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ARTICLE INFO ABSTRACT

Handling Editor: Professor Aigian Ye This study evaluated the effects of chemical modification, including ethanol, acetic acid, and natural deep
eutectic solvents (NADES), on the secondary and tertiary structures, hydrophobicity, free amine content, protein-
protein interactions, and functional properties of zein. The NADES used included choline chloride: oxalic acid,
choline chloride: urea, choline chloride: glycerol, and glucose: citric acid. The results reveal that the NADES
system significantly altered zein’s structures, as evidenced by Fourier transform infrared spectroscopy, fluores-
cence, and Ultraviolet-Visible Spectroscopy analysis. Circular dichroism spectroscopy analysis indicated sig-
nificant conformational change in modified zein, with decreased a-helix and increased random coil content.
Notably, the NADES system leads to greater disruption of hydrogen bonds and facilitates the exposure of hy-
drophobic regions compared to water, ethanol, and acetic acid systems. This resulted in enhanced solubility,
surface hydrophobicity, and free amine content in zein, indicating a more significant change in protein structure.
In contrast, water and acetic acid solvents maintained more stable disulfide bonds within zein, which correlates
with lower solubility and less unfolding. The NADES system promoted interactions between zein and its solvent
components, improving emulsifying properties. Water, ethanol, and acetic acid systems had higher solubility in
urea, thiourea, and dithiothreitol than the NADES system, revealing disruption of both covalent and noncovalent
bonds in zein modified by NADES. Overall, this study highlights the superior ability of the NADES system to
modify zein’s structure and functionality compared to conventional solvents, suggesting its potential for
enhancing protein applications in the industrial production of foods.
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1. Introduction

Zein, a predominant protein in corn gluten meal, comprises 50-80%
of the total protein content (He et al., 2021). This protein is categorized
into a, f, v, and & fractions based on their molecular weight and structure
(Dong et al., 2020). The structural model of zein reveals that over half of
its solvent-accessible surface area comprises hydrophobic residues.
Specifically, a-zein making up about 70% of total zein, is
water-insoluble and exhibits an a-helix secondary structure (Bean et al.,
2021; Qu, 2019). Zein’s insolubility in water is attributed to its low
content of polar-charged amino acids, resulting in a tendency for ag-
gregation, thereby limiting the functional properties of zein. As a result,
zein is primarily intended for animal consumption and is not typically
used as a human food ingredient (Cabra et al., 2007). Therefore,
modifying zein’s structure to enhance its functional properties can

expand its applications in food formulation.

Various strategies including chemical solvents, physical techniques,
and enzymatic reactions have been investigated to alter proteins’
structure and physicochemical characteristics. These modifications can
result in proteins with more desirable functional properties than their
native counterparts (Glusac and Fishman, 2021; Fu et al., 2020). Among
these methods, moderate chemical treatments through partial unfolding
of zein molecules can improve their functional properties (Zhang et al.,
2011). These treatments can unfold the protein structure by disrupting
the non-covalent forces that maintain its native structure. However,
excessive modification can lead to fragmentation and truncation of the
zein backbone, reducing its functionality (Cabra et al., 2007).

Organic solvents like ethanol and acetic acid are commonly used in
industries and research (Shishov et al., 2022). Zein is soluble in these
solvents, with partial unfolding observed in both solvents, affecting its
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physical, structural, and rheological properties (Mattice and Marangoni,
2020). These traditional organic solvents are toxic, dangerous, poten-
tially explosive, highly flammable, and environmentally harmful (Negi
et al.,, 2024). A class of innovative, environmentally friendly solvents
known as natural deep eutectic solvents (NADES) has emerged to
address these issues. Using chemicals generally recognized as safe
(GRAS) in preparing NADES can help reduce toxicity (Yap and Gan,
2024). NADES offer a safe alternative to hazardous solvents, thus pro-
moting a more environmentally friendly approach to green chemistry
(Shishov et al., 2022). Due to their thermal stability, inexpensive,
non-toxicity, low volatility, and non-flammability, NADES are attractive
for various sustainable applications (Fu et al., 2020; Qu, 2019). The
production of NADES is easy, and due to the variety of component
combinations, their properties can be modified. NADES are mixtures of
substances that function as hydrogen bond donors (HBD), including
urea, polyols, organic acids, and carbohydrates, and as hydrogen bond
acceptors (HBAs), like choline chloride (Yu et al., 2023a). Choline
chloride is an easily accessible, cheap, biodegradable, and non-toxic
quaternary ammonium salt that is a common HBA in NADES produc-
tion, reacting with various HBD (Yu et al., 2023a).

NADES has been used to modify and extract various compounds in
several studies. Yu et al. (2023b) used hydrophobic NADES to extract
lycopene from tomato powder with high extraction yields. Qu (2019)
showed that NADES could modify gelatin, zein, and soy protein to
produce mechanically strong materials with a high amorphous form.
Esquembre et al. (2013) reported that NADES can change the confor-
mation of lysozyme, leading to loss of stability and the formation of
intermediate states in the protein folding process. Additionally, NADES
has also been used to extract proteins from sesame meal (Cao et al.,
2023) and oatmeal (Yue et al., 2021), and these studies have shown that
NADES can alter the structure and functionality of proteins. Cao et al.
(2021) and Fu et al. (2020) used NADES as the reaction medium to
modify wheat gluten and bovine serum albumin.

Until now, no study has investigated the modification of zein using
NADES as a novel technique with the potential to further enhance its
functional properties. Thus, the purpose of this study was to compare the
structural and functional properties of zein modified with traditional
solvents and NADES. To assess changes in protein structure, Fourier
transform infrared (FTIR) spectroscopy, circular dichroism (CD) spec-
troscopy, fluorescence spectroscopy, and UV-visible spectroscopy were
utilized. Furthermore, the effects of these changes on the solubility,
emulsifying, foaming, and water and oil absorption capacities of zein
were investigated.

2. Material and method
2.1. Materials

Corn gluten meal (CGM) with 55% protein content was obtained
from Zar Ind. Co. (Tehran, Iran). choline chloride (>98.0%), Bovine
serum albumin (BSA) (96%), 2,4,6-trinitrobenzene sulfonic acid solu-
tion (TNBS) (95%) and glucose (>99.5%), were purchased from Sigma-
Aldrich (St. Louis, MO, USA), glycerin (>99.5%), urea (>99.5%), oxalic
acid (>99.0%), citric acid (>98%), acetic acid (>99%) were obtained
from Merck (Darmstadt, Germany). Ammonium salt of 1-anilino-8-
naphtalene-sulphonic acid (ANS) (>90%) was obtained from Sigma-
Aldrich (Vallensbaek Strand, Denmark). Other chemicals were ob-
tained from Merck (Darmstadt, Germany).

2.2. Zein extraction from CGM

Zein was extracted from CGM following the procedure outlined by
Anvar et al. (2024). CGM was immersed in a solution of 0.1 M sodium
hydroxide, and 95% ethanol (45:55, v/v) for 2 h at 50 °C. The mixture
underwent centrifugation. Subsequently, distilled water was added to
the supernatant, and 1M HCI was used to adjust the pH to 6.3. After
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adding a 2% NacCl solution (1:5, v/v), the mixture was centrifuged and
freeze-dried using an Alpha 2-4 LD plus freeze dryer (Christ, Germany)
after being incubated for 1 h. Using Automated Kjeldahl (Foss, Kjeltec™
8200), the Kjeldahl method calculated the crude protein content (92%)
(AACC, 2000).

2.3. Modification of zein

2.3.1. Modification by ethanol, acetic acid

Modification with ethanol, acetic acid, and water was performed
according to the method of Mattice and Marangoni (2020). Zein solu-
tions were prepared in water (Z-Water), ethanol (Z-Et), and acetic acid
(Z-Ac) at ratios of 6:1, 1:2, and 1:2, respectively. Following 3 h of in-
cubation at 40 °C, the mixtures were freeze-dried. Zein, extracted from
CGM, was considered a control sample.

2.3.2. Modification by NADES

Choline chloride (ChCl) and glucose (Glu) were used as HBA, while
urea, oxalic acid (OA), glycerol (Gly), and citric acid (CA) were utilized
as HBD, with water acting as a third component to lower their viscosity.
The NADES was prepared by the method described by Shishov et al.
(2022). Two components were mixed in various molar ratios (Table 1) at
80 °C by a magnetic stirrer (300 rpm) until a homogenous liquid was
formed.

Using the method explained by Fu et al. (2020), the modification
process with NADES was completed. Zein and these solvents were mixed
in a 1:20 ratio at 200 rpm and heated to 80 °C. The mixtures were
diluted to a 40% concentration and heated for 2 h at 80 °C. Finally, the
samples were dialyzed for 24 h at room temperature in dialysis bags (3.5
kDa molecular weight cut-off) and freeze-dried.

2.4. Structural characterization of modified zein protein

2.4.1. Fourier-transform infrared spectroscopy (FTIR)

According to Zhang et al. (2022), KBr pellets were prepared to obtain
the FTIR spectra of native and modified zein using the AVATAR 370
spectrometer (Thermo Nicolet, USA). The spectroscopic data was ac-
quired using 32 scans with a resolution of 4 cm™! in the 4000-400 cm™!
region.

2.4.2. CD measurement

A CD spectropolarimeter (JASCO Corporation, Tokyo, Japan) was
used to measure the far-UV CD spectra of native and modified zein. The
measurements were taken between 190 and 250 nm with a constant
nitrogen flush and a path length of 0.1 cm. J715Standard Analysis
software was then used to analyze the data. To estimate the contents of
secondary structures (o-helix, p-sheet, p-turn, and random coils),
Dichroweb, the online Circular Dichroism Web site (http://dichroweb.
cryst.bbk.ac.uk), was used (Dai et al., 2016).

2.4.3. Tertiary structure

2.4.3.1. Intrinsic fluorescence spectra. A fluorescence spectrophotometer
(LS45, PerkinElmer, Waltham, MA, USA) was used to perform fluores-
cence spectra following the procedure described by Fu et al. (2020). 70%
ethanol was used to prepare the samples (0.2 mg/ml). Emission spectra
were recorded at 250 and 500 nm at a scanning rate of 100 nm/min.

Table 1
Molar ratios of components to the preparation of NADES.
Molar ratio
NADES ChCl - Gly 1:2
ChCl - OA 1:1
ChCl - Urea 1:2
Glu - CA 1:1
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2.4.3.2. Ultraviolet-visible (UV-visible) absorbance. A UV-visible spec-
trophotometer (Agilent Cary 60, USA) was used to measure the UV-vi-
sible spectra of protein samples, as described by Fu et al. (2020). The
samples were prepared using 70% ethanol at a concentration of 0.2
mg/ml. Each sample was scanned at 2 nm intervals between 200 and
700 nm.

2.4.4. Protein-protein interactions

The Dent et al. (2023) approach assessed both covalent and non-
covalent interactions between proteins. Proteins participating in
hydrogen bonding and hydrophobic interactions were isolated using a
PBS solution (100 mM, pH 7.5) with the addition of either 8 M urea or 2
M thiourea. Proteins with disulfide bonds were extracted using PBS
containing dithiothreitol (DTT) (50 mM). Proteins with both disulfide
bonds and HBs were extracted using PBS containing urea and DTT.
Protein-protein interactions were assessed using these different extrac-
tion solutions. Solubility was assessed using the Bradford method
(Bradford, 1976), which included centrifugation at 13,750 g for 20 min
and dilution (2-7 times).

2.4.5. Free amine group content

The He et al. (2021) method was employed to determine the sam-
ples’ free amine group content. samples were freeze-dried and dissolved
in deionized water (5 mg/ml). Then, 250 pL of the sample solution was
combined with 1 ml of 0.01% (w/v) TNBS solution and 2 ml of 0.2 M
phosphate buffer (pH 8.2). After heating at 50 °C for 30 min, 2 ml of a
0.1 M sodium sulfite solution, was added to stop the reaction. The
absorbance at 420 nm was measured to determine the content of free
amine groups in the samples. This determination was conducted using
Equation (1), based on an L-leucine standard curve ranging from O to 20
mM.

Y =0.2392x + 0.4902 @

where Y represents the absorbance at 420 nm, and X denotes the con-
centration of free amine groups (mM).

2.4.6. Free sulfhydryl group and disulfide bond content

The method of Sun et al. (2020) was used to measure the free and
total sulfhydryl of the protein. Free sulfhydryl was determined by
dispersing freeze-dried samples in Tris-glycine buffer with 8 M urea (5
mg/ml), shaking (400 rpm) overnight at 23 °C, and centrifuging (3000 g
for 10 min). Then, the supernatant was diluted and reacted with Ell-
man’s reagent. Total sulfthydryl was determined by breaking disulfide
bonds in Tris-glycine buffer (pH 8.0) containing f-mercaptoethanol
(1.25% v/v), precipitating proteins with TCA (12% w/v), collecting,
washing, and suspending them in Tris-glycine buffer 8 M urea. The
protein solution was diluted with Tris-glycine buffer and reacted with
the reagent Ellman. At 412 nm, absorbance was measured.

_ 73.53 x (A sample — A blank) x D
B C

Free sulfhydryl pmol / g @

Where C represents the protein concentration (1 mg/ml) and D is the
dilution factor (10 x ).
__ Total sulfhdryl — Free sulfhdryl

Disulfide bond (pmol / g) = 3 3

2.4.7. Surface hydrophobicity (Hgp)

The fluorescent probe ANS was used to measure the Hy, according to
Cui et al. (2022) method. Samples (0-4.0 mg/ml) were mixed with the
ANS solution in a 96-well microplate. A Cytation 3 multi-mode plate
reader (BioTek Instruments, Inc., Winooski, Vermont, USA) was then
used to measure the fluorescence intensity. Hy was calculated by
determining the slope of the curve depicting the relationship between
fluorescence intensity and protein concentration.
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2.4.8. SDS-Polyacrylamide gel Electrophoresis (SDS-PAGE)

SDS-PAGE analysis was performed using the method outlined by Fu
et al. (2020) using a 15% separating gel and a 4% stacking gel. Protein
samples were diluted to 2 mg/ml in phosphate buffer solution (pH 7.0)
and mixed with a protein-loading dye containing p-mercaptoethanol in a
3:1 ratio. Then, the mixture was heated for 5 min at 100 °C. The samples
were centrifuged at 8000 g for 5 min. Then, 10 pl of each supernatant
was loaded into the corresponding wells of an SDS-PAGE gel. A standard
protein marker (10-250 kDa) was also loaded. Electrophoresis was done
at 120 V for 2 h for the stacking and separating gel. Finally, Coomassie
Brilliant Blue R250 was used to stain the gels.

2.4.9. Functional properties

2.4.9.1. Protein solubility. Using the slightly modified He et al. (2021)
method, the solubility of the samples was assessed. Sample solutions (5
mg/ml), after 30 min of stirring and adjustment to various pH levels (4,
7, and 10), were centrifuged at 6000 g for 15 min to separate the su-
pernatant. The protein content of the supernatant was determined using
the Lowry method (Lowry et al., 1951), with BSA as a standard. To
prepare the prepared reagent, 50 ml of reagent A (2% sodium carbonate
in 0.10 N sodium hydroxide) and 1 ml of reagent B (1.56% copper(II)
sulfate in 2.37% potassium sodium tartrate) were combined. Then, two
ml of the prepared reagent was mixed with 200 pl of the supernatant.
The solution was then mixed with the Folin-phenol reagent, and after 30
min, the absorbance at 750 nm was measured. The solubility percentage
is calculated by dividing the amount of protein in the supernatant (g) by
the total amount of protein (g). This result is then multiplied by 100 to
express the solubility as a percentage.

2.4.9.2. Emulsifying properties. The emulsifying properties of samples
were determined using a method, as described by Zhang et al. (2022).
Sample solutions (2 mg/ml) were adjusted to pH 7.0 and mixed with
corn oil for 1 min at 10,000 rpm using a high-speed homogenizer
(IKA-RCR-B). Absorbance at 500 nm was measured immediately and
after 10 min following the combination of 50 pl of emulsion (extracted
from the bottom of the container) with 5 ml of SDS solution (1 mg/ml).
The emulsifying activity index (EAI) and emulsion stability index (ESI)
were calculated using equations (4) and (5).

2 x 2.303
2 —

EAI (m /g)7CX(1_¢)X104xA0xD 4)

ESI (%) _AL0 00 (5)

A0

where D is the dilution factor, C is the initial protein concentration, ¢ is
the volume percent of dispersed oil, and Ao and A+o are the absorbance at
0 and 10 min, respectively, at 500 nm.

2.4.9.3. Foaming properties. To determine foaming capacity (FC) and
foam stability (FS), the method described by Mahalaxmi et al. (2022)
was used. 20 ml of a 1% (w/v) protein solution was homogenized at 16,
000 rpm for 2 min. The mixed sample’s volume was measured at 0 and
30 min. To calculate the foaming properties, equations (6) and (7) were
employed.

FC (%):VO_V x 100 (6)
V30
%) =——

FS (%) vo < 100 )

The protein solution’s volume before whipping, after whipping, and
after standing is represented by the variables V, VO, and V30,
respectively.

2.4.9.4. Water absorption capacity and oil absorption capacity. The
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protein samples’ water absorption capacity (WAC) and oil absorption
capacity (OAC) were determined using a method outlined by Mahalaxmi
et al. (2022). WAC and OAC were calculated by dissolving 0.5 g of the
sample in 10 ml of deionized water or corn oil. The mixtures were
vortexed for 2 min and then centrifuged (2000 g, 10 min) at 25 °C. The
extra water or oil was then separated, and the residue was weighed.

WAC or OAC is determined by calculating the difference between the
weight of the residue and the weight of the dry sample. This difference is
then divided by the weight of the dry sample to obtain the WAC/OAC in
grams per gram (g/g).

2.5. Statistical analysis

Data were analyzed using a one-way ANOVA analysis of variance and
the statistical software JMP 10. Tukey’s test revealed significant dif-
ferences (p < 0.05) between the samples. All experiments were per-
formed in triplicate, and the results are expressed as mean + SD.
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3. Result and discussion
3.1. Effect of modification of zein on secondary structure

The conformational and secondary structural alterations of modified
zein were assessed by FTIR analysis (Fig. 1a). Amide groups (I, II, and III)
primarily identify structural changes in proteins. The amide I band
(1600-1700 cm’l), which results from the stretching of the carbonyl
(C=0) group with a partial contribution from the N-H vibration, is
associated with an alteration in the protein’s secondary structure
(Mahalaxmi et al., 2022). Compared to the spectra of samples, various
variations in band intensity, band widths, and frequency shifts, espe-
cially in the amide I band, were observed. This suggested a change in the
zein protein’s structure. Random coils were attributed to the band at
1640-1648 cm™!, while p-turns were attributed to the band at
1668-1670 cm ', The o-helix structure was attributed to the band at
1648-1658 cm ! (Mattice and Marangoni, 2020). The investigation of
FTIR absorption intensity in these regions indicated that the chemical
modification of zein altered the peaks associated with p-turns, random
coils, and a-helixes, leading to protein unfolding, with random coils
becoming predominant in the secondary structure. This structural
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alteration may be associated with reactions such as deamidation, which
can cause protein molecules to expand and undergo structural changes,
shifting from the compressed a-helix to the more flexible or expanded
random coils (Zhang et al., 2015). The broad peak at 3650-3200 cm !
indicates the presence of hydroxyl groups (Cao et al., 2021). In com-
parison to zein (3423.86 cm’l), the vibration of the -OH in Z-ChCl:Gly
(3417.47 cm™') and Z-ChCLOA (3294.24 cm™') shifted to lower
wavenumbers, as seen in Fig. 1a. This could be attributed to weaker HBs.
Disrupting in HBs patterns can alter amide modes’ vibrational fre-
quencies, affecting FTIR absorption intensity and indicating unfolded
structures (Zhang et al., 2022). A higher negative charge on the mo-
lecular chains and fewer HBs may be the origin of these subsequent
conformational changes (Zhang et al., 2015). Protein structural expan-
sion is facilitated by the molecule’s weaker HBs interactions, which lead
to an increase in B-turn content and the exposure of hydrophobic groups
in the protein (Zhang et al., 2022). The results of the Hy value (Table 3)
and CD spectra (Table 2) confirmed that the NADES system increased
the p-turn content and the Hj value. Z-ChCl:Urea (3424.62 cm’l),
Z-Water (3460.24 Cmfl), Z-Ac (3464.62 cmfl), Z-Glu:CA (3471.78
ecm™ 1), and Z-Et (3480 cm ™) all exhibited a red-shift, suggesting the
formation of additional HBs (Zheng et al., 2023).

Table 2
Secondary structure of native and modified zein by Circular dichroism spectrum.

Sample o-helix B-Sheet B-Turns Random Coils

Zein 40.60 + 0.02° 22,02 +0.02"  17.29 +£0.028  20.10 + 0.03f

Z -Water 38.60 + 0.03°  25.69 + 0.028  16.21 +0.01"  19.50 + 0.03%

Z-Et 21.20 £ 0.02°  38.60 +0.03°  21.40 +0.03"  18.80 + 0.03"

Z-Ac 15.54 + 0.028 42,54 +0.03*  21.75+0.03*  20.17 + 0.01°

Z - ChCl: 26.46 + 0.05°  27.52 +0.03'  20.32+0.02°  25.70 + 0.02°
0OA

Z - ChCl: 29.08 £0.03°  29.64 +0.01¢  19.20 +0.03¢  22.08 + 0.01¢
Gly

Z - ChCl: 27.86 £ 0.01¢  30.93 +£0.03°  19.00 £ 0.01°  22.21 + 0.02°
Urea

Z-Glu:CA  27.62+0.019 2951 +0.02° 1839+ 0.02° 24.48 +0.01°

* Different letters in each row indicate significantly different mean values (p <
0.05).

3.2. CD measurement

CD spectroscopy enables the analysis of protein conformation in its
native, unfolded, and partially folded states (Esquembre et al., 2013). As
seen in Fig. 1b, the zein spectra displayed two negative peaks at 208 and
221 nm, indicative of an a-helical structure. The change in ellipticity of
native zein at 221 nm after chemical modification indicated that
solvent-zein interactions significantly influenced its secondary struc-
ture. According to Table 2, native zein’s secondary structure comprised
17.29% B-turn, 22.02% p-sheet, 40.6% a-helix, and 20.10% random coil.
All treatments reduced a-helix content, with Z-Ac showing the lowest
(15.54%). This decrease in a-helix content coincided with an increase in
B-sheet content, suggesting altered zein binding modes (Dai et al., 2016).
Regarding f-sheet and p-turn content, Z-Ac exhibited the highest
(42.54% and 21.75%, respectively), while zein and Z-Water showed the
lowest (22.02% and 16.21%, respectively). Z-ChCl:OA displayed the
highest random coil content (25.70%), whereas Z-Et had the lowest
(18.80%).CD spectra revealed that acetic acid, ethanol, and water sys-
tems induced partial protein folding with high secondary structure
content, while the NADES system resulted in a disordered zein structure.
This result is in agreement with other research showing that protein
modification using ethanol (Dai et al., 2016), Glu:CA (Cao et al., 2021),
and ChCLGly and ChCl:Urea (Sanchez-Fernandez et al., 2022) as
NADES, can significantly alter protein secondary structures. Fu et al.
(2020) reported that NADES modification-induced protein unfolding
decreased a-helix and p-turn, while increasing p-sheet and random coil.
Additionally, Esquembre et al. (2013) found that ChCl:Gly eutectic
solvents lead to partial protein folding with high secondary structure
content, whereas urea-based DES tend to destabilize protein structures
more extensively under thermal treatment.

3.3. Tertiary structure

3.3.1. Fluorescence absorption spectra

Fluorescence parameters of aromatic chromophores, such as tryp-
tophan, tyrosine, and phenylalanine, can be used to probe protein
structure (Antosiewicz and Shugar, 2016). Tyrosine residues are abun-
dant in zein, which typically has an emission maximum wavelength
(Amax) of about 304 nm (Dai et al., 2016). Tyrosine residue fluorescence
spectra at 295-375 nm in both natural and modified zein reveal details
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Table 3
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Free sulfhydryl, Disulfide bond, Free amine, and Surface hydrophobicity of native and modified zein.

Treatment Free sulfhydryl (umol/g) Disulfide bond (pmol/g) Free amine content (mM) Surface hydrophobicity
Zein 3.40 + 0.08%° 11.97 + 0.06" 0.05 + 0.01¢ 2464.33 + 9.07"

Z -Water 3.53 + 0.07° 13.11 + 0.13% 0.07 + 0.00%f 2756 + 12.12 f

Z-Et 3.08 +0.17"° 7.53 + 0.19¢ 0.17 + 0.00° 3552.73 + 9.48°

Z-Ac 3.19 + 0.14" 14.09 + 0.20° 0.05 + 0.01f 7304.8 + 6.34°

Z - ChCl:0A 3.84 + 0.39° 8.25 + 0.26° 2.96 + 0.07% 11475.67 + 7.57%

Z - ChCL:Gly 3.21 +0.08" 4.83 + 0.39¢ 1.26 + 0.03" 4187.5 + 11.20¢

Z - ChCl:Urea 2.86 + 0.04° 3.80 + 0.16% 0.69 + 0.02¢ 2494.63 + 4.108

Z - Glu:CA 3.06 + 0.03> 2.80 + 0.08° 0.9 + 0.08° 5072.86 + 7.63°

* Different letters in each row indicate significantly different mean values (p < 0.05).

on the protein’s folding state and alterations to its tertiary structure (Cui
et al., 2022). Z-Ac exhibited the highest emission peak at 305 nm, while
Z-Glu:CA displayed the lowest (Fig. 1c). In addition, the fluorescence
intensity of zein modified by the NADES system was lower than in the
acetic acid, ethanol, and water systems, confirming the existence of al-
terations in the zein amino acid sequence (Glusac et al., 2018). The
NADES disrupts protein HBs, facilitating the formation of HBs between
the protein and HBD or HBA (Zheng et al., 2023; Sanchez-Fernandez
et al., 2022). This process partially unfolds the protein conformation,
exposing tyrosine residues on its surface (Fu et al., 2020). Furthermore,
the exposed aromatic amino acid residues may interact with
choline-based NADES, leading to the quenching of intrinsic fluorescence
and a subsequent decrease in fluorescence intensity (Sanchez-Fernandez
et al., 2022). Additionally, it is possible that the quenching of the fluo-
rescence emission of aromatic chromophores is due to Forster resonance
energy transfer (FRET). Since fluorophores have overlapping excitation
and emission spectra, FRET can occur between these amino acids (Sadat
etal., 2022). Ghisaidoobe and Chung (2014) found that the fluorescence
intensity of tryptophan residues in proteins decreases when the proteins
unfold and expose their residues to a hydrophilic environment. Fu et al.
(2020) found that glycated bovine serum albumin fluorescence intensity
in the NADES system was lower than in the water system, indicating that
the NADES system produced more quenching agents.

3.3.2. UV-visible absorption spectra

UV-Vis light absorption, emission, and scattering, along with the
optical properties of the tyrosine chromophore, are used to investigate
protein conformational changes (Antosiewicz and Shugar, 2016). The
UV absorption peak at 205 nm and 280 nm in zein protein was observed.
The 205 nm peak likely arises from n-z* electronic transitions within the
protein’s carbonyl groups, while the 280 nm peak results from the
electronic transition of n-t* and n-t* of tyrosine in the peptide bond
(Meng et al., 2022). Z-ChCl:OA had the maximum UV-visible absor-
bance at 205 and 280 nm, while Z-ChCl:Urea had the lowest absorbance
(Fig. 1d). At 205 nm, the peak of Z-ChCl:OA was higher than the peaks of
Z-Water, Z-Ac, and Z-Et. In contrast, at 280 nm, the peaks of Z-ChCl:OA
and Z-ChCl:Gly were higher than those of these solvents. UV-visible
absorbance spectra changes are associated with protein conformational
changes triggered by the exposure of buried aromatic residues when the
amino acid environment alters (Sanchez-Fernandez et al., 2022). Cao
et al. (2021) reported that the NADES system disrupts HBs in protein
molecules, leading to protein unfolding and expansion of conformation,
resulting in UV-visible absorbance spectra changes.

3.4. Interactions between proteins

Based on the solubility of samples in PBS, urea, thiourea, and DTT
solutions (Fig. 3a), we evaluated the effects of various protein in-
teractions. These solutions can change both covalent and noncovalent
bonds (Dent et al., 2023). PBS, the primary extraction buffer used here,
is known to extract proteins while preserving their native state (Zheng
et al., 2015). Adding the other solutions increased protein solubility,
with zein reaching approximately 6.23% solubility in PBS. The NADES

system showed reduced solubility when dissolved in urea and thiourea
solutions, indicating that HBs and hydrophobic interactions are the main
contributors to this decrease. Conversely, solubility increased in water,
ethanol, and acetic acid systems, with Z-Ac demonstrating the highest
solubility in urea (84.87%) and thiourea (25.59%). In contrast, Z-Glu:CA
and Z-ChCl:0A exhibited the lowest solubility in these solvents (35.36%
and 8.85%, respectively). These results suggest that chemical treatment
altered the arrangement of hydrophobic interactions and HBs in zein.
The mechanism of NADES-protein interactions involves various in-
teractions: hydrophobic interactions facilitate protein solubilization,
ionic NADES ingredients interact electrostatically with charged amino
acid residues, and HBs takes place between the HBD component and
protein amino acid residues (Karabulut et al., 2024). Furthermore,
chemical modifications can alter protein charge, disrupting the HBs that
stabilize protein structure, leading to complex protein dissociation and
exposing more buried groups (Karimi et al., 2024; Zheng et al., 2023).
Thiourea may reduce solubility, indicating that modifications to hy-
drophobic interactions can destabilize protein structures, a process
influenced by the hydrophobic effect (Dent et al., 2023). DTT interfered
with disulfide bonds, resulting in the creation of covalent bonds.
Modifying with NADES decreased protein solubility in DTT, while Z-Ac
and Z-Water increased solubility. Remarkably, Z-Ac exhibited the
highest solubility at 20.62%, while Z-Glu had the lowest at 2.73%,
suggesting that Z-Ac may promote the formation of additional disulfide
bonds. Urea and DTT exhibit a synergistic interaction, as their combined
effect on protein solubility, by breaking both covalent and non-covalent
bonds, is much larger than greater than the effect of either solvent
individually (Chen et al., 2021). Nonetheless, adding urea can modify
protein structure by altering non-covalent interactions that may expose
previously hidden disulfide bonds to DTT (Zheng et al., 2015). Among
these solvents, Z-Ac and Z-Glu showed the highest (99.19%) and lowest
(64.59%) solubility, respectively. Nonetheless, it was observed that
hydrogen bonding interactions have a more pronounced impact on the
chemical modification of zein than disulfide bond alterations.

3.5. Free amine group content

Table 3 shows the impact of chemical modification on the free amino
groups of zein. Because native zein’s compact structure and unbroken
peptide bonds limit reagent access, it has a low free amine concentration
(0.05 mM). In alcohol-based solvents, this hydrophobic protein assem-
bles into larger, compressed, and spiral conformations (He et al., 2021).
Additionally, Z-Et, Z-Water, and Z-Ac revealed low levels of free amines.
However, the NADES system increased the amount of free amine
compared to these solvents, with Z-ChCl:OA having the highest free
amine content (2.96 mM). HBs can be formed between the amino or
carboxyl groups of proteins and HBA and HBD (Cao et al., 2023), thus
disrupting existing HBs between amine groups and other molecules,
revealing buried groups like hydrophobic and amine groups, leading to
protein unfolding (Zheng et al., 2023; Wu et al., 2021). Additionally, H"
from HBs in NADES molecules, or from deprotonation of the COOH
group of HBD like citric acid and oxalic acid, can increase the accessi-
bility of protein amide groups for nucleophilic assault, assisting their
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removal. Furthermore, NADES increases the space available for a hy-
drophilic environment, thereby promoting protein unfolding and
expansion of its conformation. This improves the interaction between
H* and amide groups and leads to a reaction likely deamidation, which
ultimately increases free amine content (He et al., 2021; Cao et al.,
2021). Zheng et al. (2022), found that wheat gluten deamidation by
NADES enhances functional properties, particularly emulsification and
foaming properties. Additionally, HBs between NADES and protein un-
fold the structure and make it more flexible. This increases H' ioniza-
tion, which enhances amide group availability and could lead to an
increase in free amine content.

3.6. Free sulfhydryl groups and disulfide bonds

Sulfhydryl and disulfide bonds are key functional groups in food-
based proteins, with the ability to convert between each other (Liu
et al., 2023). Table 3 shows the change in protein free sulthydryl groups
and disulfide bonds of native and modified zein. Z-Ac revealed a higher
disulfide content (14.09 + 0.20 pmol/g) and solubility in DTT (Fig. 3a).
This is related to the ability of free sulfhydryl groups to oxidize and form
disulfide bonds with other sulfhydryl groups (Liu et al., 2023). In
contrast, the NADES system specifically disrupts disulfide bonds and
weakens internal HBs interactions, as confirmed by the increased solu-
bility of the protein in the DDT and urea extractant. On the other hand,
disulfide bonds maintain the tertiary structure of proteins (Liu et al.,
2023). Therefore, the changes in zein’s tertiary structure, confirmed by
fluorescence and UV-visible absorption spectroscopy, suggest that
chemical modifications affect disulfide bonds. Zein modified by NADES
showed lower disulfide bonds and better functional properties than
other treatments. Wu et al. (2021) found that reducing disulfide bond
formation weakened the protein molecule’s internal structure, improved
the interaction between the protein membrane and the oil droplets, and
significantly affected the protein-stabilized emulsions. Zheng et al.
(2023) found that super-deamidated wheat gluten prepared using
NADES exhibited conformational alterations. These modifications
reduced disulfide bonds and increased low-molecular-weight units,
improving oil droplet stability and microstructure in a model emulsion
by expanding protein structures and exposing hydrophobic groups
through weakened HBs. Additionally, this process exposed more
cysteine residues, improving the protein’s hydrophilicity and water
solubility.

3.7. Surface hydrophobicity (Hp)

Hy represents changes in protein structure and functional charac-
teristics by measuring the extent of protein unfolding and hydrophobic
group exposure to the solvent (Cao et al., 2023; Cui et al., 2022). Table 3
shows the Ho values of native and modified zein treated with different
chemical solutions. All treatments exhibited significantly higher Ho
values than native zein, with Z-ChCl:OA exhibiting the highest value
(11475.66). A higher Hy value indicates enhanced solubility, reduced
aggregation tendency, and potential exposure of hydrophobic regions
for ANS fluorescence binding (Zhao et al., 2012). NADES disrupts the
internal HBs of the protein, revealing buried hydrophobic groups.
Additionally, NADES increases HBs between the protein and the HBD or
HBA components, leading to protein unfolding and an altered Hy value
(Zheng et al., 2023; Wu et al. (2021). A positive correlation (r = 0.87)
was found between protein Hy and emulsifying activity, suggesting that
proteins with higher Hy are more effective emulsifiers due to their
enhanced surface activity (Aewsiri et al., 2009). Moreover, Cao et al.
(2023) reported that NADES treatment significantly increased the Hy of
sesame protein. This is likely attributed to the varying pH values of
different NADES, which influence the exposure of internal polar and
hydrophobic groups. Furthermore, the varied Hy values seen across
treatments are most likely caused by electrostatic repulsion in solutions,
which encourages the hydrophobic groups on the protein’s surface to get
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accessible (Cao et al., 2023). The results of the interactions between
proteins (Fig. 3a) reveal that the NADES system has decreased hydro-
phobic interactions compared to other solvents, leading to increased
exposure of hydrophobic groups, which destabilizes protein structures.

3.8. SDS-PAGE

Electrophoretic analysis is used to study protein subunit molecular
weight distribution (Cui et al., 2022). Native zein, Z-Water, Z-Et, and
Z-Ac exhibited similar patterns with broad bands at 14 kDa, 16-18 kDa,
19-22 kDa, and 41 kDa, as shown in Fig. 2. Additionally, thin bands at
42-48 kDa represented dimers. Z-ChCl:OA and Z-Glu:CA showed no
increase in molecular weight. NADES systems demonstrate a reduction
in HBs and hydrophobic interactions (Fig. 3a), which results in
decreased molecular weight of proteins. This reduction is due to the lack
of intramolecular HBs, enabling the protein to depolymerize (Liu et al.,
2018). Z-ChCl:Urea and Z-ChCl:Gly formed bonds at higher range,
resulting in high molecular weight. Chemical modification of zein can
affect the molecular weight of proteins by altering their conformation
(Nonthanum et al., 2013). Cao et al. (2021) found that modifying wheat
gluten with NADES results in minimal depolymerization of a-, -, and
y-gliadins, enhancing deamidation. NADES systems can decrease the
molecular weight of proteins by breaking peptide bonds or other cova-
lent bonds in the protein backbone (Cao et al., 2021). In contrast, Lores
et al. (2017) reported that NADES did not disrupt wheat gluten
structure.

3.9. Functional properties

3.9.1. Protein solubility

Protein solubility is crucial for its various functions including,
forming gels, foaming, and emulsifying (Hu and Li, 2022). The solubility
of native and modified zein in alkaline, neutral, and acidic solutions is
presented in Fig. 3b. At the isoelectric point, electrostatic interactions
make hydrophobic groups stronger. This makes the protein structure
more compact and reduces its functional properties, especially its solu-
bility (Cao et al., 2023). Zein has low solubility in water at pH 7.0
(10.62%) because it is near its isoelectric point (pH 6.2). Moreover,
protein solubility improves as pH above or below the isoelectric point,
disrupting protein aggregates (Zhao et al., 2012). Results revealed that
zein modified with NADES exhibited higher solubility at pH 7.0 and pH
10.0 levels compared to zein modified with water, ethanol, or acetic
acid. Z-Ac and Z-Et exhibited low solubility and high p-sheet content

Fig. 2. SDS-PAGE of native and modified zein. Lane 1) native zein; 2) Z-Water;
3) Z-Et; 4) Z-Ac; 5) Z-ChCl:OA; 6) Z-ChCl:Urea; 7) Z-ChCl:Gly; 8) Z-Glu:CA and
9) Marker.
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(Table 2), indicating that aggregation may have occurred, which could
lead to decreased solubility. Various NADES have different impacts on
solubility because of their diverse physical and chemical characteristics
(Cao et al., 2023). Z-ChCl:OA showed the highest solubility (13.22%,
62.85%, and 98.22% at pH 4.0, 7.0, and 10.0, respectively). It could be
associated with the ChCL:OA system, which may have interacted with
the proline imino group in zein, whereas other NADES may establish
HBs with the amino or carboxyl groups of different amino acids (Cao
et al., 2023). Additionally, as the protein unfolds in NADES, the strong
electrostatic repulsion between the unfolded proteins helps prevent
extreme aggregation, leading to enhanced solubility (Cao et al., 2023).
Partially unfolded protein molecules that are confirmed by the result of
fluorescence and FTIR spectra may have caused the compact structure of
the protein to separate, revealing more polar residues on the surface.
This alteration can enhance protein solubility without excessively
exposing non-polar amino acids, which could lead to aggregation
(Karimi et al., 2024).

3.9.2. Emulsifying properties

Emulsifying properties are affected by the molecular weight of the
substance, charge, solubility, and hydrophobicity (Cao et al., 2023).
Native zein had a low EAI (5.57 m?/g), indicating poor emulsifying
properties due to lack of surface activity. No significant variation was
found in the EAI of native zein, Z-Water, and Z-Et. The choline
chloride-based NADES system exhibited a significantly higher ESI value

than those obtained using water, ethanol, and acetic acid systems (p <
0.05). Z-ChCl:0A and Z-ChCl:Gly showed the highest EAI (50.86 m?/g)
and ESI (99.22%), respectively (Fig. 4a and b). High solubility acceler-
ates the dispersion and adsorption at the interface, which leads to
improved emulsifying properties (r = 0.84) (Hu and Li, 2022). Z-ChCl:
OA exhibited the highest solubility (Fig. 3) and EAL This enhanced
functionality might be due to the strong electrostatic repulsion between
unfolded proteins, which prevents excessive aggregation and improves
emulsification (Cao et al., 2023). When protein molecules unfold, the
majority of their hidden hydrophobic functional groups are revealed,
reducing the interfacing energy between the water and oil phases and
enhancing emulsification (Cao et al., 2023). The strongest ESI results
from sufficient hydrophobicity on the surface and structural flexibility,
which maintain the water-oil interaction equilibrium (Zheng et al.,
2023). Also, the increased hydrophilicity of the protein exposes more
hydrophobic amino acids, enhancing its emulsification properties
(Cabra et al., 2007).

3.9.3. Foaming properties

Hydrophobicity, Proteins’ structural flexibility, and solubility all
affect their foaming features (Cao et al., 2023). FC is primarily affected
by a protein’s strong foaming ability, while FS is influenced by the
amount of denatured protein (Kumar et al., 2014). Zein exhibited the
lowest FC (10.62%) among all samples (p < 0.05) (Fig. 4c). Although
Z-Et, Z-Water, and Z-Ac improved FC compared to native zein, the
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NADES system led to an even greater increase in FC. Solubility and
changes in protein conformation affect foam properties. A positive
relationship (r = 0.8), was observed between protein FC and solubility at
pH 7.0. Z-ChCl:OA exhibited the highest FC (80.90%) due to its high
solubility. The increased net charge on the protein surface, resulting
from unfolding, impacts hydrophobic interactions between protein

molecules. This enables the protein to diffuse to the air-water interface,
enhancing foaming properties rapidly (Jiang et al., 2024). In contrast,
Z-ChCL:Gly displayed the highest FS (99.75%) (Fig. 4d), which may be
attributed to the protein forming a stronger layer around the bubble
than other samples. This is likely due to a better balance of hydrophobic
and hydrophilic groups (Zheng et al., 2023). The NADES system offers
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functional advantages with a preferred structural modification without
significantly affecting stability. Compared to other solvents, NADES
offers better FC and FS, suggesting that these solvents modify the protein
structure to enhance air trapping and emulsion formation while main-
taining stability (Karabulut et al., 2024). Yue et al. (2021) suggest that
the enhanced FC and FS of proteins extracted by NADES may be partly
attributed to their high solubility, which is generally positively corre-
lated with FC.

3.9.4. Water absorption capacity and oil absorption capacity

The WAC and OAC of proteins are associated with texture, making
them crucial attributes in the food processing industry (Hu and Li,
2022). The findings demonstrated that zein modification affected both
WAC and OAC (Fig. 4e and f). Native zein exhibits varying WAC
(1.3-4.92 g/g) and OAC (2.63-9.29 g/g), whereas modified zein has a
WAC of 2.59 g/g and an OAC of 7.9 g/g. The amount of WAC and OAC in
NADES systems, except for Z-Glu:CA, was higher than in Z-Et, Z-Water,
and Z-Ac. The Z-ChCl:Urea revealed the highest WAC and OAC values
(4.92 g/g and 9.29 g/g, respectively). Cao et al. (2023) reported proteins
modified by NADES improved WAC and OAC. When a protein dissolves,
it forms a complex network structure capable of entrapping water
molecules, thereby enhancing WAC (Cao et al., 2023). Additionally,
protein unfolding exposes additional hydrophilic regions, further
increasing WAC. Notably, the disruption of f-turn and random coil
secondary structures significantly contributes to this effect (Mahalaxmi
et al., 2022). Furthermore, a protein’s capacity to interact with
non-polar groups, quantified by its OAC, is significantly influenced by its
non-polar side chain exposure (Cao et al., 2023). Modifying protein
structure using organic solvents can enhance OAC by exposing buried
non-polar amino acids and hydrophobic regions (Mahalaxmi et al.,
2022). Conversely, this process can disrupt the balance between hy-
drophobic and hydrophilic residues due to the inevitable unfolding of
the protein conformation, resulting in a decrease in both WAC and OAC
(Ogunbusola et al., 2022).

4. Conclusions

Chemical modification with NADES significantly altered the sec-
ondary and tertiary structure of zein. This was evidenced by the altered
UV-visible absorbance spectra, decreased fluorescence intensity, and
changes in secondary structure seen in CD spectra, notably an increase in
random coil content and a decrease in a-helix content. The effect of
NADES on disulfide bonds was dependent on the specific HBA/HBD
combination used. Z-Ac treatment increased disulfide content, while
NADES systems showed no significant difference compared to native
zein. SDS-PAGE analysis revealed that NADES modification with ChCl:
Urea and ChCLGly formed high molecular weight aggregates, while
other NADES systems had no significant effect on molecular weight. Z-
ChClL:OA exhibited the highest solubility across all pH values. Z-ChCl:0A
and Z-ChCl:Gly showed the highest EAI and ESI, respectively. In general,
modified zein by ChCl:OA showed better properties than zein modified
by ethanol, acetic acid, and other NADES.
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