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Abstract
Cornus mas L. (Cornelian cherry, CM) fruits were dehydrated by solar-drying (SD) and freeze-drying (FD), and in addition to 
sugar and mineral contents, the free and insoluble-bound phenolics were determined in fresh and dried fruits. After subjecting 
the sample to simulated in vitro digestion, the change of free and bound phenolics at gastric and intestinal digestion steps 
was evaluated in fresh and dried CM fruits. In fresh CM fruits, the total phenolic content (TPC) was dominated by the bound 
fraction, whereas the contribution of free phenolics to the total content (free + bound) became more dominant (731–1439 mg 
GAE/100 g dw) in the dried fruits. The bioaccessibility (BI%) of TPC from fresh CM after digestion was 193%, whereas it 
was 18.60 and 48.02% for SD and FD fruits, respectively. The contribution free fraction to the total TPC value was around 
28% in nondigested fresh samples and increased to 94% in digested samples; however, in dried samples, it was 64% prior 
to digestion and only increased to 70% in digested samples. A total of 17 phenolic compounds were identified in CM fruits: 
chlorogenic acid, caffeic acid, epicatechin, quercetin, cyanidin-3-O-glucoside, and pelargonidin 3-O-glucoside were only 
detected in the free fraction; gallic acid, vanillic acid, ferulic acid, and kaempferol were detected in higher amounts in the 
bound fraction. The quantity of detected phenolics in the nondigested sample generally decreased from the gastric to the 
intestinal stage of digestion. The release of phenolics from the fruit matrix and their degradation occurred simultaneously 
during digestion, and this could be affected by the state of the fruit, e.g., fresh or dried.
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Introduction

Cornelian cherry, also known as Cornus mas L. (CM), is a 
plant belonging to the genus Cornus, a family member of the 
Cornaceae. CM is widely grown in Turkey, Romania, Bul-
garia, Italy, Southern Europe, and Southwest Asia. CM has 
been known since ancient times, and it is used in folk medi-
cine purposes mostly for diarrhea, hemorrhoids, diabetes, 
sore throat, digestive ailments, measles, chicken pox, ane-
mia, rickets, liver, and renal disease. The health-promoting 
properties of CM have been associated with the bioactive 
components. Studies have reported that CM contains many 
bioactive components, such as polyphenols, vitamins, and 
minerals [1, 2]. In addition, it has been found that polyphe-
nols and anthocyanins (which give an attractive red color 
to fruits) contribute substantially to the antioxidant intake 
[3]. Therefore, CM is a promising functional fruit due to its 
biological activities, such as antioxidant, anti-inflammatory, 
antiobesity, antidiabetic, antiatherosclerosis, and hypolipi-
demic [1, 2, 4–8].

CM is generally consumed fresh but also processed in 
the form of juice, syrups, gels, jams, and other traditional 
products, as well as alcoholic beverages like liquor, wine, 
and beer [1, 9]. Fresh CM rapidly deteriorates and is perish-
able, and the fruit is not available all year round due to the 

short harvest season, which causes limited commercializa-
tion and consumption [2]. Drying is one of the oldest food 
preservation methods used to extend the shelf life of fruits. 
Depending on the method employed, the physicochemical 
properties of dried fruits, such as phenolic content, sugar 
composition, rehydration capacity, color, and morphologi-
cal properties. Solar dying (SD), which can be used for open 
sun-drying, white-cloth shading, and black-cloth shading, 
has a lower cost, but the fruits were exposed to oxygen and 
high temperatures for an extended period [10]. On the other 
hand, freeze-drying (FD) is considered the best method that 
operates at low temperatures under vacuum, which contrib-
utes to minimizing the degradation of organic components 
and sensorial properties, but it is expensive [11, 12].

Although the previous research investigated the phenolic 
contents of dried and fresh CM fruit and the in vitro bioac-
cessibility of phenolics from fresh CM fruits [13, 14], those 
studies mainly focused on extractable (free) phenolics. 
However, bound phenolics that cannot be extracted by only 
organic solvents play an important role in the changes of 
individual phenolic contents during in vitro gastrointestinal 
digestion. Because the chemical bonds that attach phenolics 
to the cell wall components can be broken by hydrolysis with 
acid, alkaline, or enzymatic solutions during digestion, those 
phenolics could be released, be available for absorption, and 
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alter the antioxidant properties of the digested fruit. This 
study aims to provide a novel perspective on the in vitro 
digestibility profile of fresh and dried CM fruits, which has 
not been previously explored in the literature. Therefore, this 
study evaluates the effects of different drying methods (solar 
drying-SD, and freeze drying-FD) on the physicochemical 
properties, phenolic compounds, and antioxidant capacities 
of CM fruits. İn addition, the effects of in vitro digestion on 
free and bound phenolics and the antioxidant capacity of 
fresh, SD, and FD CM fruits were investigated.

Materials and methods

Chemicals

Folin–Ciocalteu’s Phenol Reagent (2 N), gallic acid, sodium 
carbonate (Na2CO3), sodium nitrite (NaNO2), aluminum 
chloride, 6-hydroxy-2,5,7,8-tetramethylchroman-2carbox-
ylic acid (Trolox, 97%), 2,2′-azinobis (3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS > 98%) and 2,2-diphenyl-1- pic-
rylhydrazyl (DPPH, 95%), tripyridyltriazine (TPTZ), ferrous 
chloride, neocuproine, α-amylase (A1031), pepsin (P7012), 
pancreatin (P7545) and bile salt (B8631) phenolic standards, 
hydrochloric acid, methanol (> 99% purity) and acetonitrile 
(> 99% purity) for high-performance liquid chromatography 
(HPLC analysis) were obtained from Sigma-Aldrich LLC. 
(Steinheim, Germany). They were all stored according to the 
instructions of the producers, such as enzymes, and stand-
ards were all stored at – 20 °C. The salts and solvents were 
stored in a dry, well-ventilated area, away from direct sun-
light, at room temperature.

CM fruits and drying procedure

Fresh CM was obtained from Erzurum, Gölbaşı (Turkey) 
during harvesting time in August–September 2020 and 
stored at 4 °C until the drying process. The analysis of 
whether the purchased fruits belong to the "Cornus mas 
L." family was carried out with the MARE number ana-
lyzed by the previous study [4]. Fresh CM fruits were dried 
by two different methods (Fig. 1): SD, and FD. The fresh 
and dried CM samples were stored at -20 °C until analysis. 
Each drying experiment was conducted in triplicate. The 
moisture contents of samples were 75.12 ± 1.99% (fresh), 
16.54 ± 1.25% (SD), and 11.87 ± 0.91% (FD).

Determination of color, ascorbic acid, and mineral 
content

The color of fresh and dried CM samples was measured 
using a chromameter (Konica Minolta CR400 Tokyo, 
Japan) and expressed as L* (whiteness/darkness), a* 

(redness/greenness), and b* (yellowness/blueness) val-
ues. The colorimeter was calibrated to a white calibra-
tion plate (CR-A44 Konica Minolta Sensing Inc., Osaka, 
Japan) before use. The ascorbic acid was determined by 
the modified 2,6-dichlorophenol indophenol dye method 
as described by Cemeroglu [15]. The mineral content of 
the samples was determined with an inductively coupled 
plasma-optical-emission spectrometer (ICP-OES) (Shi-
madzu-ICPE-9000, Japan) according to da Silva Haas 
et al. [16]. The sample was digested in a microwave oven 
with a mixture of 7.5 mL HNO3/2.5 mL H2O2. Argon 
(99.95%) was the main, auxiliary, and the nebulizer gas. 
The operating parameters were 1200 W, and the nebu-
lizer and auxiliary gas flow rates were 0.70 and 0.20 L/
min. The calibration was done using external calibration 
with standard solutions in the concentration range of 0 
to 200 μg/L for elements. The calibration standards were 
prepared by dilution of multielement standard solution 
IV (Supelco, Merck) at 1 mg/mL. The analysis was per-
formed in duplicate. The results were given as mg/100 g 
fresh weight (fw).

Extraction of phenolic fractions

Free and insoluble-bound phenolic compounds from the 
fresh and dried CM fruits were extracted and fractionated 
according to the method described by Arruda et al. [17] and 
Yu et al. [18] with slight modifications. The flowchart of 
the extraction procedure was given in Fig. 1. Based on our 
preliminary results yielding the highest phenolic content, 
the extraction of phenolic fractions was set as follows: The 
samples were mixed with 80% MeOH (1% HCl) (1:15, w/v) 
and homogenized with a T-25 Ultra-Turrax (Ika Labortech-
nik, Stauden, Germany) at 10 000 rpm for 5 min, and kept 
in an ultrasonication bath (Daihan Scientific, WUC-A03H, 
Korea) for 0.5 h at room temperature. The supernatant was 
separated by centrifugation (2480 × g, 10 min, 4 ºC), and 
the residue was re-extracted three times at the same condi-
tions. The combined supernatants were evaporated to dry-
ness and dissolved in methanol (5 mL) for the determina-
tion of free phenolics. The solid residue obtained after the 
extraction of the free phenolic was hydrolyzed with 4 M 
NaOH (10 mM EDTA, 1% ascorbic acid) 1:20 (w/v) for 4 h 
at room temperature using a water bath shaker (150 rpm) to 
release insoluble-bound phenolics. The pH of the mixture 
was adjusted to 2 using 6 M HCl and centrifuged at 2480 × g 
for 5 min at 4 °C. Then, the supernatant was extracted three 
times with an equal volume of hexane to remove interfering 
lipids. The aqueous phase was extracted three times with 
diethyl ether-ethyl acetate (1:1, v/v) at a ratio of 1:1 (v/v). 
The organic phases were combined and filtered through 
anhydrous sodium sulphate (No. 1 Whatman filter paper) 



2464	 European Food Research and Technology (2024) 250:2461–2478

and evaporated to dryness under vacuum at 35 °C and dis-
solved in methanol for the analysis of the insoluble-bound 
phenolic fraction.

Total phenolic, total flavonoid, and total 
anthocyanin content

The total phenolic content (TPC) [19], the total flavonoid 
content (TFC) [20], and the total monomeric anthocyanin 
(TAC) content [21] were determined. The absorbances were 
measured at 760 nm, 510 nm, and 517 nm for TPC, TFC, 

Fig. 1   Flow chart of the study
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and TAC, respectively, using a Shimadzu 150 UV-1800 
spectrophotometer (Kyoto, Japan). The results of TPC, TFC, 
and TAC were given as mg gallic acid equivalent (GAE), 
mg catechin equivalent (CE), and mg cyanidin-3-glucoside 
(cyn3glu) /100 g dry weight (dw), respectively. The linear 
range of the gallic and catechin standard curves was from 
0.01 to 0.15 mg/mL and 0.01 to 0.4 mg/mL, respectively 
(r2 = 0.99).

Antioxidant capacity assays

DPPH radical scavenging activity [22], the copper-reducing 
antioxidant capacity (CUPRAC) [23], ABTS radical scav-
enging activity [24], and the FRAP assay [25] were per-
formed, and the absorbances were measured at 517 nm, 
450 nm, 734 nm, and 593 nm for DPPH, CUPRAC, ABTS, 
and FRAP, respectively. A blank test tube without extracts, 
but with solvent was also subjected to analysis. Their results 
were expressed as μmol Trolox equivalent (TE)/g dw, and 
the curve for the Trolox was linear in the concentration range 
of 100–1998 µM, 40–799 µM, 10–799 µM for DPPH with 
CUPRAC, ABTS, and FRAP, respectively (r2 = 0.99).

HPLC analysis of phenolics and sugar content

The individual phenolics and anthocyanins were evaluated 
using an HPLC system (LC-20AD pump, SIL-20A HT autosa-
mpler, CTO-10ASVP oven, DGU-20A5R degasser, CMB-20 
A communication module) coupled to a diode array detector, 
SPDM20A DAD (Shimadzu Corp., Kyoto, Japan), according 
to Ozcan et al. [26]. The retention times and external standard 
curves were used to perform identification and quantitative 
analyses. A 0.45-µm membrane filter was used to filter the 
extracts. Separations were conducted at 40 °C on a reversed-
phase Intersil ODS C-18 column (250 mm × 4.6 mm length, 
5 μm particle size, GL Sciences, Tokyo, Japan). The mobile 
phase included solvent A, Milli-Q water with 0.1% v:v trif-
luoroacetic acid (TFA), and solvent B, acetonitrile with 0.1% 
v:v TFA. Linear gradient elution was used as follows: at 0 min 
95% of solvent A, at 50 min 65% of solvent A, at 52 min 25% 
of solvent A, at 59 min returns to initial conditions. The flow 
rate was 1 mL/min. Chromatograms were recorded at 254, 
265, 278, 280, 291, 295, 310, 322, 325, 367, and 517 to quan-
tify phenolic acids, flavonoids, and anthocyanins. The samples 
were analyzed for their sugar (glucose, fructose, and sucrose) 
composition. The samples were immersed in distilled water 
(1:10, w: v) and homogenized with a T-25 Ultra-Turrax (Ika 
Labortechnik, Stauden, Germany) at 10,000 rpm for 5 min. 
The mixtures were kept in an ultrasonication bath (Daihan 
Scientific, WUC-A03H, Korea) for 0.5 h at room temperature, 
the supernatant was separated, and the residue was re-extracted 
at the same conditions. The supernatants were combined and 
filtered. The filtrate was concentrated by a rotary evaporator at 

65 °C until its weight was 10% less than the weight of the orig-
inal filtrate [27]. All extracts were stored at -20 °C in the dark 
until use. The sugar composition was analyzed on the same 
HPLC model and RID-20A refractive index detector (RID) 
system. The mobile phase was acetonitrile: water (83:17, v/v) 
with a flow rate of 2 mL/min. A 10 µL of filtered (0.45 µm) 
sample was injected into the Agilent Zorbax NH2 column 
(5 µm, 4.6 × 250 mm). The stock solutions of reference stand-
ards were prepared in methanol (for phenolics) and ultrapure 
water (for sugars). Working solutions were prepared by dilut-
ing the stock solutions with the appropriate solvent to have 
10–100 µg/mL and 75–20,000 µg/mL for phenolic and sugar 
standards, respectively). Calibration curves were generated by 
graphing the peak areas of the identified compounds relative to 
the peak areas against the concentration of the standard com-
pound. The calibration curves based on triplicate injections 
demonstrated good linearity, with R2 values exceeding 0.99 
(peak area vs concentration). All analyses were performed in 
triplicates and the results were given as mg/100 g dw.

In vitro simulated digestion process

In vitro simulated digestion was performed according to Yu 
et al. [18], and Brodkorb et al. [28] (Fig. 1). 2.5 g of samples 
were mixed 1:1 (w: v) with simulated salivary fluid (SSF), 
α-amylase (75 U/mL), CaCl2 (0.75 mM), and vortexed for 
2 min at 37 °C (pH 7.0). The oral bolus was diluted with simu-
lated gastric fluid (SGF) (1:1, v: v), CaCl2 (0.075 mM), pepsin 
(2000 U/mL) and incubated for 2 h at 37 °C (pH 3.0). The gas-
tric chyme was diluted with simulated intestinal fluid SIF (1:1, 
v:v), CaCl2 (0.3 mM), pancreatin (100 U/mL), and fresh bile 
(10 mM) and incubated for 2 h at 37 °C (pH 7.0). The formula-
tions of the salivary, gastric, and intestinal fluids are described 
in Table S1. After each stage of digestion, the tubes consisted 
of digestion medium and samples were centrifuged at 2480 × g 
for 10 min at 4 °C, filtered (0.45 μm), immediately frozen in 
liquid nitrogen and lyophilized, and dissolved in methanol for 
the analysis of free phenolic fraction. The solid residues that 
remained in the tubes at the end of gastric and intestinal diges-
tion were extracted according to the method described in 2.4 
for the determination of insoluble-bound phenolic fraction. A 
blank test tube without samples but with all digestion fluids 
was also subjected to analysis.

This bioaccessibility index was determined as follows:

A1 and A0 are the amount of free phenolics determined in 
the intestinal phase after digestion and the amount of free 
phenolics in the nondigested sample, respectively.

Bioaccessibility index(%) =
A1

A 0
× 100,
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Statistical analysis

All experiments were carried out in triplicate from at least 
duplicated samples, and the data were reported as the 
mean ± standard deviation. Statistical analysis was done by 
SPSS (IBM version 20, USA). An one-way ANOVA fol-
lowed by Tukey’s posthoc test was applied to evaluate the 
differences among the fresh and dried CM samples. The 
differences in the free, bound, and total phenolic values 
between the gastric and intestinal phases of each digested 
sample were evaluated by a T test.

Results and discussion

The sugar, ascorbic acid, mineral content, and color 
of fresh and dried Cornus mas (CM)

The physicochemical properties of fresh and dried CM 
fruits are given in Table 1. The moisture content of fresh 

fruit was 75.12 ± 1.99% and reduced to 11.87 ± 0.91 and 
16.54 ± 1.25% by SD and FD, respectively. Glucose and 
fructose were the main monosaccharides detected in fresh 
and dried fruits [9]. Although the level of fructose did not 
differ among samples, as compared to fresh fruit, there was 
a slight decrease in the fructose, and the reduction of glucose 
was only significant in SD fruit. Similarly, the decrease in 
the sucrose was determined in the SD fruit, but not in the FD 
sample. Due to exposure to heat for a relatively longer time, 
those sugars might be involved in nonenzymatic browning 
and caramelization reactions [29]. In addition, the hydroly-
sis of sucrose to its monosaccharides may occur due to the 
conditions of SD, which can explain the greater degree of 
reduction as compared to FD and fresh samples [30, 31].

The total sugar content of fresh and dried fruits ranged 
from 40.33 to 49.02 g/100 g dw (equivalent to 142.82 g/
kg fw, 392.34 g/kg fw, and 397.55 g/kg fw for fresh, SD, 
FD, and CM fruits, respectively), and our results were 
comparable to the findings of previous studies. Tural & 
Koca [32] reported that the mean total sugar content was 

Table 1   The physicochemical properties of fresh and dried Cornus mas (CM)

Parameters Fresh SD FD
Moisture (%)   75.12±1.99a   16.54±1.25b   11.87±0.91c

Ascorbic acid (mg/ 100 g dw) 317.78±4.07a   23.99±0.13c    82.93±1.11b

Sugars (g/100 g dw)
Glucose   29.21±1.12a   22.90±1.25b   24.95±0.57ab

Fructose   19.20±0.31a   17.08±0.58a   18.18±1.78a

Sucrose     0.61±0.05a     0.35±0.02b      0.59±0.01a

Total sugar   49.02±1.48a   40.33±1.81a    43.71±2.95a

Minerals (mg/100 g fw)
K 332.00±11.00c 670.00±23.00b 731.00±24.50a

Na   31.15±1.32b   42.07±3.06a   24.54±1.78c

Mg   21.22±0.40c   49.80±1.21b   56.21±0.45a

Ca   20.33±0.41b   37.89±0.94a   37.63±0.49a

Fe     0.54±0.01c     3.06±0.05b     4.18±0.06a

Zn     0.45±0.01c     0.77±0.02b     0.97±0.03a

Cu     0.20±0.01b     0.35±0.01a     0.19±0.01b

Mn     0.07±0.00b     0.21±0.01ab     0.22±0.01a

Color                                                     
L*   30.42±1.31b   30.85±0.94b   34.53±0.87a

a*   28.85±1.16b   12.90±0.51c   39.57±0.78a

b*    -3.22±0.49a    -3.60±0.15a    -2.76±0.36b

SD solar-dried, FD freeze-dried CM, L*(whiteness/darkness), a* (redness/greenness), and b* (yellowness/blueness), dw dry weight, fw fresh 
weight
Means with different superscript letters (a–c) among samples in each row are significantly different (p < 0.05)
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93.42 ± 18.67 g/kg in twenty-four CM fruits collected from 
Samsun, Turkey, whereas it varied from 40.6 to 61.70 g/
kg in the study by Ozrenk et al. [33] conducted in Erzin-
can, Turkey. The sugar content of fruits can be affected by 
various factors, such as the genotype, origin, and ripeness 
of the fruits. The ascorbic acid content of fresh fruit was 
317.78 ± 4.07 mg/100 g dw, comparable to the findings 
of Rosu et al. [34] (419.08 ± 72.59 mg/100 g dw), and in 
the range of 0.11 and 1.06 mg/g fw reported by previous 
studies in Turkey [35–38]. The ascorbic acid content of 
CM fruits was substantially lost by drying, and as expected 
[11, 12], the reduction was less in the samples dried by 
FD (82.93 ± 1.11 mg/100 g dw) compared to SD samples 
(23.99 ± 0.13 mg/100 g dw).

The lightness (L value) and redness (a value) of 
FD fruits (34.53 ± 0.87 and 39.57 ± 0.78) were higher 
than those of fresh and SD fruits (30.42–30.85 and 
28.85–12.90). The b value of fresh CM (– 3.22 ± 0.49) 
has a negative value with more bluish tints, and it was 
slightly reduced in FD fruit (– 2.76 ± 0.36) and did not 
show any significant difference in SD fruit (– 3.60 ± 0.15). 
The change in color values in dried fruits compared with 
fresh samples might be related to the textural change as 
well. For example, the presence of air voids and pores and 
the replacement of free water with air would occur by FD; 
thus, light diffusion through the sample would be altered 
[39]. Although the lower redness (a) value of SD fruits 
might be related to enzymatic browning reactions and 
degradation of anthocyanin components due to exposure 
to air temperature and oxygen during sun-drying. Similar 
to our results, Szczepaniak et al. [40] reported that when 
compared with fresh CM fruits, higher L and lower a and 
b values were determined in frozen samples.

CM fruits and leaves are reported to have high levels 
of minerals [2]. Studies reported that the fruit of CM was 
rich in K, P, Ca, Mg, Cu, Fe, Mn, and Zn [38, 41, 42]. 
According to our findings, among minerals, K content was 
the highest, followed by Na, Mg, and Ca (Table 1). The 
minerals are heat-stable; they will not be expected to be 
degraded during any heat treatment. Compared to fresh 
CM, the content of minerals was increased in dried fruits 
as a result of concentration, K and Mg were higher in FD 
fruit, whereas Na was detected in higher amounts in SD 
fruits, and the level of Ca was not statistically different 
between dried fruits. The minerals in plants were present 
as structural elements of proteins, amino acids, enzymes, 
pigments, and cell wall constituents rather than free ions. 
Therefore, the content of tannins and other polyphenols, 
the depolymerization of cell wall components, the change 
in insoluble dietary fiber content, and the cell structure 
attained after drying could influence the leaching, solubil-
ity, and binding of minerals with other components [29, 
43].

Total phenol (TPC), total flavonoid (TFC), total 
anthocyanins content (TAC), antioxidant capacity, 
and individual phenolics of fresh and dried Cornus 
mas (CM)

The TPC, TFC, TAC, antioxidant capacities, and indi-
vidual phenolics and anthocyanins of fresh and dried CM 
fruits are presented in Figs. 2, 3, and Table 2. The TPC of 
FD fruit (2259.43 ± 8.51 mg GAE/100 g dw) was higher 
than that of fresh (1587.57 ± 12.52 mg GAE/100 g dw) 
and SD fruits (1145.72 ± 7.54 mg GAE/100 g dw). Thus, 
the drying processes had a statistical impact on the TPC 
(p < 0.05). As expected, the TPC of SD fruits was the low-
est among samples, both due to the possible activity of 
polyphenol oxidase and exposure to air temperature [44]. 
A similar trend was observed for TFC and TAC, and FD 
fruits provided the highest value, whereas SD fruit had the 
lowest content, and the results were statistically significant 
(p < 0.05).  

The increase in measured phenolics in FD fruits as com-
pared to fresh samples could be associated with the elevated 
extractability of those compounds into the extraction sol-
vent due to the mild microstructural changes induced by 
the ice-crystal formation during FD, and the higher rehy-
dration of FD with the solvent due to the porous structure 
obtained [45, 46]. The TPC and TFC values included free 
and insoluble-bound phenolics and flavonoids. In fresh 
CM fruits, the total phenolic content was dominated by the 
bound fraction [47, 48], whereas its contribution to the total 
content (free + bound) was altered by drying. The TPC and 
TFC values of the free fractions of both dried fruits were 
higher than those of fresh samples, and the contribution of 
free phenolics became more dominant in the dried samples 
(Fig. 2). For example, in a fresh sample, around 70% of total 
TPC was contributed by the bound fraction, whereas in SD 
and FD fruit, the contribution of the bound fraction to total 
TPC was around 36%. This could be related to the weakened 
attachment of bound phenolics to the cell walls due to dry-
ing, and bound phenolics became more available in the free 
fraction of the extract [49, 50].

The TAC value of fresh CM (123.30 ± 2.71 mg cyn-
3glu/100  g dw) was comparable with the amount 
(111–136.63 mg cyn3glu/100 g dw) determined in previous 
studies for different CM genotypes [9, 40]. The loss of TAC 
in SD fruit was substantial (5.50 ± 0.11 mg cyn3glu/100 g 
dw). It is known that the magnitude and duration of tempera-
ture have a strong influence on anthocyanin instability, and 
several studies reported a logarithmic course of anthocya-
nin destruction with an arithmetic increase in drying tem-
perature [29]. The analysis of bound fraction involves alkali 
extraction, and due to the instability of anthocyanins, most 
probably as a result of the flavylium cation hydrating to form 
the colorless carbinol or pseudobase, and then turning into 
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the yellow-colored chalcone. Therefore, anthocyanins might 
not be determined in the bound phenolic fraction.

Phenolic compounds exhibit a variety of functions, pri-
marily due to their antioxidant activities acting as radical 
quenchers, reducing agents, transition metal chelators, etc. 
[18]. When considering the difference in antioxidant mech-
anisms, the antioxidant capacity of CM fruits was deter-
mined by different assays. The ABTS, CUPRAC, DPPH, 
and FRAP antioxidant capacity values of fresh CM were 
208.66, 87.07, 130.45, and 114.23 µmol TE/g dw (Fig. 3), 
respectively. In the study of Martinović & Cavoski [51], the 
DPPH values of different CM cultivars ranged from 6.23 
to 19.03 µmol TE/g fw, the ABTS value varied from 4.41 
to 14.75 µmol TE/g fw, and the FRAP value differed from 
15.09 to 59.54 µmol Fe2+/g fw. Except for DPPH, in which 
the fresh and FD samples provided similar values, the anti-
oxidant capacity (total + free phenolics) values of FD fruits 
were higher than those of the SD fruit and fresh sample, 
and as expected, SD resulted in a reduction of antioxidant 
capacity values. In fresh fruits, the antioxidant capacities of 

free fractions determined by all assays were lower than those 
of insoluble-bound fractions. Whereas in dried samples, 
the contribution of free and bound phenolics to antioxidant 
capacity values depended on both the assay and the method 
of drying. Compared to the bound fraction, the free frac-
tion of FD fruit yielded higher ABTS and DPPH values but 
lower FRAP values. On the contrary, the free fraction of SD 
fruit yielded lower DPPH values as compared to the bound 
fraction, whereas FRAP and ABTS values were similar in 
both fractions.

A total of 17 phenolic compounds were identified in CM 
fruits (Table 2). Among phenolic acids, the highest con-
tent belonged to gallic acid, 3-hydroxybenzoic acid, and 
among flavonols, epicatechin, quercetin-3-galactoside, and 
quercetin-3-rutinoside was identified at high concentrations 
in fresh CM. The presence of gallic acid, chlorogenic acid, 
hydroxybenzoic acids, rutin [52, 53], quercetin-3-galacto-
side, kaempferol 3-O-glucoside [54], ellagic acid, and its 
derivatives in CM fruits have been reported previously [53]. 
Chlorogenic acid, caffeic acid, epicatechin, and quercetin 

Fig. 2   The total phenolic 
(TPC), flavonoid (TFC), and 
anthocyanin contents (TAC) of 
fresh, SD and FD CM samples 
under three conditions [before 
digestion (ND) and after gastric 
(SGF) and intestinal (SIF) 
digestion], including free and 
bound fractios. SD solar died, 
FD freeze-fried, CE catechin 
equivalent, GAE gallic acid 
Equivalent, cyn3glu cyaniding-
3-glucosidem, dw dry weight. 
Means with different superscript 
letters (X–Z) among sample 
(fresh, SD, and FD fruits) 
before digestion (ND) are 
significantly different (p < 0.05) 
for total content (free + bound). 
Means with different superscript 
letters (d-e) are significantly 
different (p < 0.05) between the 
total content (free + bound) of 
each sample between gastric 
and intestinal digestion steps
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were only detected in the free fraction of the samples. Com-
pared to the free fraction, only gallic acid, vanillic acid, feru-
lic acid, and kaempferol were detected in higher amounts in 
the bound fraction. Similarly, Chen et al. [55] reported that 
kaempferol, ferulic, and sinapic acids were highly found in 
the bound-phenolic fractions of cranberry beans.

Compared with fresh fruits, the chlorogenic acid con-
tent in dried CM fruits is accompanied by increased caffeic 
acid and neochlorogenic acid content (Table 2). Chlorogenic 
acid is an ester of caffeic and quinic acids, and its molecular 
structure contains ester bonds and unsaturated double bonds, 
which are unstable and easily oxidized. In addition, chloro-
genic acid can also undergo isomerization reactions, yield-
ing neochlorogenic and cryptochlorogenic acid [56], and 
compared to fresh fruits, the neochlorogenic acid content 
of dried fruits was higher in dried CM fruits. The increased 
level of ellagic acid in the free fraction of dried fruits could 
also be the result of the depolymerization of some ellagita-
nins present in the plant structure. Similarly, epicatechin and 
catechin were the basic units of condensed tannins, mainly 
identified in the free fraction [57], and their amount was 
increased in dried samples.

The major anthocyanins detected in fresh CM fruit were 
cyanidin 3-O-glucoside (36.21 ± 0.57 mg/100 g dw), pelar-
gonidin 3-O-glucoside (33.97 ± 0.05 mg/100 g dw), and the 
presence of cyanidin 3-O-rutinoside (0.95 ± 0.02 mg/100 g 
dw) and peonidin 3-O-glucoside (0.56 ± 0.01 mg/100 g dw) 
were also quantified. The detected anthocyanin content was 

substantially lower in dried samples (Table 2). Similarly, 
the level of all individual anthocyanins was decreased by 
oven-drying, and the results were statistically significant 
(p < 0.05), whereas in FD grapes and grape skins, only some 
individual anthocyanin contents were reduced [12, 29]. As 
expected, anthocyanins were only detected in the free frac-
tion because the alkaline hydrolysis employed during the 
extraction of bound phenolics would be detrimental to any 
remaining anthocyanins.

Effect of drying methods on the in vitro 
bioaccessibility of Cornus mas phenolics 
and antioxidant capacity

The bioaccessibility of a phytochemical is the fraction 
released from the food matrix during digestion in a form 
accessible for absorption in the small intestine or biotrans-
formed by the gut microbiota. It is impacted by many factors, 
including the nature of phytochemicals, the initial condition 
of food, and the process occurring inside the gastrointestinal 
tract. In this study, the fresh and dried CM fruits were sub-
jected to in vitro oral, gastric, and intestinal digestion con-
ditions consecutively. We determined the amounts of TPC, 
TFC, TAC, antioxidants, and individual phenolics in both 
the digestive fluids (as the free fraction) and the solid resi-
due that remained in the test tube after each digestion step. 
This residue was extracted using the same method applied 

Fig. 3   Total antioxidant capacities of fresh, SD, and FD CM samples 
under three conditions [before digestion (ND) and after gastric (SGF) 
and intestinal (SIF) digestion], including free and bound fractions. SD 
solar dried, FD freeze-dried, TE Trolox equivalent, dw dry weight. 
Means with different superscript letters (X–Z) among samples (fresh, 

SD, and FD fruits) before digestion (ND) are significantly different 
(p < 0.05) for total content (free + bound). Means with different super-
script letters (d-e) are significantly different (p < 0.05) between total 
content (free + bound) of each sample between gastric and intestinal 
digestion steps
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to measure the insoluble phenolics in nondigested samples. 
The results are given in Figs. 2 and 3.

TPC (free + bound) of the fresh fruit (1587  mg 
GAE/100 g dw) was first decreased to 700 mg GAE/100 g 
dw by gastric digestion and increased to 920 mg GAE/100 g 
dw in the following intestinal step. A similar trend, decreas-
ing by gastric digestion and increasing at the intestinal 
step, was reported by Chait et al. [58] and Seke et al. [59]. 
Although the majority of total phenolics were comprised 
of the bound fraction (72%) in the nondigested sample, in 
digested fruit, the majority of phenolics were derived from 
the free fraction (94%). Therefore, the bioaccessibility of 
TPC from fresh fruit after digestion reached 193% of the 
initial free phenolic fraction. The increase in the amount of 
free phenolic compounds after digestion has been confirmed 
in studies such as vegetable juices [60], nutmeg [61], and 
persimmon fruit [62].

TFC of the fresh fruit also showed a similar trend, 
decreasing to 73 mg CE/100 g dw during the gastric stage 
and increasing to 124 mg CE/100 g dw during intestinal 
digestion. Bound fractions made up 61% of the TFC of the 
nondigested sample, while the proportion of free and bound 
fractions remained similar throughout the digestion steps. 
The bioaccessibility of TFC after digestion reached 51.13% 
of the initial free fraction of fresh fruit. The intestinal diges-
tive enzymes and bile salts that act on the food matrix could 
facilitate the passage of bound phenolic compounds into 
the digestive juices [63]. The release of phenolics from the 
matrix and their degradation could occur simultaneously 
during digestion, and this could be affected by the state of 
the fruit, drying method, etc.

TPC (free + bound) and TFC (free + bound) of SD fruit 
were increased to 1429 GAE/100 g dw and 252 CE/ 100 g 
dw by the gastric stage and decreased to 194 GAE/100 g 
dw and 53 CE/100 g dw in the intestinal stage, whereas 
TPC (free + bound) and TFC (free + bound) of FD fruit were 
decreased both in the gastric and intestinal stages (Fig. 2). 
It is known that the FC reagent used in the TPC assay could 
also give positive results with the Maillard reaction prod-
ucts [64]. During SD, invertase and organic acids released 
due to the disruption of the cell membrane disruption [65] 
may hydrolyze the sucrose of the CM fruit to the reducing 
sugars involved in Maillard browning reactions. Therefore, 
SD samples that might undergo the Maillard reaction could 
present higher TPC values during gastric digestion.

The contribution of the free fraction to the total TPC 
value was around 64% in nondigested dried samples, reduced 
to around 40% after gastric digestion, and increased up to 
70% after intestinal digestion. The bioaccessibility index of 
TPC based on the free phenolic fraction of digested and 
nondigested samples was calculated as 18.60 and 48.02% 
for SD and FD fruit, respectively. Adom & Liu reported 
that insoluble-bound phenolics can reach the large intestine 

by resisting gastric and intestinal digestion due to the diffi-
cult digestion of cell wall components [66]. If the phenolic 
compounds are closely bound to the cell matrix, they are less 
affected by the neutral pH environment and enzymes in the 
small intestine [67], which could explain why SD samples 
compared to fresh and FD fruits yielded lower phenolic val-
ues after digestion.

After the gastric and intestinal phases, there was a 
decrease in the TACs of all samples. After intestinal diges-
tion, the TAC of fresh CM was found to be 23 mg cyn-
3glu/100 g dw, and the BI % of TAC was changed from 
3.41 (FD) to 10.22 (fresh CM). The results were statistically 
significant (p < 0.05). David et al. [13] reported that after 
intestine digestion, the TAC of fresh CM fruit was found to 
be 26.46 mg cyanidin-3-O-glucoside /L TAC (free + bound) 
of the SD and FD samples also followed a similar trend; 
TAC for SD fruit (5 mg cyn3glu/100 g dw) was decreased to 
0.5 mg cyn3glu /100 g dw by the gastric stage and exhausted 
in the intestinal digestion. TAC for FD fruits (196 mg cyn-
3glu/100 g dw) was decreased to 21 mg cyn3glu /100 g dw, 
and 6 mg cyn3glu /100 g dw by gastric and intestinal steps, 
respectively. Ozkan et al. [29] also reported that simulated 
intestinal digestion had a dramatic impact on the anthocya-
nins in fresh and dried grape samples.

In the gastric phase, the total ABTS, DPPH, and FRAP 
values of fresh and dried CM samples decreased, while the 
CUPRAC value increased. Additionally, after the gastric 
phase, the free fractions of ABTS, CUPRAC, and FRAP 
assays increased for fresh CM fruit (Fig. 3). Lee et al. [68] 
reported that after the gastric phase, total ABTS and FRAP 
values increased for fresh and oven-dried omija, while 
ABTS, CUPRAC, and FRAP values decreased for FD-omija. 
Moreover, phenolics may combine with trypsin to form a 
complex, which reduces its solubility and significantly inhib-
its its electron-giving ability, thus reducing its antioxidant 
ability [18].

In all CM samples except the FRAP value for FD fruits, 
the antioxidant capacity of the intestinal phase was lower 
than the gastric phase. The condensation and polymeriza-
tion reactions of phenolics in the intestinal environment 
might produce substances with a higher molecular weight 
that would impair their diffusion and solubility through the 
membrane [29]. After the intestinal phase, the total ABTS, 
CUPRAC, DPPH, and FRAP values of fresh CM were found 
as 65, 85, 22, and 58 µmol TE/g dw, respectively. These val-
ues were 59, 44, 14, and 46 µmol TE/g dw for SD fruits, and 
134, 120, 16, and 87 µmol TE/g dw for FD fruits, respec-
tively. A similar trend (decrease of the antioxidant capac-
ity during gastrointestinal digestion) has been reported in 
the literature, for instance, ABTS, CUPRAC, DPPH, and 
FRAP of different fruits were observed to be significantly 
decreased after the digestion process [29, 69–71]. Polyphe-
nols are extremely sensitive to alkaline conditions. Alkaline 
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pH degrades antioxidants following the pancreatic digestion 
phase, resulting in an overall reduction of antioxidant capac-
ity after in vitro digestion [71, 72].

Even though the initial TPC, TFC, TAC, and antioxidant 
capacities were higher in the FD, the bioaccessibility indices 
were not always highest for the FD (Fig. 4). In our study, the 
BI % of TPC was changed from18.60% (SD) to 193.63% 
(fresh CM), whereas the BI % of TAC was changed from 
10.22% (fresh CM) to 3.41% (FD). In the study of Ozkan 
et al. [29], after the simulated digestion of the Isabel grape, 
the BI % of TPC in fresh and FD samples was found to be 
33.04 and 44.98%, while the BI% of TAC in fresh and FD 
samples was found to be 1.49 and 0.77% respectively. In 
our study, the BI % of ABTS ranged from 23.50% (FD) to 
97.49% (fresh CM), while the BI % of FRAP ranged from 
37.59% (FD) to 70.12% (fresh CM) (Fig. 4). David et al. [13] 
reported that the BI (%) of Cornelian cherry anthocyanins 
largely decreased during intestinal digestion, and the results 
were statistically significant (p < 0.05), while the antioxidant 
capacity of the extract was less affected by this phase of 
digestion.

Changes in the levels of individual phenolics 
of fresh and dried Cornus mas during in vitro 
digestion

The effects of in vitro gastrointestinal digestion of CM phe-
nolic compounds in the free and bound fractions were evalu-
ated in the present study, and the results are summarized 
in Table 2. Generally, the amount of detected phenolics in 
the free fraction decreased from gastric to intestinal con-
dition depending on the sample and was significantly dif-
ferent (p < 0.05) between the gastric (SGF) and intestinal 

(SIF) digestion steps for each sample. For example, the 
amount of epicatechin and catechin was decreased in all 
samples, whereas chlorogenic acid, gallic acid, rutin, and 
quercetin-3-D-galactoside were decreased in dried samples 
but not in fresh samples. Ellagic acid that was determined at 
higher levels in the extractable fraction of nondigested dried 
fruits could be detected in the intestinal fluids of SD fruit but 
not fresh or FD fruit.

The number and concentration of phenolics detected in 
the intestinal digestion fluids of fresh samples were higher 
than those of dried samples. For example, 3-hydroxyben-
zoic acid, epicatechin, quercetin-3-d-galactoside, rutin, and 
kaempferol 3-O-glucoside can be detected in fresh CM fruit, 
but in dried fruits, those phenolics could not be detected 
or determined at a comparably lower content. On the other 
hand, after gastrointestinal digestion, some phenolics, for 
example, ellagic acid, were detected at higher levels in SD 
fruit but not in fresh or FD fruit, and chlorogenic acid was 
determined at higher levels compared to those in the fresh 
sample.

The concentration of detected phenolics in the non-
digested sample was also generally decreased from the 
gastric to the intestinal stage of digestion. For example, 
the content of gallic acid, epicatechin, rutin, catechin, 
ellagic acid, chlorogenic acid, and neochlorogenic acid 
were all decreased by digestion. They could be both 
released from the bound fraction and degraded during 
digestion simultaneously. The quercetin 3-D-galactoside 
(36.20–106.30%), chlorogenic acid (30.82–94.20%), and 
catechin (20.95–83.17%) showed the highest bioaccessi-
bility for all samples (Table 2). The stability of phenolics 
in digestion conditions could be related to their structure. 
For example, the free flavonoid ( +)-catechin showed high 

Fig. 4   Bioaccessibility index (BI) of fresh, SD, and FD CM sam-
ples SD solar dried, FD freeze-dried, TPC total phenolic contents, 
TFC total flavonoid contents, TAC​ total anthocyanin content, DPPH 
2,2-diphenyl-1-picryhydrazyl radical scavenging activity, CUPRAC​ 
copper reducing antioxidant capacity, ABTS 2,2ʹ-azino-bis (3-ethyl 

benzothiazoline6-sulphonic acid), and FRAP ferric reducing antioxi-
dant power. Means with different letters (a–c) among sample (fresh, 
SD, and FD fruits) are significantly different (p < 0.05) for TPC, TFC, 
TAC, ABTS, CUPRAC, DPPH, and FRAP
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bioaccessibility. This increase in the amount of flavonoid 
values by digestion might be related to the hydrolysis of 
the complex compounds (as allocated catechins) from their 
glycoside to aglycone forms [58]. Similar results were 
observed according to the literature [58, 73]. However, 
Ozkan et al. [28] and Chait et al. [58] reported the high 
bioaccessibility of chlorogenic acid in grapes and carob, 
respectively. Generally, the amount of detected antho-
cyanins in the free and bound fractions decreased from 
gastric to intestinal condition depending on the sample 
(Table 2). The cyanidin 3-O-glucoside and pelargonidin 
3-O-glucoside were detected in the fresh and FD fruits 
at all digestion steps, while the cyanidin 3-O-rutinoside 
and peonidin 3-O-glucoside degraded at the gastric and 
intestinal steps. Although cyanidin 3-O-glucoside, pelar-
gonidin 3-O-glucoside, and peonidin 3-O-glucoside were 
detected in SD fruit, cyanidin 3-O-rutinoside could not be 
determined at any digestion steps. Ozkan et al. [29] and 
Seke et al. [74] also reported a high decrease in anthocya-
nins after in vitro digestion. The BI (%) values of cyanidin 
3-O-glucoside and pelargonidin 3-O-glucoside in the FD 
fruit were found to be 17.81% and 17.34%, respectively, 
and the BI % of FD was higher than other CM samples.

Conclusion

In this study, the FD was the preferred dehydration method 
in terms of the retention of phenolics, anthocyanins, and 
antioxidant capacities. Compared to fresh fruit, the propor-
tion of bound phenolics in the total phenolic content and 
antioxidant capacities decreased with drying, possibly due 
to the weakened attachment of bound phenolics to the cell 
walls. When fresh and dried CM fruits were subjected to a 
simulated digestion model, the release of phenolics from 
the matrix and their degradation occurred simultaneously 
during digestion, and this could be influenced by the state 
of the fruit, whether fresh or dried. Future research could 
employ more comprehensive determination methods like 
LC–MS/MS to identify unknown constituents by providing 
structural and molecular weight characterization, given the 
complex structure of phenolic compounds and their potential 
transformation products during gastrointestinal digestion.
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