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Dry heating a�ects the
multi-structures,
physicochemical properties, and
in vitro digestibility of blue
highland barley starch
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Cheng Zhang1

1Shanxi Institute for Functional Food, Shanxi Agricultural University, Taiyuan, China, 2School of Food

Science and Engineering, Hainan University, Haikou, China

As a physical method for starch modification, dry heating treatment (DHT) at high

temperatures (150 and 180◦C, respectively) was applied to blue highland barley

(BH) starch with di�erent durations (2 and 4h). The e�ects on its multi-structures,

physicochemical properties, and in vitro digestibility were investigated. The

results showed that DHT had changed the morphology of BH starch, and the

di�raction pattern remained an “A”-type crystalline structure. However, with an

extension of DHT temperature and time, the amylose content, gelatinization

temperature, enthalpy value, swelling power, and pasting viscosity of modified

starches decreased, while the light transmittance, solubility, and water and oil

absorption capacities increased. Additionally, compared with native starch, the

content of rapidly digestible starch in modified samples increased after DHT,

whereas those of slowly digestible starch and RS decreased. Based on these

results, the conclusion could be drawn that DHT is an e�ective and green way to

transform multi-structures, physicochemical properties, and in vitro digestibility

of BH starch. This fundamental information might be meaningful to enrich the

theoretical basis of physical modification on BH starch and extend the applications

of BH in the food industry.

KEYWORDS

blue highland barley, starch modification, dry heat treatment, multi-structures,

physicochemical properties, in vitro digestibility

1. Introduction

Highland barley is a cultivar of hull-less barley (Hordeum vulgare L. var. nudum

Hook. f) and is known as “Qingke” in Mandarin. In China, highland barley is mainly

distributed on the Qinghai–Tibet Plateau (at a high altitude of an average of 4,000m

above sea level). It has been the essential staple food crop and economic crop relied

on by Tibetans since the fifth century AD (1, 2). Because of the unique geographical

conditions (seasonal drought, cold, hypoxia, and intense UV radiation), highland barley

accumulates and possesses various nutrients and secondary metabolites, including β-glucan,

protein, vitamins, proanthocyanidins, flavonols, and phenolic compounds (3), which are

endowed with antioxidant, anti-tumorigenic, and antibacterial capacities for human health.

Numerous research studies have elucidated that these phytochemicals equip multiple health

benefits, which are associated with the potential to reduce the risk of certain diseases
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including diabetes (4), colonic cancer (5), hyperlipidemia (2),

cardiovascular disease (6), and obesity (7). Therefore, over the past

decade has gained increasing research interest. Among different

varieties, colored highland barley, such as blue, black, and purple

ones, is a precious germplasm resource. Particularly, the blue

highland barley (BH), as the most widely cultivated and consumed

in the Qinghai–Tibet Plateau region, contains 336.29–453.94mg of

gallic acid equivalents per 100 g of dry weight (DW) total phenolic

acid with strong antioxidant activity (3).

Starch, the dominant component of highland barley grains,

constitutes ∼ 59–75% of kernel dry weight. The amylose content

varies from 0 to 40% in different cultivars (8). Native highland

barley starch shows typical bimodal granules with large amylose

molecules and long amylopectin chains (9, 10). In comparison

with other grain starches, highland barley starch has a higher

pasting temperature and gelatinization index (8). The predicted

glycemic index (pGI) of highland barley starch was ∼ 39.4–47.5,

belonging to a low-GI level and suitable for diabetics (11), which

has gained extensive attention for its health-improving values.

However, structural and physicochemical properties of starch

significantly affect the eating quality and functional performance

of highland barley, for instance, retrogradation, shear sensitivity,

and thermal resistance; therefore, it is in urgent need to be

modified for extending food and industrial applications. Studies

into highland barley starch modification are relatively scarce.

The advances in physical methods applied to the modification of

highland barley starch have been reported on ANN (12), HMT (13),

microwave irradiation (14), and roasting (15). The HMT could

disintegrate the molecular chain, increase amylose content, and

even promote the V-type structure formation of highland barley

starch (13). The swelling power and gelatinization properties of

highland barley starch were increased under microwave mainly

by disrupting amylopectin clusters in the crystalline regions (14).

Roasting decreased the swelling power, pasting viscosity, solubility,

and gelatinization enthalpy of starches from highland barley while

increasing the gelatinization temperature (15). However, more

information about physical modification, in particular with BH

starch, is imperative to be further explored.

Dry heating is a “green” and “eco-friendly” technology and

has received long-standing attention due to its safety, simplicity,

and low costs when compared with chemical technologies (16).

Recently, dry heating treatment (DHT) has been broadly applied

to starch modification for altering various properties without

destroying the granular structure of different starches (17–19).

This further improves the functional characteristics of starches

as texturizing, filling, coating, and whitening agents for special

applications. Considering that the effects of DHT on BH starch are

rarely reported, in the present study, DHT was carried out on the

BH starch to systematically unveil the effects on its structures and

unique properties and then their relationship to the functionalities

of starch. The results obtained from this study will enrich the

theoretical basis of dry heating modification on blue highland

Abbreviations: BH, blue highland barley; NBHS, native blue highland barley

starch; DHT, dry heating treatment; AWR, alkaline water retention; AMC,

amylose content; RDS, rapidly digestible starch; SDS, slowly digestible starch;

RS, resistant starch.

barley starch, essentially filling up the blanks in our knowledge

of BH starch modification, and promoting its utilization in the

food industry.

2. Materials and methods

2.1. Materials

The BH grains (Ganqing 4#) with 14.6% moisture content

were purchased from Qinghai Xinning Biotechnology Co., LTD.

Standard amylopectin (10120; frommaize), amylose (A0521; purity

≥ 70%, from potato), and porcine pancreatic α-amylase (A3176;

16 U/mg) were purchased from Sigma–Aldrich Chemical Co. (St.

Louis, MO, USA). The amyloglucosidase from Aspergillus niger

(100,000 U/g) was purchased from Nanjing Duly Biotech Co., Ltd

(Nanjing, China). All the other chemicals were of analytical grades.

2.2. Starch isolation

The extraction of BH starch was performed according to

the previously described literature by Zhao et al. (15). The

obtained native BH starch (NBHS) was dried at 40◦C in a

constant temperature convection oven (DHG-9203A, Shanghai

Jing Hong Laboratory Instrument Co., Ltd, Shanghai, China) until

the moisture content reached < 10%. Then, it was ground into

powder and screened through a 100 mesh sieve for further analysis.

2.3. DHT

The NBHS sample [40 g, dry basis (db)] was weighted into a

heat-proof dish and distributed evenly in a thin layer (∼1mm). The

dish was covered with aluminum foil to ensure no loss of material.

Then, the sample dishes were heated in the oven at 150 and 180◦C

for 2 or 4 h, respectively (20). The corresponding DHT starches

were named BH150-2, BH150-4, BH180-2, and BH180-4.

2.4. Scanning electron microscopy

A scanning electron microscope (SEM; S3400II, Hitachi Ltd.,

Tokyo, Japan) was used to observe the morphology of different

samples. Different samples were adhered to a double-sided adhesive

tape on a metal stub. The samples were coated with 20 nm of gold

under vacuum and observed at an acceleration potential of 20 kV.

2.5. Confocal laser scanning microscopy

The native and modified samples were obtained by a CLSM

according to the method reported by Gou et al. (21).
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2.6. X-ray di�raction analysis

The XRD pattern of different samples was determined by

an X-ray diffractometer (D/MAX 2,500V, Rigaku Corporation,

Japan). The scanning angle (2θ) was from 5◦ to 60◦ at a

scanning rate of 4◦/min under 40 kV at 30mA current. The

relative crystallinity (RC, %) was calculated with Jade 6.0 software

(OriginLab Corporation, USA).

2.7. Fourier transform-infrared
spectroscopy analysis

The FT-IR spectra of samples were determined by a Vertex

70 (Bruker, Germany) in a range of wavenumber from 400 to

4,000 cm−1.

2.8. Color analysis

Color measurement of samples was carried out with a Hunter

Colorimeter (CS-820, Hangzhou CHNSpec Technology Co., Ltd,

Hangzhou, China). It was equipped with an optical sensor based on

L∗, a∗, and b∗ color systems.

2.9. Amylose content and alkaline water
retention

Amylose content (AMC) was determined by the iodine-binding

procedure of Juliano et al. (22). The alkaline water retention (AWR)

of samples was calculated with the method of Adebowale et al. (23).

2.10. Oil and water absorption capacities

The oil and water absorption capacities of samples were

determined according to the method reported by Liu et al. (24).

The sample (4 g, db), combined with 20ml of water (or peanut oil),

was transferred into a 50ml centrifuge tube. The tubes were stirred

every 5min during a 30-min incubation at 30◦C and centrifuged

at 7,300 g for 15min. The volume of decanted supernatant fluid

was measured, and milliliters of water (or oil) retained per gram of

different samples were calculated.

2.11. Solubility and swelling power

The solubility and SP of samples were determined following the

method of Liu et al. (25). The sample (50mg, db) was put into a

dry centrifuge tube, weighed (W1), and mixed with 5ml of distilled

water. The tubes were incubated in a shaking water bath at 50,

60, 70, 80, and 90◦C for 30min, respectively, then cooled to room

temperature and centrifuged at 657 g for 15min. The supernatant

was carefully decanted, and the resulting precipitate was weighed

(W2). Solubility and SP per 100 g of sample on db were calculated

using the following equations:

Solubility =
the weight of dried supernatant

weight of sample
(1)

SP =
W2 −W1

weight of sample
(2)

2.12. Paste clarity

Paste clarity (light transmittance, LT) of samples was measured

with the method reported by Zou et al. (26). The transmittance was

determined against water blank at 650 nm by a spectrophotometer

(UV-3100PC, Shanghai Mapada Instruments Co., Ltd. Shanghai,

China,) at 0, 24, 48, and 72 h, respectively.

2.13. Di�erential scanning calorimetry

The gelatinization characteristics were assessed with a

differential scanning calorimeter (Q2000, TA Instruments, New

Castle, DE, United States). The sample (3mg, db), mixed with 9ml

distilled water, was sealed and equilibrated at room temperature

overnight. The sample pans were heated from 30 to 120◦C

at 10◦C/min, and an empty pan was taken as control. Onset

temperature (To), peak temperature (Tp), conclusion temperature

(Tc), and gelatinization enthalpy (1H) were determined.

2.14. Pasting properties

The starch sample (3 g, db) and distilled water (25 g) were

dispersed evenly in an aluminum canister. A Rapid Visco

Analyzer (RVA-4, Newport Scientific Co., Ltd., Warriewood, NSW,

Australia) was used for the evaluation of pasting properties. The

testing cycle was set at 50◦C for 1min, ramped to 95◦C in 3.7min,

held at 95◦C for 2.5min, cooled to 50◦C in 3.8min, and finally held

at 50◦C for 2min. Setback viscosity (SB), breakdown viscosity (BD),

peak viscosity (FV), pasting temperature (PT), and final viscosity

(FV) were measured.

2.15. In vitro digestibility

In vitro digestibility of different samples was performed

according to previous research by Gao et al. (27). The content

of rapid digestible starch (RDS), slow digestible starch (SDS), and

resistant starch (RS) was calculated based on the hydrolysis curve.

2.16. Statistical analysis

Triplicate measurements were performed to obtain mean

values and standard deviations. All data were statistically analyzed

by one-way analysis of variance (ANOVA) by Duncan’s multiple
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FIGURE 1

SEM (1,500×) and CLSM photographs of native and modified samples. (A, F) NBHS; (B, G) BH150-2; (C, H) BH150-4; (D, I) BH180-2; (E, J) BH180-4.

FIGURE 2

The XRD pattern and relative crystallinity (in parenthesis) of di�erent

samples.

range test using SPSS version 19.0 software (SSPS Inc. Chicago, IL,

USA). The least significant difference (LSD) test was performed

to determine differences among the treatments. The principal

component analysis (PCA) was conducted with Minitab version 17

(Minitab Inc., USA). Statistical significance was set at a level of p

< 0.05.

3. Results and discussion

3.1. Morphological properties

The SEM images of different starches are shown in Figure 1.

The NBHS granules have irregular oval and polygonal shapes

(Figure 1A). The surface of the granules was smooth without

cavities or fissures. After DHT, a few potholes were found on the

surface of BH150-2 (Figure 1B), while more cavities appeared on

the surface of BH150-4 granules (Figure 1C). Compared with the

preceding samples, the surface of BH180-2 granules was obviously

eroded. The larger and deeper pits and holes were observed in the

hilum (Figure 1D). In addition, some cracks and fissures developed

on the surface of BH180-4 (Figure 1E). These morphological

FIGURE 3

FT-IR spectra of native and modified starch samples.

changes in BH starch were positively related to the temperature and

duration of DHT. However, the treatment conditions used in this

study were still insufficient to affect the integrity of NBHS. Water

chestnut starch also showed a cracked surface following DHT

(28), and similar observations on dioscorea and cassava starches

modified by DHT were reported as well (19, 29).

A ring structure of amylose and amylopectin in starch granules

grows outward from the hilum. The hilum contained substantial

quantities of moisture, resulting in softening to be easily eroded by

heating. It explained that the hilum of NBHS was more vulnerable

to being sunken and damaged during DHT. The leaching of

amylose and the reorganization of amylose–amylopectin possibly

contributed to these morphological changes (26). Meanwhile,

the high temperature would accelerate the movement of starch

molecules during DHT and further lead to potholes or collapse

as well (21). The generation of these potholes was also probably

attributed to the transfer or rearrangement of central molecules

in starch granules. These morphological alterations might facilitate

the hydrolysis rate of starch by acid or enzymes.

The CLSM images of native and dry-heated samples are shown

in Figure 1. The CLSM technique can characterize channels, growth
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TABLE 1 Color parameters and FT-IR 1,047/1,022 ratio of di�erent samples.

Samples L
∗

a
∗

b
∗ R1,047/1,022

NBHS 95.8± 0.62a 0.14± 0.03d 1.4± 0.05e 1.09± 0.02a

BH150-2 94.4± 0.23b 0.20± 0.02c 3.9± 0.03d 1.07± 0.16b

BH150-4 93.7± 0.11c 0.33± 0.01b 6.1± 0.04c 1.06± 0.05c

BH180-2 91.6± 0.23d 0.36± 0.02b 10.3± 0.11b 1.04± 0.23d

BH180-4 89.3± 0.32e 1.05± 0.03a 13.6± 0.16a 1.03± 0.06e

Means of triplicate determination± S.D with the different letter in a column within each property are significantly different (p < 0.05).

R1,047/1,022 , the ratio of FT-IR value at wave 1,047 and 1,022.

TABLE 2 AMC, AWR, and oil and water absorption capacity of di�erent samples.

Parameters Samples

NBHS BH150-2 BH150-4 BH180-2 BH180-4

AMC (%) 24.40± 0.09a 14.31± 0.43b 11.88± 0.23c 10.13± 0.29d 5.81± 0.64e

AWR (g/g) 0.98± 0.04b 1.09± 0.06b 1.14± 0.09b 1.16± 0.09ab 1.34± 0.07a

Water absorption capacity (g/g) 1.86± 0.16b 1.88± 0.11b 1.91± 0.07b 2.09± 0.16a 2.32± 0.09a

Oil absorption capacity (g/g) 1.44± 0.04c 1.74± 0.04bc 1.94± 0.19ab 2.01± 0.26a 2.22± 0.15a

Means of triplicate determination± S.D with the different letter in a row within each property are significantly different (p < 0.05).

rings, and pores of starch granules and also reveal the distribution

of amylopectin and amylose. The hilum, as the central part of

native starch, shows a uniform distribution of fluorescence areas

with a clear growth ring (Figure 1F). Following DHT, the edges of

starch granules and growth rings gradually blurred with ascending

temperature and duration, and the bright area of fluorescence

turned weaker (Figures 1G–J). The breakage and reassociation of

amylose–amylopectin and amylose–amylose chains during DHT

mainly contributed to the blurred granule edges (21). The weaker

growth rings in modified samples might be attributed to the partial

reorganizing of the amorphous region and the melting of crystals

(17). Similar results had also been found on wheat, red adzuki bean,

and mung bean starches in a range of studies (30–32).

3.2. XRD pattern and RC

The XRD pattern and RC of native and dry-heated starches are

presented in Figure 2. The NHBS has a typical “A”-type crystalline

pattern. The diffraction peaks were at 2θ angles of 15.20◦, 17.36◦,

18.00◦, and 23.06◦. Following DHT, similar diffraction angles of

modified starches were found with the lower diffraction intensity,

and this decrease in intensity was positively related to DHT

temperature and time conditions. The DHT rarely influenced the

original “A”-type crystalline pattern of NBHS, which demonstrated

that changes in NBHS by DHT might primarily occur in the

amorphous region (21). Our findings are consistent with previous

studies where DHT was applied to rice starch under different

treatment conditions (18).

Compared with the RC of NBHS (29.8%), the RC of modified

starches was significantly decreased, ranging from 28.2 to 21.9%

with the order of BH150-2 > BH150-4 > BH180-2 > BH180-4.

The reduction in RC of modified starches was dependent on the

temperature and duration of DHT, which might be attributed to

the movement of double helical, partial gelatinization of starch

granules, and even degradation of the crystalline region during

DHT (17, 33). In addition, crystal size, amount of crystallinity in

starch, and interaction between double helices during DHT may

also engender the reduction in RC.

3.3. FT-IR spectroscopy analysis

The FT-IR spectroscopy represents the short-range ordered

structure of starch (26). The FT-IR spectra of native and modified

starches recorded from 400 to 4,000 cm−1 are shown in Figure 3,

and the absorbance ratios of 1,047/1,022 cm−1 are shown in

Table 1. Compared with NBHS, the modified starches had similar

absorption peaks. It suggested neither new chemical groups had

been formed nor the existing chemical groups had been destroyed

during DHT in current cases.

Bands at 1,047 and 1,022 cm−1, respectively, represent the

content of crystalline starch and amorphous starch. The absorbance

ratio of 1,047/1,022 suggests the amount of ordered crystalline

to amorphous domains in starch (21), associated with the crystal

and amorphous lamellae density of the starch granule, arranged

at a short length scale. The significant decrease in R1,047/1,022

for all DHT-modified starches compared to that of NBHS might

be ascribed to the breakdown of the original hydrogen bonds,

subsequently a dissociation in the double helices of the crystalline

region (34). This was highly consistent with the XRD results

in Section 3.2. The decreasing trend in the R1,047/1,022 value

was positively associated with the raising of DHT temperature

and duration. Therefore, the longer treatment time and higher
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FIGURE 4

Solubility (A) and swelling power (B) of di�erent samples. Bars

bearing the same letter within the same temperature are not

significantly di�erent (p < 0.05).

temperature resulted in less of the short-range molecular order in

the crystalline structure of modified starches. Similar results had

also been reported whenmung bean (32), red adzuki bean (31), and

sweet potato starches (21) were treated by the dry heating process.

3.4. Color measurement

The influence of DHT on the color parameters of starches is

shown in Table 1. The DHT significantly decreased the L∗ value

from 95.8 (NBHS) to 89.3 (BH180-4), while increased the a∗ value

from 0.14 (NBHS) to 1.05 (BH180-4) and b∗ value from 1.4 (NBHS)

to 13.6 (BH180-4).

The decrease in L∗ value indicated that the NBHS turned darker

after DHT and was pronouncedly followed by the temperature

increase. The a∗ value is relevant to redness characteristics. The

increase in a∗ value showed that the DHT led to more browning in

modified starches, probably due to caramelization reactions (35). In

addition, the significant rise in the b∗ value evinced the greenness

characteristics of NBHS, which is gradually increased by DHT.

These change trends were positively dependent on the duration

and temperature of DHT. Similar effects have been reported on

FIGURE 5

Light transmittance of di�erent samples at di�erent storage time.

Bars bearing di�erent letters within the same storage time are

significantly di�erent (p < 0.05).

DHT-modified potato, sweet potato, and taro starches as well as

whole-grain barley (36).

3.5. AMC and AWR

The AMC of native and DHT-modified starches is shown

in Table 2. Compared with NBHS, the AMC in DHT-modified

starches significantly decreased by 10.09% (BH150-2), 12.52%

(BH1150-4), 14.27% (BH180-2), and 18.59% (BH180-4),

respectively. This decrease was positively related to the treatment

temperature and duration. It might be ascribed to fragmenting into

shorter chains under high-temperature conditions (37). Previous

studies yielded similar results on DHT-modified chestnut and

cassava starches (19, 38).

Compared with NBHS, DHT-modified starches had a higher

AWR level (Table 2). Among the modified samples, the AWR

increased with DHT duration and temperature level. The BH180-4

had the highest value (1.34). The increased surface area (39) and

the excessive dilution at high concentrations of starch (24) jointly

accounted for the increase in AWR. Furthermore, the significantly

increased water absorption capacity of DHT-modified starches

might also play an important role to increase the AWR. Generally,

the AWR of starch is positively correlated with cookie diameter,

which could predict the expansion potential of a cookie during

baking (40). Thus, the use of DHT-modified starches may result in

a larger cookie diameter compared to that containing native starch.

DHT-modified BH starch might be an alternative starch source

integrated into cookie processing.

3.6. Oil and water absorption capacities

The oil and water absorption capacities of native and

modified starches are shown in Table 2. Compared to NBHS,

Frontiers inNutrition 06 frontiersin.org

https://doi.org/10.3389/fnut.2023.1191391
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2023.1191391

TABLE 3 Gelatinization characteristics of native and DHT samples.

Samples To (◦C) Tp (◦C) Tc (
◦C) Tc-To (◦C) 1H (J/g)

NBHS 55.8± 0.13a 59.6± 0.04a 65.6± 0.01a 9.8± 0.02a 7.7± 0.03a

BH150-2 54.6± 0.18b 57.5± 0.09b 64.3± 0.64b 9.7± 0.06a 7.5± 0.03b

BH150-4 53.4± 0.21b 56.6± 0.19c 62.9± 0.12c 9.5± 0.02a 7.4± 0.03c

BH180-2 52.6± 0.14c 55.6± 0.02d 61.9± 0.05d 9.3± 0.13a 7.3± 0.02c

BH180-4 51.5± 0.30d 54.5± 0.52e 60.5± 0.34d 9.0± 0.41a 6.5± 0.02d

Means of triplicate determination± S.D with the same letter in a column within each parameter are not significantly different (p < 0.05).

To , onset temperature; Tp , peak temperature; Tc , concluding temperature; Tc-To , gelatinization temperature range; 1H, transition enthalpy.

TABLE 4 Pasting properties of di�erent samples.

Properties Samples

NBHS BH150-2 BH150-4 BH180-2 BH180-4

PV (cP) 3,719± 18.4a 3,016.5± 21.9b 2,387± 8.5c 1,261.5± 3.5d 1,025.5± 12.0e

BD (cP) 2,120± 11.3a 1,781.5± 6.4b 1,461± 7.1c 490± 7.1d 276.5± 16.3e

SB (cP) 1,858± 21.2a 1,774.5± 7.7b 1,367± 26.8c 568± 4.2d 388± 15.5e

FV (cP) 3,457± 2.8a 3,009.5± 5.6b 2,293± 7.8c 1,339.5± 14.8d 1,137± 11.3b

PT (◦C) 78.6± 0.1a 77.5± 0.6a 74.3± 0.1b 73.8± 0.1b 73.4± 0.1b

Pt (min) 5.2± 0.1a 5.1± 0.1ab 5.0± 0.1ab 4.9± 0.1ab 4.8± 0.2b

Means of triplicate determination± S.D with the different letter in the row within each property are significantly different (p < 0.05).

“cP” is the rapid viscosity units.

PV, peak viscosity; BD, breakdown viscosity; FV, final viscosity; SB, setback viscosity; PT, pasting temperature; Pt, Peak time.

DHT-modified starches had higher oil and water absorption

capacities. With increasing treatment temperature levels and

duration, water absorption capacity significantly increased from

1.88 g/g (BH150-2) to 2.32 g/g (BH180-4), and oil absorption

capacity increased from 1.74 g/g (BH150-2) to 2.22 g/g (BH180-

4). Similar findings about cassava starch altered by DHT have also

been reported (19).

The results showed that DHT made stronger hydroxyl–water

molecule interactions in modified starches than those in NBHS.

During DHT, some hydrogen bonds broke down between the

amorphous and crystalline regions, which resulted in a slight

expansion of the amorphous region. All these changes increased

the hydrophilic tendency of starch molecules and contributed

to a higher water absorption capacity in DHT-modified samples

(24). The amorphous region has a higher water absorption

capacity than the crystalline region in starch. Therefore, the

results reflected the degree of amorphousness in DHT-modified

starch granules (18), which was in accordance with the results

in Section 3.2. The increase in oil absorption capacity after DHT

treatment has been reported previously on cassava, maize, and rice

starches (19, 41), showing that DHT-modified BH starch might

be applied to energy-controlled food for the obese or health-

conscious groups. Furthermore, Lorenz and Kulp (42) found that

adding modified potato and wheat starches with higher water

absorption capacity into dough improved the color, volume, and

textural properties of bread. This suggested that DHT-modified BH

starch could be applied to improve the sensory characteristics of

bread products.

3.7. Solubility and swelling power

The effect of DHT on solubility and SP of all starch samples

is presented in Figure 4. For all samples, solubility and SP

significantly increased with the treatment temperature raising, and

the highest value was obtained at 90◦C. The solubility of DHT-

modified samples was significantly higher than that of NBHS

(Figure 4A), while the SP remarkably decreased (Figure 4B). The

solubility of starch is related to AMC. At high temperatures,

partial double helices of NBHS began to unwind, fracturing

into short molecules. It resulted in loosening and collapsing of

the starch granule structure. Therefore, the increased solubility

might be attributed to a high amount of short-chain amylose

produced by DHT, which could diffuse out of granules and be

easily dissolved (43). The interaction between starch molecules,

double helices transition, and melting of starch crystallites might

be other factors for the increase in the solubility of BH starch

after DHT (31). The high temperature during DHT caused the

complete migration of amylose from the surface of amylopectin

crystals and increased the leaching of amylose, which resulted in

higher solubility. A gradual decrease in the SP of starch was related

to an increase in the amylose–amylopectin interaction due to the

rearrangement of starch molecules from DHT (31). Furthermore,

the SP decrease might also be triggered by hindered diffusion

of amylopectin molecules after the rearrangement of crystalline

regions. The decrease in SP was also promoted by the decreased

AMC and the formation of the amylose–lipid complex during

DHT (44).
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3.8. Paste clarity

In general, the LT reflects the clarity of starch paste, manifesting

the retrogradation process (45). The LT of native and DHT-

modified starches was determined at 0, 24, 48, and 72 h, as shown

in Figure 5. As the temperature elevated and time prolonged, the

LT of modified starches gradually increased compared with NBHS.

These increases were attributed to the degradation or disintegration

of starch chains induced by DHT (26). The increased LT of

modified starches might also be due to the formation of new starch

crystallites or recrystallization. Moreover, the LT is related to the

solubility of starch, including greater solubility, less refraction, and

more transparency of the paste. Similar results were also presented

on DHT-modified waxy rice starch, normal rice starch, and waxy

corn starch (26).

3.9. DSC

The gelatinization temperatures (To, Tp, and Tc) and enthalpy

(1H) of native and DHT-modified starches are presented in

Table 3. Compared to NBHS, the To, Tp, Tc, and 1H of

modified starches significantly decreased along with increased

DHT temperature and duration. The gelatinization temperatures

are indicative of the crystalline perfection in starch, where the more

perfect crystallites show a higher To (46). After DHT, the significant

reduction in Tc, To, and Tp of modified starches indicated that the

inhomogeneity of starch double helix crystallites increased, which

was in good agreement with the results from the XRD analysis.

This shift was mainly due to the disruption of amylose. The double

helices of amylopectin remained uncoiled and with a loose granular

structure. Furthermore, the shortening of starch chains by the

impaired binding forces in crystals might be another important

factor for decreasing gelatinization temperatures and1H (16). The

1H, a measure of double helix content and perfection of crystalline

order in starch (47), decreased from 7.7 J/g (NBHS) to 6.5 J/g

(BH180-4). This decrease was mainly attributed to the disruption

of amylose and further destruction of the ordered structure during

DHT (48). From these results, DHT affected the concentrated

crystalline region and reduced the crystallinity of starch (49), which

was consistent with XRD results as well. Similar results were also

published on DHT-modified wheat, waxy corn, and high-amylose

rice starches (18, 26, 30).

3.10. Pasting properties

The viscosity properties of starch, resulting from the friction

between the leaching of amylose and amylopectin, are functionally

fundamental. The pasting parameters of native and modified

samples are presented in Table 4. Compared to NBHS, the overall

viscosities of DHT-modified samples significantly decreased with

the increase in DHT temperature and duration and the PT. Zhang

et al. found a similar pattern in wheat starch with different amylose

contents after DHT (30).

Generally, starch viscosity is mainly contingent on its source,

granule size, crystal structure, and the ratio of amylose to

FIGURE 6

Hydrolysis rate (A) and RDS, SDS, and RS levels (B) of di�erent

samples. Bars bearing di�erent letters in the same time point (A) and

di�erent samples (B) within the same property are significantly

di�erent (p < 0.05).

amylopectin. The decrease in PV, SB, BD, and FV of modified

starches might be attributed to the thermal degradation of

amylose, amylopectin, and crystalline structure by DHT (26).

The PV represents the maximum swelling value before starch

granule disintegration and is associated with starch granular SP

(43). The enhanced associations between starch chains and the

improved intramolecular interaction and the reorganization of

starch granules might also accelerate the decreased PV of modified

starches (22). These results are consistent with those of SP analysis.

The FV reflects the stability of cold starch paste and the

polymerization of starch molecules (50). It is related to starch gel

hardness, retrogradation, and leached amylose content (51). The

significant decrease in FV of DHT-modified samples was associated

with changes in crystalline structure and short amylopectin. The SB

represents the difference between FV and trough viscosity, showing

the aging degree and stability of starch paste (50). Decreased

SB demonstrated that DHT improved the stability of cold starch

paste under shear force. Both decrease in FV and SB identified

a lower tendency toward the retrogradation of modified starches.
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FIGURE 7

PCA biplots summarizing the relationships between samples and their microstructural, physicochemical, and digestibility properties. (A) The clusters

of di�erent samples on the score plot; (B) PCA loading plot of di�erent properties. L, the lightness of samples; a, red/green axis of color analysis; b,

yellow/blue axis of color analysis; PT, pasting temperature; PV, peak viscosity; Tc, concluding temperature; AMC, amylose content; RC, relative

crystallinity; AWR, alkaline water retention; OAC, oil absorption capacity; S90, solubility at 90◦C; RDS, rapidly digestible starch; RS, resistant starch.

Moreover, the BD of modified samples was negatively related to

DHT temperature and duration, and it indicated the enhancement

in the heat resistance of starch. The decrease in both Pt and

PT showed the gelatinization of modified starches became easier

compared with that of NBHS.

3.11. In vitro digestibility

The effect of DHT on in vitro digestibility of starches is shown

in Figure 6A, and the level of RDS, SDS, and RS is presented in

Figure 6B. Total hydrolysis of all samples increased as the digestion

time prolonged, in the first 30min of which, it increased steeply,

and then gradually from 30 to 180min. Compared with NBHS,

the RDS content of DHT-modified starches increased, reaching a

maximum value at BH180-4 (11.90%), while the content of SDS and

RS decreased (Figure 6B). These results suggested that the in vitro

digestibility of BH starch had been improved after DHT. Similar

trends had been previously observed on waxy potato and quinoa

starches following DHT (52).

After DHT, the AMC of modified starches significantly

decreased, making them more susceptible to enzymatic digestion
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(53). This might be one factor for the RDS content increasing.

As shown by DSC results (gelatinization temperatures and 1H

decrease), the disruption of double helices in the crystalline

region would also cause an increase in RDS content (44). The

partial disruption or damage of organized starch chains and

weak associations between starch molecules would increase the

susceptibility of BH starch to enzymatic digestion concurrently

responsible for the decreased RS content (33). Furthermore, the

high temperature and low moisture content during DHT impaired

starch granules to form a porous structure. Thus, it was prone to

enzyme attack and inclined to draw digestive enzymes into the

interior of starch granules (53). The transition from RS to RDS

during DHT might account for these results as well.

3.12. PCA of structural, physicochemical,
and digestive properties

The PCA of structural, physicochemical, and digestive

properties among NBHS, BH150-2, BH150-4, BH180-2, and

BH180-4 is shown in Figure 7. The PC1 and PC2, respectively,

represented 82.8 and 13.0% of the total variance, totaling 95.8%. As

shown in the score plot (Figure 7A), NBHS, BH150-2, and BH15-

4 were at the negative part of PC1, while BH180-2 and BH180-4

were at the positive part of PC1. In addition, NBHS, BH150-4,

BH180-2, and BH180-4 were located at two different sides of PC2,

respectively; BH150-2 was nearly located on the PC2 line. The

distance between any two samples positively correlated with the

degree of differences between them. The distance between BH150-2

and BH150-4 was relatively close, suggesting that their structural,

physicochemical, and digestive properties were similar. However,

the BH150-2, BH150-4, BH180-2, and BH180-4 gradually moved

farther from NBHS. This indicated that DHT surely had various

effects on the structural, physicochemical, and digestive properties

of BH starch. The degree of effect was positively related to the

treatment temperature and duration, in which case BH180-4 was

altered to the greatest extent.

Furthermore, AMC, PV, RC, RS, Tc, and L stayed at the negative

part of PC1 on the loading plot (Figure 7B) and were close to

NBHS and BH150-2 on the score plot, indicating they were highly

correlated. a, AWR, PT, b, RDS, OAC, and S90 were at the positive

part of PC1 and positively related to BH180-2 and BH180-4. These

results indicated that the DHT had huge effects on the structure,

AMC, thermostability, physicochemical, and digestive functions of

BH starch. Therefore, PCA established a strong relationship mainly

among structural, physicochemical, and digestive characteristics,

and showed some clusters of different samples.

4. Conclusion

Although Blue highland barley (BH) is rich in dietary nutrients,

its health-promoting potential is yet to be explored. In this

study, DHT, as a safe and maneuverable physical method for

starch modification with limited by-products, was introduced

to modify BH starch. The effect on structural, physicochemical,

and digestive properties of BH starch showed a thermodynamic

impact with heating temperature and duration variations. The

DHT greatly increased potholes and fissures on the surface of

BH starch, while decreasing the AMC, RC, and R1,047/1,022. The

AWR, water and oil absorption capacities, solubility, and LT

significantly increased after DHT, whereas the SP, gelatinization

characteristics, and viscosities decreased. All these changes were

positively correlated with DHT temperature and duration. In

addition, in vitro hydrolysis rate of BH starch was remarkably

improved by DHT. The RDS content of modified samples displayed

an upward trend along with temperature and duration increase;

however, the RS content decreased significantly. Overall, the

results identified that DHT effectively altered the structures,

physicochemical properties, and in vitro digestion of BH starch.

The improvements in oil absorption capacity, viscosities, and

gelatinization properties after DHT will promote BH starch in

food industrial applications. DHT-modified BH starch might

be utilized in functional food development by interacting with

dietary polyphenols and lipids in the future. In addition, this

manuscript provided more theoretical information about DHT on

starch modification.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

SL: conceptualization, investigation, methodology, formal

analysis, validation, and writing-original draft. HL: supervision,

formal analysis, writing-review and editing, and funding

acquisition. SG: writing-review and editing and data curation. SsG:

methodology. CZ: resources and funding management. All authors

contributed to the article and approved the submitted version.

Funding

This research was financially supported by the Incentive

Funding Research Program for doctor graduates working in

Shanxi Province, China (SXBYKY2022070 and SXBYKY2022091)

and the Key Research and Development Project of Shanxi

Province (202102140601016).

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

Frontiers inNutrition 10 frontiersin.org

https://doi.org/10.3389/fnut.2023.1191391
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2023.1191391

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Ramakrishna R, Sarkar D, Schwarz P, Shetty K. Phenolic linked
anti-hyperglycemic bioactives of barley (Hordeum vulgare L) cultivars
as nutraceuticals targeting type 2 diabetes. Ind Crop Prod. (2017)
107:509–17. doi: 10.1016/j.indcrop.2017.03.033

2. Xia X, Li G, Ding Y, Ren T, Zheng J, Kan J. Effect of whole grain Qingke
(Tibetan Hordeum vulgare L. Zangqing 320) on the serum lipid levels and intestinal
microbiota of rats under high-fat diet. J Agri Food Chem. (2017) 65:2686–
93. doi: 10.1021/acs.jafc.6b05641

3. Yang X, Dang B, Fan M. Free and bound phenolic compound content and
antioxidant activity of different cultivated blue highland barley varieties from the
Qinghai-Tibet Plateau.Molecules. (2018) 23:879. doi: 10.3390/molecules23040879

4. Idehen E, Tang Y, Sang S. Bioactive phytochemicals in barley. J Food Drug Anal.
(2017) 25:148–61. doi: 10.1016/j.jfda.2016.08.002

5. Cheng D, Zhang X, Meng M, Han L, Li C, Hou L, et al. Inhibitory effect on Ht-29
colon cancer cells of a water-soluble polysaccharide obtained from highland barley. Int
J Biol Macromol. (2016) 92:88–95. doi: 10.1016/j.ijbiomac.2016.06.099

6. Casieri V, Matteucci M, Cavallini C, Torti M, Torelli M, Lionetti V. Long-term
intake of pasta containing barley (1–3)Beta-D-glucan increases neovascularization-
mediated cardioprotection through endothelial upregulation of vascular endothelial
growth factor and parkin. Sci Rep. (2017) 7:13424. doi: 10.1038/s41598-017-13949-1

7. Aoe S, Ichinose Y, Kohyama N, Komae K, Takahashi A, Abe D, et al. Effects of
high β-glucan barley on visceral fat obesity in Japanese individuals: A randomized,
double-blind study. Nutrition. (2017) 42:1–6. doi: 10.1016/j.nut.2017.05.002

8. Yangcheng H, Gong L, Zhang Y, Jane J. Pysicochemical properties
of Tibetan hull-less barley starch. Carbohyd Polym. (2016) 137:525–
31. doi: 10.1016/j.carbpol.2015.10.061

9. Li J, Vasanthan T, Rossnagel B, Hoover R. Starch from hull-less barley: I. Granule
morphology, composition and amylopectin structure. Food Chem. (2001) 74:395–
405. doi: 10.1016/S0308-8146(01)00246-1

10. Li J, Vasanthan T, Hoover R, Rossnagel B. Starch from hull-
less barley: IV. Morphological and structural changes in waxy, normal
and high-amylose starch granules during heating. Food Res Int. (2004)
37:417–28. doi: 10.1016/j.foodres.2003.09.016

11. Moza J, Gujral HS. Starch digestibility and bioactivity of high altitude hulless
barley. Food Chem. (2016) 194:561–8. doi: 10.1016/j.foodchem.2015.07.149

12. Waduge R, Hoover R, Vasanthan T, Gao J, Li J. Effect of annealing on the
structure and physicochemical properties of barley starches of varying amylose content.
Food Res Int. (2006) 39:59–77. doi: 10.1016/j.foodres.2005.05.008

13. Liu K, Zhang B, Chen L, Li X, Zheng B. Hierarchical structure and
physicochemical properties of highland barley starch following heat moisture
treatment. Food Chem. (2019) 271:102–8. doi: 10.1016/j.foodchem.2018.07.193

14. Ma M, Zhang Y, Chen X, Li H, Sui Z, Corke H. Microwave irradiation
differentially affect the physicochemical properties of waxy and non-waxy hull-less
barley starch. J Cereal Sci. (2020) 95:103072. doi: 10.1016/j.jcs.2020.103072

15. Zhao B, Shang J, Liu L, Tong L, Zhou X, Wang S, et al. Effect of roasting process
on enzymes inactivation and starch properties of highland barley. Int J Biol Macromol.
(2020) 165:675–82. doi: 10.1016/j.ijbiomac.2020.09.180

16. Chen M, Guo Y, Li F, Zeng J, Li G. Effect of dry-heating with pectin
on gelatinization properties of sweet potato starch. Trop J Pharm Res. (2017)
16:1465. doi: 10.4314/tjpr.v16i7.2

17. Sun Q, Gong M, Li Y, Xiong L. Effect of dry heat treatment on the
physicochemical properties and structure of proso millet flour and starch. Carbohyd
Polym. (2014) 110:128–34. doi: 10.1016/j.carbpol.2014.03.090

18. Bae IY, Lee HG. Effect of dry heat treatment on physical property and in
vitro starch digestibility of high amylose rice starch. Int J Biol Macromol. (2018)
108:568–75. doi: 10.1016/j.ijbiomac.2017.11.180

19. Chandanasree D, Gul K, Riar CS. Effect of hydrocolloids and dry
heat modification on physicochemical, thermal, pasting and morphological
characteristics of cassava (Manihot esculenta) starch. Food Hydrocolloid. (2016)
52:175–82. doi: 10.1016/j.foodhyd.2015.06.024

20. Lei N, Chai S, Xu M, Ji J, Sun B. Effect of dry heating treatment on multi-levels
of structure and physicochemical properties of maize starch: A thermodynamic study.
Int J Biol Macromol. (2020) 147:109–16. doi: 10.1016/j.ijbiomac.2020.01.060

21. Gou M, Wu H, Saleh AS, Jing L, Liu Y, Zhao K, et al. Effects of
repeated and continuous dry heat treatments on properties of sweet potato
starch. Int J Biol Macromol. (2019) 129:869–77. doi: 10.1016/j.ijbiomac.2019.
01.225

22. Juliano B, Perez C, Blakeney A, Castillo T, Kongseree N, Laignelet B, et al.
International cooperative testing on the amylose content of milled rice. Starch-Stärke.
(1981) 33:157–62. doi: 10.1002/star.19810330504

23. Adebowale K, Afolabi T, Olu-Owolabi B. Hydrothermal treatments
of finger millet (Eleusine coracana) starch. Food Hydrocolloid. (2005)
19:974–83. doi: 10.1016/j.foodhyd.2004.12.007

24. Liu H, Wang L, Shen M, Guo X, Lv M, Wang M. Changes in physicochemical
properties and in vitro digestibility of tartary buckwheat and sorghum starches induced
by annealing. Starch-Stärke. (2016) 68:709–18. doi: 10.1002/star.201500261

25. Liu H, Fan H, Cao R, Blanchard C, Wang M. Physicochemical properties and
in vitro digestibility of sorghum starch altered by high hydrostatic pressure. Int J Biol
Macromol. (2016) 92:753–60. doi: 10.1016/j.ijbiomac.2016.07.088

26. Zou J, Xu M, Tian J, Li B. Impact of continuous and repeated dry heating
treatments on the physicochemical and structural properties of waxy corn starch. Int J
Biol Macromol. (2019) 135:379–85. doi: 10.1016/j.ijbiomac.2019.05.147

27. Gao S, Liu H, Sun L, Liu N, Wang J, Huang Y, et al. The effects of dielectric
barrier discharge plasma on physicochemical and digestion properties of starch. Int J
Biol Macromol. (2019) 138:819–30. doi: 10.1016/j.ijbiomac.2019.07.147

28. Lutfi Z, Kalim Q, Shahid A, Nawab A. Water chestnut, rice, corn starches
and sodium alginate. A comparative study on the physicochemical, thermal and
morphological characteristics of starches after dry heating. Int J Biol Macromol. (2021)
184:476–82. doi: 10.1016/j.ijbiomac.2021.06.128

29. Vashisht D, Pandey A, Hermenean A, Yáñez-Gascón MJ, Pérez-Sánchez H,
Kumar KJ. Effect of dry heating and ionic gum on the physicochemical and
release properties of starch from dioscorea. Int J Biol Macromol. (2017) 95:557–
63. doi: 10.1016/j.ijbiomac.2016.11.064

30. Zhang B, Zhang Q, Wu H, Su C, Ge X, Shen H, et al. The influence
of repeated versus continuous dry-heating on the performance of wheat
starch with different amylose content. LWT-Food Sci Technol. (2021)
136:110380. doi: 10.1016/j.lwt.2020.110380

31. Ge X, Shen H, Su C, Zhang B, Zhang Q, Jiang H, et al. The improving
effects of cold plasma on multi-scale structure, physicochemical and digestive
properties of dry heated red adzuki bean starch. Food Chem. (2021)
349:129159. doi: 10.1016/j.foodchem.2021.129159

32. Liang S, Su C, Saleh AS,WuH, Zhang B, Ge X, et al. Repeated and continuous dry
heat treatments induce changes in physicochemical and digestive properties of mung
bean starch. J Food Process Pres. (2021) 45:e15281. doi: 10.1111/jfpp.15281

33. Huang T, Zhou D, Jin Z, Xu X, Chen H. Effect of repeated heat-moisture
treatments on digestibility, physicochemical and structural properties of sweet potato
starch. Food Hydrocolloid. (2016) 54:202–10. doi: 10.1016/j.foodhyd.2015.10.002

34. Gunaratne A, Hoover R. Effect of heat–moisture treatment on the structure
and physicochemical properties of tuber and root starches. Carbohyd polym. (2002)
49:425–37. doi: 10.1016/S0144-8617(01)00354-X

35. Gonzalez M, Vernon-Carter EJ, Alvarez-Ramirez J, Carrera-Tarela
Y. Effects of dry heat treatment temperature on the structure of wheat
flour and starch in vitro digestibility of bread. Int J Biol Macromol. (2021)
166:1439–47. doi: 10.1016/j.ijbiomac.2020.11.023

36. Pramodrao KS, Riar CS. Comparative study of effect of modification with ionic
gums and dry heating on the physicochemical characteristic of potato, sweet potato and
taro starches. Food Hydrocolloid. (2014) 35:613–9. doi: 10.1016/j.foodhyd.2013.08.006

37. Li B, Zhang Y, Xu F, Khan MR, Zhang Y, Huang C, et al. Supramolecular
structure of Artocarpus heterophyllus Lam seed starch prepared by improved extrusion
cooking technology and its relationship with in vitro digestibility. Food Chem. (2021)
336:127716. doi: 10.1016/j.foodchem.2020.127716

38. Gul K, Riar CS, Bala A, Sibian MS. Effect of ionic gums and dry heating
on physicochemical, morphological, thermal and pasting properties of water
chestnut starch. LWT-Food Sci Technol. (2014) 59:348–55. doi: 10.1016/j.lwt.2014.
04.060

39. Sathe S, Salunkhe DK. Isolation, partial characterization and modification of
the great northern bean (Phaseolus vulgaris L). Starch J Food Sci. (1981) 46:617–
21. doi: 10.1111/j.1365-2621.1981.tb04924.x

40. Falade KO, Ayetigbo OE. Effects of annealing, acid hydrolysis and
citric acid modifications on physical and functional properties of starches
from four yam (Dioscorea spp.). Cultivars Food Hydrocolloid. (2015)
43:529–39. doi: 10.1016/j.foodhyd.2014.07.008

41. Seguchi M. Oil binding ability of chlorinated and heated wheat
starch granules and their use in breadmaking and pancake baking.

Frontiers inNutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2023.1191391
https://doi.org/10.1016/j.indcrop.2017.03.033
https://doi.org/10.1021/acs.jafc.6b05641
https://doi.org/10.3390/molecules23040879
https://doi.org/10.1016/j.jfda.2016.08.002
https://doi.org/10.1016/j.ijbiomac.2016.06.099
https://doi.org/10.1038/s41598-017-13949-1
https://doi.org/10.1016/j.nut.2017.05.002
https://doi.org/10.1016/j.carbpol.2015.10.061
https://doi.org/10.1016/S0308-8146(01)00246-1
https://doi.org/10.1016/j.foodres.2003.09.016
https://doi.org/10.1016/j.foodchem.2015.07.149
https://doi.org/10.1016/j.foodres.2005.05.008
https://doi.org/10.1016/j.foodchem.2018.07.193
https://doi.org/10.1016/j.jcs.2020.103072
https://doi.org/10.1016/j.ijbiomac.2020.09.180
https://doi.org/10.4314/tjpr.v16i7.2
https://doi.org/10.1016/j.carbpol.2014.03.090
https://doi.org/10.1016/j.ijbiomac.2017.11.180
https://doi.org/10.1016/j.foodhyd.2015.06.024
https://doi.org/10.1016/j.ijbiomac.2020.01.060
https://doi.org/10.1016/j.ijbiomac.2019.01.225
https://doi.org/10.1002/star.19810330504
https://doi.org/10.1016/j.foodhyd.2004.12.007
https://doi.org/10.1002/star.201500261
https://doi.org/10.1016/j.ijbiomac.2016.07.088
https://doi.org/10.1016/j.ijbiomac.2019.05.147
https://doi.org/10.1016/j.ijbiomac.2019.07.147
https://doi.org/10.1016/j.ijbiomac.2021.06.128
https://doi.org/10.1016/j.ijbiomac.2016.11.064
https://doi.org/10.1016/j.lwt.2020.110380
https://doi.org/10.1016/j.foodchem.2021.129159
https://doi.org/10.1111/jfpp.15281
https://doi.org/10.1016/j.foodhyd.2015.10.002
https://doi.org/10.1016/S0144-8617(01)00354-X
https://doi.org/10.1016/j.ijbiomac.2020.11.023
https://doi.org/10.1016/j.foodhyd.2013.08.006
https://doi.org/10.1016/j.foodchem.2020.127716
https://doi.org/10.1016/j.lwt.2014.04.060
https://doi.org/10.1111/j.1365-2621.1981.tb04924.x
https://doi.org/10.1016/j.foodhyd.2014.07.008
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2023.1191391

Starch-Stärke. (2001) 53:408–13. doi: 10.1002/1521-379X(200109)53:93.0.
CO;2-B

42. Lorenz K, Kulp K. Heat-moisture treatment of starches II: Functional properties
and baking potential. Di Dalam: Manuel, Hj 1996. In: The Effect of Heat-Moisture
Treatment on the Structure and Physicochemical Properties of Legume Starches (Thesis),
Department of Biochemistry, Memonal University of Newfoundland Canada, St.
John’s, Newfoundland and Labrador (1981).

43. Zavareze EdR, Dias ARG. Impact of heat-moisture treatment
and annealing in starches: A review. Carbohyd Polym. (2011) 83:317–
28. doi: 10.1016/j.carbpol.2010.08.064

44. Chung H, Liu Q, Hoover R. Impact of annealing and heat-moisture
treatment on rapidly digestible, slowly digestible and resistant starch levels in native
and gelatinized corn, pea and lentil starches. Carbohyd Polym. (2009) 75:436–
47. doi: 10.1016/j.carbpol.2008.08.006

45. Li W, Gao J, Wu G, Zheng J, Ouyang S, Luo Q, et al. Physicochemical
and structural properties of A-and B-starch isolated from normal
and waxy wheat: Effects of lipids removal. Food Hydrocolloid. (2016)
60:364–73. doi: 10.1016/j.foodhyd.2016.04.011

46. Ji Y, Yu J, Xu Y, Zhang Y. Impact of dry heating on physicochemical
properties of corn starch and lysine mixture. Int J Biol Macromol. (2016) 91:872–
6. doi: 10.1016/j.ijbiomac.2016.06.040

47. Gong B, Xu M, Li B, Wu H, Liu Y, Zhang G, et al. Repeated heat-moisture
treatment exhibits superiorities in modification of structural, physicochemical

and digestibility properties of red adzuki bean starch compared to continuous
heat-moisture way. Food Res Int. (2017) 102:776–84. doi: 10.1016/j.foodres.2017.
09.078

48. Chi C, Li X, Lu P, Miao S, Zhang Y, Chen L. Dry heating and annealing treatment
synergistically modulate starch structure and digestibility. Int J Biol Macromol. (2019)
137:554–61. doi: 10.1016/j.ijbiomac.2019.06.137

49. Han X, Kang J, Bai Y, Xue M, Shi Y. Structure of pyrodextrin
in relation to its retrogradation properties. Food Chem. (2018) 242:169–
73. doi: 10.1016/j.foodchem.2017.09.015

50. Zhang B, Wu H, Gou M, Xu M, Liu Y, Jing L, et al. The comparison of
structural, physicochemical, and digestibility properties of repeatedly and continuously
annealed sweet potato starch. J Food Sci. (2019) 84:2050–8. doi: 10.1111/1750-3841.
14711

51. Xu M, Saleh AS, Gong B, Li B, Jing L, Gou M, et al. The effect of repeated
versus continuous annealing on structural, physicochemical, and digestive properties
of potato starch. Food Res Int. (2018) 111:324–33. doi: 10.1016/j.foodres.2018.05.052

52. Liu K, Hao Y, Chen Y, Gao Q. Effects of dry heat treatment on the structure
and physicochemical properties of waxy potato starch. Int J Biol Macromol. (2019)
132:1044–50. doi: 10.1016/j.ijbiomac.2019.03.146

53. Riley CK, Wheatley AO, Hassan I, Ahmad MH, Morrison EYSA, Asemota
HN. In vitro digestibility of raw starches extracted from five yam (Dioscorea
spp.) species grown in Jamaica. Starch-Stärke. (2004) 56:69–73. doi: 10.1002/star.
200300195

Frontiers inNutrition 12 frontiersin.org

https://doi.org/10.3389/fnut.2023.1191391
https://doi.org/10.1002/1521-379X(200109)53:93.0.CO;2-B
https://doi.org/10.1016/j.carbpol.2010.08.064
https://doi.org/10.1016/j.carbpol.2008.08.006
https://doi.org/10.1016/j.foodhyd.2016.04.011
https://doi.org/10.1016/j.ijbiomac.2016.06.040
https://doi.org/10.1016/j.foodres.2017.09.078
https://doi.org/10.1016/j.ijbiomac.2019.06.137
https://doi.org/10.1016/j.foodchem.2017.09.015
https://doi.org/10.1111/1750-3841.14711
https://doi.org/10.1016/j.foodres.2018.05.052
https://doi.org/10.1016/j.ijbiomac.2019.03.146
https://doi.org/10.1002/star.200300195
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Dry heating affects the multi-structures, physicochemical properties, and in vitro digestibility of blue highland barley starch
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Starch isolation
	2.3. DHT
	2.4. Scanning electron microscopy
	2.5. Confocal laser scanning microscopy
	2.6. X-ray diffraction analysis
	2.7. Fourier transform-infrared spectroscopy analysis
	2.8. Color analysis
	2.9. Amylose content and alkaline water retention
	2.10. Oil and water absorption capacities
	2.11. Solubility and swelling power
	2.12. Paste clarity
	2.13. Differential scanning calorimetry
	2.14. Pasting properties
	2.15. In vitro digestibility
	2.16. Statistical analysis

	3. Results and discussion
	3.1. Morphological properties
	3.2. XRD pattern and RC
	3.3. FT-IR spectroscopy analysis
	3.4. Color measurement
	3.5. AMC and AWR
	3.6. Oil and water absorption capacities
	3.7. Solubility and swelling power
	3.8. Paste clarity
	3.9. DSC
	3.10. Pasting properties
	3.11. In vitro digestibility
	3.12. PCA of structural, physicochemical, and digestive properties

	4. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References




