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Abstract In this study, we evaluated the effects of

sweeping frequency ultrasound (SFU) pretreatment on the

angiotensin-converting enzyme (ACE) inhibitory activity

of zein hydrolysates and enzymatic hydrolysis thermody-

namics. The solubility, surface hydrophobicity (Ho), degree

of hydrolysis (DH) of zein and ACE inhibitory activity of

hydrolysates were determined. After SFU pretreatment, the

solubility and Ho of zein were significantly increased.

During the hydrolysis process, ultrasonic pretreatment

significantly increased the DH of zein and the ACE-in-

hibitory activity of zein hydrolysates by 19.37 and

133.76%, respectively. First-order kinetics could be used to

explain both traditional and ultrasonic-assisted hydrolysis.

In contrast to traditional hydrolysis, the reaction rate con-

stants of SFU-assisted hydrolysis were largely increased by

82.76, 17.81, 23.96, and 21.26% at hydrolysis temperatures

of 293, 303, 313, and 323 K, respectively. For the ther-

modynamic parameters, SFU pretreatment decreased acti-

vation energy, enthalpy of activation, entropy of activation,

and free energy of activation by 19.52, 20.63, 6.16, and

7.02% respectively. In conclusion, SFU pretreatment

markedly enhanced the hydrolysis of zein, and this method

could be applied to the protein proteolysis industry to

produce zein peptides with high ACE inhibitory activity.

Keywords Zein � Sweeping frequency ultrasound �
Hydrolysis � Angiotensin-converting enzyme inhibitory

activity � Thermodynamics

Introduction

Zein is a co-product of corn wet-milling processing,

accounting for 68% of corn gluten meal (Jin et al. 2016).

Because of its special structure, zein has mainly been used

as a drug carrier and for tissue engineering (Paliwal and

Palakurthi 2014). Moreover, recent animal experiments

and human trials have suggested that zein hydrolysates,

i.e., corn peptides, have beneficial effects on alcohol

metabolism (Ma et al. 2012), lipid metabolism (Lee and

Chang 2001), and hypertension (Huang et al. 2011).

Unfortunately, the water insolubility of zein and its

extensive intermolecular interactions have created barrier

for enzymes to attack the protein bonds, which seriously

limit the release of functional peptides and reduces the

bioavailability of zein. Therefore, developing a more effi-

cient technique to overcome these technical shortcomings

is necessary.

Ultrasound technology, as an emerging non-thermal

processing physical technology, has been extensively used

in the food industry. Due to mechanical, cavitational, and

thermal effects, high-power ultrasound is used to induce

physical and chemical changes in biological matrices

(Shirsath et al. 2012). In particular, acoustic cavitation is

considered to be the basic process responsible for initiating

most acoustic chemical reactions in liquid (Ashokkumar

et al. 2007). The collapse of cavitation bubbles can produce

violent physical forces (shear forces, micro jets, shock

waves, etc.) and free radicals (Suslick 1990; Kadam et al.

2015). In recent years, ultrasound has been increasingly
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investigated in nanoemulsion preparation (Kadkhodaee and

Povey 2008), ultrasound-assisted extraction (Ma et al.

2008), improving the functional properties of protein and

preparing bioactive peptides (Yu et al. 2012). Sweeping

frequency ultrasound (SFU) is an advanced ultrasound

technology with a sweeping frequency (fi ± d kHz), which

will increase from fi - d to fi ? d kHz and decrease from

fi ? d to fi - d with the same linear speed (Jin et al.

2015b). Compared with power ultrasound technology,

sweeping frequency ultrasound (SFU) has many advan-

tages, including uniform energy distribution and processing

material resonance. SFU pretreatment before hydrolysis

can significantly increase the degree of hydrolysis (DH)

and angiotensin-converting enzyme (ACE) inhibitory

activity of peptides (Ren et al. 2013; Jin et al. 2015b).

Some studies have shown that improvement of DH and

ACE inhibitory activities is caused by various changes in

the secondary structures and microstructures of wheat

gluten (Zhang et al. 2016). Furthermore, Qu et al. (2012)

explored the mechanism of ultrasound pretreatment on

enzymatic hydrolysis of wheat germ protein from hydrol-

ysis kinetics. However, no studies have evaluated the

kinetics and thermodynamics of SFU-assisted hydrolysis in

the production of ACE inhibitory peptides derived from

zein.

Therefore, in this study, we aimed to investigate changes

in the surface hydrophobicity and solubility of zein after

pretreatment with SFU, assess the effects of SFU pre-

treatment on the DH of zein and ACE inhibitory activity of

zein hydrolysates, and explore changes in the thermody-

namics of zein hydrolysis caused by SFU pretreatment.

Materials and methods

Materials

Zein (protein content: 98%) was purchased from Gaoyou

Rixing Pharmaceutical Adjuvant Co. Ltd. (Yangzhou,

China). Alcalase (activity: 132,507 U/mL) was obtained

from Novozymes Biotechnology Co. Ltd. (Shanghai,

China). ACE was extracted from pig’s lung using Hip-

puryl–His–Leu (Sigma-Aldrich Trading Co. Ltd., Shang-

hai, China) as a substrate (Zhou et al. 2013). Other reagents

used were of analytical grade.

Ultrasound pretreatment of zein

An aliquot of zein suspension (200 mL, 2 g zein) was

sealed in high-pressure-resistant bags and treated by SFU

equipment, which consists of upper and lower plates, each

one can deliver its own frequency separately (internal

dimensions: 362 mm 9 294 mm 9 502 mm; Shangjia

Biotechnology Co., Wuxi, Jiangsu, China) with 5.4 L

water. The pretreatment parameters were optimized in our

previous study, as follows: sweeping cycle, 500 s; power,

600 W; sweeping frequency, 40 ± 2 kHz; pulsed on-time/

off-time, 10/3 s and sonication time, 40 min. The sonica-

tion temperature was maintained at 25 �C by circulating

water bath and monitored by a thermometer. The control

samples were prepared using a magnetic stirring apparatus

instead of ultrasound, and other conditions remained

unchanged.

In order to study the effects of SFU on the physico-

chemical properties of zein, ultrasound-treated and control

samples were centrifuged at 2500 9 g for 10 min to obtain

supernatants for analysis of solubility and surface

hydrophobicity (Ho).

Enzymatic hydrolysis of zein

Before enzymatic hydrolysis, the zein suspension was

maintained at 20, 30, 40 and 50 �C Next, alcalase (E/

S = 2000 U/g) was added to start the reaction and the pH

was kept at 9.0 by continuously adding 1 M NaOH during

the hydrolysis process. The hydrolysis times were 2, 4, 6, 8,

and 10 min. To terminate the hydrolysis, the mixture was

kept in boiling water for 10 min, after which the pH was

adjusted to 7.0. Next, 6% (v/v) trichloroacetic acid was

added into the mixture at a 1:1 ratio to precipitate dissolved

protein. Finally, the hydrolysates were cooled and cen-

trifuged at 5030 9 g for 15 min to obtain supernatants for

further analysis.

Solubility and Ho

Using bovine serum albumin as standard, the crude protein

content of the supernatant was determined according to the

Lowry method (Waterborg 2009). Solubility was expressed

as the percentage of protein in the supernatant compared

with the total initial protein.

Ho of zein dispersions was determined by Kato and

Nakai (1980) with slight modifications, using 1-anilino-8-

naphthalene-sulfonate (ANS) as a fluorescent probe.

Ultrasound-pretreated and control zein supernatants were

concentrated and adjusted with 0.01 M phosphate-buffered

saline (PBS) to 0.5 mg/mL. Next, 50 lL ANS (8.0 mM in

PBS) was added to 5 mL zein supernatant and mixed at

25 �C. The relative fluorescence intensity was monitored

immediately using a Cary Eclipse spectrophotometer at an

excitation wavelength of 700 nm (slit: 5.0 nm), emission

wavelength of 360–750 nm, and scanning speed of 5 nm/s.

Ho was expressed as the relative fluorescence intensity at a

protein concentration of 0.5 mg/mL.
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Degree of hydrolysis

The DH of zein was determined using the pH-state method

(Liang et al. 2017), which was calculated using Eq. (1):

DH ð%Þ ¼ h

htot
¼ Nb � B� 100

a�Mp � htot
ð1Þ

where B is the NaOH volume consumed (mL), Nb is the

normality of the NaOH (mol/L), Mp is the protein weight

(g), a is the average dissociation degree of a-NH2 in sub-

strate (0.99 for alcalase), and htot is the total number of

peptide bonds in the protein substrate (9.2 mmol/g for zein)

(Kong and Xiong 2006).

To describe the thermodynamics of zein hydrolysis, the

hydrolyzed zein concentration, i.e., the concentration of

zein hydrolysates, was also assayed by the Lowry method

(Waterborg 2009).

ACE inhibitory activity

The ACE inhibitory activity of zein hydrolysates was

measured as previously reported (Vermeirssen et al. 2002),

with slight modifications. An aliquot (45 lL) of substrate
borate buffer (1.0 mM N-[3-(2-Furyl) acryloyl]-l-pheny-

lalanylglycyl-glycine (FAPGG), 80 mM 4-(2-hydrox-

yethyl)-1-piperazineethanesulfonic acid (HEPES), 0.1 M

borate buffer, 300 mM NaCl; pH 8.3) was mixed with 40

lL sample solution in microliter plate wells. The reaction

was initiated by adding 20 lL ACE (0.1 U/mL). After

reacting for 30 min at 37 �C, the absorbance of the reacting
solution was determined immediately at 340 nm. The

control was operated in the same manner using water

instead of sample. The ACE inhibitory activity was cal-

culated as follows:

I ¼ AC � ASð Þ = AC�ABð Þ � 100 ð2Þ

where I is ACE inhibitory activity (%), AC is the absor-

bance of the control group without protein hydrolysates, AB

is the absorbance of the blank group without ACE, and AS

is the absorbance of the sample group with ACE and

protein hydrolysates.

Hydrolysis reaction kinetics

The first-order kinetic model described by Takahashi et al.

(2002) was fitted to study zein hydrolysis kinetics. The

kinetic model was integrated and expressed as below:

ln Ct ¼ �kt þ ln C0 ð3Þ

where Ct is the zein concentration in the reaction solution

at a given time t min (lg/mL), C0 is the initial zein con-

centration in reaction solution (lg/mL), t is the hydrolysis

time (min), and k is the reaction rate constant.

The decrease in zein concentration was difficult to

measure during hydrolysis, but could be indirectly deter-

mined by changes in the amount of zein hydrolysates. At a

certain pressure and temperature, C0 = Q? and Ct =

(Q? - Qt). Equation (4) could be converted to:

ln Q1�Qtð Þ ¼ �kint þ lnQ1 ð4Þ

where Q? is the ultimate concentration of zein hydrolysate

(lg/mL), obtained under hydrolysis condition of pH 9.0 at

50 �C for 10 h (Jin et al. 2015a); Qt is the zein hydrolysate

concentration at a given time t min (lg/mL). The kin could

then be obtained by calculating the slope of ln (Q? - Qt)

against t.

Hydrolysis thermodynamics

The Arrhenius equation (Damodaran et al. 2007) was used

to describe the relationship between the reaction rate

constant k and the temperature T, which was rearranged as

follow:

ln k ¼ lnA� Ea=RT ð5Þ

where k indicates the reaction rate constant (1/min),

A indicates the pre-exponential factor (1/min), Ea indicates

the activation energy (J/mol), R indicates the universal gas

constant (8.314 J/mol K), and T indicates the absolute

temperature (K). Ea can be calculated through the plot of

lnk against 1/T.

According to the Eyring transition state theory (Qu et al.

2013), the relationship between enthalpy of activation

(DH), entropies of activation (DS), Gibbs free energy (DG)
of the hydrolysis and the reaction temperature (T), and the

reaction rate constant (k) could be expressed by the fol-

lowing equation:

k ¼ kBT

h
exp �DG

RT

� �
¼ kBT

h
exp �DH

RT
þ DS

R

� �
ð6Þ

where kB is the Boltzman constant (1.38 9 10-23 J/K), h is

the Planck constant (6.6256 9 10-34 J/s), DG is the Gibbs

free energy of activation (J/mol), DH is the enthalpy of

activation (J/mol), and DS is the entropy of activation

(J/mol K).

After logarithm transformation, Eq. (7) was expressed

as:

ln
k

T

� �
¼ �DH

R
� 1
T
þ DS

R
� ln

h

kB

� �
ð7Þ

DH,DS, and DG could be calculated by the plot of ln(k/

T) against 1/T.
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Statistical analysis

All experiments were repeated at least three times, and the

data were presented as means and standard deviations. The

obtained data was subjected to the least significant differ-

ence (LSD) test, and differences with P values of less than

0.05 were considered significant. All experimental data

were linearly fitted to obtain the required equation. All

graphs and calculations were conducted using OriginPro8.5

and SPSS 18.0.

Analysis of variance and Tukey’s test were performed

under the significance level of P\ 0.05 with the aid of the

statistical software SPSS 18.0 (IBM Corporation, NY,

USA).

Results and discussion

Effects of SFU pretreatment on the DH

and solubility of zein

The solubility and DH in control and SFU-assisted

hydrolysis of zein are presented in Fig. 1. The results

showed that SFU pretreatment improved the solubility and

DH of zein significantly (P\ 0.05). Solubility is the

amount of protein in a sample that dissolves into solution,

which is a good indicator of protein function (Zayas 1997).

After SFU pretreatment, the solubility of zein increased

from 102.4 to 166 lg/mL. This result was consistent with

the findings for ultrasound-pretreated proteins, such as soy

protein isolate (Hu et al. 2013), black bean protein isolates

(Jiang et al. 2014), and milk protein concentrate (Sun et al.

2014). SFU pretreatment with 40 ± 2 kHz may produce a

strong cavitation effect accompanied by local high pressure

gradients and high temperature of liquid layers in the

vicinity (Ren et al. 2013), which may lead to protein

decomposition, chemical bond breakage, and formation of

free radicals. SFU pretreatment also had mechanical effects

on zein, causing macromolecular proteins and medium to

move at different high speeds and greatly increasing the

change of collision.

The 19.25% enhancement in the DH of zein could be

attributed to the increased solubility and changes in

molecular conformation of the protein. Due to the dense

spatial three-dimensional structure of zein and predomi-

nantly hydrophobic nonpolar amino acid composition,

alcalase did not hydrolyze zein effectively (Paliwal and

Palakurthi 2014). After SFU pretreatment, the structure of

the protein macromolecules became loose; more peptide

bonds buried inside the protein were exposed (Shanmugam

et al. 2012; Jin et al. 2015b), which increased the chance of

the enzyme coming in contact with the active site of the

protein.

Effects of SFU pretreatment on the Ho of zein

and the ACE inhibitory activity of zein hydrolysates

Figure 2 shows Ho and ACE inhibitory activity in both

traditional and SFU-assisted hydrolysis. After ultrasound

pretreatment, the Ho of zein increased significantly

(P\ 0.05). These findings were consistent with previous

findings suggesting that ultrasonic treatment could increase

Ho in corn gluten meal (Jin et al. 2015b) and black bean

protein isolates (Jiang et al. 2014). Thus, SFU pretreatment

induced greater unfolding of protein molecules and

increased the exposure of hydrophobic groups on the pro-

tein macromolecules.

Because zein has a high proportion of hydrophobic

amino acids and proline, it is a good source for preparation

of ACE inhibitory peptides (Yang et al. 2007). The ACE
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inhibitory activity of zein hydrolysates after SFU pre-

treatment dramatically increased from 19.81 to 46.11%.

The results demonstrated that ultrasound pretreatment

could improve the ACE inhibitory activity of zein hydro-

lysates effectively. During the hydrolysis process, the

exposure of more internal hydrophobic groups and regions

caused by ultrasound treatment may result in the release of

peptides with more hydrophobic amino acids, playing an

important role in improving the ACE inhibitory activity of

peptides (Zhang et al. 2016). Additionally, the ACE inhi-

bitory activities of peptides are highly influenced by the

molecular weight and amino acid composition of the pep-

tide. Indeed, Wang et al. (2014) reported that increasing

DH during hydrolysis could produce peptides with higher

ACE inhibitory activity. Therefore, the increases in DH

and Ho of zein could contribute to the improvement of

ACE inhibitory activity in zein hydrolysates.

Effects of SFU pretreatment on reaction rate

constant k

The reaction rate constant k is an important physical

parameter in chemical reaction kinetics and depends on

reaction temperature, protein structure, and catalysts.

Because ultrasound pretreatment significantly increased the

solubility, Ho, and DH of zein, the effects of ultrasonic on

k were further investigated. Figure 3 shows the plots of

ln(Q? - Qt) versus t in traditional and SFU-pretreated

hydrolysis at temperatures varying from 293 to 323 K. As

shown in Fig. 3, all of the correlation coefficients were

larger than 0.90, which meant there was a good linear

relationship between the ln(Q? - Qt) and the time at

different temperatures for traditional and SFU-pretreated

hydrolysis. Therefore, first-order kinetics was appropriate

for depicting both traditional and SFU-pretreatment

hydrolysis at a certain temperature range.

The reaction rate constant k was obtained by calculating

the slope of ln(Q? - Qt) against t, as shown in Table 1.

As the reaction temperature increased by 10 K, the reaction

rate constant increased 2–4 times. This could be related to

the increased activity of the enzyme at higher temperatures

and the higher collision frequency between the protein and

enzyme (Jin et al. 2015a). The reaction rate constants ku of

the hydrolysis after SFU pretreatment were increased by

82.76, 17.81, 23.96, and 21.26% significantly at tempera-

tures of 293, 303, 313, and 323 K, respectively, compared

with traditional hydrolysis. This could be attributed to the

temperatures, intense high pressures, and shear forces

generated by ultrasound cavitation efficacies, leading to

structural changes in proteins and exposure of the active

center (McClements 1995). Under the appropriate tem-

perature, the enzyme could combine easily with the active

center of the protein, thereby improving the reaction rate

constant. Nevertheless, the increased ratio of reaction rate

constants k caused by SFU pretreatment decreased as the

hydrolysis temperature increased. The results showed that

as the hydrolysis temperature increased, the thermal effects

dominated; the increase of k induced by ultrasound was not

as pronounced as that at lower temperature. In accordance

with the studies of Qu et al. (2013), our findings further

confirmed that the contribution of ultrasonic effects to the

improvement of the reaction rate constant was higher under

lower temperatures than under higher temperatures.

Effects of SFU pretreatment on hydrolysis

thermodynamics

From the reaction rate constants obtained above, the ther-

modynamic parameters could be calculated according to

Eqs. (6–7), and the results are summarized in Table 2.
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Activation energy (Ea), defined as the minimum energy

required for molecules to convert from normal stable status

to reactive status, represents the difficulty of chemical

reactions (Subhedar and Gogate 2014). Arrhenius plots of

ln k against 1/T are shown in Fig. 4a, and the corre-

sponding slopes are represented as the Ea. For traditional

and SFU-pretreated hydrolysis, the values of Ea were 48.55

and 39.06 kJ/mol, respectively, revealing that ultrasound

pretreatment decreased significantly the energy barrier

needed by the hydrolysis reaction by 19.52%. Therefore,

SFU pretreatment could cause proteolysis to occur easily

and allow the activate state to be reached more efficiently.

The Eyring plot of ln k/T versus reciprocal absolute

temperature (1/T) is presented in Fig. 4b. The enthalpies of

activation (DH) and entropies of activation (DS) were

estimated from the slopes and intercepts of the curves,

respectively. After obtaining DH and DS, Gibbs free energy
(DG) was easily calculated by Eq. (6). When the change in

enthalpy is positive, the hydrolysis reaction will be of

endothermic nature. A lower enthalpy means a lower

energy cost when converting the substrate into a product.

Compared with traditional hydrolysis, the DH of hydrolysis

with SFU pretreatment was reduced by 20.63%, demon-

strating that ultrasound pretreatment favored the formation

of activated enzyme–substrate complexes and a transition

state. Entropy reflects the extent of variation of local dis-

order between the ground state and the transition state of

enzymatic hydrolysis (Jin et al. 2015a). Moreover, the

6.16% decrease in DS with SFU pretreatment indicated that

the enzyme and zein showed reduced disorder after ultra-

sound irradiation. In enzyme catalysis, DG will be the

energy barrier between the ground state of the complex of

substrate binding with enzyme and the activated state of the

complex of substrate binding with enzyme (Cheng et al.

2017). Notably, DG decreased 7.02%, which was depen-

dent on the declines in both DS and DH. The results above

showed a similar trend according to the research of Qu

et al. (2013), who reported that the thermodynamic

parameters DH, DS, and DG of the hydrolysis reaction after

ultrasonic irradiation were reduced by 74.1, 34.3, and

1.4%, respectively. These remarkable decreases in DH, DS,
and DG could be attributed to ultrasonically induced

changes in the structure of zein, such as exposure of the

internal hydrophobic groups and protein regions (Ma et al.

2011), breakage of noncovalent bonds, and changes in

protein microstructures and three-dimensional structures

(Jin et al. 2015a).

Conclusion

The effects of SFU pretreatment on the ACE inhibitory

activity of peptides and hydrolysis thermodynamics were

investigated. Under SFU pretreatment at a frequency of

Table 1 Reaction rate

constants for traditional

hydrolysis and sweeping

frequency ultrasound

pretreatment

T (K) Traditional hydrolysis Ultrasound pretreatment

Kt (1/min) R2
Adj

Ku (1/min) R2
Adj

293 0.0029b ± 0.0004 0.9297 0.0053a ± 0.0003 (82.76%)* 0.934

303 0.0073b ± 0.0005 0.9354 0.0086a ± 0.0002 (17.81%)* 0.9165

313 0.0096b ± 0.0009 0.9072 0.0119a ± 0.0007 (23.96%)* 0.9045

323 0.0207b ± 0.0002 0.9571 0.0251a ± 0.0003 (21.26%)* 0.9848

Values followed by different letters are significantly different at P\ 0.05

The values of reaction rate constant k were compared by columns

*Increased initial reaction rates for sweeping frequency ultrasound pretreatment compared with traditional

enzymatic hydrolysis

Table 2 Thermodynamic parameters for traditional hydrolysis and sweeping frequency ultrasound pretreatment

Hydrolysis Ea (kJ/mol) DH (kJ/mol) DS (J/mol K) DG (kJ/mol)

Traditional

hydrolysis

48.55 ± 1.97a 46.05 ± 0.99a - 154.47 ± 3.02a 93.63 ± 1.11a

SFU pretreatment 39.06 ± 1.21b (- 19.52%)* 36.55 ± 1.35b (- 20.63%)* - 163.98 ± 2.98b (- 6.16%)* 87.06 ± 1.34b (- 7.02%)*

Values followed by different letters are significantly different at P\ 0.05

The values of DH, DS and DG were compared by rows

*Decreases in thermodynamic parameters for sweeping frequency ultrasound pretreatment compared with traditional enzymatic hydrolysis
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40 ± 2 kHz, the DH of zein and the ACE inhibitory

activities of zein hydrolysates were significantly improved

compared with those after traditional hydrolysis, poten-

tially because of the increase of solubility and Ho of zein.

The results of kinetic and thermodynamic analysis indi-

cated that SFU pretreatment accelerated the enzymatic

hydrolysis rate by increasing reaction rate constants and

reducing activation energy, enthalpy of activation, entropy

of activation, and free energy of activation. Thus, our

results showed that SFU-assisted hydrolysis of zein may be

an efficient and environmentally friendly method for

preparing peptides with high ACE inhibitory activity.
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