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Abstract: Promoting a circular economy through valorisation of food processing waste into functional
ingredients is a challenge today. The combination of hot air drying with milling is a cheap and highly
available option for obtaining powdered products from blueberry pomace, a residue with a large
amount of fibre and a high proportion of polyphenols from the fruit. The objective of this work was
to analyse the effect of drying temperature (60 ◦C and 70 ◦C) and granulometry (coarse and fine) on
physicochemical properties, including antioxidant properties and monomeric anthocyanins content.
The potential prebiotic effect of blueberry pomace powders, as well as their water and oil interaction
properties, were also assessed. Stability of physicochemical properties over 20 weeks of storage
was also evaluated. Powders obtained showed a total fibre content higher than 30% with a good
proportion between insoluble and soluble fractions and a high retention of monomeric anthocyanins
from fresh pomace (75% at 60 ◦C and 66% at 70 ◦C). The powders showed good water interaction
properties and interesting technological properties, such as solubility and hygroscopicity, which were
not affected by differences in particle size. Stability of powders’ physicochemical properties was
evidenced throughout the storage period.

Keywords: fruit by-products; air drying; milling; antioxidant properties; waste recovery

1. Introduction

Increasing concern regarding food loss and food waste and related environmental
issues has driven recent actions for the reduction and reuse of food processing wastes.
These actions are expected to have an impact on the four ‘Food 2030’ priorities: nutrition,
climate, circularity, and communities, and thus on sustainable development goals [1].

In this context, the concept of sustainable diets, introduced by FAO [2], combines the
opportunity of creating a food system that supplies healthy diets for a growing population
while reducing its environmental impact. Environmentally sustainable food production
has to reconsider wastes as by-products that can be transformed to provide valuable
compounds. The use of fruit and vegetable wastes rich in bioactive compounds such as
blueberry pomace, to produce functional ingredients of interest to the food industry is an
important challenge today.

Blueberries are highly consumed worldwide, being mainly preserved as juices, canned
or as puree. The juice industry generates high amounts of pomace (nearly 20% of the
fresh fruit weight), which is not properly reused in the food chain. Blueberry pomace
contains between 25% and 50% of the different polyphenols that are present in berries [3]
and are responsible for the health benefits of this fruit. Anthocyanins and procyanidins
identified in blueberry fruit possess antiradical and anti-inflammatory capacity and have
been extensively involved in studies about heart disease, skin ageing, metabolic syndrome
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and cancer [4]. Besides, blueberry pomace contains a high percentage of fibre, which plays
an important role in preventing diseases through gut microbiota. Fibre fermentation by
colonic bacteria generates short chain fatty acids conferring beneficial effects in the host [5].

In order to increase and diversify the consumption of fruit and vegetables, the food
industry has shown interest in their use as powdered ingredients for several purposes,
including their use as natural and functional ingredients. This is evidenced in the literature
not only for fruits and vegetables but also for their wastes or discards [6–9], fruit and
vegetable wastes becoming a low-cost source of value-added compounds.

Both processing and storage can cause significant loss of bioactive compounds in fruit
and vegetables. Powder manufacturing involves several stages (pretreatments, drying stage
and milling conditions) which determine their physicochemical and functional properties,
and thus their applications and nutritional properties, including bioactive compounds
content and bioaccessibility [9,10]. According to Plazzota et al. [7], drying is a feasible tech-
nique to give value to vegetable discards and obtain products with tailored properties, as a
result of the drying methods used and the mechanisms involved. On the other hand, both
drying and milling (as a pre- or post- treatment) have a significant impact on particle size
which in turn significantly influences the powders’ properties [8,11]. Regarding stability,
some studies have shown that high fibre content increases the stability of active components
such as anthocyanins during processing. Anthocyanins interact with structural polymeric
components present in not clarified juices conferring them stability [12]. Furthermore,
low water content and the presence of other polyphenols also contribute to anthocyanins
stability.

Obtaining powders from blueberry pomace has already been considered in different
research works [13–15]. Gouw et al. [13] studied physico-chemical and functional properties
and in vitro gastrointestinal digestion of four different types of fruit powders including
powders from blueberry pomace dried at 110 ◦C for 3 h. Tagliani et al. [15] used blueberry
pomace powder obtained by convective drying at 45 ◦C, as an ingredient in cookies baked
at 170 ◦C. However, as far as the authors know, there is little information on the impact of
air-drying temperature and particle size on the stability of blueberry active components
and their evolution during storage.

Therefore, the objective of this work was to analyse the effect of drying temperature
and granulometry on physicochemical properties, including antioxidant properties and
monomeric anthocyanins, and on water and oil interaction properties of blueberry pomace
powders obtained by combining hot air drying with milling. Stability of properties over 20
weeks of storage was also evaluated. In addition, in vitro prebiotic properties of blueberry
pomace powders were also assessed.

2. Materials and Methods
2.1. Raw Material

Frozen organic blueberries (Vaccinium corymbosum var. Duke) of industrial quality
were supplied by Samanes S.L (Navarra, Spain). Blueberry juice was obtained as described
by Castagnini et al. [16] and the resulting pomace (20% of the fruit) was then collected for
the experiments.

2.2. Process and Storage Conditions

Blueberry pomace was air dried at either 60 ◦C (DP60) or 70 ◦C (DP70) in a convective
dryer (POL-EKO model CLW400 TOP, Controltecnica Instrumentación Científica, S.L,
Madrid, Spain) until a water activity value lower than 0.3 was reached, which implied
different processing times for each temperature (about 270 min for 60 ◦C and 210 min
for 70 ◦C). Dried pomaces were analysed in terms of water activity, moisture content,
soluble solids content, colour parameters, monomeric anthocyanins phenols, flavonoids,
DPPH and ABTS antiradical activities. According to the slight differences observed in the
antioxidant properties between blueberry pomace dried at 60 ◦C and 70 ◦C, and considering
the industrial advantages of drying at 70 ◦C, the effect of further milling was limited to
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blueberry pomace dried at 70 ◦C. Hence, dried pomace at 70 ◦C was milled in a Thermomix®

device (Vorwerk, Madrid, Spain) at 10,000 rpm for 10 s to obtain a coarse powder (CP) and
at 10,000 rpm for 2 min, with stops every 30 s, to obtain a fine powder (FP). Powders were
then analysed in terms of particle size, fibre content and water and oil interaction properties,
in addition to the previously mentioned physicochemical properties also evaluated in the
dried (non-milled) pomaces.

Coarse and fine powders were stored for 20 weeks in opaque jars inside a chamber
with controlled relative humidity (24%) at room temperature (20–22 ◦C) and in the dark.
Every 4 weeks each powder was analysed in terms of moisture content, water activity,
colour and antioxidant properties (total phenol content, monomeric anthocyanins content
and DPPH and ABTS antiradical activities).

2.3. Physico-Chemical Determinations

Water activity was measured with a dew point hygrometer (Aqualab 4TE, Decagon
devices Inc., Pullman WA, USA). Water content was calculated from the weight loss of
a known amount of sample after drying in a vacuum chamber (Vaciotem, P-SELECTA,
Barcelona, Spain) at 0.8 bar and 60 ◦C until reaching constant weight [17]. Total soluble
solids content of wet samples was calculated from their moisture content and the refraction
index of the liquid phase measured in a thermostatic refractometer (ABBE ATAGO, 3–T,
Tokyo, Japan) at 20 ◦C. In the case of dried samples, the refraction index was measured
in a 1:10 (w/v) aqueous solution of samples and after that referred to dry matter content.
Specific volume was obtained by measuring the volume of a known amount of sample in a
test tube. To minimize the air trapped, samples were gently hit until there was no decrease
in the total volume.

Colour of samples was measured with a spectrocolorimeter (MINOLTA model CM-
1000R, Tokyo, Japan) using a D65 illuminant, a 10º angle of vision and including the shining
component. Results were provided in the CIE L*a*b* system, were L* is the brightness, a* is
the red-green component and b* is the yellow-blue component. Hue (hab) and chrome (Cab)
attributes were also calculated. Results are provided as the average of three triplicates.

Particle size distribution of coarse and fine powders from dried pomace was deter-
mined by laser diffraction using a Mastersizer 2000 equipment (Malvern Instruments,
Worcestershire, UK). For the dry method, a Sirocco 2000 dispersion unit with air as dis-
persant at a pressure of 2.5 bar and 60% speed was employed. For the wet method, the
refraction indexes were set at 1.52 for the sample and 1.33 for the dispersed phase (water)
and the particle absorption index was 0.1. Particle size was characterized in terms of
equivalent volume diameter D [3,4] (De Brouckere mean Diameter), surface area mean
diameter D [2,3] (Sauter mean diameter), and the distribution percentiles d10, d50 and d90,
defined as the particle size below which 10%, 50% and 90%, respectively, of the particles
are distributed. Results are given as the average of three replicates.

Fibre content was determined by the Van Soest method [18]. This method quantifies the
Neutral Detergent Fibre (NDF), the Acid Detergent Fibre (ADF), and the Lignin Detergent
Fibre (LDF). The NDF includes lignin, cellulose and hemicellulose; the ADF includes the
non-soluble fibre (lignin and cellulose); LDF refers to the lignin content, obtained after acid
digestion with 72% of sulphuric acid. Hemicellulose, cellulose, lignin and total insoluble
fibre were calculated from these fractions. Analysis was performed in duplicate, and results
expressed as percentage in dried basis.

2.4. Water Interaction and Oil Emulsifying Properties

Hygroscopicity of blueberry pomace powders was measured according to the method
described by Cai and Corke [19]. It consisted of placing about 2 g of sample in a hermetic
vessel with a saturated solution of Na2SO4 (aw = 0.81) for one week and measuring the
weight gained by the sample, expressed as g of water per 100 g of sample. Solubility was
determined as explained by Mimouni et al. [20] as the ratio between total soluble solids
and total solids (TSS:TS) contained in a known amount of sample. TSS were obtained by
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preparing an aqueous solution (1:20 w/v) of the sample and drying in a vacuum oven
at 63 ◦C until constant weight. TS were obtained by centrifuging that same dilution at
4400× g for 5 min at room temperature, filtering the supernatant through a Whatman nº
1 filter and drying it in a vacuum oven at 63 ◦C until constant weight. Wettability was
considered as the time elapsed until 2 g of sample are completely moistened in a laboratory
glass with 20 mL of water at 25 ◦C [21]. Swelling capacity was calculated, according to
Raghavendra et al. [22], as the inverse of the ratio between the initial weight of a sample
powder diluted in a 1:10 (w/v) aqueous solution and the volume reached by that mixture
after 18 h at 25 ◦C. Water holding capacity is defined as the amount of water retained by
powder without any application of external force. It was calculated from the difference
between the weight of the mixture resulting from adding 10 mL of water to 1 g of powder
and the weight of the same mixture after freeze-drying. Water retention capacity is defined
as water content remaining bonded after hydration and centrifugation. For its experimental
determination, 1 g of sample was weighed in a conical centrifuge tube and 10 mL of water
were added allowing hydration for 18 h at 25 ◦C. After that, samples were centrifuged for
30 min at 514× g. The precipitate was weighed and lyophilized to obtain the dry weight
of the sample [22]. Oil holding capacity is defined as the sample capacity to retain oil. It
was obtained from the weight gain of a 0.2 g sample when mixed with 1.5 g of commercial
sunflower oil for 12 h at room temperature and centrifuged at 1500× g for 5 min [23].
Emulsifying activity was determined by the method described by Yasumatsu et al. [24]. A
2% (w/v) aqueous solution was prepared with the sample in a graduated tube. 7 mL of the
prepared solution was mixed with 7 mL of sunflower oil and homogenized for 5 min in a
vortex at 2400 rpm. After that, the mix was centrifuged at 12,857× g for 5 min. The volume
of the emulsion was measured and referred to total fluid volume. Emulsifying stability
was determined by the same procedure explained for emulsifying activity, except that the
emulsions were heated at 80 ◦C for 30 min before centrifugation at 514× g for 5 min. All
determinations were performed in triplicate.

2.5. Antioxidant Properties

Antioxidants were extracted with an 80% (v/v) methanol in water solution by 1 h
stirring and further centrifugation at 10,000 rpm for 5 min. The ratio between the weight of
sample and the volume of solvent was set at 1:20 (w/v) for the fresh pomace and at 1:100
(w/v) for both the dried pomace and the powders.

Total phenolic content was measured following the Folin–Ciocalteau method [25]. An
aliquot of 0.125 mL of the previously prepared extract was mixed with 0.5 mL of distilled
water and 0.125 of the Folin–Ciocalteau reagent. The mixture was allowed to react for
7 min in darkness before adding 1.25 mL of a 7% sodium carbonate solution to stop the
reaction and 1 mL of distilled water until completing a volume of 3 mL. The mixture was
left in darkness for 90 min and absorbance was measured at 760 nm in a spectrophotometer
(Helios Zeta UV/Vis, Thermo scientific, England). Results were expressed in mg of Gallic
Acid Equivalents (GAE) per 100 g of dry matter.

Total monomeric anthocyanin content was measured according to the pH differential
spectrophotometric method described by Giusti and Wrolstad [26] and Lee et al. [27].
Anthocyanin content was quantified using the molar extinction coefficient for cyanidin-3-
O-glucoside (2.690 m2/mol). Buffer solutions were prepared with potassium chlorine at
0.025 M and sodium acetate at 0.4 M were adjusted with chloric acid at pH 1 and at pH
4.5, respectively. A volume of 100 µL of extract was mixed with 2900 µL of each buffer and
after 30 min of reaction, absorbance was measured at 510 nm and 700 nm. Results were
expressed as mg of cyanidin-3-O-glucoside equivalents per 100 g of dry matter.

Antioxidant activity was measured by both DPPH and ABTS methods. According
to the DPPH method [28], an aliquot of 30 µL of the extract was mixed with 970 µL of a
0.1 mM solution of DPPH in methanol and 2 mL of methanol. After 60 min in darkness,
absorbance at 517 nm was measured. Results were expressed in mg of Trolox Equivalent
(TE) per gram of dry matter.
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According to the ABTS method [29], an aliquot of 90 µL of the sample was added to
2910 µL of the solution ABTS+ in phosphate buffer with an absorbance of 0.70 ± 0.02 read
at 734 nm. After reacting for 6 min the absorbance of the mixture was measured at 734 nm.
Distilled water was used as a reference. Results were expressed in mg of Trolox Equivalent
(TE) per gram of dry matter.

All the results are the average of three repetitions.

2.6. Prebiotic Effect Preliminary Assay: Powders Influence on Lactic Acid Bacteria Growth

The influence of the blueberry pomace powders on lactic acid bacteria growth was
evaluated by adapting the method from Moreno-Vilet et al. [30]. Lactobacillus salivarius
spp. salivarius (CECT 4063) was chosen as the probiotic strain. Bacteria cells were incubated
in MRS broth (Sharlau Chemie®, Barcelona, Spain) at 37 ◦C for 24 h, thus constituting the
starting inoculum. Coarse or fine powders were added to flasks with MRS broth in the
amount needed to reach the following fibre equivalent percentages: 0.5%, 1% and 2% (w/v).
After that, 1 mL of starting inoculum was added to flasks. In order to correct the possible
effect of additional carbon source from the powders due to their sugar content, an amount
of glucose (Sharlau Chemie®, Barcelona, Spain) equivalent to the soluble solids content
of the powders was added to the non-powder-containing MRS broth used as control. All
flasks were incubated at 37 ◦C for 24 h and L. salivarius growth was measured by serial
dilution and plate counting in double MRS agar layer. Results given are the average of
3 replicates.

2.7. Statistical Analysis

Results were statistically analysed with the software Statgraphics (Centurion XVI.I,
Statpoint Technologies, Inc., Warrenton, US) with a confidence level of 95% (p-value ≤ 0.05).
Data were processed by simple ANOVA after checking the normality of the data. The
processing treatment was considered as the independent factor at five different levels:
P-fresh bagasse without processing; DP60-bagasse air dried at 60 ◦C; DP70-bagasse air
dried at 70 ◦C; FP-bagasse air dried at 70 ◦C and milled to fine particle size; CP-bagasse
air dried at 70 ◦C and milled to coarse particle size. For each processing treatment, three
different experiments with three replicates each were carried out, resulting in a total of
45 samples. Significant differences (p-value ≤ 0.05) among groups were determined by
using the Fisher LSD test.

Based on previous results published by other authors, the linear correlation (using
Pearson’s linear correlation coefficient) between the content of total phenols or monomeric
anthocyanins and the antiradical capacity determined by ABTS or DPPH methods was
quantified.

3. Results and Discussion
3.1. Effects of Processing Condition on Functional Properties of Powdered Blueberry Pomace
3.1.1. Physico-Chemical Properties

Water activity, moisture content and total soluble solids of blueberry pomace (P), dried
blueberry pomace at 60 ◦C (DP60) and 70 ◦C (DP70) and the coarse and fine powder from
dried pomace at 70 ◦C (CP and FP respectively) are shown in Table 1. Air drying was
applied until aw < 0.3 to assure stability. Differences between CP and FP evidence that
soluble solids content was significantly affected by granulometry. Mechanical disruption
during the milling operation causes breakage of macromolecules releasing more soluble
chemical structures as milling time increases [31].
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Table 1. Effect of drying temperature and milling degree on water activity (aw), moisture content (xw),
soluble solids content (Xss) and CIEL*a*b* colour coordinates of blueberry pomace. Fibre fractions
content of blueberry powders are included too.

P DP60 DP70 CP FP

aw 0.989 ± 0.003 d 0.236 ± 0.004 c 0.189 ± 0.004 a 0.216 ± 0.004 b,c 0.20 ± 0.06 b

xw (g water/g) 0.722 ± 0.003 c 0.032 ± 0.002 b 0.017 ± 0.002 a 0.017 ± 0.002 a 0.019 ± 0.0006 a

Xss (g ss/g dm) 0.283 ± 0.006 a 0.289 ± 0.012 a 0.281 ± 0.011 a 0.340 ± 0.013 b 0.451 ± 0.012 c

L* 26.5 ± 1.0 a 37.52 ± 0.15 b 37.5 ± 0.3 b 37.5 ± 0.2 b 37.74 ± 0.13 b

a* 3.0 ± 0.3 a 4.3 ± 0.5 c 3.80 ± 0.10 b 3.8 ± 0.08 b 3.37 ± 0.05 a

b* 0.19 ± 0.3 a 0.70 ± 0.10 b 0.65 ± 0.09 b 0.68 ± 0.08 b 0.99 ± 0.05 c

∆E - 11.1 ± 0.8 c 11.0 ± 0.7 c 0.06 ± 0.12 a 0.46 ± 0.11 b

C 3.0 ± 0.3 a 4.3 ± 0.5 c 3.86 ± 0.08 b 3.9 ± 0.07 b 3.93 ± 0.5 a,b

h 3.7 ± 0.7 a 9.2 ± 0.6 b 9.8 ± 1.5 b 10.1 ± 1.3 b 14.6 ± 0.9 c

Cellulose (g/100 g dm) - - - 18.0 ± 0.4 b 16.69 ± 0.14 a

Hemicellulose (g/100 g dm) - - - 12.846 ± 0.018 b 10.444 ± 0.003 a

Lignin (g/100 g dm) - - - 7.6 ± 0.2 b 6.6 ± 0.2 a

Insoluble fibre (g/100 g dm) - - - 25.6 ± 0.8 b 23.24 ± 0.06 a

Total fibre (g/100 g dm) - - - 38.5 ± 0.8 b 33.69 ± 0.06 a

P refers to the fresh blueberry pomace; DP60 and DP70 refer to the blueberry pomace dried with air at 60 ◦C
and 70 ◦C, respectively; and CP and FP refer to coarse and fine-grained powders, respectively, obtained by
milling the DP70. Different superscript letters (a, b, c, d) in the same row indicate a significant effect of treatment
(p-value ≤ 0.05). Values are the mean ± standard deviation of three replicates for water activity, moisture content,
soluble solids content and CIEL*a*b* colour coordinates and of two replicates for fibre fractions content.

In Table 1, the characteristic colour parameters CIEL*a*b* are shown. The results
indicated that colour was significantly affected by drying. Regardless of drying temperature,
the lightness (L*) significantly increased compared to fresh pomace. Drying also increased
coordinates a* and especially b*, indicating that the colour of dried pomace evolved
towards red and yellow, respectively. Water removal and subsequent coloured pigments
concentration, together with enzymatic browning and oxidation reactions during drying,
contributed to a brownish colour. Hinestroza et al. [32] showed the same results for lulo
bagasse, in which the effect of oxidation on colour was confirmed when air-dried bagasse
was compared with freeze-dried, which maintained its greenish colour. Colour differences
(∆E) between dried and fresh pomace evidenced statistically similar colour changes under
both temperatures. In the case of powders (FP and CP), the colour differences were
calculated with the dried pomace at 70 ◦C as reference. The differences obtained, although
slightly significant, were not visually perceptible. The C values reflect practically the same
saturation in all the samples and the higher values obtained for h in the dry samples and in
the powders corroborate an evolution towards more brownish tones as a consequence of
the oxidation reactions.

Regarding fibre content, significant higher content was obtained in the coarse powder,
for all fibre fractions analysed. This fact could be explained by the stronger milling (same
intensity but more time) applied to obtain the fine powder, which affected the structure
of the polysaccharide chains, releasing small chain sugars with higher solubility [32]. In
both cases, the total fibre content exceeded 30% by weight with the insoluble fraction
approximately twice the soluble one (hemicellulose). This ratio is generally accepted as
suitable to provide adequate physiological effect in food ingredients [33]. Compared to
other fruit by-products, although total fibre content is similar to that reported for other
fruit by-products such as grapefruit peel (44.2%) [34], mango (37.1%) and peach (37.6%) by-
products [35], in general, the blueberry pomace powders exhibited a better ratio between
insoluble and soluble fractions.

Particle size distribution for coarse and fine powders by dry and wet methods is
represented in Figure 1. Particle size was clearly reduced, and the distribution width
increased in fine powders. The differences between dry and wet methods are similar
for both granulometries, and reflect the solubilisation of soluble compounds of particles,
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as referred to by Lario et al. [36]. Particle size affects other properties such as water
interaction properties. In some cases, a smaller particle size increases the specific surface
area, favouring surface adsorption phenomena [22]. In other cases, especially when the
fibre is the main component, the mechanical processes can modify the porous structure and
affect the hydration properties [36].

Figure 1. Main characteristic parameters and particle size distribution of coarse (CP) and fine
(FP) powders by dry and wet methods. D [3,4]: volume-weighed mean diameter; D [2,3]: surface
area mean diameter; d10, d50 and d90: characteristic diameters below which 10%, 50% and 90% of
the particles are included in the distribution. Error bars represent the standard deviation of three
replicates.

Particle size distribution and fibre content of powders may affect interaction properties
with water or oil determining their hydration and emulsifying properties and consequently
their technological properties, and even more, their physiological effect when used as food
ingredients [37]. Results for fine and coarse powders are shown in Table 2.

Table 2. Specific volume, solubility, hydration and water retention properties and emulsifying
properties of blueberry pomace powders.

CP FP

Specific volume (mL/g) 9.60 ± 0.12 b 7.57 ± 0.06 a

Solubility (%) 31.6 ± 1.5 a 33.1 ± 0.7 a

Water interaction properties

Hygroscopicity (g/100 g) 61 ± 3 a 62.7 ± 1.8 a

Wettability (s) 175 ± 21 b 77 ± 6 a

Swelling capacity (mL/g) 2.88 ± 0.13 b 2.56 ± 0.06 a

Water holding capacity (WHC) (g/g) 5.1 ± 0.2 b 4.63 ± 0.16 a

Water retention capacity (WRC) (g/g) 3.4 ± 0.3 a 3.08 ± 0.18 a

Emulsifying properties

Oil holding capacity (OHC) (g/g) 2.7 ± 0.6 a 2.9 ± 0.5 a

Emulsifying activity (%) 0.41 ± 0.13 a 0.53 ± 0.12 a

Emulsion stability (%) 3± 2 b 1.5 ± 0.7 a

CP and FP refer to coarse and fine powders, respectively, obtained by milling the blueberry pomace dried with air
at 70 ◦C. Values are the mean ± standard deviation of three replicates. Values with different superscript letters
(a, b, c, d) within the same row are significantly different (p-value ≤ 0.05).
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The specific volume for both powders is in the range reported by other authors for
fruit powders [38]. Significantly higher values were obtained for coarse powder, probably
due to its higher porosity compared to fine powder. In general, small particles tend to
compact whereas coarse particles facilitate pore creation within particles [39]. Moreover,
as stated before, the higher insoluble fibre content of coarse powder may also cause an
increase in the specific volume since insoluble fibre is more porous and has lower density
than the soluble fibre [37].

Solubility of fruit powders depends on their microstructure, particle size distribu-
tion, chemical composition and soluble fibre content [40–42]. Blueberry pomace pow-
ders’ solubility was relatively low, but in the range of that reported by other authors.
Fuentes-Alventosa et al. [43] reported values between 22.6% and 34.7% for asparagus fibre.
Nevertheless, values obtained by Si et al. [44] for fruit powders such as raspberry powder
were notably higher (45.3%). Results showed no statistically significant differences between
coarse and fine powders.

Despite the differences in fibre content between coarse and fine powders, they had no
impact on hygroscopicity values. Hygroscopicity is the ability of a product to absorb water
from the environment. It determines the stability of the product during storage. Results
slightly differ from those reported for Vivek et al. [45] who reported that powders with
finer particles have more active pores for water absorption. Results showed no statistically
significant differences between coarse and fine powders.

The wettability is strongly affected by size and porosity of particles [42]. Coarse
powders had significantly higher wettability than the fine ones probably due to their higher
insoluble fibre content and its lower density. Otherwise, the higher porosity of coarse
powder facilitates the swelling process [46]. The swelling capacity is related to the satiating
effect perceived during the digestive process. Compared with other commercial fruit fibres
(such as lemon, peach, orange and apple), whose swelling capacity exceeds 7 mL/g [38],
the blueberry powders had a quite low swelling capacity. Similar results were obtained for
water holding capacity and water retention capacity. Results were significantly higher for
coarse powders but lower than those obtained for other fruits such as grape, lemon, orange
and apple [35].

Emulsifying properties are affected by the type, size, shape and superficial area of the
fibre constituents, but mainly by their chemical compositions [47]. Some compounds like
proteins or polysaccharides act as emulsifiers by creating a layer around oil droplets dis-
persed in an aqueous medium, thereby preventing structural changes such as coalescence,
creaming, flocculation or sedimentation. The emulsifying properties such as emulsifying
activity and emulsion stability are mainly affected by the hydrophobicity/hydrophilicity
ratio and by structural constraints of chemical compounds. Emulsifying activity measures
the amount of oil that can be emulsified per unit of sample, whereas emulsion stability
measures the ability of the emulsion to resist changes to its structure over a defined time
period [48]. However, oil holding capacity refers to a weaker physical entrapment of oil
which does not have to be sustained over time. Thus, particle size, composition, and
microstructure are some of the factors that can impact this property [49].

Chemical constituents of blueberry powders, particularly the absence of protein and
the nature of the polysaccharide chains, cause their emulsifying activity and emulsion
stability to be practically nil. Other dehydrated powders from guava and soursop provided
higher emulsifying activity which was attributed by authors to its more hydrophobic na-
ture [50,51]. The oil holding capacity of the blueberry powders was similar to that obtained
in commercial fibres of lemon, peach, orange and apple, as they were in the range from 2.5
to 2.9 g of oil/g [38]. On the contrary, the blueberry powders have slightly higher values
than the powders of grapes, lemon, orange and apple reported by Figuerola et al. [34],
which retain less than 2 g of oil/g.
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3.1.2. Antioxidant Properties

Blueberry consumption has been proven to prevent important diseases mainly due to
its antioxidant activity [52]. Anthocyanins are the most abundant flavonoid constituents in
blueberry fruit, the content in peel being higher than in the juice [53].

In processed products from fresh fruit, the effect of process conditions needs to be
evaluated. Anthocyanin degradation has been extensively studied. Although structure,
physicochemical properties and the presence of other compounds such as flavones and/or
organic acids have an influence, temperature and oxygen are the most important degra-
dation agents. Different authors have demonstrated the degradation of anthocyanins
in processing operations in which temperature was equal to or higher than 70 ◦C [54].
However, heating around 50 ◦C has a positive effect on anthocyanin retention, due to the
inactivation of the enzyme polyphenol oxidase [55]. In other cases, while temperature may
be not high enough to cause anthocyanins’ oxidation by enzymatic action, the presence of
oxygen accelerates degradation through a direct oxidative mechanism [56].

Table 3 shows the results obtained in fresh blueberry bagasse (P), that dried by hot
air at 60 ◦C (DP60) and 70 ◦C (DP70) and the final coarse and fine powders (CP and FP
respectively). The results have been expressed on a dry basis to avoid deviations from
water content.

Table 3. Effect of the drying temperature and the milling degree on total phenols content, monomeric
anthocyanins content, and the ability to scavenge radicals DPPH and ABTS in blueberry pomace
samples.

P DP60 DP70 CP FP

Total phenols
(mg GAE/100 g dm) 4.4 ± 0.2 d 3.94 ± 0.10 c 4.48 ± 0.12 d 2.92 ± 0.11 a 3.35 ± 0.10 b

Monomeric anthocyanins
(mg glucosid-3-cyanidin/100 g dm) 74.5 ± 0.4 d 55.5 ± 0.4 c 48.9 ± 0.7 b 49.0 ± 0.9 b 31 ± 4 a

DPPH (mg TE/g dm) 145.7 ± 0.6 d 118.6 ± 0.7 c 102.4 ± 1.2 b 101.6 ± 1.4 b 84 ± 3 a

ABTS (mg TE/g dm) 26.5 ± 1.0 a 37.52 ± 0.15 b 37.5 ± 0.3 b 37.5 ± 0.2 b 37.74 ± 0.13 b

P refers to the fresh blueberry pomace; DP60 and DP70 refer to the blueberry pomace dried with air at 60 ◦C and
70 ◦C, respectively; and CP and FP refer to coarse and fine-grained powders, respectively, obtained by milling
the DP70. Values with different superscript letters (a, b, c, d) within the same row are significantly different
(p-value ≤ 0.05). Values are the mean ± standard deviation of three replicates.

Drying at 60 ◦C retained almost 75% of the monomeric anthocyanins analysed, and
in the case of drying at 70 ◦C, there was a further 9% degradation. The retention rates of
anthocyanins were much higher than those obtained by other authors who managed to
retain only between 5 and 30% of the initial content of monomeric anthocyanins in whole
blueberries when dried with air at 65 ◦C in combination or not with microwaves and an
85% reduction in Saskatoon berries subjected to hot air drying at 75 ◦C combined with
microwaves [57]. Until now, it has not been possible to elucidate the main mechanisms
responsible for the increase in stability detected in some cases. The great variety of chemical
structures that make up this group of components and the diversity of compounds with
which they establish interactions in different food matrices offer very different results. In
this sense, Sadilova et al. [12] observed a higher retention rate of anthocyanins in juices
directly squeezed than in juices from concentrates. They attributed the greater stability of
anthocyanins in directly squeezed juices to the interaction with components of the polymer
matrix such as hemicellulose and pectins. The existence in the pomace of anthocyanins
with chemical structures different from those of the juice and a greater retention of these
due to the large number of structural polymeric components (cellulose, hemicellulose,
lignin, etc.) existing in the pomace may justify the high retention of anthocyanins observed
in the present study.

However, although coarse milling did not cause a decrease in the content of monomeric
anthocyanins compared with hot air drying at 70 ◦C, fine milling did cause a significant
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decrease. This significant effect of granulometry could be explained by a greater exposure
to oxygen due to the larger specific surface available in fine granulometry [57].

The effect of drying and milling on degradation of the components able to react with
the radical DPPH is the same as in the case of monomeric anthocyanins, although the
degradation percentages are 5–6% lower. Several studies [58,59] have found a correlation
between the monomeric anthocyanins and the antioxidant activity measured by DPPH
assay. In the present study, a Pearson’s linear correlation coefficient of 0.97 between the
monomeric anthocyanins content and the results of the DPPH test was found. A value of
0.84 was obtained for this coefficient when the linear correlation between the total phenol
content and the antiradical capacity determined by ABTS was quantified.

In the case of total phenols, although drying at 60 ◦C caused a degradation of 10%, the
degradation was null when the drying temperature increased to 70 ◦C. It could be that at
70 ◦C other components are converted into phenol compounds [60]. In cranberry pomace,
White et al. [31] observed an increase in flavonol aglycones as a result of deglycosilation
by drying at 60 and 80 ◦C. As reported by Sadilova et al. [60], thermal degradation of
anthocyanins involves the formation of chalcone which is degraded into phenolic acids.
However, the grinding operation increased the degradation percentage to 24 and 34%,
respectively. A larger surface area combined with longer exposure to oxygen would be the
main factor responsible for this deterioration.

As for the components capable of reacting with the ABTS radical, the degradation
percentage ranged from 31 to 37%. The minimum value was obtained in the case of drying
at 70 ◦C without milling. In this sense, Bustos et al. [61] evaluated the antioxidant activity
with ABTS assay of blackcurrant berry after drying at 50, 65 and 100 ◦C, and found a small
difference in the antioxidant activity between drying at 50 ◦C and 65 ◦C.

Bueno et al. [62] estimated anthocyanin intake in the range of 12.5–250 mg/day
depending on nutritional, social, and cultural differences of the populations investigated,
as well as on the methodological approaches applied. Taking into account that the total
monomeric anthocyanins content (spectrophotometrically determined) is 49.0 ± 0.9 mg
cyanidin-3-glucoside/100 g dry matter in coarse powder, consumption of 5 g of the product
would provide 245 mg of anthocyanins, so it could be assumed that the blueberry pomace
powders obtained in this research would contribute a significant proportion of anthocyanins
to the daily recommended intake.

3.1.3. Potential Prebiotic Effect: Powders Influence on Lactic Acid Bacteria Growth

The results included in this work have shown blueberry pomace as a by-product with
a high fibre content. Numerous research works demonstrate the beneficial impact of fibre
on health, mainly due to the positive effect on intestinal microbial population [63].

In addition, there are also some studies that show bioactive compounds of berries,
and especially dietary flavonoids, have antimicrobial properties very useful in the food
industry [64].

In this work, a preliminary test was carried out to clarify the possible use of blueberry
pomace powders as a prebiotic. Figure 2 shows Lactobacillus salivarius spp. salivarius
growth (CFU/mL) in MRS broth and in MRS broth enriched with coarse and fine powders
at different concentrations after inoculation and incubation for 24 h at 37 ◦C. Statistical
analysis evidenced that both the granulometry of the powders and its concentration as well
as their interaction significantly affected microbial growth (p-value ≤ 0.05).
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Figure 2. Lactobacillus salivarius spp. salivarius content (CFU/mL) in MRS broth (control) and in MRS
broth enriched with coarse or fine powder at different concentrations. Mean ± standard deviation of
three replicates.

The addition of blueberry pomace powder to MRS broth slightly improved the mi-
crobial growth, especially when adding 0.5% of fibre. The slight decrease observed when
increasing the percentage of powder added could be due to a greater incorporation of
phenolic compounds having antimicrobial properties [65]. In any case, these results, with-
out being conclusive, keep open the possibility of using blueberry pomace powder as a
prebiotic ingredient in food.

3.2. Evolution of Functional Properties of Blueberry Pomace Powders during Storage

In many cases, the storage is crucial for the physico-chemical and antioxidant proper-
ties of foods rich in bioactive components with antiradical capacity. Jackman and Smith [56]
established that stability of anthocyanins is strongly influenced by temperature and time of
storage. Garcia-Viguera et al. [66] observed much slower degradation of anthocyanins at
20 ◦C compared to 37 ◦C. Additionally, the chemical nature of the specific anthocyanins, as
well as their content or interactions with other components such as pectins can be decisive
in the degradation of these compounds during storage [67].

3.2.1. Physico-Chemical Properties

Table 4 shows physico-chemical properties of coarse and fine powders over 20 weeks
of storage. A slight increase in water activity, and consequently in water content, due to
slight differences in the relative humidity of the storing air can be observed. Nevertheless,
water activity values are kept below or equal to 0.3, greatly reducing the kinetics of any
chemical reaction and thus ensuring the proper stability of the powders.

Colour L*a*b* coordinates remained practically constant. Only small changes were
observed in the b* coordinate of both powders. The slight variations differ depending
on the granulometry. This coordinate increased in the coarse powder and decreased in
the fine one, indicating that the colour evolved slightly towards yellow and blue colours,
respectively. Regarding chroma and hue, the hue was the parameter most affected by the
variation of the b* coordinate. Colour differences (∆E) calculated with respect to initial
time were very small for the two powders, being slightly higher for the fine one.
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Table 4. Water activity (aw), moisture content (xw) and CIEL*a*b* coordinates of coarse (CP)
and fine powder (FP) obtained from dried blueberry pomace at 70 ◦C over 20 weeks of storage.
Mean ± standard deviation of three replicates.

0 4 8 12 16 20

aw
CP 0.236 ± 0.004 b,c 0.246 ± 0.003 c 0.231 ± 0.003 a,b 0.219 ± 0.004 a 0.276 ± 0.014 d 0.311 ± 0.008 e

FP 0.198 ± 0.06 a 0.218 ± 0.01 a,b 0.254 ± 0.006 b,c 0.305 ± 0.003 c,d 0.315 ± 0.003 d 0.293 ± 0.003 d

xw
(g w/g)

CP 0.017 ± 0.002 a 0.024 ± 0.005 b 0.030 ± 0.005 b,c 0.0264 ± 0.0013 b,c 0.029 ± 0.004 b,c 0.032 ± 0.001 c

FP 0.0190 ± 0.001 a 0.023 ± 0.003 a 0.028 ± 0.002 b 0.0300 ± 0.001 c 0.0343 ± 0.001 d 0.039 ± 0.002 e

L*
CP 37.51 ± 0.26 a 38.04 ± 0.06 b 38.10 ± 0.22 b 37.72 ± 0.08 a 37.49 ± 0.10 a 37.74 ± 0.12 a

FP 37.71 ± 0.12 c 36.6 ± 0.2 a 36.69 ± 0.04 ª,b 36.71 ± 0.12 ª 36.78 ± 0.03 ª,b 36.85 ± 0.07 b

a*
CP 3.80 ± 0.09 c 3.59 ± 0.03 a,b 3.44 ± 0.08a 3.73 ± 0.06 b,c 3.67 ± 0.10 b,c 3.81 ± 0.12 c

FP 3.81 ± 0.12 c 3.49 ± 0.07 a 3.503 ± 0.012 a 3.502 ± 0.012 a 3.53 ± 0.04 a 3.67 ± 0.01 b

b*
CP 0.65 ± 0.09 b 0.44 ± 0.05 a 0.46 ± 0.09 a 0.77 ± 0.03 c 0.91 ± 0.02 d 0.99 ± 0.05 d

FP 0.99 ± 0.05 d 0.25 ± 0.2 a 0.41 ± 0.4 b 0.46 ± 0.03 b,c 0.501 ± 0.012 b,c 0.59 ± 0.03 c

C
CP 3.86 ± 0.082 b 3.61 ± 0.03 a 3.47 ± 0.08 a 3.81 ± 0.06 b 3.78 ± 0.09 b 3.86 ± 0.13 b

FP 3.93 ± 0.13 c 3.45 ± 0.12 a 3.511 ± 0.014 a 3.533 ± 0.012 a 3.721 ± 0.011 b 3.724 ± 0.013 b

h
CP 14.6 ± 1.5 b 7.0 ± 0.8 a 7.6 ± 1.4 a 11.67 ± 0.5 b 14.0 ± 0.7 d 14.6 ± 0.2 d

FP 14.6 ± 0.2 d 4 ± 3 a 6.6 ± 1.3 b 7.5 ± 0.5 b,c 8.2 ± 0.3 b,c 9.2 ± 0.5 c

∆E
CP - 0.6 ± 0.2 b 0.72 ± 0.04 b 0.25 ± 0.19 a 0.29 ± 0.17 a 0.4 ± 0.15 a,b

FP - 1.37 ± 0.18 b 1.2 ± 0.4 a,b 1.173 ± 0.110 a,b 1.09 ± 0.13 a 0.96 ± 0.12 a

Values with different superscript letters (a, b, c, d) within the same row are significantly different (p-value ≤ 0.05)
for storage time factor.

3.2.2. Antioxidant Properties

Table 5 includes total phenols, monomeric anthocyanins content and antioxidant
activity measured by DPPH and ABTS methods. Full stability of all determinations can
be observed throughout the storage period. Neither the total phenolic content nor the
monomeric anthocyanins content was significantly affected. The antioxidant capacity
determined by the two methods also kept their values stable.

Table 5. Total phenols content, monomeric anthocyanins content, and antioxidant activity determined
by DPPH and ABTS methods of coarse (CP) and fine (FP) powder from dried blueberry pomace at
70 ◦C over 20 weeks of storage. Mean ± standard deviation of three replicates.

0 4 8 12 16 20

Total phenols
(mg GAE/100 g dm)

CP 3.02 ± 0.12 a 3.12 ± 0.15 a 3.22 ± 0.03 a 3.12 ± 0.2 a 3.3 ± 0.2 a 3.20 ± 0.13 a

FP 3.36 ± 0.10 b 3.27 ± 0.11 a,b 3.05 ± 0.15 a 3.00 ± 0.14 a,b 3.03 ± 0.18 a,b 3.01 ± 0.3 a

Monomeric anthocyanins
(mg glucosid-3-cyanidin/100 g dm)

CP 49 ± 3 a 48 ± 5 a 47 ± 2 a 45.1 ± 1.6 a 47 ± 3 a 49 ± 3 a

FP 40 ± 2 a 44 ± 3 a 40 ± 3 a 43 ± 2 a 40 ± 5 a 43 ± 3 a

DPPH
(mg TE/g dm)

CP 101.1 ± 0.7 d 85.2 ± 0.9 b 91.6 ± 0.6 c 104.9 ± 0.8 d,e 107 ± 3 e 82.7 ± 1.5 a

FP 84.5 ± 1.9 b 87 ± 2 b 86.9 ± 1.4 b 85.5 ± 0.5 b 86.4 ± 1.5 b 76.3 ± 0.3 a

ABTS
(mg TE/g dm)

CP 58.0 ± 1.2 a 61 ± 3 a 60.3 ± 1.8 a 58 ± 0.4 a 60.4 ± 1.9 a 59 ± 3a

FP 62 ± 1.2 a 62 ± 1.2 a 63.1 ± 1.3 a 62.6 ± 0.5 a 63.37 ± 0.18 a 61.8 ± 1.2 a

Values with different superscript letters (a, b, c, d) within the same row are significantly different (p-value ≤ 0.05)
for storage time factor.

These results differ significantly from those obtained by other authors who studied
the effect of processing and storage on the stability of anthocyanins in foods obtained
from different berries. Martinsen et al. [67] studied the effect of temperature and storage
time on the stability of anthocyanins from strawberry and raspberry jams. The storage
time explained more than 42% of the variability observed in the anthocyanin content in
both jams stored for 16 weeks. The losses were greater in strawberry than in raspberry.
The authors attributed the greater stability in the monomeric anthocyanins of raspberry
jam to the chemical nature of the individual compounds, with higher content in di- and
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triglycosidic substitution. Mazur et al. [68], who obtained similar results, attributed the
lower losses to a higher concentration of anthocyanins in the berries used for the study. In
another study, increasing anthocyanin concentration by fortification increased the half-life
of anthocyanins in strawberry juice from 5 to 12 days [69]. Increased stability at higher
concentrations might be due to anthocyanin self-association [70].

Srivastava et al. [71] reported that only 50% of the anthocyanins were retained in
blueberry juices stored for 60 day at 23 ◦C. Another study evaluated the effects of six months
of storage at 25 ◦C on monomeric anthocyanins and antioxidant capacity of blueberries
that were canned in syrup, in water, pureed and juiced (clarified and not). Storage resulted
in dramatic losses in total anthocyanins, ranging from 62% in berries caned in water to
85% in clarified juices [72]. In this case, the high water activity and the elimination of
pectins and other components that were part of the solid matrix of the fruit, accounted for
the high losses observed in the clarified juice. In this sense, several studies show that the
interaction with pectins or other structural components of the matrix increases the stability
of monomeric anthocyanins [73].

The authors of the present work have not found any published research that demon-
strates such high stability of monomeric anthocyanins over 20 weeks of storage of any
processed food from berries. It could be because no processed food from berries considered
in previous research contained such high amounts of monomeric anthocyanins and fibre
together with a water activity as low as that of the blueberry pomace powders obtained in
the present work. The high fibre content would ensure retention by chemical interactions
which, together with the low water activity, would greatly hinder chemical oxidation
reactions.

4. Conclusions

The combination of hot air drying with milling produces blueberry pomace powders
rich in fibre and phenolic compounds, especially monomeric anthocyanins (5 g of the pow-
der would provide the highest recommended intake for these components). Degradation
of bioactive constituents due to processing temperature was not as significant as reported
in the literature for other berry-derived products, such as juices or other derivatives rich
in pulp. In fact, increasing temperature from 60 ◦C to 70 ◦C did not result in significant
changes in the properties of the dried bagasse. As for the milling intensity, a greater brown-
ing and a lower retention of anthocyanins was observed in the fine powder. This could
be due to a greater exposure to oxygen derived from the higher specific surface area of
smaller size particles. Furthermore, a high stability of the powders was evidenced over
the 20 weeks of storage, with no significant changes in any of the properties analysed
throughout this period. According to the information available in the literature, the high
fibre content, together with the nature of the available anthocyanins, would be the main
factors responsible for such high stability.

Structural changes caused by the intense milling of the fine powder (same intensity
but more time) resulted in a slight decrease in all fibre fractions and an increased capacity
to swell, hold and retain liquid water, which was attributed to a higher specific surface area
of the fine powder particles. However, hygroscopicity, more related to changes in material
porosity, was not affected by the milling intensity. According to the null emulsifying activity
and emulsion stability obtained, the powders are not recommended for the formulation of
fat-rich products.

Hence, transformation of blueberry bagasse into powders by combining milling and
air-drying is a feasible option to obtain powders rich in bioactive compounds and a remark-
able stability, which can be proposed as functional ingredients for the food industry, thus
contributing to a circular economy and the development of more sustainable food systems.
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