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ABSTRACT: The interaction between the plasma protein bovine
serum albumin (BSA) and the drug ibuprofen (IBU) has been
investigated at three different pH values (7.4, 6.5, and 8.0) in the
presence of oligosaccharides and surfactants. The interaction
analysis of BSA with oligosaccharides and surfactants has also been
studied in the absence of the drug ibuprofen. The results obtained
give convenient and efficient access to understand the mechanism
of binding of ibuprofen to BSA, and the major forces involved are
found to be hydrophobic forces, hydrogen bonding and ionic
interactions. In addition to that, the formation of inclusion
complexes of ibuprofen with oligosaccharides (β-CD and 2-HP-β-CD) has been observed, which has depicted that due to the
hydrophobic nature of ibuprofen, it becomes more soluble in the presence of oligosaccharides, but due to the larger size of the
inclusion complexes, these could not be able to access the hydrophobic pocket of BSA where tryptophan-212 (Trp-212) resides. The
binding interaction between BSA and ibuprofen is observed in the presence of surfactants (SDS and CTAB), which partially unfold
the protein. Non-radiative fluorescence resonance energy transfer (FRET) from Trp and Tyr residues of BSA in the presence of an
anionic surfactant SDS to ibuprofen has depicted that there is a possibility of drug binding even in the partially unfolded state of BSA
protein. Furthermore, the distance between the protein and the drug has been calculated from the FRET efficiency, which gives a
comprehensive overview of ibuprofen binding to BSA even in its partially denatured state. The hydrophobic drug binding to the
partially unfolded serum albumin protein (BSA) supports the “necklace and bead structures” model and opens up a new direction of
drug loading and delivery system, which will have critical therapeutic applications in the efficient delivery of pharmacologically
prominent drugs.

1. INTRODUCTION
Over the years, plasma proteins, especially serum albumins
(SAs), and their interaction analysis with drugs have received
tremendous attention due to their applicability in under-
standing the pharmacodynamic and pharmacokinetic proper-
ties of drugs.1−3 Moreover, reversibility of binding, binding
forces, binding sites, and conformational changes in the protein
upon drug binding provides insights into the mechanism of
interaction and also plays a significant role in pharmaceutically
important drug designing and delivery.4−6 Bovine serum
albumin (BSA) is a globular protein7 found predominantly
in the circulatory system of cows having a molecular weight of
∼66.5 kDa. Its primary structure consists of 583 amino acids
and 17 cysteine residues which are connected by 8 disulfide
bridges, and there is one free thiol group.8 At pH 7, the net
charge on BSA is found to be −18.9 It belongs to the class of
SAs which are considered the most important plasma proteins
as they play pivotal roles in drug delivery due to their ability to
reversibly bind to therapeutic molecules and act as carriers for
various fatty acids, amino acids, bile salts, metal ions,

hormones, and drugs.10 The secondary structure of BSA
consists of 67% α-helix and 10% turn configurations without
any β-sheets, while its tertiary structure is composed of three
domains (I, II, and III), and each consists of two subdomains
(A and B).11 BSA is structurally homologous to protein human
serum albumin (HSA), both of which are alike in terms of
ligand binding affinity and share almost 80% sequence
homology.12 There are two tryptophan (Trp) residues present
in BSA, Trp-134 and Trp-212; Trp-134 is located on the
surface of domain IB, whereas Trp-212 is located in the
hydrophobic pocket of subdomain IIA; thus, the micro-
environment around Trp-134 is more polar than that around
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Trp-212.13 In addition to that, there are 19 tyrosine (Tyr) and
27 phenylalanine (Phe) residues in BSA.14 Due to the
photophysical properties of fluorescent amino acid residues,
it is widely recognized that when the proteins are irradiated
with an excitation wavelength of 275 nm, it leads to the
excitation of both Trp and Tyr residues, but at 295 nm, there is
no absorption of Tyr residues, so it only excites Trp-212.15

Despite being a complex protein, the structure and dynamics of
BSA can be investigated by the use of the intrinsic fluorescence
shown by Trp amino acid residues.16 Among various SAs,
which are medically important, of low cost, and easily available
and having unusual ligand binding properties, and analogy with
HSA, BSA is widely selected as a model protein for extensive
study.17 Ibuprofen belongs to a class of drugs popularly called
non-steroidal anti-inflammatory drugs (NSAIDs), which are
approved by the Food and Drug Administration (FDA) to be
used as an anti-inflammatory, antipyretic, and analgesic
medication.18 NSAIDs are mainly categorized into different
groups based on their chemical composition and selectivity,
namely, acetylated salicylates, fenamates, alkanones, acetic acid
derivatives, propionic acid derivatives, sulfonanilides, enolic
acid derivatives, and diaryl heterocyclic.19 Among these,
ibuprofen is the first member of the propionic acid derivative
group. Like most NSAIDs, ibuprofen is non-selective, and its
mechanism of action is to inhibit the enzyme prostaglandin-
endoperoxide synthase (PTGS) [also called cyclooxygenase
(COX)], which leads to the inhibition of prostaglandin
synthesis.20 It has two enantiomeric forms, R(−)-ibuprofen
and S(+)-ibuprofen, and only the S(+)-enantiomer can inhibit
COX.21 Ibuprofen is one of the most commonly used
medications, available in the form of oral tablets, and is used
to treat fever and reduce pain (migraines, muscle aches,
toothache, period pain, etc.) and inflammation.22 The
important therapeutic applications of ibuprofen are to cure
patent ductus arteriosus (PDA), rheumatoid arthritis (RA),
osteoarthritis (OA), orthostatic hypotension, dysmenorrhea,
cystic fibrosis, and breast cancer. Still, clinical trials are going
on to study its therapeutic effect on deadly diseases such as
Alzheimer’s disease and Parkinson’s disease, and also among
the conventional NSAIDs, ibuprofen is rated as the safest drug
by the spontaneous adverse drug reaction reporting system in
the United Kingdom.23 The diversified applications and
effectiveness of ibuprofen make it a proper candidate for
detailed investigation and analysis of its mechanism of binding
and interaction with SA proteins, which act as depot and
transport proteins.

In the current study, we have used two cyclic oligosacchar-
ides, β-cyclodextrin (β-CD) and (2-hydroxypropyl)-β-cyclo-
dextrin (2-HP-β-CD), to enhance the solubility, stability, and
bioavailability24 of the hydrophobic drug ibuprofen as these
macrocyclic molecules have a unique shape like truncated
cones, having an inner non-polar surface and an outer polar
surface which help them to form inclusion complexes25 and
hence to improve the drug delivery.26 2-HP-β-CD has
improved water solubility as compared to β-CD27 as it is a
partially substituted polyhydroxypropyl ether of β-CD.28

Surface-active agents (surfactants) play pivotal roles in
developing many pharmaceutical products and designing their
delivery system29 due to their unique amphiphilic nature which
is attributed to their specialized structure having a distinct
polar head and non-polar tail(s) region.30 Here, we used one
cationic surfactant cetyltrimethylammonium bromide (CTAB)
and one anionic surfactant sodium dodecyl sulfate (SDS) to

investigate their effect on protein conformation and drug
loading. In water, the critical micellar concentration (CMC) of
CTAB and SDS is reported to vary between 0.9 and 1.0 mM
and 8.0 and 8.20 mM, respectively.31

Conventionally, protein−drug interaction studies are carried
out in vitro under physiological conditions, but in the present
study, the effect of pH, the presence of oligosaccharides (β-CD
and 2-HP-β-CD) and surfactants (SDS and CTAB) on the
binding interaction mechanism, polarity changes in the
microenvironment of the protein, and secondary structural
changes in the protein upon drug binding have been studied
for the SA protein BSA and the NSAID ibuprofen by using
molecular docking, UV−visible absorption analysis, fluores-
cence emission study, synchronous fluorescence spectroscopy
(SFS), three-dimensional (3D) fluorescence, 1H NMR, and
circular dichroism (CD) spectroscopic analysis. In addition to
that, we have performed a FRET experiment in the presence of
surfactants to study the drug binding in the partially unfolded
conformation of BSA. The data accumulated demonstrate the
binding mechanism of BSA−ibuprofen interaction and can be
extended to elucidate the mechanism of other hydrophobic
NSAIDs with BSA and its structural homology HSA. The
surfactants have been widely used to enhance the drug delivery
by significantly enhancing the aqueous solubility and
bioavailability of the hydrophobic drugs (like ibuprofen).
Also, the release of the dissolved ibuprofen at very high
concentrations of the surfactants will play a crucial role in
efficient drug delivery and disease treatment.32,33 Furthermore,
hydrophobic drug binding to protein in the denatured protein
conformation as demonstrated by FRET analysis directs an
innovative way of drug binding, and the technique has
convincing potential to be used as a convenient and efficient
drug delivery technique for therapeutically important drugs.

2. EXPERIMENTAL SECTION
2.1. Reagents. BSA, potassium dihydrogen phosphate

(KH2PO4), dipotassium hydrogen phosphate (K2HPO4), and
deuterium oxide (D2O) 99.9 atom % D were purchased from
Sigma-Aldrich (USA) and used directly without further
purification. Tris-(hydroxymethyl) aminomethane (Tris−
HCl), N,N-dimethylformamide (DMF), CTAB, SDS, beta-
cyclodextrin (β-CD), and 2-hydroxypropyl beta-cyclodextrin
(2-HP-β-CD) were purchased from Fisher Scientific (India).
Ibuprofen (4-isobutyl-α-methylphenylacetic acid, 99%) was
purchased from Alfa Aesar. BSA and all other solutions were
prepared in tris buffer for all UV−visible and fluorescence
experiments and in PBS buffer for NMR experiments,
respectively, unless otherwise mentioned and the pHs of the
solutions were maintained by HCl and KOH. Milli-Q water
was used for the preparation of all the solutions.

2.2. UV−vis Absorption Spectroscopy. UV−vis spectro-
scopic measurements were done using a LabIndia-2000U UV/
vis spectrophotometer using a quartz cuvette of path length 1
cm. All the absorption spectra were recorded in the range of
200−500 nm at the normal response mode. The concentration
of BSA was determined spectrophotometrically and was
maintained at 25 μM for each set of experiments. The
absorbance data of BSA in the presence of surfactants,
oligosaccharides, and ibuprofen were recorded every time,
after equilibration of solutions for 5 min. In all the UV−visible
absorption measurements, tris buffer was used as the reference
solution.
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2.3. Fluorescence Spectroscopy. Fluorescence emission
spectra measurements were done by using a JASCO
spectrofluorometer FP-8300 with a quartz cuvette of path
length 1 cm. Two different excitation wavelengths λex = 275
and 295 nm were used, and the corresponding emission
spectra were recorded in the range of 285−500 nm and 300−
500 nm, respectively, at a scan speed of 1000 nm/min in very
low sensitivity. The excitation and emission bandwidths were
set at 5 nm, and the response time was 50 ms. Three sets of
experiments were performed: (1) 25 μM BSA with different
concentrations of ibuprofen at three different pHs 6.5, 7.4, and
8. For each pH, six different solutions were prepared in which
the BSA concentration was maintained at 25 μM, and
ibuprofen concentrations were varied from 0 to 100 μM; (2)
25 μM BSA with different concentrations of surfactants
(CTAB and SDS) in the absence and presence of 25 μM
ibuprofen at pH 7.4. BSA (25 μM) and different concen-
trations of CTAB and SDS solutions from 0 to 15 mM were
prepared from stock solutions of 50 μM BSA and 30 mM
CTAB and SDS. For the preparation of BSA-surfactant
solutions in the presence of the drug ibuprofen, 7.5 mM
stock solution of ibuprofen was used. (3) BSA (25 μM) with
different concentrations of oligosaccharides (β-CD and 2-HP-
β-CD) in the absence and presence of 25 μM ibuprofen at pH
7.4. BSA (25 μM) and different concentrations of β-CD and 2-
HP-β-CD solutions from 0 to 10 mM were prepared by the
addition of 1.7 and 2.3 mg of solid β-CD and 2-HP-β-CD,
respectively, in the same cuvette subsequently.

2.4. Nuclear Magnetic Resonance Spectroscopy. All
1H NMR experiments were performed on a Brucker High
Performance Digital FT-NMR (Model: Advance III HD,
AscendTM WB, 500 MHz) at 25 °C using a probe tuned at
500 MHz. Phosphate-buffered saline (PBS) of concentration
0.2 M was prepared by dissolving a desired amount of K2HSO4
and KH2SO4 in water. D2O was added to it to make 10% D2O
for the NMR spectrometer field-frequency lock. To enhance
the solubility of the hydrophobic drug ibuprofen, few drops of
0.2 M N,N-dimethylformamide (DMF) were added into the
buffer before sample preparation. The above-prepared buffer
solution was used for the preparation of NMR sample
solutions of ibuprofen (25 mM) and 25 mM ibuprofen with
0.25 mM BSA. Phase-shift pre-saturation was used to suppress
the water signal.

2.5. Synchronous Fluorescence Spectroscopy. The
same samples were used to record the SFS where the emission
and excitation wavelengths were scanned simultaneously, and
the scanning interval was individually fixed at Δλ = 15, 60 nm
to study the spectroscopic behaviors of tyrosine (Tyr) and
tryptophan (Trp) residues of BSA, respectively. SFS were also
recorded at Δλ = 35 nm to distinguish between the
fluorescence spectra of BSA and ibuprofen. For recording
SFS at Δλ = 35 nm, samples were prepared separately. The
SFS data for all the experiments were recorded in the range of
300−500 nm.

2.6. Circular Dichroism Spectroscopy. CD spectro-
scopic measurements were done by a JASCO J-815
spectrophotometer (Japan spectroscopic company) equipped
with a quartz cuvette of path length 1 cm. CD spectra were
recorded in the range of 250−195 nm with a scanning speed of
100 nm/min in the continuous scanning mode at standard
sensitivity and a bandwidth of 1 nm. The data pitch and digital
integration time (DIT) were set at 0.5 nm and 1 s, respectively.
All the spectra were baseline-corrected, and the final plot was

obtained from two accumulated plots. Here, two sets of
experiments were performed�(1) BSA with different
concentrations of ibuprofen at three different pHs 6.5, 7.4,
and 8.0. For each pH, three different solutions were prepared
in which the BSA concentration was maintained at 1 μM, and
ibuprofen concentrations were varied from 1 to 4 μM. (2) BSA
(1 μM) with CTAB and SDS (concentrations varied from 0 to
10 mM for both surfactants) in the presence and absence of 1
μM ibuprofen. The corresponding θ (in mdeg) obtained were
then converted to respective mean residue ellipticity (MRE)
(in deg cm2 dmol−1) by using the formula

=
× × ×C n l

MRE
Observed CD(in mdeg)

( 10)P (1)

where Cp = concentration of BSA, n = number of amino acid
residues in the protein, and l = path length of the cuvette.

2.7. 3-Dimensional Fluorescence Spectroscopy. 3D
fluorescence spectra were recorded at excitation and emission
wavelength ranges from 225 to 325 nm and 235 to 500 nm,
respectively, with a scan speed of 20,000 nm/min and a
response time of 10 ms at very low sensitivity. The excitation
and emission bandwidths are set at 10 nm. 3D contour plots
were obtained for three different sets of solutions�(1) 25 μM
BSA with and without 15 μM ibuprofen, (2) 25 μM BSA with
40 mM SDS in the presence and absence of 15 μM ibuprofen,
and (3) 25 μM BSA with 40 mM CTAB in the presence and
absence of 15 μM ibuprofen. The emission wavelengths (in
nm) obtained for each plot were converted into corresponding
emission energy (in eV) by the formula

=E
hc

(2)

where E = emission energy, h = Planck’s constant (6.62607004
× 10−34 J s) and c = velocity of light (3 × 108 m s−1).

2.8. Förster Resonance Energy Transfer. Förster
resonance energy transfer (FRET) measurements were done
at excitation wavelength λex = 275 nm, and emission data were
recorded in the range of 285−500 nm. For the FRET study, 25
μM BSA in the presence of 40 mM SDS (donor) and 10 μM
ibuprofen (acceptor) at pH = 7.4 were prepared. The efficiency
of energy transfer and overlap integral J(λ) with respect to the
acceptor followed by the actual distance between the donor
and acceptor were calculated.

According to Förster’s theory, the energy-transfer efficiency
(E) depends on the inverse of the sixth power of
intermolecular separation distance calculated as follows

= = | |
E

R
R r

F F
F( )

0
6

0
6 6

0

0 (3)

where F0 and F are the acceptor fluorescence intensities in the
absence and presence of the donor, respectively, “r” is the
actual distance between the donor and acceptor, and R0 is the
distance between the donor and acceptor at which 50% of the
excitation energy is transmitted from the donor to the
acceptor. To get the positive value of rise in the acceptor
intensity, a modulus of F F( )0 , that is, | |F F0 , is taken. R0 is
given by the equation

= { × × × × × }R K n J8.79 10 ( )0
25 2 4 1/6 (4)

where K2 is the orientation factor related to the geometry of
donor and acceptor, and its value lies between 0 and 2 and for
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liquid solution K2 = 2/3. For water, refractive index, n = 1.333,
Φ is the quantum yield of the donor (BSA), and J(λ) is the
degree of spectral overlap between donor emission spectra
(BSA + SDS) and acceptor absorption spectra (ibuprofen) and
is calculated by integrating the spectral overlap area.

The expression for J(λ) is calculated by

=
· ·

J
F

F
( )

( ) ( ) d

( ) d
0

4

0 (5)

where F(λ) indicates the fluorescence intensity of the donor at
the wavelength λ and ε represents the molar absorption
coefficient (M−1 cm−1) of the acceptor at wavelength λ.34 The
average value of r should lie in the range of 0.5 R0 < r < 1.5 R0,
which indicates whether the energy transfer from the donor to
the acceptor is possible or not.

2.9. Molecular Docking Analysis. A molecular docking
study was carried out by Autodock Tools 4.2 to calculate the
binding affinity and binding energy of ibuprofen to BSA. The
3D crystal structure of protein BSA (PDB ID: 3V03) was
downloaded from the RCSB Protein Data Bank (http://www.
rcsb.org), and the ibuprofen structure was accessed from the

NCBI PubChem (http://pubchem.ncbi.nlm.nih.gov/) data-
base. Open Babel software was used to convert the ligand from
SMILE format to .pdb format. The polar hydrogens of the
protein BSA were checked, and partial atomic charges were
assigned. The rotatable bonds of the ligand ibuprofen were
selected and defined. The grid box of dimension 126 × 126 ×
126 points along the x, y, and z directions, respectively, having
coordinates of central grid point of maps (38.088, 22.672, and
40.738) with a grid spacing of 0.375 Å was generated to
include the protein’s binding pockets where the binding cavity
was located. The minimum and maximum coordinates in grid
are (14.463, −0.953, and 17.113) and (61.713, 46.297, and
64.363) respectively. Finally, docking calculations of rigid
modified protein BSA and flexible ligand ibuprofen were
performed using AutoDock Tools using the Lamarckian
genetic algorithm with all default parameter settings. Finally,
from the molecular docking results, the one with the highest
negative binding energy was selected as the most favorable
structure of the BSA−ibuprofen complex. The post-screening
analyses were performed using BIOVIA Discovery Studio
2020.

Figure 1. Binding interaction study of BSA and ibuprofen at pH = 7.4. (a) Energy-minimized conformation of BSA (PDB ID: 3V03) complexed
with ibuprofen. The binding energy is obtained to be −7.29 kcal/mol. (b,c) Fluorescence emission spectra of BSA at λex = 275 and 295 nm,
respectively, in the presence of different concentration of ibuprofen from 5 to 100 μM. The bent in the emission curve at around 330 nm is due to
the resultant emission curve of fluorescent BSA and ibuprofen. The insets in respective plots show that theoretical splitting of the resultant curve of
25 μM BSA + 25 μM ibuprofen into two subset peaks at 320 nm corresponds to BSA, and the peak at 348 nm corresponds to ibuprofen emission.
(d) SFS at λ = 35 nm of BSA at different concentrations of ibuprofen. The peak at 318 nm (corresponds to BSA) decreases, and two peaks at 364
and 353 nm (correspond to ibuprofen) increase as the concentration of ibuprofen varies from 10 μM to 10IM. (e) Represents Benesi−Hildebrand
plots for λex = 275 and 295 nm, and their respective binding constants are K = 2.52 × 104 M−1 and K = 2.55 × 103 M−1. (f) CD spectra of BSA at
different concentrations of ibuprofen. The minima at λ = 208 nm decreases as the concentration of ibuprofen increases from 1 to 4 μM, which
indicates the decrease of BSA α-helix content from 67.75 to 60.13%. See Figures S1−S3 for interaction of BSA and ibuprofen at pH = 6.5 and 8.
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3. RESULTS AND DISCUSSION
3.1. Binding Interaction Study of BSA and Ibuprofen

at Different pHs Reveals Strong Interactions of BSA and
Ibuprofen: λex Variation, SFS, CD Spectroscopy, and
Molecular Docking. To elucidate the mechanism of
interaction of ibuprofen with BSA, the molecular docking
analysis tool is employed. The results show nine different
conformations of interaction. The best conformation having
the highest binding affinity, that is, −7.29 kcal/mol, is selected
for further analysis (Figure 1a). Like other hydrophobic
NSAIDs, ibuprofen is also found to bind to the hydrophobic
site of Sudlow II located in subdomain IIIA of BSA (Figure
1a).35

Fluorescence spectroscopy is used to investigate the
interaction between BSA and ibuprofen as it is one of the
most reliable and efficient methods for studying protein−
ligand interactions.36 BSA shows a distinct fluorescence peak at
340 nm, whereas ibuprofen shows a peak at 355 nm when
excited at λex = 275 and 295 nm (Figure 1b,c). The
fluorescence at λex = 275 nm is mainly due to both Trp and
Tyr residues, whereas fluorescence emission at λex = 295 nm
originates from Trp residues only.37 The fluorescence spectra
of BSA at different concentrations of ibuprofen at pH = 7.4, λex
= 275, and 295 nm are shown in Figure 1b,c, respectively. With
the increase in the successive concentration of ibuprofen, it has
been observed that the peak at 340 nm (corresponding to
BSA) gets quenched and blue-shifted and appeared as a bent in
the resultant curve, whereas an additional peak at 350 nm
appeared (corresponding to ibuprofen emission) and its
intensity got enhanced and red-shifted. The change in the
peak intensity of BSA with an increase in the concentration of
ibuprofen is shown in Figure S1b. The remarkable quenching
in BSA peak intensity on the addition of ibuprofen suggests
that ibuprofen interacts with BSA, and the blue shift in BSA
emission maxima could be attributed to an increase in
hydrophobicity in the microenvironment of the protein due
to the interaction of ibuprofen with Trp-212, which is located
in the hydrophobic core of the protein. The resultant plots for
25 μM BSA and 25 μM ibuprofen at λex = 275 and 295 nm
have been deconvoluted and are shown in the insets of the
respective graphs in Figure 1b,c to theoretically distinguish the
two peaks corresponding to BSA and ibuprofen using the bi-
Gaussian peak function. To further support the fact that the
bending in the resultant curve is due to the quenching of BSA
fluorescence by ibuprofen, an additional experiment has been
performed keeping the ibuprofen concentration constant at 10
μM and increasing the BSA concentration from 0 to 100 μM at
pH = 7.4 and λex = 295 nm (Figure S1a), and it is observed
that the peak at 340 nm corresponding to BSA emission is
enhanced.

To study the microenvironment of amino acid (Trp and
Tyr) residues and to further support the above explanation,
constant wavelength SFS is employed.38,39 The optimum Δλ
value, which can clearly differentiate BSA and ibuprofen
fluorescence emission, is found to be 35 nm. It is observed that
at Δλ = 35 nm, only BSA (25 μM) showed a fluorescence
emission peak at 318 nm, whereas only ibuprofen (100 μM)
showed two SFS emission peaks at 364 and 353 nm (Figure
1d). The blue shift in the maximum emission peak of SFS of
BSA from normal fluorescence emission spectra is due to the
fact that Stokes shift (for BSA ∼60 nm) is greater than Δλ
value (35 nm) used in SFS, whereas for ibuprofen, the SFS

maximum emission peaks are red-shifted as compared to the
normal fluorescence emission peak because the Stokes shift
(for ibuprofen ∼30 nm40) is smaller than SFS Δλ. With the
increase in the concentration of ibuprofen (from 0 to 100 μM),
it is found that the peak at 318 nm (corresponding to BSA) is
quenched, whereas the intensities of the two peaks at 353 and
364 nm (corresponding to ibuprofen) are enhanced. This
observation further supports our explanation of the interaction
of ibuprofen with BSA as observed in normal fluorescence
emission. SFS data are also recorded at Δλ = 15 and 60 nm to
explore the change in the microenvironment of the amino acid
residues Tyr and Trp, respectively.41−43 SFS at Δλ = 15 nm
(Figure S1c) shows one peak at 302 nm for BSA only
corresponding to Tyr emission. With the increase in the
concentration of ibuprofen, the peak at 302 nm undergoes
quenching, while an additional peak at 346 nm corresponding
to ibuprofen intensity gets enhanced. This observation suggests
that the binding of ibuprofen to BSA does not change the
polarity around the microenvironment of the Tyr residues, but
there is the quenching of fluorescence intensity which is
consistent with the fluorescence emission experiment. In
contrast, at Δλ = 60 nm (Figure S1d), only BSA shows a
synchronous fluorescence peak at 339 nm corresponding to
Trp emission. There is an overall increase in resultant peak
intensity and appearance of additional peaks as well as a red
shift is observed with an increase in ibuprofen concentration.
The appearance of bent in the resultant emission plots at 339
nm and in addition of ibuprofen implies that there is
quenching as well as a blue shift in Trp emission due to the
binding of ibuprofen to BSA. Further, the blue shift suggests
that due to the interaction of ibuprofen and BSA, there is an
increase in hydrophobicity around the Trp microenvironment.
The quenching in the synchronous fluorescence peak of BSA is
consistent with the previous fluorescence experiment. A similar
trend is observed in the synchronous plots (Δλ = 15 and 60
nm) at pH = 6.5 and 8 (Figure S1i−l).

The mechanism of protein fluorescence quenching and
enhancement in the presence of a drug is studied by using the
Stern−Volmer equation and the Benesi−Hildebrand equation,
respectively.42,44 There is a decrease in the fluorescence
intensity of BSA with the addition of ibuprofen, but there is an
overall increase in resultant fluorescence intensity due to the
addition of ibuprofen as it is itself fluorescent. Hence, the
Benesi−Hildebrand equation is used to calculate the binding
constant of the interaction of ibuprofen with BSA. The
Benesi−Hildebrand equation is given by the formula

=
[ ]

+
F F F F K Q F F

1
( )

1
( )

1 1
( )0 0 0 (6)

where F = fluorescence intensity of protein in the presence of
ibuprofen, F0 = fluorescence intensity of protein in the absence
of ibuprofen, F′ = fluorescence intensity of protein at the
highest concentration of ibuprofen, [Q] = concentration of
ibuprofen, and K = binding constant. Here, the binding
constant (K) is obtained by dividing the intercept by the slope
of the graph 1/(F − F0) versus 1/[Q], that is

=K
Intercept

Slope (7)

The slope and intercept at λex = 275 and 295 nm are
obtained to be 0.06555, 0.00165 and 0.42763, 0.00109,
respectively. The binding constant (K) is determined by eq
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7. The binding constants at λex = 275 and 295 nm are obtained
to be 2.52 × 104 and 2.55 × 103 M−1. A higher binding
constant at λex = 275 nm refers to the fact that at 275 nm, both
Trp and Tyr residues get excited, while at 295 nm, only Trp
gets excited.

To study the change in the secondary structure of BSA by
the binding interaction of ibuprofen, the CD spectroscopic
technique is used (Figure 1f).45 It has been previously reported
that BSA shows two characteristic negative minima at λ = 208
and 222 nm corresponding to n → π* and π → π* transitions
of the peptide bonds of α-helix.46 Also, the maximum α-helix
content of BSA is observed at pH = 7.4, that is, 67.75%,15

which is nearly matching to the previously reported
results.15,47,48 It is observed that the α-helix percentage of
BSA decreases as the ibuprofen concentration increases from 0
to 2 μM (Figure 1f), which is reflected in the mean residual
ellipticity (MRE) versus wavelength plot as there is a decrease
in MRE value observed at 222 nm with an increase in the

concentration of ibuprofen. This might be attributed to the fact
that BSA undergoes complex formation with ibuprofen; as a
result, there are certain conformational changes in the BSA
secondary structure. The α-helix percentage for only BSA (1
μM) is calculated to be 67.75%, which decreases to 60.13% on
addition of ibuprofen (up to 4 μM). The conformational
changes in the BSA secondary structure with different
ibuprofen concentrations at pH = 6.5 and 8 are shown in
Figure S3a,b. At pH 6.5 and 8, the α-helix percentage of 1 μM
BSA is found to be 57.93 and 50.92% respectively, which on
addition of ibuprofen (up to 4 μM) decreases to 56.8 and
49.57%, respectively. Notably, there is no significant change in
the shape of the minima and their position due to addition of
ibuprofen, indicating that there is no overall structural change
of the protein by the interaction with ibuprofen.

The interaction of ibuprofen with BSA has further been
investigated by using 1H-proton nuclear magnetic resonance
(NMR) spectroscopy (Figure S2). Only ibuprofen (25 mM)

Figure 2. Interaction analysis of BSA and ibuprofen in the presence of surfactants gives inference of ibuprofen binding to BSA even in partially
denatured conformation at pH = 7.4. (a,b) Fluorescence emission spectra of BSA and ibuprofen at different concentrations of CTAB and SDS,
respectively, from 0.1 to 15 mM at λex = 295 nm. The blue shift of emission maxima with the addition of surfactants corresponds to an increase in
hydrophobicity around the tryptophan residue before CMC (CTAB = 1 mM and SDS = 8 mM), and there is a decrease in fluorescence intensity
and a red shift in fluorescence spectra after CMC, which corresponds to an increase in polarity around the tryptophan environment due to the
unfolding of the protein by the surfactants. (c,d) SFS of BSA and ibuprofen at Δλ = 35 nm in the presence of CTAB and SDS, respectively. The red
shift in peak at 318 nm (corresponds to BSA) and the decrease in fluorescence intensity correspond to unfolding of the protein and increase in
polarity around the microenvironment of the tryptophan and tyrosine residues. (e,f) CD spectra of BSA (1 μM) in the presence of ibuprofen (1
μM) at different concentrations from 0.1 to 10 mM of CTAB and SDS, respectively. The decrease in negative MRE value at λ = 208 nm with the
addition of surfactants corresponds to a decrease in the BSA α-helix content from 67.19% at 0 mM CTAB to 47.43% at 0.1 mM concentration of
CTAB (CMC of CTAB); then, the peak at 208 nm gets vanished at higher concentrations of CTAB. For SDS, the decrease in the α-helix content is
observed from 64.19% at 0 mM SDS to 38.43% at 10 Mm SDS. (g) Quantum yield of BSA and ibuprofen in the presence of various concentrations
of CTAB and SDS at λex = 295 nm. The quantum yield of BSA and ibuprofen remains nearly the same before CMC and then decreases with an
increase in the concentration of CTAB above CMC, but the quantum yield at a lower concentration of SDS remains nearly the same; then, it
increases and attains a constant value just before CMC and finally decreases above CMC. (h) Double-logarithm Stern−Volmer plots for BSA and
ibuprofen in the presence of CTAB and SDS at λex = 295 nm. The number of binding sites in BSA complexed with ibuprofen for CTAB and SDS
are obtained to be 0.99841 and 1.146, respectively.
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shows eight peaks corresponding to eight different electronic
microenvironments of protons. With the addition of 0.25 mM
BSA, the proton peaks of ibuprofen undergo line broadening,
quenching, and up-field chemical shift corresponding to
interaction between BSA and ibuprofen. In principle, the
circulation of electrons around the nucleus creates local
magnetic fields, which generally opposes the external magnetic
field and attribute to different chemical shifts.49 The up-field
drift of the chemical shift of ibuprofen upon addition of BSA
implies that the protons of free and BSA-bound ibuprofen have
different chemical shifts, and also the effective field experienced
by the ibuprofen protons is decreased by binding with BSA.50

The NMR signals of BSA are negligibly weak and are close to
the baseline as the ratio of BSA to ibuprofen is taken as 1:100.
The interaction of BSA and ibuprofen is also studied at pH =
6.5 and 8 at λex = 275 and 295 nm to study the effect of pH on
the interaction of BSA and ibuprofen (Figure S1e−h). It has
been observed that there is no significant effect on
conformation change by pH (in the range of 6.5−8) on the
binding interaction of ibuprofen and BSA as further proved by
CD spectroscopy (Figures 1f and S3).

3.2. Interaction Analysis of BSA and Ibuprofen in the
Presence of Surfactants Gives Inference of Ibuprofen
Binding to BSA Even in Partially Denatured Conforma-
tion. The mechanism of interaction between BSA and
ibuprofen in the presence of varying concentrations of
surfactants (CTAB and SDS) is studied by fluorescence
spectroscopy at pH = 7.4 and λex = 295 nm (Figure 2a,b). It
has been found that for only BSA and ibuprofen complex, λem
is observed at 350 nm, on the addition of CTAB/SDS to the
solution of BSA (25 μM) and ibuprofen (25 μM), the two
peaks, which are not distinguished previously in 25 μM BSA
and 25 μM ibuprofen solution, become prominent at 323 nm
(corresponds to BSA in unfolded state) and 343 nm
(corresponds to ibuprofen in the presence of CTAB/SDS).
The above explanation is further supported by the blue shifting
of the BSA peak from 340 to 310 nm and 340 to 323 nm by
the addition of surfactants CTAB and SDS, respectively, in the
absence of ibuprofen at λex = 295 nm as shown in Figure S4f,h
at pH = 7.4, respectively.

To investigate the effect of surfactants on the binding
interaction of ibuprofen to BSA and its effect on both Trp and
Tyr residues of the protein, fluorescence emission is also
recorded at λex = 275 nm (Figure S4a,b). Here, it is also
observed that the BSA peak (at λex = 320 nm) corresponding
to the emission of both Trp and Tyr residues starts getting
prominent with the increase in the concentration of CTAB and
SDS. For both cationic (CTAB) and anionic (SDS)
surfactants, at λex = 275 and 295 nm, it is observed before
CMC (0.1 mM for CTAB and 8 mM for SDS51) that the
quenching in fluorescence intensities is small, but after CMC,
the fluorescence intensity suddenly decreases. The trend is
quite the same in the absence of the drug ibuprofen at λex =
275 and 295 nm (Figure S4e−h). Due to the strong
electrostatic interaction between the cationic surfactant
CTAB and negatively charged BSA at pH = 7.4, there is
partial denaturation of the protein BSA, which might be
responsible for increase in hydrophobicity around the
tryptophan and tyrosine residues of BSA by the CTAB
micelles and leading to a blue shift in the emission peak. For
the anionic surfactant SDS also, a blue shift in emission
maxima is observed on addition of SDS, but there is a decrease
in fluorescence intensity before CMC. The possible reason

might be electrostatic repulsion between the anionic SDS
surfactants and the negatively charged protein BSA, leading to
weakening of the interaction between SDS and the Trp and
Tyr residues, thereby only quenching of fluorescence emission
is observed before CMC. However, after CMC, both cationic
and anionic micelles of CTAB and SDS, respectively, interact
with the Trp and Tyr residues of the protein; hence, sudden
quenching in fluorescence emission peaks is observed. SFS (at
Δλ = 35 nm) is used to study the effect of surfactants on the
microenvironment of protein BSA on binding to the drug
ibuprofen. As shown in Figure 2c, there is a hypsochromic shift
in the emission peak of BSA after CMC, that is, 0.1 mM for
CTAB. The blue shift in the emission maxima of BSA after
CMC might be due to an increase in hydrophobicity around
the Trp and Tyr residues by the hydrophobic core of the
micelle. The quenching in the fluorescence intensity of both
BSA and ibuprofen is consistent with the previous fluorescence
experimental data. For anionic surfactant SDS (Figure 2d) also,
a similar trend is observed, that is, after CMC (8 mM), a
sudden blue shift in emission maxima is observed, but before
CMC, with the increase in the concentration of SDS, the
intensity of the BSA peak increases. The possible reason might
be the electrostatic attraction between the cationic surfactant
and the negatively charged protein, leading to provide a
hydrophobic environment to the outer Trp-134, whose
fluorescence was previously quenched by the solvents.

To analyze the effect of surfactants in changing the
microenvironment of Tyr and Trp residues of BSA, SFS data
are also recorded at Δλ = 15 and 60 nm, respectively (Figure
S4i−l). SFS at Δλ = 15 nm corresponding to Tyr emission get
blue-shifted with the rise in the concentration of surfactants
(both CTAB and SDS), but there is a non-uniform decrease
and increase in SFS intensity observed (Figure S4i,k), whereas
SFS at Δλ = 60 nm corresponding to Trp emission shows an
SFS peak at 339 nm, which gets blue-shifted on the addition of
surfactants (for both CTAB and SDS), also the peak intensities
get quenched (Figure S4j,l, respectively). The blue shift might
be due to an increase in hydrophobicity around the
microenvironment of Trp52 residue, while the linear quenching
of peak intensity for Trp emission is consistent with the
fluorescence experimental data.

CD spectroscopic analysis is performed to study the change
in the secondary structure of BSA when complexed with
ibuprofen in the presence of surfactant (CTAB/SDS) (Figure
2e,f). It is found that an increase in the concentration of CTAB
and SDS not only decreases the depth of the minima but also
changes the position and shape of the minima (MRE). On
addition of CTAB, after a concentration greater than 0.1 mM
(CMC of CTAB), there is a rapid decrease in negative MRE
value at λ = 208 nm and the peak almost vanished, and there
are consecutive negative and positive peaks, at higher CTAB
concentrations, which is probably due to an extensive
interaction between the positively charged CTAB micelles
and BSA; as a result, most helical structures get disrupted.53

On addition of the anionic surfactant SDS, it is observed that
the α-helix of BSA (1 μM) in the presence of ibuprofen (1
μM) decreases from 64.19 to 38.43% with the increase in the
concentration of SDS from 0 to 10 mM. Changes in the
secondary structure of BSA by the interaction with SDS and
CTAB are also studied separately in the absence of ibuprofen
(Figure S5a,b, respectively). The decrease in negative MRE
value at λ = 208 nm with the rise in the concentration of SDS
or CTAB suggests that the α-helix content of BSA decreases
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with the increase in the concentration of surfactants. The α-
helix is found to decrease from 67.75 to 47.09% on addition of
0.1 mM CTAB, and on further increasing the concentration,
the minima at 208 nm vanished, and consecutive negative and
positive peaks are observed. On increasing the concentration of
anionic surfactant SDS from 0 to 10 mM, the % α-helix of 1
μM BSA is found to decrease from 67.75 to 45.45%. The shift
in the positions of the minima on rising the concentration of
surfactants both in the presence and absence of the drug
ibuprofen might be due to partial denaturation of the protein
by the surfactant, leading to unfold the protein conformation,
which allows the solvent molecules to interact with the
electrons in the amino acids; as a result, the electronic states of
the amino acids get destabilized and lead to shift in the peaks
of amino acid absorption.47

When cationic (CTAB) and anionic (SDS) surfactants
interact with the BSA and ibuprofen complex, their
interactions lead to a change in the microenvironment of the
tryptophan residue, which leads to a change in their exposure
to solvent, as a consequence of which the quantum yield for

the BSA and ibuprofen complex alters. The quantum yield of
the BSA Trp residue has been reported to be 0.14,54 which has
been taken as a standard. The quantum yield of BSA in the
presence of ibuprofen at different concentrations of surfactants
has been calculated by using the equation given by
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where Φx = quantum yield of BSA in the presence of ibuprofen
and surfactant, ΦST = quantum yield of BSA (i.e., 0.14), ODST
= optical density or absorbance of BSA, ODX = optical density
or absorbance of BSA in the presence of ibuprofen and
surfactant, AX = area under the fluorescence intensity curve of
BSA in the presence of ibuprofen and surfactant, AST =
fluorescence intensity of BSA, nx = refractive index of BSA in
the presence of ibuprofen and surfactant, nST = refractive index
of the standard BSA, Dx = dilution ratio of BSA in the presence
of ibuprofen and surfactant, and DST = dilution ratio of
standard BSA.55 nx and nST are the same in our case, also Dx

Figure 3. Presence of oligosaccharides (β-CD and 2-HP-β-CD) decreases the ibuprofen binding to BSA but increases the solubility of hydrophobic
drug ibuprofen by the formation of inclusion complex at pH = 7.4. (a,b) Represent the fluorescence emission spectra of BSA and ibuprofen at
different concentrations of β-CD and 2HP-β-CD, respectively, at λex = 295 nm. There is an increase in the fluorescence intensity peak of BSA and
ibuprofen with an increase in the concentration of β-CD and 2HP-β-CD (from 1 to 10 mM), but the increase is not much clearly indicates that
there is not much interaction between tryptophan-213 and the oligosaccharides as they could not approach the hydrophobic core of the protein
where Trp-213 resides, but these oligosaccharides form an inclusion complex with ibuprofen. (c,d) SFS of BSA and ibuprofen at Δλ = 35 nm at
different concentrations of β-CD and 2-HP-β-CD. The peak at 318 nm (corresponds to BSA) decreases, but the decrease is not much and two
peaks at 364 and 353 nm (corresponds to ibuprofen) show a non-linear behavior. (e) Stern−Volmer plots for BSA and ibuprofen in the presence of
β-CD and Ksv = 1.65 × 103 M −1 and 2HP-β-CD and Ksv = 1.53 × 102 M−1 at λex = 295 nm. (f) Quantum yield plots of BSA and ibuprofen at λex =
295 nm for various concentrations of β-CD and 2HP-β-CD. The quantum yield of BSA and ibuprofen increases with the increase in [2HP-β-CD],
whereas there is a little decrease in quantum yield with the increase in [β-CD] (Figure S6). Interaction of BSA and oligosaccharides in the absence
of ibuprofen.
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and DST are the same as samples for fluorescence spectrum
measurement are not diluted. Therefore, the above equation
can be rewritten as
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The quantum yield of BSA and ibuprofen in the presence of
a different concentration of CTAB and SDS at λex = 295 nm
and pH = 7.4 is shown in Figure 2g, but when the interaction
of BSA and ibuprofen with different concentrations of SDS
(from 0 to 15 mM) is observed, the quantum yield first
decreases up to 1 mM and then increase linearly up to 8 mM
(CMC of SDS) and then decreases post-CMC, whereas it is
observed that when BSA interacts with CTAB/SDS in the
absence of ibuprofen, the quantum yield decreases linearly with
an increase in the concentration of both surfactants from 0 to
15 mM (Figure S4c).

To determine the quenching constants and stoichiometry,
the Stern−Volmer equation56 and double-logarithm Stern−
Volmer (DLSV)36 have been, respectively, used. The Stern−
Volmer equation is given by

= [ ]
F F

F
K Q0

SV (10)

where F = fluorescence intensity of BSA and ibuprofen in the
presence of surfactants, F0 = fluorescence intensity of BSA and
ibuprofen in the absence of surfactants, [Q] = concentration of
ibuprofen, and KSV = quenching constant (also known as the
Stern−Volmer constant). The value of Ksv is calculated from
the slope of the graph of (F0 − F)/F versus [Q] as shown in
Figure S4d for both CTAB and SDS at λex = 295 nm. The Ksvs
are determined to be 8.684 × 101 M−1 for SDS and 8.968 ×
101 M−1 for CTAB.

To calculate the number of binding sites, double-logarithm
Stern−Volmer (DLSV) is employed. The DLSV equation is
given by

{ } = + [ ]
F F

F
K n Qlog log log0

SV (11)

where n = number of binding sites. The number of binding
sites “n” is obtained from the slope of the plot of { }log F F

F
0

versus [ ]Qlog as shown in Figure 2h (λex = 295 nm). The
number of binding sites in BSA in the presence of ibuprofen is
found to be 1.146 and 0.998 for SDS and CTAB, respectively.
The value of “n” is nearly equal to 1 in both the cases, but the
actual value of “n” in the case of CTAB (cationic surfactant) is
less as compared to SDS (anionic surfactant).

3.3. Binding of Ibuprofen to BSA Decreases in the
Presence of Oligosaccharides, but Solubility Increases
by the Formation of Inclusion Complex. The effect of
oligosaccharides (β-CD and 2-HP-β-CD) on the binding
interaction of BSA and ibuprofen is studied by fluorescence
spectroscopy at λex = 295 nm and pH = 7.4 as shown in Figure
3a,b, respectively. It is observed that as the concentration of β-
CD and 2-HP-β-CD increases, there is no significant decrease
in the fluorescence intensity of BSA at around λ = 338 nm,
which indicates that there is no change in the microenviron-
ment of BSA Trp-212; because of the large size of β-CD and 2-
HP-β-CD, they could not be able to approach the hydrophobic
core of BSA where the tryptophan-212 resides and Trp-134
has a dilution effect on fluorescence quenching by β-CD56 and

2-HP-β-CD. Also, the dilution in the quenching of
fluorescence intensity of BSA might be due to Trp-134,
which is located at the surface of the protein.56 However, the
fluorescence intensity for ibuprofen (at λem = 350 nm)
increases with an increase in the concentration of β-CD/2-HP-
β-CD. This may be due to the formation of inclusion
complexes between ibuprofen and β-CD/2-HP-β-CD,57

which lead to an increase in the solubility of ibuprofen.55 To
further support the fact that there is formation of inclusion
complexes between ibuprofen and β-CD/2-HP-β-CD, the
interaction of ibuprofen with β-CD and 2-HP-β-CD is
analyzed with fluorescence emission spectroscopy at λex =
295 nm and pH = 7.4 (Figure S6a,b, respectively).58 The
increase in the fluorescence intensity of ibuprofen at λem = 355
nm with the rise in the concentration of β-CD/2-HP-β-CD
implies that there is the formation of inclusion complexes
which lead to an increase in fluorescence intensity as well as
the solubility of the hydrophobic drug ibuprofen. The effect of
oligosaccharides (β-CD and 2-HP-β-CD) on the binding
interaction of ibuprofen with BSA tryptophan and tyrosine
residues at λex = 275 nm and pH = 7.4 is shown in Figure
S6e,h, respectively. Similar observations are found at λex = 275
nm, as there is no significant quenching observed at λem = 338
nm corresponding to BSA emission.

SFS (at Δλ = 35 nm) is performed for BSA and ibuprofen at
different concentrations of β-CD and 2-HP-β-CD to study the
change in the microenvironment of protein BSA on binding
interaction with ibuprofen as shown in Figure 3c,d,
respectively. It is observed that as the concentration of β-CD
and 2-HP-β-CD increases, the synchronous fluorescence
intensity decreases for BSA at λ = 318 nm, but the decrease
is not significant, which supports the normal fluorescence
emission data. There is an increase in the intensity of the two
peaks at 364 and 353 nm corresponding to ibuprofen, but the
increase is non-linear. This further supports the fact that with
the rise in the concentration of β-CD or 2-HP-β-CD, there is
more probability of inclusion complex formation between
ibuprofen and β-CD or 2-HP-β-CD, which enhances the
fluorescence intensity of the two SFS peaks corresponding to
ibuprofen, but due to the large size of the inclusion complex,
they are unable to interact with the Trp and Tyr residues of
BSA. To further verify the fact that there is no significant
change in the microenvironment of Tyr and Trp residues of
BSA, synchronous data are also taken at Δλ = 15 and 60 nm,
respectively (Figure S6f,g and S6i,j, respectively, for β-CD and
2-HP-β-CD). The peak 302 nm in SFS at Δλ = 15 nm for both
β-CD and 2-HP-β-CD correspond to the Tyr residue of BSA.
There is neither any peak shift nor any significant quenching in
peak intensity with the rise in the concentrations of β-CD and
2-HP-β-CD, but there is an increase in the SFS peak intensity
corresponding to ibuprofen at 346 nm, which is consistent with
the fluorescence emission data. Similar results are obtained in
SFS Δλ = 60 nm, where there is no change in SFS peak
intensity at λ = 339 nm corresponding to BSA Trp emission.

It is observed from the fluorescence emission data that the
resultant fluorescence intensity corresponding to BSA (25 μM)
and ibuprofen (25 μM) increases with an increase in the
concentration of oligosaccharides, but there is no significant
change in emission intensity at λem = 338 nm (for BSA only).
To determine the binding properties in the presence of
oligosaccharides, a Benesi−Hildebrand equation is used. To
find out the binding constant, 1/(F − F0) is plotted against 1/
[Q] as shown in Figure 3e. The respective Ksv value for BSA
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and ibuprofen in the presence of β-CD and 2-HP-β-CD at λex
= 295 nm is calculated to be 1.65103 and 1.53×102 M−1,
respectively. To evaluate the binding constants of the
interaction of ibuprofen with β-CD and 2-HP-β-CD and to
investigate the behaviors of inclusion complexes, Benesi−
Hildebrand eq 6 is used (Figure S6c,d). The binding constants
of ibuprofen with β-CD and 2-HP-β-CD are determined by
using eq 7 and are obtained to be 4.017 × 102 and 5.873 ×102

M−1, respectively. The above results imply that the binding
interaction between ibuprofen and 2-HP-β-CD in their
inclusion complex is stronger than that of the ibuprofen-β-
CD inclusion complex.59

The quantum yields are calculated for BSA and ibuprofen in
the presence of different concentrations of β-CD or 2-HP-β-
CD. As shown in Figure 3f, with an increase in the
concentration of 2-HP-β-CD, the quantum yield value
increases, which is consistent with the fluorescence emission
data as there is an increase in fluorescence intensity with the
rise in the concentration of 2-HP-β-CD. However, in the case
of β-CD, the change in quantum yield is almost constant as it is
observed that there is no significant increase in fluorescence
intensity with an increase in the concentration of β-CD.
However, for both β-CD and 2-HP-β-CD, an increase in
absorbance is observed with the increase in the concentrations
of oligosaccharides with fixed concentrations of BSA (25 μM)
and ibuprofen (25 μM) (Figure S6k,l).

3.4. FRET from BSA (in the Presence of SDS) to
Ibuprofen Confirms Ibuprofen Binding to BSA Even in
the Partially Unfolded Conformation. The FRET experi-
ment is employed to calculate the distance between the donor
(25 μM BSA in the presence of 40 mM SDS) and acceptor
(ibuprofen) as FRET is a distance-dependent process and
occurs due to the dynamic interaction between the donor and
acceptor.60 From the fluorescence energy transfer efficiency,
the actual distance between the donor and acceptor is
calculated by using eq 3. There are two important conditions
for energy transfer to occur: (i) there must be a significant
overlap between the emission spectra of the donor and the
absorption spectra of the acceptor and (ii) the distance
between the donor and acceptor should be ≤10 nm.34

The normalized overlap spectra between the donor emission
and acceptor absorption along with acceptor emission and
donor absorption are shown in Figure S7. To achieve a
significant overlap between donor emission and acceptor
absorption spectra, and to study the interaction of the drug
(ibuprofen) in an unfolded (denatured) state of BSA, SDS is
used. The overlap between donor emission spectra and
acceptor absorption spectra is called an overlap integral
“J(λ)” and is calculated to be 3.899 × 1013 nm4 M−1 cm−1.
The J(λ) value thus obtained is used in eq 4 to calculate the
Förster distance (R0) and is determined to be 5.89 nm. The
fluorescence emission plots of only 25 μM BSA in the presence
of 40 mM SDS (donor), only 10 μM ibuprofen (acceptor), and
a mixture of both donor and acceptor are shown in Figure 4. It
is observed that there is a decrease in the fluorescence intensity
of the donor, whereas the acceptor’s fluorescence intensity
increases due to the Förster resonance energy transfer between
the donor and acceptor. From eq 3, the energy-transfer
efficiency (E) is determined to be 14% with respect to acceptor
rise, which is used to calculate the actual distance between the
donor and acceptor (r), and it is evaluated to be 7.87 nm,
which is consistent with the condition that 0.5 R0 < r < 1.5
R0

61 (2.945 < 7.87 < 8.835). We have used acceptor rise over

donor quenching for the calculation of FRET efficiency and
the distance between the donor and acceptor because of the
fact that quenching in the fluorescence intensity of the donor
could be affected by a number of interactions such as reactions
in the excited state, energy transfer to the acceptor,
rearrangements at the molecular level, complex formation,
and collision between the fluorophore and quencher, whereas a
rise in the fluorescence intensity of the acceptor (here
ibuprofen) will be mainly by transfer of energy from the
donor.62 The above results imply that there is a possibility of
energy transfer between BSA in its partially unfolded state to
ibuprofen, which further suggests that ibuprofen is bound to
BSA in its partially unfolded conformation. Thus, BSA can also
be used as a drug (ibuprofen) carrier even in its unfolded
conformation as evident from the FRET study.

3.5. 3D Fluorescence Spectral Analysis of Interaction
of BSA and Ibuprofen Elucidates the Polarity Changes
in the Protein BSA upon Ibuprofen Binding and Further
Confirms the FRET from BSA to Ibuprofen in the
Presence of Surfactants. 3D fluorescence spectroscopy or
total fluorescence spectroscopy is one of the powerful
spectroscopic techniques used to investigate samples contain-
ing multiple fluorophores, which have overlapping emission
spectra, and also to analyses drug−protein interaction,63 and
the corresponding 3D contour plots specifically provide
information about the conformational changes in protein by
binding with the drug molecule(s).64

The 3D contour plot for only 25 μM BSA is shown in Figure
5a, which shows two peaks�one at λex = 277 nm and λem =
336 nm (3.69 eV) (peak 1a) corresponding to aromatic
residues (tryptophan, tyrosine, and phenylalanine) and another
peak named as peak 1b at λex = 234 nm and λem = 336 nm

Figure 4. FRET study of 25 μM BSA in the presence of 40 mM SDS
(donor) and 10 μM ibuprofen (acceptor) at pH = 7.4 and λex = 275
nm confirms ibuprofen binding to BSA even in the partially unfolded
conformation. The energy-transfer efficiency with respect to the
acceptor is calculated to be 14% when the actual distance between
donor and acceptor (r) is obtained to be 7.87 nm. The overlap
integral J( ) is calculated to be 3.899 × 1013 nm4 M−1 cm−1. These
results imply that the drug ibuprofen is interacting with the
tryptophan and tyrosine residues, and due to the high concentration
of surfactant, the protein is unfolded, which decreases the energy-
transfer efficiency as the distance between the protein and drug is 7.87
nm. Figure S7 shows an overlap of emission spectrum of BSA in the
presence of SDS (donor) and absorption spectrum of ibuprofen
(acceptor).
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corresponding to higher excited-state excitation of aromatic
amino acid residues of BSA.63 The inclined contour surface in
the 3D contour map where λex = λem corresponds to Rayleigh
scattering.65 The 3D contour map of 15 μM ibuprofen shows
one prominent peak at λex = 230 nm (peak 1) corresponding to
higher excited-state excitation and another peak at λex = 267
nm (peak 2) might be due to normal excitation, and emission
is observed at 355 nm (3.50 eV) (Figure S8). The 3D contour
map to show the change in conformational change of BSA
upon binding with 15 μM ibuprofen is shown in Figure 5b,
which shows two peaks at λex = 272 nm (peak 2a) and at λex =
238 nm (peak 2b), the overall peak intensity due to the
binding interaction of BSA and ibuprofen gets red-shifted as
ibuprofen shows emission maximum at 355 nm. The red shift
of overall emission is in accordance with 2D fluorescence data.
Furthermore, the prominence of peak 2b corresponding to
higher excited-state excitation might be attributed to an
increase in the probability of higher order excitation, facilitated
by the interaction of ibuprofen.

The bird-eye-view of conformational changes in BSA by
interaction with surfactants (anionic SDS and cationic CTAB)
and their effect on the binding of ibuprofen to BSA are studied,
and the corresponding 3D contour plots are shown in Figure

5c−f for an anionic surfactant (SDS) and its effect on the
conformational change of BSA in the absence and presence of
ibuprofen as shown in Figure 5c,d, respectively. Figure 5c
shows one prominent peak at λex = 276 nm (peak 3a) and
another peak at λex = 232 nm (peak 3b) and the corresponding
emission for both the peaks at 311 nm (3.99 eV). The blue
shift in the emission maxima of BSA from 336 nm (3.69 eV)
(peak 1a of Figure 5a) to 311 nm (3.99 eV) (peak 3a of Figure
5c) in the presence of 40 mM SDS is clearly observed. This
observation further supports the normal fluorescence data and
is due to an increase in hydrophobicity around Trp-212 by the
SDS micelle’s hydrophobic core. The 3D contour plot of 25
μM BSA in the presence of 10 μM ibuprofen and 40 mM SDS
as shown in Figure 5d shows three peaks: λex = 276 nm (λem =
311 nm) (peak 3a) refers to the BSA−SDS interaction peak as
explained before and λex = 236 nm (λem = 355 nm) (peak 3b)
and λex = 271 nm (λem = 355 nm) (peak 3c) refer to the
emission of ibuprofen by the binding interaction with BSA in
the presence of SDS, corresponding to higher order and
normal excitation, respectively. The blue shift and quenching
in fluorescence intensity in emission peak 3a, corresponding to
BSA in Figure 5d, are clear indications of a decrease in polarity
around the microenvironments of aromatic amino acid

Figure 5. Normalized 3D fluorescence spectral analysis of interaction of BSA and ibuprofen at pH = 7.4 elucidates the polarity changes in the
protein BSA upon ibuprofen binding and further confirms the FRET from BSA to ibuprofen in the presence of surfactants. (a,b) Represent 3D
fluorescence contour plots of 25 μM BSA (only) and 25 μM BSA and 15 μM ibuprofen, respectively. 25 μM BSA shows two peaks: one at λex = 277
nm and λem = 336 nm (3.69 eV) (peak 1a) and at λex = 234 nm and λem = 336 nm (3.69 eV) (peak 1b) corresponding to normal and higher order
excitation of aromatic residues, respectively, whereas the mixture (25 μM BSA and 15 μM ibuprofen) shows two peaks at λex = 272 nm (peak 2a)
and at λex = 238 nm (peak 2b) and the corresponding emission at 355 nm. (c,d) 3D fluorescence contour plots of 25 μM BSA and 40 mM SDS and
25 μM BSA and 10 μM ibuprofen in the presence of 40 mM SDS. The BSA and the SDS system shows two peaks: at λex = 276 nm (peak 3a) and at
λex = 232 nm (peak 3b) and the corresponding maximum emission at 3.99 eV (λem = 311 nm). BSA, SDS, and ibuprofen system shows three
absorption maxima: λex = 276 nm (λem = 3.99 eV) (peak 3a) corresponding to the BSA−SDS interaction peak, λex = 236 nm (λem = 355 nm) (peak
3b) and λex = 271 nm (λem = 355 nm) (peak 3c) refer to emission of ibuprofen by the binding interaction with BSA in the presence of SDS,
corresponding to higher order and normal excitation, respectively. (e,f) 3D fluorescence contour plots of 25 μM BSA and 40 mM CTAB and 25
μM BSA and 10 μM ibuprofen in the presence of 40 mM CTAB, respectively. BSA and CTAB system shows two peaks: peak 4a at λex = 276 nm
and peak 4b at λex = 232 nm and corresponding emission at 3.99 eV, whereas BSA, CTAB, and ibuprofen system shows three peaks: λex = 276 nm
(λem = 311 nm) (peak 4a), λex = 236 nm (λem = 355 nm) (peak 4b), and at λex = 271 nm (λem = 355 nm) (peak 4c).
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residues and unfolding of protein by the surfactant. Also, in
Figure 5d, the dramatic increase in the intensity of the
ibuprofen peak 3c compared to peak 2 of ibuprofen in Figure
S8 and quenching of BSA peak 3a (at λex = 276 nm (λem = 311
nm)) due to the interaction with BSA and SDS clearly
indicates FRET from BSA to ibuprofen, which further supports
the FRET experiment and also confirms that there is the
binding of ibuprofen with BSA even in its partial denatured
state.

Similarly, the change in the conformational states of BSA
(25 μM) in the presence of the cationic surfactant CTAB (40
mM) is shown in the 3D contour plot in Figure 5e, which
shows two peaks named as peak 4a (at λex = 276 nm (λem =
311 nm)) and 4b (at λex = 232 nm (λem = 311 nm)) like BSA
in the presence of SDS. The blue shift in emission maxima and
the decrease in intensity are due to an increase in
hydrophobicity around the microenvironments of aromatic
amino acid residues by the CTAB micelle core and unfolding
of the protein, which are consistent with the normal
fluorescence emission. Figure 5f shows the 3D contour plot
of BSA (25 μM) and ibuprofen (15 μM) in the presence of
CTAB (40 mM). Like in the case of SDS, three peaks are
observed: peak 4a at λex = 276 nm (λem = 311 nm), peak 4b at
λex = 236 nm (λem = 355 nm), and peak 4c at λex = 271 nm
(λem = 355 nm). The ibuprofen peak 4c gets enhanced and the
BSA peak 4a gets quenched, indicating FRET from BSA to
ibuprofen in the presence of CTAB, which imply that even in
the partially unfolded state, there is binding interaction
between ibuprofen and BSA. However, the quenching in the
BSA peak is lesser as observed in the case of SDS.

In the final discussion, quenching of the BSA peak with the
addition of ibuprofen clearly indicates their interaction as
shown in Figure 1, but the overall increase in fluorescence
emission and the red shift in emission maxima are due to the
ibuprofen emission, and it should not be confused with the
polarity change in the protein due to the interaction with
ibuprofen. Both SDS and CTAB are found to partially unfold
the protein structure and increase the hydrophobicity around
the Tyr and Trp residues by either encapsulating the Trp and
Tyr residues inside the micelles or by inducing self-coiling in
the protein around the micelles, which is in accordance with
the “necklace and bead structures” model as reported by Turro
et al.66 Cationic CTAB is found to interact with the negatively
charged BSA extensively by electrostatic interactions and hence
blue shifting the emission spectra and decreasing the α-helix
content of the protein significantly as observed in the CD plots
(Figure S5b). SDS having an anionic head group could not be
able to interact with the negatively charged BSA directly and
remain away, but the non-polar tail interacts directly with the
protein, leading to quenching in intrinsic protein fluorescence.3

Above CMC, the micelles of SDS partially unfold the protein,
and at this state, the interaction occurs leading to a blue shift
and quenching in emission maxima. Figure 2 depicts the fact
that ibuprofen can bind to BSA even in its partially unfolded
state induced by CTAB or SDS. Based on the above
observations, we proposed a model in Scheme 1 to show the
non-radiative fluorescence energy transfer from Trp and Tyr
residues of BSA to ibuprofen in the presence of SDS, which
further supports the hydrophobic drug ibuprofen binding to
BSA even in partially unfolded conformation (Figure 5). The
binding of ibuprofen to the partially unfolded BSA can be
understood by considering the protein−surfactant interaction
by taking into account two possible “necklace and bead

structures” as proposed by Turro et al., (i) where partially
unfolded BSA chain with Trp and Tyr residues wrapped by the
SDS micelle interacts with ibuprofen and transfer their
resonance energy to it and (ii) where the partially unfolded
BSA chain self-coiled around the SDS micelle with Trp and
Tyr residues transfer the resonance energy to ibuprofen by
binding with it after the CMC.

4. CONCLUSIONS
The current study clearly provides some important insights
into the binding interaction of hydrophobic drug ibuprofen
with BSA, in both its native and partially denatured
conformation. The effect of pH, oligosaccharides (β-CD and
2-HP-β-CD), and surfactants (SDS and CTAB) on the
interaction of BSA and ibuprofen are also investigated. The
results obtained from molecular docking analysis clearly
indicate that ibuprofen can effectively bind to hydrophobic
binding pockets in binding site II which is at subdomain IIIA
of BSA. Like other NSAIDs, the major forces responsible for
the binding interaction of ibuprofen with BSA are hydrophobic
forces, hydrogen bonding interactions, and electrostatic
interactions. The change in the microenvironment of Trp-
212 by interaction with ibuprofen is clearly indicated by the
blue shift in BSA emission in both normal fluorescence
experiments and SFS at Δλ = 60 nm. The result is further
supported by 3D fluorescence plots. The BSA secondary
structure upon binding with ibuprofen is found to be changed.
The effect of different pH does not play any significant role in
the binding of ibuprofen to BSA. The binding of ibuprofen
with BSA is found to be possible even in its partially unfolded
conformation, and during their interaction, there is FRET from
BSA to ibuprofen, and the distance between denatured BSA
and ibuprofen is calculated to be 7.87 nm. Oligosaccharides are
forming inclusion complexes with ibuprofen due to hydro-
phobic interactions, thereby the solubility of the drug
increases, but due to the bigger size of the drug−
oligosaccharide inclusion complex, they are unable to interact
with BSA. Ultimately, this investigation leads to the under-
standing of not only the mechanism of drug loading and
transportation but also the effect of drugs on protein’s
conformation during these processes. The study could provide
some valuable insights into the mechanism of loading and
transportation of other NSAIDs to BSA and could be extended
to HSA as both are homologous to each other. However, in
vivo experiments using appropriate mouse models need to be
conducted to get detailed mechanism of such interactions as in

Scheme 1. Schematic Representation of FRET from Try and
Trp Residues of BSA in the Presence of SDS to Ibuprofen
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vitro measurements could not mimic the complex in vivo
atmosphere.
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