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The primary objective of this study was to investigate the binding of buddleoside to bovine serum albumin (BSA) by different 
analytical techniques. The analytical principles of affinity capillary electrophoresis (ACE) and fluorescence spectroscopy used in the 
experiments were different. Mobility (M) that is independent of viscosity of the operating buffer and voltage was chosen to eliminate 
the effects of electroosmotic flow (EOF) in ACE and was applied to estimate the binding constant Ka. The quenching constant Ksv, 
binding site number n and binding constant Kb were provided by the fluorescence quenching method. After data analysis of the 
fluorescence quenching process, it can be seen that the quenching of BSA by buddleoside is a static quenching method. The binding 
constants between buddleoside and BSA obtained from ACE and fluorescence spectra were 1.218×105 and 1.1915×105, respectively. 
According to the thermodynamic parameters of ∆G, ∆H and ∆S, it can be inferred that Van Der Waals force and hydrogen bonding 
force exist in the interaction between buddleoside and BSA. This study can provide a reference for the study of the transport and 
function mechanism of buddleoside in vivo.
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INTRODUCTION

After entering the blood circulatory system, drugs will be 
stored and transported by plasma to reach the target tissue and 
exert efficacy.1 Serum albumin is the most abundant carrier 
protein in plasma and the major soluble protein constituents of the 
blood circulation.2 So, the mechanism studying of the interaction 
between drugs and serum albumin is helpful to understand the 
transportation and distribution of drugs in vivo on the molecular 
level. Human serum albumin (HSA) usually play an important role 
in the pharmacokinetics and toxicokinetics.3 It has been reported 
that HSA can interact reversibly with a variety of exogenous and 
endogenous substances, including drugs.4 Bovine serum albumin 
(BSA) is composed of 583 amino acid residues. It has three domains: 
domain I, II, and III. Each domain has two subdomains, A and B. 
The two main drug-binding sites (site I and site II) are located in 
the subdomain IIA and the subdomain IIIA, respectively.5-7 BSA 
is one of the most widely studied proteins because of its structural 
homology with HSA.8-11

Buddleoside is a major biological active substance derived from 
the traditional Chinese herbal medicine called Chrysanthemum 
indicum.12,13 The structure of buddleoside is shown in Figure 1. 
Buddleoside is a kind of flavonoids in Chrysanthemum indicum, with 
anti-inflammatory, analgesic, sweating, lowering blood pressure, anti-
stress, anxiety, antipyretic and so on.14-16 At present, there are many 
studies on buddleoside,17,18 but no any research on the interaction 
between buddleoside and serum albumin.

In this paper, affinity capillary electrophoresis (ACE) and 
fluorescence spectroscopy were used to study the spectral 
characteristics about the binding interaction between buddleoside and 
BSA in detail. The data of the study showed that the binding constants 
and the binding sites numbers obtained by the two analytical methods 
were very similar. The results can provide theoretical support for the 
research of medicinal mechanism of buddleoside.

EXPERIMENTAL PART

Instrument

The ACE experiment was performed on a Beckman P/ACE 
MDQ system with a photodiode array detector. Data collection and 
analysis was done with Beckman 32 Karat software (version 7.0). 
An uncoated fused silica capillary (Yongnian reafine chromatograph, 
China) of 64.5 cm (54 cm of effective length) x 75 μm (i.d.) was 
used. The fluorescence spectroscopy experiments were performed 
by using the F-4600 type Fluorescence Spectrophotometer (Hitachi 
High-Technologies Co., Ltd., Tokyo, Japan). During the experiment, 
PHSJ-4A measuring instrument (Shanghai Precision & Scientific 
Instrument Co., Shanghai, China) was applied to determine different 
pH.

Chemicals and solutions

Buddleoside and BSA were purchased from Shanghai Yuanye 
Biotechnology Company (Shanghai, China) and Shanghai Aladdin 

Figure 1. The molecular structure of buddleoside
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Biotechnology Co., Ltd. (Shanghai, China), respectively. Both borax 
and boric acid were bought from Sigma (St. Louis, Missouri, USA). 
The other reagents used in the experiments were of analytical grade.

The pH of the borate buffer containing 30 mmol L-1 borax 
was adjusted to 8.8 with 100 mmol L-1 boric acid. The 1 mmol L-1 
buddleoside stock solution was prepared in DMSO and the 
100 μmol L-1 BSA stock solution was dissolved in 30 mmol L-1 
borate buffer. During the ACE, the sample solution was diluted to 
100 μmol L-1 with borate buffer solution prior to each injection. 
DMSO was chosen to label EOF which is a cationic sheath formed 
on the inner wall of the capillary tube. EOF can drive the whole 
fluid in the capillary tube to the cathode. Experimental BSA solution 
(0-10 μmol L-1) was prepared by diluting BSA stock solution with 
borate buffer containing 0.05 mol L-1 glycine (Gly). During the 
fluorescence measurement, the BSA and NaCl concentrations were 
keeped at 2 μmol L-1 and 0.1 mol L-1 in 30 mmol L-1 borax buffer 
solution (pH=8.8), respectively. At the same time, the ratios of the 
concentration ratios of buddleoside to BSA were 0, 3, 5, 7, 8, 9 and 
10, respectively. All solutions needed to be filtered through 0.22 μm 
filters and stored refrigerator at 4 °C before experiments.

Procedures

New capillaries were rinsed with 1 mol L-1 NaOH for 5 min, 
washed with water for 10 min and conditioned with borax buffer for 
15 min before use. To improve great peak shape and reproducibility, 
the capillary was rinsed sequentially for 3 min by NaOH, water and 
buffer.

In the ACE analysis, analytes were detected at 334 nm and 
injected by applying a pressure of 0.5 psi for 5 s. The operating 
voltage was set to 15 kV. The electrophoresis was performed with 30 
mmol L-1 borate buffer (pH 8.8, 0.05 mol L-1 Gly) including different 
concentrations of BSA (0-10 μmol L-1). In order to eliminate the 
effect of BSA adsorption on the inner wall of the capillary, Gly, an 
amphotericion, was added to compete with BSA. Besides, the BSA 
concentration was low (0 to 10 μmol L-1) in this study. In fluorescence 
experiments, 2 μmol L-1 BSA solution was titrated with different 
buddleoside concentrations (0, 6, 10, 14, 16, 18, 20 μmol L-1). 
Fluorescence spectra were recorded at 298 K and the scanning 
wavelength range was 290-600 nm. The excitation wavelength was 
set at 280 nm. Emission and excitation slits were 10 nm.

RESULTS AND DISCUSSION 

Theory of the estimation of binding constants by ACE method

In the research of drug and protein interaction, drugs or the 
protein can be added into the ACE running buffer. In this experiment, 
considering the cost of the experiment, BSA was added to the buffer 
solution as an additive, and the drug concentration was used as a 
fixed amount. The drug and serum albumin are assumed to be a 1: 
1 combination. The following equation represents the drug-serum 
albumin binding reaction.19,20

 D + P = DP
 Ka = [DP]/[D][P] (1)

where [D], [P], [DP] represent the concentrations of the drug, serum 
albumin and drug-protein complex, respectively. Equation (2) is used 
to calculate Ka.21

 1/∆μD
P = [1/(Ka × ∆μmax) × 1/c(P)] + 1/∆μmax

	 ∆μD
P = μD

P – μD (2)

where μD
P and μD represents the electrophoretic mobility of drugs in 

the presence and absence of protein. ∆μmax = μDP – μD , where μDP is 
the mobility of the complex. Linear graphs were obtained by plotting 
1/∆μD

P against 1/c(P). Therefore, the binding constant can be calculated 
from the intercept/slope. However, the analysis method has limitations 
due to the protein added to the buffer. Protein adsorption onto the 
capillary wall can cause problems in separation and loss of protein and 
drug. The buffer viscosity and EOF varies as the protein concentration 
changes and causes a difference in Ka.22 In order to minimize this 
phenomenon, the mobility ratio (M) was introduced.23 M has proven 
to be independent of operating voltage and buffer viscosity, so it 
can estimate Ka more accurately. The following formula shows the 
calculation of M.24

 M = (μeo + μD
P)/μeo = teo/tD

P + 1 (3)

where teo represents the migration time of the EOF and tD
P represents 

the migration time of the analyte. Therefore, the Scatchard equation 
is corrected to the following equation (4).25

 1/∆MD
P = [1/(Ka × ∆Mmax) × 1/c(P)] + 1/∆Mmax

	 ∆MD
P = MD

P – MD, ∆Mmax = MDP – MD (4)

where MD
P and MD represent the mobility of the drug in the presence 

and absence of the protein, respectively. MDP represents the mobility 
of the complex. In this study, Scatchard analysis is carried out with 
equation 4, and Ka is obtained by linear fitting. 

Measurement of the drug/BSA binding constant by ACE 

Peak time of buddleoside (tD
P) and DMSO (tR) are listed in 

Table 1. At 298K, with the change of BSA concentration, the 
electrophoretograms of the complex formed by buddleoside and BSA 
is shown in Figure 2. From Table 1 and Figure 2, it can be seen that 
with the increase of BSA concentration, the peaks of buddleoside 
and DMSO shift to the right. Due to the complexation between 
buddleoside and BSA, the m/z of the complex increases and the peak 
time of the complex is later than the uncomplexed form. With the 
increase of BSA concentration, the peak pattern of the buddleoside 
is gradually asymmetric. At different temperatures, the Scatchard 
equation and Ka calculated from the intercept and slope ratios of 
buddleoside and BSA are shown in Table 2. The binding constant 
Ka decreased from 1.218 × 105 to 2.330 × 104 with the increase of 
temperature.

Affinity measurements using fluorescence spectroscopy

To further clarify the interaction between buddleoside and BSA, 
fluorescence quenching experiment was carried out. The binding 

Table 1. Migration time of buddleoside obtained by ACE method and their 
transformation

tR, min tD
P, min ∆MD

P 1 / ∆MD
P 1 / c(P), 

(μmol L–1)

0 4.986 5.179

2 5.415 5.654 -0.0050 -200.000 0.5000

4 5.609 5.867 -0.0067 -149.254 0.2500

6 5.756 6.042 -0.0100 -100.000 0.1667

8 5.866 6.183 -0.0140 -71.429 0.1250

10 6.003 6.339 -0.0148 -67.568 0.1000
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of buddleoside and BSA was realized by evaluating the intrinsic 
fluorescence intensity of BSA after adding different concentrations 
of buddleoside. The quenching effect of fluorescence can usually be 
categorized into dynamic quenching and static quenching. Dynamic 
quenching is the process of fluorescence weakening caused by 
collision between fluorescent group and quenching agent, while static 
quenching is the process of fluorescence weakening caused by the 
formation of complex of fluorophore and quencher. In order to explore 
the mechanism of fluorescence quenching of buddleoside to BSA, we 
firstly assume that it is a dynamic quenching process. According to 
Stern-Volmer equation (5), the regression curve is drawn.26 

 F0/F = 1 + KQ × τ0 × [Q] = 1 + KSV × [Q] (5)

In the above formula, F0 and F represent the fluorescence intensity 
of BSA before and after the addition of buddleoside, respectively. KQ 
and KSV represent the quenching rate constant and dynamic quenching 
constant, respectively, while τ0 and [Q] represent the average lifespan 
of biomolecules without a quencher (τ0 = 10-8 s)27 and quencher 
concentration, respectively. The calculated KQ is 5.17 × 1012, which 
is much larger than the maximum scattering collision quenching 
constant (2.0 × 1010 L mol-1 s-1).28 It can be seen from the above data 
that the quenching of buddleoside on BSA should not be a dynamic 
quenching process, but a static quenching. The following formula 
(6) represents the calculation method of the binding constant in the 
static quenching form.29,30

 log10[(F0 – F) / F] = log10(Kb) + n log10[Q] (6)

In the above formula, Kb is the binding constant of buddleoside 
and BSA, which can be determined by formula (6). And n is the 
number of binding sites of each BSA. F0, F and Q in the formula have 
the same meaning as formula 5. The fluorescence spectrum of the 

interaction between the buddleoside and BSA is shown in Figure 3. 
The fluorescence intensity of BSA decreased with the increase of the 
concentration of buddleoside, which indicated that buddleoside could 
quench BSA obviously. The static quenching equation and linear 
regression are shown in Figure 4. The experimental results of static 
quenching (Table 3) are basically the same as the binding constant 
and number of binding sites of ACE. Because the sensitivity and 
detection principle of the two methods are different, it is acceptable 
that there are slight differences between them. 

Analysis of interaction forces by ACE method

Generally speaking, four forces including hydrogen bond, Van 
Der Waals force, electrostatic interaction and hydrophobic interaction 
are the main interactions between small molecules and proteins. The 
thermodynamic parameters such as entropy change(∆S), enthalpy 

Table 2. The Ka and Scatchard equation of buddleoside-protein at different temperatures

T Scatchard equation Ka, (L mol−1) R2

Buddleoside

298K y = –335.95x – 40.94 1.218 ×105 0.9324

303K y = –475.46x – 43.60 9.100×104 0.9757

308K y = –511.26x – 11.93 2.330×104 0.9406

Figure 2. Electropherograms of buddleoside and BSA conjugate at different 
BSA concentrations in 30 mmol L-1 borate buffer (pH = 8.8, 0.05 mol L-1 
Gly). Among them, a-f represents the BSA concentration of 0, 2, 4, 6, 8, and 
10 µmol L-1, respectively, and the concentration of buddleoside is fixed at 
100 µmol L-1. Peak1: DMSO, 2: buddleoside

Figure 3. Fluorescence spectrum of buddleoside and BSA complex. The con-
centration of BSA was fixed at 2 µmol L-1, and the concentration of buddleoside 
changed from 0 to 20 µmol L-1 (a-g: 0, 6, 10, 14, 16, 18 and 20 µmol L-1)

Figure 4. Stern-Volmer equation and linear regression diagram of static 
quenching
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change (∆H) and free energy change (∆G) are of great significance 
for the determination of the binding mode of drugs and proteins. 
Equation 7, 8 and 9 are applied to calculate the thermodynamic 
constants of the binding process of buddleoside and BSA:31 

 ln Ka = (–∆H/RT) + ∆S/R (7)
	 ∆G = –RT ln K (8)
	 ∆S = (∆H – ∆G) / T (9)

where R and Ka are gas constants and binding constants at 
corresponding temperatures, respectively. In order to further 
elaborate the process of the combination of buddleoside and BSA, 
ACE method is used to study the thermodynamic parameters of 
the interaction process of buddleoside and BSA at 298, 303 and 
308 K in this study. The data is shown in Table 4. The negative 
∆G indicates that the interaction between buddleoside and BSA is 
spontaneous. The negative ∆S and ∆H are often used as evidence of 
Van Der Waals force.32 In the exothermic process or in the presence 
of hydrogen bonds, the phenomenon of ∆H less than zero can also 
be observed. When ∆S is greater than zero, it is often considered to 
have hydrophobic effect. In aqueous solution, when ∆S is greater 
than zero and ∆H is less than zero (close to zero), it indicates the 
generation of electrostatic interaction.33

CONCLUSIONS

In the present work, the interaction between buddleoside and 
BSA was studied by ACE and fluorescence spectroscopy. The binding 
constant of fluorescence quenching of buddleoside and BSA is 1.1915 × 
105, and the binding constant obtained by ACE is 1.218 × 105. The 
results of the two methods are basically the same. This shows that both 
methods have good applicability in the study of substance binding. At 
the same time, it can be seen that buddleoside has strong binding ability 
to BSA. From the fluorescence spectrum data, buddleoside quenches 
the endogenous fluorescence of BSA. And this is a static quenching 
process. The binding site n obtained in the study is about one, which is 
consistent with the experimental hypothesis. This indicates that there 
is only one binding site between buddleoside and BSA. The number of 
binding sites can provide reference for the study on the mechanism of 
transport of buddleoside by serum albumin in vivo. The thermodynamic 
parameters of the buddleoside and BSA obtained by the ACE method 
during the binding process indicate that Van Der Waals forces and 
hydrogen bonding play important roles. This research can provide 
theoretical guidance for the clinical application of buddleoside. The 
efficacy and metabolism of buddleoside in the human body will be 
further studied in future studies.
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