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Abstract: To develop a novel emulsifier with an antioxidant capacity, a phosvitin-gallic acid (Pv–GA)
complex was prepared via a free-radical method. This emulsifier characterizes some key technologies.
Changes in the molecular weight of the Pv–GA complex were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS–PAGE) and the matrix-assisted laser desorption/ionization
time of light mass spectrometry (MALDI-TOF-MS). Fourier transform infrared spectroscopy (FTIR)
indicated that C=O, C–N and N–H groups were also likely to be involved in the formation of the
complex. A redshift was obtained in the fluorescence spectrogram, thereby proving that the covalent
combination of Pv and GA was a free radical-forming complex. The results indicated that Pv and
GA were successfully conjugated. Meanwhile, the secondary structure of Pv showed significant
changes after conjugation with GA. The antioxidant activity and emulsifying properties of the Pv–GA
complex were studied. The antioxidant activity of the Pv–GA complex proved to be much higher
than that of the Pv, via assays of the scavenging activities of 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals and because of their ability
to reduce power. The emulsification activity of the Pv–GA complex was also slightly higher than that
of Pv. To function with the most demanding antioxidant and emulsification activities, the optimum
conjugation condition was Pv (5 mg/mL) conjugated 1.5 mg/mL GA. Furthermore, the mechanism of
Pv–GA conjugation was studied. This study indicated that GA could quench the inner fluorescence
of Pv, and this quenching was static. There was a strong interaction between GA and Pv, which was
not obviously affected by the temperature. Furthermore, several binding sites were close to 1,
indicating that there was an independent class of binding sites on Pv for GA at different temperatures.
The conjugation reaction was a spontaneous reaction, and the interaction forces of GA and Pv were
hydrogen bonds and van der Waals force.
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1. Introduction

Egg yolk proteins are widely applied in the food industry due to their remarkable emulsifying
properties [1]. About 11% of the total yolk protein is phosvitin (Pv) [2]. Pv is a phosphoprotein
containing about 10% phosphorus [3]. The molecular weight of Pv is about 35 kDa. Moreover,
Pv exhibits a high degree of hydrophilicity, which is related to its structural characteristics. Pv contains
a large amount of phosphoserine clusters, and the C-terminal of only 15 residues is rich in hydrophobic
groups [4]. Thus, Pv exhibits a satisfactory emulsifying capacity and could act as a good emulsifier
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(both with a high emulsifying activity and emulsion stability) [2]. However, Pv is easily oxidized,
resulting in loss of emulsifying ability. Thus, native Pv is insufficient to meet the standards of both
emulsification and inhibiting oxidation (i.e., being an antioxidant). Protecting Pv from oxidation
was necessary to broaden its application in emulsions. Conjugation with antioxidant compounds
could significantly increase the radical scavenging activities of Pv without loss of its emulsifying
activities and emulsion stability [5]. Pv utilized in combination with resveratrol improves antioxidant
potential in emulsion systems [6]. Nakamura and others [7] reported that the conjugation of Pv and
galactomannan enhanced the antioxidant activity of Pv.

Polyphenols are widely distributed in plants; they are composed of a large number of secondary
metabolites and rich in nature [8]. Polyphenols contain aromatic rings with one or more hydroxy
substituents, ranging from simple polyphenols to highly polymerized compounds [9]. They are widely
accepted as natural antioxidants and related to a lower incidence of diseases that are considered to
be caused by free radicals [10]. Polyphenols are known as being essential substances for human
health that could reduce the damage caused by free radicals. Gallic acid (GA) is proven to be a
phenolic acid with antioxidant ability [11]. It can be found in many plants and is usually used in meat
production [12]. GA is widely used as an important natural antioxidant in the food and pharmaceutical
industries [13]. Previous studies have demonstrated that the conjugation of GA and proteins could
remarkably improve the antioxidant properties of proteins.

There are two modes of interactions between phenolic compounds and proteins: non-covalent
linkage and covalent linkage [8]. In the free radical method, phenolic compounds and proteins
conjugated via non-covalent linkage and hydrogen peroxide ascorbic acid acted as an initiator.
This method was proven to be a fast, simple, and effective polyphenol-protein binding method [14] and
could avoid the degradation of polyphenols [15]. Moreover, metallic iron or an organic solvent was
not required in this method, and the complex could be easily collected and purified [16]. Many studies
on proteins and polyphenols conjugated by free radical methods were reported. Liu studied the
lactoferrin-polyphenol conjugates generated by free-radical graft copolymerization [8]. GA-chitosan
and catechin-chitosan conjugates were prepared by free radical methods [17]. However, no report has
focused on the interaction between the Pv and GA conjugated by a free radical method.

The conjugation of two substances would change the structure and characteristics of the substance
itself. Studies on this conjugation mechanism are essential for understanding the cause of these changes.
Some studies have described the interactions between ligands and bio-macromolecules. The process of
the binding of carbamazepine and bovine serum albumin is a spontaneous molecular interaction and
is mainly driven by hydrophobic force [18]. Structural analysis indicated that both the interactions,
hydrophilic and hydrophobic, play important role in the in the process of polyphenols bound with
β-lactoglobulin through two approaches (means) [19]. The conjugation of polyphenols and proteins
could improve the antioxidant properties of proteins. However, a mechanism-based study of the
interactions between proteins and polyphenols remains important to elucidate the changes in the
structure and antioxidant activity in proteins.

The aim of this study was to develop a new emulsifier with antioxidant capacity. A Pv–GA
complex was prepared via a free-radical method and characterized by SDS-PAGE, MALDI-TOF-MS,
FTIR, and fluorescence spectroscopy. The antioxidant activity and emulsifying properties of Pv–GA
complexes were investigated. Physicochemical information about the formed Pv–GA complex was
obtained, including thermodynamic parameters, site numbers, and the affinity constant [20]. Study of
the conjugation mechanisms between Pv and GA could provide important information for further
research and offer a theoretical basis for the application of the Pv–GA complex.
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2. Materials and Methods

2.1. Materials

Chicken eggs were obtained at a local market (Harbin, China). Gallic acid and ABTS were
purchased from Solarbio (Beijing, China). The DPPH reagent was obtained from Sigma (St. Louis, MO,
USA). Other reagents were obtained from Aladdin (Shanghai, China).

2.2. Apparatus

The protein was characterized by a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel preparation kit (Solarbio, Beijing, China). A PHS-3C pH meter (Shanghai Instrument
Electric Scientific Instrument Co., Ltd., Shanghai, China) was used to measure the pH of the solution.
Centrifugation was performed on a CT14D desktop high speed centrifuge (Shanghai Techcomp
Scientific Instrument Co., Ltd., Shanghai, China) and a SC-3610 low speed centrifuge (Hefei Zhongke
Zhongjia Scientific Instrument Co., Ltd., Hefei, China). An AL-04 electronic analytical balance (Mettler
Toledo Instruments Co., Ltd., Shanghai, China) was used to weigh the sample. The sample was
dialyzed with an 8000 Da MWCO filter (Spectrum Labs, Los Angeles, CA, USA). The lyophilizer
(LyoQuest-85 Plus, Telstar, Terrassa, Spain) was used to lyophilize the sample.

2.3. Extraction of Pv

Pv from egg yolk was extracted from egg yolk according to Jiang [21] with some modifications.
Briefly, the egg yolk was diluted with an equal amount of ultrapure water. After being stirred in ice
water for 1 h, the diluted egg yolk solution was centrifuged at 10,000 g for 45 min to gain a precipitate.
Then, the precipitate was mixed with 12% (w/w) (NH4)2SO4 and stirred in an ice water bath for 3 h.
After standing overnight at 4 ◦C, the mixture was heated and stirred in a water bath at 80 ◦C for
15 min and sonicated for 10 min at 600 w. Dialysis was performed in distilled water for 12 h. Then,
the obtained mixture was centrifuged at 10,000 g for 25 min. The precipitate was lyophilized to generate
a Pv powder.

2.4. Preparation of Pv–GA Complexes

Pv–GA complexes were prepared with an ascorbic acid/H2O2 redox pair acting as an initiator
system. A total of 20 mL of 10 mg/mL Pv solution was mixed with 0.4 mL of 5 mol/L H2O2 containing
0.1 g of ascorbic acid and stirred for 2 h. Then, different amounts of GA were introduced into the
mixture to ensure that the final concentrations of GA were 0.5, 1.0, 1.5, 2.0, and 2.5 mg/mL. After being
stirred for 24 h, the unreacted GA was removed by dialysis (a dialysis bag with 8000 Da molecular
weight cutoffs) at 4 ◦C for 48 h with distilled water until no free GA existed in the system. The resulting
solutions were frozen and lyophilized to obtain Pv–GA complex powder for use. Complexes prepared
by Pv and the above-mentioned concentration of GA were named Za, Zb, Zc, Zd, and Ze.

2.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed on a 1 mm thick vertical slab gel (BIO CRAFT model BE-210N, Osaka,
Japan). A total of 10 µL of Pv and the Pv–GA complex solution (with a concentration of 2 mg/mL)
was loaded onto a 12% separation gel and a 5% stacked gel gel in an electrophoresis system [22]. The
separation process was performed at a constant voltage of 80 V for stacking gels and 120 V for stacking
gels [23,24]. The gel was stained with 0.05% Coomassie Brilliant Blue R-250 in 0.1 M aluminum mordant to
more sensitively detect Pv [25] with high phosphorus content. The gel was then destained with an eluent.

2.6. MALDI-TOF-MS

MALDI-TOF-MS was performed as follows: Lyophilized Pv and the Pv–GA complex were
dissolved in distilled water to prepare 1 mg/mL sample solutions. The sample solution (1 µL) was
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spotted to the target. The matrix solution (1 µL; saturated sinapinic acid in 50% acetonitrile with 0.1%
TFA) was then covered on top of the sample. After being crystallized under air-drying, the sample was
measured with a 4800 Plus MALDI-TOF-TOF TM analyzer (SCIEX, Framingham, MA, USA).

2.7. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the Pv and Pv–GA complexes were recorded in KBr using a Fourier transform
infrared spectrometer (Shimadzu, Kyoto, Japan) [26]. The FT–IR spectrometer was scanned in a range
of 4000–400 cm−1 with a 4 cm−1 resolution at ambient temperature. The experiment was repeated
three times.

The PeakFit version 4.12 software (SeaSolve, San Jose, CA, USA) was used to analyze the protein
conformation [27].

2.8. Fluorescence Spectroscopy

The Pv or Pv–GA complex was dissolved in 0.01 mmol/L of phosphate buffer (pH 7.0) to obtain a
0.15 mg/mL solution. The fluorescence spectrum with an emission wavelength range of 300 to 500 nm
was recorded by a fluorescence spectrometer (PerkinElmer LS55, Fremont, CA, USA). The excitation
wavelength was set to 280 nm while the slit width of the monochromator was set to 5 nm.

2.9. Antioxidant Activity Assay

2.9.1. DPPH Radical Scavenging Ability

The DPPH radical scavenging activity was measured according to the method reported by
Duan [28]. A total of 2.0 mL of the 5 mg/mL Pv–GA complex solution was mixed with 2.0 mL of 95%
ethanol containing 0.1 mM DPPH. The mixtures were incubated for 40 min without light exposure,
and the absorbance was measured at 517 nm. The DPPH radical’s scavenging activity was calculated
using the equation:

DPPH radical scavenging activity (%) =

(
1−

A−Ai

A0

)
×100% (1)

where A is the absorbance of the DPPH ethanol solution mixed with samples, A0 is the absorbance of
the DPPH ethanol solution mixed with 95% ethanol instead of the samples, and Ai is the absorbance of
95% ethanol instead of the DPPH ethanol solution mixed with the samples.

2.9.2. Reducing Power Assay

The ability to reduce iron (III) was evaluated according to Jiang [29]. One milliliter of the 5
mg/mL Pv–GA complex solution was mixed with 2.5 mL of 0.2 M PBS (pH 6.6) and 2.5 mL of 1% (w/v)
potassium ferricyanide. The mixture was stored at 50 ◦C for 30 min. 2.5 mL of 10% (w/v) trichloroacetic
acid was added to the mixture. Then, centrifugation was performed at 3000 g for 10 min. A total of
2.5 mL of the supernatant solution was diluted by an equal volume of distilled water and 0.5 mL of
0.1% (w/v) ferric chloride solution. The absorbance was recorded at 700 nm after 10 min [30].

2.9.3. ABTS Free Radical Scavenging Ability

The antioxidant activity of the Pv–GA complex was measured [31]. The ABTS+ radical solution
was stored in dark for 16 h. The working solution containing ABTS+ radical was obtained by adjusting
to an absorbance of 0.7 ± 0.02 at 734 nm with a sodium phosphate buffer (0.1 mol/L, pH = 7.4).
Subsequently, 50 µL of the 5 mg/mL Pv–GA complex solution was mixed with 3 mL of the working
solution of the ABTS+ radical. After being incubated for 10 min, the mixture was stored in the dark for
5 min at room temperature, and the absorbance of the mixtures was determined at 734 nm. The buffer
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solution was used as a blank control. The following formula was used to calculate the ABTS free
radical’s scavenging rate:

ABTS free radical scavenging ability (%) =

(
1−

A
A0

)
× 100% (2)

where A is the absorbance of the samples, and A0 is the absorbance of samples replaced with
deionized water.

2.10. Measurement of Emulsifying Properties

The emulsifying activity index (EAI) and emulsion stability index (ESI) were evaluated by the
method of Chen [13]. Peanut oil (.2 mL) was mixed with 18 mL of 10 mg/mL Pv–GA complex solution.
The mixture was homogenized at 10,000 rpm for 6 min. The emulsion was obtained in the bottom
of the container. Ten microliters of the emulsion were added into 8 mL 0.1% (w/w) sodium dodecyl
sulfonate (SDS) solution. The absorbance at 500 nm of the mixture was recorded, with 0.1% SDS
solution as a blank. EAI was calculated according to Formula (3):

EAI = 2T×
A0×N

C× (1−∅) × 10000
(3)

where A0 is the absorbance at 500 nm, N is the dilution factor; T is 2.303, C is the concentration of
samples (10 mg/mL), and ∅ is the volume fraction of peanut oil (10%).

After being incubated for 30 min, the absorbance of the emulsion was recorded. The ESI was
calculated as follows:

ESI (m 2/ g) =
At

A0
×100 (4)

where At and A0 are the absorbances at 30 min and time zero, respectively.

2.11. Mechanism of Pv–GA Conjugation

The change in the intrinsic fluorescence intensity of Pv upon the addition of GA was used to
evaluate the interactions between Pv and GA. A total of 10 mg/mL of Pv solution was prepared
by dissolving Pv in distilled water, and then different concentrations of GA were added to the Pv
solution to obtain solutions with GA concentrations of 0.3 × 10−5, 0.6 × 10−5, 0.9 × 10−5, 1.2 × 10−5,
and 1.5 × 10−5 mol/L. The mixture was placed in a water bath at different temperatures (298, 304,
and 310 K) for 15 min. Fluorescence spectra was recorded according to the conditions in Section 2.8.
Complexes prepared by Pv and the above-mentioned concentration of GA were named Fa, Fb, Fc, Fd,
and Fe.

This type of fluorescence quenching can be described by the Stern–Volmer equation [32]:

F0

F
= 1 + Kqτ0[Q]= 1 + Ksv[Q] (5)

where F0 and F are the fluorescence intensities in the absence and presence of the quencher. Kq is the
quenching rate constant of the bimolecular (L/mol·s). τ0 is the average lifetime of the molecule without
quencher (the average lifetime of the biomacromolecule is about 10−8 s), and [Q] is the concentration of
the quencher (mol/L). KSV is the dynamic quenching constant of the Stern–Volmer equation (L/mol).

The binding constant was calculated according to Formula (6) [18]:

log
F0−F

F
= logKa+nlog[Q] (6)

where n and Ka represent the number of binding sites and the binding constant, respectively.
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Hydrophobic forces, van der Waals interactions, hydrogen bonds, and electrostatic interactions
were considered as the four kind of forces between a small molecule ligand and a bimolecular molecule
ligand [33].The enthalpy change (∆H) could be regarded as a constant within the studied temperature
range (298 to 310 K). The free energy change (∆G) can be obtained by the following equation:

∆G = −RTlnK (7)

∆G = ∆H− T·∆S. (8)

Formula (9) was obtained by combining Formula (7) and Formula (8):

lnK = −
∆H
RT

+
∆S
R

(9)

where R represents the gas constant (8.314 J/(K·mol)), T is the experimental temperature (K), and K is
the binding constant at the corresponding T.

2.12. Statistical Analysis

The experiments were repeated three times. Data were recorded as the means± standard deviation.
All data were subjected to an Analysis of Variance (ANOVA) test to evaluate the significant differences
(p < 0.05) between the means.

3. Results and Discussion

3.1. Characterization of the Pv–GA Complex

3.1.1. SDS-PAGE

The structural changes of Pv after its reaction with GA were monitored by SDS-PAGE (Figure 1).
The Pv–GA complex prepared with a GA concentration of 1.5 mg/mL was used to analyze the molecular
weight of the Pv–GA complex. The main band in Pv was around 35–45 kDa (line 3). Compared with
Pv, there was no obvious change in the molecular mass of the Pv–GA complex (line 2). There are two
possible reasons that might explain the constant molecular weight. On the one hand, the molecular
weight of GA was too small to cause a change in the molecular weight of Pv. On the other hand,
the Pv–GA complex might be destroyed by SDS [34] because SDS can destroy non-covalent bonds,
such as hydrogen bonds and hydrophobic bonds.
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3.1.2. MALDI-TOF-MS

MALDI-TOF-MS was used to evaluate the change in molecular weight of Pv–GA complex.
The molecular mass of the GA was 170.12 Da. The molecular weight of the Pv was 34361.84 Da and
36338.19 Da (As shown in S1 (MALDI-TOF-MS analysis of Pv) in the supplementary materials), which is
consistent with literature [35]. The peak of the Pv–GA complex observed in Figure 2, indicating a
higher molecular weight than the Pv monomer. The difference in molecular weight between the Pv and
the Pv–GA complex might be due to a corresponding insertion of GA molecules into the Pv monomer.
The results of MALDI-TOF-MS further confirm the formation of Pv with a GA complex.
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Figure 2. MALDI-TOF-MS analysis of Pv–GA complex.

3.1.3. FTIR

The Pv–GA complex was characterised by infrared spectroscopy and its derivative methods.
The spectral differences between different substances were effectively distinguished by FTIR [36,37].
The infrared spectra of Pv and the Pv–GA complex are shown in Figure 3. The peak at 3301 cm−1

represents the stretching vibration of the N–H in the protein. A shift was obtained in the band after the
chelation reaction, indicating that the N-H was connected with the formation of the Pv–GA complex.
The amide I band at 1660 cm−1 in Pv was attributed to the C-N stretching vibration coupled with N–H
bending. It shifted to a higher wavenumber in the spectra of the Pv–GA complex. We observed that the
intensity was increased for the Pv amide I at 1660 and amide II at 1530 cm−1 in the difference spectra
of Pv–GA. This result might be due to GA binding to Pv C=O, C–N, and N–H groups (hydrophilic
interactions) [19]. These results indicate that C=O, C–N, and N–H groups were also likely to be
involved in the formation of the complex [38].
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The secondary protein structure of the Pv and Pv–GA complexes was quantitatively analyzed, and
the results are shown in Table 1 and Figure S2. It can be seen from Table 1 that with an increase in GA
concentration, the content of the α-helix and unordered helix showed a slight change, while the content
of the β-sheet and β-turn showed a significant change. The content of the β-sheet first decreased
and then increased, and the content of the β-turn gradually decreased. With the addition of GA, the
secondary structure of Pv was changed. This indicates a successful conjugation of Pv and GA by a free
radical method.

Table 1. Content of the secondary structure of the Pv–GA complexes.

Samples α-helix β-sheet β-turn Unordered

Pv 17.11 ± 0.16a 27.32 ± 0.14b 38.91 ± 0.17f 16.66 ± 0.17a

Za 18.01 ± 0.14c 26.32 ± 0.13a 38.31 ± 0.19e 17.27 ± 0.17c

Zb 18.02 ± 0.12c 27.71 ± 0.12c 37.31 ± 0.14d 16.96 ± 0.17b

Zc 18.00 ± 0.12c 28.23 ± 0.15d 36.90 ± 0.15c 16.87 ± 0.17ab

Zd 17.92 ± 0.14ac 28.71 ± 0.13e 36.51 ± 0.18b 16.86 ± 0.17ab

Ze 17.41 ± 0.15b 30.62 ± 0.17f 35.20 ± 0.21a 16.77 ± 0.17ab

3.1.4. Fluorescence Spectroscopy Analysis

As indicated in Figure 4, as the concentration of GA increased, a stronger fluorescence quenching
effect of the Pv–GA complex was obtained, and there was an offset in the maximum emission
wavelength. The maximum emission wavelength of Pv was 358.5 nm. With the addition of GA,
the wavelengths were red-shifted to 360, 362.5, 361, 366.5, and 359 nm, respectively. This indicates that
the covalent combination of Pv and GA formed a free radical-forming complex via peroxide-ascorbic
acid, which might be due to the covalent attachment of tryptophan residues in Pv to the GA. Generally,
the redshift was attributed to a greater exposure of the tryptophan residue to the solvent, resulting in a
change in the hydrophobic environment of the tryptophan residue [39].
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3.1.5. Analysis of Antioxidant Activities

The DPPH test could be used to study the scavenging capability of extracts or different food
matrices [40,41]. Figure 5a shows the DPPH scavenging activity changes corresponding to the Pv–GA
complexes. When no GA was added, the Pv of the DPPH radical scavenging activity was about
10%. With an increase in GA concentration, the DPPH free radical scavenging ability of the complex
increased continuously. Reducing power reflects the capacity to afford electrons or hydrogen. Figure 5b
indicates that the reduced power of the Pv–GA complex increased rapidly when the concentrations
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of GA ranged from 0 to 1.5 mg/mL. The ABTS assay was used to assess the total antioxidant activity.
As shown in Figure 5c, the Pv–GA complex showed a better ability for the scavenged the ABTS radical
cations compared to Pv.Polymers 2019, 11, x FOR PEER REVIEW 9 of 16 
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The radical scavenging ability of DPPH and ABTS and the reducing power of the Pv–GA complex
showed the same trend. When the concentration of GA was less than 1.5 mg/mL, the antioxidant
activity of the Pv–GA complex increased. When the concentration of GA was more than 1.5 mg/mL,
the antioxidant activity of the Pv–GA complex was basically stable. This result indicates that the
conjugation of GA and Pv reached saturation when the GA was at a concentration of 1.5 mg/mL.
Furthermore, the antioxidant activity of the Pv–GA complex proved to be much higher than that of Pv.

3.1.6. Analysis of Emulsifying Properties

EAI reflects the ability of the emulsifier to rapidly adsorb at the oil/water interface [42]. ESI reflects
the ability of emulsion droplets to keep dispersed against creaming, coalescing, or flocculation [43].
The EAI and ESI for the Pv and the Pv–GA complex are shown in Figure 6. When the concentration
of GA was 0.0 mg/mL, the Pv showed excellent emulsifying activity, with an EAI and ESI of 27.14
and 103.27, respectively. As the concentration of GA increased, the trend of EAI and ESI changed in a
similar way. When the concentration of GA was less than 1.5 mg/mL, the Pv–GA complex slightly
increased both EAI and ESI—an effect that was more pronounced as the GA concentration increased.
However, EAI and ESI reached a steady state when the concentration of GA was more than 1.5 mg/mL.
These results indicate that the conjugation of Pv with GA slightly improved the emulsifying activity
of Pv. The emulsification activity of a protein depends on a number of complex factors, such as
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the amphiphilic nature and interfacial activity of the protein, as well as the protein’s solubility and
mobility [44]. This occurred because of the increased hydrophobicity of Pv after the conjugation of Pv
with GA, which could enhance the adsorption ability towards oil [45]. In contrast, Chen [2] indicated
that emulsion stabilizing properties was reduced by Pv-Dex, which might be explained by the lower
adsorption rate of the protein at the oil/water interface.
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3.2. Mechanism of Pv–GA Conjugation

3.2.1. Fluorescence Spectra of Pv Interacting with GA

Tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues in proteins can produce
fluorescence at a certain excitation wavelength, which is known as the intrinsic fluorescence of proteins.
Fluorescence spectroscopy reflects changes in the tertiary structure of proteins [35]. In the current
study, Trp and Tyr were simultaneously excited at fluorescence excitation wavelengths of 280 nm.
The fluorescence quenching effect of Pv–GA complexes with different GA concentrations was studied
by fluorescence spectroscopy. Moreover, binding sites, binding constants, and binding forces for the
non-covalent binding of the Pv–GA complex were calculated.

The fluorescence spectra of the Pv–GA complexes at 298 K, 304 K, and 310 K are shown in Figure 7.
The maximum emission wavelength of Pv was 358 nm, 360.5 nm, and 360 nm at 298 K, 304 K, and 310 K,
respectively. Fluorescence intensity decreased with the addition of GA, thereby indicating that the
inner fluorescence of Pv was quenched by GA. Moreover, a slight redshift could be observed with an
increase of GA content. The fluorescence spectra indicated that the quenching could be caused by the
formation of a complex, not only by a dynamic process [46].
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3.2.2. Analysis of the Fluorescence Quenching of Pv Induced by GA

Fluorescence quenching generally proceeds according to dynamic quenching or static quenching
mechanisms. It can be differentiated by its dependence on temperature [33]. The cause of dynamic
annihilation is usually that the collision of the fluorescent substance and the quencher molecule loses
energy, or the high concentration of the fluorescent substance causes an increasing collision probability
of its own molecule, leading to a loss of energy. Static quenching was mainly caused by the action of
fluorescent molecules and quencher molecules to form a complex that did not emit light.

Figure 8 depicts a Stern-Volmer plot of the fluorescence quenching of Pv induced by GA at 298,
304, and 310 K, while the corresponding Ksv and Kq for the Pv–GA interactions are demonstrated in
Table 2.
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Table 2. Stern-Volmer constant of the interaction between GA and Pv at different temperatures.

T/K Ksv (L/mol) Kq (L/mol·s) R2

298 3.403 × 106 3.403 × 1014 0.9976
304 1.455 × 106 1.455 × 1014 0.9953
310 1.045 × 106 1.045 × 1014 0.9938

Table 2 indicates that Ksv gradually decreased with an increasing temperature, meaning that the
fluorescence quenching mechanism of Pv by GA was static quenching. Moreover, the experimental
Kq was greater than 2 × 1010 L/mol·s. The literature [18] suggests that the maximum scatter collision
quenching constant of quenchers with the biopolymer is 2 × 1010 L/mol·s for dynamic quenching.
This further proves that the quenching was not a dynamic annihilation caused by collisions and
diffusion between molecules, but a static quenching caused by the conjugation of GA and Pv, which was
similar to the quenching that resulted from the formation of the carbamazepine-bovine serum albumin
complex [18].

3.2.3. Determination of the Binding Constants and Number of Binding Sites

The increases of Ka and n at different temperatures (Figure 9) are shown Table 3. The results
showed that there was a strong interaction between GA and Pv, but the change with the temperature
was not obvious. According to the values of n that were close to 1, it was inferred that there is an
independent class of binding sites on Pv for GA at different temperatures [46].

Table 3. Binding parameters obtained from the interaction of GA with Pv by a
double-logarithmic equation.

T/K Ka (L/mol) n R2

298 3.09 × 106 0.9948 0.9978
304 1.53 × 106 0.9956 0.9985
310 1.31 × 106 1.037 0.9999
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3.2.4. Thermodynamic Parameters and the Nature of the Binding Forces

The thermodynamic parameters were calculated according to Equations (7)–(9). K was
approximated as the binding constant Ka of the reaction system of the Stern–Volmer equation at
the corresponding temperature. The following linear relationship existed between 1/T and lnK:
lnK = 6535.4/T-7.0167, R2 = 0.9999. The thermodynamic parameters of the Pv–GA interaction are
demonstrated in Table 4.

Table 4. The thermodynamic parameters of the Pv–GA interaction.

T/K ∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol·K)

298
−54.34

−37.02
−58.33304 −35.99

310 −35.60

Ross et al. [47] obtained the relationship between the binding properties and the combined
thermodynamic function of a small molecule ligand and bimolecular. According to the entropy change
(∆S) and ∆H, the types of interaction forces of a small molecule ligand and bimolecular ligand were
mainly determined. It could be inferred that the interaction process was spontaneous, based on the
negative value for ∆G, while the negative values of ∆H and ∆S meant that the main interaction forces
were van der Waals interactions and hydrogen bonds [33]. As shown in Table 4, ∆G < 0, ∆H < 0,
and ∆S < 0 proved that the reaction was a spontaneous reaction and that the interaction forces of GA
and Pv were hydrogen bonds and van der Waals forces.

4. Conclusions

In this study, Pv–GA complexes were successfully prepared by a free-radical method, as an
emulsifier with an antioxidant capacity. Significant changes in the secondary structure of Pv were
obtained after being conjugated with GA. The radical method proved to be an effective approach
to prepare a Pv–GA complex with strong antioxidant activity via antioxidant assays. The optimal
condition for conjugation was Pv (5 mg/mL) conjugated with 1.5 mg/mL GA. Studies of the mechanisms
behind the Pv–GA conjugation indicate that GA could quench the inner fluorescence of Pv. The negative
sign for the ∆G mean (∆G < 0) shows that the conjugation reaction was a spontaneous reaction. Further,
∆H < 0 and ∆S < 0 proves that the interaction forces of GA and Pv were hydrogen bonds and van der
Waals forces.
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