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A B S T R A C T

Interaction mechanisms of human serum albumin (HSA) with safranal and crocin were studied using UV–Vis
absorption, fluorescence quenching and circular dichroism (CD) spectroscopies as well as molecular docking
techniques. Changes in absorbance and fluorescence of HSA upon interactions with both compounds were at-
tributed to their binding to amino acid chromophores located in subdomains IIA and IIIA. Fluorescence sec-
ondary inner filter effect was excluded using 278 nm and 340 nm as the wavelengths of HSA's excitation and
fluorescence while safranal and crocin absorbed at 320 nm and 445 nm, respectively. Stern-Volmer model re-
vealed a static quenching mechanism involve the formation of non-fluorescent ground state complexes. Stern-
Volmer, Hill, Benesi-Hilbrand and Scatchard models gave apparent binding constants ranged in 4.25×103 -
2.15×105 for safranal and 7.67×103 - 4.23× 105 L mol−1 for crocin. CD measurements indicated that 13
folds of safranal and crocin unfolded the α-helix structure of HSA by 7.47–21.20%. In-silico molecular docking
revealed selective exothermic binding of safranal on eight binding sites with binding energies ranged in −3.969
to −6.6.913 kcal/mol. Crocin exothermally bound to a new large pocket located on subdomain IIA (sudlow 1)
with binding energy of −12.922 kcal/mol.

These results confirmed the formation of HSA stable complexes with safranal and crocin and contributed to
our understanding for their binding characteristics (affinities, sites, modes, forces … etc.) and structural changes
upon interactions. They also proved that HSA can solubilize and transport both compounds in blood to target
tissues. The results are of high importance in determining the pharmacological properties of the two phyto-
chemical compounds and for their future developments as anticancer, antispasmodic, antidepressant or aph-
rodisiac therapeutic agents.

1. Introduction

Saffron, the food flavoring and coloring substance, has a long his-
tory of use as a traditional medicine. It is derived from the natural
Crocus sativus flowers’ dried stigma (family: iridaceae) [1,2]. Saffron
has a plethora of biological activities that include antispasmodic, an-
tidepressant, aphrodisiac, respiratory decongestant and a remedy
against scarlet fever, asthma, and smallpox [3,4]. The major bioactive
constituents in saffron include safranal (1.5%), picrocrocin (6.0%), and
the yellow colored compound crocin (86.5%) [5].

Safranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde) is
a volatile monoterpene aldehyde produced by acidic hydrolysis of pi-
crocrocin [6] (Fig. 1). Safranal represents around 70% of saffron's
aroma and is a major component of saffron's oil [7]. Safranal has proven
antioxidant [8], genoprotective [9], bronchodilatory [10], cytotoxic

[11], antitussive [12], anticonvulsant [13], antinociceptive [14], neu-
roprotective [15], antiabsence [16], antidepressant [17], hypotensive
[18], anxiolytic and hypnotic pharmacological effects [19].

Several cellular proteins include cytochrome b-c1 complex sub-unit
1, trifunctional enzyme sub-unit beta, ATP synthase sub-units (α and β)
in liver cells and Beta-actin-like protein 2 in kidney, heart and brain
cells were identified as molecular targets for safranal. It was also re-
ported that safranal acts as a protective agent against DNA damage
induced by methyl methane sulfonate in mice organs [9,20].

Crocin is the glycosylic ester of crocetin. It is hydrolyzed during
intestinal absorption to crocetin (Fig. 1). Crocin's antioxidant, anti-in-
flammatory and anticancer effects have been documented [4]. Protec-
tion of cells against oxidative damage by crocin was attributed to its
biological antioxidant effect that quenches the damaging singlet oxygen
and free radicals formed during lipid's oxidation [21]. Crocin has also
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shown to reduce lipidemia in rats and affect memory and learning in
animal models [22,23]. Crocetin has shown to inhibit syntheses of DNA
and RNA in isolated nuclei and to suppress the activity of purified RNA
polymerase-II [24].

Both crocin and crocetin were shown to inhibit the proliferation of
HL-60 leukemic cells and differentiate them in a comparable pattern to
trans-retinoic acid [25]. Crocins and dimethyl-crocetin were found non-
mutagenic, nontoxic and anticarcinogenic [26]. The effects of crocin
and crocetin on histone H1 structure and H1–DNA interaction were
also investigated [27]. Complexation of safranal, crocetin and dimethyl-
crocetin with DNA resulted in partial transitions of DNA from the B to A
forms. Stability order of adducts formed is dimethyl-crocetin >
crocetin > safranal [28].

On the other hand, human serum - albumin as the most abundant
protein represents - about half of human blood serum (∼35–55 g/L)
and has a half-life of approximately 20 days. HSA is produced in liver as
monomeric globular soluble protein with many physiological and
pharmacological functions. It transports endogenous and exogenous
compounds such as drugs, fatty acids, vitamins, bilirubin, metabolites
and amino acids in blood [29]. The extraordinary ability of HSA to
reversibly bind various drugs in plasma enables it to control their dis-
tribution patterns to different target tissues during plasma circulation
[30], pharmacokinetics and osmotic pressures [31,32]. However,
strong binding has been correlated with increase in release time and
subsequent diminish in the therapeutic values of drugs whereas weak
binding has been correlated with poor absorption of drugs and delay in
their delivery rates and reaching action sites. The moderate binding
capacity of HSA has made it the model protein of choice for studying
the physiochemical and biophysical behaviors of drugs’ transports to
target tissues [33,34].

Human serum albumin consists of a single polypeptide chain con-
tains 585 amino acid residues in three structurally similar domains (I, II
and III) forming two subunits connected with 17 disulfide bonds [35].
The polypeptide chain forms a heart-shaped structure with approximate
dimensions of 80×80×80 Å3 and a thickness of 30 Å. About 67% of
HSA is α-helix and no β-sheets in the three structurally homologous
domains (I, II and III) [29,36]. Each domain contains 10 helices with
helices 1–6 form the respective sub-domains A and helices 7–10 com-
prise sub-domains B. Aromatic and heterocyclic ligands bind within two
hydrophobic pockets in the sub-domains IIA and IIIA. Seven binding
sites are localized for fatty acids in the sub-domains IB, IIIA, IIIB and
sub-domain interfaces. The two major binding sites located in sub-
domains II and III are named as sudlow 1 and sudlow 2. Several other
binding sites have been identified for HSA (Fig. 2) [37].

These multiple binding sites underlie the exceptional ability of HSA
to interact with many drugs, regulate their intercellular fluxes, phar-
macokinetic and pharmacodynamics behaviors [38].

Several crystal structures of HSA complexed to different drugs are
cited in the RCSB-PDB. Examples include HSA complexed with warfarin
(2BXD), diazepam (2BXF), azapropazone (2BX8), ibuprofen (2BXG),

indomethacin (2BXK), iodipamide (2BXN), myristate-1 (2BXQ) and
myristate-2 (2BXP).

Due to the limited toxicity of safranal and crocin and their biological
activity as antioxidant, anti-inflammatory, anticancer, antigenotoxic
and antiaging, study of their interaction mechanisms with human
serum albumin is crucial in determining their pharmacological prop-
erties. This work aimed to study such interaction mechanisms at the
physiological pH using various spectroscopic techniques along with
molecular docking. UV–Vis molecular absorption, fluorescence
quenching and circular dichroism were used to monitor structural
changes in HSA upon binding with both compounds and evaluate their
binding affinity and stoichiometry of complexes formed. The inner filter
effects were excluded using excitation wavelength of 278 nm and
fluorescence wavelength of 340 nm for HSA while safranal and crocin
absorbed strongly at 320 and 445 nm, respectively. Molecular docking
of both compounds on HSA crystal structure was done using the Glide
software tool.

The results obtained of this work gave insights on the role of HSA in
distributing safranal and crocin to target tissues and in determining
their pharmacological properties. The results are crucial for the devel-
opment of safarnal or crocin based therapeutics drugs. Though binding
of safranal with HSA has been reported, previous report suffered from
errors caused by inner filter effects and ambiguity in determining the
exact binding modes and sites [39]. On contrary, study of interaction of
crocin with HSA has never been reported up-to-date.

Fig. 1. Structural formulas of safranal (a) and crocin (b).

Fig. 2. Representation of domains, subdomains and sudlow binding sites on
human serum albumin.

A.A. Salem, et al. Biochemistry and Biophysics Reports 20 (2019) 100670

2



2. Materials and methods

2.1. Materials

The highest purity available materials were used. Lyophilized
powder of human serum albumin (66.5×103 Da), safranal
(150.21 Da), crocin (976.97 Da), dimethyl sulfoxide (DMSO) and
phosphate buffer saline (PB) tablets were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Distilled deionized water was used
throughout.

2.2. Apparatus

All UV–Vis absorption measurements were carried out using a
LAMBDA-25 UV–Vis spectrophotometer (PerkinElmer, USA) supported
with 1.0 cm matched quartz cells.

Fluorescence measurements were carried out using Cary Eclipse
model-3 spectrofluorometer equipped with a high intensity Xenon flash
lamp and 1.0 cm path length quartz cell (Varian, Austria).

Circular dichroism measurements were made using a Jasco-J-815
spectrometer (Jasco, USA).

All pH measurements were made using Orion-401-Plus pH meter
supported with Orion glass electrode (USA).

2.3. Standard solutions

A 0.01M phosphate buffer (PB) solution (pH 7.4) was prepared by
dissolving one PBS tablet in 200.0 ml of deionized water. The pH of the
solutions was adjusted using the glass electrode.

A 10−3 M stock solution of safranal was prepared by dissolving
7.51mg into 2.5 ml DMSO. The solution was made up to 50.0 ml using
PB solution pH 7.4.

A 10−3 M stock solution of the water soluble crocin was prepared by
dissolving 0.098mg of crocin into 100.0 ml PB solution.

A stock HSA solution (7.50×10−6 M) was prepared by dissolving
50.0 mg of HSA into 100.0ml PB solution, pH 7.4. The solution was
kept refrigerated and protected from light.

Solutions having lower concentrations were prepared by appro-
priate dilutions of the above stock solutions in PB solution, pH 7.4.

2.4. Procedures

Interactions of HSA with safranal and crocin were studied using
UV–Vis absorption, fluorescence and circular dichroism spectro-
photometric techniques. Interaction parameters including binding
constants, binding stoichiometry and binding modes were evaluated.

2.4.1. UV–vis absorption titration
UV–Vis titrations were carried out by adding successive portions of

safranal or crocin (1×10−4 M) to HSA (7.5×10−6 M) in PB solution,
pH 7.4. Titrations were reversed by adding successive amounts of HSA
(7.5×10−6 M) to (1×10−4 M) safranal or crocin in PB solution, pH
7.4. After each addition, solutions were shacked, incubated for
1.0 min at room temperature and scanned in the range 200–700 nm.
Titrations were stopped at saturation when no change in absorbance
was observed. Absorbance readings at λmax were corrected for dilution
effect and plotted versus volume added of the titrants. PB solution was
used as a blank in all measurements.

2.4.2. Fluorescence titration
HSA gave a fluorescence band at 340 nm when excited at 278 nm.

Therefore, interactions of HSA with safranal and crocin were followed
fluorometrically at 340 nm. Successive μl portions of safranal or crocin
(1.0× 10−3 M) were added to 2.0ml HSA (7.5×10−6 M) in PB solu-
tion, pH 7.4. After each addition, solutions were shacked, incubated for
1.0 min and scanned for its fluorescence in the range 280–600 nm. A

2.5 nm excitation and emission slit widths was applied in all measure-
ments. Titrations were stopped when no changes in fluorescence in-
tensity were observed.

On the other hand, safranal gave fluorescence emissions at 385 nm
when excited at 320 nm. Therefore, interactions of HSA with safranal
was followed by reversing the above experiment and following safranal’
emission at 385 nm. Successive amounts of HSA (7.5×10−6 M) were
added to safranal (1× 10−4 M) in PB solution, pH 7.4. After each ad-
dition, solutions were shacked, incubated for 1.0min and scanned for
its fluorescence in the range 280–600 nm using excitation and emission
slit widths of 2.5 nm. Titrations were stopped when no or slight changes
in fluorescence intensity were observed.

2.4.3. Circular dichroism
Circular dichroism was used to confirm results obtained by UV–Vis

and fluorescence spectroscopies. Interactions of safranal and crocin
with HSA were followed by adding 20.0 μl successive portions of sa-
franal or crocin (1.0× 10−3 M) to 2.0 mL HSA (7.5× 10−6 M) in PB
solution, pH 7.4. After each addition, solution was shacked well, in-
cubated for 2.0min at room temperature and scanned for its CD in the
range 200–300 nm. A scan speed of 50.0 nm/min and a bandwidth of
1.0 nm were applied. Spectra were averaged over at least three scans.
All CD spectra were baseline corrected against blank solutions.

2.4.4. Binding affinity
2.4.4.1. Fluorescence quenching. The fluorescence quenching’ rate
constants for HSA upon additions of safranal or crocin were
determined using Stern–Volmer equation [40].

F0 /F = 1 + kqτ0 [Q] = 1 + KSV[Q] (1)

where F and F0 are the fluorescence intensities in presence of different
safranal or crocin concentrations, kq is the quenching rate constant, KSV

is the Stern–Volmer constant, τ0 is the fluorescence lifetime of HSA and
[Q] is the concentration of safranal or crocin. A plots of F0/F versus [Q]
gives a linear plot whose slop equals KSV.

Fluorescence quenching of HSA's was also used to estimate binding
affinities of HSA towards safranal and crocin using the Stern-Volmer
equation [41].

F0 / F = 1 + (1/[Q] x 1/f K) + (1/f) (2)

where F0 and F are the fluorescence intensities of HSA in absence and
presence of quencher, respectively. f is the fractional maximum fluor-
escence intensity of protein summed up and K is a constant. A graph of
F0/F versus the reciprocal of quencher's concentration (1/[Q]) yields a
linear plot whose slop equals (fK)−1 and ordinate's intercept equals f−1.
The association constant K is obtained by dividing f−1 over (fK)−1.

Fluorescence quenching were also used to estimate binding affi-
nities and number of binding sites of HSA towards safranal and crocin
using Hill plot model (equation (3)).

−
= +

F F
F

Log 0 Log k n Log [Q] (3)

where F0 and F are the fluorescence intensities in the absence and
presence of drug, K is the binding constant with HSA, and n is the
number of binding sites. Changes in fluorescence intensity of HSA upon
additions of safranal or crocin were recorded and Hill plots of log
(F0–F)/F versus log Q was constructed.

2.4.4.2. Absorbance changes. Changes in UV–Vis absorption spectra of
HSA upon additions of different increments of safranal or crocin were
used for determining their binding constants. Absorbance's changes at
280 nm indicate alterations in the close proximities of the aromatic
amino acid residues [42,43].

According to Benesi and Hildebrand [44], the apparent association
constant Kapp can be calculated as follows:
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Aobs= (1- α) Co εHSA l + α Co εc l (4)

where Aobs is the absorbance of the HSA solution at different drug's
concentrations at 279 nm, α is the degree of association between HSA
and drug molecules, εHSA and εc are the molar absorptivity at 279 nm
for HSA and the complex, respectively, Co is the initial concentration of
HSA and l is the optical path length.

Replacing Co εc l by A, equation (5) can be expressed as

Aobs= (1- α) Ao + α Ac (5)

Where Ao and Ac are the absorbance of HSA and the complex at 279 nm,
respectively with the concentration of Co.

At relatively high drug concentration, α can be equated to (Kapp

[drug])/(1+ Kapp [drug]) where [drug] is the concentration of drug in
mol/L. Thus Eq. (6) now becomes.

−

=

−

+

−c
1

A Ao
1

Ac Ao
1

K (A A )[drug]appobs 0 (6)

A graph of 1/(Aobs−Ao) versus 1/[ drug], yield a linear plot with a
slope equals to 1/Kapp (Ac−Ao) and an intercept equals to 1/(Ac−A0).
Thus Kapp can be calculated by dividing the intercept with slop.

On the other hand, Scatchard model was also used to estimate the
binding constants number of binding sites based on changes in ab-
sorption spectra of safranal and crocin upon additions of HSA by ap-
plying equation (7).

r/Cf= nK – Kr (7)

where r is the number of moles of safranal or crocin bound to 1mol of
HSA (Cb/CHSA), n is the number of equivalent binding sites per HSA
molecule and K is the binding affinity. The free and bound concentra-
tions of safranal or crocin (Cf, Cb) were calculated using Cf = Ctotal (1 -
α) and Cb=Ctotal - Cf, respectively. Ctotal is the total concentration of
safranal or crocin at zero addition of HSA and α is the fraction of bound
safranal or crocin calculated as α = (Af –A)/(Af – Ab). Af, A and Ab are
the UV–Vis absorbance at zero addition, after each addition and at
saturation, respectively. Scatchard plot gives a slope equals the binding
constant K and an intercept equals nK [45].

2.5. Molecular docking of safranal and crocin into HSA binding sites

Preparation of HSA for docking was done by downloading the
crystal structures of HSA complexed with warfarin, diazepam, azapro-
pazone, ibuprofen, indomethacin, iodipamide, myristate and other
drugs from the protein data bank. The co-crystallized ligand and water
molecules were removed from the protein structure using the molecular
operating environment (MOE) software preparation wizard [46]. The
crystal structures were subsequently checked for missing atoms, re-
sidues or loops and all required corrections were performed. The pre-
pared structures were processed by the Maestro protein preparation
module to set up partial charges on each atom and protonation states on
each ionizable group [47]. The co-crystallized ligand was used to define
the binding site then a grid box was created using the Receptor Grid
Generation in Glide [48].

Safranal and crocin were prepared using the build panel in MOE and
energy minimized via the Maestro program and the OPLS force field
[47,49].

Molecular docking was done by docking the prepared safranal and
crocin into the previously identified binding sites using the Glide
docking tool applying extra-precision (XP) algorithm for conforma-
tional sampling [48,50]. The resultant poses were given scores via the
Glide-XP scoring function which includes terms for van der Waals,
hydrogen bonding, electrostatic interactions, de-solvation penalty and
penalty for intra-ligand contact [50].

3. Results and discussion

Human serum albumin is a major circulatory protein with binding
affinity towards many endogenous and exogenous compounds. Binding
of HSA to drugs, minimizes their free plasma concentration, increases
their lifetime, improves their distribution, enhances their efficacy and
alters HSA's conformational structure. Two major binding sites are re-
ported on HSA; a large hydrophobic cavity in the subdomain IIA (su-
dlow 1) with one tryptophan residue (Trip 214) and a small hydrophilic
cavity in the subdomain IIIA (sudlow 2) [41]. Interaction modes of HSA
to drugs are dependent on their molecular structures as well as their
hydrophobic and hydrophilic natures.

In the following sections, we will gain insights on the interaction
mechanisms of safranal and crocin with HSA applying UV–Vis absorp-
tion, fluorescence and circular dichroism spectroscopies in conjunction
with molecular docking. Characterization of these interactions is a
crucial step towards any future development of safranal and crocin
based therapeutic agents.

3.1. UV–vis absorption titrations

Figs. 3 and 4 show the UV–Vis spectra of HSA, safranal and crocin.
HSA exhibited an absorption band at 278 nm that can be attributed to
π-π* electronic transition in the aromatic π system of tyrosine, trypto-
phan and cytosine chromophores. Safranal exhibited a strong absorp-
tion band at 320 nm caused by n-π* electronic transition [21,39].
Crocin showed three absorption bands characteristics of the 13-cis
glycosidic carotenoid structure. The first one at 260 nm corresponds to
the glucosyl ester bond of crocin. The second is a medium intensity
band at 325 nm attributed mainly to the presence of cis double bonds in
the polyene conjugated system of crocin. The third band between 400
and 500 nm with two maxima centered at λmax= 445 nm, is char-
acteristic of all trans-carotenoids [51]. The 325 nm broad absorption
band can be attributed to π-π* transition while the strong 445 nm band
might be caused by charge transfer transition.

Fig. 3a also shows the effect of successive additions of HSA
(7.5× 10−6 M) to safranal (1× 10−4 M). A steady decrease in the in-
tensity of the 320 nm band (hypochromic effect) associated with slight
red shifting were observed. At higher HSA's concentrations, an iso-
esbestic point is formed at ∼285 nm. In Fig. 3b, the titration was re-
versed by adding increments of safranal (1× 10−4 M) to HSA
(7.5× 10−6 M). This resulted in increases in the absorption intensity of
the safranal band at 320 and the intensity of the HSA band at 278 nm
associated with slight red shifting.

On the other hand, titration of crocin with HSA is shown in Fig. 4a.
Successive additions of HSA (7.5×10−6 M) to crocin (1× 10−4 M)
resulted in steady decreases in the intensity of the three cis-crocin bands
at 260, 325 and 445 nm (hypochromic effect). Reversing the titration
by adding crocin (1×10−4 M) to HSA (7.5× 10−6 M) is shown in
Fig. 4b. Additions of crocin increments resulted in increasing the ab-
sorption intensity of the HSA band at 278 nm and the crocin's bands at
260, 325 and 445 nm with no red shifting.

The decrease in the intensities of safranal and crocin band maxima
upon additions of HSA can be attributed to their penetrations inside the
protein molecule (Figs. 3a and 4a). The presence of excess safranal or
crocin in solution favors the formation of labile HSA-safranal or HSA-
crocin complex molecules. This subsequently limits the mobility and
amount of energy gained by both molecules, causing decreases in their
absorption capabilities.

On the other hand, the presence of excess HSA during its titration
with safranal or crocin can possibly favors external binding on the
protein surface (Figs. 3b and 4b). Since interactions of safranal or crocin
ligands on the protein's surface do not limit their motilities around HSA
molecule or exposure to light, they increase the absorption intensities
[22].

These observed spectral changes upon titrations suggest an

A.A. Salem, et al. Biochemistry and Biophysics Reports 20 (2019) 100670

4



interaction process resulted in binding safranal or crocin to HSA and the
formation of safranal-HSA or crocin-HSA complex structures.

3.2. Fluorescence titrations

In our measurements, safranal gave a fluorescence emission band at
385 nm when excited at 320 nm attributed to the π*-π transition while
crocin did not fluoresce. On the other hand, eexcitation of HSA at 278
nm induced a strong fluorescence emission band at 340 nm. This
fluorescence emission is attributed to the one tryptophan residue (Trp-
214) and the 18 tyrosine residues located in the hydrophobic cavity of
subdomain IIA. Exposure of HSA to UV light at 278 nm excites tyrosine

residues followed by subsequent energy transfer from the excited tyr-
osine to tryptophan residue. Relaxation of excited tryptophan results in
fluorescence emission band at ∼340 nm [52]. Thus, fluorescence
emission of HSA caused by excitation at 278 nm is a contribution from
both tryptophan and tyrosine. However, the contribution of tyrosine in
fluorescence emission can be negated when HSA is excited at 295 nm
[53].

In our work, we choose to excite HSA at 278 nm to avoid errors
caused by the inner filter effects. Since safranal absorbs maximally at
λmax= 320 nm and HSA fluoresce maximally at λmax= 340 nm, this
makes Δλ of 20 nm which has considered enough to avoid secondary
inner filter effect caused by absorption of emitted fluorescence. The

Fig. 3a. UV–Vis titration of safranal (1×10−4 M) with μl increments of HSA (7.5× 10−6 M).

Fig. 3b. UV–Vis titration of HSA (7.5×10−6 M) with μl increments of safranal (1×10−4 M).
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primary inner filter effect in our measurement has been excluded by
working with diluted safranal solution [53].

Fig. 5 shows the fluorescence titrations of HSA with safranal and
crocin. Successive additions of HSA (7.5×10−6 M) to safranal
(1× 10−4 M) decreased the intensity of safranal's fluorescence emis-
sion at 385 nm associated with slight shifting to longer wavelength
(Fig. 5a).

The reversed titration in which successive increments of safranal

(1× 10−3 M) were added to HSA (7.5×10−6 M) is shown in Fig. 5b. A
sharp decrease in the fluorescence intensity of HSA at 340 nm reaching
90% at molar ratio of 2.5× 10−3 ([Safranal]/[HSA]) was observed.
Quenching of HSA’ fluorescence was associated with red-shifting of the
fluorescence λmax from 340 nm to 356 nm.

In Fig. 5c, additions of crocin (1× 10−3 M) to HSA (7.5× 10−6 M)
quenched the fluorescence at 340 nm by 60% at molar ratio of
6.6× 10−4 ([Crocin]/[HSA]). This fluorescence quenching was also

Fig. 4a. UV–Vis titration of crocin (1× 10−4 M) with 0.5 μl increments HSA (7.5× 10−6 M).

Fig. 4b. UV–Vis titration of HSA (7.5× 10−6 M) with 5.0 μl increments of crocin (1× 10−4 M).
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associated with slight red shifting to the fluorescence λmax from 340 nm
to 344 nm.

These effects indicated interaction processes between HSA and each
of safranal and crocin. Binding of HSA to ligand molecules are known to
induce conformational changes in the protein secondary structure. The
extents of these changes are dependent on the type and strength of the
binding force (i.e. electrostatic, hydrophobic, hydrogen bonding …
etc.). Ligands' bindings in the close proximity of the tryptophan and
tyrosine fluorescent residues quench the fluorescence emission of HSA
[41]. The magnitude of such quenching is dependent on the extent of
alterations in the fluorogen's environment, ligand's concentration and
stability of formed complexes [54,55].

Thus, quenching of HSA fluorescence emissions upon adding sa-
franal or crocin can be explained on the basis of alterations in the en-
vironments of the tryptophan and tyrosine chromophores as well as to
alteration in HSA's structural conformation upon the formation of HSA-
safranal and HSA-crocin complexes [56]. As tryptophan and tyrosine
fluorescent chromophores are located on subdomains IIA and IIIA, it
seems that safranal and crocin interact mainly with these subdomains.

Shifting the fluorescence λmax to longer wavelength upon interac-
tions of HSA with ligand molecules, has been ascribed to the involve-
ment of polar interactions. Thus, it seems that binding of safranal and
crocin to HSA encompasses contributions from hydrophobic and

hydrogen bonding which is supported by previous UV–Vis measure-
ments [56].

These findings are similar to findings reported by Gonzalez on
chlorphenilamine [57], Zhang on pazufloxacinmesilate [58] and Varlan
on 3-Carboxyphenoxathiin [59]. The findings are also valuable for the
efforts to improve the actions of safranal and crocin in the treatments of
diseases [60].

Further conformations on bindings of HSA with safranal and crocin
were obtained using CD and molecular docking in sections 3.4 and 3.5.

3.3. Binding constants

In this section, the types of binding forces, the number of binding
sites, the binding constants, and the nature of fluorescence quenching
involved in the interactions of HSA with safranal and crocin will be
evaluated. Models based on Stern-Volmer [55], Hill [40], Benesi-Hil-
debrand [45] and Scatchard [61], will be applied.

Fig. 6a shows Stern-Volmer plots of HSA fluorescence (Fo/F) versus
concentrations of safranal or crocin as quenchers (Equation (1)). Linear
plots were obtained indicating static quenching processes. The slopes of
these plots gave KSV value of 1.40×104 L mol−1 for safranal and
1.48×104 Lmol−1 for crocin (Table 1). Using the reported fluores-
cence life time of HSA; τ0= 10−8 s, quenching constants (Kq) of

Fig. 5a. Fluorescence titration of safranal (1×10−4 M) with 0.2 μl increments of HSA (7.5×10−6 M).

Fig. 5b. Fluorescence titration of HSA (7.5× 10−6 M) with 12 μl increments of safranal (1× 10−3 M).
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1.40×1012 L mol−1.s−1 for safranal and 1.48× 1012 Lmol−1.s−1 for
crocin were obtained (Table 1) [55]. These quenching constants ex-
ceeded the 2.0×1010 Lmol−1.s−1 reported controlled diffusion rate
constant in aqueous solution [62]. Subsequently our results confirm a
static quenching mechanism in which a non-fluorescent ground state
complexes of HSA -as a fluorophore- and safranal or crocin -as
quenchers-are formed, rather than a dynamic diffusion mechanism in-
volve the collisions of quenchers with the excited fluorophore. The
stern Volmer plots of Fo/F versus Log [Q] of safranal or crocin yielded
correlation coefficients of 0.99. This has further supported that a static
quenching mechanism for HSA fluorescence is dominant in our fluor-
ophore-quencher systems (Table 1).

Binding constants were calculated using Stern-Volmer plots of Fo/F
versus reciprocal concentrations of ligands (Equation (2)). Fig. 6b–c
shows linear graphs of Fo/F for HSA versus 1/[Q] for added increments
of safranal and crocin. Binding constants were obtained by dividing the
intercepts with slopes. The binding constants of 1.23×104 and

4.89×104 L mol−1 were respectively obtained for safranal and crocin
(Table 2). These values are in good agreements with the binding con-
stants reported for safranal [39], 5-iodouracil, 2-mercapto-1-methyli-
midazole and 6n-propyl-2-thiouracil [40].

Applications of Hill model for the changes in fluorescence intensity
of HSA at 340 nm upon addition of safranal or crocin increments are
shown in Fig. 6d. Hill linear plots of log (Fo−F)/F versus log [Q] were
obtained. These plots revealed binding constants of 7.67× 103 and
3.25×103 Lmol−1 for safranal and crocin, respectively. The plots also

Fig. 5c. Fluorescence titration of HSA (7.5× 10−6 M) with 10 μl increments of crocin (1× 10−3 M).

Fig. 6a. Stern-Volmer plots of HSA binding with safranal and crocin. The plot
represents the fluorescence ratio of HSA (Fo/F) versus μM concentrations of
safranal or crocin. HSA fluorescence was measured at 340 nm using excitation
wavelengths of 278 nm. (Equation (1)).

Table 1
Stern Volmer constants (Ksv) and static quenching rate constants (Kq) of sa-
franal and crocin interaction with HSA. R gives the linear correlation coeffi-
cients.

Compound KSV (Lmol−1) Kq (Lmol−1s−1) R

Safranal 1.40×104 1.40× 1012 0.99
Crocin 1.48×104 1.48× 1012 0.99

Fig. 6b. Stern-Volmer plots of HSA binding with safranal. Fluorescence ratio of
HSA (Fo/F) versus 1/[Q] M concentration of safranal. HSA fluorescence was
measured at 340 nm using excitation wavelengths of 278 nm (Equation (2)).

Fig. 6c. Stern-Volmer plots of HSA binding with crocin. Fluorescence ratio of
HSA (Fo/F) versus 1/[Q] M concentration of crocin. HSA fluorescence was
measured at 340 nm using excitation wavelengths of 278 nm (Equation (2)).
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revealed 1.28 and 1.14 binding sites per HSA molecule for safranal and
crocin, respectively (Equation (3) and Table 2). These values indicate
good affinity for binding HSA to both compounds with 1:1 stoichio-
metry. Similar values were reported for binding uracil to HSA [40].

Since quenches in fluorescence intensity of HSA is caused by al-
terations in the microenvironments of the tyrosine and tryptophan (Trip
214) residues in the hydrophobic cavity of subdomains IIA and IIIA,
these results confirm that safranal and crocin are preferentially inter-
acting with both domain sites.

On the other hand, the UV–Vis absorptions bands of HSA at 220 and
280 nm have been attributed to the α-helix structure of the protein and
the aromatic amino acid residues, respectively [43]. Thus, changes in
absorbance of HSA band at 280 nm upon binding with safranal or
crocin indicated alterations in the close proximity environment of the
amino acid residues [43].

Applications of Benesi-Hildebrand [44] model to changes in the
UV–Vis absorption spectra of HSA upon additions of safranal and crocin
are shown in Fig. 7a. Benesi-Hildebrand plots of the reciprocals of
(Aobs−Ao) versus safranal or crocin concentrations gave linear plots
with regression coefficients of 0.995 and 0.989, respectively (Equation
(6)). Dividing the intercepts with slopes gave the association constants;
4.25×103 and 5.18×103 L mol−1 for binding safranal and crocin,
respectively. These values are almost similar to the above values ob-
tained by Hill plots.

Scatchard model was also applied to the UV–Vis titration data of
safranal and crocin with HSA from Figs. 3a and 4a (Equation (7)). The
nonlinear upward-curved Scatchard plots shown in Fig. 7b, were ob-
tained. These plots suggested that safranal and crocin bind to two types
of binding sites (1 & 2) on HSA with negative-negative cooperativity (i.e.
binding on one site decreases the affinity for binding on the other sites)
[61]. Graphical analysis of each plot resulted in two intersecting lines.

The slope and intercept of each line gave the binding constant and
number of binding sites at each type of binding sites (Table 2) [62].

HSA interaction with safranal gave binding constants of 2.15× 105

and 2.925×104 L mol−1 while crocin gave 4.23× 105 and
2.56×104 L mol−1 at binding sites types 1 and 2, respectively. Similar
values were reported for binding constants of warfarin and diazepam on
HSA (3.4×105 and 3.8×105 L mol−1, respectively) [36]. Scatchard
plots also revealed 22 binding sites for safranal and ten binding sites for
crocin on HSA (Table 2). Binding constants calculated by Scatchard
method are 1–2 orders of magnitudes higher than those determined by
Stern–Volmer, Hill and Benesi-Hildebrand models. The reason is not
fully justified, but it might be correlated with the linearity in plots or
sensitivity of different techniques.

The two types of binding sites may encompass specific hydrophobic
binding and nonspecific hydrophilic binding (e.g. H-bonding). These
results are in accordance with our previous conclusion that safranal and
crocin bind on subdomains IIA and IIIA. Thus, our results suggest that
safranal and crocin binding to HSA involve contributions from hydro-
phobic and hydrophilic binding forces.

These conclusions are also consistent with the HSA's fluorescence
quenching and decreases in its absorbance upon additions of safranal or
crocin discussed in previous sections. Fluorescence quenching has been
attributed to alteration in the tryptophan residue (Trp-214) deeply
buried in the hydrophobic loop of subdomain IIA and to tyrosine re-
sidues located in other subdomains IIIA. Decrease in absorbance was
attributed to binding on amino acid residues located in subdomain IIIA
and others. Thus, the more hydrophobic IIA site seems more susceptible
to hydrophobic molecule while the more hydrophilic IIIA site seems

Table 2
Binding constants and binding sites of safranal and crocin interactions with HSA
using Stern-Volmer, Hill, Benesi Hildbrand and Scatchard plots.

Method Safranal Crocin

K (Lmol−1) Number
of
binding
sites (n)

R K (Lmol−1) Number
of
binding
sites (n)

R

Stern-Volmer Plot 1.23× 104 – 0.85 4.89× 104 – 0.82
Hill Plot 7.63× 103 1.28 0.99 3.25× 103 1.14 0.99
Benesi-Hildbrand

Plot
4.25× 103 – 1.00 5.18× 103 – 0.99

Scatchard Plot
Type 1 Site

2.15× 105 22 0.95 4.23× 105 10 0.96

Scatchard Plot
Type 2 Site

2.92× 104 – 0.95 2.56× 104 – 0.94

Fig. 6d. Hill plots for the binding of safranal and crocin with HSA. Excitation
and fluorescence wavelengths are 278 and 340 nm, respectively.

Fig. 7a. Benesi Hildbrand plots for the interactions of safranal (a) and crocin
(b) with HSA. Plots are based on measuring the absorbance changes at HSA
λmax of 280 nm.

Fig. 7b. Nonlinear Scatchard plots for the interactions of safranal (blue line)
and crocin (black line) with HSA. Plots are based on measuring the absorbance
change at λmax of safranal and crocin.
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more susceptible to the polar molecule. Our results suggest that safranal
favors hydrophobic binding while crocin favors hydrophilic binding
[40].

3.4. Circular dichroism

Circular dichroism is the technique of choice to monitor con-
formational changes and alterations in secondary structures when
globular proteins bind small molecules. In this section, changes in HSA's
confirmation upon binding to safranal and crocin will be evaluated
using CD.

In CD, the α-helix structure of HSA exhibits two negative bands at
209 and 222 nm and one positive band at 190 nm while the β-helix and
random coil structures give a negative band at 218 nm and a positive
band at 212 nm, respectively [53]. Fig. 8 shows the CD spectral titration
of HSA with safranal (Fig. 8a) and crocin (Fig. 8b). The spectra of HSA
shows the two negative bands at 209 and 222 characteristics for the α-
helix structure. The negative band at 218 nm and the positive one at
212 nm characteristics for the β sheets and random coil structures are
absent. These results confirm the predominance of α-helical structure in
our HSA protein solution. Additions of safranal or crocin to HSA de-
creased the intensities of the negative CD signals at 209 and 220 nm
indicating interaction processes resulted in the formation of HSA-Sa-
franal or HSA-crocin complexes (Figs. 8a and 8b).

The mean residue ellipticity (MRE) is given by equation (8) where
θobs is the observed CD in millidegree, n is the number of amino acid
residues on HSA (equals 585), l is the cell path length (equals 1.0 cm)
and [HSA] is the molar concentration of HSA. The α-helical content of
HSA is calculated using equation (9) at 209 nm and equation (10) at
220 nm [53,63].

=
−cm dmolMRE θ

10 n l [HSA]
(deg )obs 2 1

(8)

− =
−

−

% α helix MRE 4000
33000 4000

x 100209 nm
209 nm

(9)

− =
−% α helix MRE 2340

30300
x 100220 nm

220 nm
(10)

Applying the two equations to the native free HSA solution gave
71.39% α-helix% at 209 nm and 69.74% α-helix% of at 220 nm.

Fig. 8 show the effect of adding safranal and crocin ligands to HSA
up to a molar ratio of 1:13.3 (HSA:ligand). At 209 nm, the α-helix%
structure of HSA decreased by the additions of safranal and crocin from
71.39% in free HSA to 55.39% and 55.92%, respectively (Fig. 8a). At
220 nm, decreases in α-helix% structure from 69.74% in free HSA to
62.27% and 48.54% were respectively obtained (Fig. 8b). These results
indicate that safranal unfolded HSA by 16.00% at 209 nm and by 7.47%
at 220 nm while crocin unfolded HSA by 15.47% and 21.20% at the two
wavelengths, respectively (Fig. 8). Thus, additions of safranal has less
significantly changed the shape of HSA CD spectrum indicating the
remaining of its structure predominantly α-helical (Fig. 8a), while
crocin has more significantly changed the HSA CD spectral shape
(21.20%) indicating partial structural transformation from α-helix
structure (Fig. 8b).

3.5. Molecular docking of safranal and crocin on HSA

In this section, we used molecular docking to evaluate the binding
energies, binding modes, binding sites and amino acid residues in-
volved in HSA interactions with safranal and crocin. HSA binding sites
to various drugs’ molecules have been reported in the Protein Data
Bank. Crystal structures of co-crystallized HSA with warfarin (PDB file
# 2BXD), diazepam (PDB file # 2BXF), azapropazone (PDB file #
2BX8), ibuprofen (PDB file # 2BXG), indomethacin (PDB file # 2BXK),
iodipamide (PDB file # 2BXN) and myristate (PDB files # 2BXQ and
2BXP) were downloaded and their binding sites were identified
(Table 3). Using Glide software, we docked safranal and crocin onto the
above eight binding sites of HSA. Reliable docking scores were obtained
by incorporating flexibility in the ligands and the receptor as per the
docking parameters described in section 2.

Safranal gave exothermic binding poses in the eight identified
pockets with Glide XP scores ranged between −3.969 and
−6.913 kcal/mol. The best scoring was for the myristate binding site;
−6.9 kcal/mol (Table 3). Fig. 9 depicts the binding of safranal on dif-
ferent sites of HSA. Safranal seems to bind preferentially on subdomain
IIIB (position G, myeistrate-1), followed by subdomain IA (position H,
myristrate-2) and then subdomain IIA (positions D-ibuprofen, E-in-
domethacin and A-warfarin). It apparently binds less preferentially to
subdomains IIIA (position B-diazepam) and IB (position C-azapropa-
zone), subsequently. Inspection of amino acid residues involved in each
pocket, indicated that binding preference seems to decrease from the
more hydrophobic cavity (myristate-1, −6.913 kcal/mol) to the less
hydrophobic cavity (iodipamide, −3.969 kcal/mol) [37]. Thus, sa-
franal seems to bind specifically and non-specifically through multiple
Van der Waals contacts with the surrounding amino acid residues
(Table 3; Fig. 10).

These findings confirm that safranal binds to different sites on HSA
which is in high agreement and confirmation with our spectroscopic
measurements presented in the previous sections. But, these findings
are significantly contradicting with the findings reported by Ali et al.
who reported only one principal binding site (sudlow 1) on subdomain
IIA-with binding energy −4.55 kcal/mol [38].

On the other hand, molecular docking of crocin onto the above eight
active sites gave endothermic Glide scores (Table 3). These results in-
dicated unfavorable binding for crocin onto the eight investigated
binding sites. The reason was attributed to the large size and polar

Fig. 8. Changes in CD spectra of HSA (7.5× 10−6 M) upon additions of
1×10−3 M safranal (a) or crocin (b). Measurements were made using scan
speed of 100 nm/min and bandwidth of 1 nm using 1 cm quartz cell.
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characters of the crocin molecule. Therefore, we scanned HSA molecule
for all possible binding sites using by nonspecific blind docking of
crocin molecule onto the whole albumin protein domains. The results
revealed the finding of a new large exothermic binding pocket/site
scored as low as −12.9 kcal/mol. This pocket is located in the sudlow 1
binding site of the subdomain IIA. This site is surrounded with large
number of polar amino acid residues that render it hydrophilic char-
acter. Crocin can accommodate itself in this large site through multiple
hydrogen bonding interactions with surrounding amino acid residues
listed in Table 3. This site is a new finding in this work that was not
reported before in literature.

Thus our molecular docking suggested that safranal and crocin bind
to human serum albumin on two types of binding sites. Safranal pre-
ferably binds on the hydrophobic sites of IIIA subdomain. Its next
preference binding sites is located in the subdomain IIA. The inside wall
of the IIA pocket comprises hydrophobic side chains whereas its en-
trance is surrounded by positively charged amino acids residues such as

RG218, LYS195 and Trip 214. Therefore, this site can bind polar and
nonpolar molecules that include crocin. Analysis of binding forces in-
dicated that safranal and crocin are favorably binding to the amino acid
residues at each binding site by van der Waals interactions (Table 3)
[64,65].

These in-silico molecular docking results suggested spontaneous
exothermic reactions involve both hydrophobic and hydrogen bonding
interactions between HSA and each of safranal and crocin [37,39]. They
are consistent with our spectroscopic measurements and provided
structural evidence for quenching HSA's fluorescence by safranal and
crocin. They also showed that the forces bind HSA to both compounds
are strong enough to control their delivery to target tissues. However,
safranal's binding seemed more hydrophobic while crocin's binding
seemed more hydrogen bonding.

4. Conclusion

Human serum albumin is the most abundant plasma protein in
human blood. It solubilizes and transports drugs and other substances

Table 3
Glide docking scores, matched PDB codes and site drugs’ binding names, binding site label and amino acid residues involved in binding. Results obtained by docking
safranal and crocin into human serum albumin.

Serial Glide XP Score (kCal/mol) Matched PDB code and
bonded drug

Binding site
label

Protein
subdomain

Amino acid residues involved in binding

Safranal Crocin

1 −4.956 – 2BXD
Warfarin

A IIA Tyr150, Arg257, Ala261, Leu260, Ser287, Leu238, Ile264, His242, Ile290,
Arg222

2 −4.711 – 2BXF
Diazepam

B IIIA Tyr411, Arg485, Ser489, Asn391, Val433, Leu453, Leu407, Arg110,
Lys414, Leu387, Ile388, Leu430, Phe403

3 −4.238 – 2BX8
Azapropazone

C IB Tyr161, Tyr138, Leu182, Arg117, Met123, Glu141, Ile142, Leu115,
Glu141

4 −6.135 – 2BXG, Ibuprofen D Sudlow I Trp214, Val482, Ala210, Leu347, Val343, Val344, Leu481, Ser202,
Ser454, Phe211, Leu198

5 −5.841 – 2BXK
Indomethacin

E Sudlow I Trp214, Lys199, Leu198, Phe211, Ser202, Ala201, Ala215, Ala210,
Leu481, Lys212, Gly207, Phe206, Leu203

6 −3.969 – 2BXN
Iodipamide

F Sudlow II Lys436, Asp429, Tyr452, Val455, Val433, Ala191, Ala194, Gln459,
Asn429, Lys190, Val456, Leu430, Lys432

7 −6.913 – 2BXQ
Myristate-1

G IIIB Leu14, Leu22, Phe19, Phe70, Ala26, Val23, Leu66, Val46, Val7, Arg10,
Leu250, Leu251

8 −6.597 – 2BXP
Myristate-2

H IA Lys525, Ala528, Val547, Leu532, Phe509, Phe551, Phe551, Leu575,
Met548, Leu529, Leu544, Phe509, Phe507

9 – −12.922 Crocin
New
Binding
Site

I Sudlow I Trp214, Tyr150, Tyr452, Arg222, Arg218, Glu292, Ala291, Pro447,
Lys436, Lys195, Lys199, Val293, Glu294, Ile290, Ser287, Arg218,
Glu292, Leu260, Ala261, Arg257, Ser192, His242, Leu238, Glu153,
His288, Phe157, Glu188, Ile264, His440, Ala191, Gln196, Lys195,
Lys436, Cys448, Asp451, Leu219

Fig. 9. Human serum albumin (HSA) domains, subdomains, sudlow's binding
sites I and II (red) and docking sites (A-I) of safranal (in pink sticks) and crocin
(in blue sticks). (For interpretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this article.)

Fig. 10. Structure of albumin along with the zoom-in pictures for the binding
mode of safranal (left) and crocin (right).
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to target tissues in the body. Safranal and crocin are two major phy-
tochemical ingredients from saffron; the herb long used in traditional
medicine. They are biologically active with anticancer, antispasmodic,
antidepressant and aphrodisiac pharmacological effects.

In this work, we studied the interactions of HSA with safranal and
crocin using UV–Vis molecular absorption, fluorescence quenching and
circular dichroism spectroscopies as well as molecular docking techni-
ques. Structural changes, binding affinities, binding sites, binding en-
ergies, binding forces and amino acid residues involved in bindings
were evaluated to gain insights upon the interactions of HSA with sa-
franal and crocin.

Additions of safranal and crocin to HSA decreased its absorbance
intensity (at λmax= 278 nm). The reason was attributed to binding of
the two compounds to amino acid residues chromophores located in
subdomains IIA and IIIA of HSA. Additions of safranal and crocin was
also found to quench the fluorescence emission of HSA at
λmax= 340 nm. This effect was correlated with binding to tyrosine and
tryptophan amino acids fluorogen and structural changes in the micro
environment of these chromophores upon interactions. In our mea-
surements, the inner filter effects were excluded using λexcit of 278 nm
and λfluores. of 340 nm for HSA while safranal and crocin absorbed
maximally at 320 and 445 nm, respectively.

Application of Stern-Volmer model to fluorescence quenching
measurements revealed quenching constants (Kq) of 1.40×1012 and
1.48×1012 L mol−1.s−1 for safranal and crocin, respectively. These
values indicated a static quenching mechanism involve the formation of
non-fluorescent ground state HSA complexes. Applications of Stern-
Volmer, Hill, Benesi-Hilbrand and Scatchard models revealed apparent
binding constants ranged in 4.25×103 - 2.15× 105 for safranal and
7.67×103 - 4.23× 105 L mol−1 for crocin with HSA.

Circular dichroism measurements revealed the unfolding of HSA's α-
helix structure by 7.47–21.20% upon addition of 13 folds of safranal or
crocin. These results provided additional evidences about changes in
HSA conformational structure upon interactions with both compounds.

In-silico molecular docking of HSA using Glide tool revealed selec-
tive exothermic binding of safranal on the eight investigated binding
sites with binding energies ranged between −3.969 and
−6.6.913 kcal/mol. Safranal seemed to preferentially bind on sub-
domain IIIB, followed by subdomain IA and then subdomain IIA. Crocin
was found to exothermally bind on a new large pocket located on
subdomain IIA (sudlow 1) with binding energy of −12.922 kcal/mol.

Binding of both compounds involved hydrophobic and hydrophilic
interactions with amino acid residues through van der Waals inter-
molecular forces at each binding site. Safranal binding seemed more
hydrophobic while crocin binding seemed more hydrophilic. The
reason could be attributed to the difference in their polarities.

These results provided that HSA can solubilize and transport sa-
franal and crocin in blood to target tissues. The results are also of high
importance in determining the pharmacological properties of both
compounds and for their future developments as therapeutic agents.
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