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[bookmark: OLE_LINK23][bookmark: OLE_LINK22]Abstract: As the most abundant protein existing in fish, myofibrillar protein (MP) is likely to hydrolyze which affects the quality of fish during preservation. Polyphenols, which are some of the most popular antioxidants and antimicrobials, have been widely used in freshwater fish preservation and storage to prevent protein degradation. However, their binding behavior and mechanism is still unclear. In this study, the binding mechanisms of two types of polyphenols (Chlorogenic acid: CGA; Quercetin: QUE) and MP extracted from grass carp were investigated through multi-spectroscopic methods. Different spectroscopic methods (fluorescence spectroscopy and synchronous fluorescence spectroscopy) were used to explore the interaction modes between polyphenols and fish extracted MP. In addition, circular dichroism spectroscopy was used to detect microstructure changes of MP under different preservation approaches. Results showed that nanocomposites were generated when MP interacted with either CGA or QUE. The addition of CGA did not affect the α-helix content of MP, whereas QUE diffused the β-turns of myofibrillar proteins and promoted the formation of α-helices. At the same time, the fluorescence quenching effect of CGA/QUE on MP was static quenching, and the binding constants, number of binding sites and corresponding thermodynamic parameters of MP were calculated. It was concluded that the binding of CGA to MP depends on Van der Waals forces and hydrogen bonds, while QUE binds to MPs on the basis of electrostatic interactions. In addition, the fluorescence quenching of MPs with CGA is related to tryptophan and tyrosine residues, while the fluorescence quenching effect of QUE on MPs is related only to tryptophan residues.
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1. Introduction
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK37][bookmark: OLE_LINK38]Freshness is one of the most important factors that defines the market value of aquatic products. Due to its abundant protein and fats, fresh fish is very easily perishable, and its shelf life lasts only a few days. A series of autolytic processes always start just after fishing, which would generate favorable conditions for bacterial growth causing further deterioration (García et al. 2017; Fidalgo et al. 2019). Therefore, the preservation of perishable freshwater fish is a very significant problem worldwide. Protein degradation and lipid oxidation are the two key factors which cause the decrease in the quality of aquatic products during storage. Protein degradation could lead to worse textural characteristics, and to some extent reduce the processing applicability of the raw material (Subbaiah et al. 2015). Lipid hydrolysis and oxidation often occur during the storage of freshwater fish (Cao et al. 2019), dry-salted fish (Guo et al. 2019), mussel (Zhou et al. 2019b), seafood (Mariutti and Bragagnolo 2017) etc., which could induce an increase in peroxide value (POV), thiobarbituric acid reactive substances (TBARS) and total oxidation (TOTOX) and a decrease in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Zhou et al. 2019a). 
[bookmark: OLE_LINK42][bookmark: OLE_LINK39][bookmark: OLE_LINK41][bookmark: OLE_LINK40][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK8][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK48]Many methods are utilized in fish storage to reduce the spoilage of fish, such as antioxidants, freezing, cold storage, ice storage, chilled storage, modified-atmosphere packaging (Sampels 2015; Tolstorebrov et al. 2016b; Ghaly et al. 2010; López-García et al. 2014), high pressure (Norton and Sun 2008), etc.. Among these methods, natural antioxidants have been widely used in aquatic products. Many studies have reported their effectiveness in reducing protein and lipid deterioration (Zhao et al. 2019; Bu et al. 2017; Li et al. 2012). Among these antioxidants, polyphenols are commonly used in preserving aquatic products, which could be directly extracted from natural products (Jiang et al. 2019; Sánchez-Zapata et al. 2013; Ozogul and Uçar 2013). For example, tea polyphenols infused with sodium alginate coating effectively improved the quality of fresh Japanese sea bass fillet during refrigerated storage (Nie et al. 2018); Extracts obtained from grape seed, sage and oregano significantly inhibited lipid oxidation and fishy odor generation of hairtail fish balls (Guan et al. 2019). Fish gelatin combined with grape seed extract inhibited protein oxidation and degradation, and showed better quality and freshness than the control group (Zhao et al. 2019); Several natural plant extracts were also utilized to maintain the good quality of the frozen chub mackerel (scomber japonicus) burgers (Ozogul and Uçar 2013); extractions from fruit peels were utilized for preserving goat fish parupenaeus indicus (Paari et al. 2012); Olive leaf supplementation was applied to food preservation in different food industries (Souilem et al. 2017). However, the mechanism of the preservation effects of polyphenols is unknown, and still needs to be investigated. 
[bookmark: OLE_LINK45]Fish proteins are an important source of nutrition and provide flavor in freshly harvested aquatic products (Ashie et al. 1996). Nonetheless, fish proteins are inevitably prone to hydrolysis during preservation, which can hydrolyze proteins and release peptides or free amino acids (FAC) (Hultmann and Rustad 2004; Tolstorebrov et al. 2016a; Zheng et al. 2019). The occurrence of this phenomenon definitely affects the edibility and nutritional value of the protein. Therefore, besides the main problems of microbial development, the inhibition of protein degradation and oxidation has attracted more and more attention, as it also affects the economic performance of aquaculture and fisheries (Yang et al. 2019; Bouletis et al. 2017). In previous studies of fish storage, myofibrillar protein (MP) degradation has been reported as one important factor that leads to quality deterioration of aquatic products (Lu et al. 2017; Ge et al. 2018). Thus, the aim of the present study was to explore the binding mechanism of the interactions between polyphenols and fish MP performed using fluorescence, circular dichroism, and ultraviolet techniques. This study expects to offer some new insights into understanding the preservation mechanism of polyphenols, and support some theoretical basis for the design of preservatives of fresh aquatic products.

2. Materials and methods
2.1 Materials
Fresh grass carp (~4kg) was purchased from the local market in Huazhong Agricultural University (Hubei, China). Fish was gutted, cleaned, filleted and mechanically deboned. The dorsal white muscle samples were frozen in liquid nitrogen and kept at -80 °C until used for the extraction of myofibrillar proteins.
[bookmark: OLE_LINK9][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Chlorogenic acid (CGA) was purchased from Dalian Meilun Biotechnology Co., Ltd (Dalian, China) and quercetin (QUE) from Shanghai Yuanye Biotechnology Co., Ltd (Shanghai, China). All chemicals used in the present study were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 
2.2 Myofibrillar Protein extraction
MP was extracted from grass carp (n = 3) as described in our previous work (Sun et al. 2014). Briefly, dorsal white fish muscle was minced and rinsed in a low-salt phosphate buffer (0.05 mmol/L NaCl, 3.38 mmol/L NaH2PO4, 15.5 mmol/L Na2HPO4, pH=7.5) to remove water-soluble protein and other substances using a homogenizer (T18 digital ULTRA TURRAX, IKA, Germany) and a refrigerated centrifuge (Avanti J-26 XP, Beckman Coulter, CA, USA). Then the obtained pellets were extracted at 4℃ in a high salt phosphate buffer (0.45 mmol/L, pH=7.5). After centrifugation, the supernatant was poured into deionized water at 4℃ to precipitate MP. Finally, the precipitate (MP) was collected by centrifugation, then diluted with 0.6 M NaCl Tris-HCl (pH=7.5) buffer and kept in the fridge at 4℃ until further analysis. The MP concentration was determined using the Lowry method (Lowry et al. 1951), with serum albumin used as a standard.
2.3 Preparation of working solutions
MP was dissolved in phosphate buffer (10 mM, pH=7.5). CGA and QUE in absolute ethyl alcohol, respectively. Then they were diluted to 0.5 mM and stored in the dark. The final concentration of MP was 2 g/L and small molecule concentrations were diluted to 1, 3, 5, 7 and 9 mg/L. MP was treated with different concentrations of CGA and QUE in the following study.
[bookmark: OLE_LINK14][bookmark: OLE_LINK10]2.4 Fluorescence spectra measurements
Fluorescence spectroscopy was used to investigate the interactions of MP with CGA and QUE. The fluorescence emission spectra of MP were recorded in the presence of 0，5，10，15，20 μmol/L polyphenols using a fluorescence spectrophotometer (F-4600, Hitachi, Japan) at two different temperatures (296 K and 311 K). Samples were illuminated using an excitation wavelength of 280 nm and the resulting emission spectra were measured at the wavelength ranging from 290 nm to 450 nm. Synchronous fluorescence spectra were collected in 270-330 nm (Δλ=15nm) and 250-350 nm (Δλ=60 nm). Moreover, the fluorescence excitation-emission matrix (EEM) spectra were obtained with the excitation wavelength at 200-500 nm (every 2 nm).
In addition, all fluorescent spectra were corrected by subtracting the blank fluorescence (sample without protein) to avoid polyphenol interference. All the mixtures were balanced for 5 min before measurement. All analyses were carried out in triplicate.
To reveal the probable quenching mechanism between MP and polyphenol, the fluorescence quenching data were analyzed using the Stern-Volmer equation:
                 (1)
Where F0 and F are the fluorescence intensities of MP before and after addition of the quencher, respectively. KSV is the Stern-Volmer quenching constant (KSV=Kqτ0), which is determined by the linear regression of a plot of F0/F versus [Q]. Kq is the bimolecular quenching constant, τ0 (10-8 s) the average lifetime of fluorophore without the quencher, and [Q] the concentration of polyphenol.
[bookmark: OLE_LINK15][bookmark: OLE_LINK17]There were two types of fluorescence-quenching mechanisms: static (complex formation) and dynamic (collisional processes) (Liu et al. 2003). For the static quenching, the biding constant (Ka) and binding sites (n) of the interaction between the quencher and protein were calculated according to a double logarithmic equation (Gao et al. 2010; Liu et al. 2003):
               (2)
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]To further characterize the intermolecular forces between MP and polyphenol, thermodynamic parameters, such as enthalpy (ΔH°) and entropy(ΔS°), were calculated according to the Van’t Hoff equation (Liu et al. 2003; Gao et al. 2004)，ΔG was estimated from the Gibbs-Helmholtz equation (Buddanavar and Nandibewoor 2017):
                          (3)
                                   (4)
Where R and T are the gas constants (8.314 J mol−1 K−1) and the experimental temperature, respectively. Ka is the binding constant at a corresponding temperature (296 K and 311 K).
2.5 Particle size measurement
The particle size measurements were carried out using a Nanoseries ZS instrument (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK). The original mixed solutions including the MP and polyphenol were diluted 10-fold with acetate buffer before analysis. Each measurement was repeated three times on three separately prepared samples, and at least 12 runs were carried out for each measurement.
2.6 Circular Dichroism (CD) Spectra
The CD spectra of MP solution (1 mg/mL) containing 0, 5, 10, 15, 20 μmol/L polyphenol were recorded with a JASCO J-815 spectropolarimeter (JASCO, Japan Spectroscopic Co., Japan). An accumulation of five scans with a scan speed of 200 nm/min was performed at 25℃ and data were collected from 250 to 197 nm. The contents of the secondary structure were calculated using the Spectra Manager 2.1 software (JASCO, Japan) based on Yang’s study (Yang et al. 1986).
2.7 Statistical Analyses
All the experiments were conducted in triplicate and the statistical analyses were performed using SPSS version 19.0 for Windows (SPSS Inc., Chicago, IL). The statistical data processing, curve fitting and smoothing were performed using the software, OriginPro 8.5 (OriginLab Corp., Northampton, USA). Significant differences between the means (p < 0.05) were determined by the one-way ANOVA test followed by Tukey’s post-hoc test.

3. Results and Discussion
3.1 Fluorescence quenching of MP using CGA and QUE
Fluorescence quenching is defined as the decrease in the quantum yield of fluorescence from a fluorophore triggered by molecular interactions with a quencher molecule. It is an effective method for detecting conformation changes in proteins and complex formation, since protein alterations often lead to changes in the emission spectra of tryptophan (Lakowicz and Masters 1991). Fluorescence spectroscopy is an effective method for measuring protein conformational changes. The conformational changes of MP were evaluated by measuring the intrinsic fluorescence intensity of protein before and after adding the quenchers. Fluorescence measurements provide information about the molecular environment in a vicinity of the chromophore molecules. The excitation and emission bandwidths were both 5 nm. The temperature of the sample was kept by the recycled water throughout the experiment.
[bookmark: OLE_LINK24]The fluorescence emission spectra of MP were investigated with the interaction of different concentrations of CGA and QUE at 298K, which are represented in Fig. 1. Here, Fig. 1A and Fig. 1B illustrate the fluorescent spectra of MP in the absence and presence of increasing concentrations of CGA and QUE at 298K, respectively. The fluorescence signals of the MP continuously decreased after titration with rising concentrations of quenchers, which means that both CGA and QUE could interact with MP and quench its intrinsic fluorescence. As shown in Fig. 1A, there was a slight red-shift of MP fluorescence in the emission maximum wavelength from 329 nm to 335 nm, when the solution of CGA was added. This suggests that the binding of CGA was associated with the changes in the dielectric environment of MP, since the chromophore was placed in a more hydrophobic environment after the addition of CGA. In Fig. 1B, it was clear to see that the fluorescence intensity of the MP was quenched at varying degrees. But there was no significant difference observed for both peak position and peak amplitude in the fluorescence spectrum of MP after adding QUE, which means the new complex generated with lower fluorescence or non-fluorescence led to the occurrence of fluorescence quenching.
The fluorescence quenching of MP can be classified as either dynamic quenching or static quenching. Increase in temperature results in greater diffusion coefficient, thus it increases the dynamic quenching and Stern-Volmer constant (KSV). Nevertheless, higher temperature leads to the dissociation of weakly-bound complex which can decrease static quenching and the corresponding KSV. In order to investigate the mechanism of quenching of MP fluorescence induced by CGA and QUE, titration experiments were performed. 
When the titration was carried out at low concentration of protein, CGA and QUE were only partially bound to MP. The Stern-Volmer plots for CGA-MP and QUE-MP systems were obtained at 296 K and 311 K after treating the fluorescence quenching data according to Equation (1). The results are depicted in Fig. 2. The Stern-Volmer quenching constant (KSV) and the bimolecular quenching rate constant (Kq) obtained from the slopes of these plots are indicated in Table 1. Values of KSV of the CGA-MP system dropped with increasing temperature. That characterized the property of CGA which induced fluorescence quenching of MP as static quenching, and shows that there was a combination reaction that occurred between MP and CGA. The quenching style of CGA is in line with the finding reported by Yin et al., where the quenching of MP using gold nanoclusters occurred through the collisional mechanism. On the contrary, the value of KSV of the QUE-MP system rose with increasing temperature, thus the QUE induced quenching of MP belong to the dynamic fluorescence quenching. The calculated values of the bimolecular quenching rate constant (Kq) were found to be 5.562×1014 and 5.349×1014, 5.176×1014 and 5.760×1014 (296 K and 311K) for CGA-MP and QUE-MP reaction systems, respectively. Another indicator for the efficiency of quenching or fluorophore accessibility to the quencher has been suggested to fall in the range of 1012 or higher. From the above, it seems plausible to assume that static quenching and dynamic quenching are the mechanisms involved in fluorescence analysis of the CGA-MP and QUE-MP systems, respectively.
3.2 Binding parameters
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Assuming the independent bindings of different polyphenols to their binding sites on MP, values of the binding constant (Ka) and binding sites (n) of CGA-MP and QUE-MP interaction at different temperatures were obtained from fluorescence data according to Equation 2. Values of Ka and n obtained for CGA-MP and QUE-MP systems are presented in Table 2. The Ka values were found to be 1.02× 109 and 1.64× 109, 4.20×106 and 3.22×106 M−1 (296 K and 311 K), for CGA and QUE, respectively. Results indicate that the binding affinity of MP to CGA was stronger than that of MP to QUE. This could be explained by the difference of the polyphenol structures. Both molecules of CGA and QUE have phenolic hydroxyl, carbonyl group, alcoholic hydroxyl and phenyl ring. CGA has two phenolic hydroxyl groups and three alcoholic hydroxyl groups while QUE has four phenolic hydroxyl groups and one alcoholic hydroxyl group. Although they have the same number of hydroxyl groups, quercetin has two phenyl rings which resulted in a stronger steric-hindrance effect than CGA. Thus the binding affinity of MP to CGA is stronger, which makes it easier to form hydrogen bonds than that of QUE.
The decreased trend of the Ka value of the temperature also suggests that the CGA-induced quenching mechanism was static quenching. The values of Ka about the QUE-MP system fell within the range of 4.20-3.22× 106 M−1, which means there was moderate binding affinity between the QUE and MP. The increased trend in temperature of the Ka value of also indicates that the QUE-induced quenching mechanism was dynamic quenching. Both values of ‘n’ for CGA-MP and QUE-MP systems were found to show a downtrend with increasing temperature, which suggests that the complexation stability reduced as the temperature rose. Both binding site numbers of CGA and QUE were found to be close to 1.0, which shows the binding molar ratio of 1:1 between both polyphenols and MP.
[bookmark: OLE_LINK28][bookmark: OLE_LINK27]3.3 Thermodynamic parameters
[bookmark: OLE_LINK30][bookmark: OLE_LINK29][bookmark: OLE_LINK34][bookmark: OLE_LINK33][bookmark: OLE_LINK36][bookmark: OLE_LINK35]Thermodynamic measurements could help to determine the major binding forces between polyphenols and myofibril. The binding forces between polyphenols and the MP include hydrophobic forces, hydrogen bonds, electrostatic forces and Vander Waals’ interactions (Mansouri et al. 2018). The thermodynamic parameters, such as enthalpy change (ΔH), entropy change (ΔS) and free energy change (ΔG), depend on temperature, which could be determined to specify the noncovalent acting forces between MP and polyphenols. The ΔH and ΔS for the interaction between MP and polyphenols were calculated based on the van’t Hoff Equation 3 and the ΔG was obtained using the Gibbs-Helmholtz Equation 4. Therefore, the values of ΔH, ΔS and ΔG are presented in Table 3. For ligand–protein interaction, ΔH > 0, ΔS > 0 represent the hydrophobic interaction; ΔH < 0, ΔS < 0 exhibit hydrogen bonds and Vander Waals’ interactions; ΔH < 0, ΔS > 0 signify electrostatic forces (Peng et al. 2016). From Table 3, the negative values of ΔH and ΔS indicated that CGA may bind to MP by means of hydrogen bonds and Vander Waals’ interactions. Negative ΔH and positive ΔS showed that electrostatic forces contributed greatly to the interaction of QUE and myofibril. The negative values of ∆G revealed that the binding process in CGA-MP and QUE-MP reacting systems was spontaneous.
3.4 Synchronous fluorescence spectra
The synchronous fluorescence spectra are usually used to investigate protein conformations, which could monitor the microenvironment changes of fluorophores in the MP before and after binding with polyphenols. Changes of synchronous fluorescence spectroscopy fixing Δλ at 60 nm and 15 nm reflected changes of hydrophobicity of Spectra of Trp and Tyr residues, respectively (Wu et al. 2019). The shift of maximum emission wave-length (λem) corresponded to the polarity change surrounding the fluorophore molecule. Generally, blue-shift of λem suggests that the hydrophobicity environment around Tyr or Trp residues increased, while the red-shift of λem indicates the exposure of Tyr or Trp residues to a hydrophilic phase. Results of synchronous fluorescence spectra of all polyphenol and MP interacting systems are shown in Fig. 3. There was small blue shift tendency at the Δλ = 15 nm and a red shift tendency at Δλ = 60 nm for the λem of CGA-MP interacting system (Fig. 3A). That means the hydrophobic environment surrounding Tyr residue and the hydrophilic environment around the Trp residue of MP occurred upon interaction with CGA. Nevertheless, a slight red-shift λem of Trp was observed at Δλ = 60 nm (Fig. 3B), indicating that the hydrophilic environment around the Trp residue increased upon interaction with QUE. But there was no notable change of Δλ = 15 nm spectrum or any right or left shift at all. This implies that QUE affected the microenvironment of Trp residue with greater changes when compared with Tyr residue. These results indicate that there was significant deformation of the MP conformation when there was an interaction between polyphenols and MP.
3.5 Particle size analysis
The results about the particle sizes of CGA-MP and QUE-MP systems with various concentrations of CGA and QUE are displayed in Table 4. It could be seen that the particle size distribution in the QUE-MP system was strongly related to the changes of QUE concentrations, but the particle size distribution in the CGA-MP system was almost similar under various CGA concentrations. As seen in table 4, the average particle size of MP is almost 462.67±35.67 nm at 25 ℃, and the average particle size increased to 491.33±10.70 nm and 493.57±9.38 nm but without any significant difference (p>0.05), after adding 0.5×107 mol/L CGA and QUE, respectively. In general, the average particle size of polyphenol-MP complexes increased as the concentration of polyphenol solution rose. As the range of polyphenol concentration increased from 0.5×107 mol/L to 2×107 mol/L, the average particle size of CGA-MP changed from 491.33±10.70 nm to 524.13±67.68 nm but without any significant difference. However, the particle size of QUE-MP significantly increased from 493.57±9.38 to 597.2±23.37 (p<0.05).
3.6 Conformational changes investigated by Circular dichroism
The circular dichroism (CD) technique has been widely used for detecting secondary structure information, including α-helixes, β-sheets, β-turns and random coils (Niu et al. 2019). In the current study, the CD spectra of MP without or with CGA and QUE are presented in Fig. 4. The negative peak from 200 to 240nm is due to the α-helixes constituents in proteins (Mahdieh et al. 2013). The secondary structure contents of MP in the absence or presence of CGA or QUE were calculated using Jascow32 software. The α-helical percentage of free MP was 34.50% under the experimental conditions. It increased to 34.80% in the presence of QUE. The increasing α-helical content suggests that the binding of QUE within the hydrophobic cavity of the binding site partly strengthened the protein folding of the side chain. Further, the α-helical contents of MP increased to 37.60% in the presence of CGA. These results illustrate that the simultaneous effects of CGA and QUE could lead to changes of MP conformation, as the effect of CGA was greater than QUE, which is in accordance with the results obtained from synchronous fluorescence spectra.
3.7 Antioxidant and antimicrobial activities of CGA and QUE
It is well-known that freshness is one of the most important attributes that define the market value of fish, and several additives have been investigated to validate the effects of keeping the quality and freshness of fish, and prolonging the shelf-period. As the degradation of MP is one important factor influencing the quality deterioration of aquatic products (Lu et al. 2017; Ge et al. 2018), the interaction between two polyphenols (CGA and QUE) and MP were investigated in the current work, which might be related to antioxidant activities of these additives to fish muscle. As a model system, it could provide some basic framework for the application of polyphenols on real foods, such as cold snakehead fish (Cao et al. 2020) Pacific white shrimp (Qian et al. 2015), or chilled grass carp (Cao et al. 2019), etc. 
Furthermore, these additives also play a key role in antimicrobial activities during different processing and storage conditions. For example, the synergistic and additive interaction between QUE and common fish bacterial pathogens have been investigated (Prasad et al. 2014); and polyphenols have been found to be candidate antimicrobial agents for use with meat and meat products (Papuc et al. 2017). The interaction between polyphenols and bacterial cell membrane proteins might be the reason for enhancing the antimicrobial activity of antibiotics (Brvar et al. 2010). With the investigation on the binding mechanism of polyphenols and MP using multi-spectroscopic methods, the current study could also provide an avenue to investigate the antimicrobial activities of additives.

4. Conclusion
In the present study, the interactions of polyphenols with fish MP were investigated using mutispectroscopic techniques. The interaction between both polyphenols and MP were static quenching. The binding interactions of both QUE and CGA with fish MP were spontaneous complexation processes mostly formed by electrostatic forces, hydrogen bonds and Vander Waals’ interactions, respectively. Compared with QUE, CGA had a stronger binding ability and more binding sites for grass carp MP. The results of synchronous fluorescence spectra and Circular dichroism showed changes in the secondary structure, molecular microenvironment and the conformational changes of protein. The binding of polyphenols to MP is a crucial factor in the deep understanding of their freshness protection mechanism during freshwater fish storage, which could partly provide useful theoretical basis for freshwater fish processing and aquatic product storage.
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Figure legends:
Fig. 1. Effect of different quencher concentrations on the fluorescence spectrum of MP. Spectrum 1 refers to the fluorescence spectrum of MP (5 μM), while spectra 2–5 were obtained by adding increasing concentrations (5–30 μM with 5 μM intervals) of quenchers: CA (Fig. 2A) and QUE (Fig. 2B).
Fig. 2. Stern-Volmer plots of the fluorescence quenching of MP (0.05 mg/ml) in the presence of various concentrations of CGA and QUE at 298 and 311 K. (A): CGA; (B): QUE.
Fig. 3. Synchronous fluorescence spectra of the CGA-MP system and QUE-MP system. Spectra 1–5 were obtained by adding a series of increasing concentrations (10-7M) of quenchers: 0, 0.5, 1.0, 1.5, 2.0. Note: CA: A-Δλ = 15 nm and B-Δλ = 60 nm; QUE: C-Δλ = 15 nm and D-Δλ = 60 nm.
[bookmark: _GoBack]Fig. 4. CD spectra of MP (curve a, black), MP-QUE (curve b, blue), MP-CGA (curve c, red). CMP= 0.1mg/mL; CQUE = CCA = 1.0 × 10−7mol/L.



Table 1 Stern–Volmer quenching constants and bimolecular quenching rate constants for the interaction of polyphenol with MP at various temperatures.
	Polyphenols
	Temperatures T/K
	Stern-Volmer equation
	Ksv/
(L·mol-1)
	Kq/
(L·mol-1·s-1)
	R2

	CGA
	296
	F0/F=5.562×106［Q］+0.8458
	5.562×106
	5.562×1014
	0.9856

	
	311
	F0/F=5.349×106［Q］+0.9179
	5.349×106
	5.349×1014
	0.9856

	
	
	
	
	
	

	QUE
	296
	F0/F=5.176×106［Q］+0.9713
	5.176×106
	5.176×1014
	0.9848

	
	311
	F0/F=5.760×106［Q］+1.0061
	5.760×106
	5.760×1014
	0.9987




Table 2. Binding constants K and binding number n of polyphenol and MP at different temperatures
	Polyphenol
	Temperatures T/K
	Double logarithmic equation
	Ka/(L·mol-1)
	n
	R2

	CGA
	296
	lg［(F0-F)/F］=1.3466lg［Q］+9.0077
	1.02×109
	1.3466 
	0.9977

	
	311
	lg［(F0-F)/F］=1.2252lg［Q］+8.2145
	1.64×108
	1.2252 
	0.9928

	
	
	
	
	
	

	QUE
	296
	lg［(F0-F)/F］=0.9900lg［Q］+6.6230
	4.20×106
	0.9900 
	0.9908

	
	311
	lg［(F0-F)/F］=0.9628lg［Q］+6.5078
	3.22×106
	0.9628 
	0.9981




Table 3 Thermodynamic parameters for the binding of CGA/QUE with MP.
	System
	Temperature T/K
	ΔH/(kJ/mol)
	ΔS/(J/mol K)
	ΔG/(kJ·mol-1)   

	CGA-MP
	296
	-93.19
	-142.38
	-51.04

	
	311
	
	
	-48.91

	
	
	
	
	

	QUE-MP
	296
	-13.56
	80.99
	-37.53

	
	311
	
	
	-38.75




Table 4. Particle sizes and polydispersity index of CGA-MP and QUE-MP systems. Note: Different capital or lowercase means significant difference among different concentrations in the same group.
	Polyphenol Type
	CGA-MP
	QUE-MP

	Polyphenol Concentration/
（×10-7mol·L-1）
	Particle Diameter/nm
	Particle 
Diameter/nm

	0
	462.67±35.67a
	462.67±35.67C

	0.5
	491.33±10.70a
	493.57±9.38B,C

	1
	508.00±30.43a
	507.37±24.63B

	1.5
	513.73±40.99a
	531.73±8.82B

	2
	524.13±67.68a
	597.2±23.37A






Fig. 1. Effect of different quencher concentrations on the fluorescence spectrum of MP. Spectrum 1 refers to the fluorescence spectrum of MP (5 μM), while spectra 2–5 were obtained by adding increasing concentrations (5–30 μM with 5 μM intervals) of quenchers: CGA (Fig. 2A) and QUE (Fig. 2B). 

[image: E:\HZAU\Manuscript\2019\蛋白\演示文稿1_页面_2.jpg][image: E:\HZAU\Manuscript\2019\蛋白\演示文稿1_页面_1.jpg]Fig. 2. Stern-Volmer plots of the fluorescence quenching of MP (0.05 mg/ml) in the presence of various concentrations of CGA and QUE at 298 and 311 K. (A): CA; (B): QUE.
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Fig. 3. Synchronous fluorescence spectra of the CGA-MP and QUE-MP systems. Spectra 1–5 were obtained by adding a series of increasing concentrations (10-7M) of quenchers: 0, 0.5, 1.0, 1.5, 2.0. Note: CA: A-Δλ = 15 nm and B-Δλ = 60 nm; QUE: C-Δλ = 15 nm and D-Δλ = 60 nm.
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Fig. 4. CD spectra of MP (curve a, black), MP-QUE (curve b, blue), MP-CGA (curve c, red). CMP= 0.1mg/mL; CQUE = CCA = 1.0 × 10−7mol/L.
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Intensity


B
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