged from 0.77 to 1.41 mg L~ calculated at a signal-to-noise
ratio of 3.29, and the limits of quantification (LOQ) ranged from 2.34 to 4.28 mg L™},
calculated at a signal-to-noise ratio of 10, according to IUPAC criteria. It has been reported
that aldehyde concentrations above 40 mg L~! generate perceptible rancid odors and
flavors in foods, whereas levels below 5 mg L~! do not modify the sensory profile [52],
indicating that the achieved LODs allow the aldehyde detection within a relevant range to
evaluate oxidative spoilage.

Table 2. Regression parameters of the calibration curves for the aldehydes.

Aldehyde 2 by + 8b; bo+ by LOD(mgL1) LOQ (mgL-)
Pentanal 0.999 0391 +£0.017  0.001 £ 0.035 1.34 4.07
Hexanal 0.999 0.949 +0.034  0.118 + 0.058 1.09 3.30
Heptanal 0.999 0.362 £ 0.020  0.036 = 0.039 141 428
Octanal 0.999 0314 £ 0.009 0.064 & 0.016 0.77 2.34
Nonanal 0.999 0.191 & 0.006  0.055 + 0.013 0.82 251
Decanal 0.999 0.116 & 0.003  0.037 = 0.006 0.79 2.40

The method precision was estimated as repeatability and reproducibility in terms
of relative standard deviation (% RSD, n = 3) at three concentration levels (20, 30, and
40 mg L~ 1) (Table 3). The repeatability and reproducibility values were below 10% in all
cases, indicating adequate precision. The method accuracy was evaluated by recovery
assays at three concentration levels (25, 35, and 45 mg L.~ !). In this case, the results ranged
from 91.18 to 109.34%, with %RSD values below 10% at all evaluated levels. These results
indicate that the proposed methodology for aldehyde determination is adequate in terms
of precision and accuracy.

Table 3. Repeatability, reproducibility, and recovery values at different concentration levels.

Repeatability Reproducibility % Recovery

Aldehyde (%RSD, n =3) (%RSD, n =3) (%RSD, n = 3)

y 20 mg 30 mg 40 mg 20 mg 30 mg 40 mg 25mg 35mg 45 mg
L1 L1 L1 L1 L1 L1 L1 L1 L1

91.18 102.24 96.79
Pentanal 3.40 3.75 4.92 7.61 5.79 3.80 (7.22) (7.93) 472)
92.15 97.84 99.02
Hexanal 4.22 3.91 5.18 7.45 4.01 5.18 9.66) (8.20) (5.98)
93.33 109.34 100.65
Heptanal 3.18 3.36 5.22 7.60 6.18 4.07 (8.16) (7.76) (8.86)
93.35 108.75 104.46
Octanal 3.58 3.14 6.73 8.13 4.89 3.81 9.64) (8.40) (8.23)
98.21 109.34 106.14
Nonanal 3.65 2.53 5.63 4.85 6.89 9.42 (8.85) (7.42) (7.66)
101.43 108.51 103.60
Decanal 1.36 2.56 4.84 6.63 5.47 6.96 (3.88) (4.60) (6.02)

The aldehyde content was determined in four fresh edible vegetable oils subjected
to a thermal oxidation process by continuously heating at 100 °C for 7 days. Under these
conditions, safflower oil exhibited the highest degradation, with quantifiable concentrations
of the six aldehydes evaluated (Figure 3), whereas soybean and canola oils showed lower
concentrations and no detection of decanal. In safflower oil, nonanal was the predominant
aldehyde, followed by hexanal, which can be attributed to the high proportion of oleic
and linoleic acids, respectively, whose oxidative degradation favors the formation of these
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compounds. This behavior is consistent with the fatty acid profile reported in the literature,
where oleic and linoleic acids account for approximately 93.27% of the total fatty acids.
Similarly, in canola and soybean oils, where hexanal and nonanal were the predominant,
respectively, oleic and linoleic acids represent approximately 77.04% of the total fatty acids
in canola oil and 86.02% in soybean oil [16,53]. On the contrary, olive oil showed the
lowest aldehyde formation among the samples studied, possibly due to the added natural
antioxidant compounds, such as phenols and tocopherols, which can delay oxidative
degradation [54].

100 +
H Pentanal
u Hexanal
80 +
m Heptanal
H Octanal
60 +
® Nonanal

H Decanal

[Aldehydes] (mg L)

Safflower Soybean Canola Olive

Edible vegetable oil

Figure 3. Concentrations of aldehydes in edible vegetable oils after thermal oxidation.

Conventional methodologies for aldehyde derivatization using DNPH are based on
the direct addition of the derivatizing agent and the use of high concentrations compared to
aldehydes to ensure a complete reaction. However, this excess can provoke interference in
the chromatographic profiles. The proposed methodology represents an advantage because
the use of DNPH encapsulated in alginate allows the gradual release of the reagent and
reduces the presence of unreacted DNPH in the injection. This behavior is reflected in the
chromatograms of the blank (Figure 4a) and the enriched mineral oil standard (Figure 4b),
where the signal corresponding to free derivatizing agent is not observed. Likewise,
the chromatogram of the sample subjected to thermal oxidation (Figure 4c) besides the
six aldehydes evaluated multiple peaks at shorter retention times were observed, not
appreciated in the blank or in the standard samples. This suggests that the derivatization
of other carbonyl compounds could be resolved in the absence of interferences caused by
excess of DNPH (Figure S6). These results indicate that the proposed methodology has
potential to broaden its application to oxidation products other than those analyzed in this
study and to obtain more comprehensive lipid degradation profiles in complex matrices.
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Figure 4. Chromatograms of (a) blank (b) mineral oil enriched with 40 mg L~! of each aldehyde (c)
safflower oil sample heated to 100 °C for 7 days. Peak assignments: IS: internal standard 15 mg L1,
1: pentanal, 2: hexanal, 3: heptanal, 4: octanal, 5: nonanal, 6: decanal.

Generally, other conventional methodologies described in the literature (Table 4)
present different limitations. For example, some of them employ derivatizing agents that
require complex synthesis [55], or they use solid-phase extraction protocols that require
extensive adsorbent preparation [56]. In contrast, the proposed based on DNPH-alginate
spheres allows direct derivatization inside the sample matrix, reducing sample handling.
Furthermore, the preparation of the spheres is quite simple and not expensive. Additionally,
different studies determining comparable aldehyde concentrations in oxidized edible
vegetable oil samples confirm that extremely low LODs are not required for lipid oxidation
assessment [11,57]. In this sense, a DAD detection system should be enough compared to a
system coupled to mass spectrometry, which would exceed the analytical requirements of
these oil samples.

Table 4. Comparative table of analytical methodologies reported for aldehyde determination.

Aldehydes Methodology Tfe?:‘rﬁl;t Reagent Al\r/l[zlt}lllt(i;jal LOD REF
Malondialdehyde,
s e WPty cwsies OOy
2,4-decadienal
4-Hydroxy-nonenal Léfrfsilgz\;igy LLE Pentafluorophenylhydrazine UHPLC-MS/MS 10.9 nM [58]
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Table 4. Cont.
Sample Analytical
Aldehydes Methodology Treatn}:ent Reagent Me t}lllo d LOD REF
Synthesized .
le}\’/rcl)ﬂoxacin- é\/[isagel;;t\llce
hydrazide-based lAg_ h
mass tags soud-phase . .
(LHMTS) extraction using Levofloxacin-hydrazide-
Hexanal and Heptanal combined with dummy based mass tags (LHMTs, = UHPLC-MS/MS 0.5 pM [55]
dummy magnetic n{lolegularly laboratory-synthesized)
molecularly 1nc1)}i>rm§;1
imprinted (P])DMYII\;IIIPS)
polymers.
Micro solid-phase
Formaldehyde, extraction using a
ace;ﬂf;}zld;égtr;’f;f‘al’ Cucs;oc’f; e ffd W-SPE-D DNPH W-SPE-D-HPLC.  0.024-25 gL'  [56]
hexanal, heptanal based polymer
sorbent
DNPH adsorbed
onto the surface Magnetic
of mag- solid-phase
netite/silica/poly(methacrytiaction MSPE-ISD-
Hexanal and heptanal acid-co-ethylene coupled with in DNPH HPLC-UV 1.7-25nmol L™t [28]
glycol situ
dimethacrylate) derivatization
(Fe304/Si0, /P(MAA- (MSPE-ISD)
co-EGDMA
4-hydroxy-2-nonenal,
2,4-decadienal,
2,4-heptadienal,
4-hydroxy-2-hexenal,
acrolein, 2-heptenal, UL followed by LLE DNPH UFLCDADESL 003-01mgLt [59]
2-octenal,
4,5-epoxy-2decadal,
2-decenal, and
2-undecenal.
trans-2-butenal,
trans-2-pentenal,
trans-2-hexenal, . .1
trans-2-heptenal, 2—hydra21nopyr1d1ne and )
trans-2-octenal LLE 2-hydraz1r.10.-5- DCBI-MS/MS 0.03-0.18 mg L [57]
trans—Z—nonenaI,, methylpyridine
trans-2-decenal and
trans-2-undecenal
Pentanal, hexanal, DNPH-alginate This
heptanal, octanal, sphere-based LLE DNPH HPLC-DAD 0.77-1.41 mg L1 work
nonanal and decanal derivatization

4. Conclusions

A methodology was developed for the derivatization and determination of six satu-
rated fatty aldehydes in oxidized vegetable edible oils using DNPH encapsulated in calcium
alginate spheres. The gradual release of the derivatizing agent allowed the acquisition of
cleaner chromatographic profiles, highlighting the absence of the chromatographic signal
corresponding to unreacted DNPH in the blank sample and in the spiked standard. This
confirms its adequate interaction with the analytes for their separation and detection by
HPLC-DAD, with limits of detection from 0.77 to 1.41 mg L1, suitable to follow oxidative
degradation in fatty foods. Furthermore, the absence of interferences derived from free
DNPH, far from being limited exclusively to the aldehydes analyzed in this study, could
allow the evaluation of other lower molecular aldehydes.

Supplementary Materials: The following supporting information can be downloaded at https:

/ /www.mdpi.com/article/10.3390/separations13020075/s1. Figure S1. DNPH-alginate spheres (a)
hydrated form (b) after drying process; Figure S2. FTIR spectra of (a) sodium alginate (b) DNPH (c)
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DNPH-alginate; Figure S3. FTIR spectra of (a) DNPH (b) hexanal (c) hexanal dinitrophenylhydrazone;
Figure S4. 1H NMR spectra of (a) hexanal (b) DNPH (c) hexanal-DNPH; Figure S5. 1H NMR
spectra of (a) pentanal-DNPH (b) heptanal-DNPH (c) octanal-DNPH (d) nonanal-DNPH (e) decanal-
DNPH; Figure S6. Chromatograms of (a) derivatization of aldehydes using DNPH in solution (b)
derivatization of aldehydes using DNPH encapsulated in calcium alginate spheres.
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