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Abstract
The aim of present study was to investigate the binding interactions of a model hydrophobic molecule, dimethylcurcumin 
(DMC) with nanoparticle form of bovine serum albumin (BSA) using fluorescence spectroscopy techniques. For this, 
BSA nanoparticles (size = 62.0 ± 3.5 nm, molecular weight = 11,243 ± 3445 kD) prepared by thermal denaturation method 
was mixed with DMC in solution and monitored for fluorescence emission of tryptophan (Trp) residue as well as DMC 
separately. The emission maximum of DMC in nanoparticles form exhibited more blue sift and quenched the excited state 
of tryptophan (Trp) by six fold higher than in the native form of BSA. By analyzing Trp fluorescence, the mean binding 
constant (K) estimated for the interaction of DMC with native and nanoparticles forms of BSA was 2.7 ± 0.4 × 104 M−1 and 
1.5 ± 0.5 × 105 M−1 respectively. Together these results suggested that DMC experienced a more rigid environment in nano-
particles than in native form of BSA. Additionally the above determined K values were in agreement with those reported 
previously by absorption techniques. Further direct energy transfer was observed between Trp and DMC, using which the 
distance (r) calculated between them was 28.25 ± 0.27 Ǻ in BSA native. Similar analysis involving BSA nanoparticle and 
DMC revealed a distance of 24.25 ± 1.05 Ǻ between the hydrophobic core and the ligand. Finally interaction of DMC with 
BSA was validated through molecular docking studies, which indicated sub-domain IIA as the binding site of DMC. Thus 
it is concluded that intrinsic fluorescence of protein can be utilized to study the interaction of its different physical forms 
with any hydrophobic ligand.
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1  Introduction

In recent times, proteins have emerged as the material or 
excipient of choice for developing formulations of nutra-
ceutical and pharmaceutical applications [1–4]. Proteins as 
an excipient offer several advantages like biodegradability, 
biocompatibility and possibility of interaction with a wide 
range of bioactive or pharmacologically important mol-
ecules [3–5]. Serum albumin is one such class of protein 
which is studied extensively as carriers for drug and food 
grade molecules [6–8]. Albumin is the major soluble protein 
of the circulatory system of vertebrates comprising about 
60% of the total protein content of plasma. It is involved in 
the transport of nutrients to cells, regulation of plasma buffer 
and maintenance of osmotic pressure [6–8]. With the advent 
of nanotechnology, there has also been a lot of interest in 
exploring albumin nanoparticles as novel drug delivery sys-
tem [9, 10]. Indeed there is a commercial grade formulation, 
Abraxane® available in the market which constitutes human 
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serum albumin nanoparticles-bound paclitaxel [11]. The 
principle behind the formation of albumin nanoparticles is 
the aggregation of denatured protein molecules to form sta-
ble nuclei, which subsequently serves as seeds for nanopar-
ticle growth [2, 4, 5, 12]. Some of the common methods of 
preparing albumin nanoparticles are the simple precipitation 
using anti-solvent and the thermal or chemical denaturation 
followed by precipitation [13, 14]. The later methodologies 
have advantage over the simple precipitation of generating 
stable particles, which are not disintegrated under physi-
ological conditions [14]. The efficiency of an albumin based 
nano-formulation for encapsulation and controlled release 
depends mainly on its mode of interaction and binding 
strength with ligand molecules [14, 15]. Therefore under-
standing the molecular insight of ligand–protein interaction 
would greatly advance the rational development of economi-
cally successful food and/or pharmaceutical formulations.

Although a number of spectroscopic techniques including 
UV–Visible spectroscopy is available for the study of inter-
action between protein and various drug molecules, the one 
employing fluorescence is simple and very sensitive method 
for studying the same [16]. In general fluorescent moieties 
(fluorophores) absorb light of a specific wavelength (λex), 
and after a brief interval, termed the fluorescence lifetime 
(τ), energy is emitted at a longer wavelength (λex) [16, 17]. 
However, this approach may require fluorescent labeling. 
Such labeling may not always be possible or even desir-
able since attaching a fluorescent dye to a bio-molecule 
may partially alter its physical and chemical properties. On 
contrary many proteins contain naturally fluorescent amino 
acids, such as tryptophan (Trp) and tyrosine (Tyr) [16, 17]. 
Accordingly a large number of reports have established that 
the intrinsic Trp fluorescence in proteins can be effectively 
used to study the drug-protein interaction [8, 18]. Dimethyl 
curcumin (DMC) is one such pharmacologically impor-
tant model hydrophobic molecule. It is the metabolically 
stable derivative of curcumin, a polyphenol from rhizome 
of Curcuma longa [19, 20]. It is known to possess diverse 
pharmacological activities and also exhibits solvent depend-
ent photo-physical properties [21]. Recently our group has 
studied its interaction with different physical forms of BSA 
using UV–Visible spectroscopy [14]. In continuation to this 
work, here in the present study, fluorescence spectroscopic 
techniques were optimized to investigate the same and the 
results were compared with those reported previously. For 
this, BSA nanoparticles of ~ 60 nm size prepared employing 
a previously optimized thermal denaturation method was 
used [14]. The native and nanoparticle forms of BSA were 
compared for the fluorescence intensity, emission maximum 
(λmax), anisotropy and fluorescence life time of intrinsic Trp 
residues to understand the changes in molecular environment 
during nanoparticles formation. Next, quenching of Trp fluo-
rescence in native and nanoparticles forms of BSA by DMC 

was studied in detail to determine binding parameters. Since 
fluorescence resonance energy transfer (FRET) can occur 
between Trp and DMC with the latter one as the final accep-
tor molecule, this tool was employed to map the location of 
DMC in the microenvironment of native and nanoparticles 
forms of BSA. Finally docking studies were performed to 
validate the interaction of DMC with BSA.

2 � Methods and Materials

2.1 � Chemicals

BSA, sodium hydrogen phosphate (monobasic and diba-
sic), potassium hydrogen phosphate, sodium chloride and 
potassium chloride from Sigma chemicals were purchased 
through local agents. Dimethyl curcumin (DMC) with 
99% purity was obtained as a kind gift from M/s. Nastol 
Laboratories, Vishakhapatanam. The synthesis and char-
acterization of DMC is mentioned in previous report [21]. 
The solvents like dimethyl sulfoxide (DMSO), ethanol and 
methanol were procured from Sisco Research Laboratories 
(Mumbai, Maharashtra). Dialysis membrane-60 of diameter 
15.9 mm and molecular cutoff 12-14 kDa was purchased 
from Himedia. Solutions were prepared in nano pure water 
from a Millipore Milli-Q system. All other chemicals with 
maximum available purity were purchased from reputed 
local manufacturers/suppliers.

2.2 � Preparation of BSA Nanoparticles

For this 150 μM (1% w/v) of BSA solution in phosphate 
buffer saline (PBS) was processed by thermal denatura-
tion (68 °C) method as described in our previous report to 
obtain spherical shaped BSA nanoparticles of mean hydro-
dynamic diameter of 62.0 ± 3.5 nm (polydispersity index 
of 0.175) with a corresponding zeta (ζ) potential value 
of -6.0 ± 0.29 mV (Figs. S1 and S2A) [14]. Further high 
pressure size exclusion chromatography (HP-SEC) was 
performed using AKTA purifier (GE Healthcare, USA) to 
determine the molecular weight of BSA nanoparticles [22]. 
The column (Superose 6 increase 10/300 GL) was pre-equil-
ibrated with buffer (PBS, pH 7.5) at a flow rate of 0.5 ml/
min. Around 100 μl aliquot of nanoparticle sample equiva-
lent to a protein concentration of 10 μg/μl was injected and 
the eluted protein was detected by following absorbance at 
280 nm.

2.3 � Photophysical Studies

A freshly prepared DMC solution (2.7 mM or 1 mg in 
1 ml) in ethanol and 150 μM (1% w/v) of BSA native or 
nanoparticles in PBS was used for fluorescence titration 
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and estimation of the binding constant. In brief the above 
two solutions were mixed very quickly to obtain the 
required concentration of BSA and DMC in a reaction 
system of 3 ml and subjected to fluorescence measure-
ment. The ethanol content in the reaction mixture did not 
exceed 1%. The steady-state fluorescence measurements 
were carried out in a quartz cuvette (1 cm × 1 cm) using a 
Hitachi spectro-fluorimeter (model F-4500; Tokyo, Japan) 
with a slit width of 2.5 nm for the excitation and emission 
beams. Fluorescence anisotropy values were calculated 
using parallel and perpendicular polarizers according to 
equation mentioned below:

where IVV and IVH are the fluorescence intensities deter-
mined at vertical and horizontal orientations of the emission 
polarizer, respectively, when the excitation polarizer is set 
in the vertical position. The G factor, which compensates 
for differences in the detection efficiency for vertically and 
horizontally polarized light, was calculated from the fluo-
rescence intensity ratio of vertical and horizontal emissions 
when the excitation polarizers set in the horizontal position 
(IHV/IHH) [23, 24].

Fluorescence life times were measured using a time-
correlated single photon counting (TCSPC) spectrometer 
(Horiba Jobin Y von, UK). The samples were excited by 
light pulses from a nano-LED source (292 nm, repetition 
rate of 1 MHz) and the fluorescence was detected using a 
PMT based detection module (model TBX4). A reconvo-
lution procedure was used to analyze the observed decays 
using a proper instrument response function obtained by 
substituting the sample cell with a light scatterer (turbid 
solution of TiO2 nanoparticles in water). With the present 
setup, the instrument time resolution is adjudged to be 
about 40 ps. The fluorescence decays were analyzed as a 
sum of exponentials as,

where I (t) is the time-dependent fluorescence intensity and 
Bi and τi are the pre-exponential factor and the fluorescence 
lifetime for the ith component of the fluorescence decay, 
respectively. The quality of the fits and consequently the 
mono/multi-exponential natures of the decays were judged 
by the reduced Chi square (χ2) values and the distribution 
of the weighted residuals among the data channels. For a 
good fit, the χ2 value was close to unity and the weighted 
residuals were distributed randomly among the data chan-
nels [25, 26].

(1)Anisotropy (r) =
(Ivv − GIvh)

(Ivv + 2GIvh)

(2)I(t) =
∑
i

Bi exp(−t
/
�i)

2.4 � Preparation of BSA‑DMC Complex for FRET

To prepare BSA-DMC complex, 5 μl of DMC stock solu-
tion (50 mg/ml in DMSO) was mixed with 2 ml of 1% (w/v) 
BSA native or nanoparticles solution, stirred for 20 min and 
dialyzed to remove the unbound DMC and DMSO using 
PBS as dialyzing solvent for 24 h under constant stirring at 
100 rpm. The concentration of DMC in the purified BSA 
native and nanoparticles solution was determined as 250 μM 
and 300 μM respectively by employing UV–Visible absorp-
tion technique (at 420 nm) as reported previously. The above 
prepared BSA-DMC complex was appropriately diluted 
using blank BSA native or nanoparticles and used for FRET 
as well as fluorescence microscopy.

2.5 � Molecular Docking

The optimized structure of the DMC was docked on BSA 
(obtained from protein data bank,) using Lead IT 2.1.3-
FlexX (BioSolve IT, GmbH, Germany) docking software. 
The structure of DMC was optimized using density func-
tional theory (DFT) method and B3LYP/6-31 + G(d,p) level 
of GAMESS software in gaseous state and saved as Mol2 
file. The crystal structure of BSA protein was downloaded 
from protein data bank (PDB file: 3V03). The protein was 
loaded into LeadIT 2.1.2 and the receptor components were 
chosen by selection of chain A as a main chain without 
any reference ligand. Binding site was defined by choosing 
amino acid residues present in the given domains. Amino 
acids within radius 10 Å were selected in the binding site. 
Ligand binding was checked by using enthalpy (classic Tri-
angle matching), entropy (single interaction scan) and the 
hybrid method (which utilizes both enthalpy and entropy 
based binding). For scoring, all default settings were 
restored. Intra-ligand clashes were computed by using clash 
factor of 0.6. The base placement method was used as a 
docking strategy [27].

3 � Results

3.1 � Determination of Molecular Weight 
and Aggregation Number of BSA Nanoparticles

The molecular weight of BSA nanoparticles was deter-
mined by HP-SEC. The elusion profiles presented in Fig. 1 
showed the appearance of a single major peak at approx. 
33 min and a broad distribution ranging from 17 to 20 min 
in case of BSA native and nanoparticles forms respectively. 
The broad distribution is attributed to the polydispersity of 
nanoparticles. The calibration curve of retention time verses 
molecular weight was prepared using standard proteins such 
as carbonic anhydrase (29 kDa), BSA (66 kDa), alcohol 
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dehydrogenase (150 kDa), amylase (200 kDa), apoferritin 
(443 kDa) and thyroglobulin (669 kDa) (inset of Fig. 1). 
Using this calibration curve, the estimated average molecu-
lar weight of BSA nanoparticles was 11,243 ± 3445 kDa. 
Further by taking the ratio of the molecular weights of nano-
particles and native forms, the number estimated of BSA 
monomers comprising a single nanoparticle was 170 ± 52. 
Notably, our group had previously reported that BSA nano-
particles of ~ 60 nm synthesized by thermal denaturation 
method was composed of 466 number of BSA monomers 
[14]. The higher aggregation number obtained in previous 
study could be due to fact that it was calculated taking into 
account of the hydrodynamic size of the native and nano-
particles. Since the aggregation number reported in present 
study is based on the actual mass values, it appears to be a 
more accurate way of representing BSA nanoparticles.

3.2 � Fluorescence Lifetime and Anisotropy of Trp 
During the Formation of BSA Nanoparticles

The fluorescence (λmax = 340 nm) of BSA protein upon exci-
tation at 292 nm is attributed to Trp213 residue embedded 
in the hydrophobic pocket of sub-domain IB [14]. The emis-
sion maximum and fluorescence life time of Trp are highly 
sensitive to environment polarity and thus are expected to 
predict the conformational changes during the formation of 
BSA nanoparticles from its native form [4, 14, 28]. Our group 
has previously shown that emission maximum of BSA in the 
nanoparticle form is slightly blue sifted to 335 nm as compared 
to 340 nm of native form [14]. This clearly suggested that most 
of the Trp residues in BSA nanoparticles are less exposed to 
solvent compared to native form and thus are expected to be 
deeply buried inside the hydrophobic core formed during the 

aggregation or nucleation process of nanoparticles growth [4, 
28]. In this study to determine the fluorescence life time of Trp, 
30 µM of BSA in native and nanoparticle form was excited at 
292 nm and the emission intensity was collected at 340 nm as 
a function of time. The fluorescence decay profile (Fig. 2) of 
BSA native could be fitted to biexponential function with rela-
tive fluorescence lifetimes of 2.80 ns (17%) and 6.42 ns (83%) 
and average life time of 5.82 ns (τo). Similarly in nanoparticles 
form, the temporal fluorescence profile showed biexponential 
decay, with relative fluorescence lifetimes of 1.99 ns (37%) 
and 5.35 ns (63%) and average lifetime of 4.16 ns (Fig. 2). 
Our value on the fluorescence lifetime of Trp in BSA native 
is in agreement with literature reports [29]. The decrease in 
average fluorescence life time of Trp during the formation 
of BSA nanoparticles may be due to energy transfer or some 
other competing photophysical processes with neighboring 
amino acids brought in close vicinity by aggregation/nuclea-
tion process. This assumption is supported by some recent 
reports indicating that the aggregation of protein monomers 
leads to the decrease in fluorescence life time of intrinsic Trp 
residue [30, 31]. Further steady-state fluorescence anisotropy 
measurement of BSA in different physical forms can disclose 
the extent of rotational freedom and dynamics available to the 
Trp side chain in the excited state. Accordingly fluorescence 
anisotropy of Trp residue in the native and nanoparticles forms 
of BSA was monitored by collecting emission from 300 nm 
to 400 nm after excitation at 290 nm. The results presented in 
Fig. S3 indicated that there was no significant change in the 
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anisotropy of Trp in the native and nanoparticle forms of BSA. 
This clearly suggested that the aggregation of BSA monomers 
during the formation of nanoparticles although led to minor 
change in local environment did not impose any additional 
restriction on the rotational mobility of Trp side chain.

3.3 � Estimation of the Binding Parameters of DMC 
with BSA Native/Nanoparticles Using Trp 
Quenching

In order to estimate the binding parameters of DMC with BSA 
native or nanoparticles, fluorescence titration experiment was 
performed by varying the concentration of DMC from 1 to 
10 μM and keeping the concentration of protein (BSA native 
or nanoparticle) fixed at 30 μM. The above concentration of 
DMC was chosen, so that its absorbance at 290 nm did not 
increase by more than 10% of the absorbance of the macro-
molecule. The reaction mixture was monitored for Trp fluo-
rescence at 340 nm after excitation at 290 nm. It was observed 
that the fluorescence intensity due to Trp in both native as well 
as nano-particle forms decreased/quenched in the presence of 
DMC (Fig. 3). This confirmed the binding of DMC with BSA 
native and its nanoparticle form. The change in fluorescence 
intensity was analyzed to estimate the binding constant accord-
ing to Eq. (3).

here Fo and F are the corrected fluorescence intensity for 
inner filter effect from Trp, at 340 nm in the absence and 
the presence of different concentrations of DMC. K is the 

(3)log

(
F0 − F

)
F

= logK + n log [DMC]

binding constant of DMC with the macromolecule in its 
native and nanoparticles form and n is the number of DMC 
molecule bound to the macromolecule. The slope and inter-
cept of the linear fit of the double logarithmic plot as pre-
sented in the inset of Fig. 3 was used to calculate the bind-
ing parameters n and K and these values were 1.01 ± 0.16 
and 2.63 ± 0.36 × 104 M−1 respectively for BSA native and 
1.13 ± 0.21 and 1.55 ± 0.53 × 105 M−1 respectively for BSA 
nanoparticles. Further the binding of DMC to BSA native or 
nanoparticle is also expected to affect the fluorescence life 
time of Trp. To verify this, fluorescence lifetime of Trp was 
measured by varying the concentration of DMC from 5 to 
40 μM and keeping the concentration of protein (BSA native 
or nanoparticle) fixed at 30 μM. The results indicated that 
average fluorescence life time of Trp in both native and nan-
oparticles forms successively decreased with the increasing 
concentration of DMC (Fig. 4). The fluorescence quench-
ing constant was determined by employing Stern–Volmer 
Eq. (4).

where τ0 and τ are the excited state lifetime of Trp in the 
absence and presence of DMC, respectively and kq is the 
fluorescence quenching constant. The estimated kq value for 
native and nanoparticle form was 1.37 ± 0.04 × 1013 M−1/s 
and 4.40 ± 0.03 ×1013 M−1/s respectively. Higher quenching 
constant in BSA nanoparticle form indicates that DMC is 
located in close vicinity to fluorescent Trp moiety. 

(4)(�0∕�) − 1 = kq�0[DMC]

Fig. 3   Fluorescence spectra of aqueous solutions containing 30  µM 
BSA native (graph  A) and BSA nanoparticles (graph  B) with var-
ying concentration of DMC from 1  µM to 10  µM at pH 7.4. Spec-

tra 1–4 corresponds to 0, 2, 6 and 10 µM DMC. Inset of the figures 
shows the double logarithm plot of tryptophan fluorescence against 
DMC concentration
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3.4 � FRET Studies of BSA‑DMC Complex

The emission spectrum of Trp in BSA native or nano-
particle overlaps with the absorption spectrum of DMC 
(Fig. 5) [14]. This pointed out that the quenching of Trp or 
the decrease in its life time in presence of DMC might be 
due to the energy transfer from the excited state of Trp to 
the ground state of DMC. To address this, 30 µM of DMC 
bound to 30 µM of BSA (native or nanoparticle) was pre-
pared by dialysis as mentioned in the experimental section. 
The BSA-DMC complex was excited at 290 nm and moni-
tored for DMC emission spectrum from 450 to 650 nm. A 
cut-off filter of 420 nm was used to avoid the interference 
from Trp emission. As seen from Fig. S4, the emission of 

DMC was observed on excitation of Trp at 290 nm. This 
energy transfer is a non-radiative mode, and can be utilized 
to estimate the distance between the Trp and DMC using 
Förster’s theory of resonance energy transfer [17, 28]. As 
explained earlier, unlike to native form, the fluorescence 
emission of BSA nanoparticles is attributed to several 
Trp residues buried in its hydrophobic core. Accordingly 
FRET analysis in BSA nanoparticle is expected to indicate 
the distance between DMC binding site and its fluores-
cent hydrophobic moiety. The efficiency of energy transfer 
(E) is related to the distance r (Å) between the donor and 
acceptor by Eqs. (5 and 6),

In the above equation Rois defined as critical transfer 
distance at which the transfer efficiency equals 50% or 
the fluorescence of donor is quenched by 50%. Ro can be 
calculated by using the following relation,

where J is the spectral overlap integral between the donor 
emission and the acceptor absorption, and κ2 is the orienta-
tion factor between the emission of the dipole of the donor 
and the absorption dipole of the acceptor, which is gener-
ally 2/3 for isotropic donor and acceptor, Φ0 is the quantum 
yield of the donor i.e. Trp and η is the refractive index of 
the medium. Using pure Trp as reference solute, the Φ of 
Trp in BSA native and nanoparticle was estimated by rela-
tive method [28] and found to be 0.10 and 0.07, respectively 
(experimental uncertainty = 5%). The spectral overlap inte-
gral (J) between the donor emission spectrum and the accep-
tor absorption spectrum was determined by,

here FD and εA represent the fluorescence intensity of the 
donor and the molar extinction coefficient of the accep-
tor respectively at the wavelength λ. Spectral overlap 
integral J value estimated was 9.52 × 10−15 M−1 cm3 and 
1.13 × 10−14  M−1  cm3 for the complex of DMC bound 
with BSA native and nanoparticle, respectively. Using the 
above parameters and according to Eq. (7), the value of Ro 

(5)E =
R6
o

R6
o
+ r6

= 1 −
�

�o

(6)ket =
1

�0

(
R0

r

)6

(7)Ro = 9.79 × 103
(
�2�oJ�

−4
)1∕6 Å

(8)J(�) =
⎛⎜⎜⎝

∞

∫
0

FD�A�
4d�

⎞⎟⎟⎠

�⎛⎜⎜⎝

∞

∫
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⎞⎟⎟⎠

Fig. 4   Stern–Volmer quenching plot of (a) BSA native and (b) BSA 
nanoparticle by varying concentration of DMC (5–40 µM) at pH 7
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estimated was 23.1 Ǻ and 23.8 Å for native and nanoparticle 
form, respectively.

The efficiency (E) of energy transfer for BSA native and 
nanoparticle forms was determined using respective fluo-
rescence life time τ0 and τ in the absence and presence of 
DMC. Further by applying Ro value into Eqs. (5 and 6), ket 
and the distance(r) between the DMC binding site and Trp 
213 in BSA native was estimated to be 0.52 ± 0.03 × 108 s−1 
and 28.25 ± 0.27 Å respectively. Similarly, ket and the dis-
tance (r) between the DMC binding site and fluorescence 
moiety (Trp) in BSA nanoparticle was estimated to be 
2.16 ± 0.21 × 108 s−1 and 24.25 ± 1.05 Å respectively.

3.5 � Steady State Fluorescence Anisotropy 
Measurement of DMC Upon Binding with BSA 
Native or Nanoparticle

DMC has previously been reported to exhibit solvent sensi-
tive emission maximum and with decrease in solvent polar-
ity, the emission maximum of DMC displays a marked blue 
shift [14, 32]. For example emission maximum of DMC in 
water (~ 550 nm) is significantly blue shifted when bound 
to BSA in its native state (~ 510 nm) and nanoparticles form 
(500 nm) (Fig. S5) [14]. Also, binding of DMC with BSA in 
its native and nanoparticle form, resulted in increase in the 
emission intensity by 3 and 7 times, respectively, indicating 
increase in the emission quantum yield of DMC in BSA 
nanoparticles as compared to native form (Fig. S6). Thus 
the fluorescence enhancement and blue shift in emission 
maximum of DMC bound to BSA suggested that the local 
polarity of DMC at the binding site of BSA is very much 
lower than that in bulk water. Additionally it can be inferred 
that DMC is located in a relatively rigid environment result-
ing in decrease in the non-radiative process. To further vali-
date this, anisotropy of DMC (10 µM) bound to 30 µM of 
BSA native or nanoparticles was investigated by exciting 
at 420 nm (absorption maximum of DMC) and monitoring 
the emission from 440 nm to 630 nm. The anisotropy of 
DMC significantly increased from 0.02 in aqueous methanol 
solution to ~ 0.35 in the presence of BSA native or nano-
particles (Fig. 6). This confirmed that the motion of DMC 
was restricted upon binding to BSA native or nanoparticles 
causing an increase in the steady-state anisotropy. However, 
because of very short fluorescence life time of DMC, its 
rotational dynamics could not be attempted.

Having understood the changes in fluorescence emission 
of DMC on its interaction with BSA native or nanoparticles, 
the binding studies were also performed by monitoring the 
fluorescence of DMC after excitation at 420 nm. For this the 
concentration of DMC was varied from 1 to 10 μM and the 
concentration of protein (BSA native or nanoparticle) was 
fixed at 30 μM. The emission intensity obtained at 510 nm 
(Fig. S6) was used to estimate the K values using Eq. No (4).

where Io and Imaxare the corrected emission intensities of 
DMC in absence and presence of the macromolecule respec-
tively. Using the non-linear equation, the respective K value 
for BSA native and BSA nanoparticle was estimated to be 
6.1 ± 0.4 × 103 M−1 and 1.2 ± 0.1 × 104 M−1. To further 
validate the binding of DMC with BSA nanoparticle, fluo-
rescence imaging was performed. For this, the solution of 
DMC (10 µM)–BSA (30 µM) nanoparticle was air dried on 
a glass cover slip and fluorescence images were captured 
after excitation with blue filter (450–480 nm). The images 
presented in Fig. S2B showed a very bright fluorescence 
from spherical dots confirming the binding of DMC with 
BSA nanoparticle.

3.6 � Molecular Docking

DMC has a α,β-diketo unsaturated moiety which can exhibit 
keto-enol tautomerism. The ground state optimized structure 
of both the keto and enol form indicated that the enol form 
is more stable by − 4 kcal/mol. The optimized structure of 
DMC in the enol form was used for docking on native BSA. 
As the PDB file of the BSA nanoparticle was not available, 
the docking studies could not be performed for the nanopar-
ticle form. The docking was executed by exploring initially 
the enthalpy and the entropy mode of interaction separately 
and then using both the modes simultaneously with the help 
of the in-built program in the Lead IT software. The favored 
binding site of DMC on BSA native was evaluated on the 
basis of free energy change as obtained from the HYDE 
algorithm of the Lead IT software. The most stable binding 

(6)If =
Io + ImaxK[DMC]

1 + K[DMC]
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Fig. 6   Steady-state fluorescence anisotropy of aqueous solutions of 
10 mM DMC in (filled circle) PBS solution, (open circle) BSA native 
and (filled triangle) BSA nanoparticle at pH 7
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of DMC was found to be in domain IIA of BSA native with 
entropy mode (single scan interaction) giving the most stable 
pose with free energy value of − 30 kJ/mol. The free energy 
change on binding of DMC with IIA domain as estimated by 
employing triangle matching and the hybrid approach was 
− 10 kJ/mol. Thus the docking studies also supports that 
the interaction of BSA native form with DMC is mostly by 
hydropobic interaction. Figure 7 shows the representative 
pose of DMC in IIA domain of BSA native form, which is 
calculated by entropy mode. It can be seen that Glu (gluta-
mate) 229 and 226 are involved in electrostatic interaction 
via their amine group with the enol form of DMC. Further 
these residue along with Lys 224, 232, Asp268, Val228, 
Thr269 are involved in hydrophobic interaction (as seen by 
green lines) with the aromatic moiety of DMC. The pose 
view of DMC bound to BSA native by enthalpy mode is 
presented in Fig. S7.

4 � Discussion

The physiological role of albumin as a transport protein 
along with its increasing importance in pharmaceutical, 
nutraceutical and food industries has generated a lot of 
interest among researcher to understand its interaction with 
biologically relevant molecules [6–8]. The most impor-
tant parameter that defines the strength of interaction of a 
ligand with albumin protein is the equilibrium or binding 
constant (K) value [6–8]. The K of ligand varies depend-
ing on the physical forms of albumin protein. In general 

protein nanoparticles formed due to aggregation of dena-
tured monomers show higher K and entrapment efficiency 
for hydrophobic ligands facilitating better solubility, stability 
and bio-distribution [3, 9–11, 14]. This observation has led 
to the emergence of protein nanoparticles as a novel excipi-
ent [33]. Drug-protein interactions can be investigated by 
various methods like FT-IR, circular dichroism, etc. How-
ever fluorescence technique is more sensitive and informa-
tive as it utilizes the changes in the micro-environment of 
protein as well as ligand. The present manuscript demon-
strates that owing to intrinsic fluorescence of Trp residue 
present in BSA native or nanoparticles, fluorescence tech-
nique serves as a sensitive tool to study their interaction 
with a hydrophobic molecule like DMC. Our results clearly 
support that fluorescence emission maximum and life time 
of Trp residue in albumin protein is highly sensitive to any 
change in its physical form or the binding of a hydropho-
bic ligand. These changes can be conveniently employed 
to calculate the K value and to understand the molecular 
process involved in the interaction. For example as expected 
DMC showed higher K with nanoparticles of BSA than with 
its native form. The higher binding strength of DMC with 
BSA nanoparticle may be attributed to the difference in the 
polarity of its inner core compared to that of native form [4, 
14]. The inner core of nanoparticle is expected to be more 
hydrophobic in nature [4, 14]. Indeed our results showing 
a blue shift in the emission maximum along with decrease 
in fluorescence life time of Trp in BSA nanoparticle con-
firmed above assumption. Notably K value obtained by 
fluorescence method matches with that reported previously 
using UV–Visible spectroscopy [14]. This validates the util-
ity of fluorescence techniques for binding studies. Like Trp 
fluorescence of albumin protein, the inherent fluorescence 
property of the ligand can also be utilized to study the drug-
protein interaction [34]. DMC upon binding to native or 
nanoparticles forms of BSA showed blue shift in its emis-
sion maximum [14]. By comparing the emission maximum 
of DMC in BSA native and nanoparticles with those of dif-
ferent polarity solvents, it was predicted that DMC in the 
BSA native and BSA nanoparticle was present in an envi-
ronment having dielectric constant of 37.5 and 7.58, respec-
tively [34]. The microscopic environment of DMC was fairly 
more rigid in BSA nanoparticles as compared to BSA native, 
which was supported by its higher emission intensity in the 
nanoparticles form. Interestingly K value obtained by fol-
lowing the changes in fluorescence intensity of DMC was 
~ tenfold lower than those estimated by Trp quenching. The 
fluorescence enhancement of DMC upon binding to BSA 
native or nanoparticles takes in account of only hrdropho-
bic interactions. On contrary, the quenching of Trp may be 
due to combination of both ground state (static) and energy 
transfer with DMC [35]. Accordingly K value obtained by 
Trp quenching is expected to have contributions from both 

Fig. 7   Schematic representation of the amino acids involved in bind-
ing of DMC with BSA native in domain IIA by entropy mode. Here, 
green line represents hydrophobic site of interaction, whereas the dot-
ted line represents the electrostatic interaction
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static interaction and the energy transfer. The observed dif-
ferences in K value can be attributed to above phenomenon. 
It is also worth to mention that under a condition where 
the ligand is a fluorescent molecule, it would be ideal to 
perform the binding studies by monitoring the fluorescence 
of both protein and ligand separately for the correct repre-
sentation of binding strength. Finally direct energy transfer 
between the excited Trp and ground state DMC revealed a 
close proximity between DMC binding site and Trp residue 
of BSA native or nanoparticles. On contrary to hydrophobic 
ligands, if the interaction of ligand or molecule with albumin 
protein is through ion–dipole and electrostatic interactions, 
then the fluorescence techniques may not predict the correct 
strength of binding and in such cases it would be ideal to use 
absorption techniques [36]. In conclusion, the methodology 
described in the manuscript is of interest to a wide audience 
involved in pharmaceutical, food and nutraceutical sectors to 
study interaction of protein in different physical forms with 
any hydrophobic ligand.
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