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Abstract
α-Lipoic acid as an antioxidant is used in the treatment of many diseases, such as diabetes, cardiovascular diseases, cancer, 
and AIDS. The objective of this study was to investigate the capability of human serum albumin (HSA) as a potential car-
rier for α-lipoic acid (α-LA). Molecular interactions between HSA and α-LA were monitored via fluorescence and circular 
dichroism spectroscopies as well as molecular docking and molecular dynamics simulations studies. The results revealed 
that α-LA binds to HSA with binding stoichiometry of 1:1 through hydrogen bonding and van der Waals interactions. The 
overall binding affinity was estimated to be of the order 105 M−1. α-LA induced partial folding in the tertiary structure and 
subtle alterations in the secondary structure of HSA, which was accompanied by increased thermal stability. The results 
also demonstrated that the complex formation between α-LA and HSA enhanced photostability under UV irradiation. The 
improved antioxidant activity of α-LA in electron donation was amongst the positive influences observed through the asso-
ciation of α-LA with HSA. Thus, their complexes can successfully be employed in the food and pharmaceutical industries.
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Introduction

α-Lipoic acid (1,2-dithiolane-3-pentanoic acid; α-LA) is a 
medium chain (C8) fatty acid with a cyclic disulfide bond 
served as a cofactor in the mitochondrial energy metabo-
lism in prokaryotic and eukaryotic cells [1, 2]. It can also 
exist in the reduced form known as dihydrolipoic acid 
(DHLA), which is able to interact with reactive oxygen spe-
cies (ROS) [3]. Its therapeutic applications to prevent vari-
ous diseases associated with oxidative stress due to having 
strong antioxidant activity are rapidly growing [4, 5]. α-LA 
has some health benefits, such as improving carbohydrate 
metabolism and renal function, lowering blood pressure, and 
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normalizing associated biochemical and histopathological 
changes. Thus, α-LA is utilized as a dietary supplement in 
the food industry and has been suggested for its application 
as an antioxidant supplement [6, 7]. In addition, the ability 
of α-LA in delaying the adverse effects resulting from aging 
has also promoted the application of α-LA as a functional 
cosmeceutical agent [8–11].

Nevertheless, α-LA utilization in various industries has 
been restricted due to its poor water solubility and its insta-
bility against oxidation, UV irradiation, and high tempera-
tures [12, 13]. The latter, especially at temperatures above its 
melting range (321–323 K) is accompanied by polymeriza-
tion of the distorted five-membered ring of dithiolane. The 
polymerization and oxidative degradation of α-LA result in 
reduction of its bioactivity and loss of flavor. The high elimi-
nation rate of α-LA, with a biological half-life of less than 
30 min [14], suppresses its widespread use in food and clini-
cal industries. Thus, a strategy should be used to enhance its 
solubility, stability, and bioavailability.

Various carriers, such as chitosan [15], cyclodextrins 
[16–18], nanostructured lipids [19], and high amylose 
starches, whether native or substituted with octenylsuccinyl 
groups [20], have already been employed to eliminate the 
shortcomings of α-LA. To the best of our knowledge, there 
are no reports, where proteins have been used as delivery 
systems for α-LA, although binding behavior of α-LA to 
bovine serum albumin has been investigated in a study by 
Suji et al. [21].

Biomacromolecules such as proteins constitute an inte-
gral part of the human diet and are characterized by numer-
ous ligand-binding sites, which can serve as ideal carriers 
for free α-LA. Human serum albumin (HSA) is the most 
abundant protein in the blood plasma showing an extraor-
dinary ligand-binding capacity. Numerous endogenous and 
exogenous compounds are transported by HSA and as such 
can be used as a natural and reliable drug carrier. Addition-
ally, HSA is non-toxic, non-antigenic, and more importantly 
an endogenous protein. The stability of HSA within the pH 
range of 4–9 and temperatures up to 333 K for 10 h [22] has 
encouraged many researchers to exploit this valuable protein 
as a carrier for many food ingredients.

HSA is a single-chain polypeptide of 585 amino acids, 
folded into three homologous domains (I, II, and III), each 
composed of two sub-domains (A and B) with common 
structural elements [23]. This acidic protein has a molar 
mass of about 66.5 kDa. HSA has no β-sheet structure and is 
predominantly composed of α-helix content, constituting of 
up to about 67% of the total structure [22–24]. The tertiary 
structure of HSA is stabilized by 17 disulfide bridges, which 
are not exposed to the solvent at neutral pH. On the other 
hand, observable changes in the shape and size of the protein 
can occur under different external conditions [25]. Accord-
ing to crystal-state X-ray high resolution HSA structures 

published in different literatures, there are two main versa-
tile ligand-binding sites with high affinity for diverse mol-
ecules on HSA known as ‘Sudlow's sites’ (I and II) which 
are located in sub-domains IIA and IIIA. Four metal-binding 
sites of different structures, metal ion specificities, and bind-
ing affinities have been identified for HSA. In addition, fatty 
acids adopt 9 binding sites on HSA structure showing dif-
ferent affinities two of which overlap with Sudlow’s sites. 
Despite the substantial diversity of high-, medium-, and low-
affinity ligands, only two well-defined and distant spatial 
conformations of HSA have so far been documented: one for 
the defatted HSA and one for fatted HSA [26]. Also, in some 
studies, in silico methods were applied to obtain more details 
about the binding mode of small molecule to proteins, at the 
atomic level [27, 28].

The aim of this work was to investigate the interaction 
between HSA and α-LA using steady-state fluorescence 
and circular dichroism spectroscopies. Molecular docking 
and molecular dynamics simulations were also performed 
to obtain the molecular details of the binding between α-LA 
and HSA. Finally, the stability and antioxidant activity of 
the resulting complex were monitored as a new nutraceuti-
cal tool.

Results and discussion

Binding analysis using fluorescence spectroscopy

The intrinsic fluorescence of HSA mainly originates from 
a single tryptophan residue, Trp 214 [29]. In this study, the 
interaction of HSA with α-LA was investigated through fluo-
rescence quenching of the protein as an analytical tool. The 
HSA fluorescence spectra were recorded in the presence of 
different amounts of α-LA. As shown in Fig. 1a, the fluores-
cence intensity of HSA at different temperatures was gradu-
ally quenched with elevating concentrations of α-LA ranging 
from 0 to 19.6 μM. Generally, two different mechanisms 
including static and dynamic or combined are responsible 
for fluorescence quenching. Dynamic type refers to a pro-
cess in which the fluorophore and the quencher encounter 
during the lifespan of the excited state of fluorophore [30]. 
To elucidate the exact quenching mechanism, Stern–Volmer 
model was fitted onto the fluorescence data of Figs. 1a, 1Sa, 
and 1Sb using Eq. (1) [30], as follows:

where F0 and F are fluorescence intensities in the absence 
and presence of quencher (α-LA), respectively. kq is the 
quenching rate constant of the biological macromolecule, 
KSV denotes the Stern–Volmer quenching constant and 

(1)
F0

F
= 1 + KSV[�-LA] = 1 + kq�o[�-LA],
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�o represents the average fluorescence lifetime of the bio-
molecule in the absence of α-LA equaling to 10–8 s. A kq 
value higher than 2 × 1010 M−1 s−1 implies that the result-
ing quenching is caused by ground-state complex forma-
tion [31, 32]. A kq value around 2 × 1010 M−1 s−1 indicates 
collisional quenching [30]. A good linear relationship was 
observed for Stern–Volmer plots at three temperatures 
of 298, 304, and 310 K according to the inset of Fig. 1a, 

1Sa, and 1Sb. The KSV values obtained from Eq. (4) were 
1.01 × 105, 1.14 × 105, and 1.18 × 105 M−1 at 298, 304, and 
310 K, respectively (Table 1). Accordingly, kq values corre-
sponding to three temperatures were 1.01 × 1013, 1.14 × 1013 
and 1.18 × 1013 M−1 s−1, respectively, being nearly 1000-fold 
greater than the maximum scattering collision quenching 
constant.
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Fig. 1   Fluorescence emission spectra of HSA in 10  mM phosphate 
buffer has pH 7.4 at 25 °C in the presence of different molar ratios of 
α-LA to HSA (from 0 to 12.27 µΜ) (λex = 295 nm). Insets: the Stern–
Volmer plot (a). UV/Vis absorption spectra of 3 μM HSA in the pres-
ence of different concentration of α-LA (0–3.5  mM) in 10  mM pH 

7.4 phosphate buffer at 25 °C. The maximum peaked at about 330 nm 
is characteristics for α-LA (b). The plot of log [(F0−F)/F] as a func-
tion of log [α-LA] for the binding of α-LA to HSA at different tem-
peratures (c). The Arrhenius plot of α-LA and HSA system (d)

Table 1   Effect of temperature on quenching constants, binding and thermodynamic parameters of HSA in the presence of α-LA

Method T/K Ksv /105 M−1 Ka/105 M−1 n ΔG°/kJ mol−1 ΔH°/kJ mol−1 ΔS°/J mol−1 K−1

Fluorescence 298 1.01 ± 0.35 5.31 ± 0.23 1.15 ± 0.07 − 32.69 ± 1.01 − 36.209 ± 1.96 − 11.82 ± 0.93
304 1.14 ± 0.52 4.11 ± 0.19 1.11 ± 0.06 − 32.62 ± 1.01
310 1.18 ± 0.29 3.01 ± 0.11 1.08 ± 0.04 − 32.54 ± 1.01

Calorimetry – 3.19 ± 0.65 0.86 ± 0.025 – − 40.12 ± 1.82 − 29.30 ± 0.50
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The UV–Vis absorption spectra of HSA in the presence 
of α-LA (Fig. 1b) exhibited a considerable red shift at a 
wavelength of 203 nm for HSA, together with a hyperchro-
mic shift with elevating α-LA concentration. Based on these 
results and UV–Vis absorption spectra of HSA in the pres-
ence of α-LA, quenching between β-C and HSA is prob-
ably due to static quenching through complex formation. 
Nevertheless, there is an adverse temperature dependence 
in a static quenching process. For a more thorough inves-
tigation, we used Arrhenius model to predict this anomaly. 
According to Arrhenius model, the bimolecular rate constant 
of the quenching process (kq) should significantly depend 
on temperature. At higher temperatures, the rate constant 
should also be higher. Based on this theory, the activation 
energy of the process (Ea) is also related to the rate constant 
and the temperature as [33]

where A denotes the pre-exponential factor. Activation 
energy of the reaction was estimated to be 9.87 kJ/mol 
(Fig. 1c), which is greater than that of many other reactions 
between organic compounds and serum albumin [34, 35]. 
This confirms the remarkable impact of temperature on the 
fluorescence quenching, strongly supporting static quench-
ing mechanism.

When small molecules bind independently to a set of 
equivalent sites on a macromolecule with a binding constant 
Ka, the binding stoichiometry, n, can be estimated from the 
double logarithm regression curve of log [(F0 − F)/F] vs. log 
[α-LA] according to Eq. (3) [30], as follows:

Based on this, the parameters of Ka and n were estimated 
from Fig. 1d and tabulated in Table 1. As seen, α-LA exhibited 

(2)ln kq = lnA −
Ea

RT
,

(3)Log[
(

F0 − F)∕F
]

= logKa + n log [�-LA].

a binding affinity towards HSA of the order of 105 M−1. Eleva-
tion of the temperature from 298 to 310 K reduced the binding 
constant implying that the complex is less stable at a higher 
temperature. The values of n, which were estimated to be up 
to 1, are indicative of a single binding site on HSA for α-LA.

Binding stoichiometry

To determine the stoichiometry of the resulting complex, the 
Job’s method was applied to plot a parameter proportional to 
the complex concentration vs. molar fraction of protein as dis-
played in Fig. 2a. The maximum of Job’s plot occurred at a 
molar ratio of 0.5 ( HSA

� - LA
 ) indicating that one HSA molecule 

would bind to one α-LA molecule, which is in accordance with 
the number of binding sites calculated by the Eq. (3) [36, 37].

Binding mode

The interaction forces, which associate small molecules with 
proteins, include hydrogen bondings, van der Waals forces, 
as well as hydrophobic and electrostatic interactions. The 
sign and magnitude of thermodynamic parameters includ-
ing standard changes of enthalpy ( ΔH◦ ) and entropy ( ΔS◦ ) 
of the complex formation provide information about forces 
contributing to these associations [38, 39]. When ΔH◦ > 0 and 
ΔS◦ > 0, there are hydrophobic interactions; when ΔH◦ < 0 and 
ΔS◦ < 0, there are van der Waals forces and hydrogen bonds; 
when ΔH◦ < 0 and ΔS◦ > 0, there are electrostatic forces. Both 
thermodynamic parameters can be calculated based on the 
van′t Hoff equation [40], as follows:

where R is the gas constant (8.314 J mol−1 K−1) and the 
temperatures used were 298, 304, and 310 K. The van’t Hoff 
plot for three temperatures is depicted in Fig. 2b. The free 

(4)lnKa = −
ΔH◦

RT
+
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Fig. 2   Job’s plot of α-LA bound to HSA in phosphate buffer (10 mM, pH 7.4) at 25 °C, [HSA + α-LA] = 3 µΜ (a). The van’t Hoff plot of ln Ka as 
a function of 1/T for the binding of α-LA to HSA at pH 7.4 (b)
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energy change for the complexation can be estimated using 
the subsequent equation [41], as follows:

Thermodynamic parameters are presented in Table 1. 
The values of − 36.21 kJ mol−1 and − 11.82 J mol−1 K−1 for 
ΔH◦ and ΔS◦ , respectively, were calculated from Eq. (7). 
The negative values of ΔH◦ , ΔS◦ , and ΔG◦ suggest that the 
interaction is spontaneous and the hydrogen bonding and 
van der Waals interactions are the main driving forces in the 
α-LA binding to HSA. Further, the binding process is mainly 
enthalpy-driven and exothermic [39, 42, 43].

Molecular docking and molecular dynamics 
simulation

To complement the experimental results, α-LA was docked 
onto the HSA molecule to determine the possible binding 
sites. Initially, a global/blind docking was done through 
building a grid volume covering the entire surface of the 
protein (using a grid spacing with default value of 1 Å), 
since it was not known, where on HSA the α-LA molecule 
would bind to. Higher binding affinity was chosen as the 
criteria to select the best preferential binding site of α-LA 
in HSA. Accordingly, the first docking pose (Fig. 3) was 

(5)ΔG◦ = ΔH◦ − TΔS◦.

selected (near to Trp). These data are in good agreement 
with experimental data (fluorescence spectroscopy).

To obtain details about the key residues and dominant 
interactions, a local docking was performed, where the grid 
box was centered approximately at the center of the above-
mentioned region (near to Trp). Finally, the HSA–α-LA 
complex with the lowest binding energy was employed 
as initial structure for molecular dynamics (MD) simula-
tion study. As indicated in Fig. 3, in HSA-α-LA system, 
α-LA was positioned in a hydrophobic pocket in the region 
between IIA, IIB, and IIIA sub-domains.

Two MD simulations were carried out for free HSA and 
α-LA–HSA complex. To investigate the stability of the sim-
ulations, the time evolution of root mean square deviations 
(RMSD) of Cα atoms of the protein relative to the initial 
structures was calculated (Fig. 4a). This figure shows that 
the RMSD values were in equilibrium in both systems, sug-
gesting that all systems were stable. The RMSD values for 
HSA was reduced upon binding to α-LA. The RMSD aver-
age values (0.30 and 0.26 nm for free HSA and α-LA–HSA 
complex, respectively) confirmed that the presence of α-LA 
near to Trp in HSA caused the stability of HSA.

The radius of gyration (Rg), as a measure of system com-
pactness and the solvent accessible surface area (SASA), was 
computed as a parameter to estimate the exposure of amino 
acids to the solvent. As shown in Fig. 4b, c, the presence of 

Fig. 3   Location of α-LA molecule in the active site of HSA, after 
the molecular docking. The α-LA molecule, Trp residue (color in 
hot pink) and HSA are shown in stick and cartoon representations, 
respectively. HSA domains of I, II, and III are illustrated in green, 

pink, and blue, respectively. Besides, close up view of α-LA mol-
ecule binding pose with HSA is specified with the black rectangle. 
The interacting residues are shown in stick pink representation) (color 
figure online)
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α-LA near to Trp in HSA resulted in a more compact system 
and less accessible surface area to water solvent, indicating 
the stabilization role of α-LA in HSA. The Rg and SASA 
average values confirmed this point well (Rg: 2.72, 2.68, 
SASA: 301, 295 for free HSA, and α-LA–HSA complex, 
respectively). Generally, α-LA binding to HSA would lead 
to more folding in HSA. These results concur with the blue 
shift observed in the HSA fluorescence spectrum during 
titration with α-LA.

To survey the structural changes resulting from α-LA 
binding to HSA, the secondary structure was analyzed 
using the DSSP program [44]. To this aim, the average 
number of residues adopting secondary structural elements 

was calculated for all simulated systems. As depicted in 
Fig. 4d, α-LA binding to HSA resulted in a rise in the 
number of residues participating in the α-helix conforma-
tion and a reduction in the number of residues participat-
ing in the random coil conformation. These data are in 
good accordance with CD data. Changes in the number 
of other secondary structural elements (bend, turn, and 
310-helix) were negligible.

Radial distribution function (RDF) of the water mol-
ecules relative to α-LA molecule was calculated for the 
α-LA–HSA complex. As shown in Fig. 4e, the probability 
of the placement of water molecules around α-LA molecule 
in α-LA–HSA complex is low, which can be attributed to the 

Fig. 4   Analysis of MD simulations results. Root mean square devia-
tion (RMSD) of HSA Cα atoms relative to the initial structure (a). 
Radius of gyration (Rg) of HSA (b). Solvent accessible surface area 

(SASA) of HSA (c). Number of residues adopting secondary struc-
tural elements. e Radial distribution function (RDF) for water mol-
ecules relative to α-LA molecule. f Number of hydrogen bonds (d)
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fact that in the α-LA–HSA system, α-LA is located in the 
hydrophobic pocket of HSA.

In this study, hydrogen bonds and hydrophobic interac-
tions were assessed to achieve more accurate data about resi-
dues contributing to interactions with α-LA. The hydrogen 
bonding analysis was performed with the number of hydro-
gen bonds in the α-LA–HSA complex shown in Fig. 4f. The 
placement of α-LA in hydrophobic pocket of HSA and the 
orientation of α-LA resulted in a low number of hydrogen 
bonds. This is also due to the low number of hydrogen bond 
donor/acceptor in the chemical structure of α-LA. To eval-
uate the hydrophobic interactions, the LIGPLOT software 
[45] was used. A number of snapshots (PDB files contain-
ing HSA–α-LA complex) were taken during simulation and 
were applied as input files for LIGPLOT software.

The residues involved in the hydrophobic interactions 
and hydrogen bonding between α-LA and HSA during the 
simulations are shown in Fig. 5. As can be seen, both of 
these interactions are important to establish stability in 
α-LA–HSA complex. Nevertheless, keep in mind that the 
number of hydrogen bonds was low for two reasons: (1) the 
low number of hydrogen bond donor/acceptor in the chemi-
cal structure of α-LA (only one carboxyl group) and (2) the 
placement of α-LA in hydrophobic pocket of HSA and its 
orientation. These results are well in line with the experi-
mental data [14–16].

Site‑specific competitive binding

Note that the fluorescence intensity of warfarin, with a 
well-defined binding location on HSA, increases when 
it is transferred from a polar and aqueous environment 
to a hydrophobic binding site on HSA. The binding of 
warfarin to HSA has been studied extensively and their 

complex has been characterized using X-ray crystallogra-
phy, clearly confirming the location of the drug binding in 
the subdomain IIA cavity [46]. Thus, warfarin was used 
as a specific site marker for the subdomain IIA cavity, 
which is the preferential binding site for α-LA and can 
compete with warfarin and change its fluorescence signal. 
The binding constant of HSA in combination with warfa-
rin was estimated to be 3.47 × 105 M−1 (Fig. 2S), which 
is in agreement with the values already obtained through 
fluorescence studies [47].

α-LA accommodation within a hydrophobic site on 
HSA was monitored through the peak corresponding to 
α-LA at 590 nm. As can be seen in Fig. 3S, the fluores-
cence intensity respective to the peak of α-LA bound to 
HSA is considerable compared to free α-LA at the final 
concentration of titration, indicating α-LA confine-
ment in a hydrophobic environment. To find the exact 
ligand-binding location, a site-competitive displacement 
experiment was carried out between α-LA and warfarin. 
Through gradual addition of warfarin to the HSA solu-
tion, the dell of peak intensity of HSA coincided with a 
clear red shift due to warfarin accommodation in its own 
binding site and the formation of the HSA–warfarin com-
plex (Fig. 6a). Next, by halting the addition of warfarin 
to the protein solution and subsequently adding α-LA to 
the binary system of HSA-warfarin, the peak intensity of 
HSA attached to warfarin decreased without any observ-
able shift (Fig. 6a). This implies that the second quenching 
is the result of α-LA association with HSA in a site located 
in subdomain IIA. The reduction of peak intensity cor-
responding to HSA–warfarin complex revealed at 380 nm 
(by exciting at 330 nm) with gradual addition of α-LA 
confirmed the displacement of warfarin by α-LA in sub-
domain II A (Sudlow site I) (Fig. 6b).

Fig. 5   Schematic diagram of protein–ligand (HSA–α-LA) interactions generated by LIGPLOT. Hydrogen bonds are green dashed lines. Hydro-
phobic contacts with the ligand are represented by red semi-circles with radiating spokes (color figure online)
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Alteration in HSA conformation

CD spectra in the far-UV region were used to follow con-
formational changes in the secondary structure of HSA dur-
ing gradual addition of α-LA in the system. The spectra are 
shown in Fig. 6c. The α-helical structure of HSA is char-
acterized by two minima at 208 and 222 nm in the far-UV 
region of the spectra. The binding of α-LA to HSA caused 
a rise in the band intensity at all wavelengths of the far-UV 
CD while keeping the positions of the peaks. This clearly 
indicates that the secondary structure of HSA is changing in 
the direction of increasing helicity. According to the results 
analyzed by the CDNN software, the α-helical content of 
HSA grew from 51.12% in the absence of α-LA to 63% at 
highest concentration of α-LA. Such an increase was also 
observed with gradual addition of tolperisone hydrochloride 
to HSA solution [48]. Additionally, a 7% decline in ran-
dom coil content of HSA from 22.8 to 15.7% proved a more 
ordered structure of HSA, in the presence of α-LA. These 
data are in good accordance with the results respective to 
molecular dynamics in the previous section. Note that the 
greatest conformational modifications were observed at high 
concentrations of α-LA.

Thermal stability of the complex

To investigate the impact of α-LA on the thermal stability of 
HSA, emission spectra of HSA and its complex with α-LA 
were recorded within the temperature range of 293–373 K. 
Heating was accompanied by diminished fluorescence 
intensity of HSA and the unexpected shift of the emission 

maximum wavelength to shorter wavelengths which were 
up to 13 and 14 nm for HSA and the HSA–α-LA complex, 
respectively. Such a blue shift can be explained when Trp is 
located in a more hydrophobic environment in response to 
conformational alterations induced by the protein unfold-
ing [49, 50]. Borzova et al. attributed a similar blue shift 
in bovine serum albumin to dimerization of unfolded mon-
omers followed by localization of Trp residues in more 
hydrophobic surroundings [51]. Heat denaturation of HSA 
and HSA–α-LA complex was monitored based on changes 
in the fluorescence intensity at a maximum wavelength of 
340 nm. Figure 7a reveals heat induced denaturation curves 
of HSA in the presence and absence of α-LA, both assumed 
to have a typical two-state denaturation behavior (native ⇔ 
denatured). Transition curves were analyzed to obtain the 
transition temperature ( Tm ) and heat of denaturation ( ΔHD ) 
through a non-linear least-square analysis according to the 
following equation [52]:

where Yobs is the observed fluorescence intensity at maxi-
mum wavelengths of 342 and 339 nm, for HSA and its com-
plex, respectively. YN(T) and YD(T) represent the intensity of 
the native and denatured proteins at the absolute tempera-
ture T. The linear equations corresponding to YN and YD are 
shown in Fig. 7a.

As reported in Table 2, the positive values of ΔHD and 
ΔG◦

25
 indicate that denaturation process of HSA is endo-

thermic and non-spontaneous. The rise in the transition 

(6)Yobs =
YN(T) + YD(T) exp[(ΔHD∕R)(1∕T − 1∕Tm)]

1 + exp[(ΔHD∕R)(1∕T − 1∕Tm)]
,
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Fig. 6   Fluorescence spectra of HSA, warfarin:HSA binary mix-
ture and warfarin:HSA:α-LA ternary mixture in phosphate buffer of 
pH 7.4 at 298 K (λex = 295 nm). Blue curve shows HSA at the con-
centration of 1.5  μM, red curves show the HSA–warfarin binary 
mixture in the molar ratio of [WAR]/[HSA] = 0.34, 0.68, and 1.02 
and green curves show the warfarin–HSA–α-LA ternary mix-
ture in the molar ratio of [wafarin]:[HSA]:[α-LA] = 1.02:1.5:0.06, 
1.02:1.5:1.27, 1.02:1.5:1.90, and 1.02:1.5:2.54. Black curve shows 
α-LA at the concentration of 1.96 × 10–5  M in phosphate buffer pH 
7.4 (a). Fluorescence spectra of the warfarin:HSA binary mixture 

and warfarin:HSA:α-LA ternary mixture in phosphate buffer of pH 
7.4 at 298  K (λex = 330  nm). Red curve shows the HSA–warfarin 
binary mixture in the molar ratio of [warfarin]/[HSA] = 1.02, black 
curves show the α-LA:HSA:warfarin ternary mixture in the molar 
ratio of [warfarin]:[HSA]:[α-LA] = 1.02:1.5:0.06, 1.02:1.5:1.27, 
1.02:1.5:1.90, and 1.02:1.5:2.54 (b). Far-UV CD spectra of HSA in 
the presence of various concentrations of α-LA (0, 0.49, 0.99, 2.4, 
4.9, 7.3, 9.8 × 10–6  M) at pH 7.4 and environment temperature (c) 
(color figure online)
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temperature and enthalpy of denaturation were the most 
notable findings of this study. The change in Tm from 67.2 
to 72.8 °C was accompanied by about 22 kJ/mol growth in 
the ΔHD value (Table 2). The effect of α-LA on the folding 
of HSA in the subdomain IIA was revealed by an obvious 
blue shift during the titration (Fig. 1a), which can be the 
probable reason for the increasing changes of denaturation 
parameters of HSA associated with α-LA. On the other 
hand, the blue shift observed during heating cannot be 
effective on denaturation parameters, since it occurred for 
both free HSA and its complex with α-LA. In addition, the 
increased thermostability due to the interaction with α-LA 
is probably related to the coupling between the protein 
denaturation and ligand-binding equilibria [53].

To estimate the conformational stability of HSA at 
room temperature, the transition curves were used to esti-
mate the denatured fraction of protein according to the 
following equation [54]:

where Yobs , YN , and YD were determined at each point of the 
transition region. Considering the two-state theory of dena-
turation, the change in standard Gibbs free energy ( ΔG◦

25
 ) 

value for HSA denaturation at different temperatures can be 

(7)fd =
YN − Yobs

YN − YD

,

calculated through the equilibrium constant (KD) value of 
denaturation, according to Eqs. (8) and (9):

The HSA stability was estimated through continuing the 
linear dependence of ΔG◦ to 25 °C (Fig. 7b). The diminished 
stability of HSA in the presence of α-LA appeared as a drop 
in the ΔG◦

25
 value of HSA from 8.7 to 7.8 kJ/mol (Table 2). 

Since the results in Fig. 1a indicate partial folding of HSA 
bound to α-LA and subsequently greater contribution of sta-
bilizing forces to native HSA structure, the lowered stability 
of HSA can be explained based on its increased conforma-
tional entropy in comparison with the free protein.

ABTS radical scavenging activity

The blue–green ABTS⋅+ radical generated by the reaction 
between ammonium persulfate and ABTS can be reduced 
by the electron donated from an antioxidant, thereby leading 
to a loss of absorbance at 734 nm [55]. The results revealed 
that HSA had the highest activity to scavenge ABTS⋅+ radi-
cal (Fig. 7c). Part of the unique antioxidant property of HSA 
is due to its free radical-trapping ability through its resi-
dues. The two groups of sulfur-containing residues includ-
ing Cys34 and 6 methionine residues are oxidation-sensitive 
amino acids contributing to the antioxidant activity of HSA 
against free radicals [56]. α-LA is unique amongst biological 
antioxidants and due to its advantage of possessing a special 
sulfur-containing structure, it can scavenge various types of 
free radicals [2].

As can be seen in Fig. 7c, the antioxidant activity of 
α-LA was enhanced when combined with HSA, but it was 

(8)KD =
fd

1 − fd

,

(9)ΔG◦ = −RT lnKD.

Fig. 7   Unfolding profile of HSA (3 mM) and its complex with α-LA 
dissolved in 10  mM phosphate buffer pH 7.4, the plot is obtained 
from plotting protein fluorescence as a function of temperature (a). 

Standard Gibbs energy of unfolding plots in the absence and presence 
of α-LA (b). Antioxidant activity of α-LA/HSA/HSA–α-LA complex 
at 50, 100, 150 µM determined by the ABTS radical scavenging (c)

Table 2   Transition temperature and thermodynamic parameters of 
HSA denaturation in the absence and presence of α-LA

Sample Tm/K ΔG◦

25
/kJ mol−1 ΔH

D
/kJ mol−1

HSA 340.15 ± 273.70 8.72 ± 0.09 97.67 ± 1.82
Complex of 

HSA–α-LA 
(1:1)

345.82 ± 274.08 7.81 ± 0.10 120.10 ± 1.99
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less than that of free HSA. Indeed, it can be suggested that 
the antioxidant capacity of HSA is, therefore, masked by 
its interaction with α-LA. This could be justified based on 
involvement of two different types of antioxidant residues 
of HSA with α-LA; these residues could lie in a position 
no longer accessible to the free radicals following confor-
mational changes of HSA induced by α-LA binding [17]. 
Nevertheless, the radical scavenging activities increased for 
all three species of HSA, α-LA, and their complex, as the 
concentration increased from 50 to 150 μM.

Photostability of the HSA–α‑LA complex

A distorted five-membered 1,2-dithiolane structure makes 
α-LA susceptible to light irradiation, thus leading to the 
deterioration of its representative absorption peak at 330 nm. 
To investigate the role of HSA in the protection of α-LA 
against UV light (UVA, UVB, and UVC), the absorb-
ance at the mentioned wavelength was followed at given 
time intervals. As can be seen in Fig. 8a, the characteristic 
band of α-LA solution irradiated with long-wavelength UV 
(UVA and UVB) diminished with increasing exposure time. 

The reduced absorbance is probably due to the rupture of 
disulfide (S–S) bond accompanied by an increment in the 
concentration of thiol groups [56]. Further, the degradation 
of α-LA has been combined with the simultaneous gen-
eration of DHLA (dihydrolipoic acid), which would form 
through intra- or intermolecular hydrogen atom abstraction 
of dithiyl radicals [57]. It can be seen from Fig. 8b that HSA 
protects α-LA from photodecomposition irradiated with 
long wavelengths of UV, such that its absorption spectra 
remained unchanged during the irradiation time. On the 
other hand, α-LA degraded at a rate constant of 0.003 min−1 
by assuming first-order kinetics for its photodecomposition 
(Fig. 8c). Thiol compounds result in improved recovery of 
α-LA through inducing DHLA generation. Thiol groups in 
methionine and cysteine residues of HSA can contribute to 
the protective effect of HSA on α-LA. In addition to the anti-
oxidant role of HSA in scavenging dithiyl radicals, presum-
ably preventing the production of reactive oxygen species 
(ROS), it would be able to inactivate ROS [58]. The increase 
of absorption at wavelengths < 280 nm (Fig. 8a) could be 
ascribed to the formation of linear disulfide polymers, fol-
lowed by the S–S bond cleavage [59].
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Unexpectedly, UVC irradiation increased the absorption 
band of 330 nm (Fig. 8d), which can be attributed to the 
rebuilding of α-LA from its photoproducts [59]. The pho-
toionization process of α-LA and DHLA under short-wave-
length UV irradiation generates cation radicals ( LA⋅+ ) and 
anion radicals ( LA⋅− ). Finally, equimolar amounts of α-LA 
and DHLA are produced from the latter. The emergence of a 
new band at about 400 nm is related to the generated radical 
species [59]. Although the peak respective to α-LA associ-
ated with HSA shifted to shorter wavelengths, it underwent 
the same increment (Fig. 8e).

The degradation kinetics of α-LA in complexation with 
HSA under UVC irradiation was followed the zero-order 
model as shown in Eq. (10). Although the adequacy of first-
order model is better than that of zero-order for photodeg-
radation kinetics of α-LA, we applied the zero-order one to 
compare the degradation rate of the two samples:

where A is the absorbance of α-LA at a given time, A0 
denotes the initial absorbance of α-LA, k is the rate con-
stant, and t represents the treatment time. The rate constant 
of photodegradation in the UVC region for the free and com-
plexed form of α-LA is 0.017 min−1 M and 0.023 min−1 M, 
respectively (Fig. 8f). The higher rate of α-LA regeneration 
in the presence of HSA confirms its protective activity.

Conclusion

Taken together, this study proved that α-LA and HSA form a 
complex with a binding stoichiometry of 1:1 (α-LA: HSA). 
Both in silico and in vitro data confirmed that hydrogen 
bond and van der Waals interactions are the main forces in 
stabilizing the resulting complex. Both of CD and DSSP 
analysis showed an increment in α-helix and a decrement 
in random coils structures. The enhanced thermal stability 
of the protein, notable improvement in the stability of α-LA 
against UV irradiations, and its greater ability in scavenging 
free radicals are among outcomes of the association process 
between α-LA and HSA. The findings of this research can be 
helpful in the food and pharmaceutical industries to apply 
HSA as an efficient delivery system for α-LA.

Experimental

HSA fraction V (fatty acid free, 99%) and a racemic mixture 
of α-LA were purchased from Sigma Chemical Company 
(St. Louis, MO, USA). Phosphate salts and absolute ethanol 
were purchased from Merck (Darmstadt, Germany). α-LA 
was dissolved in ethanol at concentration of 7.7 mM as a 

(10)A − A0 = −kt,

stock solution and then diluted by phosphate buffer (10 mM) 
to 0.5 mM.

Fluorescence studies

The fluorescence spectra were recorded using a Carry 
Eclipse (Varian, Australia) spectrofluorometer. The excita-
tion wavelength was set at 295 nm for all measurements. 
Both excitation and emission slits were set to 5 nm. The 
emission spectra were recorded between 290 and 450 nm at 
two temperatures (298 and 310 K). Further, 1 cm3 of HSA 
solution (3 μM) prepared in 10 mM phosphate buffer (pH 
7.4) was titrated with 2 mm3-aliquots of the diluted solution 
of α-LA (0.5 mM). The total amount of ethanol added to the 
system did not exceed 0.2% of the total volume at the end 
of titration [60, 61].

Circular dichroism (CD) spectroscopy

CD spectroscopy was conducted using a spectropolarimeter 
(Aviv, 215, USA) in the far-UV region (200–250 nm), at 
25 °C. The concentrations used were similar to those in the 
fluorescence studies. Far-UV CD spectra were recorded at 
the protein concentration of 3 μM in the absence and pres-
ence of 0.49, 0.99, 2.4, 4.9, 7.3, and 9.8 μM concentrations 
of α-LA. Note that the signal of α-LA was subtracted from 
signals corresponding to the HSA combined with α-LA.

The obtained data were converted to molar ellipticity, 
[�] (deg cm2 dmol−1), by the CDNN software according to 
Eq. (11) [61–64], as follows:

where � is the CD signal in degree at each wavelength, c 
denotes the protein concentration in mol/cm3, l represents 
the length of light path (cm), and R is residue number of 
HSA. The elements constituting up protein secondary struc-
ture were determined using a statistical method through the 
CDNN software [62].

Binding stoichiometry

Job’s method was applied to determine the binding stoi-
chiometry of the resulting complex [65]. According to this 
method, by keeping the total concentration [α-LA + HSA] 
constant, the molar fractions of α-LA and HSA were 
changed. Two solutions of α-LA and HSA with similar 
concentrations (3 μM) were mixed at different ratios. The 
total volume of the mixed solutions was kept constant and 
consequently the total moles of reactants in each mixture 
were constant. A measurable parameter proportional to the 
complex concentration was plotted vs. the HSA molar frac-
tion, according to Eq. (12) [63]:

(11)[�] =
�

R × c × l × 10
,
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where [P] represents the molar fraction of protein and 
F0 and F are proportional to the total HSA and unbound 
(free) HSA concentration, respectively. The binding stoichi-
ometry of the complex was determined from the position of 
the maximum appearing on the plot [65].

Thermal stability of the complex

A solution containing equimolar concentrations of α-LA and 
HSA (10 μM) was prepared. After 5 min of timing, emission 
spectra of HSA at excitation wavelength of 295 nm were 
recorded within the temperature range of 293 to 373 K. The 
same experiment was done for HSA alone [61].

Molecular docking

To investigate the preferential binding site of α-LA in HSA 
and the mode of interaction between the α-LA and HSA 
molecules, molecular docking was performed by the Auto-
Dock Vina 1.1.2 program [66]. AutoDock Tools 1.5.6 [67] 
was used to prepare the PDBQT input files for the protein 
and ligand by assigning the charges of HSA residues using 
Kollman charges [68] and adding Gasteiger charges [69] to 
the α-LA. All other docking parameters were set to their 
default values. The chemical structure of α-LA was obtained 
from ZINC database (ZINC ID: 1532729). Coordinates of 
the HSA were acquired from the PDB code, 1AO6. Initially, 
all crystal water molecules were removed from the PDB file. 
The reduce software (http://​kinem​age.​bioch​em.​duke.​edu/​
softw​are/​reduce.​php) was applied to add hydrogen atoms 
to HAS [70–72].

Molecular dynamics simulation

To validate the obtained docking results and to evaluate the 
effect of α-LA on the HSA structure, two molecular dynam-
ics (MD) simulations were applied (free HSA, HSA––α-LA 
complex). The Antechamber module from the Amber Tools 
14 [73] suite was used to obtain the topology of α-LA 
molecule with the GAFF force field [74], while Amber 03 
force field [75] was considered for HSA molecule. AM1-
BCC charges were assigned to the α-LA molecule. All MD 
simulations were carried out using the GROMACS package 
[76], version 5.1.3 through the leapfrog algorithm with a 
time step of 2 fs. Each system was placed in a periodic box 
with a closeness parameter of 10 Å. The boxes were then 
filled with appropriate amounts of TIP3P water molecules. 
The fifteen Na+ counter ions were added to maintain the 
electro-neutrality of the systems. Further, the particle mesh 
Ewald (PME) method [77] was used to treat the long-range 
electrostatic interactions. The SHAKE algorithm [78] was 

(12)[C] = (F0 − F) × [P], used to constrain all bonds involving hydrogen atoms. Fur-
ther, the initial velocities were taken from a Maxwell–Boltz-
mann distribution at 300 K. The cutoff distance for van der 
Waals interactions was set to 10 Å. The constant temperature 
(300 K) and pressure (1 bar) were obtained by applying the 
Nose–Hoover thermostat [79, 80] and Parrinello-Rahman 
barostat [81], respectively. The time constants used for cou-
pling the barostat and thermostat to the system were 2.0 
and 0.1 ps, respectively. The value of the isothermal com-
pressibility was set to 4.5 × 10−5 bar−1. All systems were 
energy minimized by the steepest descent method with posi-
tion restraints of 1000 kJ mol−1 nm−2 on all heavy atoms 
to remove unsuitable contacts. This was followed by two 
equilibration phases in the NVT and NPT ensembles with 
position restraints to relax the system. Lastly, a production 
phase was performed for 50 ns under an NPT ensemble. 
The atomic coordinates were saved every 5 ps for analysis. 
PyMOL (The PyMOL Molecular Graphics System, Ver-
sion 1.2r3pre, Schrödinger, LLC.) was used to visualize the 
docked conformations and to create the molecular graphic 
images.

Site‑competitive experiments

Site-competitive experiments were performed using warfarin 
as a Sudlow I site marker. To this aim, after warfarin addi-
tion to the HSA solution, the titration continued with gradual 
addition of α-LA. Two excitation wavelengths of 295 and 
330 nm were used to investigate the competition between 
two ligands. All experiments of this part were performed 
at 298 K [82].

Complex preparation

Stock solution of α-LA was prepared freshly with the con-
centration of 7.7 mM in ethanol followed by dilution to a 
specific concentration using 10 mM phosphate buffer. Com-
plex samples for the following experiments were prepared by 
the drop-by-drop addition of diluted stock solution of α-LA 
to the protein solutions under magnetic stirring to finally 
achieve the molar ratio of interest.

Photostability of α‑LA

To investigate the light endurance of α-LA in complexation 
with HSA, the samples were irradiated at two wavelength 
ranges at room temperature and pressure. The solutions of 
α-LA and their complexes in quartz cuvettes with a path 
length of 1 cm were illuminated by two UVC lamps (Philips 
Sterilamp G8T5) and a UVA–UVB lamp (Narva LT18W). 
Absorption of samples were measured every 15 min over 
225 min. Absorption spectra of α-LA and their complexes 
were collected using a spectrometer (Cary 100 Conc., 

http://kinemage.biochem.duke.edu/software/reduce.php
http://kinemage.biochem.duke.edu/software/reduce.php
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Australia) within the wavelength range of 190–600 nm. 
Quartz cuvettes with a path length of 1 cm were used to 
record the absorption spectra.

ABTS
⋅+ radical scavenging activity

ABTS⋅+ radical cation scavenging activity was determined 
according to the method presented previously [83]. The cat-
ion radical of ABTS.+ was prepared by mixing 7 mM ABTS 
stock solution with 2.45 mM potassium persulfate (at a final 
concentration). The resulting solution was stored in the dark 
at an ambient temperature for 14–16 h. The radical solution 
was diluted using 95% ethanol with its absorbance adjusted 
to 0.7 at 734 nm prior to use. Further, 700 mm3 of ABTS⋅+ 
was added to 300 mm3 of sample and the reaction mixture 
was allowed to stand at room temperature for 6 min with the 
absorbance immediately read at 734 nm [84]. The scaveng-
ing activity was estimated using the following equation:

where Ablank is absorbance of the blank sample (t = 0).
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tary material available at https://​doi.​org/​10.​1007/​s00706-​021-​02858-9.
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