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ARTICLE INFO ABSTRACT
Keywords: Black rosehip (Rosa pimpinellifolia L.) fruit is a rich source of anthocyanins and has been promoted for several
Anthocyanins bioactive properties. Drying this fruit can increase its shelf life and enhance its applications in functional food

Black rosehip

products. This study aimed to optimize the microwave drying process of black rosehip fruit. The process was
Microwave drying

optimized based on the effect of microwave power (300, 500, and 650 W) and the amount of sample per batch

gﬁs;ﬁ;s::?;:ty (50, 75, and 100 g) on the amount of total anthocyanins and individual anthocyanins (cyanin chloride, cyanidin-
Microstructure 3-glucoside, cyanidin-3-rutinoside, pelargonidin-3-glucoside, and cyanidin chloride). The effect of different
drying conditions on color, microstructure, and texture was also investigated. The bioaccessibility of anthocy-
anins from the dried food sample at optimum conditions was assessed by in vitro gastrointestinal digestion. The
results showed that microwave power and the amount of sample had a significant effect on the anthocyanin
content of black rosehip fruit. The optimum conditions were determined to be 350 W power and 50 g sample
mass. Lower microwave power and less sample mass produced dried fruits which were slightly darker, less red
and less yellow. The hardness of dried fruit was also significantly affected by the microwave drying conditions.
The dried black rosehip at optimum conditions showed a high bioaccessibility of cyanidin-3-glucoside (82.6

+4.1%) which is known for a wide range of bioactive properties.
1. Introduction research areas including dietetics (e.g., reduction and prevention of
obesity) (Escalante-Aburto et al., 2023) and fitness (e.g., post-exercise
Anthocyanins are polyphenolic compounds with a wide range of recovery) (Prieto Martinez et al., 2024; Zare et al., 2023). One of the
bioactive properties including antioxidant, anti-inflammatory, anti- rich sources of anthocyanins is the black rosehip (Rosa pimpinellifolia L.)
diabetic, and anti-cancer activities (Naseri et al., 2018). Fruit anthocy- fruit, which is a pseudo-fruit of the rose plant, and contains about
anins are continuously investigated for their applications in many 500mg/100g dry weight of total anthocyanins (Pashazadeh et al.,
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2021). Black rosehip comprises several anthocyanins including
cyanidin-3-glucoside, cyanidin-3-rutinoside, pelargonidin-3-glucoside,
and cyanidin chloride (Pashazadeh et al., 2024). In vitro and in vivo
findings have reported remarkable antioxidant, anti-inflammatory, and
anti-obesogenic activities in rosehip fruit (Fan et al., 2014).

Although fruit anthocyanins have a wide range of pharmacological
and nutritional benefits, they are associated with low bioavailability due
to their instability (Herrera-Balandrano et al., 2021). Fruit processing is
one of the main factors that can influence the amount of anthocyanins
present in fruit and the physicochemical properties of the fruit, thus
impacting its bioavailability (Alvarez-Suarez et al., 2021). A common
industrial process which has a major impact on fruit properties is drying.
Drying is utilized to reduce the water content of fruit and increase their
shelf-life. In addition to inactivating numerous deteriorative reactions
facilitated by moisture, drying reduces the water content to a level that
inhibits the growth and reproduction of microorganisms (Deng et al.,
2019). Thus, drying can potentially reduce food waste and increase the
range of applications for the fruits.

Different drying methods can have varying effects on the physico-
chemical and nutritional properties of the dried products. For example,
hot-air cabinet drying is considered one of the most common and
economical drying methods in the food industry due to its simplicity of
construction, acceptable drying conditions for products which need
long, low-intensity drying, and its low purchase and operating costs
(Chojnacka et al., 2021). However, it is associated with several disad-
vantages such as variability in the drying process across distinct sections
of the dryer, considerable heat loss during loading and unloading pro-
cesses, challenges with process control, and long drying periods (Choj-
nacka et al., 2021). On the other hand, techniques such as microwave
drying could be relatively more sustainable. Microwave drying is asso-
ciated with fast volumetric heating, higher drying rate, shorter drying
time, low energy consumption and reduced costs (Orsat et al., 2006).
Nevertheless, microwave drying efficiency is affected by sample size and
shape, and it has varying effects on the texture and sensory character-
istics of the dried product. Therefore, it is crucial to optimize the mi-
crowave drying process to ensure the production of a high-quality final
product.

This study aimed to investigate the use of microwave drying to dry
fresh black rosehip fruits. The drying processes was optimized based on
the effect of microwave power and amount of sample on the amount of
total fruit anthocyanins as well as individual anthocyanins (cyanin
chloride, cyanidin-3-glucoside, cyanidin-3-rutinoside, pelargonidin-3-
glucoside, and cyanidin chloride). In addition, the effect of different
microwave drying conditions on color, microstructure, and texture was
investigated. Finally, the bioaccessibility of individual anthocyanins
from the fruit sample dried under optimum conditions was assessed by in
vitro digestion.

2. Materials and methods
2.1. Fruit sample

Fresh black rosehip fruits, harvested in the fall season of 2019 from
Horasan, Erzurum, Turkey (40°02'23"N, 42°10'16"E), were utilized for
the study. After transporting the samples to the lab, the fruits were
washed under running water and stored at a temperature of 4-5 °C for 2
days (until the commencement of the experiment).

2.2. Microwave drying and optimization process

Before drying, the fruit samples were taken out of the fridge and
allowed to stand at room temperature for 2 h. Black rosehip fruits were
dried using a laboratory microwave oven (MD 674 20, Arcelik, Turkey)
following a previous method (Yildiz and izli, 2018). Varying amounts of
samples (50, 75, and 100 g) were dried at different power levels (300,
500, and 650 W). Microwave power was administered in a pulsed mode,

Journal of Food Composition and Analysis 132 (2024) 106316

Table 1
— Actual and coded independent variables of the optimization experiment.

Coded values Actual values

A B
-1.00 350 50
0.00 500 75
1.00 650 100

A: Power (W), B: Mass (g)

alternating between 30s of activation and 30s of inactivity. Drying
experiments were conducted using a rotating glass plate situated at the
base of the microwave oven measuring 210 x 450 x 420 mm in di-
mensions, with the plate itself having a diameter of 400 mm. The
moisture losses of the samples were monitored at 1-min intervals during
the drying process until reaching a moisture content of 0.10 (g water/g
dry solid).

For the response surface methodology (RSM), the central composite
design was employed using Design-Expert software version 13.0 (Min-
neapolis, MN). The microwave power (A) and the amount of fruit sample
in g (B) were considered as the independent variables while the
dependent variables (Y) were total anthocyanins, cyanin chloride,
cyanidin-3-glucoside (mg/g), cyanidin-3-rutinoside, pelargonidin-3-
glucoside, and cyanidin chloride (mg/kg). The actual and coded inde-
pendent variables are shown in Table 1. The RSM gave 11 experimental
points, and the data were fitted according to the following quadratic
polynomial model (Eq. 1):

k k
k k-1
Y=po+ 2ﬁixi+ Zi:lﬂiixii+ Zi:l EﬁininJ'_ € @
i= i+

where Y is the response variable, Bo, f;, fi; and Bj represent the regres-
sion coefficients of intercept, linear, quadric and interaction, respec-
tively. X; and X; are the independent variables, k is a variable number,
and ¢ is the random error term.

2.3. Quantification of anthocyanins

2.3.1. Total anthocyanins

The pH differential method was employed to determine the total
(monomeric) anthocyanin (Lee et al., 2005). Extracts underwent dilu-
tion with buffers pH 1.0 (0.025 M KCl) and pH 4.5 (0.4 M CH3COONa),
and their absorbance was subsequently measured at 520 and 700 nm
using a UV/VIS spectrophotometer (LAMBDA™ 365, Perkin Elmer,
USA). Total anthocyanin content was then calculated and expressed as
cyanidin-3-glucoside equivalents (CGE) per gram of dry weight (dw) in
accordance with Eq. 2:

Ar x M, x Dy
exl

(2)

Total anthocyanins =

where A; = (absorbance at 520 nm - absorbance at 700 nm) pH 1.0 —
(absorbance at 520 nm — absorbance at 700 nm) pH 4.5; M,, (molecular
weight) = 449.2 g/mol for cyanidin-3-glucoside, D¢ = dilution factor, 1
= pathlength (cm), and e (molar extinction coefficient) = 26900 L/mol
cm for cyanidin-3-glucoside.

2.3.2. Individual anthocyanins

The quantification of cyanin chloride, cyanidin-3-glucoside (mg/g),
cyanidin-3-rutinoside, pelargonidin-3-glucoside, and cyanidin chloride
(mg/kg) in all samples was carried out using a high-pressure liquid
chromatography (HPLC) system (Agilent 1260; Agilent Technologies)
coupled with a diode array detector (DAD), following a previously re-
ported method (Pashazadeh et al., 2024). Extraction of samples was
performed using HPLC grade 80% methanol containing 0.1% hydro-
chloric acid. Anthocyanins were separated using an Inertsil ODS-4 col-
umn (3 um, 4.6 x50 mm; GL Sciences), maintaining a flow rate of
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Table 2
- Central composite experimental design with natural and coded microwave drying conditions and experimentally determined values of investigated responses.
Std Run  Factor 1 Factor 2 Response 1 Response 2 Response 3 Response 4 Response 5 Response 6
A: Power  B: Mass Total Cyanin Cyanidin-3- Cyanidin-3- Pelargonidin-3- Cyanidin
w) ® anthocyanins (mg/  chloride (ing/ glucoside (mg/g) rutinoside (mg/ glucoside (mg/kg) chloride (mg/
2) 2) kg) kg)
1 8 350 50 2.94 0.27 2.04 12.4 11.8 3.60
2 9 650 50 1.45 0.19 0.91 6.19 9.29 0.36
3 2 350 100 2.13 0.16 1.19 8.22 8.06 1.63
4 10 650 100 1.19 0.10 0.72 3.83 6.38 0.25
5 6 350 75 2.36 0.19 1.26 9.23 9.79 2.23
6 3 650 75 1.35 0.16 0.72 5.22 8.03 0.26
7 7 500 50 1.81 0.26 1.71 7.69 12.3 5.43
8 1 500 100 1.38 0.13 0.90 5.13 8.50 3.17
9 5 500 75 1.47 0.15 1.01 6.36 9.13 4.93
10 11 500 75 1.51 0.16 1.00 6.84 8.92 4.63
11 4 500 75 1.61 0.14 0.99 6.44 9.05 4.03

1 mL/min, and measurements were recorded at 520 nm. The mobile
phases included (A) a mixture of 6% acetic acid and 94% of 2 mM so-
dium acetate (v/v) and (B) acetonitrile. The elution gradient, based on
the concentration of solvent B, was as follows: 0-20 min, 14-23%;
20-40 min, 23-35%; 40-50 min, 40%; 50-60 min, 60%; 60-65 min,
95%; 65-80 min, 100%. The column temperature was maintained at 30
°C. Individual anthocyanins were identified by aligning their retention
times with corresponding standards, and quantification was performed
using a set of external standards prepared at various concentrations.

2.4. Analysis of color

The color of fresh and dried samples was measured using a color-
imeter (MiniScan EZ 4500, HunterLab, USA). The L*, a*, and b* pa-
rameters were recorded for all samples. The change in lightness (AL)
was also calculated based on the change in L* before and after the drying
process.

2.5. Analysis of microstructure

The examination of the microstructure of fresh and dried black
rosehip samples involved employing a scanning electron microscope
(SEM) (JSM-7001 F, JEOL, Japan) (Pashazadeh et al., 2024). Each fruit
was carefully prepared to ensure a uniform thickness of 1 mm, attached
to the SEM stage, and then examined under consistent parameters,
specifically in high vacuum mode at 0.1 kPa. Multiple images of each
fruit were captured from at least three different positions within each
sample, with three images taken at each specific location, all utilizing a
magnification of x 200.

2.6. Analysis of texture

The assessment of black rosehip fruit texture was carried out through
the utilization of Texture Profile Analysis (TPA), a commonly employed
compression test, employing a texture analyzer (TA.XT.Plus, Stable
Micro Systems, UK) (Pashazadeh et al., 2024). The samples experienced
two successive compression events, mimicking the action of a jaw.
Compression was conducted using TA-24 1/4 diameter acrylic cylinders,
each with a height of 35 mm, in conjunction with a compression plate
featuring a 50 kg load cell. This process generated a force-deformation
curve through TPA, enabling the determination of characteristics such
as hardness, springiness, stickiness, gumminess, chewiness, and
elasticity.

2.7. Bioaccessibility assessment

The bioaccessibility of individual anthocyanins from microwave
dried black rosehip fruit at optimum conditions (350 W power and 50 g

sample mass) was determined through in vitro digestion following a
previously published protocol (Salvia-Trujillo and McClements, 2016)
with some modifications (Kaba et al., 2023). An amount of 0.2 g of each
sample was dissolved in 5 mL of distilled water and then was mixed with
20 mL of simulated gastric fluid containing 1.5 mL of pepsin (3.2 g/L),
and the pH was adjusted to 1.7 using HCI (1 M). The mixture underwent
a 2 h incubation at 37°C with continuous shaking. After 2 h, the pH was
raised to 7 with NaOH (1 M). To this, 4 mL of bile salt (5 g/L) and 1 mL
CaCly (0.75 M) were added, followed by 2.5 mL of lipase (4.8 g/L). The
pH of the mixture was adjusted to 7 with NaOH (1 M) and incubated for
an additional 2 h at 37 °C with continuous shaking. Following this in-
cubation, an aliquot of each sample was collected and centrifuged at 4 °C
for 15 minutes at 5000xg. The amount of individual anthocyanins
present in the supernatant was quantified according to Section 2.3.2.
The bioaccessibility was calculated using the following equation:

amount of anthocyanin in digested sample
amount of anthocyanin in undigested sample

x 100

Bioaccessibility(%) =

3)

2.8. Data analysis

Every experiment was conducted in triplicate. Statistical analysis
was carried out using IBM SPSS Statistics V22.0 software (International
Business Machines (IBM) Corporation, Armonk, NY, USA). Analysis of
variance (ANOVA) and the comparison of means were assessed using
Duncan’s new test (P < 0.05).

3. Results and discussion
3.1. Optimization of drying process

The first part of this study was the optimization of the microwave
drying parameters based on the yield of anthocyanins obtained from the
dried product (Table 2). The two independent variables investigated
(power and sample mass) both had a significant impact on the concen-
tration of total anthocyanins and the concentration of individual an-
thocyanins present in the sample. However, the effect was not consistent
for all of the individual anthocyanins (Table 2). For example, the con-
centrations of cyanidin chloride and cyanidin-3-rutinoside varied widely
depending on the drying parameters (0.25-5.43 and 3.83-12.40 mg/kg,
respectively). On the other hand, pelargonidin-3-glucoside and cyanin
chloride (cyanidin-3,5-di-O-glucoside) appeared to be less affected, with
concentrations ranging from 6.38 to 12.31 mg/kg and 0.10-0.27 mg/g,
respectively.

To investigate the influence and interaction of the independent
variables, a fitted second-order polynomial model was developed, with
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Table 3

— Analysis of variance (ANOVA) of the fitted second-order polynomial model for total and individual anthocyanins.

Cyanidin-3-rutinoside (mg/kg) Pelargonidin-3-glucoside (mg/kg) Cyanidin chloride (mg/kg)

Cyanidin-3-glucoside (mg/g)

Cyanin chloride

(mg/g)

Total anthocyanins (ng/g)

p-value SS F-value  p-value SS F- value p-value

F- value

p-value SS F- value p-value SS F- value p-value

F- value

SS

0.0007
0.0022
0.0123
0.0999
0.0001
0.9915

34.0

36.6

0.0029
0.0060
0.0005
0.4874
0.0480
0.1156

18.9
20.9
64.8

0.0003 26.4

50.2
168

53.2

0.0009
0.0004
0.0007
0.0227
0.4560
0.0089

1.63 31.3

0.0011
0.0024
0.0002
0.5201
0.7677
0.0207

28.82
32.22

99.94

0.026
0.006
0.018

< 0.0001
< 0.0001
0.0005
0.0147
0.0010
0.2047

3.6
332

2.77
1.97

Model

33.6

7.24
3.15

5.83
18.1

< 0.0001
0.0005
0.1053
0.0195
0.6007

35.6

73.5

0.764
0.573
0.110
0.007

4.6
4.06

110

65.2
3.90
1.5

13.8

55.1

63.9
13.3

0.378
0.079
0.276

0.875
23.6

0.562
6.78

3.62

0.157

1.89

0.825
2.43

10.6

0.4781
0.0973
11.10

0.000
0.000
0.002

AB

1

0.652
17.2

46.6

AZ

0.000

0.000
1.08

1.01

0.312

0.066
1.06

0.179
0.052
0.052
1.68

2.13

0.013

B2

1.40
1.
27.8

0.001

0.030
0.019
2.80

Residual

1.04 0.5237

0.657
37.72

0.923 4.56 0.1852 37 42.6 0.0230
54.2

0.0045

222

0.5029 0.001 2.01 0.3498

1.12

Lack of fit
Total
RZ

0.027

0.972
0.943
0.808

15.0

0.950

0.900

0.650
14.0

0.981

0.969
0.938

0.967
0.933
0.767

17.3

0.989

0.979

0.923
29.0

0.961

Adj R?

0.830
23.3

0.683
19.3

Pred R?

Adeq Precision

C.V.%

16.7

5.74

6.53

9.01

7.88

4.41

Abbreviations: SS — sum of squares, Adj R2 — adjusted R-squared, Pred R2 - predicted R-squared, Adeq Precision — adequate precision, C.V.% - coefficient of variation in percentage. A — power, B — mass.
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the ANOVA results of the reduced models shown in Table 3. The model
adequacy was sufficient to allow accurate prediction of the analytes, as
indicated by the low coefficient of variation (<10% for all anthocyanins
except cyanidin chloride), R? values between 0.95 and 0.99, a P > 0.05
for the lack-of-fit for all anthocyanins except cyanidin-3-glucoside and
pelargonidin-3-glucoside. This indicated that the assumption of constant
variance for the model was generally met. However, these two excep-
tions indicated that the developed mathematical models did not satis-
factorily fit the experimental data. Consequently, different modelling
techniques or other independent variables may need to be considered in
future work to fully explain the variation in these two anthocyanins.

The microwave power (variable A) significantly affected the con-
centration of all anthocyanins (P < 0.01 for all); as did the sample mass
used (variable B; P < 0.05 for all). However, a significant interaction (P
< 0.05) between power and sample mass only occurred for cyanidin-3-
glucoside and the total anthocyanin content. Similarly, the quadratic
term for power (A%) was significant for total anthocyanin content,
cyanidin-3-rutinoside, pelargonidin-3-glucoside and cyanidin chloride;
while the quadratic term for sample mass (B2) was only significant for
cyanin chloride and cyanidin-3-glucoside. The regression equations of
total anthocyanins (Eq. 4) and individuals anthocyanins (Eqgs. 5-9) are
shown below:

Total anthocyanins = 1.53 - 0.5729 A - 0.2511B + 0. 1405AB + 0.3300
A% 4 0.0705B> Q)

Cyanin chloride = 0.1561 — 0.0310 A — 0.0547B + 0.0046AB — 0.0026 A2
+ 0.0280B2 (5)

Cyanidin-3-glucoside = 1.02 - 0.3570 A — 0.3091B + 0.1657AB - 0.0517
A? + 0.2658B2 (6)

Cyanidin-3-rutinoside = 6.43 — 2.44 A — 1.52B + 0.4543AB + 0.9799 A2
+ 0.1614B2 @)

Pelargonidin-3-glucoside = 9.33 — 0.9860 A — 1.74B + 0.1980AB -
0.8645 A% + 0.6314B2 (8)

Cyanidin chloride = 4.44 — 1.10 A — 0.7245B + 0.4678AB — 3.05 A% +
0.0033B2 (C)]

Further investigation of the coded equations for each regression
model revealed that both lower power and lower sample mass were
associated with a higher concentration of all anthocyanins. In other
words, the highest anthocyanin concentrations were typically found
using the lowest power setting (350 W) and lowest sample mass tested
(50 g). Nevertheless, there was a wide variation in the response of in-
dividual anthocyanins to these two independent variables, as can be
seen in the response surface area plots in Fig. 1. Notably, the highest
concentrations of cyanidin chloride were actually found at an interme-
diate microwave power setting, with the sample mass having less in-
fluence on this analyte. However, most other anthocyanins — including
cyanidin-3-glucoside, cyanin chloride and the total anthocyanin con-
tent — displayed fairly consistent trends in their response to microwave
power and sample mass (Fig. 1).

The increased microwave power likely increases the degradation of
anthocyanins via the cleavage of covalent bonds and oxidation processes
(Zori¢ et al., 2014). Previous studies have found a reduction in the
anthocyanin content of rosehip fruit during convective drying (Pasha-
zadeh et al, 2021), vacuum drying and microwave drying
(Ozkan-Karabacak, 2023). Compared to convective drying,
microwave-assisted drying allows the drying process to occur at a lower
temperature, as the irradiation wavelength specifically targets water
molecules. Consequently, at lower power, the main effect on anthocy-
anins is the hydrolysis of anthocyanin glycosides into their aglycones
(Duan et al., 2015). However, at higher power, further degradation of
the anthocyanin structure may occur. Similarly, using a larger sample
mass may take longer for the entire product to dry, providing an
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Fig. 1. — Three-dimensional response surface contour plots (3D-RSCP) showing the effect of the independent factors: drying power and weight on A) total antho-
cyanins, B) cyanin chloride, C) cyanidin-3-glucoside (mg/g), D) cyanidin-3-rutinoside, E) pelargonidin-3-glucoside, and F) cyanidin chloride.
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Table 4
- Color properties of microwave-dried black rosehip fruits.
Microwave Amount of L* a* b* AL
power (W) sample (g)
350 50 21.3 1.87 3.13 9.60
+0.0f +0.01¢ 40,019 +0.01°
75 22.4 1.74 3.21 8.56
+0.0% +0.02 f +0.01° 40.03¢
100 22.1 1.72 3.14 8.72
+0.1° +0.04 f +0.03 ¢ +0.07%
500 50 22.7 1.56 3.05 8.23
+0.0 « +0.02 8 +0.07% +0.02¢
75 23.0 2.44 3.60 7.95
+0.0° +0.01° +0.03° +0.05
100 23.7 2.65 3.04 7.20
+0.0° +0.07° +0.06¢ +0.04 ¢
650 50 22.5 1.24 3.54 8.88
+0.69 +0.06 " +0.012 40.02bc
75 21.5 1.60 3.63 9.47
+0.0f +0.02 & +0.05° 40.03°
100 22.0 2.35 3.22 9.00
+0.1¢ +0.01¢ +0.01° +0.10°
Fresh fruit 29.7 1.97 217 -
+0.4° +0.47¢ +0.11¢

Data are expressed as mean =+ standard deviation of triplicate measurements.
Mean superscript with different alphabets in the same column differ significantly
(P < 0.05) according to Duncan’s new test.

extended period during which anthocyanin degradation can take place.
Studies on other analytes suggest that the optimum drying process is a
trade-off between maintaining a low microwave power and reducing the
drying duration (Gunaydin and Alibas, 2023).

Although several studies have previously investigated the impact of
microwave drying on the quality of rosehip fruit (Gunaydin and Alibas,
2023; Ozkan-Karabacak, 2023; Tasova et al., 2020); none appear to have
focused on the influence of this drying technique on the anthocyanins
present. Goztepe et al. (2022) did note a loss of colour quality in rosehip
fruit dried using hot-air drying, which would most likely be attributable
to anthocyanin degradation. Overall, microwave drying appears to be
better at retaining anthocyanins compared to other drying techniques.
Zhang et al. (2023) reported that microwave vacuum drying, microwave
freeze drying and freeze drying all retained higher levels of anthocya-
nins in blueberry pomace (approximately 18%, 21% and 60% loss of
anthocyanins, respectively) compared to hot-air drying (around 81-91%
anthocyanin loss, depending on the oven temperature). Additionally,
microwave vacuum drying afforded the best natural colour and anti-
oxidant capacity. Similarly, Parveez Zia and Alibas (2021) reported less
loss of anthocyanins in cornelian cherry when using microwave drying
compared to convective drying (42-52% anthocyanin loss compared to
71-82%, respectively), while Wojdyto et al. (2014) also found that mi-
crowave drying outperformed convective drying for anthocyanin
retention in sour cherries (0-30% anthocyanin loss compared to
38-45% loss, respectively). Consequently, this study provides crucial
insight into the degradation dynamics of individual rosehip anthocya-
nins when subjected to microwave drying.

3.2. Color

The color of food products holds significant importance as a quality
attribute, playing a crucial role in influencing consumer acceptance of
food products (Deng et al., 2019). The drying parameters had small but
significant impacts on the color of the resultant dried rosehip product
(Table 4). Upon drying, the lightness (L*) of the product significantly
decreased, while the yellowness (b*) of the product increased (P <
0.05). The degree of redness varied between samples depending on the
drying power and amount of sample used. In general, lower microwave
power and less sample mass gave a color which was slightly darker
(lower L* value), less red (lower a* value) and less yellow (lower b*
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Fig. 2. — Scanning electron microscopy image of fresh black rosehip fruit.

value). The conditions yielding the reddest coloration (highest a* value)
tended to be a combination of an intermediate/high sample mass (75 g)
and higher microwave power (500-650 W). The highest AL values were
seen for the combinations of the lowest microwave power and sample
mass (350 W and 50 g), and the combinations of the highest power and a
high sample mass (650 W, 75-100 g). Wojdyto et al. (2014) noted that
sour cherries dried by vacuum microwave drying were redder than those
dried using convective drying, which was attributed to a loss of
anthocyanins.

The lack of a direct correlation between the a* value (red coloration)
and anthocyanin content mirrors previous research, which reported that
the total anthocyanin content was only correlated with color parameters
in plums (Usenik et al., 2009). Individual anthocyanins range in color
from red to purple and blue (Khoo et al., 2017), but their color can also
be influenced by various interactions (Tindal et al., 2024). Additionally,
the matrix pH has a strong influence on the color of specific anthocya-
nins (Fossen et al., 1998) and microwave drying can impact the pH in
strawberry (de Bruijn et al., 2016). Consequently, the degree of red
coloration (a* value) would not be expected to correlate closely with the
total anthocyanin content but result from the relative amounts of the
individual anthocyanins present after each treatment condition, as well
as other potential matrix effects.

3.3. Microstructure

SEM analysis of fresh black rosehip (Fig. 2) shows regular cellular
cavities that become wrinkled and irregularly compacted upon drying
(Fig. 3). SEM images of the dried product from each combination of
conditions highlighted changes in the microstructure of the rosehip
(Fig. 3). The SEM images show the cellular cavities and interstitial
spaces in the dried rosehip. In general, a higher microwave power
seemed to produce a greater number of smaller cavities, while
increasing the sample mass appeared to produce larger cavities. Previ-
ous research has highlighted that these cavities form from the collapse of
structural components of the cell walls, particularly polysaccharides
(Giri and Prasad, 2007). Combined with the observations in Fig. 3, this
suggests that microwave irradiation plays a major role in initiating this
structural collapse and the formation of small cavities/pores; while
extended drying times (used for the trials with a higher sample mass)
caused these cavities to expand and coalesce into larger cavities. Simi-
larly, it has previously been noted that rosehip fruit dried for shorter
time periods (albeit at higher temperatures) suffered less damage to the
cell walls, compared to fruit dried for longer periods at lower temper-
atures (Pashazadeh et al., 2024).

3.4. Texture

The hardness of the dried samples was significantly impacted by the
drying parameters (Table 5); however, there were no clear trends across
both independent variables. In comparison to the fresh fruit, the
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Fig. 3. — Scanning electron microscopy images of black rosehip fruits dried using microwave oven at different conditions (microwave power and amounts).

Table 5
- Texture properties of microwave-dried black rosehip fruits.
Microwave power (W) Amount of sample (g) Hardness (N) Springiness Cohesiveness Gumminess Chewiness Resilience
350 50 30.33 +0.27° 0.78 +0.70°> 0.63 +£0.04%° 19.3 £1.6°def 15.1 £2.5%¢ 0.31 £0.01%
75 20.73 £1.39 0.80 +0.02%" 0.52 +£0.18% 108 +1.1f 8.7 £2.7° 0.22 +0.06°
100 23.10 £1.94 f 0.89 +0.03%" 0.52 +0.02%° 12.1 +1.4° 10.8 +1.7°¢ 0.24 +0.00
500 50 50.88 +2.03" 0.72 +£0.01° 0.47 £0.12%° 24.3 +1.32>¢ 17.5 +£1.2% 0.24 +0.05"¢
75 40.98 £0.09¢ 0.74 +0.01°% 0.52 +0.01%° 21.5 +0.2bd 15.9 40.2%>¢ 0.24 +£0.00>
100 45.94 +1.40° 0.70 +0.12° 0.36 +0.17° 16.6 +1.8°%f 12.2 +1.5" 0.19 +£0.01°
650 50 32.19 +0.10° 0.88 +.0.01% 0.61 +£0.01%° 19.9 +0.2b¢de 17.5 +£0.2%° 0.27 +£0.00%>
75 45.24 +3.81¢ 0.66 +0.08° 0.58 +0.04% 26.5 +0.9% 17.5 +1.7%° 0.36 +£0.01%°
100 56.76 +2.38° 0.72 +0.17> 0.57 +0.06> 32.6 +1.9° 23.4 +2.2° 0.30 +£0.10%
Fresh fruit 42.1 £0.1% 0.91 £0.01% 0.75 £0.33% 15.0 +0.24¢f 12.1 40.3% 0.40 +£0.01?

Data are expressed as mean + standard deviation of triplicate measurements. Mean superscript with different alphabets in the same column differ significantly (P <

0.05) according to Duncan’s new test.

hardness of the dried fruit produced at low microwave power (350 W)
was significantly lower (P < 0.05), yet the springiness of the dried
product at the power was not significantly different than the fresh
sample. The resilience of most samples dried at 350 and 500 W was
significantly lower than fresh fruit (P < 0.05). On the other hand, the
cohesiveness of the dried product did not significantly differ in com-
parison to the fresh fruit in most cases. The lowest microwave power
(350 W) gave the lowest hardness values; however, the intermediate and
high powers gave mixed results — depending on the amount of sample

used. The hardest samples were found using 650 W power and 100 g
sample mass. This condition also yielded the gummiest and chewiest
sample (significantly higher for both parameters than any other com-
bination of drying conditions). In general, low microwave power
reduced the gumminess and chewiness of the dried product, while
sample mass did not have a major impact on texture. A previous study
found that the drying temperature was positively correlated with
hardness during the convective drying of black rosehip fruit, which was
attributed to initial evaporation from the fruit surface leading to



H. Pashazadeh et al.

Table 6
- Bioaccessibility of fresh and optimized microwave-dried black rosehip fruits
anthocyanins.

Anthocyanins Bioaccessibility (%)

Dried fruit at
optimum conditions

Fresh fruit

Cyanin chloride 53.1 £2.1% 58.5 +0.9°
Cyanidin-3-glucoside 56.8 £6.6% 82.6 +4.1%
Cyanidin-3-rutinoside 6.11 +0.98° 9.1 +£0.2¢
Pelargonidin-3-glucoside 6.98 +0.88° 8.4 +1.2¢
Cyanidin chloride 1.87 +0.08° 3.1+0.1¢

Data are expressed as mean =+ standard deviation of triplicate measurements.
Mean superscript with different alphabets in the same column differ significantly
(P < 0.05) according to Duncan’s new test.

shrinkage the collapse of the fruit surface (Pashazadeh et al., 2024).
However, gumminess and chewiness were not clearly correlated with
drying temperature under those conditions.

The drying conditions had minimal impact on the springiness,
resilience or cohesiveness of the samples (Table 5). Generally, springi-
ness was inversely correlated with hardness, similar to observations
reported by Chong et al. (2008). Springiness is influenced by pectin and
other gelling agents in the fruit (Pashazadeh et al., 2024), which can be
broken down by elevated temperatures (Chong et al., 2008).

3.5. Bioaccessibility

The bioaccessibility of each of the anthocyanins was determined
under the optimal drying conditions (350 W power and 50 g sample
mass). Cyanidin-3-glucoside showed the highest bioaccessibility
(82.6%); significantly higher than any other anthocyanin (Table 6). It
was followed by cyanin chloride (58.5% bioaccessible). Cyanidin-3-
rutinoside, pelargonidin-3-glucoside and cyanidin chloride all showed
very low bioaccessibility (9.1, 8.4 and 3.1%, respectively). Victor-
ia-Campos et al. (2022) also reported that the gastrointestinal bio-
accessibility = of most common  anthocyanins (including
cyanidin-3-glucoside,  cyanidin-3-rutinoside, and pelargonidin-
3-glucoside) was very low in unprocessed fruits, ranging from 0.1% to
3.5%. Both, the fresh and dried fruit, had a similar trend in terms of
bioaccessibility of different anthocyanins, with exception to
cyanidin-3-glucoside. The remarkable difference can only be seen with
the bioaccessibility of cyanidin-3-glucoside, which had a bioaccessibility
of 56.8 £6.6% from fresh fruit, while 82.6 +4.1% from the dry fruit.
This suggests that drying at optimum conditions can improve the bio-
accessibility of black rosehip cyanidin-3-glucoside.

While there are limited studies on the effects of drying methods on
the bioaccessibility of anthocyanins, Zhao et al. (2017) reported 52.3%
bioaccessibility in the total phenolic content of Rhodomyrtus tomentosa
berries following microwave drying; moderately higher than the bio-
accessibility following combined microwave-hot-air-drying (45.2%). On
the other hand, Ozay-Arancioglu et al. (2022) showed that the gastric
bioaccessibility of cyanidin-3-glucoside in pomegranate fruit varied
significantly depending on the drying method - from 4.2% for
oven-drying to 65.2% for freeze-drying. The extreme variability in
bioaccessibility may be due to several reasons, including anthocyanin
degradation from elevated temperatures, matrix effects between an-
thocyanins and the cell structural components, and the physical avail-
ability of the anthocyanins for diffusion (relating to the structural
collapse of the fruit structure mentioned above). Nevertheless, the high
bioaccessibility observed in the present study indicates that microwave
drying is a suitable method for preserving the content and bio-
accessibility of cyanidin-3-glucoside in rosehip fruit.

4. Conclusions

Microwave drying can be utilized to produce dried black rosehip at
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optimum conditions of 350 W power and 50 g sample mass. In general,
power and sample mass had a significant impact on the anthocyanin
content in black rosehip and the fruit hardness. It was noted that lower
microwave power and less sample mass gave a color which was slightly
darker, less red, and less yellow. The dried fruit sample at optimum
conditions showed a high bioaccessibility of cyanidin-3-glucoside,
which has been previously reported to have high anti-inflammatory,
antimicrobial, anti-viral, neuroprotective, anti-thrombotic activities.
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