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1  | INTRODUC TION

Lily belongs to the genus Lilium of the family Liliaceae, and it is 
widely distributed in the cold temperate zone of the northern hemi-
sphere; China is one of the major distribution areas of lily plants, with 
approximately 55 species (Jin et al., 2012; Yu, Zhang, Shao, et al., 
2015). Lily bulb is rich in many nutrients and bioactive substances, 
including protein, starch, dietary fiber, polyphenols, saponin, and vi-
tamins. As a traditional medicine and food dual-use resources, lily 
has also been processed into lily porridge, lily vermicelli, lily noodles, 

lily cocktail, and other foods as well as some antioxidant products 
(Yu et al., 2015).

Starch is the main component of lily bulbs, accounting for 53%–
69% of dry weight (Li et al., 2019). Lily starch and other natural starch 
can be used as thickener, gelling agent, colloidal stabilizer, and filler 
(Song et al., 2017). However, the disadvantages of natural starch, 
such as easy aging, gelatinization, low solubility in cold water, poor 
heat resistance, poor shear force, and poor mechanical resistance and 
structural change, limit its application in the food industry. Therefore, 
various physical, chemical, and biological methods have been used to 
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Abstract
In this study, starch extracted from lily bulbs were modified using an ultra-high pres-
sure (UHP) treatment at six different pressure levels (100, 200, 300, 400, 500, and 
600 MPa). The effects of UHP treatment on the physicochemical and morphological 
properties of lily starch were investigated. The morphological observation revealed 
that UHP treatment led to particle expansion and aggregation. Compared with the 
native and lily starch treated at 100–500 MPa, the lily starch treated at 600 MPa ex-
hibited almost completely disrupted morphology and a larger particle size, indicating 
nearly complete gelatinization of the starch. The relative crystallinity of the UHP-
treated starch remarkably reduced. Gelatinization temperatures via differential scan-
ning calorimetry decreased with increasing pressure. The rapid viscoanalyzer results 
revealed that the lily starch treated with UHP at 600 MPa showed low values of peak 
viscosity, trough viscosity, breakdown, final viscosity, and setback. These results in-
dicated that UHP was an effective physical modification method for lily starch, UHP 
treatment (600 MPa, 30 min) caused nearly complete gelatinization of lily starch, and 
lily starch modified using UHP might expand the application of lily in the food field.
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change the structure of starch granules and endow its characteristic 
properties (Li et al., 2014; Piecyk et al., 2018). In the previous study, 
our laboratory modified lily starch by using heat–moisture and acid 
treatments and found that modified lily starches presented enhanced 
physicochemical properties and could be used in industrial-resistant 
starch and food ingredients (Li et al., 2020). Starch depolymerization 
easily occurred in the acid treatment and was unconducive to the envi-
ronment. Therefore, an environment-friendly modification method for 
lily starch should be developed.

Ultra-high pressure (UHP) treatment is a typical physical non-
thermal modification method. It is regarded as a green and environ-
ment-friendly physical modification method and can be used for starch 
modification. In previous reports, the effects of UHP on different 
kinds of starch have been studied. Li et al. (2015) found that UHP 
treatment could promote water molecules to enter red adzuki bean 
starch granules, disrupt the crystalline structure, and reduce the ther-
mal stability; Guo, Zeng, Lu, et al. (2015) found that UHP-treated lotus 
seed starch showed lower retrogradation tendency compared to na-
tive starch; Larrea-Wachtendorff et al. (2019) obtained high viscosity 
and highly structured potato starch hydrogels through UHP-treated. 
Alvarez et al. (2014) found that the chickpea flour slurry product would 
exist better flow characteristics after modified by UHP-treated. Liu 
et al. (2018) found that the in vitro digestibility of pea starch treated 
with UHP was remarkable lower than that of the native starch. These 
studies have indicated that UHP treatment could change the structure 
and physicochemical properties of starch and endow starch with new 
functional properties. Different crystallite types of starch show diverse 
results after UHP treatment. A-type starch is the most sensitive to 
pressure, followed by C- and B-type starch (Kim et al., 2018). Sorghum 
(A-type) is completely gelatinized at 480–600 MPa (Liu et al., 2016). 
The starch of mung bean (C-type) is completely gelatinized at 600 MPa 
(Li et al., 2011). Potato starch (B-type) is gelatinized at 800 MPa 
(Błaszczak et al., 2005). The gelation degree of starch increased with 
the increases in water content and temperature. Although the pressure 
is adequately high, it could also cause complete gelation of starch at 
room temperature (Li et al., 2015).

However, to the best of our knowledge, no report is available on 
the physicochemical and morphological properties of lily starch treated 
with UHP. In this study, lily starch was treated at six UHP levels. The 
surface morphology, particle size, X-ray patterns, thermal properties, 
Fourier-transform infrared (FTIR) spectrum, and pasting properties of 
native lily and UHP-treated starch were investigated. The experimen-
tal results can provide references for the application of lily starch.

2  | MATERIAL S AND METHODS

2.1 | Materials

The fresh bulbs (Lilium brownii var. viridulum Baker) used in this work 
were cultivated in Longhui County, Hunan Province, China. After 
harvesting, the bulbs were transported to the laboratory imme-
diately. Bulbs with physical damage and pests were selected out. 

Undamaged lily bulbs were peeled and washed with tap water, and 
then, the washed lily scales were placed into a wall breaker to ho-
mogenate for 2 min (vlily scales: vdstilled water = 1:2).

2.2 | Lily starch isolation

The lily bulb starch was extracted according to Zhang, Saleh, et al. 
(2020) with some modifications. The well-homogenized lily slurry 
was filtered with a 100 mesh nylon cloth, and the residue was rinsed 
repeatedly with distilled water until no more starch filtrate was re-
leased. The collected filtrate was centrifuged at 25°C at 5,000 × g 
for 10 min. The precipitated starch granules were then washed with 
0.05 mol/L of NaOH and stirred every 30 min. The NaOH solution 
was replaced every 3 hr until the supernatant of the cleaning so-
lution became colorless and the cleaning was stopped. The starch 
samples were freeze-dried, sifted through 100 mesh, and stored in a 
desiccator for further use.

2.3 | UHP treatment

Lily starch was subjected to UHP treatment (high-pressure press-type 
SHPP-8.8 L, Shanxi Sanshuihe Technology Co., Ltd.). The extracted 
starch was prepared into 15% (w/w) starch–water suspension and 
divided into seven equal parts. The suspension was packed into poly-
thene bags, shaken thoroughly to move the bubbles of the vacuum 
bag, and sealed with a vacuum packer. The sealed samples were trans-
ferred into a pressure chamber and subjected to different pressure 
levels (100, 200, 300, 400, 500, and 600 MPa) at room temperature 
for 30 min. After UHP treatment, the samples were vacuum-filtered, 
and the supernatant was removed after centrifugation with 5,000 × g 
at 25°C for 10 min. The samples were freeze-dried, and each dried 
starch sample was pulverized with pestle and mortar and then kept in 
a desiccator at room temperature for further analysis.

2.4 | Scanning electron microscopy

Scanning electron microscopy (SEM) of lily starch samples was ob-
tained on a scanning electron microscope (EVO LS10, Carl Zeiss) fol-
lowing the method of Ovando-Martínez et al. (2011). Approximately 
1 mg of the native starch or UHP-treated starch samples was sprin-
kled on a double-sided adhesive tape, mounted on an aluminum stub 
and coated with gold for 30 s (25 mA, 2 × 10−4 MPa). Scanning elec-
tron micrographs were taken at 500 magnifications.

2.5 | Polarized light microscopy (PLM)

Polarized and normal light microscopic images were recorded on a 
polarized light microscope (LEICA DM4500P; Leica Microsystems) 
by using the method of Guo, Zeng, Zhang, et al. (2015). A starch 
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sample of 1 mg was dispersed in glass slides with glycerol and water 
(1:1, v/v). The PLM instrument was used to observe at 200× magni-
fication under normal and polarized light conditions.

2.6 | Particle size determination

The particle size parameters of starch were measured using a laser 
diffraction particle size analyzer (LS-POP laser particle size analyzer, 
Omec Technology Co., Ltd.), as described by Li et al. (2019). In detail, 
1.5 g of lily starch was evenly dispersed with 20 ml of distilled water, 
and then, the suspension was poured into the rotating container 
of the diffraction particle size analyzer with a shading ratio rang-
ing from 8% to 15%. Refractive indices (dn/dc) of starch and water 
were set to 1.60 and 1.33, respectively. Volume particle size (D(4,3)), 
surface particle size (D(3,2)), D10, D50, and D90 were recorded. D(4, 3) 
presents the particle diameter of volume, D(3, 2) presents the particle 
diameter of surface, and D10, D50, and D90 represent the correspond-
ing particle sizes which are smaller than 10%, 50%, and 90% of the 
sample particles, respectively.

2.7 | X-ray diffraction analysis

X-ray diffractograms of lily starch samples were obtained using an 
X-ray diffractometer (XRD-6000, Shimadzu) in accordance with the 
method of Ahmed et al. (2018) with some modifications. The meas-
urement was operated at Cu-Kα (λ = 1.5418 nm), X-ray tube 40 kV, 
and voltage of 40 mA, the diffraction scanning angle was from 5° to 
45° (2θ), the step size was 0.015°, and the scanning speed was 8°/
min. The relative crystallinity of lily starch was calculated using MDI 
Jade software.

2.8 | FTIR spectroscopy

The FTIR spectra of starch samples were recorded on an FTIR spec-
trophotometer (Model IRAffinity−1, Shimadzu) at room tempera-
ture, as described by Rafiq et al. (2016). Starch was mixed with dried 
KBr powder in a ratio of 1:100 (m/m) and pressed into transparent 
tablets under infrared light before measurement. KBr was scanned 
as background, and the spectra were recorded within the range of 
400–4,000 cm−1.

2.9 | Determination of thermal properties

The thermal properties of the lily starch samples were meas-
ured using a differential scanning calorimeter (Q2000-DSC, TA 
Instruments) in accordance with the method of Li et al. (2020). Each 
starch sample of 5.0 mg was accurately weighed into a differential 
scanning calorimetry (DSC) pan, and 10 μL of distilled water was 
added. Before the experiment, the samples were balanced at room 

temperature for 24 hr, with an empty aluminum pan as a reference. 
The scanning temperature was from 30°C to 110°C, and the heating 
rate was 10°C/min. The thermal parameters, including onset tem-
perature (To), peak temperature (Tp) and conclusion temperature (Tc), 
the gelatinization temperature range (ΔTr), and the gelatinization en-
thalpy (ΔH), were recorded.

2.10 | Pasting properties

The test was performed as described by Zhang, Ma, et al. (2020) with 
some modifications. The pasting properties were analyzed using a 
rapid viscoanalyzer (RVA Super-4, Newport Scientific). Each sample 
(3.0 g, dry basis) was weighed into an RVA canister and added with 
25 ml of distilled water. The slurry was then homogenized using a 
plastic paddle to avoid lump formation before the RVA run. The starch 
slurry was heated from 50°C to 95°C at 12°C/min and kept at 95°C 
for 2.5 min, then it was cooled to 50°C at the same rate with a paddle 
speed of 160 rpm. Pasting properties, including peak viscosity (PV), 
trough viscosity (TV), breakdown (BD), final viscosity (FV), setback 
(SB), peak time (PT), and pasting temperature (PT), were determined.

2.11 | Statistical analysis

All the tests were performed in triplicate. Data were expressed as 
mean ± standard deviations. Statistical analysis was conducted using 
SPSS20.0 for Windows, and data were analyzed using ANOVA with 
Duncan's multiple range tests (p < .05). ORIGIN 7.5 was also used for 
statistical analysis.

3  | RESULTS AND DISCUSSION

3.1 | Morphological properties

The microscopic images of the native and UHP-treated lily starches 
with SEM are shown in Figure 1 (500×). Native lily starches showed 
round-shaped, oval-shaped, and other irregular granules with a 
smooth surface; this result is similar to a previous result observed by 
Li et al. (2020). After UHP treatment with the pressure ranging from 
100 MPa to 400 MPa, the appearance of starch granules did not 
change significantly, which implied that the starch structure cannot 
be disrupted under these pressures (Figure 1b–e). When the treat-
ment pressure was further increased to 500 MPa, the surface of 
starch granules began to shrink, and starch granules presented some 
fragments and a tendency to expand (Figure 1f). These observations 
demonstrated that the structure of the lily starch granules started to 
lose when the treatment pressure was increased to 500 MPa. The 
structure of starch granules was almost entirely disrupted, and a gel-
like appearance was observed at 600 MPa (Figure 1g). Lily starch 
had been nearly complete gelatinized at 600 MPa. This observa-
tion could be ascribed to the gelatinization of the lily starches at 
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600 MPa; previous reports have proven that UHP treatment with 
sufficiently high pressure could induce the gelatinization of quinoa 
starch (Ahmed et al., 2018), chickpea starch (Alvarez et al., 2014), 
and waxy wheat starch (Hu et al., 2017).

3.2 | Light microscopy

The birefringence phenomenon of the native and UHP-treated starch 
granules was observed under polarized and normal light. The results 
are shown in Figure 2. The size and shape of starch observed in natu-
ral light were basically the same as those observed in SEM, all the 
lily native starch presented a typical birefringence pattern, and the 
Maltese cross was evident under PLM. The umbilical points and grain 

morphology of native starch granules can be obviously observed 
under normal light. A similar phenomenon has been observed in win-
ter wheat starch granules (Li et al., 2013). No significant difference 
in starch birefringence pattern existed between native starch gran-
ules and UHP-treated ones at the pressure level of 100–400 MPa. 
The results showed that a few particles lost umbilical points and 
birefringence among the above pressure levels (Figure 2B–E and 
b–e). However, after treatment at 500 MPa, substantial lily starch 
granules lost their birefringence, and the polarization cross became 
unclear compared with the native starch granules (Figure 2F and f). 
At 600 MPa, almost all of the starch granules lost the Maltese cross 
observed via polarized light microscopy. Almost all the granules were 
disrupted (Figure 2G and g), and their umbilical points could not be 
observed under natural light, indicating that starch had been nearly 

F I G U R E  1   SEM images of the native 
and ultra-high pressure treated starch 
granules at ×500 magnification

(a) (b)

(c) (d)

(e) (f)

(g)
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complete gelatinized under this pressure. Starch granules were non-
thermally gelatinized and lost their “Maltese cross” under a critical 
pressure level, which varied depending on the botanical source of 
starch. The critical pressure of rice starch (Li et al., 2012) and cas-
sava starch (Liu et al., 2012) was 600 MPa, that of barley starch was 
550 MPa (Stolt et al., 2000), and that of glutinous corn starch (Liu 
et al., 2012) was 450 MPa. The mechanism of UHP affecting starch 
polarization crossing is unclear. Nevertheless, some researchers have 
supposed that the double helix of amylopectin is disrupted as pres-
sure increases, which causes the loss of polarization cross (Błaszczak 
et al., 2005). From the experimental results, the birefringence of lily 
starch nearly complete disappeared under the treatment of 600 MPa. 
SEM results also showed that the crystal structure of the particles 
was seriously damaged. This condition indicated that 600 MPa was 
the critical pressure for the complete gelation of lily starch.

3.3 | 3 Particle size distribution (PSD)

The PSD of the native and UHP-treated starch is shown in Figure 3. 
The grain size of lily starch showed two distribution peaks when the 
starch was treated at 0–500 MPa, and the maximum distribution 
peaks were approximately 3.55 and 31.16 μm. However, when the 
pressure reached 600 MPa, the PSD of starch decreased from two 
peaks to one peak, the PSD range was narrowed, and the maximum 
distribution peak was approximately 516.82 μm. This result is con-
sistent with the result of 600 MPa starch granules bound tightly ob-
served via SEM. Wei et al. (2016) proposed that UHP would disrupt 

F I G U R E  2   Morphological characteristics of the native and ultra-
high pressure treated starch granules under normal light × 200 
(NLM), and polarized light × 200 (PLM)

 

 

 

 

 

 

 

A-Native a-Native 

B-100 MPa b-100 MPa 

C-200 MPa c-200 MPa 

D-300 MPa d-300 MPa 

E-400 MPa e-400 MPa 

F-500 MPa f-500 MPa 

G-600 MPa g-600 MPa 

F I G U R E  3   The particle size distribution of the native and ultra-
high pressure treated lily starch granules

1 10 100 1000
0

5

10

15

)
%(

noitubirtsidlaitnereffi
D

Grain size (µm)

Native
100 MPa
200 MPa
300 MPa
400 MPa
500 MPa
600 MPa



     |  957ZHANG et Al.

starch granules and cause their size distribution to be within a cer-
tain range. The PSD parameter of native and UHP-treated starch is 
presented in Table 1. D(4, 3), D(3, 2), D10, D50, and D90 for 0–500 MPa 
high-pressure treatment were 31.24–32.25 μm, 16.72–17.68 μm, 
15.58–15.95 μm, 29.57–30.36 μm, and 50.59–52.96 μm, respec-
tively. Such parameters for 600 MPa treatment were 80.40, 429.45, 
789.24, 137.79, and 439.98 μm, respectively. No obvious difference 
existed in the size of starch granules treated with 0–500 MPa, but 
the size of starch granules treated with 600 MPa increased signifi-
cantly; this result is consistent with the observation results of SEM 
and PNM. The gelation of starch granules resulted in the expansion 
and aggregation of starch granules, which led to an increase in starch 
particle size. A similar phenomenon has been observed for quinoa 
starch (Zhu & Li, 2019), pea starch (Liu et al., 2018), and tartary buck-
wheat starch (Liu, Guo, et al., 2016). The results showed that the 
effect of UHP on the morphology of starch granules was related to 
the pressure, with 600 MPa resulting in a transition of the lily native 
starch structure to gelatinized starch paste.

3.4 | X-ray diffraction

In accordance with the X-ray diffraction pattern, the starch can be 
divided into three categories: A-type (mainly exists in corn starch, 
with a strong diffraction peak at 2θ values of 15°, 17°, 18°, and 23°), 
B-type (mainly exists in the tubers of plants rich in carbohydrates, 
with a very strong diffraction peak at 17° and weak diffraction 
peaks at 20°, 22°, and 24°), and C-type (mainly exists in legumi-
nous plants; it is a mixture of A- and B-type starch) (Liu, Guo, et al., 
2016; Zobel, 1988). The native starch presented diffraction peaks 
at 14.92°, 17.02°, 19.46°, 22.24°, and 23.58° (Figure 4). The diffrac-
tion peak at 17.02° was very strong; hence, lily starch is a typical 
B-type starch. After the UHP treatment from 100 to 600 MPa, no 
changes in X-ray diffraction patterns could be observed, the dis-
appearance of characteristic diffraction peak was not found, the 
change in crystal properties was mainly manifested as the change 
in diffraction peak strength, and the crystal type was still B-type. 
The relative crystallinity of lily native starch was 32.82%. The rela-
tive crystallinity of starch was 30.43%, 29.28%, 23.11%, 16.67%, 

13.59%, and 8.08% after UHP treatment from 100 to 600 MPa, in-
dicating that UHP treatment could reduce the crystallinity of starch. 
This condition also suggested that the crystalline structure of starch 
was vulnerable to disruption at high pressure levels. In the previous 
research, potato starch also maintained a B-type diffraction pattern 
after UHP treatment (Błaszczak et al., 2005; McPherson & Jane, 
1999) Sorghum (A-type) and mung bean starch (C-type) were com-
pletely gelatinized at 600 MPa, and X-rays showed that the starch 
granules gradually exhibited the diffraction pattern of B-type crystal 
(Liu et al., 2016; Li et al., 2011). The B-type starch was insensitive 
to UHP compared with A- and C-type starch because it had a more 
open structure containing a hydrated helix core (Liu et al., 2010).

3.5 | Thermal properties

Figure 5 shows the DSC diagram of the native and different UHP-
treated lily starch granules. With increasing pressure, the endother-
mic peak was gradually shifted to an increased temperature and 
became weak. A similar phenomenon has been observed for lotus 
seed starch (Guo, Zeng, Lu, et al., 2015). No thermal parameters ex-
isted for the lily starch treated at 600 MPa, and the endothermic 
peak of 600 MPa curve was indeed not so smooth, with tiny peaks 
appearing. Suggesting that UHP treatment at 600 MPa resulted in 
nearly complete gelatinization. The crystalline structure and mo-
lecular order of lily starch granules messed up. The thermal char-
acteristics of native and lily starch granules treated using different 
UHP levels are summarized in Table 2. ∆Tr and ∆H for 0–500 MPa 
high-pressure treatment were 7.05°C–7.69°C and 11.62–12.16 J/g, 
respectively. The parameters for 600 MPa treatment were not de-
tected. The UHP treatment at 500 MPa caused decreased onset 
temperature and enthalpy of gelatinization compared with the treat-
ment at 400 and 600 MPa. This result suggested that the samples 
treated at 500 MPa had better crystal structure than those treated 
at 400 and 600 MPa. The starch crystal structure might have un-
dergone an annealing stage during UHP treatment. Consequently, 
the crystalline region was further strengthened, while the amor-
phous region was disrupted. Two types of phase transitions, namely, 
helix–helix dissociation and helix–coil transition, occurred in starch 

TA B L E  1   Characteristic of the particle size distribution of the native and ultra-high pressure treated lily starch granules

Pressure D10 (μm) D50 (μm) D90 (μm) D(3,2) (μm) D(4,3) (μm)

Native 15.87 ± 0.06a 30.36 ± 0.14c 52.96 ± 0.40a 17.20 ± 0.08ab 32.25 ± 0.17b

100 MPa 15.94 ± 0.09a 29.57 ± 0.25a 50.59 ± 0.71a 17.57 ± 0.14b 31.24 ± 0.39a

200 MPa 15.95 ± 0.07a 29.70 ± 0.21ab 51.27 ± 0.52a 17.68 ± 0.10b 31.55 ± 0.27ab

300 MPa 15.78 ± 0.08a 30.02 ± 0.22bc 52.30 ± 0.67a 17.35 ± 0.12ab 31.94 ± 0.29ab

400 MPa 15.77 ± 0.06a 29.69 ± 0.13ab 51.07 ± 0.33a 16.72 ± 0.08a 31.41 ± 0.18a

500 MPa 15.58 ± 0.07a 29.97 ± 0.17abc 51.64 ± 0.41a 17.08 ± 0.09ab 31.67 ± 0.20ab

600 MPa 80.40 ± 0.91b 429.45 ± 0.21d 789.24 ± 2.95b 137.79 ± 0.83c 439.98 ± 0.74c

Note: Means followed by the same small letter within a column are not significantly different (p < .05); D(4, 3) presents particle diameter of volume; 
D(3, 2) presents particle diameter of surface; D10, D50, and D90 represent the corresponding particle size which is smaller than 10%, 50%, and 90% of 
the sample particles, respectively.
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granules under different treatment conditions (Liu, et al., 2009; Liu, 
Yu, et al., 2009; Zeng et al., 2018). Relatively low pressure could not 
disrupt the double helices to coil state, the helices could only be sep-
arated side by side, and the helices could be dissociated into a single 
helix only when a certain pressure was reached. The pressure treat-
ment of starch below 500 MPa disturbed the crystal structure of the 
lily starch, and 600 MPa was the critical pressure to disrupt the crys-
tal structure. Pressure is an important factor in starch gelatinization.

3.6 | FTIR spectroscopy

Fourier-transform infrared spectroscopy of native and UHP-
treated starches is presented in Figure 6. No new peaks were 
found in the FTIR spectra after the UHP treatment compared 

with the native starch. The peak intensity varied among different 
bands, indicating that no new substances were produced but some 
molecular structures were changed. The sharp peak at approxi-
mately 993 cm−1 observed in the lily starch samples corresponded 
to the crystallinity of the starches (Remya et al., 2018). However, 
the peak weakened when the pressure reached 600 MPa, suggest-
ing that the 600 MPa treatment significantly reduced the crystal-
linity of lily starch. The band at approximately 1,200–1,355 cm−1 
was caused by the C–H bending or stretching vibration of car-
bohydrates (Zheng & Li, 2018). The reduction in bands in the 
1,200–1,355 cm–1 region indicated the breakage of C–H bonds 
after the 600 MPa treatment. The sharp band at 1,649 cm–1 cor-
responded to the molecules absorbed in the amorphous region 
and the stretching vibration of the amide C = O band; the peak 
at 2,100 cm−1 originated from the free moisture content (Dankar 

F I G U R E  4   X-ray diffraction spectra of 
native and ultra-high pressure treated lily 
starch
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et al., 2018). The intensity of peak at 2,100 cm−1 increased with 
UHP treatment at 0–500 MPa, thereby indicating that the amount 
of free water in the above starches increased. The peak was rela-
tively gentle at 600 MPa, indicating that the content of free water 
in starch decreased significantly. The peak at 2,368 cm−1 was due 
to C–H stretching associated with ring methane hydrogen atoms 
(Rafiq et al., 2016). Substantial hydroxyl groups exist in natural 
starch, which induce intermolecular and intramolecular hydro-
gen bonds in the main chain of starch. The double-helix structure 
was held together by hydrogen bonds. However, in the gelation 
process, water penetration disrupted this structure, resulting in 
infrared spectral fluctuations in the relevant region. The bond at 
2,927 cm−1 was related to the C–H stretching and bending vibra-
tion of methyl and methylene groups of polysaccharides (Wang, 
Xie, et al., 2020; Weerapoprasit & Prachayawarakorn, 2019). The 
peak intensity weakened after 600 MPa treatment, implying that 
the content of polysaccharides reduced after UHP treatment. The 
absorption bands in the 3000–3700 cm–1 region were related to 
the absorption of hydrogen-bonded O–H groups in starch (Kizil 

et al., 2002; Wang et al., 2020). The widening of this range after 
UHP treatment indicated that the starch molecule bond was bro-
ken by hydrogen bond, exposing considerable O–H.

3.7 | Pasting properties

Variations in pasting properties of the native and UHP-treated sam-
ples are shown in Table 3 and Figure 7. From the table, the PV, TV, 
FV, and SB of starch treated using UHP of 100–500 MPa all showed 
an upward trend, whereas BD and SB showed opposite results. Lily 
starch treated at 600 MPa exhibited the lowest PV, TV, BD, FV, 
and SB values, PT value was the highest, and GT was not detected. 
Previous studies have shown that the change in each parameter is 
caused by the change in grain structure during the transformation 
of starch crystal structure (Hu et al., 2011; Li et al., 2011). PV was 
related to the expansion and hydration of starch particles in the 
early stage. The SB value of lily starch under 100–500 MPa pres-
sure was significantly higher than that of the original starch, indicat-
ing a higher retrograde tendency. The experimental results showed 

TA B L E  2   Thermal characteristics of the native and ultra-high pressure treated lily starch granules

Pressure

DSC parameters

T0 (°C) Tp (°C) Tc (°C) ∆Tr (°C) ∆H (J/g)

Native 62.11 ± 0.06a 64.57 ± 0.01b 69.36 ± 0.01a 7.25 ± 0.01bc 11.63 ± 0.06a

100 MPa 61.10 ± 0.07b 63.84 ± 0.06a 68.80 ± 0.02b 7.68 ± 0.02d 11.72 ± 0.18abc

200 MPa 61.64 ± 0.09c 64.57 ± 0.09b 69.33 ± 0.01c 7.69 ± 0.01d 11.92 ± 0.16bcd

300 MPa 61.90 ± 0.09a 64.64 ± 0.23b 69.01 ± 0.01d 7.20 ± 0.14c 11.62 ± 0.19ab

400 MPa 62.37 ± 0.06d 64.96 ± 0.05c 69.42 ± 0.01e 7.05 ± 0.01b 12.16 ± 0.11d

500 MPa 63.29 ± 0.13e 65.85 ± 0.09d 69.62 ± 0.01f 6.33 ± 0.01a 11.98 ± 0.06cd

600 MPa ND ND ND ND ND

Note: Means followed by same small letter within a column are not significantly different (p < .05).
Abbreviations: ND, not detected; Tc, conclusion temperature; To, onset temperature; Tp, peak temperature; ΔH, enthalpy of gelatinization; ΔTr, 
gelatinization temperature range (ΔTr = Tc–To).

F I G U R E  6   Fourier-transform infrared spectra of the native and 
ultra-high pressure treated lily starch
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that high pressure below 600 MPa could promote the expansion and 
gelatinization of starch, whereas starch was almost completely ge-
latinized at 600 MPa. The reduction in starch swelling could cause a 
decrease in BD, and the stability of starch paste could be enhanced, 
which would lead to an increase in starch expansion temperature. 
Hu et al. (2011) showed that water would enter starch, cause inter-
nal hydrogen bonds to break, resulting in instability in the crystal-
line and amorphous regions, and gelatinize starch when it is treated 
under high pressure. The change trend of the pasting properties of 
acorn kernel starch treated using UHP is consistent with this experi-
ment (Li et al., 2018).

4  | CONCLUSIONS

In this article, lily starch was physically modified using UHP. UHP 
treatment showed an evident effect on the granule structural, PSD, 
and physicochemical properties of lily starch. The smooth lily starch 
surface became rougher and more agglomerate than before after 
UHP treatment. Lily starch treated at 600 MPa had the largest par-
ticle size and a distinct gelatinized structure. XRD results showed 
a decreased relative crystallinity after UHP treatment. The value 
of gelatinization temperatures gradually increased with increasing 
pressure. The lily starch treated at 600 MPa exhibited lower PV, TV, 
BD, FV, and SB compared with that treated at 0–500 MPa. The UHP 
treatment at 600 MPa for 30 min caused nearly complete gelatiniza-
tion of lily starch. This experiment has a certain reference value for 
the nonheat treatment of lily starch. However, the exact mechanism 
of various parameter changes caused by UHP should be studied in 
the future.
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