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Background: The binding interaction between bovine serum albumin (BSA) and roflumilast 

(ROF) was explored in this study. The binding of drugs to albumin plays a vital role in their 

pharmacokinetics and pharmacodynamics in vivo. The mechanisms involved in the interaction 

between BSA and ROF was studied using multi-spectroscopic experimental and computational 

approaches.

Materials and methods: Spectrofluorometric experiments were used to determine the method 

of quenching involved and the conformational changes in the BSA. UV–visible spectroscopy 

synchronous and three-dimensional fluorescence spectroscopy were used to further explore the 

binding interaction mechanism.

Results: The results suggested that the intrinsic fluorescence of BSA was quenched due to the 

formation of a static complex between ROF and BSA. Conformational changes in BSA were 

determined based on its interaction with ROF. The thermodynamic results suggested that the 

interaction between ROF and BSA was spontaneous and a hydrophobic interaction occurred 

between them. Site I of BSA was suggested as the site of interaction between ROF and BSA 

based on the site marker experiments.

Conclusion: The molecular simulation results and the experimental outcomes were compli-

mentary to each other and helped to identify the binding site and nature of bonds involved in 

the interaction between ROF and BSA.
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Introduction
COPD is a pulmonary disorder that is progressive and causes deterioration in lung 

function.1 Patients with severe COPD along with chronic bronchitis and exacerbations 

are treated with roflumilast (ROF), a potent and selective PDE4 inhibitor (Figure 1).2,3 

Patients with COPD exacerbation have higher levels of inflammatory and cytokine 

markers than patients without exacerbations. The selective inhibition of PDE4 by 

ROF causes suppression of these inflammatory and cytokine markers in addition to 

allergen-induced inflammation.4 ROF is also known to suppress lipopolysaccharide-

induced systemic inflammation.2

A major proportion of serum albumin is comprised of extracellular plasma proteins 

(approximately 60%).5 Serum albumin binds to various ligands (hormones, fatty acids, 

drugs etc), thus playing a significant role in the pharmacokinetic behavior of these 

ligands.6 The therapeutic efficiency of the ligands depend on their ability to bind to BSA 

and the mechanism involved in the binding.7–11 Bovine serum albumin is commonly 

substituted for human serum albumin due to its structural similarity, low procurement 
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cost, and availability. The similarity between BSA and human 

serum albumin is 76% in terms of identity and 88% in terms 

of amino acid sequences.12,13 Several studies have explored 

the interactions between ligands and serum albumin.13–19 

These binding studies are useful in obtaining information 

about possible drug–drug interactions, drug: protein resis-

tance, drug side effects, and dosage information.19–21

In this study, the mechanism involved in the interaction 

between ROF and BSA was analyzed. The interaction between 

ROF and BSA was studied in terms of calculation of binding 

constants, binding site identification for ROF on BSA, and 

conformational change in BSA upon interaction with ROF. 

Ultraviolet–visible (UV–vis) absorption, fluorescence, syn-

chronous fluorescence (SF), and three-dimensional fluores-

cence spectroscopy studies were conducted to understand the 

binding interaction. In addition to these spectroscopic studies, 

molecular simulation studies were also conducted. This study 

will be useful in understanding the in vivo metabolism, dis-

tribution, and pharmacokinetics of ROF.

Materials and methods
Materials
ROF was obtained from Beijing Mesochem Technology 

Limited (Beijing, China). BSA was obtained from Sisco 

Research Laboratories (Mumbai, India), and phenylbutazone 

(99.9%) and ibuprofen (99.9%) were procured from 

National Scientific Company (Jeddah, Saudi Arabia). All 

other materials used including those used to prepare buffers 

were of analytical grade.

Sample preparation
ROF was dissolved in dimethyl sulfoxide (500 μL) 

and its stock (1.15×10-4 M) was prepared in phosphate 

buffer (pH 7.4). The working standards were in the range 

of 7.46×10-7–1.19×10-5 M. BSA stock (1.5×10-6 M) was 

also prepared in phosphate buffer (pH 7.4). The sample 

solutions were prepared using deionized water from Flex 

Type-IV instrument (Elga Lab Water, Lane End, UK). 

The stock solutions were stored in refrigerator and fresh 

working standards were prepared for analysis from the 

stock solution.

Fluorescence measurements
The amino acids tryptophan (Trp), tyrosine (Tyr), and 

phenylalanine (Phe) are fluorescent in nature, thus con-

tributing to the fluorescence of the protein in which they 

are present.22 Among the three amino acid residues, Trp is 

highly fluorescent and sensitive to the microenvironmental 

changes that might occur in its vicinity whereas Phe does 

not get excited (for the most part) easily and has a low 

quantum yield. Owing to these reasons, Trp is usually used 

in quenching studies. The two Trp residues found in BSA 

are Trp-134 and Trp-213, and the intrinsic fluorescence of 

BSA is dominated by the Trp residues with high quantum 

yield. Trp-134 is present on BSA surface, whereas Trp-213 

is present inside the BSA hydrophobic pocket. A JASCO 

FP-8200 spectrofluorometer was utilized to measure the 

fluorescence spectrum. The fluorescence quenching spectra 

were recorded at λ
ex

 (excitation wavelength) of 280 nm and 

λ
em

 (emission wavelength) of 300–500 nm. The fluores-

cence spectra were recorded at temperatures of 298, 303, 

and 308 K. BSA spectra were attained in the presence and 

absence of ROF. A reduction in fluorescence intensity of 

the sample solution can occur because of inner filter effects 

and, therefore, needs to be corrected. The effect was cor-

rected as follows:

	
F F e A A

cor obs
ex em= × +( ) 2

�

where F
cor

 and F
obs

 represent the corrected and observed 

fluorescence intensity, respectively. A
ex

 and A
em

 are the 

modified absorbance values post ligand binding to BSA 

at λ
ex

 and λ
em

, respectively. The fluorescence quenching 

is broadly divided into two categories, dynamic and static 

quenching.23 Dynamic quenching is due to collisions, and 

static quenching due to complex formation between the 

quencher and fluorophore. Several studies have shown that 

the dynamic quenching constant is expected to increase with 

a rise in temperature due to increased diffusion rates, whereas 

a decrease in the static quenching constant is observed with 

Figure 1 Chemical structure of ROF.
Abbreviation: ROF, roflumilast.
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increasing temperatures.24,25 Therefore, the behavior observed 

with increased temperatures helped us to conclude the type 

of quenching involved in this interaction.

SF and 3D fluorescence measurements
SF spectra for BSA and ROF–BSA complexes were recorded 

at room temperature. The scanning intervals ∆λ =15 and 

60 nm (∆λ = λ
em

 - λ
ex

) were used for the SF measurements. 

The amino acid Tyr was characterized at 15 nm, whereas 

60 nm characterized the Trp residues. The SF spectral 

data provided information regarding the conformational 

changes that might have occurred in BSA after interaction 

with ROF.

3D-fluorescence spectra were also recorded, which aided 

in concluding any changes in the BSA conformation postin-

teraction with ROF.

UV absorption measurements
Shimadzu UV-1800 spectrophotometer was used to carry out 

UV–vis absorbance spectral measurements. The spectra for 

BSA and BSA–ROF complexes using the UV spectropho-

tometer were recorded at room temperature. The concentra-

tion of BSA in the samples was maintained constant for all 

measurements.

Molecular docking
Docking studies were carried out to understand the ROF–

BSA interaction. The MOE-2014 (Molecular Operating 

Environment), a cocrystallized structure of BSA in complex 

with naproxen; pdb Code No 4OR0, acquired from Protein 

Data Bank, was used for docking studies. BSA exists as 

homodimer of two chains A and B. For the molecular simu-

lation study, we selected chain B of the homodimer. The 

ligands and the protein receptors were prepared by protona-

tion and the energy minimization using default force field 

parameters (MMFF94X). Default values (Triangle Matcher) 

were selected for the remaining docking parameters. London 

dG and GBVI/WSA dG were used for rescoring function 1 

and 2, respectively. The binding site on BSA for ROF was 

selected as per the results obtained from the site probe 

experiments.

Results and discussion
BSA fluorescence quenching
The interaction between the ligands and the BSA leads to 

fluorescence quenching. The fluorescence spectrum obtained 

post the interaction of BSA and ROF is presented in Figure 2. 

In Figure 2, a reduction in fluorescence intensity can be 

observed with increasing concentrations of ROF, indicating 

BSA fluorescence quenching by ROF. The Stern–Volmer 

equation was used to determine quenching constants at differ-

ent temperatures and understand the quenching mechanism 

between ROF and BSA.21

	

F

F
K Q K Q0

0
1 1= + = +

sv q
[ ] [ ]τ

�

In the above equation, F
0
 and F are the fluorescence 

intensities in the absence and presence of ROF, respectively. 

K
sv

 (Stern–Volmer constant), [Q] quencher concentration, 

and K
q
 the quenching rate constant. τ

0
 is valued at 10-8 s 

and represents the average fluorescence lifetime of BSA. 

As shown in Figure 3A and Table 1, a strong linear relationship 

between F/F
0
 and [Q] can be observed for the Stern–Volmer 

plot demonstrating the contribution of a single quenching 

mechanism.

The value for K
sv

 and K
q
 increased with the rise in 

temperature, indicative of the involvement of dynamic 

quenching in the ROF–BSA interaction. However, the K
q
 

values attained were more than the maximum rate constant 

(2×1010 L M-1 S-1) that can be attained for scattering collision 

quenching (Table 2). The higher K
q
 values suggest a complex 

formation between ROF and BSA. The BSA spectra (UV 

absorption) helped in further elucidation of the development 

of a nonfluorescent complex between BSA and ROF. The non-

involvement of dynamic quenching in the quenching process 

is indicated by the fact that the absorption spectra of BSA 

showed an increase after interaction with ROF. This increased 

Figure 2 Fluorescence spectra of BSA (1.5 μM) in the presence of ROF at 298 K; 
ROF concentration (7.46×10-7, 1.49×10-6, 2.24×10-6, 2.98×10-6, 4.48×10-6, 5.97×10-6,  
8.95×10-6, 1.19×10-5).
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast.
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absorption was possibly because of a complex formation 

between ROF and BSA, whereas in dynamic quenching the 

excited state of quencher is liable to the quenching process. 

As is shown in Figure 4, the UV absorption spectra of BSA 

increased after addition of ROF, indicating the formation of 

a nonfluorescent complex (static quenching).23

Binding constants of ROF with BSA
The binding constant (K

b
) was determined for the ROF–BSA 

complex to obtain information regarding the binding between 

BSA and ROF. The binding constant and number of binding 

sites (n) were determined using the equation:24

	
Log

b

( )
log log[ ]

F F

F
K n Q0

−
= +

�

A plot between log[(F
0
 − F)/F ] versus log[Q] (Figure 3B) 

was used calculate the K
b
 and n values, are presented in 

Table 2. Over the studied range of temperature, the number 

of binding sites (n) was unity, suggesting that only one type 

of binding site was present on BSA that could bind to ROF. 

A higher K
b 
value indicates a stronger binding interaction 

between the protein and the ligand. The K
b
 values showed 

an increase in binding strength with increasing temperatures 

in interaction of ROF and BSA.

SF spectra
∆λ values of 15 or 60 nm were used to record the SF 

spectra of both BSA and BSA–ROF complex. These spectra 

provided characteristic evidence about the microenvironment 

Figure 3 The plots for interaction between BSA and ROF at different temperatures (A) Stern–Volmer plot, (B) binding constant log[(F0 − F)/F ] vs log[Q], (C) van’t Hoff plot, 
(D) binding constant in presence of site markers at 298 K.
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast.

Table 1 Ksv and Kq values for ROF and BSA at different 
temperatures

T(K) Ksv ± SD×104  
(L mol-1)

Kq×1012  
(L mol-1 s-1)

298 1.49±0.11 1.49
303 1.78±0.14 1.78
308 2.82±0.23 2.82

Abbreviations: BSA, bovine serum albumin; Kq, quenching rate constant; Ksv, 
Stern–Volmer constant; ROF, roflumilast.
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of Tyr and Trp residues of BSA.13 A red shift in the SF 

spectra indicates a decreased hydrophobicity around the 

Tyr and Trp residues and increased stretching capacity 

of the peptide chain. A blue shift in the emission spectra 

indicates increased hydrophobicity in the Tyr and Trp 

microenvironments and increased folding capacity for the 

biomolecule. The spectra (Figure 5) clearly show a decrease 

in the fluorescence intensity after ROF addition. There was 

shift of 1 nm (red shift) at both ∆λ =15 and 60 nm specifying 

certain microenvironmental changes for Tyr and Trp upon 

binding to ROF.

Three-dimensional fluorescence 
spectroscopy
The three-dimensional fluorescence spectral analyses 

of BSA and BSA–ROF are presented in Figure 6. Two 

emission peaks were observed for the analyzed BSA 

solutions denoted by Peak I (Rayleigh scattering peak) 

and Peak II (characterizes Trp and Tyr residues of BSA).6,9 

The intensity and positioning of Peak II are dependent on 

the microenvironment of Tyr and Trp residues, and any 

change in this microenvironment can induce some sort 

of conformational change in BSA. The Peak I in the BSA 

is formed as a result of π–π* transition of polypeptide 

structures and is also related to the particle size of the 

protein. There was decrease in the intensity of Peak II 

of BSA suggesting fluorescence quenching by ROF, and 

thus the change in the microenvironmental vicinity might 

have caused conformational changes in BSA. Moreover, a 

decrease in the Peak I suggests that ROF addition to BSA 

might have decreased its diameter, reflecting a conforma-

tional change in BSA.

Thermodynamic parameters and binding 
model
The major intramolecular interaction forces that are involved 

in binding proteins to drug ligand include the hydrogen 

bond, van der Waals forces, and hydrophobic interactions. 

Thermodynamic parameters including Gibbs free energy 

change (ΔG0), enthalpy change (ΔH0), and entropy change 

(ΔS0) help in establishing the type of forces involved in the 

binding interaction.26 ∆H0 and ∆S00 specify contributions 

of van der Waals force and/or hydrogen bonding, whereas 

∆H00 and ∆S00 specify a hydrophobic interaction. In 

case, where ΔH0~0 and ∆S00, the involvement of elec-

trostatic force is expected. Similarly, ∆G00 specified a 

spontaneous binding process.

Hydrophobic interaction between BSA and ROF was 

suggested on the basis of positive values of ∆H0 and ∆S0. 

The negative ∆G0 specified a spontaneous binding process 

between ROF and BSA (Table 2). Figure 3C represents the 

van’t Hoff plot for BSA–ROF interaction.

Binding site identification of ROF
The site for binding of ROF to BSA was identified using 

site competition. Phenylbutazone and ibuprofen (Figure 7), 

which act as markers for Site I and Site II, respectively, were 

used the identification of the binding site in this study.27 The 

fluorescence spectra were recorded for BSA site marker 

complexes and ROF. Binding constants for the ROF with 

BSA were calculated in the presence of site markers using 

Table 2 ROF–BSA interaction binding constant and thermodynamic values at different temperatures

T(K) Log Kb ± SD Kb ± SD (L mol-1) n ∆G (kJ mol-1) ∆H (kJ mol-1) ∆S (J mol-1 K-1)

298 1.96 0.09×102±0.04 0.54 -11.04 175 624.2
303 2.40 2.53×102±0.15 0.61 -14.17
308 3.37 1.38×103±0.29 0.80 -18.54

Abbreviations: BSA, bovine serum albumin; ROF, roflumilast; Kb, binding constant.
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Figure 4 Spectra for UV absorption of BSA (1.5 μM) and BSA in presence of ROF 
at room temperature.
Note: ROF concentrations used were 7.46×10-7, 1.49×10-6, 2.98×10-6, 4.48×10-6, 
5.97×10-6, and 8.95×10-6.
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast.
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Figure 6 Three-dimensional fluorescence analysis, BSA (A and C) BSA–ROF complex (B and D) represent the contour plot.
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast.

Figure 5 BSA (1.5 μM) and ROF (7.46×10-7, 1.49×10-6, 2.24×10-6, 2.98×10-6, 4.48×10-6, 5.97×10-6, 8.95×10-6, 1.19×10-5, 1.49×10-5, and 1.64×10-5) SF spectra (A) ∆λ =15 nm; 
(B) ∆λ =60 nm at room temperature.
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast; SF, synchronous fluorescence.

double logarithmic plots of log[(F
0
−F )/F ] versus log[Q] 

(Figure 3D). The binding constant (K
b
) of BSA with ROF 

decreased significantly in the presence of phenylbutazone 

compared to K
b
 in absence of phenylbutazone. A slight 

change was observed in the K
b
 of BSA with ROF in the pres-

ence of ibuprofen, indicating a competition between ROF 

and phenylbutazone for binding to BSA Site I. A molecular 

simulation program (MOE) was used for the simulation 
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Figure 7 Chemical structure of (A) ibuprofen; (B) phenylbutazone.

of ROF and BSA interactions. The docking experiments 

(Figure 8A) further revealed that ROF binds to Site I (sub-

domain IIA) of BSA within a hydrophobic cavity.28 The 

docking results were supported by the binding site probe 

experimental results. Both the experiments showed that 

phenylbutazone and ROF bind to the same site on BSA, 

inferring Site I (subdomain IIA) hydrophobic pocket of 

BSA as the binding site for ROF. The free energy change 

(∆G0) calculated from the molecular docking simulation was 

determined to be -6.43 kcal mol-1 and was lower than the 

∆G0 found experimentally (3.39 kcal mol-1).

The binding mode study further revealed that ROF 

interacts with the BSA subdomain IIA hydrophobic region. 

The hydrophobic amino acids (Val-342, Ala-209, Leu-210, 

Leu-480, Leu-197, Leu-346, Leu-454), polar residues 

(Trp-213, Ser-201, Ser-343, Ser-453), and charged resi-

dues (Arg-217, Arg-198, Arg-194, Asp-450) surround the 

embedded ROF. The amino acid residues Arg-194 and 

Ser-343 formed hydrogen bonds between ROF and BSA 

(Figure 8B).

BSA conformational changes
The conformational changes in BSA after interaction with 

ROF were investigated with UV absorption spectroscopy. 

The absorption spectra for BSA and BSA–ROF are pre-

sented in Figure 4. An increase in the absorption intensity 

was observed with gradual addition of ROF. The intensity 

of the peak at 280 nm is because of π–π* transition of aro-

matic amino acids (Trp, Tyr, and Phe). A complex formation 

between BSA and ROF is further suggested based on the fact 

that a blue shift was also observed for the λ
max

 of BSA.29

Conclusion
The BSA and ROF binding interaction was explored in 

this study using different methodologies at the molecular 

structural level. ROF quenched the fluorescence of BSA by 

forming a complex with BSA. ROF was also found to bind 

with BSA at subdomain IIA (Site I) leading to conformational 

changes in BSA. The contribution of hydrophobic forces in 

the binding process of ROF with BSA was indicated by the 

positive enthalpy and entropy values. The UV–vis and SF 

spectroscopic data indicated that the interaction between ROF 

and BSA caused alterations in the BSA conformation. Our 

study will help in further investigation of the pharmacological 

behavior of ROF.

Figure 8 (A) Three-dimensional representation of the interaction of ROF with BSA, (B) a two-dimensional representation of amino acids that surround ROF.
Abbreviations: BSA, bovine serum albumin; ROF, roflumilast.
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