
Citation: Kobori, R.; Doge, R.; Takae,

M.; Aoki, A.; Kawasaki, T.; Saito, A.

Potential of Raspberry Flower Petals

as a Rich Source of Bioactive

Flavan-3-ol Derivatives Revealed by

Polyphenolic Profiling. Nutraceuticals

2023, 3, 196–209. https://doi.org/

10.3390/nutraceuticals3020015

Academic Editor: Angela Conte

Received: 4 February 2023

Revised: 22 March 2023

Accepted: 4 April 2023

Published: 12 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Potential of Raspberry Flower Petals as a Rich Source of Bioactive
Flavan-3-ol Derivatives Revealed by Polyphenolic Profiling
Ryo Kobori 1,*,† , Ryo Doge 1,†, Momoka Takae 2, Atoru Aoki 2, Takashi Kawasaki 3 and Akiko Saito 1,2,*

1 Graduate School of Engineering, Osaka Electro-Communication University (OECU), 18-8 Hatsu-cho,
Neyagawa 572-8530, Osaka, Japan

2 Faculty of Engineering, Osaka Electro-Communication University (OECU), 18-8 Hatsu-cho,
Neyagawa 572-8530, Osaka, Japan

3 Research Institute for Sustainable Humanosphere, Kyoto University, Uji 611-0011, Kyoto, Japan
* Correspondence: de19a001@oecu.jp (R.K.); a-saito@osakac.ac.jp (A.S.); Tel.: +81-72-824-1131 (A.S.)
† These authors contributed equally to this work.

Abstract: Inspired by the potential functional activity of polyphenol compounds contained in rasp-
berry (Rubus idaeus), we previously explored the effects of the cultivation environment and maturity
on the polyphenolic profiles of raspberry leaves and fruits. Herein, building on our previous studies,
we used high-performance liquid chromatography and liquid chromatography–mass spectrometry
to profile the polyphenol compounds contained in five parts of raspberry flowers (receptacles, sepals,
pistils, stamens, and petals), revealing the presence of (+)-catechin, (−)-epicatechin, procyanidin
B4, procyanidin C3, sanguiin H-6, and lambertianin C in all flower parts. Petals also contained
(−)-epicatechin-3,5-di-O-gallate, kaempferol-7-O-glucoside, and naringenin-7-O-glucoside as well as
other flavan-3-ol derivatives efficiently scavenging free radicals and inhibiting the growth of cancer
(HeLa S3) cells. Thus, raspberry flower petals were concluded to be a good source of characteristic
and highly functional flavan-3-ol derivatives.

Keywords: raspberry flower; flavan-3-ol derivative; biological activity; antioxidant; HeLa S3
inhibition; polyphenolic

1. Introduction

Polyphenol compounds with multiple phenolic hydroxyl groups, are found in various
foods and are believed to benefit human health by exerting antioxidant, cytotoxic, anti-
inflammatory, antihypertensive, antidiabetic, and other effects [1]. Plants are a good source
of structurally diverse polyphenol compounds [2], as exemplified by phenylpropanoids
(e.g., caffeic [3] and chlorogenic [4] acids), stilbenoids (e.g., resveratrol [5]), hydroxybenzoic
acid derivatives (e.g., gallic and ellagic acids [6]), and flavonoids (catechin, anthocyanins,
and quercetin [7]). The isolation of polyphenol compounds from plants and the functional-
ity of these compounds and foods containing them have attracted much attention [8]. In
particular, our group is interested in the structure and functionality of flavonoids, namely
flavan-3-ol derivatives, which include catechins and epigallocatechin gallate (EGCG), the
main polyphenol contained in green tea [9,10]. The flavan-3-ol core features two chiral cen-
ters (second and third positions) and therefore exists in several stereoisomeric forms. Some
plants produce highly functional oligomeric flavan-3-ol derivatives that are collectively
denoted as proanthocyanidins, which are the main components of cocoa [11], wine [12],
and apple [13] polyphenols, and exhibit health functionality [14].

Although flavan-3-ol is highly functional, it often exists as a mixture of compounds
with different numbers of hydroxyl groups, stereotypes, and condensation numbers, which
complicates individual functionality evaluation. In addition, the isolation of trace compo-
nents is hindered by the fact that their structural isomers have similar chemical properties.
Therefore, we have developed the syntheses of naturally occurring compounds such as
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flavan-3-ol derivatives [15,16] and confirmed their high functionality and three-dimensional
structures by exploring their structure-activity-relationships, revealing that fine structural
differences can significantly impact biological activity [17]. Specifically, the dimer of flavan-
3-ol contained in beer as a minor component was shown to suppress the growth of yeast
and human cancer cells, while a minor component contained in green tea was found to
be more toxic to cancer cells than EGCG [18]. In addition, as a result of our synthetic
research, we have established a library containing many types of both natural and non-
natural polyphenol compounds. As these library entries can potentially be used as standard
compounds, we defined our next challenge as the search for foods containing polyphenol
compounds with skeletons suggested to be highly bioactive in our previous studies on
structure-activity relationships.

Berry fruits are rich in polyphenol compounds and are therefore used to prepare
numerous commercially available functional supplements [19]. Among the numerous
berry fruits, raspberries (Rubus idaeus) contain complex polyphenol compounds with a
wide variety of skeletons and have therefore drawn our attention [20]. In particular, we are
interested in the effects of raspberry plant part, growth stage, and cultivation environment
on the polyphenolic profile. Previously, we reported that the wavelength of light-emitting
diode (LED) light influences the structure of polyphenol compounds produced in raspberry
leaves and revealed that the abundance of flavan-3-ol derivatives increases upon blue
LED irradiation [21]. In addition, we established eight levels of raspberry fruit maturity,
examined its effect on the content of polyphenol compounds, and determined biosynthetic
enzyme expression levels [22]. The results indicated that the polyphenolic profile depends
on the part of the raspberry plant and the cultivation environment.

Inspired by the above, we herein used a combination of chromatographic and
mass spectrometric techniques to profile the polyphenols contained in different parts of
raspberry flowers. Petal extracts contained compounds inhibiting the growth of cancer
cells and were richer in flavan-3-ol derivatives than other parts, thus exhibiting high
biological activity.

2. Materials and Methods
2.1. Reagents and Materials

High-performance liquid chromatography (HPLC)-grade methanol and molecular
biology-grade dimethyl sulfoxide (DMSO) were obtained from FUJIFILM Wako Pure Chem-
ical Co., Ltd. (Osaka, Japan). Liquid chromatography–mass spectrometry (LC-MS)-grade
acetonitrile and HPLC-grade formic acid were obtained from Honeywell International, Inc.
(Charlotte, NJ, USA). All commercially available chemicals for crude extract solution were
dissolved in DMSO and stored at −40 ◦C until use. The standard samples, (+)-catechin,
(−)-epicatechin, kaempferol-7-O-glucoside, and naringenin-7-O-glucoside were obtained
from Sigma-Aldrich Inc. (St. Louis, MO, USA). The procyanidin B2 standard was obtained
from Extrasynthese (Genay, France). Folin-Ciocalteu reagent was obtained from Merck
KGaA (Darmstadt, Germany), and the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Potassium persulfate
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were
obtained from Tokyo Chemical Industry, Co., Ltd. (Tokyo, Japan) and FUJIFILM Wako Pure
Chemical Co., Ltd. (Osaka, Japan), respectively. All other reagents and chemicals were of
guaranteed grade unless stated otherwise.

2.2. Cultivation of Raspberries and Collection of Flower Samples

Himbo-Top® raspberry seedlings (registration name according to the Plant Variety
Protection and Seed Act: RAFZAQU, Himbo Top®) were obtained from Tenkoen Co.
(Yamagata, Japan). Raspberries were cultivated by open-field cultivation in Neyagawa,
Osaka Prefecture (latitude 34◦45′37′′, longitude 135◦37′37′′). Seedlings of ~30 cm in size
were planted in March, and the buds formed between June and November were harvested
immediately after flowering.
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2.3. Preparation of Polyphenol Crude Extract

The collected raspberry flowers were separated into five parts (receptacle (RE), sepal
(SE), pistil (PI), stamen (ST), and petal (PE)), and each part was extracted with LC-grade
methanol. Specifically, methanol (15 mL) and the desired flower part were placed in a
mortar and thoroughly ground at room temperature for 5 min. The mixture was supple-
mented with additional methanol (15 mL), extracted for 24 h at room temperature, and
filtered through Celite. The filtrate was concentrated using a rotary evaporator, and the
residue was vacuum-dried using a rotary pump and dissolved in DMSO to a concentration
of 100 mg/mL to afford the crude extract [21,22].

2.4. Determination of Total Polyphenol Content

Total polyphenol content was determined by the Folin–Ciocalteu method [23–25]
partially modified for application to small samples. A 1.5 mL microtube was charged
with the crude extract (2 µL) and Milli Q water (200 µL), and the resulting solution was
alkalinized with 10% (w/v) aqueous Na2CO3 (25 µL), supplemented with the Folin reagent
(25 µL), and incubated in the dark for 30 min. The concentration of the produced blue
pigment was determined from the absorbance at 740 nm measured by a microplate reader
(Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA), and the total polyphenol
content was calculated from this absorbance using a calibration curve prepared with gallic
acid (10 mg/mL~0.1 mg/mL). The measurements were performed with n = 6 and repeated
three times.

2.5. Determination of Total Proanthocyanidin Content

Total proanthocyanidin content was determined by a previously reported method
partially modified for application to small samples [21,26,27]. A 1.5 mL microtube was
charged with the crude extract (5 µL), a solution of Rochelle salt (5 mg/mL, 125 µL;
pH 3.3) in 10% ethanol, and aqueous bovine serum albumin (BSA) (1 mg/mL, 250 µL).
The mixture was vortexed, incubated at 4 ◦C for 15 min, and centrifuged at 15,000 rpm
for 5 min. The supernatant was removed to obtain a precipitate. The precipitate was
supplemented with a solution of 50 µL of NaCl (170 mM, 50 µL) in 200 mM aqueous
acetic acid (pH 4.9), the reaction mixture was vigorously stirred and centrifuged, and
the supernatant was removed. The obtained precipitate was supplemented with a
10% (w/v) solution of sodium lauryl sulfate (SDS) in 5 vol% triethanolamine (TEA)
(70 µL), and the mixture was stirred and supplemented with 10 mM FeCl3 (10 µL). The
absorbance at 520 nm was measured by a microplate reader (Multiskan FC, Thermo
Fisher Scientific, Waltham, MA, USA) after 10 min incubation and used to calculate the
total proanthocyanidin content using a calibration curve prepared with procyanidin B2
(10 mg/mL~0.1 mg/mL). The measurements were performed with n = 6 and repeated
three times.

2.6. Quantitation of Vitamin C Content

Vitamin C was quantified by the dinitrohydrazine method using HPLC [28]. A
test tube containing 5% (w/v) metaphosphoric acid (1 mL) was supplemented with the
crude extract (1 µL) upon vigorous stirring. The obtained solution was dropwise treated
with the indophenol solution until the development of an unfading pink color, supple-
mented with thiourea-metaphosphoric acid solution (2% (w/v), 1.0 mL) and 2% (w/v)
2,4-dinitrophenylhydrazine–4.5 M sulfuric acid solution (250 µL), and stirred. After 90 min
incubation in a constant-temperature bath (50 ◦C), the mixture was extracted with ethyl
acetate, and the content of vitamin C was determined using a calibration curve created
with the same from the area of the target HPLC peak (detection wavelength = 495 nm).
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2.7. Quantitation of Total Glucose Content

Total glucose content was determined using the Enzytec™ Liquid D-Glucose kit (R-
Biopharm; HE; Darmstadt, Germany). The amount of the employed enzyme solution was
reduced so that the measurement could be performed for small samples. The 100 mg/mL
of crude extract (1 µL), Milli Q water (10 µL), and buffer solution (200 µL) were placed in
a 1.5 mL microtube, and the mixture was stirred by turning the microtube upside down.
After 1 min incubation at 37 ◦C, the mix solution of hexokinase and glucose-6-phosphate
dehydrogenase (50 µL) was added, and the mixture was stirred as above. After 10 min
incubation at 37 ◦C, the absorbance at 340 nm was measured by a microplate reader
(Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA) and used to calculate total
glucose content based on a calibration curve prepared with glucose. The measurements
were performed with n = 6 and repeated three times.

2.8. HPLC and LC-MS Analyses

HPLC analysis was performed using a Shimadzu LC-2020 system equipped with a
degassing unit (DGU-20A3R), binary pump (LC-20A), autosampler (SIL-20AC), diode array
detector (SPD-M20A), column oven (CTO-20AC), and communications bus module (CBM-
20A) connected to an LC work station (Shimadzu Co., Ltd. Kyoto, Japan). A Shimadzu
2020 Quadrupole mass spectrometer (Shimadzu Co., Ltd. Kyoto, Japan) equipped with
a positive/negative electrospray ionization source was used as a detector. A Wakopac®

MS-5C18GT column (ϕ 150 mm × 2.0 mm, 5 µm, FUJIFILM Wako Pure Chemical Co.,
Ltd. Osaka, Japan) was also employed. Mobile phase A consisted of water with 0.05 vol%
formic acid and mobile phase B was acetonitrile with 0.05 vol% formic acid. Raspberry
extract analyses were carried out using the following program: 0→ 35% B over 0–90 min;
35→ 100% B over 90–95 min; 100% B over 95–100 min; and 0% B over 100–110 min. The
flow rate was set at 0.2 mL/min. The injection volume was 10 µL, and the column oven
was maintained at 40 ◦C. The mass spectrometer was operated in the negative selected-ion-
monitoring (SIM) mode with a capillary voltage of 1.2 V for the identification of phenolic
compounds, while the positive SIM mode was employed for the detection of betanin.
The conditions for MS analysis were as follows: spray voltage = −3.5 V, dissolving line
temperature = 250 ◦C, nebulizer gas flow = 1.5 L/min, heat block temperature = 200 ◦C,
drying gas flow = 12.00 and 15.00 mL/min for the phenolics and betanin, respectively, and
detector voltage = 1.2 V [20–22].

2.9. DPPH Radical Scavenging Activity

Radical scavenging activity was determined using a modification of a previously
described DPPH assay [29]. Briefly, a solution of the DPPH radical in ethanol (30 µM,
1.0 mL) was added to 1 µL of the 100 mg/mL crude extract, and the mixture was incubated
at 30 ◦C for 30 min). Scavenging activity was estimated from optical density (OD) at 515 nm
determined by a microplate reader (Multiskan FC, Thermo Fisher Scientific, Waltham, MA,
USA). The negative control corresponded to a solution of DMSO (1 µL) in ethanol (1.0 mL).
Absorbance readings were converted into radical scavenging activity (%) as [(absorbance
of control* − absorbance of sample)/absorbance of control*] × 100. The ‘absorbance of
control’ is the absorbance of DPPH in wells without sample minus the absorbance in wells
with DMSO but no DPPH. The results were reported as the means ± standard deviations
of eight measurements (n = 8).

2.10. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity was determined as previously mentioned [30].
ABTS solution (7 mM, 5 mL) was mixed with potassium peroxodisulfate solution (140 mM,
88 µL), and the mixture was allowed to stand in dark at room temperature for ~12 h, diluted
with ethanol to an absorbance (740 nm) of 0.7 ± 0.02, and used as the ABTS solution for
measurement. The latter ABTS solution (1 mL) was supplemented with the 100 mg/mL
crude extract (1 µL), vigorously stirred for 10 s, and incubated at 30 ◦C for 4 min. The
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absorbance at 740 nm determined by a microplate reader (Multiskan FC, Thermo Fisher
Scientific, Waltham, MA, USA) after 4 min was converted into radical scavenging activity
(%) as [(absorbance of control − absorbance of sample)/absorbance of control] × 100. A
10 mM aqueous solution of (+)-catechin (1) was used as a positive control. DMSO in which
the compound was dissolved was used as a negative control. The results were reported as
the means ± standard deviations of eight measurements (n = 8).

2.11. Lipid Peroxidation Inhibitory Activity Using TBA Method

Antioxidant activity was quantified in terms of the lipid peroxide inhibitory activity
determined by the thiobarbituric acid (TBA) method [31]. The 100 mg/mL of crude extract
(1 µL) was mixed with 0.1% aqueous linoleic acid solution (100 µL) containing 0.8% (w/v)
SDS, and the mixture was irradiated with UV light (254 nm) for 3 h upon cooling with ice.
The solution was supplemented with 4.5% aqueous butylated hydroxytoluene (BHT) solu-
tion (2 µL) to stop the oxidation reaction, further supplemented with 20% aqueous acetic
acid solution (150 µL) and 0.8% aqueous TBA solution (150 µL), and heated at 95 ◦C for
1 h. After cooling with ice, the mixture was treated with n-butanol solution containing 15%
methanol (400 µL), vigorously stirred to extract the produced red pigment, and centrifuged
at 15,000 rpm for 4 min at 4 ◦C. The absorbance of the upper n-butanol layer was mea-
sured at 530 nm by a microplate reader (Multiskan FC, Thermo Fisher Scientific, Waltham,
MA, USA). Absorbance readings were converted to lipid peroxide inhibitory activity (%)
as {1 − [(absorbance of the UV irradiated sample − absorbance of the non-UV irradi-
ated sample)/(absorbance of the + UV control − absorbance of the − UV control)]} × 100.
A 10 mM VE solution was used as a positive control. DMSO in which the compound was
dissolved was used as a negative control. The results were reported as the means ± standard
deviations of eight measurements (n = 8).

2.12. Inhibitory Activity against Cervical Cancer (HeLa S3) Cells

The human cervical adenocarcinoma cell line, HeLa S3, was provided by RIKEN BRC
through the National Bio-Resource Project of MEXT (Tsukuba, Japan). Cells were maintained
in high-glucose Dulbecco’s Modified Eagle’s Medium (Gibco Life Technology Co., Ltd. Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% Pen-Strep (Life Technology Co., Ltd. Grand Island, NY, USA).
A total of 3000 cells in 100 µL of the medium were counted, added to each well of a 96-well
plate, and incubated for 24 h at 37 ◦C in an incubator equilibrated with an atmosphere of
5% CO2 and 95% humidified air. Each well was supplemented with 100 mg/mL of crude
extract (1 µL) and incubated for 24 or 48 h (final concentration = 0.1 mg/mL). Pure DMSO
served as a negative control. The medium was removed, and fresh medium (90 µL) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (MTT; 5 mg/mL, 10 µL;
FUJIFILM Wako Chemicals Co., Ltd. Osaka, Japan) was added to each well, with subsequent
incubation performed for 2.5 h at 37 ◦C. The reaction medium was removed, and DMSO
(100 µL) was added to each well and mixed. Viable cells were then assessed using a Filter Max
F5 multi-mode microplate reader (Molecular Devices LLC, San Jose, CA, USA) to measure
OD at 570 nm [32]. Absorbance readings were converted to cell growth inhibitory activity (%)
as [1 − (absorbance of sample/absorbance of control)] × 100. The results were reported as
the means ± standard deviations of eight measurements (n = 6).

2.13. Statistical Analysis

The results were obtained by MS Excel and analyzed using Student’s t-test and the
analysis of variance (ANOVA) test. A p < 0.05 was set for statistical significance. Basic
descriptive statistics were used to describe the data, including arithmetic means, standard
deviations, and percentiles [33,34].



Nutraceuticals 2023, 3 201

3. Results
3.1. Separation of Flowers into Parts and Extraction

Previously, we showed that the amount and type of polyphenols in raspberry leaves
depended on the wavelength of LED light used for cultivation [21] and that the polyphenol
profile of raspberry fruits strongly depended on their maturity degree [22]. In particular, the
total polyphenol content was highest for fruits that had just set and negatively correlated
with the maturity degree. Inspired by these results, we hypothesized that raspberry flowers
may also have a high polyphenol content. Although the natural compounds contained in
raspberries have been well investigated [20,35,36], no reports have dealt with raspberry
flowers, let alone with the analysis of individual flower parts. Therefore, we decided
to collect raspberry flowers immediately after flowering and examine the compounds
contained therein. As shown in Figure 1, the collected flowers were disassembled into five
parts (RE, SE, PI, ST, and PE). Table 1 shows the wet weight of each part (i.e., the weights
of parts determined immediately after flower decomposition without drying) and the dry
weights of the corresponding methanolic extracts (i.e., the weights of the residues obtained
after extract concentration in vacuo). The dry extract weights were close to 50% of the
corresponding wet weight except for PE, in which case the dry extract was only 15% of the
wet weight. Thus, many components were found to be soluble in methanol except in the
case of PE.
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Figure 1. Raspberry flowers were separated into five parts, namely receptacle (RE), sepal (SE), pistil
(PI), stamen (ST), and petal (PE).

Table 1. Wet weights of flower portions and dry weights of corresponding methanolic extracts.

RE SE PI ST PE

Sample wet weight (g) 1.03 0.60 0.0853 0.60 0.165
Extract dry weight (g) 0.482 0.394 0.0431 0.379 0.0245

3.2. Determination of Compounds Contained in Extracts

The extracts were quantified in terms of total polyphenol (Figure 2a), total proantho-
cyanidin (Figure 2b), total vitamin C (Figure 2c), and total glucose (Figure 2d) contents.
The total polyphenol and proanthocyanidin contents of RE, SE, and PI were relatively low,
while those of ST and PE were rather high. The vitamin C contents of RE and SE were lower
than those of PI, ST, and PE, and the maximal value was observed for PE. Given that plants
contain many glycosylated compounds and that many polyphenolics are glycated [37], we
believe that total glucose content is an indicator of not only the amount of free glucose but
also the amount of glycated compounds. Supplemental data are shown as the result of
statistically evaluating whether the difference with other fractions in Figure 2 is superior
compared to PE (Supplementary Materials Table S1).

3.3. HPLC Analysis of Extracts and Identification of Compound Structures

Figure 3 shows the results of HPLC analysis for all extracts. The observed peak inten-
sities suggest that the polyphenol contents of SE, PI, and ST exceed that of RE by a factor
of three and are lower than that of PE by a factor of two. Detection was performed at a
wavelength of 280 nm to secure the sensitive detection of flavan-3-ol derivatives and proan-
thocyanidins. The chromatograms obtained for RE, SE, PI, and ST were similar, showing



Nutraceuticals 2023, 3 202

only slight differences in individual peak intensities. In contrast, the PE chromatogram
featured peaks not observed in other cases. Compounds 1 to 4 were identified as flavan-3-ol
derivatives, namely (+)-catechin, (−)-epicatechin, procyanidin B4, and procyanidin C3,
respectively, while compounds 5 and 6 were identified as ellagitannin derivatives, namely
sanguiin H-6 and lambertianin C, respectively (Figure 4). These six compounds have been
previously detected in raspberry leaves [21] and fruits [22] and have also been reported in
the analytical studies of other research groups [20].
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Surprisingly, multiple distinct peaks with retention times higher than those of ellagi-
tannin derivatives were detected for PE. Based on their molecular weights determined by
LC-MS and the comparison of their LC retention times with those of standard samples, com-
pounds 8 and 9 were identified as kaempferol-7-O-glucoside and naringenin-7-O-glucoside,
respectively. Although 8 has not been reported in raspberry analysis, it has been detected
in the same Rosaceae plant [38], and 9 has been detected in raspberry fruit [39]. These
glycated compounds contained in PE are thought to contribute to the high total glucose
content of this flower part (Figure 2). Given that kaempferol and naringenin derivatives
are known to be present in berry plants including raspberries, their detection was not
unexpected, but the fact that they were contained at detectable levels only in PE was of
great interest.

Although small amounts of 7 were detected in parts other than PE, PE remained the
main repository of this species. As all compounds had different extinction coefficients at
280 nm, the corresponding absorbances could not be used for direct quantitation. Therefore,
we decided to quantify the individual compounds based on HPLC peak heights and areas.

3.4. Quantitation of Polyphenolics in Raspberry Flowers

Figure 5 shows the concentrations of flavan-3-ol derivatives 1–4 and 7–9 in crude
extracts. Given that we have developed a method for synthesizing flavan-3-ol derivatives,
including 3, 4, and 7, we quantified these species with the help of calibration curves pre-
pared using standard compounds. Compounds 3 and 4, which are proanthocyanidins, are
known to be difficult to isolate, and the detection of rotamers in their NMR spectra further
complicates structure determination for small isolated amounts. Moreover, the HPLC re-
tention time of galloylated compounds such as 7 is often the same for species with different
numbers and locations of galloylated sites, which complicates separation. In addition,
the location of galloylated sites is difficult to determine. Therefore, we have developed
synthetic protocols and regioselective galloylation methods for proanthocyanidins.

Monomers 1 and 2 were most abundant in PE. ST contained relatively large amounts
of 2, while the content of 3, which is a dimer of 1 and 2, was relatively low in SE and
PI but high in RE, ST, and PE. Compound 4, a trimer composed of one epicatechin and
two catechin residues, was relatively abundant in RE and PE. These results show a weak
correlation with total polyphenol content and total proanthocyanidin content in Figure 2a,b.
However, RE and PE may contain proanthocyanidins other than those shown here, e.g.,
long-chain oligomers. Compound 7 was most abundant in PE, which agrees well with the
HPLC data in Figure 3. Table 2 shows the content of flavan-3-ol derivatives in different
flower parts, revealing that it was highest for PE. Supplemental data are shown as the
result of statistically evaluating whether the difference with other fractions in Figure 5 and
Table 2 is superior compared to PE (Supplementary Materials Table S2).

3.5. Biological Activities of Raspberry Flower Extracts

Next, the biological activity of the extracts was evaluated. Given that the scaveng-
ing of reactive oxygen species and antioxidant activity are the main biological activities
of polyphenolics, two radical scavenging activity tests, DPPH (Figure 6a) and ABTS
(Figure 6b), and an antioxidant activity test using the TBA method were performed
(Figure 6c). Both DPPH and ABTS radical scavenging activities were low for SE and
PI and high for ST and PE. Regarding the radical scavenging activity of RE, DPPH showed
a high scavenging rate, while ABTS showed a low scavenging rate. This suggests that
RE contains compounds with different properties that affect DPPH and ABTS. All ex-
tracts showed similar moderate antioxidant activities. Radical scavenging activity was
suggested to be correlated with the content of polyphenolic compounds. The inhibitory
activity against HeLa S3 (Figure 6d) showed the same trend as radical scavenging activity
(Figure 6a,b) and was highest for ST and PE. These results suggest that radical scavenging
activity is correlated with polyphenol content. Supplemental data are shown as the result
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of statistically evaluating whether the difference with other fractions in Figure 6 is superior
compared to PE (Supplementary Materials Table S3).
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epicatechin-3,5-di-O-gallate; 8: kaempferol-7-O-glucoside, 9: naringenin-7-O-glucoside.
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Figure 5. Contents of flavan-3-ol derivatives in crude extracts calculated from HPLC peak areas:
(a) (+)-catechin (1); (b) (−)-epicatechin (2); (c) procyanidin B4 (3); (d) procyanidin C3 (4); (e) (−)-
epicatechin-3,5-di-O-gallate (7). Compounds 1 and 2 were quantified with the help of a calibration
curve prepared using commercially available compounds. Compounds 3, 4, and 7 have been cali-
brated using pure compounds prepared in our previous synthetic studies.
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Table 2. Amounts of different flavan-3-ol derivatives (mg/100 mg dry weight) in flower part extracts.

RE SE PI ST PE

Dry weight of extract (g) 1 0.48 0.39 0.043 0.380 0.025

(+)-Catechin (1) (mg) 2 0.13 0.13 0.22 0.14 0.83
(−)-Epicatechin (2) (mg) 2 0.06 0.08 0.06 0.15 0.19
Procyanidin B4 (3) (mg) 2 0.44 0.25 0.29 0.42 0.40
Procyanidin C3 (4) (mg) 2 0.19 0.12 0.13 0.11 0.15
(−)-Epicatechin-3,5-di-O-gallate (7) (mg) 2 0.02 0.02 0.02 0.03 0.08

Kaempferol-7-O-glucoside (8) nd 3 nd nd nd 0.03

Naringenin-7-O-glucoside (9) nd nd nd nd 0.03
1 Dry weight of each flower part shown in Table 1. 2 Amount of each compound per 100 mg dry weight calculated
from HPLC peak areas. 3 nd: not detected.
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Figure 6. (a) DPPH radical scavenging activity (final conc. 100 µg/mL), (b) ABTS radical scavenging
activity (final conc. 100 µg/mL), (c) lipid peroxide inhibitory activity (TBA method) (final conc.
1 µg/mL), (d) HeLa S3 cell inhibitory activity of different extracts (final conc. 100 µg/mL).

4. Discussion

We have so far focused on polyphenols, especially flavan-3-ol derivatives, and
conducted structure-activity relationship studies. In addition, using standard samples
obtained through research on organic synthesis, we have studied changes in raspberry
polyphenolics due to factors such as the cultivation environment and fruit maturity.

Table 3 summarizes the results of quantitative experiments and bioactivity tests
performed herein. The HPLC data in Figure 3 show that PE contained (−)-epicatechin-
3,5-di-O-gallate (7), kaempferol-7-O-glucoside (8), and naringenin-7-O-glucoside (9).
Compound 7, in particular, has not been detected in berry plants such as raspberries
and could not be detected in the raspberry fruits that we have thus far analyzed. As
mentioned above, to the best of our knowledge, there has been no report in the literature
that disassembled the raspberry flower into each part and analyzed each part.
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Table 3. Summary of compositions and biological activities of different flower part extracts.

RE SE PI ST PE

Total polyphenol 1 ++ ++ ++ +++ ++
Total proanthocyanidin 1 ++ - + +++ ++

Vitamin C 1 ++ ++ +++ +++ +++
Total glucose 1 ++ ++ ++ ++ +++

Flavan-3-ol mononers 1 - - + + +++
Procyanidins 1 +++ ++ ++ +++ +++

Radical scavenging activity 2 +++ ++ ++ +++ +++
Antioxidant activity 2 +++ +++ +++ +++ +++

HeLa S3 cell proliferation inhibitory activity 2 ++ ++ ++ +++ +++
1 ‘+’ indicates relative content; 2 ‘+’ indicates relative activity. For a 100 mg/mL extract solution, the maximum
value of 100 was used for each quantitative experiment, and biological activity test was used. +++: ≥80, ++: ≥50,
+: ≥20, -: ≤20.

Previously, we quantified flavan-3-ol derivatives in raspberry leaves grown under
white fluorescent light in a plant factory, reporting values of 0.50, 0.10, 0.59, and
0.34 mg/100 mg dry extract for catechin (1), epicatechin (2), procyanidin B4 (3), and pro-
cyanidin C3 (4), respectively [21]. The content of flavan-3-ol derivatives in flowers was
almost the same as that in leaves. Conversely, compounds 7, 8, and 9 were contained by
detected exclusively in PE.

As Figure 4 shows that the 3- and 5-positions of (−)-epicatechin (1) in 7 are galloylated,
and there is no reported example of flavan-3-ol digallate detection in raspberries. The
above compound is a trace component of green tea polyphenols [40] and was reported to
be more toxic to cancer cells than EGCG, the main component of green tea polyphenols [18].
Therefore, we believe that PE containing compound 7 is promising as a supplement.

The results of bioactivity tests (Figure 6) suggested that, unlike antioxidant activity,
radical scavenging activity was correlated with the amount of polyphenols. Given that
antioxidant activity was assessed as the ability to prevent the formation of peroxides
due to UV irradiation, we believe that polyphenolics were partially decomposed by this
irradiation and remained stable compounds, resulting in similar values. ST and PE extracts
exhibited high cytostatic activity against HeLa S3. There are reports on the use of stamens
as health foods, for example, Chinese peony stamens have a high polyphenol content
and are highly functional, so they are used as medicinal teas and herbs [41]. Conversely,
raspberry stamens are difficult to collect in large quantities, and it is considered difficult to
use only the stamens. In addition, it is considered that the harvesting of stamens makes
it difficult to bear fruit. Raspberry petals, however, detach soon after pollination. Since it
is possible to collect petals while cultivating fruits, raspberry is considered to have a high
potential as a material for petals.

Compound 7 contained in PE is known to actively inhibit the growth of cancer cells
and to induce cell death through apoptosis by our very recent studies [42]. Thus, 7 may be
used to develop new food products in the future because of its wealth of dietary experience.
In addition, given the high anticancer activity of compound 8 [43], we thought that these
PE-specific compounds exhibited high activity. The HPLC chromatogram of the ST extract
was not much different from those of SE and PE extracts, which suggests that anticancer
activity may be partly determined by compounds that cannot be detected by HPLC. The
active compounds contained in ST are currently under investigation.

5. Conclusions

Raspberry flowers were divided into five parts, which were individually extracted.
The extracts were characterized in terms of their polyphenolic profiles and bioactivities.
The petals (PE) were identified as the most promising source of flavan-3-ol derivatives
and were shown to exhibit high biological activity and contain a digallate form of (−)-
epicatechin, which has not previously been detected in other flower parts. PE featured the
smallest dry extract/wet flower part weight ratio. However, the PE extract exhibited a high
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dry-weight-basis content of functional polyphenols and high biological activity. Among
the five flower parts, PE is easily detached after pollination and is not required for fruit
growth. Thus, by collecting only the petals falling off after pollination, it may be possible
to obtain a source of flavan-3-ol without damaging raspberry fruits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nutraceuticals3020015/s1, Table S1: Statistical results comparing
fractions of each flower and petals (PE) in each analysis result in Figure 2; Table S2: Statistical results
comparing fractions of each flower and petals (PE) for the amounts of compounds shown in Figure 5
and Table 2; Table S3: Statistical results comparing fractions of each flower and petals (PE) in the
bioactivity test results shown in Figure 6.
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Abbreviations

ABTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
BHT butylated hydroxytoluene
DPPH 1,1-diphenyl-2-picrylhydrazyl
EGCG (−)-Epigallocatechin-3-O-gallate
HPLC High-performance liquid chromatography
PE petal
PI pistil
RE receptacle
SE sepal
SDS sodium Dodecyl Sulfate
ST stamen
TEA triethanolamine
TBA thiobarbituric acid
VE Vitamin E
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34. Kušnierová, P.; Zeman, D.; Hradilic, P.; Čábal, M.; Zapletalová, O. Neurofilament levels in patients with neurological diseases: A
comparison of neurofilament light and heavy chain levels. J. Clin. Lab. Anal. 2019, 33, e22948. [CrossRef]

35. Yang, J.; Cui, J.; Chen, J.; Yao, J.; Hao, Y.; Fan, Y.; Liu, Y. Evaluation of physicochemical properties in three raspberries (Rubus
ideaus) at five ripening stages in northern China. Sci. Hortic. 2020, 263, 109146. [CrossRef]

36. Li, X.; Sun, J.; Chen, Z.; Jiang, J.; Jackson, A. Metabolite profile and genes/proteins expression in b-citraturin biosynthesis during
fruit ripening in Chinese raspberry (Rubus chingi Hu). Plant Physiol. Biochem. 2021, 163, 76–86. [CrossRef]

https://doi.org/10.1080/10942912.2017.1354017
https://doi.org/10.3390/nu10121936
https://doi.org/10.3390/nu11020474
https://doi.org/10.1146/annurev.nutr.20.1.561
https://www.ncbi.nlm.nih.gov/pubmed/10940346
https://doi.org/10.1186/1475-2891-3-5
https://www.ncbi.nlm.nih.gov/pubmed/15140261
https://doi.org/10.1016/j.biopha.2019.108999
https://www.ncbi.nlm.nih.gov/pubmed/31146109
https://doi.org/10.1016/j.tet.2009.07.018
https://doi.org/10.3390/molecules23010205
https://doi.org/10.3390/molecules201018870
https://doi.org/10.1038/s41598-022-07302-4
https://doi.org/10.3390/antiox8080274
https://doi.org/10.3390/metabo9030056
https://www.ncbi.nlm.nih.gov/pubmed/30901937
https://doi.org/10.3390/horticulturae7120569
https://doi.org/10.1016/S0021-9258(18)87648-7
https://doi.org/10.1021/jf00062a013
https://doi.org/10.1186/s40538-016-0077-1
https://doi.org/10.5344/ajev.2002.53.1.54
https://doi.org/10.1111/ijfs.12253
https://doi.org/10.1021/ac00037a035
https://doi.org/10.1016/0891-5849(96)00237-7
https://doi.org/10.1016/j.bmc.2004.07.024
https://www.ncbi.nlm.nih.gov/pubmed/15336256
https://doi.org/10.1186/s13020-022-00605-8
https://www.ncbi.nlm.nih.gov/pubmed/35524271
https://www.ncbi.nlm.nih.gov/pubmed/35968182
https://doi.org/10.1002/jcla.22948
https://doi.org/10.1016/j.scienta.2019.109146
https://doi.org/10.1016/j.plaphy.2021.03.022


Nutraceuticals 2023, 3 209
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