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Abstract
This study evaluated the effects of controlled heat treatment on the glycemic index (eGI), bile acid-binding capacity 
(BABC), total phenolics, antioxidant activity, and in vitro bioaccessibility of whole grain buckwheat (Fagopyrum esculen-
tum), rye (Secale cereale L.), and oats (Avena sativa). Cereals were subjected to thermal processing at three temperatures 
(120, 150, and 180  °C) for 30 min. The eGI values increased in rye and oat following heat treatment but decreased in 
buckwheat at 150 and 180 °C. Thermal processing significantly affected BABC in all cereals (p ≤ 0.05), with the highest 
values observed at 180 °C for oats (6.56 µmol/g), buckwheat (6.65 µmol/g), and rye (5.77 µmol/g). The total phenolic 
content (TPC) increased with heat treatment. The highest TPC values were recorded at 180 °C for rye (9.33 mg GAE/g 
dw), 120 °C for buckwheat (15.39 mg GAE/g dw), and 150 °C for oats (10.04 mg GAE/g dw). Antioxidant capacities, 
measured using DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) 
assays, were enhanced in buckwheat and oats after thermal processing, while a significant decrease was observed in rye. 
The in vitro bioaccessibility of TPC significantly improved during the gastric phase for all samples except oat, with buck-
wheat showing the highest increase (86.56% at 180 °C). Oats maintained the highest bioaccessibility index (BI) for total 
antioxidant capacity (TAC) across all treatments, while rye peaked at 444.09% TAC during the intestinal phase at 120 °C. 
These findings underscore the influence of thermal processing on the functional and nutritional properties of these cereals, 
with notable variations based on their unique compositions. Overall, these findings demonstrate that controlled heat treat-
ment can enhance the nutraceutical value and bioaccessibility of phenolics in whole grains, providing a promising strategy 
for developing minimally processed, functional cereal-based products with cardiometabolic and digestive health benefits.
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Introduction

Unhealthy dietary patterns have contributed to the global 
rise in obesity, diabetes, and cardiovascular diseases and 
colon cancer [1]. Increasing the intake of whole grains and 
dietary fiber is widely recognized as an effective strategy to 
prevent these conditions [2]. Numerous international health 
authorities emphasize the consumption of nutrient-dense 
foods, particularly whole grains, as a key source of dietary 
fiber, phenolics, essential nutrients, vitamins, minerals, and 
bioactive phytochemicals [3]. Whole grains and their bran 
fractions are rich in dietary fiber and bioactive compounds 
concentrated in the outer layers, making them attractive 
ingredients for functional food formulations [4]. However, 
whole-grain consumption remains limited due to sensory 
and technological challenges, including coarse texture, bit-
ter taste and reduced consumer acceptance [5]. Moreover, 
in many cases, these grains are added in minimal levels to 

facilitate technological processing and often undergo exten-
sive refinement, resulting in the loss of valuable nutrients. 
Therefore, developing palatable whole grain-based snacks 
represents and an effective approach to promote whole-
grain intake while preserving nutritional quality.

Buckwheat, oats, and rye are particularly relevant in 
this context due to their distinct nutritional and functional 
profiles and health promoting components. Buckwheat is 
a highly valuable food source because of its high biologi-
cal value, well-balanced amino acid composition, high fiber 
content, and substantial levels of essential minerals such 
as zinc (Zn), copper (Cu), manganese (Mn), and selenium 
(Se). From a nutritional perspective, buckwheat is also a 
rich source of antioxidants including flavonoids such as 
rutin and tocopherols, quercetin, and phenolic acids [6]. The 
absence of phytic acid, an anti-nutritional factor commonly 
found in wheat, further enhances the nutritional value of 
buckwheat fiber [7].
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Rye contains more dietary fiber (22%), particularly ara-
binoxylans, than other cereals [4]. Rye dietary fiber and 
proteins (albumins and globulins) are essential for human 
nutrition. Additionally, rye fructans and fructooligosaccha-
rides function as prebiotics in the large intestine, where they 
undergo complete fermentation into short-chain fatty acids 
[8]. Rye also contains five primary phenolic acids: ferulic, 
sinapic, caffeic, p-coumaric, and vanillic acids [9].

The superior nutritional profile of oats compared to 
other cereals has long been recognized. Oats contain high 
amounts of soluble fibers, proteins, unsaturated fatty acids, 
vitamins, minerals, and antioxidants. Oats are particularly 
rich in dietary fiber (14%–17%). The predominant fiber 
fraction consists of β-glucans, with concentrations varying 
from 4 to 7% in dehulled oats and 6% to 9% in oat bran [4].

These cereals were selected due to their distinct nutri-
tional profiles and relevance in functional food devel-
opment. These grains are particularly rich in bioactive 
compounds such as dietary fiber, polyphenols, and resis-
tant starch, which have been associated with various health 
benefits [10]. Moreover, they exhibit differing responses to 
thermal processing, making them suitable candidates for 
evaluating heat-induced changes in functional properties. 
Their potential to bind bile acids—a mechanism linked to 
cholesterol-lowering effects—further supports their rel-
evance in functional food research [11]. Additionally, the 
gluten-free or low-gluten nature of these grains enhances 
their applicability in the development of health-oriented 
products, particularly for individuals with gluten-related 
disorders [12]. Therefore, these cereals were selected to 
explore the impact of thermal treatment on bile acid-binding 
capacity and to compare their functional potential under dif-
ferent thermal conditions. Their differing compositions also 
allow for comparative evaluation of thermal effects across 
grain types. The findings aim to support the development 
of minimally processed, functional whole-grain snacks that 
promote digestive and cardiovascular health.

Mild thermal processing techniques such as kilning can 
improve sensory properties while preserving nutritional 
value [13]. While previous studies have examined individual 
grains or roasting effects, few have systematically compared 
the effects of kilning across multiple cereals using harmo-
nized conditions. Additionally, limited research has explored 
how kilning influences glycemic index, bile acid-binding 
capacity, total phenolic content, and in vitro bioaccessibility. 
Therefore, this study addresses that gap by evaluating heat 
treatment effects on key nutritional and bioactive parame-
ters. This study aims to enhance the nutritional utilization of 
these cereals in their most natural state by applying a single, 
dry-heat treatment. This approach supports the development 
of palatable whole-grain snacks and encourages their inte-
gration into health-promoting food formulations.

Materials and methods

Materials

Commercially dehulled common buckwheat (Fagopyrum 
esculentum) groats, whole oats (Avena sativa), and whole 
rye (Secale cereale L.) were procured from a local mar-
ket. All samples were harvested during the 2022 crop year 
and cleaned manually to remove impurities prior to anal-
ysis. Enzymes used in the  in vitro glycemic index analy-
ses, including  pepsin (P7000)  and  pancreatin (P7545), as 
well as  bile salts, protease (P3910), α-amylase (A3306, 
from Bacillus licheniformis, 20000—60000 U/mL), Folin–
Ciocalteu reagent, DPPH (2,2-diphenyl-1-picrylhydrazyl), 
and  ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)) and Total Dietary Fiber Assay Kit (TDF100A-
1KT) were purchased from Sigma–Aldrich (St. Louis, MO, 
USA). Amyloglucosidase (3300 U/mL), the Glucose Oxi-
dase–Peroxidase (GOPOD) Kit and Total Starch Kit (AA/
AMG) were purchased from Megazyme International Ire-
land Ltd. (Bray, Co. Wicklow, Ireland). All other solvents 
and chemicals used in the analyses were of analytical grade. 
All solutions were prepared using deionized water.until 
analysis.

Methods

Sample preparation

Buckwheat, oat, and rye samples were soaked in a 15% 
NaCl solution, thermally processed, and analyzed to inves-
tigate their quality and nutritional properties (dietary fiber, 
BABC, phenolic and antioxidant contents, and eGI).

The soaking time was chosen following Liu et al.’s 
[14] and Mohammadi Moghaddam et al. [15] method. In 
preliminary trials, seeds (50  g) were washed and soaked 
at room temperature in 350 mL of saline solutions at 5%, 
10%, and 15%. In the preliminary trials, the weight gain 
of the samples and the perception of saltiness were evalu-
ated at 30  min intervals. Based on sensory and hydration 
responses, a 15% NaCl solution and 30-min soaking period 
were selected. After soaking, the samples were drained to 
remove excess solution and then subjected to heat treatment 
at 120, 150, and 180 °C for 30 min, ground, and stored at 
4 °C until analysis.

Sensory evaluation was conducted to determine optimal 
soaking conditions, and detailed procedures are provided in 
Supplementary Materials S1.

Following this optimization, the cereals were kilned in an 
oven (model KWS1528LQ-F2 (SS); 1500 W, 38 L; Galanz, 
Zhongshan, China). The oven was preheated for 10  min 
before kilning to reach the selected internal temperature. 
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A 100 mg portion of the kilned sample was weighed into 
centrifuge tubes, and ten glass beads (5 mm diameter) were 
added to each tube. Subsequently, 2 mL of hydrochloric acid 
solution (0.05 M) containing pepsin (5 mg/mL) was intro-
duced. The tubes were incubated horizontally in a shaking 
water bath at 37 °C for 30 min to simulate gastric digestion. 
After incubation, 4 mL of sodium acetate buffer (0.5 M, pH 
5.2) and 1  mL of an enzyme solution—comprising 14.45 
U of amyloglucosidase and 0.104 g of pancreatin —were 
added to each tube. The intestinal digestion continued at 
37 °C in the shaking water bath.

Aliquots (100 µL) were collected at 0 and 90 min and 
mixed with 1  mL of absolute ethanol to terminate the 
reaction. Subsequently, the solutions were centrifuged at 
6500  rpm for 10 min, and the glucose content was deter-
mined using glucose oxidase–peroxidase (GOPOD) reagent 
and a spectrophotometer (Shimadzu 150 UV-1800, Tokyo, 
Japan) operated at a 510 nm wavelength.

The hydrolysis index (HI) was calculated based on the 
starch hydrolysis curves plotted over time. The HI served 
as an indicator of the starch digestion rate. The estimated 
glycemic index (eGI) provided insights into the digestibil-
ity of the samples relative to white bread (reference). The 
hydrolysis index (HI) was calculated as the ratio of the 
hydrolyzed (digested) starch content of the sample to that 
of white bread.

The eGI was then calculated using Eq. 1 [19].

eGI = 0.549HI + 39.71� (1)

Extraction of kilned buckwheat, oat, and rye samples

The raw and kilned cereal samples were finely ground into 
powder. To each 1.0 g of powder, 50 mL of 50% aqueous 
methanol (v/v) was added. The mixtures were placed on a 
magnetic stirrer and stirred overnight at 25  °C. Next, the 
mixtures were centrifuged at 6000  rpm and 4 °C, and the 
supernatants were carefully collected and stored at 4 °C for 
further analysis.

The obtained extracts were used for the determination of 
total phenolic content (TPC) and antioxidant activity. TPC 
was measured using the Folin–Ciocalteu method and results 
were expressed as mg gallic acid equivalents (GAE) per gram 
of dry weight (dw). Antioxidant capacity was evaluated by the 
DPPH radical scavenging activity and the ABTS assay, and 
results were reported as Trolox equivalents (TE) per gram dw.

Total phenolic content (TPC) assay

TPC was determined using a modified version of the method 
described by Singleton and Rossi [20] 0.5  mL of kilned 

Subsequently, pre-soaked buckwheat, oats, and rye (100 g 
dry weight) were uniformly kilned at 120, 150, and 180 °C, 
respectively, for 30  min. The kilning duration was deter-
mined based on preliminary experiments, ensuring that the 
seeds achieved a crispy texture. The kilned samples were 
ground into powder and stored at 4 °C until analysis.

Proximate analyses

The moisture content was determined using the AACC 
Method 44–15 [16]. The protein content was assessed using 
Kjeldahl’s method, with a nitrogen-to-protein conversion 
factor of 6.25 [16]. The total lipid content was determined 
gravimetrically by extracting samples with hexane in a 
Soxhlet system [16]. The ash content was determined gravi-
metrically by incinerating a sample with a known weight 
at 550 °C for 8 h in an ash furnace [16]. The results of the 
analyses were expressed based on dry matter.

Total dietary fiber analysis

Prosky et al.’s [17] methods were used to determine the total 
dietary fiber (TDF) content using Sigma-Aldrich kits. Dupli-
cate samples underwent sequential enzymatic digestion, 
involving heat-stable α-amylase (30  min at 98–100  °C), 
protease (30 min at 60 °C), and amyloglucosidase (30 min 
at 60 °C, pH = 4.5).

1  g of the sample was weighed and transferred into a 
vessel. Subsequently, 40 mL of MES-TRIS buffer solution 
was added, followed by 50 µL of α-amylase enzyme. The 
mixture was incubated in a shaking water bath at 95 °C for 
30 min with gentle agitation to facilitate starch hydrolysis. 
After cooling, 100 µL of protease enzyme was added, and 
the sample was further incubated at 60 °C for 30 min under 
mild shaking to promote protein degradation. Following 
this step, 5 mL of 0.561 N HCl was added to adjust the pH 
to the range of 4.1–4.8. Then, 200 µL of amyloglucosidase 
enzyme was introduced, and the sample was incubated once 
again at 60 °C for 30 min with gentle agitation.

After enzymatic digestion, the mixture was filtered to 
separate the undigested residue. The residue was then dried 
at 105 °C for 16 h in an oven. Finally, the dried residue was 
incinerated in a ash furnace at 525 °C for 5 h for ash content 
determination.

Estimation of in vitro glycemic index value

The estimated glycemic index (eGI) values of the samples 
were determined under in vitro conditions according to the 
methods described by Englyst et al. [18]. As a pre-treatment, 
the ground samples were passed through a 212 µm sieve.
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In vitro digestion and bile acid-binding capacity analyses

In vitro digestion analyses were conducted following 
Minekus et al.’s [24] procedure, with modifications. Saliva 
amylase hydrolysis was not performed. Additionally, pan-
creatin was substituted for individual enzymes such as 
trypsin and chymotrypsin for intestinal digestion. Each 
minced sample (5 g, dry basis) was dissolved in 3.5 mL of 
the salivary solution (SSF, pH 7.0) to simulate oral condi-
tions and incubated at 37  °C for 2  min with continuous 
shaking. Subsequently, the pH of the mixture was adjusted 
to 3.0 (using 1  M HCl), and 7.5  mL of gastric solution 
(SGF) and 1.6 mL of pepsin solution (2000 U/mL) were 
added to simulate gastric conditions. After 2  h of incu-
bation at 37 °C, the pH of the mixture was readjusted to 
7.0 (using 1 M NaOH). Subsequently, 11 mL of intestinal 
solution (SIF), 5  mL of pancreatin solution (adjusted to 
100 U/mL trypsin activity), and 2.5 mL of bile acid solu-
tion (1.6  mM) were incorporated to simulate intestinal 
conditions. The mixture was further incubated at 37 °C for 
2 h with continuous agitation. The digested samples were 
centrifuged at 5000 rpm for 5 min, and the supernatant was 
used for BABC analyses.

The quantity of the bound bile acid was estimated by sub-
tracting the total amount of bile acids introduced during the 
in vitro digestion from the amount measured in the super-
natant. BABC assessments were conducted with three sets 
of parallels and three replicates per sample. Bile acid-bind-
ing in the samples was evaluated following Sayar et al.’s 
[25] method. BABC was quantified as µmol/g dry sample, 
using a commercial kit from Sigma-Aldrich. In this assay, 
3-hydroxysteroid dehydrogenase interacts with all 12 bile 
acids, converting NAD into NADH. This reduction reaction 
transforms a probe into a highly fluorescent product. The 
resultant fluorescence intensity (excitation = 530  nm/emis-
sion = 585 nm) is proportional to the bile acid concentration 
in the sample. Cholestyramine was incorporated as a posi-
tive control in every test.

Statistical analysis

Statistical analysis was conducted using SPSS version 
16 (SPSS Inc., Chicago, IL). A two-way ANOVA anal-
ysis was performed to assess potential differences (the 
effects of cereal type and temperature) between means 
when comparing more than two groups regarding a spe-
cific variable. Duncan’s test was used to evaluate these 
differences with a confidence interval of 95%. At least two 
repetitions were conducted, based on the sensitivity of the 
specific analysis.

cereal extracts, 2.5 mL of Folin-Ciocalteu reagent (0.2 N), 
and 2 mL of a 2% (w/v) Na2CO3 solution were combined. 
Next, the samples were incubated in the dark at room tem-
perature for 30 min, and the absorbance was recorded using a 
spectrophotometer (Shimadzu 150 UV-1800, Tokyo, Japan) 
at 760 nm. The results are expressed in milligrams of gallic 
acid equivalent (GAE) per gram of dry, kilned sample.

Antioxidant capacity

Antioxidant capacity was evaluated using the DPPH and 
ABTS radical scavenging assays. The DPPH assay was per-
formed according to the method described by Singh et al. 
[21]. After 60 min of incubation at 30 °C, the absorbance 
was measured at 515 nm using the same spectrophotometer. 
The ABTS radical cation scavenging activity was assessed 
following a modified version of the procedure developed by 
Re et al. [22], with absorbance measured at 734 nm. Results 
from both assays were reported as milligrams of Trolox 
equivalents (TE) per 100 g dry weight (dw).

In-vitro bioaccessibility of phenolic compounds

The digestion protocol outlined by Ozkan et al. [23] was 
applied. Briefly, 2.5 mL of kilned cereal extract was mixed 
with 17.5 mL of distilled water and 1.5 mL of a freshly pre-
pared pepsin solution (60 mg pepsin in 1.5 mL of HCl). The 
pH was adjusted to 1.7–2.0 using 5 M HCl, and the samples 
were incubated in a shaking water bath at 37 °C for 2.5 h at 
100 rpm to simulate gastric digestion. After this step, 5 mL 
aliquots were collected as post-gastric (PG) samples.

For the intestinal phase, 4.5  mL of a pancreatin–bile 
salt solution (18 mg pancreatin and 112.5 mg bile salts dis-
solved in 4.5 mL distilled water) was added to the remaining 
mixture. Dialysis bags with a molecular weight cut-off of 
12,000 Da were filled with 0.5 M NaHCO₃ to neutralize the 
acidic environment and adjust the pH to approximately 7.0. 
The digestion continued by incubating the samples at 37 °C 
for an additional 2.5 h in a shaking water bath at 100 rpm.

Following the intestinal phase, samples were collected 
and classified into three fractions: post-gastric (PG), “serum-
available” and “bioavailable” content (IN, inside the dialy-
sis bags), and “colon-available” content (OUT, outside the 
dialysis bags). A blank control, containing all reagents but 
no sample, was subjected to the same digestion conditions. 
All collected fractions were centrifuged at 6500  rpm for 
10  min and stored at –20  °C until analysis. Total pheno-
lic contents (TPC) and antioxidant capacities were assessed 
for PG, “serum-available,” “bioavailable” (IN), and (OUT) 
contents, using the previously described methods.
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of thermal processing and the TDF content (p > 0.05). The 
increase in TDF depends on both the processing method 
and the structural composition of the food matrix [37]. Heat 
treatment increases the proportion of soluble fiber in certain 
foods. For instance, studies have demonstrated that the solu-
ble fiber content in some heat-treated vegetables and grains 
increases following thermal processing [38–40]. Similarly, 
Dong et al. [41] reported that thermal processing improved 
the dietary fiber content in whole oats, attributing this effect 
to the breakdown of glycosidic bonds in polysaccharides, 
which facilitates the release of oligosaccharides, increasing 
the proportion of soluble dietary fiber (SDF).

Diets rich in fiber and polyphenols are both recog-
nized for their health benefits, and their interactions may 
modulate the bioavailability and functionality of phenolic 
compounds[42].

Overall, heat processing enhances the dietary fiber con-
tent of oats, buckwheat, and rye while influencing their 
structural properties. Another possible explanation of this 
increment is to decrease the moisture content of the sam-
ples due to thermal treatment, indicating an increase in dry 
matter.

Bile acid-binding capacity (BABC)

Table 2 presents the BABC of the samples. Cholestyramine 
was used as a positive control because of its extensively 
characterized bile acid-binding capacity. BABC results 
are reported in two formats: the amount of bile acid bound 
(µmol/g) and the percentage of bile acid bound relative to 
cholestyramine (%). Here, to facilitate a meaningful com-
parison with previous studies, the BABC was calculated 
relative to cholestyramine, with its binding capacity set at 
100% to ensure that the results could be evaluated indepen-
dently of any methodological variations [43].

Rye samples demonstrated a non-linear response to ther-
mal processing. The sample treated at 180 °C exhibited a 
significantly elevated BABC (5.77 ± 0.15 µmol/g; 83.87%), 

Results and discussion

Proximate composition

Table 1 presents the proximate composition of the samples. 
The moisture content decreased as the heat treatment tem-
perature increased. This reduction in moisture content is 
an inherent outcome of the kilning process. Thermal pro-
cessing not only affects affects moisture content. It also 
enhances flavor and aroma, while contributing to desirable 
textural properties. Therefore, the thermal processing tem-
perature that results in the lowest moisture content is con-
sidered optimal for these products [26].

According to the literature, buckwheat contains 12%–
18.9% protein, with a lipid content ranging from 1.5% to 
4%. The TDF content of whole buckwheat is approximately 
7%, while its bran fraction contains up to 40% TDF [27, 
28]. The TDF content in rye varies between 14% and 20.9%, 
and its protein content ranges from 8 to 15%, comparable to 
wheat [29, 30]. Whole oats have 6.7%–11.1% lipid, 18.1% 
protein, and 10.8% TDF [31–34].

Generally, the values obtained here are consistent with 
those reported in the literature. However, according to 
the literature, the TDF content of buckwheat and oats is 
comparatively higher. This difference can be explained by 
the fact that the TDF content of buckwheat can reach up 
to 15%. Hulled or unprocessed buckwheat tends to have 
higher fiber content, which may account for the relatively 
elevated TDF levels reported for buckwheat in the literature 
[35]. Similarly, oats can exhibit elevated TDF contents. This 
can be attributed to several factors, including high bran pro-
portion, minimal processing, beta-glucan concentrations, 
and cultivar-specific characteristics. Collectively, these fac-
tors contribute to the higher dietary fiber values reported 
for oats [36]. Higher thermal processing temperature sig-
nificantly increased the TDF content in buckwheat and oats. 
By contrast, although an increase in TDF was also seen in 
rye, no significant correlation was found between the degree 

Samples Temperature Moisture (%) Protein (%) Lipid (%) TDF (%)
Rye Raw 13.67 ± 0.5a 12.80 ± 0.3c 1.00 ± 0.0d 22.16 ± 0.0b

120 °C 3.26 ± 0.0c 12.60 ± 0.2c,d 1.04 ± 0.0d 23.44 ± 0.6a

150 °C 3.23 ± 0.1c 12.60 ± 0.4c,d 1.43 ± 0.1c 23.80 ± 0.1a

180 °C 2.09 ± 0.0f 13.80 ± 0.3a,b 0.93 ± 0.0d 23.68 ± 0.2a

Buckwheat Raw 11.89 ± 0.4b 12.25 ± 0.2d 2.68 ± 0.2b 15.46 ± 0.3f,g

120 °C 2.87 ± 0.0c,d 11.70 ± 0.2e 2.71 ± 0.1b 17.84 ± 0.9e

150 °C 2.70 ± 0.0d,e 12.40 ± 0.3c,d 2.84 ± 0.1b 18.79 ± 0.5d

180 °C 2.38 ± 0.0e,f 11.80 ± 0.2e 2.74 ± 0.1b 21.96 ± 1.0b

Oats Raw 13.84 ± 0.9a 13.90 ± 0.3a 5.56 ± 0.3a 14.91 ± 0.4 g

120 °C 3.25 ± 0.0c 13.40 ± 0.3b 5.58 ± 0.3a 17.77 ± 0.9e

150 °C 3.17 ± 0.0c,d 13.40 ± 0.3b 5.54 ± 0.3a 16.32 ± 0.8f

180 °C 2.92 ± 0.1c,d 14.10 ± 0.3a 5.36 ± 0.2a 20.59 ± 0.0c

Table 1  Moisture, protein, lipid, 
and total dietary fiber (TDF) con-
tent of the evaluated cereals

Values are expressed as the 
mean ± standard deviation of 
triplicate analyses. Values within 
a column followed by the same 
letter are not significantly dif-
ferent (p > 0.05). Protein, lipid, 
and total dietary fiber (TDF) 
contents were expressed on a dry 
matter basis
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Rye, buckwheat, and oats are important cereal crops 
that serve as rich sources of dietary fiber. Dietary fiber-rich 
foods or components bind to bile acids [43]. Dziedzic et al. 
[45] investigated the effects of technological processing on 
the dietary fiber content of buckwheat groats and related 
products and reported an increase in TDF from 28.09% to 
34.02% after roasting. Furthermore, the buckwheat prod-
uct with the highest TDF content also exhibited the high-
est BABC. They also found that roasted buckwheat groats 
bound approximately 10% more deoxycholic acid than 
other buckwheat samples [45]. Our results are also in line 
with the study of Dziedzic et al. [45] since regular increase 
in TDF content of buckwheat (Table 1) was caused by kiln-
ing, leading to higher BABC at 180 °C kilning temperature 
(Table 2).

Bile acids are synthesized in the liver from cholesterol 
and secreted into the small intestine, where they facilitate 
the digestion of dietary fats and oils. However, dietary 
fiber binds bile acids in the small intestine, hindering their 
reabsorption. The primary mechanism underlying the cho-
lesterol-lowering effect of dietary fiber is the formation of 
a dietary fiber-bile acid complex, which prevents bile acid 
reabsorption from the small intestine [46].

These findings further support the hypothesis that ther-
mal processing enhances BABC, likely due to an increase 
in the soluble fiber content of the samples. In addition to 
fiber solubilization, the observed improvement in BABC 
at higher kilning temperatures—particularly at 180  °C—
may also be attributed to the formation of Maillard reac-
tion products. These compounds can interact with bile acids 
through hydrophobic and electrostatic interactions, poten-
tially increasing their binding affinity. Furthermore, thermal 
degradation of dietary fibers and proteins may expose or 
modify functional groups (e.g., hydroxyl, carboxyl, amino), 
enhancing their capacity to bind bile acids. Similar observa-
tions were reported for oxidized or degraded -glucans, which 
exhibited enhanced bile acid-binding due to the exposure of 
additional reactive sites [47, 48]. Therefore, both Maillard 
reaction products and heat-induced structural modifications 
are likely to act synergistically, contributing to the higher 
BABC observed at elevated temperatures. Hence, incorpo-
rating high-fiber foods into the diet is essential for maintain-
ing healthy cholesterol levels [49].

Estimated glycemic index (eGI) and hydrolysis index 
(HI) of kilned samples

The HI represents the ratio of the starch digestion rate in 
a food sample to that in a reference food, typically white 
bread. As anticipated, white bread (control) exhibited the 
highest HI. Among the grains, raw rye demonstrated the 
lowest HI.

whereas the sample processed at 150 °C showed the lowest 
capacity (2.74 ± 0.09 µmol/g; 39.82%). Interestingly, mod-
erate heating at 120 °C also enhanced the binding capacity 
(5.14 ± 1.44 µmol/g; 74.71%) compared to the raw sample 
(3.86 ± 0.10  µmol/g; 56.10%). Buckwheat samples dis-
played the most pronounced increase in BABC following 
high-temperature treatment. The sample processed at 180 °C 
reached 6.65 ± 0.09 µmol/g, corresponding to 96.56% of the 
cholestyramine reference. In contrast, the lowest value was 
observed at 120 °C (1.86 ± 0.07 µmol/g; 27.09%), indicat-
ing a substantial thermal sensitivity. Oat samples followed 
a similar trend, with the highest BABC observed at 180 °C 
(6.56 ± 0.09  µmol/g; 95.22%). The raw sample exhibited 
moderate binding (3.29 ± 0.11 µmol/g; 47.75%), while the 
lowest capacity was recorded at 150 °C (1.88 ± 0.03 µmol/g; 
27.37%). High-temperature processing, especially at 
180 °C, significantly enhances the bile acid-binding capac-
ity of some cereal grains. However, the effect appears to be 
both grain-specific and temperature-dependent.

The raw samples exhibited similar BABC values 
(p > 0.05). Dongowski [44] reported BABC values of 4.29 
for rye flour and 3.11 for oat flour, which is close to our 
findings. Here, the BABC values of the samples increased 
following heat processing, although this increase occurred 
at different temperatures.

Increased thermal processing of rye led to fluctuations 
in its BABC. The differential effects of temperature on the 
samples may be attributed to structural variations. Notably, 
all samples reached their highest BABC values at 180 °C. 
At 180 °C, the samples showed BABC values comparable 
to cholestyramine (p ≤ 0.05). This indicates a high binding 
capacity.

Table 2  Bile acid-binding capacity (BABC) of the evaluated cereals
Samples Temperature BABC 

(µmol/g)
BABC, %
(relative to 
cholestyramine)

Cholestyramine - 6.88 ± 0.06a 100
Rye Raw 3.86 ± 0.10d,e,f 56.10

120 °C 5.14 ± 1.44a,b,c 74.71
150 °C 2.74 ± 0.09f,g 39.82
180 °C 5.77 ± 0.15a,b 83.87

Buckwheat Raw 2.84 ± 0.18e,f,g 41.28
120 °C 1.86 ± 0.07 g 27.09
150 °C 4.66 ± 0.14b,c,d 67.72
180 °C 6.65 ± 0.09a 96.56

Oats Raw 3.29 ± 0.11e,f,g 47.75
120 °C 2.52 ± 0.07f,g 36.54
150 °C 1.88 ± 0.03 g 27.37
180 °C 6.56 ± 0.09a 95.22

Values are expressed as the mean ± standard deviation of triplicate 
analyses. Values within a column followed by the same letter are not 
significantly different (p > 0.05)
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investigation is warranted to elucidate the exact mecha-
nisms underlying this relationship. Similarly, Małgorzata et 
al. [55] demonstrated that Maillard reactions in thermally 
treated buckwheat are associated with changes in its chemi-
cal composition.

Zamaratskaia et al. [56] reported that buckwheat-based 
products generally have a lower predicted GI compared to 
wheat-based products. This can be due to the flavonoids 
profile of buckwheat. Flavonoids, particularly quercetin, 
have been associated with a reduced risk of type 2 diabetes 
mellitus (T2DM). These compounds inhibit α-glucosidase 
and α-amylase, key enzymes involved in starch digestion, 
thereby reducing starch digestibility. The fiber content in 
buckwheat also plays a crucial role in improving metabolic 
conditions related to T2DM. Studies have shown that incor-
porating buckwheat bran at 0.5%, 1%, and 2% into the diet 
reduces blood glucose levels [56].

Oats showed higher eGI values than rye and buckwheat 
(Table 3), suggesting that its lower effectiveness in moderat-
ing postprandial glycemic responses. Also, kilning caused 
significant increase in eGI value of whole oat (p < 0.05), 
especially at 180  °C (Table  3). These findings align with 
previous studies which reported an increment in the eGI of 
oat starch because of conventional heat treatment methods 
[34]. This was explained by the reduction of large starch 
granule content and the molecular weight of amylose that 
cause a higher GI value [57].

Both raw rye and kilned rye kernels in this study exhib-
ited a low eGI to some extent. Medium eGI value (56 to 
69) was obtained for kilning at 180 °C (Table 3). Rye has 
a low eGI because of its high soluble dietary fiber con-
tent [58]. Rye is commonly processed to flour and used in 
bread making [59]. Previous studies have demonstrated that 
whole-meal rye bread and rye bread baked with whole ker-
nels resulted in a lower insulin response than refined wheat 
bread. Juntunen et al. [60] conducted a study comparing the 
eGI of rye bread and white bread and concluded that less 
insulin is required to regulate postprandial glucose levels 
following rye consumption. This effect is primarily attrib-
uted to the fiber content and unique structural characteristics 
of rye. The findings also indicate that the starch granules in 
rye bread undergo swelling, accompanied by partial amy-
lose leaching. Moreover, the starch granules are densely 
packed, forming a continuous matrix in the rye bread struc-
ture. The firmer structure of rye bread, in contrast to refined 
wheat bread, can be linked to these structural differences 
[60]. The differences in eGI responses to temperature varia-
tions among the three evaluated grain products can also be 
explained by their structural characteristics. Numerous stud-
ies have demonstrated that plant-derived polysaccharides 
play a key role in glucose and insulin metabolism regula-
tion. These bioactive compounds contribute to blood sugar 

The relationship between thermal processing and glyce-
mic response varied among the cereal samples. The HI and 
eGI values of the samples are presented in Table 3. Kiln-
ing significantly affected both eGI and HI. The eGI values 
of rye and oats increased with rising temperature (p ≤ 0.05), 
likely due to heat-induced modifications in starch structure 
that enhance water absorption and enzymatic susceptibility. 
Additionally, the amylose-to-amylopectin ratio in rye and 
oats facilitates rapid hydrolysis under heat, contributing to 
higher eGI values [50, 51]. A similar trend in HI supports 
this mechanism, reflecting greater starch digestibility under 
intensified thermal treatment.

In contrast, buckwheat exhibited a decrease in eGI at 
higher temperatures. This result may be linked to the for-
mation of Maillard reaction products that inhibit starch 
digestion and stronger protein–starch interactions that limit 
enzymatic access. Specifically, the eGI values for samples 
kilned at 120 ℃ were significantly higher than those kilned 
at 150 and 180 ℃. Previous research suggests that Mail-
lard reactions during thermal processing can reduce the 
amount of digestible carbohydrates, thus lowering the gly-
cemic response [52, 53]. These grain-specific responses 
suggest that kilning alters the physicochemical properties 
of starch differently depending on cereal type. Bhinder et 
al. [54] similarly reported a marked increase in intermedi-
ate Maillard reaction products during roasting, exhibiting a 
strong positive correlation with roasting temperature (the 
highest value was observed at 170  °C). In our study, the 
lowest eGI values were obtained at 180 °C, suggesting that 
the formation of Maillard reaction products may have con-
tributed to this reduction in eGI. This aligns with the notion 
that Maillard reaction products reduce the availability of 
digestible carbohydrates, lowering the eGI values. Further 

Table 3  Hydrolysis index (HI) and estimated glycemic index (eGI) of 
the evaluated cereals
Samples Temperature HI eGI
White bread - 74.00 ± 0.0a 80.33 ± 0.0a

Rye Raw 17.60 ± 3.3 k 49.40 ± 1.8 k

120 °C 28.24 ± 7.0 h,i 55.21 ± 3.8 h,i

150 °C 27.63 ± 1.6i 54.88 ± 0.8i

180 °C 34.33 ± 0.8 g 58.56 ± 0.4 g

Buckwheat Raw 38.75 ± 1.5f 61.00 ± 0.8f

120 °C 46.15 ± 1.4e 65.05 ± 0.7e

150 °C 32.20 ± 2.5 g,h 57.40 ± 1.4 g,h

180 °C 22.80 ± 2.7j 52.20 ± 1.5j

Oats Raw 52.27 ± 2.6d 68.40 ± 1.5d

120 °C 58.41 ± 0.2c 71.78 ± 0.1c

150 °C 57.90 ± 3.9c 71.49 ± 2.1c

180 °C 63.80 ± 2.1b 74.74 ± 1.1b

Values are expressed as the mean ± standard deviation of triplicate 
analysis. Values within a column followed by the same letter are not 
significantly different (p > 0.05). HI: Hydrolysis index, eGI: Esti-
mated glycemic index
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Bioactive and nutritional properties of kilned whole-grain snacks: focus on buckwheat, oat, and rye

Liukkonen et al. [64] reported that the content of bioac-
tive compounds in baked rye bread was comparable to or 
slightly higher than those in whole rye flour, with the excep-
tion of tocopherols and tocotrienols. This suggests that bak-
ing can preserve or even enhance bioactive compounds in 
cereals, thus maintaining its nutritional quality. The litera-
ture consistently indicates that free phenolics represent only 
a small fraction of total phenolic content in cereals, as the 
majority exist in insoluble, bound forms. Iftikhar et al. [65] 
have reported that hydrothermal treatment increases phe-
nolic content by promoting the release of bound phenolics 
[65]. Similarly, in the present study, the use of whole cereal 
grain, kilned without milling or baking, likely minimized 
structural degradation and contributed to the retention of 
phenolic compounds.

On the other hand, thermal processing may also stimu-
late chemical reactions that produce new antioxidant com-
pounds. Browning reactions, including Maillard reaction, 
caramelization, and chemical oxidation of phenols, are 
known to enhance both TPC and free radical-scavenging 
capacity. This phenomenon may be attributed to the dis-
sociation of conjugated phenolic moieties, followed by 
polymerization and/or oxidation reactions [63]. While some 
studies have reported TPC losses due to thermal degradation 
[55], others noted that antioxidant compounds formed dur-
ing the Maillard reaction may compensate for such losses 
and even contribute to an increase in TPC [54]. Ma et al. [61] 
reported that TPC in flour does not substantially decrease 
after roasting. Therefore, the increase in TPC observed in 
the present study may result from both the release of bound 
phenolic compounds and the formation of Maillard-derived 
antioxidants, reducing the effects of heat induced phenolic 
degradation. The positive influence of thermal processing 
on TPC has also been confirmed in in other cereal studies. 
Lee et al. [66] evaluated the effects of roasting oats at dif-
ferent temperatures (150, 200, and 250  °C) and durations 
(15 and 30 min), finding that methanolic extracts produced 
the highest TPC, reaching 135 mg GAE/g after 30 min at 
250 °C. Similarly, Sandhu et al. [67] reported that toasting 
oat flour (115 ± 2 °C for 3 h) increased the TPC by 11.5% 
to 27.1% (p ≤ 0.05), These combined effects suggest that 
kilning offers a promising strategy for enhancing the nutri-
tional and functional value of cereal grains through both the 
release and transformation of phenolic compounds.

In addition, the current study showed significant (p ≤ 0.05) 
variations in antioxidant capacity among different kiln-
ing treatments of selected cereals. Previous literature also 
reports a positive correlation between total phenolic content 
and antioxidant activity [68]. Given the differing mecha-
nisms of antioxidant activity, the antioxidant capacities of 
buckwheat, oats, and rye were evaluated before and after 
in vitro simulated digestion using DPPH and ABTS assays.

regulation, improved insulin sensitivity, and overall meta-
bolic health [34]. Thus, low-GI functional food products are 
of interest for addressing metabolic health concerns.

Total phenolic content (TPC) and total antioxidant 
capacity (TAC) of undigested and in vitro-digested 
samples

The total phenolic content (TPC), total antioxidant capacity 
(TAC), and bioaccesibility index (BI) of kilned rye, buck-
wheat, and oat were given in Table 4. The findings indicate 
that the TPC increased in all three cereals following thermal 
processing, although the extent of the increase varied with 
kilning temperature and cereal type.

In rye, a significant increase in TPC was observed after 
kilning, except at 120 ℃. Samples kilned at 150 and 180 
℃ exhibited higher phenolic levels than their raw counter-
parts, with the highest value recorded at 180 ℃ (Table 4). 
The TPC of raw rye was 6.91  mg GAE/g dw, increasing 
by 24.56% and 25.94% at 150 °C and 180 °C, respectively. 
This rise is likely due to the release of bound phenolic com-
pounds at elevated temperatures.

In contrast, buckwheat reached peak at 120 ℃, followed 
by a decline at 150 ℃ and 180 ℃. Notably, the TPC at 180 
℃ was comparable to that of the untreated buckwheat sam-
ple. These findings align with the TPC values reported for 
common buckwheat varieties, which noted TPC increases 
between 30.98%–49.55% after roasting of buckwheat vari-
eties [61]. By comparison, the TPC values in unroasted 
buckwheat flours typically range from 8.90 to 14.72  mg 
GAE/g dw [54].

In oats, TPC gradually increased at 120 ℃ and 150 ℃, 
reaching the highest value at 150 ℃, but declined at 180 ℃. 
Nevertheless, kilned oat samples exhibited higher TPC lev-
els than raw oats at all tested temperatures, with increases of 
66.28%, 91.24%, and 51.24% observed at 120 °C, 150 °C, 
and 180 °C, respectively. In the present study, TPC values 
in methanolic extracts of oats ranged from 5.25 to 10.04 mg 
GAE/g dw, although no consistent trend was observed 
across temperatures.

These results demonstrate that thermal processing 
enhances TPC in selected cereal grains, although with vari-
ations depending on the cereal type and temperature. The 
differences in phenolic responses to heat can be attributed to 
the distinct phenolic composition of each cereal. The con-
tent and activity of polyphenols are influenced by multiple 
factors, including plant species, cultivar, maturity state, the 
nature, and location of phenolic compounds, and the dura-
tion and intensity of the thermal treatment [9, 62]. Previ-
ous studies have shown that thermal processing facilitates 
the release of bound phenolic acids by disrupting cellular 
structures and breaking down cell walls [63]. For instance, 
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the thermal treatment of oat bran enhanced its phenolic con-
tent, further supporting the present results. These correla-
tions reinforce the conclusion that thermal processing can 
modulate antioxidant potential.

Effects of in vitro gastrointestinal digestion on the 
antioxidant activity and phenolic compounds of 
kilned rye, buckwheat, and oat

Table 4 presents the variations in TPC and TAC across the 
phases of in vitro gastrointestinal digestion, along with the 
bioaccessibility index (BI), which quantifies the fraction 
of phenolic compounds capable of crossing the simulated 
intestinal barrier (cellulose dialysis membrane) and thus 
represents the serum-available portion. Raw buckwheat, 
rye, and oats, and those kilned at different temperatures 
(120, 150, and 180  °C), were subjected to consecutive in 
vitro digestion simulating oral, gastric, and intestinal condi-
tions. The TPC and antioxidant values at the oral phase were 
lower than those of the undigested sample due to the poor 
solubility of phenolics in the salivary fluid and the short 
duration of this phase. Therefore, the data for this phase 
are not included. Compared to the oral phase, the TPC of 
all three kilned samples significantly (p ≤ 0.05) increased 
during the gastric phase. In plants, phenolic compounds 
exist in both soluble and insoluble-bound forms. Soluble 
phenolics are typically extractable using aqueous–organic 
solvent mixtures, while insoluble-bound phenolics require 
enzymatic treatment or extraction under variable acidic or 
alkaline conditions [74]. Therefore, the increase in pheno-
lic content observed under gastric conditions in this study 
suggests that acidic pH and digestive enzymes may facili-
tate the release of phenolics bound to the cereal matrix. The 
most substantial relative rise was observed in buckwheat 
samples, with TPC increasing from 82.61% in the untreated 
sample to 83.43%, 85.55%, and 86.56% at 120, 150, and 
180 °C, respectively. Similarly, Li et al. [75] demonstrated 
that extracts obtained from buckwheat hulls exhibited higher 
TPC and TAC compared to those derived from buckwheat 
flour. Jan et al. [76] also reported that baking reduced TPC 
in wheat cookies enriched with buckwheat flour; however, 
the TPC of buckwheat cookies remained higher than that of 
wheat cookies. As observed in the case of wheat cookies, in 
the present study, the oat sample exhibited lower TPC in the 
gastric phase compared to the undigested sample, despite an 
increase from the oral phase. This reduction may be attrib-
uted to the thermal degradation of phenolic compounds 
under gastric conditions.

A significant increase in bioaccessible TPC of rye sam-
ples was also detected in all soluble fractions produced fol-
lowing in vitro digestion compared to the samples prior to 
digestion. In vitro gastric digestion resulted in a progressive 

In rye, a 36% reduction in DPPH values was observed 
following kilning (Table  4). A similar decreasing trend 
was observed for ABTS values. This decline in antioxidant 
capacity aligns with findings by Cammerata et al. [69], 
who reported reduced antioxidant activity in boiled wheat-
based pasta compared to raw samples. This reduction may 
be attributed to the structural degradation or polymerization 
of phenolics due to thermal processing, or the interference 
of Maillard reaction products with TPC measurements. The 
inverse relationship observed between TPC and antioxidant 
capacity in thermally processed rye can be attributed to two 
concurrent mechanisms. At lower temperatures and higher 
moisture conditions phenolic degradation predominates, 
resulting in the loss of phenolic acids such as ferulic and 
p-coumaric acids leading to decreased antioxidant capacity 
despite measurable increases in total phenolics [70]. Con-
versely, high-temperature or low-moisture treatments pro-
mote the formation of Maillard reaction products which can 
interact with phenolics or proteins, leading to the generation 
of polymerized or bound complexes [71]. This interpreta-
tion is consistent with prior findings showing that the for-
mation of Maillard reaction products under certain thermal 
conditions may contribute to antioxidant capacity. Recent 
studies [71, 72] confirm that these Maillard-derived struc-
tures can contribute to measured TPC values via Folin–Cio-
calteu reactivity while possessing lower radical-scavenging 
efficiency than native phenolics. Consequently, the apparent 
increase in TPC accompanied by a reduction in antioxidant 
capacity in rye strongly suggests a shift from bioactive free 
phenolics to less active Maillard-derived derivatives under 
high-temperature conditions, as supported by previous find-
ings in thermally processed cereals.

Conversely, in buckwheat and oats, antioxidant capacity 
increased after kilning. Untreated buckwheat and oat sam-
ples exhibited lower antioxidant capacities than thermally 
processed samples, indicating an enhancement in antioxi-
dant potential upon heating. Bhinder et al. [54] reported a 
decrease in antioxidant activity in roasted buckwheat flour 
(6.84–11.53  µmol TE/g) compared to unroasted samples 
(11.37–12.74 µmol TE/g), while Ma et al. [61] observed an 
increase in TPC across all buckwheat varieties after thermal 
processing. These inconsistent results suggest that the effect 
of roasting on the antioxidant activity of different cereals 
may vary according to the specific phenolic profiles of the 
different cereals. Inglett et al. [73] similarly demonstrated 
that the extraction temperature significantly influenced both 
the phenolic content and the antioxidant capacity of buck-
wheat extracts, with the phenolic content ranging from 1.43 
to 18.45 mg/g. The results of this study are consistent with 
these trends.

In oats, antioxidant activity consistently increased with 
thermal treatment. Calinoiu and Vodnar [62] reported that 
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whole grains may help prevent these conditions is through 
the free radical scavenging activity of their phytochemi-
cals [83]. The TAC of kilned whole grains was evaluated 
by ABTS and DPPH assays in the present study. The TAC 
of the rye samples was lower in the methanolic extracts of 
kilned samples at different temperatures compared to the ini-
tial levels in the control samples. In the gastric phase, both 
TPC and total antioxidant capacity increased, suggesting 
that the amount of biologically available polyphenols may 
have risen during gastric digestion. Previous studies have 
similarly reported that the majority of polyphenols released 
during simulated gastrointestinal digestion are obtained 
in the gastric phase. Most phenolic compounds in rye are 
known to exist in bound forms within the aleurone and bran 
layers [84]. Therefore, prolonged incubation during the 
gastric phase, combined with the acidic environment and 
enzymatic activity, may have facilitated the release of these 
bound phenolics. After intestinal digestion, the DPPH and 
ABTS analyses of the rye samples exhibited inconsistent 
patterns. While DPPH results showed a significant increase, 
antioxidant activity measured by ABTS decreased. This 
discrepancy is likely due to the two assays operating under 
different solubility environments and targeting radicals with 
different chemical structures [81]. ABTS assays interact 
with a broader range of compounds and are more sensitive 
to pH changes and structural transformations, which could 
explain the observed decrease. Moreover, transformation 
products generated during digestion may exhibit antioxidant 
activity that remains detectable by DPPH but is diminished 
in ABTS analysis. Similarly, in blackberry fruit, ABTS 
antioxidant activity was reported to be higher after gastric 
digestion compared to the intestinal phase [85].

Although oat samples had lower TPC values compared to 
buckwheat and rye, their TAC values, for the in vitro sim-
ulated digestion, were significantly higher. This is mainly 
due to the higher concentration of phenolic acids present 
in the digested oat fractions. This was in agreement with 
a previous study by Gong et al. [83], which found that the 
TAC of whole oat samples increased significantly during 
the digestion process. Bączek et al. [86] similarly reported 
that the bread-making process led to an increase in antioxi-
dant compounds of oat and buckwheat flours. Despite the 
observed increase in TPC in buckwheat and rye samples, 
no corresponding enhancement in TAC was detected in the 
gastric and intestinal phases. This suggests that Maillard 
reaction products, which may be quantified as phenolics in 
TPC assays, contributed to the elevated TPC without neces-
sarily enhancing TAC.

In addition to antioxidant capacity, Table 4 presents the 
bioaccessibility of phenolic compounds in kilned samples 
of buckwheat, oat, and rye. The bioaccessibility of a phy-
tochemical refers to the proportion released from the food 

increase in the TPC of rye samples compared to the untreated 
control, with increments of 11.89%, 24.20%, and 8.22% at 
120 °C, 150 °C, and 180 °C, respectively. These results indi-
cate that the optimum values were obtained from rye sam-
ples kilned at 150 °C. A similar effect has also been reported 
in previous studies [77, 78]. This finding is in agreement 
with the results of Chandrasekara and Shahidi [79], who 
reported increased phenolic content in millet extracts 
obtained after enzymatic digestion in the gastric phase. This 
may be attributed to the enhanced breakdown and release of 
phenolic compounds during the extended incubation period 
of the gastric phase, which increases their accesibility for 
absorption and contributes to the observed increase in TPC.

During intestinal digestion, the material was divided into 
the IN fraction (free soluble dialyzable fraction) and the 
OUT fraction (intestinal digest). In the dialyzed fraction fol-
lowing intestinal digestion (IN), the TPC was significantly 
lower than its initial value. After the intestinal phase, the 
TPC of the IN samples consistently remained lower than 
that of the OUT samples. Similar results were reported by 
Ozay Arancioglu et al. [80], who investigated the effects of 
different drying methods on the in vitro bioaccessibility of 
bioactive compounds in pomegranate arils. The TPC val-
ues of fresh pomegranate arils were 0.22  mg GAE/g for 
IN and 3.94 mg GAE/g for OUT. For freeze-dried pome-
granate arils, the TPC values were 0.23 mg GAE/g for IN 
and 5.32  mg GAE/g for OUT, while ultrasound-assisted 
vacuum-dried samples indicated 0.66 mg GAE/g for IN and 
6.03 mg GAE/g for OUT. These results demonstrate that the 
food matrix impacts bioaccessibility.

In the present study, a significant decrease was observed 
in the intestinal phase compared to the gastric phase, which 
may be related to the instability of phenolic compounds 
under the alkaline conditions of the small intestine. This 
instability may result from oxidation and polymerization 
reactions, the formation of high-molecular-weight pheno-
lic derivatives with low solubility, and alterations in their 
chemical properties [81]. The limited release of phenolics 
is mainly attributed to strong physical interactions between 
free phenolic compounds and cell wall components, as well 
as the covalent bonding of phenolic acids, which are resis-
tant to cleavage by human pancreatic enzymes [82]. The 
limited bioavailability facilitates the transport of phenolics 
to the large intestine, where they undergo microbial metab-
olism, potentially yielding beneficial health effects. This 
explanation provides meaningful insights into the higher 
TPC values in the OUT phase, highlighting the role of the 
food matrix in modulating phenolic availability.

Oxidative damage to biomolecules caused by excess 
free radicals has been associated with numerous chronic 
diseases, including cardiovascular disease, type 2 diabe-
tes, obesity, and cancer. One possible mechanism by which 
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digestibility of oats. Furthermore, the higher fat content in 
oats, compared to the other cereals, may also play a role, 
potentially affecting the bioaccessibility of its antioxidants 
after thermal processing. The fat content plays a crucial 
role in digestibility because it influences enzymatic activ-
ity and emulsification. Fat digestion requires lipase, an 
enzyme responsible for breaking down lipids. A high fat 
content can overwhelm lipase activity, reducing its effi-
cacy and making digestion more challenging. Moreover, 
fats require emulsification by bile salts for proper diges-
tion [89]. The increase observed in the intestinal phase 
of oat sample, and consequently in bioavailability, can be 
attributed to the effect of lipase enzymes and bile salts, 
which facilitate this condition.

Conclusion

Heat treatment significantly influenced the functional and 
nutritional properties of buckwheat, rye, and oats. This 
study represents one of the comparative evaluations of three 
whole grains under harmonized kilning conditions and 
therefore provides novel insights into grain-specific ther-
mal responses. The processing temperature differentially 
affected glycemic index, bile acid-binding capacity, antioxi-
dant activity, and phenolic bioaccessibility, demonstrating 
that controlled dry-heat treatment can optimize health-pro-
moting properties while preserving whole grain integrity.

From an application standpoint, these findings suggest 
that controlled heat treatment can be used to enhance the 
health-promoting properties of whole grains, supporting 
their use in functional food formulations. The findings have 
practical implications for the development of minimally 
processed, fiber-rich snacks that contribute to digestive and 
cardiovascular health through improved phenolic accessi-
bility and bile acid-binding capacity. Future research should 
further investigate sensory acceptance, shelf-life stability, 
industrial scalability, as well as explore advanced process-
ing techniques to validate their commercial potential.
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matrix during digestion, rendering it available for absorp-
tion in the small intestine or biotransformation by the gut 
microbiota. This process is influenced by various factors, 
including the chemical nature of the phytochemical, the ini-
tial state of the food, and the dynamic conditions within the 
gastrointestinal tract.

The phenolic content of buckwheat was higher than that 
of kilned oat and rye samples. However, the bioaccessibility 
index (BI) of buckwheat was significantly lower, ranging 
between 243.23% and 302.19%. By contrast, oats exhibited 
higher bioaccessible TPC values (229.99% for the sample 
kilned at 150 ℃ and 443.60% for raw sample), whereas rye 
indicated 328.10% at 180 ℃ and 444.09% at 120 ℃. These 
results imply that oats exhibited higher bioaccessibility than 
rye under similar conditions. These varying outcomes may 
be due to differences in cereal type, cultivation conditions, 
geographical origin, and postharvest processes, all of which 
help shape the phenolic composition and fate of these com-
pounds during digestion [87].

The BI of TAC values revealed distinct patterns among 
the kilned grains. For oats, TAC remained consistently 
higher across all thermal treatments, ranging from 120.46% 
for the untreated oat sample to 111.56% at 180  °C, indi-
cating high antioxidant bioaccessibility compared to other 
grains. By contrast, rye demonstrated notable improvements 
in TAC post-kilning, increasing from 21.44% to 62.75% at 
180  °C (Table  4). Buckwheat, while exhibiting moderate 
TAC values, showed variability with kilning conditions. 
Buckwheat’s TAC peaked at 52.17% at 150 °C but declined 
at higher temperatures (48.22% at 180 °C), suggesting the 
potential thermal sensitivity of its antioxidants at elevated 
temperatures. These findings illustrate the varying impacts 
of thermal treatment on the bioaccessibility of antioxidants 
in different grains, with oats maintaining consistently high 
bioaccessibility, rye benefiting from kilning, and buck-
wheat displaying potential thermal sensitivity at elevated 
temperatures.

These diverse outcomes can be attributed to variations 
in the chemical composition of oats, rye, and buckwheat. 
Rye and buckwheat have a higher fiber content than oats, 
and thermal treatment can modify the structure of fibers, 
thereby influencing digestibility. Dietary fibers, particu-
larly insoluble fibers in cereal grains, reduce the bioac-
cessibility of phenolic compounds by entrapping these 
compounds and increasing gut fluid viscosity [88]. This 
increased viscosity can hinder enzymatic activity by limit-
ing effective peristaltic movement, hindering enzyme dif-
fusion and substrate interaction. In turn, this may lead to 
the accumulation of phenolic compounds in the large intes-
tine and reduce bioaccessibility in the small intestine [87]. 
This may explain the enhanced TPC digestibility of rye 
and buckwheat following heat treatment, and the reduced 
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