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Bioactive compounds and color of sea buckthorn (Hippophae
rhamnoides L.) purees as affected by heat treatment and
high-pressure homogenization
Kjersti Aaby a, Berit K. Martinsena, Grethe I. A. Borge a, and Dag Røenb

aDepartment of Food and Health, Nofima AS, Norwegian Institute of Food, Fisheries and Aquaculture Research, Ås,
Norway; bDepartment Njøs, Graminor Ltd., Leikanger, Norway

ABSTRACT
Bioactive compounds and physical properties of sea buckthorn purees at
production and after storage at 2°C and 18°C for 3 months were investi-
gated. Heat treatment of the berries prior to sieving increased yield of the
purees from 80% to 84%, and gave purees with 27-65% higher concentra-
tions of total carotenoids, but did not affect vitamin C and total phenolics
(TP). High-pressure homogenization (HPH) reduced the size of the particles
in the purees, leading to lighter and more yellow purees. Vitamin C, total
carotenoids, and TP were not affected by HPH. Storage explained most of
the variation in vitamin C, TP, and chromaticity, i.e. they decreased during
storage, especially at the highest storage temperature. To obtain higher
yield and products with higher concentrations of bioactive compounds,
heat treatment prior to further processing is recommended. HPH can be
used to alter the physical properties and color of the product.
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Introduction

Sea buckthorn (Hippophae rhamnoides L.) is a hardy, deciduous shrub native to Europe and central
Asia. The plants are now cultivated both for soil and water conservation and for utilization of the
fruits (berries). The berries are rich in both hydrophilic and lipophilic phytochemicals, including
ascorbic acid (vitamin C), tocopherols (vitamin E), carotenoids (pro-vitamin A), essential fatty acids.
and various phenolic compounds.[1–12] The high contents of these bioactive compounds, shown to
have health promotive properties, make sea buckthorn berries very interesting from a health
perspective.[13–15] The berries are juicy and have a distinctive flavor and an attractive, bright yellow-
orange color, caused by the carotenoids present. Sea buckthorn berries contain both xanthophylls,
carotenes, and esterified carotenoids, with the esterified carotenoids being the most abundant, and β-
carotene being the most abundant of the free carotenoids.[2,8,12,16] The berries have high contents of
organic acids, mainly malic and quinic acids, which are the main contributors to their sour and
astringent taste.[17–19] Because of the sour and astringent taste, sea buckthorn berries are very seldom
consumed as is but are processed into products such as juices and purees with the addition of
sweeteners to balance the taste.[20] Processing and subsequent storage will influence chemical
composition and thereby sensory and health-related quality of the berries. Processing leads to
disruption of cell structures and initiation of enzymatic and non-enzymatic oxidation of bioactive
compounds and other constituents in the berries.[21] Loss of bioactive compounds also occurs when
fractions of the berries rich in these compounds, i.e. seeds and skins, are discarded when the berries
are pressed or sieved to obtain juices or purees. Yields of juice and release of bioactive compounds
into the juice depend on several factors including how the berries are treated prior to pressing and

CONTACT Kjersti Aaby kjersti.aaby@nofima.no Nofima, Norwegian Institute of Food, Fisheries and Aquaculture Research,
Osloveien 1, N-1430 Ås, Norway
© 2020 Kjersti Aaby, Berit K. Martinsen, Grethe I. A. Borge, Dag Røen. Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTERNATIONAL JOURNAL OF FOOD PROPERTIES
2020, VOL. 23, NO. 1, 651–664
https://doi.org/10.1080/10942912.2020.1752715

http://orcid.org/0000-0002-5853-9901
http://orcid.org/0000-0003-0086-4434
https://crossmark.crossref.org/dialog/?doi=10.1080/10942912.2020.1752715&domain=pdf&date_stamp=2020-04-18


the equipment used. Pectinolytic mash treatments and heating of the berries before pressing are
shown to increase juice yield.[22,23] However, extensive heating is shown to have negative effects on
odor and flavor of sea buckthorn.[24]

In opposition to most fruits and berries, flesh of sea buckthorn berries contains lipids (ca. 3%).[7,9,25]

The sea buckthorn juice contains insoluble solids and oil droplets suspended in the aqueous phase.[24] On
standing, the juice separates in three phases; an upper floating creamy phase, a center fairy clear phase,
and a particulate sediment at the bottom. This phase separation is not desirable and sea buckthorn juice
requires stabilization to be acceptable for the consumer. The lipid phase and the sediment at the bottom
can be removed by centrifugation or by treatment with carbohydrate hydrolyzing enzymes.[24] However,
with these treatments, health-promoting constituents in the berries are lost. Homogenization has been
suggested to delay phase separation of the juice.[24] High-pressure homogenization (HPH) has been used
to improve the physical stability of emulsions and other plant-based products.[26–28] During homogeni-
zation, the material is subjected to mechanical forces, such as shear forces or local pressure fluctuations,
leading to disruption of cells and droplets.[29] This leads to the reduction of particle size, which will
increase the suspension of the particles, and increase the stability of the product.

While there are numerous papers demonstrating high concentrations of bioactive compounds in
sea buckthorn berries, and recently some reports on both in vivo and in vitro health effects of sea
buckthorn[30–32], scientific publications on the effects of processing and storage on bioactive com-
pounds in sea buckthorn are scarce. It is important to understand how different processing factors
affect the chemical composition and sensorial quality of sea buckthorn berries to obtain products
where the desired properties are preserved also after storage. We wanted to study some factors with
supposed effect on bioactive compounds and sensorial quality of sea buckthorn products, i.e. heating
of the berries prior to pressing or sieving which may increase yield and extraction of desired
compounds, but may also lead to degradation of these compounds, and HPH that will alter physical
properties of the products. The aims of this study were thus to determine how 1) heating sea
buckthorn berries prior to sieving to obtain puree and 2) HPH of the purees affected bioactive
compounds (vitamin C, carotenoids, total phenolics), particle size distribution, and color of the
purees at production and after storage at 2°C and 18°C for 3 months.

Materials and methods

Chemicals and reagents

Dehydro-L-(+)-ascorbic acid dimer, β-carotene, tris[2-carboxyethyl]-phosphine (TCEP), butylated
hydroxytoluene (BHT), trizmahydrochloride (Tris-HCl) and meta-phosphoric acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). L-(+)-ascorbic acid (AA), n-dodecyltrimethylammonium
chloride, and disodium-EDTA (Na2-EDTA) were obtained from Merck KGAa (Darmstadt,
Germany). All chemicals and solvents were of analytical or HPLC grade and water was of Milli-Q
quality (Millipore Corp., Cork, Ireland).

Fruit material

Berries of sea buckthorn used in the experiments were of the cultivars ‘BHi 32415 hona’ (LOTTA®),
which was selected among seedlings from open pollination of ’BHi 31929ʹ, a plant selected from
a native Swedish population of sea buckthorn (Hippophae rhamnoides L. ssp rhamnoides), and ‘BHi
10726ʹ (SOL®), selected after open pollination of the Russian cultivar ‘Omskaja-27ʹ. In both cases,
open pollination of female parents was in a cultivar collection at Balsgård, Kristianstad, Sweden, with
sea buckthorn of Nordic, Baltic, Russian, and Asian origin.

Ripe berries of LOTTA and SOL were harvested from the experimental field at Njøs Fruit and
Berry Center, Leikanger in Western Norway (61° 11” N and 06° 51” E, altitude approx. 20 m a.s.l.) in

652 K. AABY ET AL.



September 2014. The berries were frozen in plastic boxes at −20°C within 6 h after harvest and were
stored frozen prior to analysis and processing in June 2015.

Berry weight was determined on 20 berries. For determination of distribution of skin, seed, and
flesh in the berries, the skins were removed from partially thawed berries with the aid of a razor
blade. The berries were cut in two and the seeds were separated manually from the flesh. The values
are averages of 20 berries.

Processing and storage

The sea buckthorn berries were processed into purees per the flow chart shown in Figure 1. Frozen
berries of each cultivar (4 kg) were rinsed in hot water (85°C for 20–30 s). One portion of the berries
was heated at 80°C for 10 min in a steam oven (Electrolux-air-o-steam, Electrolux Professional
GmbH, Germany) prior to sieving. The berries were processed into a puree using an automatic sieve
(C 80, Robot-Coupe, France) with a medium-mesh screen (1.0 mm). One portion of the puree was
subjected to HPH at 1000 bar (100 MPa) in a Panda PLUS 2000 (GEA Mechanical Equipment, GEA
Niro Soavi S.p.A., Parma, Italy). All the samples were pasteurized (80°C for 10 s) in a saucepan. The
purees were stored in glass jars (ca. 100 g) in the dark at 2°C and 18°C. The purees were analyzed at
production and after 3 months of storage. Measurements of color and particle size were performed
directly after processing and storage, while samples for other analyses were frozen at −20°C prior to
analyses. The samples were analyzed or freeze-dried for carotenoid analyzes within 6 months of
frozen storage.

Vitamin C

Vitamin C, comprising L-ascorbic acid (AA) and the oxidized form dehydroascorbic acid (DHAA),
was determined with a method previously described.[33] Briefly, ascorbic acids in the samples (5 g)
were extracted with 5% meta-phosphoric acid containing 1 mM disodium-dihydrogen-EDTA
(25 mL). DHAA in the extracts (100 µL) was reduced to AA with 5 mM TCEP, pH 9.0 (50 µL)
and diluted with mobile phase adjusted to pH 4.2 (350 µL). Separation and detection of AA in the

Figure 1. Flow sheet to produce purees of sea buckthorn berries.
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extracts (15 µL) and the reduced samples (15 µL) were performed on an Agilent 1100 Series HPLC
system (Agilent Technologies, Waldbronn, Germany) with a monolithic Chromolith® Performance
RP-18e column (100 mm × 4.6 mm i.d., Merck KGaA, Darmstadt, Germany). Mobile phase
consisted of 2.5 mM Na2H2PO4⋅2H2O, 2.5 mM n-dodecyltrimethylammonium chloride, 1.0 mM
Na2-EDTA, and 2% acetonitrile, pH 4.7. AA was detected at 264 nm and quantified using external
standard with a calibration curve. DHAA was calculated by subtracting the AA concentration from
the total ascorbic acid concentration determined after reduction of the DHAA present. The contents
of ascorbic acids were expressed as milligrams per 100 g of fresh weight (fw). The samples were
extracted and analyzed in duplicate.

Carotenoids

Purees and berries were freeze-dried for 3 days (Gamma 1–16, Christ GmbH, Osterode am Harz,
Germany). Seeds from the freeze-dried berries were removed. The freeze-dried purees and berry
soft parts were milled in a mortar. Milled samples (100 mg) were extracted with hexane/acetone/
ethanol (2:1:1, v/v/v) (2 mL) containing 0.1% BHT by shaking (350 rpm) at 4°C for 30 min
(Incubator Shaker, Innova 40, New Brunswick Scientific, Edison, New Jersey, USA). The extracts
were centrifugated (3000 g at 4°C for 10 min, Heraeus Multifuge 4Kr centrifuge, Thermo Electron
Corporation, Germany) and the supernatants collected. The insoluble plant materials were re-
extracted with the extraction solvent (2 mL). The solvent was removed from pooled extracts by
a nitrogen flow at 37°C (Labconco Rapidvap Vertex Evaporator, Kansas City, MO, USA) and the
samples were dissolved in 5 mL THF/methanol (1:4, v/v) containing 0.1% BHT.

Filtered samples (15 µL) were analyzed on an Agilent 1290 UPLC system (Agilent
Technologies) equipped with a diode array detector. Separation was performed on an Acquity
UPLC RP18 column (1.7 µm particle size, 100 mm x 2.1 mm i.d, Waters, Milford, MA, USA) with
mobile phases consisting of A; acetonitrile:methanol:0.1 M tris-HCl pH 8.0 (72:8:3, v/v/v) and B;
methanol:ethyl acetate (68:32, v/v) and the following gradient: 0% B for 3 min, 0–100% B for
5 min, 100% B for 3 min, 100–0%B for 0.5 min and 0% B for 3.5 min. The solvent flow rate was
0.3 mL/min. Identification of β-carotene was done by spiking and comparing UV-Vis spectra
with authentic standard. Carotenoids eluting earlier and later than β-carotene (6.8 min) were
assigned as free and esterified carotenoids, respectively, based on elution profiles of carotenoids in
sea buckthorn previously published.[2,8] The carotenoids were detected at 452 nm and quantified
as β-carotene equivalents by external standard curves of β-carotene. Concentrations of β-
carotene, total esterified carotenoids, and total carotenoids were given as equivalents of β-
carotene and expressed as μg per g of dry weight (dw). The samples were extracted and analyzed
in duplicate.

Total phenolics (TP)

TP was determined in methanolic extracts of the samples. Purees (5 g) or homogenized berries (10 g)
were added methanol (10 or 20 mL) and homogenized at 28 000 rpm for 30 s (Ultra Turrax, PT3100
Polytron, IL, USA). The mixture was centrifuged at 4°C for 10 min at 39200 g (Avanti J-26 XP,
Beckman Coulter Inc., USA) and the supernatant collected. The pellet was re-extracted with 70%
methanol in water (10 or 20 mL). The supernatants were combined, and 70% methanol added to
total volume 25 or 50 mL (concentration 0.2 g fw/mL).

TP was determined using the Folin–Ciocalteu colorimetric method as previously described.[33]

Appropriately diluted extracts (0.2 mL) were mixed with Folin–Ciocalteu reagent (1.0 mL) and
incubated for 3 min before the addition of 7.5% sodium carbonate (0.8 mL). The mixture was
incubated for 30 min at 20–22°C in the dark before absorbance was measured at 765 nm (Agilent
8453 spectrophotometer, Agilent Technologies). TP content was expressed as gallic acid equiva-
lents (GAE) in mg per 100 g fw. All samples were extracted and analyzed in duplicate.
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Color

Surface color was measured using a digital color imaging system (DigiEye, VeriVide Ltd., Leicester,
UK). The samples were mixed and transferred to plastic cups and placed in a light-box with
standardized daylight (CIE D65) with diffuse lighting and photographed with a calibrated digital
camera (Nikon D7000, 35 mm lens, Nikon Corp., Japan). Color measurements of the pictures were
made in the CIE color (L*a*b* values) with DigiPix software (version 2.63). L* describes lightness.
Hue angle (arctan (b*/a*)) designates color shade where low values (Hue = 0°) indicates a red-bluish
color and high values (Hue = 90°) a yellow color. Chroma ((a*2 + b*2)1/2) shows transition from gray
(low values) to pure color (high values).

Particle size distribution

The particle size distribution of the purees was measured using a laser diffraction sensor, HELOS/
KR, with the wet dispersing system, QUIXEL, for liquid samples (Sympatec GmbH, Clausthal-
Zellerfeld, Germany). The software WINDOX 5 (Release 8.2.1) was used for data recording. The
samples were dispersed in water at 30°C after sonication for 30 s and 10 s pause. The optic
concentration was 18–26% (ca. 10 drops of sample in 250 mL water). The measurements were
done in the range 0.5–1750 μm. Particle size analyses were done four times for each sample. The
particle diameters (μm) for which 10%, 50%, and 90% of the particles in the samples had diameters
less than these diameters, were designated d(0.1), d(0.5), and d(0.9), respectively.

Statistical analysis

Statistical analysis was performed using Minitab® Statistical Software (version 18, Minitab Ltd.,
Coventry, UK). Analysis of variance (ANOVA), a general linear model, was performed to determine
the effects of the experimental factors Cultivar, Pre-Heat, HPH and Storage, and their two-factor
interactions. Explained variances of the experimental factors were calculated as the sum-of-squares
as % of total sum-of squares.

Results and discussion

Puree yield

Sea buckthorn berries were processed into purees by sieving. The purees were liquid, as juice, but
had high contents of suspended solids and were opaque. The puree yields were the same for LOTTA
and SOL, i.e. 80% for non-heated berries and 84% for pre-heated berries. The residues were mainly
seeds and skin, in line with the distribution in the berries. The berries contained on average about
5%, 11%, and 84% of seeds, skin, and flesh, respectively (Table 1). The seed contents were in

Table 1. Berry weight, berry distribution (seed, skin, flesh), total ascorbic acid (Vitamin C),
β-carotene, total carotenoids, and total phenolics (TP) in berries of LOTTA and SOLa.

LOTTA SOL

Berry weight (mg) 507 ± 88 528 ± 99
Seed (%) 4.5 4.9
Skin (%) 11.3 10.6
Flesh (%) 84.2 84.5
Vitamin C (mg/100 g fw) 74 ± 9 102 ± 3
β-carotene (μg/g dw) 116 ± 2 104 ± 27
Total carotenoids (μg/g dw) 945 ± 25 826 ± 112
TP (mg GEA/100 g fw) 137 ± 0 195 ± 1

aAll values are means ± standard deviation of two samples, except for berry weight
(n = 20) and weight distribution, which is the average of 20 berries.
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accordance with reports on sea buckthorn berries containing 4–10% seeds[9,25], while higher weight
percentage of seeds (23%) and lower weight percentage of skins (8%) were found in another
study.[34] Juice yield obtained by conventional pressing was found to be only 56–68% for non-
enzymed berries but increased to 70–80% after enzymatic treatment of the berry mash.[22] In another
study, juice yields after pressing were in the range 65 – 95%, depending on pressing techniques.[23]

The highest yield was obtained, as in our study, when the berries were heated prior to pressing.

Vitamin C

Total ascorbic acid (vitamin C) contents in berries of LOTTA and SOL were 74 and 102 mg/100 g fw,
respectively (Table 1). These numbers are in accordance with previous studies of sea buckthorn spp.
rhamnoides andmongolica.[7,11,17] The concentrations of vitamin C in newlymade purees of LOTTA and
SOL were like that in berries, that is, about 60 and 100 mg/100 g fw, respectively (Figure 2), illustrating
that the greater part of the water-soluble vitamin C was preserved in the purees. The concentrations of
DHAA in newly made purees were low, and DHAA contributed on average 4.3% to vitamin C contents
in newly made purees. Pre-heating of the berries had significant, but minor influence on the vitamin
C contents in the purees with 0.8% explained variance (Table 2). AA and total ascorbic acid concentra-
tions in purees made of pre-heated berries were on average 9% lower than in purees made of non-heated
berries (Figure 2). HPH had no effect on vitamin C contents in the purees. Neither had pasteurization
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Figure 2. Vitamin C, i.e. L-(+)-dehydroascorbic acid (DHAA), and L-(+)-ascorbic acid (AA), in purees of LOTTA (a) and SOL (b) at
production (New) and after storage for 3 months at 2°C and 18°C. New-P; newly made puree prior to pasteurization. The standard
deviations (bars) are of total ascorbic acid (vitamin C) (n = 2).

Table 2. ANOVAa of L-(+)-ascorbic acid (AA), dehydro-L-(+)-ascorbic acid (DHAA), total ascorbic acid (Vitamin C), β-carotene, total
carotenoids, total phenolics (TP), and color parameters (L*, °Hue, Chroma) in sea buckthorn purees. The numbers are explained
variances (%) and the significant levels are represented as starsb.

Source DFc AA DHAA Vitamin C β-carotene Total carotenoids TP L °Hue Chroma

Cultivar 1 6.2*** 10.9 6.8*** 3.8* 12.1* 6.3*** 0.4** 0.0 2.9**
Pre-heating 1 0.8** 0.2 0.8** 65.2*** 58.6*** 0.1 4.0*** 2.1*** 0.2
HPH 1 0.0 3.8 0.0 3.8* 1.3 0.1 58.9*** 94.6*** 9.4***
Storage 2 87.3*** 43.0* 86.5*** 3.8* 6.0 90.5*** 32.1*** 0.0 77.1**
Cultivar x Pre-heating 1 0.4* 2.9 0.3 11.8*** 5.0 0.1 1.2*** 2.0*** 0.0
Cultivar x HPH 1 0.0 6.2 0.1 0.8 4.4 0.2 0.4** 0.5*** 0.5
Cultivar x Storage 2 4.4*** 4.7 4.6*** 4.4* 0.5 1.9** 1.2*** 0.0 2.3*
Pre-heating x HPH 1 0.0 2.0 0.0 1.2 0.4 0.0 0.0 0.0 2.9**
Pre-heating x Storage 2 0.2 0.1 0.2 1.0 0.6 0.0 0.0 0.1 0.0
HPH x Storage 2 0.1 1.3 0.1 0.9 0.2 0.4 1.5*** 0.5*** 3.4**
Residual (Error) 2 0.1 3.1 0.1 3.3 11.0 0.0 0.0 0.0 0.0
R2 (adjusted) 0.99 0.64 0.98 0.92 0.72 1.00 1.00 1.00 0.99

aAnalysis of variance; main effects and their two-factor interactions. The factors were Cultivar (LOTTA or SOL), Pre-heating (No or
Yes), HPH (No or Yes) and Storage (Newly made, 3 months at 2°C or 3 months at 18°C). bExplained variances are the sum-of-
squares as % of total sum-of squares. Significant levels: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. cDegrees of freedom.
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(New-P vs. New in Figure 2). These results are in accordance with previous studies, showing low losses of
vitamin C even during industrial juice production, confirming that vitamin C in sea buckthorn is stable
during processing in opposition to other berry species, such as strawberries.[23,35] The factors explaining
most of the variations in vitamin C contents in the purees were Storage (86.5%), Cultivar (6.8%), and the
Cultivar x Storage interaction (4.6%) (Table 2). After 3 months of storage, hardly any vitamin C was left
in purees made of LOTTA, while on average 17.8% and 2.5% of vitamin C was left in purees made of
SOL, stored at 2°C and 18°C, respectively (Figure 2). Ascorbic acid is an antioxidant and several factors
such as oxygen concentration, metal catalysts, and temperature play a role in its degradation.[36] In
a study of a model juice, AA degradation was found to follow first-order kinetic when the initial oxygen
headspace concentration was higher than 0.63%.[37] Increasing oxygen concentration gave fast, expo-
nential degradation of AA, and when O2 was 20.9% (air), AA was almost completely broken down after
10 days at 22°C. In the current study, the initial oxygen headspace concentration was 20.9% and it is likely
that the high oxygen availability was the main cause of the fast decay of ascorbic acid during storage of
the purees. To our knowledge, there are no reports on the preservation of vitamin C and other bioactive
compounds in sea buckthorn products during extended storage. In a short time storage experiment, it
was shown that the vitamin C content already had decreased ca. 20% after 7 days storage at ambient
temperature.[35] When the juice was stored cool (6°C), the loss was 11–12%.

Carotenoids

β-Carotene was the most abundant carotenoid in the sea buckthorn samples in the current study, in
accordance with previous findings.[2,8,11,12] Berries of LOTTA and SOL contained 116 and 104 μg/g
dw of β-carotene and 945 μg/g dw and 826 μg/g dw of total carotenoids, respectively (Table 1). Dry
matter of the berry soft parts and the purees was about 14.5%. The levels of β-carotene and total
carotenoids were in the ranges previously reported for sea buckthorn.[2,8,11] Varying with cultivar
and treatment, 32–73% of β-carotene and 54–100% of total carotenoids present in the berries were
recovered in the newly made purees. Pre-heating of the berries prior to sieving was the experimental
factor influencing the concentration of β-carotene and total carotenoids in the purees the most, with
65% and 59% explained variance, respectively (Table 2). It was also a significant Cultivar x Pre-
heating interaction, i.e. pre-heating had more effect on the release of carotenoids from SOL than of
LOTTA. This could be due to differences in the physical properties of the berries. The berries had
the same distribution of seeds, skins, and flesh (Table 1), but the berries of LOTTA were more fragile
than SOL (observation). Compared with purees made from not-heated berries, pre-heating gave in
average 24% and 114% increase in β-carotene in newly made purees of LOTTA and SOL, respec-
tively (Figure 3a and b), while total carotenoid content had increased 27% and 65% in purees of
LOTTA and SOL, respectively (Figure 3c and d). Also previously it was found that the carotenoid
content was higher in juice made of heated berries.[23] The heat treatment supports the release of
carotenoids from the soft part of the berries, probably mainly due to increased liberation of
carotenoids from the skin. The skin of the sea buckthorn berries had a darker orange color than
the flesh (Picture in Supplementary Material). However, the concentration of carotenoids in different
parts of berries was not measured, and as far as we know, carotenoids are previously only been
determined in the seeds and/or in flesh and skin combined, not in the skin alone. HPH had a minor
effect on β-carotene in the purees. Similar to our results, HPH did not have any effect on total β-
carotene in carrot purees[38] or on lycopene and β-carotene in tomato puree.[39] Storage affected β-
carotene in LOTTA negatively, while total carotenoids were not significantly affected by neither
HPH nor storage. In average, 78% and 69% of carotenoids in the not-heated and pre-heated samples
were esterified, respectively. There was no change in this proportion during storage. The high
stability of carotenoids in sea buckthorn purees during storage may be explained by several factors.
First, the purees were pasteurized, thus degrading enzymes affecting the stability of carotenoids
(mainly lipoxygenase) are supposed to be inactivated. Second, the purees were stored in the dark,
and illumination are known to greatly accelerate the degradation of carotenoids.[40,41] Furthermore,
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ascorbic acid present in the sea buckthorn berries may have acted as an antioxidant against oxidation
of carotenoids.[42] Other constituents in the purees may also exert protective effects, as shown for β-
carotene in carrot juice.[41] In line with our results, no degradation of carotenes was found in
pumpkin puree after storage in the dark for 180 days[43] and in a study of storage stability of
bioactive compounds in a beverage of rosehip and sea buckthorn, the carotenoid levels were not
changed after 35 days storage at 4°C.[44]

Total phenolics (TP)

TP contents in berries of LOTTA (137 mg GAE/100 g fw) and SOL (195 mg GAE/100 g fw) (Table 1)
were in the same range as found in sea buckthorn grown in the Slovak republic (70–362 mg GAE/100 g/
fw)[12] and in Hungary (186–381 mg GAE/100 g fw)[45], but much lower than found in some other
studies, e.g. TP in wild sea buckthorn from trans-Himalaya was reported to be from 1000 to 10 000 mg
GEA/100 g.[46] TP measured with the Folin-Ciocalteu’s assay is a measure of all reducing compounds in
a sample, not only the phenolic compounds, and is as such a measure of total antioxidant activity of the
sample.[47] In accordance with this, it was found that ascorbic acid (vitamin C) was the major antioxidant
in sea buckthorn juice, contributing approximately 75% to total antioxidant activity of the juice.[48]

Carotenoids were shown to have no reducing ability whenmeasured in an assay with similar principles as
the Folin-Ciocalteu’s assay.[47,49] Vitamin C, present in high concentrations in berries and newly made
purees in the current study, is thus expected to be the main contributor to TP in these samples. TP was
higher in SOL than in LOTTA, which could be explained by the higher concentration of vitamin C in
SOL. Storage was the factor influencing TP the most with 90.5% explained variance (Table 2), which is in
accordance with the decrease in vitamin C during storage. TP had decreased about 30% and 50% after
3 months of storage at 2°C and 18°C, respectively (Figure 4). In line with the high stability of vitamin
C during processing, TP was not influenced by pre-heating, HPH, or pasteurization.
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Figure 3. Carotenoids in the purees at production (New) and after storage for 3 months at 2°C and 18°C; β-carotene in LOTTA (a)
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Particle size distribution

As illustrated in Figure 5, particle size distribution in the purees changed with processing. Not HPH treated
purees made of not pre-heated berries (No-heat), had a bi-modal particle size profile, with one peak with
particles size below 50 μm and second peak consisting of particles with about 500 μm diameter. In
total, 90% of the particles in the purees of LOTTA and SOL had diameters below 572 and 515 μm,
respectively (Table 3). In purees made of pre-heated berries (Pre-heat), this second peak was reduced and
90% of the particles now had a particle size below ca. 250 μm. The reason for this might be that some of the
bigger particles in sea buckthorn were solubilized during processing of the heat-treated berries. After HPH,
the second peak was considerably reduced and the average particle size in the purees were reduced,
especially in purees made of not pre-heated berries. The decrease in particle size with pressure, due to
mechanical forces is anticipated[29] and are previously found after HPH of for example tomato pulp[27],
tomato juice[28], tomato and pepper emulsions,[50] and rosehip nectar.[51] The size of particles, or droplets,
is important, as it can determine the bioaccessibility of bioactive compounds, in addition to stability,
viscosity, color, and possibly taste of the product.[29] It was shown that reduced size of particles in orange
juice lead to increased bioaccessibility of carotenoids[52] and that HPH of carrot products increased
bioaccessibility of β-carotene measured with in vitro assays.[26,38] Decreased bioaccessibility of carotenoids
after HPH has, however, also been found, as HPH attributes to the fiber network and increases the viscosity
of the product.[27]

Color

Light absorbance and light scattering are the two phenomena contributing to color of a material.[53] In
the purees of sea buckthorn, carotenoids are the pigments absorbing light, while variation in particle

Figure 4. Total phenolics in the purees of LOTTA (a) and SOL (b) at production and after storage.
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Figure 5. Density distribution of particles in newly made purees of LOTTA (a) and SOL (b). The curves are average of four
measurements.
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size leads to differences in light scattering. HPH was the factor influencing L* and °Hue of the purees the
most, with 59% and 95% explained variance, respectively (Table 2). L* and °Hue increased after HPH
(Figure 6a-d), i.e. the purees became lighter and more yellow, which is also illustrated in the pictures
(Supplementary Material). HPH reduced the size of the particles in the purees. Smaller particles have
larger particle surfaces which increase light scattering, resulting in a lighter color.[53] Also in tomato
juice and rosehip nectar increases in L* after HPH were found.[28,51] However, in these juices, in
opposition to the current study on sea buckthorn, a* increased and °Hue was unaffected by HPH. The
increase in a* was explained by the release of lycopene, the main carotenoid present, from the cells when
the cells, membranes, and the chromoplast carotenoid-protein complexes were disrupted by HPH. The
reason for the different color hue when homogenizing sea buckthorn might be that other carotenoids
than lycopene are responsible for the color of sea buckthorn, but the explanation may also be that the
higher fat content in sea buckthorn (ca. 3%) than in tomato juice and rosehip nectar (ca. 0.2%), resulted
in an oil-in-water emulsion when homogenized. In line with our results, L* and b*increased and a*
decreased after homogenization of diluted avocado puree containing 6% fat.[54] In the sea buckthorn
puree, Chroma was influenced by HPH (9.4% explained variance), but Storage was the factor influen-
cing Chroma the most (77% explained variance) (Table 2). There were minor changes in color of the
purees stored at 2°C for 3 months. Storage at 18°C, on the other hand, resulted in decrease in L* and
Chroma values, i.e. darker and duller colors of the purees (Figure 6). The reduction in Chroma is most
probably due to the degradation of carotenoids. There were small but significant effects of the HPH
x Storage interaction on the color parameters, that is, the color was better preserved in HPH purees, e.g.
after 3 months at 18°C, there were in average 16% and 25% decrease in Chroma of HPH and non-HPH
purees, respectively. The higher carotenoid content in purees made of preheated berries was reflected in
a decrease in L* and a small decrease in Hue* for purees made of SOL. Cultivar explained less than 3%
of the variation in color of the purees (Table 2). That is, overall there were minor differences in color of
the purees made of LOTTA and SOL. Of the two factors contributing to the color of the purees, the
particle size was found to be the most determinantal for L* and °Hue, while carotenoid concentration
and composition might be the most important for Chroma.

Conclusion

Heat treatment of sea buckthorn berries prior to sieving gave higher yield of the purees and purees
with higher concentrations of carotenoids, and lower L* and Hue, but did not affect vitamin C and
TP. HPH reduced the size of the particles in the purees leading to lighter and more yellow purees.
Vitamin C, total carotenoids, and TP were not affected by HPH. Storage explained most of the
variation in vitamin C, TP, and Chroma, that is, vitamin C, TP, and Chroma decreased during
storage, especially at the highest storage temperature. To obtain higher yield and products with
higher concentrations of bioactive compounds, heat treatment prior to further processing is recom-
mended. HPH can be used to alter the physical properties and color of the product.

Table 3. Particle size distribution of newly made sea buckthorn pureesa.

Sample d(0.1) (μm) d(0.5) (μm) d(0.9) (μm)

No-heat LOTTA 6.0 ± 0.4 52.4 ± 2.2 572 ± 6
SOL 7.0 ± 0.5 73.0 ± 1.5 515 ± 6

No-heat + HPH LOTTA 4.4 ± 0.5 26.4 ± 3.7 92 ± 20
SOL 5.2 ± 0.2 32.8 ± 1.8 124 ± 20

Pre-heat LOTTA 5.2 ± 0.1 42.9 ± 0.5 253 ± 5
SOL 4.4 ± 0.1 33.3 ± 0.8 242 ± 2

Pre-heat + HPH LOTTA 4.9 ± 0.1 22.8 ± 0.2 69 ± 2
SOL 6.9 ± 0.2 29.3 ± 1.1 187 ± 35

ad(0.1), d(0.5), and d(0.9) are the particle diameters (μm) for which 10%, 50%, and 90% of the particles in the
sample had diameters less than these diameters. Means ± standard deviations of four measurements.
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