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Abstract: Nine commercial hemp seed oils from different countries were studied using a
multimethodological approach to obtain information about their quality and chemical composition.
Due to the lack of a specific regulation for hemp seed oils, quality parameters used in the case of olive oils
(free acidity, peroxides number, spectrophotometer parameters) and anisidine number were measured
and compared with those reported for extra virgin olive oil (EVOO). Free acidity and peroxides number
showed a great variability, ranging from 0.4 to 17.24% and from 4.32 to 22.14 meqO2/kg, respectively,
whereas the anisidine number ranged from 0.11 to 3.58. K232 value turned out to be generally below
the limit reported for EVOO, whereas K270 and ∆K values were higher, with respect to EVOO limits,
due to the high amount of tri-unsaturated fatty chains. Colorimetric analysis showed a peculiar curve
trend that could represent the fingerprint of this product. Untargeted nuclear magnetic resonance
methodology allowed to measure the amount of fatty chains,ω-6:ω-3 ratio, β-sitosterol, and aldehydes.
Theω-6:ω-3 ratio turned out to be, in some cases, different from that reported on the bottle labels. Finally,
lipoperoxidation assays were also carried out under different storage (light and temperature) and time
exposure conditions, confirming that the exposure to direct light is the condition that interferes more
with the product quality.

Keywords: hemp seed oil; quality parameters; NMR; colorimetric analysis; lipoperoxidation

1. Introduction

Cannabis sativa L. is an annual plant belonging to the family of Cannabinaceae, widely spread in
all five continents. Although its name is frequently associated with drugs of abuse (marijuana), due to
the presence of psychotropic ∆9-tetrahydrocannabinol (THC) [1], the recent evidence of Cannabis sativa
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L. cultivars characterized by low amounts of ∆9-THC (known as industrial hemp) raised a growing
interest toward this plant in different fields, including pharmaceutical, food, and cosmetic sectors.
In Europe, hemp cultivars with an amount of ∆9-THC lower than 0.2% (in dry matter basis) are allowed
for cultivation, and are reported in the EU approved list [2].

Among the different parts of the plant, hemp seeds are the only one to be authorized for food
applications [3], as cannabinoids are present mainly due to cross-contamination during harvesting
and processing [4]. Since ancient times, hemp seeds were consumed in the human diet; however,
they were replaced by other seeds and used as feed materials for all animal species. Only in recent
times the discovery of hemp seeds’ high nutritional value led to a revaluation of this source for
human consumption. Literature regarding the investigation of hemp seeds’ composition has increased,
making them an emerging source for value-added functional food ingredients and nutraceuticals [5,6].
Hemp seeds are consumed shelled in salad dressings, and in the production of snack bars, or they can
be cold pressed to obtain edible hemp seed oil, and the residual cake is grinded to have a fiber-rich
flour used in processed food (such as bread, biscuits, and pasta). The high nutritional value lies in the
presence of secondary metabolites and the characteristic fatty acids profile, which stands out for the
higher levels of polyunsaturated fatty acids (PUFAs) with respect to saturated ones. The two essential
fatty acids, linoleic acid (C18:2ω-6) and α-linolenic acid (C18:3ω-3), account for more than 50% and
15–25% respectively, resulting in a perfect balanced 3:1 ratio ω-6:ω-3, optimal for healthy human
nutrition [5]. Moreover, the presence of secondary metabolites such as phenolic compounds and
tocopherols [7–11], with antioxidant properties, improves the health benefits and helps to prevent the
PUFA oxidation process, improving hemp seed oil shelf-life. Some studies recommend a dietary intake
of hemp seed oils [12–14], nowadays largely present in the markets of different countries (Canada,
the European Union, Australia, and China) [15].

It is important to underline that a specific regulation concerning the analytical parameters for the
quality assessment of hemp seed oils is still lacking, although the increasing interest towards hemp
food products for human consumption has prompted few countries to issue guidelines about the
acceptable level of ∆9-THC in hemp seeds, hempseed oil, or processed food [4,16–18]. Indeed, some
studies discuss the development of a proper analytical procedure for the detection of cannabinoids
levels and ratio in hemp seeds and hempseed oils [4,19–22].

However, a plethora of different factors could influence the oil quality, such as the area of
cultivation [23,24], the type of cultivars [25], the origin of seeds [26], agronomic practices, and extraction
processing [27,28] that usually indicate the cold pressing as the preferred method to preserve the
ω-3:ω-6 ratio [11]. Moreover, the price of commercial hempseed oil ranges from 20 to 100 €/L, making
it an expensive food product sold on the market without any quality assurance. Taking into account
the variability in composition and the price, quality parameters need to be established in order to both
valorize products and preserve consumer safety and awareness.

Hemp seed oils are sold as food, and labeled accordingly [29]. In this context, the final product
has to guarantee the safety standard for consumers, but relevant information, such as plant identity,
variety, chemical characterization in terms of unsaturated fatty acid, secondary metabolites, and similar,
are not mandatory, and therefore not reported in the bottle labels.

In the present study, nine commercial hemp seed oils were analyzed, by a multimethodological
approach, to provide information regarding the quality of the products present on the markets. Due to
the lack of a specific regulation for hemp seed oils, quality criteria reported in the olive oil Regulation
(EU) 2015/1830 (European commission), namely free acidity, peroxides number, and spectrophotometric
parameters such as K270, ∆K, and K232, were measured and compared with those reported for extra
virgin olive oil (EVOO). Moreover, anisidine number, colorimetric analysis, and lipoperoxidation
assays were also evaluated. Untargeted nuclear magnetic resonance (NMR) methodology was applied
to identify and quantify simultaneously different classes of compounds [30,31].
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2. Materials and Methods

2.1. Reagents and Materials

All chemical reagents (potassium hydroxide (KOH), phenolphthalein, potassium iodide (KI),
acetic acid (CH3COOH), sodium thiosulfate (Na2S2O3), p-anisidine, glacial acetic acid, linoleic acid,
iron (II) chloride (FeCl2), potassium thiocyanate (KSCN), and solvents (ethanol (EtOH), methanol
(MeOH), chloroform (CHCl3), diethyl ether (Et2O), iso-octane, and cyclohexane) were purchased from
Sigma-Aldrich Co (St. Louis, MO, USA) (all purity ≥98%). Deionized water, purified with a Milli-Q
system (Millipore, Bedford, USA), was used. Dimethyl sulfoxide D6 99.80% and chloroform D 99.80%
were purchased from Euriso-Top (Saclay, France).

2.2. Sampling

Nine commercial hemp seed oils were purchased in organic foods stores and in the e-marketplace,
chosen as the best representatives of the consumer’s choices (the most common hempseed oils from
greatly organized distribution, and the ones with top customer reviews from the e-marketplace).
Hemp seed oils are usually sold in 250 mL bottles. Provenience and prices (€/L) are reported in Table 1.
The labels of samples 2, 4, 5, 7, 8, and 9 stated that the preparation was performed using cold extraction.
In all labels, the ω-6:ω-3 ratio was indicated. Before carrying out analysis, samples were stored in
a cool and dry place, away from sources of light and heat, in order to prevent oxidation reactions.
All analyses were carried out 6 months before the expiry date. The original bottle was opened just
before analysis and divided in 10 mL tubes, completely fulfilled, hermetically closed, and stored in a
cold place in the dark, in order to prevent oil–air and oil–light interactions.

Table 1. Geographical provenience and price of the commercial hemp seed oils.

Sample 1 2 3 4 5 6 7 8 9

Origin Italy EU EU NON-EU NON-EU Italy NON-EU NON-EU Italy

Price (€/L) 44 20 24 25 26 30 52 64 80

2.3. Quality Parameters

Hemp seed oil quality was evaluated measuring free acidity, peroxides number, anisidine number,
and spectrophotometer parameters (K232, K270, and ∆K). Since the methodologies usually applied to
determine all these parameters require great quantities of samples and reagents, specific miniaturized
methods were applied to analyze the hemp seed oil, according to Rapa et al. [32]. All the experiments
were performed three times, and the results were expressed as the mean value± SD (standard deviation).

2.3.1. Free Acidity

An aliquot of 3.33 g of hemp seed oil was dissolved in 10 mL of diethyl ether/ethanol (60/40 v/v)
mixture. Then, free fatty acids were titrated with KOH 0.01 N until the tuning of the phenolphthalein
indicator. Free acidity (A%) was determined, following Equation (1):

A% = (V × C ×M)/(10 ×m) (1)

where: V is the titrant volume (expressed in mL); C is the exact concentration of KOH (expressed
in mol/L); M is the molar weight of the oleic acid (282 g/mol) used for the expression of the result;
and m is the weight of the analyzed substance (expressed in g) [33] (Table 2).

2.3.2. Peroxides Number (P.N.)

An aliquot of 0.5 g hemp seed oil was introduced in a flask with 2 mL of chloroform. After shaking
(30 s), 3 mL of glacial acetic acid and 0.1 mL of potassium iodide saturated aqueous solution were
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added. The flask was shaken for 1 min and then left, protected from light, at a temperature between
15 and 25 ◦C. After 5 min, 75 mL of distilled water was added. The released iodine was titrated with
a sodium thiosulfate solution (0.0005 N) by vigorously shaking, using a starch solution as indicator.
The peroxides number (P.N.), expressed as meqO2/kg, and was calculated as follows (Equation (2)):

P.N. = (V × T)/m × 1000 (2)

where: V is the volume of titrant (expressed in mL); T is the normality of the sodium thiosulfate
solution (expressed in n.eq./L); and m is the weight in g of the analyzed sample [33].

Table 2. Free acidity (A%), peroxides number (P.N.), anisidine number (A.N.), and spectrophotometric
parameters (K232, K270, and ∆K) of the analyzed hemp seed oil samples.

Sample A% P.N.
(meqO2/kg) A.N. K232 K270 ∆K

1 17.24 ± 0.63 4.31 ± 0.37 3.58 ± 0.17 2.65 ± 0.09 0.69 ± 0.01 0.03
2 1.86 ± 0.07 16.68 ± 1.28 1.14 ± 0.04 2.04 ± 0.02 0.41 ± 0.01 0.01
3 0.40 ± 0.01 16.42± 1.39 2.84 ± 0.11 2.35 ± 0.04 0.57 ± 0.01 0.02
4 4.15 ± 0.12 8.36 ± 0.75 1.60 ± 0.07 2.12 ±0.03 0.47 ± 0.01 0.01
5 1.47 ± 0.08 10.69 ± 0.96 1.17 ± 0.03 2.01 ± 0.17 0.39 ± 0.01 0.01
6 2.22 ± 0.02 22.14± 1.88 3.30 ± 0.28 2.26 ± 0.05 0.49 ± 0.01 0.01
7 0.76 ± 0.03 10.50 ± 1.26 0.11 ± 0.02 1.85 ± 0.02 0.26 ± 0.01 0.01
8 0.43 ± 0.02 17.13 ± 0.89 0.12 ± 0.01 1.72 ± 0.01 0.19 ± 0.01 0.01
9 1.50 ± 0.06 17.03 ± 1.17 2.80 ± 0.02 2.21 ± 0.02 0.46 ± 0.01 0.02

2.3.3. Anisidine Number (A.N.)

An amount of 0.2 g of hemp seed oil was dissolved in 10 mL of iso-octane (2,2,4-trimethylpentane)
(solution A). Then, the extinction at 350 nm was determined in a 10 mm quartz cuvette. A 2.5% (w/v)
solution of p-anisidine was prepared in glacial acetic acid. An aliquot of 2.5 mL of solution A was
added to 0.5 mL of p-anisidine (2.5% in glacial acetic acid). The mixture (solution B) was shaken and
set to rest for 10 min. Then, the extinction at 350 nm was measured. To obtain the p-anisidine number
(A.N.), the following expression (Equation (3)) was applied:

A.N. = [25 × (1.2 Ea − Eb)]/m (3)

where: Ea is the extinction of solution A; Eb is the extinction of the solution B; and m is the weight of
the sample (expressed in g) [34].

2.3.4. Spectrophotometric Investigation in the Ultraviolet

An amount of 0.25 g of hemp seed oil was dissolved in 25 mL of cyclohexane solvent and
homogenized to obtain a 1% solution (w/v). The extinction coefficients were measured at 232 nm,
266 nm, 270 nm, and 274 nm, with respect to the pure solvent as reference in a 10 mm quartz cuvette.
The extinction absolute value (∆K) was calculated as follows (Equation (4)):

∆K = K270 × (K266 + K274)/2 (4)

where K270, K266, and K274 are the wavelength-specific extinction [33].

2.4. Colorimetry

The hemp seed oils were submitted to colorimetric analyses. CIEL*a*b* parameters (L*, a*, b*,
C*ab, and hab) were obtained using a colorimeter X-Rite SP-62 (X-Rite Europe GmbH, Regensdorf,
Switzerland), equipped as previously described [35]. The color description is based on three parameters:
L* (lightness), a* (greenness for negative, or redness for positive, values) and b* (blueness for negative,
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or yellowness for positive, values). Cylindrical coordinates C*ab and hab were calculated from the
parameters a* and b*, as described in our previous works [36]. All the experiments were performed
four times, and the results were expressed as the mean value ± SD (Table 3).

Table 3. Colorimetric parameters obtained by CIELAB analyses performed on hemp seed oils 1–9.

Sample L* a* b* C*ab hab

1 29.33 ± 0.15 3.54 ± 0.04 7.30 ± 0.22 8.11 ± 0.21 64.12 ± 0.56
2 25.40 ± 0.02 0.82 ± 0.00 1.19 ± 0.01 1.44 ± 0.01 55.68 ± 0.19
3 33.52 ± 0.04 3.96 ± 0.02 15.11 ± 0.09 15.62 ± 0.08 75.32 ± 0.09
4 46.32 ± 0.05 0.40 ± 0.02 24.60 ± 0.02 24.61 ± 0.02 89.08 ± 0.06
5 42.71 ± 0.88 1.50 ± 0.08 23.66 ± 0.17 23.71 ± 0.16 86.38 ± 0.20
6 39.20 ± 0.53 0.96 ± 0.05 6.28 ± 0.14 6.36 ± 0.13 81.27 ± 0.58
7 44.52 ± 0.09 0.72 ± 0.02 9.89 ± 0.15 9.92 ± 0.15 85.85 ± 0.09
8 52.33 ± 0.08 -0.62 ± 0.02 2.91 ± 0.09 2.98 ± 0.09 102.03 ± 0.47
9 40.13 ± 0.27 5.17 ± 0.10 25.80 ± 0.57 26.32 ± 0.57 78.68 ± 0.15

1 L* = lightness; 2 a* = greenness for negative, or redness for positive, values; 3 b* = blueness for negative,
or yellowness for positive, values; 4 C*ab and 5 hab = cylindrical coordinates.

2.5. NMR Analysis

Each hemp seed oil sample (20 µL) was dissolved in DMSO-d6 (20 µL) and CDCl3 (700 µL)
in a 5 mm NMR tube, which was flame-sealed. The NMR spectra were recorded at 27 ◦C on a
Bruker AVANCE 600 spectrometer (Milan, Italy) operating at the proton frequency of 600.13 MHz and
equipped with a Bruker multinuclear z-gradient 5 mm probe head. 1H spectra were acquired using the
following conditions: number of scans 1024, 90◦ pulse 9.5 µs, time domain 64 K data points, relaxation
delay plus acquisition time 3.5 s, and spectral width 10,802 Hz. 1H NMR spectra were obtained by
the FT (Fourier transform) of the free induction decay, applying an exponential multiplication with
a line-broadening factor of 0.3 Hz and a zero filling (size 64 K) procedure. 1H NMR spectra were
manually phased. Chemical shifts were reported with respect to the residual CHCl3 signal set at
7.26 ppm. The baseline was corrected using the Cubic Spline Baseline Correction routine in the Bruker
Topspin software. The integrals of seven selected signals were measured. In particular, the selected
proton resonances were due to hexanal (CH) at 9.699 ppm, trans-2-hexenal (CH) at 9.448 ppm, diallylic
protons of tri-unsaturated fatty acids (CH2) at 2.778 ppm, diallylic protons of di-unsaturated fatty
acids (CH2) at 2.729 ppm, α-methylene protons of all fatty acids (CH2) at 2.251 ppm, allylic protons
of all unsaturated fatty acids (CH2) at 1.999 ppm, and β-sitosterol (CH3) at 0.622 ppm. The integrals
of the selected resonances were normalized with respect to the resonance at 2.251 ppm set to 100.
β-Sitosterol, fatty acids, and aldehydes were expressed as molar %, following the Equations previously
described [37], with some modifications:

%β-SIT = 100 × 0.66Iβ-SIT/Itot (5)

%TRI = 100 × 0.5ITRI/Itot (6)

%DI = 100 × IDI/Itot (7)

%MONO = 100 × 0.5(IUNS − 2IDI − ITRI)/Itot (8)

%SAT = 100 × (IFA − IDI − 0.5ITRI −%MONO)/Itot (9)

%INS = %MONO + %DI + %TRI (10)

%t-2-HEX = 100 × 2It-2-HEX/Itot (11)

%HEX = 100 × 2IHEX/Itot (12)
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where %β-SIT, %TRI, %DI, %MONO, %SAT, %INS, %t-2-HEX, and %HEX are molar % of β-sitosterol,
tri-unsaturated fatty acids, di-unsaturated fatty acids, mono-unsaturated fatty acids, saturated fatty
acids, unsaturated fatty acids, trans-2-hexenal, and hexanal, respectively. Iβ-SIT, ITRI, IDI, IUNS, IFA,
It-2-HEX, and IHEX are integrals of β-sitosterol, tri-unsaturated fatty acids, di-unsaturated fatty acids,
allylic protons of all unsaturated fatty acids, α-methylene protons of all fatty acids, trans-2-hexenal,
and hexanal, respectively. Itot was calculated according to Equation (13).

Itot = IFA + 0.66Iβ-SIT + 2It-2-HEX + 2IHEX (13)

2.6. Lipoperoxidation

The assay was carried out by the ferric thiocyanate method according to Di Sotto et al. [38],
with minor changes. Preliminarily, both linoleic acid and the oil samples were subjected to storage for
24 h under different temperature conditions, including room temperature (RT), room temperature plus
light exposure (RT plus white light; distance of lamp, 30 cm), refrigerated temperatures of +4 ◦C and
−20 ◦C, and warm temperature of +60 ◦C. After storage sodium phosphate buffer (625 µL; 0.2 M, pH 7.0)
was added to linoleic acid or the hemp seed oil samples (625 µL; 2.5% v/v in pure EtOH) and incubated
at 37 ◦C for 72 h. Various aliquots (10 µL) were taken at different incubation times (0, 24, 48, 72 h) and
mixed with ethanol (970 µL; 75% v/v), FeCl2 (10 µL; 200 mM in 3.5% w/v HCl) and KSCN (10 µL; 30% w/v
in deionized water). Peroxides, generated during fatty acid peroxidation, oxidize Fe+2 to Fe+3; the latter
ion forms a complex with thiocyanate that can be measured spectrophotometrically at 500 nm.

The percentage of the Lipid Peroxidation (LP) was calculated, as follows (Equation (14)):

LP = Asample/Astandard × 100 (14)

where Astandard is the highest absorbance of linoleic acid used as reference, whereas Asample is the
absorbance of the tested sample. The experiments were repeated two times, and, in each experiment,
three technical replicates were assayed for each storage condition.

3. Results and Discussion

3.1. Quality Parameters

Due to the lack of a specific regulation on hemp seed oils, quality parameters established for olive
oils [33], namely free acidity, peroxides number, anisidine number, and spectrophotometric parameters
(K232, K270, and ∆K) (ISO 6885:2016), were evaluated.

3.1.1. Free Acidity

Free Acidity (A%), expressed as oleic acid, points out the degree of fat hydrolytic alteration.
Triglycerides hydrolysis occurs in the presence of water and enzymes (lipases), naturally present in
raw vegetable matrix. In the Regulation (EU) 2015/1830 for virgin oils, a maximum limit of 2.0% is
provided [33]. However, the Pharmacopoeia provides a maximum value of 6% in A% for seeds oils [39].
Among the commercial hemp seed oils here investigated (Table 2), samples 3, 7, and 8 showed an
A% less than 1% (0.40%, 0.76% and 0.43%, respectively), whereas samples 1, 4, and 6 showed a value
above the 2.0% threshold (17.24%, 4.15% and 2.22%, respectively). Considering the limit established by
the Pharmacopoeia for seed oils, only sample 1 exceeds the 6% limit. It possible that this commercial
product was not stored using adequate temperature and light conditions.

In literature, few studies have investigated the free acidity of hemp seed oils, and a great variability
of values was found. A% of 0.074–0.890% has been reported for noncommercial hemp seed oils [32,40],
whereas for Italian commercial hemp seed oils, the maximum value of 9.9% has been reported [7].
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3.1.2. Oxidation Parameters: Peroxides Number and Anisidine Number

Fatty acids oxidation can occur in two steps. First, unsaturated fatty acids react with oxygen,
producing odorless peroxides that, in the second step, decompose in aldehydes, responsible for rancid
taste. The degree of the first oxidation step is evaluated by peroxides number (P.N.) (EU Regulation (EU)
2015/1830); a limit of 20 meqO2/kg P.N. is reported for virgin and extra virgin olive oils. The peroxides
value is useful for assessing the spoilage progression, especially in fresh oils or oil produced with
low temperature technologies [41]. On the other hand, the anisidine number (A.N.) provides the
assessment of the second oxidation step: an acceptable number for fat matrices is 10.

The nine hemp seed oils here investigated showed a relevant variability for P.N. values, ranging
from 4.32 to 22.14 meqO2/kg. Only sample 6 showed a P.N. value above 20 meqO2/kg. Again, as in the
case of A%, these values are higher than the values from 1.94 to 7.20 meqO2/kg reported in the case of
noncommercial samples [40,42,43] and Italian commercial hemp seed oils [7].

All the investigated samples showed A.N. values ranging from 0.11 to 3.58 (below the limit),
in agreement with literature data [44].

3.1.3. K232, K270, and ∆K Spectroscopic Values

Regarding the spectroscopic measurements, the K232 value evaluates the presence of conjugated
dienes, whereas K270 and ∆K indicate the presence of conjugated trienes. Almost all the samples
showed a K232 value below the EVOO limit (2.6 L/g·cm), with sample 8 showing the lowest value
(1.72 L/g·cm). The only exception was sample 1, with a value of 2.65 L/g·cm. Generally, the values here
reported were lower than those reported by Anwar et al. for Pakistan samples [23].

The K270 and ∆K values turned out to be higher than the limits reported in the Regulation
(0.25 L/g·cm, 0.01), in agreement with the previously reported data [45]. The higher conjugated trienes
content, with respect to olive oils, is due to the high amount of PUFAs in hemp seed oils.

3.2. Colorimetry

The color of a product plays a preeminent role in the consumer acceptance and, consequently,
in the choice of a food. In the case of oils, color could represent an index of good manufacturing
practice, a warranty of quality and genuineness, and, not least important, of the right storage conditions.
To evaluate the color properties of hemp seed oils, the tristimulus colorimetry was employed. To our
knowledge, only one work is available in literature regarding colorimetric studies on hemp seed oil
samples, reporting an L* value of 18.13, an a* of 2.40 and a b* of 30.87 [46], so that a significant yellow
parameter (+b*) can be shown, compared to a very weak red value (+a*) and a quite dark sample.

In a previous work [46], a comparison among medium reflectance profiles of hemp seed, olive,
and neem oils has been carried out: a similarity among olive oils and hemp oils has been observed,
although hemp seed oils turned out to be darker.

The analyses, performed on the selected nine samples, only in part confirm these data (Table 3).
Two samples (6 and 7) were turbid, and were analyzed before and after filtration. All samples covered a
very wide range between 25 to 46 of lightness, −0.6–5.4 of a* and 1.2–33 of b*, substantially confirming
a yellow color completely dominant on the slight reddish nuance, but also showing significant
differences in the lightness and the tonality, hab = tan−1(a*/b*), most likely due to the different cultivars,
the work-up, and the purification steps applied by the producers. All the obtained reflectance curves,
shown in Figure 1, account for the relevant differences found among the samples.

The profile of sample 2 corresponded to a very dark oil, whereas the profile of sample 8 corresponded
to a very faded oil. In samples 6 and 7, turbidity and sediments were present. Therefore, when samples
2, 8, 6, and 7 were discarded, a clear reflectance profile was observed (Figure 1), accounting for a
different lightness, corresponding to a higher b*/a* ratio, that indicates a dominant yellow color with
respect to a reddish nuance. Samples 4 and 5, characterized by a quite different profile in the region
between 450 and 500 nm, showed the lowest a* values and, consequently, the highest b*/a* ratios.
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Figure 1. Spectral reflectance curves obtained by CIEL*a*b* analyses applied to 1–9 hemp seed oils.
Samples 6 and 7 were measured after filtration.

Therefore, with respect to the reflectance profiles of other commercially available oils, such as
corn, rice, and EVOO, hemp seed oils showed a peculiar curve trend that could represent a fingerprint
for this product [40].

3.3. NMR Analysis

In Figure 2, the 1H spectrum of a hemp seed oil is reported. Hemp seed oils spectra, similarly to
other vegetable oils, were characterized by strong signals, due to the fatty chains on the glycerol moiety
and minor compounds. The amount of β-sitosterol, hexanal, trans-2-hexenal, saturated fatty chains,
and unsaturated fatty chains (including mono-unsaturated, di-unsaturated, and tri-unsaturated fatty
chains) are reported as molar percentages in Figure 3.
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Figure 2. 600.13 MHz 1H NMR spectrum of a hemp seed oil. Quantified selected NMR signals are
reported in expanded regions. (A) β-sitosterol (0.622 ppm); (B): allylic protons of all fatty chains
(1.999 ppm); (C): α-methylene protons of all acyl chains (2.251 ppm); (D): diallylic protons of linoleic
fatty chains (2.729 ppm); (E): diallylic protons of linolenic fatty chains (2.778 ppm); (F): trans-2-hexenal
(9.448 ppm); (G): hexanal (9.699 ppm).
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and (B) fatty acids. The relative molecular abundances (molar percentage) are reported.

As expected, fatty acid chain profiles of all nine hemp seed oils were characterized by a higher
content of unsaturated fatty acid chains with respect to saturated ones, and, among them, di-unsaturated
fatty chains resulted in more abundance (35–48%), compared to mono- (15–28%) and tri-unsaturated
ones (8–20%). In particular, sample 1 was characterized by the lowest tri-unsaturated fatty chain content.

Hemp seed oils are renowned for their optimal 3:1 ratio in ω-6:ω-3. However, on the bottle labels
of samples 2, 6, and 9 (see Table 4), a ratio lower than 3:1 was reported, and, in some cases, theω-6:ω-3
ratio measured by NMR was different from the ratio reported on the labels. For instance, 2, 3, and
4 hemp seed oil samples showed an ω-6:ω-3 ratio lower than that declared in the labels. Only 7, 8,
5, and 1 hemp seed oil samples, with values of 3.6, 3.6, 3.3, and 4.7, respectively, turned out to have
an optimal ω-6:ω-3 ratio. In particular, sample 1 presented a particularly high ratio compared to
other ones. According to NMR data, samples 4, 2, 9, and 6 did not reach the 3:1ω-6:ω-3 ratio value,
with sample 3 having a particularly low value.

Table 4. Comparison betweenω-6:ω-3 ratios reported on the bottle labels and the ones measured by
NMR analysis. Integrals of signals D (diallylic protons of linoleic fatty chains at 2.729 ppm) and E
(diallylic protons of linolenic fatty chains at 2.778 ppm) of the nine commercial hemp seed oils analyzed
were measured.

ω-6:ω-3 Ratio

Samples Bottle Label NMR Results

1 4.20 4.71
2 2.80 2.40
3 3.37 1.99
4 3.17 2.30
5 3.21 3.36
6 2.39 2.27
7 3.11 3.64
8 3.37 3.61
9 2.57 2.86

It is interesting to note that sample 9, with an ω-6:ω-3 ratio of 2.86, was sold at 80 €/L,
whereas sample 5, with a 3.36 ratio value, was sold at 26 €/L, a much more affordable price.

Regarding the content of minor compounds, the β-sitosterol amount ranged from 0.15% (sample 8)
to 0.33% and 0.45% (samples 6 and 5, respectively).
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The content of trans 2-hexanal and hexanal was generally low in all the samples (between 0 and
0.5%). However, sample 1 showed the highest content of hexanal (0.34%) and trans-2-hexenal (0.17%).

3.4. Evaluation of Oxidation Susceptibility

In order to evaluate the susceptibility of hemp seed oils to lipid peroxidation, the samples were
subjected to different temperatures of storage and to a specific light exposure condition under laboratory
testing [7,47]. The results showed peculiar stability profiles of the oils with respect to linoleic acid,
used as reference. Lipoperoxidation of hemp seed oils was not significantly increased over 24 h of
incubation time, since the susceptibility to lipid peroxidation after 48 and 72 h was the same as of 24 h
(Figure 4). Differences among the percentage of lipoperoxidation were estimated at time zero and after
24 h of exposure of the samples to different storage conditions (Table 5).

Table 5. Lipoperoxidation (%) of linoleic acid, used as standard, and the hemp seed oils 1–9 under
different storage conditions.

Lipoperoxidation (%)

RT * RT/light +4 ◦C −20 ◦C +60 ◦C

Linoleic acid
t0 40.1 ± 0.3 61.3 ± 1.1 *** 41.8 ± 0.8 37.3 ± 0.4 54.2 ± 0.3 **

t24 76.6 ± 1.0 §§§ 96.6 ± 0.8
***§§ 76.6 ± 1.0 §§§ 69.1 ± 1.3 *§§ 77.0 ± 0.3 §§

1
t0 27.4 ± 0.4 88.0 ± 2.4 *** 25.9 ± 1.2 21.5 ± 0.1 * 41.8 ± 1.9 ***
t24 21.7 ± 0.5 98.2 ± 0.5 ***§ 21.2 ± 1.1 19.5 ± 0.3 * 23.7 ± 1.4

2
t0 16.6 ± 0.3 26.1 ± 1.1 ** 16.5 ± 0.3 17.1 ± 0.3 17.4 ± 0.5
t24 48.9 ± 0.7 §§§ 56.0 ± 3.1 *§§§ 49.3 ± 0.4 §§§ 48.4 ± 2.2 §§§ 50.8 ± 4.6 §§§

3
t0 34.5 ± 1.1 37.8 ± 1.0 34.6 ± 0.7 26.4 ± 1.4 32.4 ± 0.8
t24 25.6 ± 1.3 29.6 ± 1.3 24.5 ± 0.2 24.0 ± 2.3 24.7 ± 0.2

4
t0 37.6 ± 0.9 49.2 ± 1.1 * 31.8 ± 0.5 33.4 ± 2.4 * 28.5 ± 0.2
t24 24.2 ± 0.3 32.8 ± 1.6 * 23.9 ± 0.4 21.9 ± 3.4 24.9 ± 0.3

5
t0 25.6 ± 0.1 40.4 ± 1.0 *** 25.8 ± 0.8 26.4 ± 3.4 26.5 ± 0.3
t24 21.9 ± 1.2 23.2 ± 0.6 21.1 ± 1.1 20.8 ± 2.4 21.0 ± 0.4

6
t0 18.7 ± 0.3 29.6 ± 0.5 ** 21.9 ± 0.3 * 16.5 ± 0.2 * 18.7 ± 0.2
t24 54.2 ± 1.6 §§§ 53.8 ± 0.7 §§§ 55.7 ± 0.1 §§§ 53.8 ± 0.5 §§§ 49.7 ± 4.4 §§§

7
t0 15.9 ± 0.4 22.7 ± 0.2 ** 16.8 ± 0.1 15.6 ± 0.2 16.4 ± 0.3
t24 51.0 ± 0.6 §§§ 48.9 ± 1.4 §§§ 49.3 ± 0.4 §§§ 45.8 ± 0.1 §§§ 47.6 ± 3.1 §§§

8
t0 14.4 ± 0.4 20.4 ± 0.1 ** 13.2 ± 0.5 13.6 ± 0.3 14.5 ± 0.5
t24 48.6 ± 0.8 §§§ 46.4 ± 1.3 §§§ 45.8 ± 1.1 §§§ 47.1 ± 0.6 §§§ 46.7 ± 0.6 §§§

9
t0 28.3 ± 0.5 34.7 ± 0.4 * 26.4 ± 0.4 22.7 ± 0.4 22.5 ± 0.3
t24 21.6 ± 0.7 24.2 ± 1.6 * 21.0 ± 0.3 21.2 ± 0.2 21.5 ± 0.7

* RT: room temperature; RT/light: room temperature with direct exposure to light; +4 ◦C: cold temperature; −20 ◦C:
ultra-frost temperature; + 60 ◦C: warm temperature. * p < 0.05, ** p < 0.01 and *** p < 0.001 denote a statistically
significant difference with respect to RT (ANOVA followed by Dunnet’s Multiple Comparison Post Test). § p < 0.05,
§§ p < 0.01, §§§ p < 0.001 denote a statistically significant increase with respect to time zero under the same storage
conditions (ANOVA followed by Dunnet’s Multiple Comparison Post Test).
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Figure 4. Absorbance (λ 500 nm) of lipoperoxides produced in different hemp seed oils, with respect
to linoleic acid (A) under multiple storage conditions and incubation times (t = 0, 24, 48, and 72 h).
Hemp seed oils: (B) 1, (C) 2, (D) 3, (E) 4, (F) 5, (G) 6, (H) 7, (I) 8, (J) 9.

Linoleic acid displayed a very low stability, being significantly oxidized under all storage
conditions (Figure 4A): the maximum percentage of peroxidation was achieved after 24 h incubation at
RT/light (about 2.4-fold higher than RT at time zero), followed by storage at 60 ◦C warm temperature
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(1.5-fold higher than the RT oxidation at time zero). Conversely, an oxidation reduction (almost twofold,
compared to RT oxidation at time zero) occurred under ultra-frost temperature (−20 ◦C).

Sample 1 exhibited a high stability under almost all the experimental conditions, except for
RT/light, wherein it resulted in being strongly oxidized already at time zero (Figure 4B), with about
a 3.3- and 4.5-fold peroxidation increase, compared to the RT oxidation at time zero and after 24 h,
respectively. Moreover, after warm storage (60 ◦C), it showed about a twofold increase in oxidation
with respect to RT at time zero, although the basal level was recovered during incubation (Figure 4B).
Conversely, the ultra-frost temperature (−20 ◦C) weakly (about 1.2-fold) affected the basal oxidation of
sample 1.

The other commercial hemp seed oils displayed a different behavior compared to sample 1.
Samples 3, 4, 5, and 9 were only slightly affected by storage at warm and cold temperatures, or by light,
at all incubation times (Figure 4D–F,L).

Regarding the hemp seed oils 4, 5, and 9, the storage at RT/light induced a weak but significant
lipoperoxidation increase (1.3–1.6-fold), compared RT at time zero, which progressively disappeared
during incubation time. Conversely, sample 3 turned out to be stable, also, to light exposure.

On the basis of this evidence, hemp seed oils appear to be stable under the tested storage
conditions, although the direct exposure to light should be considered with caution, because of the
higher susceptibility of some samples to oxidation, likely due to a high content of polyunsaturated
fatty acids or to the presence of antioxidant constituents. Further studies could clarify this issue.

4. Conclusions

In this paper, nine commercial hemp seed oils were analyzed, by both targeted and untargeted
analyses, to determine their chemical composition and, therefore, to obtain information regarding the
quality of the products present in the markets. The results show a great variability between the samples.
Applying the parameters used for EVOO, the quality was poor in above 50% of the samples, as showed
by A%, P.N., and ω-6:ω-3 ratio, although price was very high. Lipoperoxidation assay confirmed that
storage conditions can affect the shelf life of the product, however, the quality, in terms of healthy
properties, should be assured at least until the expiration date. It is well established that several
parameters (cultivars, pedoclimatic conditions, and agronomical practices) do affect the chemical
composition and sensorial features of foodstuffs, however, the great variability of data obtained on the
commercial hemp seed oil matrix highlights the urgent need to find reference parameters that define
the quality of this product. Moreover, although in some European countries hemp seed oil has been a
product on the market for years, in other countries, such as Italy, hemp seed oil can be considered a
young product, with no history of production.

These results, together with other data recently reported on hemp oils [7], can constitute the
starting point for development, and drawing up, of harmonized guidelines with suitable quality and
safety parameters specific for hemp seed oils. Furthermore, these studies might drive producers to
standardize procedures of hemp seed oil production, guaranteeing the achievement of a good food
objective, consumer safety, and the further expansion of the hemp food industry.
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