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Coconut milk is an unstable emulsion system, mainly stabilized by proteins, which limits the development of the
food industry. The aim of this study was to investigate mechanisms for increasing emulsion stability through the
interaction between coffee polyphenols (CPs) and coconut globulin (CG), the main protein in coconut milk.
Caffeic acid (CA), chlorogenic acid (CHA), and ferulic acid (FA) were selected as CP models. The results showed
that hydrogen bond interactions mainly occurred between CG and CPs (CG-FA < CG-CA < CG-CHA). CHA

Stability containing quinic acid preferentially formed a strong interaction with CG. The interaction changed the lip-
ophilicity of CG and facilitated the formation of a dense and thick interfacial film at the oil-water interface.
Furthermore, the emulsion stabilized by CG-CPs showed excellent stability after storage, centrifugation, pH, and
salt treatment, especially CG-CHA. This study could provide a theoretical basis for improving the stability of
coconut milk products.

Introduction additives is limited. Previous research suggests that the stability of co-

Coconut milk, obtained from crushing, squeezing, and extracting
mature coconut meat, is nutrient-dense and rich in fats, proteins, min-
erals, and vitamins (Zhao et al., 2023). Coconut milk consists of
31.0-35.0 % fat and 3.5-4.0 % protein (Zhao et al., 2023). Coconut
protein, an amphiphilic molecule, can be adsorbed, unfolded and rear-
ranged at the oil-water (O/W) interface, stabilizing the oil-in-water
emulsion (Chen et al., 2023a). Due to its high nutritional value and
unique taste, it is widely used in drinks, ice cream, and cooking. How-
ever, coconut milk, like other emulsions, represents a thermodynami-
cally unstable system (Chen, Chen, Fang, Pei, & Zhang, 2024). Since
coconut protein has limited emulsifiability, droplets of coconut milk
without emulsifiers easily agglomerate and aggregate, therefore tending
to phase separate (Tangsuphoom & Coupland, 2009).

The most common method to improve the stability of coconut milk is
to add emulsifiers, surfactants, and thickeners, such as protein, sorbitol
esters, ethoxy esters, and sucrose esters (Ariyaprakai, Limpachoti, &
Pradipasena, 2013). However, for safety reasons, the amount of these

conut milk can be improved by adding natural proteins (improves
emulsification) and starch (increases viscosity) (Arlai & Tananuwong,
2021; Tangsuphoom & Coupland, 2009). Nevertheless, the addition of
protein and starch can affect the taste and flavor of coconut milk, which
is determined by the delicate balance of flavors fat, protein, and
carbohydrates.

Coconut milk contains proteins such as albumin, globulin, glutenin,
and gliadin, with globulin and albumin serving as emulsifiers to stabilize
the coconut milk emulsion (Tangsuphoom & Coupland, 2008). In co-
conut milk, coconut globulin (CG) is the most abundant protein and the
one with the highest emulsifying capacity (Kwon, Park, & Rhee, 1996).
Our previous work demonstrated that CG can be oxidized by cold plasma
to improve emulsifying properties (Chen et al., 2023c). Furthermore,
changing environmental factors (pH and temperature) can adjust the
emulsifying properties of CG (Ma et al., 2023). Therefore, modification
of CG can improve its emulsifying properties, thereby enhancing the
stability of coconut milk.

Protein modification through interactions with other food
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components such as polyphenols has been identified as a promising
strategy to improve the functional properties of protein (Li et al., 2021).
Phenolic compounds, possessing at least one aromatic ring and one or
more hydroxyl groups, are natural antioxidants (Ma et al., 2023).
Polyphenols can interact with proteins through covalent/noncovalent
interactions. Covalent interactions are based on the oxidation of poly-
phenols and nucleophilic addition, while noncovalent interactions
include hydrogen bonds, hydrophobic interactions, and electrostatic
interactions (Li et al., 2021). These interactions can be exploited in
emulsion-based food systems to improve the oxidative stability of the
product, as demonstrated in products such as milk and soy milk (Li et al.,
2021). Therefore, considering the interaction between CG and poly-
phenols could promote the adsorption of protein molecules at the O/W
interface, thereby improving emulsifying stability.

Coffee, one of the most popular beverages worldwide, is rich in
polyphenols such as caffeic acid (CA), chlorogenic acid (CHA), and
ferulic acid (FA), which have potential antioxidant, hypoglycemic,
antihypertensive, antibacterial, and anti-inflammatory effects (Bondam,
da Silveira, dos Santos, & Hoffmann, 2022). Additionally, certain studies
have demonstrated that coffee polyphenols (CPs) such as CA and CHA
can interact with proteins to enhance their functional properties (Qi
et al., 2023). However, the mechanisms by which different CPs improve
protein emulsifying properties remain unclear.

In this study, CA, CHA, and FA were selected as CP models to
investigate the mechanism by which different CPs improve the emulsi-
fying properties of CG. Thermodynamic parameters and molecular
docking were used to determine the interaction between CA, CHA, FA,
and CG. Methods such as sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), circular dichroism (CD) spectroscopy,
fourier transform infrared (FTIR) spectroscopy, and fluorescence spec-
troscopy were employed to characterize the impact of the interaction
between CPs and CG on protein structure. The interfacial tension and
emulsifying activity of CG-CPs were observed. Finally, the storage sta-
bility, centrifugal stability, pH stability, and salt stability of the prepared
emulsion were characterized.

Materials and methods
Materials

Caffeic acid (>99 %, molecular weight 180.15 Da), chlorogenic acid
(>98 %, molecular weight 354.21 Da), and ferulic acid (>98 %, mo-
lecular weight 194.18 Da) were purchased from Shanghai Deepak
Biotechnology Co., Ltd. (Shanghai, China). Soybean oil (food grade) was
purchased from China Grain and Oil Food Co., Ltd. (Beijing, China). All
other reagents were of analytical grade and purchased from Aladdin Co.,
Ltd. (Shanghai, China).

Preparation of CG

The extraction of CG was carried out according to the procedure
described by Chen et al. (2023c). Coconut was obtained from Wenchang,
Hainan Province, and used for extraction. The oil was removed from the
freeze-dried coconut meat powder with n-hexane, and CG was extracted
with 0.5 mol/L NacCl solution at a ratio of 1:5 (w/v) for 4 h. The extract
was then freeze-dried and stored at 4 °C.

Preparation of CG and CG-CPs complexes

The CG was dissolved in 0.01 mol/L phosphate buffer solution (PBS,
pH 6.0), stirred for 2 h, and left overnight for complete hydration,
achieving a final solution concentration of 2.0 mg/mL. CA, CHA, and FA
were each dissolved in 0.01 mol/L PBS (pH 6.0) to a concentration of
2.0 mg/mL. The solutions of CA, CHA, and FA were added dropwise to
the CG solution, stirring equal volumes at low speed to ensure sufficient
reaction. The pH of all samples was adjusted to 6.0 using 0.1 mol/L HCI]
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and 0.1 mol/L NaOH solutions to match the pH of commercial coconut
milk products (>5.9) (Zhao et al., 2023). The solutions were labeled as
CG-CA, CG-CHA, and CG-FA, respectively. The CG solution (1 mg/mL)
was used as a control and all samples were stored at 4 °C for short-term
storage.

Fluorescence spectrum measurement

The fluorescence spectra were measured using a fluorescence spec-
trophotometer (F-7000, Hitachi, Japan), according to the method
described by Lu et al. (2022). The CG solution was combined with CA,
CHA, and FA solutions to prepare samples with a CG concentration of 1
mg/mL in the final complex. The concentrations of CA, CHA, and FA
were 0, 20, 40, 60, 80, 100, 120, and 140 p mol/L, respectively. The
interactions within the complexes were analyzed at temperatures of 298,
303, and 308 K. A 0.01 mol/L PBS buffer (pH 6.0) was used as a blank.
Intrinsic emission fluorescence spectra of the samples were recorded in
the range of 290 to 550 nm at an excitation wavelength of 280 nm. The
scanning speed was 1200 nm/min and the slit width was set to 2.5 nm.

Molecular docking simulation

The molecular docking method was used to simulate the binding
mode and affinity of polyphenols and CG. The CG ID (5WPW) was
entered into the RCSB database (https://www.rcsb.org/) to obtain the
CG molecular model. MOE 2012 software was used for preprocessing,
which included adding hydrogen atoms, optimizing charge, and
removing water molecules. The structures of the polyphenols were ob-
tained from PubChem (https://pubchem.ncbi.nlm.nih.gov). Since the
entire protein represents the potential binding site, the conformation
with the lowest binding energy was selected as the optimal conforma-
tion. The binding site and interaction forces were analyzed.

Determination of CG, CG-CA, CG-CHA and CG-FA structure

SDS-PAGE was performed using a precast Biosharp PAGE gel (Tris-
Gly, 4 %-20 %, 10 x). Samples were prepared by mixing a 1 mg/mL
sample solution with loading buffer (SDS-PAGE protein loading buffer, 5
%) at a volume ratio of 4:1 then heating the mixtures in a water bath at
100 °C for 3-5 min for denaturation. A volume of 10 pL each sample
solution was loaded into each well and the voltage was adjusted to 90 V
(for the stacking gel)/120 V (for the separating gel). The gel was stained
with Coomassie Brilliant Blue R250 and then destained with the
destaining solution.

CD spectra were obtained with a Bio-Logic MOS-500 circular di-
chroism spectrometer (Isere, France) in the 190-250 nm range. Sample
solutions were diluted to 0.5 mg/mL, and deionized water, CA, CHA,
and FA solutions without CG were used as controls. The spectra were an
average of three scans.

The FTIR spectra of the samples were measured using an FTIR
spectrometer (TENSOR 27, Bruker, Germany). Freeze-dried powder
samples (10 mg) were mixed with KBr at a ratio of 1:100 (w/w) and
pressed into tablets. Spectra were recorded in the wavenumber range of
4000-400 cm ™! with air as a background. Each FTIR spectrum consisted
of 32 scans on average.

The free -SH and S—S bond content of samples were determined as
previously reported Chen et al. (2023c). The freeze-dried samples were
dissolved in Tris-Gly-urea buffer (0.086 mol/L Tris, 0.090 mol/L
glycine, 8 mol/L urea, 0.004 mol/L ethylenediaminetetraacetic acid, pH
8.0) to prepare 6 mg/mL solutions. The supernatant was centrifuged and
then 80 uL (4 mg/mL) of 5,5-Dithio bis-(2-nitrobenzoic acid) (DTNB)
was added to 2 mL of supernatant and allowed to react for 5 min at
25 °C. The -SH content was calculated by measuring the absorbance at
412 nm. To determine the S—S bond content, 2 mL of the above su-
pernatant was reacted with p-mercaptoethanol (4 mg) for 2 h at 25 °C.
Then, a 12 % trichloroacetic acid solution was added and centrifuged for
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1 h, followed by repeated washing and precipitation. After adding 80 uL
of the DTNB solution, the absorbance was measured at 412 nm, and the
total S—S content was calculated as follows Egs. (1) and (2):

73.53 x A412 x D

Free — SHcontent(umol / gprotein) = — 1)

1
S — Sbondcontent(umol/gprotein) = 2 % (Total — SHcontent — Free

— SHcontent) 2)

where A415 is the absorbance value at 412 nm, D is the dilution ratio, and
C is the protein concentration in the sample.

Particle size and zeta potential measurement

Sample solutions (5 mL) were diluted with deionized water to ach-
ieve a concentration of 0.5 mg/mL and particle size and zeta potential
were measured three times using a Malvern ZS 90 (Malvern Instruments,
Malvern, Worcestershire, UK). The temperature was kept constant at
25 °C during measurements.

Turbidity measurement

The turbidity of the samples was determined according to a previ-
ously published method (Zheng et al., 2022) with minor modifications.
The samples were sufficiently diluted to 0.5 mg/mL, and the absorbance
was measured at 600 nm with a UV spectrophotometer (TU-1901,
Universal Instruments, Beijing).

Transmission electron microscope (TEM)

The microstructure of the samples was characterized using a trans-
mission electron microscope (JEM-2100, JEOL, Japan). Samples were
placed dropwise on a carbon-coated copper grid and stained with drops
of uranium acetate to prevent light exposure to light. After drying, the
samples were observed under the transmission electron microscope and
images were taken.

Determination of CG, CG-CA, CG-CHA and CG-FA properties

Protein solubility was modified by the Bradford method (Chelh,
Gatellier, & Sante-Lhoutellier, 2006). The standard solution of bovine
serum albumin (BSA) was prepared and a standard curve was recorded.
The sample solutions (1 mg/mL) were centrifuged at 8000 r/min for 20
min, and 1 mL of the supernatants was collected to determine the pro-
tein concentration. Protein solubility was expressed as protein concen-
tration in the supernatant relative to the protein concentration before
centrifugation.

Surface hydrophobicity was determined by the bromophenol blue
method. According to Chelh et al. (2006) described procedure, the
prepared protein solution (1 mg/mL, 0.1 mL) was diluted to an appro-
priate concentration, mixed with a 1 mg/mL bromophenol blue solution
(20 pL), and centrifuged. The absorbance of the supernatant was
measured at 595 nm. The surface hydrophobicity of the protein was
indicated by the amount of bromophenol blue bound.

The dynamic interfacial tension was measured at 25 °C using a drop
profile tensiometer (OT100, Ningbo NB Scientific Instruments, China).
Due to the technical requirements of the tensiometer, samples were
sufficiently diluted and each drop volume was maintained at 10 pL while
soybean oil was loaded into a syringe. The dynamic interfacial tension
was measured for 7200 s until no further change in interfacial tension
was observed.

Food Chemistry: X 20 (2023) 100954
Preparation of emulsions

Refer to the previous method and modify it (Wu, Wu, Lin, & Shao,
2022), CG and CG-CPs solutions were mixed with soybean oil at a vol-
ume ratio of 9:1 to obtain a 10 % oil phase mixture with a final CG
concentration of 10 mg/mL. These solutions were sheared with a high-
speed shearing machine at a speed of 10,000 rpm for 1 min to prepare
macroemulsions. These macroemulsions were then processed using a
NanoGenzier high-pressure homogenizer (Genizer, USA) at 20 MPa and
passed twice to generate microemulsions. The temperature was main-
tained at approximately 25 °C during shearing to produce oil-in-water
emulsions stabilized by CG, CG-CA, CG-CHA, and CG-FA. Subse-
quently, 0.02 % thiomersal was added to each emulsion to inhibit mi-
crobial growth. All emulsions were stored at 4 °C.

Emulsifying activity

Droplet size distribution and average droplet size of the emulsion
were measured using a Malvern Master Sizer 2000 instrument (Malvern
Instruments, Malvern Hills, UK). For this experiment, the universal
spherical analysis model was used and the refractive index of the oil
droplets and dispersed water was set to 1.46 and 1.33, respectively, with
the obscuration values ranging from 5 % to 15 %.

Viscosity measurements were carried out using a Haake Mars 40
rheometer (Thermo Fisher, USA). The shear rate was gradually
increased from 1 to 100 s~! during the measurement while the tem-
perature of the sample (1 mL) was maintained 25 °C. By comparing the
flow properties of different samples, the effect of the addition of CPs on
the flow properties of the CG-stabilized emulsion was determined. All
data provided represents the average of three replicates.

Emulsion stability under different conditions

The droplet morphology of the emulsion after s 0, 7, 14, 21, and 28
days of storage as directly observed with an inverted microscope (Leica
Microsystems CMS GmbH, Germany).

The centrifugal stability of the emulsions (0.4 mL) was further
analyzed using a LUMiSizer stability analyzer (LUMiSizer, L.U.M.
GmbH, Germany). The optical wavelength was set to 870 nm and the
optical factor was 1.00. The contour line was set to 300, the time interval
to 10 s, and the required time to 50 min.

To evaluate the pH stability of the emulsion, fresh emulsion samples
(10 mL) were adjusted to pH 4.0, 5.0, 6.0, 7.0, and 8.0 using 0.1 mol/L
HCl and 0.1 mol/L NaOH solutions. The droplet size of the emulsion was
measured. The creaming index (CI) of the emulsion was determined
using the following Eq. (3):

C1(%) = % X 100% 3)

where Hg and Hg represent the total heights of the emulsion and the
serum layer of the emulsion, respectively.

Different concentrations of NaCl solution (0.05-0.3 mol/L) were
added to the emulsion (10 mL). The emulsion index and the droplet size
were determined after 3 h.

Statistical analysis

Three independent experiments were performed for all treatments
and the results were expressed as mean + standard deviation (SD). Data
processing and statistical analysis were performed using IBM SPSS Sta-
tistics 22. The significance level was set at p < 0.05.
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Fig. 1. Fluorescence emission spectra of CG (1 mg/mL) in the presence of 20 pM polyphenols (CA, CHA, and FA) at 298, 303, and 308 K (a); Fluorescence spectra of
CG (1 mg/mL) with increasing concentration of CA, CHA, and FA (0-140 pM) at 298, 303, and 308 K (b); Stern-Volmer (c) and double logarithmic plots (d) for the
quenching of protein by CA, CHA, and FA at 298, 303, and 308 K.
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Table 1
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The binding parameters and thermodynamic parameters for the interaction of the CG with CA, CHA and FA.

Sample T Ksv (x10* Kq (x10'2 R? Ka (x10° n R? AH (kJ-moL 1) AS AG (kJ-moL™1)
(K)  LmoL™) L-moL s L-moL ") (kJ-moL 'K ™)
CA-CG 298  6.04 +0.007¢ 6.04 + 0.007¢ 0.94  1.82+0.040° 1.41 + 0.98 —138.05+ —0.34 + 0.032° —36.45 +
0.097" 0.096" 0.027f
303  5.01 + 0.005° 5.01 + 0.005° 0.96 1.78 + 0.034° 1.42 + 0.98 —34.74 +
0.082¢ 0.009°
308  4.07 + 0.0028 4.07 + 0.0028 0.99  0.30 + 0.019¢ 1.23 + 0.99 -33.04 +
0.046° 0.010%
CHA- 208 13.3 + 0.007° 13.3 + 0.007% 0.99  10.23 + 0.009* 1.50 + 0.99 —158.71 + —0.40 + 0.024° —39.45 +
CG 0.0207 0.071¢ 0.021"
303 8.34 +0.006" 8.34 + 0.006° 0.97 1.82+0.017° 1.37 + 0.99 —37.44 +
0.041¢ 0.0248
308  8.31 + 0.007° 8.31 + 0.007° 0.96 1.29 + 0.026¢ 1.33 + 0.99 —35.44 +
0.063¢ 0.011°
FA-CG 208 4.37 + 0.004° 4.37 + 0.004f 0.96  0.79 + 0.048° 1.33 + 0.96 45.76 + 0.009*  0.27 + 0.030° -33.72 +
0.115¢ 0.002"
303 4.25 + 0.003f 4.25 + 0.003° 0.98 1.17 +0.016° 1.38 + 0.99 —35.06 +
0.037" 0.012¢
308  4.33 £ 0.002 4.33 + 0.002¢ 0.99  1.45 + 0.026° 1.41 + 0.99 —-36.39 +
0.063" 0.009f

Note: Different letters in the same column indicate significant difference (p < 0.05).

Result
Interaction between CG and CPs

As shown in Fig. 1a-b, the fluorescence intensity of CG at the exci-
tation wavelength of 280 nm decreased with the introduction of CPs.
When polyphenols are introduced into a protein solution containing
fluorophores, the fluorescent groups of the protein are disrupted,
resulting in a decrease in fluorescence intensity (Condict & Kasapis,
2022). Therefore, it was concluded that the quenching of CG fluores-
cence intensity was a result of the interaction between CG and CPs.

To determine the type of quenching, the fluorescence emission
spectrum data were processed using the Stern-Volmer equation at tem-
peratures of 298, 303, and 308 K (Condict et al., 2022):

FO FO

& = 1+ Kqu0[0] = 1 +KSV[Q]— = 1+ Kqr0[Q] = 1 + Ksv[Q)] (4)
where [Q] is the added concentration of CPs; Fy and F denote the fluo-
rescence intensity of the composite system without and with the intro-
duction of CPs, respectively. K, represents the rate constant in the
quenching process, Ky is the Stern-Volmer quenching constant, and 1 is
the average lifetime of fluorescent molecules without the presence of
CPs (10 = 108 s).

Dynamic quenching is typically due to the collision between the
fluorescent agent and the quencher, while static quenching is the result
of the formation of a stable fluorescent agent-quencher complex
(Sadeghi-kaji, Shareghi, Saboury, & Farhadian, 2019). Dynamic
quenching is characterized by the fact that the quenching constant in-
creases with increasing temperature, as the latter promotes intermo-
lecular collisions. However, in static quenching, the quenching constant
decreases with increasing temperature (Acharya, Sanguansri, &
Augustin, 2013).

Therefore, the influence of temperature on the interaction between
CG and CPs was investigated and fitted using Eq. (4) to obtain Ky, and
Kg. As shown in Table 1, the Ky for all CG-CPs decreased with increasing
temperature. The K, for CHA-CG was highest at 298, 303, and 308 K,
suggesting that CG has the greatest influence on CHA molecules.
Furthermore, the minimum quenching rate constant Kq was 4.07 x 10'2
L-mol1-s~!, which was significantly higher than the maximum dynamic
quenching constant (2.0 x 1010 mol’l-s’l) (Sadeghi-kaji et al., 2019).
These results further confirmed that the fluorescence quenching mech-
anism of CPs on CG was static quenching caused by nonradiative energy
transfer from the complexes formed between CG and CPs.

Static quenching was used to calculate the binding constant (K,) of

the complexes between CG and CPs and the number of binding sites (n)
of the protein. This can be achieved using the following logarithmic Eq.
(5) (Tian et al., 2023):

= logKa + nlog[Q]log

log = logKa + nlog[Q] 5)

The values of K, and n indicated the binding capacity of CPs to CG.
Higher K, and n values meant a stronger interaction between the protein
and CPs, indicating more stable complex formation. All K, values were
well above 10* L-mol %, indicating that CG and CPs had strong binding
affinity. The K, values for CG-CA and CG-CHA decreased with increasing
temperature, suggesting that the interaction between CG and CA/CHA
was less favorable at higher temperatures. Conversely, higher temper-
atures promoted the interaction between CG and FA.

These results are consistent with those of Qi et al. (2023) where it
was found that when trypsin bound to CA and CHA, the K, of trypsin-CA
was lower than that of trypsin-CHA. The increased binding affinity could
be due to the presence of a larger number of hydroxyl groups in CHA,
which facilitated the formation of hydrogen bonds with proteins, thus
leading to a more robust interaction. At 298 K, both K, and n values for
CG-CHA were larger than those of CG-CA and CG-FA, indicating the
strongest combination between CHA and CG (Tian et al., 2023). The n
values for CG-CPs were greater than 1, suggesting that CA/CHA/FA and
CG had an additional binding site.

To further identify the main driving forces (hydrogen bonds, hy-
drophobic forces, and electrostatic forces) behind the interaction of CG
and CPs, thermodynamic parameters were calculated using Van’t Hoff
Egs. (6) and (7) (Tian et al., 2023):

AH AS

InKa = ——+— 6
nKa RT+R (6)
AG = AH —TAS )

here, T denotes the absolute temperature; R represents the gas constant,
which is 8.314 J-mol “K™'; AH, AS, and AG represent changes in
enthalpy, entropy, and Gibbs free energy, respectively.

The thermodynamic parameters AH and AS provide insights into the
dominant forces in a given interaction. When AH > 0 and AS > 0, hy-
drophobic forces predominate. If AH < 0 and AS < 0, this suggests that
van der Waals forces or hydrogen bonds dominate. If AH < 0 and AS > 0,
it means that electrostatic interactions are the main factor (Liu et al.,
2020). According to Table 1, AH and AS values of CG-CA and CG-CHA
were below 0, indicating that the interaction between CA/CHA and
CG was predominantly driven by hydrogen bonds and van der Waals
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forces. These results were consistent with the study showing that these
forces were the main drivers in the interaction between CA/CHA and
trypsin (Qi et al., 2023). However, other research found that the whey
protein-CHA complex was mainly stabilized through hydrophobic
interaction (Zhang et al., 2021). These variations could be attributable
to differences in protein type and solvent pH. Moreover, AH and AS
values of CG-FA were below 0, suggesting that hydrophobic forces
dominated in the interaction between FA and CG. All AG values were
less than 0, suggesting that the reactions between CG and CA/CHA/FA
were spontaneous (Zhang et al., 2021).

Protein fluorescence originated from aromatic amino acid residues,
mainly tryptophan (Trp). Consequently, the endogenous fluorescence
spectrum could highlight changes in the spatial structure of proteins
caused by the interaction between polyphenols and proteins (Parolia
et al., 2022). With the increase in CA, CHA, and FA concentrations, the
fluorescence intensity of CG continuously decreased. Additionally, at
298 K and a concentration of CA, CHA, and FA of 140 pmol/L, there was
an obvious red shift of the maximum fluorescence intensity from CG
(336 nm) to 353 nm for CG-CA, 368 nm for CG-CHA, and 350 nm for CG-
FA. This shift signified that the molecular structure of CG unfolded due

to the interaction with CPs and the internal Trp residues of CG were
exposed to a polar environment (Qi et al., 2023).

Molecular docking technology can provide deeper insights into the
interaction between CPs and CG by visualizing the binding sites and
interaction forces between receptor and ligand molecules (Chen et al.,
2023Db). Fig. 2 displays the 3D docking mode and the interaction be-
tween two-dimensional docking amino acid residues of a docking
simulation. The order of molecular docking energy between CG and CPs
was CG-CHA (-6.01 kJ/mol) < CG-FA (-5.34 kJ/mol) < CG-CA (-4.36
kJ/mol), indicating that the CG-CHA complex had the most stable mo-
lecular conformation. This finding was consistent with those of fluo-
rescence fitting. The hydrogen bond interaction between CG and CA was
mediated by Lys 218, His 195, and Arg 57. CG and CHA interacted
through four hydrogen bonds involving the amino acids His 156, Lys
293, Arg 295, and Asn 300. A hydrogen bonding interaction was found
between CG and FA via Lys 319. These results highlighted that the
primary driving force for the formation of the CG-CPs complex was
mainly hydrogen bonds.

In conclusion, all CPs could interact robustly with CG. Due to the
limited ~OH and ~COOH groups, the interaction between CG and FA was
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primarily hydrophobic, followed by hydrogen bonding. CA had two -OH
groups and one -COOH group, ensuring that its noncovalent interactions
with CG molecules were dominated by hydrogen bonds, followed by
hydrophobic interactions (Qi et al., 2023). CHA was composed of esters
formed by CA and quinic acid (Mortele et al., 2021), suggesting that
CHA could easily form noncovalent interactions with the protein. As
expected, CHA formed a stable complex with CG through strong
hydrogen bonds and hydrophobic interactions.

Effect of CPs on CG structure

Fig. S1a shows the SDS-PAGE results of CG, CG-CA, CG-CHA, and CG-
FA. In their reduced forms, CG and CG-CPs were observed to be between
17 and 55 kDa. Predominantly, CG and CG-CPs exhibited a 55 kDa band
that corresponds to 11S globulin (cocosin), which played a vital role in
maintaining the stability of coconut milk (Patil & Benjakul, 2017). In its
native state, 11S globulin exists as a hexamer and consists primarily of
two acidic polypeptides (32 kDa) and two basic polypeptides (22 kDa),
which are linked via disulfide bonds (Carr, Plumb, & Lambert, 1990).
Furthermore, 7S globulin, another key protein, consists of bands at 19,
29, and 33 kDa (Benito, Gonzalez-Mancebo, de Durana, Tolon, &
Fernandez-Rivas, 2007). As shown in Fig. S1a, the bands of the CG-CPs
complexes mirrored those of CG with no new bands evident, indicating
that the CG-CPs complexes were formed through noncovalent in-
teractions rather than the formation of one new substance via covalent
bonding (Ma et al., 2023). Due to the incorporation of CA, CHA, and FA,
the 55 kDa band demonstrated slightly deeper staining. At the same
time, the bands corresponding to lower molecular weight components of
CG-CPs gradually faded. These observations suggested the formation of
macromolecular aggregated as a result of the interaction between CG
and CPs.

The interaction between CPs and CG could indeed actually lead to
rearrangement of the intermolecular forces that maintain the secondary
structure of CG, leading to conformational changes in CG. Far-UV CD
analysis is widely used to investigate such changes in secondary struc-
ture upon binding with CPs. As illustrated in Fig. S1b, the main chain
conformation of CG in the 190-250 nm range showed two negative
peaks at 208 and 222 nm. This is a typical feature of the protein a-helix
structure. These two negative peaks at 208 nm and 220 nm generally
represent the n-1 * and n-n* transitions of a-helix peptide bonds (Chen
et al., 2023c), respectively. The addition of CA, CHA, and FA resulted in
a reduction in the molar ellipticity of these negative peaks, indicating a
reduction in the a-helix of CG due to its partial unfolding and destabi-
lization (Zhang, Sahu, Xu, Wang, & Hu, 2017). CPs had the potential to
interact with the side chains of various amino acid residues in CG and
the carbonyl and amino groups in peptide bonds, leading to the for-
mation of hydrogen bonds. Such interactions could alter the hydrogen
bond structure and loosen the peptide chain in the native protein,
leading to denaturation of the protein. Therefore, the interaction be-
tween CG and CPs disrupted the secondary structure of CG molecules
and converted them from a loosely structured order-dominated form to a
partially disordered structure.

FTIR spectroscopy is indeed an excellent tool for understanding the
functional groups involved in the binding between CG and CPs. The FTIR
spectra of CG exhibit a robust and broad absorption peak at 3303 cm™?,
which is attributed to O—H and N—H stretching vibrations. This
signified the formation of hydrogen bonds (Liu et al., 2022). When CG
was combined with CA, CHA, and FA, the peak of CG shifts from 3303
em ! to 3423 em ™!, 3436 cm ™!, and 3421 em ™! (Fig. S1e), respectively.
This shift could be related to the hydrogen bond interaction between CG
and CA/CHA/FA. The expansion of the CG molecular structure facili-
tated by the addition of CPs provided more binding sites for hydrogen
bonds, thereby promoting the formation of these bonds. However, the
strength of the hydrogen bonds was influenced by the type of CPs. CHA,
with more —-OH and —COOH groups, showed the most obvious red-shift,
indicating a stronger interaction. In addition, the FTIR spectra of CG at
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the absorption peak of 2926 cm™!, which corresponds to the C—H
tensile vibration of methyl and methylene, can be used to characterize
the hydrophobic interaction between CG and CPs. All CG-CPs complexes
exhibited a blue shift at this peak, indicating the presence of hydro-
phobic interactions (Wang et al., 2022). Lastly, the characteristic ab-
sorption peaks of the amide I region (1600-1700 ecm ') and amide II
region (1500-1600 cm™!) in the FTIR spectra represent significant
structural features of proteins. The amide I region is caused by the
stretching vibration of C=0 and the bending vibration of N—H, while
the amide II region is caused by the stretching vibration of C—N and the
bending vibration of N—H (Chen et al., 2023c). Upon interaction with
CPs, changes in the amide I band of CG indicated changes in the CG
structure due to the formation of the complex.

Indeed, changes in the amount of free -SH groups and S—S bonds in
proteins can provide valuable insights into the structural trans-
formations of these proteins. Free -SH groups in CG-CA and CG-CHA
were observed to decrease significantly, while no significant change
was observed for CG-FA (p < 0.05) (Fig. S1d). Moreover, the content of
S—S bonds increased in CG-CA and CG-CHA. This phenomenon could be
attributed to the strong reactivity of the -OH groups of CPs, which
interacted with the free -SH groups of CG, thereby reducing the presence
of free -SH groups.

In summary, the presence of CPs led to the formation of macromo-
lecular aggregates with CG. The interaction between CPs and CG pro-
moted the structural transformation of proteins from an ordered
structure to a disordered one. This expansion of the protein structure
provided more sites for CPs to form hydrogen bonds. However, it was
worth noting that the structural influence of CPs on CG depended on the
type of CPs, and the order in terms of impact was CHA > CA > FA. This
observation correlated with the strength of hydrogen bond formation,
with the bond between CHA and CG being the strongest.

Effect of CPs on particle size, polymer dispersion index (PDI), zeta
potential, and turbidity of CG

Fig. S2 illustrates the particle size, PDI, zeta potential, and turbidity
of CG and CG-CPs. In Fig. S2a, the average particle size of CG was found
to be 228 nm, and the PDI was 0.35. With the addition of CPs, the
particle sizes of CG-CA, CG-CHA, and CG-FA significantly increased to
247, 245, and 249 nm, respectively (p < 0.05), signifying that CPs
caused CG aggregation. These findings results were consistent the study
of Feng et al. (2021) that found that the average particle size and zeta
potential of nanoparticles can be controlled through interactions with
pectin and soy protein isolate. The TEM images further confirmed that
the interaction between CG and CPs resulted in an increase in CG par-
ticle size, as shown in Fig. S2b. Conversely, the PDI values of CG-CA, CG-
CHA, and CG-FA decreased to less than 0.35, suggesting that the pres-
ence of CPs contribute to achieve a more uniform dispersion within the
system. Additionally, the absolute potential values for CG, CG-CA, and
CG-CHA complexes were found to be higher than that of CG (-12.07
mV). These data implied that CPs facilitated CG to expose more nega-
tively charged amino acid residues, thereby enhancing electrostatic
repulsion between complex molecules and inhibiting their aggregation.
Compared to CG, the turbidity values of CG-CA, CG-CHA, and CG-FA
were increased, with CG-CHA showing a significant increase (p <
0.05). This increase could be attributed to the interactions between CG
and CA/CHA/FA.

In conclusion, the interactions between CG and CPs led to an increase
in both particle size and absolute potential value, while the PDI of CG-
CPs decreased. These changes signified an enhancement in the stabil-
ity of CG-CPs complexes, reflecting the critical role of CPs in modulating
the physical properties of the system.
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Effect of CPs on solubility, surface hydrophobicity, and interfacial tension
of CG

For the successful integration of proteins into various food systems, a
comprehensive understanding of their functional properties is essential,
as these properties may exhibit different behaviors in different food
contexts. Specifically, the solubility, surface hydrophobicity, and inter-
facial properties of proteins play a crucial role in determining their
emulsifying ability (Bertsch, Mayburd, & Kassner, 2003). Given this
background, the present study conducted a detailed characterization of
CG and CG-CPs, focusing on these critical aspects to shed light on their
potential applications and behavior in different food environments.

As illustrated in Fig. 3a, the solubility of CG noticeably diminished in
the presence of CPs. The -OH and -COOH groups of CA, CHA, and FA
acted as powerful hydrogen bond donors and acceptors, forming robust
hydrogen bonds with the peptide backbone. Owing to the relatively low
molecular weights of CA, CHA, and FA, a single CG molecule could
interact with multiple CA/CHA/FA molecules (as evidenced by the re-
sults of molecular docking simulations). This intervention led to the
formation of a network with an interconnected structure, subsequently
causing precipitation. Furthermore, the CG structure was extended by
CPs, exposing the internal hydrophobic groups. This exposure hindered
the interaction between the hydrophilic groups on the surface of protein
and water molecules, further contributing to the observed decrease in
solubility.

Fig. 3b shows the surface hydrophobicity results of CG, CG-CA, CG-
CHA, and CG-FA. For proteins with low solubility, the bromophenol blue
method proves to be more suitable than the fluorescence probe method
using 8-anilinonaphthalene-1-sulfonic acid. The amount of bound bro-
mophenol blue serves as an indicator of surface hydrophobicity; the
higher the content, the more pronounced the hydrophobicity (Bertsch
et al.,, 2003). In its native state, CG exhibited relatively weak surface
hydrophobicity. This could be attributed to the abundance of hydro-
philic groups on the CG surface, while the hydrophobic groups were
predominantly located in the interior (Tangsuphoom & Coupland,
2009). The addition of CPs facilitated the unfolding of the CG molecular
structure, thereby exposing the internal hydrophobic groups, which
subsequently led to an enhancement in hydrophobicity.

During the formation of the O/W interfacial film, the hydrophobic
groups of the protein orient toward the oil phase while the hydrophilic
groups point to the water phase, which helps to reduce the interfacial
tension between the water and oil phases. The hydrophobic groups of
the CG molecules were gradually adsorbed on the surface of the oil
droplets and then rearranged to form an interfacial film (Liao, Elaissari,
Dumas, & Gharsallaoui, 2023). Compared to the equilibrium interfacial
tension of water (17.57 mN/m), the interfacial tensions of CG, CG-CA,
CG-CHA, and CG-FA were significantly reduced to 10.32, 8.83, 9.02,
and 10.05 mN/m, respectively. As a globular protein, CG exhibited a low
rearrangement rate since it maintained its original conformation at the
O/W interface (Han, Liu, & Tang, 2023). As illustrated in Fig. 3¢, after
adsorption and rearrangement, CG formed a thin interfacial film at the
O/W interface, an effect attributed to its poor surface hydrophobicity.
The polyphenols CA, CHA, and FA promoted the unfolding of CG,
thereby exposing more hydrophobic groups and enhancing the protein-
oil interaction. The noncovalent interactions between FA and CG were
predominantly hydrophobic, exerting a moderate influence on the
structure of CG. Conversely, the -COOH and —OH groups of CA could
form hydrogen bonds with the amino acid residues of CG, fostering the
formation of a dense and thick interfacial film at the O/W interface.
Notably, the presence of quinic acid in CHA molecules introduced
additional hydrogen bonding groups that interacted with CG. This
caused CG-CHA molecules being more prone to form a robust and sub-
stantial interfacial film at the O/W interface. In summary, the hydrogen
bonds between CG and CPs promoted molecular cross-linking at the O/
W interface, resulting in a dense and thick interfacial film. Additionally,
CPs facilitated the formation of S—S, which further increased the
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stability and viscoelasticity of the interfacial film.

The interaction between CPs and CG promoted the unfolding of the
structure of CG, leading to a masking of surface hydrophilic groups and a
subsequent decrease in interaction with water molecules, as evidenced
by the reduced solubility. Concurrently, this interaction facilitated the
exposure of internal hydrophobic groups, resulting in an increase in
surface hydrophobicity. These noncovalent interactions between CG and
CPs caused the peptide chain to extend and expose the aromatic amino
acids in the protein. Consequently, the affinity of CG-CPs to the O/W
interface was enhanced. Particularly noteworthy was the robust
hydrogen bonds between CHA and CG, which proved beneficial for the
formation of a dense and thick interfacial membrane at the O/W inter-
face. The adsorption mechanism diagram of CG, CG-CA, CG-CHA, and
CG-FA at the O/W interface is shown in Fig. S3.

Physical properties of emulsion stabilized by CG and CG-CPs

Fig. 4a-b illustrate the droplet sizes of emulsions stabilized by CG,

CG-CA, CG-CHA, and CG-FA. The droplet sizes of emulsions stabilized by
CG-CPs were found to be smaller than those stabilized by free CG at 1.72
pm. This observation demonstrated that droplet aggregation was effec-
tively inhibited in CG-CPs stabilized emulsions. This inhibition could be
due to an increase in electrostatic repulsion and steric hindrance be-
tween droplets, especially for CHA. Fig. 4c presents the apparent vis-
cosity of the emulsions stabilized by CG and CG-CPs. The apparent
viscosity of these emulsions decreased with increasing shear rate, indi-
cating that the emulsions were either destroyed or dissolved during
shear (Chen et al., 2023a). This interaction between CG and CPs
appeared to promote the cross-linking of the droplets, leading to an
increase in the apparent viscosity. The phenomenon suggested that the
interaction between CG and CPs restricted the movement of molecules
due to the formation of a convoluted cross-linking structure. Moreover, a
strong hydrogen bonding interaction between CG and CHA led to
extensive cross-linking and a denser structure, which in turn resulted in
an increase in viscosity. Additionally, CG-CPs exhibited greater defor-
mation resistance at the O/W interface, which was likely due to the
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formation of a dense and thick interfacial film.

Storage stability, centrifugal stability, pH stability, and salt stability of
emulsion stabilized by CG and CG-CPs

In order to demonstrate the effect of noncovalent interactions be-
tween CG and CPs on the storage stability of the emulsion, the changes in
the droplet microstructure of the emulsion were recorded over a period
of 28 days (Fig. 4d). Within the CG-stabilized emulsion, droplets were
observed to merge and aggregate. Conversely, the fresh emulsion
droplets stabilized by CG-CPs were small and uniform in size. In all in-
stances, the droplet size in the emulsion gradually increased with the
extension of the storage time, highlighting that the emulsion became
unstable during storage. This instability could be due to the flocculation
and coalescence of the emulsion droplets (Liu, Xu, Xia, & Jiang, 2021).
After 28 days of storage, the coalesced oil droplets were more prominent
in the CG-stabilized emulsion, while the emulsion stabilized by CG-CPs
experienced slight changes. These findings confirmed that the emulsions
stabilized by CG-CPs were relatively more stable, especially those sta-
bilized by CG-CHA.

In this study, when the emulsion was irradiated with parallel near-
infrared light, the temporal and spatial changes in the transmitted
light through the liquid over time and space during centrifugation were
recorded, as shown in the transmission curve. After centrifugation, the
emulsion became unstable, with the heavier water phase settling to the
bottom of the cuvette and the lighter oil droplets migrating to the top.
Consequently, the movement of the emulsion droplets was visualized by
the intensity of transmitted light over time, allowing quantification of
the unstable process within the emulsion droplets (Chen et. al., 2023c).
Fig. 5a depicts the change in light transmittance of CG and CG-CPs
stabilized emulsions during centrifugation. The CG-stabilized emulsion
stabilized exhibited a rapid shift in light transmittance, with the trans-
mittance of most emulsions increasing from less than 10 % to over 40 %.
This indicated that it quickly became unstable during centrifugation. In
contrast, the emulsions stabilized by CG-CPs effectively improved the
centrifugal stability, showing a gradual increase in light transmittance.
Notably, after the centrifugation of the CG-CHA-stabilized emulsion,
most emulsion layers maintained a light transmittance below 20 %,
suggesting a higher degree of stability.

Fig. S4 and Fig. 5b-c demonstrate the effects of pH on the visual
appearance, CI, and droplet size of the prepared emulsion. Between pH
values of 6.0 and 8.0, the emulsions stabilized by CG and CG-CPs
remained relatively stable, showing slight changes in droplet size.
However, when the pH value decreased to 4.0, the droplet size of
emulsions stabilized by CG and CG-CPs increased to about 16 pm. This
indicated that droplets aggregated into larger units near the isoelectric
point (pI =~ 4.3). CG, being an acidic protein, typically had a relatively
low surface charge in an acidic environment (pH 4.0-5.0) and was prone
to aggregation, leading to decreased emulsion stability (Chen et. al.,
2023). At pH values of 4.0 and 5.0, the emulsions stabilized by CG, CG-
CA, and CG-FA separated into a transparent serum layer at the bottom of
the container, while the emulsion stabilized by CG-CHA showed no
detectable phase separation. When the pH was neutral or alkaline, CA,
CHA, and FA were prone to oxidation, especially CA and CHA, which
had a catechol structure and can oxidize to quinone. This structure could
react with nucleophilic groups in CG and covalently couple to form
yellow polymers. Additionally, the covalent coupling of CG with CA/
CHA/FA could promote further protein development and exposure of
hydrophobic groups, enhancing emulsifying properties (Lin et al.,
2022).

Fig. S5 and Fig. 5d-e present a study on the effects of varying salt ion
concentrations on the stability of emulsions stabilized by CG and CG-
CPs, based on visible appearance, CI, and droplet size. At low Na*
concentrations (0-0.1 mol/L), the emulsifying stability of the emulsion
improved due to the salt dissolution effect. However, after adding
0.2-0.3 mol/L NaCl solution, the electrostatic repulsion between
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droplets was masked by salt ions, leading to droplet aggregation and
coalescence (Yu, Wang, Li, & Wang, 2022). Both the droplet size and CI
of emulsions stabilized by CG-CPs were significantly smaller than those
of CG-stabilized emulsions. These results indicated that CG-CPs com-
plexes effectively enhanced the salt ion stability of the emulsion after
modification with CPs.

Conclusion

In this study, CA, CHA, and FA were selected as representative
polyphenols of CPs to investigate the underlying mechanism by which
CPs enhance the emulsification stability of CG. It was found that the
interactions among CA, CHA, and CG were mainly characterized by
hydrogen bonds, with CHA being particularly notable in this regard.
This was attributed to the inclusion of quinic acid in CHA, which pro-
vided additional -OH and —-COOH groups, thereby leading to the
strongest hydrogen bonding with CG. Furthermore, the interactions
between FA and CG were mainly controlled by hydrophobic forces.
These specific interactions caused the protein structure of CG to unfold
and expose the hydrophobic groups, thereby promoting the formation of
a dense and robust interfacial film at the O/W interface. As a result, the
emulsions stabilized by CG-CPs exhibited remarkable stability across
various measures such as storage, centrifugation, pH values, and salt
tolerance, with the emulsions stabilized by CG-CHA being particularly
effective. This study thus provides a solid theoretical basis for improving
the stability of CG and coconut milk and offers innovative insights into
the potential applications of coconut milk in the food industry.
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