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ARTICLE INFO ABSTRACT

Keywords: Raspberries have high content of antioxidants; however, there is a lack of information about the functional

Soluble fibre composition of their dietary fibre. In this work, the total dietary fibre and its soluble and insoluble fractions were

2"591”19.15 fibre analysed for extractable and hydrolysable (poly)phenols, non-starch polysaccharides and functional properties
ntioxidant

with physiological effects and health implications (fat and water retention and swelling capacity, glucose
diffusion retardation index, osmotic pressure and antioxidant capacity). Additionally, their prebiotic effect was
assessed by an in vitro fermentation model by the analysis of short chain fatty acids. Results show that raspberry
fibre contained mainly hydrolysable (poly)phenols; insoluble dietary fibre was the fraction richest in these
compounds and also had the highest antioxidant and fat retention capacity, whereas soluble dietary fibre un-
derwent greater hydration. The in vitro fermentations showed that (poly)phenols were responsible to a great
extent for the raspberry prebiotic-like effect, in comparison with the fibre fractions. The results confirm that
raspberry dietary fibre fractions could be used as functional and prebiotic ingredients for the development of
food products with enhanced physical and nutritional properties.

Phenolic compounds
In vitro fermentation
Short chain fatty acids

1. Introduction

Raspberry (Rubus idaeus), also called European raspberry or red
raspberry, is a red-berry species native to Europe and northern Asia and
is commonly cultivated in temperate regions (Hidalgo & Almajano,
2017). This edible fruit is rich in vitamins (C, E and K) and minerals (Ca,
Mg, P, K, Mn, Cu and Fe) and has a high content of total dietary fibre
(TDF) and phenolic compounds (Simmonds & Preedy, 2015). This
nutrient profile makes raspberry a food with multiple functional prop-
erties, such as a high antioxidant capacity (De Souza et al., 2014) and
anti-inflammatory (Jean-Gilles et al., 2012) and antimicrobial effects
(Krauze-Baranowska et al., 2014). These bioactivities have been related
to the prevention of many human pathologies, like degenerative,
metabolic, cardiovascular or ocular illnesses and certain types of cancer
(Kshatriya et al., 2019). Raspberries are consumed fresh and can be
frozen or processed into puree, jam, juice or dessert toppings, and the

production of this berry has increased in recent years in Europe,
particularly in Spain, due to the demands of consumers. In this sense, the
agricultural industry produces an excess raspberry harvest and the
processing industry generates a high amount of raspberry by-products.
Taking into account the principles of the circular economy, this
biomass could be used to obtain food products with high added value, by
the design of productive processes that minimise the output of wastes
and maximise reutilisation and recycling (Lainez & Periago, 2019). For
this reason, raspberry residues could be used as ingredients rich in di-
etary fibre and phenolic compounds, with a high value as functional,
prebiotic and/or technological components, for innovative food
products.

Dietary fibre intake influences several metabolic processes, including
the absorption of nutrients and carbohydrates, and fat and sterol me-
tabolisms. It has influence on colonic fermentation and affects the pro-
duction of stools (Caprita, Caprita, Simulescu, & Drehe, 2010). In
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addition, the physicochemical properties also determine the functional
properties and the behavior of the fibres, when are used as ingredients in
different technological process. For this reason, it is important to char-
acterize and to know the water holding capacity, the swelling capacity,
the fat absorption, the osmotic pressure, the glucose absorption retar-
dation index and the fermentability of the new fibres used and in-
gredients in the development of fibre enriched foods (Cho & Samuel,
2009; Lopez et al., 1996).

In the last few years, the definition of prebiotic has evolved into the
concept of food components that affect the gut microbiota with conse-
quences for the entire human body, and has been used to refer not only
to carbohydrates, but also to other molecules, such as (poly)phenolic
compounds (Espin, Gonzalez-Sarrias, & Tomas-Barberan, 2017).
Accordingly, the word prebiotics refers to “selectively fermented in-
gredients that result in specific changes in the composition and/or ac-
tivity of the gastrointestinal microbiota, thus conferring benefits upon
host health” (Gibson et al., 2010). The TDF of foods constitutes a pre-
biotic ingredient that reaches the colon and becomes fermentable by the
intestinal microbiota, generating short chain fatty acids (SCFAs), such as
propionic, butyric and acetic, and regulating diverse metabolic path-
ways, such as lipid and glucose metabolism and cholesterol production
(Peris, Lesmes, Cuerda, & Alvarez, 2002). This fraction also contains
bioactive compounds, such as extractable and hydrolysable phenolic
compounds, that are suggested to enhance the beneficial effects of di-
etary fibre by their antioxidant capacities (Pérez-Jiménez et al., 2008;
Quiros-Sauceda et al., 2014). In addition, the functionality of TDF can be
evaluated by the extraction of two different fractions, the soluble dietary
fibre (SDF) and the insoluble dietary fibre (IDF), containing different
components that may be proposed as different prebiotic ingredients
(Lattimer & Haub, 2010).

Given the above, the aim of this work was to describe the chemical
composition and the functional properties, from a technological and
nutritional point of view, of raspberry and raspberry fibre fractions
(TDF, SDF and IDF), through the determination of sugar composition,
extractable and hydrolysable phenolic compounds, antioxidant capac-
ities and technological properties (water retention capacity (WRC),
swelling capacity (SWC), fat absorption capacity (FAC), glucose diffu-
sion retardation index (GDRI) and osmotic pressure). In addition, the
prebiotic in vitro effect of the raspberry fractions was evaluated using
human faecal bacteria fermentation model as we hypothesized that the
different composition of the raspberry fibre fractions could modify the
metabolism of the colonic microbiota.

2. Material and methods
2.1. Samples

Frozen raspberries (Rubus idaeus) were purchased from a local su-
permarket in Murcia (Spain) and were transported directly to the lab-
oratory. Some samples were conserved frozen for the evaluation of the
proximate composition and others were freeze-dried for 72 h before
being ground using a Thermomix TM-3. The raspberry powder was
stored at —20 °C prior to extractions and analyses.

2.2. Proximate composition of raspberry

Frozen raspberry samples were analysed to determine the proximate
composition (moisture, protein, fat and ash) using the AOAC Official
methods (AOAC, 2016). The crude protein content was determined by
the Kjeldahl method; the crude fat was analysed with petroleum ether
using a Soxhlet extractor; the ash content was determined by incinera-
tion at 525 °C. Total carbohydrates were calculated by difference. Total
dietary fibre (TDF) was determined by following the enzymatic and
gravimetric method described by Prosky, Asp, Schweizer, DeVries, and
Furda (1988), using a Fibertec E 1023 system (Hogénas, Sweden). The
quantification of soluble sugars was estimated by the difference between
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total carbohydrates and total dietary fibre.

2.3. Extraction of raspberry dietary fibre

Three different fibre fractions (TDF, SDF and IDF) were extracted
from the freeze-dried raspberries, following the procedure described in
Fig. 1. Firstly, raspberry powder samples were dissolved in phosphate
buffer solution, and immediately, samples were digested following an in
vitro intestinal digestion with a-amylase heat-stable (A3306 Sigma, St.
Louis, USA) at 95 °C for 30 min, with protease from Bacillus licheniformis
(P3910 Sigma, St. Louis, USA) at 95 °C for 35 min, and with a-amylo-
glucosidase from Aspergillus niger (A9913 Sigma, St. Louis, USA) at 60 °C
for 35 min. After complete the digestion, samples containing the dietary
fibre residues were treated in different ways to obtain the total dietary
fibre and their fractions (soluble and insoluble fibre). For total dietary
fibre (TDF) isolation, 70% ethanol was added and maintained overnight
to allow precipitation of soluble components. After that, samples were
centrifuged at 8820g, 20 °C, for 30 min in a Centrifuge Beckman J2-21
(Indianapolis, USA), supernatants were discarded and the precipitates,
containing total dietary fibre, were stored at —20 C° and freeze-dried.
For soluble and insoluble fibre isolation (SDF and IDF), digested sam-
ples were centrifuged at 25920g for 30 min. The precipitates were taken
as IDF. The supernatants were collected and were mixed with 95%
ethanol to allow soluble fibre precipitation, during all night. Samples
were centrifuged and the precipitates were taken as SDF. Both fractions
insoluble and soluble were stored at —20° and freeze-dried.

2.4. Analysis of phenolic compounds by HPLC-DAD

Three different extracts were prepared from each sample (freeze-
dried raspberry, TDF, IDF and SDF) to determine the extractable and
hydrolysable phenolic compounds. For the extraction process, the
method described by Arranz, Saura-Calixto, Shaha, and Kroon (2009)
was followed with some modifications. Briefly, for the extractable
phenolic compounds (EPC), 5 mL of MeOH/H,0/H™ (79/20/1, v/v/v)
were added to 100 mg of sample. Then, samples were shacked and
centrifuged at 4500g for 10 min. The supernatant obtained from the
extraction was dried under vacuum at 35 °C in a Laborota-4002 rotatory
evaporator (Heidolph, Schwabach, Germany). Afterthought, the residue
was re-dissolved in 10 mL of milli-Q water and 10 pl of 98% formic acid
were added, then, samples were loaded into pre-aconditioned Sep-Pak
Cyg cartridge (Waters, Milford, Massachusetts, USA), which was washed
with 10 mL of mili-Q water before elution with 1 mL of methanol. For
the hydrolysable phenolic compounds (HPC) the precipitate was treated
with 10% sulphuric acid (MeOH/H50, 9/1, v/v) and incubated in a
shaking incubator (VorTemp 1550, LabNet Biotécnica, Spain) during 20
h at 85 °C. Then, the supernatant was treated following the same method
described above.

Phenolic compounds in the samples were quantified following the
method described previously by Gonzalez-Barrio, Periago, Luna-Recio,
Garcia-Alonso, and Navarro-Gonzalez (2018). Briefly, an HPLC 1200
series with diode array detector (DAD) (Agilent Technologies, Wald-
bronn, Germany) was used, scanning from 200 to 600 nm. Separation of
the different phenolic compounds was performed using a LiChroCART
RP-18 column (250 x 4.6 mm, i.d. 5 pm), with a pre-column (4 x 4 mm)
of the same material (Merck, Darmstadt, Germany). The mobile phases
used were 1% aqueous formic acid (solvent A) and acetonitrile (solvent
B), at a flow rate of 1 ml min~!. Elution began with a linear gradient
from 2 to 40% B in 50 min, followed by washing and then a return to the
initial conditions. Chromatograms were recorded at 280, 320, 360, and
520 nm. Anthocyanins were quantified by comparison with the standard
cyanidin-3-0O-glucoside at 520 nm, flavonols as quercetin-3-O-rutinoside
at 360 nm, caffeic acid derivatives at 320 nm as caffeic acid, ellagic acid
derivatives at 360 nm as ellagic acid and ellagitannins at 280 nm, using
punicalagin as standard.



N. Baenas et al.

LWT 134 (2020) 110140

Freeze-dried Raspberry

-

In vitro enzymatic digestion
(a-amylase, protease, a-amyloglucosidase)

Total dietary
fibre fraction

Precipitation of soluble
compounds with 70% etanol
overnight

1)

I Separation by centrifugation |

g

Residue
TDF fraction

Soluble and
insoluble dietary
fibre fractions

I Separation by centrifugation I

11

Residue
IDF fraction

g
| Supernantant I
J

Precipitation of soluble compounds
with 70 % etanol overnight

. 4

I Separation by centrifugation I

. 4

Residue
SDF fraction

Fig. 1. Flow diagram of the procedure used to obtain the three different fractions (TDF, IDF and SDF) of dietary fibre from raspberry.

2.5. Functional properties of raspberry fibre fractions

The water retention capacity (WRC), swelling capacity (SWC), fat
absorption capacity (FAC), glucose diffusion retardation index (GDRI)
and osmotic pressure were analysed as functional properties of the fibre
fractions (TDF, IDF and SDF), following the methodology previously
described by our research group (Navarro-Gonzalez, Garcia-Valverde,
Garcia-Alonso, & Periago, 2011).

2.6. Antioxidant capacity of raspberry and its fibre fractions

For the antioxidant capacity analysis, 1 g of raspberries and 0.2 g of
raspberry TDF, SDF and IDF were mixed with 80% MeOH, sonicated
during 10 min at RT using an ultrasonic bath (Branson Digital model 250
(Danbury, USA) and centrifuged (4500g, 10 min, room temperature).
The supernatants were evaporated with a vacuum concentrator
(Eppendorf model 5301, Hamburg, Germany) until they reached a vol-
ume of 8 mL for raspberry samples, 2.5 mL for TDF and IDF and 2 mL for
SDF. The antioxidant capacity of the samples was evaluated by two
different antioxidant assay methods: the ferric reducing antioxidant
power (FRAP) assay, as described by Benzie and Strain (1996), using a
UV-visible spectrophotometer (Evolution 300, Thermo-Scientific, En-
gland); and the oxygen radical absorbance capacity (ORAC) method,
performed according to Ou, Hampsch-Woodill, and Prior (2001), in a
microplate spectrophotometer (BioTek Instruments, Winooski, USA).
Trolox was used as the standard, and the results were expressed as mg
Trolox equivalents (TE) g~! sample dry weight (DW).

2.7. Neutral sugars, cellulose and uronic acids in raspberry fibre fractions

For the characterisation of neutral sugars (thamnose, fucose, arabi-
nose, xylose, mannose, galactose and glucose), the gas-liquid chroma-
tography method described by Englyst, Quigley, Hudson, and Cummings
(1992) was used. The polysaccharides were first hydrolysed, then alditol
acetate derivatisation neutral sugars were identified and quantified by
gas chromatography (Agilent, 7890 B). A neutral sugars mix solution
was used as standards, using allose as internal standard. The content of
individual neutral sugars were expressed as percentage. The cellulose

content was calculated according to the method of Englyst et al. (1992),
as the difference between the total glucose before and after complete
hydrolysis of cellulose. The determination of uronic acids was carried
out by the colorimetric method described by Scott (1979), using gal-
acturonic acid as the standard and expressing the results in g 100 g~! of
sample.

2.8. Prebiotic in vitro effect of raspberry fractions

The prebiotic effect of raspberry and its extracted fractions (TDF,
SDF, IDF and the fraction rich in phenolic compounds) was evaluated by
performing in vitro fermentations, using human faecal bacteria. The total
phenolic compounds (EPC and HPC) were extracted as described in
section 2.4.; then, the supernatants were combined and evaporated to be
dissolved in water. Faecal samples were collected from a healthy
normal-weight woman (a non-smoker, with stable food habits, who did
not present any symptoms of gastrointestinal disease and had not taken
antibiotics for at least 3 months before the study). Written informed
consent was obtained from the subject. The present study was conducted
according to guidelines and procedures approved by the Committee of
Ethics of Research of the University of Murcia (ref. n° 1434/2017). Fresh
faeces were collected in a tub containing an AnaeroGen™ Sacket (AN35,
Oxo0id®, UK), to produce anaerobic conditions and avoid microbial
modifications, and were processed in the 2 h following deposition ac-
cording to the method of Gonzalez-Barrio, Edwards, and Crozier (2011).
Briefly, samples of fresh faeces were homogenized with phosphate
buffer to obtain 32% faecal suspensions. Five mL of suspension was
added to 44 mL of fermentation medium and placed in a 100 mL
McCartney bottle. Freeze-dried digested raspberries (200 mg) and the
corresponding fractions of TDF (94 mg), SDF (28 mg), IDF (67 mg) and
phenolic compounds (~8.5 mg) were dissolved in 1 mL of water and
added to each fermentation bottle. After this, the fermentation bottles
were purged and then incubated for 48 h at 37 °C, simulating colonic
lumen conditions. The prebiotic activity of the substrates was measured
by evaluation of the formation of the main SCFAs (acetic, propionic and
butyric acid) and the minor ones (isobutyric, isovaleric, valeric, iso-
caproic, caproic and heptanoic acid), as metabolites produced by the gut
microbiota. The SCFAs were analysed in aliquots of the faecal
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suspensions after 0, 4, 6, 24 and 48 h of fermentation, by GC-FID. The
protocol used to determine the SCFAs in the faecal suspensions was that
of Anson et al., 2011; Thaipong, Boonprakob, Crosby, Cisneros-Zevallos,
& Hawkins Byrne, 2006, with some modifications. Briefly, the faecal
suspensions were mixed for 5 min with a solution of formic acid (20%),
MeOH and 2-ethyl butyric acid (internal standard, 2 mg mL™! in
methanol) (1/4.5/1, v/v). After that, samples were centrifuged at
16110g for 15 min at RT and each supernatant obtained was filtered (&
13 mm, pore size 0.22 pym, PTFE, VWR International, USA) and analysed
by GC-FID. Chromatographic analysis was carried out using an Agilent
7890A GC system equipped with a flame ionization detector (FID) and a
7683B automatic injector (Agilent Technologies, USA). A fused-silica
capillary column (Nukol TM, Supelco, USA) of 30 m x 0.25 mm L.D.,
0.25 pm coated, was used to separate the SCFAs. Helium was supplied as
the carrier gas at a flow rate of 25 mL min'. The initial oven temper-
ature was 80 °C and it was kept constant for 5 min and then raised to
185 °C at a rate of 5 °C min~!. Samples (2 pL) were injected in splitless
mode, with an injection port temperature of 220 °C. The flow rates of
hydrogen, and air as makeup gas were 30 and 400 mL min~!, respec-
tively. The temperature of the FID was 220 °C and the running time for
each analysis was 26 min. The SCFAs were identified by comparison
with the retention times of authentic standards (Supelco, USA). Quan-
tification was based on calibration curves constructed for a set of SCFAs
standards (acetic acid, propionic acid, isobutyric acid, butyric acid,
isovaleric acid, valeric acid, isocaproic acid, caproic acid and heptanoic
acid). The concentration, expressed as mmol L1, of each SCFA was
calculated using linear regression equations (R? 0.99) derived from the
corresponding standard curves. All chemicals were at least GC grade
quality.

2.9. Statistical analysis

The data were processed using the SPSS 24.0 software package
(LEAD Technologies, Inc., Chicago, IL, USA). All assays were conducted
in triplicate. Normality was determined by the Shapiro-Wilk test. The
homogeneity of variances was analysed using the Bartlett test. Multi-
factorial analysis of variance (ANOVA) and Tukey’s multiple-range post-
hoc test were carried out to determine significant differences at P values
< 0.05.

3. Results and discussion
3.1. Nutritional composition of raspberry

The data of the proximate composition of the raspberries are shown
in Table 1. These fruits showed a high moisture content (87%) and lower
contents of total proteins and fats (0.05 and 0.01%, respectively)
compared to the values presented by the USDA database (USDA, 2018)
and other authors (De Souza et al., 2014; Probst, 2015). With regard to

Table 1

Red raspberries chemical composition (g 100 g’1 FW).
Parameters Content
Moisture 87 £ 11*
Proteins 0.05 £+ 0.01
Fats 0.02 £ 0.01
Ash 0.8 +£0.1
Total carbohydrates 12+ 0.3
Soluble sugars 5.8+ 0.1
TDF 6.1 + 0.6
SDF 1.9+0.1
IDF 4.3+ 0.2

*Mean values of three determinations + standard deviation
(SD). The results are expressed on a fresh weight (FW) basis.
TDF (total dietary fibre), SDF (soluble dietary fibre), IDF
(insoluble dietary fibre).
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the ash content, our samples had a higher mean value (0.78%) than
other berries (De Souza et al., 2014). The total carbohydrate content
(11.9 g 100 g’1 FW) was similar to that in other reports (USDA, 2018)
and corresponded to the sum of the soluble sugars (5.8 g 100 g~ FW),
mainly glucose, fructose and sucrose (Dincheva, Badjakov, Kondakova,
& Batchvarova, 2013), and total dietary fibre (TDF). According to these
results, raspberries are low-energy fruits composed mainly of carbohy-
drates and dietary fibre, principal components of a healthy and balanced
diet (Lunn & Buttriss, 2007). During the last decade, a wide variety of
genotypes of raspberry have been developed to obtain commercial cul-
tivars with increased productivity, valuable nutrients and bioactive
contents (Bobinaite, Viskelis, & Venskutonis, 2016), however, different
cultivars, environmental factors, processing and storage time may in-
fluence nutrient values (Zhang, Ahuja, & Burton-Freeman, 2019).

The raspberries were found to have a high content of TDF (6.1 g 100
g~ FW), higher than in other berries - such as strawberry (1.3 g 100 g
FW), blueberry (1.9 g 100 g~! FW) and blackberry (4.5 g 100 g~ FW) -
and cherry (2.1 g 100 g’l FW) (De Souza et al., 2014), and fruits such as
kiwi (3.0 g 100 g~} FW), oranges (4.5 g 100 g~1 FW), apples (2.4 g 100
g~! FW) and pears (3.1 g 100 g~ FW) (USDA, 2018). Regarding the
raspberry fibre fractions, the insoluble dietary fibre (IDF) represented
71% of the TDF (Table 1). The IDF fraction is mainly represented by
cellulose, insoluble hemicellulose and lignin, which facilitate the
gastrointestinal tract passage (Lattimer & Haub, 2010). The soluble di-
etary fibre (SDF) (30% of the TDF) is composed of soluble hemicellulose,
pectins and gums, these being indigestible compounds fermented by the
microbiota in the colon (Laroze, Diaz-Reinoso, Moure, Zlniga, &
Dominguez, 2010). The IDF:SDF ratio was 2.4, generally acceptable for
the use of fibre fractions as ingredients in the food industry. This value is
higher than those reported in papaya, mango and passion fruit, and
lower than in guava, tomato peel, grapefruit, lemon, orange and apple
(Figuerola, Hurtado, Estévez, Chiffelle, & Asenjo, 2005; Martinez et al.,
2012; Navarro-Gonzalez et al., 2011; Nieto Calvache, Cueto, Farroni, de
Escalada Pla, & Gerschenson, 2016).

Taking into consideration the high content of dietary fibre of rasp-
berries, these fruits, as well as their by-products from the processing
industry, such as peels, seeds and pomace, may be used as ingredients
for the development of innovative fibre containing foods, such as bev-
erages and dairy or bakery products (Cho & Samuel, 2009; Shahidi,
Vamadevan, Oh, & Peng, 2019), obtaining a revalorization of the
super-plus, the waste or the by-products, being necessary to characterize
its functional properties and chemical composition of the new
ingredient.

3.2. Neutral sugars, cellulose and uronic acids

To know the composition of the dietary fibre fractions (TDF, IDF,
SDF) isolated from raspberries, the individual neutral sugars profile,
cellulose contents and the uronic acids content were determined
(Table 2). Fibre is constituted by cellulose, uronic acids (composing
pectins) and hemicellulose with different solubility properties. Hemi-
cellulose is a heteropolysaccharide constituted by different sugars,
which could be soluble or insoluble in water depending on its chemical
composition. Besides glucose, sugar monomers in hemicellulose can
include the five-carbon sugars, xylose and arabinose, the six-carbon
sugars, mannose and galactose, and the six-carbon deoxy sugar rham-
nose (Caprita et al., 2010). The TDF and IDF showed similar profiles of
neutral sugars, being glucose the main compound in the samples
(47.76% and 53.65%, respectively), followed by xylose, arabinose,
galactose and mannose. The SDF fraction had a contrasting profile of
neutral sugars, being glucose (27.51%) and arabinose (34.04%), the
most abundant monomers, followed by galactose, mannose and xylose.
Hence, these results suggest that hemicellulose in the soluble fraction
was mainly constituted by arabinose, mannose and galactose, whereas
the hemicellulose in the insoluble fibre comprised mainly xylose, which
was also found at higher concentrations in the TDF and IDF (4-fold
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Table 2
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Percentage of neutral sugars, and content of cellulose and uronic acids (g 100 g~* DW) in raspberry dietary fibre fractions.

Neutral sugars (%) Cellulose Uronic acids
Arabinose Xylose Mannose Galactose Glucose

TDF 13.53 + 4.84*P 24.18 + 5.84% 5.74 + 0.92° 8.77 + 0.59° 47.761 + 0.51% 42,27 + 7.44 11.04 + 2.78°

IDF 6.20 + 3.12° 29,44 + 4.86% 4.18 + 0.37° 5.52 + 0.20° 53.65 + 1.15% 45.77 + 6.92 3.39 + 0.25°

SDF 34.04 + 3.73% 8.89 + 2.69" 10.21 + 0.5% 19.32 + 1.33% 27.51 + 2.40° - 35.43 + 2.00°

*Mean values of three determinations + standard deviation (SD). Different letters within the same column indicate statistically significant differences among samples
(P < 0.05). The results are expressed on a dry weight (DW) basis. TDF (total dietary fibre), IDF (insoluble dietary fibre), SDF (soluble dietary fibre).

higher than in the SDF), as the predominant component of the insoluble
hemicellulose (Mudgil, 2017). Moreover, the xylose:arabinose ratio
(~4) in the present work may indicate the successful separation of
hemicelluloses during the extraction of the SDF and IDF, as hemi-
celluloses with more side chains and complex structures (more insol-
uble), such as xylose, are obtained by precipitation (Peng, Nie, Li,
Huang, & Li, 2019). Other component of the insoluble fraction of dietary
fibre is the cellulose, an insoluble complex carbohydrate constituted by
glucose monomers joined by f-1,4 linkages (Gray, 2007). In these
samples, the contents of cellulose in TDF and IDF were 42 and 46 g 100
g1 DW, respectively (Table 2). Regarding the uronic acids, higher values
of these acid sugars were found in the SDF compared to the IDF and TDF
(10- and 3-fold, respectively), representing the content of pectins. Pec-
tins are heteropolysaccharides constituted by neutral sugars and uronic
acids. Most of pectins have neutral sugars covalently linked to uronic
acids as side chains, mainly arabinose and galactose, and to a lesser
extent, xylose, rhamnose, and glucose (Caprita et al., 2010). For this
reason, SDF fraction presented a higher proportion of arabinose and
galactose, than TDF and IDF fractions. Similar values of neutral sugars
and uronic acids were found by Ross et al. (2015) after analysing an
aqueous extract of raspberry. In addition, the uronic acids present in the
IDF may be formed from the insoluble hemicelluloses.

The differing compositions of the TDF, SDF and IDF may determine
their beneficial physiological effects. Thus, a high amount of uronic
acids in SDF, representing the pectin content which is soluble in water,
indicates that this fraction is likely to be fermented by microbiota,
producing the formation of SCFAs, which exert several beneficial effects
for human health (Koh, De Vadder, Kovatcheva, & Backhed, 2016; Tan
et al., 2016). On the contrary, the IDF fractions did not form gels and its
fermentation will be severely limited (Lattimer & Haub, 2010). The
content of insoluble hemicellulose in the IDF has been associated with a
lower postprandial glucose response in humans, which could be related
to a faster bowel transit and reduced glucose absorption (Mudgil, 2017).

3.3. Phenolic compounds and antioxidant capacity of raspberry and its
fibre fractions

Phenolic compounds are the predominant bioactive compounds in
raspberry - among them, anthocyanins and ellagitannins are the main
groups present in this fruit (Bobinaite et al., 2016; Gonzalez-Barrio,
Borges, Mullen, & Crozier, 2010). Generally, the evaluation of these
compounds reported in the literature refers to the EPC analysed by
aqueous-organic solvents extraction. Nevertheless, a significant
non-extractable amount of these bioactive compounds, the HPC, re-
mains in the sample and should be extracted by acidic hydrolysis of the
extraction residues (Arranz et al., 2009). These dietary HPC are not
significantly released from the food matrix by digestion; therefore, they
are bioaccessible in the colon and are metabolized by the microbiota,
thus, allowing the absorption of derived metabolites and providing
beneficial effects on gastrointestinal health (Pérez-Jiménez et al., 2008).

In the present work, phenolic compounds from the extractable and
hydrolysable fractions of raspberry and dietary fibre fractions (TDF,
SDF, IDF) were analysed by HPLC-DAD. The total content of phenolic
compounds in the samples were calculated as the sum of the individual
compounds. Among the EPC, anthocyanins and ellagitannins were found

as the main groups of (poly)phenols in raspberry, being 38.01 mg g !
DW and 4.61 mg g~ 'DW, respectively, followed by ellagic acid de-
rivatives (0.18 mg g’lDW), flavonols (0.11 mg g’lDW) and caffeic acid
(0.01 mg g*IDW) (Table 3). Differences in the contents of phenolic
compounds reported in raspberries are quite remarkable maybe because
the existing differences among analytical methods, cultivars, conven-
tional and organic farming, harvested time and processing and manip-
ulation (Ponder & Hallmann, 2019; Stamenkovic et al., 2019; Hidalgo &
Almajano, 2017). However, total contents of phenolic compounds re-
ported in this work were higher compared to other research works
(11-37 mg g’1 DW) (Bobinaité et al., 2016; Pantelidis, Vasilakakis,
Manganaris, & Diamantidis, 2007; Zhao, 2007).

Compared to the total, soluble and insoluble dietary fibre fractions,
raspberry showed the highest content of anthocyanins and ellagitannins
(Table 3). These results suggest that these phenolic compounds are
mostly solubilized in the organic solvents after disruption of the cells
during the isolation of the fibres, since their potential to be attached to
the polysaccharides of the plant cell wall is lower (Padayachee et al.,
2012).

Regarding the HPC in raspberry, ellagic acid derivatives were also
found (0.06 mg g~! DW), being these compounds released from the
ellagitannins associated with the cell wall polysaccharides after hydro-
lysis (Arranz, Silvan, & Saura-Calixto, 2010; Ross, Gordon, McDougall,
& Stewart, 2007). Thus, in addition to the ellagic acid from extractable
fraction reported before, raspberry contained a total amount of 0.24 mg
g~ ! DW of ellagic acid derivatives. This value is within the range of the
very varied data found in the literature (0.006-5 mg g~ * DW). This
variation is may be due to the difficult extraction of free ellagic acid
from the fruit, which requires an acid hydrolysis of the ellagitannins
present in the samples (De Ancos, Gonzalez, & Cano, 2000; Mullen et al.,

Table 3
Extractable and hydrolysable phenolic compounds by HPLC-DAD and antioxi-
dant capacity of dietary fiber fraction isolated from raspberry (mg g~' DW).

Raspberry TDF SDF IDF
Extractable phenolic compounds (EPC)
Anthocyanins 38.01 + 0.06 + 0.10 + 0.26 +
4.39%° 0.005" 0.011° 0.04"
Ellagitannins 4.06 £0.33  0.06 = 0.04 + 0.35 +
0.008° 0.005¢ 0.05"
Ellagic acid 0.18 + 0.02" 0.25 + 0.05 + 0.95 +
derivatives 0.04" 0.02° 0.20°
Flavonols 0.11 + 0.02 - - -
Caffeic acid 0.01 + 0.001
Hydrolyzable phenolic compounds (HPC)

Ellagic acid 0.06 + 0.01¢ 7.45 + 1.81 + 5.95 +
derivatives 0.18" 0.13¢ 0.90
Total phenolic 42.43 + 7.83 + 2.00 + 7.52 +
compounds 0.31% 0.20° 0.18¢ 0.95°

Antioxidant capacity (mg TE g~!)

FRAP 32.63 £ 3.87 + 0.60 9.40 +
0.15° 0.09° 0.02¢ 0.21b

ORAC 69.08 + 5.25 10.68 + 7.76 + 20.15 +
2 0.70° 0.78° 0.70

*Mean values of three determinations 4 standard deviation (SD). Different let-
ters within the same row indicate statistically significant differences among
samples (P < 0.05). The results are expressed on a dry weight (DW) basis.
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2002; Rothwell et al., 2013).

On the contrary, dietary fibre fractions (TDF, SDF, IDF) contained
higher contents of phenolic compounds in the hydrolysable fraction
(HPC) compared to the extractable compounds (EPC), representing a
95%, 90% and 80% of the total content for the TDF, SDF and IDF,
respectively (Table 3). These HPC were represented by ellagic acid de-
rivatives, as it was found in raspberry. These findings indicate the
presence of ellagitannins attached to the polysaccharides of the rasp-
berry fibre fractions, which after resisting the intestinal digestion, reach
the colon, being also relevant to the health benefits related to fibre
consumption (Macagnan, da Silva, & Hecktheuer, 2016; Quirés-Sauceda
et al., 2014). Ellagic acid derivatives are of great interest due to their
health effects related to gastric mucosa protection through
anti-inflammatory and antioxidant activities (Sangiovanni et al., 2013).
These compounds have also been reported in other fruit by-products
containing fibre, such as pomegranate husk, tea production residues,
oak acorns and orange peels (Septilveda et al., 2020). These results point
out the relevance of the extraction, not only for the EPC using
aqueous-organic solvents, but also for the HPC fraction.

Related to the differences in the (poly)phenols profile among the
three fibre fractions, TDF and IDF showed a similar content of (poly)
phenols, being the HPC significantly higher in TDF (7.45 mg g~* DW)
than in IDF (5.95 mg g*1 DW) (Table 3). By contrast, the contents of EPC
(anthocyanins, ellagitannins and ellagic acid derivatives) were higher in
the IDF than in the TDF, may be due to the different isolation procedure
of these fibre fractions, being ethanol not added for the IDF extraction
(Fig. 1), avoiding the solubilization of a considerable part of the EPC.
Curiously, the highest content of extractable ellagic acid derivatives
were found in the IDF (0.95 mg g~ ! DW), maybe due to the release of a
portion of these compounds contained in the insoluble fibre with the
hydromethanolic extraction of EPC.

On the other hand, the SDF fraction showed the lowest content of
phenolic compounds, suggesting that these compounds are mainly sol-
ubilized by ethanol during the extraction procedure of this soluble
fraction. In addition, the SDF does not contain cellulose, where the
(poly)phenols are bound in the dietary fibre (Caprita et al., 2010).

With respect to the in vitro antioxidant capacity of the samples, it was
evaluated by two different methods, the ORAC assay, which involves a
hydrogen atom transfer from the antioxidant to peroxyl radicals,
reflecting physiological relevant perturbations (Floegel, Kim, Chung,
Koo, & Chun, 2011), and the FRAP assay to reduce the Fe(II)/tripyr-
idyltriazine complex, based on an electron transfer from the antioxidant,
which has showed high correlation with total phenolic contents (Thai-
pong et al., 2006). Raspberry showed the highest antioxidant capacity
(69 and 33 mg TE g~! DW, for ORAC and FRAP, respectively), which is
highly related to the high content of extractable anthocyanins and
ellagitannins, in agreement with the scientific literature (Moore,
Perkins-Veazie, Weber, & Howard, 2008; Pantelidis et al., 2007; Wang &
Lin, 2000; Zhao, 2007). In spite of the similar content of phenolic
compounds in the TDF and IDF, higher antioxidant capacity was found
in the IDF, suggesting that EPC might be largely responsible for the
antioxidant activity in the fibre, as the extraction procedure in the
antioxidant capacity assays did not break down the (poly)phenols
attached to the cell walls (corresponding to > 80% of the phenolic
compounds in the fibre fractions). The antioxidant capacity of the IDF
from raspberry (33-69 mg TE g~* DW) was higher than that of other
fibre extracts, such as papaya fibre (2.5-6 mg TE g~! DW) (Nieto
Calvache et al., 2016) or mango, passion fruit, pineapple and guava
(0.7-5 mg TE g’1 DW) (Martinez et al., 2012). Therefore, the fibre
fractions of raspberry had high contents of EPC with their potential free
radical scavenging activity and antioxidant capacity in vivo, being the
EPC absorbed and metabolized in the small intestine, increasing the
antioxidant nature of the environment (Arranz et al., 2010).
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3.4. Functional properties of dietary fibre fractions

In addition to the chemical composition, the functional properties of
the fibre fractions should be evaluated to ascertain their potential
physiological functions related to homeostatic and therapeutic effects in
the gastrointestinal system. In addition, these properties should be taken
into consideration when selecting a fibre source as ingredient, due to its
possible individual responses to processing conditions. In this work, the
functionality of dietary fibres was determined by the study of its physical
and hydration properties, such as the WRC, SWC, FAC, GDRI and os-
motic pressure (Table 4). The hydration properties of dietary fibres,
evaluated as WRC and SWC, described the ability of the fibre matrix to
retain water, which may affect the pattern of nutrient absorption,
postprandial satiety, intestinal motility in the upper intestine, and in-
crease the stool weight (Navarro-Gonzalez et al., 2011; Tan, Wei, Zhao,
Xu, & Peng, 2017). The TDF fraction showed a WRC of 5.3 g g’l, the
value of this parameter being higher in the SDF (10.4 g g~!) and very
low in the IDF fraction (0.6 g g 1). These values are in agreement with
the SWC, which was also greater in the soluble fraction (2.0 g g_l),
whereas the low value of SWC in the raspberry TDF (0.8 g g~ 1) might be
related to the low content of SDF (31% of TDF, Table 1). The soluble
polysaccharides (mainly pectins and soluble hemicellulose) are the
structures capable of absorbing water (swelling) (Lattimer & Haub,
2010), being the first step of polysaccharide solubilization, which may
slow down gastric emptying and increase satiety (Tan et al., 2016;
Thebaudin, Lefebvre, Harrington, & Bourgeois, 1997). In accordance
with our results, other plant materials containing around 70% IDF
showed similar hydration properties, such as tomato peel (Nav-
arro-Gonzalez et al., 2011), artichoke (Lopez et al., 1996) or seaweeds
(Gomez-Ordonez, Jiménez-Escrig, & Rupérez, 2010). Despite the
importance of the hydrophilic properties of the distinct fractions, the
water affinity of fibre is affected by other physical characteristics, such
as structure, viscosity and particle size, as well as by the extraction
method (Chau, Wang, & Wen, 2007).

Regarding FAC, the ability of fibre to adsorb fat or oil, the TDF
showed a significantly higher value (3.9 g oil g~!) compared to the SDF
and IDF fractions (1.6 and 2.0 g oil g~*, respectively). This functional
property is an important characteristic of ingredients to be used in the
food industry, to avoid fat loss from foods during cooking, stabilise
emulsions and improve shelf-life (Elleuch et al., 2011). The raspberry
TDF and its fractions showed FAC values higher than those of other
vegetable matter, such as tomato peels, grapefruits, lemon and apple
fibre concentrates (Figuerola et al., 2005; Navarro-Gonzalez et al.,
2011), but similar to those reported in orange peels (De Moraes Crizel,
Jablonski, de Oliveira Rios, Rech, & Flores, 2013) and pomegranate peel
(Hasnaoui, Wathelet, & Jiménez-Araujo, 2014). Thus, the TDF from
raspberry could be useful in the formulation of fibre-enriched foods that
require emulsifying properties or even as fat removers in low-calorie
products, as have been described for other fibres. These differences
are due to the diverse chemical composition of the dietary vegetable
fibres, with regard to the surface properties, particle size, overall charge

Table 4
Functional properties of raspberry dietary fibre fractions.
TDF SDF IDF

WRC (g water g 1) 53403 104+04 06+0.0°¢
SWC (mL water g~ %) 0.8+0.0° 2.0 + 0.0? 0.5 + 0.0¢
FAC (g oil g1 3.9 £+ 0.5% 1.6 +0.1° 21+01°
GDRI 30 min (%) 6.1+05" 8.9 + 0.7° 0.0 + 0.0
60 min (%) 70+06%  3.0+05° 3.12 £ 0.9°
Osmotic pressure (mmol kg~ NaCl) 302 +15° 342 +£3° 321 + 2%

*Mean values of three determinations 4 standard deviation (SD). Different let-
ters within the same row indicate statistically significant differences among
samples (P < 0.05). The results are expressed on a dry weight (DW) basis. WRC
(water retention capacity), SWC (swelling water capacity), FAC (fat absorption
capacity), GDRI (glucose diffusion retardation index).
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and grade of lipophilicity of the components (Karaman, Yilmaz, &
Tuncel, 2017).

The GDRI of dietary fibre fractions predicts the ability of fibre
components to retain glucose and, therefore, to delay glucose absorption
by the intestine. The results show that after 30 min of dialysis the SDF
had the highest GDRI value (8.9%), while the IDF did not retain glucose,
allowing the dialysis of glucose through the membrane. In contrast, the
two fibre fractions showed similar glucose retention values (around 3%)
at 60 min. This behavior can be explained because the SDF had stronger
properties of hydration, which reduced the absorption of glucose more
quickly, whereas the IDF required a longer hydration time to reduce the
glucose dialysis. For the TDF, similar behavior along the study was
observed, with a dialysis trend almost constant in time (Table 4). We can
assert that the soluble and insoluble fractions acted at different times
due to their differences in composition. However, the TDF showed a
constant capacity to retard glucose diffusion at different times, which
could be explained by the mix of the fibre components with different
solubilities. This property is important to determine the functional effect
of fibres in relation to the glycaemic index of foods. At 60 min, the GDRI
of cocoa TDF was lower (4.4%) than for our samples (Lecumberri et al.,
2007), while the value obtained with tomato peel dietary fibre at 60 min
was higher (39%) (Navarro-Gonzalez et al., 2011). The osmotic pressure
of the raspberry fibre fractions was evaluated and compared to the
control (300 = 2 mmol kg ™! NaCl in the physiological state) (data not
shown). The results show that the IDF and SDF may slightly increase the
intestinal osmotic pressure; however, these values are not expected to
induce diarrhoea after consumption.

3.5. Evaluation of the prebiotic-like effect of raspberry fractions by in
vitro fermentation

In vitro batch cultures are usually used for evaluation of the
fermentation characteristics and products of prebiotic substrates,
providing a rapid first-pass screening of prebiotic foods and ingredients
(Parkar et al., 2019). In the present work, the prebiotic effects of the
freeze-dried digested raspberries (200 mg), their corresponding dietary
fibre fractions - TDF (94 mg), SDF (28 mg), IDF (67 mg) - and extracted
phenolic compounds (~2.8 mg) were studied separately to evaluate
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their effects on the intestinal microbiota metabolic activity. For this aim,
the increases in major (acetic, propionic and butyric acids) and minor
(isobutyric, isovaleric, valeric, isocaproic, caproic and heptanoic acids)
SCFAs produced by the human faecal microbiota were analysed after 4,
6, 24 and 48 h of in vitro fermentations with raspberry and its different
fractions, the data being normalised by the subtraction of the baseline.
The presence and increase in end-product metabolites, such as SCFAs,
are broadly recognised as markers of a healthy gut microbiome (Flint
et al., 2012). In general terms, the production of SCFAs was increased
upon fermentation (Fig. 2), maintaining a general proportion of 60-70%
acetic acid, as the most relevant contributor to the total SCFAs, 12%
propionic acid and 10-13% butyric acid, as has been found commonly in
humans (Den Besten et al., 2013; Hijova & Chmelarova, 2007). Among
the different samples and substrates, the raspberry fruits led to the
highest increases in acetic and propionic acids over time (Fig. 2), while
the increments in butyric acid and minor SCFAs were statistically sig-
nificant only after 24 and 48 h of fermentation. These results may reflect
a strong prebiotic effect of the raspberry as a complete food matrix, since
it contains bioactive compounds, fibre and simple sugars, among other
constituents, that can lead to higher production of metabolites by the
microbiota. The production of SCFAs is interesting from a nutritional
point of view, since they are involved in several metabolic functions.
Particularly, the increase in acetic and propionic acids may affect the
functions of peripheral organs (e.g. liver, pancreas, brain, muscle), while
butyric acid is a substrate of the energy metabolism of colonocytes
(Poeker et al., 2018). Regarding the effect of the phenolic extract (56 pg
mL 1), containing extractable and hydrolysable compounds, there was a
tendency for it to be higher than that of the fibre fractions, and statis-
tically significant increases were found for acetic acid after 4 and 48 h of
fermentation, propionic acid after 24 h, and butyric acid and minor
SCFAs after 48 h. These results agree with those of Parkar, Trower, and
Stevenson (2013), who observed an increase in SCFAs, mainly propionic
and butyric acids, and higher growth of Bifidobacteria after treatments
with (poly)phenols (10 pg mL™1) (Parkar et al., 2013). Slight differences
were found among the three fibre fractions. The soluble fraction (SDF)
usually led to higher values of the main SCFAs than the other fractions
(TDF and IDF), as can be seen for acetic and butyric acids, but statisti-
cally significant differences were only found for propionic acid after 24 h

Fig. 2. Increase (A) in the main short chain fatty

acids (SCFAs) (acetic, propionic and butyric acids)

and minor SCFAs (valeric, isovaleric, isobutyric and

caproic acids) produced by human faecal microbiota

a after 4, 6, 24 and 48 h of in vitro fermentations with

different treatments: raspberry, phenolic extract, total

dietary fibre (TDF), insoluble dietary fibre (IDF) and

soluble dietary fibre (SDF). The values are expressed

b as means + SEM. Letters (a—c) indicate differences (P
< 0.05) among samples at a given time.

Time (h)
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of fermentation. Even though we expected a higher prebiotic effect of
the SDF compared to the TDF and IDF, due to the presence of ferment-
able fibres such as pectins and hemicelluloses, we did not see a high
effect. The similar prebiotic effects of the IDF and SDF could be related
to the presence in the former of the (poly)phenols fraction attached to
polysaccharides. Additionally, the TDF of raspberry generally showed
the lowest prebiotic effect, maybe because when both fractions are
present together the substances with potential prebiotic effects are less
accessible. In this sense, the poorer access of the microbiota to the sol-
uble compounds of the SDF and to the (poly)phenols attached to poly-
saccharides of the insoluble fraction could reduce the prebiotic activity
instead of producing a synergistic effect in the TDF. Thus, the prebiotic
effect of raspberry found in this work appears to be associated more with
the (poly)phenols content than with fibre fractions, even though the
phenolic compounds present in the fibre could be released after micro-
bial activity in the colon. Moreover, regarding the evaluation of SCFAs,
further experiments for the identification and quantification of micro-
biota populations would highlight the effects of different raspberry di-
etary fractions in the gut by establishing a relationship between the
species of bacteria present and SCFAs production. The in vivo activities
of dietary fibre and (poly)phenolic compounds are still poorly under-
stood in relation to the prevention of oxidative stress-related diseases.

4. Conclusions

Red raspberry is a rich source of fibre, mainly insoluble components,
and (poly)phenolic compounds. Its dietary fibre fractions (total, soluble
and insoluble) have great functional properties (GDRI and fat and water
retention capacities) and a high amount of associated phenolic com-
pounds, which predominate over the extractable ones. We must
emphasise that the content of bioactive compounds depended on the
type of fibre, since the insoluble fraction contained a higher amount of
(poly)phenols, giving it a high antioxidant capacity. Taking into
consideration its functional properties, dietary fibre from raspberry
constitutes a potential ingredient to improve the nutritional character-
istics of fibre-rich innovative products, providing a wide spectrum of
antioxidant compounds and a potential prebiotic-like effect.
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