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The development of peptides derived from plants, which have potential anti-
angiotensin converting enzyme (ACE) activity and other bioactivities, are of
scientific interest. ACE inhibitory peptide (CLPP, the ACE inhibitory rate is 76.52
± 1.07%) was obtained by hydrolysis of tiger nut (Cyperus esculentus) protein
with alkaline protease. The plastein product (PCLPP, the ACE inhibitory rate is
85 ± 2.33%) was prepared by modifying CLPP with a plastein reaction. The
results of SEM, IR, and XRD show that the structure of PCLPP is di�erent from
that of CLPP. The results of di�erential scanning calorimetry, fluorescence, and
free amino analysis showed that the reaction was carried out by aggregation
and condensation. These results suggest that the plastein reaction may be an
e�ective method to increase the variety of bioactive peptides.

KEYWORDS

plastein reaction, trypsin, peptides, angiotensin converting enzyme, tiger nut

1 Introduction

Cardiovascular diseases are the number one cause of death around the world, and

the rise of cardiovascular diseases is strongly associated with the increased value of

blood pressure. Inhibition of angiotensin I-converting enzyme (ACE) was deemed as an

effective method in the treatment of hypertension (Han et al., 2023; Wang et al., 2008).

Therefore, there is an urgent need for studying the inhibition of ACE to prevent and

control hypertension.

At present, chemically synthetic ACE inhibitors, such as captopril, enalapril, and

lisinopril, are widely used as anti-hypertensive drugs in clinical applications (Taskiran and

Avci, 2021; Yasmin and Joerg, 2018). However, they have been reported to lead to certain

side effects, including changes in taste, coughs, and rashes (Ye et al., 2022; Suo et al., 2022).

Thus, it is important to find new and safe natural substitutes to lower the application of

synthetic drugs. ACE-inhibitory peptides, which are safer than synthetic ACE inhibitors,

are as effective antihypertensive drugs (Yu et al., 2006; Kaori et al., 2009). The methods

for the preparation of ACE inhibitory peptide included enzymatic production, chemical
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synthesis, extraction of natural active peptide, and recombination

technology. Recently, food-derived bioactive peptides have been

revealed to serve a significant role in decreasing blood pressure

because of their advantage of high safety, specificity, and no side

effects (Xu et al., 2021; Zhao and Li, 2009). Therefore, there is an

increasing interest in ACE-inhibitory peptides. In particular, the

production and characterization of ACE inhibitory peptides from

food sources is an emerging area of biochemical research.

Cyperus esculentus belongs to the perennial herb mainly

distributed in tropical and temperate regions. Its underground

tubers (tiger nuts) are rich in nutrients, including 25–30% of oil,

and the quality of extracted oil is excellent (Mohammed et al.,

2022). Tiger nuts are consumed throughout China in dairy, bakery,

candy, and cooking oil products. The tiger nuts dregs take the most

parts of the by-products of oil processing, which contain abundant

valuable proteins that could be the precursor of some functional

peptides by the means of enzymatic hydrolysis, which contained

abundant hydrophobic amino acids. In addition, it has been found

that the tiger nut peptides can help to improve blood circulation,

reduce cardiovascular disease and heart disease, and prevent stroke

and respiratory inflammation (Sánchez-Zapata et al., 2012; Parker

et al., 2000; Chinma et al., 2010). Therefore, the tiger nut is

a particularly good source of bioactive peptides and is rich in

proteins that result in high yields of peptides. It has previously been

revealed that peptides rich in hydrophobic residues demonstrated

a greater ACE inhibition and proteins that contained abundant

hydrophobic amino acids were able to produce ACE inhibitory

peptides (Yuka et al., 2008). Thus, it was suggested that the tiger

nut proteins may be a promising candidate for producing ACE

inhibitory peptides.

Recently, it has been reported that the plastein reaction

can enhance the activity of ACE inhibitory peptides (Zhao and

Li, 2009; Jiang et al., 2018; Wei et al., 2013). This reaction

can also bring about bioactivity changes in protein hydrolysates

related to human health promotion. Therefore, the plastein

reaction has been used widely for some purposes, including

the modification of some protein hydrolysates to improve

their antioxidant properties or ACE-inhibitory activity. Plastein

reactions were first discovered by Danilevski and Okuneffin in

1902, when the addition of rennet to a protein hydrolysate

produced a precipitate that was thought to be an inverse

enzymatic reaction (Zhou et al., 2024). The plastein reaction

contained a process in which a high substrate concentration (20–

50%, w/v) of protein hydrolysate or polypeptide was catalyzed

by peptide bonding mode in the presence of appropriate

proteases under optimum conditions to form an insoluble,

high molecular weight, aggregated macromolecular structure,

plastein precipitate. More importantly, the reaction can modify

the amino acid sequences and spatial structures of proteins or

peptides, and thus change the nutritional values of proteins via

enforcing the restrictive amino acids or removing the unwished

amino acids from the specific products (Gao and Zhao, 2012).

Meanwhile, the reaction can also affect several properties of

proteins, including surface hydrophobicity, thermal stability, and

so on. Some researchers believe that transpeptide is the main

mechanism to maintain the reaction, and new covalent bonds

are formed during the reaction. On the other hand, many

have suggested that hydrophobic interactions are the main force

forming the plastein reaction (Jiang et al., 2018; Zhang and Zhao,

2014).

During the formation of plastein products, the sequence

changes caused by peptide modifications induced by proteases

make their products have many potential applications. Hazelnut

plastein peptides inhibit ACE activity (anti-hypertensive) (Song

et al., 2023). Adding exogenous glutamic acid to prepare efficient

zinc-binding peptides from modified hydrolysates of oysters

(Crassostrea gigas) promotes intestinal absorption of zinc (Li et al.,

2019). Gastric protease catalyzes the conversion to tryptophan,

which enhances the inhibitory activity of lactoferrin hydrolysate

on cancer cell BGC−823 in vitro (Ma et al., 2019). The plastein

reaction enhances the bile acid binding ability of soy protein

hydrolysate and whey protein hydrolysate (Qian et al., 2018),

and the aggregation of hydrophobic residues during peptide

aggregationmakes it possible for class proteins to be used as peptide

de bitters and bile acid chelating agents, which may help reduce

endogenous cholesterol.

This study aimed to determine the effect of the plastein reaction

on The ACE inhibitory peptide and to elucidate the possible

chemical mechanism of the plastein reaction. In the present

study, the ACE inhibitory activity, structural changes, and thermal

stability of plastein reaction-modified PCLPPwere determined, and

as well as the possible interaction involved in the plastein reaction

was also explored.

2 Materials and methods

2.1 Preparation of tiger nut protein
hydrolysate and plastein product

Tiger nut proteins were obtained according to the described

methods (Gao and Zhao, 2012). Tiger nut powder was mixed

with water in a ratio of 1:10, pH was adjusted to 11, stirred

for 60min, and centrifuged (20min, 4,000 g). The supernatant

was used to remove the upper layer of oil using a separatory

funnel, then the pH of the aqueous layer was adjusted to the

isoelectric point and left to stand overnight. Then centrifuged

(20min, 4,000 g), the precipitate was washed three times with water,

the pH was adjusted to neutral, lyophilized, and stored to obtain

tiger nut protein.

The tiger nut protein was mixed with distilled water at a

concentration of 2%, the pH was adjusted to 11 with 1 mol/L

NaOH, and then 6,000 U/g alkaline protease (Melun Biotechnology

Co., LTD) was added to initiate enzymatic hydrolysis. After

hydrolysis in a water bath at 57◦C for 3 h, the reaction was

terminated by heating at 90◦C for 15min. The reaction mixture

was centrifuged at 10,000 g for 20min at 4◦C to remove the

precipitate. The supernatant was freeze-dried to obtain CLPP,

which was stored in a well-sealed self-sealing bag in a desiccator

for subsequent analysis.

CLPP was dissolved in distilled water to form a solution with

a mass fraction of 40%, and then trypsin (2,500 U/g) (Meilun

Biotechnology Co., Ltd.) was added, and heated at 45◦C for 1 h to

cause a plastein reaction, and then heated at 100◦C for 5min to
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terminate the reaction, and then the solution was freeze-dried to

obtain the plastein product PCLPP.

2.2 Transform infrared spectroscopy

The structure of the sample was analyzed using a Fourier-

transform infrared (FT-IR) spectrometer (VERTEX70, Bruker,

Germany). For each measurement, 32 scans were coded with a

resolution of 4 cm−1 and a wave number ranging from 500 to 4,000

cm−1 (Doucet et al., 2014).

2.3 Scanning electron microscope
characterization

The structure was evaluated via Scanning Electron Microscopy

(SEM). Before the investigation, good conductivity of the samples

was achieved with a thin layer of gold sputter-coated using a sputter

coater (Quorum, Q150V ES) (Li et al., 2020).

2.4. X-ray powder di�raction

The crystalline structure of samples was evaluated by X-ray

diffraction (D8 Advance, Bruker, Germany) in the 2θ range 5◦-

80◦, using the Cu Kα radiation and operating at 45 KV with 30mA

current (Sun et al., 2021).

2.5 Fluorescence spectroscopy

The sample was dissolved in phosphate buffer solution (0.01

mol/L, pH 7.0) at a concentration of 2 mg/mL, 8,000 r/min,

centrifuged for 30min, and the supernatant was taken for

determination. The excitation wavelength of the fluorescence

spectrum is 290 nm, the range of the scanning emission spectrum

is 300–400 nm, and the width of the excitation and emission slit is

5 nm (Spanneberg et al., 2010).

2.6 Determination of changes in surface
hydrophobicity

ANS was used as a probe to measure the hydrophobicity

change in the process of plastein reaction by fluorescence method

(Zhang et al., 2018). The samples were analyzed with excitation

and emission wavelengths of 390 and 470 nm, respectively. Surface

hydrophobicity was determined as the initial slope (S0) of the

fluorescence intensity vs. concentration (%) plot. The sample was

dissolved in phosphate buffer solution (0.01 mol/L, pH= 7.0) with

a final concentration of 2 mg/mL. Then the hydrolyzed solution

was separated by centrifugation at 10,000 g for 30min and then

the supernatant was determined. The absorbance of the sample was

measured at 290 nm. The excitation and emission slit widths are

both at 5 nm.

2.7 Determination of free amino acid
content

The free amino group (–NH2) contents of ACE inhibitory

peptides and its modified products were determined using the

o-phthaladehyde (OPA) assay (Doucet et al., 2003). The OPA

solution was prepared by dissolving 2.0 g of sodium dodecyl

sulfate in 30mL of 0.4 mol/L sodium borate buffer (pH 9.5).

Then, 200 µL β-mercaptoethanol, 80mg OPA in 1mL ethanol

(ETOH), and borate buffer were mixed to obtain a final

solution volume of 100mL. A volume of 3mL OPA reagent

was mixed with 3mL sample solution and kept for 2min

before measuring the absorbance at 340 nm (Gao and Zhao,

2012).

2.8 Di�erential scanning calorimetry

The thermal properties of the samples were analyzed by DSC

(Q2000, Ta Instruments, USA) under a continuous N2 gas flow

with a flow rate of 20 mL/min. The sample (3mg) was weighed

and placed on the DSC cell for analysis. A blank aluminum

crucible was used as a control. Each analyzed sample was heated

to a range of 40–160 with a flow rate of dry nitrogen set

to 20 mL/min and a heating rate of 10◦C/min (Zheng et al.,

2022).

2.9 E�ect of amino and carboxyl termini of
blocked hydrolysates on the yield of the
plastein reaction products

To determine the effect of sealing amino termini on the

yield of plastein products (Jiang et al., 2018). The freeze-

dried antihypertensive peptide (5 g) was dissolved in 0.2

mol/L phosphate buffer solution (pH 7.5). After adding

1.2mL of acetic anhydride, the volume was increased to

12.5mL and the reaction was carried out at 20◦C for 48 h.

Then, 1 g of solid ammonium acetate was added and the

mixture was titrated to pH 6.0 with 0.5 mol/L HCl. Furtherly,

alkaline protease was added to initiate the plastein reaction

as described above. At last, the protein was precipitated

by absolute ethanol. The precipitate was then freeze-dried

and weighed to assess the amount of amino block to the

proteinoid response.

The effect of blocking the carboxyl terminus on the yield

of the plastein product was also examined. The lyophilized

antihypertensive peptide (5 g) was mixed with 10mL methanol

(4◦C) and 0.75mLHCl (12mol/L) at 25◦C by stirring for 48 h. After

the reaction was completed, the methanol and HCl were removed

using a rotary vaporizer at 35◦C. Then, the alkaline protease

was added to begin the plastein reaction. When the reaction was

finished, 10mL of absolute ethanol was added to precipitate the

proteins and ended the reaction. The precipitate was collected

and freeze-dried to measure the amount of carboxyl block to the

plastein reaction.
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The yield of plastein product after blocking the amino or

carboxyl terminus was calculated as follows:

Yield (%) = weight of ethanol− precipitated sample/

weight of total sample×100%

2.10 Determination of ACE-inhibitory
activity of hydrolysates

5 mol/l HHL (sigma chemical co) solution 100 µl (ph = 8.3,

containing 0.3 mol/l nacl) mixed with 20 µl CLPP or PCLPP,

preheated at 37◦C for 5min, reacted with 20 µl ACE solution

(0.1 µ/ml) for 60min at the same temperature. the reaction was

terminated by the addition of 1.0m HCl (100 µl). the absorbance

of hippuric acid in the incubated solution was determined at

228 nm using a UV-spectrophotometer. the absorbance value of the

extracted hippuric acid was measured at 228 nm (Gao and Zhao,

2012).

ACE inhibition (%) = ((Ac− As)/(Ac− Ab))

Where Ab is the absorbance value of the sample tube with buffer

added; As is the absorbance value of the sample tube with inhibitor;

Ac is the absorbance value of the sample tube of inactivating

enzyme before reaction.

2.11 Statistical analysis

All experiments were repeated in triplicate independently. The

representative data were manifested by mean ± standard (SD).

One-way analysis of variance (ANOVA) was used to analyze the

differences between groups. A p-value of <0.05 was considered a

statistical significance.

3 Results and discussion

3.1 FT-IR analysis

Infrared spectroscopy was used as an effective tool for analyzing

the structure of peptides and proteins. As shown in Figure 1,

the characteristic peaks of CLPP and PCLPP at 3,408 cm−1 (N-

H stretching vibration characteristic absorption peak) and 3,070

cm−1 (-CONH- characteristic absorption peak) indicate that they

have both protein and polypeptide properties. The spectra both

show broad and strong absorption peaks around 3,400 cm−1,

indicating that many intramolecular or intermolecular hydrogen

bonds may be present in the polymers of CLPP and PCLPP protein

multimers (Gong et al., 2025). The absorption peaks of 2,923 and

2,808 cm−1 represent the C-H stretching vibration of -CH2 and

-CH3. Compared with CLPP, the C=O stretching vibration peak of

PCLPP shifted to 1,610 cm−1, with a spectral range of 1,700–1,500

cm−1 for amide I and II bands. The fingerprint region of 1,350–400

cm−1 shows the main difference between CLPP and PCLPP. The

spectra of PCLPP show many new small absorption peaks, which

indicate that the plastein reaction produces some new secondary

structures (Doucet et al., 2014).

FIGURE 1

FT-IR spectra of CLPP and PCLPP range from 4,000 to 500 cm−1.

3.2 Scanning electron microscopy

The surface morphology of CLPP and PCLPP was observed

under a scanning electron microscope at a magnification of 5,000

times as shown in Figure 2. It can be seen that the substrate CLPP

is granular (Figure 2A). However, the product PCLPP appeared

to exhibit a relatively smooth structure with a combination of

blocky and lamellar surfaces and appeared to be more porous

than CLPP, a morphology that is typical of the plastein reaction

product (Figure 2B), which is distinctly different from that of

the substrate CLPP. The formation of the blocky structure of

PCLPP can be attributed to the aggregation of peptides in the

plastein reaction (Zhou et al., 2024). Furthermore, these dense

and non-porous structures contribute to the increased surface

hydrophobicity observed in the plastein product PCLPP.

3.3 XRD pattern analysis

XRD analysis was used to study the formation of plastein

reaction products. The spectra of CLPP and PCLPP are shown

in Figure 3. As can be seen from the figure, CLPP shows a

strong characteristic crystalline peak near 19.3◦; PCLPP is weaker

compared to the peak at this position, but shows a weak diffraction

peak at 2θ = 8.9◦, which is the diffuse scattering caused by the

multiple structural layers of the polypeptide (Qu et al., 2022). These

variations in the XRD spectra confirm the formation of a new

crystal structure (Sun et al., 2021).

3.4 Thermodynamic properties

Differential scanning calorimetry (DSC) is an effective tool

for studying the structural and thermodynamic properties of

substances and can be used to determine the denaturation of

proteins and changes in structural organization. As shown in
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FIGURE 2

SEM images of the surface structure of (A) Cyperus esculentus hydrolysates (CLPP) and (B) its modified products after plastein reaction (PCLPP). (B)
Scale bars = 10.0µm.

FIGURE 3

XRD spectra of CLPP (A) and PCLPP (B) samples.

Figure 4, the exothermic peak of PCLPP was 108.8◦C, which was

slightly higher than that of CLPP (104.25◦C). After the plastein

reaction, the enthalpy change (1H) of PCLPP decreased from 40.95

to 27.09 J/g, which indicated that the plastein reaction significantly

improved the thermal stability of PCLPP. TheDifferential Scanning

Calorimetry (DSC) results showed only broad peaks indicating the

presence of a heterogeneous reaction mixture. This result is in

complete agreement with the conclusion that the plastein reaction

is formed via the protein aggregation pathway (Zheng et al., 2022).

3.5 Fluorescence spectra

Aromatic amino acids in proteins such as L-phenylalanine,

tyrosine, and tryptophan are fluorescent substances, which exhibit

fluorescent properties when excited by excitation light (Xu et al.,

2016), so fluorescence spectroscopy can be used to study the

environment of aromatic amino acids. As can be seen in Figure 5,

the fluorescence intensity of PCLPP is significantly higher than that

of the substrate CLPP, and the maximum fluorescence emission

wave of PCLPP undergoes a blue shift of 7 nm, indicating that when

the plastein reaction occurs, due to the action of trypsin, the CLPP

protein unfolds, and tryptophan residues and other residues are

exposed on the surface, and the fluorescence intensity increases

(Spanneberg et al., 2010). However, the exposure of hydrophobic

groups enhances intermolecular interactions, leading to molecular

reaggregation, whereupon new products are generated. This

echoes the results of surface hydrophobicity, which are shown

in Section 3.6.

3.6 Surface hydrophobicity

Surface hydrophobicity is an important indicator of protein

denaturation, reflecting the degree of exposure of amino acid

residues within a protein molecule in a polar environment (Xie

et al., 2022). To investigate the effect of hydrophobicity on the

plastein reaction, the change in hydrophobicity during the reaction

was measured. The results (Figure 6) confirmed that the surface

hydrophobicity gradually increased during the plastein reaction.
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FIGURE 4

DSC curves of CLPP (A) and PCLPP (B).

FIGURE 5

Fluorescence spectra of CLPP and PCLPP.

This may be due to the role of enzymes in the reaction, which

expose hydrophobic groups that then interact to form polymers.

As the reaction time increased, the hydrophobicity index did not

continue to increase when the potential hydrophobic groups were

exposed to a maximum extent, indicating that the reaction reached

an equilibrium. Thus, hydrophobic interactions are one of the main

forces in the formation of the plastein reaction, which is consistent

with a related report (Sun et al., 2021).

3.7 Changes of free amino groups during
the reaction

The reduction in the content of –NH2 is an important feature

of the plastein reaction (Sun et al., 2021). In the present study,

the changes in free amino groups during the reaction are shown

in Figure 7. The results showed that the content of free amino

acids decreased, indicating that peptide condensation occurred.

FIGURE 6

Changes of surface hydrophobicity during the plastein reaction.

Moreover, the decrease of free amino acids fluctuated between

45 and 55 µmol/L when the reaction time exceeded 4 h, which

suggested the reaction may have reached a dynamic equilibrium.

This might be due to the concentration of the substrate involved in

the reaction being relatively high, the synthesis reaction occupies a

dominant position in the reaction process, the free amino terminal

can react with the carboxyl-terminal, and thus the content of free

amino acids in the downward trend of reduction. The reduction

of free amino groups is attributed to peptide condensation before

and after the plastein reaction, and similar results have also been

reported in silver carp protein hydrolysate and hazelnut peptide

(Zhou et al., 2024; Song et al., 2023).

3.8 E�ect of amino and carboxyl termini of
blocked hydrolysates on the yield of
products

The free amino and carboxyl groups of CLPP were blocked

to judge whether the plastein reaction involved condensation
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FIGURE 7

Changes of free amino groups during the plastein reaction.

FIGURE 8

E�ect of amino and carboxyl termini of blocked hydrolysates on the
yield of plastein products.

(Jiang et al., 2018). The yield of the plastein reaction product of

CLPP without a closed-end was used as a control. As shown in

Figure 8, the plastein reaction product yield decreased from 74.93

to 55.91% after blocking the amino end and from 74.93 to 63.88%

after blocking the carboxyl end compared with the control group.

Therefore, it can be considered that peptide bond condensation

occurred during the plastein reaction of CLPP.

3.9 ACE inhibitory activity

The use of plant-derived proteins to prepare peptides with ACE

inhibitory effects, thereby lowering blood pressure, is one of the

popular research directions at present. There are two ways to lower

blood pressure: one is to prevent substrate binding by competitive

binding to the active site of ACE; the other is to lower blood

pressure by combining with other sites to form enzyme-inhibitor

complexes, changing the conformation of ACE and preventing it

from catalyzing the production of active angiotensin II (Ang II)

(Jiang et al., 2018). Currently, available ACE inhibitors are non-

peptide analogs of Ang I, which work by decreasing ACE enzyme

FIGURE 9

ACE inhibitory activity of CLPP and PCLPP.

activity, thereby reducing Ang II production (Acharya et al.,

2024). Computer simulation techniques were used in conjunction

with bioassays to identify ACE inhibitors, and selective structural

domain docking revealed that 4-O-caffeoylquinic acid, isolated

from Moringa, has a strong affinity for the C structural domain of

ACE enzyme (Darwish et al., 2024).

The ACE inhibitory activity of CLPP and PCLPP at a

concentration of 0.4 mg/mL was evaluated in vitro. The results

(Figure 9) showed that the ACE inhibitory activity of PCLPP was

85 ± 2.33%, which was 11.08% higher than that of CLPP. This

indicates that the ACE inhibitory activity of specific proteins can

be enhanced by plastein reaction. Similar results, such as adding

leucine to chicken plasma protein hydrolysate (CPPH) and using

trypsin-catalyzed plastein reaction, increased the ACE inhibitory

activity of the product by 28.57%, reaching 82.07 ± 0.03% (Gao

et al., 2020). Plastein reaction with hazelnut protein hydrolysate

and hazelnut peptide YLVR as substrates enhances the activity of

ACE inhibitory peptide (Song et al., 2023). Molecular dynamics

simulations showed that three non-competitive ACE inhibitory

peptides were isolated from Chlorella vulgaris, which interacted

with unconventional binding sites on ACE to inhibit ACE activity

(Suo et al., 2024). PCLPP has the same ACE inhibitory effect, and

its mechanism of action is not very different from those reported so

far, which needs to be further investigated.

4 Conclusion

Plastein reaction is an important enzymatic reaction with

important applications in protein or peptide research. Plastein

reaction is an important enzymatic reaction with important

applications in protein or peptide research. Plastein has been

shown to have potential food and nutraceutical applications such

as antihypertensive (Xu et al., 2014), antioxidant (Zhao et al.,

2014), antithrombotic, enhancement of the nutritional value of

proteins, and enhancement of chemosensory properties of protein

hydrolysates and peptides (Gong et al., 2015). In this study, the

plastein product, PCLPP, was prepared by trypsin catalysis with

CLPP as substrate, and the ACE inhibitory activity of PCLPP

was 85 ± 2.33%. The structure of PCLPP was analyzed using
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SEM, FT-IR, XRD, and fluorescence spectra. The results showed

that the structure of PCLPP was different from that of the

substrate. However, differential scanning calorimetry, blocking of

the amino and carboxyl ends showed that aggregation and peptide

condensation was involved in the plastein reaction. Moreover,

the surface hydrophobicity increases gradually during the plastein

reaction, indicating that the hydrophobic interaction is also

one of the forces of the plastein reaction. Overall, our study

shows that the plastein reaction is a complex process involving

physical aggregation, hydrophobicity, condensation, and peptide

transformation. Future studies will further isolate specific ACE

inhibitory peptides and validate the activity and biostability of

plastein reaction-modified products in cells and in vivo. Plastein

reaction shows great potential for improving some biological

activities of protein hydrolysates.
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