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Abstract: Efficient determination of antioxidant activity in medicinal plants may provide added
value to extracts. The effects of postharvest pre-freezing and drying [microwave-assisted hot air
(MAHD) and freeze drying] on hops and cannabis were evaluated to determine the relationship
between antioxidant activity and secondary metabolites. The 2,2-diphenyl-1-picrylhydrazine (DPPH)
reduction and ferric reducing ability of power (FRAP) assays were assessed for suitability in esti-
mating the antioxidant activity of extracted hops and cannabis inflorescences and correlation with
cannabinoid and terpene content. Antioxidant activity in extracts obtained from fresh, undried sam-
ples amounted to 3.6 Trolox equivalent antioxidant activity (TEAC) (M) dry matter−1 and 2.32 FRAP
(M) dry matter−1 for hops, in addition to 2.29 TEAC (M) dry matter−1 and 0.25 FRAP (M) dry
matter−1 for cannabis. Pre-freezing significantly increased antioxidant values by 13% (DPPH) and
29.9% (FRAP) for hops, and by 7.7% (DPPH) and 19.4% (FRAP) for cannabis. ANOVA analyses
showed a significant (p < 0.05) increase in total THC (24.2) and THCA (27.2) concentrations (g 100 g
dry matter−1) in pre-frozen, undried samples compared to fresh, undried samples. Freeze-drying
and MAHD significantly (p < 0.05) reduced antioxidant activity in hops by 79% and 80.2% [DPPH],
respectively and 70.1% and 70.4% [FRAP], respectively, when compared to antioxidant activity in
extracts obtained from pre-frozen, undried hops. DPPH assay showed that both freeze-drying and
MAHD significantly (p < 0.05) reduced the antioxidant activity of cannabis by 60.5% compared to the
pre-frozen samples although, there was no significant (p < 0.05) reduction in the antioxidant activity
using the FRAP method. Greater THC content was measured in MAHD-samples when compared
to fresh, undried (64.7%) and pre-frozen, undried (57%), likely because of decarboxylation. Both
drying systems showed a significant loss in total terpene concentration, yet freeze-drying has a higher
metabolite retention compared to MAHD. These results may prove useful for future experiments
investigating antioxidant activity and added value to cannabis and hops.
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1. Introduction

Hops (Humulus lupulus) possess unique chemical compounds that contribute greatly
to the bitterness, flavor, and aroma of beer [1]. Cannabis (Cannabis sativa), is a close relative
of hops and is predominately cultivated for its medicinal and psychotropic properties [2].
Hops and cannabis both belong to the taxonomy family Cannabaceae and thus have related
physiological traits and contain similar secondary metabolites, some of which exhibit
antioxidant capacity [3]. Plant antioxidants play important roles in the acclimation or
adaptation of plants to a variety of environmental stressors and are beneficial for human
health [4]. As part of a balanced nutritional diet, these antioxidants provide protection
against damage caused by free radicals involved in the development of many chronic
illnesses such as cancer and cardiovascular diseases [5].
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Antioxidants are bioactive compounds that, even in small amounts, slow or stop
oxidation processes influenced by reactive oxygen species (ROS) or ambient oxygen en-
zymes [6,7]. Various studies have reported that diverse naturally occurring antioxidants
are found in medicinal plants at different concentrations and with varied physical and
chemical properties [8–16]. Although antioxidants are classified as either lipid-soluble
(hydrophobic) and water-soluble (hydrophilic), plant-based antioxidants such as phenolic
compounds and vitamin C are mostly hydrophilic [17,18]. Phenolic compounds (terpenes,
flavonoids, and carotenoids) in plants act as structural polymers, attractants for insects, ul-
traviolet protectors, signal compounds, and defense response chemicals [19]. Hydrophobic
antioxidants such as carotenoids and vitamin E protect cell membranes from lipid perox-
idation [20]. Antioxidants may alternately be classified as enzymatic or non-enzymatic
based on their catalytic action [18,21]. Enzymatic antioxidants convert harmful oxidative
products via a multi-step enzymatic process, in the presence of cofactors such as copper,
zinc, manganese, and iron to stable hydrogen peroxide (H2O2), converting it to water [22].
Non-enzymatic antioxidants prevent the spread of free radicals [18]. Based on their direct or
indirect antioxidant defense mechanism, plant antioxidants can be classified as primary or
secondary [15,23]. Primary antioxidants such as catalase act as chain-breaking antioxidants
by reacting directly with free radicals [24]. Secondary antioxidants, including glutathione-
s-transferase, work indirectly as singlet oxygen quenchers, peroxide decomposers, metal
chelators, oxidative enzyme inhibitors and UV radiation absorbers [23].

Hops contain α-acids (cohumulene, humulone, and adhumulone), β-acids (colupulene,
n-lupulone and adlupulone), and xanthohumol, which are the precursors of bittering agents
in beer [25]. Xanthohumol is the major prenylated flavonoid in hops and it is synthesized
in glandular trichomes of hop inflorescences [26]. Bitter acids in hops are formed from
the acylation of one molecule of acyl-CoA and three molecules of malonyl-CoA to form
phlorisovalerophenone [27,28]. Hops may be considered a natural antioxidant since the
α-acids, β-acids, and xanthohumol present in this plant have significant hydroxyl radical
scavenging and antioxidant activities [26,29,30]. A comparative study using three hop
accessions (Calypso, Cascade, and Cluster) demonstrated the presence of high antioxidant
activity with the DPPH assay, measuring 342.3, 211.8, and 196.8 µg mL−1, respectively [16].

Major active secondary compounds found in the cannabis plant are the cannabi-
noids [31], a group of chemical compounds that alter neurotransmission activity of the
brain by acting on the cannabinoid receptors [32–36]. Research studies have shown that
cannabinoids exhibit antioxidant properties [37–39]. Cannabinoids, like other antioxidants,
interrupt free radical chain reactions, chelating free radicals by donating their electrons
or hydrogen atom and transforming them into less active forms [18]. Dawidowicz et al.
(2021) showed that the degree of antioxidant activity by acidic and neutral cannabinoids
can be attributed to the number of phenolic hydroxyl groups in individual cannabinoids.
Cannabinolic acid (CBDA) (13.3%) and cannabidiol (CBD) (53.3%) showed significantly
(p < 0.05) greater scavenging power compared to tetrahydrocannabinolic acid (THCA)
and tetrahydrocannabinol (THC), respectively. Hops cannot synthesize cannabinoids as
they lack the oxidocyclase enzymes needed to convert cannabigerolic acid (CBGA) to
various cannabinoids [40].

Other antioxidant compounds of interest produced by hops and cannabis are terpenes
and phenols [9]. Terpenes, or isoprenoids, are one of the largest and most diverse groups
in plants [41]. Although terpenes and volatile phenols are mostly responsible for their
characteristic aroma, they possess beneficial health benefits such as anticancer, antimicro-
bial, antifungal, antiviral, analgesic, anti-inflammatory, and antiparasitic activities [42–44].
In vitro studies by Rufino et al. (2015) showed that myrcene, one of the most abundant ter-
penes in hops and cannabis, has significant anti-inflammatory and anti-catabolic properties,
and is useful for halting or slowing down cartilage destruction and osteoarthritis progres-
sion. Phenolic compounds, including terpenes, are reportedly powerful antioxidants with
high scavenging properties [8].
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Plant secondary metabolite biosynthesis and antioxidant activity can be disrupted and
altered during postharvest storage and drying [45–47]. Storage studies by Grafström et al.
(2019) over four years showed that CBD is not prone to oxidative degradation and is stable
over time, while decarboxylation of THCA to THC which occurs in stored plant material
is increased by the presence of oxygen and higher temperatures [48,49]. Specifically, THC
concentrations markedly increase from 1.5% to 2.1%, 12.3% and 12.8% when stored at 50 ◦C,
100 ◦C, and 150 ◦C, respectively, due to THCA decarboxylation [45]. Hop buds stored at
20 ◦C in a dark room showed decreased α-acid concentrations from 186.9 µmol g−1 to
37.0 µmol g−1 and β-acids from 107.7 µmol g−1 to 50.9 µmol g−1. Both α-acids and β-acids
are oxidized rapidly during hop storage [50]. Decreases in α-acids and β-acids can decrease
the antioxidant capacity of hops.

The effects of pre-freezing and drying on hop terpene content has been reported and
the optimal conditions for freeze-drying and microwave assisted hot air drying (MAHD)
were explored [51]. This previous study showed that the low temperature used during
freeze-drying preserved 16.6% to 68.3% of the major terpenes present in hops compared to
hot air and MAHD systems, respectively. Pre-freezing caused significant structural damage
to hops and this was similarly observed for cannabis in a related trial [51].

The main objective of this follow-up study was to investigate the effects of pre-freezing,
prior to drying hops and cannabis, on antioxidant capacity using pre-optimal drying condi-
tions. The suitability and efficiency of 2,2-diphenyl-1-picrylhydrazine (DPPH) and ferric
reducing antioxidant power (FRAP) assays were examined and compared for estimating to-
tal antioxidant activity (TAC) in hops and cannabis extracts from biomass subjected to these
postharvest methods. Given the legislative focus on documenting scientific literature that
scrutinizes the therapeutical potential of cannabis for medical use, the relationship between
antioxidant capacity and valued secondary metabolites in these two crops was examined.

2. Results
2.1. Ferric Reducing Antioxidant Power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
Calibration Curves

This study aimed to compare the suitability and efficiency of the DPPH and FRAP
assays when measuring total antioxidant activity in hops and cannabis extracts procured
from differently processed biomass, including a pre-freezing step followed by freeze-drying
or MAHD. The DPPH and FRAP colorimetric assays are universal tools that are currently
used for assessing nonenzymatic antioxidants present in plants [15,52]. The DPPH assay
measures the radical scavenging activity of most phenolic compounds such as flavonoids
and tannins [37,53]. The FRAP assay is a measure of the transition metal ion chelating
activity of antioxidants such as ascorbic acid, uric acid and polyphenolic compounds
such as catechins under acidic conditions [37,54]. Bleaching of the DPPH solution from
violet to pale yellow increases with an increase of antioxidant activity in each sample
(Figure 1A). This assay is based on the reduction of the free radical DPPH to DPPH-H. The
FRAP assay uses the reduction of ferric ions (Fe3+) to ferrous ions (Fe2+) as the signal and
measures the change in absorbance at 593 nm owing to the formation of a blue colored
Fe2+-tripyridyltriazine compound from the colorless oxidized Fe3+ form by the action of
electron-donating antioxidants (Figure 1B).

The percentage of radical scavenging capacity for different Trolox concentrations used
for DPPH and FRAP assay calibration curves is shown in Figure 2. Figure 2 shows inhi-
bition values using 0.005 to 2.5 mM Trolox concentrations. Preliminary data exhibited a
flattening of the graph between 2.5 and 10 mM Trolox concentration. This can be attributed
to the almost complete quenching of DPPH and FRAP by Trolox, which does not affect
the absorbance values. As such, sample dilution is necessary to dilute samples to within
the measurable range (0.005 to 2.5 mM Trolox concentrations). A similar curve flattening
observation was made by Sochor et al. (2010) and Pisoschi et al. (2009), where the ab-
sorbance of Trolox did not change at concentrations of 200–1000 µmol L−1 and 0.15–0.2 mM,
respectively. Calibration graphs (Figure 2) used to quantify the antioxidant capacities of
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hops and cannabis in this study are linear, in the range 0.005 to 2.5 mM for Trolox, with
strong correlation coefficients (R2) of 0.996 and 0.982 for DPPH and FRAP, respectively.
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2.2. Antioxidant Activity of Hops and Cannabis

The observed TEAC and FRAP values determined in hops and cannabis are presented
in Figure 3. The antioxidant activity of extracts derived from fresh, untreated hops was
3.6 TEAC (M) dry matter−1 and 2.32 FRAP (M) dry matter−1. Extracts from fresh, untreated
cannabis samples had 2.29 TEAC (M) dry matter−1 and 0.25 FRAP (M) dry matter−1

antioxidant values. The lower antioxidant activity observed in cannabis relative to hops can
be attributed to the presence of α-acids and β-acids in hops [25]. Analysis of variance tests
showed that pre-freezing, freeze-drying and MAHD significantly affected (p < 0.05) the
antioxidant activity of hops and cannabis when evaluated with the DPPH and FRAP assays.
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reducing antioxidant power; TEAC: Trolox equivalent antioxidant activity.

Pre-freezing the hops and cannabis samples before drying increased the antioxidant
values by 13% (DPPH assay) and 29.9% (FRAP assay) for hops, and by 7.7% (DPPH assay)
and 19.4% (FRAP assay) for cannabis (Figure 3). DPPH assays used for this study show
that freeze-drying and MAHD significantly (p < 0.05) reduced the antioxidant activity
in hops by 79% and 80.2%, respectively, compared to pre-frozen, undried samples. A
similar observation was made for hops using the FRAP assay, as antioxidant activity was
reduced by 70.1% and 70.4% under freeze-drying and microwave-assisted hot air drying,
respectively, when compared to pre-frozen, undried hops. Both freeze-drying and MAHD
significantly (p < 0.05) reduced the antioxidant activity of cannabis by 60.5% using the
DPPH assay. However, there was no significant (p < 0.05) difference between the antioxidant
activity values for pre-frozen, freeze-dried and microwave-assisted hot air dried cannabis
samples using the FRAP method.

2.3. Cannabinoid and Terpenes in Hops and Cannabis

For a comparison of different postharvest treatments and valued phytochemicals in
extracted hops and cannabis extra inflorescences, total THC content and major cannabinoid
concentrations (tetrahydrocannabinolic acid [THCA], tetrahydrocannabinol [∆9-THC],
tetrahydrocannabivarin [THCV], cannabigerolic acid [CBGA], and cannabigerol [CBG])
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in C. sativa were determined (Figure 4). In the same figure, the cannabinoid and terpene
content in extracts obtained from fresh, undried cannabis samples were compared to
cannabinoids and terpene content in extracts obtained in this study. CBDA, CBD, and total
CBD content are not presented, as the concentration of CBDA and CBD was below the
limit of detection of the instrumentation and methodology. Extracts from fresh, undried
Cannabis sativa had total THC, THCA, THC, and CBG concentrations of 20.5 g 100 g dry
matter−1, 23.1 g 100 g dry matter−1, 0.27 g 100 g dry matter−1, and 0.16 g 100 g dry
matter−1, respectively. ANOVA analyses showed a significant (p < 0.05) increase in the
total THC (24.2 g 100 g dry matter−1) and THCA (27.2 g 100 g dry matter−1) concentrations
in extracts obtained from pre-frozen, undried samples compared to fresh, undried samples.
However, there was no significant (p < 0.05) increase in THC (0.32 g 100 g dry matter−1)
and CBG (0.22 g 100 g dry matter−1) concentrations in extracts from the pre-frozen, undried
samples compared to the fresh, undried samples.
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The concentration of CBGA measured herein was below the limit of detection of the
instrumentation and methodology in the extracts of fresh and pre-frozen, undried samples,
likely because CBGA serves as the precursory molecule to the other cannabinoids [55].
Various bioengineering studies have demonstrated that the prenylation of olivetolic acid
(OA) by geranyl diphosphate (GPP) to form a CBGA is an anabolic process [35,56,57].
Hence, the observed increase in the average concentration of CBGA to 0.63 g 100 g dry
matter−1 (MAHD-dried samples) and 0.6 g 100 g dry matter−1 (freeze-dried samples)
can be attributed to the high drying temperatures used. Recent published reviews of the
cannabis post-harvest processing methods [49,58] indicate that with the application of
heat, THCA and THCVA change into their active forms of THC and THCV, respectively.
Compared to the fresh and pre-frozen, undried samples, extracts from MAHD biomass
had significantly (p < 0.05) greater THC content by 64.7% and 57%, respectively. ANOVA
analyses show that the change in THCA and THC in freeze-dried samples compared to the
fresh and pre-frozen, undried samples was not significant (p < 0.05).

A total of 16 and 7 terpene compounds were identified in the cannabis and hop
samples, respectively. All seven terpene compounds identified in hops were present in
cannabis at different concentrations. Despite the major differences in secondary compounds
in cannabis and hops used for the study, the main terpenes were myrcene, caryophyllene,
and humulene. These provide the inflorescence with a peppery, citrus, and hoppy mixed
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aroma [41,59]. The caryophyllene concentration in cannabis was 71.2% greater than that
of hops. However, humulene had a higher concentration (54.8%) in hops compared to
cannabis. Data represented in Figures 5 and 6 indicate that the concentration of myrcene
in fresh, undried hops was reduced from 1.9 to 0.3 g 100 g dry matter−1 (MAHD) and to
0.7 g 100 g dry matter−1 (freeze-dried) and for fresh, undried cannabis, the concentration
reduced from 0.3 to 0.1 g 100 g dry matter−1 (MAHD) and to 0.2 g 100 g dry matter−1

(freeze-dried). Rajkumar et al. (2017) showed that compared to fresh, undried carrots,
myrcene was reduced from 2.3 to 0.4 g 100 g dry matter−1 (MAHD) and to 1.6 g 100 g
dry matter−1 (FD). This shows that freeze-drying resulted in a higher terpene retention
compared to MAHD for these crops.
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Major terpene content was similarly determined and compared for cannabis and hops
subjected to the same postharvest drying conditions (Figures 5 and 6). The average total
terpene content from fresh, undried cannabis and hop samples was 4.3 g 100 g dry matter−1

and 3.3 g 100 g dry matter−1, respectively. ANOVA analyses showed that the increase in the
total terpene content to 4.4 g 100 g dry matter−1 and 3.6 g 100 g dry matter−1 for cannabis
and hops, respectively, by pre-freezing was not significant (p < 0.05). For freeze-dried
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and microwave-assisted hot air dried hop samples (Figure 6), the average total terpene
significantly (p < 0.05) reduced to 1.5 g 100 g dry matter−1 and 1.2 g 100 g dry matter−1, re-
spectively. However, freeze drying preserved the total terpenes (3.9 g 100 g dry matter−1) in
cannabis samples compared to microwave-assisted hot air drying (2.8 g 100 g dry matter−1)
(Figure 5). The high temperature used during MHAD significantly (p < 0.05) reduced
total terpene content in the fresh, undried samples from 4.3 to 2.8 g 100 g dry matter−1.
Terpenes evaporate easily in MAHD since the cannabis and hop structures and dimensions
permit its evaporation even at 35 ◦C, while freeze-drying uses a relatively very low tem-
perature which limits the evaporation of terpenes [60]. Hence, freeze-drying, rather than
hot-air drying, is recommended to help preserve terpenes in hops and cannabis during
postharvest processing.
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3. Discussion

Antioxidants may be hydrophobic (lipid-soluble) and hydrophilic (water-soluble)
substances, yet plant-based antioxidants are mostly hydrophilic [18,61]. Results obtained
in this study showed an increased antioxidant activity in the pre-frozen samples, which
can be attributed to the structural damage caused by the ice crystal formation reported
previously in a preceding study; scanning electron microscopy analyses of cannabis samples
showed that the cold temperature used during pre-freezing and consequent ice crystal
formation caused wrinkling of cannabis trichome stalks and cannabis trichome heads
to fall off [51]. Other research has shown that pre-freezing exerts positive effects on the
quality and functional properties of plant material since a frozen state allows the release of
bioactive compounds as bound phenolic acids and anthocyanins, resulting in increased
antioxidant activity [13,62]. Leong and Oey (2012) showed that pre-freezing apricots
(Prunus armeniaca) at −20 ◦C increased the concentration of vitamin C and β-carotene by
55.5% and 10.7%, respectively.

The high temperature used during MAHD and freeze-drying caused a significant
(p < 0.05) reduction in the antioxidant activity in both hops and cannabis using the DPPH
assay compared to the pre-frozen samples. This can be attributed to a reduction in free
phenolic compounds present in the samples, as DPPH measures the scavenging activity of
phenolic compounds [11,30]. Lang et al. (2019) observed a significant (p > 0.05) reduction
(5.7%) in the total free phenolic compounds in rice (Oryza sativa) when the drying tempera-
ture was increased from 20 ◦C to 80 ◦C. Significant (p < 0.05) differences were not observed
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between the antioxidant activity values for pre-frozen, freeze-dried and MAHD-dried
cannabis samples using the FRAP method, likely due to the presence of iron-chelating
compounds such as cannabinoids in the cannabis extract samples (Figure 3). Cannabinoids
can interfere with the FRAP assay by chelating the Fe3+ irons in the FRAP reagent mixture;
Dawidowicz et al. (2021) showed that cannabinoids are antioxidant agents as they can
scavenge free radicals, and THC’s antioxidant activity was greater by 35.3% with the FRAP
assay when compared to DPPH assay. Given these data, the FRAP assay is recommended
for determining antioxidant activity in cannabis and hop inflorescences. Further studies
using other antioxidant activity assays such as oxygen radical absorbance capacity (ORAC)
and determining the presence of antioxidants in different cannabis and hop plant organs
could be explored.

The significant (p < 0.05) increase in total THC and THCA concentrations can be
attributed to the pre-freezing step. Pre-freezing causes structural damage to trichome
structures and can be considered as an abiotic stressor [51,63]. Ahmed et al., (2013) re-
ported that abiotic stresses increased total phenolic compounds (TPC) by 62.5% in barley
(Hordeum vulgare) compared to the control upon harvest. Taking this into account, it is
plausible that the structural damage incurred by trichomes during pre-freezing step helps
release trapped secondary metabolites.

Cannabinoid analyses showed a significant (p < 0.05) increase in THC for MAHD-dried
samples compared to fresh, undried (64.7%) and pre-frozen, undried samples (57%). This
can be explained by the non-enzymatic decarboxylation process [49]. However, freeze-
drying did not cause a significant change in the concentration of THC and THCA in the
samples. Hence, freeze-drying can be used to preserve the secondary metabolites present
in cannabis and these data support previous findings [51]. These findings are comparable
to other crops preserved in this manner [64,65]. Moreno et al. (2020) showed that the
non-enzymatic decarboxylation of acidic cannabinoids to neutral cannabinoids increases
with the increase in temperature. Using a decarboxylation time of 60 min, the concentration
of THC increased from 0.02 g 100 g dry matter−1 (80 ◦C) to 0.03 mg g dry matter−1 (120 ◦C).
Similar observations were made for the terpenes present in hops and cannabis. MAHD
caused significant (p > 0.05) thermal degradation of terpenes in the studied samples.

4. Materials and Methods
4.1. Sample Preparation

Hops (Brewer’s gold) were cultivated outdoors at McGill University’s Macdonald
Campus farm in Sainte-Anne-de-Bellevue, QC, Canada. Hops were planted on 3 May 2022,
and harvested from mid-September to the end of October 2022. Preliminary tests were
conducted using a split plot design to limit the differences between the hops harvested
from the different plots. The cannabis inflorescence was harvested from an indoor-grown
accession (Qrazy Train). Harvested hops and cannabis biomass was pre-frozen at −20 ◦C
for a minimum of 24 h prior to drying and analysis as described previously [51]. The initial
moisture content of the hops and cannabis inflorescence was determined using a hot air
oven (Fisher Scientific 6903 Isotemp oven, Waltham, MA, USA). Each sample was dried at
50 ◦C for 24 h.

4.2. Freeze Drying of Hops and Cannabis

Optimal freeze-drying conditions for cannabis and hop biomass identified previously
were applied to this experiment [51]. For each condition, approximately 100 g pre-frozen
cannabis and hop inflorescence samples were placed in plastic trays and transferred to
a laboratory-scale vacuum freeze-dryer (Martin Christ Gefriertrocknungsanlagen GmbH
Gamma 1–16 LSCplus, Osterode, Lower Saxony, Germany) with a condenser temperature
of −55 ◦C. Freeze-drying was carried out at 20 ◦C for 24 h at 0.85 mbar until the sample
reached a dry basis moisture content of 12%. Dried samples were transferred into a food-
grade plastic bag and stored in a refrigerator at 5 ◦C before analyses. Each experiment was
performed in triplicate using three different biomass samples.
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4.3. Microwave-Assisted Hot Air Drying of Hops and Cannabis (MAHD)

Optimal MAHD conditions for cannabis and hop biomass identified previously were
applied to this experiment [51]. MAHD was conducted in an automated laboratory-scale
microwave oven with several modifications. Briefly, the main components were a 2450 MHz
microwave generator (Gold Star 2M214, Seoul, South Korea) with adjustable power (0 to
750 W), waveguides, a three-port circulator, a manual three-stub tuner to match the load
impedance, microwave couplers to measure forward and reflected power, a carbon load
to absorb reflected power, and a microwave cavity made of brass (0.47 × 0.47 × 0.27 m)
in which the samples were processed. In each experiment, approximately 100 g pre-
frozen hops and cannabis inflorescence were placed in a nylon mesh sample holder tray
(diameter = 0.21 m). The plant material was spread in one layer and placed inside the
microwave cavity. Drying was performed until the sample reached a dry basis moisture
content of 12%. Dried samples were transferred into a plastic bag and stored in a refrigerator
at 5 ◦C before analyses. Drying was performed in triplicate under each condition.

4.4. Extraction of Secondary Metabolites

Representative samples for each of the drying conditions and fresh samples were im-
mersed in liquid nitrogen before grinding with a coffee grinder (Hamilton Beach, Belleville,
ON, Canada). Ground samples were allowed to equilibrate to room temperature before
0.75 g was weighed in a 50 mL Falcon tube and recorded. Each sample was allowed to sit
for 10 min on the scale (Mettler AE50 analytical balance, Columbus, Ohio, United States of
America) until there was <1 mg change in mass. This is done to ensure that most of the
liquid nitrogen had evaporated from the sample and the proper sample mass was obtained.
For the extraction of secondary metabolites, 20 mL high-pressure liquid chromatography
(HPLC)-grade methanol (Thermo Fisher Scientific, Waltham, MA, USA) was added to each
Falcon tube and vortexed (Thermo Scientific vortex, Waltham, MA, USA) for 20 min at
500 rpm. Each sample was filtered using Whatman™ filter paper (Thermo Fisher Scientific,
Waltham, MA, USA) and allowed to filter for 20 min. Residual cannabis biomass was
placed into a new 50 mL Falcon tubes and subjected to a second extraction process to
ensure 99.5% of the secondary metabolites were extracted. The second extract was added
to the corresponding first extract, resulting in a 40× dilution total extract.

4.5. Measuring Antioxidant Activity with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay

Antioxidant activities of hops and cannabis were determined using the DPPH assay
introduced by Brand-Williams et al. (1995) and used by Dawidowicz et al. (2021) for
cannabis, with some modifications. A calibration curve was generated using different
serial dilutions of a 10 mM Trolox® standard (Sigma-Aldrich, Saint Louis, MI, USA) in
HPLC-grade methanol (Thermo Fisher Scientific, Waltham, MA, USA). A stock solution
of 0.1 mM DPPH ion (Sigma-Aldrich, Saint Louis, MA, USA) in HPLC-grade methanol
was prepared fresh daily. Aliquots (100 µL) of extracted samples or standards were placed
in 15 mL Falcon tubes and 2900 µL of DPPH ion stock solution was added. The mixture
was subjected to vigorous vortexing (Thermo Scientific vortex, Waltham, MA, USA) for
30 sec then incubated for 30 min at room temperature in the dark. Absorbances were
measured at 517 nm using the Ultropec 2100 pro ultraviolet/visible spectrophotometer
(Biochrom Limited, Cambridge, England). A DPPH ion solution was used as a control and
HPLC-grade methanol was used to zero the spectrophotometer. The average radical scav-
enging activity of the samples was calculated and the DPPH inhibition (%) was calculated
using Equation (1). Concentration (M) of Trolox equivalent antioxidant activity (TEAC)
using the calibration curve was calculated using Equation (2). Results are reported as the
concentration (M) of Trolox equivalent antioxidant activity (TEAC) per gram dry matter
sample using Equation (3). The experiment was carried out in triplicate.

% DPPH inhibition =
Absorbancecontrol − Absorbancesample

Absorbancecontrol
(1)
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TEAC (M) =

(
% DPPH inhibition−8.7009

36.361

)
1000

(2)

TEAC (M) dry matter (g)−1 =
Extraction volume (0.04 L)× TEAC (M)

Analysis volume (0.0001 L)× (sample mass − (% mc × sample mass))
(3)

4.6. Measuring Antioxidant Activity with the Ferric Reducing Antioxidant Power (FRAP) Assay

The antioxidant capacity of hops and cannabis was additionally determined using the
ferric reducing antioxidant power (FRAP) assay based on methods developed by Benzie
and Strain (1996) and Dawidowicz et al. (2021) for cannabis, with some modifications. The
standard curve was prepared using different serial dilution concentrations (10–0.004 mM)
of Trolox (Sigma-Aldrich, Saint Louis, MI, USA). The FRAP reagent was prepared from
300 mM sodium acetate buffer (pH 3.6), 20 mM 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) (Sigma-
Aldrich, Saint Louis, MI, USA) solution in 40 M hydrochloric acid (Thermo Fisher Scientific,
Waltham, MA, USA) and 20 mM ferric chloride (FeCl3) (Sigma-Aldrich, Saint Louis, MI,
USA) solution in proportions of 10:1:1 (v/v), respectively. The FRAP solution was prepared
fresh daily and warmed to 37 ◦C in a water bath for 10 min prior to use. An aliquot (100 µL)
of extracted samples or standards was placed in 15 mL Falcon tubes and 2900 µL FRAP
stock solution was added. After vigorous vortex (Thermo Scientific vortex, Waltham, MA,
USA) for 30 sec, the mixture was incubated for 60 min at room temperature and in darkness.
Absorbances were measured at 593 nm using the Ultropec 2100 pro ultraviolet/visible
spectrophotometer (Biochrom Limited, Cambridge, England). The FRAP solution was
used as a control and HPLC-grade methanol was used to zero the spectrophotometer. The
experiment was carried out in triplicate. FRAP inhibition was calculated using Equation (4).
The FRAP value (antioxidant activity) was calculated using the calibration curve and
Equation (5). Results are reported as FRAP value (M) per gram dry matter sample using
Equation (6).

FRAP inhibition (AU) = Absorbancesample − Absorbancecontrol (4)

FRAP value (M) =

(
FRAP inhibition−0.1263

1.2228

)
1000

(5)

FRAP value (M) dry matter (g)−1 =
Extraction volume (0.04 L)× FRAP value (M)

Analysis volume (0.0001 L)× (sample mass − (% mc × sample mass))
(6)

4.7. Cannabinoid Analyses

Waters Acquity Ultra High-Performance Liquid Chromatography (UPLC) with a tun-
able ultraviolet (TUV) detector (Waters™, Mississauga, ON, Canada) was used for cannabi-
noid analyses. Each extract was further diluted 50× (for analysis of major cannabinoids)
and 4× (for analysis of minor cannabinoids and terpenes) using HPLC-grade methanol
(Thermo Fisher Scientific, Waltham, MA, USA). One-milliliter samples of each extract were
pipetted into HPLC vials for cannabinoid analysis. The Waters cortex column was used to
separate cannabinoids with a sample injection volume of 2 µL and a column temperature of
30 ◦C, equipped with an isocratic gradient pump. Mobile phase A consisted of 22% reverse
osmosis water and 0.1% formic acid (Sigma-Aldrich, Saint Louis, MI, USA). HPLC-grade
acetonitrile (78%) (Thermo Fisher Scientific, Waltham, MA, USA) was used for mobile
phase B. Quantification of the cannabinoids was performed using an external calibration
curve developed using 7 standard cannabinoids (LGC standards, Manchester, NH, USA
and Sigma Aldrich, Saint Louis, MI, USA).
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4.8. Terpene Analysis

Terpene analysis assay previously described by Addo et al. (2022) was used for this
study. Gas chromatography-tandem mass spectrometer was used for terpene analyses.
One-milliliter samples of each extract were pipetted into gas chromatograph (GC) vials
for terpene analysis. Separation of the terpenes was performed with an Agilent 7820A GC
coupled to an Agilent 7693 autosampler and a flame ionization detector (FID) (Agilent
Technologies, Mississauga, Ontario, Canada). The system was equipped with an injector
containing a capillary column (30 m × 250 µm × 0.25 µm nominal Agilent Technologies
DB-5 Model) using split injection (ratio 50:1) with a hydrogen carrier gas (40 mL min−1).
An injection volume of 5 µL each sample with a 10 µL syringe size was used. The oven
temperature of the mass spectrometer was initially programmed at 35 ◦C and held for
4 min. The temperature was increased at a rate of 10 ◦C min−1 up to 105 ◦C held for 0 min,
increased at a rate of 15 ◦C min−1 up to 205 ◦C held for 0 min, and lastly increased at a rate
of 35 ◦C min−1 up to 270 ◦C held for 5 min. The inlet temperature into the FID detector
was set at 340 ◦C. Spectra were recorded at three scans from 50 m z−1 to 400 m z−1. The
ionization mode was used with an electronic impact at 70 eV. Quantification of the terpenes
was performed using an external calibration of 37 terpenes mostly found in cannabis (LGC
standards, Manchester, NH, USA and Sigma-Aldrich, Saint Louis, MI, USA).

4.9. Statistical Analysis

All experimental determinations were performed in triplicate. Results from chemical
analysis were expressed as average ± standard deviation and were calculated by MS Excel.
Statistical analyses were conducted using the JMP software (JMP 4.3 SAS Institute Inc., Cary,
NC, USA) with a confidence level (p < 0.05) of 95%. Pairwise comparisons of means were
carried out using the Student’s statistical t-test. The analysis of the independent variables’
effect (pre-freezing, drying systems, and antioxidant assays) on the dependent variables
(antioxidants activity, cannabinoids, and terpenes) was assessed using JMP software. The
least-square multiple regression method was used to evaluate the relationship between the
independent and dependent variables. Analyses of variance (ANOVA) was carried out to
evaluate whether there were significant differences (p < 0.05) amongst the samples.

5. Conclusions

The effects of postharvest processing on hops and cannabis were evaluated to de-
termine the relationship between antioxidant capacity and secondary metabolites. The
study compared the efficiency of DPPH and FRAP assays to estimate total antioxidant
activity in hops and cannabis extracts. The antioxidant activity of extracts derived from
fresh, untreated samples were 3.6 TEAC (M) dry matter−1 and 2.32 FRAP (M) dry matter−1

for hops, and 2.29 TEAC (M) dry matter−1 and 0.25 FRAP (M) dry matter−1 for cannabis.
The results showed that although freezing of inflorescences is a preservation technique,
pre-freezing the hops and cannabis samples before drying increased the antioxidant values
by 13% (DPPH assay) and 29.9% (FRAP assay) for hops, and by 7.7% (DPPH assay) and
19.4% (FRAP assay) for cannabis. Data showed that freeze-drying and MAHD significantly
(p < 0.05) reduced the antioxidant activity in hops by 79% and 80.2% [DPPH], respec-
tively, and 70.1% and 70.4% [FRAP], respectively, compared to pre-frozen, undried hops.
For cannabis, the DPPH assay showed that both freeze-drying and MAHD significantly
(p < 0.05) reduced the antioxidant activity of cannabis. However, there was no significant
(p < 0.05) difference between the antioxidant activity values for pre-frozen, freeze-dried,
and MAHD cannabis samples using the FRAP method because of the presence of iron-
chelating cannabinoids in the cannabis. Results showed that the FRAP assay accurately
determines the antioxidant activities of cannabinoids compared to the DPPH assay and is a
valuable assay for the cannabis industry. ANOVA analyses showed a significant (p < 0.05)
increase in the total THC (24.2 g 100 g dry matter−1) and THCA (27.2 g 100 g dry matter−1)
concentrations in pre-frozen, undried samples compared to fresh, undried samples. Non-
enzymatic decarboxylation was observed by the significant (p < 0.05) increase in the THC in
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MAHD-dried samples compared to fresh, undried (64.7%) and pre-frozen, undried (57%).
Although both drying systems showed a significant loss in the total terpene concentration,
freeze-drying has higher terpene retention compared to MAHD. Freeze drying should be
used as the drying system for medicinal plants to reduce the postharvest losses of secondary
metabolites and decarboxylation of cannabinoids.

Author Contributions: Conceptualization, M.L., V.O. and V.R.; methodology, P.W.A. and Z.P.; soft-
ware, M.S., N.T., P.W.A. and Z.P.; formal analysis, P.W.A.; visualization, P.W.A.; investigation, P.W.A.
and Z.P.; writing—original draft preparation, P.W.A., Z.P. and S.M.; writing—review and editing,
S.M., M.L., V.O., V.R., M.S. and N.T.; supervision, M.L.; funding acquisition, M.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council of
Canada (NSERC) as part of the Collaborative Research and Development (CRDPJ 543704-19, in
partnership with EXKA Inc. Mirabel, Canada) and Collaborative Research and Training Experience
(CREATE 543319-2020; Quality Assurance and Quality Control for Cannabis Production, Products
and Training or QAQCC) programs.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We extend our sincere gratitude to the Schulich Graduate Fellowship Committee
and Yvan Gariepy for their support. The authors thank BloomLabs for providing laboratory support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kovalchuk, I.; Pellino, M.; Rigault, P.; Van Velzen, R.; Ebersbach, J.; Ashnest, J.; Mau, M.; Schranz, M.; Alcorn, J.; Laprairie, R. The

genomics of cannabis and its close relatives. Annu. Rev. Plant Biol. 2020, 71, 713–739. [CrossRef] [PubMed]
2. Ren, M.; Tang, Z.; Wu, X.; Spengler, R.; Jiang, H.; Yang, Y.; Boivin, N. The origins of cannabis smoking: Chemical residue evidence

from the first millennium BCE in the Pamirs. Sci. Adv. 2019, 5, eaaw1391. Available online: http://advances.sciencemag.org/
content/5/6/eaaw1391 (accessed on 22 December 2022). [CrossRef] [PubMed]

3. Gülck, T.; Møller, B.L. Phytocannabinoids: Origins and biosynthesis. Trends Plant Sci. 2020, 25, 985–1004. [CrossRef] [PubMed]
4. Gabriel, L.M.; Méndez Rodríguez, D.; Hendrix, S.; Escalona Arranz, J.C.; Fung Boix, Y.; Pacheco, A.O.; García Díaz, J.; Morris-

Quevedo, H.J.; Ferrer Dubois, A.; Aleman, E.I. Antioxidants in plants: A valorization potential emphasizing the need for the
conservation of plant biodiversity in Cuba. Antioxidants 2020, 9, 48. [CrossRef]

5. Cuma, Z.; Beyza, O.S.S. The importance of antioxidants and place in today’s scientific and technological studies. J. Food Sci.
Technol. 2019, 56, 4757–4774. [CrossRef]

6. Racchi, M.L. Antioxidant defenses in plants with attention to Prunus and Citrus spp. Antioxidants 2013, 2, 340–369. [CrossRef]
7. Atkinson, N.J.; Dew, T.P.; Orfila, C.; Urwin, P.E. Influence of combined biotic and abiotic stress on nutritional quality parameters

in tomato (Solanum lycopersicum). J. Agric. Food Chem. 2011, 59, 9673–9682. [CrossRef]
8. Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human health and disease. Oxidative Med. Cell. Longev. 2009,

2, 270–278. [CrossRef]
9. André, A.; Leupin, M.; Kneubühl, M.; Pedan, V.; Chetschik, I. Evolution of the polyphenol and terpene content, antioxidant

activity and plant morphology of eight different fiber-type cultivars of Cannabis sativa L. cultivated at three sowing densities.
Plants 2020, 9, 1740. [CrossRef]

10. Chang, C.-H.; Lin, H.-Y.; Chang, C.-Y.; Liu, Y.-C. Comparisons on the antioxidant properties of fresh, freeze-dried and hot-air-dried
tomatoes. J. Food Eng. 2006, 77, 478–485. [CrossRef]

11. Cömert, E.D.; Mogol, B.A.; Gökmen, V. Relationship between color and antioxidant capacity of fruits and vegetables. Curr. Res.
Food Sci. 2020, 2, 1–10. [CrossRef] [PubMed]

12. Krawitzky, M.; Arias, E.; Peiro, J.; Negueruela, A.; Val, J.; Oria, R. Determination of color, antioxidant activity, and phenolic profile
of different fruit tissue of Spanish ‘Verde Doncella’ apple cultivar. Int. J. Food Prop. 2014, 17, 2298–2311. [CrossRef]

13. Mullen, W.; Stewart, A.J.; Lean, M.E.; Gardner, P.; Duthie, G.G.; Crozier, A. Effect of freezing and storage on the phenolics,
ellagitannins, flavonoids, and antioxidant capacity of red raspberries. J. Agric. Food Chem. 2002, 50, 5197–5201. [CrossRef]

14. Padhi, E.M.; Liu, R.; Hernandez, M.; Tsao, R.; Ramdath, D.D. Total polyphenol content, carotenoid, tocopherol and fatty acid
composition of commonly consumed Canadian pulses and their contribution to antioxidant activity. J. Funct. Foods 2017, 38,
602–611. [CrossRef]

http://doi.org/10.1146/annurev-arplant-081519-040203
http://www.ncbi.nlm.nih.gov/pubmed/32155342
http://advances.sciencemag.org/content/5/6/eaaw1391
http://advances.sciencemag.org/content/5/6/eaaw1391
http://doi.org/10.1126/sciadv.aaw1391
http://www.ncbi.nlm.nih.gov/pubmed/31206023
http://doi.org/10.1016/j.tplants.2020.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32646718
http://doi.org/10.3390/antiox9111048
http://doi.org/10.1007/s13197-019-03952-x
http://doi.org/10.3390/antiox2040340
http://doi.org/10.1021/jf202081t
http://doi.org/10.4161/oxim.2.5.9498
http://doi.org/10.3390/plants9121740
http://doi.org/10.1016/j.jfoodeng.2005.06.061
http://doi.org/10.1016/j.crfs.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/32914105
http://doi.org/10.1080/10942912.2013.792829
http://doi.org/10.1021/jf020141f
http://doi.org/10.1016/j.jff.2016.11.006


Plants 2023, 12, 1225 14 of 15

15. Pisoschi, A.M.; Cheregi, M.C.; Danet, A.F. Total antioxidant capacity of some commercial fruit juices: Electrochemical and
spectrophotometrical approaches. Molecules 2009, 14, 480–493. [CrossRef] [PubMed]

16. Lyu, J.I.; Ryu, J.; Seo, K.-S.; Kang, K.-Y.; Park, S.H.; Ha, T.H.; Ahn, J.-W.; Kang, S.-Y. Comparative study on phenolic compounds
and antioxidant activities of Hop (Humulus lupulus L.) strobile extracts. Plants 2022, 11, 135. [CrossRef] [PubMed]

17. Dias, M.I.; Barros, L.; Sousa, M.J.; Ferreira, I.C. Comparative study of lipophilic and hydrophilic antioxidants from in vivo and
in vitro grown Coriandrum sativum. Plant Foods Hum. Nutr. 2011, 66, 181–186. [CrossRef] [PubMed]

18. Haida, Z.; Hakiman, M. A comprehensive review on the determination of enzymatic assay and nonenzymatic antioxidant
activities. Food Sci. Nutr. 2019, 7, 1555–1563. [CrossRef]

19. Lin, D.; Xiao, M.; Zhao, J.; Li, Z.; Xing, B.; Li, X.; Kong, M.; Li, L.; Zhang, Q.; Liu, Y. An overview of plant phenolic compounds
and their importance in human nutrition and management of type 2 diabetes. Molecules 2016, 21, 1374. [CrossRef]

20. Pulido, R.; Hernandez-Garcia, M.; Saura-Calixto, F. Contribution of beverages to the intake of lipophilic and hydrophilic
antioxidants in the Spanish diet. Eur. J. Clin. Nutr. 2003, 57, 1275–1282. [CrossRef]

21. Arora, M.; Saxena, P.; Abdin, M.; Varma, A. Interaction between Piriformospora indica and Azotobacter chroococcum diminish
the effect of salt stress in Artemisia annua L. by enhancing enzymatic and non-enzymatic antioxidants. Symbiosis 2020, 80,
61–73. [CrossRef]

22. Rajput, V.D.; Singh, R.K.; Verma, K.K.; Sharma, L.; Quiroz-Figueroa, F.R.; Meena, M.; Gour, V.S.; Minkina, T.; Sushkova, S.;
Mandzhieva, S. Recent developments in enzymatic antioxidant defence mechanism in plants with special reference to abiotic
stress. Biology 2021, 10, 267. [CrossRef] [PubMed]

23. Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry of oxidative stress: A review. Eur. J. Med. Chem. 2015, 97, 55–74.
[CrossRef] [PubMed]

24. Agati, G.; Brunetti, C.; Fini, A.; Gori, A.; Guidi, L.; Landi, M.; Sebastiani, F.; Tattini, M. Are flavonoids effective antioxidants in
plants? Twenty years of our investigation. Antioxidants 2020, 9, 1098. [CrossRef] [PubMed]

25. De Keukeleire, J.; Ooms, G.; Heyerick, A.; Roldan-Ruiz, I.; Van Bockstaele, E.; De Keukeleire, D. Formation and accumulation of
α-acids, β-acids, desmethylxanthohumol, and xanthohumol during flowering of hops (Humulus lupulus L.). J. Agric. Food Chem.
2003, 51, 4436–4441. [CrossRef]

26. Liu, M.; Hansen, P.E.; Wang, G.; Qiu, L.; Dong, J.; Yin, H.; Qian, Z.; Yang, M.; Miao, J. Pharmacological profile of xanthohumol, a
prenylated flavonoid from hops (Humulus lupulus). Molecules 2015, 20, 754–779. [CrossRef]

27. Tsurumaru, Y.; Sasaki, K.; Miyawaki, T.; Uto, Y.; Momma, T.; Umemoto, N.; Momose, M.; Yazaki, K. HlPT-1, a membrane-
bound prenyltransferase responsible for the biosynthesis of bitter acids in hops. Biochem. Biophys. Res. Commun. 2012, 417,
393–398. [CrossRef]

28. Clark, S.M.; Vaitheeswaran, V.; Ambrose, S.J.; Purves, R.W.; Page, J.E. Transcriptome analysis of bitter acid biosynthesis and
precursor pathways in hop (Humulus lupulus). BMC Plant Biol. 2013, 13, 12. [CrossRef]

29. Liu, Y.; Gu, X.-H.; Tang, J.; Liu, K. Antioxidant activities of hops (Humulus lupulus) and their products. J. Am. Soc. Brew. Chem.
2018, 65, 116–121. [CrossRef]

30. Kontek, B.; Jedrejek, D.; Oleszek, W.; Olas, B. Antiradical and antioxidant activity in vitro of hops-derived extracts rich in bitter
acids and xanthohumol. Ind. Crops Prod. 2021, 161, 113208. [CrossRef]

31. Hesami, M.; Pepe, M.; Baiton, A.; Jones, A.M.P. Current status and future prospects in cannabinoid production through in vitro
culture and synthetic biology. Biotechnol. Adv. 2022, 62, 108074. [CrossRef] [PubMed]

32. Howlett, A.C. The cannabinoid receptors. Prostaglandins Other Lipid Mediat. 2002, 68–69, 619–631. [CrossRef] [PubMed]
33. Ranganathan, M.; D’Souza, D.C. The acute effects of cannabinoids on memory in humans: A review. Psychopharmacology 2006,

188, 425–444. [CrossRef] [PubMed]
34. Grafström, K.; Andersson, K.; Pettersson, N.; Dalgaard, J.; Dunne, S.J. Effects of long term storage on secondary metabolite

profiles of cannabis resin. Forensic Sci. Int. 2019, 301, 331–340. [CrossRef]
35. Luo, X.; Reiter, M.A.; d’Espaux, L.; Wong, J.; Denby, C.M.; Lechner, A.; Zhang, Y.; Grzybowski, A.T.; Harth, S.; Lin, W. Complete

biosynthesis of cannabinoids and their unnatural analogues in yeast. Nature 2020, 567, 123–126. [CrossRef]
36. Moreno, T.; Dyer, P.; Tallon, S. Cannabinoid decarboxylation: A comparative kinetic study. Ind. Eng. Chem. Res. 2020, 59,

20307–20315. [CrossRef]
37. Dawidowicz, A.L.; Olszowy-Tomczyk, M.; Typek, R. CBG, CBD, ∆9-THC, CBN, CBGA, CBDA and ∆9-THCA as antioxidant

agents and their intervention abilities in antioxidant action. Fitoterapia 2021, 152, 104915. [CrossRef]
38. Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and anti-inflammatory properties of cannabidiol. Antioxidants

2019, 9, 21. [CrossRef]
39. Kopustinskiene, D.M.; Masteikova, R.; Lazauskas, R.; Bernatoniene, J. Cannabis sativa L. bioactive compounds and their protective

role in oxidative stress and inflammation. Antioxidants 2022, 11, 660. [CrossRef]
40. Tahir, M.N.; Shahbazi, F.; Rondeau-Gagné, S.; Trant, J.F. The biosynthesis of the cannabinoids. J. Cannabis Res. 2021, 3, 7. [CrossRef]
41. Surendran, S.; Qassadi, F.; Surendran, G.; Lilley, D.; Heinrich, M. Myrcene—What are the potential health benefits of this

flavouring and aroma agent? Front. Nutr. 2021, 8, 699666. [CrossRef]
42. Rufino, A.T.; Ribeiro, M.; Sousa, C.; Judas, F.; Salgueiro, L.; Cavaleiro, C.; Mendes, A.F. Evaluation of the anti-inflammatory,

anti-catabolic and pro-anabolic effects of E-caryophyllene, myrcene and limonene in a cell model of osteoarthritis. Eur. J.
Pharmacol. 2015, 750, 141–150. [CrossRef] [PubMed]

http://doi.org/10.3390/molecules14010480
http://www.ncbi.nlm.nih.gov/pubmed/19158657
http://doi.org/10.3390/plants11010135
http://www.ncbi.nlm.nih.gov/pubmed/35009138
http://doi.org/10.1007/s11130-011-0227-3
http://www.ncbi.nlm.nih.gov/pubmed/21523411
http://doi.org/10.1002/fsn3.1012
http://doi.org/10.3390/molecules21101374
http://doi.org/10.1038/sj.ejcn.1601685
http://doi.org/10.1007/s13199-019-00656-w
http://doi.org/10.3390/biology10040267
http://www.ncbi.nlm.nih.gov/pubmed/33810535
http://doi.org/10.1016/j.ejmech.2015.04.040
http://www.ncbi.nlm.nih.gov/pubmed/25942353
http://doi.org/10.3390/antiox9111098
http://www.ncbi.nlm.nih.gov/pubmed/33182252
http://doi.org/10.1021/jf034263z
http://doi.org/10.3390/molecules20010754
http://doi.org/10.1016/j.bbrc.2011.11.125
http://doi.org/10.1186/1471-2229-13-12
http://doi.org/10.1094/ASBCJ-2007-0211-01
http://doi.org/10.1016/j.indcrop.2020.113208
http://doi.org/10.1016/j.biotechadv.2022.108074
http://www.ncbi.nlm.nih.gov/pubmed/36481387
http://doi.org/10.1016/S0090-6980(02)00060-6
http://www.ncbi.nlm.nih.gov/pubmed/12432948
http://doi.org/10.1007/s00213-006-0508-y
http://www.ncbi.nlm.nih.gov/pubmed/17019571
http://doi.org/10.1016/j.forsciint.2019.05.035
http://doi.org/10.1038/s41586-019-0978-9
http://doi.org/10.1021/acs.iecr.0c03791
http://doi.org/10.1016/j.fitote.2021.104915
http://doi.org/10.3390/antiox9010021
http://doi.org/10.3390/antiox11040660
http://doi.org/10.1186/s42238-021-00062-4
http://doi.org/10.3389/fnut.2021.699666
http://doi.org/10.1016/j.ejphar.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25622554


Plants 2023, 12, 1225 15 of 15

43. Ojeda-Sana, A.M.; van Baren, C.M.; Elechosa, M.A.; Juárez, M.A.; Moreno, S. New insights into antibacterial and antioxidant
activities of rosemary essential oils and their main components. Food Control 2013, 31, 189–195. [CrossRef]

44. Schieber, A.; Wüst, M. Volatile phenols—Important contributors to the aroma of plant-derived foods. Molecules 2020,
25, 4529. [CrossRef]

45. Taschwer, M.; Schmid, M.G. Determination of the relative percentage distribution of THCA and ∆9-THC in herbal cannabis
seized in Austria–impact of different storage temperatures on stability. Forensic Sci. Int. 2015, 254, 167–171. [CrossRef]

46. ElSohly, M.A.; Radwan, M.M.; Gul, W.; Chandra, S.; Galal, A. Phytochemistry of Cannabis sativa L. In Phytocannabinoids; Kinghorn,
D., Falk, H., Gibbons, S., Kobayashi, J.I., Eds.; Springer: Cham, Switzerland, 2017; Volume 103, pp. 1–36.

47. Lang, G.H.; da Silva Lindemann, I.; Ferreira, C.D.; Hoffmann, J.F.; Vanier, N.L.; de Oliveira, M. Effects of drying temperature and
long-term storage conditions on black rice phenolic compounds. Food Chem. 2019, 287, 197–204. [CrossRef] [PubMed]

48. Wang, M.; Wang, Y.-H.; Avula, B.; Radwan, M.M.; Wanas, A.S.; Van Antwerp, J.; Parcher, J.F.; Elsohly, M.A.; Khan, I.A.
Decarboxylation Study of Acidic Cannabinoids: A Novel Approach Using Ultra-High-Performance Supercritical Fluid Chro-
matography/Photodiode Array-Mass Spectrometry. Cannabis Cannabinoid Res. 2016, 1, 262–271. [CrossRef] [PubMed]

49. Das, P.C.; Roger, V.A.; Tabil, L.G.; Baik, O.-D. Postharvest operations of cannabis and their effect on cannabinoid content: A
review. Bioengineering 2022, 9, 364. [CrossRef]

50. Taniguchi, Y.; Matsukura, Y.; Ozaki, H.; Nishimura, K.; Shindo, K. Identification and quantification of the oxidation products
derived from α-acids and β-acids during storage of hops (Humulus lupulus L.). J. Agric. Food Chem. 2013, 61, 3121–3130. [CrossRef]

51. Addo, P.W.; Taylor, N.; MacPherson, S.; Raghavan, V.; Orsat, V.; Lefsrud, M. Impact of pre-freezing and microwaves on drying
behavior and terpenes in hops (Humulus lupulus). J. Appl. Res. Med. Aromat. Plants 2022, 31, 100436. [CrossRef]

52. Sochor, J.; Ryvolova, M.; Krystofova, O.; Salas, P.; Hubalek, J.; Adam, V.; Trnkova, L.; Havel, L.; Beklova, M.; Zehnalek, J. Fully
automated spectrometric protocols for determination of antioxidant activity: Advantages and disadvantages. Molecules 2010, 15,
8618–8640. [CrossRef] [PubMed]

53. Brand-Williams, W.; Cuvelier, M.-E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

54. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

55. Nachnani, R.; Raup-Konsavage, W.M.; Vrana, K.E. The pharmacological case for cannabigerol. J. Pharmacol. Experi. Therap. 2021,
376, 204–212. [CrossRef] [PubMed]

56. Thomas, F.; Schmidt, C.; Kayser, O. Bioengineering studies and pathway modeling of the heterologous biosynthesis of tetrahydro-
cannabinolic acid in yeast. Appl. Microbiol. Biotechnol. 2020, 104, 9551–9563. [CrossRef]

57. Blatt-Janmaat, K.; Qu, Y. The biochemistry of phytocannabinoids and metabolic engineering of their production in heterologous
systems. Int. J. Mol. Sci. 2021, 22, 2454. [CrossRef]

58. Addo, P.W.; Brousseau, V.D.; Morello, V.; MacPherson, S.; Paris, M.; Lefsrud, M. Cannabis chemistry, post-harvest processing
methods and secondary metabolite profiling: A review. Ind. Crops Prod. 2021, 170, 113743. [CrossRef]

59. Vieira, A.J.; Beserra, F.P.; Souza, M.; Totti, B.; Rozza, A. Limonene: Aroma of innovation in health and disease. Chem. Biol. Interact.
2018, 283, 97–106. [CrossRef]

60. Rajkumar, G.; Shanmugam, S.; Galvâo, M.d.S.; Leite Neta, M.T.S.; Dutra Sandes, R.D.; Mujumdar, A.S.; Narain, N. Comparative
evaluation of physical properties and aroma profile of carrot slices subjected to hot air and freeze drying. Dry. Technol. 2017, 35,
699–708. [CrossRef]

61. Neri, L.; Faieta, M.; Di Mattia, C.; Sacchetti, G.; Mastrocola, D.; Pittia, P. Antioxidant activity in frozen plant foods: Effect of
cryoprotectants, freezing process and frozen storage. Foods 2020, 9, 1886. [CrossRef]

62. Leong, S.Y.; Oey, I. Effects of processing on anthocyanins, carotenoids and vitamin C in summer fruits and vegetables. Food Chem.
2012, 133, 1577–1587. [CrossRef]

63. Ahmed, I.M.; Cao, F.; Han, Y.; Nadira, U.A.; Zhang, G.; Wu, F. Differential changes in grain ultrastructure, amylase, protein and
amino acid profiles between Tibetan wild and cultivated barleys under drought and salinity alone and combined stress. Food
Chem. 2013, 141, 2743–2750. [CrossRef] [PubMed]

64. Silva-Espinoza, M.A.; Ayed, C.; Foster, T.; Camacho, M.d.M.; Martínez-Navarrete, N. The impact of freeze-drying conditions on
the physico-chemical properties and bioactive compounds of a freeze-dried orange puree. Foods 2020, 9, 32. [CrossRef] [PubMed]

65. Ferenezi, S.; Molnár, H.; Adányi, N.; Cserhalmi, Z. Comparison of microwave vacuum-, freeze-and hot-air drying by energy
efficiency and aroma composition of dried hop (Humulus lupulus). Int. J. Food Eng. 2018, 4, 136–139. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.foodcont.2012.09.022
http://doi.org/10.3390/molecules25194529
http://doi.org/10.1016/j.forsciint.2015.07.019
http://doi.org/10.1016/j.foodchem.2019.02.028
http://www.ncbi.nlm.nih.gov/pubmed/30857689
http://doi.org/10.1089/can.2016.0020
http://www.ncbi.nlm.nih.gov/pubmed/28861498
http://doi.org/10.3390/bioengineering9080364
http://doi.org/10.1021/jf3047187
http://doi.org/10.1016/j.jarmap.2022.100436
http://doi.org/10.3390/molecules15128618
http://www.ncbi.nlm.nih.gov/pubmed/21116230
http://doi.org/10.1016/S0023-6438(95)80008-5
http://doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://doi.org/10.1124/jpet.120.000340
http://www.ncbi.nlm.nih.gov/pubmed/33168643
http://doi.org/10.1007/s00253-020-10798-3
http://doi.org/10.3390/ijms22052454
http://doi.org/10.1016/j.indcrop.2021.113743
http://doi.org/10.1016/j.cbi.2018.02.007
http://doi.org/10.1080/07373937.2016.1206925
http://doi.org/10.3390/foods9121886
http://doi.org/10.1016/j.foodchem.2012.02.052
http://doi.org/10.1016/j.foodchem.2013.05.101
http://www.ncbi.nlm.nih.gov/pubmed/23871019
http://doi.org/10.3390/foods9010032
http://www.ncbi.nlm.nih.gov/pubmed/31905861
http://doi.org/10.18178/ijfe.4.2.136-139

	Introduction 
	Results 
	Ferric Reducing Antioxidant Power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) Calibration Curves 
	Antioxidant Activity of Hops and Cannabis 
	Cannabinoid and Terpenes in Hops and Cannabis 

	Discussion 
	Materials and Methods 
	Sample Preparation 
	Freeze Drying of Hops and Cannabis 
	Microwave-Assisted Hot Air Drying of Hops and Cannabis (MAHD) 
	Extraction of Secondary Metabolites 
	Measuring Antioxidant Activity with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay 
	Measuring Antioxidant Activity with the Ferric Reducing Antioxidant Power (FRAP) Assay 
	Cannabinoid Analyses 
	Terpene Analysis 
	Statistical Analysis 

	Conclusions 
	References

