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In addition to documented scientific interest on antioxidant phytochemicals (plant secondary
metabolites) [1], the entire scientific community agrees on the importance of determination of
extractable and non-extractable antioxidants [2–4]. In this context, the delineation and exploitation of
extractable and non-extractable antioxidants in the main food groups as well as by-products [5–13]
was the main focus of this Special Issue. This Special Issue was addressed towards the description
and update of the methodological approach of antioxidant compounds in a multidisciplinary and
innovative design. Conventional procedures and advanced extraction technologies, as well as analytical
techniques, were considered, with particular regard to green procedures. It is worth mentioning the
study of Da Silva et al. [14] on the effect of three different extraction methods—conventional (CE),
ultrasound-assisted (UAE), and microwave-assisted (MAE)—on Nectandra grandiflora leaf extracts
(NGLE) chemical yields, phenolic and flavonoid composition, physical characteristics, as well as
antioxidant and antifungal properties: CE achieves the highest extraction phytochemical yield (22.16%),
but with similar chemical composition to that obtained by UAE and MAE. Moreover, the authors
added that CE also provided a superior thermal stability of NGLE [14].

Another example was given by Nemes et al. [15] that proposed a new process for extracting
non-extractable procyanidins bound to the membrane, proteins, and fibers. Fraisse et al. [16] proposed
a novel HPLC method for direct detection of nitric oxide scavengers from complex plant matrices and
its application to Aloysia triphylla leaves.

On the other hand, Rodriguez-Jimenez et al. [17] studied physicochemical, functional, and
nutraceutical properties of eggplant flours obtained by different drying methods: the drying oven
flour results as a potential ingredient for the preparation of foods with functional properties, since
it is rich in phenolic compounds and antioxidants. Espinosa-Páez et al. [18] reported increasing
antioxidant activity and protein digestibility in Phaseolus vulgaris and Avena sativa by fermentation
with the Pleurotus ostreatus fungus. Šic Žlabur, [19] by evaluating the possibility of using chokeberry
powder as a supplement in apple juice to increase the nutritional value of the final product, showed a
positive correlation between vitamin C content, total phenols, flavonoids, and anthocyanins content
and antioxidant capacity in juice samples with added chokeberry powder treated with high intensity
ultrasound. Durazzo et al. [20] reported the antioxidant properties of four commonly consumed
popular Italian dishes our popular dishes, in terms of extractable and non-extractable antioxidants.

Particular attention was given to the studies of extractable and non-extractable antioxidants on
food waste, in line with the concepts of circular economy and biorefineries. In this regard, it is worth
mentioning the study of Lucarini et al. [21] on bio-based compounds from grape seeds, by giving the
main lines of a biorefinery approach. Posadino et al. [22] concluded that the Naviglio extraction, as a
green technology process, can be used to exploit wine waste to obtain antioxidants which can be used
to produce enriched foods and nutraceuticals high in antioxidants.

The combination of emerging analytical techniques and the application of statistical methods, i.e.,
infrared spectroscopy, multielemental analysis, isotopic ratio mass spectrometry, and nanotechnologies
coupled with chemometrics were taken into account. For instance, in the work of Kock et al. [23]

Molecules 2019, 24, 1933; doi:10.3390/molecules24101933 www.mdpi.com/journal/molecules1
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on black tea samples origin discrimination using analytical investigations of secondary metabolites,
antiradical scavenging activity and chemometric approach, the applied principal component analysis
(PCA) and ANOVA revealed several correlations between the level of catechins in tea infusions.
Anokwuru et al. [24] studied antioxidant activity and spectroscopic characteristics of extractable
and non-extractable phenolics from Terminalia sericea Burch. ex DC.: This study demonstrated that
extractable phenolics contributed more to the antioxidant activities compared to the non-extractables.

Indeed, the potential effects of extractable and non-extractable antioxidants were investigated.
In this regard, the study of Zhong et al. [25] studied the effects of different degrees of procyanidin
polymerization on nutrient absorption and digestive enzyme activity in mice and concluded that in
the process of food production, the anti-nutritional properties of polyphenols could be minimized by
reducing the degree of polymerization of proanthocyanidins. Diaconeasa et al. [26], in a study on
time-dependent degradation of polyphenols from thermally-processed berries, revealed that when
processed and stored in time, the bioactive compounds from berry jams are degrading, but they still
exert antioxidant and antiproliferative potential.

The utilization of extractable and non-extractable antioxidants in the nutraceuticals field [3,4,27–35]
was another focal point of this Special Issue: extracts, fractions, purified, and semi-purified substances,
used alone or in combination with other ingredients as dietary supplements or functional foods. This
field needs to be explored using rigorous science approaches, considering a combination of studies
from different fields (nutrition, food chemistry, medicine, etc.) is increasing.

In this regard, Durazzo et al. [35] have given an updated picture of the strict interaction between
main plant biologically active compounds and botanicals, by underlying actual possibilities of study
approach and research strategies. Li et al. [36], by studying soluble- and insoluble-bound phenolics
and antioxidant activity of two Chinese mistletoes, indicated it as source of antioxidants in human
healthcare. On the other hand, Li et al. [37], by studying the inclusion complexes of daidzein with
β-cyclodextrin and derivatives, showed that the antioxidant performance of the inclusion complexes
was enhanced in comparison to that of the native daidzein. Moreover, Davaatseren et al. [38] evaluated
the anti-inflammatory and antioxidant effects of trans-Cinnamaldehyde self-included in β-cyclodextrin
complexes (CIs) in lipopolysaccharide (LPS)-treated murine RAW 264.7 macrophages: CIs may have
strong anti-inflammatory and antioxidant effects, similar to those of trans-Cinnamaldehyde when
used alone.

We would like to acknowledge the efforts of the authors of the publications in this Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Nectandra grandiflora Nees (Lauraceae) is a Brazilian native tree recognized by its durable
wood and the antioxidant compounds of its leaves. Taking into account that the forest industry
offers the opportunity to recover active compounds from its residues and by-products, this study
identifies and underlines the potential of natural products from Nectandra grandiflora that can add
value to the forest exploitation. This study shows the effect of three different extraction methods:
conventional (CE), ultrasound-assisted (UAE) and microwave-assisted (MAE) on Nectandra grandiflora
leaf extracts (NGLE) chemical yields, phenolic and flavonoid composition, physical characteristics
as well as antioxidant and antifungal properties. Results indicate that CE achieves the highest
extraction phytochemical yield (22.16%), but with similar chemical composition to that obtained by
UAE and MAE. Moreover, CE also provided a superior thermal stability of NGLE. The phenolic
composition of NGLE was confirmed firstly, by colorimetric assays and infrared spectra and then by
chromatographic analysis, in which quercetin-3-O-rhamnoside was detected as the major compound
(57.75–65.14%). Furthermore, the antioxidant capacity of the NGLE was not altered by the extraction
methods, finding a high radical inhibition in all NGLE (>80% at 2 mg/mL). Regarding the antifungal
activity, there was observed that NGLE possess effective bioactive compounds, which inhibit the
Aspergillus niger growth.

Keywords: forest residues; phenolic compounds; natural antioxidants; quercitrin; value-added by-products

1. Introduction

Innovative and environmental-friendly approaches are the key to increase the profitability,
economic viability and sustainability in the forest industry by optimizing the process in order to obtain
high-valued products (bio/chemicals and biomaterials). Forest residues (bark, foliage, branches)
represent a renewable feedstock that has been used for many years as a combustible material, however,
the development of by-products is an essential path for forest valorization [1]. Tree bark and foliage
constitute a little explored but promising source of natural compounds or phytochemicals (in the form
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of pure or as mixtures/extracts) that could be used as active ingredients for agronomic, cosmetic,
food additives, pharmaceutical and in nutraceutical formulations [1,2]. Several techniques have been
described for extracting active natural compounds from low-cost raw material [3]. These procedures
include the so-called heating systems, such as traditional Soxhlet and heat reflux extraction [4,5],
ultrasound-assisted extraction [6,7] and microwave-assisted extraction [8,9], as well as supercritical
fluid and pressurized extraction [10,11] or the combination of these extraction techniques [12].

Conversely, many natural matrix products are thermally unstable and may degrade under thermal
extraction conditions [12]. Moreover, large consumption of solvents, energy and lengthy extraction
time are some drawbacks that should also be taken into account. The ideal extraction procedure has
to retain the maximum of the bioactive constituents in a shortest processing time with low economic
costs [13] and low environmental impact [14]. Additionally, the extraction methods should be simple,
safer for users and with a level of automation for industrial application [14,15]. In general, the selection
of an appropriate extraction procedure depends on the type of compound to be extracted, as well as
the development of the technique [16]. Several studies reported the efficiency of microwave-assisted
extraction (MAE) and ultrasound-assisted extraction (UAE) for increasing the content of polyphenols [9,17].
In MAE, the microwave energy is used to heat the polar solvents in contact with solid samples and
thus, recovering the target compounds [18]. Likewise, the UAE involves a superficial disrupt of plant
tissue, allowing the penetration of solvent into cell walls through the acoustic cavitation [19].

It is worth noting that the Brazilian flora is a rich source of phytochemicals, aromas and bioactive
compounds of medicinal and pharmaceutical importance, as well the fine chemicals segment [20]. Nectandra
is one of the largest genera of Lauraceous family that includes ca. 120 tree species and more than 190
reported different types of natural substances with several therapeutic applications [21]. Nectandra grandiflora
Nees, commonly known as “canela-amarela” or “canela-fedida”, is a medium-sized tree (10–15 m) endemic
of Brazilian Atlantic forest and Cerrado biomes [22]. This species presents a moderately heavy and
naturally durable wood recommended for timbering and furniture [23]. On the other hand, there are not
enough scientific studies regarding the environmental-friendly and cost-effective technologies to recover
phytochemicals (e.g., phenolic compounds) from Nectandra grandiflora leaves. Ribeiro et al. [24] extracted
flavonoid glycosides (natural antioxidants) and neoliganans from the tree foliage by conventional heating
processing (Soxhlet). On these grounds, the present study aims to address the unexplored potential of
Nectandra grandiflora co-products describing the phenolic composition, thermal behavior, antioxidant and
antifungal properties of its leaf extracts obtained by alternative green processes (MAE and UAE).

2. Results and Discussion

2.1. Extraction Yields and Phytochemicals Contents

Extraction yield refers to the percentage of ethanolic extract obtained from a dried plant sample
through an extraction technique [17]. The three extraction methods applied on Nectandra grandiflora
leaves showed significantly different yields of phytochemicals (Table 1).

The conventional Soxhlet (CE) method presented the highest yield (22.16 g DW/100 g dried
plant), followed by ultrasound-assisted (UAE) and microwave-assisted extraction (MAE). The highest
yield achieved by conventional extraction compared to ultrasound- and microwave-assisted methods
can be explained by the application of heat for a longer period. However, the processing time
used in ultrasound and microwave heating methods was significantly shorter (30 min) than for
the conventional one and taking the energy consumption into account, UAE and MAE appear as
favorable extraction methods for Nectandra grandiflora leaves. Our findings are in accordance with
Mustapa et al. [25], who reported a superior yield of Clinacanthus nutans extracts by CE compared to
MAE. According to Chirinos et al. [26], after 60 min, increasing extraction time did not significantly
improve the phytochemical yield and may increasing the risk of phenolic oxidation (alterations in
color, aroma and product quality).
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Table 1. Effect of extraction method on the phytochemical yields, total phenolic (TPC) and flavonoid
(FLC) contents of Nectandra grandiflora Nees leaf extracts.

Extraction
TPC (mg GaE/g DW) FLC (mg QE/g DW)

Method Yield (g DW/100g Dried Plant)

CE 22.16 ± 1.18 a 279.00 ± 7.32 a 150.85 ± 0.71 a

UAE 13.99 ± 2.58 b 254.94 ± 7.58 b 114.50 ± 0.71 b

MAE 8.21 ± 2.74 c 229.62 ± 1.85 c 123.83 ± 3.60 b

F 28.32 62.55 22.40
p <0.001 <0.001 0.002

MSD 2.28 10.18 5.47

Lower case letters indicate significant differences among the extraction methods for the same column by Tukey test
(p < 0.05). CE: Conventional Soxhlet extraction; UAE: Ultrasound-assisted extraction; MAE: Microwave-assisted
extraction; DW: Extract based on dried weight; GaE: Equivalent gallic acid; QE: Equivalent quercetin;
MSD: Minimum Significant Difference.

In this work, the three evaluated extraction methods were able to recover high contents of
total phenolic compounds, flavonoid and condensed tannins. However, we detected that the values
determined in the extracts depended significantly on the process applied (Table 1). The CE extract
presented higher values of total phenolic and flavonoid contents (279 mg GaE/g DW and 150.85 mg
QE/g DW, respectively) than UAE and MAE extracts. Considering the composition of natural
sources of polyphenols and flavonoid compounds, as well as their chemical structures and properties,
an universal extraction procedure is not feasible and a specific method must be optimized for each
natural bioactive compound [27,28]. Currently, some alternative techniques such as extraction under
pressure (N2) or enzymatic extraction in combination with UAE and MAE have been applied to
increase phenolic yields from plant matrices [29,30].

2.2. FTIR Analysis

Leaf extracts exhibited similar absorption bands in FTIR spectra but with slight differences in the
extract obtained by CE. The spectra profiles are presented in Figure 1 and the assignments are given in
Table S1.

Figure 1. FTIR spectra of leaf extracts obtained from Nectandra grandiflora, by conventional Soxhlet
extraction (CE), ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE).
Wavenumber range 4000–800 cm−1 (Left) and fingerprint region 1800–750 cm−1 (Right); band assignments
are shown in Table S1.
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Analysis of the FTIR spectra ranging from 3400 to 3200 cm−1 shows the sum of different vibrational
bands of –OH groups. The elongated U shape around this region is characteristic of alcoholic and
phenolic compounds [31,32]. The region of 2945–2845 cm−1 is composed by the overlapping of the CH2,
and CH3 stretching asymmetric and symmetric vibrations; possibly derived from carbohydrates [33].

However, these first regions analysed do not present conclusive features to identify the nature of the
phytochemicals. Several authors have described the FTIR spectra fingerprinting region (1800–750 cm−1)
because the target functional groups appear primarily in this range [25]. The weak peak at 1709 cm−1

shows the presence of the carbonyl group, possibly due to dimeric saturated acids [31]. The signals
detected in the range 1615–1440 cm−1 (peaks 6–8) are assigned to aromatic ring stretching vibrations.
A strong and intense peak at 1606 cm−1 corresponds to within-ring skeletal stretching, alongside with
the stretching of the C=C–C aromatic bond that appears at 1515 cm−1.

The peak in the region of 1375–1361 cm−1 is assigned to the hydroxyl in-plane bending of primary
and secondary alcohols [31,34]. Furthermore, Nectandra grandiflora extracts also show bands in the
1277–1271 cm−1 region, which correspond to the C–O asymmetrical stretching vibration arising from
the pyran-derived ring structure of flavonoids [33]. The peak around 1200 cm−1 is associated with
phenol C–OH stretches.

The 1154–1046 cm−1 region (peak 13) can be assigned to the C–H in-plane deformation of aromatic
compounds [33]. The extract obtained by UAE exhibited a strong and intense peak, while the other
extracts only exhibit shoulders in this region. Finally, the aromatic C–H out-of-plane bending vibration
region between 920 and 750 cm−1 mostly shows signals of low intensity [32]. The extract obtained by
ultrasound technique shows a medium-intensity signal at 878 cm−1 corresponding to the deformation
of the C–H bond in a substituted meta-diaromatic compound [35]. This signal was lower for the MAE
extract and did not appear at all in the CE extract. Another low-intensity peak at 816 cm−1 can be seen
in the FTIR spectra of all extracts.

The presence of peaks due to hydroxyl and carbonyl vibrations indicates that there are some polar
compounds in the Nectandra grandiflora foliage extracts, such as flavonoids, neolignans and phenolic
acids. These results are in agreement with those found by the total phenolic and flavonoid contents in
this study and other scientific studies [24,36].

2.3. LC-UV/ESI-HR-MS and MALDI/MS/MS Analysis

In the LC-MS and MALDI/MS/MS analysis of Nectandra grandiflora leaf extracts, six compounds
were detected based on their retention time, UV (wavelength of maximum absorbance) and mass
spectra and MS fragmentation parameters. The molecular mass of the compounds was obtained from
their positive ion electrospray mass spectra (ESI-MS), which showed the corresponding protonated
pseudomolecular ions as well as the sodium adduct ions (parent ions). Table 2 lists the major (>5%)
compounds detected in Nectandra grandiflora extracts.

Table 2. Phenolic compounds detected in the leaf extracts obtained from Nectandra grandiflora Nees by
LC-UV/ESI-HR-MS in the positive mode.

CE

Proposed Compound Peak tR (min) λmax (nm) MW [M + Na]+ (m/z) Fragment Ions (m/z) Peak Area (%)

Myricetin-rhamnoside 1 10.17 256.93; 351.93 464 487.1861 319.1163; 273.2263 11.26

Quercetin-rhamnoside 2 11.72 255.93; 349.93 448 471.1797 303.1064; 325.1030 65.32

Kaempferol-rhamnoside 3 12.96 263.93 432 455.1926 218.2257; 287.1182;
304.2944 5.13

Unidentified 6 19.98 253.93 250 273.2414 219.3682; 149.1013;
137.0943 15.57

Total identified 81.71

MAE

Proposed Compound Peak tR (min) λmax (nm) MW [M + Na]+ (m/z) Fragment Ions (m/z) Peak Area (%)

Myricetin-rhamnoside 1 10.14 258.93; 352.93 464 487.1981 319.1164; 273.2266;
341.1031 9.95
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Table 2. Cont.

MAE

Quercetin-rhamnoside 2 11.69 255.93; 340.93 448 471.1819 303.1085; 325.1035 62.54

Kaempferol-rhamnoside 3 12.93 263.93 432 455.1905 287.1170; 218.2304;
309.1042 5.50

Unidentified 6 19.98 254.93 250 273.2419 219.3695; 149.1015 19.58

Total identified 77.99

UAE

Proposed Compound Peak tR (min) λmax (nm) MW [M + Na]+ (m/z) Fragment Ions (m/z) Peak Area (%)

Myricetin-rhamnoside 1 10.14 256.93; 348.93 464 487.1881 319.1158; 273.2258;
341.1027 9.77

Quercetin-rhamnoside 2 11.69 255.93; 349.93 448 471.1833 303.1102; 325.1038 61.18

Kaempferol-rhamnoside 3 12.93 263.93 432 455.1806 287.1170; 218.2305;
304.2939 5.11

Unidentified 6 19.98 255.00 250 273.2429 220.2213; 149.1024;
137.0951 20.83

Total identified 76.06

The base peaks are in bold; CE: Conventional Soxhlet extraction; UAE: Ultrasound-assisted extraction; MAE:
Microwave-assisted extraction.

All extracts presented a similar phenolic profile (Figure 2) with some differences in the estimated
percentages of the compounds. More than 76% of the total chemical composition was established,
achieving 81.71% in the conventional method. The compounds identified are glycosylated flavonols,
of which quercetin rhamnoside (quercitrin) was the most abundant in the extract obtained by
the conventional method (65.32%). Kaempferol rhamnoside (afzelin) (11.26–9.77%) and myricetin
rhamnoside (myricitrin) (<6%) were also detected. Figure S2 shows the MS fragmentation of the peaks
1, 2 and 3 obtained through MALDI/MS/MS analysis, where is possible to see the fragmentation of
glycosides by loss of the mass corresponding to rhamnose (≈146 Da).

Figure 2. LC-UV chromatograms at 280 nm of the Nectandra grandiflora extracts obtained by conventional
Soxhlet extraction (CE), ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE).
For peak identification, see Table 2.

The peak numbers 4–6 were not identified by the LC-MS and MALDI/MS/MS techniques,
but taking into account the UV spectrum of peak 6 (maximum absorbance in the 251–255 nm range)
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and MW data (250 MW), we hypothesized that this peak could correspond to a low molecular weight
substance, such as a polyalcohol or a phenolic acid. Besides, according to Rijke et al. [37], flavonoids
display a typical UV spectrum with a first absorbance maximum in the 240–285 nm range and a second
one in the 300–550 nm range, as exhibited by quercitrin and myricitrin.

In previous studies, the compounds quercitrin and afzelin were identified in the ethanolic
leaf extract from a Nectandra grandiflora specimen collected in São Paulo, Brazil [24,36]. Moreover,
Ribeiro et al. [24] found protocatechuic acid, a naturally occurring phenolic acid, as constituent
of Nectandra grandiflora leaves. Other phenolic compounds such as neolignan licarin B [38] and
burchellin [24] were isolated from Nectandra grandiflora leaves and fruits, respectively.

2.4. TG/DTG Profiles

Thermal analysis was carried out as a first step to characterize the decomposition stages and
thermal stability of Nectandra grandiflora extracts in the absence of parallel reactions. The TG/DTG
curves of all extracts exhibited similar decomposition patterns, as displayed in Figure 3.

Figure 3. TG/DTG profiles of Nectandra grandiflora extracts obtained by different techniques. CE:
Conventional Soxhlet extraction; UAE: Ultrasound-assisted extraction; MAE: Microwave-assisted
extraction. The arrows indicate the temperatures where the greatest mass loss occurred.
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During the extraction process, several bioactive substances from different class can be recovered
from the plant raw material. Besides phenolic compounds, polar solvents (such as ethanol) can also
extract lipids, fats, terpenoids, sugars and chlorophylls [36].

DTG curves from all extracts showed a slight mass loss within the temperature range 50–180 ◦C,
which was mainly caused by water desorption [39] and decomposition of terpenoid derivatives
(volatile compounds) [40]. All thermograms showed two main degradation peaks indicating the main
organic matter losses [41]. The first one was between 240 and 270 ◦C (peak 1), and the second between
340 and 380 ◦C (peak 2). Peak 1 may be attributed to thermal breakdown of aliphatic structures
and glycosylated aromatic compounds (such as quercetin-3-O-rhamnoside detected by the LC-MS
technique), and peak 2 was associated with the degradation of more stable compounds [39–44].

At the end of the TG process (about 700 ◦C), the solid residues for CE, UAE and MAE were 32.76,
29.85 and 31.88%, respectively. The percentage of residual mass in the CE sample can be attributed to
the higher presence of phenolic substances (78.66% estimated by LC-MS), which tend to become fixed
carbon during the pyrolysis process [45].

2.5. Solubility Results

The solubility of the obtained extracts was evaluated using an organic solvent and then analysing
the optical images formed by the solutions (Figure S1). We detected similar physical characteristics
(solubility) of the obtained extracts. The solution prepared with CE sample presented an average
concentration of 3.98 × 106 particles/μL, while UAE sample presented 3.49 × 106 particles/μL and
MAE, 3.31 × 106 particles/μL. No pronounced variation in the average diameter of the undissolved
particles was observed among the extract solutions, only a slight variation between MAE and CE
samples was detected (4.9 μm and 5.1 μm, respectively). The applied method is a novel fast assessment
that provides useful information such as particle size and organic solubilization, which are important
characteristics in the natural materials subject and regarding environmental issues [46].

2.6. Antioxidant Activity

Regarding the antioxidant activities, Nectandra grandiflora leaf extracts were able to inhibit both
DPPH and ABTS free radicals, in comparison with quercetin, used as positive control. The antioxidant
effect in a concentration-response relationship was verified in all samples and the corresponding
equations are displayed in Figure 4.

All ethanolic extracts showed good scavenging activities to reduce the stable radical DPPH to
yellow-colored 2,2-diphenyl-1-picrylhydrazine. Besides, the results indicate that there are no significant
differences between the Nectandra grandiflora extract samples at the same tested concentration. At the
highest concentration (2 mg/mL), the DPPH radical inhibition reached 85.59% with CE and UAE,
and 82.39% with MAE. Quercetin reached 86.85% of inhibition at 2 mg/mL, significantly different in
all Nectandra grandiflora samples. In the ABTS radical cation decoloration assay, the leaf extracts have a
similar inhibition rate to that found against DPPH radical. No statistical differences among any of the
samples were detected at 2 mg/mL (Figure 4B). At the lowest concentration, UAE presented better
values than the CE and MAE procedures; however, these values were lower than those achieved by
the positive control was. Considering the R2 values among the tests, the observed differences can be
due to the reaction environment (alcoholic or hydro-alcoholic), the solubility of the main compounds
in each reaction medium as well as the variable activity of antioxidants in reducing the pre-formed
radical cation radical (ABTS•+) to ABTS [47].

Our findings illustrate the antioxidant capacity of Nectandra grandiflora leaves was weakly affected
by the extraction protocol [17]. The positive results detected can be assigned to the phytochemicals
present in the leaf extracts. Probably the most active natural phytochemicals in the Nectandra grandiflora
extracts are from the flavonoid chemical class, since they present specific structural characteristics that
promote antioxidant activity. The o-catechol group on the B-ring as occurs in quercetin derivatives,
the major phytochemicals detected in this study, is the most important of them [48]. Moreover, the same
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partial structure appears in protocatechuic acid [49], already described in Nectandra grandiflora [24].
Other flavonoids with chemical characteristics can contribute the antioxidant properties, such as
the three hydroxyl groups on the B-ring (present in myricetin derivatives) and the α,β-unsaturated
carbonyl system on the C-ring [45]. These characteristics confer great stability to the phenolic radical
as soon it is formed after one H radical donation to DPPH [24,50,51].

Figure 4. Antioxidant capacities on DPPH (A) and ABTS (B) free radicals of leaf extracts obtained from
Nectandra grandiflora. * Indicate significant differences among the extraction methods and quercetin for
the same concentration by Tukey test (p < 0.05). CE: Conventional Soxhlet extraction; UAE: Ultrasound-
assisted extraction; MAE: Microwave-assisted extraction; Quercetin: Positive control.

2.7. Antifungal Activity

The methods used to measure the antifungal effect of the extracts were designed to determine
both the efficacy of compounds to prevent fungal growth and as a method to assess the susceptibility
of the growth of molds to impregnated materials. Results from exposure of Aspergillus. niger to various
concentrations of Nectandra grandiflora extracts are displayed in Figure 5, which in turn were contrasted
with a positive control (amphotericin B) and with a negative control (without product).

As indicated in Figure 5, the leaf extracts did not inhibit fungal growth dose-dependently
according to the evaluated methods. In Figure 5A, all extracts tested at 100 mg/mL of concentration
were effective in controlling the fungal growth (growth intensity = 1), by visual assessment (without
contact with the center of the dish).
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Figure 5. Antifungal activity of Nectandra grandiflora extracts against Aspergillus niger by the potato
dextrose agar method (A) and cellulose pellets method (B). GI: Growth intensity; FGI: Fungal
growth inhibition; CE: Conventional Soxhlet extraction; UAE: Ultrasound-assisted extraction; MAE:
Microwave-assisted extraction.

At 200 mg/mL, the samples of CE were more efficient than those samples from UAE and MAE
(growth intensity = 3). A similar trend of fungal growth inhibition was observed with the second
method (cellulose pellets; Figure 5B). The CE sample at 100 mg/mL inhibited 63% of fungal growth
and UAE extract reached to a maximum of 98% at the final concentration of 100 mg/mL, compared to
non-treated control. Regarding the MAE sample, higher fungal inhibition (84%) was achieved at a
concentration of 50 mg/mL.

To the best of our knowledge, there are no reports regarding the inhibitory potential of Nectandra
grandiflora against Aspergillus niger. Previously, the antifungal activity of the Nectandra grandiflora
leaf essential oil against wood-rot fungi was reported [40], where it was able to inhibit Pycnoporus
sanguineus and Gloeophyllum trabeum growth at a concentration of 5 μl/mL. From these findings and
from Magro et al.’s study [52], which examined the Anthemis nobilis leaf extract and found an inhibitory
effect at 920 mg/mL against Aspergillus niger, we can affirm that the Nectandra grandiflora leaves possess
potential antifungal constituents.
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3. Materials and Methods

3.1. Plant Material

Aerial parts of Nectandra grandiflora were collected from a natural habitat in Jaguari County, in the
South of Brazil (29◦26′ S and 54◦40′ W), in December 2013. Leaves were separated from the branches
and fractionated in order to achieve the ethanolic extracts. A voucher specimen, identified by Solon
Jonas Longhi, is archived under number 13162 at the Herbarium of Biology Department (SMDB,
Federal University of Santa Maria, Brazil).

3.2. Preparation of Ethanolic Extracts

Leaves were air-dried at room temperature (25 ◦C), milled (Willey mill, Swedesboro, NJ, USA)
and then extracted with ethanol 96%, which is regarded as a generally recognized as safe (GRAS)
solvent, at a raw material: solvent ratio of 1:20, by means of ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE) or conventional solvent extraction (CE) [17]. The extraction
procedures were as follows: the UAE was carried out using an ultrasonic cleaner (Elmasonic S 70H,
Elma Schmidbauer GmbH, Singen, Germany) at a power of 750 W and 50 ◦C and MAE was done with
a CEM Discover microwave (CEM Corporation, Matthews, NC, USA) at 50 ◦C and power controlled
by the equipment. Both UAE and MAE were performed for 30 min using ca. 5 g per replicate (n = 3).
The CE was performed using a Soxhlet apparatus (Hermanos Álamo, Madrid, Spain) (ca. 15 g per
replicate; n = 3) until the total exhaustion of the plant material (24 h).After the extraction period,
the ethanolic extracts were cooled to room temperature and filtered. The solvent was removed at
50 ◦C under reduced pressure on a rotary evaporator and then the extraction yields were calculated by
weighing the extracts obtained per each 100 grams of dried plant based on dried weight (DW).

3.3. Total Phenolic Content

The total phenolic content of Nectandra grandiflora leaf extracts was measured spectrophotometrically
(Jasco V-630 spectrophotometer, Jasco Deutschland GmbH, Hamburg, Germany) by the Folin-
Ciocalteu’s method, as described by Cândido et al. [53], with some modifications. Dried extracts
were solubilized in methanol (0.5 mg/mL), aliquots of these samples (0.25 mL) were mixed with 2.5 mL
of distilled water, and 0.25 mL of the Folin-Ciocalteu reagent (previously diluted 1:10 with distilled
water). After 5 min, 0.25 mL of sodium carbonate (75 mg/mL in aqueous solution) was added and
adjusted to 10 mL with distilled water. The mixtures were kept at room temperature for 60 min and the
absorbance was measured at 725 nm. Gallic acid (0–0.2 mg/mL) was used for calibration of a standard
curve. The calibration curve was linear at R2 = 0.99, and the results were expressed as mg of gallic acid
equivalents per gram of dried weight (mg GaE/g DW). Triplicate measurements were taken and data
were presented as mean ± standard deviation.

3.4. Flavonoid Content

The flavonoid content of the extracts was determined by the AlCl3 technique [54] using a
spectrophotometer (Jasco V-630). The results were expressed as mg of quercetin equivalents (QE) per g
DW from a standard calibration curve (0–0.1 mg/mL; R2 = 0.99).

3.5. Infrared Analysis

In order to determine the functional groups presents in CE, UAE and MAE samples, Fourier
Transform Infrared (FTIR) analysis was applied. Infrared spectra were recorded in a Perkin Elmer
spectrophotometer (Waltham, MA, USA) at a resolution of 4 cm−1 over the 700–4000 cm−1 range using
milled samples [55].
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3.6. LC-UV/ESI-HR-MS Analysis

LC-UV/ESI-HR-MS analysis was carried out on a UPLC system (Waters ACQUITY UPLC System,
Milford, MA, USA) equipped with a UV-Vis photodiode array detector and coupled to a mass
spectrometer. UV spectra were recorded between 200 and 500 nm and the UV detection was measured
at 280 nm (100% correspond to sum of area of six detected peaks in each sample). An Acquity C18

column (100 × 2.1 mm i.d., 1.7 μm) at 40 ◦C was used to chromatography separation. The mobile
phase was constituted by two solvents: water-formic acid (0.1%, A) and methanol (B), and the gradient
elution had the following profile: 0–25 min 95% A, 25–27.7 min 1% A and 27.7–30 min 5% A at a flow
rate of 300 μL/min. Extract samples were prepared at 200 μg/mL in methanol:water (1:1) and 10 μL
aliquots were injected for analysis.

Mass spectra were acquired using a LCT Premier XE (Waters) equipped with an electrospray
ionization (ESI) source operated in the positive W mode. The experimental parameters were set as
follows: the capillary voltage was 750 V; cone voltage was 50 V; and ions were recorded in the range of
m/z 100–1000. In order to obtain exact mass measurements, leukine-enkephalin was used as lockmass
reference compound (m/z 556.2771). Data acquisition and analysis were performed using Waters
MassLynx 4.1 software (Waters Corporation, Milford, MA, USA).

3.7. MALDI-TOF/TOF MS Analysis

MALDI-TOF/TOF mass analysis were performed on an Ultraflextreme III time-of-flight mass
spectrometer equipped with a pulsed Nd:YAG laser (355 nm) and controlled by FlexControl 3.3
software (Bruker Daltonics, Bremen, Germany). The acquisitions (total of 4000–5000) were carried out
in positive reflector ion mode with pulse duration of 70 ns, laser fluence of 35% and laser frequency of
1 kHz. Laser intensity was set marginally above the threshold of ionization to avoid fragmentation (less
than 10% for all the cases). Fragmentation of the molecules were performed with a LIFT cell voltage of
19 kV and a final acceleration voltage set at 29.3 kV and the parent mass ions were assigned manually
(monoisotopic peak M + Na). Ion source 1, 2 and lens voltages were set at 7.56, 6.86 and 3.52. 5 μL of
sample (extract at 200 μg/mL in Water/MeOH) was mixed with 10 μL of α-Cyano-4-hydroxycinnamic
acid matrix solution (10 mg/mL in Methanol Water 1/1). 1 μL of the analyte/matrix mixture was
deposited onto the polished stainless-steel MALDI target plate and was allowed to dry.

All the peaks were detected as sodium/potassium adducts. The acquired data was processed
(baseline substraction and normalized) using the Bruker FlexAnalysis 3.3 software (Bruker Daltonics,
Bremen, Germany).

3.8. Thermogravimetric Analysis

Thermal behavior of Nectandra grandiflora extracts (CE, UAE and MAE) was measured in a
nitrogen atmosphere using a TGA/SDTA RSI analyser (Mettler Toledo, L’Hospitalet de Llobregat,
Barcelona, Spain) according to Herrera et al. [55]. For the quantitative calculations, the response factors
between the weight gain (TG) and the mass loss rate (DTG) were determined.

3.9. Solubility Measurement of Extracts

To investigate the extracts solubility in organic solvents, CE, UAE and MAE samples were diluted
in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/mL and the solubility was analyzed by a
Cellometer® Mini Vision equipment (Nexcelom Bioscience LLC, Lawrence, MA, USA). Each extract
solution was precisely pipetted (0.02 mL) into a Nexcelom disposable counting chamber to determinate
the concentration of undissolved extracts (particles/μL) and the particles sizes (average size from 1 to
35 μm) by the Cellometer® Mini Counter Software (Nexcelom Bioscience LLC, Lawrence, MA, USA,
Software version 1.2.3.3).
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3.10. Antioxidant Activities

3.10.1. DPPH Assay

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity of the extracts was carried
out according to Dudonné et al. [56] on a Jasco V-630 Spectrophotometer. An aliquot (0.02 mL) of leaf
extracts at different concentrations was added to 2 mL of DPPH methanolic solution (0.06 mM) and
kept at room temperature for 30 min. The absorbance was measured at 517 nm and quercetin was
utilized as positive control.

3.10.2. ABTS Assay

The antioxidant capacity was also evaluated by ABTS spectrophotometric assay [47]. Extract
samples were diluted in methanol at different concentrations and an aliquot (0.04 mL) was added to
2 mL of ABTS radical solution. This solution was prepared by mixing ABTS (7 mM) and potassium
persulfate (2.45 mM) in water for 12–16 h at room temperature in a light-free environment. Then,
the absorbance of radical solution was adjusted to 0.60 ± 0.02 at 734 nm in ethanol: water (1:1). Each extract
sample was measured between 1 and 6 min.

3.11. Determination of Antifungal Activity against Aspergillus niger

The fungus Aspergillus niger (Tiegh MB284309 CBS-KNAW, Utrecht, The Netherlands) was
cultured on potato dextrose agar (PDA) for 7 days at 27 ± 1.5 ◦C and used in this assay. Extracts
samples were diluted in DMSO at final concentrations of 50, 100 and 200 mg/mL, and then evaluated
by two methods: (1) extracts pipetted directly in PDA medium and inoculated with fungal strain;
and (2) extracts impregnated in cellulose pellets and exposed to fungal strain in PDA.

In the first method, an aliquot (40 μL) of each extract was pipetted to the center of a Petri dish
filled with PDA, and around that was inoculated a fungal strain. The Petri dishes were sealed and
incubated at 27 ± 1.5 ◦C (Selecta Medilow climatic chamber, JP Selecta S.A., Barcelona, Spain) for
7 days. After incubation time, we determined the growth intensity (GI) by visual assessment using a
numerical scale according to ISO 846, as displayed in Table 3. Three repetitions of each extracts and
control (without extracts) were prepared.

Table 3. Visual assessment of growth intensity according to ISO 846.

Growth Intensity (GI) Evaluation

0 No growth apparent under magnification
1 No visible growth but visible under magnification
2 Visible growth up to 25% coverage
3 Visible growth up to 50% coverage
4 Visible growth up to 75% coverage
5 Heavy growth covering more than 75% of the studied area

In parallel, cellulose pellets (ø = 10 mm) were soaked with 5 μL of each extract set and placed
on Petri dishes with PDA (10 mL) and 0.4% streptomycin. Each PDA dish was inoculated with a
spore suspension (1 × 106 spores/mL) and incubated at 27 ± 1.5 ◦C for 7 days. Subsequently, pellets
were removed from Petri dishes and washed with sterile Ringer’s solution (Sigma-Aldrich-96724,
St. Louis, MI, USA). The solution was stained (Lactophenol blue) and homogenized to count the spores
concentration on the pellets with a Cellometer® Mini automated cell counter by placing 20 μL of
each spore solution inside counting chambers and using Cellometer® Mini software for the analysis.
The fungal growth inhibition (FGI %) was calculated as concentration of spores (conidia) per mL,
according to the following Equation (1):
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FGI (%) =
Cg − Tg

Cg
× 100 (1)

where, Cg is the average spores concentration in the control sample and Tg is the average concentration
in the treated one [57].

3.12. Statistical Procedure

The results are expressed as the mean of three measurements ± standard deviation. Normality
(Shapiro-Wilk) and Equal Variance (Levene) tests were performed before the statistical approach.
Analysis of variance (ANOVA) was conducted for the values of total phenolic, flavonoid and tannin
contents, as well as for antioxidants data, followed by Tukey test. The differences with p < 0.05 were
considered significant.

4. Conclusions

The experimental results indicated that ultrasound- and microwave-assisted extraction techniques
were effective to recover bioactive compounds from Nectrandra grandiflora leaves. Despite the fact that
higher phytochemical contents were achieved by conventional extraction, the chemical composition,
thermal stability and antioxidant activity did not present great differences to that found with the
alternative green techniques. Besides, microwave- and ultrasound-assisted are timesaving extraction
processes with lower energy consumption comparing to the Soxhlet method; however, it is necessary
to optimize the ultrasound and microwave process conditions to increase the phytochemical yields.
Furthermore, Nectandra grandiflora by-products could be an interesting source of active compounds for
the natural antioxidants and antifungal market.

Supplementary Materials: The Supplementary Materials are available online.
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Abstract: Hungarian sour cherries (SC) are excellent source of anthocyanin (concentrations
(100–300 mg in 100 g fresh fruit) and melatonin (0.15 mg in 100 g fresh fruit), but other flavonoid
derivatives also can be isolated by aqueous alcoholic extraction. We have developed a new process
for extracting non-extractable procyanidines bound to the membrane, proteins, and fibers. These
compounds were seperated with UHPLC-MS methods, and the structure of individual components
were identified on the basis of their mass fragmentation spectra. The antioxidant capacity of
soluble and non-soluble antioxidants were measured with ferric reducing antioxidant power (FRAP),
1,1-diphenyl-2-picrylhydrazyl radical scavenging activity (DPPH), trolox equivalent antioxidant
capacity (TEAC) assays, and compared to the new measurement methods of water-soluble antioxidant
capacity (ACW), lipid-soluble antioxidant capacity (ACL). Furthermore, total phenolic content (TPC)
and total procyanidin content (PAC) were determinated. As a result of our investigation, we found
that the solvent combination, where in the first step is water–ethanol (1:1), then 100% ethanol were
suitable for the extraction of the extractable antioxidants. However, the chemiluminescence method
that is based on the elimination of the superoxide radical is more accurate than other colorimetric
methods which measure antioxidant capacity.

Keywords: sour cherry; anthocyanins; extractable polyphenols; non-extractable polyphenols

1. Introduction

Sour cherry (Prunus cerasus L.) belongs to the family of Rosaceae, subfamily Prunoideae, to the
genus Prunus, subgenus Cerasus. This is the hybrid that is produced by crosses between sweet
cherry (Prunus avium (L.) L.) and European dwarf cherry (Prunus fruticosa) [1]. According to the
FAOSTAT, world production of sour cherries in 2016 was 1,378,216 tons. The largest producers of
cherries are Russia, Poland, Turkey, and the USA. Hungary is only the eighth, with nearly 70 thousand
tons. Furthermore, the Hungarian cultivation of sour cherry has several centuries of history. Because
of the geographic and climatic conditions of Hungary and the long breeding work, the Hungarian
cultivar assortment and their varieties wiht outstanding nutritional parameters were developed,
that are unique in the world. The popularity of the Hungarian varieties is shown by the fact that a
Hungarian cultivar ‘Újfehértói fürtös’ was introduced into the United States in 1984 (in Michigan,
Utah, and Wisconsin), that is marketed under the name Balaton and is regarded as a super food [2].
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Molecules 2018, 23, 3278

In recent years, clinical trials have shown the positive physiological effects of various components that
accumulate in the cherry. Different classes of flavonoids have been shown to increase the expression of
the gene encoding the γ-glutamylcysteine synthetase catalytic subunit, a protein reported to be the
rate-limiting step in GSH synthesis [3,4]. Cy3G has cytoprotective effects, so it protects cells such as
aortic endothelial cells (EC) by reducing hydrogen peroxide (H2O2)-induced oxidative stress in vitro
and in vivo [5–7]. Youdim et al. (2000) presented for the first time that vascular endothelial cells
can incorporate anthocyanins (mainly cyanidin-3-glucoside) into the membrane and cytosol, and the
incorporation of anthocyanins by the EC significantly enhanced their resistance to the damaging effects
of reactive oxygen species (ROS) [8].

Moreover, flavonoids have anti-oxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties coupled with their capacity to modulate key cellular enzyme function. Lipoxygenase, xanthine
oxidase, and NADPH oxidase enzymes in EC are activated during inflammatory processes. The activity
of the NADPH oxidase enzyme can cause endothelial dysfunction in two ways. The activity of the
NADPH oxidase enzyme produces oxygen-containing free radicals. The first is that the resulting
superoxide anion (O2 •−) directly affects the function of the endothelial nitric oxide synthase (eNOS)
enzymes by utilizing the cofactor needed for NO synthesis. It follows that the functioning of the
eNOS enzyme is disturbed. The second is that O2 •− reacts with NO and connects to peroxinite.
Peroxynitrite damages membrane proteins therefore it causes the disruption of mitochondrial electron
transport chain [9].

Anthocyanins and some flavone and flavan-3-ol compounds may contribute to the prevention
of hypertension [10]. Furthermore, it was demonstrated that the dietary anthocyanin Cy3G acts as a
natural activator of eNOS in EC [11]. It has also been known that many extracellular agents (free fatty
acids, H2O2, TNF-α) contribute to insulin resistance [12].

Furthermore, Guo et al. (2008) investigated the effect of Cy3G on H2O2- and TNF-α-induced
insulin resistance on the 3T3-L1 adipocyte cell culture. Based on their measurements, it has been
demonstrated that Cy3G protects adipocytes by inhibiting the kinase activity of the c-Jun NH2 terminal
kinases, so the phosphorylation of the insulin receptor protein (IRS1) occurs via tyrosine [13].

The most significant antioxidant compounds in SC are phenol carboxylic acids (hydroxycinnamic
acid, chlorogenic acid, neochlorogenic acid, p-coumaroylquinic acid) [14,15], flavanols (catechin,
epicatechin, epigallocatechin, gallocatechin), and derivatives [16,17]. The accumulation of melatonin
is also significant [18,19]. Polyphenol content in sour cherries and its health effect have been widely
studied, for the extractable polyphenols only. Antioxidant capacity is usually measured in food extracts
with different combination of organic solvents (e.g., methanol, ethanol, acetone) and water, but these
usually do not result complete extraction of antioxidant compounds. This is mainly problem in the
case of phenolics compounds, because these compounds are extracted by organic solvents, which
probably leaves behind significant other phenolics existing in bound form. Usually, just the amount
of extractable fractions were analyzed, the non-extractable compounds (in the solid residue) were
ignored and associated with cell wall matrix. Nevertheless, unextractable phenolics from plant foods
and their role in health benefits have become increasingly important [14–16].

These non-extractable phenolic compounds are considered to contribute more beneficial effects
(gastrointestinal health, cancer, cardiovascular disease) because after gastrointestinal digestion they
remain undegraded, and are absorbed into blood plasma after being released by intestinal microflora
fermentation [17,18].

Phenolics can be classified as soluble and insoluble-bound form. Thus, the polyphenols that
can be extracted from foods with aqueous-organic solvent, called extractable polyphenols (EPP).
However, a significant fraction of polyphenols remains in the residue after the extraction; the so-called
non-extractable polyphenols (NEPP) [19].

The solid residue contains macromolecules (e.g., high-molecular-weight proanthocyanidins)
and single phenolic compounds (e.g., phenolic acids, associated with macromolecules) mainly
polysaccharide constituents of dietary fibre and protein. NEPP are generally not included in polyphenol
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analysis, however, the NEPP content may be much higher than the EPP fraction. With regards to
their chemical nature, NEPP mainly include polyphenols such as proanthocyanidins, other flavonoids,
phenolic acids, and hydrolysable tannins. Accordingly, the NEPP usually were divided into two
groups, hydrolysable tannins and non-extractable proanthocyanidins (NEPA) [18,20].

Acid and alkaline hydrolysis are the most common chemical methods used to extract the NEPP
and recently, many other new methods such as enzymatic hydrolysis has been employed for better
release of NEPP from cell wall matrices [14,21–23].

Plants contain various chemical compounds and the antioxidant effectiveness is determined by
many factors (the heterogeneity and heterophasic nature of the system, the type of lipid substrate,
including its physicochemical state and degree of unsaturation, the types of initiators (notably transition
metals), other components, and their possible interaction).

Because of these, for assessment of antioxidant potential of endogenous compounds, single assay
methods are not sufficient.

Several in vitro methods exist to measure the total antioxidant capacity. The different antioxidant
assays differ in terms of assay principle and experimental conditions. Depending on what kind of
reaction is involved, these assays can be classified into two groups: assays based on hydrogen atom
transfer (HAT) reactions and assays based on electron transfer (ET) [24].

The most widely used procedures are FRAP (ferric reducing antioxidant power), ABTS
(2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) or TEAC (trolox equivalent antioxidant
capacity), DPPH (2,2-diphenyl-1-picrylhydrazyl), and oxygen radical absorbance capacity (ORAC).
The FRAP, TEAC, and DPPH methods belong to ET methods. Unfortunately, however, they have
some disadvanteges and limitations. The main disadvantage of FRAP method is that the measured
reducing capacity does not necessarily reflect antioxidant activity. Since the method does not include
an oxidisable substrate, no information is provided on the protective properties of antioxidants [25].
DPPH assay is limited because DPPH radicals interact with other radicals (alkyl), and the time
response curve to reach the steady state is not linear with different ratios of antioxidant/DPPH [26,27].
The TEAC assay also has several limitations. The ability of an antioxidant to scavenge the artificial
ABTS radical may not reflect the antioxidant activity due to other mechanisms effective in complex
food lipids or physiologically relevant substrates, including metal chelation and effects of antioxidant
partitioning among phases of different polarities [25]. The biological and physiological functions of
antioxidants are wide-ranging. The identification and quantitative determination of antioxidants,
characterization of antioxidant capacity, and the evaluation of interactions between different food
matrices can only be done by examining the entire antioxidant system. In order for it to be compare
or examine foods with the same or different matrices, an extraction process have to develop that can
efficiently obtaining the active compounds, where the componunds retain their chemical composition.
Since it is important to identificate the antioxidant compounds, and to determine the antioxidant
capacity of the components as accurately as possible. The choice of the right method is also a goal
because oxidative stress is well known and studied, but there is antioxidative stress too.

In our opinion, PLC technique (HAT method) can be the best choice to determine the antioxidant
capacity, since this method is based on the photo-induced autooxidation inhibition of luminol by
antioxidants, mediated from the radical O2

•−, which can be found in human body, and is suitable to
measure the radical scavenging properties of single antioxidants as well as more complex systems in
the nanomolar range.

This study aims at investigating the differences between extraction processes. The first was
commonly used combination of methanol, acetone, and water by Saura-Calixto and Goñi [28], and the
second was an ethanol extraction that is used by the food and pharmaceutical industry too. During the
experiment, not only were the extractable fractions analyzed, but also non-extractable compounds in
the solid residue.
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2. Results and Discussion

2.1. Extractable Antioxidant Compounds of Sour Cherry

Extracts (1/A + 1/B and 2/A + 2/B), were obtained by the two extraction methods, and analyzed
with UHPLC-MS (Table 1). It can be seen that the solution combination 1 and 2 also extracted
flavonoids and phenolic components. Among the flavonoids, anthocyanin-glucosides [29] and
flavanol-O-glycosides [30] occur in large quantitiesin the sour cherry. The combination of solvent 1 has
proved to be more effective mainly in the extraction of procyanidin C isomer.
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2.2. Main Anthocyanin Compounds of Sour Cherry

The main anthocyanin components in the ‘Újfehértói fürtös’ variety (Figure 1.) were the
cyanidin-3-O-glucosyl-rutinoside, (2 mg/100 g), cyanidin-3-O-rutinoside, (183 mg/100 g) and
cyanidin-3-O-monoglucoside (4.29 mg/100 g).

The antioxidant capacity of these components is determined by OH groups at positions C3′ and
C4′ on the chalcone.

 

Figure 1. UHPLC chromatogram of sour cherry at 535 nm. Confirmed by standard.

2.3. Main Flavonoid and Phenolic Compounds of Sour Cherry

Quercetin, quercetin-3 rutinoside and apigenin (flavonoids) occur in abundant quantities in
sour cherry (Figure 2.). These are precursor compounds in the biosynthesis of anthocyanins. There
are other phenolic compounds like chlorogenic and caffeic acid in high concentrations in this fruit.
The antioxidant activity of these compounds is also high.

Figure 2. UHPLC chromatogram of sour cherry at 340 nm. Confirmed by standard.
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2.4. Total Procyanidin Content (PAC) of Sour Cherry and Sour Cherry Residues

Several studies have been reported that procyanidins have strong protective properties regarding
oxidative damage, microbial infection, prevention of colon cancer, and prevention of cardiovascular
disease [37–40]. However, the degree of polymerization (DP) of procyanidins may be highly influential
and determine these effects [41–43]. In the gastrointestinal tract, procyanidin monomers, dimers,
and trimers are absorbed into the blood system to a much larger extent than larger oligomers and
polymers [44,45]. The DP value of sour cherry procyanidins is lower than 4, indicating the relatively
high levels of better absorbable short-chain procyanidin species [46], so sour cherry is an exceptional
source of short-chain procyanidins, and a major food ingredient.

Measurably higher amounts of mono-, di-, and trimer procyanidins were extracted with the
solvent combination 1, since fewer remained in the residue 1/R, however, the total amount of
procyanidins could be not extracted (Figure 3.).

Figure 3. The total procyanidin content of sour cherry and sour cherry residues. * Units for different
type of samples: sour cherry sample: g of procyanidin A2/100 g fresh weight sour cherry; residues: g
of procyanidin A2/100 g dried residue. Abbreviations: 1/R: residue of ‘solvent combination 1′; 2/R:
residue of ‘solvent combination 2′. * indicates significant difference (p < 0.05) from the 1/R. # indicates
significant difference (p < 0.05) between the 2/R and the sour cherry.

2.5. Identification of Cinconain I

As you can see in the Table 1, the peaks for Cinchonain I isomers are 19.41, 21.81, 22.81,
and 25.51 min. with [M − H]− ions at m/z 451.10291 were identified as distereomers of Cinchonain
I on the bases of their exact molecular mass, isotopic pattern, and fragmentation. The characteristic
fragment ions are 451.10400, 341.06747, and 217.0155 (Figure 4.).
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Figure 4. ESI-MS2 spectrum of Cinchonain I diastereoisomer at retention time 25.51.

2.6. Extractable Antioxidant Capacity of Sour Cherry Extracts

The antioxidant activites were compared in case of solvent combination 1 and 2, using the
well-known measuring methods FRAP, DPPH, TEAC, ACL, ACW, and TPC (Figure 5A.).

Our results show that the amount of antioxidant compounds extracted by these two methods is
not significantly different. The aqueous–alcoholic mixture is more advantageous for the processing
industry and is sufficient to extract the most important compounds of the sour cherry (anthocyanins,
procyanidines, phenolic components, and flavonoids). These compounds slightly soluble in water,
but ethanol is a good solvent for them. Because of the polarity of 1/A mixture, it is also suitable
for extraction of low molecular weight organic acids, which provides pH 3 in which glycolized
anthocyanins maintain their chemical structure (more acid is not required.). All the other antioxidants
can be extracted with ethanol (1/B).

UHPLC-MS measurements show (Table 1) that combinations of 1/A or 1/B and 2/A or 2/B
are only partially applicable to the extraction of bioactive compounds, because all sour cherry
extracts (1/AS, 1/BS, 2/AS, 2/BS) include ‘anthocyanin and procyanidins’, ‘flavonoids’, and ‘other
polyphenols’. The difference is only the amount of extracted compounds, that depends on solubility.
It is therefore not surprising that methods based on the measurement of water-soluble polar
components can measure a lower antioxidant concentration.

The used assays (except for ACL, ACW) are colorimetric methods based on complexometry,
and have many disadvantages. The most significant drawback of the FRAP method is that it is only
suitable for measuring water soluble components. In addition, not all antioxidants are able to reduce
Fe3+, antioxidants that act by H atom transfer are not detected [47–49]. During the application of the
TEAC method, the problem is that the reaction of ABTS+• with the antioxidant compounds is strongly
time-dependent, so components with ‘slow kinetic’ do not react with the radical in time [47]. DPPH is
mainly used to measure the ability of polyphenols to transfer labile H atoms to radicals [50].

Obviously, the determination of antioxidant capacity of antioxidant compounds, that are extracted
with solvent combination 1 and 2 by chemiluminescence technique seem to be the most appropriate.
This method is suitable for selectively determining the concentration of water-soluble and lipid-soluble
antioxidants. It can be used for antioxidants that act H atom transfer and electron transfer, because
both groups react with the superoxide anion, which is one of the most important radicals in the living
organisms [51,52].

29



Molecules 2018, 23, 3278

 
(A) 

 
(B) 

Figure 5. ESI-MS2 spectrum of procyanidin B. (A) Comparison of the extractable antioxidant capacity
of sour cherry-extracts and the totalphenolic content. * Units for different measurement methods: ACL:
Trolox equivalent g/100 g; TEAC: Trolox equivalent g/100 g; DPPH: Trolox equivalent g/100 g; ACW:
Ascorbic acid g/100 g; FRAP: Ascorbic acid g/100 g; TPC: Gallic acid g/100 g. Abbreviations: 1/AS:
evaporated ethanol:water extract; 1/BS: evaporated ethanol extract after ethanol:water extraction; 1/AS
+ 1/BS: 1/AS and 1/BS extracts evaporated together; 2/AS: evaporated acidic methanol:water extract;
2/BS: evaporated acetone:water extract after methanol:water extraction; 2/AS + 2/BS: 2/AS and 2/BS
extracts evaporated together. The table form (Supplement 1) with the results of the statistical analysis
can be found in the Supplemets secyion. (B) Comparison of the non-extractable antioxidant capacity of
sour cherry residue extracts and the totalphenolic content. * Units for different measurement methods:
ACL: Trolox equivalent g/100 g; TEAC: Trolox equivalent g/100 g; DPPH: Trolox equivalent g/100 g;
ACW: Ascorbic acid g/100 g; FRAP: Ascorbic acid g/100 g; TPC: Gallic acid g/100 g. Abbreviations:
1/R: residue of ‘solvent combination 1′; 1/RC: supernatant from the ‘extraction of hydrolysable tannins’
of 1/R; 1/RH: supernatant from the ‘extraction of condensed tannins’ of 1/R; 1/RA: supernatant
from the ‘alkaline hydrolysis’ of 1/R; 1/RPR: supernatant from the ‘protease hydrolysis’ of 1/R;
1/RPE: supernatant from the ‘pectinase hydrolysis’ of 1/R; 1/RAA: supernatant from the ‘α-amilase
hydrolysis’ of 1/R; 2/R: residue of ‘solvent combination 2′; 2/RC: supernatant from the ‘extraction
of hydrolysable tannins’ of 2/R; 2/RH: supernatant from the ‘extraction of condensed tannins’ of
2/R; 2/RA: supernatant from the ‘alkaline hydrolysis’ of 2/R; 2/RPR: supernatant from the ‘protease
hydrolysis’ of 2/R; 2/RPE: supernatant from the ‘pectinase hydrolysis’ of 2/R; 2/RAA: supernatant
from the ‘α-amilase hydrolysis’ of 2/R; The table form (Supplement 2) with the results of the statistical
analysis can be found in the Supplemets chapter.
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2.7. Capacity of Non-Extractable Antioxidants of Sour Cherry Extracts

The enzymatic digestion not resulted significant antioxidant activity (Figure 5B.). The explanation
is that sour cherry does not contain large amounts of starch, so the α-amylase hydrolisis is not relevant.
It does not contain large amounts of protein, so hydrolysis with protease is not important either.
The use of pectinase is also more important for apple crops.

Significant amounts of antioxidant fragments were obtained in the case of the alkaline treatment,
but mainly acidic hydrolysis. The results obtained using the HCl butanol extractant are not significantly
different. Low molecular weight phenolic derivatives resulting from the degradation of polyphenols
may be responsible for the apparently high antioxidant activity.

Proantocianines are considered as non-extractable components but some of them can be recovered
with a solvent combination 1 and 2, as can be seen from the Table 1. However, non-extractable
proantocianidines can not be identified in the hydrolysates.

The amount of antioxidants that extracted from the sour cherry and obtained from hydrolysis
from the remaining residues were similar in case of the solvent combination (Figure 5A,B). Thus,
the acidification (HCl) and the methanol–acetone–water solvent combination that was used by
Saura-Calixto and Goñi [28] did not extract significantly higher amounts of antioxidant compounds.
Consequently, it is not necessary to use HCl, and the methanol can be replaced by etanol in the first
step, furthermore the acetone water combination can be replaced by 100% ethanol in the second step.

3. Experimental

3.1. Plant Material

Stoned, frozen sour cherry (’Újfehértói fürtös’ variety) was bougth from Mirelite Mirsa Zrt
(Albertirsa, Hungary) in 2017. Fruit samples were frozen (−20 ◦C) and stored in dark.

3.2. Chemicals and Reagents

Ethanol, acetic acid, and Folin–Ciocalteu’s reagent were purchased from VWR (Randore, PA,
USA). Hydrochloric acid and 1-Butanol were obtained from Merck (Damstadt, Germany). Methanol,
acetone, sulfuric acid, 2, 4, 6-Tris(2-pyridyl)-s-triazine (TPTZ), 2,2-Diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulforic acid) (ABTS), 4-(dimethylamino)cinnamaldehyde
(DMAC), iron(III) chloride hexahydrate, sodium acetate trihydrate, potassium persulfate, procyanidin
A2, sodium carbonate anhydrous, ascirbic acid, (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), gallic acid, sodium hydroxide, antioxidant standards, and the enzymes
(protease, α-amylase) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pectinex XXL
enzyme was obtained from Novozymes (Bagsværd, Denmark). Dulbecco’s phosphate-buffered saline
(DPBS) were obtained from iBioTech (Szigetszentmiklós, Hungary). ACL and ACW kits were obtained
from Greenlab (Budapest, Hungary). In our experiments, all the reagents were analytical grade.
HPLC-grade methanol and formic acid were purchased from Fisher Scientific (Hampton, NH, USA).

3.3. Extraction of Extractable Antioxidants

The sour cherry was defrosted and homogenized. Then two different solvents were used to
extract antioxidant compounds. Each extraction was performed parallel three times.

3.3.1. Extraction with the Mixture of Ethanol and Water (Solvent Combination 1)

200 g of sample was extracted with 150 mL ethanol (96%) and 150 mL distilled water for 2 h
(1/A). The samples were centrifuged (Eppendorf Cetrifuge 5810R)) for 15 min at 4000 rpm and the
supernatant was recovered.

150 mL ethanol (96%) was added to the residue, and the mixture was mixed for 2 h (1/B). After
centrifugation (15 min, 4000 rpm), the supernatant was recovered.
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For the first time, supernatants from 1/A and 1/B were evaporated together (1/AS + 1/BS), but in
the second case separately (1/AS and 1/BS). Evaporation was performed at 40 ◦C, 10 mbar (Figure 6).

The residue (1/R) was lyophilised (ScanVac CoolSafe 55-4 Pro lyophilizer), homogenized (Gorenje
SMK 150 B coffee grinder), and stored in freezer (−20 ◦C) before use.

 

Figure 6. Scheme of the extraction of antioxidants from sour cherry. Abbreviations: 1/AS: evaporated
ethanol:water extract; 1/BS: evaporated ethanol extract after ethanol:water extraction; 1/AS + 1/BS:
1/AS and 1/BS extracts evaporated together; 2/AS: evaporated acidic methanol:water extract; 2/BS:
evaporated acetone:water extract after methanol:water extraction; 2/AS + 2/BS: 2/AS and 2/BS extracts
evaporated together; 1/R: residue of ‘solvent combination 1′; 1/RC: supernatant from the ‘extraction
of hydrolysable tannins’ of 1/R; 1/RH: supernatant from the ‘extraction of condensed tannins’ of
1/R; 1/RA: supernatant from the ‘alkaline hydrolysis’ of 1/R; 1/RPR: supernatant from the ‘protease
hydrolysis’ of 1/R; 1/RPE: supernatant from the ‘pectinase hydrolysis’ of 1/R; 1/RAA: supernatant
from the ‘α-amilase hydrolysis’ of 1/R; 2/R: residue of ‘solvent combination 2′; 2/RC: supernatant from
the ‘extraction of hydrolysable tannins’ of 2/R; 2/RH: supernatant from the ‘extraction of condensed
tannins’ of 2/R; 2/RA: supernatant from the ‘alkaline hydrolysis’ of 2/R; 2/RPR: supernatant from
the ‘protease hydrolysis’ of 2/R; 2/RPE: supernatant from the ‘pectinase hydrolysis’ of 2/R; 2/RAA:
supernatant from the ‘α-amilase hydrolysis’ of 2/R.

3.3.2. Extraction of Extractable Antioxidants According to Saura-Calixtoa and Goñi [28] (Solvent
Combination 2)

200 g of sample was extracted with 300 mL acidic methanol/water/HCl (50:50; pH 2) were added
(2/A) for 2 h, then centrifuged (15 min, 4000 rpm) and the supernatant was recovered.

300 mL acetone/water (70:30, v/v) was added to the residue, and the mixture was mixed for 2 h
(2/B). After centrifugation (15 min, 4000 rpm), the supernatant was recovered [28].
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The extraction was performed twice. For the first time, supernatants from 2/A and 2/B were
evaporated together (2/AS + 2/BS), but in the second case separately (2/AS and 2/BS). Evaporation
was performed at 40 ◦C, 10 mbar (Figure 6).

The residue (2/R) was lyophilised, homogenized, and stored in freezer (−20 ◦C) before use.

3.3.3. Preparation of Extracts from UHPLC

The purification of anthocyanins, a simple fractionation of sour cherry extracts (1/A + 1/B and
2/A + 2/B) was performed using preconditioned Supelclean ENVI-18 SPE tubes [53]. The tubes were
conditioned with 5 mL MeOH then with 5 mL H2O and finally 1 mL of fruit sample was applied.
The anthocyanins were eluted with methanol:water; 80:20. Solvent was evaporated at 40 ◦C with
Heidolph Hei-VAP Value rotary evaporator (Schwabach, Germany).

3.4. Acid Hydrolysis

3.4.1. Extraction of Hydrolysable Tannins

10–10 mg dried sour cherry residue powder from the two extractions were subjected to hydrolysis
with 2 mL methanol and 200 μL sulphuric acid for 20 h at 85 ◦C. Samples are then centrifuged (2500 g,
10 min) and supernatants recovered. The residues was washed with 2–2 mL distilled water two
times [54]. The supernatant from 1/R residue is 1/RH, and the extract from 2/R residue is 2/RH.

3.4.2. Extraction of Condensed Tannins

10–10 mg dried sour cherry residue powder from the two extractions were treated with 3 mL
HCl/butanol (5:95) and 100 μL FeCl3 (2 wt %) at 100 ◦C for 3 h. After centrifugation (2500 g, 10 min),
the supernatant was recovered. The residues were washed with 2–2 mL HCl/butanol (5:95) two times.
The supernatant from 1/R residue is 1/RC, and the extract from 2/R residue is 2/RC [55,56].

3.5. Alkaline Hydrolysis

0.1 g dried sour cherry residue powder from the two extractions were treated with 5 mL NaOH
(4 mM) at 25 ◦C for 1 h. After centrifugation (4000 rpm, 10 min), the supernatant was recovered.
The supernatant from 1/R residue is 1/RA, and the hydrolysate from 2/R residue is 2/RA [23].

3.6. Enzymatic Hydrolysis

3.6.1. Enzymatic Hydrolysis with Protease

5 mL DPBS and 10 μL tyrosine (50 mg/mL; 3550 tyrosine units/mL) was added to 0.1 g dried
sour cherry residue powder from the two extractions. The samples were incubated at 60 ◦C for 1 h.
To stop the enzymatic hydrolisis, the hydrolysates were placed in a water bath at 100 ◦C for 10 min.
After centrifugation (5 min, 4000 rpm), the supernatant was recovered. The hydrolysate from 1/R
residue is 1/RPR, and the supernatant from 2/R residue is 2/RPR.

3.6.2. Enzymatic Hydrolysis with Pectinase

5 mL DPBS and 10 μL pectinase (Pectinex XXL) was added to 0.1 g dried sour cherry residue
powder from the two extractions. The samples were incubated at room temperature for 1 h. To stop
the enzymatic hydrolisis, the hydrolysates were placed in a water bath at 100 ◦C for 5 min. After
centrifugation (5 min, 4000 rpm), the supernatant was recovered. The supernatant from 1/R residue is
1/RPE, and the hydrolysate from 2/R residue is 2/RPE [22].

3.6.3. Enzymatic Hydrolysis with α-amilase

5 mL DPBS and 10 μL α-amilase (3000 Units/mL) was added to 0.1 g dried sour cherry residue
powder from the two extractions. The samples were incubated at 37 ◦C for 10 min. To stop the
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enzymatic hydrolisis, the hydrolysates were placed in a water bath at 100 ◦C for 20 min. After
centrifugation (5 min, 4000 rpm), the supernatant was recovered. The supernatant from 1/R residue is
1/RAA, and the hydrolysate from 2/R residue is 2/RAA [23].

3.7. Determination of Total Phenolic Content (TPC)

Total phenolics in all extracts were determined with the Folin–Ciocalteu assay [57] with minor
modifications. 10 μL of appropriately diluted extracts, standard gallic acid solutions (50, 100, 200, 400,
800, and 1600 μg/mL) or water (blank) was mixed with 190 μL of distilled water in a well of a 96-well
plate; 25 μL of Folin–Ciocalteu reagent solution was then added. After 6 min, 75 μL of 7% Na2CO3

was added. The mixture was shaken gently and incubated in the pre-heated chamber (50 ◦C) for
10 min, and its absorbance was measured at 765 nm, using the microplate reader (SPECTROstar®Nano,
BMG Labtech, Ortenberg, Germany). TPC was expressed as milligrams of gallic acid equivalents
(mg GAE/100 g fresh weight sour cherry/dried residue). In some cases, the extract was too dilute, so
100 μL of sample and 100 μL of H2O were mixed in a well.

3.8. Determination of Total Procyanidin Content (PAC)

Total procyanidin content was measured using the method of Prior et al. [58].
Dried powder of residuals and sour cherry were weighed (500 mg) into a 50 mL conical tube.

20 mL extraction solution (acetone/deionized water/acetic acid 75:24.5:0.5) was added to the samples.
The samples were vortexed for 30 s followed by sonication for 1 h at room temperature. After
centrifugation (4000 rpm, 10 min), the supernatant was collected for analysis.

70 μL of 96% ethanol for blank; or 70 μL of control (100 μg mL−1 Procyanidin A2 in
ethanol)/standard/samples were added to 210 μL DMAC solution (0.1 wt % in ethanol) in a well
of 96-well plate. The mixture was shaken gently and incubated in the pre-heated chamber (25 ◦C).
The microplate was read for 25 min.

The plate reader protocol was set to read the absorbance (640 nm) of each well in the plate every
min for 30 min. The maximum absorbance readings were used for calculation.

3.9. Determination of Antioxidant Capacity

In this experiment, FRAP, DPPH, TEAC, and PCL (Photochemiluminescence assay) methods were
used to measure, the antioxidant capacity.

3.9.1. FRAP

The ferric reducing antioxidant power assay was performed as previously described by Benzie
and Strain [59]. It is based on the reduction of the Fe3+-TPTZ complex to the ferrous form at low pH.
This reduction is monitored by measuring the absorption change at 593 nm.

The reaction was carried out in a microtiter plate. 30 μL of distilled water and 10 μL properly
diluted samples/standard were pipetted in a well of 96-well plate, then 200 μL FRAP reagent
(10 volumes of 250 mM acetate buffer (pH 3.6), one volume of 20 mM ferric chloride solution and one
volume of 10 mM tripyridyl-s-triazin (TPTZ) in 40 mM HCl) were added. The mixture was incubated
at 37 ◦C and the absorbance was taken after 8 min at 593 nm.

The FRAP values was calculated and expressed as ascorbic acid equivalents per 100 g sample
(fresh weight sour cherry/dried residue).

3.9.2. DPPH

The DPPH free radical scavenging activity was measured using the method of Brand-Williams
with modified as follows: 10 μL of appropriately diluted sample or Trolox solution (31.25, 62.5, 125,
250, 500, 750, and 1000 μM) and 50 μL distilled water was added to 190 μL of DPPH solution (0.1 mM
in methanol) in a well of a 96-well plate. The mixture was shaken gently, incubated at 25 ◦C and the
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absorbance was taken after 30 min. The absorbance was measured at 517 nm, using the microplate
reader. DPPH was expressed as milligrams of trolox equivalents (mg TE/100 g fresh weight sour
cherry/dried residue) [26,60].

3.9.3. TEAC

Determination of Trolox Equivalent Antioxidant Capacity (TEAC). This assay was performed as
reported previously with slight modification. ABTS radical cations were prepared by mixing equal
volumes of ABTS (7 mM in H2O) and potassium persulfate (4.9 mM in H2O), and the solution was left
to stand in the dark for 12–16 h at room temperature; then the above solution was filtered and diluted
with 80% ethanol to an absorbance of about 2 at 734 nm. 70 μL of 80% ethanol and 10 μL properly
diluted samples/standard were pipetted in a well of 96-well plate, then 190 μL ABTS solution in a
well of a 96-well plate, and the absorbance was recorded at 734 nm after 30 min of incubation at room
temperature. Trolox was used as standard, and a standard calibration curve was obtained for Trolox at
concentrations of 15.65, 31.25, 62.5, 125, 250, 500, and 1000 μM. The TEAC of samples was calculated
from the standard curve of Trolox and expressed as gram of Trolox equivalents (TE) per 100 g of fresh
weight sour cherry/dried residue (g TE/100 g) [61].

3.9.4. Photochemiluminescence Assay (PLC)

This assay was described by Popov and Lewin, and distributed as a complete system under the
name Photochem® by Analytik Jena AG (Jena, Germany).

In the PCL assay, the photochemical generation of (O2
•−) free radicals is combined with the

sensitive detection by using chemiluminescence. The assay is initiated by optical excitation of
photosensitizer (S), resulting in the generation of the superoxide radical anion.

S + hυ + O2→[S*O2]→S•+ + O2
•− (1)

There are two different protocols: ACW (water-soluble antioxidant capacity) and ACL
(lipid-soluble antioxidant capacity) so both of the hydrophilic and the lipophilic antioxidants can be
measured separately. These are standardized conditions, so the results are comparable to other assays.
The antioxidant potential was assayed by means of the lag phase (ACW) or by means of the area under
the curve (ACL) at different concentrations [51,52].

A. ACL

The lipophilic antioxidants were measured with the ACL kit. The reaction solutions were
prepared by mixing 2.3 mL Reagent 1 (methanol), 200 μL Reagent 2 (buffer solution), 25 μL
Reagent 3 (photosensitizer and detection reagent), and 0–30 μL of Reagent 4 (calibration standard for
quantification of lipophilic antioxidants in Trolox equivalents) or 10 μL of sample (beverage diluted
with Reagent 1) were mixed and measured. The detector measures the current proportion to the
generated luminescence as a function of measurement time. The detector signal, monitored for 180 s.
Results are expressed as mg equivalents of trolox per 100 g fresh weight sour cherry/dried residue [52].

B. ACW

The hydrophilic antioxidants were measured with the ACW kit. The reaction solutions were
prepared by mixing 1.5 mL of Reagent 1 (buffer solution pH 10.5), 1 mL of Reagent 2 (reaction buffer),
25 μL Reagent 3 (photosensitizer and detection reagent) and 0–30 μL of Reagent 4 (calibration standard
for quantification of water-soluble antioxidants in ascorbic acid equivalents) or 10 μL of sample
(beverage diluted with Reagent 1). The detector measures the current proportion to the generated
luminescence as a function of measurement time. The detector signal, monitored for 250 s, includes a
lag phase in which no luminescence can be detected. When the antioxidants are exhausted, the amount
of radicals in the sample increases until the detected signal reaches the maximum. The length of the
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lag phase increases in function of the amount of the antioxidants in the sample, and it is calculated
by determining the first derivative and the maximum point of the detected curve. The interstion
point of the slope of the straight line with the x-axis defines the lag time. Results are expressed as mg
equivalents of ascorbic acid per 100 g fresh weight sour cherry/dried residue [51].

3.10. UHPLC Analysis

Measurements were carried out using CromasterUltraRs UHPLC, equipped with diode array
detector, automatic sampler and Agillent OpenLAB software. The sample components were separated
on a Phenomenex Kinetex column (2.6μ, XB.C18, 100A, 100 × 4.6 mm).

UHPLC running conditions consisted of the following linear gradient steps
0 min solvent A 15%,
0–25 min solvent A to 30%,
25–30 min solvent A to 40%,
30–40 min solvent A to 50%.
Solvent A: MeOH; Solvent B: 3% HCOOH (Formic acid) in water.
Flow rate was 0.7 mL min−1 and oven temperature was kept at 25 ◦C. The anthocyanin content

was analyzed quantitatively by comparison with the corresponding authentic standards. UV–vis
detection was used at 535 nm wavelength for anthocyanins and 340 nm for flavonoid and phenolic
compounds. The appropriate amounts of sour cherry extracts were measured and dissolved in solvent
A. Injection volume was 10 μL.

3.11. UHPLC-MS Analysis

The UHPLC system (Dionex Ultimate 3000RS) was coupled to a Thermo Q Exactive Orbitrap mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, USA) equipped with an electrospray ionization
source (ESI). The HPLC separation was achieved on a Themo Accucore C18 column (100 mm × 2.1 mm
× 2.6 μm). Sampler and oven temperature were maintained at 25 ◦C, flow rate was 200 μL min−1.
Eluent A was water containing 0.1% formic acid and eluent B was methanol containing 0.1% formic
acid. The following gradient elution program was used: 0 min, 95% A; 0–3 min, 95% A; 3–43 min,
→0% A; 43–61 min, 0% A; 61–62 min, →95% A; 62–70 min, 95% A. 2 μL of the samples were injected
in every run. The Q Exactive hybrid quadrupole-orbitrap mass spectrometer was operated with the
following parameters: capillary temperature 320 ◦C, spray voltage 4.0 kV in positive and 3.8 kV in
negative ionization mode. The resolution was set to 35,000. The mass range scanned was 150–1500 m/z.
The maximum injection time was 100 ms. The resolution was set to 17,500 in the cases of MS2
scans. The collision energy was 35 NCE. Sheath gas and aux gas flow rates were 32 and 7 arb,
respectively. Xcalibur 4.0 (Thermo Fisher Scientific Inc., Waltham, USA) software was used to collect
and analyze data.

3.12. Statistical Analysis

Data were expressed as means ± standard errors. Data were statistically analyzed using the SPSS
statistical software, version 23. (SPSS Inc, Chicago, IL, USA). One-way analysis of variance (ANOVA)
with Tukey’s honestly sgnificant difference test (homogeneity of variances) and Games–Howell
significant difference test (not equal variances) were used to compare means among groups. The level
of significance was set at p < 0.05.

4. Conclusions

It is known that different types of extractants can extract a variety of bioactive compounds.
Accordingly, just one solvent is not sufficient to extract the total antioxidant compounds of foods,
solvent combination is necessary, and the choice of suitable solvents is essential. As a result of our
investigation, we found that the amounts and antioxidant properties of the dissolved compounds are
not significantly different in case of solvent combination 1 and 2. However, Solvent combination 2
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(methanol–acetone–water) can not be used in the food technology, only alcohol–water extraction
is suitable.

The choice of the appropriate solvent is just the first step, the next is the determination of the
exact antioxidant capacity. To do this you will need to find the most appropriate measurement method
for the food type, because they contain different antioxidant compounds. FRAP method is good for
the determination of water soluble, low molecular weight components. However, anthocyanins and
associated flavonoids are only slightly soluble in water, so this method can not be measured these well.
Although the solvent of DPPH and TEAC methods is ethanol, there are certain limitations that block
measurement of the anthocyanins rich in sour cherry. For instance, because of the steric accessibility
of DPPH• radical, the DPPH method can not adequately measure anthocyanin compounds [47],
and in case of TEAC, the degree and position of hydroxylation and methoxylation in the B ring of
anthocyanins, affects the stability and reactivity and thereby the antioxidant capacity [62]. However,
the ACL and ACW methods are suitable to determine the antioxidant activity of various chemical
components in SC.
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Abstract: The present study aimed at developing an original pre-column HPLC assay allowing rapid
characterization of nitric oxide (NO) scavengers from complex plant extracts. Sodium nitroprusside
(SNP) was employed as a NO donor and spiked with an aqueous extract from Aloysia triphylla
leaves prior to HPLC analysis. Relying on the ability of radical scavenging constituents to be
oxidized upon reaction with radicals, this assay successfully allowed direct identification of three
potential NO scavengers, including verbascoside, isoverbascoside, and luteolin-7-O-diglucuronide.
These three phenolics were also individually assessed for their NO scavenging activities by using
a Griess colorimetric assay. With respective IC50 values of 56 ± 4, 51 ± 3, and 69 ± 5 μg/mL,
verbascoside, isoverbascoside, and luteolin-7-O-diglucuronide were all reported as potent NO
scavenging compounds, confirming the efficiency of the SNP spiking HPLC assay. The present
method can, thus, be considered as a valuable and effective approach for speeding up the discovery
of NO scavenging constituents.

Keywords: nitric oxide scavengers; pre-column HPLC method; Aloysia triphylla; phenolics; antioxidants

1. Introduction

Nitric oxide (NO) is an important signaling molecule with dual effects. Generated by nitric
oxide synthases through the conversion of L-arginine to L-citrulline, NO plays a key role in
regulating vasodilation, neurotransmission, and the immune system, as well as cardiovascular
and renal functions [1–3]. Low concentrations are, in most cases, sufficient to exert these beneficial
effects. However, overproduction of this free radical may induce several undesired deleterious
effects, including inflammatory and autoimmune diseases [4,5]. The search for substances capable of
preventing overproduction of NO has, therefore, received increasing attention, and numerous extracts
of edible and/or medicinal plants have been shown to exert potent NO scavenging activities [6,7].
Nevertheless, the main pitfall to drug discovery or plant extract standardization remains the
characterization of bioactive principles. Traditional bioassay-guided fractionation has been successfully
conducted in some investigations [8], but several major limitations arise from this time-consuming,
labor intensive, and expensive strategy. Thus, there is a need to develop new approaches capable of
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speeding up the discovery of NO scavenging natural compounds. Of interest, several pre-column
HPLC spiking methods have been recently reported to directly detect radical scavenging compounds
from complex matrices, such as plant extracts [9,10]. These experiments consist of spiking extracts
with a radical solution prior to HPLC analysis, and rely on the ability of antioxidant constituents to
be oxidized upon reaction with radicals. On this basis, peak areas of radical scavenging compounds
are reduced in HPLC chromatograms of spiked extracts whereas peak areas of inactive constituents
are not affected. Of note, such a kind of approach has already been successfully adapted to identify
DPPH [11] and ABTS [12], as well as peroxynitrite scavengers [13]. However, a method capable
of detecting NO scavengers has yet to be devised. By using sodium nitroprusside (SNP) as an
NO source, the present study aimed at developing a novel spiking HPLC assay that allows direct
detection of NO scavenging constituents from herbal products. Lemon verbena (Aloysia triphylla
(L’Hér.) Britt., Verbenaceae), a widely consumed herbal tea known to exert significant anti-oxidant and
anti-inflammatory effects [14,15], was chosen as the case study plant material.

2. Results and Discussion

2.1. NO Scavenging Activity and Total Phenolic Content of an Aqueous Extract from A. triphylla Leaves

Native to western South America, A. triphylla is a widely consumed edible plant whose leaves
are mostly employed as herbal tea. To be relevant to this mode of consumption, an aqueous infusion
was prepared. A. triphylla aqueous extract (ATAE) was first assessed for its NO scavenging activity by
using common colorimetric evaluation. This method relies on the principle that, in aqueous solution
and at physiological pH, SNP spontaneously generate NO radicals, which subsequently react with
oxygen to produce nitrite ions that can be estimated with Griess reagent. Scavengers of NO compete
with oxygen, thus, leading to a lower production of nitrite ions. The present study demonstrates,
for the first time, that ATAE exerts potent NO scavenging effects, as attested by its low IC50 value of
231 ± 17 μg/mL. These results tend to suggest that A. triphylla leaves can be regarded as a suitable
herbal product to counteract NO overproduction. Considering that polyphenols are regarded as the
most prevalent radical scavenging phytochemicals in the plant kingdom [16], total phenolic content of
the extract was also evaluated. Of interest, a substantial value of 148 ± 1 mg gallic acid equivalent per
g of dried extract was determined for ATAE. Taken together, these preliminary results indicated that
ATAE was a suitable candidate for the development of a straightforward HPLC method, aiming at
directly detecting NO scavenging compounds from a complex plant extract.

2.2. Separating Constituents from ATAE by HPLC

Ensuring the separation of all compounds in a plant extract is a crucial first step in analytical HPLC.
Different modes of elution and mobile phase compositions were screened to obtain chromatograms
with a sufficient resolution and within an acceptable time of analysis. Under the chosen conditions,
a satisfying resolution was achieved and all the major compounds reached base-line separation.
As illustrated in Figure 1, six main constituents were observed on the ATAE chromatogram.
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Figure 1. HPLC-UV profile of aqueous extract from Aloysia triphylla leaves with detection at
280 nm. Peaks: 1, luteolin-7-O-diglucuronide; 2, apigenin-7-O-diglucuronide; 3, verbascoside;
4, diosmetin-7-O-diglucuronide; 5, isoverbascoside; and 6, apigenin-7-O-glucoside.

2.3. SNP Spiking HPLC Analysis for Screening of Main Scavengers in ATAE

Unlike commonly employed synthetic radicals, such as DPPH and ABTS [10,12], NO is not stable
enough to be prepared prior to spiking experiments. Thus, the present method had to be developed
with a reagent able to extemporaneously generate NO during pretreatment of the extract. As for
colorimetric evaluation, SNP was chosen as the NO donor. Spiking experiments were performed with
three different concentrations of SNP (1, 2.5, and 5 mM). It was hypothesized that pretreatment of
ATAE with a low concentrated solution of SNP would only oxidize the most reactive scavengers, while
solutions containing higher concentrations of SNP would affect additional antioxidant constituents.
As shown in Figure 2, the chromatogram of ATAE spiked with a 1 mM solution of SNP indicated that
peak areas of compounds 3 and 5 were significantly reduced (p < 0.05) whereas other constituents were
not affected. As expected, peak area diminutions were more pronounced when higher concentrations
of SNP were employed (2.5 and 5 mM). Indeed, compound 1 was significantly affected by the SNP
pretreatment at these two concentrations (p < 0.05). In addition, compounds 3 and 5 almost disappeared
from the corresponding chromatograms. Conversely, the peak areas of compounds 2, 4, and 6 were not
significantly modified over all the SNP concentrations. According to these spiking experiments, it was
possible to assume that three constituents (1, 3, and 5) are mainly contributing to ATAE scavenging
effect, while compounds 2, 4, and 6 only play a negligible role. To confirm this hypothesis and to
validate the proposed method, all major constituents of the extract were identified and assessed for
their individual NO scavenging activities.
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Figure 2. Percentage of remaining compounds (1–6) after incubation of aqueous extract from
Aloysia triphylla leaves with various concentrations of SNP (0, 1, 2.5, and 5 mM). Data are presented as
means ± SEM (n = 3). * p < 0.05 vs. control (SNP = 0 mM).

2.4. Characterization and Identification of the Main Constituents of ATAE

Analysis of the UV data of the six major components of ATAE revealed the presence of two
different classes of metabolites (Table 1). Indeed, compounds 3 and 5 showed highly similar profiles
with two maximum absorption bands at 217 nm and 325–330 nm, which were consistent with
caffeoyl derivatives [17]. On the other hand, with maximum absorption bands at 250–270 nm and
330–350 nm, the UV profiles of constituents 1, 2, 4, and 6 were typical of flavonoid derivatives [18].
These assumptions were further confirmed by examining previous chemical investigations of
A. triphylla [19] and by comparing retention times and UV spectra of ATAE components with that of
authentic commercial standards. Compounds 2 and 6 were corresponding to flavonoid derivatives, and
were identified as apigenin-7-O-diglucuronide and apigenin-7-O-glucoside, respectively. In addition,
compounds 3 and 5 were characterized as two caffeoyl phenylethanoid glycosides, respectively
known as verbascoside and isoverbascoside. However, compounds 1 and 4 did not match with
any available standards and purification of these two constituents was achieved to unambiguously
determine their structures. ATAE was first fractionated using gel filtration chromatography and two
fractions containing important amounts of the targeted compounds were subsequently submitted
to semi-preparative HPLC purification. 1H and 13C NMR analyses were then performed on the
two purified compounds and confirmed their assumed flavonoid nature. Indeed, compound 1

exhibited characteristic signals of a luteolin glycoside, while the NMR data of compound 4 matched
with a diosmetin derivative. In both cases, typical signals attributable to two β-glucuronide units
were observed. Deeper investigations of NMR analyses allowed the unequivocal identification
of compounds 1 and 4, which were, respectively, characterized as luteolin-7-O-diglucuronide and
diosmetin-7-O-diglucuronide. All spectral data of these compounds agreed with respective published
data [20,21]. Of note, the occurrence of compounds 1, 2, 3, 5, and 6 is consistent with previous
phytochemical investigations of A. triphylla leaves [19,20]. By contrast, diosmetin-7-O-diglucuronide (4)
is unambiguously identified for the first time in this species. Also known as fargenin C, this compound
is very scarcely distributed in the plant kingdom and had only been isolated once in Meehania fargesii,
an Asian species belonging to the Lamiaceae family [21].
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Table 1. Retention time and UV maximum absorption of major constituents from Aloysia triphylla leaves.

Peak Number Compound Retention Time (min) UV, λmax (nm)

1 Luteolin-7-O-diglucuronide 14.3 255, 347
2 Apigenin-7-O-diglucuronide 19.3 265, 333
3 Verbascoside 21.6 217, 330
4 Diosmetin-7-O-diglucuronide 22.9 253, 346
5 Isoverbascoside 26.8 217, 326
6 Apigenin-7-O-glucoside 41.4 266, 332

2.5. NO Radical Scavenging Activity of Isolated Components

To ascertain the efficiency of the present HPLC spiking assay, all the compounds affected by
SNP pretreatment (1, 3, and 5) were individually assessed for their NO scavenging properties by
using a common colorimetric method. In addition, two assumed inactive constituents (4 and 6) were
also evaluated to be employed as negative controls. As indicated in Table 2, very low IC50 values
were determined for compounds 1, 3, and 5, confirming that a decrease in peak area during spiking
experiments is indicative of NO scavenging properties. Of note, constituents 3 and 5 were both shown
to exert higher NO scavenging activity than the positive control, ascorbic acid. The presumed weak
effect of compounds 4 and 6 was also confirmed, as attested by their IC50 being superior to 200 μg/mL.

Table 2. Nitric oxide scavenging activity of major constituents from Aloysia triphylla leaves.

Compound Nitric oxide Scavenging Activity (IC50, μg/mL)

Luteolin-7-O-diglucuronide 69 ± 5 b

Verbascoside 56 ± 4 a

Diosmetin-7-O-diglucuronide >200 c,*
Isoverbascoside 51 ± 3 a

Apigenin-7-O-glucoside >200 c,*
Ascorbic acid (positive control) 71 ± 2 b

Values with different superscripts are significantly different (p < 0.05). * For statistical analysis, IC50 values of
diosmetin-7-O-diglucuronide and apigenin-7-O-glucoside was assumed to be 200 μg/mL.

All these results are consistent with SNP spiking HPLC experiments, establishing that the method
has successfully led to the detection of bioactive constituents of the studied extract. Additionally,
compounds 3 and 5 were confirmed to be significantly more effective than compound 1 (p < 0.05),
signifying that pretreatment with a low concentrated solution of SNP had only oxidized the most
reactive scavengers. Of interest, the present study reports, for the first time, the potent NO scavenging
properties of 1, thus, highlighting the efficacy of the spiking method in the search of new NO scavengers.
It can also be regarded as an effective experiment to quickly determine bioactive markers from plant
extracts, and may be of major interest to support the standardization process of herbal products.
Besides, it must be noted that this assay can be considered as more physiologically relevant than
a DPPH spiking experiment. Indeed, in addition to using an endogenous radical, SNP spiking
experiments are performed in aqueous solutions buffered at pH 7.4 while DPPH cannot be solved
in water solution. It is well known that the pH value, as well as the solvent composition, strongly
influences the reactivity of radical scavenging compounds [22].

3. Materials and Methods

3.1. Plant Material and Reagents

Dried leaves of A. triphylla were obtained from Biosphère 99 (Saint Bonnet de Rochefort,
France). Acetonitrile was of chromatographic grade Carlo Erba Reagents SAS (Val de Reuil, France).
Phosphoric acid (purity 85%) was purchased from VWR prolabo (Fontenay-sous-Bois, France). Sodium
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nitroprusside (SNP), N-(1Naphthyl) ethylenediamine dihydrochloride (NED), and sulfanilamide were
bought from Sigma–Aldrich Chemical (Saint Quentin Fallavier, France). SNP solutions were freshly
prepared in distilled water every half-day and kept protected from light.

3.2. Preparation of Aqueous Extract from A. triphylla Leaves

An infusion of A. triphylla leaves was prepared by adding 500 mL of boiling distilled water to
powdered plant material (10 g) and was left at room temperature for 30 min. The extract was then
filtered and concentrated under reduced pressure using a rotary evaporator. The obtained dried
residue (2.57 g) was kept at 4 ◦C until further analyses.

3.3. Colorimetric NO Scavenging Assay and Total Phenolic Content Evaluation

Nitric oxide scavenging colorimetric assay was performed using Griess reagent as previously
described by Silva and Soysa [23]. Briefly, SNP (10 mM in PBS) was mingled with different
concentrations of ATAE (50–300 μg/mL in PBS) or pure compounds (5–200 μg/mL in PBS). A reaction
mixture without extract or pure compound was also prepared on the same basis to be employed as
the negative control. After 2 h incubation at 37 ◦C, Griess reagent (1% sulfanilamide, 5% phosphoric
acid, and 0.1% NED) was added to the reaction mixtures. Absorbance was recorded at 540 nm after
10 min incubation. NO scavenging activities were expressed as IC50 values, which correspond to
the concentration required to reduce 50% of the NO formation. Ascorbic acid was employed as the
positive control.

Total phenolic content (TPC) was estimated by the Folin–Ciocalteu method as previously reported
by Meda et al. [11]. The amount of TPC was indicated as a milligram of gallic acid equivalent per gram
of dried extract.

3.4. HPLC Analysis of ATAE

Analytical HPLC consisted of two L7100 pumps, an L7200 autosampler, an L2450 LaChrom
Elite diode array detector, a D7000 interface system controller, and an EZ Chrom Elite software
(VWR-Hitachi, Radnor, Pennsylvania, PA, USA). ATAE samples (2 mg/mL) were analyzed using
a LiChrospher® RP8 column (125 × 4 mm, 5 μm particle size). A gradient elution was employed
with a mobile phase consisting of water containing 1% of phosphoric acid (A) and acetonitrile (B).
The program was set as follows: 0–15 min, 10–15% B; 15–25 min, 15% B; 25–40 min, 15–20% B;
40–50 min, 20–40% B; 50–60 min, 40–60% B. The flow rate was 1.0 mL/min and the injection volume
was 30 μL. All analyses were performed at a detection wavelength of 280 nm and the column was
maintained at ambient temperature.

3.5. Pre-Column SNP–HPLC Analysis for Screening of Main NO Scavengers in ATAE

Briefly, ATAE was dissolved in PBS at a concentration of 10 mg/mL and was subsequently mixed
with SNP solutions of different concentrations (1, 2.5, and 5 mM, final concentrations) at the ratio
of 1:5 (v/v). The resulting mixtures were incubated for 30 min at 37 ◦C prior to HPLC analyses in
previously reported conditions (Section 3.4). As a control, ATAE was identically treated except that
PBS was substituted for the SNP solution. All solutions were prepared and analyzed in triplicate.
The percentage of the remaining compound was calculated as the ratio between the compound peak
area after the reaction with SNP divided by the compound peak area of the control sample.

3.6. Isolation and Identification of Compounds 1 and 4

A portion of ATAE (500 mg) was subjected to exclusion chromatography (Sephadex® LH-20,
75 g) eluted with H2O/MeOH (40:60) to yield a total of 8 combined fractions. Fractions 6 (30 mg)
and 7 (40 mg) were then submitted to semi-preparative HPLC (Nucleosil® RP-18, 250 mm × 100 mm,
5 μm particle size) eluted with a mobile phase consisting of water containing 0.1% trifluoroacetic acid
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and acetonitrile to obtain compounds 1 (7 mg) and 4 (11 mg). Proton and carbon nuclear magnetic
resonance spectra were recorded in DMSO-d6 on a Bruker DRX 500 spectrometer (11.7 T:1H:500 MHz,
13C:125 MHz) (Bruker Biospin SAS, Wissembourg, France).

3.7. Statistical Analyses

The statistical significance of difference was analyzed by one-way ANOVA, followed by a Fisher’s
LSD test, and values p < 0.05 were considered significant. All data are indicated as mean ± standard
error of mean (SEM, n = 3).

4. Conclusions

In the present study, a novel SNP spiking HPLC assay has been successfully devised to
quickly and directly detect NO scavengers from A. triphylla leaves. Three compounds, including
luteolin-7-O-diglucuronide, as well as verbascoside and isoverbascoside, were shown to be the main
contributors to the activity of the studied extract. It must be noted that the potent NO scavenging
activities of luteolin-7-O-diglucuronide is reported for the first time, thus, highlighting the usefulness
of this novel approach in the search of new bioactive chemical entities. Of interest, this method can be
applied in all laboratories with common HPLC-UV equipment and can, thus, be widely adopted for
the analysis of other NO scavenging plant extracts.
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Abstract: The importance of consuming functional foods has led the food industry to look for
alternative sources of ingredients of natural origin. Eggplants are a type of vegetable that is valued
for its content in phytochemical compounds and it is due to the fact that this research is conducted
towards the development of eggplant flour as a proposal to be used as a functional ingredient in
the food industry. In this study, the eggplant fruits were divided into four groups, based on the
drying method and the equipment used: Minced, drying oven (T1); sliced, drying oven (T2); sliced
and frozen, drying tunnel (T3); and sliced, drying tunnel (T4). All the eggplant flours showed the
same trend regarding their antioxidant capacity and phenolic content in the order T2 > T4 > T1 > T3.
The freezing of eggplant was found to have a negative effect on functional and antioxidant properties.
With respect to their nutritional composition, the flours did not change in their crude fiber, protein,
and fat contents. In general terms, the T2 flour is a potential ingredient for the preparation of foods
with functional properties since it is rich in phenolic compounds and antioxidants.

Keywords: eggplant; flour; phenolics; antioxidant activity; functional ingredient

1. Introduction

In recent years, the food industry has focused its efforts in the development of new products
with properties that not only provide the necessary nutrients for human food, but also help prevent
diseases related to nutrition such as diabetes, obesity, hypertension, and cardiovascular complications.
It has been found that there is a significant correlation between the regular intake of phytochemicals
and the prevention of these lifestyle-related diseases [1]. Antioxidants have attracted great attention
as possible agents to prevent and treat diseases related to oxidative stress [2]. The antioxidants
used by the food industry can be either from natural sources or from a synthetic origin (such as
butylated hydroxytoluene and butylated hydroxyanisole). The latter has been found to be potentially
carcinogenic and toxic [3]. Consequently, a niche in the food industry is opened to replace the existing
synthetic antioxidants with those of natural origin found in fruits and vegetables, which are mainly
vitamins and polyphenols [2].

Eggplant is an economically important vegetable crop from the tropical and subtropical zones
of the world [4]. This crop produces fruit of different colors, sizes, and shapes [5]. Eggplant is a
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valued vegetable for its composition in phytochemicals considered as nutraceuticals [6], in particular,
polyphenols and dietary fiber [4].

In Mexico, eggplant production was 172,112 tons in 2016. It is mostly exported to the United States
as this vegetable is not commonly consumed domestically [7] due to a lack of information regarding its
preparation and characteristics. Eggplant has a non-climacteric pattern of respiration, which leads to a
short shelf life despite being harvested in immature stages of development [8]. Therefore, the use of
eggplant is suggested as a flour with high nutritional value, which can also be used as an antioxidant
of natural origin. Therefore, the objective of this work is to evaluate the physicochemical, functional,
and nutraceutical properties of eggplant flour as a proposed functional ingredient.

2. Results and Discussion

2.1. Eggplant Flour Samples

The eggplant flour produced was labelled as T1 (eggplant minced and dried at 45 ◦C–50 ◦C in a
drying oven), T2 (sliced eggplant dried at 45 ◦C–50 ◦C in a drying oven), T3 (sliced eggplant was frozen
and dried at 40 ◦C–45 ◦C in a tunnel dryer), and T4 (sliced eggplant dried at 40 ◦C–45 ◦C in a tunnel
dryer). Eggplant is a vegetable with a high percentage of water (approximately 90%), which allows
microorganisms and biochemical reactions to deteriorate, thus reducing its shelf life. In general,
eggplant is a difficult vegetable to dehydrate due to its high percentage of water, which implies long
drying times. With the use of the drying tunnel, the drying time was reduced from 48 h (drying oven)
to 16 h (70% reduction in efficiency), showing that dehydration is faster when the air speed increases [9]
and the speed of drying at high temperature decreases due to the hardening phenomenon [10–12].

2.2. Proximal Chemical Analysis

The results of the nutritional composition of the eggplant flours are shown in Table 1.
Eggplant flour has low values for moisture content (1.5% to 8.5%), below the Mexican standard
(NOM-247-SSA1-2008) of 15% [13]. The T2 sample had the highest moisture content, while the T4
sample had the lowest moisture content. The moisture content obtained in this study was lower than
other results (7.7% to 9.45%) reported from different types of Solanum melongena, dried in the same
range (45 ◦C to 50 ◦C) of temperature [4,14].

Table 1. Nutritional components of different obtained flours.

Component (%) T1 T2 T3 T4

Moisture 5.26 ± 0.4 b 8.57 ± 0.26 a 4.55 ± 0.32 c 1.57 ± 0.09 d

Ash 6.47 ± 0.38 b 7.31 ± 0.03 a 7.31 ± 0.08 a 6.53 ± 0.25 b

Fat 1.79 ± 0.07 a 1.75 ± 0.03 a 1.73 ± 0.0 a 1.73 ± 0.02 a

Protein 12.57 ± 0.39 a 12.5 ± 0.45 a 12.68 ± 0.29 a 12.77 ± 0.24 a

Crude Fiber 12.74 ± 0.37 a 12.32 ± 0.43 a 11.8 ± 0.59 a 12.17 ± 0.92 a

Carbohydrates + 61.17 ± 0.7 b 57.54 ± 0.52 c 61.92 ± 0.18 b 65.22 ± 1.22 a

Eggplant minced and dried in a drying oven (T1), sliced eggplant dried in a drying oven (T2), sliced eggplant
frozen and dried in a tunnel dryer (T3), and sliced eggplant dried in a tunnel dryer (T4). Average values with three
replicates ± standard deviations, of three different lots. Mean values labeled with a different letter in the same file
are significantly different (p < 0.05). + Carbohydrates (%) = 100 − (% moisture + % ash + % fat + % protein + %
crude fiber).

Flour having a moisture content of 9% to 10% is suitable for extended shelf life [15] since a
lower moisture content in flour shows a better storage stability. The range of the average ash content
determined among the four eggplant flours was 6.47%–7.31%, and it was similar to the eggplant ash
content of other investigations treated under the same drying temperature conditions [4,14], compared
to the ash content obtained from different types of eggplants (0.48%–1%), and 4.93%–13.7% (dry
base) [16]; the drying treatment allows the concentration of the eggplant nutrients. Regarding the
determination of proteins, the results obtained fell in a small range of 12.55%–12.77%. The results of
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this study are in accordance with the USDA database [17]. They have reported that protein content
for fresh eggplant was 0.98% (12.73% in dry basic). Various types (Indian, Thai, Chinese, and white)
of eggplants dried at the same temperature produced similar protein contents (12%–15%) [4] to the
results obtained in this study.

The average fat content (1.75%) of the flour in this study was higher than that reported by
Nino-Medina et al. [16] in fresh eggplant (Chinese, Philippine, Thai, Hindu and American types),
with obtained values between 0.3% and 0.4% (dry base). Uthumporn et al. [4] found levels of 0.88%
to 5.18% in different types (Indian, Thai, Chinese, and white) of eggplant flour; the lowest values
were for flour samples made at 50 ◦C. Carbohydrates contents for the samples were between 57% and
65%. The result of the present investigation is similar in the amount of carbohydrates contained in the
eggplant flour mentioned before, which were in the range of 62%–68%. The main soluble sugars were
glucose and fructose [18]. They reported starch content between 1.43% and 2.38% in fresh eggplant.
Eggplant flour contained a lower amount of carbohydrates and moisture compared with wheat flour,
yet it had more fiber.

2.3. Physicochemical Parameters

The pH and titratable acidity are analytically determined in separate ways, and each has its own
particular impact on food quality [19]. The pH is a good predictor of the ability of a microorganism to
grow in a specific food, while the titratable acidity is a good predictor of the impact of acid content
on the flavor of food [20]. On the other hand, color is the first notable characteristic of a food and
often predetermines our expectations. Natural and synthetic colors play several roles in foods and
consumers use the color as a way to identify a food and also as a way to judge the quality of a food [21].

With the exception of the titratable acidity and b* chromatic property, in which statistical
differences were not observed (p > 0.05), other physicochemical parameters showed statistical
differences (p < 0.05) between eggplant flour samples (Table 2). The values of pH of eggplant flours
were slightly acidic and ranged from 3.89 to 4.14, while titratable acidity values were low ranging
from 0.46% to 0.47%. In addition, chromatic values were from 52.50 to 64.60, 4.55 to 9.65, 20.15 to 21.65,
21.09 to 23.60, and 65.98 to 77.54 in L*, a*, b*, C*, and h, respectively. All the eggplant flours had a
“mostly desaturated dark orange” color. However, the color of the treatments 1 and 2 can be classified
as a “pale brown”, while the treatments the color of the treatments 3 and 4 can be classified as “clear
brown”; the main difference among these two colors tonalities is due mainly to the L* value.

Table 2. Physicochemical parameters of different eggplant flours.

Flour pH TA (%)
Chromatic Properties

L* a* b* C* h View

T1
3.89 ±
0.04 b

0.47 ±
0.004 a

52.50 ±
0.14 c

9.65 ±
0.49 a

21.65 ±
0.49 a

23.60 ±
0.65 a

65.98 ±
0.60 b  

T2
3.97 ±
0.02 b

0.47 ±
0.004 a

52.55 ±
0.49 c

9.25 ±
0.63 ab

21.05 ±
0.49 a

22.99 ±
0.71 ab

66.29 ±
0.95 b  

T3
4.19 ±
0.01 a

0.46 ±
0.009 a

57.40 ±
0.42 b

6.90 ±
0.56 b

20.15 ±
0.21 a

21.30 ±
0.01 b

71.10 ±
1.62 b  

T4
4.14 ±
0.03 a

0.46 ±
0.004 a

64.60 ±
0.42 a

4.55 ±
0.07 c

20.60 ±
0.14 a

21.09 ±
0.16 b

77.54 ±
0.10 a  

Potential of hydrogen (pH), titratable acidity (TA) and chromatic properties (L*, a*, b*, C*, h) of eggplant flours.
Values are the average of three replicates ± standard deviations, of three different lots. Mean values labeled with a
different letter in the same column are significantly different (p < 0.05).

The cause of this color difference is attributed to the enzymatic browning of vegetable tissue,
which is one of the main causes of loss of quality in food drying. The color values corresponding to
the T1 and T2 samples show the effect caused by the Maillard reaction in eggplant during the drying
process due to the formation of brown complex polymers (melanins) [22]. The T1 and T2 samples are

51



Molecules 2018, 23, 3210

more affected by this phenomenon due to the long drying times in the drying oven. The sample T3
shows a color similar to the aforementioned samples due to the damage by the low temperatures to
which it was subjected before drying.

There is no literature available for comparison with the current report as there are no studies
on the evaluation of chromatic properties of eggplant flour; however, flours obtained from other
vegetables through similar methods to the ones used in this study have been previously reported.
In this regard, Noor and Komathi [23] obtained flour from peeled pumpkin pulp and unpeeled
pumpkin pulp. Their process for production of flour consisted in soaking the pumpkin pulps in a 0.1%
sodium methabisulphite for 30 min; after that, the pulps were washed, sliced, and dried overnight
at 60 ◦C. The chromatic properties of the obtained flours were 63.45, 15.68, 53.83, 56.07, and 73.76 for
peeled pumpkin pulp flour and 64.93, 13.53, 49.45, 51.27, and 74.70 for unpeeled pumpkin pulp flour in
L*, a*, b*, C* and h chromatic parameters. On the other hand, Que et al. [24] (2007) also obtained flour
from pumpkin through hot air-drying procedures. In this study, the pumpkin flesh was cut into slices
and hot air-dried at 70 ◦C for 54 h. Both products were ground and sieved using a 60 mesh screen
(250 μm). The chromatic properties of the obtained flours were 80.15, 13.43, 48.63, 50.45, and 74.56 for
freeze-dried flour, and 61.83, 11.12, 41.87, 43.32, and 75.13 for hot air-dried flour in L*, a*, b*, C* and h
chromatic parameters.

All the chromatic parameters obtained in the studies mentioned above were higher than the
chromatic properties of our eggplant flours; this could be mainly attributed to the fact that pumpkin has
different chemical and physical characteristics from eggplant. Another important fact that produces a
lower L* value in eggplant in contrast to pumpkin is the high concentration of phenolics in the eggplant
skin (anthocyanins) and pulp (phenolic acids), which are oxidized by an enzymatic mechanism once
they are sliced, and also to the non-enzymatic browning due to the heat treatment used in the
production of the flour.

2.4. Functional Properties

The water holding capacity (WHC) of the samples was between 1.2 to 2 g water/g flour (Table 3).
Sample T4 (2.08 g water/g flour) had the highest amount of WHC and T1 (1.28 g water/g flour) had
the lowest values. Similar values were found in frozen-dried flour from soy beans (1.8 g water/g
flour) and pumpkin flour (1.5–2.5 g water/g flour) dried at 60 ◦C [23,25]. The capacity to absorb
water is considered a functional property of proteins, fundamental in viscous foods such as sauces,
soups, baked goods, and doughs, products where a good protein-water interaction is required [26].
Different protein structure and different hydrophilic carbohydrates contribute to the variation in WHC
of flours [27,28]. This agrees with the result of Chen and et al. [29], study which reported that high
WHC of fruit fibers is linked to the high pectin content of the fruits. The WHC aids modification of
texture and viscosity in formulated food.

Table 3. Functional properties of eggplant flours.

Flour WHC (g Water/g Flour DW) OHC (g Oil/ g Flour DW) EC (%)

T1 1.28 ± 0.1 b 2.13 ± 0.26 d 25.00 ± 0.10 c

T2 1.61 ± 0.16 b 4.49 ± 0.59 b 37.33 ± 0.57 a

T3 1.40 ± 0.25 b 3.79 ± 0.16 c 34.50 ± 0.50 b

T4 2.08 ± 0.13 a 5.22 ± 0.11 a 37.83 ± 0.28 a

Water holding capacity (WHC), oil holding capacity (OHC) and emulsion capacity (EC) of eggplant flours. DW =
dried weight. Values are the average of three replicates ± standard deviations, of three different lots. Mean values
labeled with a different letter in the same column are significantly different (p < 0.05).

The oil holding capacity (OHC) differed significantly (p ≤ 0.05) among T1, T2, T3, and T4 (Table 3).
Treculia africana seed flour, prepared at 100 ◦C, parboiled and dried (55 ◦C, 24 h) had an OHC in the
range of 1.14–1.3 g oil/g for flour [30,31] and the flour from soy beans (1.93 g oil/g flour) [25] had
lower values than the eggplant samples. However, the Canavalia ensiformis flour (3.15 g oil/g flour) [32]
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had similar values to these results. This high oil holding capacity can be attributed to the high levels
of nonpolar residues protein molecules [32]. On the other hand, the heat treatment increases the
absorption of oil [31]. This is an increase attributed to the dissociation and denaturation of proteins by
heat. The T4 and T2 treatments have a greater water/oil retention capacity than the T1 and T3 samples;
these changes in the retention capacity can be attributed to the modification of the physical structure
of the food. Methods of food processing such as freezing and mincing can affect protein conformation
and hydrophobicity [33,34].

For the emulsification capacity (EC), T1 (25%) had the lowest value with respect to the T2, T3,
and T4 (Table 3), as Yu et al. [34] suggests, food processing methods affect protein conformation and
hydrophobicity. The mincing process was the most probable reason for the lower EC of the T1 sample.
Emulsification capacity is considered as an index of the ability of proteins or peptides to adsorb on the
new created surface, delaying coalescence [35]. According to Kinsella et al. and Sathe et al. [36,37],
the emulsifying capacity of proteins tend to decrease as protein concentration is increased; nevertheless,
it was the opposite in this study.

In short, these functional properties verify the application of this flour as an ingredient in
the formulation of a food, as the physical-chemical characteristics define the behavior of proteins,
carbohydrates, and fibers in the processed food.

2.5. Total Phenols Content (TPC)

Polyphenols are a large group of phytochemicals that are considered responsible for the health
benefits associated with fruits and vegetables [38]. Plant polyphenols can scavenge free radicals due
to their chemical structure. The total phenols content (TPC) was markedly higher in samples T2 and
T4 (Table 4), while it was lower for samples T3 and T1 (4183 and 8211 mg chlorogenic acid/kg flour,
respectively). Similar data were reported [39] in the juice from 31 eggplant varieties (commercial
varieties, landraces, and hybrids between the landraces) that were in the range of 5450 to 10,480
(mg chlorogenic acid/kg of sample). It was found that eggplant displays an important intraspecific
variation for the composition traits studied, and in some cases, there are considerable differences
among the varietal types.

Table 4. Phenolic compounds of eggplant flours.

Flour
TPC

(mgCAE/kg Flour DW)
TFC

(mgCatE/kg Flour DW)
TCC

(mgCatE/kg Flour DW)
TAC

(mgC3GE/kg Flour DW)

T1 8211 ± 452 c 2060 ± 396 c 3022 ± 330 a 1612 ± 44 a

T2 18,227 ± 442 a 15,753 ± 1027 a 1461 ± 176 c 679 ± 12 b

T3 4183 ± 123 d 1473 ± 188 c 1240 ± 206 c 230 ± 13 d

T4 10,866 ± 673 b 10,300 ± 467 b 2307 ± 145 b 519 ± 10 c

Total phenols content (TPC), total flavonoid content (TFC) and condensed tannin content (CTC).
mgCAE = milligrams of chlorogenic acid equivalents, mgCatE = milligrams of catechin equivalents,
mgC3G = milligrams of cyanidin-3-glucoside, DW = dried weight. Values are the average of three replicates
± standard deviations, of three different lots. Mean values labeled with a different letter in the same column are
significantly different (p < 0.05).

Nino-Medina et al. [16] report similar results in their report based on a study in frozen,
dried eggplant from different varieties (Chinese, Philippine, American, Hindu, and Thai); the total
phenols content ranged from 15,120 to 20,490 (mg chlorogenic acid/kg of sample). The results obtained
in this study were higher than the results of fresh eggplant by Nisha et al. [38] on different eggplant
varieties that reported to contain between 490 to 1070 (mg gallic acid equivalents/kg of sample) and
570 to 650 (mg chlorogenic acid/kg of sample) for Black Beauty and Violetta Lunga varieties [40].
The low value of the T3 sample is due to the freezing before the dehydration; freezing reduces the
original value of the food up to 80% due to the increase in water activity [41]. This has a greater effect
than the mincing the sample, as it was in the case of the T1 sample.
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2.6. Total Flavonoids Content (TFC)

The total flavonoids content of different eggplant flours is shown in Table 4. TFC content follows
the order T2 > T4 > T1 > T3. According to these results, a significant difference was found between
the pre-drying treatments (mincing, slicing, and slicing/freezing), where the T3 sample was the most
affected by the freezing treatment of eggplant slices before drying, showing the same behavior as
the TPC. The decrease in TFC level in the flour subjected to pre-drying treatments (mincing and
slicing/freezing) could occur because part of the anthocyanin was degraded during these treatments.
Ninfali et al. [40] report a total flavonoid content between 257 and 284 mg caffeic acid equivalents/kg
of the sample in fresh Black Beauty and Violetta Lunga eggplant varieties. Uthumporn et al. [4] found
a range between 9090 and 29,180 mg catechin equivalent/kg, but their report was based on a study of
eggplant flour dried at same temperature range as the one used in this study.

2.7. Total Catechins Content (TCC)

The content of total catechins was maintained in the range of 1240 to 3022 (mg catechins/kg
flour), which reveals a significant difference between tannin contents of the four eggplant flour
extracts (p < 0.05). Indeed, the T1 extract presented the highest level among the four flour
samples. Alkurd et al. [42] obtained 4137 mg tannic acid equivalents/kg from eggplant extract whole
fruit, while Boulekbache et al. [43] obtained 42.6 mg tannic acid equivalents/kg from eggplant peels
extract. The mincing of the eggplants before the drying process had a significant effect on the TCC in
comparison with the other treatments after drying the eggplant.

2.8. Total Anthocyanins

The total anthocyanins content of different eggplant flours is shown in Table 4. The results
were in the range of 230 a 1612 (mgC3GE/kg Flour DW) and follows the order T1 > T2 > T4 > T3.
Anthocyanins results obtained in this study were similar to those reported by Nino et al. [16] in different
eggplant types of Chinese (1287 mgC3GE/kg of eggplant), Philippine (1610 mgC3GE/kg of eggplant),
American (1234 mgC3GE/kg of eggplant), Hindu 828 mgC3GE/kg of eggplant), Thai (39 mgC3GE/kg
of eggplant), and higher than those reported in the Black Bell eggplant type [6], Tunisina, Buia, and
L305 [44] raw, grill and boiled (50 to 90, 15 to 41, 31 to 155, and 17 to 96 mg D3R/ 100 g of dry matter,
respectively).

2.9. Antioxidant Capacity

Currently, there are numerous methods to measure the antioxidant capacity of a food. In this
study, the antioxidant capacity of the flours was measured by using three methods (DPPH, ABTS, and
FRAP), using vitamin E analogue as reference (Trolox).

Determination of scavenging stable DPPH free radical is a quick way to evaluate the antioxidant
activity of the extracts [45]. Table 5 shows the DPPH activity results of all four different samples.
The range was between 9111 to 54,815 (μM Trolox equivalents/kg flour). Nino-Medina et al. [16] found
higher results than the results of this study, which were 78,500 μM Trolox equivalents/kg on frozen,
dried American eggplant type.

The ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) assay is generated by the
oxidation of the ABTS with potassium persulfate [46]. The results for ABTS assay ranged from 14,272
to 63,583 (μM Trolox equivalents/g flour). These results can be seen in Table 5. The results of this
study were higher than those reported by Okmen et al. [47]. Their report was based on a study of total
water soluble antioxidant activity of 26 eggplant (Solanum melongena L.) cultivars from Turkish with an
antioxidant activity range from 2664 μM Trolox equivalents/kg to 8247 μM Trolox equivalents/kg.
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Table 5. Antioxidant activity of eggplant flours.

Flour
ABTS

(μMTE/kg Flour DW)
DPPH

(μMTE/kg Flour DW)
FRAP

(μMTE/kg Flour DW)

T1 25,484 ± 1166 c 15,160 ± 142 c 29,534 ± 315 c

T2 63,583 ± 1689 a 54,815 ± 2447 a 105,617 ± 3917 a

T3 14,272 ± 433 d 9111 ± 160 d 17,820 ± 587 d

T4 43,205 ± 673 b 43,167 ± 3611 b 75,361 ± 773 b

μMTE = micromoles Trolox equivalents. DW = dried weight. Values are the average of three replicates ± standard
deviations of three different lots. Mean values labeled with a different letter in the same column are significantly
different (p < 0.05).

The ferric reducing antioxidant power (FRAP) assay measures the ability of eggplant flour to
reduce Fe3+/tripyridyltriazine complex to its ferrous form [48]. The results shown in Table 5 reveal
a significant difference between μM Trolox equivalents/kg flour; the results ranged from 17,820 to
105,617 μM Trolox equivalents/kg flour. Results reported for eggplant extract [43] with different
solvents (acetone, methanolic, and ethanolic) were in the range of 21,000 to 27,000 mg of quercetin
equivalent/kg of extract.

In general terms, the results of antioxidant activity, such as the content of total phenols content and
total flavonoids content, follow the following order T1 > T4 > T1 > T3. A highly significant difference
was found between the samples; the sample treated with a pre-treatment of slicing/freezing before
drying was the most affected sample, followed by the sample crushed before drying, as explained
above in Sections 2.5 and 2.6. Concellon et al. Reference [49] found that eggplant (American type)
stored at 0 ◦C had a rapid degradation of antioxidant compounds. This behavior was described by other
authors [49,50] as related to the antioxidant and phenolic content with the degree of browning of the
eggplant. Eggplants generate a cellular disruption when being cut, with a loss of compartmentalization
that allows contact between enzymes responsible for browning, such as polyphenoloxidase (PPO) and
phenolic substrates [49,51–53]. Treatments such as mincing and freezing, and the time of exposure
to air and light contribute to the generation of the browning of the eggplant, thus affecting both its
content and antioxidant capacity.

3. Materials and Methods

3.1. Flour Preparation

The eggplants fruits used in this study did not had the quality requirements for exportation
market (American type) and were purchased from local market in San Nicolas de los Garza County
(Nuevo Leon, Mexico). The chemical composition of the eggplant was: Moisture 90%, ash 0.55%,
protein 1.07%, fat 0.15%, 1.03% crude fiber, and carbohydrate 5.69%. The fruits (60 units, 25 kg) were
washed and separated into four treatments. The fruits of treatment one (T1) were minced (Cyclone
Sample mill-model 3010-030, UDY Corporation, Fort Collins, CO, USA) and dried in the drying oven
(Model 630, Napco, Oregon, OR, USA) at 45 ◦C to 50 ◦C for 2 days. The fruits of treatment two (T2)
were sliced and dried using the same condition of the first group. The fruits of treatment 3 (T3) were
sliced, frozen, and dried in a tunnel dryer (Procmex Model LQ001, Procomm, Mexico) at 40 ◦C to
45 ◦C for 16 h. In the treatment four (T4) the fruits were sliced and dried with the same condition
of the third group. The drying temperature range were based on the experience of Uthumporn et al.
and Vega-Galvez et al. [4,9] in order to keep the content of phenolic compounds. To determine the
drying time, the humidity content was measured as a preliminary result until a percentage below 15%
(Mexican Standard NOM-247-SSA1-2008) [13] was obtained. Two drying methods were used, a drying
oven (no air circulation and in total darkness, 15.5% humidity,) and a drying tunnel (air circulation,
which passes through a set of resistance becomes dry air, 2.5% humidity). The tunnel design allows for
the entrance of light, yet it was controlled. The flour was stored in a refrigerator at 4 ◦C prior to use.
Table 6 describes the conditions of the treatments.

55



Molecules 2018, 23, 3210

Table 6. Pre-treatments and drying method for obtaining of eggplant flours.

Flour Pre-Treatments Equipment

T1 Mincing Drying oven
T2 Cutting in slices Drying oven
T3 Cutting in slices and freezing Tunnel dryer
T4 Cutting in slices Tunnel dryer

3.2. Proximate Composition

Analyses were performed according to the Association of Official Analytical Chemistry [54]. Ash,
moisture, and crude fiber content were evaluated gravimetrically (method AOAC 14.006, AOAC 925.15,
and AOAC 962.09, respectively). The Goldfisch method (AOAC 920.36C) was used to determine the
fat content. The protein content was measured using the Kjeldahl method (AOAC 930.29), and total
carbohydrates were determined by difference.

3.3. Physicochemical Properties

In order to measure the potential of hydrogen (pH) and titratable acidity (TA), 10 mL of sample
were diluted with 40 mL of distilled water; then, the pH was read. After that, samples were titrated
with 0.1 M NaOH to a pH 8.2 (citric acid as predominant) using a Corning, 440 pH meter (Woburn,
MA, USA) according to the Association of Official Analytical Chemist methods [55].

For color determination, a 1.5 mL spectrophotometric cuvette was filled with sample and color
and was measured using a CR-20 Konica Minolta Color Reader (Tokyo, Japan). Chromatic parameters
were obtained using CIELAB (L*, a*, b*) and CIELCH (L*, C*, h) color systems according to Commission
Internationale De L′ecleirage [56]. L* defines Lightness (0 = black, 100 = white), a* indicates red
(positive a*) or green value (negative a*) and b* indicates yellow (positive b*) or blue value (negative b*),
C* (Chroma; saturation level of h), and h (hue angle: 0◦ = red, 90◦ = yellow, 180◦ = green, 270◦ = blue).
Color view was obtained by using the online software ColorHexa, color converter using L*, a*, and b*
values [57].

3.4. Functional Properties

Water and oil holding capacity were determined according to the method described by
Beuchat [58] with some modifications; 0.5 g of the sample were taken in 5 mL of distilled water (pH
was adjusted to 7) or vegetable oil and mixed by vortexing (model V2H, Boeco, Hamburg, Germany)
for 1 min. Then, it was centrifuged at 3000 rpm/30 min. The results were expressed in grams of
water-oil retained per gram of sample. The measurements were carried out at room temperature.

For the emulsifying activity, the methods described by Yasumatsu et al. [59] and Zhao et al. [60]
were used; 0.5 g of sample with 20 mL of distilled water were mixed in a vortex for 15 min and the pH
was adjusted to 7. Vegetable oil was mixed in a relation 1:1 (20 mL) and homogenized (OMNI GLH
model glh-01, OMNI International, Georgia, GE, USA) for 3 min at medium speed, and it was then
centrifuged at 1300 rpm. The results were expressed as a percentage of the height of the emulsification
layer with respect to the total liquid.

3.5. Preparation of the Eggplant Flour Extracts (EFE)

Dried powder (90 mg) was extracted with 5 mL of 80% methanol. The extraction was carried out
at room temperature, using a magnetic stirrer. After 40 min, the solution was centrifuged for 5 min
at 9500× g (10 ◦C). The supernatant was collected and stored under refrigerated conditions until it
was used.
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3.6. Total Phenols Content (TPC)

The total phenols content was determined by using the Folin-Ciocalteu method [61]. This was
carried out by mixing 200 μL of the samples extract with 2.6 mL of distilled water, 200 μL of
Folin-Ciocalteu reagent, and 2 mL of sodium carbonate solution (7%). After 120 min in the dark
(incubation was at room temperature, 23 ◦C–25 ◦C), absorbance was measured at 730 nm. The total
phenolic content was expressed as mg of chlorogenic acid equivalent (CAE) per 100 g of eggplant flour.

3.7. Total Flavonoids Content (TFC)

The total flavonoids content was measured using the Xiong et al. [62] method, with slight
modifications. Briefly, 200 μL of the samples extract were mixed with 3.5 mL of distilled water
and 150 μL of 5% NaNO2 solution. After 5 min, 150 μL of 10% AlCl3 solution were dissolved in
distilled water, which was added. The mixture was incubated at room temperature for 5 min; then,
1 mL of 1 M NaOH was added and vortexed well for 5 s and left for 15 min. TFC was expressed as mg
of catechins equivalent (CAE) per 100 g of eggplant flour.

3.8. Total Catechins Content (TCC)

The total catechins content of the extract was determined by using the vanillin method [63] with
some modifications. The sample extract (250 μL) was mixed with a solution of 1% vanillin (650 μL)
and a solution of 25% H2SO4 (650 μL). After 15 min, the solution was incubated at 30 ◦C; absorbance
was measured at 500 nm. TCC was expressed as mg of catechins equivalent (CAE) per gram of
eggplant flour.

3.9. Total Anthocyanins (TAC)

The total anthocyanins content was evaluated according to Abdel-Aal and Hucl [64]. For the
extraction of anthocyanins, 200 mg of maize flour was mixed with 10 mL of ethanol-HCl 1N (85:15 v/v,
pH 1, 4 ◦C), purged for 30 s with argon and stirred for 30 min at 200 rpm. Afterwards, the sample was
centrifuged at 7759× g (4 ◦C, 15 min) and finally, 3.5 mL of sample was measured at 535 nm. The content
of was reported as milligrams of cyanidin-3-glucoside (C3G) per kilogram of flour (mgC3GE/kg)
as follows: C = (A/ε) × (V/1000) × MW × (1/weight of sample) × 106, where: C = concentration
in mgC3GE/L, A = absorbance of sample, ε = molar absortivity (mgC3GE = 26,965 cm−1mol−1),
V = volume of sample, and MW = molecular weight of C3G (449.2 g/mol).

3.10. Determination of Antioxidant Capacity

The electron-hydrogen donation ability of eggplant flour extract was measured by using DPPH,
ABTS, and FRAP methods. The DPPH method was performed according to the method described by
Tai et al. [65] with slight modifications. For this, 1.5 mL of 2 mg/L DPPH solution in methanol 80% and
50 μL of sample were mixed, and incubated at room temperature (23 ◦C–25 ◦C) in darkness for 30 min.
The absorbance was measured at 517 nm against a blank. Results were expressed in micromoles of
Trolox equivalents (μMTE)/g eggplant flour.

For the ABTS assay, the procedure followed the method used in previous assays [66,67] with a
few modifications. The stock solutions included 2.6 mM potassium persulfate solution and 7.7 mM
ABTS·+ solution; these solutions were mixed in equal quantities. After 12 h at room temperature in the
darkness, the ABTS·+ solution was diluted with methanol 80% to obtain an absorbance of 1.000 units
at 734 nm using the spectrophotometer. The eggplant flour extract (50 μL) was allowed to react with
1500 μL of ABTS·+ solution for 30 min in the dark; then, the absorbance was measured at 734 nm.
Results are expressed in micromoles of Trolox equivalents (μMTE)/g eggplant flour.

The ferric reducing-antioxidant capacity was measured according to the method described by
Suárez et al. [68] with slight modifications. The working FRAP reagent was prepared with 5 mL of
TPTZ (10 mM), 5 ml of FeCl3 (20 mM), and 50 mL of sodium acetate buffer (300 mM, pH = 3.6). Then,
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50 μL of the sample extract were mixed with 1.5 mL of freshly working FRAP reagent. The FRAP assay
was carried out at 37 ◦C in an incubator. The absorbance was measured at 595 nm and the results were
expressed in micromoles of Trolox equivalents (μMTE)/g eggplant flour.

3.11. Statistical Analysis

Data from the three replicated experiments were analyzed to determine whether the variances
were statistically homogeneous, and the results were expressed as means ± SD. Statistical comparisons
were made by one-way analysis of variance (ANOVA) followed by a Tukey’s test using SPSS
17 Software. Difference between means were considered significant at p < 0.05.

4. Conclusions

All the eggplant flours showed the same trend regarding their antioxidant capacity and phenolic
content in the order T2 > T4 > T1 > T3. The freezing of eggplant was found to have a negative effect on
functional and antioxidant properties. With respect to their nutritional composition, the flours did
not change in their crude fiber, protein, and fat contents. In general terms, the T2 flour is a potential
ingredient for the preparation of foods with functional properties since it is rich in phenolic compounds
and antioxidants.
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Abstract: The aim of the research was to determine the impact of fermentation with Pleurotus ostreatus
on kidney beans, black beans, and oats. The results indicate that the fungus has a positive effect
on the substrates when compared to the controls. The antioxidant activity (39.5% on kidney beans
and 225% on oats in relation to the controls) and content of total polyphenols (kidney beans three
times higher regarding the controls) increased significantly by the presence of the fungus mycelium,
even after simulated digestion. There was a significant increase in protein digestibility (from 39.99 to
48.13% in black beans, 44.06 to 69.01% in kidney beans, and 63.25 to 70.01% in oats) and a decrease
of antinutrient tannins (from 65.21 to 22.07 mg in black beans, 35.54 to 23.37 in kidney beans, and
55.67 to 28.11 in oats) as well as an increase in the contents of some essential amino acids. Overall,
this fermentation treatment with Pleurotus ostreatus improved the nutritional quality of cereals and
legumes, making them potential ingredients for the elaboration and/or fortification of foods for
human nutrition.

Keywords: Pleurotus ostreatus; antioxidant activity; polyphenols; digestibility; fermentation;
cereals; legumes

1. Introduction

Foods today are intended not only to satisfy hunger and provide the necessary nutrients for
humans but also to prevent nutrition-related diseases that impact physical and mental wellness [1].
Functional foods have been introduced in markets, and they are usually defined as “modified foods
which contain ingredients that have demonstrated actions that increase the welfare of the individual
or decrease disease risk beyond the traditional role” [2]. The legume, a particularly common bean
(Phaseolus vulgaris), is one of the main sources of vegetable protein available in developing countries [2].
The high lysine content protein of Phaseolus vulgaris makes it an ideal cereal protein; it supplements the
deficiency in this essential amino acid and is also a staple ingredient in developing countries, where the
availability of animal protein is low. Also, it provides adequate nutrition due to its contribution of
carbohydrates [3] and high-quality protein. Phaseolus vulgaris has also been associated with various
health benefits, including the reduced risk of diabetes and cardiovascular disease attributed to the
presence of polyphenols [4,5]. Phaseolus vulgaris, however, contains antinutritional factors such as
protein inhibitors (inhibitors of trypsin, chymotrypsin, and amylase), lectins, phytates, and tannins [6].
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The common oat (Avena sativa) is among the major cereals used for human food [7]; it is the
cereal with the highest percentage of vegetable fat and has a variety of minerals, trace elements and
vitamins such as calcium, copper, iron, magnesium, potassium, selenium, zinc and vitamins: B1, B2,
B3, B6 and E, and trace amounts of vitamin D [8].

The disadvantage of using legumes in food fortification is the presence of antinutrients such as
phytates, tannins, and trypsin inhibitors, which decrease the digestibility of the protein [7].

Fungi are considered a source of food with incalculable value for their nutritional
quality, being low in calories and rich in carbohydrates, essential amino acids, fiber, vitamins,
and minerals [9,10]. Studies indicate that Pleurotus species are potent biological agents that convert
non-food organic products into palatable human food [11]. They are able to synthesize a greater
proportion of essential amino acids, which promotes a positive balance of amino acids, as well as
improving the taste. They can grow on a variety of substrates, such as straw (wheat, oats, and rice),
sawdust, cotton waste, banana leaves, corn stalks, and other agricultural wastes [12].

Pleurotus ostreatus is the second most cultivated edible mushroom worldwide after Agaricus bisporus;
it has a high nutritional value as it contains minerals, vitamins, and proteins. While it has a low content
of fat and sodium, it is high in potassium [10]. This fungus also has antioxidant properties [13,14].

The production of fermented foods is one of the oldest food processing technologies, [15] and it is
an economic and simple process that causes chemical changes and modifies the functionality of
foods [16]. Many of these foods are manufactured for their unique flavor, aroma, and texture attributes
that are highly appreciated by the consumer. Furthermore, filamentous fungi simultaneously decrease
anti-nutrients components and partially hydrolyzed biopolymers substrates. The byproduct of
the fermentation can be used as an inexpensive food and as a supplement to support marketing
demands [15]. Considering the above and the growing industry of ingredients and functional foods,
the aim of this research was to evaluate the effect of fermentation with Pleurotus ostreatus on protein
digestibility, antioxidant activity, and nutritional quality of cereals (oats) and legumes (black and
kidney beans).

2. Results and Discussion

The obtained amount of flour, including mycelium produced during fermentation with
Pleurotus ostreatus, is equivalent to the grams of substrate used in dry weight (BB, KB, OG), so there is
only one bioconversion of the substrate to mycelium.

2.1. Proximal Chemical Analysis

The results of the chemical composition of dry matter corresponding to the non-fermented
varieties of black beans, kidney beans and oats (BB, KB, OG) and fermented ones with Pleurotus ostreatus
(FBB, FKB, FOG) are shown in Table 1. The effect of fermentation with a significant increase of 13%
and 6% in kidney beans and oats protein, respectively, can be observed. This is attributed to the
increase of amino acid synthesis as a consequence of the fermentation with Pleurotus ostreatus [12].
With respect to the dietary fiber content, values obtained for the legumes were as follows: 45.09 g (BB),
27.80 g (KB) and 13.48 g (OG), which are greater than those reported by the USDA, which are 5.5 g
for raw black beans, 8.7 g for cooked black beans, 4.9 g for raw kidney beans, 9.3 g for cooked kidney
beans, and 10.6 g for raw oats and 2.6 g for cooked oats [17]. In the fermented black beans and oats,
the dietary fiber contents significantly decreased by 59% and 22% respectively, attributable to the action
of the enzymes from Pleurotus ostreatus such as cellulase, hemicellulase, xynalases and laccases [18],
which selectively use the lignin and cellulose for their growth; lignin and cellulose form the major
composite of the dietary fiber in legumes and cereals. The decrease in these structural carbohydrates
allows the transformation of resistant starch into available starch, which in the case of black beans is
a cause of the high observed value of dietary fiber (48.73%). In contrast to FKB, the fiber significantly
increased 16%. These differences could be explained, as the action of the fungus depends on the
substrate, species, or the variety of substrate being used; the fungus adjusts its enzymatic systems
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(hydrolase enzymes, oxide reductases, etc.) in relation to the conditions of the substrate, mainly the
presence of carbon and nitrogen, selective delignification, crude protein content, dry matter and the
threshold availability of the substrate in the grain for the growth of the fungus after inoculation [19].
The way in which enzymes of the fungus act to obtain the nutrients necessary for growth depends
on the substrate; in the case of FB, it has a higher hardness index [20], having less permeability so the
fungus could not act the same way as in the black beans, which could explain the differences in the
composition [21]. This hypothesis is confirmed by data shown in Table 2; in the case of unfermented
and fermented kidney beans, they do not show an increase in the total polyphenol content and
antioxidant activity. The fat content highlights a significant increase of 97% in the FOG regarding OG
treatment, which may have been provided by the fungus fat, since a 4.8% value of this component
in Pleurotus ostreatus was reported [22]; this also happened to the legumes, assuming that the fungus
is found in a greater proportion in oats, due to the fact that cereals such as grains of beer, wheat,
rice, oats, and corn are more accessible substrates for the fungus, thus growing easier on them [23],
as observed with other species of this fungus such as Pleurotus pulmonaris, which report a 3% value of
this component [18]. It is important to consider that increases in some nutrients may be a response to
the percentage decrease in others.

Table 1. Nutritional components of different obtained flours.

Parameter (%) BB FBB KB FKB OG FOG

Protein 23.62 ± 1.12 c 22.80 ± 2.85 c 22.81 ± 1.3 c 25.78 ± 2.35 d 11.78 ± 1.28 a 12.56 ± 0.63 b

Fat 2.08 ± 0.32 bc 1.67 ± 0.34 abc 1.86 ± 0.66 ab 1.68 ± 0.17 a 2.44 ± 0.45 c 4.80 ± 0.60 d

Minerals 4.90 ± 0.15 c 4.58 ± 0.31 c 4.63 ± 0.24 c 4.02 ± 0.01 c 1.61 ± 0.09 b 0.83 ± 0.52 a

Fiber 48.73 ± 0.56 f 20.0 ± 0.51 c 29.18 ± 0.15 d 33.88 ± 0.28 e 14.00 ± 0.07 b 10.92 ± 0.70 a

Carbohydrates 20.69 ± 0.79 a 50.95 ± 0.96 d 41.52 ± 0.59 c 34.64 ± 1.5 b 70.17 ± 0.44 e 70.89 ± 0.66 f

Black beans (BB); Black beans with Pleurotus ostreatus (FBB); kidney beans (KB); kidney bean with Pleurotus ostreatus
(FKB); oats (OG) and oats with Pleurotus ostreatus (FOG). Average values with three replicates ± standard deviations,
of three different lots. Mean values labeled with a different letter in the same file are significantly different (p < 0.05).

Table 2. Effect of Pleurotus ostreatus on antioxidant activity and total phenol content in different flours.

FOLIN (mg Acid Gallic/g Flour) DPPH (mg Trolox/g Flour)

Flour Initial G.D. * I.D. ** Initial G.D. I.D.

BB 1.48 ± 0.01 b 1.94 ± 0.05 c 3.30 ± 0.06 a 1.24 ± 0.04 b 2.89± 0.53 b 8.97 ± 0.73 d

FBB 1.87 ± 0.24 b 2.10 ± 0.00 d 6.85 ± 0.03 c 1.73 ± 0.09 c 3.90± 2.21 d 13.31 ± 1.63 f

KB 1.59 ± 0.10 b 1.82 ± 0.02 ab 4.23 ± 0.09 a 1.2 ± 0.01 b 2.42 ± 0.51 a 7.2 ± 0.29 c

FKB 1.59 ± 0.01 b 1.77 ± 0.06 a 4.78 ± 0.20 b 1.2 ± 0.08 b 3.24 ± 0.04 c 9.39 ± 0.01e

OG 0.85 ± 0.76 a 1.88 ± 0.02 b 2.72 ± 0.49 a 0.40 ± 0.03 a 2.27 ± 0.77 a 3.04 ± 0.31 a

FOG 2.89 ± 0.34 c 2.12 ± 0.08 d 4.91 ± 0.06 b 1.30 ± 0.08 b 2.85 ± 0.37 b 5.04 ± 0.25 b

* Gastric digestion; ** Intestinal digestion. Black bean (BB); black bean with Pleurotus ostreatus (FBB); kidney beans
(KB); kidney bean with Pleurotus ostreatus (FKB); oats (OG) and oats with Pleurotus ostreatus (FOG). Values are the
average of three replicates ± standard deviations, of three different lots. Mean values labeled with a different letter
in the same column are significantly different (p < 0.05).

2.2. Antioxidant Activity and Total Phenols

The content of total phenolic and antioxidant activity in flours was assessed before and after
simulated gastric and intestinal digestion. The presence of total phenols in legumes and cereals has
been documented in previous studies [5]. The initial content of phenols for the different treatments
(Table 2) was 0.85 to 2.89 mg of gallic acid/g of flour, while Zielin´ski and Kozłowska [24] obtained
2.89 mg/g for FOG as the highest. Treatments of black beans and oats with Pleurotus ostreatus had
a significant increase in the total phenol contents, i.e., 26.35% on BB and 240% in relation to the OG.
This fungus is basidiomycete, which excreted at least three different oxidases of phenol; these are
used to degrade lignin and obtain carbon and other nutrients. These laccases (phenol oxidases)
are independent agents that catalyze reactions, including the oxidation of Mn+2 and Fe+2, that can
polymerize, depolymerize or transform a wide range of phenolic compounds [25].
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This increase may be due not only to the synthesis of phenols in the mycelium or hydrolysis
of conjugated phenolics [26], but also to the deamination of aromatic amino acids phenylalanine
and tyrosine precursor of phenolic acids [27]; in addition, the phenol oxidases of the fungus
also produced interesting industrial bioconversions of many aromatic xenobiotic compounds from
lignin [28]. The antioxidant activity in the treatments was 1.2 to 1.73 mg Trolox equivalent/g in legume
flours—higher than the values obtained for oats 0.40 mg/g OG and 1.30 mg/g FOG; this variation
between oat and bean flours may be due simply to the different types of antioxidant compounds
that they contain, as well as to their concentration [29,30]. In relation to the effect of the fungus in
the flour, the fermented black bean and oat treatments significantly increased antioxidant activity;
FBB presented an increase of 39.5% on BB and FOG 225% in relation to the OG, attributing it to the
fungus in these treatments. There was a significant increase of polyphenols due to depolymerization
or hydrolysis of conjugated polyphenols, not occurring in FKB, in which there was no antioxidant
activity increase; assuming that the threshold availability of the compounds is not the same due
the fact that the kidney bean hull is harder [20] because it has a higher cellulose content than the
black bean hull [31]. The fungus degrades lignin molecules by the action of ligninolytic enzymes
(lignin peroxidase, manganese peroxidase and laccase) and can then access energy-rich polysaccharides
for growth and metabolism [32]. In this case, the phenol oxidase enzymes could not act in the same way,
degrading conjugated phenolic compounds by not having enough access to them [33]. The varieties
of beans have different characteristics. Depending on the natural adaptation to the environment and
the harder seed coat (hull), the permeability and the possibility of access of microorganisms decrease,
so the hull protects the endosperm from microbial attacks, assuming greater resistance to the action
of the fungus [21]. After digestion, the antioxidant activity increased both in non-fermented flour
and fermented flour, reaching values of Trolox 3.04 to 8.97 mg/g and 5.04 to 13.31 mg/g, respectively.
This presented a seven-fold increase in FBB.

Concerning the activities of the total phenolic content in simulated digestion, it was observed that
at the end of the digestion, values ranged from 2.72 to 4.23 mg/g in non-fermented and from 4.91 to
6.85 mg/g in fermented flours with the fungus, increasing three-fold in FBB. This increase was the
tendency in all treatments. This is contrary to the results published by other authors [34], reporting
that the content of total phenolic and antioxidant activity tended to decrease after digestion, due to the
low pH fluids during gastric digestion and the interaction with other compounds such as minerals,
fiber, and protein in foods, affecting the solubility and availability of polyphenols. However, it is well
known that anthocyanins (antioxidant compounds present in many legumes), resist low pH and protect
themselves; this probably explains the tendency observed in our results. In addition, we attribute
it to the action of the enzymes of the fungus in the fiber, leaving it more available or accessible to
antioxidants. This is very important since antioxidants play a protective role in the gastrointestinal
tract while keeping the redox balance against harmful antioxidant agents, helping the prevention of
gastrointestinal diseases during the process of digestion [34].

2.3. In Vitro Digestibility, Soluble Nitrogen and Tannins

In vitro digestibility values obtained for non-fermented bean flours shown in Table 3, were BB
39.99% and KB 44.06%. These were higher than those reported previously [35], which reported values
below 35% in Phaseolus vulgaris in raw and pre-cooked flours. Fermented black beans with the fungus
(FBB) presented a digestibility of 48.13%, which is similar to values reported for black beans fermented
with Bacillus sp. [36]. The kidney bean with Pleurotus ostreatus (FKB) had a higher digestibility with
69%, and is higher than other reports [35], which have values below 50% for raw and cooked carica
beans. Similarly, both treatments of fermented beans (FBB and FKB) had a higher digestibility than
those reported for beans fermented with other microorganisms, such as Rhizopus microsporus var.,
Chinensis and Lactobacillus plantarum 33.87 and 35.09%, respectively [37]. The digestibility values
for OG and FOG flours were 63.25% and 70% respectively, being similar to those reported by other
authors [38]. The protein digestibility increased significantly in all fermented with Pleurotus ostreatus
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because this fungus has a great selectivity of delignification, which degrades the substrate and makes
proteins more digestible [39].

Table 3. Protein digestibility, soluble nitrogen and tannin content.

Flour Protein Digestibility (%) Soluble Nitrogen (%) Tannin Content (mg/100 g)

BB 39.99 ± 1.71 a 0.60 ± 0.80 b 65.21 ± 0.027 f

FBB 48.13 ± 0.78 c 1.34 ± 2.3 d 22.07 ± 0.016 a

KB 44.06 ± 1.71 b 0.30 ± 1.0 a 35.54 ± 0.086 d

FKB 69.01 ± 1.14 de 0.60 ± 1.5 b 23.37 ± 0.017 b

OG 63.25 ± 1.65 d 0.61 ± 0.4 b 55.67 ± 0.057 e

FOG 70.01 ± 0.30 e 0.91 ± 0.22 c 28.11 ± 0.030 c

Black bean (BB); black bean with Pleurotus ostreatus (FBB); kidney beans (KB); kidney bean with Pleurotus ostreatus
(FKB); oats (OG) and oats with Pleurotus ostreatus (FOG). Values are the average of three replicates ± standard
deviations, of three different lots. Mean values labeled with a different letter in the same column are significantly
different (p < 0.05).

Soluble nitrogen values presented a significant difference between fermented and non-fermented
treatments with Pleurotus ostreatus, confirming the effect of Pleurotus ostreatus on the availability of the
protein (Table 3). In addition, the ability of the fungus to reduce tannins favored the increase in protein
digestibility [40]. Tannin contents presented in Table 3 show a significant decrease in all fermented
products with 66% for FBB, 34% for FKB and 49% for FOG. Fan et al. [41] reported that the fungus
is able to reduce or eliminate tannin antinutrients mainly by the action of a tannase present in the
fungus, which ultimately destroys the tannins [42]. The tannin values of non-fermented beans samples
were similar to those previously reported [43]. The decrease in the concentration of tannins has been
reported in the lactic fermentation of Phaseolusvulgaris [27].

2.4. Amino Acid Profile

The results of the amino acid profiles are shown in Table 4. It is observed that in oats, as well as
in fermented legumes, a significant increase of most of the essential amino acids (isoleucine, leucine,
phenylalanine, valine, threonine, and methionine) is present, confirming the effect of Pleurotus ostreatus
in the synthesis of essential amino acids [12]. This also highlights a significant increase in sulfur
amino acids such as methionine and cysteine with values of 22.4 mg/g of protein and 49.19 mg/g
of protein in fermented treatments of kidney beans and oats respectively; this is considered relevant
to improve the quality of the protein in the flour. Basic amino acids such as lysine and arginine
decreased in all treatments in the fermentation process with the fungus. These amino acids were
probably destabilized by the acidic conditions associated with the fermentation since the process was
maintained at pH < 4 [44,45]. The values of these amino acids in the fermented products are similar to
those reported for Pleurotus ostreatus [12].

Table 4. Effect of Pleurotus ostreatus on the amino acid profile.

Flours

Amino Acid (mg/g Protein) BB FBB KB FKB OG FOG

Asparagine 125.29 e 124.22 c 125.40 e 124.88 d 87.30 a 88.33 b

Threonine 46.11 c 47.30 d 49.51 e 49.56 e 37.04 a 39.17 b

Serine 53.10 d 51.60 c 53.68 e 52.96 d 46.74 b 45.00 a

Glutamine 157.89 c 154.80 b 153.63 a 154.52 b 217.81 e 212.50 d

Proline 46.58 b 48.73 c 34.71 a 49.08 d 60.85 e 61.67 f

Glycine 41.92 a 43.00 b 44.89 c 43.25 b 54.67 d 56.67 e

Alanine 42.85 a 45.87 d 44.89 b 45.19 c 50.26 e 53.33 f

Valine 59.62 b 64.50 f 60.62 c 63.65 e 57.32 a 61.67 d

Methionine + Cysteine 20.44 a 22.45 c 21.29 a 21.87 b 47.62 d 49.19 d

Isoleucine 49.84 c 53.03 d 49.98 c 52.96 d 41.45 a 45.83 b
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Table 4. Cont.

Flours

Amino Acid (mg/g Protein) BB FBB KB FKB OG FOG

Leucine 87.10 d 88.87 e 86.07 c 89.89 f 82.01 a 84.17 b

Tyrosine 30.74 c 32.97 e 32.39 d 33.04 e 27.34 a 28.33 b

Phenylalanine 61.95 d 63.07 e 60.62 c 63.65 f 56.44 a 57.50 b

Hydroxylysine 1.40 a 3.34 d 1.39 a 1.94 b 2.65 c 3.33 d

Ornithine 0.47 a 0.96 d 0.93 c 0.97 d 0.88 b 1.67 e

Lysine 68.93 d 52.56 b 68.49 d 56.37 c 47.62 b 34.17 a

Histidine 28.88 f 25.80 d 28.69 e 25.27 c 22.93 b 20.83 a

Arginine 57.29 c 49.21 a 60.62 d 51.02 b 67.02 e 60.83 d

Tryptophan 10.71 c 10.51 b 11.11 d 11.18 d 14.99 e 10.00 a

Black bean (BB); black bean with Pleurotus ostreatus (FBB); kidney beans (KB); kidney bean with Pleurotus ostreatus
(FKB); oats (OG) and oats with Pleurotus ostreatus (FOG). Mean values labeled with a different letter in the same file
are significantly different (p < 0.05).

3. Materials and Methods

3.1. Seeds, Microorganism and Maintenance

The black beans (BB), kidney beans (KB) and oats grain (OG) were obtained from the local food
market in Gpe, N. L. Mexico. Pleurotus ostreatus CS155 strain was obtained from Laboratorio de
Enzimología, Facultad de Ciencias Biológicas, Universidad Autónoma de Nuevo León, San Nicolas
de los Garza, N.L., Mexico. This strain was maintained by periodic transfers (2–3 months) in Petri
dishes with growth medium prepared with 0.4% yeast extract, 0.1% malt extract, 0.4% glucose and
1.5% agar (YMGA) [46].

3.2. Inoculum Production

Seeds of fresh black beans, kidney beans and oats were obtained from local suppliers; they were
washed and sterilized in mason jars with autoclave 121 ◦C for 45 min and water rational of 1:1, 1:1.10,
and 1:1.35 (w:v), respectively. The strain fungus was inoculated in a YMG medium (0.44% yeast
extract, 0.1% malt extract and 0.4% glucose) and incubated under agitation (150 rpm) for two weeks
at room temperature, based on the studies by Hernandez, et al., 2008 and Gan, et al., 2017 [46,47].
The culture was homogenized during four periods of 15 s and used as inoculum. Then, 8 mL of the
homogenized culture that contains 2.64 mg of biomass [d.w.] per gram of the homogenized culture [48]
was added to each pre-treated jar for solid fermentation, looking for the inoculum to cover the whole
sample while affecting the ratio of nutrients as little as possible. Afterwards, looking for sufficient
biomass, the jars with the inoculated substrates were incubated for 2 weeks at room temperature under
agitated anaerobic conditions. Subsequently, at the beginning of the idiophase, the highest ratio of
biomass to the volume of medium nutrient-limited liquid was obtained, according to preliminary tests
performed in our laboratory, where we observed that in a period of two weeks, the seeds were 100%
colonized. The grains with mycelium were ground (Moulinex, Écully, France) and dehydrated in a
convection furnace at 70 ◦C. Flours obtained with fermented and unfermented grains were labeled
as black bean (BB); black bean with Pleurotus ostreatus (FBB); kidney beans (KB); kidney bean with
Pleurotus ostreatus (FKB); oats (OG) and oats with Pleurotus ostreatus (FOG) [46].

3.3. Proximal Chemical Analysis

All proximal analyses were performed using standard methods of Association of Official
Analytical Chemistry [49]. Protein content was determined with the Kjeldahl method (AOAC 930.29).
Fat content was measured using the Goldfish method (AOAC 920.36C). Ash content was evaluated
gravimetrically (AOAC 14.006), and dietary fiber and available carbohydrates were measured with the
gravimetric-enzymatic (AOAC 985.29) and chemical (AOAC 962.09) methods, respectively.
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3.4. Simulated In Vitro Digestion

A protocol based on the use of digestive enzymes was followed [50] and simulated fluids were
prepared according to the protocol proposed by Minekus et al. (2014) [51]. Portions of 5 g of each
sample were placed into a 50-mL tube. For the oral phase, 5 mL of FOS (simulated oral fluid) was
added, incubated for 5 min at 37 ◦C in agitation. Then, 12 mL of FGS (simulated gastric fluid) with
pepsin at pH 2.3 was added following incubation for 2 h at 37 ◦C in 55 rpm orbital agitation for the
gastric phase. Finally, 20 mL FIS (simulated intestinal fluid) with 1.98 mg of pancreatin and bile extract
at pH 8 was added and incubated for 2 h at 37 ◦C on orbital agitation for the intestinal phase.

3.5. Antioxidant Activity

Antioxidant activity was measured in samples before and after in vitro digestion. For undigested
samples, the determination was made with extractions, using methanol 80% 1:5 (p:v) for each sample.
The determinations of the extractions after gastric and intestinal digestion were performed with
methanol 80% 1:20 (v:v) from 4 mL of the product of the gastric phase and 8 mL of the product of
the intestinal phase. Of each extraction, 0.1 mL was mixed with 3.9 mL of DPPH (1 N), incubated
for 30 min in darkness and measured at 515 nm absorbance. The results were expressed in the mg
equivalent of Trolox [52].

3.6. Total Phenol Content

Total phenol content was determined in all samples before and after in vitro digestion.
All the sample extractions were made with methanol 80% 1:5 (w:v) for undigested samples.
For determination after gastric and intestinal digestion, extractions were performed with methanol 80%
1:20 (v:v) from 4 mL of the product of the gastric phase and 8 mL of the product of the intestinal phase.
A 1 mL of extract was mixed with 0.025 mL of Folin–Ciocalteu (1 N), 2.5 mL of sodium carbonate
(20%), incubated for 40 min in darkness, and then measured at 725 nm absorbance. The results were
expressed as equivalents of gallic acid [52].

3.7. Protein Digestibility

A simulated digestion was performed and 37 mL of intestinal phase product was obtained;
protein not digested was precipitated with trichloroacetic acid (TCA) and was prepared to a final
concentration of 12% (w/w). It was centrifuged at 3500 rpm for 15 min and was then decanted.
The precipitate was washed and centrifuged twice, and its nitrogen content was determined by
the Kjeldahl [51,53].

3.8. Soluble Nitrogen

For soluble nitrogen, a 0.15-g sample was placed into a 50-mL tube, to which 49.5 mL of NaOH
0.02 N was added; it was then stirred for 1 h and centrifuged for 5 min at 3000 rpm. The content of
nitrogen in the supernatant was determined by micro-Kjeldahl [54].

3.9. Tannins Content

Tannin content was measured using the AOAC 952.03 method (AOAC 1990). The standard curve
was prepared with 100, 200, 400, 600 and 800 aliquots in 1000 μL of a tannic acid stock solution of
0.1 mg/mL. Each 10 mg sample was dissolved in 10 mL of water and 1 mL was taken to make the
determinations. We then added 7.5 mL of water, 500 μL of Folin–Deniss and 1 mL of Na2CO3 at 35%;
10 mL was taken and stirred. After 30 min, a spectrophotometer at 760 nm absorbance was used to
measure results. The results are expressed as equivalents of tannic acid [49].
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3.10. Amino Acids Profile

The amino acid profile was determined using high-performance liquid chromatography
(HPLC), gas-liquid chromatography (GLC) and mass spectrometry (MS), according to the method
AOAC 982.30 E (a,b,c) [49].

3.11. Statistical Analysis

Data from the three replicated experiments were analyzed to determine whether the variances
were statistically homogeneous, and the results expressed as means ± SD. Statistical comparisons were
made by one-way analysis of variance (ANOVA) followed by a Duncan´s test using SPSS 17 Software.
Difference between means were considered significant at p < 0.05.

4. Conclusions

Pleurotus ostreatus has a positive effect on the two varieties of beans and oats, increasing the
content of polyphenols and their antioxidant activity even during digestion, thus improving the
digestibility of the protein and decreasing tannins. The impact on the content of amino acids shows an
increase of sulfur amino acids promoted by the fermentation of legumes and cereal, increasing the
potential of these flours as functional ingredients in the production of food for human nutrition.
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Abstract: The purpose of this study was to determine the possibility of using chokeberry powder
as a supplement in apple juice to increase the nutritional value of the final product with the aim of
developing a new functional food product. Also, to determine the influence of ultrasound assisted
extraction on the bioactive compounds content, nutritional composition and antioxidant potential of
apple juice with added chokeberry powder. The juice samples with added chokeberry powder had
higher antioxidant capacity, irrespective of the extraction technique used. Apple juice samples with
added chokeberry powder treated with high intensity ultrasound had significantly higher content
of all analyzed bioactive compounds. The application of high intensity ultrasound significantly
reduced the extraction time of the plant material. A positive correlation between vitamin C content,
total phenols, flavonoids and anthocyanins content and antioxidant capacity was determined in juice
samples with added chokeberry powder treated with high intensity ultrasound.

Keywords: anthocyanins; polyphenolic compounds; classic extraction; ultrasound assisted extraction;
antioxidant capacity

1. Introduction

Fresh berries, including various chokeberry products, have recently gained great popularity
among consumers primarily because their high health value. According to the ORAC scale,
chokeberry possesses the highest antioxidant activity value among other berry and fruit species [1–3].
By nutritional composition, fresh chokeberry is a rich source of bioactive compounds such as vitamin
C, polyphenolic compounds, flavonoids and anthocyanins. The dark red coloration of chokeberry
fruit is a result of the presence of anthocyanin, because of which chokeberry can be used as a natural
dye. The most common chokeberry products are powder, syrup, juice, fruit jelly, fruit tea, liquor
and wine. Consumption of juices and other chokeberry products is often limited due to its unique
bitter, astringent taste so they are rarely used in their original form, but are more often added to other
fruit products [4]. One of the possibility of chokeberry powder application is addition to various
juices of other fruit species frequently to increase the organoleptic (specifically product color) and
nutritional characteristics of the final product. In daily consumption one of the most popular fruit
juices is apple juice while in food industry apple juice is often used as a base element in the preparation
of other fruit products mainly because it’s rich content of phytochemicals with strong antioxidant
activity [5]. Based on the significant bioactive compounds content and high antioxidant activity,
apple juice enriched with chokeberry powder potentially presents a new product type that may be
categorized as a functional food.

Nowadays, in the field of food technology and biotechnology, new processes are evolving with
the main aim of preserving organoleptic and nutritional qualities of the final product. Also, consumer
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demands are increasingly focused on high-quality, health and hygienically proper products, so the
above-mentioned technology processes are focused to the principles of green chemistry, respectively
environmentally and health-friendly chemical processes [6]. High intensity ultrasound recently found
a great potential in processing technologies such as: drying, filtration, extraction, inactivation of
microorganisms, homogenization, etc. [7]. High intensity ultrasound is characterized by the use of
high intensity acoustic waves (typically in the range from 10 to 1000 W/cm2) and the frequencies
between 18 and 100 kHz [7,8] during which in the liquid medium occurs phenomenon of transient
cavitation. Ultrasound assisted extraction (UAE) is one of the most applicable and numerous researches
cites it’s efficiency and other positive benefits such as reduced time of extraction, increased yield of
different chemical compounds (polyphenols, vitamins) and significant energy savings [9–11].

The aim of this study was to determine the possibility of using the chokeberry powder as
a supplement in apple juice to increase the nutritional value of the final product with a potential view
to developing a new functional food product. Also, to determine the influence of ultrasound assisted
extraction on the bioactive compounds content, nutritional composition and antioxidant potential of
apple juice with added chokeberry powder.

2. Results

2.1. Basic Chemical Composition

The basic chemical composition results of raw apple juice (sample A), fruit juice samples with
added chokeberry powder extracted classically (B1 to B7) and by those exposed to high intensity
ultrasound (C1 to C6) are shown in Table 1.

Table 1. Basic chemical composition of juice samples with added chokeberry powder extracted
classically and by ultrasound.

Treatment
Density (g cm−3)

p ≤ 0.0001
TSS (%)

p ≤ 0.0001
TA (%)

p ≤ 0.0001
pH
NS

Control Sample

A 1.0490 g ± 0.001 12.89 f ± 0.01 15.52 f ± 0.04 3.35 ± 0.01

Classic Extraction

B1 1.0530 f ± 0.001 13.80 e ± 0.01 17.31 de ± 0.05 2.89 ± 0.70
B2 1.0527 f ± 0.001 13.73 e ± 0.01 17.10 e ± 0.07 3.37 ± 0.01
B3 1.0539 e ± 0.001 13.99 d ± 0.01 17.29 de ± 0.19 3.38 ± 0.01
B4 1.0539 e ± 0.001 14.02 cd ± 0.01 17.52 cd ± 0.24 3.38 ± 0.01
B5 1.0547 abc ± 0.001 14.22 a ± 0.01 17.70 abc ± 0.01 3.37 ± 0.01
B6 1.0543 cde ± 0.001 14.12 abcd ± 0.01 17.54 bcd ± 0.22 3.38 ± 0.01
B7 1.0540 de ± 0.001 14.06 bcd ± 0.01 17.65 abc ± 0.06 3.38 ± 0.01

Ultrasonic Extraction

C1 1.0532 f ± 0.001 13.75 e ± 0.12 17.29 de ± 0.01 3.30 ± 0.03
C2 1.0541 de ± 0.001 14.01 d ± 0.08 17.66 abc ± 0.04 3.37 ± 0.01
C3 1.0545 abcd ± 0.001 14.09 abcd ± 0.08 17.71 abc ± 0.08 3.37 ± 0.01
C4 1.0543 bcde ± 0.001 14.06 bcd ± 0.02 17.59 abcd ± 0.14 3.37 ± 0.01
C5 1.0548 ab ± 0.001 14.16 abc ± 0.07 17.87 ab ± 0.04 3.35 ± 0.01
C6 1.0549 a ± 0.001 14.20 ab ± 0.04 17.93 a ± 0.05 3.37 ± 0.02

TSS—total soluble solids; TA—total acid content; NS—not significant. Different letters indicate significant differences
between means.

ANOVA assay showed high significant statistical differences (p ≤ 0.0001) between all analyzed
samples (A, B, C) depending on the extraction method. The solution density of the analyzed juice
samples with added classically extracted chokeberry powder amounted on average to 1.0538 g cm−3,
while for juice samples extracted by ultrasound the average density was 1.0543 g cm−3. One of the
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major consequences of high intensity ultrasound is a transient cavitation phenomenon which increases
the temperature in the system affecting a range of physical properties of the treated solutions, including
density [8]. In juice samples with added chokeberry powder treated by ultrasound for longer time
periods (15–30 min) the highest density values were determined, which was expected considering the
recorded temperature increase of the system (Figure 1).

 

Figure 1. Temperature change in juice samples during ultrasonic treatment.

The average amount of total soluble solids (TSS) in juice samples with added chokeberry powder
extracted classically was 13.99%, while in juice samples treated by ultrasound the average content was
14.05%. In general, the total soluble solids content in juice samples with added chokeberry powder
shows an increasing trend in all the varied time periods, regardless of the extraction method. Extraction
method, including high intensity ultrasound treatment, did not significantly affect the TSS in analyzed
juice samples. In juice samples with added chokeberry powder extracted classically the average total
acid (TA) content was 17.44%, while in samples treated by ultrasound the average TA was 17.68%,
which for both extraction methods was approximately 2% higher than the control sample (A) value.
TA content does not show significant differences depending on the extraction method (classic and
ultrasound). It is important to emphasize that the addition of chokeberry powder in apple juice
significantly increased the TA content regardless of the extraction method which was expected given
the high vitamin C content determined in juice samples with added chokeberry powder. According to
the Tolić et al. [4] TA content in chokeberry ranges from 0.29% to 1.32%, Kulling and Rawel [1] cite
values in a range from 0.86% to 0.99%, while Jeppsson [12] and Šnebergová et al. [13] cite TA values in
fresh berries in the range from 0.67% to 1.19%. pH-values of analyzed juice samples treated classically
or by ultrasound of high intensity did not differ significantly, i.e., the pH-values of control sample
as well as samples with added chokeberry powder extracted classically (B1–B7) and by ultrasound
(C1–C6) are not significantly different (p ≤ 0.5321). The average pH-value of all classically treated
samples is 3.35 while for samples treated by ultrasound it is 3.36, which in comparison with the control
sample (A) is a negligible difference.
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2.2. Bioactive Compounds Content

The bioactive compounds content results of juice samples with added chokeberry powder are
shown in Table 2. High significant statistical differences (p ≤ 0.0001) were determined between
all analyzed juice samples (A, B, C) depending on the method and time period of extraction.
Fresh chokeberry fruit, as well as different chokeberry products such as juice and powder are rich
sources of vitamin C [1,14,15], which has also been confirmed in this study. Namely, the determined
vitamin C content in control sample (A) was 13.16 mg 100 g−1 while in juice samples with added
chokeberry powder it was significantly higher, regardless of extraction method, with the exception
of sample B1 which didn’t significantly differ in vitamin C content from control sample (Table 2).
The duration of the extraction period in both extraction methods (classic and ultrasound) significantly
affected the vitamin C yield increase; thus classic extraction from 5 min to 24 h and ultrasound
extraction from 5 to 30 min increased the vitamin C content about 3-fold. The highest vitamin C
content was determined in the juice sample treated by ultrasound of high intensity for 30 min (C6)
which is a 49% higher value compared with the same time period of classic extraction (sample B6),
and a 16% higher value compared with sample B7 (24 h of classic extraction).

Table 2. The content of bioactive compounds in juice samples with added chokeberry powder extracted
classically and by ultrasound.

Treatment
Vitamin C

(mg 100 g−1)
p ≤ 0.0001

TPC
(mg L−1)

p ≤ 0.0001

TFC
(mg L−1)

p ≤ 0.0001

TAC
(mg L−1)

p ≤ 0.0001

Antioxidant Capacity
(μmol TE L−1)

p ≤ 0.0001

Control Sample

A 13.16 i ± 0.88 512.64 k ± 0.09 205.89 m ± 0.40 ND 2164.54 e ± 0.01

Classic Extraction

B1 12.83 i ± 0.86 828.04 i ± 0.70 328.99 l ± 0.91 687.88 h ± 3.04 2208.62 cd ± 0.03
B2 15.5 hi ± 1.68 829.23 i ± 0.51 360.47 i ± 0.59 714.02 gh ± 0.87 2213.79 bcd ± 0.01
B3 17.46 gh ± 0.85 831.16 hi ± 0.29 390.18 f ± 1.16 846.25 fg ± 0.87 2215.59 bcd ± 0.01
B4 20.57 fg ± 5.54 838.54 gh ± 0.19 350.62 k ± 0.43 919.12 ef ± 3.04 2228.86 abc ± 0.01
B5 22.49 ef ± 4.29 840.81 g ± 0.21 353.67 j ± 0.95 927.42 ef ± 1.73 2233.81 abc ± 0.01
B6 28.76 d ± 3.39 851.30 f ± 0.70 381.25 h ± 0.80 991.08 e ± 9.13 2237.36 abc ± 0.04
B7 36.78 bc ± 0.88 761.11 j ± 0.80 421.22 e ± 4.59 1579.94 bc ± 18.26 2189.05 de ± 0.01

Ultrasonic Extraction

C1 15.57 hi ± 0.98 861.71 e ± 14.94 384.51 g ± 6.41 747.23 gh ± 15.65 2234.94 abc ± 0.01
C2 24.07 ef ± 3.92 894.04 d ± 14.64 443.01 d ± 1.15 997.54 e ± 56.53 2235.49 abc ± 0.01
C3 25.03 de ± 0.69 912.98 c ± 4.19 444.08 d ± 6.10 1393.90 d ± 0.44 2238.24 ab ± 0.01
C4 33.03 c ± 0.98 934.82 b ± 2.43 446.98 c ± 1.81 1452.02 cd ± 133.94 2239.55 ab ± 0.02
C5 40.87 ab ± 1.62 934.60 b ± 5.52 456.70 b ± 0.99 1707.86 ab ± 71.31 2241.84 a ± 0.01
C6 42.81 a ± 2.71 955.03 a ± 7.09 482.44 a ± 0.91 1823.79 a ± 77.85 2250.31 a ± 0.01

TPC—total phenol content; TFC—total flavonoid content; TAC—total anthocyanin content; ND—not determined.
Different letters indicate significant differences between means.

Temperature increase during ultrasonic treatment enhances the diffusion process [16] while at the
same time does not cause vitamin C degradation in the juice samples. Chokeberry is also characterized
by high content of polyphenols, anthocyanins and flavonoids [4]. The total phenols content between
all the studied juice samples (A, B, C) was significantly statistically different (p ≤ 0.0001). Addition
of chokeberry powder significantly increased the total phenol content regardless of the extraction
method (classical and ultrasound, Table 2). Total phenol content in juice samples in which chokeberry
powder after classical and ultrasound extraction shows an increasing trend for all the varied time
periods. The most significant differences in the content of total phenols were determined in juice
samples treated by ultrasound for 30 min: compared to the control sample (A) the total phenol increase
was as high as 86%, in comparison with the juice sample B6 (classic extraction for 30 min) which
increase was 12% and 25% in comparison with the juice sample B7 in which the powder was extracted

76



Molecules 2017, 22, 2158

classically for 24 h. The positive effect of high intensity ultrasound on the phenolic compounds
extraction is in accordance with other literature data which emphasizes the significant efficacy of
high intensity ultrasound on the extraction of different chemical compounds with various molecule
structures [10,11,17,18]. In chokeberry fruits flavonoids (quercetin glycosides) are the most common
from the group of polyphenols [2,14,15,19–23]. In all analyzed juice samples high statistical differences
(p ≤ 0.0001) of flavonoids content were determined (Table 2). Significant difference was determined
between the juice sample with added chokeberry powder extracted by ultrasound for 30 min (C6)
and the juice sample extracted classically for 24 h (B7). The determined difference between samples
C6 and B7 amounted to 15%. Also, other scientific studies have proven the significant efficiency of
high intensity ultrasound in the extraction of flavonoids [9–11]. Dark red chokeberry coloration is
the result of the presence of anthocyanin which is primarily known for its strong antioxidant activity.
According to the results from Table 2 juice samples with added chokeberry powder extracted with
ultrasound for 30 min (C6) had 84% higher anthocyanin content compared to the juice sample extracted
classically for the same time period (B6). Anthocyanin yield increased significantly depending on the
extraction time, from 5 min to 24 h. Also, an increasing trend of anthocyanin content was recorded in
the juice samples treated by high intensity ultrasound.

Other authors have presented results contrary to those shown in this study, emphasizing the
degradation effect of high intensity ultrasound on the total anthocyanins content [24–27]. The main
factors of high intensity ultrasound causing degradation of anthocyanins content are the amplitude
and the extraction time. At higher levels of ultrasonic amplitude and prolonged time periods
a higher degradation level of anthocyanins content was determined [28–30]. Also, another important
factor of the ultrasound effect is the temperature increase; high temperatures have a significant
impact on the anthocyanin reduction [27,28]. In this study, relatively low ultrasound power levels
as well as a not-so-significant temperature increase in the system (max 44.8 ◦C, Figure 1) did not
cause a significant reduction of the analyzed bioactive compounds content. Besides total bioactive
compounds content, the content of the most common individual anthocyanins and other compounds
from the group of polyphenols were analyzed (Table 3). High significant statistical differences
(p ≤ 0.0001) for all analyzed individual polyphenolic compounds depending on the method and
extraction time were determined. The addition of chokeberry powder to apple juice, besides
anthocyanins, significantly increased the content of other studied polyphenols, specifically the content
of chlorogenic acid and quercetin. Extraction time from 5 min to 24 h positively influenced the yield
increase of all analyzed compounds in both applied extraction methods, classic and ultrasound. High
intensity ultrasound showed a positive effect on the yield of the analyzed individual anthocyanins:
cy 3-galactoside, cy 3-glucoside, cy 3-arabinoside i cy 3-xyloside. Namely, comparing the juice
sample with added chokeberry powder extracted classically for a time period of 30 min (B6) and
the juice sample extracted for the same time period by high intensity ultrasound (C6) increases of
cy 3-galactoside and cy 3-arabinoside by 2 times, cy 3-glucoside by 46%, and cy 3 xyloside by 86%
were determined. Also, it is important to emphasize that a higher yield of all analyzed individual
anthocyanins was identified in the sample C6 compared to the sample B7in which the extraction
of mentioned anthocyanins lasted significantly longer (24 h) in the order of: cy 3-galactoside 19%,
cy 3-glucoside 11%, cy 3-arabinoside 24% and cy 3-xyloside 18%. The positive impact of high intensity
ultrasound and time period of extraction is also determined for other studied individual polyphenolic
compounds. Chlorogenic acid content in sample C6 was 90% higher compared to sample B6 (classically
extracted for 30 min), the epicatechin content increased by 98%, quercetin by 94% while the myricetin
content did not change significantly.
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Table 3. The anthocyanin profile and content of other polyphenols (mg L−1) determined in juice
samples with added chokeberry powder.

Treatment

Cyanidin
3-Galactoside

Cyanidin
3-Glucoside

Cyanidin
3-Arabinoside

Cyanidin
3-Xyloside

Chlorogenic
Acid

Epicatechin Quercetin Myricetin

p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001 p ≤ 0.0001

Control Sample

A ND ND ND ND 6.23 k 0.03 h 0.04 l ND

Classic Extraction

B1 34.34 m 2.10 i 4.37 l 2.30 h 6.47 j 0.05 h 0.08 k 0.80 d

B2 36.32 l 2.10 i 4.37 l 2.30 h 6.47 j 1.22 g 0.28 j 0.80 d

B3 44.84 j 2.22 h 5.54 j 2.61 g 7.71 i 1.22 g 0.58 h 0.92 c

B4 47.67 i 2.34 g 6.12 i 2.61 g 7.71 i 1.22 g 1.18 g 0.92 c

B5 49.09 h 2.34 g 6.26 h 2.92 f 8.34 h 2.39 f 1.28 f 0.92 c

B6 55.62 g 2.58 f 7.28 g 3.22 e 8.96 g 2.99 e 1.38 e 1.04 b

B7 93.93 c 3.42 b 12.67 c 5.07 b 13.33 d 3.58 d 2.18 c 1.16 a

Ultrasonic Extraction

C1 42.56 k 2.22 h 5.09 k 2.30 h 6.47 j 0.05 h 0.08 k 0.80 d

C2 65.27 f 2.70 e 8.45 f 3.53 d 10.83 f 2.99 e 0.39 i 0.80 d

C3 85.98 e 3.18 d 11.51 e 4.45 c 12.08 e 2.99 e 1.78 d 0.92 c

C4 90.81 d 3.30 c 12.53 d 5.07 b 13.95 c 4.16 c 2.58 b 0.92 c

C5 110.39 b 3.78 a 15.44 b 5.99 a 15.82 b 5.34 b 2.58 b 1.04 b

C6 111.52 a 3.78 a 15.73 a 5.99 a 17.07 a 5.93 a 2.68 a 1.04 b

ND—not determined. Different letters indicate significant differences between means.

2.3. Antioxidant Capacity

Among all studied juice samples significant statistical differences (p ≤ 0.0001) for antioxidant
capacity were determined (Table 2). The lowest antioxidant capacity was determined in control
sample (A) which is expected given that mentioned sample does not contain chokeberry powder.
Time period as well as extraction technique showed a positive impact on the increase of antioxidant
capacity in all juice samples, except for sample B7 in which a lower antioxidant capacity in comparison
with samples B1 to B6 was determined. The mentioned results suggest that too long an extraction
period can cause an opposite effect on bioactive compounds content, and particularly antioxidant
capacity. The antioxidant activity of plant species is directly correlated with the content of vitamins,
pigments and various plant phenolic phytochemicals, such as flavonoids, glycosides, alkaloids and
others [10,31]. By statistical analysis of the correlations, a relationship between the two variables
was observed: between the bioactive compounds content (vitamin C, total phenols, total flavonoids
and total anthocyanins) and antioxidant capacity in the juice samples treated classically (B1 to B7)
and juice samples treated by high intensity ultrasound (C1 to C6) (Table 4). In the classic treatments
of the chokeberry powder the significance of the coefficient was determined between the content
of total phenols and antioxidant capacity, while for the other observed parameters the significance
was not determined. The significance of correlation coefficient was determined between all chemical
parameters and antioxidant capacity in juice samples with added chokeberry powder treated with high
intensity ultrasound for which correlation coefficient (r) were: r = 0.79 (total flavonoids), r = 0.82 (total
phenols), r = 0.83 (vitamin C), r = 0.86 (total anthocyanins). Obtained results suggest that juice samples
with higher determined vitamin C, total phenols, flavonoids and total anthocyanins content showed
higher antioxidant capacity. Juice samples treated with high intensity ultrasound for 30 min had the
highest content of all studied biologically active compounds and thus the highest antioxidant capacity.
Based on the results of correlation coefficients it can be concluded that a stronger positive correlation
exists between the analyzed bioactive compounds and antioxidant capacity in juices samples treated by
ultrasound compared with the juice samples in which the chokeberry powder was extracted classically.
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Table 4. Correlation coefficient (r) between the analyzed chemical compounds and antioxidant
capacity (mmolTE L−1) in the apple juice samples with added chokeberry powder treated classical and
by ultrasound.

Chemical Parameter Correlation Coefficient (r)

Classic Extraction

Vitamin C −0.22 NS
Total phenols 0.90 ***

Total flavonoids −0.44 NS
Total anthocyanins −0.48 NS

Ultrasonic Extraction

Vitamin C 0.83 *
Total phenols 0.82 *

Total flavonoids 0.79 *
Total anthocyanins 0.86 *

NS—not significant; ***—p ≤ 0.0001; *—0.01 ≤ p ≤ 0.05.

3. Materials and Methods

3.1. Plant Material

Chokeberry fruits (Aronia melanocarpa) were obtained from the Department of Pomology, Croatian
Centre for Agriculture, Food and Rural Affairs (Zagreb, Croatia). Berry harvest was carried out at
optimum fruit maturity, which occurs around the end of August. After the harvest the fruits were
transported to the laboratory of the Department of Agricultural Technology, Storage and Transport,
Faculty of Agriculture, University of Zagreb where they were washed and fruits with any mechanical
damages and spoilage were discarded.

3.2. Chokeberry Powder Preparation

Fruit juice was isolated from the chokeberry fruits by a thermal heating process. The remaining
fruit pulp was dried by a process of convective drying in a laboratory dryer (INKO ST 40, Zagreb,
Croatia) at 60 ◦C until a water content of 10% was achieved. Dried chokeberry pulp was milled to
a powder by a laboratory mill (IKA MF-10, Staufen, Germany) and stored in dark glass packaging in
a dark, dry place. Total dry matter content of dried chokeberry powder was determined by a standard
method of drying at 105 ◦C [30] and amounted to 9.65%. Apple juice was purchased in a local market
for research purposes. The apple juice was RICO brand (Darda, Croatia) produced from ‘Golden
Delicious’ cultivar apples by a pressing process.

3.3. Sample Preparation for the Classic Extraction

The experimental design of classical extraction is shown in Table 5. A previously weighed amount
of chokeberry powder (2.5 g ± 0.0001 g) was placed in a 250 mL laboratory flask. On this chokeberry
powder, room temperature (21.4 ◦C) apple juice (100 mL) was added. These samples were allowed to
stand at room temperature for: 5 min (sample B1), 10 min (sample B2), 15 min (sample B3), 20 min
(sample B4), 25 min (sample B5), 30 min (sample B6) and 24 h (sample B7). After each time period,
the samples were filtered through Whatman filter paper (pore size 8–12 μm) to remove chokeberry
powder and to stop further extraction.

3.4. Sample Preparation for Ultrasonic Extraction

The experimental design for ultrasonic assisted extraction is shown in Table 5. Prior to ultrasonic
treatment, chokeberry powder (2.5 g ± 0.0001 g) was weighed into a glass beaker (250 mL) and room
temperature (21.4 ◦C) apple juice (100 mL) was added. Immediately after the juice addition ultrasonic
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treatment was carried out, during which the time periods were varied as follows: 5 min (sample
C1), 10 min (sample C2), 15 min (sample C3), 20 min (sample C4), 25 min (sample C5) and 30 min
(sample C6). After each time period samples were filtered. Ultrasonic extraction was carried out in
an ultrasonic bath (Bandelin RK 103H, Berlin, Germany) at a frequency of 35 kHz and a nominal
maximum power of 140 W. Also, during each ultrasonic treatment the temperature of the samples
was measured at 30 s time intervals with an infrared thermometer (Uni-Trend Technology UT 300C,
Dongguan, China). This data is shown in Figure 1.

Table 5. Experimental design of classic and ultrasound extraction.

Extraction Method Solvent Solvent Volume (mL) Time Ultrasonic Bath Sample

Classic Apple juice 100 5 min - B1
Classic Apple juice 100 10 min - B2
Classic Apple juice 100 15 min - B3
Classic Apple juice 100 20 min - B4
Classic Apple juice 100 25 min - B5
Classic Apple juice 100 30 min - B6
Classic Apple juice 100 24 h - B7
UAE Apple juice 100 5 min 35 kHz 140 W C1
UAE Apple juice 100 10 min 35 kHz 140 W C2
UAE Apple juice 100 15 min 35 kHz 140 W C3
UAE Apple juice 100 20 min 35 kHz 140 W C4
UAE Apple juice 100 25 min 35 kHz 140 W C5
UAE Apple juice 100 30 min 35 kHz 140 W C6

3.5. The Determination of Basic Chemical Composition and Bioactive Compounds Content

The following chemical analysis for determination of basic chemical composition were carried out:
solution density (g cm−3) by a digital densitometer (Mettler–Toledo Densito 30PX, Schwerzenbach,
Switzerland), total soluble solids content (%) by a digital refractometer (Mettler–Toledo Refracto
30PX) [30], total acid content (%) by potentiometric titration [30], pH–value by a digital pH–meter
(Mettler–Toledo SevenMulti, Schwerzenbach, Switzerland) [30]. For determination of total content of
specific bioactive compounds following analysis were carried out: total phenols and flavonoids content
(mg L−1) were obtained according to [31], total anthocyanins (mg L−1) by bisulfite bleaching [32].
The antioxidant capacity was determined by ABTS method [33].

3.6. Vitamin C Determination (HPLC Method)

The analytical HPLC system employed consisted of a 920 LC system (Varian, Melbourne,
Middelburg, Australia) equipped with Galaxie software (Varian, Melbourne, Australia), a multiple
UV wavelength detector, auto-injector, autosampler and quaternary pump. Separation was done
on Nucleosil C-18, 5 μm (250 × 4.6 mm I.D.) column with a Nucleosil C-18 guard column, 5 μm
(10 × 4.6 mm I.D.). Juice samples were filtered through Nylon filter (0.45 μm) and directly injected
into vials. The HPLC method for identification of vitamin C content was performed according to the
Odriozola-Serrano et al. [34]. The employed mobile phase was sulfuric acid solution 0.01% (pH 2.6)
at a flow rate of 1 mL min−1 with isocratic elution. Operating conditions were: column temperature
20 ◦C, injection volume 10 μL of the standards and extract samples. The detector was set at 245 nm.
For identification a standard of vitamin C (Sigma Aldrich, St. Louis, MO, USA; Steinheim, Germany)
was used.

3.7. HPLC Determination of Individual Anthocyanins and Polyphenols

For the HPLC determination of individual anthocyanins and polyphenols the same Varian 920 LC
HPLC equipment as for vitamin C determination was used. Juice samples were filtered through a nylon
filter (0.45 μm) and directly injected into vials. The HPLC methods for identification of individual
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anthocyanins and polyphenols were performed according to the Jakobek et al. [35]. For anthocyanin
analysis, mobile phase A was 0.5% (v/v) water solution of phosphoric acid while mobile phase B
was 100% HPLC grade methanol (Sigma Aldrich). Separation was optimized by gradient mobile
condition as follows: linear from 3% to 65% B 0-38 min and 65% B 38–45 min with flow rate 1 mL min−1.
The UV-Vis detector was set to monitor spectra from 190 to 600 nm while detection wavelength was
520 nm. For polyphenol analysis, mobile phase A was 0.1% (v/v) water solution of phosphoric
acid while mobile phase B was 100% HPLC grade methanol (Sigma Aldrich). Gradient elution was
performed as follows: linear 5–80% B from 0 to 30 min; 80% B from 30 to 33 min; linear 80–5% B,
33–35 min with flow rate 0.8 mL min−1. For both, anthocyanins and polyphenols determination
operating conditions were: column temperature 20 ◦C, injection volume 10 μL of the standards and
extract samples. The UV-Vis detector was set to monitor spectra from 190–600 nm while the detection
wavelength was 360 nm. For identification the following standards were used: cyanidin 3-glucoside,
cyanidin 3-arabinoside, cyanidin 3-galactoside, cyanidin 3-xyloside, myricetin, quercetin, chlorogenic
acid and epicatechin (Sigma Aldrich). Individual anthocyanins and polyphenols were quantified using
calibration curves and expressed as mg L−1.

3.8. Statistical Analysis

The obtained data were statistically analyzed in the software package SAS, version 9.3 [36].
Duncan’s test for significant difference (1%) was used. Results were subjected to one-way analysis
of variance (ANOVA). The mean values were compared by t-test (LSD) and considered significantly
different at p ≤ 0.0001. Correlation analysis was performed to investigate the nature and intensity of
relation between two variables: the vitamin C content, total phenol, total flavonoid, total anthocyanin
and antioxidant capacity. The correlation value was numerically expressed by Pearson correlation
coefficient (r), while the coefficient significance was expressed by p value: * 0.01 < p < 0.05; ** p < 0.01;
*** p < 0.0001, not significant at p > 0.05.

4. Conclusions

Based on the results, can be concluded that addition of chokeberry powder increases the basic
chemical composition parameters (density, total soluble solids, total acidity and pH) and bioactive
compound levels (vitamin C, total phenols, total flavonoids, total anthocyanins) in juice samples
regardless of the extraction method (conventional or high intensity ultrasound). Juice samples
with added chokeberry powder also had higher values of antioxidant capacity regardless of the
extraction method. High intensity ultrasound effects a significant increase of all studied nutritional
parameters: vitamin C, total phenols, total flavonoids and total anthocyanins. The application of
high intensity ultrasound significantly reduces the time required for extraction of the plant material
given that after 30 min a significantly higher content of all analyzed bioactive compounds was
achieved. A positive correlation between the content of bioactive compounds (vitamin C, total phenols,
total flavonoids, total anthocyanins) and antioxidant capacity in juice samples treated with high
intensity ultrasound was determined. Based on the stated evidence, must be emphasized that apple
juice with added chokeberry powder, represents a highly nutritional valuable product with numerous
potential benefits for human health due to its determined rich content of bioactive compounds and
significant antioxidant capacity. Also, further research on this potential new product, especially studies
oriented to determining the organoleptic characteristics of such a product are desirable to address
various consumer and market demands.
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20. Oszmiański, J.; Wojdyło, A. Aronia melanocarpa phenolics and their antioxidant activity. Eur. Food Res. Technol.
2005, 22, 809–813. [CrossRef]
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Abstract: Four popular dishes belonging to Italian cuisine and widely consumed in the country
were experimentally prepared in a dedicated lab-kitchen following a validated and standardized
protocol. This study provides their antioxidant properties evaluating the contribution of extractable
and non-extractable bioactive compounds, and identifying the assessment of interactions between
their natural active compounds and the food matrix. Ferric reducing antioxidant power (FRAP) values
in aqueous-organic extract ranged from the highest antioxidant activity in torta di mele (10.72 μmol/g
d.m.) to that in besciamella (2.47 μmol/g d.m.); in residue, pasta alla carbonara reached the highest value
(73.83 μmol/g d.m.) following by that in pasta alla amatriciana (68.64 μmol/g d.m.). Total polyphenol
content (TPC) ranged in aqueous-organic extracts between 36.50 and 64.28 mg/100 g d.m. and
in residue from 425.84 to 1747.35 mg/100 g d.m. Our findings may contribute to the updating of
the Italian Food Composition Database, by providing for the first time a value for the antioxidant
properties. This could contribute to encourage the consumption of recipes rich in key nutrients
and bioactive molecules. This information is useful and important for determining the association
between diet and a healthy status.

Keywords: Italian popular recipes; food composition database; antioxidant properties; extractable
compounds; non-extractable compounds; ferric reducing antioxidant power (FRAP); total polyphenol
content (TPC)

1. Introduction

The study of food bioactivity and epidemiological investigations are increasing, emphasizing the
perspective of considering the whole food matrix of interest for the risk of disease onset. Following
the evolution of nutrition science, currently, researchers are trying to identify the concept of “optimal
nutrition” also by studying not only the characteristics and functions of the individual foods or food
components, but also their combination in composite foods, dishes, meals, and diets, in order to
understand their overall impact on health.

There are only a few foods which are consumed raw, mainly vegetables and fruit, while most foods
are heat-treated using different methods chosen according to the matrix, the type of food preparation,
and the recipe to prepare them. This aspect is affected by various cultures and culinary traditions.
Cooked foods and composed dishes are in fact the most consumed in our daily diet, but there is still
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little information concerning them, both in terms of their nutritional characteristics and their potential
functions, whereas numerous data are available in the literature on the single ingredients, without
taking into account either the formulation or the effects of technological process [1]. The interactions
between single food components and/or between the different ingredients of a composite dish can play
an important role, amplifying the importance of the concept of “food synergy” on health [2]; studies
on technological and cooking treatments during the preparation of a recipe also highlight how they
can influence their total characteristics, influencing and reflecting the state of health and well-being of
consumers. It is well known that the physical, organoleptic, and chemical changes produced in food
by heat treatments influence different parameters such as sensorial characteristics, nutrients content,
quality and availability, bioactivity, and phytochemical composition [3–6].

To accurately estimate the dietary intake of the population and prevent cardiovascular disease,
cancer, diabetes, etc., in recent years, the focus has increasingly been on studying the nutritional
characteristics of foods and traditional recipes that are ready for consumption [7–13], also with the
purpose of formulating dietary recommendations [14,15]. This seems to suggest that there is a need
to have comprehensive datasets and databases that include composite and processed foods and
food preparations as well as accurate dietary information to investigate the links between diet and
health. Currently available data are still limited for two reasons: the scarcity of information on the
nutritional composition of commonly consumed foods, in particular processed foods and composite
dishes [16], and the deficit of up-to-date knowledge about population dietary habits in different
contexts. Food composition databases (FCDBs) are used as the main tool to assess the dietary intake of
individuals and groups of people at the regional, national, and international levels [17–20]. In addition
to providing dietary information, consumed food characteristics and their overall nutritional role are
also addressed to preserve important cultural elements, such as the great variety of traditional Italian
cuisine that distinguishes the gastronomy of the country and reflects both the history and the local
characteristics [21].

Specific research projects, such as the European Food Information Resource (EuroFIR) network [22]
and the Italian national project Food Quality and Functional (QUALIFU) [23], were created and
developed precisely to study, protect, and maintain the significant culture and culinary traditions of
a country; Italy, particularly rich with various traditional foods and dishes, has taken part in these
projects, and several national traditional recipes widely consumed have been studied, since they play
an important role in preserving the local and regional food cultures.

In this framework, the aim of the present work is to provide new information on the antioxidant
properties of some Italian recipes with respect to a previous work [12], in terms of extractable and
non-extractable compounds, to examine any healthy aspects and identify their potential beneficial role.

The total antioxidant properties contribute to an assessment of interactions between natural
active compounds and other food matrix components of foods, and this can be considered as a first
step and as preliminary action towards the comprehension of potential beneficial properties of food
matrices from the perspective of healthy food choices [24]. Each food matrix has its own antioxidant
capacity that derives from the combined action of carotenoids, lignans, polyphenols, vitamins C and
E, etc. Natural antioxidants can show different physiological properties, such as anti-inflammatory,
antimicrobial, anti-allergic, anti-atherogenic, anti-thrombotic, cardio-protective, and vasodilatory
effects [24–33]. With respect to antioxidant chemicals, it is worth mentioning that the current review of
Yeung et al. [34], based on a scientific literature landscape analysis of works since 1991, concluded
that a transition of the scientific interest, shifting from research focused on antioxidant vitamins
and minerals to research on antioxidant phytochemicals (plant secondary metabolites), has been
observed. In particular, the scientific community recently reached consensus on the distinction between
extractable and non-extractable antioxidants: a development and assessment of methodologies was
achieved [35]. Antioxidants occur in two forms [35,36]: as easily extractable compounds -free forms
that are soluble in aqueous-organic solvents- and as less extractable compounds -bound forms that
remain in the residue of aqueous-organic extract-. Their incidence in foodstuffs as raw, cooked, and
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processed food products was studied [37–48]. As remarked previously by Durazzo [35], due to the
presence of multiple aspects and factors, it has become difficult to carry out a categorization of the
main trends of the contribution of extractable and non-extractable compounds to the total antioxidant
properties of major food groups. Generally, it is thought that the analysis of antioxidants in plant
foods that remain in residues is necessary. Particular attention in fact should be paid to high fat food
matrices [49] and to complex food matrices [12].

The assessment of bioactive compounds to dietary intake is a key issue. Additionally, a proper
assessment of the contribution of extractable and non-extractable compounds to the dietary intake is
required. Most of the studies available in the literature present daily intakes of extractable polyphenols,
whereas little research has been done on the intake of non-extractable polyphenols [50–54], an important
fraction contributing to total polyphenol intake [55]. Saura-Calixto et al. [50] estimated the amount of
total polyphenols (as extractable and non-extractable polyphenols) consumed in a whole diet (Spanish
Mediterranean diet) and their intestinal bioaccessibility: the amount of non-extractable polyphenols
was almost double compared to extractable polyphenols. Pérez-Jiménez and Saura-Calixto [51]
evaluated non-extractable polyphenols for the 24 most consumed fruit and vegetables in four European
countries (France, Germany, The Netherlands, and Spain): macromolecular antioxidants, made up
of hydrolysable polyphenols and polymeric proanthocyanidins, are the major contributors (mean
value 57%) to the total polyphenol content of fruit and vegetables, and the intake of non-extractable
polyphenols was estimated at about 200 mg. In particular, the authors reported that Spain had the
highest daily per capita non-extractable polyphenols intake from fruit, whereas the Netherlands had
the highest intake derived from vegetable consumption [51]. It is worth mentioning the work of
Koehnlein et al. [52] on estimation of the total dietary antioxidant capacity (TDAC) in the Brazilian
population: TDAC, evaluated as the ferric-reducing antioxidant power and as the Trolox equivalent
antioxidant capacity, was 10.3 and 9.4 mmol/d, respectively. In a further work [53], the same authors
compared the phenolic content and the total antioxidant capacity of the 36 most popular Brazilian
foods submitted to aqueous extraction or in vitro digestion: after in vitro digestion, cereals, legumes,
vegetables, tuberous vegetables, chocolate, and fruits showed higher phenolic contents and higher
antioxidant activities than those obtained by aqueous extraction. The digestion caused a reduction in
phenolic contents and the antioxidant activities of beverages (red wine, coffee, and yerba mate) [53].
Another work to mention is the research of Faller et al. [54] on the chemical and cellular antioxidant
activity of feijoada, a typical Brazilian dish, coupled with an in vitro digestion: bound and residue
contributions to total phenolics were 20.9% and 32.2%, respectively, suggesting that phenolics are
capable of reaching the colon after the intake.

The overall goal is the development of specified and dedicated databases as well as the inclusion
of extractable and non-extractable compounds in current comprehensive and harmonized FCDBs for a
better and correct dietary intake assessment. Studies direction [56,57] on this are carried out in eBASIS
BioActive Substances in Food Information System [58–60]: search protocols and data collection systems
are developed to enable the expansion of eBASIS with new quality evaluated data on extractable and
non-extractable antioxidants, producing a valuable unique resource [56,57].

The present study evaluates the contribution of extractable and non-extractable bioactive
compounds on the antioxidant properties of four popular Italian dishes commonly consumed,
previously characterized by their nutrient content [13], to better understand their nutritional role and
provide additional dietary information to be included in the next update of the Italian National Food
Composition Database (FCDB) of the CREA Research Centre for Food and Nutrition.

2. Results and Discussion

In our study, the antioxidant properties of the whole matrix as consumed were studied due to
the complexity of the examined matrices. The changes in antioxidants and the interactions between
components are correlated to the phytochemical structure and concentration, to the typology of food
matrixes, to the preparation procedure, and to the typology and time of cooking [61–64].
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In Table 1, Ferric Reducing Antioxidant Power (FRAP) values (μmol/g d.m.) and Total Polyphenol
Content (TPC) (mg/100 g d.m.) were reported for selected popular Italian dishes.

Table 1. Ferric Reducing Antioxidant Power (FRAP) and Total Polyphenol Content (TPC) of popular
Italian dishes *.

FRAP (μmol/g d.m.) TPC (mg/100 g d.m.)

Aqueous-Organic Extract Residue Aqueous-Organic Extract Residue

Pasta alla
amatriciana 4.01 ± 0.67 b 68.64 ± 4.43 c 60.87 ± 5.48 c 1447.59 ± 70.33 c

Pasta alla carbonara 2.62 ± 0.53 a 73.83 ± 3.52 d 36.50 ± 6.31 a 1747.35 ± 72.91 d

Besciamella 2.47 ± 0.17 a 52.98 ± 1.22 b 51.90 ± 3.38 b 1173.44 ± 73.07 b

Torta di mele 10.72 ± 0.80 c 18.24 ± 5.09 a 64.28 ± 2.39 c 425.84 ± 63.86 a

* Mean ± S.D.; ANOVA and Tukey’s HSD test: by column, means followed by different letters are significantly
different (p < 0.05).

FRAP values in aqueous-organic extract decreased in the following order: torta di mele > pasta
alla amatriciana > pasta alla carbonara = besciamella; in residue, pasta alla carbonara reached the highest
value followed by pasta alla amatriciana. The FRAP values of pasta-based dishes confirmed the value
reported in our previous work [12] for another dish, the spaghetti alle vongole, namely 4.20 μmol/g d.m.
and 64.22 μmol/g d.m. in aqueous-organic extract and residue, respectively. In general, the antioxidant
properties of cereals and derivatives thereof have been well documented over the years [42,65,66];
with reference to antioxidants in pasta, one of most popular staple foods, the effect of cooking [67,68]
as well as new formulations and functional products have been studied [69–72]. In this regard, it is
worth mentioning the work of Ioannou et al. [63], since they remarked how the addition of ingredients
with high antioxidant activity to a complex preparation can contribute to increases in total antioxidant
capacity, but not in a proportional way.

Besciamella belongs to the category of the white sauces, and it is an example of milk-based
dishes. In recent years, emerging studies on the antioxidant properties of milk [73,74] as well as dairy
products [75,76] have been carried out. For instance, Manzi and Durazzo [74], by evaluating the
antioxidant properties of industrial heat-treated milk, namely UHT, microfiltered, and high quality
pasteurized milk, showed that UHT milk has the highest total polyphenol content, DPPH, and FRAP
values. The authors [74] explained that the behavior of UHT milk is probably related to the development
of antioxidant compounds, formed during the Maillard reaction occurring when milk treatment is
performed at high temperatures (≥135 ◦C for at least 1 s) according to previous authors [77–79].

Torta di mele belongs to the subcategory of fruit cake comprised among the desserts, and evidenced
the highest FRAP value in aqueous-organic extract and the lowest value in the residue with respect to
other items. This seems to reflect the high content of organic acids in the apples used in the preparation
of this dessert [80,81]. For instance, for apple, in Phenol Explorer Databases the total polyphenol
content was 131.80 mg/100 g FW, as mean of 53 original content values extracted from eight published
papers [82].

Table 2 shows and summarizes the contribution of extractable and non-extractable compounds to
the antioxidant properties of all Italian dishes we investigated grouped by category, in this work and
in a previous one [12].

For the four new dishes studied, the extractable antioxidants (aqueous-organic extracts) were
minor contributors to the total antioxidant activity; consequently, the hydrolysable polyphenols
(residues) contributed significantly more: for pasta alla amatriciana, pasta alla carbonara, and besciamella
the extractable antioxidants contribute less than 6% and non-extractable compounds contribute in a
range from 94 to 97%, whereas for torta di mele the percentages of contributions were 37% and 63%,
respectively, for extractable polyphenols and hydrolysable polyphenols.
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Table 2. Contribution % of extractable and non-extractable compounds to antioxidant properties of
popular Italian dishes *.

Italian Dishes Aqueous-Organic Extract Residue

Sauces
Besciamella 4 96

First Courses
Spaghetti alle vongole * 6 94
Pasta alla amatriciana 6 94
Pasta alla carbonara 3 97

One Dish Meals
Pomodori al riso * 15 85
Gâteau di patate * 11 89

Side Courses
Carciofi alla romana * 58 42

Desserts
Pan di Spagna * 5 95

Torta di mele 37 63

* Data derived from Durazzo et al. [12].

Regarding total polyphenol content evaluation, as reported in Table 1, TPC values ranged in
aqueous-organic extracts between 36.50 and 64.28 mg/100 g d.m. and in residue from 425.84 to
1747.35 mg/100 g d.m. Hydrolysable polyphenols represent consequently a significant fraction, by
accounting in the range between 87% (torta di mele) and 98% (pasta alla carbonara) of total polyphenols.
A good Pearson correlation between TPC values with FRAP ones was found in aqueous-organic extract
(r = 0.6798) and in residues (r = 0.9909). For instance, pasta alla carbonara showed the lowest values in
aqueous-organic extract and the highest value in residue both in FRAP and TPC, whereas torta di mele
showed the opposite behavior.

3. Materials and Methods

3.1. Recipes: Identification of Standard Recipe, Sampling and Dish Preparation

Four recipes (Table 3), all identified from survey Italian National Food Consumption Survey
INRAN-SCAI 2005-2006 [83], and selected in the QUALIFU project [23], were experimentally
prepared [13] in a dedicated lab-kitchen following a validated and standardized protocol developed
within the EuroFIR Network [84]; three preparations represented some popular, most commonly
consumed Italian dishes: pasta alla amatriciana; pasta alla carbonara, and torta di mele; one sauce, the
besciamelle, was selected and studied for its great use in other traditional food preparations (lasagna,
vegetables au gratin, baked pasta, salted cakes, etc.). The different ingredients included were pasta,
cured meat, milk, cheeses, eggs, vegetables, fruits, extra virgin olive oil, and butter, thus covering a
wide range of antioxidant properties. Our previous studies on traditional Italian dishes were focused on
determining proximate composition and a dietary intake evaluation [12,13] and aimed at applying an
integrated and emerging (analytical) approach to classifying dishes [85,86]. The present study focuses
on the health-beneficial properties of selected traditional Italian dishes with the aim of extending and
triggering interest to this type of research, which connects the nutritional aspects to health-beneficial
properties and traditionally consumed foods.
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Table 3. Italian popular dishes: ingredients, method and time cooking.

Original Name Food Name Ingredients (g/100 g) Cooking Timing (min.)

Pasta alla
amatriciana Amatriciana pasta

Short pasta (37.5), tomato pulp
(37.5), Amatrice cheek lard diced
(16), Amatrice Pecorino cheese
PAT (hard cheese from sheep)

(7.5), extra virgin olive oil (1.1),
salt (0.3), chili pepper (0.1).

Boiling, pan-frying,
and simmering 25

Pasta alla carbonara Carbonara pasta

Short pasta (47.3), bacon cubes
(20.3), Roman Pecorino cheese
PDO (hard cheese from sheep)
(13.6), eggs (16.6), extra virgin
olive oil (1.4), salt (0.4), black

pepper (0.4).

Boiling and
pan-frying 13

Besciamella Béchamel sauce Milk (83), butter (8), flour (8),
salt (0.5). Simmering gently 33

Torta di mele Apple Pie

Apples (37.7), sugar (15), wheat
flour (18), butter (9.3), eggs (9.2),
whole milk (7.5), baking powder
(1), vanilla (0.03), grated lemon

peel (0.2), lemon juice (2.4).

Baking 30

In detail, at first a document collection was carried out from the most popular and traditional
cookbooks in Italy (Il cucchiaio d’argento; La cucina italiana, etc.) for every recipe selected; therefore,
for every dish one “standard recipe” was identified and one “preparation protocol” was drafted in
detail identifying ingredients, quantities, preparation techniques, type, temperature, and time cooking;
dishes production had been carried out according to the standard procedures developed within the
EuroFIR network.

The sampling plan had taken into account the collection of simple ingredients at various retail
stores and supermarkets in Rome; to represent the variability of the ingredients, the main brands and
cultivars of the same product were considered and purchased: 8 brands of pasta and tomato pulp,
7 brands of eggs, 6 brands of bacon, 4 samples of Amatrice cheek lard and Pecorino cheese, 4 brands of
extra virgin olive oil, and 2 brands of wheat flour, butter, and milk. Each brand (primary sample) for
every ingredient (secondary sample) was properly prepared, weighed, and then combined to make a
composite sample (pool) before use for the preparation of the final dish (laboratory sample). This was
weighed, assembled, and cooked in a laboratory and dedicated kitchen at the CREA Research Centre
for Food and Nutrition by trained persons according to the preparation protocol of the standard recipe,
applying methods and utensils commonly used in households. The recipes, once completed and
cooked, were homogenized, frozen at −30 ◦C, and lyophilized. For each type of dish, two independent
batches (laboratory sample) were prepared and on each one the analysis were performed in triplicate.

3.2. Evaluation of Antioxidant Properties by Ferric Reducing Antioxidant Power (FRAP) and Total Polyphenol
Content (TPC)

3.2.1. Extraction Procedure

Extractable and non-extractable polyphenols were extracted as described by Durazzo et al. [12].
Aqueous-organic extracts (extractable antioxidants) and their residues (non-extractable antioxidants)
were isolated and studied.

In particular, among non-extractable antioxidants, attention was paid to hydrolysable polyphenols,
which were isolated and determined following a specific and suitable acid hydrolysis procedure as
reported below.
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Aqueous-Organic Extract

On the basis of dish ingredients and available literature data, a quantity of 3–5.5 g of each sample
was placed in a test tube, and 20 mL of acid methanol/water (50:50 v/v, pH 2) were added. The tubes
were vortexed at room temperature for 3 min and then mildly shaken for 1 h in a water bath at
room temperature. The tubes were then centrifuged at 2500 rpm for 10 min and the supernatants
were recovered. Twenty milliliters of acetone/water (70:30 v/v) mixture were added to the residues.
All operations (vortexing, shaking, centrifugation) were then repeated. Methanolic and acetonic
extracts were combined and centrifuged at 2800 rpm for 15 min. The resulting supernatant was
transferred into tubes and directly used for the determination of FRAP and TPC.

Residue

The residues remaining after the previously described extraction were left in a ventilated and
heated apparatus (max temperature 25 ◦C) until dry. Briefly, about 200–450 mg of the residue,
respectively, were mixed with 20 mL of methanol and 2 mL of concentrated sulfuric acid (18 M).
The samples were gently stirred for 1 min and were shaken in a water bath at 85 ◦C for 20 h; samples
were then centrifuged (2500 g for 10 min), and the supernatant was recovered. After two washings,
with minimum volumes of distilled water and recentrifuging where necessary, the final volume was
50 mL. The tube was centrifuged at 2800 rpm for 20 min, and the resultant supernatant was directly
used for the determination of FRAP and TPC.

3.2.2. Antioxidant Assays

Several methods have been proposed for evaluating the antioxidant properties of single compounds
and foods [87]. The most common are (i) the Folin–Ciocalteu assay used widely to determine the total
phenolics; (ii) the Trolox equivalent antioxidant capacity (TEAC); (iii) the oxygen radical absorbance
capacity (ORAC); (iv) the total radical-trapping antioxidant parameter (TRAP); (v) the ferric-reducing
antioxidant power (FRAP); and (vi) the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity assay [88–90]. All these methods are based on the measurement of the capacity of a food
component or a food to scavenge specific free radicals or to reduce a target molecule.

These assays differ in their principles, mechanisms, and experimental conditions as well as in
how their end points are measured, so different methods to estimate and/or determine the antioxidant
activity of the compounds should be carried out. Three are the main mechanisms by which the
antioxidants act, encompassing the direct reaction with radicals and the chelation of free metals
(involved in reaction finally generating free radicals): the H atom transfer, the single electron transfer,
and the metal chelation [91]. Literature data report that the use of at least two or three assays is strongly
recommended for assessing antioxidant properties [92]. Prior et al. [93] proposed that procedures and
applications for three assays should be considered for standardization: the oxygen radical absorbance
capacity (ORAC) assay, the Folin–Ciocalteu method, and possibly the Trolox equivalent antioxidant
capacity (TEAC) assay [93].

FRAP

The determination of the FRAP assay was carried out according to the methods of Benzie &
Strain [94] and Pulido et al. [95], through the use of a Tecan Sunrise® plate reader spectrophotometer.
The method is based on the reduction of the Fe3+-TPTZ (2,4,6-tripyridyl-s-triazine) complex to a ferrous
one at acidic pH value.

Total Polyphenol Content (TPC)

The TPC was determined using the Folin–Ciocalteu method [96]. Briefly, appropriate dilutions of
extracts were oxidized with Folin–Ciocalteu reagent, and the reaction was neutralized with sodium
carbonate. The absorbance of the resulting blue color was measured at a wavelength of 760 nm
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against an appropriate blank after 2 h of reaction at room temperature. Gallic acid was used as
reference standard.

3.3. Statistical Analysis

All analyses were performed in triplicate. Data are presented as mean ± standard deviation
(s.d.) of the analysis carried out on two preparations of every dish. Statistica for Windows (Statistical
package; release 4.5; StatSoft Inc., Vigonza, PD, Italy) was used to perform one-way analysis of variance
(ANOVA) and a post-hoc test: Tukey’s honest significant difference (HSD) test.

4. Conclusions

In this study, antioxidant properties of four commonly consumed popular Italian dishes are
provided for the first time. Our findings can contribute to the updating of the Italian FCDB by providing
a value of antioxidant properties that are useful and important for study on the association between
diet and a healthy status [97,98].

The innovative character of this research lays in the fact that the four dishes were experimentally
prepared in a dedicated lab-kitchen following a validated and standardized protocol based on
harmonized guidelines. The other key aspect is the study of antioxidant properties, in term of
extractable and non-extractable antioxidants, applied to complex matrixes, i.e., food preparations and
food composite dishes.

Our study highlighted the importance of evaluating the real nutritional information about foods as
taken, since ingredients are often mixed and heat-treated to formulate/prepare dishes. The availability
of these new and appropriate food composition data is needed in order to correctly evaluate the dietary
intake of recipes rich in key nutrients and bioactive molecules, facilitating further nutrition-related
studies, and can be used to encourage the consumption of certain recipes. Further studies in this
direction are needed to provide a detailed nutritional overview of popular and traditional Italian
dishes and are currently being carried out in our laboratories.
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Abstract: Food and agricultural waste represents a growing problem with negative effects on
the economy, environment, and human health. Winemaking produces byproducts with high
added value, which can be used for new productions in several application fields. From the
perspective of biorefinery and circular economy, grape seeds could be exploited by extracting
bioactive compounds with high added value before using biomass for energy purposes. The markets
concerned are, in addition to the food, cosmetics, and pharmaceuticals sectors, which use bioactive
compounds, the sector of biopolymeric materials and of energy for the production of biohydrogen
and biomethane. Generally, bioactive components should be investigated through an integrated
and multidisciplinary study approach based on emerging analytical techniques; in this context,
attention is addressed towards green and sustainable procedures; an update of extraction techniques,
innovative technologies, and chemometrics are described. Nowadays, processes so far tested on a
pilot scale for grape waste are developed to enhance the extraction yields. Here, a picture of the
Italian experience applied to the byproducts of the wine industry is given.

Keywords: biorefinery; circular economy; grape seed; bio-based; chemometrics

1. Introduction

Food and agricultural waste is a growing problem that, if not properly addressed, has negative
effects on the economy, environment, and human health. Food and agricultural waste can not only
be avoided but it is possible to intercept the opportunity to exploit the waste to define, for example,
new bioproducts in a more complete view of biorefinery. It has been estimated that a third of all the
food produced in the world is not consumed, making for a total of about 1.3 billion tons of waste
a year [1,2].

In Italy, the economic value of food waste is around 8.5 billion euro per year [3], of which about 11%
(equivalent to €180 million) takes place during industrial processing in the fruit and vegetables sector [4].

In Europe, viticulture plays a fundamental role, with a market dominated by Italy, France, and
Spain. Vinification is wrongly considered a production with low environmental impact; instead, it
requires considerable quantities of resources such as water, soil fertilizers, amendments, producing
a huge amount of waste [5,6]. From an agronomic point of view, the vineyard area in Italy is about
5.2% of the Used Agricultural Surface (SAU), equivalent to 664,296 hectares at national level [7], with a
wine production of 47 million hectoliters in the 2017 harvest (biggest wine producer by volume) [8,9].
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Winemaking produces a series of byproducts, easily exploitable for new productions and in various
supply chains.

During the winemaking process, the quality and quantity of these byproducts depend on a set of
cofactors, but basically on the type of vinification [5,10–13]. Grape seeds represent the portion of fruit
with the highest concentration of bioactive molecules; several studies reported that, among the different
parts of grape fruit, seeds show the highest antioxidant activity, followed by the skin and pulp [14,15].

Grape seeds still have great biological potential that could be exploited by extracting
bioactive compounds with high added value before using biomass for energy purposes to obtain
extracts and semifinished products useful for agronomic, cosmetics, feed, food, nutraceutical, and
pharmaceutical purposes.

Therefore, considering grape seeds as waste represents a double loss for the food industry, both
for the disposal costs and for the loss of profits deriving from their recycling and exploitation.

From the processing of one ton of grapes, approximately 0.13 tons of pomace are produced,
0.06 tons of lees, 0.03 tons of pomace, and 1.65 m3 of waste water [5,6]. Seeds can be easily recovered
from pomace by separation and sifting technologies. Accounting for 8–20% of the weight of grapes
processed by the wine industry [11,16], it can be estimated that in Italy there is an amount of seeds
coming from the winemaking process that varies between 0.1 and 0.3 million tons [17,18].

The disposal of waste and byproducts led to strong environmental impact that can be estimated
by assessing the carbon footprint that is slowly also spreading in the wine sector: the most widely
used methodology is the Life Cycle Assessment (LCA) [12,19–25]; on the Italian level, the calculation
of the emission of CO2 equivalents due to the 2016 vinification waste was calculated on the basis of the
“International Wine Carbon Calculator” [26] and was equal to 278,100 tons from lees, 834,300 tons from
pomace, and 185,400 tons from stems [27]; in Italy in the 2016 harvest, 1300 tons of CO2 equivalents
were produced, which could be reduced by using these byproducts as raw material for other production
chains, as underlined by Bevilacqua et al. [27].

The creation of an integrated model with a biorefinery approach applied to the oenological sector
would therefore allow considering winemaking waste as co-products in a virtuous circular economy
process aligned with European waste legislation and meeting or exceeding the Kyoto protocol goals [28].

2. The Biorefinery Concept

A biorefinery is a facility that provides for an integrated, efficient, and flexible conversion of
biomass feedstocks through a combination of physical, chemical, biochemical, and thermochemical
processes into multiple products. As a broad technological definition, biorefinery is intended as the
conversion of all kinds of biomass (e.g., organic residues, energy crops, aquatic biomass) into a wide
range of bio-based products, such as food and feed, chemicals, materials, fuels, power, and heat [29,30].

Biorefineries are considered the most complete way for the creation of an industry based on
products derived from biological materials or able to enhance the different chemical components
of biomass.

The concept of biorefinery is analogous to oil refineries but tends to exceed the limit of a purely
energetic crop destination, proposing the use of plant biomass to extract chemicals to be used in several
sectors. The biorefinery deals with separating the components of the biomass in its constituents to assign
each of them to the use that allows obtaining the greatest yield in terms of biovalue. The biorefinery
approach, applied to winemaking, provides for the optimal exploitation of byproducts in industrial
sectors not in competition with that of wine.

Biorefinery outputs are classified into a biovalor hierarchy that indicates the value of biomass
transformations (Figure 1) based on new circular agricultural or economic models. At the top of
the pyramid there are substances for fine and pharmaceutical chemistry, useful for the synthesis
of vaccines, antibiotics, and immunotherapy proteins. Further down the hierarchy of biorefinery
products, there are food and feed products, followed by substances for the chemical industries, such as
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bioplastics, lubricants, solvents, adhesives, fibers, and dyes. At the bottom of the pyramid there are all
the substances for the production of biogas by fermentation and biofuels in the field of energy sector.

 

Figure 1. The biorefinery concept: a puzzle piece of circular bioeconomy.

The more suitable technologies for separation, fermentation, gasification, and chemical conversion
must be identified, as well as for biomasses’ pretreatment and storage.

In addition to territorial integration, favored by the reduced size of the plants compared to those
of traditional petrochemicals, the availability of biomass requires the development of integration
processes within the relationship with suppliers; this allows access to a limited supply range to
qualified materials to be included in the production processes.

In terms of efficiency and sustainability, chemical products from biomass should be considered
and certified on the basis of criteria referring to the entire life cycle of products [31]. According to
estimates by international organizations, the transition to a green economy could generate from 15 to
60 million jobs (green jobs) globally in the next twenty years [32]. Communication also plays a role
of primary importance: informing consumers about the safety aspects, as well as about the benefits
that can arise from good planning of the valorization of biomass, will be even more than any other
incentive paths [18].

3. High Value-Added Compounds in Grape Seed

The waste generated by the agroindustry should be considered for a biorefinery approach, as
they meet different criteria, such as the quantity of raw material and the content in molecules with
high added value [33–36]. The interest in grape seeds has increased, especially for their content in
nutraceuticals, such as phenolic compounds (gallic acid, hydroxybenzoic and cinnamic acid derivatives,
quercetin, kaempferol, monomeric flavan-3-ols, i.e., (+)-catechin, (−)-epicatechin, gallocatechin and
epicathechin 3-O-gallate, procyanidin dimers, trimers, and more highly polymerized procyanidins) [37],
unsaturated fatty acids [38–40], vitamin E, carotenoids, and phytosterols [41].
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Several studies reported potential protective properties of grape seeds [42–48], i.e., the anticancer and
chemopreventive efficacy of grape seed extract against various types of cancers [49–52]. The beneficial
effects of grape seed on human health are due to the concerted and combined action of bioactive
compounds; it is clear that the first step of bioactivity is linked to antioxidant properties [53,54].

Other than genetic traits of the grape cultivar, extrinsic factors as the year of production (i.e., the
climatic condition from year to year), the site of production (such as the effect of geographic origin of
grapes, soil composition, and fertilization), the degree of maturation, and postharvest practices strongly
influence the levels of nutraceutical compounds [55–58]. Furthermore, processing technologies, as type
of vinification and some related steps, e.g., fermentation, represent additional factors in determining
the bioactive profile of grape seeds [59,60].

The identification, isolation, and quantification of functional grape seed components, as well as
the assessment of their interactions, are necessary prerequisites for selecting adequate procedures in
biorefinery. For this reason, particular attention should be paid towards fast and green procedures and
alternative analytical techniques.

4. Green and Sustainable Procedures: Extraction Techniques, Innovative Technologies,
and Chemometrics

Generally, studies on the evaluation of bioactive components should be integrated in a
multidisciplinary and innovative study approach for food research: the combination of emerging analytical
techniques and the application of statistical methods in food science led to the innovative challenge for
modelling agrofood systems.

Sampling and extraction procedures are crucial processes for the recovery, isolation, and
identification of bioactive compounds from grape seeds. The optimal extraction procedure should
provide the maximum yield in terms of concentration of target compounds. Different variables should
be considered—pretreatment of the sample, solvent/sample ratio, type of solvent, particle sizes, time
and temperature of extraction, and so on [61,62].

Conventionally, several types of pressing machines and different conventional solvent
extraction techniques have been applied in the analysis of bioactive compounds from food wastes.
These techniques are generally based on the use of toxic compounds, restricting the application of
grape seed extracts in biorefinery perspectives.

Nowadays, several extraction, processing, and preservation methodologies have been introduced,
with particular regards to green and sustainable techniques for the separation of natural products from
waste [36,63].

Examples of non-conventional techniques applied to Vitis vinifera waste [64] were given, like
enzymatic treatment [65], microwave-assisted extraction [66], ultrasound-assisted extraction [67], and
supercritical and subcritical fluid extraction [68–72].

The earliest works about laboratory extraction with supercritical CO2, applied to grape byproducts
such as skin, seeds, and stems [69], were followed by industrial-scale studies, with multipurpose
biorefineries in which polyphenols and sugars extraction in supercritical CO2 is accompanied by
further processes for the recovery of fatty acids and the production of biogas [70]. Prado et al. [71]
reviewed the supercritical fluid extraction of grape seed by describing process scale-up, chemical
composition of extracts, and economic evaluation.

The food industry has recently utilized the ultrasound assisted extraction (UAE) process to extract
bioactive compounds from plant and animal materials (e.g., polyphenolics, anthocyanins, aromatic
compounds, polysaccharides, and functional compounds). This procedure increased the yields of
extracted components, rates of extraction, and processing throughput. The optimization of this
technology, which complements current methods, could allow for: modification of plant cell material
to improve the bioavailability of micronutrients while retaining the natural-like quality; simultaneous
extraction and encapsulation; quenching of radical sonochemistry, especially in aqueous systems;
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avoiding degradation of labile compounds; potential use of radical sonochemistry to achieve targeted
hydroxylation of polyphenolics and carotenoids and increase bioactivity [67].

Boussetta and colleagues [73] tested the effects of high-voltage electrical discharges (HVED) on
the aqueous extraction of polyphenols from grape pomace at constant temperature in the range of
20–60 ◦C; HVED increased the extraction kinetics of total solutes and total polyphenols from grape
pomace—whatever the method of conservation (fresh, sulphured and frozen)—by damaging both
cell membranes and cell walls. The final yields of solutes, reached after HVED application followed
by diffusion for 40 min, were more than two-fold higher than the values obtained after 240 min of
conventional extraction under similar conditions. Thus, the main advantages of HVED application
were the reduced extraction times and temperatures.

Pilot plant scale enzyme-assisted extraction of polyphenols from winery byproducts was
optimized after preliminary laboratory tests [74]. Pectinolytic and cellulolytic enzymatic treatment
of grape pomace causes the liquefaction of grape skins; this procedure enhances both the extraction
yield of polyphenolic compounds and the extraction rates of flavonoids and stilbenes, in respect of
those of sulfite extraction. Pre-extraction of pomace with hot water further increased yields of phenolic
compounds [74]. A recent extraction method for recovery of phenols from grape seed was developed
by Stambuk et al. [75] by application of pectinase, an example of enzyme-assisted extraction.

Spectroscopic techniques coupled to chemometrics could represent a valid green alternative to
conventional methods for determination of bioactive compounds in foods and food waste; numerous
advantages are given by the use of spectroscopic techniques, with respect to the conventional ones,
e.g., simple sample preparation procedure, and short time for data collection and analysis.

Canbay and Bardakçı [76] have carried out structural analysis of grape seed oil and pulp by FT/IR
spectrometry by highlighting peculiar functional groups and modes of vibration of main components.
Hanganu et al. [77], using the Principal Component Analysis method to the spectral information,
studied the application in authenticity control of grape seed oils from common genuine oils (sunflower,
soybean, linseed, and rapeseed).

Recently, the spectroscopic technique has been applied to the study and quantification of bioactive
compounds in grape seed. Nogales–Bueno et al. [78] have used near-infrared hyperspectral tools
for the screening of extractable polyphenols in red grape skins. Further studies [79,80], by jointly
applying ATR-FTIR and Raman spectroscopy to grape seed samples, studied and linked the more
important spectral features to phenolic extractability and other attributes in grape skin and grape seed.
Therefore, FTIR spectroscopy coupled with chemometrics can represent a valuable tool for monitoring
the composition of byproducts, allocating them to the most suitable extraction process.

5. A Grape Seed Biorefinery: A Picture of Italian Experience

The conversion of winery waste into energy is a source of benefits for wine producers, able to
reduce their energy costs by generating renewable energy. Power can be obtained: via biomass gasifiers
that convert grape marc to syngas, which is then fed to an internal combustion engine to drive a
generator; via biomass boilers used to supply heat to an absorption chiller for fermenter cooling; and
via anaerobic digesters used to produce biogas that is directed to an internal combustion engine to
drive a generator. Removing polyphenols from the vegetal material before the conversion into energy
could be a further important method to increase yields of power due to the antimicrobial potential
of these compounds that could inhibit the fermentation processes, and for obtaining new products
environmentally and economically sustainable to place on the market. Methods for the recovery
of anthocyanins from winery byproducts using sulfite-containing water are not completely suitable
because sulfite cannot be removed quantitatively from the extracts, and pseudoallergic reactions
caused by foods with added sulfites have been described [81,82]. Extraction with ecocompatible
solvents, mainly water, eventually with low percentages of ethilic alcohol, is a suitable method to
recover interesting and important bioactive compounds from vegetal matrices [83,84]. This technique,
suitable for integration with other processes within biorefinery plants, is ecologically and economically
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sustainable, as water does not involve high costs, it can be more easily disposed of, and, above all, it
can be recovered almost pure while concentrating the extracts to be reintroduced into the production
process [85–87].

Experimental processes so far tested on a pilot scale in Italy for grape waste (leaves and skin) are
based on aqueous extraction accompanied by additional biochemical or physical processes to enhance
the extraction yields [85,86].

An example of an operating diagram for the extraction and purification/concentration of
hydrolysable and condensed tannins from vegetal matrices is shown in Figure 2 [87]. The described
plant, operating in Tuscany, is suitable for extraction with aqueous or hydroalcoholic solvents, and
it can be used to obtain concentrated extracts and fractions of condensed tannins from grape seeds.
All the purification and concentration steps are performed by physical processes using semipermeable
membranes for micro- and nanofiltration; thus, the whole process can be green and environmentally
friendly [85].

 

Figure 2. Operating diagram of extraction and fractionation plant from Reference [87], consisting of
(1) filtered tannin broths; (2) permeate from nanofiltration Step 1; (3) concentrate from nanofiltration
Step 1; (4) concentrate from nanofiltration Step 2; (5) permeate from nanofiltration Step 2; (6) concentrate
from nanofiltration Step 3; (7) osmosis permeate; (8) osmosis concentrate; (9) settled fraction from
clarification step; (10) spray-dried obtained from fraction 6.

The extraction plant works by extracting the vegetal matrices in 100% water or by using low
percentages of alcohol. For wood or hard matrices such as grape seeds, yields of aqueous extraction
can also be raised by working at high temperatures, compatibly with the stability of the active
principles that have to be preserved: in subcritical water extraction processes at high temperatures
(150 ◦C) of grape seeds, there have been observed high yields on procyanidins extraction, but also
hydrolysis processes of galloylated compounds, and consequently increased concentrations of free
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gallic acid [83]. The extraction chamber is fed with 20 m3 of biomass and the extraction solvent can
reach a temperature of 80 ◦C. The boiler is fed with the exhausted biomass that has already undergone
the polyphenol extraction process, so that the plant can be entirely powered by cogeneration according
to the specific process parameters and calorific values of the different matrices (wood matrices have an
average calorific value of 2000–5000 Kcal/Kg; the boiler can exploit 10 tons of biomass each batch).
The purification and concentration steps are performed by membrane technology, avoiding the use of
the organic solvents usually employed in industrial purification processes. This methodology also
allows, when necessary, for a selective concentration of specific subclasses of compounds with different
chemical and biological properties. The final product is a concentrated extract or spray-dried powder
obtained with an average yield of 5% with respect to the vegetal material.

Within the activities of the European project EVERGREEN (Environmentally friendly
biomolecules from agricultural wastes as substitutes of pesticides for plant diseases control—LIFE13
ENV/IT/000461) grape seed waste, obtained after wine production and mechanical extraction of oil,
was extracted and analyzed for the polyphenol compounds by HPLC/DAD/MS methods [42].

The grape seeds were isolated from marcs obtained after the winemaking process, and pretreated
by drying at controlled temperature; the drying parameters were set according to the type of vegetable
matrix, with particular attention to avoiding the degradation of the active ingredients. The vegetal
material was put in perforated stainless steel baskets inside a drying chamber and maintained at a
maximum temperature of 38 ◦C until its weight was stable. Two batches of seeds pretreatment were
monitored in depth: the initial weights were 1260 Kg and 1560 Kg, respectively, and the respective dried
weight was 554 Kg and 708 Kg (44% and 45% yields). The dried product was packed in polypropylene
bags for food use and stored at room temperature, protected from light.

The dried grape seeds were used for oil mechanical extraction with a 15% yield. The cold-pressing
process allows for obtaining totally solvent-free oil, together with an exhausted matrix that consists of
the extruded solid after mechanical pressing. The grape seed residue post-oil extraction was considered
for agronomical formulations according to the objectives of the Project, since it showed to contain still
high levels of polyphenols—in particular condensed tannins.

For this purpose, both seeds and byproducts were characterized by laboratory extraction:
for the grape seeds as such, exhaustive extraction in hydroalcoholic solvent (EtOH:H2O 70:30,
pH 2.5 by HCOOH addition) was performed; for the minced residue after oil extraction, both
hydroalcoholic exhaustive extraction and aqueous extraction were performed to obtain respectively
a complete characterization and also to reproduce an industrial extraction process with 100% water.
The hydroalcoholic extractions confirmed that most of the polyphenolic compounds (72.1%) present in
the seeds were retained during the mechanical oil extraction process; thus, the exhausted material could
be recovered as a further possibility of exploitation of wine production waste and according to the
innovative models of circular agriculture. The measured amounts of single compounds in the aqueous
extract of the exhausted residue were as follows (results expressed as mg single compounds per gram
of seeds): gallic acid (0.41 mg/g); catechin dimer B3 (1.52 mg/g); catechin (0.64 mg/g); catechin trimer
(0.54 mg/g); catechin dimer B6 (0.77 mg/g); catechin dimer B2 (0.96 mg/g); epicatechin (0.59 mg/g);
epicatechin gallate dimers I (1.06 mg/g); epicatechin gallate dimers II (5.49 mg/g); catechin tetramers
(9.51 mg/g); catechin/epicatechin trimers digallated I (13.47 mg/g); catechin/epicatechin trimers
digallated II (8.92 mg/g). Total polyphenols were 43.88 mg/g.

The aqueous extraction of seed waste after oil extraction allowed for a more sustainable, even
though lower, recovery of polyphenolic compounds; in this case, an increased percentage of gallic acid
was observed in byproducts with respect to the seeds (0.93% vs. 0.04%)—this could be due to partial
hydrolysis of heavier molecules.

Recent studies have shown high antioxidant and antimicrobial properties for gallic acid in
particular, and higher nematocidal activity for extracts particularly rich in free gallic acid has also been
observed [88,89]; thus, it is of interest to test new agronomical formulations containing oil extraction
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residue from grape seeds: these formulations could slowly release condensed tannins into the ground
to obtain antimicrobial and nematostatic/nematicidal effects.

In this order, a new gel formulation containing the minced grape seed residue post-oil extraction
was designed, produced, and monitored for 4 months by spectrophotometric analysis repeated at
regular time intervals (1 month). The preliminary analyses showed that the powder obtained from the
spent residue gradually releases polyphenolic compounds into the gel matrix along with time until
flavan-3-ol and procyanidin concentration, expressed as catechin equivalents per gram of gel, was
7.4 mg/g gel (0.7% p/p).

The formulations, chemically and physically stable within the time of use, are in a test phase on
several crops to prevent the attack from various pathogenic species.

6. Conclusions

In Italy, the production of waste from winemaking processes is high and its use following a holistic
biorefinery approach is needed. The integrated exploitation of enological byproducts represents a
basis for an ‘intelligent’ reconversion of waste that can be attained through the use of eco-compatible
‘green technologies’ to ensure environmental sustainability in the supply chain. In this context, studies
are needed aimed at optimizing an integrated valorization of biomass, as well as to guide producers
and consumers towards virtuous and sustainable development paths.
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Abstract: The aim of this work is the evaluation of a green extraction technology to exploit winery
waste byproducts. Specifically, a solid–liquid extraction technology (Naviglio Extractor®) was
used to obtain polyphenolic antioxidants from the Cagnulari grape marc. The extract was then
chemically characterized by spectrophotometric analysis, high-performance liquid chromatography,
and mass spectrometry, revealing a total polyphenol content of 4.00 g/L ± 0.05, and the
presence of anthocyanins, one of the most representative groups among the total polyphenols
in grapes. To investigate potential biological activities of the extract, its ability to counteract
hydrogen peroxide-induced oxidative stress and cell death was assessed in primary human
endothelial cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test,
used to assess potential extract cytotoxicity, failed to show any deleterious effect on cultured cells.
Fluorescence measurements, attained with the intracellular reactive oxygen species (ROS) probe
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA), revealed a strong antioxidant potential of
the marc extract on the used cells, as indicated by the inhibition of the hydrogen peroxide-induced
ROS generation and the counteraction of the oxidative-induced cell death. Our results indicate
the Naviglio extraction, as a green technology process, can be used to exploit wine waste to obtain
antioxidants which can be used to produce enriched foods and nutraceuticals high in antioxidants.

Keywords: Cagnulari marc; Naviglio Extractor®; green extraction; endothelial cell; oxidative
stress; polyphenols

1. Introduction

Although wine production is one of the most important agricultural activities worldwide [1],
the problems related to its waste treatment or disposal are far from being resolved [2]. Contamination
problems related to winery waste byproducts have been raised [3,4]. Indeed, wine waste, such as lees
and grape marc, may exert phytotoxic effects if applied to crops [4] or wetlands [5], since their content
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of specifc micronutrients and heavy metals is incompatible with the agricultural requirements [4–6].
Nevertheless, most of these byproducts can be used for different purposes, including the production
of functional foods, dietary supplements, cosmetics, and pharmaceuticals [7,8]. The wine byproducts
represent a considerable burden as industrial waste, due to the presence of variable phenolic contents
in the wine, depending on the type of grape, the part of the tissue, and the processing conditions [4].
However, this burden can be significantly reduced using new or modified processing methods that
aim to generate useful wine bioproducts, such as natural antioxidants. In this context, phenolic
compounds with high antioxidants properties have been extracted from grape marc using new
extraction techniques, such as pressurized liquid extraction and supercritical carbon dioxide [9].

Extraction methods, such as supercritical fluid extraction (SFE), pressurized liquid extraction
(PLE), and assisted microwave irradiation extraction (MAE), can be employed as an alternative to
conventional extraction techniques, since they have many practical aspects, including the reduction of
solvent consumption and increasing the extraction rate process [9,10]. In this context, the Naviglio
Extractor® is a solid–liquid extraction technology that works by generating a negative gradient pressure
from the inside toward the outside of the solid matrix, which transports the extractable material outside
of the matrix, by causing a suction effect. This extraction technique has been proven to be reproducible,
quantitatively comparable, and affordable compared to other techniques, such as SFE and accelerated
solvent extraction (ASE) [11–14]. Although the Naviglio Extractor® has been employed on several
matrices [13,15–17], to our knowledge, its use on grape marc is yet to be explored. In addition, to be
valuable, an extraction technology should not affect or should be able to retain the biological activities
of the compounds extracted from that matrix, and therefore, its employment needs to be tested for
this aspect.

Association of increased reactive oxygen species (ROS) with cardiovascular diseases
(CVD) [18] suggests that counteracting oxidative stress with antioxidants could prevent disease
occurrence or ameliorate their effects. For this reason, a significant amount of attention is now
focusing on naturally occurring antioxidants as potential candidates for CVD prevention and/or
treatment. The endothelial cell (EC) plays a crucial role in the integration and modulation of signals
within the vascular wall [19], and perturbation of such homeostasis by oxidative damage is the trigger
for the onset and development of CVD [18]. Therefore, we used human umbilical vein endothelial
cells (HUVECs) to evaluate the potential antioxidant activity of the obtained extract. Indeed, HUVECs
have been reported to be a useful model to study the vascular cells’ response to natural antioxidant
treatment [20–25].

Thus, the aim of the present work is to investigate whether (i) the green technology, Naviglio
Extractor®, can be used to extract valuable antioxidant products from the wine waste, and (ii)
the obtained products exert antioxidant activity, by protecting human endothelial cells against
H2O2-induced oxidative stress and cell death.

2. Materials and Methods

2.1. Chemicals

Unless stated in the text, all the used reagents were from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Pomace Acquisition and Preparation

The pomace of Vitis vinifera var. Cagnulari was purchased from a winery cooperative (Santa Maria
La Palma, Alghero, Italy). Around 50 kg of exhausted pomace (RH% 52.6 ± 2.1) was air-dried in
a cabinet tray drier with air flowing in alternate directions at 35 ◦C. After 72 h, the dried pomace
(RH% 5.76 ± 0.2) was milled and sieved to a particle size of less than 4 mm diameter, and then vacuum
stored at 4 ◦C until use.
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2.3. Pomace Extraction Procedure

The detailed principle and procedures for the Naviglio Extractor have been previously
reported [11]. Briefly, the extractor works by alternating a static phase with a dynamic one; during
the static phase, the extracting solvent is brought to a pressure of about 10 atm, and is kept in this
state for sufficient time to reach an equilibrium between the inside and the outside pressure of the
solid matrix; at the end of the static phase, a dynamic phase begins, produced by a sudden movement
of the pistons, which generates a rapid pressure decrease. The negative pressure gradient created
between the inside and the outside of the solid matrix allows the extraction, due to a suction effect [11].
About 4 kg of dried pomace was recovered in a porous bag made of 50 μm filter membrane, and then
introduced into the extraction chamber of the Naviglio Extractor (Mod. EXNA 1015) in 12.2 kg of
water/ethanol 60:40 (v/v). To allow total polyphenols recovery, 21 extractive cycles of 1 min and
25 s each for a total of 38 min (12 min in static phase and 26 min in dynamic phase) were performed.
The obtained hydro-alcoholic extract was recovered and stored at −20 ◦C.

2.4. Chemical Characterization of the Extract

2.4.1. Folin–Ciocalteu (FC) Assay

The total polyphenol content of the extract was determined spectrophotometrically according to
the classical Folin–Ciocalteau (FC) method. A 50 μL aliquot of standard solution, composed by a set of
gallic acid solutions (concentrations from 50 to 500 ppm), was added to different quartz cuvettes (1 cm
optical path) filled with 2350 μL of water and 150 μL of FC reagent. After 3 min, a solution of 20%
sodium carbonate (450 μL) was added. Blank solution was prepared in the same way, but adding water
instead of samples. All solutions were mixed in the dark for 2 h at RT, and then the absorbance was
recorded at 760 nm with a Varian Cary 3E UV–vis spectrophotometer. Before analysis, 20 μL of extract
were desalted and purified through a passage in a solid phase extraction C18 cartridges (Phenomenex,
Torrance, California, USA, 55 μm, 70 A) equilibrated with 10% HCOOH solution. Then the extract was
diluted 50 times, then treated with the same procedure used for gallic standards. The total polyphenol
concentration was estimated by linear interpolation with a calibration curve made by the set of gallic
acid solutions.

2.4.2. High-Performance Liquid Chromatography Analysis

Qualitative analysis of the extract was performed by high-performance liquid chromatography
(HPLC) using an HP 1100/1200 instrument (Agilent Technologies, Palo Alto, CA, USA), equipped with
an autosampler (100 μL sample loop), and a diode array detector [26]. About 225 μg of raw extract was
loaded in 100 μL of HPLC starting conditions (6% of eluent A, composed by water/acetonitrile/formic
acid, 87:3:10 v/v/v) on a C12 column (Synergi 4 μm Max-RP 80 A, 250 × 4.6 mm ID, Phenomenex,
Torrance, California, USA), preceded by a Synergi guard column (4 × 3.00 mm, Phenomenex) with the
same stationary phase, at room temperature. The flow rate was set at 0.5 mL/min with a multistep
gradient of eluent B (water/acetonitrile/formic acid, 40:50:10 v/v/v in A from 6% to 90%, according
to the scheme provided in Table 1. Elution was followed by recording the absorbance between
190 and 700 nm. As a reference, a standard pool composed by 60 μL of a 2.5 ng/μL solution of
malvidin-3-O-glucoside chloride, 60 μL of a 5 ng/μL solution of cyanidin-3-O-glucoside chloride,
and 60 μL of a 2.5 ng/μL solution of peonidin-3-O-glucoside chloride (Sigma-Aldrich) was run on the
same gradient.
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Table 1. HPLC gradient used for the anthocyanin compounds separation.

Time (min) Eluent B (%)

0 6
5 6
25 20
40 40
45 60
50 90
60 90

2.4.3. Mass Spectrometry Analysis

Identification of anthocyanins was confirmed by mass spectrometry (MS). Raw extract sample
and selected fractions collected from HPLC run were analyzed using a MALDI-TOF Micro MX (Waters,
Manchester, UK) spectrometer [27], equipped with a nitrogen laser (337 nm), and reflectron analyzer,
in delayed extraction mode. Samples were mixed with an equal volume of the matrix, which was
a DHB solution (2,5-dihydroxybenzoic acid, 20 mg/mL in 90% acetonitrile). Spectra were acquired
in the 100–800 mass to charge ratio (m/z). The m/z range was externally calibrated by acquiring
the spectrum of a mixture of compounds with known masses. The calibration was performed by
air-drying on the plate 2 μL of a 1:1 mixture of standard polyphenols (resveratrol, 228.0786 g/mol,
0.14 μg/μL, peonidin-3-O-glucoside chloride, 463.1240 g/mol, 0.28 μg/μL cyanidin-3-O-glucoside
chloride, 449.3848 g/mol, 0.28 μg/μL, malvidin-3-O-glucoside chloride, 493.1346 g/mol, 0.28 μg/μL),
and DHB solution.

2.5. Assessment of Extract Biological Activity

2.5.1. Endothelial Cell Culture and Treatments

Human umbilical vein endothelial cells (HUVECs) were isolated from the vein of human umbilical
cords and cultured as previously described [22–28]. Briefly, cells were detached from the interior
of the umbilical vein of a 30 cm segment cord by treatment for 10 min at 37 ◦C with 0.05% (w/v)
collagenase type II from Clostridium hystolyticum in medium M199 containing 100 U/mL of penicillin
G sodium salt and 100 μg/mL streptomycin sulphate. HUVECs were harvested at 1000g for 10 min
and finally resuspended in 5 mL medium M199 supplemented with 10% (v/v) fetal calf serum
(FCS), 10% (v/v) newborn calf serum, 2 mM glutamine, and antibiotics. Cells were then plated
in 25 cm2 tissue culture flasks (Falcon, Oxnard, CA, USA) and cultured in an atmosphere of 5%
CO2/95% air. Cells were identified as endothelial cells by their “cobblestone” morphology and
by factor VIII staining. Second passage HUVECs coming from a pool of different umbilical cords
were used for experimentation. The day before each experiment, cells were plated in 48-well plates
(Corning, Lowell, MA, USA) at a concentration of 104 cells/mL, and pretreated with the extract for 3 h,
before oxidative stress was induced for 2 h by treatment with the indicated concentration of hydrogen
peroxide (H2O2). In agreement with our previous study using a supercritical fluid extraction (SFE)
extract of Salvia desoleana (S. desoleana) [25], the doses of 0.1, 1, and 10 μg/mL were tested in our human
vascular model.

2.5.2. Measurements of Intracellular ROS

Intracellular ROS levels were determined by using the ROS molecular probe
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Molecular Probe, Eugene, OR, USA),
as previously described [23,24]. Within the cell, esterases cleave the acetate groups on H2DCF-DA,
thus trapping the reduced form of the probe (H2DCF). Intracellular ROS oxidize H2DCF, yielding the
fluorescent product, DCF. Cells were incubated for 3 h with the concentrations of extract indicated in
the figure legends. After treatment, cells were incubated for 30 min with Hanks’ Balanced Salt Solution
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(HBSS) containing 5 μM H2DCF-DA, then washed twice with HBSS and assessed for the fluorescence
by using a Tecan GENios plus microplate reader (Tecan, Männedorf, CH, USA) in a light-protected
condition. Treatment-induced variation of fluorescence was measured for 2 h in cell culture medium
without phenol red. Excitation and emission wavelengths used for fluorescence quantification were
485 nm and 535 nm, respectively. All fluorescence measurements were corrected for background
fluorescence and protein concentration. Using untreated cells as a reference, the overall anti- and
pro-oxidant outcome was evaluated by comparison of five different measurements and expressed as
percent of controls.

2.5.3. Assessment of Cell Viability

Potential toxicity and potential protection against oxidative cell death of the obtained
extract were investigated under the different experimental conditions. To this end,
cell viability was assessed in 96-well plates (BD Falcon) by using the colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously
reported [21,29]. To determinate potential toxicity, cells were treated for 20 h with the indicated
concentrations of extract. To determinate potential protection against oxidative-induced cell damage,
cells were pre-incubated for 3 h with the concentrations of extract indicated in the figure legends,
then H2O2 (75 μM) was added for 20 h. After treatments, cells were added with 20 μL MTT solution
(5 mg/mL) in cell culture medium and incubated at 37 ◦C in a cell incubator for additional 4 h;
the medium was then removed, and the cell monolayer was washed twice with HBSS. The converted
dye was solubilized with acidic isopropanol (0.04 N HCl in absolute isopropanol), and plates were
analyzed at 570 nm using a GENios Plus microplate reader (Tecan, Männedorf, CH, USA) with
background subtraction at 650 nm. All the measurements were corrected for protein concentrations
and results expressed as a percentage of untreated controls.

2.6. Statistical Analysis

Data were checked for normal distribution and processed by one-way analysis of variance
(ANOVA) followed by post hoc Newman–Keuls multiple comparison tests to determine the differences
between mean values among treatments, with significance defined as p < 0.05. All the analyses were
performed using the GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA).

3. Results and Discussion

The treatment and disposal of waste originating from agricultural activities are important issues
that are far from being resolved [2,4–6]. Fortunately, fruit and vegetable processing waste is rich in
valuable compounds, such as antioxidants, and their utilization as a source of natural food additives is
gaining a great deal of attention [7,8]. On the other hand, the pressing requirement to resolve food waste
problems in an eco-sustainable manner necessitates the resolution of disadvantages associated with old
extraction methods and promoting waste exploitation by employing green technologies. In this context,
the rapid solid–liquid dynamic Naviglio® extractor represents a technology of solid–liquid extraction
that possess several advantages as compared to the other currently existing extractive techniques.
Contrary to many of the current methods, which aim to heat the extractive system to raise efficiency
and shorten extraction times, the Naviglio® extractor carries out the extraction at room or sub-room
temperature, and uses an increase of pressure of the extracting liquid on the solid matrix, thus avoiding
thermal stress on thermolabile substances [11]. Moreover, the employment of higher pressures allows
a reduction in the extraction time and a concomitant improvement of the extraction process [11–14].

In this study, we used the Naviglio® extractor on Cagnulari grape marc to isolate valuable natural
antioxidants from wine waste. Indeed, while wine processing residues are unusable for agricultural
purposes, its content in polyphenol antioxidants constitutes one of the higher value options for
wine byproducts exploitation, since they provide many health benefits [7,8]. As revealed by the
FC assay performed on the extract, the Naviglio® extractor was able to recover 4.00 g/L ± 0.05 of
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total polyphenol. This finding indicates that valuable polyphenolic substances are still present in
the wine waste, and that the green technology employed was able to extract them from the waste
matrix. As compared to other extraction technologies, our data indicate that the Naviglio® extractor
recovered a number of polyphenols, characteristic of the used matrix [30,31]. Indeed, the overlap of
pomace extract (blue curve) and standard (red curve) chromatograms clearly shows the correspondence
between two anthocyanin standard peaks and two species present in the extract (#1 and #2, Figure 1).
MS analysis of the pre-HPLC extract confirmed the presence of several anthocyanins characteristics of
the exploited matrix, including malvidin, peonidin-3-O-glucoside, malvidin-3-(6-acetyl)-glucoside,
and M-3-G (Figure 2A). Moreover, the MS analysis of HPLC fraction 1 (#1) and 2 (#2) further confirmed
the presence of the specific anthocyanins peonidin-3-O-glucoside and M-3-G respectively (Figure 2B,C).
Interestingly, the extract chromatogram (Figure 1, blue curve) showed a considerably high abundance
of malvidin-3-glucoside (#2), in agreement with previous findings [30–32].

Figure 1. HPLC analysis. Overlapping of HPLC chromatograms obtained by anthocyanin standards
(red curve) and pomace extract (blue curve), wavelength = 520 nm. #1 and #2 indicate the fractions
collected and further analyzed by MS.

Within the different natural antioxidants, plant polyphenols are considered among the most
important providers of health benefits, such as those related to the cardiovascular system [33]. In this
context, red wine polyphenols are thought to be responsible for the cardiovascular benefits associated
with the regular consumption of moderate amounts of wine [34,35]. M-3-G is one of the anthocyanins
present in red wine responsible for the red pigmentation of red grapes and red wine [32]. While its
antioxidant activity in vitro has been reported [36], as compared to the resveratrol, a natural red
wine polyphenol, relatively few reports investigated its antioxidant activity and vasculoprotective
effect in a vascular cell model. Indeed, although chemical tests to assess antioxidant activity are
often used, the best approach to study the antioxidant activity/effect of a given compound would be
directly in vivo or in a cellular model. An in vivo model, such as the cell, would provide the optimal
environment for possible interaction (e.g., compound–cellular receptor, compound–cellular signal
transduction) that would be missed in a chemical assay system.
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Figure 2. MALDI-TOF MS analysis. (A) Raw extract spectrum, confirming the presence
of several anthocyanins, including malvidin, malvidin-3-O-glucoside, peodinin-3-O-glucoside,
and malvidin-3-(6-acetyl)-glucoside. (B) Fraction 1 and (C) Fraction 2 spectra, confirming the presence
of peodinin-3-O-glucoside and malvidin-3-O-glucoside, respectively.

The endothelium plays a pivotal role in cardiovascular homeostasis, and oxidative-induced
endothelial cell (EC) injury is the key step in the onset and progression of CVD [18]. Therefore,
the EC is a very useful model to investigate the potential effects of M-3-G on the vascular system.
When tested on our cell vascular model, the extract obtained from the Cagnulari grape marc with
the Naviglio Extractor® was safe. In fact, based on our previous experimentations with extracts
from Salvia desoleana [25], we tested the pomace extract at concentrations of 0.1, 1, and 10 μg/mL
without evidence of toxic effects on cultured cells (Figure 3A). Based on the high polyphenol content
found in the grape marc extract, we sought to investigate whether it may counteract H2O2-elicited
oxidative changes in our vascular models. Therefore, we pre-incubated the cells with the three different
concentrations of the extract, and then we cultured them in the presence and absence of H2O2 to assess
a potential antioxidant effect. Using the ROS fluorescent sensor H2DCF-DA, the data derived from
five pooled measurements were expressed as percentages of the untreated cells (CTRL) in Figure 3B.
Exposure of the HUVEC cells to these increasing concentrations of the extract showed significant
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antioxidant effects with respect to the H2O2-treated cells (Figure 3B). Since oxidative stress is known
to induce cell damage and even death, we sought to determine whether the observed antioxidant
effect could be protective against the H2O2-induced oxidative damage. To this end, we pre-treated
the cell with the indicated concentrations of extract and then we measured the cell viability by using
the MTT assay both in oxidatively-stressed and -unstressed cells. Consistently with the observed
antioxidant effect on H2O2-induced ROS generation, pre-treatment of cells with increasing doses of
grape marc extract was able to significantly protect HUVECs from the oxidative cell death elicited by
H2O2 (Figure 3C).

Due to the ever-growing production of waste by modern society, the environmental sustainability
requirements related to waste treatment or disposal are becoming an issue of primary importance [3,4].
In this context, exploiting these residues to obtain valuable compounds by mean of green technologies
may be the answer to this problem, both in terms of environmental sustainability and for potential
profit. In some case, these residues can indeed be an alternative source for obtaining natural
antioxidants, which are considered safer in comparison with synthetic antioxidants, largely used
in the food industry with undesirable effects on the enzymes of human organs [7,8,37,38]. Hence,
phenolic compounds can be considered added-value byproducts, which justifies their isolation from
the industrial wastes [38]. Antioxidant and anti-inflammatory activities of anthocyanins have been
extensively reported, therefore promoting studies concerning their extracts from different sources [4,39].
In this study, we used a green extraction technology (Naviglio®) to provide a proof of principle that
wine industry wastes can be a rich resource of natural antioxidants.

As reported in the current study, the employed extraction technology was able to extract
a remarkable amount (4.00 g/L ± 0.05) of phenolic compounds from the wine waste (Cagnulari
Grape Marc). The performed chemical analysis revealed the Naviglio Extractor was able to recover
specific anthocyanins, such as the malvidin, peonidin-3-O-glucoside, malvidin-3-(6-acetyl)-glucoside,
and M-3-G, which are characteristic phenolic compounds of the exploited matrix. Tested on a cell
vascular model, the Naviglio extract showed a strong antioxidant effect. Indeed, in H2O2-treated
cells exposed to a low concentration of extract (1 μg/mL) the levels of ROS did not significantly
differ from the one in control cells (CTRL), showing 53% more antioxidant effect as compared to
cells treated with only H2O2 (p = 0.0021) (Figure 3B). At higher concentration (10 μg/mL), the extract
showed an antioxidant effect that was 85% higher when compared to cells treated with only H2O2

(p = 0.0001). The observed dose-dependent antioxidant was paralleled to a protective effect of similar
extent when cells were analyzed for H2O2-induced cell death in the presence of the different extract
concentrations (Figure 3C). Noteworthy, contrary to what was observed for other natural antioxidants,
such as resveratrol and coumaric acid for instance [22–24], this powerful antioxidant effect was free
of any cytotoxicity or harmful effects on cells, even when treated with increasing concentrations of
extract (Figure 3A), meaning that the extract does not affect the levels of intracellular ROS needed to
finely control the cellular functions.
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Figure 3. Effect of grape marc extracts on human umbilical vein endothelial cell (HUVEC) viability.
(A) HUVECs were incubated for 20 h with the indicated concentrations of the extract, then cell viability
was determined using the MTT assay, as reported in the materials and methods. Grape mark extract
inhibits hydrogen peroxide (H2O2)-induced ROS generation in HUVECs. (B) HUVECs were exposed
for 3 h to the indicated concentrations of grape marc extracts, and then incubated in the absence (CTRL)
or presence of 75 μM H2O2. Fluorescence was measured, as reported, in the Materials and Methods.
#, p = 0.0428; ##, p = 0.0021; ###, p = 0.001; ####, p = 0.0001. Grape mark extract inhibits hydrogen
peroxide (H2O2)-induced oxidative cell death of HUVECs. (C) HUVECs were exposed for 3 h to the
indicated concentrations of grape marc extracts and then incubate for 20 h in the absence (CTRL) or
presence of 75 μM H2O2. Cell viability was assessed as reported in the materials and methods. Data are
expressed as percentage of the control. CTRL, untreated cells; H2O2, hydrogen peroxide; GME, Grape
marc extract. ##, p = 0.0017; ###, p = 0.0006.

4. Conclusions

Our results show that the grape pomace can be an important source of polyphenolic substances
that provide antioxidant activity and vasculoprotective effect. The Naviglio® is a green extractive
technology that does not make use of any solvent or thermal treatments, and is affordable compared
to other conventional solvents or supercritical fluid phase extraction procedures. Our current data
indicate that the green technology used to exploit the wine waste is capable of extracting antioxidants
compounds that are characteristic of the employed grape pomace, namely anthocyanins. Considering
that red grape is used in millions of tons in wine-producing countries, the polyphenolic compounds
extracted from grape processing byproducts such as grape marc, seeds, or peels could be used as
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sources of natural antioxidants to be employed in different contexts. Ultimately, besides the “green
aspect” related to the technology employed and the waste recycling, our proposed extraction process
may be applied to other natural sources of polyphenols in various fruits, spices, and dried herbs,
such as cocoa products, some berries, flaxseeds, and nuts (chestnut, hazelnut), and some vegetables,
including olive and artichoke [40], which play an important role on cardiovascular protection. From this
perspective, further studies need to be performed to investigate other polyphenol-rich byproducts,
and to highlight their antioxidant and protective role in health and disease.
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Abstract: A comprehensive study on the composition and antioxidant properties of black tea samples
with a chemometric approach was performed via LC-ESI-Q-TOF-MS, DPPH radical scavenging assay,
and Folin–Ciocalteu assay (TPC). Marked differences between the teas from seven different countries
(China, India, Iran, Japan, Kenya, Nepal, Sri Lanka) were shown. The Indian samples demonstrated
the highest total catechin content (184.8 mg/100 mL), the largest TPC and DPPH scavenging potential
(58.2 mg/100 mL and 84.5%, respectively). The applied principal component analysis (PCA) and
ANOVA revealed several correlations between the level of catechins in tea infusions. EC (epicatechin),
ECG (epicatechin gallate), EGC (epigallocatechin), and EGCG (epigallocatechin-3-gallate) content
was not correlated with DPPH, gallic acid, and TPC; however, a strong correlation of EC and ECG
between themselves and a negative correlation of these two catechins with EGCG and EGC was
noted. Interestingly, simple catechins were not found to be responsible for antioxidant properties of
the black teas. The samples collected in the higher altitudes were similar.

Keywords: Camellia sinensis; black teas; catechins; antioxidant activity; LC-ESI-Q-TOF-MS; principal
component analysis

1. Introduction

Tea is the most widely consumed drink across the world after water [1]. Every day almost 2/3
of the world’s population drinks 18–20 billion cups of tea, and its annual production is estimated to
be around 2.9 million tons [2]. Tea ((Camellia sinensis (L.) Kuntze)) belongs to the family Theaceae
and is cultivated in over 45 countries across all continents except North America and Antarctica.
Naturally, the best growth of tea is observed in tropical and subtropical climate with sufficient amount
of precipitation on a slightly acidic soil [3]. Tea as a food product is obtained from young leaves,
immature buds, and delicate stalks of tea bush, which are then processed. Based on the type of
production process, C. sinensis-based teas can be divided into black, green, Pu-erh, oolong, yellow,
and white teas [4,5]. However, recent research demonstrated that C. sinensis also can be divided
into seven types, namely green, yellow, white, oolong, black, aged pu-erh and ripened pu-erh [6].
Green tea is produced from freshly harvested leaves that are immediately steamed to prevent enzymatic
inactivation [7]. Furthermore, white tea is a non-fermented product obtained from first, young leaves
and buds harvested in spring before their maturation. It is considered as the most high quality type
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of tea. Only black tea is fully fermented, obtained under the influence of warm air and oxidizing
enzymes [8].

The production of black tea accounts for over 75% of the whole tea production in the
world; therefore, it can be considered as the most important kind of tea for general population.
Although green tea is considered as the most active and rich in phenolic compounds, recent studies
have shown that black tea also possesses very high biological activity [9,10]. It contains basic
polyphenolic compounds called as catechins, such as (–)-gallocatechin (GC), (–)-epicatechingallate
(ECG), (–)-epigallocatechin (EGC), (+)-catechin (C), (–)-epicatechin (EC), (–)-gallocatechingallate (GCG),
and (−)-epigallocatechin-3-gallate (EGCG) and also complicated polymers such as theaflavins (TFs),
thearubigins (TRs), and theabrownins (TBs) [11,12]. The latter complex phenolic compounds (TFs, TRs,
and TBs) emerge in the fermentation process as a result of oxidation of catechins and their gallates
during production of black teas [12]. Although black tea infusions are considered to have lower
antioxidant activity compared to green tea, they possess a wide spectrum of biological properties
because of high concentration of simple catechins as well as TFs or TBs [13]. Black tea infusions are
known to have antimutagenic and anticarcinogenic properties. They accelerate cell apoptosis and
prevent the occurrence of some cancer types (lungs, skin, liver, or pancreas) [10,14,15]. Furthermore,
they are characterized by strong antibacterial, antiviral, and antifungal properties [9,16,17]. Recent
studies suggest that black teas decrease blood pressure and cholesterol level, especially in patients
with high fat intake, which can be crucial in the prevention of cardiovascular diseases [18,19].

Even though various pharmacological activities of black tea samples have been studied so
far, no publications can be found, which report the actual compositional differences between the
components of black tea in relation to their origin.

Black tea leaf infusions contain a large number of compounds of natural origin as well as
some obtained during fermentation process; therefore, chemometric tools can complement the
chromatographic analysis. The application of principal component analysis (PCA) allows treating
a sample of tea as a point in a multivariate space. Furthermore, some intercorrelations between all
constituents can be examined and all variability of content can be presented as several independent
(orthogonal) trends. If the constituents are intercorrelated, the whole dataset can be compressed to
several trends, explaining almost all information inside the results.

The majority of the studies published deal with the analysis of green tea catechins with
chemometric approach helping to elucidate chromatographic analysis [11,20]. Therefore, the primary
goal of this study was to quantitatively differentiate catechins’ composition, which is scarcely published
in the scientific literature, but also total phenolic content (TPC), and antioxidant activity of black tea
infusions and classify them according to their origin. The secondary goal of this work was to find
the correlations between the chemical composition of different origin tea samples using PCA-based
methodology. To our knowledge, a study of this kind has not yet been performed so far, regarding the
differences in catechin’s concentration in the infusions, antioxidant activity of black teas from different
regions and correlations between these parameters. Because the tea is not consumed as a fresh product
but only as a beverage, all results were expressed per 100 mL of the infusion.

2. Results and Discussion

2.1. LC-ESI-Q-TOF-MS Determination of Catechin Content

The identification of these phenolic compounds was obtained in a tailored chromatographic
method applying a gradient of two solvents: acetonitrile and water, with an addition of formic acid,
which increases conductivity in the ESI (electrospray ionization) source, but also suppresses ionization
of phenolic compounds during this chromatographic step and finally improves the peak shape.

The operation parameters of the applied mass spectrometer enabled the ionization of the
constituents of tea infusions and the MS/MS fragmentation spectra (see Supplementary Information
File, Figure S1). The selected capillary voltage and the fragmentor voltage provided a successful
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analysis of these compounds. The collision-induced dissociation (CID) energy values set at 10 and
20 V induced a sufficient and not excessive ions’ fragmentation, which was more clear in case of the
former value, because of a clearly visible deprotonated molecule in the spectrum. Negative ionization
mode was found preferable for the analysis of these compounds, with the signal ca. 10 times more
intensive than in the positive one.

All studied catechins were separated on the column with retention times: 4.8 min for GA, 10.9 min
for EGC, 11.5 min for C, 12.3 min for EC, 12.8 for EGCG, 14.1 min for EGC. Based on that separation,
we were able to do an analysis of the fragmentation patterns. The investigated gallates of catechins
were found to lose the gallate group in the fragmentation process. Furthermore, the opening of the
flavan-3-ol ring resulted in the presence of the following m/z value: 137 m/z.

The elaborated chromatographic method was checked for its suitability in the determination of
GA and catechins. The linearity range for the studied compounds in the optimized method was within
the range 0.03–12 μg/mL and the LOD and LOQ values were presented in Table 4 in the Materials and
Methods chapter.

2.2. The Determination of Catechin Content in the Investigated Samples

Our study revealed the presence of four catechins (EGC, EGCG, ECG, and EC) and gallic acid
(GA) in the tea infusions, which is in accordance with other investigations on tea catechins [6,21–23].
Moreover, Tao and co-workers suggest that EGCG, ECG, and EGC are the most abundant catechins in
all three types of tea (green, black, and oolong), which together account for over 80% of all catechins [24].
Table 1 presents the average content of GA and catechins determined in the investigated black teas.

Only for teas cultivated in Nepal, (both regions), all catechins were determined in the extracts,
however, the total concentration of all catechins and GA in these teas was not high. The sum of
all five compounds was the highest in Indian teas because of a very high concentration of EGC
(178 mg/100 mL of tea infusion), which was also the main catechin in all investigated teas. This is
in agreement with our recent study, which proved EGC to be the main simple catechin in black tea
infusions [25]. The second group of teas rich in catechins were those cultivated in Sri Lanka with a
total concentration of 54.1 mg/100 mL of infusion. However, the sum of all investigated catechins in
the Iranian samples was calculated as 10.5 mg/100 mL only, with an average concentration of EGC of
9.91 mg/100 mL. It was the only group of samples in which EGCG was not detected. ECG and EC
were the catechins present in the lowest concentrations in all tested teas (far below 1 mg/100 mL).
Furthermore, ECG was detected only in the Iranian and Nepal samples. EC was not detected in teas
from China, India, and Sri Lanka.

According to Khokhar and co-workers, EGCG and EGC are the predominant catechins in black
and green teas. They also suggest that the levels of (+)-catechin are below the detection limit, which is
probably due to a very low concentration of (+)-catechin in the tea leaves and a strong degradation of
this compound during the fermentation process of black tea [21].

Still, the application of a high-resolution mass spectrometry (HR-MS) in this study—and namely
a Q-TOF-MS apparatus—resulted in the identification of catechin in the obtained extracts, although
its quantity was scarce (<0.1 μg/100 mL). Therefore, catechin was not quantified in the investigated
samples. The above cited findings of Khokhar and co-investigators [21] are consistent with our results;
however, our data suggest that the primary catechin in black tea is not EGCG but EGC. This may be
connected with the hydrolysis of EGCG during storage and the production process of black teas. In all
black teas investigated in this study, the concentration of EGC was much higher compared to EGCG.
These data are in agreement with previous studies suggesting that EGCG is the primary catechin in
green and oolong tea, but not in the black tea [24].
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Table 1. The content of gallic acid and catechins in the black teas.

Parameter GA * EGC * EGCG * ECG * EC * Total

CH (China)
Mean (mg/100 mL) 3.54 18.0 0.29

- - 21.8SD 0.28 1.92 0.02
Range 3.37–4.11 15.7–20.6 0.18–0.45

JA (Japan)
Mean (mg/100 mL) 2.66 14.2 0.15

-
0.04

17.1SD 0.43 1.77 0.04 0.01
Range 2.05–3.09 12.0–17.3 0.12–0.20 0.03–0.07

K (Kenya)
Mean (mg/100 mL) 5.34 33.0 0.12

-
0.38

38.8SD 0.45 2.93 0.03 0.03
Range 4.69–5.94 29.9–36.5 0.08–0.15 0.35–0.41

I (India)
Mean (mg/100 mL) 6.0 178.0 0.86

- - 184.8SD 0.73 19.5 0.07
Range 5.28–7.11 156.8–205.2 0.64–0.96

S (Sri Lanka)
Mean (mg/100 mL) 3.74 49.2 1.18

- - 54.1SD 0.59 5.25 0.17
Range 3.29–4.53 41.2–58.4 0.84–1.32

IR (Iran)
Mean (mg/100 mL) 0.27 9.91

-
0.08 0.28

10.5SD 0.01 1.16 0.007 0.05
Range 0.21–0.29 8.35–11.4 0.06–0.09 0.19–0.34

NH (Nepal)
Mean (mg/100 mL) 3.68 25.5 0.05 0.36 0.51

30.1SD 0.35 4.18 0.009 0.04 0.08
Range 3.18–3.95 18.5–32.8 0.04–0.06 0.33–0.43 0.42–0.57

NM (Nepal)
Mean (mg/100 mL) 9.42 33.9 0.06 0.12 0.57

44.1SD 1.74 4.01 0.02 0.022 0.08
Range 7.12–11.5 28.1–39.4 0.04–0.09 0.1–0.15 0.48–0.68

* GA (gallic acid), EC (epicatechin), ECG (epicatechin gallate), EGC (epigallocatechin), and EGCG
(epigallocatechin-3-gallate).

2.3. Antioxidant Activity Assessment and TPC in the Studied Samples

Not only green, but also black tea extracts possess strong antioxidant activity, which indicates that,
not only simple catechins, but also TFs and TRs have high biological potential [23]. The review made
by Wiseman and co-workers on antioxidants in tea suggests that green and black tea infusions have
equally strong antioxidant activity [26]; however, according to Han and Chen, a comparison of relative
inhibitory potency between simple catechins and TFs may be difficult to perform [27]. According to
the previous findings, black tea infusions may be an important antioxidant-based food product in
human nutrition.

Results of TPC and antiradical activity (Table 2) were in good agreement with chromatographic
analysis of GA.

The teas cultivated in India were characterized by the highest phenolic content (expressed as
GAE) and antioxidant activity. As it was previously described, these products contained the highest
amounts of EGC, which was far above the concentrations determined in other investigated teas.
High concentration of phenolics and high antiradical activity was also determined for teas from Nepal
and Kenya. However, samples from China, Japan, and Iran used in this study were characterized by
low antioxidant activity, which was well correlated with TPC and catechin content, which also were
significantly lower compared to other teas. It should be strongly emphasized that not only simple
catechins, but also condensed compounds such as TRs, TFs, and TBs, possessed a wide spectrum
of biological properties, including antioxidant activity. Therefore, in this study, the Folin–Ciocalteu
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method was used, as a quick and simple tool for fast characterization of TPC content in black tea.
Although this method is not specific, it could extend chromatographic data, especially for products
with complex polyphenolic profile as black teas.

Table 2. Total phenolic content (TPC) and antiradical activity of selected black teas.

Tea
TPC *

(mg/100 mL)
SD

Antiradical Activity
(%)

SD
Trolox Equivalent

(mM/L)
SD

CH (China) 17.5 a 1.73 33.6 3.19 1.74 0.18
JA (Japan) 28.4 b 2.62 35.6 5.28 1.85 0.16
K (Kenya) 49.9 c 5.12 75.6 8.80 2.55 0.22
I (India) 58.2 c 6.16 84.5 7.31 3.11 0.34

S (Sri Lanka) 33.8 b 4.28 54.8 7.70 1.97 0.21
IR (Iran) 20.2 a 3.11 31.8 4.20 1.51 0.14

NH (Nepal) 52.7 c 4.78 82.6 9.43 3.00 0.22
NM (Nepal) 44.0 c 5.05 73.4 8.48 2.38 0.23

* expressed as gallic acid equivalents; different letters by column are statistically significantly different at p < 0.05.

2.4. Chemometric Analysis of the Obtained Results

To investigate the dependences between determined compounds and sample properties, a scaled
PCA was applied to the whole data matrix consisting of rows expressing the samples’ type and
columns containing their properties. The following seven variables were used: GA, EGC, EGCG, ECG,
and EC content (all expressed in mg/100 mL), DPPH (%) and TPC (mg/100 mL).

Figure 1 presents the resulted scores and their corresponding loadings are placed in Figure 2.

 

Figure 1. The scores of first two principal components of PCA analysis, explaining together 80% of
information in the obtained dataset.
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Figure 2. The loadings of first two components depicted on Figure 2. For explanations, see text.

The first principal component (PC1) explained the 45.2% of the total variance, connected with
antioxidant activity. GA, TPC, and DPPH are strictly correlated with themselves; therefore, samples
lying on the right side of score plot are characterized by the highest antioxidant activity (I, NM,
and NH). The samples located on the left side (low PC1 value) are characterized by lowest antioxidant
activity (CH, JA, and IR).

The second principal component (PC2) explains 35.3% of the samples’ variance. It represents
the (independent to PC1) trend, connected with changes in EC, ECG, EGC, and EGCG content.
The loading vectors of these compounds are located along the vertical axis. It means that they are
almost uncorrelated with DPPH, GA, and TPC. EC and ECG are strictly correlated between themselves
and they are visibly negatively correlated with EGCG and EGC, which form the second intercorrelated
group. Therefore, a high PC2 value means high content of ECG and EC with simultaneous low content
of EGCG and EGC (for example IR, NM, and NH). The low PC2 value indicates an opposite behavior
(high EGCG and EGC with low ECG and EC, for example I and S).

There is a high variability of the samples in the context of both of these trends and one can
find samples representing all possible combinations of low/high PC1 and PC2 values. This fact
results in the conclusion that catechins are almost not connected with antioxidant activity, whereas
there is a visible correlation between their content in the investigated samples (including negative
between two groups). Performed ANOVA corroborated significant differences between investigated
parameters. This study confirmed that, because of the low catechin concentration in the black tea
infusions (in comparison to the green tea), other compounds of phenolic nature are predominantly
responsible for strong antioxidant properties of the black tea. For details, see Figures S2–S3 and
Tables S1–S4 in the Supplementary Material.
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The applied chemometric approach did not reveal any correlation between catechins’ content,
antioxidant activity, and geographical origin. Fraser and co-workers [28,29] reported potential use
of secondary metabolites analysis using different chemometric tools in the origin discrimination
of black teas. However, their results were based on different parameters and revealed significant
differences between the tea type (black, oolong and green), rather than location. In the present study,
an interesting trend was also observed—the teas cultivated in the countries or regions located on
the higher altitude above the sea level (Nepal and Kenya) were characterized by different—similar
to one another—catechin content and antiradical properties in comparison to other tested samples
(see Figure 2). There are several studies on different groups of secondary metabolites, which shed
light on the relationship between the content of natural products in the extracts and the altitude of
the cultivars’ occurrence [30,31]. Some of them have analyzed the levels of catechins in tea samples,
but the conclusions drawn were inconclusive. Han and co-investigators [31] suggested that higher
altitudes along with related lower temperatures induced the composition of Chinese green tea samples,
leading to a better tea quality (based on the composition). However, Chen and co-workers [30],
who investigated oolong tea samples, drew a conclusion that both the level of galloylation and the
catechins’ concentration were inversely correlated with the altitude of the cultivar.

Our studies preliminarily suggest the presence of a correlation between the parameters described
above also in black tea samples.

3. Materials and Methods

3.1. Plant Material

The investigated tea samples were purchased in Poland in 2015–2016 from professional tea shops.
In total, 48 black teas, cultivated in seven countries, were used in this study. For each tea origin,
a special code was given, which was presented in Table 3. The origin of the teas was guaranteed be
the seller, which specializes in the trade of high quality, premium teas. No blended products were
used in this study. In general, 864 black tea samples were investigated (8 geographic regions × 6
representatives × 6 batch numbers purchased × 3 samples taken). Table 3 shows a summary of the
information on the number of replicate tea samples from each sampling region.

Table 3. The geographical origin and number of samples for the investigated black teas.

Code Sampling Region Number (Representatives)

CH China 6
JA Japan 6
K Kenya 6
IR Iran 6

NH Nepal (border of the Darjeeling region, altitude >2000 m) 6
NM Nepal (altitude 1500–1700 m) 6

I India (Assam region) 6
S Sri Lanka 6

3.2. Reagents

Sodium carbonate (Na2CO3, reagent grade), citric acid and Folin–Ciocalteu reagent were
obtained from Stanlab (Lublin, Poland). The solvents for liquid chromatography coupled with mass
spectrometry (LC-MS) (spectrophotometric grade) such as acetonitrile, water, and formic acid were
purchased from J.T. Baker (Center Valley, PA, USA). The standards of all investigated catechins (EGC,
EGCG, ECG, and EC), trolox, gallic acid and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents used for extraction were of
reagent grade.
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3.3. Preparation of Tea Infusions

Each tea was first milled using an electrical mill (type WZ-1, ZBPP, Poland). To prepare aqueous
extracts, according to the conventional tea brewing method [32], about 1.0 g (±0.001 g) tea was weighed
and transferred to a 250 mL conical flask. Then, brew was prepared using 100 mL of boiling distilled
water and infused for 5 min under the watch glass cover. Because a moderate acid environment of
the tea solution plays a pivotal role in the stability of the aqueous tea sample, after the extraction,
pH of the extract was adjusted to 3.2 using citric acid, and it was diluted five times with distilled water
(only for chromatographic determinations) [21,33]. Subsequently, the solution was filtered through
0.45 μm filter (Cronus, Gloucester, UK) prior to LC-MS analysis.

3.4. LC-MS Analysis

The LC-MS system consisted of an electrospray ionization with quadrupole time-of-flight mass
spectrometer (ESI-Q-TOF-MS 6500 Series mass spectrometer, Agilent Technologies, Santa Clara, CA,
USA) and an LC system (1200 Series, Agilent Technologies) composed of an autosampler, a degasser,
a DAD detector, and a binary pump. The analytes were separated on a Zorbax RP 18 column from
Agilent Technologies (size 150 mm × 2.1 mm, dp = 3.5 μm) at a flow rate of 0.2 mL min−1 and
temperature of 20 ◦C. The mobile phase consisted of a combination of solvent A (0.1% formic acid in
water) and solvent B (acetonitrile). The gradient elution was as follows: t = 0 min, 10% B; t = 10 min,
40% B; t = 12 min, 40% B; t = 17 min, 95% B; t = 20 min, 10% B; t = 22 min, 10% B and the stop time was
set at 30 min. The photodiode array detector continuously recorded the absorbance from 190 to 600 nm,
and later the chromatograms were analyzed at 254, 280, 320, and 365 nm. The mass spectra were
simultaneously acquired using the ESI in the negative and positive ionization modes with a capillary
voltage of 4.0 kV, fragmentation voltage of 130 V, skimmer voltage of 65 V, the gas and sheath gas
(nitrogen) flows of 12 L/min each, and their temperatures of 350 and 400 ◦C, respectively. The mass
spectra were recorded in the negative ionization mode, within the range of 40–1000 m/z, similarly to
the MS/MS spectra, which were collected at two collision energy values of 10 and 20 V. Two highest
signals obtained in MS1 spectra were selected for further fragmentation and after obtaining 1 spectrum
of a given mass, the signal was excluded for the next 0.3 min. The nebulization pressure was 35.0 psig.
The injection volume was set at 20 μL of each standard and tea infusion.

Identification of each catechin was performed based on their retention times and mass spectra
(see Figure 1 and Figure S1 in the Supplementary Material). The standards of all catechins and
gallic acid (GA) were used in the concentration of 2 mg/mL (stock solution) and then several
dilutions (to calculate a 5-point calibration curve) were performed to plot the calibration curves
for each compound and characterized the method (calculation of limit of detection (LOD), limit of
quantitation (LOQ) values and linearity of the method). The LOQ was determined as a triple value
of the obtained LOD, which was calculated as 3 times the signal-to-noise ratio (S/N ratio) value.
Results of quantitative analysis of all obtained extracts were evaluated based on the calibration curve
equations for each catechin and GA. Table 4 presents the parameters of the method and Figure 3
presents the chromatograms.

Table 4. Validation parameters obtained in the optimized LC-MS method (n = 5).

Compound LOD (ng/mL) LOQ (ng/mL) R2 Calibration
Curve Equation

Linearity
Range (μg/mL)

GA 0.52 1.56 0.9990 y = 2.4 × 107x − 1.2 × 106 0.030–30
EGCG 0.46 1.38 0.9988 y = 4.6 × 107x − 2.8 × 106 0.015–35
EGC 0.42 1.26 0.9987 y = 6.0 × 107x − 1.9 × 106 0.020–40
ECG 0.42 1.26 0.9992 y = 6.6 × 107x − 1.2 × 106 0.015–40
EC 0.42 1.26 0.9994 y = 7.8 × 108x + 3.3 × 105 0.010–40
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Figure 3. The EIC chromatograms of all catechins identified in the extracts in the negative mode of LC
ESI-Q-TOF-MS analysis, identified based on the comparison with reference compounds.

3.5. Antioxidant Activity of Investigated Black Tea Infusions

3.5.1. TPC

The analysis was conducted according to the modified method with Folin–Ciocalteu reagent,
described elsewhere [34]. Briefly, 0.5 mL of each tea infusion was mixed with 30 mL of distilled
water and 2.5 mL of Folin–Ciocalteu reagent. After 1 min (but no longer than 8 min), 7.5 mL of 20%
Na2CO3 solution was added and the mixture was filled with distilled water to a total volume of
50 mL. After 2 h, the absorbance was measured at a wavelength of 760 nm in 1-cm cuvettes using a
UV-Vis spectrophotometer (Thermo Fisher Scientific Evolution, Waltham, MA, USA). The blank was
prepared according to the same protocol, but, instead of a sample, 0.5 mL of distilled water was added
to the reaction mixture. Moreover to avoid sample’s inherent absorbance the corrections were made
(absorbance of the solution of the sample, without Folin–Ciocalteu reagent). A calibration curve was
performed with an aqueous solution of GA (50–500 mg/mL). For this purpose, instead of the analyte,
0.5 mL of aqueous solutions of GA was added at concentrations of 50, 100, 200, 300, and 500 mg/L. TPC in
the studied samples was expressed as mg gallic acid equivalents (GAE) per 100 mL of tea infusions.
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3.5.2. DPPH Test

DPPH test was performed according to a previously described procedure with minor
modifications [35]. Black tea infusion (0.1 mL each) was mixed with 3.9 mL of DPPH solution
(6 × 10−5 M in methanol). The absorbance at 515 nm was read at t = 0 (AC0) and in 5-min intervals
until the reaction reached the plateu value (ACt). For all samples, it was no longer than 30 min.
A control sample was prepared by replacing the addition of extract with methanol. The obtained
results were expressed as a percentage of inhibition using the following equation: inhibition
[%] = [(AC0 − ACt)/AC0] × 100. To express the antioxidant potential of the investigated samples,
water solutions of Trolox in the concentration range 0–15 mM/L were prepared and used according to
the same protocol.

3.5.3. Statistical Analysis

The statistical evaluation of data, including the principal component analysis (PCA), one-way
Anova and post hoc tests, was performed in Statistica 12 program (StatSoft, Tulsa, OR, USA).
The statistical significance of all obtained results was determined at p < 0.05.

4. Conclusions

This study shows a detailed analysis of catechins content, TPC analysis, and radical scavenging
activity assessment of black tea samples from different cultivation areas: China, Japan, Kenya, Iran,
Nepal, India, and Sri Lanka. EGC was the dominant catechin in the studied samples, followed by
EGCG. The obtained results recorded by LC-ESI-Q-TOF-MS indicated the highest catechin content in
black tea samples from India because of the presence of highest EGC concentration. These products
were also characterized by the highest TPC and antiradical activity. However, the tea extracts from
Iran were found to be the weakest source of catechins and the mildest antioxidant agent.

PCA revealed that the EC, ECG, EGC, and EGCG content was not correlated with DPPH, GA,
and TPC content; however, a strong correlation of EC and ECG between themselves was noted and
a negative correlation of these two catechins and EGCG and EGC was revealed. Despite the above
findings, the chemometric analysis revealed that the level of simple catechins in the black tea infusions
still did not influence the antioxidant potential of the samples. In case of black teas, the antioxidant
properties must be strongly influenced by other compounds of phenolic nature, possibly the condensed
phenolics, which occur in the fermentation process of C. sinensis leaves [13].

Finally, the chemometric approach did not reveal any correlation between the black tea
composition and the place of origin. However, the influence of the altitude of the cultivar on the
tea quality was observed in case of tea samples from Kenya and Nepal, whose composition and
antioxidant potential were very similar.

Supplementary Materials: Supplementary materials are available online.
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Abstract: The aim of this study was to determine the antioxidant activity of the extractable and
non-extractable phenolics of Terminalia. Sericea Burch. Ex DC. Free, ester bound, ether or glycoside
bound and insoluble phenolics were extracted from the fruit, leaves, stem, and root samples. Follin
Ciocalteu was used to estimate the phenolic content while DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay was used to determine the antioxidant activity. The data obtained were subjected to multivariate
analysis for relationships. The result indicated that the highest average total phenolic contents and
antioxidant activities were found in the free (14.8 mgGAE/g; IC50 6.8 μg/mL) and ester bound
(15.1 mgGAE/g; IC50 6.4 μg/mL) extractable phenolics. There was a strong negative correlation
between TPC and DPPH (r = −0.828). Agglomerative hierarchical clustering revealed three clusters.
Cluster one contained the insoluble and glycoside phenolics while cluster 2 contained only free
phenolic acid of the root. The third cluster was predominantly free and ester bound phenolic
extracts. The principal component analysis score plot indicated two major clusters with factor 1 (F1)
explaining 61% of the variation. The nuclear magnetic resonance spectroscopy spectra indicated that
gallic acid and resveratrol are the major phenolic compounds present in the root. This study has
demonstrated that extractable phenolics contributed more to the antioxidant activities compared to
the non-extractables.

Keywords: extractable; non-extractable; antioxidant activity; agglomerative hierarchical clustering;
principal component analysis; multivariate analysis; nuclear magnetic spectroscopy

1. Introduction

Accumulation of reactive oxygen and nitrogen species during oxidative metabolic processes can
result in diseases such as diabetes, aging, inflammation, cardiovascular, neurodegenerative, and brain
dysfunction [1–3]. Antioxidants are molecules that prevent oxidative damage caused by reactive
species through scavenging free radicals, inhibiting lipid perodixation, and metal chelation [1,4].
Synthetic antioxidants such as butylatedhydroxytoluene (BHT), butylatedhydroxyanisole (BHA),
and propylgallate (PG) are commercially used to preserve food by increasing the shelf-life through the
inhibition of lipid peroxidation [4–6]. However, studies have revealed that synthetic antioxidants are
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toxic and carcinogenic, leading to the search for alternative sources of antioxidants from the natural
origin [7].

Food and medicinal plants have been identified as rich natural sources of antioxidants [8].
Phenolics are secondary metabolites in plants and are known as major sources of antioxidants [9,10].
They protect plants against UV radiation, oxidative stress, and microbial infections [11–14]. The health
benefits of phenolics have been ascribed to their pharmacological potentials such as anti-carcinogenic,
anti-inflammatory, and anti-microbial [15]. Phenolics are good antioxidants because of their ability
to scavenge free radicals, reactive oxygen and nitrogen species, and metal chelation [16]. They are
generally classified as phenols, polyphenols, stilbenes, xanthones, and coumarins [17]. Phenolic
acids are further classified as hydroxybenzoic acid and hydroxycinnamic acid while flavonoids are
classified as flavones and their glycosides, catechins, flavonones, isoflavonoids, flavonols, anthocyanins,
flavan-3-ols and proanthocyanidins flavonols, anthocyanins, flavan-3-ols, and proanthocyanidins.
Tannins are either hydrolyzable or condensed [13,18].

Phenolics exist as free, soluble conjugates and in insoluble forms [19]. Conjugated soluble
phenolics are bound to soluble low molecular mass molecules (carbohydrates, proteins, lipids) by
either esterification at the carboxylic moiety or etherification at the hydroxyl group [20–22]. Insoluble
phenolics are usually covalently bound to polymers such as polysaccharides and lignins through an
ester linkage and are only released from the matrix through acid, alkaline, or enzyme hydrolysis [23,24].
In humans, insoluble phenolics are released from the matrix in the colon during the fermentation of
the ingested material. The release of these phenolics has been identified as beneficial against colon
cancer [25]. Free and conjugated phenolics are known as extractable phenolics while bound or insoluble
phenolics are known as non-extractable [26]. Non-extractable or insoluble phenolics usually remain
in the matrix of the residue after the extraction of soluble phenolics with aqueous alcohol [27,28].
Quantification of phenolics using only extractable phenolics results in the underestimation of the total
phenolic content and antioxidant activity of the plant material [29]. It is therefore important to consider
the contribution of the insoluble phenolics to the antioxidant activities of a plant material.

Terminalia sericea Burch. ex DC. (Combretaceae) is a medicinal plant commonly found in the
savannah woodlands of eastern, central, and southern Africa. [30]. The fruit, leaf, stem, or root have
been used for the treatment of diabetes, diarrhea, venereal disease, and tuberculosis [31]. Decoction
and infusion are common methods of herbal preparation for oral administration [32]. The Vhavenda
people mix the root infusion in preparation of the baby’s soft porridge which helps in preventing
diarrhea and dysentery [33,34]. Infusion or decoction prepared from T. sericea fruit, leaf, stem, or root
is used to treat infectious wounds, diarrhea, eye infection, hypertension, fever, pneumonia, infertility,
menorrhagia, stomach ache, cough, and gonorrhea [33,35]. Aqueous or organic extracts of T. sericea
root, stem or leaf have been reported to possess antibacterial, antidiabetic, anti-HIV, anti-inflammatory,
and anti-mycobacterial activities [31]. The crude extract of the root has been reported to be toxic to
Monkey kidneys or Vero cells [36]. Previous studies [37–39] on the antioxidant activities of T. sericea
have been limited to extractable antioxidants. Lupeol, inseparable mixtures of epicatechin-catechin and
epigallocatechin-gallocatechin have been identified as antioxidant constituents of the acetone extract
of stem bark [38]. There is, however, no available report on the estimation of the antioxidant activities
of the non-extractable phenolics. It is therefore important to evaluate the antioxidant activities of the
non-extractable phenolics to avoid underestimation of the antioxidant capacity. Several studies have
been conducted on the quantification and antioxidant properties of extractable and non-extractable
phenolics in fruits, vegetables, and cereals [40,41] compared to non-food medicinal plants. The aim
of this study, therefore, is to evaluate the antioxidant activities of the extractable and non-extractable
phenolics of T. sericea.
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2. Results and Discussion

2.1. Extraction Yield

The result of the extraction yield is illustrated in Figure 1. Aqueous ethanol was used as the
extracting solvent for extractable phenolic, so as to increase the extraction of very polar phenolics [42].
In general, the highest yield was found in the free phenolic root extract while the least yield was
found in the insoluble phenolic root extract. Other studies have indicated that extractable (soluble)
phenolics contain higher yields compared to non-extractable or bound phenolics [21,43], soluble or
extractable phenolics have higher yields than bound or non-extractable phenolics. The root had the
highest free and ester bound phenolic extract yield while the leaves had the highest ether bound
phenolic extract yield and the stem had the highest insoluble bound phenolic extract yield. This result
has indicated that there are more extractable phenolics in the root and leaf compared to the fruit
and stem. However, the stem contained more non-extractable phenolics compared to the fruit, leaf,
and root. While free phenolic acids contributed more to the extractable phenolics in the root, ether
bound phenolics contributed more to the extractable phenolics in the leaf.

Figure 1. The extraction yield of extractable and non-extractable phenolics in the organs of T. sericea.

2.2. Total Phenolic Content

The result of the total phenolic content of the extractable and non-extractable phenolics is
presented in Table 1. The highest TPC was found in the ester bound phenolic extract of the leaves
(15.69 ± 0.04 mg GAE/g) and the root (15.62 ± 0.04 mg GAE/g) while the least TPC was found in the
insoluble bound phenolic extract of the fruit (5.34 ± 0.02 mg GAE/g). In the fruit, the free and ether
bound phenolics displayed the highest TPC, while the ester bound phenolics contained the highest
TPC in the leaves. The free and ester bound phenolics contained the highest TPC in both stem and root.
Considering the distribution of the TPC in the organs, the stem and the root displayed the highest free
phenolics while the root and leaves displayed the highest ester bound phenolics.

Table 1. The total phenolic contents (mg GAE/g) of extractable and non-extractable pehnolics in T. sericea.

Organs Free Ester Bound Ether Bound Insoluble Bound Average

Fruit 14.30 ± 0.02 a 13.87 ± 0.13 c 14.25 ± 0.05 a 5.34 ± 0.02 g 11.94
Leaves 14.81 ± 0.13 a 15.69 ± 0.04 b 11.17 ± 0.12 e 11.60 ± 0.12 e 13.32
Stem 15.12 ± 0.01 b 15.24 ± 0.05 b 14.03 ± 0.08 a 11.62 ± 0.02 e 14.00
Root 15.12 ± 0.07 b 15.62 ± 0.04 b 12.12 ± 0.14 d 10.38 ± 0.04 f 13.31

Average 14.84 15.11 12.89 9.74

The values in each column or row with different alphabetical letters are significantly different at p < 0.05.
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In the ether bound phenolics, the fruit and stem contained the highest total phenolic content
while the leaves and the stem displayed the highest total phenolic content in the insoluble bound
phenolics. The ester bound phenolics contained the highest average TPC (15.11 mgGAE/g) while the
least average TPC was found in the insoluble bound (9.74 mgGAE/g). Although the stem contained the
highest TPC (14 mgGAE/g), the actual difference between the TPC of the organs was 1–2 mgGAE/g.
This study has demonstrated that the total phenolic content in the extractable phenolics was higher
than non-extractable phenolics. Furthermore, the stem contained the highest average total phenolic
content (14 mgGAE/g). It also demonstrated that free and ester bound phenolics contained more total
phenolic content compared to the ether and insoluble bound phenolics. This study correlates to the
study done by Nayaka et al. [44], which indicated that swallow root free phenolics contained higher
phenolic compounds compared to the insoluble phenolic extract. The study by Kumar et al. [45] also
indicated higher free phenolic content than the bound phenolics in Emlica officinalis and Curcuma longa.
Gallic acid and tannic acid were found to be the major phenolics in both free and bound phenolics
of E. officinalis. Curcumin was the major phenolic found in the free phenolics of C. longa while
proto-catechuic acid and ferulic acid were the main phenolics in the bound phenolics. However, the
study by Singh et al. [21] indicated that insoluble phenolics contained more total phenolic content in
Moringa oleifera seed flour compared to the soluble phenolics. Gallic acid was found to be the main
phenolic in the soluble phenolics while catechin and epicatechin were found to be the major phenolics
in the insoluble phenolics in M. oleifera. In another study [46], the TPC of non-extractable phenolics
was higher than the extractable phenolics of Cashew apple. The non-extractable phenolic of Mandrin
waste has been reported to contain higher TPC compared to the extractable phenolics [47].

2.3. Antioxidant Activities

The result of the antioxidant activities of the soluble and insoluble extracts is presented in Table 2.
The free and insoluble phenolics of the fruit displayed the highest (3.13 ± 0.75 μg/mL) and the lowest
(235 ± 6.69 μg/mL) antioxidant activities, respectively. In the fruit, the free phenolics displayed
the highest antioxidant activity while the ester bound phenolics (4.58 ± 0.71 μg/mL) displayed the
highest antioxidant activity in the leaves. The free phenolics (8.78 ± 0.57 μg/mL) displayed the highest
antioxidant activity in the stem but was not significantly different (p > 0.05) from the ester bound
phenolics (9.32 ± 0.42 μg/mL). In the root, the ester bound phenolics displayed the highest antioxidant
activities (4.89 ± 0.34 μg/mL). Considering the distribution of the antioxidants in the organs, the free
phenolics of the fruit and leaves displayed higher antioxidant activity (p < 0.05) compared to the
stem and root. The ester bound phenolics of the fruit, leaves, and root displayed higher antioxidant
activities (p < 0.05) compared to the stem. In the glycoside or ether bound phenolics, the stem displayed
the highest antioxidant while the leaves displayed the highest antioxidant activity in the insoluble
phenolics. The ester bound phenolics displayed the best antioxidant activity with an average IC50

value of 6.4 μg/mL while the stem displayed the best antioxidant activity with the IC50 value of
13.2 μg/mL.

Table 2. The antioxidant activity (IC50 μg/mL) of free and bound phenolics in the organs of T. sericea.

Organs Free Ester Bound Glycoside Bound Insoluble Bound Average

Fruit 3.13 ± 0.75 a 6.91 ± 0.75 a 12.6 ± 0.2 c 235 ± 7 g 64.4
Leaves 6.44 ± 0.81 a 4.58 ± 0.71 a 34.2 ± 1.6 d 15.4 ± 1.3 e 15.2
Stem 8.78 ± 0.57 b 9.32 ± 0.42 b 17 ± 0.7 e 17.8 ± 0.8 e 13.2
Root 8.99 ± 0.53 b 4.89 ± 0.34 a 25.3 ± 0.6 f 23.1 ± 0.5 f 15.6

Average 6.8 6.4 22.2 72.8
Gallic acid 5.5 ± 0.1

The values in each column or row with different alphabetical letters are significantly different at p < 0.05.
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This study has indicated that extractable phenolics, especially free and ester bound phenolics,
possess higher antioxidant activities compared to the insoluble phenolics. This study also demonstrated
that the stem contained more antioxidant compounds compared to the fruit, leaves, and root. In a
previous study [39], the crude extracts of T. sericea stem displayed higher antioxidant activity compared
to the leaves and the root. The ester bound extractable phenolics displayed the highest average
antioxidant activity compared to the free, glycoside bound extractable phenolics and non-extractable
(insoluble) phenolics. In general, the extractable phenolics (free, ester, and glycoside) displayed higher
antioxidant activities compared to the non-extractable phenolics. The higher antioxidant activity in
the extractable phenolics could be due to the higher total phenolics compared to the non-extractible
(insoluble) phenolics. This result corresponds to the findings of Nayaka et al. [44], in which the
conjugated phenolics of Decalepis hamiltonii root displayed higher antioxidant activities compared to
the insoluble phenolic extract. However, other studies have indicated that insoluble bound phenolics
display higher antioxidant activities in fruits, vegetables, and cereals [19]. There is no available
literature of any report of antioxidant activities of extractable and non-extractable phenolics from
genus Terminalia.

2.4. Multivariate Analysis

2.4.1. Agglomerative Hierarchical Clustering (AHC) Analysis

Agglomerative hierarchical clustering is a multivariate analytical tool used to cluster samples
based on dissimilar characteristics and then displayed as a dendrogram [48,49]. The dendrogram
(Figure 2) was constructed by Euclidean Pythagorean distance dissimilarities with Ward’s Method of
linkage [50,51]. Dotted lines represent automatic (entropy) truncation [49].

In this study, extractable phenolics include free, ester bound, and ether or glycoside bound
phenolic acids while non-extractable phenolics are also known as insoluble phenolic acids. Ether
bound extractable phenolics are also designated glycoside phenolics.

The dendrogram constructed indicated three clusters, indicating the dissimilarities in the
extractable and non-extractable phenolics in the fruit, leaf, stem, and root of T. sericea. Cluster 1
consists of Leaf insoluble phenolic acid (LIPA), stem insoluble phenolic acid (SIPA), root insoluble
phenolic acid (RIPA), leaf glycoside phenolic acid (LGPA), and root glycoside phenolic acid (RGPA).
The second cluster consists only of root free phenolic acids (RFPA). The third cluster consists of fruit
ester phenolic acid (FEPA), leaf ester phenolic acid (LEPA), stem ester phenolic acid (SEPA), root
ester phenolic acid (REPA), fruit free phenolic acid (FFPA), leaf free phenolic acid (LFPA), stem free
phenolic acid (SFPA), fruit glycoside phenolic acid (FGPA), and stem glycoside phenolic acid (SGPA).
The sample FIPA (fruit insoluble phenolic acid) was removed from the plot due to the high IC50 value
(235 μg/mL), making it an outlier compared to the values of the other samples. The dendogram clearly
indicates that the glycoside bound extractable and non-extractable (insoluble) phenolics are similar
and different from the phenolics found in the free and ester bound phenolic extracts. The widest
variety was observed between LGPA in cluster 1 and SEPA in cluster 3. Although FGPA and SGPA
are found in cluster 3, they are also found in the same sub-cluster, indicating similarities in their
phenolics. The clustering of RFPA alone in cluster 2 may be due to the high extract yield and total
phenolic content. This result has indicated similarities between glycoside bound extractables and
non-extractable phenolics, and dissimilarities with free and ester bound extractable phenolics.
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Figure 2. The dendrogram of extractable and non-extractable phenolics in the fruit, leaves, stem,
and root of T. sericea.

2.4.2. Principal Component Analysis

The Principal Component Analysis is an unsupervised method used to identify the patterns and
grouping within a data set based on the highest variation within the data [52]. The scree plot (Figure 3)
presented 3 factors, however, only F1 and F2 were significant to explain 96% of the variations. A biplot
illustrating the PCA correlation and score scatter plot is presented in Figure 4.

Figure 3. The scree plot indicating the number of significant factors explaining the variations. F1–3:
factors 1–3.

There was no correlation (Table 3) between extraction yield and TPC (r = 0.034), and between
extraction yield and DPPH (r = 0.097). However, there was a strong negative correlation between TPC
and DPPH (r = −0.828).
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Table 3. The correlation analysis between parameters and T. sericea phenolic acid extracts.

Parameters YIELD TPC DPPH

YIELD 1 0.034 0.097
TPC 0.034 1 −0.828

DPPH 0.097 −0.828 1

TPC: total phenolic content; DPPH: 2,2-diphenyl-1-picrylhydrazyl.

About 61% of the variation in the samples was explained by factor 1 (principal component PC1)
while 34% of the variation was explained by factor 2. The scatter plot revealed that the insoluble
phenolics and glycosides are found in positive F1 (cluster 1) free and ester bound phenolics are found
in the negative F1 (cluster 2). The samples found along the positive F1 have high IC50 indicating low
antioxidant activities. Although FGPA is found in negative F1, it is closer to the center. This further
suggests that glycosides have lower antioxidant activities. This indicates that glycosides and insoluble
phenolics are poor antioxidants. The result of the antioxidant activities (Table 2) indicated that all the
insoluble and glycoside (ether bound) phenolics had higher IC50 values (lower antioxidant activity)
compared to the free and ester bound phenolic extracts.

Figure 4. The principal component analysis biplot indicating the correlation circle of the active variables
and the scatter plot of the active observations. F1: the first factor or principal component 1 (PC1).
F2: the second factor or principal component 2 (PC2).

Along negative F1, REPA, and LEPA were the farthest samples from the center. The highest total
phenolic contents (Table 1) were found in both samples. Free and ester bound phenolics contained
higher phenolics and exhibited higher antioxidant activities compared to the glycosides and the
insoluble phenolics. This trend explains the negative relationship between TPC and DPPH (r = −0.828).
Previous studies have reported on the correlation between TPC and DPPH antioxidant activities [53,54].
The variation in the extraction yield is explained along F2. Positive F2 consists of RFPA, LFPA, SIPA,
LGPA, and REPA. The highest extractable phenolics were found in leaves and root while the highest
non-extractable phenolics were found in the stem. Although LGPA had a high extraction yield,
it displayed a poor antioxidant activity. The same trend was found with SIPA. On the other hand,
the extraction yield and antioxidant activity (low IC50 values) of RFPA, REPA, and LFPA were high.
This trend explains why there was no correlation between DPPH and extraction yield. Although
FIPA was not included in the constructing the PCA model, it contained the least phenolic content and
antioxidant activity.
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2.5. Nuclear Magnetic Resonance (NMR) Spectroscopy

The advantage of NMR metabolomics is its ability to detect a wider range of metabolites compared
to GC/MS and LC/MS. It is also highly reproducible and non-destructive [55,56]. NMR was used
in this study to identify the variation in metabolites responsible for the activity and grouping in the
multivariate analysis. The results of the one-dimensional proton NMR analysis of the extractable and
non-extractable phenolics are presented in Figures 5 and 6. The samples were selected for the NMR
analysis based on their clustering in the AHC and PCA analysis. In the two statistical tools, free and
ester bound phenolics were clustered in group 2 (or 2 and 3 in the case of AHC) while the glycosides
and insoluble phenolics were clustered in group 1. All the free phenolics were selected to represent
the cluster 2 (or 2 and 3, in the case of AHC) while LIPA, RGPA, and SIPA were selected to represent
cluster 1. Multiplet signals (Figure 5) at aromatic region δH 7.7 and 7.5 ppm (A), δH 4.2 ppm (B),
δH 1.7–1.27 ppm (C), and δH 0.92 ppm (D) are characteristics of phthalates, which are contaminants
from the solvents used for the extraction [57]. The solvent peaks are indicated at δH 5 ppm and δH

3.2 ppm.

LIPA

SIPA

RGPA

RFPA

FFPA

LFPA

SFPA

A B C
DSolvent

Solvent

Figure 5. The 1H-NMR spectra indicating the chemical shifts identical to Pthalates.

In the proton NMR spectra, δH 0.5–3.0 ppm are the aliphatic or organic, amino acid region while
the chemical shift ranges δH 3.0–5.5 ppm and 5.5–10 ppm are predominantly the carbohydrate and
aromatic regions, respectively [58,59]. Signals with chemical shifts characteristics of carbohydrates were
not visible in any of the spectra. The result of the aromatic region of the extractable and non-extractable
phenolics is presented in Figure 6.
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LIPA

SIPA

RGPA

RFPA

FFPA

LFPA

SFPA

Figure 6. The 1H-NMR spectra indicating the chemical shift (δ ppm) of the phenolic acid extracts at the
aromatic region.

The fruit free phenolic acid (FFPA) displayed four singlet signals at δH 8.11, 7.60, 7.45, and 7.07 ppm.
The leaf free phenolic acid (LFPA) displayed a doublet signal at δH 8.10 ppm (J = 4.8 Hz), two singlet
signals at δH 7.54 and 7.07 ppm, and two doublets at δH 7.43 (J = 2 Hz) and 6.81 (J = 8.8 Hz). The stem
free phenolic acid (SFPA) displayed singlet signals at δH 8.09, 7.54, 7.07, 6.83 ppm and a doublet signal
at δH 6.72 ppm (J = 9.6 Hz). The root free phenolic acid (RFPA) displayed seventeen singlet signals at
δH 8.17, 7.98, 7.59, 7.31, 7.24, 7.16, 7.12, 7.10, 7.07, 7.03, 6.88, 6.84, 6.73, 6.65, 6.46, 6.36, and 6.32 ppm and
six doublets signals at δH 7.94 ppm (J = 8.0 Hz), 7.54 ppm (J = 5.2 Hz), 7.39 ppm (J = 8.8 Hz), 6.98 ppm
(J = 6.0 Hz), 6.78 ppm (J = 8.8 Hz), and 6.19 ppm (J = 12 Hz). The glycoside (ether) bound phenolic
acid (RGPA) displayed two singlet signals at δH 8.21, 7.08 ppm and one doublet signal at δH 6.72 ppm
(J = 6.8 Hz). The leave insoluble phenolic acid (LIPA) displayed a singlet signal at δH 6.96 ppm and a
doublet signal at δH 6.6 ppm (J = 8.8 Hz). The stem insoluble phenolic acid (SIPA) displayed a singlet
signal at δH 7.08 ppm and a doublet signal at δH 6.73 ppm (J = 7.2 Hz).

All the extractable phenolics (FFPA, LFPA, SFPA, RFPA, and RGPA) displayed a singlet signal
around δH 8.0 ppm. This signal was not found in the insoluble phenolics (LIPA and SIPA). This could
be a major reason for the clear separation in the three classes illustrated in the dendrogram (Figure 2)
and the scatter plot (Figure 3). Additionally, included in the PCA score plot class two with the insoluble
phenolics were the glycosides (SGPA, RGPA, and LGPA). The clustering of RGPA in cluster 1 may
be due to the absence of the singlet signal range δH 7.60–7.31 ppm compared to the other extractable
phenolics. The absence of these signals could be responsible for the poor antioxidant activity of all the
extracts found in cluster 1 of the PCA score plot.

Comparing the spectra within the extractable phenolics, LFPA was the only extract with a doublet
around δH 8.0 ppm. This may be a distinguishing feature of the leaf compared to the other organs.
Another unique feature in the leaf is the similarities in the doublet signals around δH 6 ppm (J = 8.8 Hz)
in both LFPA and LIPA. The RFPA displayed the highest number of signals (Figure 6), indicating
the presence of more phenolics compared to other extracts. The highest extract yield found in RFPA
(Figure 1) could be due to the presence of more phenolics as indicated by the 1H-NMR spectra. All the
extracts, except LIPA, displayed a singlet at δH 7.07 ppm. This chemical shift is consistent with the
characteristic signal for gallic acid, a hydroxybenzoic acid [60–62]. Doublets at δH 7.94 ppm (J = 8 Hz)
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and δH 7.39 ppm (J = 8.8) in the RFPA spectra are characteristic signals for hydroxybenzoic acid
derivatives [63]. The singlet signal range δH 6.73–6. 32 ppm in the RFPA spectra is consistent with
the signals of the aromatic rings of resveratrol-3-O-β-rutinoside, a hydroxystilbene glycoside [64],
which has been previously isolated from the root of T. sericea [65,66]. The chemical shifts in the spectra
of the selected samples suggest that hydroxybenzoic acid and stilbenes are the major phenolics of
T. sericea.

The presence of gallic acid (Figure 7) in RFPA was confirmed by comparing the 1D and 2D spectra
of the gallic acid standard and RFPA. The cross peak between δH 7.07 ppm and δC 108.9 ppm in
the heteronuclear single quantum correlation (HSQC) of the gallic acid (Supplementary Figure S1)
corresponds with the cross peak in RFPA (Supplementary Figure S2). The proton δH 7.07 ppm was
identified as the methine proton of C-2 or 6 (δC 108.9 ppm) in gallic acid. The carbon δC 139.6 ppm
(Supplementary Figure S2) was assigned to C-3 or 5 while carbon δC 145.0 ppm was assigned to C-4 [63].
The chemical shifts δC 120.6 ppm and δC 169.0 ppm were assigned to C-1 and the carbonyl functional
group (C = O), respectively. The cross peaks between δC 108.9 ppm and singlet protons δH 7.03,
7.10, 7.12, and 7.16 ppm suggest the presence of gallic acid derivatives or other hydroxybenzoic acid
derivatives. In the heteronuclear multiple bond correlation (HMBC) spectrum of RFPA (Supplementary
Figure S3), the cross peaks of δH 7.03 and 7.07 with δC 139.6 ppm further confirm that δH 7.03 ppm
is characteristics of a hydroxybenxoic acid, probably a derivative of gallic acid. Gallic acid has been
isolated from the fruit of T. bellerica [67], the fruit pulp of T. chebula [68], and the leaf of T. arjuna [69].
However, this is the first report of gallic acid in T. sericea. This study has demonstrated that gallic
acid is a major phenolic compound in T. sericea. According to Ajila and Prasada Rao [70], gallic acid
was a major phenolic acid in both raw and ripe badami and raspusi mango peel. Gallic acid and its
derivative (gallic hexoside) were the major phenolic acid in berry seed meals [71].

Resveratrol consists of two aromatic rings (A and B) linked by an olefin (Figure 8). The A ring is
characterized by two doublets while the B ring is characterized by two singlets. In the HSQC spectrum
(Supplementary Figure S2) of RFPA, the cross peak between the doublet at δH 7.39 ppm (J = 8.4 Hz) and
δC 128.5 ppm corresponds to the carbons C-2 or C-6 in the A ring. The cross peak between the doublet
at δH 6.79 ppm (J = 8.8 Hz) and δC 115.1 ppm corresponds to the carbons C-3 or C-5. The identification
of these cross peaks in RFPA confirms the A ring. In the HMBC spectrum (Supplementary Figure S3)
of RFPA, the cross peaks of δH 7.39 and 6.79 with δC 128.5 further confirmed that both doublet protons
are in ring A. Both doublets also displayed cross peak with δC 158.1 ppm. In the B ring, the cross peak
between the singlet proton δH 6.73 ppm and δC 106 ppm corresponds to the carbon C-2′ or C-6′.

In the 13C spectrum (Supplementary Figure S4), the chemical shift δC 102.5 ppm was assigned to
C-4′ due to the cross peak between δC 102.5 ppm and the singlet proton δH 6.46 ppm in the HSQC.
The chemical shift δC 160.1 ppm was assigned to C-3′ or C-5′ while δC 158.1 ppm was assigned to
C-4 in the A ring [64] due to the cross peak between both δH 7.39 and 6.79 and δC 158.1 ppm in the
HMBC spectrum.

(i) (ii)

Figure 7. The structure of identified compounds (i) Gallic acid (ii) resveratrol from RFPA.
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The NMR data (one and two-dimensional) have revealed that gallic acid and resveratrol are major
phenolics in the root free phenolic acid. It also revealed that gallic acid is present in both extractable
and non-extractable extracts of all organs. In other studies [21,43,72,73], gallic acid has been reported
to be present in both extractable and non-extractable phenolics. The absence of the chemical shifts δH

7.39, 6.79, 6.73, and 6.65 ppm in the fruit, leaf, and stem suggests that resveratrol is not present or in
very little amount.

3. Materials and Methods

3.1. Materials

Solvents were purchased at Rochelle Chemicals, South Africa, while the reagents were purchased
from Merck (Darmstadt, Germany). The fruit, leaf, stem, bark, and root samples of T. sericea were
collected from Vuwani, Limpopo province in June 2014 and identified by Prof Tshisikhawe MP
(Department of Botany, University of Venda). The collected voucher specimen (MPT00114) was
identified and deposited at the University of Venda Herbarium.

3.2. Extraction

The samples were washed to remove debris and air dried for two weeks. The dried materials
were ground to a powder using an industrial grinder (Dietz-motoren KG, Dettingen unter Teck,
Germany). The free, conjugated and bound phenolics were extracted as described by Chandrasekara
and Shahidi [20]. Four grams of each dried sample was macerated with 40 mL of 50% ethanol for 24 h
at room temperature. The supernatant was filtered and the residue was re-extracted with the same
volume of the extracting solvent on an orbital shaker for 1 h. This process was repeated three times
and all the filtrate were combined to obtain extractable or soluble phenolics. The leaf and fruit samples
were previously defatted with hexane to remove the fat content before extraction [21]. The summary
of the extraction of the extractable and non-extractable phenolics is illustrated in Figure 8.

Dry T. sericea sample 

50% ethanol 

extractable Non-extractable (residue) 
 (solvent partition) 

Organic layer 

Free phenolics Aqueous layer 
2M NaOH 
6M HCl 

Ester bound phenolics Aqueous layer 

1M HCl 

6M HCl 

Ether or glycoside bound      
phenolics 

Aqueous layer 

4M NaOH 
6M HCl 

Insoluble phenolics Aqueous 
layer 

Figure 8. The flowchart indicating the extraction of free, ester, ether, and insoluble-bound phenolics.

3.2.1. Free Phenolics

The soluble phenolic aqueous solution was acidified with HCl (6 M; pH 2) and was partitioned
with diethyl ether:ethyl acetate (1:1) in a separating funnel. The organic layer containing the free
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phenolics was collected. The aqueous layer was further partitioned (4×) with a mixture of diethyl
ether and ethyl acetate to extract the free phenolics. The organic layers were combined and evaporated
to dryness using a rotar vapour (Buchi, Flawil, Switzerland).

3.2.2. Ester Bound Phenolics

The aqueous fraction (10 mL) obtained after the extraction of the free phenolics was hydrolysed
with 40 mL of 2 M NaOH for 4 h at room temperature. The alkaline solution was made acidic with
6 M HCl and the ester bound phenolics were extracted with diethyl ether: the ethyl acetate mixture as
described previously.

3.2.3. Glycoside Bound Phenolics

The aqueous fraction (20 mL) obtained after the extraction of the ester bound phenolics was
subjected to acid hydrolysis with HCl (1 M; 30 mL) by incubating in a water bath at 95 ◦C for 45 min.
The glycoside bound phenolics were extracted with the organic mixture and dried as described earlier.

3.2.4. Insoluble Phenolics

The residue after the extraction of the soluble phenolics was hydrolysed with NaOH (4 M; 40 mL)
for 1 h at room temperature. The solution was acidified with HCl (6 M; pH 2) and the insoluble
phenolics were extracted with the organic mixture and dried as described earlier.

3.3. Total Phenolic Content

The total phenolic contents of the free, conjugated and insoluble phenolic extracts were determined
using a method described by Anokwuru et al. [74]. Briefly, the extracts (1 mg/mL; 20 μL) were
transferred to 96 well plates containing 80 μL of distilled water. Follin Ciocalteu reagent (10%; 20 μL)
was added to each well containing the diluted extracts. The mixture was allowed to stand for 1 min
at room temperature before Na2CO3 (7%; 60 μL) was added to each well. The mixture was further
diluted with 120 μL of distilled water and incubated for 30 min at room temperature before measuring
the absorbance with a microplate reader (Versa Max, Shanghai, China) at 760 nm. The total phenolic
content was extrapolated from a gallic acid (10–80 μg/mL) calibration curve (y = 0.0009x + 0.049;
R2 = 1) and was expressed as mg Gallic Acid Equivalent per gram of the dry extract (mgGAE/g) using
Equation (1) [68].

C = cV/m (1)

C = the total phenolic content (mgGAE/g)
c = the concentration of Gallic acid obtained from the calibration curve
V = the volume of extract (mL)
m = the mass of the extract (g)

3.4. Antioxidant Activity

The antioxidant activity was determined using a DPPH (2,2-diphenyl-1-picrylhydrazyl) assay as
described by Anokwuru et al. [74]. Briefly, 100 μL of the extracts (1 mg/mL) or gallic acid (0.10 mg/mL;)
were serially diluted in a 96 well plate and DPPH solution (0.3 mM; 200 μL) was added to each well
containing the diluted samples. The mixtures were left in the dark at room temperature for 30 min and
the absorbance was read at 517 nm using a microplate reader (Versa Max, Shanghai, China). The blank
contained only distilled water and the DPPH solution without any sample or gallic acid.

The following equation was used to calculate the percentage antioxidant activity (AA)

%AA = [Ab − As/Ab] × 100 (2)
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where Ab is the absorbance of the blank and As is the absorbance of the sample or gallic acid.
The concentration required for 50% inhibition (IC50) of the DPPH free radical [75,76] was derived from
a plot of % AA against concentration.

3.5. Nuclear Magnetic Resonance (NMR) Spectroscopy

The proton spectra of selected extractable and non-extractable phenolic extracts were recorded on
Bruker Ultra ShieldTM Plus 400 MHZ (Biospin) (Bruker, Bellericea, MA, USA). The obtained spectra
were processed using Bruker Topspin 3.2 on the AVIII 400 software. The extracts (10 mg) were dissolved
in 1 mL deuterated methanol (Methanol-d4) and 700 μL was transferred into an NMR tube for analysis.
Gallic acid and resveratrol were identified in the crude extract by comparing the 2D experiment
(heteronuclear single quantum correlation, HSQC; heteronuclear multiple bond correlation, HMBC) of
gallic acid standard and resveratrol-3-O-β-rutinoside (previously isolated).

3.6. Statistical Analysis

The total phenolic content and antioxidant activity were analysed in triplicates and the values were
expressed as the mean ± standard error. A one-way ANOVA was used to determine the significant
difference in the TPC and the antioxidant activities using SPSS 23. Fisher’s least significant difference
(LSD) method was used for post hoc analysis. Multivariate analysis (Agglomerative hierarchical
clustering and principal component analysis) were performed on the data obtained (percentage yield,
total phenolic content, and antioxidant activity) using the software XLSTAT (2017). Agglomerative
hierarchical clustering (AHC) analysis was used to determine the dissimilarities between the extractable
and non-extractable phenolics [48]. Principal component analysis used was Pearson correlation [26].
The scree plot was used to determine the number of significant PCA factor [77].

4. Conclusions

This study demonstrated that free and ester bound extractable phenolics contained higher total
phenolic content and antioxidant activity compared to the ether bound or glycoside and insoluble
phenolics of T. sericea. Furthermore, the use of aqueous alcohol does not underestimate the amount
of phenolic compounds and antioxidant in the organs. The dendrogram constructed from the
agglomerative hierarchical clustering (AHC) indicated three clusters based on the type of phenolics
extracted. The insoluble and glycosides were found in cluster 1 while the free and ester bound
extractable phenolics were found in cluster 3. Cluster 2 contained free phenolic acids from the root
alone. The three clusters from the dendrogram were further confirmed with the principal component
analysis (PCA) score plot. There was a significant (p < 0.05) correlation between the total phenolic
acid and the DPPH antioxidant activity. One-dimensional 1H-NMR spectra of the selected extracts
revealed that hydroxybenzoic acids and stilbenes are major phenolics in the plant. The difference in the
antioxidant activity of cluster 1 compared to cluster 2 (or 2 and 3 in the case of AHC) could be due to the
variation in the chemical shift between δH 8.1 and 7.07 ppm. In the 2D experiment, the heteronuclear
single quantum correlation (HSQC) and heteronuclear multiple bond correlation (HMBC) of RFPA
revealed that Gallic acid and resveratrol are major phenolic constituents of T. sericea root. Further study
is required for the identification of phenolics responsible for the antioxidant activities in T. sericea.
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Abstract: Proanthocyanidins, including polymers with both low and high degrees of polymerization,
are the focus of intensive research worldwide due to their high antioxidant activity, medicinal
applications, and pharmacological properties. However, the nutritional value of these compounds is
limited because they readily form complexes with proteins, polysaccharides, and metal ions when
consumed. In this study, we examined the effects of proanthocyanidins with different degrees of
polymerization on white mice. Twenty-four male white mice were randomly divided into three
groups of eight mice each and fed proanthocyanidins with a low degree of polymerization or a
high degree of polymerization or a distilled water control via oral gavage over a 56-day period. We
examined the effects of these proanthocyanidins on digestive enzyme activity and nutrient absorption.
Compared to the control group, the group fed high-polymer proanthocyanidins exhibited a significant
reduction in net body mass, total food intake, food utility rate, amylase activity, protease activity, and
major nutrient digestibility (p < 0.05), while the group fed low-polymerization proanthocyanidins only
exhibited significant reductions in total food intake, α-amylase activity, and apparent digestibility of
calcium and zinc (p < 0.05). Therefore, proanthocyanidins with a high degree of polymerization had a
greater effect on digestive enzyme activity and nutrient absorption than did those with a low degree of
polymerization. This study lays the foundation for elucidating the relationship between procyanidin
polymerization and nutrient uptake, with the aim of reducing or eliminating the antinutritional
effects of polyphenols.

Keywords: antioxidant properties; digestive enzyme; nutrient; polymerization; proanthocyanidins

1. Introduction

Proanthocyanidins are a large class of polyphenolic compounds produced by a wide range
of plants. These compounds are composed of a mixture of molecules with different degrees of
polymerization, including catechins, epicatechins, and epicatechin gallates linked by C4-C6 or
C4-C8 bonds. Polymers composed of two to four monomer units are classified as oligomers
while those composed of five or more monomers are high polymers [1]. Proanthocyanidins
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are the most potent antioxidants and free radical scavengers identified to date; the antioxidant
capacity of proanthocyanidins is 20-times that of vitamin C and 50-times that of vitamin E [2].
Most pharmacological functions of proanthocyanidins, such as their anti-cancer, anti-aging, and
anti-inflammatory properties and their ability to lower blood pressure, blood fat levels, and blood
sugar levels, are closely related to their strong antioxidant activity.

Numerous studies conducted worldwide have examined the physiological activity and medicinal
value of proanthocyanidins [3–5], and these compounds have increasingly been used to prevent
and treat disease. However, due to their polyhydroxy structure, proanthocyanidins readily undergo
complexation reactions with proteins, polysaccharides, and metal ions, reducing the nutritional value of
these compounds [6,7]. Polyphenols are widely distributed in nature and are present in plant-derived
foods, teas, medicines, and animal feed. However, when polyphenols are consumed, they combine
with other compounds, which reduces their nutritional value and limits their development as human
health and animal husbandry products [8]. The molecular weight of polyphenols affects their ability
to bind to proteins; polyphenols with a molecular weight of less than 500 kD rarely precipitate with
proteins in vitro [9].

Several recent studies have examined the effects of the degree of proanthocyanidin polymerization
on food functional properties, such as foaming and foam stability. Proanthocyanidins with a higher
degree of polymerization have a stabilizing effect on the foaming properties of proteins and are
better able to bind to proteins than are those with a low degree of polymerization. The polyhydroxyl
properties of proanthocyanidins enable them to bind to multiple protein sites simultaneously [10].
A study of apple juice turbidity revealed that juice proteins aggregated with catechin polymers but not
with catechin or epicatechin monomers, suggesting that low-molecular-weight proanthocyanidins do
not effectively crosslink proteins [11].

To date, most studies examining the effects of polyphenols with different molecular weights on the
digestion and absorption of nutrients have been performed in vitro. Stojadinovic et al. [12] simulated
the gastrointestinal digestive environment to study the mechanism by which polyphenols and
β-proteins interact, and found that non-covalent bonding between polyphenols and proteins inhibits
the digestion of β-lactoglobulin by pepsin and trypsin; the higher the binding strength, the slower
the rate of protein digestion. Gonçalves et al. [13] confirmed that t high-polymer proanthocyanidins
inhibit α-amylase activity to a greater extent than do oligomeric proanthocyanidins in vitro, due to
the broader interaction between α-amylase and homomeric proanthocyanidins. Furthermore, Baxter
et al. [14] showed that insoluble aggregates resulting from an interaction between polyphenols and
proline-rich proteins contributed to sputum formation. Sarni-Manchadoy et al. [15] confirmed that the
precipitate mainly forms in vitro via the interaction between high-polymer polyphenols and salivary
proteins, perhaps because the higher hydroxyl content of high-polymer polyphenols enables them to
interact with salivary proteins more extensively than with low-polymer polyphenols.

Although the results of in vitro simulation experiments are somewhat correlated with the results of
in vivo tests, these experiments do not fully account for the actual digestion and absorption processes
of the body. Therefore, in the current study, we explored the relationship between the degree of
procyanidin polymerization and nutrient uptake in mice. The results of this study lay the foundation
for reducing or eliminating the antinutritional effects of polyphenols.

2. Results

2.1. Effects of Proanthocyanidins with Different Degrees of Polymerization on Body Weight in Mice

The initial body weights of mice in the experimental groups were not significantly different
from those of the control group, However, after a 56-day treatment with high- or low-polymer
proanthocyanidins or a distilled water control, the body weight of mice in the high-polymer group was
significantly lower than that of the control group (p < 0.05), whereas that of mice in the low-polymer
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group was not (p > 0.05; Table 1). These results indicate that proanthocyanidins with a high degree of
polymerization affect the normal growth and development of mice.

The total food intake of the high-polymer group was significantly lower than that of the
control group (p < 0.05), indicating that the proanthocyanidin solution inhibited food intake by
the mice. Perhaps the activity of digestive enzymes secreted by the mice and of enzymes produced by
microorganisms in their digestive tracts was reduced through their interaction with the polyphenols,
and this affected satiety and levels of fiber and insoluble compounds, resulting in a reduction in food
intake [16].

We calculated the net mass gain of the mice based on their initial and final body masses and the
food utility rate of the mice using formula (1) (Table 1). The food utility rate was significantly lower for
mice in the high-polymer group vs. the control group (p < 0.05). Although the food utility rate of mice
in the low-polymer group was lower than that of the control group, the difference was not significant
(p > 0.05). These results indicate that high-polymer proanthocyanidins reduce the food utilization rate
of mice. These results suggest that high-polymer proanthocyanidins have a stronger tendency than
low-polymer proanthocyanidins to form complexes with enzymes and biological macromolecules
such as proteins, fats, and sugars, resulting in a lower nutrient utilization rate.

Table 1. Effects of procyanidins with different degrees of polymerization on body weight gain, food
consumption, and the feed conversion ratio in mice.

Group Initial Weight (g) Final Weight (g)
Weight

Increase (g)
Total Feed
Intake (g)

Food Utility
Rate (%)

Control 28.92 ± 2.04 a 40.81 ± 2.45 a 11.89 ± 1.45 a 276.26 ± 10.43 a 4.30 ± 0.45 a

Low polymer 29.01 ± 1.78 a 39.19 ± 2.78 a 10.18 ± 0.98 a 244.26 ± 7.45 b 4.17 ± 0.39 a

Highpolymer 29.41 ± 1.56 a 37.94 ± 3.12 b 8.53 ± 1.01 b 242.22 ± 9.09 b 3.52 ± 0.52 b

a, b Differentsuperscripts in the same line indicate significant differences (p < 0.05).

2.2. Effects of Proanthocyanidins with Different Degrees of Polymerization on Digestive Enzyme Activity

We calculated the inhibitory effects of proanthocyanidins with different degrees of polymerization
on digestive enzyme activity using Formula (2). The effects of these treatments on the activities of
various digestive enzymes are described below.

2.2.1. α-Amylase Activity

The α-amylase activity in the small intestine and pancreas was significantly lower in the
experimental groups than the control group (p < 0.05; Table 2). This enzyme activity was also
significantly lower in mice in the high- vs. low-polymer group (p < 0.05). In the small intestine,
α-amylase activity was inhibited at a rate of 21% in the low-polymer group and 41% in the
high-polymer group. In the pancreas, α-amylase activity was inhibited at a rate of 26% in the
low-polymer group and 45% in the high-polymer group. The α-amylase digestive enzyme activity
was significantly lower in the experimental groups than in the control group, likely because the
large number of phenolic hydroxyl groups in the polyphenols interacted with the peptidyl-NH-CO-,
amino-NH2-, and carboxyl-COOH groups of the enzymes in the form of hydrogen bonds, forming
a non-digestible complex that caused the catalytic activity of the enzymes to be reduced or lost.
α-amylase activity was significantly lower in mice in the high- vs. low-polymer group, likely because
the proanthocyanidins with high degrees of polymerization had more sites that bind with α-amylase,
increasing the number of interactions between these molecules.

2.2.2. Trypsin and Pepsin Activity

The trypsin and pepsin activity in the small intestine, pancreas, and stomach was significantly
lower in the high-polymer group compared to the control (p < 0.05; Table 2). Although this activity
was lower in the low-polymer group than in the control, the difference was not significant (p > 0.05).
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Perhaps proanthocyanidins with a high degree of polymerization were more susceptible to binding by
proteases than were the other proanthocyanidins. In the small intestine, trypsin activity was inhibited
at a rate of 15% in the low-polymer group and 32% in the high-polymer group. In the pancreas, trypsin
activity was inhibited at a rate of 21% in the low-polymer group and 39% in the high-polymer group.
In the stomach, pepsin activity was inhibited at a rate of 13% in the low-polymer group and 38% in the
high-polymer group.

2.2.3. Pancreatic Lipase Activity

Pancreatic lipase activity in the small intestine and pancreas was lower in the experimental groups
than in the control group, but the difference was not significant (p > 0.05; Table 2), suggesting that both
groups of proanthocyanidins had a small inhibitory effect on lipase activity. In the small intestine,
pancreatic lipase activity was inhibited at a rate of 7% in the low-polymer group and 10% in the
high-polymer group. In the pancreas, pancreatic lipase activity was inhibited at a rate of 10% in the
low-polymer group and 13% in the high-polymer group. Compared to amylase and protease activity,
proanthocyanidins had a smaller effect on pancreatic lipase activity, perhaps because pancreatic lipase
has a weaker affinity for these compounds than the other digestive enzymes.

Table 2. Effects of procyanidins with different degrees of polymerization on digestive enzyme activity
in mice 1.

Relative Enzyme Activity Control Group
Low-Polymer

Group

Rate of Inhibition of
Digestive Enzyme

Activity in the
Low-Polymer Group

High-Polymer
Group

Degree of Digestive
Enzyme Activity
Inhibition in the

High-Polymer Group

α-amylase activity in small intestine 0.34 ± 0.05 a 0.27 ± 0.06 b 21% 0.20 ± 0.03 c 41%
α-amylase activity in the pancreas 0.47 ± 0.05 a 0.35 ± 0.04 b 26% 0.26 ± 0.04 c 45%

Pancrelipase activity in the small intestine 2.21 ± 0.08 a 2.05 ± 0.2 a 7% 1.99 ± 0.16 a 10%
Pancrelipase activity in the pancreas 3.28 ± 0.21 a 2.95 ± 0.25 a 10% 2.84 ± 0.39 a 13%

a, b Different superscripts in the same line indicate significant differences (p < 0.05); digestive enzyme activity
unit (U mg prot−1). 1 The rate of inhibition by proanthocyanidins with different degrees of polymerization on
digestive enzyme activity = (Digestive enzyme activity of control group—Digestive enzyme activity of experimental
group)/Digestive enzyme activity of control group.

2.3. Effects of Proanthocyanidins with Different Degrees of Polymerization on Nutrient Digestibility

Proanthocyanidins with different degrees of polymerization had different effects on the apparent
digestibility of proteins. The apparent digestibility of proteins was significantly lower in the
high-polymer group than in the control group (p < 0.05; Table 3), but there was no significant difference
in this value between the low-polymer and control group (p > 0.05). The decrease in apparent
protein digestibility in the high-polymer group might have been due to the binding of polyphenols to
proteases in mice, resulting in the inhibition of enzyme activity, a reduction in protein digestion, and,
ultimately, a decrease in protein digestibility in vivo. In addition, polyphenols can directly combine
with macromolecular proteins to form molecular complexes that are not easily digested and absorbed
by the human body, reducing the effective utilization of nitrogen by intestinal microbes and ultimately
reducing the utilization of proteins in food. Proteins are also major components of the cell membrane.
Polyphenols can reduce the permeability of the plant cell membrane by binding to macromolecular
substances on the cell surface, reducing the solubility of nutrients in the cell and ultimately decreasing
the digestibility of proteins in feed. The apparent digestibility of protein was significantly lower in the
high- vs. low-polymer group, perhaps because polyphenols containing more hydroxyl groups or with
a higher molecular weight react more readily with proteins. Although polyphenols bind to proteins,
this binding is selective. The molecular mass, spatial configuration, and other aspects of polyphenols
affect their reaction with proteins.
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Table 3. Effects of procyanidins with different degrees of polymerization on nutrient absorption
in mice.

Apparent Digestibility Control Group Low-Polymer Group High-Polymer Group

Apparent digestibility of protein (%) 86.33 ± 0.67 a 84.89 ± 1.36 a 78.53 ± 1.91 b

Apparent digestibility of fat (%) 87.41 ± 0.98 a 86.08 ± 0.51 a 82.65 ± 1.91 b

Apparent digestibility of calcium (%) 33.01 ± 2.12 a 29.06 ± 3.08 b 27.97 ± 1.85 b

Apparent digestibility of zinc (%) 28.86 ± 0.80 a 24.45 ± 1.47 b 23.38 ± 1.50 b

a, b Different superscripts in the same line indicate significant differences (p< 0.05).

2.4. Effects of Proanthocyanidins with Different Degrees of Polymerization on Fat Digestibility

The apparent digestibility of fat was significantly lower in the high polymerization group than
the control group (p < 0.05; Table 3), but there was no significant difference between these values in the
low-polymer group vs. the control (p > 0.05). The decrease in lipid digestibility in the high-polymer
group might have been due to the strong complexation of polyphenols with lipid macromolecules,
which hindered the biodegradation of lipids and ultimately led to a decrease in fat digestibility. In
addition, polyphenols could bind to phospholipids, proteins, and polysaccharides on the surfaces of
cell membranes, thereby reducing the permeability of the membrane and affecting the discharge of
nutrients, ultimately leading to a decrease in fat digestibility. The combination of polyphenols with
digestive enzymes in animals and enzymes secreted by microorganisms might also result in a decrease
in fat digestibility.

2.5. Effects of Proanthocyanidins with Different Degrees of Polymerization on Ca and Zn Digestibility

The apparent digestibility of calcium and zinc was lower in the experimental groups than the
control group (p < 0.05; Table 3). These values were lower in the high-polymer group than the low-
polymer group, but the difference was not significant (p > 0.05). The decrease in apparent digestibility
of calcium and zinc in the experimental groups might have been due to the formation of chelates
of polyphenols and metal ions that are poorly digested and absorbed by the body [17]. In addition,
polyphenols may damage the intestinal mucosa by binding to proteins on the mucosa of the small
intestine, thus reducing the bioavailability of mineral elements. Under our experimental conditions,
both low- and high-polymer proanthocyanidins reduced the digestibility of Ca and Zn in mice, with
no significant differences between these values.

3. Discussion

Energy and protein are the core factors affecting the metabolism and growth performance of
animals. A deficiency or imbalance in dietary protein and energy can affect lean tissue deposition and
protein turnover, resulting in low weight gain and feed conversion rates [18].

Proteins are a basic component of living cells and tissues that play key roles in numerous life
activities. Protein digestion and absorption disorders affect human growth and development. In the
current study, the apparent digestibility of proteins in the high-polymer group was significantly
reduced, which was likely detrimental to the growth of mice. The apparent digestibility of proteins
was significantly lower in mice in the high- vs. low-polymer group. Perhaps high-molecular-weight
proanthocyanidins substantially alter the conformation of proteins, thereby affecting their digestibility
and absorption.

The combination of polyphenols and amino acids can affect the quantity and proportion of certain
essential amino acids, and the reduced nutritional value of the protein will inevitably affect normal
growth and development [19]. Indeed, the reaction of polyphenols with soy proteins blocks the
absorption of lysine, tryptophan, and cysteine, thereby reducing the bioavailability of essential amino
acids, as revealed by Rawel et al. [20]. Moreover, since the enzyme protease is a protein, the inhibition
of protease activity also affects protein digestion.
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In the current study, high-polymer proanthocyanidins had a strong effect on proteases and to
some extent also affected the biodegradation of proteins. Because the weak binding forces within these
molecules have little effect on the conformation of proteins and proteases, they do not substantially alter
the biological activity or physiological functions of proteins. Therefore, oligomeric proanthocyanidins
are less likely to interfere with the absorption and utilization of proteins by the organism than are
high-polymer proanthocyanidins. The diverse structures of proanthocyanidins make their interactions
with proteins stereospecific. The degree of binding between these molecules is not only affected by
the degree of polymerization of proanthocyanidins, but also by factors such as the molecular shape,
hydrodynamic radius, phenolic hydroxyl position, degree of acylation, and steric hindrance. Although
the number of active sites on polyphenols available for protein binding increases proportionally with
the number of structural units of flavonols, this number is not proportional to the amount of precipitate
obtained. In vitro, the affinity of catechin for proline is stronger than that of epicatechin. According to
De et al. [21], the affinity of proanthocyanidin B3 and B4 (C4-C8) for proline is greater than that of their
analogs B6 and B8 (C4-C6), respectively, whereas the degrees of specific binding of proanthocyanidin
C1 (trimer) to proline, proanthocyanidins B2 (dimer), and epicatechin (monomer) are similar. A similar
experiment using proanthocyanidins with different degrees of polymerization could be performed in
the future.

The combination of polyphenols and the active sites of digestive enzymes (the phenolic hydroxyl
groups present in polyphenols bind to the peptidyl groups of the enzymes (-NH-CO-, amino-NH2-,
and carboxyl-COOH) via hydrogen bonds) alters the molecular structure of the enzyme, for instance
by reducing the number of free amino acids and altering the structure of the amino acid side chain,
resulting in a decrease or loss of biological activity, and thereby affecting the digestion and absorption
of carbohydrates. Goncalves et al. [13] confirmed the wider interaction between α-amylase and
high-polymer proanthocyanidins through fluorescence quenching, dynamic light scattering analysis,
and turbidimetry. In the current study, the rate of inhibition of α-amylase activity in the high polymer
group was close to 50%, which would reduce the biodegradation of carbohydrates, and thus limit
growth and development. As shown in the above table, the affinity between polyphenols and various
enzymes differed. The rate of α-amylase inhibition was greater than that of other digestive enzymes,
which may be related to the stereostructure of the enzyme, the molecular weight, and/or the number
of specific amino acids on the surface of the enzyme molecule.

Compared to other digestive enzymes, amylase was more strongly affected by proanthocyanidin
solution, likely because many amino acid residues on its surface bind to proanthocyanidins.
The digestion and absorption of carbohydrates are also closely related to the presence of a glucose
transporter. Johnston et al. [22] found that proanthocyanidins can inhibit the transport of glucose
by inhibiting the activity of glucose transporter II, thereby reducing the rate of glucose release and
absorption in the small intestine.

Polyphenols can alter the emulsifying properties of fat by binding to the lipid layer or
the hydrophilic head of lecithin outside the emulsion droplets [23]. In the current study, fat
digestibility in mice was lower in the high-polymer group than the low-polymer group. Perhaps
the high-molecular-weight polyphenols function as connectors between the complexes, thereby
increasing the droplet size and inhibiting the digestion and absorption of fat. According to Haslam [24],
the mechanism of polyphenol–lipid complex formation is similar to the polyphenol–protein binding
mechanism, which is based on hydrogen bonds and hydrophobic bonds. The high-polymer group
of mice had lower fat digestibility, possibly due to the stronger binding between the high-polymer
proanthocyanidins and lipids, which would limit the biodegradation of pancreatic lipase. Compared
to pancreatic amylase and trypsin activity, the inhibitory effect of proanthocyanidins on pancreatic
lipase activity is generally small, perhaps because this enzyme has fewer amino acid residues that
bind to proanthocyanidins due to its spatial configuration and smaller molecular weight. Recent
studies on the effects of polyphenols on pancreatic lipase activity have yielded mixed results.
Sugiyama et al. performed in vitro simulated digestion experiments that showed that catechin and
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epicatechin have no inhibitory effect on pancreatic lipase activity. As the degree of polymerization
(dimer–pentamer) increased, the inhibitory effects of proanthocyanidins on pancreatic lipase activity
increased. The inhibition of pancreatic lipase activity by proanthocyanidins above the polymer is not
much different [25]. Griffiths et al. [26] demonstrated that polyphenols inhibit murine α-amylase and
trypsin activity and promote pancreatic lipase activity. Longstaff et al. [27] found that polyphenols
inhibited α-amylase, trypsin, and pancreatic lipase activity in chickens, but when the protein content in
the feed increased to a certain level, polyphenols increased pancreatic lipase activity, perhaps due to the
stronger binding of protein molecules to polyphenols, which weakened the effects of polyphenols on
lipase. The results of experiments investigating the effects of polyphenols on pancreatic lipase activity
may be affected by factors such as experimental methods, experimental subjects, and polyphenol types.

4. Materials and Methods

4.1. Separation and Measurement of Proanthocyanidins with Different Degrees of Polymerization

Proanthocyanidins were isolated from grape (Vitis vinifera) seeds by the methanol-chloroform
solvent two-phase precipitation method [28]. Proanthocyanidin levels and quality were determined by
the vanillin-glacial acetic acid method, and the average degree of polymerization of the samples was
calculated by combining the average molecular weights of the compounds [29]. Animal feeding
experiments were performed using fragments with degrees of polymerization of 2–4 units and
>10 units for the low- and high-polymer group, respectively.

4.2. Feed Management and Sample Collection

Twenty-four adult male-specific pathogen-free Wistar rats (Chinese Academy of Medical Sciences
Animal Breeding Center, Beijing, China) were used in the experiments. Animal experiments were
performed according to ethical standard issued by the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by Institutional Animal Care and Use Committee.

The conditions of the animal breeding room were 20–25 ◦C, 55–60% humidity, and a 12 h:12 h
light/dark cycle. The mice were free to eat and drink for one week. After 7 days of laboratory
conditioning, the mice were randomly divided into three groups of eight animals per group. The mice
were fed intragastrically once per day at 3 pm for 8 weeks. The first group of mice was fed with distilled
water as a blank control. The second group was fed with an oligomeric proanthocyanidin solution
at a dose of 150 mg/kg. The third group was fed with a high-polymer proanthocyanidin solution at
a dose of 150 mg/kg. The mice ate basal feed freely, and weight gain and feed consumption were
recorded weekly. The mouse feces were collected and weighed for 6–8 weeks. After the experiment,
all experimental mice were sacrificed in the morning on an empty stomach, the rats were euthanized
by lethal intraperitoneal injection of pentobarbital (150 mg/kg; <200 mg/mL) and quickly dissected.
Subsequently, the contents of the small intestine and stomach were collected, and the pancreas was
collected, weighted and homogenized in 1: 9 (w/v) physiological saline for 30 s by using the FJ-200 type
high-speed tissue homogenizer, then centrifuged at 4 ◦C for 10 min and placed in liquid nitrogen, and
transferred to a −80 ◦C freezer for further assays [30].

4.3. Determination of Food Utility Rate

Food utility rate was calculated as follows:

Food utility rate (%) = weight gain (g)/feed intake (g) (1)

4.4. Determination of Enzyme Activity

The activities of alpha-amylase, pancreatic lipase, trypsin, and pepsin were determined using
commercial kits purchased from Nanjing Jiancheng Institute of Bioengineering (Nanjing, China)
according to the manufacturer’s instructions.
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Digestive enzyme activity was calculated as follows:

Digestive enzyme activity = (digestive enzyme activity in the control group −
digestive enzyme activity in the experimental group)/digestive

enzyme activity in the control group
(2)

4.5. Determination of Protein Digestibility

The content of crude protein in feed and feces was determined by the Kjeldahl method. Each
feed or feces sample was weighed, sequentially combined with copper sulfate, potassium sulfate,
and concentrated sulfuric acid, gently shaken, and heated with a small flame in an electric furnace.
After the contents were completely carbonized and foam generation had stopped, the flame intensity
increased. After the liquid turned blue-green, the sample was heated for a bit longer, removed from
the furnace, and cooled to a constant volume. The reaction was carried out using NaOH solution in
a Auto-Kjeldahl Apparatus (KDY–9820, China). NH3 was released by distillation and collected in
H3BO3 solution. Titration was carried out using a known concentration of a sulfuric acid standard
solution, and the nitrogen content was calculated based on the consumption of H2SO4. The nitrogen
content was multiplied by 6.25, and the protein content was calculated as follows:

Apparent protein digestibility (%) = (intake of nitrogen −
fecal nitrogen)/intake of nitrogen × 100

(3)

4.6. Determination of Fat Digestibility

Soxhlet extraction techniques were used to determine the crude fat content of feed and feces.
A 2 g sample of ground feed or feces was transferred to a tube of filter paper, which was placed into
a Soxhlet extraction tube. Anhydrous ether was added to the upper end of the extraction tube, and
the sample was heated in a water bath for reflux extraction until the extraction was complete. After
removing the fat receiving bottle, the remaining ether in the water bath was evaporated, and the fat
receiving bottle was placed in a desiccator and dried. The operation was repeated until a constant
weight was achieved, and the increase in weight of the receiving bottle was used to calculate the crude
fat content in the sample.

Apparent digestibility of fat (%) = (intake of fat − fat in feces)/intake of fat × 100 (4)

4.7. Determination of Minerals Digestibility

The calcium and zinc contents in animal feed and feces were determined by atomic absorption
spectrometry. After placing 1 g of ground feed or feces into a crucible, the samples were placed on
an electric heating plate for low-temperature carbonization. The sample was completely carbonized,
and the crucible was transferred to a muffle furnace at 550 ◦C for high-temperature ashing. After
adding HCl to dissolve all inorganic elements in the ash, the sample was diluted to a constant volume.
The sample was introduced into the air-acetylene flame of the atomic absorption spectrophotometer
(Perkin-Elmer Corp., Shelton, CT, USA), and the Ca and Zn contents were quantitatively determined
using the standard curve method. The apparent digestibility of calcium and zinc was calculated
according to the following formulas:

Apparent absorption rate of calcium and zinc (%) = (intake of calcium and zinc −
amount of calcium and zinc in the feces)/intake of calcium and zinc × 100

(5)

Intake of calcium and zinc (mg/day) = contents of calcium and zinc in feed/% amount
of feed consumption (mg/day)

(6)
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Amount of fecal calcium and zinc (mg/day) = contents of calcium and zinc in
feces/% × amount of fecal output (mg/day)

(7)

4.8. Statistical Analysis

The experimental data for each treatment group were expressed as the average ± standard
deviation. The Duncan new repolarization difference method to analyze differences amongst multiple
samples. Correlation analysis was performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
Differences between samples were considered to be significant at p < 0.05.

5. Conclusions

Our 56-day intragastric experiment suggested that treatment with high-polymer
proanthocyanidins had a significant effect on digestive enzyme activity and the digestion
and absorption of nutrients in mice. The anti-nutritional properties of polyphenols depend on their
content [31]. The current study confirmed that the high degree of polymerization of proanthocyanidins
is a major reason for their antinutritional properties. Therefore, during the process of food production,
the anti-nutritional properties of polyphenols could be minimized by reducing the degree of
polymerization of proanthocyanidins. However, in this study, we only explored the effects of
proanthocyanidins with different degrees of polymerization on nutrient digestion and digestive
enzyme activities in vivo from a macroscopic perspective. The specific reaction patterns were not
studied in depth. We plan to conduct a follow-up investigation on this metabolic mechanism at
the cellular or molecular level, by analyzing the amino acid sequences, secondary structures, and
conformational changes of the complexed proteins. Such studies should provide scientific guidelines
for including proanthocyanidin use in the food, chemical, pharmaceutical, and other industries,
thereby improving the comprehensive utilization rate of these beneficial compounds.
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Abstract: Polyphenols are natural occurring micronutrients that can protect plants from natural
weathering and are also helpful to humans. These compounds are abundantly found in fruits or
berries. Because of berry seasonal availability and also due to their rapid degradation, people have
found multiple ways to preserve them. The most common options are freezing or making jams.
Polyphenol stability, during processing is a continuous challenge for the food industry. There are
also multiple published data providing that they are sensitive to light, pH or high temperature,
vectors which are all present during jam preparation. In this context the aim of this study was to
assess phytochemical composition and bioactive compounds degradation after jam preparation. We
also monitored their degradation during storage time and their in vitro antiproliferative potential
when tested on melanoma cells. The obtained results revealed that when processed and stored in
time, the bioactive compounds from berries jams are degrading, but they still exert antioxidant and
antiproliferative potential. Prior to LC-MS analysis, polyphenolic compounds were identified as:
flavonoids (anthocyanins (ANT), flavonols (FLA)) and non-flavonoid (hydroxycinnamic acids (HCA)
and hydroxybenzoic acids (HBA)). The most significant decrease was observed for HCA compared to
other classes of compounds. This variation is expected due to differences in constituents and phenolic
types among different analyzed berries.

Keywords: berries jam; phenolic acids; flavonols glycosides; degradation; HPLC-ESI/MS

1. Introduction

Fruits and vegetables are important sources of bioactive compounds which were shown to
have positive health benefits [1,2]. In recent years, food and nutrition sciences aimed to improve
health through intelligent foods containing bioactive plant-based molecules that were proven to
have positive health benefits, such as the prevention of cardiovascular diseases or cancer [3,4].
The demand for innovative and functional food products had increased lately due to the fact that
consumers are more aware of their bodies and mental health. Diets rich in vegetables or fruits were
proven to provide essential bioactive molecules which can play important roles in human health.
These plant-based bioactive molecules include polyphenols (phenolic acids, flavonoids, anthocyanins,
catechins), enzymes, amino acids, vitamins (vitamin C, folate, and provitamin A), minerals (potassium,
calcium, and magnesium), and fibers (inulin, pectin, lignan). The related body of literature indicates
a strong correlation between diet and degenerative diseases, and due to this fact, the use of natural
compounds as ingredients in food has become a major concern for food technologists [5,6]. Berries and
fruits are the main sources of bioactive compounds with many applications in the food, pharmaceutical,
nutraceutical and cosmetic industries [7–10]. These bioactive compounds are mainly polyphenols,
and among them, anthocyanins which have proved to have high nutritional and potential health
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value [11]. In vivo studies have shown that anthocyanins have many positive effects on the prevention
of cardiovascular diseases, diabetes, and cancers (lung, colon, breast, and skin). Red berries, including
the chokeberry, blueberry, blackcurrant, elderberry, raspberry, and cranberry, are widely consumed
fresh or in processed forms, such as jams, juices, syrups, and various types of jellies. These fruits
have been extensively investigated from the chemical point of view, particularly in fresh, juice, or
dried forms [12]. Due to the fact that fresh berry consumption is not always possible, jam production
is a good option for the food industry. In order to obtain high quality berry jams, the technological
process must use low temperatures, environmentally-friendly and non-destructive methods. In this
way, bioactive compounds can be protected from degradation, and the colour of the products can
also be preserved. In order to influence consumers’ acceptance, the product—jam in this case—must
still have an attractive colour. This colour is related to the anthocyanin content and has a strong
association with the antioxidant capacity. However, the temperature and time of processing must be
chosen properly to ensure the stability of the anthocyanins and the conservation of the antioxidant
activity [13–15]. Moreover, several other factors can affect the colour of berry jams, including the
storage temperature, amount of light exposure, and pH [16–18]. The antioxidant capacity can decrease,
remain unchanged, or even increase during processing or storage. Previous studies have revealed
that the optimum storage temperature for jam is 4 ◦C, and the brief storage of raspberry jam at
4 ◦C has been associated with a lower rate of anthocyanin degradation compared to jam stored at a
higher temperature (15 ◦C) [19]. The thermal treatment of anthocyanins is related to both anthocyanin
and antioxidant capacity degradation [20]. In this context, the aim of present study is to prepare
homemade jams using chokeberry, elderberry, blackcurrant, or blackthorn and to evaluate phenolic
compounds degradation during storage time. Moreover the in vitro antiproliferative potential of
the rich polyphenolic extracts will be tested on melanoma cell line. However, to the best of our
knowledge, no previous studies have investigated the effect of food compounds processing on
the phenolic compound content and the antioxidant capacity of homemade jams prepared using
chokeberry (Aronia melanocarpa), elderberry (Sambucus nigra), blackcurrant (Ribes nigrum) or blackthorn
(Prunus spinosa).

2. Results

2.1. LC-PDA-ESI/MS Identification and Quantification of Phenolic Compounds

2.1.1. Chokeberry Jam

The obtained jams and fresh berries were characterized by the presence of 11 compounds: five
anthocyanins, four flavonols, one HCA and one HBA (Table 1). The identified anthocyanins were only
glycosylated cyanidin, whereas, in the case of flavonols, we identified glycosylated quercetin as well
as caffeic and ellagic acids which are forms of HCA and HBA, respectively. Cyanidin-3-O-galactoside
was found to be the main compound among all the identified anthocyanins (Figure 1). It was identified
by the m/z 449 molecular ion, which was confirmed by the fragment ion m/z 287, which corresponds
to aglycone cyanidin (Figure 2).

The ESI-MS analysis of peaks 8, 9, and 10 showed the presence of molecular ions at m/z 419,
corresponding to cyanidin-3-O-arabinoside; m/z 449, corresponding to cyanidin-3-O-glucoside; and
m/z 419, corresponding to cyanidin-3-O-xyloside. Regarding the quantitative analysis, the flavonol
profiles were consistent with those reported previously, except that quercetin-3-O-rutinoside was
found to be present in a higher amount [21,22]. In addition to the flavonols identified in our
study, Mikulic-Petkovsek et al. identified four more quercetin glycosides: glucuronide, xyloside,
arabinopyranoside, and robinobioside [21,23]. At peak 1, the MS parent ion m/z 163 was identified as
caffeic acid which is in agreement with the available literature [24].
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Figure 1. HPLC-DAD chromatogram of extracts from chokeberry jams (at 340 and 520 nm).

  
  

  
Quercetin-3-O-rutinoside Cyanidin-3-O-galactoside 

Figure 2. HPLC-MS spectra, UV/vis scanning spectra, and the chemical structures of peaks 3 and 7.
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Table 1. Chromatographic, mass spectral characteristics and tentative identification of compounds
compounds in berry jams by LC-PDA-ESI/MS.

Peak No. Rt (min) Parent Ion Fragment Ion MW UV Spectra Compound Ref

Chokeberry

1 13.42 181 163 180 323 Caffeic acid

[22,23,25]

2 14.79 465 303 464 355 Quercetin-3-O-galactoside
3 15.42 611 303 610 354 Quercetin-3-O-rutinoside (Rutin)
4 16.11 465 303 464 355 Quercetin-3-O-glucoside
5 16.29 - 303 302.1 364 Ellagic acid
6 21.90 - 303 302 369 Quercetin
7 10.80 449 287 449 528 Cyanidin-3-O-galactoside
8 11.57 419 287 419 517 Cyanidin-3-O-arabinoside
9 12.58 419 287 454 519 Cyanidin-3-O-xyloside
10 13.20 449 287 449 518 Cyanidin-3-O-glucoside
11 14.31 - 287 287 528 Cyanidin

Blackthorn

1 13.14 181 163 180 319 Caffeic acid

[26]

2 14.47 355 181, 163 354 325 Neochlorogenic acid
3 15.19 611 303 610 354 Quercetin-3-O-rutinoside (rutin)
4 21.38 303 302 369 Quercetin
5 449 287 449 528 Cyanidin-3-O-galactoside
6 10.84 595 449, 287 595 516 Cyanidin-3-O-rutinoside
7 11.96 609 463, 301 611 524 Peonidin-3-(6”-coumaroyl) glucoside

Elderberry

1 13.39 355 181, 163 354 352 Chlorogenic acid

[27]

2 15.44 611 303 610 354 Quercetin-3-O-rutinoside
3 16.14 465 303 464 355 Quercetin-3-O-glucoside
4 21.38 - 303 302 369 Quercetin
5 10.94 581 449, 287 616 518 Cyanidin-3-O-sambubioside
6 14.29 449, 287 449 518 Cyanidin-3-O-glucoside

Blackcurrant

1 11.16 301 139 300 252 4-Hydroxybenzoic
acid-4-O-glucoside

[12,28,29]

2 13.59 343 181, 163 343 321 Caffeic acid-4-O-glucoside
3 13.97 595 287 594 346 Kaempferol-3-O-rutinoside
4 14.59 627 319 626 355 Myricetin-3-O-rutinoside
5 15.04 465 319 646 372 Myricetin-3-O-rhamnoside
6 15.66 611 303 610 354 Quercetin-3-O-rutinoside
7 16.37 465 303 464 355 Quercetin-3-O-glucoside
8 16.70 357 195 194 316 Ferulic acid-4-O-glucoside
9 17.47 449 287 448 346 Kaempferol-3-O-galactoside
10 17.84 567 319 566 355 Myricetin-3-O-(6”-malonyl-glucoside)
11 19.25 319 300 255 Hydroxybenzoic acid-4
12 20.25 551 303 550 358 Quercetin-3-O-(6”-malonyl-glucoside)
13 21.99 303 302 369 Quercetin
14 22.53 449 287 448 346 Kaempferol-3-O-glucoside
15 22.98 287 286 365 Kaempferol
16 10.12 465 303 465 524 Delphinidin-3-O-glucoside
17 10.57 611 528 Delphinidin-3-O-rutinoside
18 11.38 595 287 449 518 Cyanidin-3-O-glucoside
19 14.38 449 287 287 514 Cyanidin
20 15.64 303 303 520 Delphinidin

A decrease in the content of anthocyanins was observed immediately after processing and also,
during storage time as it is shown in Figure 3.
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Figure 3. Phenolic compound degradation of chokeberry jams during storage, (anthocyanins (ANT),
flavonols (FLA), (hydroxycinnamic acids (HCA) hydroxybenzoic acids (HBA)) Data represents the
means ± SEM of at least three independent experiments (significant differences, **, ••, ◦◦, p < 0.01,
***, •••, ◦◦◦, p < 0.001).

This degradation can be attributed to the hydrolytic reactions that led to the conversion of
anthocyanin glycosides into chalcones, whose form can be rapidly transformed into phenolic acids
and aldehydes.

Moreover, heat stable forms of polyphenol oxidase or peroxidase may play roles in the reduction
of anthocyanins [30,31]. Another mechanism that may be associated with anthocyanin degradation
is related to the hydrolysis of the glycoside linkages. This hydrolysis is known as the first step
towards anthocyanin degradation, because high temperatures can shift the anthocyanin equilibrium
towards the colorless chalcones. Chalcone degradation can occur due to the presence of oxidation
reactions which can generate brown compounds or pigments that have high molecular weights.
Additionally, pH values can affect the flavylium salt degradation, which is stable under highly
acidic conditions. At higher pH values, salts can lose a proton and are easily transformed into an
unstable pigment (quinoidal base) that is bonded to water and forms a colorless compound, commonly
known as chromanol [30,32]. During processing and at the end of the storage period, anthocyanin
degradation ranged from 58.90% to 74.30%. The results of the loss of anthocyanin content were lower
compared with data reported previously for processed and stored black carrot jam and marmalade
(87.60–95.60%). Degradation was also observed in flavonoids immediately after processing and during
storage. This finding is in agreement with the previously reported data for Rubus coreanus Miquel berry
jams [33]. The results revealed that jams prepared at pH 2.0–3.0 lost 33–35% of their anthocyanins,
while the total amount of anthocyanins in jams obtained at pH 3.5–4.0 were degraded by 40–48%.
In another study on blueberry jam, in contrast to other polyphenolics, the level of total flavonols was
stable in response to processing, with >94% retention, compared to levels found in fresh berries [31]
(Figure 3). Our study showed a degradation of HBA compound ranging from 70 to 90%. This had the
highest degradation rate comparing with other existing compounds.

Chokeberries are a rich source of anthocyanins compared with other fruits. Due to this, they are
usually used in the food industry as colorants or as a supplementary source of antioxidants. A recent
study showed that the supplementation of strawberry jams with chokeberries and flowering quince
during processing increase in the content of phenolic components in final products, especially for
proanthocyanidins [34].

2.1.2. Blackthorn

These berries are becoming very popular in the food industry due to their complex and valuable
phytochemical composition and also due to their easily availability in nature. The chromatographic
analysis of fresh berries or jams revealed the presence of five phenolic compounds (Figure 4).
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Figure 4. HPLC-DAD chromatogram of extracts from blackthorn jams (at 340 and 520 nm).

The identified compounds are summarized in Table 1. The mass spectra of peak 1 displayed a
parent ion at m/z 181 and one fragment ion at m/z 163, which was identified as caffeic acid, while peak 2
had an ion at m/z 181 which was identified as neochlorogenic acid. Two more molecules were identified
as quercetin (m/z 303) and quercetin-3-O-rutinoside (m/z 611). Anthocyanins were shown to be the
most abundant class (fresh berries, jam), followed by flavonols and HCA. In contrast to the other berries
in this study, blackthorn did not contain HBA. The identified anthocyanins were two glycosylated
cyanidins and one acylated peonidin. For peak 5, in the case of cyanidins, the ESI-MS analysis indicated
the presence of a molecular ion at m/z 449 corresponding to cyanidin-3-O-galactoside.

The second isolated anthocyanin showed a molecular ion at m/z 595, suggesting the presence
of cyanidin-3-O-rutinoside. In this case, the ion at m/z 449 showed a loss of one molecule of
rhamnoside and an ion at m/z 287, confirming the presence of aglycone cyanidin. Further, the
peaks, registered with a molecular ion at m/z 603 and a fragment ion at m/z 301, were identified as
peonidin 3-(6”-coumaroyl) glucoside. Peak 4 had a molecular ion at m/z 609 and two fragment ions at
m/z 463 and m/z 301, which indicated the presence of peonidin 3-(6”-coumaroyl) glucoside (Figure 5).
This anthocyanin identification is in agreement with Stefǎnut, et al., who also reported the presence
of peonidin-3-O-rutinoside [26]. These differences may be attributed to the climatic conditions or
harvesting time.
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Peonidin-3-(6”-coumaroyl) glucoside Caffeic acid 

Figure 5. HPLC-MS spectra, UV/vis scanning spectra, and the chemical structures of peaks 1 and 7.

After processing, the bioactive compounds of blackthorn jam decreased (Figure 6). The amount of
anthocyanins in berries decreased by 50% immediately after thermal processing compared to fresh
ones and reached 82.56% after 6 months of storage. The same results were reported for black carrot
(Daucus carota) jams and marmalades [30]. After 20 weeks of storage, the preserved anthocyanins
and antioxidant capacity in samples stored at 4 ◦C were 53.4–81.0% and 45.2–92.0%, respectively.
Time-dependent degradation of flavonols, ranging from 23 to 67%, was also observed. As in the case
of HCA, the amounts of caffeic and neochlorogenic acid dramatically decreased from 41 to 81% during
storage time.
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Figure 6. Phenolic compounds degradation in blackthorn jam during storage, (anthocyanins (ANT),
flavonols (FLA), (hydroxycinnamic acids (HCA) hydroxybenzoic acids (HBA)). Data represents the
means ± SEM of at least three independent experiments (significant differences, **, ••, ◦◦, p < 0.01,
***, •••, ◦◦◦, p < 0.001).

2.1.3. Elderberry

Thus far, elderberries were not very popular for consumers due to their alkaloid content. However,
this can easily be neutralized by thermal processing. Recently, an interest in elderberries has developed
due to their rich polyphenolic compound content and thus, high antioxidant potential. Consequently,
these berries are now becoming a very popular crop in Europe, and thus, we included them in our
study. The HPLC analysis revealed that elderberry has a simple phenolic fingerprint, characterized by
the presence of six compounds: two anthocyanins and four hydroxycinnamic acids (HCA) (Figure 7).

Figure 7. HPLC-DAD chromatogram of berry extracts from elderberry jams (340 and 520 nm).
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The identified anthocyanins in fresh fruits and prepared jam were exclusively cyanidin-based
anthocyanins, quercetin derivatives, and chlorogenic acid. Peak 1 was assigned to chlorogenic acid
because it has a parent ion at m/z 355 and two fragments ions at m/z 181 and 163. The next three
peaks (2, 3, 4) were found to be quercetin-3-O-rutinoside (m/z 611, 303), quercetin-3-O-glucoside
(465, 303), and quercetin (303) (Figure 8). Further, the ESI-MS analysis showed the presence of
molecular ions at m/z 381 corresponding to cyanidin-3-O-sambubioside, while peak 6 was identified
as cyanidin-3-O-glucoside (m/z 449, 287) (Table 1, Figure 8).

Three flavonols were identified in this sample, with quercetin-3-O-rutinoside (Figure 7) being the
major one, followed by quercetin-3-O-glucoside. This rank was maintained after thermal processing
and storage (Figure 9).

 
  

 
 

 Quercetin-3-O-glucoside  Cyanidin-3-O-sambubioside 

Figure 8. HPLC-MS spectra, UV/vis scanning spectra, and the chemical structures of peaks 2 and 5.

The obtained results regarding phenolic changes during processing are in agreement with the
available literature [35]. The current body of literature indicates that thermal processes have a large
influence on flavonoid stability, especially for rutin which has higher stability compared to its aglycon
form (quercetin) [32,33]. These findings were attributed to the presence of carbanion formation because
of the glycosylation of the 3-hydroxyl group in the C-ring.

Other authors also reported that glycosylated form are more stable: luteolin was found more
resistant to heat than rutin or luteolin-7-glucoside when heated at 180 ◦C for 180 min [34]. Moreover,
the highest level of polyphenolic compounds was observed in the extraction of Orthosiphon stanmineus
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leaf, with 80% methanol at 40 ◦C and a significant degradation of the analytes recorded at temperatures
above 60 ◦C [16]. The results of the previously cited study also showed a significant reduction in
the free radical-scavenging activity of the samples which were treated at temperatures above 60 ◦C.
To conclude, the antioxidant capacity of the flavonoids, and therefore, their pathway to oxidative
degradation is linked with their special structural features.

Figure 9. Phenolic compound degradation in elderberry jam during storage, (anthocyanins (ANT),
flavonols (FLA), (hydroxycinnamic acids (HCA) hydroxybenzoic acids (HBA)). Data represents the
means ± SEM of at least three independent experiments (significant differences, **, ••, ◦◦, p < 0.01,
***, •••, ◦◦◦, p < 0.001).

2.1.4. The Blackcurrant

This sample had the most complex matrix of polyphenol constituents. Prior to the ESI-MS
analysis, we were able to identify 20 individual compounds (Figure 10). The available literature data
indicates that the polyphenolic compounds present in blackcurrant are caffeic acid, hydroxybenzoic
acid, quercetin, myricetin, cyanidin, and delphinidin [28,29,36]. Table 1 presents the retention
times, molecular ions, and fragmentation information for all polyphenolic compounds found in
the present study. The mass spectra of peak 1 displayed a parent ion at m/z 341 and one fragment
ion at m/z 139 which was identified as 4-hydroxybenzoic acid-4-O-glucoside. This sample was also
characterized by the presence of 13 flavonols-mainly kaempferol-as well as quercetin or myricetin
derivates. For anthocyanins, glucosides and rutinosides were the main sugar moieties of delphinidin
and cyanidin identified (Table 1). Overall, the anthocyanins identified in the present study are in
agreement with those detected in previous studies [12].

The first identified anthocyanin (peak 1) was delphinidin-3-O-glucoside (m/z 303), while the
second isolated anthocyanin showed a parent ion at 611 and a molecular ion at m/z, suggesting the
presence of delphinidin-3-O-rutinoside (Figure 11). Moreover, the ion at m/z 449 indicated the loss
of one molecule of rhamnoside, and the ion at m/z 287 confirmed the presence of aglycone cyanidin
(Table 1).
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Figure 10. Chromatographic profile of berry extracts from blackcurrant jams (340 and 520 nm).

 
  

  
Cyanidin-3-O-glucoside  Delphinidin-3-O-rutinoside 

Figure 11. HPLC-MS spectra, UV/vis scanning spectra, and the chemical structures of peaks 17 and 18.

Our results indicated that heating and prolonged storage time are influencing the contents
of the individual phenolic compounds, and moreover, their content decreased overall (Figure 12).
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These findings are in agreement with a previous study [37] which reported that flavonoid loss may
depend on the preparation method used, such as boiling, frying with oil and butter, or microwaving.

Figure 12. Phenolic compound degradation in blackcurrant jam during storage (anthocyanins (ANT),
flavonols (FLA), (hydroxycinnamic acids (HCA) hydroxybenzoic acids (HBA)). Data represents the
means ± SEM of at least three independent experiments (significant differences, *, •, ◦ ,  p < 0.05,
**, ••, ◦◦, p < 0.01, ***, •••, ◦◦◦, p < 0.001).

2.2. Cell Proliferation

Cell proliferation was performed by evaluating the mitochondrial succinate dehydrogenase
activity of both cell lines (normal and melanoma) after applying a 24 h treatment with RPE. In the case
of a normal fibroblast cell line (HFL-1), all the extracts showed a stimulation of proliferation, especially
elderberry extract, while blackthorn extract exerted a less significant influence on cell proliferation.
These differences could be explained by their varied phytochemical compositions. In this context we
can state that elderberry extract was characterised by the presence of anthocyanins and HCA, while
blackthorn, in addition to its anthocyanin and HCA contents, was shown to contain flavonols as well.
Further, for the human melanoma cell line (A375), the applied treatments reduced cell proliferation
after 24 h at the highest applied concentration (100 μg/mL) (Figure 13). The obtained results were
well correlated with the dose concentration. Moreover, data showed that all of the applied treatments
on the melanoma cell line have a cell proliferation effect ranging from 20–25%. The extract with the
highest antiproliferative potential was the one obtained from blackthorn. This fact can be attributed
to their phytochemical composition which is abundant in glycosylated and acylated anthocyanins
(356 mg/100 g FW). In other words, there was no dose that inhibited 50% of the cultivated cells.
The obtained results demonstrate that extracts rich in polyphenols have antiproliferative potential on
tumour cells, while on normal cells, they have been proven to stimulate cell proliferation in a dose
dependent manner.
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Figure 13. Effect of RPE from chokeberry, blackthorn, elderberry and blackcurrant on B16-F10 and
HFL-1 cell proliferation.

This fact is in agreement with other published data [38]. However, like all natural plant
metabolites, anthocyanins are unstable and highly susceptible to degradation. Their stability is
highly influenced by pH, temperature, light and also the presence of complexing compounds such
as other phenolic acid and flavonoids or metals ions [39]. Moreover, it is not clear how exactly
anthocyanins act at cellular level, but their proprieties seem to be closely related to their antioxidant
activity [40]. Bein unstable molecules, when exposed to high pH values, during the in vitro testing,
anthocyanins can rapidly degrade or be breakdown in different metabolites. Very little is known about
the details and the mechanisms of anthocyanin absorption and transportation when comparing with
other flavonoid groups, such as flavonols. Anthocyanins exhibit complex biochemistry and much
remained to be discovered about the biochemical activity of these compounds.

Currently, most investigations on anthocyanins are focusing on solving these problems, as well
as anthocyanin bioavailability which seems to be very low with <1% absorption from the ingested
dietary dose [41]. Moreover anthocyanins are subject to degradation in vivo, resulting in a breakdown
to phenolic acids and aldehydes [42], such as protocatechuic acid (PCA) and phloroglucinol aldehyde
(PGA) in the case of cyanidin. For other anthocyanins classes such as glycosylated or acylated form,
the consumption and bioavailability of dietary phenolics have become a major concern in phenolic
chemopreventive and cancer therapy research and these were not researched as far as we know.

3. Discussion

The obtained results revealed that during processing and storage, the bioactive compounds from
all berry jams degraded over time, but they still exert antioxidant activity. Prior to the chromatographic
analysis, polyphenolic compounds were identified as flavonoids (anthocyanins (ANT), flavonols (FLA))
or non-flavonoids (phenolic acids derivates of hydroxycinnamic acids (HCA) and hydroxybenzoic
acids (HBA)). The polyphenolic compounds were identified by comparing the peak m/z of each
molecule as well as their fragmentation and elution orders (retention time) with previously published
values and available standards.

Compared to the other classes of quantified compounds, the most significant decrease was
observed in HCA. This variation was expected due to the variation in the constituents and phenolic
types among the different analyzed berries. These data correspond with similar conclusions of previous
experiments reported regarding polyphenols antioxidant activity and their thermal degradation [43].

173



Molecules 2018, 23, 2534

Moreover any processing of berries (especially thermal) and also storage were proved to be responsible
for the significant losses of polyphenols. In a recent study, processing methods had insignificant effects
on blueberry ellagitannins, but juice processing of berries resulted in total ellagitannin losses of about
70–82% [44]. Same author reported that storage at 25 degrees C of all processed products resulted in
dramatic losses in monomeric anthocyanins with as much as 75% losses of anthocyanins throughout
storage [45]. Another study, reported that thermal processes blackberries, showed a decreased content
of anthocyanins (cyanidin-3-glucoside (by 52%) and cyanidin-3-malonyl glucoside (64%) respectively).
They also reported that anthocyanins continue to decline during storage, especially when temperatures
were high [46]. The obtained values for each type of berry of processed product are not easy to
compare with literature available data due to the source of the berries or fruit. Their initial amount of
polyphenols may vary with cultivation type, variety or climatic condition.

For the in vitro test we have obtained promising results which can be compared with available
published data. Many studies have proved that anthocyanins present beneficial effects for human
health [47]. Because of their physiological activities, the consumption of anthocyanins may play a
significant role in preventing lifestyle-related diseases such as cancer, diabetes, cardiovascular and
neurological disease. However, the exact roles of the anthocyanins in human health maintenance
versus other phytochemicals in a complex mixture from a fruit extract or whole food have not been
completely sorted out. In vitro studies have shown various beneficial effects of anthocyanins regarding
human health, but without doubt, in vivo, epidemiological and clinical trials would be more accurate.
However, to the best of our knowledge, no report exists on the effect of processing on the phenolic
compounds content of homemade jams from chokeberry, elderberry, blackcurrant or blackthorn.

4. Materials and Methods

All solvents, reagents, and standards used to perform the experiments were of analytical
grade and purchased from Sigma-Aldrich (Darmstadt, Germany) The anthocyanin standards
cyanidin-3-O-glucoside chloride, pelargonidin-3-O-glucoside chloride, cyanidin-3-O-galactoside
(purity 90%), cyanidin-3-O-arabinoside (purity 97%), cyanidin-3-O-glucoside (purity 95%), and
cyanidin (purity 95%) were purchased from Polyphenols AS (Sandnes, Norway). Chlorogenic acid,
caffeic acid, quercetin-3-O-rutinoside, quercetin-3-O-glucoside, ellagic acid, and myricetin were also
purchased from Sigma-Aldrich (Darmstadt, Germany).

4.1. Sampling Procedure

Berry fruits (chokeberry, elderberry, blackcurrant, and blackthorn) were purchased from local
farmers near Cluj-Napoca, Romania. Immediately after harvesting, the berries were frozen at −18 ◦C
for future analyses. Basically, a common and simple jam-making procedure was followed in this study.
Jams were prepared from berries using 250 g of sugar and 500 g of chopped berries, this being the
most common ratio found in homemade jam products. The obtained mixture was heated in a gas
stove (85 ◦C) for 15 min each day over 3 consecutive days. After boiling on the 3rd day, the jams were
allowed to cool down to room temperature before being placed in glass jars (45 g). The obtained jams
were analyzed immediately after preparation, and the remaining jams were divided into four batches
and stored in the dark at 4 ◦C. Samples were analyzed after 1, 3, 6, and 9 months of storage.

4.2. Extraction of Anthocyanin and Non-Anthocyanin Phenolics from Fresh Berries and Berry Jam

For the extraction of polyphenols, 5 g of fresh berries of each type were ground using an ultraturrax
(Miccra D-9 KT Digitronic, Heitersheim, Germany). Additionally, the same amount of berry jams was
homogenized and weighed, followed by the addition of 10 mL of methanol containing hydrochloric
acid (0.3% v/v). The obtained mixtures were sonicated for 20 min in the dark and then centrifugated
at 5000 rpm for 5 min. The supernatant was collected, and the extraction process was repeated
until the samples were colorless. The extracts obtained for each sample were concentrated at 35 ◦C
under reduced pressure (Rotavapor R-124, Buchi, Flawil, Switzerland) and then filtered through a

174



Molecules 2018, 23, 2534

0.45 μm Millipore filter. All the sample preparation steps were carried out in subdued light and under
controlled conditions.

4.3. RP-HPLC-PDA Identification and Quantification of Phenolic Compounds

HPLC analysis was performed on a Shimadzu (Kyoto, Japan) system equipped with a binary
pump delivery system (model LC-20 AT Prominence), a degasser (model DGU-20 A3 Prominence),
a UV–VIS diode array detector (model SPD-M20), and a Luna C-18 column (film thickness, 5 μm;
25 cm, 4.6 mm) (Phenomenex, Torrance, CA, USA). The mobile phases were formic acid (4.5%) in
double-distilled water (solvent A) and acetonitrile (solvent B). The gradient elution system was as
follows: 10% B, 0–9 min; 12% B, 9–17 min; 25% B, 17–30 min; 90% B, 30–50 min; and 10% B, 50–55 min.
The flow rate was 0.8 mL/min, and all analyses were performed at 35◦C. Identification and peak
assignments were conducted based on their retention times UV-VIS spectra, standards and available
literature. The chromatograms were monitored at 340 and 520 nm. Anthocyanin quantification was
conducted using a cyanidin-3-O-galactoside standard curve while for flavanol and phenolic acid was
assessed using a rutin or chlorogenic acid standard curve.

4.4. HPLC-PDA/-ESI-MS Identification and Quantification of Phenolic Compounds

To confirm the identified compounds, an ESI-MS analysis was also conducted. The ESI-MS
analysis was performed using an Agilent 1200 system equipped with a binary pump delivery system
(LC-20 AT, Prominence), a degasser (DGU-20 A3, Prominence), a diode array SPD-M20 A UV–VIS
detector (DAD), and an Eclipse XDB C18 column (4 μm, 4.6 × 150 mm) was used. The mobile phases
used the following solvents: (A) bidistilled water and 0.1% acetic acid/acetonitrile (99/1 v/v), and
(B) acetonitrile and acetic acid 0.1%. The gradient elution system conditions were as follows: 0–2 min,
isocratic with 5% (v/v) eluent B; 2–18 min, linear gradient from 5% to 40% (v/v) eluent B; 18–20 min,
linear gradient from 40% to 90% (v/v) eluent B; 20–24 min, isocratic on 90% (v/v) eluent B; 24–25 min,
linear gradient from 90% to 5% (v/v) eluent B; 25–30 min, isocratic on 5% (v/v) eluent B. The flow rate
was 0.5 mL/min, and the column temperature was maintained at 25◦ C. The chromatograms were
monitored at 280 and 340 nm, respectively. The identification of compounds was conducted based on
their retention times, UV-VIS spectra, standards (chlorogenic acid, caffeic acid, quercetin-rutinoside,
quercetin-glucoside, ellagic acid, and myricetin, all purchased from Sigma-Aldrich, and published data.
The mass spectrometric data were obtained using a single quadrupole 6110 mass spectrometer (Agilent
Technologies, Chelmsford, MA, USA) equipped with an ESI probe with scanning range between 280
to 1000 m/z. The measurements were performed in the positive mode, with an ion spray voltage of
3000 V and a capillary temperature of 350 ◦C.

4.5. Cell Culture

The metastatic B16-F10 murine melanoma cell line was purchased from ATCC (Rockville, MD,
USA) and grown under standard conditions. More specifically the cells were cultivated in DMEM
(Dulbecco’s Modified Eagle Medium) medium containing 4.5 g/L glucose, 10% FBS supplemented
with 2 mM glutamine, 1% penicillin, and streptomycin. The non-tumor model (HFL-1 human fetal lung
fibroblast cell line, ATCC) was cultivated in a F-12K (Kaighn’s Modification of Ham’s F-12 Medium)
medium containing 10% FBS and 1% penicillin/streptomycin. Both cell lines were maintained under
standard conditions at 37 ◦C, 5% CO2 and 95% relative humidity.

4.6. Analysis of Cell Proliferation

For proliferation analysis, both cell lines were plated at a density of 8 × 103 cells/well in a 96-well
microplate and cultured in complete medium for 24 h. The medium was then replaced with a complete
medium containing, or not containing rich polyphenolic extracts (RPE) at various concentrations
(0–100 μg/mL) for 24 h at 37 ◦C with 5% CO2. The RPE stock solution was prepared with a complete
medium containing 0.3% DMSO. The treatment was applied for 24 h at 37 ◦C with 5% CO2. To assess
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the cell viability after treatment with RPE we used a standard procedure. Briefly, the cell culture
medium was removed and freshly prepared MTT reagent (0.5 mg/mL) was added to each well. After
2 h of incubation at 37 ◦C, the MTT solution was carefully removed, and DMSO was added in order to
dissolve the formazan crystals that had formed in the mitochondria. The solubilized formazan formed
in the viable cells was measured at 550 and 630 nm (for the sample and background, respectively)
using the microplate reader, HT BioTek Synergy (BioTek Instruments, Winooski, VT, USA). The results
are expressed as the survival percentage with respect to an untreated control. The control cells were
assessed to be 100% viable.

4.7. Statistical Analysis

Data are expressed as the mean ± standard error of mean (SEM) of three analyses of each sample.
Analysis of variance (ANOVA) and Dunnett’s multiple comparisons test were used to determine
significant differences between values (p < 0.05).
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anthocyanins ANT
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Hydroxybenzoic acids HBA
Hydroxycinnamic acids HCA
Metastatic murine melanoma cell line B16-F10
Normal fibroblast cell line HFL-1
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Abstract: This work aims at giving an updated picture of the strict interaction between main plant
biologically active compounds and botanicals. The main features of the emerging class of dietary
supplements, the botanicals, are highlighted. Focus is also on the definition of actual possibilities of
study approach and research strategies. Examples of innovative directions are given: assessment of
interaction of bioactive compounds, chemometrics and the new goal of biorefineries. Current models
of existing databases, such as plant metabolic pathways, food composition, bioactive compounds,
dietary supplements, and dietary markers, are described as usable tools for health research. The need
for categorization of botanicals as well as for the implementation of specific and dedicated databases
emerged, based on both analytical data and collected data taken from literature throughout a
harmonized and standardized approach for the evaluation of an adequate dietary intake.

Keywords: dietary supplements; botanicals; bioactive compounds; antioxidants; study approach;
integrated food research; dedicated databases; dietary assessment.

1. The Emerging Class of Dietary Supplements: A Mini Overview of Botanicals Features

The field of food supplements appears varied and growing: a wider spectrum of new products
appears on the market every year. This reflects a new reorganization of the market for dietary
supplements, resulting from new strategies, technologies and also the changes in the regulation
applied to nutrition and to health claims. The growth of this sector is encouraged by greater consumer
interest in improving physical and mental wellbeing and health status, often to compensate for an
incorrect lifestyle [1–3]; as reported by Ekor, [4], over four billion people of the world’s population
use herbal supplements as products of medical care; there is a great and widespread growth in the
consumption of herbal remedies [5], related generally to their easy availability, but also to the easy and
false perception or idea, that many people feel that what is “natural” is supposed to be healthful and
safety, never toxic or side effects.

With the term botanicals is here indicated herbal remedies, herbal drugs, herbal medicinal
products, herbal medicines, botanical drugs as synonyms; numerous are the definitions of the
term botanicals in relation to the different fields (i.e., pharmacy, botany, medicine, nutrition) [6–8].
Herbal medicinal products are referred to “any medicinal product, exclusively containing as active
ingredients one or more herbal substances or one or more herbal preparations, or one or more such
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herbal substances in combination with one or more such herbal preparations” as introduced in 2004 by
Directive 2004/24/EC of the European Parliament and of the Council of 31 March 2004 [9].

Here the definition by the World Health Organization (WHO) is also reported as follows
“Herbal medicines include herbs, herbal materials, herbal preparations and finished herbal products,
that contain as active ingredients parts of plants, or other plant materials, or combinations” [10].

Botanicals are made of single herbs or by mixing different herbs, from raw material of whole plants
or parts of them, and include flowering herbs, leaves, leaf exudate, fruits, berries, roots, rhizomes,
fungi, microorganisms, algae.

Starting from these materials, numerous and different techniques and procedures i.e., extraction,
distillation, purification, fractionation, concentration, fermentation, etc. are used to obtain
botanical substances (single active compounds or more compounds of a chemical class) and
preparations/formulation (i.e., extracts, tinctures, powders). Botanicals are prepared through a
complex, specific and detailed procedure of preparation process, and on this matter reference and
regulation books are available [6,11–13].

In this regard, as described by Alamgir, [14], in a recent 2017 work, it is important to distinguish
between pharmacopoeia reference books for the preparation of quality medicines, and herbal and
therapeutic compendium, an accurate description of botanicals, as Materia Medica [14].

Moreover, the WHO has developed a portal [15], that contains 5845 medicines and health
product-related publications taken from WHO, other United Nations (UN) partners, global
Non-Governmental Organizations (NGOs), development agencies and their partners, countries and
academics, and is updated monthly [16]. It is important to mention the guidance document formulated
by the European Food Safety Authority (EFSA) with a science-based approach, on how to assess
the safety of botanicals and of botanical preparations/formulations to be used in the food sector; in
particular, a list of the main categories of botanicals and safe botanical preparations/formulations was
established [6,7].

The recent study of Breemen et al. [17] summarized and well described the main steps
for the development of botanical dietary supplements, underlying how these steps should be
similar to those of pharmaceuticals: definition of action mechanism of main bioactive compounds,
chemical standardization related to the main compounds and biological standardization linked to
pharmacological activity, bioavailability studies, toxicity evaluation, preclinical evaluation, clinical
studies of safety and efficacy.

2. Study Approach about Botanicals and Their Main Plant Compounds: Up-to-Date, Current and
Innovative Directions

In this paragraph examples of actual possibilities and innovative directions of research strategy
are given: assessment of interaction of bioactive compounds; chemometrics; new goal of biorefinery.

2.1. Main Plant Compounds and Their Interactions Assessment

Plants are the source of a magnificent spectrum of compounds and, in this order, are defined as
one of the most efficient chemical systems known [18]: 200,000–1,000,000 different metabolites are
estimated to be synthetized in the plant kingdom [18].

The diversity of plant compounds derived from the infinite combinations of fundamental
functional groups such as hydroxyls, alcohols, aldehydes, alkyls, benzyl rings, steroids that originate
compounds with peculiar chemical and physical characteristics (i.e., solubility, melting point,
and reactivity) [19].

The combined and concerted action of phytochemicals, (i.e., polyphenols, carotenoids,
glucosinolates, lignans, etc.) gives the potential beneficial properties of each plant matrix [20,21];
these concerted interactions are responsible for a large spectra of physiological and biological functions
(i.e., anti-inflammatory, antioxidant, anti-allergic, antimicrobial, anti-atherogenic, etc.) [22]. Many original
researches and reviews are present in literature on the relationship compound-activity [23,24] as
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well as chemical class and related bioactivity, i.e., alkaloids [25,26], saponins [27], terpenoids [28],
polyphenols [29,30], etc.

As defined by Biesalski et al. [31], “bioactive compounds” are compounds that occur in nature,
part of the food chain, that has the ability to interact with one or more compounds of the living tissue,
by showing an effect on human health.

The identification, isolation and quantification of bioactive compounds as well as the assessment
of their interactions, in the specific case the definition of herb-drug ones, could be considered as the
main steps in the study of the potential beneficial plants’ properties.

In this regard, it is important to underline how the quantification of bioactive compounds present
in the plant extracts is required as starting point. This output involves the applications of a large
spectra of techniques as described by several authors [32–35]. As instance, Sasidharan et al. 2010 [32]
summarized the main analytical techniques for the ingredient characterization in herbal preparations,
by highlighting the relevance of extraction procedures. Ingle et al. [34] categorized in a detailed
manner the main techniques of extraction and analysis for botanicals. Ganzera et al. [33] focused on
recent perspectives and application in botanicals of HPLC/MS. Pandey and Tripathi, [35] defined and
exploited the standardization in drug analysis.

The concerted actions of compounds bioactivity and the related activities of food extracts, were
clearly studied and discussed by Durazzo, [20]; the author underlined how two complementary
approaches can be applied: either the evaluation of bioactivities of pure compounds and/or their
mixtures or the isolation of different biologically active compound-rich extracts and how these fractions
contribute to the total activity of food extract.

2.2. Integrated Research, Emerging Technologies and Chemometrics

Among recent approaches with rapid and green procedures, direct analysis such as fluorescence,
near infrared (NIR), mid infrared (MIR), nuclear magnetic resonance (NMR) spectroscopies, infrared
spectroscopy, multi-elemental analysis, isotopic ratio mass spectrometry, etc. produce large datasets
representing the input for multivariate data analysis methods. Therefore, studies on the evaluation of
bioactive components are generally integrated into a multidisciplinary system of detection and analysis,
generating data matrices for the application of statistical methods like in the chemometrics science.

Moving from bioactive components to botanicals, chemometrics opened a new scenario for
herbal drugs [36]; the chemometric approach represents a valid tool in the following actions:
authentication of individual herbs, monitoring of the quality of herbs and herb medicines, identification
of chemical constituents, detection of adulteration or contamination of herbs, production of
standardized formulations.

In the past, two were the main approaches for quality control of herbal medicines, the
‘component-based’ and ‘pattern-based’ ones [37,38]. The first approach was focused on the study of
specific compounds with defined properties (i.e., marker approach and multi-compound approach),
whereas the latter one studied all detectable compounds (i.e., the pattern approach and the
multi-pattern approach).

Considering the complexity of herbal ingredients used for testing, the markers do not allow an
adequate evaluation of the quality assurance of the herbal materials in all cases; generally, one or
two markers are necessary for quality control and authenticity of herbal medicines. The lack of a
unique marker did not allow a total overview of an herbal product representing a real problem when
qualitatively differentiating them.

An emerging intervention strategy is given by the fingerprint analysis and chemometric technique
that make feasible the comparison of compositions in nutrients and bioactive compounds in numerous
and different samples, i.e., using all the components detected through their whole chromatograms
acquired from spectroscopy, liquid chromatography, gas chromatography, mass spectrometry, and
so on. Indeed, this new approach allows the workflow for chemistry, manufacturing, the quality
assessment and controls of botanical drugs. In this regard, the recent work of Harnly et al. [39] provided
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an overview on how to detect the transition of chemical composition from botanical ingredients to
resulting products by using chemometrics, differentiating them quickly.

In this context, the identification and formulation of innovative types of quality markers is
required and, in this direction, multi-compound, multi-target and multi-pathway studies are being
carried out.

In a recent work, Yang et al. [40] proposed the use of bioactive chemical markers, a cluster of
chemo-markers showing similar pharmacological activities and comparable to the whole botanical
drug: bioactive chemical markers based strategy was formulated and applied to Xuesaitong Injection.

As another example in this direction, Zhang et al. [41] gave a general prototype combining the
chromatographic fingerprint of bioactive compounds and bioactivity assay to elucidate the relationship
spectrum–effect, in a traditional Chinese plant, Acalypha australis Linn.

Also Abubakar et al. [42] in an effective research have proposed and discussed DNA barcoding
in combination with chromatography fingerprints for the authentication of botanical ingredients in
herbal medicines.

The current review of Sánchez-Vidaña et al. [43] emphasized how novel advanced technologies in
the field of traditional Chinese medicine research are required for the implementation of separation
methods, standardization techniques, quality control, the understanding of the action mechanism
of single compounds, clinical validation assays; in this order, the application of omic technologies
represents a promising approach in phytotherapy [38,39,43,44].

2.3. Food Waste as Source of Bioactive Compounds: A New Goal of Circular Bioeconomy and Biorefinery

Another innovative direction concerning the botanicals research is given by the diffusion of use of
food waste as a sustainable alternative source of biologically active compounds. The “Universal
Recovery Strategy” for the commercial recapture of valuable compounds from food wastes is
a new goal of the circular bioeconomy and the biorefinery concept [45–49]. The bioactive
compounds are nowadays recycled inside food chain from field to fork [50,51]: they are extracted,
recovered and reutilized from food byproducts to formulate functional foods and nutraceuticals [52].
The agro-industrial field gives a great opportunity when considering the large quantities of waste and
by-products generated every year in the processing of fruit and vegetables. In particular, by-products
of plant food processing represent a promising source of biologically active compounds, which may be
used for their favorable technological or biological properties; moreover, the use of new technologies
is utilized to reinforce and increase the “Green Economy” in agriculture and agro-industry [53,54].

It is worth mentioning the work of Pfaltzgraff et al. [55] that described and schematized well the
components (i.e., pectin, sugars, starch, collagen, amino acids, polyphenols) present in food supply
chain residues (i.e., tomato pomace, wheat straw, rice husks, spent Brewer’s grain) and their uses in
common consumer applications. Another interesting review is the work of Baiano et al. [56], that gave
detailed and updated description of the type and amounts of food wastes and their legislation as well
as conventional and innovative techniques for the extraction of bioactive compounds; also the future
trends in nutraceutical, cosmetic, pharmaceutical sectors were discovered [56].

3. From Metabolic Pathways to Bioactive Compound Databases: Tools towards Health

Current models of specialized databases represent effective tools to study the relationship between
plant natural compounds and botanicals. In this paragraph, an updated description and a shot of
the current state are given and discussed: plant metabolic pathways databases; food composition
databases; bioactive compound databases; dietary supplements databases; dietary markers databases.
Several and different tools are being developed for secondary metabolic pathways, biological activities,
chemical structures, ethnobotanical uses, content in foods, and pharmacology; they represent open
source and queryable that can serve as updated sources of information [57].

As starting point, recent examples of plant metabolic pathway tools are given by KEGG
Bioinformatics Resource [58]—a tool for interconnection between Plant Genomics and Metabolomics
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data—and by Plant Reactome [59]—a database that gives bioinformatics tools for visualization, analysis
and interpretation of plant metabolic pathways—all aiming to support modelling, systems biology,
genome annotation and analysis, basic research and education.

Moving into the nutrition scenario, food composition databases represent the main tools for
numerous interventions: elaboration of food consumption data, allowing to convert them into nutrient
intake; evaluation of the nutritional and health status of a population; carrying out of epidemiological
studies; formulation of diets at the individual and/or population level; epidemiological and clinical
research; nutritional education; support industrial and handicraft companies for the labeling [60–62].
The European Food Information Resource (EuroFIR) Network of Excellence and Nexus projects
(2005–2013) put the basis of harmonization of Food Composition Databases through standardized
protocols and food description system i.e., LanguaL™ [63]. The EuroFIR-AISBL, an international
non-profit Association, provides a widespread resource at European level for compilers and users of
food composition data throughout a large set of online tools, i.e., FoodEXplorer, Food Basket, eBAsis,
PlantaLibra [64]. FoodEXplorer online tool is a virtual platform that combines 30 national standardized
and specialized food composition databases (Europe, the United States, Canada Australia, Japan),
including more than 40,000 foods [60]. The International Network of Food Data Systems (INFOODS)
by FAO, contributes to improve the accessibility, reliability and management of food composition data
at worldwide level [65].

For bioactive compounds, the major public, core comprehensive databases are: the United
States Department of Agriculture (USDA) databases [66]; the Phenol-Explorer database [67,68];
Bioactive Substances in Food Information Systems (eBASIS) [69–71]; ePlantLIBRA database [72].

The USDA database was developed in 2004 and it is based on a compilation of data from literature
and expanded in recent years to include flavonoids, proanthocyanidins and isoflavones [73–75].

Phenol-Explorer represents the first comprehensive open access database on content of
polyphenols in foods; several updates on pharmacokinetic and metabolites, effect of food processing
and cooking were carried out [76,77]. Five steps—literature search, data compilation, data evaluation,
data aggregation, data exportation to the MySQL database (used by the web interface)—were carried
out during the procedure of development of the Phenol-Explorer database. Composition data were
taken from the peer-reviewed scientific publications and evaluated, then they were aggregated to
obtain mean values.

The eBASIS, the first EU harmonized database, combines composition data and biological effects
on over 300 major European plant foods of 24 compound classes, e.g., glucosinolates, phytosterols,
polyphenols, isoflavones, glycoalkaloids, xanthine alkaloids [70,71]. EuroFIR eBASIS resource
represents a collection of data from peer-reviewed literature evaluated critically by experts and
inserted as raw data.

Nowadays, there is the need to include extractable and non-extractable phytochemicals in
bioactive compounds databases [78] for a better dietary intake assessment: extractable compounds
are those that are present in free forms and are solubilized by aqueous–organic solvents, whereas
non-extractable compounds are bound forms, remaining in the residue of aqueous-organic extract.
In this direction, development and expansion of eBasis structure was addressed [79].

Concerning the specialties of food supplements, ePlantLIBRA database [80], developed within
the PlantLIBRA (PLANT food supplements: Levels of Intake, Benefit and Risk Assessment)
project, represents a comprehensive and searchable database, with up-to-date information on
bioactive compounds specific for plant food supplements, reporting health benefits, adverse effects,
contaminants and residues. In order to search, extract, and export the data, ePlantLIBRA database
was structured as user-friendly, efficient and flexible interface, by including also links to the original
references [72]. As reported by Plumb et al. [80] in ePlantLIBRA, data from over 570 publications have
been evaluated for quality, by covering seventy plant food supplements or their botanical ingredients.

Considering the importance of dietary supplements in the evaluation of dietary intake, as revealed
during the National Health and Nutrition Examination Survey, NHANES, a dietary supplement label
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database [81,82] was developed and launched in 2013 by the Academy of Nutrition and Dietetics in
the United States: now it contains supplement label information (brand name, ingredients, amount
per serving, and manufacturer contact information) of about 50,000 dietary supplements present in
the U.S. marketplace and consumed [11,83]. Browsing options were developed and organized to
search by product, ingredient or contact of manufacturer, by representing a useful tool for consumers,
professionals, researchers [83,84].

In this context, recently, at European level, within the PD Manager Project [85], information
on the composition of dietary supplements taken from labels, and according to the Italian market
were collected and updated for the development of a Dietary Supplement Label Database [86]:
212 items were inserted, by trying to give a uniform and representative picture of the main classes of
dietary supplements consumed in Italy, and 82 descriptors were included, in addition to nutritional
information: Brand name, Food group, Distributor, Producer, Packaging sizes, Unit weights, Data
source, Additional remarks [86]. It is important to underline that for each item a code was assigned
following the food classification system FoodEx2 developed by EFSA [87], to allow the standardization
and harmonization of data among different countries; feedbacks and proposal for FoodEx2 revision
2 implementation, with focus on dietary supplements, [88] as well as a constant update and
implementation of Dietary Supplement Label Database are ongoing [89].

At the same time the understanding of activities and benefits of bioactive compounds in humans
is essential; however, the evidence derived from human intervention gave limited and conflicting
results, partly due to differences in absorption, distribution, metabolism and excretion between
individuals [90]. The recent work by Dragsted et al. [91] underlined the importance of databases for
dietary biomarkers for the main food groups and new data on non-nutrients compounds and their
metabolites. The Human Metabolome Database or HMDB 4.0 [92] is a web metabolomic database
on human metabolites [93]. PhytoHub is a freely electronic database containing detailed information
about all phytochemicals commonly ingested with diet and their metabolites [94,95].

4. Conclusions

During the last decade botanicals, the newest class of dietary supplements, have emerged and
their use is spreading among consumers, although they should not replace a correct lifestyle and/or
a healthy diet. The scientific community is addressing towards the development and assessment
of methodologies to isolate and standardize fractions with specified bioactivities from medicinal
plants. Emerging technologies combined with chemometrics are being applied to medicinal plants
in an innovative and integrated research approach, also in the directions of circular economy
and biorefineries.

In addition, studies on the description and exploitation of bioactive compounds in medicinal
plants as well as on physiological mechanism and bioaccessibility of compounds are being carried out.

The overall goal is the categorization and classification of botanicals as well as the development
and implementation of dedicated databases, based on specific analytical and collected data, and
achieved throughout a harmonized and standardized approach in order to evaluate a correct
dietary intake.

It is important to underline how nowadays the “botanicals” class is expanding from herbs and
medicinal plants to also include some foods, i.e., artichoke, garlic, etc. This suggests enhancing the
value of foods by also investigating their functional/nutraceutical characteristics, in order to integrate
intrinsic nutritional properties.
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Abstract: Mistletoes are used medicinally in order to treat various human illnesses. Few studies have
reported on the phenolic content and antioxidant properties of Chinese mistletoes (CMs). In this
work, the total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activities of
soluble and insoluble-bound phenolic extracts from CMs hosted by Camellia assamica (Mast.) Chang
(CMC) and Pyrus, i, f. (CMP) were compared. Phenolic compounds in CMC and CMP were identified
and quantified using high-performance liquid chromatography (HPLC). The results indicated that
the TPC of soluble phenolic extracts was higher than insoluble-bound phenolic counterparts in
both CMC and CMP. In addition, the TPC of soluble, insoluble-bound and total phenolic fractions
(9.91 ± 0.23, 4.59 ± 0.27 and 14.50 ± 0.35 μmol ferulic acid equivalents per gram (FAE/g) dry sample)
extracted from CMP were higher than those extracted from CMC. The soluble phenolic extracts in
CMP showed higher antioxidant activities than those in CMC. Eighteen phenolic compounds from
soluble and insoluble-bound phenolic extracts from the CMs were identified and quantified by HPLC.
This study indicates that CMC and CMP, especially the latter, could be sources of antioxidants in
human health care.

Keywords: Chinese mistletoes; phenolics; phenolic contents; antioxidant activity

1. Introduction

Mistletoes belonging to the order Santalales, which comprises Santalaceae, Loranthaceae, and
Misodendraceae, are semi-parasites that grow on the Theaceae, Rosaceae, Moraceae and Leguminosae
families [1]. Most are distributed in Southern and Central Asia, North-Western Africa, Europe and
Eastern Australia [2–4]. Since ancient times, mistletoes have been applied as traditional medicines
for the treatment of cancer and some chronic diseases due to their antioxidant and anti-inflammatory
activities [3,5–7].

The main phytoconstituents, including proteins, carbohydrates, flavonoids, glycosides, phenolic
compounds, tannins and triterpenes, have been identified in mistletoes by their physicochemical
properties and spectral analysis [8–10]. In addition, several studies have revealed that mistletoes
possess moderate antioxidant capacity due to the presence of phenolic compounds [9–11]. Viscum
articulatum Burm. f. hosted by Camellia assamica (Mast.) Chang (CMC) and Viscum liquidambaricolum
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Hayata parasitic on Pyrus, i, f. (CMP) are two native Chinese mistletoes (CMs). CMC has been
commonly used in traditional Chinese medicine for the treatment of hemorrhage, pleurisy, gout, heart
disease, epilepsy, arthritis, and hypertension [12]. Previous investigations of CMC have revealed that
phenolic glycosides, flavanone glycosides, triterpenoids, organic acids and flavonoids are the major
secondary metabolites of this plant [13,14]. A few studies have focused on the phenolic composition
and antioxidant activities of soluble phenolic compounds in CMC. However, there has been little
research into insoluble-bound phenolic compounds in CMC. Moreover, the phenolic composition and
antioxidant activities of CMP are unclear.

Phenolic compounds produced during secondary metabolism are characterized by some phenolic
hydroxyl groups in the molecules [15]. These can be divided into several groups, including phenolic
acids, flavonoids, stilbenes and lignans, based on the chemical structure of the phenolic compounds [16].
According to their solubility features, phenolics are separated into soluble and insoluble-bound
fractions [17–19]. Insoluble-bound phenolics are covalently bound to the cell–wall matrix, including
cellulose, arabinoxylans and proteins by ester, ether and carbon–carbon bonds [18]. Organic solvent
is used to extract the soluble phenolic compounds, whereas acidic, alkaline or enzymatic hydrolysis
are used to release insoluble-bound phenolics [19]. Insoluble-bound phenolics may be slowly and
continuously released in the human gastrointestinal tract and during colonic fermentation, which can
improve bioaccessibility and potential bioavailability and exert high bioactivity on tissues and cells for
a long time [18,20]. However, most studies reported in the literature have ignored insoluble-bound
phenolic compounds, and hence have underestimated their phenolic compound content and activities.
Phenolic compounds are major sources of dietary antioxidants in the plants [21]. Antioxidants have
beneficial health aspects, preventing and scavenging free radicals by means of donating hydrogen
atoms to a free radical in order to protect biomolecules, such as proteins, lipids, carbohydrates and
DNA [20,22,23], and to alleviate chronic diseases and degenerative ailments [24]. Thus, the beneficial
effects of mistletoes may be attributed to their phenolic compounds [21].

The objectives of this study were to quantify the total phenolic and flavonoid contents of
soluble and insoluble-bound phenolic extracts and to assess the antioxidant activities of CMC and
CMP. The phenolic compounds in these two Chinese mistletoes were identified and quantified
by high-performance liquid chromatography (HPLC). Moreover, the content, compositions and
antioxidant activities of phenolic extracts in CMC and CMP were compared.

2. Results and Discussion

2.1. Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

Phenolics are the predominant group of phytochemical compounds, and are widely distributed
in flowers, fruits, seeds, roots, stems, leaves of various plants and medicinal herbs [3,25,26]. Figure 1
presents the TPC and TFC of soluble and insoluble-bound phenolic extracts of CMC and CMP. The TPC
of soluble, insoluble-bound and total phenolic extracts in CMs ranged from 8.65–9.91 μmol FAE/g DS,
3.95–4.59 μmol FAE/g DS and 12.59–14.50 μmol FAE/g DS, respectively. The TPC of soluble phenolic
extracts, either in CMC or in CMP, was significantly higher (p < 0.05) than that of insoluble-bound
phenolic content. Similar results have been obtained for the TPC of millet, barley, onion and the
different parts of Castanea crenata [22,26,27]. However, in contrast to the results obtained in the
present works, some researchers have found that the TPC of soluble phenolic extracts was lower than
insoluble-bound phenolics [28,29], which may be due to the differences of bond strength between
phenolic compounds and cell-wall matrix. Moreover, the TPC of soluble, insoluble-bound and total
phenolic in extracts of CMP were significantly higher than those in CMC (p < 0.05).
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Figure 1. Total phenolic content (a) and flavonoid content (b) of soluble and insoluble-bound
phenolic extracts in the two Chinese mistletoes (CMs). Different letters in each category (soluble,
insoluble-bound, and total phenolics) are significantly different (p < 0.05). CMC, the Chinese mistletoes
hosted by Camellia assamica (Mast.) Chang; CMP, the Chinese mistletoes hosted by Pyrus, i, f ; FAE, ferulic
acid equivalents; CE, catechin equivalents; DS, dry sample.

Flavonoids are phenolic compounds that exhibit various biological activities, such as anti-cancer,
anti-allergenic, anti-viral, anti-inflammatory effects, vasodilating actions and gastroprotective
properties, as well as having superior antioxidant activities [30]. The TFC of soluble, insoluble-bound
and total flavonoids extracts in CMs ranged from 0.93–3.05 μmol CE/g DS, 0.10–0.30 μmol CE/g DS
and 1.23–3.14 μmol CE/g DS, respectively. The TFC of the soluble and insoluble-bound flavonoids
extracts in CMC and CMP exhibited a similar trend to that of TPC. The results showed that the TFC of
the soluble flavonoids fractions in CMs was higher than corresponding insoluble-bound flavonoids.
Similar results have been reported in previous studies [22,27]. The TFC of soluble flavonoid extracts
in CMP was significantly higher (p < 0.05) than that in CMC. However, the TFC of insoluble-bound
flavonoids extracts in CMC was significantly higher than that in CMP (p < 0.05). This discrepancy may
be attributed to majority flavonoids that could bind the proteins and polysaccharides through ether
and ester bonds in the CMC [18].

The results of our studies demonstrated that the TPC and TFC of both soluble and insoluble
phenolic extracts were different in CMC and CMP. In addition, the TPC and TFC of total soluble
phenolics in CMP were higher than those of in CMC.
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2.2. Antioxidant Activities In Vitro

The antioxidant capacities of phenolic extracts can be measured in several ways. In this study,
four different and complementary methods (ferric reducing antioxidant power (FRAP), hydrogen
peroxide scavenging activity (HPSA), DPPH radical scavenging activity (DRSA) and Trolox equivalent
antioxidant capacity (TEAC)) were used to describe more fully the antioxidant capacities in vitro.
Although these assays are of limited use in predicting health benefits in humans, and extrapolation to
an in vivo situation is not possible, they may still be valuable as a screening method for predicting the
antioxidant activities of phenolic compounds [31,32].

The antioxidant activities of the soluble and insoluble-bound phenolic compounds extracted in
CMC and CMP were detected (Table 1). It has been reported that there is a correlation between antioxidant
activities and total phenolic content in many plants [9,15,25,26,33–35]. The FRAP of soluble and
insoluble-bound phenolic extracts in CMs ranged from 42.25–44.76 μmol FE/g DS and 8.07–10.31 μmol
FE/g DS. The HPSA of two phenolic extracts in CMs were in the range of 1429.34–1431.87 μmol FAE/g
DS and 1383.79–1231.67 μmol FAE/g DS. The DRSA and TEAC of soluble phenolic extracts in CMs
ranged from 2.19–2.51 μmol FAE/g DS and 81.03–84.92 μmol TE/g DS, and those of insoluble-bound
phenolics ranged from 1.51–1.83 μmol FAE/g DS and 5.78–1.40 μmol TE/g DS. The FRAP, HPSA, DRSA
and TEAC of the soluble phenolic extracts in CMs were significantly higher than their insoluble-bound
phenolic counterparts (p < 0.05). The same trends of antioxidant activities were observed in millet,
barley and onion [22,27]. In addition, soluble phenolic extracts in CMP had higher antioxidant
capacities in terms of FRAP, HPSA, DRSA and TEAC than those in CMC. However, it was found that
insoluble-bound phenolic fractions in CMP had significantly higher FRAP and DRSA values than
those in CMC (p < 0.05). Therefore, our results showed that CMP with higher phenolic and flavonoid
contents had stronger antioxidant activities than CMC. Thus, the two CMs might be used as food
additives because their phenolic extracts had good antioxidative and radical-scavenging activities.

Table 1. Antioxidant activities of the two Chinese mistletoes.

Plant Material CMC CMP

Ferric Reducing Antioxidant Power (μmol FE/g DS)

Soluble 42.25 ± 1.49a 2 44.76 ± 0.32a 1

Insoluble-bound 8.07 ± 0.75b 2 10.31 ± 0.46b 1

Hydrogen Peroxide Scavenging Activity (μmol FAE/g DS)

Soluble 1429.34 ± 7.69a 1 1431.87 ± 4.16a 1

Insoluble-bound 1383.79 ± 3.33b 1 1231.67 ± 12.23b 2

DPPH Radical Scavenging Activity (μmol FAE/g DS)

Soluble 2.19 ± 0.11a 2 2.51 ± 0.04a 1

Insoluble-bound 1.51 ± 0.07b 2 1.83 ± 0.09b 1

Trolox Equivalent Antioxidant Capacity (μmol TE/g DS)

Soluble 81.03 ± 0.90a 2 84.92 ± 1.50a 1

Insoluble-bound 5.78 ± 1.24b 1 1.40 ± 0.24b 2,*

* CMC, the Chinese mistletoes hosted by Camellia assamica (Mast.) Chang; CMP, the Chinese mistletoes hosted by
Pyrus, i, f.; FE, Fe2+ equivalents; FAE, ferulic acid equivalents; TE, Trolox equivalents; DS, dry sample. Values are
mean ± standard deviation (n = 5); Values in each row having the different superscripts are significantly different
(p < 0.05); values in each column having the different letter values are significantly different (p < 0.05).

2.3. Identification and Quantification of the Two Chinese Mistletoe (CM) Extracts by High-Performance Liquid
Chromatography (HPLC)

The HPLC chromatograms of soluble and insoluble-bound phenolic compounds in CMC and
CMP extracts are presented in Figures 2 and 3. The main classes of phenolic compounds identified in
CMC and CMP were hydroxybenzoic acids, hydroxycinnamic acids and flavonoids.

The phenolic compounds of soluble phenolic extracts are shown in Table 2. Several hydroxybenzoic
acids, including gallic acid, protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, syringic acid
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and vanillin, were identified in CMC and CMP by comparison of their retention time (RT) with those
of the available standards (Figure S1). Our results showed that the RT of phenolic compounds of
hydroxybenzoic acids in CMP were 1.95–5.88 times higher than those in CMC, except for vanillic acid
and syringic acid. The major hydroxycinnamic acids identified were chlorogenic acid, caffeic acid,
p-coumaric acid, ferulic acid and trans-cinnamic acid. In general, the RT of caffeic acid, p-coumaric acid
and trans-cinnamic acid in CMP were 1.12, 9.64 and 2.54 times higher than those in CMC. Flavonoids,
namely catechin hydrate, epicatechin, (−)-epigallocatechin, myricetin, quercetin, kaempferol and
apigenin were determined. Flavonoids are a large family of compounds in plants [30]. The content of
all six phenolic compounds in CMP was higher than those in CMC. In addition, our results showed
that myricetin (2209.79 ± 1476.96 μg/g) and epicatechin (238.18 ± 79.30 μg/g) were the most abundant
in CMP and CMC, respectively. Previous research has shown that quercetin was the most abundant
among five Polish Viscum album [9]. The difference between Polish Viscum album and CMs may be
due to the varieties and the growth conditions of the plants. In addition, flavonoids constituted a
substantial content of total phenolic compounds and individually contributed to 24.55% and 60.94%
of the content in CMC and CMP, respectively. Vanillic acid (1325.77 ± 23.34 μg/g) and myricetin
(2209.79 ± 1476.96 μg/g) might be characteristic phenolic compounds in CMC and CMP, respectively,
due to their high contents. Most of the eighteen phenolic compounds were also found in different
mistletoes [9,14,36]. Furthermore, myricetin had been recognized as a source that could limit type 2
diabetes mellitus [37]. Hence, the phenolic compounds of CMs have potential to be researched
further. The insoluble-bound phenolic profiles are given in Table 3. Eighteen phenolic compounds
subdivided into hydroxybenzoic acids, hydroxycinnamic acid and flavonoids, were also identified
and quantified by HPLC. Moreover, p-coumaric acid (206.97 ± 21.39 μg/g) and (−)-epigallocatechin
(223.32 ± 24.87 μg/g) might be characteristic phenolic compounds in insoluble-bound phenolic extracts
of CMC and CMP, respectively.

Table 2. Individual soluble phenolic compounds in the two Chinese mistletoes (μg/g DS sample).

Phenolic Compounds CMC CMP

Hydroxybenzoic Acids

Gallic acid 67.51 ± 12.21 172.65 ± 4.34
Protocatechuic acid 39.65 ± 9.27 203.23 ± 12.89

p-Hydroxybenzoic acid 133.88 ± 116.31 787.95 ± 138.89
Vanillic acid 1325.77 ± 23.34 408.82 ± 29.21
Syringic acid 432.33 ± 370.24 66.68 ± 27.90

Vanillin 70.08 ± 36.40 136.92 ± 130.03
Total 2069.23 1776.25

Hydroxycinnamic Acids

Chlorogenic acid 93.36 ± 50.71 68.85 ± 27.70
Caffeic acid 105.59 ± 12.03 119.18 ± 16.77

p-Coumaric acid 85.05 ± 70.36 820.10 ± 355.68
Ferulic acid 560.48 ± 25.71 248.82 ± 101.63

trans-Cinnamic acid 67.80 ± 9.00 172.60 ± 1.93
Total 912.28 1429.55

Flavonoids

Catechin hydrate 188.60 ± 138.25 200.51 ± 150.87
Epicatechin 238.18 ± 79.30 569.53 ± 67.92

(−)-Epigallocatechin 237.03 ± 8.36 542.10 ± 23.71
Myricetin 154.88 ± 62.10 2209.79 ± 1476.96
Quercetin 85.22 ± 28.75 834.71 ± 543.19
Kaemferol 40.48 ± 10.23 197.63 ± 157.76
Apigenin 25.50 ± 5.66 447.18 ± 3.32

Total 969.89 5001.44 *

* CMC: the Chinese mistletoes hosted by Camellia assamica (Mast.) Chang; CMP: the Chinese mistletoes hosted by
Pyrus, i, f.; Values are mean ± standard deviation (n = 3).
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Table 3. Individual insoluble-bound phenolic compounds in the two Chinese mistletoes (μg/g DS sample).

Phenolic Compounds CMC CMP

Hydroxybenzoic Acids

Gallic acid 6.34 ± 0.56 21.41 ± 0.92
Protocatechuic acid 27.43 ± 1.73 23.24 ± 4.45

p-Hydroxybenzoic acid 48.02 ± 22.44 55.20 ± 42.12
Vanillic acid 52.73 ± 8.40 37.40 ± 25.69
Syringic acid 6.39 ± 1.14 10.45 ± 6.34

Vanillin 13.18 ± 7.35 39.69 ± 2.06
Total 154.08 187.40

Hydroxycinnamic Acids

Chlorogenic acid 12.28 ± 2.43 22.21 ± 12.98
Caffeic acid 49.88 ± 2.41 28.20 ± 1.19

p-Coumaric acid 206.97 ± 21.39 14.26 ± 13.13
Ferulic acid 97.94 ± 4.63 171.18 ± 4.88

trans-Cinnamic acid 43.06 ± 1.02 124.38 ± 2.31
Total 410.12 360.23

Flavonoids

Catechin hydrate 129.17 ± 32.41 92.21 ± 2.78
Epicatechin 11.21 ± 9.76 26.34 ± 12.67

(−)-Epigallocatechin 14.63 ± 10.29 223.32 ± 24.87
Myricetin 33.14 ± 19.55 75.23 ± 49.31
Quercetin 41.44 ± 11.71 62.30 ± 31.66
Kaemferol 18.15 ± 12.05 99.40 ± 69.46
Apigenin 10.35 ± 9.34 9.33 ± 6.64

Total 258.10 588.13 *

* CMC: the Chinese mistletoes hosted by Camellia assamica (Mast.) Chang; CMP: the Chinese mistletoes hosted by
Pyrus, i, f.; Values are mean ± standard deviation (n = 3).

 

 

Figure 2. HPLC chromatograms of soluble phenolic extracts of the Chinese mistletoes hosted by
Camellia assamica (Mast.) Chang (CMC) (a) and Pyrus, i, f. (CMP) (b). The identified compounds:
1, Gallic acid; 2, Protocatechuic acid; 3, Catechin hydrate; 4, Chlorogenic acid; 5, p-Hydroxybenzoic
acid; 6, Epicatechin; 7, Caffeic acid; 8, Vanillic acid; 9, Syringic acid; 10 Vanillin; 11, (−)-Epigallocatechin;
12, p-Coumaric acid; 13, Ferulic acid; 14, Myricetin; 15, Quercetin; 16, trans-Cinnamic acid;
17, Kaempferol; 18, Apigenin.
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17, Kaempferol; 18, Apigenin.

3. Materials and Methods

3.1. Materials and Chemical Reagent

Viscum articulatum Burm. f. (CMC) and Viscum liquidambaricolum Hayata (CMP) were purchased
from Pu’er, Yunnan province, China in 2016. Standard phenolic compounds (gallic acid, protocatechuic
acid, chlorogenic acid, caffeic acid, p-coumaric acid, (−)-epigallocatechin, myricetin, kaempferol,
apigenin, epicatechin, quercetin, vanillic acid, syringic acid, trans-cinnamic acid, catechin, ferulic acid,
p-hydroxybenzoic acid and vanillin) were purchased from Beijing Beina Chuanglian Biotechnology
Institute (Beijing, China). Folin-Ciocalteu phenol reagent, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), 2,2-diphenyl-1-picrylhydrazyl (DPPH) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). 2,4,6-Tripyridyl-s-triazine (TPTZ), 2,2′-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), trichloroacetic acid, ferric chloride, ascorbic acid, ferrous sulfate, potassium
ferricyanide, sodium phosphate dibasic, sodium phosphate monobasic dihydrate, H2O2, aluminum
chloride and potassium persulfate were purchased from Aladdin Industrial Corporation (Shanghai,
China). HPLC-grade methanol and formic acid were purchased from Merck (Darmstadt, Germany).
All chemicals used in the experiments were of analytical grade.

3.2. Separation of Phenolic Compounds

The soluble and insoluble-bound phenolic compounds from the two CMs were prepared using
the methods reported in literature [20,38] with slight modifications. The mistletoes were ground to a
fine powder with a Wiley mill (1029-A, Yoshida Seisakusho Co., Tokyo, Japan) for herbal medicine,
and screened through a 50-mesh sieve. After the powder was freeze-dried with a vacuum freeze
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dryer (LGJ-12, Zhengzhou Nanbei Instrument Equipment Co., Ltd., Zhengzhou, China), 40 mL of
70% (v/v) acetone was added to 2.0 g of the dried powder, and then samples were shaken in an
ultrasonic bath (SB-3200D, Ningbo Xinzhi biological Polytron Technologies Inc. 300 W, Ningbo, China)
at room temperature for 15 min. The mixture was centrifuged at 4000× g for 10 min at 4 ◦C (TGL20M,
Hunan Xiang Li Scientific Instrument Co., Ltd. Hunan, China). The upper layer was collected, and
the extractions were repeated twice. The supernatants were combined and evaporated under reduced
pressure at 30 ◦C (RE-52 AA, Shanghai Yarong biochemical instrument factory, Shanghai, China).
This extract solution was analyzed as soluble phenolic extract.

The residues were used to extract the insoluble-bound phenolics. The samples were subsequently
hydrolyzed with 40 mL NaOH (4 mol/L) at ambient temperature under nitrogen gas for 4 h.
The resultant hydrolysate was acidified to pH 2 using HCl (6 mol/L) and then centrifuged at 4000× g
for 10 min at 4 ◦C. The supernatants were combined and extracted 3 times with an equal volume of
diethyl ether and ethyl acetate at 1:1 (v/v), and then evaporated under reduced pressure (30 ◦C). The
insoluble-bound phenolic compounds were obtained. All samples were dissolved in 25 mL of HPLC
grade methanol, and stored at −20 ◦C under nitrogen gas and covered with aluminum foil until used.

3.3. Determination of TPC

The TPC was determined using Folin–Ciocalteu phenol reagent, followed by the Chandrasekara
and Shahidi [20] and Singleton and Rossi [39] methods, with slight modifications. Briefly, 500 μL of
each phenolic extract was added to 0.5 mL Folin–Ciocalteu phenol reagent (2 mol/L) and 1 mL of
saturated sodium carbonate (75 g/L). After adding distilled water (to a total volume of 10 mL) and
thorough mixing, the mixture was allowed to stand at ambient temperature in the dark for 35 min and
centrifuged at 4000× g for 10 min at 4 ◦C. The absorbance of this solution versus a prepared blank was
measured at 760 nm. The content of total phenolics in each sample was determined using a standard
curve prepared for ferulic acid and expressed as micromoles (μmol) of ferulic acid equivalents (FAE)
per gram of dry sample (DS) (μmol FAE/g DS).

3.4. Determination of TFC

The TFC was measured using the aluminum chloride colorimetric method as described by
Kern et al. [40] and Chandrasekara and Shahidi [41], with slight modifications. Briefly, 2 mL of each
phenolic extract was added to 4 mL of distilled water and 0.3 mL of 5% NaNO2. Five minutes later,
0.3 mL of 10% AlCl3 was added to the reaction mixture and allowed to react for 1 min. Finally, 2 mL of
1 mol/L NaOH and 1.4 mL of distilled water were added and mixed as quickly as possible. The mixture
was centrifuged at 4000× g for 5 min at 4 ◦C after incubation at ambient temperature in the dark for
15 min. The absorbance of this solution versus a prepared blank was measured at 510 nm. Catechin
was used as a reference standard, and the results were expressed as μmol of catechin equivalents (CE)
per gram of dry sample (μmol CE/g DS).

3.5. Determination of Ferric Reducing Antioxidant Power (FRAP)

The FRAP method was based on the procedure described by Benzie and Strain [42] and
Villanueva-Carvajal et al. [43], with slight modifications. Briefly, the FRAP working solution was
prepared from acetate buffer (300 mmol/L, pH 3.6), FeCl3 solution (20 mmol/L), and 2,4,6-tripyridyl-
s-triazine (10 mmol/L) in a volume ratio of 1:1:1. The phenolic extracts (100 μL) were mixed with 3 mL
of the FRAP working solution and incubated at 37 ◦C in the dark for 4 min. The absorbance of the
solution was measured at 539 nm. Ferrous sulfate was used as a reference standard, and the FRAP was
expressed as μmol of Fe2+ equivalents (FE) per gram of dry sample (μmol FE/g DS).

3.6. Determination of H2O2 Scavenging Activity (HPSA)

The HPSA was measured by using the method described by Wettasinghe and Shahidi [44] and
Chandrasekara et al. [41], with slight modifications. Briefly, the phenolic extracts (600 μL) mixed with
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0.9 mL of H2O2 (40 mmol/L) and 1.5 mL of sodium phosphate buffer (45 mmol/L, pH 7.4), and the
resulting solution was left to stand at 30 ◦C in the dark for 40 min. Then, the absorbance of the solution
was measured at 230 nm. The HPSA was calculated using the following formula:

HPSA (%) = [(c − cb) − (s − sb)]/(c − cb) × 100% (1)

where c is absorbance of the H2O2 with the PBS, cb is absorbance of the PBS, s is absorbance of the
sample and the H2O2 with the PBS and sb is absorbance of the sample and the PBS. Ferulic acid
dissolved in methanol was used to prepare the standard curve, the HPSA was expressed as μmol of
FAE per gram of dry sample (μmol FAE/g DS).

3.7. Determination of DPPH Radical Scavenging Activity (DRSA)

The determination of the effect of extracts on DRSA was based on a procedure as determined by
Hatano et al. [45] and Villanueva-Carvajal et al. [43], with slight modifications. Briefly, 1 mL of the phenolic
extract was mixed with 4 mL 79 μmol/L methanolic DPPH solution and shaken vigorously. Absorbance
was measured at 517 nm after the solution was incubated in the dark at ambient temperature for
10 min. The radical scavenging activity was calculated using the following formula:

DRSA (%) = [(c − cb) − (s − sb)] / (c − cb) × 100% (2)

where c is absorbance of the DPPH solution, cb is absorbance of the methanol, s is absorbance of the
DPPH solution with the sample, and sb is absorbance of the methanol with the sample. The standard
curve was prepared using ferulic acid and expressed as μmol of FAE per gram of dry sample
(μmol FAE/g DS).

3.8. Determination of Trolox Equivalent Antioxidant Capacity (TEAC)

The TEAC of the extracts was determined as described by Re et al. [46], with slight modifications.
Briefly, 100 μL of phenolic extract was mixed in 3.8 mL ABTS working solution (7 mmol/L ABTS
mixed with 2.45 mmol/L potassium persulfate in a volume ratio of 1:1). The absorbance at 734 nm
was measured in the dark for 6 min. The TEAC was calculated using the following formula:

TEAC (%) = [(c − cb) − (s − sb)]/(c − cb) × 100% (3)

where c is absorbance of the ABTS working solution, cb is absorbance of the ethanol, s is absorbance
of the sample with the ABTS working solution, and sb is absorbance of the sample with the ethanol.
Trolox was used as a reference standard, and the TEAC was expressed as μmol of Trolox equivalents
(TE) per gram of dry sample (μmol TE/g DS).

3.9. HPLC Analysis

All the phenolic fractions were injected into a high-performance liquid chromatography (HPLC)
system (Agilent Technologies, Palo Alto, CA, USA) equipped with a G1315B diode array detector
(DAD) and a G1316A column compartment. The separation was performed on a 150 mm × 4.6 mm,
5μm Agilent Zorbax SB-C18 at 30 ◦C. Its system controller was linked to a ChemStation for LC 3D
systems (Agilent Technologies). The mobile phase consisted of methanol (Solvent A) and water with
0.5% formic acid (Solvent B). The flow rate was maintained at 0.8 mL/min. The gradient program was
as follows: 0 min, A:B (5:95, v/v); 20 min, A:B (95:5, v/v); 21 min, A:B (5:95, v/v); and 25 min, A:B (5:95,
v/v). The detect wavelength was set at 280 nm. Identification and quantification of the 18 phenolic
compounds were based on the RT and characteristic absorption spectrum from the DAD with those
of their authentic standards. The quantitation of each phenolic compound was carried out using an
external standard method. Available pure known compounds as external standards were used for
quantifying samples.
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3.10. Statistical Analysis

All the analyses were performed, and the results were expressed as the mean ± the standard
deviation of three replicates. An independent-sample t-test was performed to determine differences
between the two kinds of CM extracts at p < 0.05. Statistical analysis was undertaken using SPSS
version 22.0 software (SPSS Inc., Chicago, IL, USA).

4. Conclusions

The phenolic compounds and antioxidant activities of phenolic extracts in CMP were firstly
studied. Moreover, the content, antioxidant activities and phenolic compounds of soluble and
insoluble-bound phenolic extracts in CMC and CMP were also compared. The results of this study
showed that the TPC and TFC of soluble phenolic extracts were higher than insoluble-bound phenolic
extracts in both CMC and CMP. In addition, the TPC of soluble, insoluble-bound and total phenolic
compounds in CMP were significantly higher than those in CMC (p < 0.05). The soluble phenolic
extracts in CMP showed higher antioxidant activities than those in CMC. Eighteen phenolic compounds
from phenolic extracts in these two CMs were identified and quantified by HPLC, respectively. Vanillic
acid (1325.77 ± 23.34 μg/g) and myricetin (2209.79 ± 1476.96 μg/g) might be characteristic phenolic
compounds in soluble phenolic extracts of CMC and CMP. The phenolic compounds of these two CMs
represent a potential source of antioxidants. Therefore, CMC and CMP, especially the latter, may play
an important role in human health. It is necessary to explore and possibly promote their use as
functional food additives.

Supplementary Materials: Supplementary materials are available online. Figure S1. HPLC chromatograms of
18 phenolic standard samples.
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Abstract: The inclusion complexes between daidzein and three cyclodextrins (CDs),
namely β-cyclodextrin (β-CD), methyl-β-cyclodextrin (Me-β-CD, DS = 12.5) and (2-hydroxy)
propyl-β-cyclodextrin (HP-β-CD, DS = 4.2) were prepared. The effects of the inclusion behavior
of daidzein with three kinds of cyclodextrins were investigated in both solution and solid state by
methods of phase-solubility, XRD, DSC, SEM, 1H-NMR and 2D ROESY methods. Furthermore,
the antioxidant activities of daidzein and daidzein-CDs inclusion complexes were determined by
the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) method. The results showed that daidzein formed
a 1:1 stoichiometric inclusion complex with β-CD, Me-β-CD and HP-β-CD. The results also showed
that the solubility of daidzein was improved after encapsulating by CDs. 1H-NMR and 2D ROESY
analyses show that the B ring of daidzein was the part of the molecule that was most likely inserted
into the cavity of CDs, thus forming an inclusion complex. Antioxidant activity studies showed that the
antioxidant performance of the inclusion complexes was enhanced in comparison to the native daidzein.
It could be a potentially promising way to develop a new formulation of daidzein for herbal medicine or
healthcare products.

Keywords: daidzein; cyclodextrin; inclusion complex; antioxidant activity

1. Introduction

Daidzein (Figure 1) is one of the major isoflavone compounds and exists widely in soybeans [1].
The present study shows that daidzein possesses multiple biological and pharmacological properties
such as antioxidant [2,3], anticancer [4,5], anti-inflammatory [6,7], neuroprotective [8], protective
treatment of cardiovascular diseases [9], and autoimmune diseases [10]. However, its use in medicines
and in functional food ingredients is limited because of its poor solubility and low bioavailability.
Various techniques, such as incorporation into a hydrophilic vehicle [11], phosphorylated daidzein [12],
and glycosylation [13], etc., have been developed to improve its water solubility and stability.
The formation of an inclusion complex with cyclodextrins (CDs) is another promising way to solve
this problem.
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Figure 1. Chemical structure of daidzein.

Cyclodextrins (CDs) are cyclic oligosaccharides built up from glucopyranose units linked
by α-1,4 bonds, thus forming a truncated cone. There are three principal types of natural CDs,
also known as first-generation CDs: α-CD, β-CD, and γ-CD. These CDs consist of six, seven,
and eight glucopyranose units, respectively. β-CD is the most commonly used in pharmaceutical
formulations due to its non-toxicity, biodegradability, and its reasonable cost [14]. However,
the application of unmodified β-CD is limited, owing to its poor water solubility. Accordingly,
modified β-CDs have been synthesized and used, such as methylated-β-cyclodextrin (Me-β-CD)
and (2-hydroxy)propyl-β-cyclodextrin (HP-β-CD) [15,16]. The special cone-shaped structure of CDs
enables them to enclose the hydrophobic molecules that form the inclusion complexes. As a result
of the preparation of the inclusion compound, multiple modifications are gained in the properties of
guest molecules, such as improvement of the dissolution of insoluble substances [17,18], stabilization
of photosensitive substances [19], and a controlled release of drugs [20,21]. The CDs and their inclusion
complexes are used as additives in the drug, food, packaging, cosmetics, and textile industries [22,23].

Some studies have evaluated the improvement of daidzein and genistein solubility by a complexation
with HP-β-CD at different host–guest molar ratios [24]. Later, Yatsu [25] reported on the multiple
complexations of CDs with soy isoflavones, present in an enriched fraction. Although these studies have
demonstrated the feasibility of obtaining inclusion complexes with daidzein, none of them evaluated
the inclusion behavior of daidzein with different CDs. Therefore, in this present work, we evaluate
the inclusion behavior of daidzein with β-CD, Me-β-CD, and HP-β-CD. The stoichiometric ratios and
stability constants describing the extent of formation of the complexes were determined by phase-solubility
measurements and Job’s method. The inclusion complexes were prepared by the freeze-drying method
and were further characterized by X-ray diffraction (XRD), thermogravimetric (TG), differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), 1H-nuclear magnetic resonance spectroscopy
(1H-NMR ) and two-dimensional rotational frame nuclear overhauser effect spectroscopy (2D ROESY).
Meanwhile, the antioxidant activities of daidzein and the inclusion complexes were also investigated by
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity assay.

2. Results and Discussion

2.1. Phase-Solubility Study

Phase-solubility analysis of daidzein with β-CD, Me-β-CD, and HP-β-CD was studied by the
method of Higuchi and Connors [26] in an aqueous solution at 25 ◦C. The phase-solubility diagram is a
widely useful method for the evaluation of the inclusion interaction of CDs complexation with poorly
water-soluble molecules, as well as the determination of the stability constants (Ks) in the complexes
formation. As shown in Figure 2, the aqueous solubility of daidzein increased linearly with the increasing
CDs concentration within the studied concentration range. Based on Higuchi and Connors′s theory, these
three linear host–guest correlations could be classified as AL type, indicating that a 1:1 stoichiometry of
the complexes exists between daidzein and the three different CDs studied. The calculated apparent
stability constant (Ks, M−1) of daidzein-β-CD, daidzein-Me-β-CD and daidzein-HP-β-CD, was 776 M−1,
1418 M−1, and 1802 M−1, respectively. The higher apparent stability constants of daidzein-Me-β-CD and
daidzein-HP-β-CD can be attributed to the opening enlargement of native β-CD and the destruction
of the strong intramolecular hydrogen bond network by the methyl and hydroxypropyl substitutions.
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This destruction causes guest molecules to easily access the CD’s cavity and give a higher stability constant.
The finding that Me-β-CD or HP-β-CD increases the binding capacity for flavonoids has been previously
reported [27,28]. Additionally, the solubility of daidzein was significantly increased (4.8-fold, 8.1-fold,
and 9.7-fold at 5 mM of β-CD, Me-β-CD, and HP-β-CD) compared to the absence of CDs, which indicated
the solubilizing potential for daidzein by CDs.

The stoichiometry of the complex formation between daidzein and CDs was also determined by
Job’s method (see Supplementary data Figures S1–S3). As shown in the figures, the maximum peak
was observed at R = 0.5, which indicates the formation of 1:1 inclusion complexes between daidzein
and β-CD, Me-β-CD or HP-β-CD, in accordance with the phase solubility study.

 

Figure 2. Phase-solubility diagrams of daidzein with β-cyclodextrin (β-CD), methyl-β-cyclodextrin
(Me-β-CD), or (2-hydroxy)propyl-β-cyclodextrin (HP-β-CD) at 25 ◦C.

2.2. XRD Studies

The powder X-ray diffraction patterns (XRD) is an effective method for the analysis of CDs
and their inclusion complexes in the powder or microcrystalline state [29,30]. The formation of an
inclusion complex between CDs and a crystalline guest means that the latter would no longer exist in
the crystalline state and consequently, the diffraction pattern of the complex would not be a simple
superposition of those of the two components. As indicated in Figure 3, the XRD patterns of daidzein
and β-CD displayed numerous sharp peaks, characteristic of its crystallinity, whereas that of Me-β-CD
and HP-β-CD showed two broad peaks, consistent with its amorphous nature. The XRD of the physical
mixture of daidzein and CDs was a superposition of the patterns of the components, confirming
that no chemical association had occurred between daidzein and CDs. In addition, both kept their
original physical characteristics. In contrast, the XRD spectra of daidzein-β-CD, daidzein-Me-β-CD,
and daidzein-HP-β-CD inclusion complexes are amorphous and show halo patterns, indicating the
formation of an inclusion complex between β-CD (or Me-β-CD, HP-β-CD) and daidzein.

Figure 3. XRD patterns: (A) (a) daidzein, (b) β-CD, (c) daidzein/β-CD physical mixture,
(d) daidzein-β-CD inclusion complex; (B) (a) daidzein, (b) Me-β-CD, (c) daidzein/Me-β-CD physical
mixture, (d) daidzein-Me-β-CD inclusion complex; (C) (a) daidzein, (b) HP-β-CD, (c) daidzein/HP-β-CD
physical mixture, (d) daidzein-HP-β-CD inclusion complex.
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2.3. Thermal Analysis

The thermal properties of daidzein, CDs, and daidzein-CDs inclusion complexes were studied by
thermogravimetric (TG) methods (see Supplementary data Figures S4–S6). A systematic analysis of
the TG curves showed that daidzein decomposed at ca. 315 ◦C, β-CD at ca. 298 ◦C, Me-β-CD at ca.
290 ◦C, and HP-β-CD at ca. 300 ◦C. In contrast, the decomposition temperature of the daidzein-β-CD,
daidzein-Me-β-CD, and the daidzein-HP-β-CD inclusion complex was ca. 296 ◦C, 292 ◦C and 299 ◦C.
These results indicate that the daidzein-CDs inclusion complexes were formed [31].

The differential scanning calorimetry (DSC) thermogram provided further information about
the thermal properties of daidzein-β-CD, daidzein-Me-β-CD, and the daidzein-HP-β-CD inclusion
complex [28]. As shown in Figure 4, daidzein displayed one sharp endothermic peak at 339 ◦C.
In contrast, the DSC curves of β-CD, Me-β-CD, and HP-β-CD had an endothermic peak at 331 ◦C,
349 ◦C and 355 ◦C, respectively. The DSC thermogram of the physical mixture is basically a
combination of two components, with the daidzein peaks being only faintly observable due to the
lower proportions that it had in the physical mixture. However, in the DSC curves of daidzein-β-CD,
daidzein-Me-β-CD, and daidzein-HP-β-CD inclusion complexes, the endothermic peaks were shifted
to 345 ◦C, 368 ◦C and 380 ◦C, suggesting that an inclusion structure was formed between the host–guest
molecules. These results further confirmed the formation of an inclusion complex between daidzein
and CDs.

 

Figure 4. DSC thermograms: (A) (a) daidzein, (b) β-CD, (c) daidzein/β-CD physical mixture,
(d) daidzein-β-CD inclusion complex; (B) (a) daidzein, (b) Me-β-CD, (c) daidzein/Me-β-CD physical
mixture, (d) daidzein-Me-β-CD inclusion complex; (C) (a) daidzein, (b) HP-β-CD, (c) daidzein/HP-β-CD
physical mixture, (d) daidzein-HP-β-CD inclusion complex.

2.4. SEM Studies

Scanning electron microscopy was also a useful method to study the structure of the
materials [32,33]. Figure 5 shows the SEM photographs of daidzein, HP-β-CD, their physical mixture,
and their inclusion complex. Pure daidzein existed in columnar crystal with medium dimensions and
HP-β-CD appeared as a spherical shape with cavity structures. The physical mixture of daidzein with
CDs revealed that the characteristic crystals of daidzein and the spheres of HP-β-CD both existed
separately, indicating that the two components existed in their original individual forms. In contrast,
the daidzein-CDs inclusion complexes appeared as a plate-like crystal structure and were quite
different from the sizes and shapes of daidzein and CDs. This observation confirmed the formation
of the inclusion complex between daidzein and HP-β-CD. In a similar test, the daidzein-β-CD and
daidzein-Me-β-CD appeared to be quite different from the sizes and shapes of β-CD, Me-β-CD and
daidzein, respectively, which is a strong indication of an inclusion complex formation (see in the
Supplementary data Figures S7 and S8).
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Figure 5. Scanning electron microphotographs: (A) daidzein; (B) HP-β-CD; (C) daidzein/HP-β-CD
physical mixture; (D) daidzein-HP-β-CD inclusion complex.

2.5. 1H-NMR and 2D NMR

Further evidence supporting the formation of the inclusion complex was obtained by 1H-NMR,
which has proved to be the most direct evidence in explaining the host–guest interaction of CDs
and guest molecules [18,27]. The 1H-NMR of daidzein has a very low resolved spectrum in D2O
due to its poor water solubility. We measured the 1H-NMR spectra of the CDs and the inclusion
complexes of daidzein-β-CD, daidzein-Me-β-CD, and daidzein-HP-β-CD in D2O (see Supplementary
data Figures S9–S14). The 1H-NMR spectra of the inclusion complexes showed all of the expected
proton signals of daidzein and CDs, in agreement with significant solubilization.

To understand the detailed inclusion fashion of daidzein-β-CD, daidzein-Me-β-CD,
and daidzein-HP-β-CD, 2D ROESY NMR spectra were also measured. As shown in Figure 6A, the 2D
ROESY NMR spectra of daidzein-HP-β-CD showed strong correlation signals between the inner H-3
and H-5 protons of the HP-β-CD and the daidzein protons. The spectra exhibited strong correlation
signals between the H-3 protons in the HP-β-CD and the H-2′,6′ and H-3′,5′ protons in daidzein and
between the H-5 protons in the HP-β-CD and the H-3′,5′ protons in daidzein, respectively. However,
the spectra did not show any significant correlation signals between the H-3 proton in the HP-β-CD
and the H-3′,5′ protons of daidzein. These data indicate that the HP-β-CD selectively includes the
daidzein from the wide rim side to form the inclusion complex. It was also shown that daidzein
should be encapsulated in the β-CD and Me-β-CD cavities in a similar way (see Supplementary data
Figures S15 and S16). A study reported by Borghetti et al. [34] indicated that the formation of the
inclusion complex between daidzein with CDs also occurred through the insertion of the B rings of
daidzein into the CDs cavity, which is similar to our findings.

Based on these observations, together with the 1:1 stoichiometry, we deduced the possible
inclusion modes of daidzein with CDs, as illustrated in Figure 6B.
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Figure 6. (A) ROESY spectrum of the daidzein-HP-β-CD inclusion complex in D2O at 25 ◦C; (B) Possible
inclusion mode of the daidzein-HP-β-CD inclusion complex.

2.6. Antioxidant Activity of Daidzein in Free and Complex Form

The evaluation of DPPH scavenging capacity was one of the most general methods to determine
the antioxidant activities of different compounds [35,36]. DPPH had a strong absorbance at 517 nm
due to the unpaired electron of nitrogen atom, which can accept an electron donated by the
antioxidant compound. In this process, the DPPH was decolorized from purple to yellow which
can be spectrophotometrically monitored from the changes to absorbance at 517 nm.

Figure 7 showed a comparison of the DPPH radical-scavenging activity of daidzein, daidzein-β-CD,
daidzein-Me-β-CD, and daidzein-HP-β-CD complexes. As shown in our findings, after complexation
with CDs had occurred, the scavenging capability of daidzein increased significantly. The order was
daidzein-HP-β-CD > daidzein-Me-β-CD > daidzein-β-CD, which indicates that the daidzein-CDs
complexes have stronger DPPH radical-scavenging ability than the native daidzein have. The DPPH
scavenging capacity of the antioxidant is closely related to its hydrogen-donating ability [37–39].
The increasing DPPH scavenging ability of daidzein could be attributed to the enhancement of its
hydrogen-donating ability, caused by the complexation of CDs. When daidzein is complexed with
CDs, one or more intermolecular hydrogen bonds form between daidzein and the CDs. This weakens
the intramolecular hydrogen bonds of daidzein. Ultimately, the hydrogen-donating ability of daidzein
is improved.

Figure 7. 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activities of the daidzein,
daidzein-β-CD, daidzein-Me-β-CD, and daidzein-HP-β-CD inclusion complex.
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The stronger interaction between daidzein and HP-β-CD weakened the covalent bonds between
hydrogen and oxygen in the hydroxyl groups, which in turn improved the hydrogen donation of
the hydroxyl groups of daidzein. In contrast, the multiple methyl group substitutions of Me-β-CD
impaired the hydrogen-bonding interaction between daidzein and Me-β-CD. This is unfavorable to the
hydrogen-donating ability of daidzein. Ultimately, the DPPH scavenging ability of daidzein-HP-β-CD
is stronger than that of daidzein-Me-β-CD, which is consistent with the binding ability of the three CDs.
Therefore, we can conclude that the antioxidant property of daidzein-CDs is closely related their mode
of binding.

3. Materials and Methods

3.1. Materials

Daidzein (>99%) was obtained from Aladdin Industrial Corporation (Beijing, China); β-cyclodextrin
(β-CD, Mw = 1135 g/mol), (2-hydroxy)propyl-β-cyclodextrin (HP-β-CD, Mw = 1380 g/mol, average
degree of substitution (DS) = 4.2), methyl-β-cyclodextrin (Me-β-CD, Mw = 1310 g/mol, average degree
of substitution (DS) = 12.5) were purchased from Seebio Biotech, Inc. (Shanghai, China).

3.2. Methods

3.2.1. Preparation of Daidzein/β-CD, Daidzein/Me-β-CD and Daidzein/HP-β-CD
Inclusion Complexes

Daidzein (0.6 mmol, 127 mg) was dissolved in 20 mL ethanol. CDs (β-CD, Me-β-CD, HP-β-CD,
0.3 mmol) were dissolved in 80 mL water, and then the CDs solutions were added to the daidzein
solutions respectively. The mixture was sealed and stirred for 48 h. After evaporating the ethanol from
the reaction mixture, the uncomplexed daidzein was filtered. The filtrate was frozen at −40 ◦C for 24 h
and then lyophilized. The resultant powers were collected as the daidzein-CDs complexes.

3.2.2. Preparation of Daidzein/β-CD, Daidzein/Me-β-CD and Daidzein/HP-β-CD Physical Mixture

The physical mixture was prepared by mixing the powders in a 1:1 molar ratio of daidzein and
CDs in an agate mortar.

3.2.3. Phase-Solubility Study

Phase-solubility studies were performed according to the method reported by Higuchi and
Connors [26]. An excess amount of daidzein was added to 10 mL of aqueous solution containing
different concentrations of β-CD, Me-β-CD, and HP-β-CD (from 0 mM to 5.0 mM). The mixtures were
vigorously shaken with a shaking rate at 120 rpm in a water bath for 72 h at 25 ◦C. After reaching
equilibrium, the samples were filtered through a 0.45 m hydrophilic membrane filter. All samples
were prepared in triplicate. The concentration of daidzein in the filtrate was determined by a
CARY-60 spectrophotometer (Varian, Palo Alto, CA, USA). The phase-solubility profiles were obtained
by plotting the solubility of daidzein against the concentration of β-CD, Me-β-CD, or HP-β-CD.
The apparent stability constants (Ks) were calculated from phase-solubility diagrams according to the
following equation:

Ks =
Slope

S0(1 − Slope)
(1)

where S0 is the solubility of daidzein at 25 ◦C in the absence of cyclodextrins and slope means the
corresponding slope of the phase-solubility diagrams.

3.2.4. Stoichiometry Determination: Job’s Method

The continuous variation method was performed in order to confirm the stoichiometry of
the complex. The sum of the concentration of both components was kept constant ([daidzein] +
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[CDs] = 1 × 10−4 M) whilst the molar fraction of daidzein (R = [daidzein]/[daidzein] + [CDs]) was
varied from 0.0 to 1.0. After stirring for 48 h, the UV-vis spectra were measured and the difference in the
absorption between that in the presence (A) and absence of CDs (A0), ΔA = A − A0, was plotted against
the molar fraction R. The host–guest ratio of the complex can be determined at the stoichiometric ratio.

3.2.5. Powder X-ray Diffraction (XRD)

Monochromatic Cu Ka radiation (wavelength = 1.54056 Å) was produced by a D/MAX 2500V/PC
X-ray diffractometer (Rigaku Americas Corporation, Tokyo, Japan). The powders of samples were
packed tightly in a rectangular aluminum cell. The samples were exposed to the X-ray beam.
The scanning regions of the diffraction angle, 2θ, were 5–70◦. Duplicate measurements were made at
ambient temperature. Radiation was detected with a proportional detector.

3.2.6. Thermal Analyses

Thermogravimetric (TG) and differential scanning calorimetry (DSC) measurements were
performed with a DTG-60AH (Shimadzu, Kyoto, Japan) instrument, at a heating rate of 10 ◦C/min
from 30 ◦C to 400 ◦C in a dynamic nitrogen atmosphere (flow rate = 70 mL/min).

3.2.7. Scanning Electron Microscopy (SEM)

SEM photographs were determined on a TESCAN VEGA II. (Tescan Corportion, Brno, Czekh)
The powders were previously fixed on a brass stub using double-sided adhesive tape and then were
made electrically conductive by coating, in a vacuum with a thin layer of gold for 30 s and at 20 W.

3.2.8. 1H-NMR and 2D NMR

The 1H-NMR and 2D ROESY was all recorded on a BRUKER AVANCE 600 NMR spectrometer
(Bruker Corporation, Karlsruhe, Germany) at 25 ◦C. Deuterium oxide (D2O) was used as the solvent.
Chemical shifts were referenced to the solvent values (4.70 ppm for HOD).

3.2.9. DPPH Radical-Scavenging Capacity

The antioxidant activity was measured by the scavenging of the stable free-radical DPPH,
which showed a characteristic absorbance peak at 517 nm in ethanol. The addition of an antioxidant
resulted in a decrease in the absorbance proportional to the concentration and antioxidant activity of
the compound itself [40,41].

An ethanolic solution of the radical DPPH was prepared and protected from light. Daidzein-β-CD,
daidzein-Me-β-CD or daidzein-HP-β-CD samples of different concentrations were added to DPPH
ethanolic solution. DPPH free-radical scavenging by the daidzein-CDs inclusion complexes and native
daidzein were investigated according to the method of Wang et al. [42]. Briefly, DPPH solutions
(2.0 mL) in ethanol (2 × 10−4 mol/L) and 2.0 mL of tested samples with various concentrations were
mixed in the tubes. Then, the mixture was incubated for 60 min in the dark at 30 ± 1 ◦C. The absorbance
was measured at 517 nm in CARY-60 UV-vis spectrometer (Varian, Palo Alto, CA, USA). The lower
absorbance of the reaction mixture indicated higher free radical scavenging activity. The DPPH
scavenging effect (KD) was calculated using the following equation:

KD =

(
A0 −

(
Ai − Aj

)
A0

)
× 100% (2)

where A0 Ai was the absorbance in the presence of the samples and Aj was the absorbance of the
samples alone.
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4. Conclusions

The inclusion complexes of daidzein with β-CD, Me-β-CD and HP-β-CD were prepared and
characterized by phase-solubility, XRD, DSC, SEM, and antioxidant studies. The phase-solubility,
XRD, DSC and SEM studies confirmed that daidzein can form inclusion complexes with three kinds
of CDs, and the ratio between the host–guest molecules is 1:1. Furthermore, the solubility of daidzein
was improved due to the formation of the inclusion complex. The 2D ROESY and 1H-NMR analyses
show that the B ring of daidzein is the part of the molecule that is most likely inserted into the
cavity of HP-β-CD, thus forming an inclusion complex. Antioxidant activity studies showed that
the antioxidant performance of the inclusion complexes was better than that of the native daidzein,
and the daidzein-HP-β-CD inclusion complex was the most effective form. Given the easy preparation
and environmentally friendly process of creating daidzein-CDs inclusion complexes, it is a promising
way to design a novel formulation of daidzein for herbal medicine or healthcare products.
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Abstract: trans-Cinnamaldehyde (tCIN), an active compound found in cinnamon, is well known
for its antioxidant, anticancer, and anti-inflammatory activities. The β-cyclodextrin (β-CD)
oligomer has been used for a variety of applications in nanotechnology, including pharmaceutical
and cosmetic applications. Here, we aimed to evaluate the anti-inflammatory and antioxidant
effects of tCIN self-included in β-CD complexes (CIs) in lipopolysaccharide (LPS)-treated murine
RAW 264.7 macrophages. RAW 264.7 macrophages were treated with increasing concentrations of
β-CD, tCIN, or CIs for different times. β-CD alone did not affect the production of nitric oxide (NO)
or reactive oxygen species (ROS). However, both tCIN and CI significantly reduced NO and ROS
production. Thus, CIs may have strong anti-inflammatory and antioxidant effects, similar to those of
tCIN when used alone.

Keywords: trans-cinnamaldehyde; β-cyclodextrin; self-inclusion; anti-inflammation; antioxidant

1. Introduction

Cinnamon is commonly used in cosmetics and foods [1], and cinnamon oil is frequently used
in the food and beverage industry because of its unique aroma [2]. Several studies have reported
that cinnamon and its extracts and active compounds have beneficial biological effects, including
antidiabetic effects [1,3], and antibacterial, antifungal, and anticancer activities [2,4]. Moreover,
these products inhibit neuroinflammation [5] and reduce oxidative stress [6,7].

The compound trans-cinnamaldehyde (tCIN) is a key flavor component of cinnamon essential
oil [8] that has relatively low toxicity, aside from inducing skin irritation at high doses [9].
Several reports have suggested that tCIN has anti-inflammatory effects in macrophages [10,11].
Moreover, tCIN has anticancer activity, induces apoptosis [8], inhibits cell proliferation [12], and is
beneficial for the management of obesity and diabetes [13]. However, the application of tCIN is
limited by its insolubility in water; therefore, overcoming this issue could have a major impact on
the functionality of tCIN. In addition, microencapsulated tCIN has no carcinogenic or toxic effects in
rodent models [14]. However, the oral absorption of high amounts of cinnamon into the human body
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is likely to cause side effects such as hyperkeratosis and gastritis [15]. Therefore, the cytotoxicity of
tCIN should be carefully examined.

Cyclodextrins (CDs) are toroidal-shaped, biocompatible, relatively non-toxic, cyclic oligomers [16].
In aqueous solutions, CDs can incorporate geometrically and polarity-compatible target compounds
to improve their stability [17], increase their solubility [18], and enhance their bioavailability [19].
This increases the applicability of CDs in many fields, including pharmaceutics [16,20], cosmetics [17],
and food technology [21,22]. Therefore, many researchers have deemed CDs as potential specific
drug carriers or nano-inclusion agents with the ability to reduce the toxicity of target compounds,
after numerous modifications [23]. CDs are thought to be suitable for use in several pharmacological
and biological approaches, helping to address the challenges faced during product formulation.
CD encapsulation usually affects the physicochemical properties of bioactive compounds and specific
drugs [17,24]. However, few studies have examined tCIN and CD inclusion complexes, and most
studies have focused only on their applications in nanotechnology. In particular, researchers are
interested in elucidating the functionality of these molecules using cell-based experiments; additionally,
more in-depth studies are needed to uncover the potential applications of these compounds.
Because tCIN is a major component of cinnamon and generally considered as a food, tCIN could be
applied as a functional food with numerous beneficial effects after modification by nanotechnology.
Here, we evaluated the physicochemical properties of the β-CD and tCIN inclusion complexes (CIs),
and determined their anti-inflammatory and antioxidant effects on lipopolysaccharide (LPS)-treated
RAW 264.7 murine macrophages.

2. Results and Discussion

2.1. Thermal Properties

Differential scanning colorimetric (DSC) was performed to investigate the formation of complexes
between the β-CD polymer and tCIN. Figure 1 shows the DSC results for β-CD, tCIN, the β-CD-tCIN
physical mixture, and the CIs. Pure β-CD and pure tCIN showed endothermic peaks at 205.5 ◦C and
292.7 ◦C, respectively, which correspond to their melting points. The β-CD-tCIN physical mixture had
two endothermic peaks. The first (at 183.7 ◦C) was nearly identical to that of pure β-CD, while the
second (at 292.4 ◦C) corresponded to that of tCIN. The melting temperature of β-CD alone was higher
than that of the CIs. Interaction of the guest with β-CD provides somewhat broader, so that a difference
in phase transition temperature is observed [25]. The thermal transition of the CIs occurred at 175.8 ◦C,
along with the endothermic peak. The CIs did not show the tCIN melting peak, which was clear
evidence of the formation of a complex between the β-CD and tCIN. Similar to our results, Seo et al. [25]
previously reported that the disappearance of the endothermic peak of eugenol was obvious evidence
of the formation of an inclusion complex between eugenol and β-CD.

Figure 1. Thermal analysis of trans-cinnamaldehyde (tCIN) and β-cyclodextrin (β-CD) inclusion
complexes (CIs). The CIs were obtained by the molecular inclusion of tCIN and β-CD at a molar ratio
of 1:1. The physical mixture was obtained by pulverizing the two components in a glass mortar and
mixing them accurately in a molar ratio of 1:1.
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2.2. Encapsulation Efficiency and Release Characteristics of the CIs

Cinnamon essential oil and tCIN have antibacterial and antifungal effects [2], and have been
shown to be promising agents in the treatment of cancer [4]. Despite the beneficial effects of
cinnamon, its efficacy and bioavailability are quite low because it is used in low doses for oral
absorption in the human body [26]. Thus, the encapsulation efficiency of CIs with different molar
ratios of β-CD and tCIN was measured before evaluating the tCIN release rate. The encapsulation
efficiency of CI decreased from 90% to 62%, with increasing tCIN concentrations in the CIs.
The encapsulation efficiency when the molar ratio of the two components was 1:1, was 85% (Figure 2A).
Similar observations were reported in previous studies, with encapsulation efficiencies ranging from
70% to 95% after the preparation of CIs with various concentrations of wall and core materials [27].
Hill, Gomes, and Taylor [27] found that the encapsulation efficiency for tCIN in β-CD inclusion
complexes was 85% when the inclusion complexes were prepared at a molar ratio of 1:1, similar to our
current results. Many studies have shown that the type of material used for preparing the wall, the ratio
of the materials used for the core and the wall, the encapsulation technique, and the physicochemical
properties of capsules affect the encapsulation efficiency value [28–31]. In particular, the CI technique
is effective for encapsulating highly lipophilic oils with high encapsulation efficiency when prepared
such that the molar ratio of the materials used for the core and wall is 1:1. In contrast, in our study,
at a 1:1 molar ratio of CI and tCIN, the CI had the lowest encapsulation efficiency.

The release profiles of tCIN from CIs were observed to determine the stability of the CIs at 4,
25, and 37 ◦C over a period of 7 days (Figure 2B–D). The tCIN release rate tended to increase over
time as the tCIN concentration increased. The CIs at a 0.5:1 molar ratio of tCIN and β-CD were more
stable than those at a 1:1 and a 2:1 molar ratio. Especially, the release rate of tCIN from CI dynamically
increased at a 2:1 molar ratio of tCIN and β-CD, to up to about 40%, regardless of the temperature.

 

Figure 2. Encapsulation efficiency (A) and release amount (B–D) of the inclusion complex (CI) with
different ratios of trans-cinnamaldehyde (tCIN) and β-cyclodextrin (β-CD). The release amount was
measured at different storage temperatures, i.e., 4 ◦C (B), 25 ◦C (C), and 37 ◦C (D), for 7 days and
expressed as a percentage (%).
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In general, the storage temperature had a pronounced effect on the release rate of tCIN from CIs.
At 4 ◦C and 25 ◦C, tCIN release from CIs did not differ significantly with storage temperature
(p > 0.05) in our study. However, tCIN release from CIs was more affected by storage temperature at
37 ◦C than at the other storage temperatures, even though the concentration was low. tCIN release
from CIs at the molar ratios of 0.5:1 and 1:1, and a 2:1 molar ratio of tCIN and β-CD, was 20%,
28%, and 37%, respectively. According to a study by Wang et al. [30], the release rate of garlic oil
from the inclusion complex, examined at temperatures ranging from 25 to 50 ◦C, reached 75.8% at
37 ◦C after incubation for 60 h. Thus, the release profiles of the core materials can be controlled
to suit a given application using various types and concentrations of coating materials, different
encapsulation techniques, and various extra-environmental conditions, such as temperature, pH,
and humidity [32,33]. In this study, functionality evaluation was performed to observe the effects of
tCIN release on anti-inflammatory and antioxidant activity.

2.3. Anti-Oxidant Activities of the CIs

Figure 3 shows the antioxidant activity of the CIs over a period of 7 days, as measured by
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) (Figure 3A) and 2,20-azino-bis(3-ethylbenzothiazoline-
6-sulphonic) acod (ABTS) (Figure 3B) radical-scavenging activity assays. These antioxidant activities
were investigated to evaluate the storage stability of CI-containing antioxidants, such as tCIN. In our
study, The CIs were obtained by molecular inclusion at 1:1 molar ratio of tCIN and β-CD. Free β-CD did
not show any antioxidant activity on its own when tested at the same concentration range as carvacrol
and its inclusion complexes (data not shown). Free tCIN did not show any antioxidant activity because
of its instability in distilled water. However, tCIN is well-known for its high antioxidant activity in
previous studies [6,7]. In the DPPH and ABTS radical-scavenging assay, the antioxidant activity of the
CIs significantly increased after 3 days compared with that of the CIs at day 0 (initial CIs). The results
of the ABTS assay also showed that the antioxidant activity of the CIs increased with increasing storage
temperature and time. In general, the inclusion of tCIN with β-CD makes it difficult to react with free
radicals. However, tCIN is released from CIs, and this free tCIN reacts with free radicals, eventually
increasing the antioxidant activity [34]. This could be also explained with the results of release rate (%)
presented in Figure 2B–D; after 7 days, tCIN release from CIs at 4 ◦C, 25 ◦C, and 37 ◦C was up to
19%, 17% and 30%, respectively. The ABTS radical-scavenging activity of CIs at 4 ◦C, 25 ◦C, and 37 ◦C
was 0.88%, 1.18%, and 2.43%, respectively. Therefore, we suggest that the increase in the antioxidant
activity was most likely related to the free tCIN concentration, because an increased release of tCIN
was observed with increasing storage temperatures.

Figure 3. Antioxidant activity of trans-cinnamaldehyde (tCIN) and β-cyclodextrin (β-CD) inclusion
complex (CI). (A) DPPH and (B) ABTS radical-scavenging activities were measured at different storage
temperatures (4 ◦C, 25 ◦C and 37 ◦C) for 7 days. The CIs were obtained by molecular inclusion at
1:1 molar ratio of tCIN and β-CD. Data are the mean ± standard deviation (SD). * p < 0.05 versus
the radical-scavenging ability of the CIs at day 0 (initial CIs). DPPH, 1,1-diphenyl-2-picrylhydrazyl;
ABTS, 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic) acid.
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2.4. Cell Viability

In order to determine whether the storage time of the CIs affected their influence on cell viability,
CIs were prepared in a culture medium and stored at 4 ◦C, and cell viability was determined before
and after 3 weeks of storage. According to the MTT assay data, β-CD exhibited no significant
cytotoxicity at a concentration of 500 μM, whereas tCIN and CI exhibited no significant cytotoxicity up
to a concentration of 100 μM in RAW 264.7 macrophages (Figure 4). Interestingly, a 3-week storage
(Figure 4B) slightly increased the cytotoxicity of tCIN, when compared to that observed before storage
(Figure 4A); this could be caused by the oxidation of tCIN during storage. However, 3 weeks of storage
of the CIs in a culture medium at 4 ◦C had no notable effect on cell viability. This result supported the
findings of a previous report by Yang et al. [35], who demonstrated that the cytotoxicity of a target
compound decreased after β-CD inclusion. Therefore, the tCIN and β-CD inclusion complex may
have an important role in maintaining the stability of functional foods.

Figure 4. Cell viability. RAW 264.7 macrophages were seeded in 96-well plates for 24 h, followed
by 18 h of starvation. Cells were treated with increasing concentrations of β-CD, tCIN, and CIs
for 24 h. Cell viability was measured using the MTT assay, and quantified as a percentage (%)
of the control. MTT assays were performed at (A) week 0 and (B) after 3 weeks of storage
at 4 ◦C to evaluate the stability of CI and the effects of storage on CI. The CI was obtained
by molecular inclusion at a 1:1 molar ratio of tCIN and β-CD. Data are the mean ± standard
deviation (SD). * p < 0.05 versus the control. The different letters indicate p < 0.05 at the same
treatment concentration. β-CD, β-cyclodextrin; tCIN, trans-cinnamaldehyde; CI, tCIN and β-CD
inclusion complexes; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

2.5. Inhibition of NO Production

LPS, which is a cell wall component of Gram-negative bacteria, activates macrophages and triggers
inflammatory responses by producing pro-inflammatory cytokines and mediators. These mediators,
including inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, tumor necrosis factor
(TNF)-α, and interleukin (IL)-1β, can be released by various cells, including murine RAW 264.7
macrophages. Alternatively, iNOS expression and NO production are known to be beneficial in both
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acute and chronic inflammation [36]. According to Lee and Choi [29], cinnamon extracts significantly
inhibit NO production. Ho et al. [5] reported that among the major components of cinnamon,
tCIN shows the highest inhibition of NO production and iNOS expression at both the protein and
mRNA levels, at concentrations of 25–100 μM. We evaluated the effects of CIs on NO production
in LPS-induced RAW264.7 macrophages. The NO production assays were performed to determine
whether storage affected the stability of the CIs. The CIs were prepared in a culture medium and stored
at 4 ◦C, and the production of NO was determined before and after 3 weeks of storage. We evaluated
whether the storage time affected NO reduction. For this, CIs were prepared in a culture medium and
stored at 4 ◦C, and the production of NO was determined before and after 3 weeks of storage. We found
that treatment with β-CD alone had no effect on NO production induced by LPS in RAW macrophages.
In contrast, treatment with only tCIN significantly reduced NO production. Interestingly, CI treatment
had effects similar to that of treatment with tCIN alone; it resulted in reduced NO production, even after
storage of samples for 3 weeks at 4 ◦C (Figure 5).

Figure 5. Inhibition of nitric oxide (NO) production by the trans-cinnamaldehyde (tCIN) and
β-cyclodextrin (β-CD) inclusion complex (CI). RAW 264.7 macrophages were seeded in 96-well plates
for 24 h, followed by 18 h of starvation. Cells were treated with increasing concentrations of β-CD,
tCIN, and CIs for 30 min, and were then treated with LPS for 24 h. NO production was determined
using an NO detection kit, according to the manufacturer’s protocol. NO production was determined
at (A) week 0 and (B) after 3 weeks of storage at 4 ◦C to evaluate the stability and effects of storage
on CIs. The CI was obtained by molecular inclusion at a 1:1 molar ratio of tCIN and β-CD. Data are
the mean ± standard deviation (SD). * p < 0.05 versus the control, # p < 0.05 versus LPS. The different
letters indicate p < 0.05 within the same treatment group. LPS, lipopolysaccharide.

2.6. ROS Suppression

To evaluate the antioxidant effects of the CIs, the levels of ROS were determined in LPS-treated
RAW 264.7 macrophages using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, D-399).
The LPS-treated cells showed significantly higher levels of fluorescence than the untreated control,
and tCIN significantly reduced this effect (Figure 6). This result is similar to that reported by
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Lee et al. [11], wherein tCIN was shown to inhibit LPS-induced ROS generation in J774A.1 macrophages.
Interestingly, as shown in Figure 6B, tCIN self-inclusion in β-CD improved the ROS-reduction effect
in LPS-treated RAW 264.7 cells. At tCIN and CI concentrations above 100 μM, the LPS-induced
ROS level was reduced by approximately 5-fold (Figure 6A), indicating that CIs could be used as
potential antioxidant agents. However, additional in vitro and in vivo studies of the effects of CIs on
inflammation and oxidative stress are required. In addition, its underlying mechanisms need to be
studied further for a better understanding and elucidation of its beneficial effects.

Figure 6. Inhibition of reactive oxygen species (ROS) production by the trans-cinnamaldehyde (tCIN)
and β-cyclodextrin (β-CD) inclusion complexes (CIs). RAW 264.7 macrophages were seeded in
96-well plates with black walls and transparent bottoms for 24 h, and then subjected to starvation
for 18 h. Cells were treated with increasing concentrations of β-CD, tCIN, and CIs for 30 min,
and then treated with LPS for 24 h. ROS levels were determined using H2DCFDA, according to the
manufacturer’s protocol. (A) The fluorescence intensity was measured using a fluorescent microplate
reader, and quantified as fold change compared to that of the control group; (B) Intensity was visualized
using a fluorescence microscope at 100× magnification. The CIs were obtained by molecular inclusion
at a 1:1 molar ratio of tCIN and β-CD. Data are the mean ± standard deviation (SD). * p < 0.05 versus
the control, # p < 0.05 versus LPS. The different letters indicate p < 0.05 within the same treatment
group. LPS, lipopolysaccharide; H2DCFDA, 2′,7′-dichlorodihydrofluorescein diacetate.

3. Materials and Methods

3.1. Materials

Murine RAW264.7 macrophages were purchased from the American Type Culture Collection
(ATCC TIB-71; ATCC, Manassas, VA, USA). Dulbecco’s modified Eagle’s medium (DMEM; low glucose,
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1000 mg/L; phenol red, LM 001-11) and fetal bovine serum (FBS; S 001-07) were purchased from
Welgene Inc. (Daegu, Korea). LPS (cat. no. L6529), tCIN (cat. no. C80687), vitamin C (cat. no. A0278),
1,1-diphenyl-2-picrylhydrazyl (DPPH; cat. no. D9132), and 2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS; cat. no. A1888) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). β-CD (cat. no. 030-08342) was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). The nitric oxide (NO) detection kit (cat. no. ADI-917-010) was purchased from
Enzo Life Sciences (Farmingdale, NY, USA).

3.2. Sample Preparation

For in vitro experiments, tCIN, β-CD, and CI samples were prepared in distilled water (for test of
encapsulation efficiency, release study, and anti-oxidant activity) or cell culture medium (for test of
cell viability, NO production, and ROS determination). 1 mM each of β-CD (pure powder) and tCIN
(predissolved in dimethyl sulfoxide [DMSO]) were dissolved in distilled water or culture medium
using a shaking incubator at 200 rpm. For CI preparation, 1 mM β-CD (pure powder) was dissolved in
distilled water or culture medium in a shaking incubator at 200 rpm for 30 min, and tCIN was then
added to the solution at the molar ratios of 0.5:1, 1:1, 1:2. The mixture was then placed in a shaking
incubator at 200 rpm and 55 ◦C for 6 h for encapsulation by self-assembling aggregation. The CI
samples were stored at 4 ◦C. The physical mixture was obtained by pulverizing the two components
in a glass mortar, and mixing accurately weighed (1:1 molar ratio) amounts of tCIN and β-CD.

3.3. DSC Measurement

Differential scanning colorimetric (DSC) studies were performed using a DSC 200F3 apparatus
(Netzsch-Geraetebau GmbH, Selb, Germany) to confirm the formation of the CIs. β-CD, tCIN,
the β-CD-tCIN physical mixture, and CIs were analyzed. The β-CD-tCIN physical mixture was
prepared. The temperature was calibrated using indium. The samples were weighed with an accuracy
of 3 ± 0.01 mg and hermetically sealed in an aluminum pan. Each sample was scanned from 20 to
300 ◦C, with the heating set at 10 ◦C/min under nitrogen gas injection.

3.4. Encapsulation Efficiency and Release Study

The encapsulation efficiency (EE%) of tCIN was determined using a UV/VIS spectrophotometer
(OPTIZEN, Mecasys Co., Daejeon, Korea). To extract free tCIN, n-hexane (9 mL) and the CIs (1 mL)
were mixed together and centrifuged at 4000 rpm for 10 min. The extracted free tCIN in the supernatant
of n-hexane was determined using an ultraviolet (UV)/visible (VIS) spectrophotometer at 285 nm.
The EE% was indirectly calculated using a calibration curve constructed from the values of a series of
tCIN solutions in n-hexane with standard concentrations. The EE% was then obtained as a percentage
from the following equation:

Encapsulation efficiency (%) =
Total amount of tCIN [g]− Free amount of tCIN [g]

Total amount of tCIN [g]
(1)

The CIs were stored at different temperatures to determine the amount of tCIN released. The tCIN
released from the CIs was determined at intervals using a UV/VIS spectrophotometer, according to the
protocol followed by Chun et al. [37], with modifications. The CIs were stored at 4 ◦C in a refrigerator
and at 25 and 37 ◦C in an incubator. A 1-mL aliquot of the tCIN emulsion was withdrawn at week 4,
and the amount of tCIN extracted was measured as described above. The amount of tCIN released
was expressed as a percentage of the initial total amount of tCIN.

3.5. Anti-Oxidative Activity

The antioxidant capacity of the CIs was measured using the DPPH free radical-scavenging and
ABTS radical-scavenging capacity methods according to Brand-Williams et al. [38], and Re, et al. [39],
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respectively. Vitamin C (ascorbic acid, 1 mg/mL) was used as a positive control, and the free
radical-scavenging capacity was expressed as a percentage. All determinations were performed
at least in triplicate.

3.6. Cell Culture

Murine RAW264.7 macrophages were subcultured to 70–80% confluence every 2–3 days in
100-mm dishes (Falcon, Bedford, MA, USA) in DMEM supplemented with 10% FBS, and were
incubated in a humidified atmosphere containing 5% CO2 and 95% air at 37 ◦C. For the experiments,
the cells were seeded in 96-well plates for cell cytotoxicity, reactive oxygen species (ROS), and nitric
oxide (NO) determination in DMEM containing 10% FBS for 24 h. The day before treatments, all cells
were starved in DMEM containing 1% FBS overnight, and then treated with β-CD, tCIN, or CIs with
or without 1 μg/mL LPS for further experiments.

3.7. Cell Viability

The protective effects of tCIN and β-CD CIs were evaluated in LPS-treated RAW cells using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The β-CD, tCIN,
and CI samples were prepared and stored at 4 ◦C for 3 weeks to evaluate the effect of their stability on
cell viability. Cell viability experiments were performed using fresh samples and samples stored for
3 weeks. RAW cells (4 × 104 cells/well) were seeded in 96-well plates for 24 h and then starved in
DMEM supplemented with 1% FBS overnight before treatment. The cells were treated with different
concentrations of β-CD, tCIN, and CIs for 24 h, and cell viability was assessed using the MTT assay.
The absorbance was measured using an enzyme-linked immunosorbent assay (ELISA) plate reader
(Thermo Scientific Multiskan GO microplate spectrophotometer; Thermo Scientific, Lafayette, CO,
USA) at 540 nm, and cell viability was determined as a percentage of the control cells.

3.8. NO Production

The cells were prepared as described for the MTT assay. RAW264.7 macrophages (4 × 104 cells/well)
were seeded in 96-well plates for 24 h and then starved in DMEM supplemented with 1% FBS overnight
before treatment. After starvation, the cells were pre-incubated with different concentrations of β-CD,
tCIN, and CIs for 30 min, and then stimulated with LPS (1 μg/mL). After 24 h, the supernatant
was collected, and NO production was determined using an NO detection kit, according to the
manufacturer’s protocol.

3.9. ROS Determination

The level of intracellular ROS induced by LPS was determined using 2′,7′-dichloro-dihydrofluorescein
diacetate (H2DCFDA, D-399), also known as dichlorofluorescin diacetate (Life Technologies Korea
LLC, Seoul, Korea), according to the manufacturer’s protocol. Briefly, RAW cells were seeded in
black-walled, transparent-bottom 96-well plates (Thermo Scientific Nunc, Rochester, NY, USA) for 24 h
and starved overnight before treatment, as described above. The cells were treated with 20 μM
H2DCFDA for 1 h in a humidified cell culture incubator and washed twice with phosphate-buffered
saline (PBS). H2DCFDA fluorescence was analyzed using a Spectra Max M2e spectrophotometer
(Molecular Devices, Bath, UK), at an excitation wavelength of 485 nm, and the fluorescein signal
was detected at an emission wavelength of 535 nm. The relative ratio of each sample intensity was
calculated as a percentage of the control group value. Fluorescence images were obtained using
a Nikon Eclipse Ti fluorescent microscope (Nikon Inc., Tokyo, Japan) at 100× magnification.

3.10. Statistical Analysis

Data are presented as the mean ± standard deviation (SD). The significance of differences between
groups was assessed using multiple comparisons and analysis of variance (ANOVA), followed by
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the Tukey honest significant difference (HSD) test. Differences with P values of less than 0.05 were
considered statistically significant.

4. Conclusions

In this study, tCIN was solubilized by formulating it as an inclusion complex with β-CD polymer
using molecular inclusion techniques. The encapsulation efficiency was confirmed to be 85%, and high
retention of tCIN was maintained for 4 weeks. In addition, tCIN self-inclusion in the β-CD polymer
did not elevate the toxicity to more than that of tCIN alone. In fact, the CIs appeared to prevent
the oxidation of tCIN during prolonged storage. NO assays revealed that the β-CD self-inclusion
method did not affect the NO-reducing effects of tCIN, even after 3 weeks of storage. Furthermore,
the results of DPPH and ABTS radical-scavenging activity assay, and the DCF-DA assay showed
that β-CD self-inclusion had no negative effects on the anti-oxidative properties of tCIN. Collectively,
these results indicated that tCIN self-inclusion in β-CD could play an important role in developing
nano-functional food applications.
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