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单宁酸与人血清白蛋白互作的分子动力学分析和实验验证
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摘 要：本文通过荧光光谱、酶解和分子对接等技术研究了单宁酸（TA）与人血清白蛋白（HSA）之间的仿生作用力

和分子动力学模拟。结果表明，TA 与 HSA 的相互作用是一个典型的两阶段反应：快反应阶段（RRS）和慢反应阶段

（SRS）。在 25 ℃时，结合常数分别为 3.16×105 L·mol-1和 3.55×108 L·mol-1。荧光光谱表明 TA 对 HSA 的猝灭机理

是静态猝灭效应，且疏水力在 TA 与 HSA 相互作用过程中起着重要作用。基于 Förster 非辐射能量转移理论，确定

TA 的结合位点位于亚结构域 A 的疏水区域，TA 与人血清白蛋白 Trp212 之间的距离分别为 2.21 nm（RRS）和

1.97 nm （SRS）。疏水探针和酶解实验证实 TA 与 HSA 之间的相互作用分为两个独立的过程，包括快速反应中的瞬

时识别并耦合及慢速反应中的再匹配。本研究验证了TA与HSA的相互作用力，并阐明其反应过程，为植物多酚与

蛋白质互作模式的研究提供了参考依据。
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Abstract: This study examines the interaction between tannic acid (TA) and human serum albumin (HSA)  using fluorescence spec‐

troscopy, enzymolysis and molecular docking techniques. The results reveal  that the interaction process between TA and HSA could 

be regarded as a typical two-stage reaction: a rapid reaction stage (RRS) and a slow reaction stage (SRS). The binding constants at 

25 ℃ are determined to be 3.16×105 L·mol-1 and 3.55×108 L·mol-1, respectively. The analysis of the fluorescence spectra indicates 

that TA quenches HSA through a static quenching mechanism, with hydrophobic forces playing a significant role in the binding pro‐

cess. Based on the Förster non-radiative energy transfer theory, the binding site of TA is identified as the hydrophobic region of sub‐

domain A. The distance between TA and HSA Trp212 are measured to be 2.21 nm in RRS and 1.97 nm in SRS, respectively.  Hydro‐

phobic probe and enzymatic hydrolysis analysis, confirmed that the interaction between TA and HSA was divided into two indepen‐

dent processes, including instantaneous recognition and coupling in the fast reaction and rematching in the slow reaction. In conclu‐

sion, this study provides clarification on the interaction mechanism and reaction process between TA and HSA, thereby enhancing 

our understanding of the interaction  between plant polyphenols and proteins.
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0 Introduction 

Tannic acid (TA) is a hydrolysable tannin poly‐

phenol compound derived from plants. It forms in‐

teractions with proteins and polysaccharides through 

hydrogen bonding, electrostatic, coordinative bond‐

ing, and hydrophobic interactions. TA is widely uti‐

lized for its anti-cancer, anti-bacterial, and food anti‐

oxidant properties[1-3]. The ability to interact and 

bind with proteins is considered as the most crucial 

factor in generating biological effects[4-5]. TA is 

found in various foods, red wine and tea. However, 

tannins can also reduce the permeability of the hu‐

man intestinal wall and affect the digestion[6]. Addi‐

tionally, the complex formed by tannins and pro‐

teins interferes with the absorption and utilization of 

protein nutrients[7]. TA represents the fundamental 

functional unit of plant tannins, with its primary 

structure being glucose oligohydroxyl. Therefore, us‐

ing tannic acid as a model substance to study its in‐

teraction mechanism with proteins is representative 

and universally applicable. Human serum albumin 

(HSA) is a monomeric protein comprising 585 

amino acids, organized into three α -helical domains 

(I, II and III) containing two subdomains (A and B) 

within each α -helical domain[8]. One of the most im‐

portant biological functions of albumins is their abil‐

ity to transport endogenous and exogenous sub‐

stances[9-10]. HSA serves as a model protein which is 

extensively used to study interactions with small 

molecules[11-12]. It is also employed as a standard 

product to eliminate the influence of non-uniform 

structure.

Various methods have been employed to ana‐

lyze the tannin-protein complexes, including 

HPLC[13], UV-Vis[14], turbidimetry, electrophoresis[15], 

and infrared imaging spectroscopy[16-17]. Several mod‐

els and theories have been reported and discussed,  

such as the hydrophobic action and multi-point hy‐

drogen bonding theory[18], the selective rule of 

tannin-protein mutual recognition, the glove-hand ac‐

tion mode[19], the tannin-protein co-precipitation and 

precipitation mechanism[20]. In recent years, it has 

been proposed that the plant polyphenols approach 

the protein molecule surface through hydrophobic 

interactions, followed by the occurrence of multi-

point hydrogen bonding[21]. The extent of binding is 

influenced by the structure of polyphenols[22-23]. The 

rapid binding between polyphenols and peptides 

leads to the conformational changes in the synthe‐

sized peptides[24]. Among these theories, "the hydro‐

phobic action and multi-point hydrogen bonding 

theory" is the most popular, although research on its 

reaction process is limited. Therefore, this work 

aims to supplement a possible mechanism for the re‐

action process.

It is important to explore the interaction mecha‐

nism between TA and biological proteins to enhance 

nutrient absorption and promote human health. Plant 

tannins have glucosamine skeletons with hydroxyl 

groups attached to the periphery of different sugars. 

The structure of TA is the simplest, and if it under‐

goes two reaction processes, it is likely that other 

polyhydroxy tannins also undergo them. In fact, it is 

the interaction between hydroxyl groups and pro‐

teins. In this study, the binding process of TA to HSA 

was analyzed using fluorescence spectroscopy, dock‐

ing and molecular dynamics simulation. The relation‐

ship between the protein hydrophobic domain and 

polyphenols was investigated using the hydrophobic 

probe 2-P-toluidinylnaphthalene-6-sulfonate (TNS) 

and enzymatic hydrolysis, revealing that this interac‐

tion was based on the tertiary structure of protein. A 

possible mechanism of "conformational rematch" for 

this interaction is proposed in this work.

1 Materials and Methods 

1. 1　Apparatus　
All fluorescence analysis was conducted using 

the Hitachi F-4500 spectrofluorometer. The absorp‐
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tion spectrum was obtained by using the Hitachi 

UV-2010 spectrophotometer. The pH values were 

measured by using the Inolab digital pH meter.

1. 2　Materials and main reagents　
Hepes (N-(2-hydroxyerhyl) piperazine-2-erhane‐

sulfonic acid) was  obtained from Kermel Chemical 

Reagent Co, Ltd. (Tianjin, China), while TA and 

TNS were acquired from Sigma Co, Ltd. (St. Louis, 

MO, USA). Additionally, HSA was sourced from 

Solarbio Co., Ltd. (Beijing, China). All of chemicals 

used in this study were of analytical grade.

1. 3　Docking procedure　
The crystal structure of HSA (1N5U) was ob‐

tained from the Protein Data Bank (https://www.rcsb.

org/pdb). The original crystal structure of HSA was 

processed using Auto Dock Tools 4.2.6. This in‐

volved removing non-polar molecules, adding all hy‐

drogen atoms, and preserving the original charge of 

OVA before exporting it as a. pdbqt file. The 3D 

structure of TA was drawn using ChemOffice 18.0, 

which was further processed with Auto Dock Tools 

1.5.6 to Generate a. pdb file for the docking study. 

The protein-ligand complexes with the lowest ener‐

gies were selected as experimental models. The 

docking conformations of these complexes were 

then examined using PyMol.

1. 4　Molecular dynamics simulation　
A molecular dynamics simulation was con‐

ducted according to the procedure reported by Fani 

et al[25] with some modifications. A 10 ns molecular 

dynamics simulation was performed using the Gro‐

macs 2019 software package. The CHARMM36 

force field was used, and the topology file and 

small molecule charge were generated using the 

website https://cgenff. paramchem. org/. A dodecahe‐

dron box was selected and filled with solvent before 

undergoing energy minimization and optimization. 

Following the energy minimization process, an 

isothermal-isobaric ensemble (NPT) simulation was 

performed. This involved applying a constant pres‐

sure of 101.325 kPa at a constant temperature of 

300 K for a duration of 100 ps. Finally, a 10 ns mo‐

lecular dynamics simulation was performed.

1. 5　Preparation of samples　
A 2 mL solution of human serum albumin 

(HAS) with a concentration of 5×10−6 mol·L−1 was 

subjected to titration by a solution of tartaric acid 

(TA) at a pH of 7.4 at room temperature. A 10 mL 

aliquot of HSA solution were mixed with an appro‐

priate amount (0~250 μL) of 1×10−6 mol·L−1 TA so‐

lution in volumetric flask to the final concentration 

of 5×10−6 mol·L−1. Then it was shaken and equili‐

brated for 24 h at 25 ℃ and 37 ℃, respectively.

For the fluorescence measurements, an excita‐

tion wavelength of 295 nm was used with the exci‐

tation, and emission slits set at 10 nm each. The 

fluorescent spectrum was recorded in the range of 

300 to 600 nm. All solutions were prepared using  

0.01 mol·L−1 Hepes buffer solutions (pH 7.4) to 

maintain the ionic strength, a 0.1 mol·L−1 sodium 

chloride (NaCl) solution was employed. Further‐

more, all solutions were prepared using Ultra-pure 

water obtained from a Milli-Q water purification 

system and stored at 4 ℃.

1. 6　SDS-PAGE analysis　
HSA and TA were mixed with ratio of 1∶ 0.2 

for 1 h, 3 h, 9 h and 16 h, and the compounds were 

incubated with 0.1 mg·mL−1 trypsin at 37 ℃ for 40 

min. Then the incubation mixtures were separated 

by Sodium dodecyl sulfate polyacrylamide gel elec‐

trophoresis (SDS-PAGE) with a separating gel com‐

posing of 10% acrylamide[26]. Then the gels were 

stained in the fluorescent gel stain solution, and 

were washed with sterile deionized water, photo‐

graphed and analyzed.

1. 7　Statistical analysis　
Analyses of variance and regression equations 

were performed using SASv9.

2 Results and Discussion 

2. 1　 Molecular docking and co-acting forces in 
the HAS-TA complex　

It has been reported that, the II A and III A in 

HSA are the most common binding sites[27-28]. The sta‐
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bility of a ligand-protein complex is directly corre‐

lated with its binding affinity, with lower energy val‐

ues indicating stronger stability. As depicted in the 

Fig. 1(b), the conformation with the lowest binding 

energy (-12.6 kcal·mol−1), which suggested the for‐

mation of a stable complex between TA and HSA.

Given the presence of numerous hydroxyl 

groups in TA, hydrogen bonding plays pivotal role 

in the interaction between TA and HSA. Seventeen 

hydrogen bonds were identified in the docking 

model (Fig. 1(a)), including Tyr148 (2.6 Å), Tyr150

(2.4 Å), Arg160 (2.8 Å), Glu188 (2.8 Å), Lys199 

(1.8 Å), Trp214 (2.5 Å), Arg218 (2.3 Å), Gln221 

(2.3 Å), Arg222 (2.2 Å), Arg257 (2.6 Å), His242 

(2.0 Å), Ala261 (2.5 Å), Glu292 (2.7 Å), Asn295

(2.4 Å), Lys444 (2.6 Å), Asp451 (1.9 Å), and 

Ser454 (2.3 Å). Additionally, π - π stacking occurred 

in TA harboring rich benzene rings and HSA con‐

taining phenyl amino acids (Tyr452, Phe156, 

Phe157, Phe149, Tyr150, Phe223, Phe211). In sum‐

mary, the binding of HSA-TA is facilitated by hy‐

drogen bonding, π - π accumulation and hydrophobic 

interactions, ultimately leading to structural modifi‐

cations in HSA.

2. 2　Molecular dynamics simulation　
The dynamics analysis of the binding between 

TA and HAS was conducted using molecular dy‐

namics simulation. The conformational changes of 

HSA were assessed by calculating parameters such 

as root mean square deviation (RMSD), root mean 

square fluctuation (RMSF) and radius of gyration 

(Rg). The RMSD is a statistical measure that de‐

scribes conformational deviations, and reflects the 

stability of the system. On the other hand, RMSF is 

employed to investigate the flexibility of protein resi‐

dues by means of residue analysis. As shown in Fig. 

2(a), the RMSD value exhibited the fluctuations 

throughout the whole simulation process of HSA-TA 

complex, suggesting the formation a stable complex 

and a tendency towards system stability. However, 

the RMSF value of amino acid residues 120-130, 

180-200 and 290-310 in the HSA-TA system was 

significantly higher than that in the HSA system, in‐

dicating that the binding of HSA-TA had a greater 

impact on amino acid residues at these sites (Fig. 2

(b)). Additionally, the Rg value was utilized to mea‐

sure the compactness of the HSA structure. A higher 

Rg value indicates, a looser structure. As illustrated 

in Fig. 2(c), the Rg value of the HSA-TA complex, 

generally exceeded that of the HSA, implying that 

the interaction between TA and HSA led to the exclu‐

sion of amino acid residues, thereby disrupting the 

spiral and folded structure, and resulting in an ex‐

panded system.

2. 3　Influence of reaction time　
Previous studies have reported that the interac‐

tions between polyphenols such as ellagic acid (EA), 

epigallocatechin gallate (EGCG), epicatechingallate 

(ECG) and gallic acid (GA) and HSA involve only 

one rapid reaction stage (RRS)[9,29]. In this study, we 

aimed to investigate the stability of the reaction 

time between TA and HSA, by  monitoring the fluo‐

rescence spectrum curve over a period of 24 h. As 

shown in Fig. 3(a), the fluorescence of the HSA-TA 

Fig.  1　Molecular docking between HSA and TA

(a) Hydrogen bonding between HSA and TA; (b) The model of interaction between HSA and TA
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complex exhibited changes over time, revealing the 

presence of two distinct reaction stages: the RRS 

and the slow reaction stage (SRS). Upon addition of 

TA to the HSA solution, an immediate decrease in 

fluorescence intensity occurred, followed by a 

gradual decrease after a stabilization period of 1.5 

hours, eventually reaching equilibrium.

2. 4　Fluorescence spectrum analysis of HSA-TA
Titration and interaction experiments were con‐

ducted to analyze the interaction process between 

TA and has. It was observed that TA exhibited  

minimal fluorescence at 345 nm when excited at a 

wavelength of 295 nm. Therefore, the emission fluo‐

rescence detected at 345 nm solely originated from 

HSA intrinsic contribution unaffected by TA. 

As shown in Fig. 3(b), the fluorescence of 

HSA at 345 nm was quenched by TA gradually, and 

the similar result was observed at 37 ℃, which indi‐

cated that the conformation of HSA might have 

been changed. Additionally, a red shift  in the maxi‐

mum emission of wavelength of HSA was found 

upon the addition of TA (Fig. 3(c)). Notably, the im‐

pact of TA on HSA fluorescence was observed 

within a range of specific concentration. Specifi‐

cally, it was observed that the protein endogenous 

fluorescence was quenched when the TA concentra‐

tion was below 4×10−6 mol·L−1. Conversely, a sig‐

nificant red shift in the protein's fluorescence spec‐

trum peak occurred when the concentration ex‐

ceeded 4×10−6 mol·L−1. These findings indicate 

that the binding process of TA resulted in a transi‐

tion of the tryptophan environment from hydropho‐

bic to hydrophilic, suggesting a significant alteration 

in protein conformation dependent on TA concentra‐

tion.

2. 5　Quenching mechanism　

In general, the differentiation between dynamic 

and static quenching is based on the regulation of 

temperature. Therefore, the fluorescence spectra of 

TA to HSA quenching were examined at the tem‐

perature of 25 ℃ and 37 ℃. Subsequently, the Stern-

Volmer curves of TA with HSA were constructed. It 

was observed that the Stern-Volmer plots were ex‐

hibited linearity, with the slopes of decreasing as 

the temperature increased. Furthermore, the results 

obtained after a 24 h of interaction were consistent 

with those obtained through titration methods. This 

preliminary evidence proved the  existence of a 

static quenching interaction between TA and HSA.

To further elucidate the mechanism of fluores‐

cence quenching, the fluorescence quenching data at 

temperatures of 298 K and 310 K were analyzed us‐

ing the classical Stern-Volmer equation[30], as de‐

picted in Figure 4(a).

F0

F
= 1 + Kqτ0 [ Q ]= 1 + KSV [ Q ] , (1)

where, F0 and F are the fluorescence intensity in the 

absence and presence of quencher (TA), respectively. 

Kq, Ksv, τ0 and [Q] are the quenching rate constant of 

the biomolecule, the dynamic quenching constant, 

the average lifetime of the biomolecule without 

quencher and the concentration of quencher, respec‐

tively. Because the fluorescence lifetime of the bio‐

macromolecule is 10−8 s[31], Ksv is the slope of the lin‐

Fig.  2　The molecular dynamics simulations of HSA and HSA-TA

(a and b) RMSD and RMSF of free HSA and HSA-TA complex from 10 ns of molecular dynamics simulations; (c) Rg of free HSA 

and HSA-TA complex structural superposition of HSA at pecific time from 10 ns molecular dynamics
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ear regression equation (Fig. 4(a)). According to 

equation (1), the quenching constant Kq can be calcu‐

lated and is listed in Table 1.

2. 6　Binding constant and binding site analysis　
For static quenching, the following equation 

was employed to calculate the binding constant and 

the number of binding sites[33]:

lg F0 - F
F

= lg KA + n lg [ Q ] , (2)

where, KA and n are the binding constant and the 

number of binding sites, respectively. Thus, a plot 

of lg [( F0 - F )/F ] versus lg[ ]Q  can be used to 

determine KA and n in Fig. 4(b).

The data of KA and n values were presented in 

Table 2, indicating the presence or approximately  

one binding site during the RRS, and nearly two 

binding sites during the slow reaction stage. How‐

ever, the temperature demonstrated minimal influ‐

ence on the binding constant (KA) of TA and HSA. 

Notably, the binding constants and binding sites ob‐

served during the 24-h interaction (SRS) were 

higher than those observed during titration (RRS) 

(Table 2), signifying an increased binding strength 

between TA and HSA following the slow reaction 

stage. This suggests that HSA is more readily able 

to bind additional TA molecules after the initial 

binding event.

2. 7　 Thermodynamic evaluation of the interac⁃
tion between TA and HSA　

The interactions between a drug and a biomol‐

ecule are primarily comprised of weak forces, in‐

cluding hydrogen bond formation, van der Waals 

forces, electrostatic forces, and the hydrophobic in‐

teraction. It has been noted that the determination of 

these interaction forces can be achieved through 

consideration of the thermodynamic parameters. Spe‐

cifically, △H > 0 and △S > 0 implies hydropho‐

bic interaction; △H < 0 and △S < 0 reflects the 

Table 2　The binding constants, the binding sites number of 

quencher

T/℃
25(RRS)

37(RRS)

25(SRS)

37(SRS)

KA /(L·mol-1)

3.16×105

9.46×105

3.55×108

6.92×108

n

0.86

1.02

1.52

1.58

R2

0.992 8

0.985 2

0.991 7

0.982 5

Fig.  3　The fluorescence studies of interactions between HSA and TA

(a) Fluorescence plot. [HSA] =5×10-6 mol·L-1, HSA∶TA=1∶0.2. (b) The fluorescence quenching spectrum of 5×10-6 mol·L-1 

HSA (pH=7.4, λex=295 nm, T=25 ℃). [TA] / mol·L-1 (curve 1—9) : 0; 3.0×10-7; 7.0×10-7; 1.4×10-6; 2.0×10-6; 3.0×10-6; 4.0×10-6; 

5.6×10-6; 8.5×10-6. Curve10: the fluorescence of TA. [TA] =5×10-6 mol·L-1. (c) The curve of the decreasing fluorescence of HSA 

at 345 nm. (1) The red shift of the maximum emission wavelength of HSA (2) the effect of TA on the fluorescence of HSA 

Table 1　The dynamic quenching constants, the quenching 

rate constant of biomolecule

T/℃
25(RRS)

37(RRS)

25(SRS )

37(SRS )

Ksv /(L·mol−1)

2.98×106

2.17×106

6.06×105

5.52×105

Kq /(L·mol−1·s−1)

2.98×1014

2.17×1014

6.06×1013

5.52×1013

R2

0.994 2

0.998 2

0.995 0

0.991 2

Note：It can be noticed that the magnitude of the quenching 

constants Kq is in the range of 1013—1014.  However， the maxi‐

mum scatter collision quenching constant of Kq of various 

quenchers with the biopolymer is 2×1010 L·mol-1·s-1［32］.  Ac‐

cordingly， it implies that the quenching is a process of static 

quenching process， originating from the formation of a com‐

plex of HSA and TA.
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van der Waals force or hydrogen bond formation[34]. 

The thermodynamic parameters can be obtained 

from the following equations and the results were 

shown in Table 3:

ln k2

k1
= ( 1

Τ1
- 1

T2 ) ΔH
R

 , (3)

ΔG =-RT ln K , (4)

ΔG = ΔH - TΔS . (5)

It can be concluded that the interaction be‐

tween TA and HSA is thermodynamically spontane‐

ous. The thermodynamic parameters (ΔH and ΔS) 

as shown in Table 3, are higher than zero, indicat‐

ing that the predominant forces between TA and 

HSA are mainly hydrophobic forces. However, it's 

unavoidable that multi-forces may take part in the 

interaction at the same time, owing to the intricate 

structure of HSA and TA, which further comple‐

ment and validate the results from molecular dock‐

ing and molecular dynamics simulation analysis.

2. 8　Transferring energy between TA and HSA　
According to Förster non-radiative energy trans‐

fer theory[35], HSA functions as a donor and exhibits 

strong intrinsic fluorescence. The Fig. 4(c) demon‐

strates the efficient energy transfer that takes place 

between TA and HSA, due to the considerable spec‐

tral overlap between the fluorescence emission spec‐

trum of HSA (2) and the UV absorption spectrum 

of TA (1).

The energy transfer effect is related not only to 

the distance between the acceptor and the donor, but 

also to the critical energy transfer distance. The rela‐

tion among these factors is:

E = R6
0

R6
0 + r 6  , (6)

where, r is the distance between the acceptor and 

the donor, and R0 is the critical distance when the 

transfer efficiency is 50%, in turn, which can be cal‐

culated by:

R6
0 = 8.8 × 10-25 K 2ΦNJ , (7)

where, K2 is the spatial orientation factor of the di‐

poles, Φ is the fluorescence quantum yield of the 

donor, N is the refractive index of the medium, and 

J is the overlap integral of the fluorescence emis‐

sion spectrum of the donor and the absorption spec‐

trum of the acceptor. So J can be calculated using 

the following formula:

J = ∑F( λ )ε( λ )λ4Δλ

∑F( λ )Δλ
 , (8)

where F( λ ) is the fluorescence intensity of the fluo‐

rescent donor at wavelength λ , and ε ( λ ) is the molar 

absorptivity at the acceptor wavelength λ . The ener‐

gy transfer efficiency is given by:

E = 1 - F
F0

 , (9)

where， J can be evaluated by integrating the 
spectra in Fig.  4（c） and Eq.  （8） for λ= 260-560 nm 
and can be 1. 11×10-14 cm3·L·mol-1.  Under these ex⁃
perimental conditions， we found a characteristic dis⁃
tance of R0 = 2. 60 nm， using K2 = 2/3， N = 1. 336， 
Φ = 0. 15［36］.  The energy transfer effect E is 0. 73 
（RRS） and 0. 84 （SRS） from Eq.  （9） and the maxi⁃
mum distance between TA and tryptophan residue in 
HSA， Trp212 was 2. 21 nm （RRS） and 1. 97 nm 
（SRS）.  This confirms that the energy transfer be⁃
tween TA and HSA contributes to the decrease of 
HSA fluorescence intensity.  The binding site for TA 
may be in a hydrophobic region in the sub-domain 
IIA of HSA.  After interaction for 24 h， the distance 
between TA and tryptophan in HSA decreased， indi⁃
cating that the combination of TA and HSA was 
strengthened.  It clearly suggested that the slow reac⁃
tion stage is more stable than the reaction stage.
2. 9　Analysis of the binding process using hydro⁃
phobic fluorescence probes

TNS is considered as one of most important 

hydrophobic fluorescent probes in the field of pro‐

tein research[37]. Upon excitation at a wavelength of 

322 nm, the HSA-TNS complex exhibited a strong 

intensity in fluorescence with the maximum emis‐

sion at about 440 nm (Fig. 5). This observation indi‐

Table 3　The values of thermodynamic parameters

Mode

titration

interact 24 h

△G /

( kJ·mol−1)

−24.53

−36.97

△H /

( kJ·mol−1)

268.83

147.39

△S /

( J·mol−1·K−1)

984

619
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cates that TNS binds to the hydrophobic region of 

the protein. Furthermore, the addition of TA 

quenched the fluorescence of HSA-TNS, which af‐

fected the hydrophobic environment of TNS.

In addition, the fluorescence was rapidly 

quenched when the ratio of TA: HSA-TNS was 

ranged from 0-1, followed by a gradual decline be‐

yond that ratio. This phenomenon indicated that the 

interaction between TA and HSA does not com‐

pleted in one step. TA and HSA do not reach the 

goal in one step, and it has a slow process of re-

matching, which was consistent with the previous 

report[38].

2. 10　 Interaction analysis of TA and HSA using 
the enzymolysis method　

To further investigate the interaction between 

HSA and TA, we employed the SDS-PAGE analysis 

method. The HSA-TA complex formation process 

was enzymatically treated with trypsin to assess the 

digestibility of trypsin with respect to the duration 

of interaction between TA and HSA. As depicted in 

Fig. 6, after 16 h of interaction between HSA and 

TA, trypsin basically could not digest the com‐

pounds formed by HSA and TA, which suggested 

that the interaction between TA and HSA was not 

achieved instantaneously, and the protein complex 

structure became more stable after the RRS and 

slow reaction. In a study conducted by Adrian et al. 

In 2022 tannins were found to rapidly bind to short 

peptides and synthetic peptides resulting in confor‐

mational changes in the synthetic polypeptides. So, 

they concluded that the mechanism of interaction 

could be TA combined instantaneously with pro‐

tein[39]. However, after the binding of TA to protein, 

the conformation of the protein changed gradually 

to make the binding sites tighter, which could gener‐

ate a more stable complex. It revealed that rematch‐

ing of hydrogen bond donors and acceptors, as well 

Fig. 4　Fluorescence quenching mechanism of interactions between HSA and TA

(a) Stern-Volmer Plots for the quenching of HSA by TA, λex=295 nm, at 25 ℃ and 37 ℃; (b) Plots of lg [(F0-F)/F] versus lg [TA]. 

λex=295 nm, at different temperatures (25 ℃ and 37 ℃); (c) (1) Overlap of the absorption spectra of TA; (2) the fluorescence

emission spectra of HSA. [HSA]: 5×10-6 mol·L-1, [TA]: 5×10-6 mol·L-1, in 0.05 mol·L-1 Hepes, λex=295 nm, T=25 ℃

Fig. 5　The binding process between TA and HSA-TNS

(a) The fluorescence quenching spectrum of TA to HSA-TNS at λex=322 nm, pH 7.4; [TA] / mol·L-1 (curve 1-6): 0, 2.5×10-6, 

5×10-6, 1×10-5, 1.5×10-5, 2×10-5; Curve 7 is the fluorescence of HSA without TNS. [HSA] = 5×10-6 mol·L-1. (b) The curve of the 

decreasing fluorescence of HSA-TNS at 440 nm when various concentrations of TA were added
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as hydrophobic regions was occurring between TA 

and the protein, and it was a relatively slow process.

3 Conclusion 

In this study, we investigated the nanoscale bio‐

inspired interaction analysis of TA and HSA using 

fluorescence spectroscopy, molecular docking and 

dynamic modeling. Our findings highlight the sig‐

nificant role of hydrogen bonding during the interac‐

tion process between TA and HSA. We observed 

that the binding ability is similar to that of casein, 

which containing about 16% proline, although HSA 

contains about 4% proline. Furthermore, we ob‐

served an enhancement in binding ability with an in‐

crease in the molecular weight of polyphenol. In ad‐

dition, our results suggest that the selectivity of TA 

towards proteins is influenced by variables such as 

the molecular weight of proteins, proline content, 

protein structure and pI value. It is worth noting 

that while the emphasis has traditionally been on 

the composition of amino acids in the primary struc‐

ture of proteins, our study underscores the impor‐

tance of hydrophobic structures formed in the sec‐

ondary and higher structure of the protein. The re‐

sults indicate that hydrophobic interactions play a 

pivotal role in this type of interaction, accompanied 

by the synergistic effects in the formation of hydro‐

gen bonds. Based on the kinetic model of plant 

polyphenols-protein reaction, we propose a two-step 

process: first, a rapid combination through hydro‐

phobic action and hydrogen bonding, second, fol‐

lowed by further conformational changes and re‐

matching, resulting in the fluorescence quenching of 

the protein. Notably, this study presents, for the first 

time the "conformational mismatch" hypothesis of 

the interaction between TA and HSA, providing 

valuable insights into the interaction between poly‐

phenolic compounds and protein biomolecules.
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