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A B S T R A C T   

Tocopherols are fat soluble substances with antioxidant properties. The α-Tocopherol (T) is the major form of 
Tocopherols and can decrease the risk of cancer. F127-based and Lignin-based oil-in-water microemulsions seem 
to increase the bioavailability of T and cause better release of this therapeutic agent. Thus, T-loaded micro-
emulsions were designed by means of density functional theory (DFT) and semi-empirical methods. Atoms in 
molecules (AIM), natural bond orbital (NBO) analyses, localized molecular orbital energy decomposition analysis 
(LMO-EDA), and density of states plots were employed to explore the effective factors on the strength of the 
interactions between surfactants and T. Results indicate that F127-T complexes are more stable than Lignin-T 
ones. Furthermore, the stable release of T in microemulsions is due to the electrostatic interactions between 
surfactants and T. Formation of hydrogen bond (HB) interactions between surfactants and T stabilizes the 
microemulsion system. These interplays are suggested to take part in the better function of T in microemulsions 
compared to free T. The semi-empirical study reveals that the heats of formation (ΔHf values) of the F127-T 
complexes are less negative than those for the Lignin-T ones.   

1. Introduction 

Tocopherols, commonly known as belonging to the vitamin E group, 
are hydrophobic drugs with wide pharmaceutical applications [1–3]. 
The main sources of Tocopherols are vegetable oils [4]. These drugs are 
proposed to diminish the risk of cancer due to their antioxidant features 
[5]. The α-Tocopherol (T) is the most important form of these drugs and 
is considered as the classic vitamin E [6]. Therefore, design of safe 
T-drug delivery systems is appealing for therapeutic purposes. 

Some authors focused on α-Tocopherol-loaded polymeric nano-
particles and showed that these systems have lower toxicity and higher 
anti-oxidative protection against H2O2 [7]. Also, the targeted delivery of 
surface-modified α-Tocopherol from 5-flurouracil-loaded poly(D,L-lac-
tic-co-glycolic acid) (PLGA) nanoparticles has been studied [8]. More-
over, antioxidant activity and efficacy of Tocopherol-loaded 
transfersomes have been previously studied and results revealed good 
potential of these topical delivery system [9]. Encapsulation efficiencies 
of α-Tocopherol-loaded poly(ε-caprolactone) (PCL) nanoparticles have 
been tested by changing solvent, concentration, and ultrasonication 

time [10]. Some scientists also reported that α-Tocopherol-loaded 
chitosan-based copolymers have good potential as wound dressing ma-
terials and stimulate the healing process [11]. It was shown that the 
bioavailability of α-Tocopherol can be improved when it is delivered 
from pure PLGA and chitosan-coated PLGA nanoparticles [12]. Also, 
α-Tocopherol loaded in liposomes can help to increase solubility of 
vitamin E and to protect spermatozoa during cryopreservation [13]. 
Magnetic nanoparticles have also been used for the co-delivery of 
doxorubicin and D-α-Tocopherol polyethylene glycol 1000 succinate 
(vitamin E TPGS) [14]. 

Alternatively, vitamin E can be incorporated in microemulsions. For 
example, a water-in-oil microemulsion containing vitamin A and 
α-tocopherol has been recently developed that has additive effect 
against acute skin inflammation [15]. In general, surfactant-stabilized 
oil-in-water microemulsions are known as good nano-carrier systems 
for the delivery of hydrophobic drugs with higher bioavailability, lower 
toxicity, and lower side effects [16–21]. In this regard, Pluronics 
(non-ionic surfactants) are better in nano-colloidal systems of 
oil-in-water microemulsion as a result of higher stability and less 
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toxicity in comparison to ionic surfactants [22,23]. Results of previous 
studies revealed that the solubility, stability, bioavailability, and effec-
tive release of T are improved by the inclusion of drug into oil-in-water 
microemulsion [24,25]. 

Copolymers such as PEO− PPO− PEO (poly(ethylene oxide)− poly 
(propylene oxide)− poly(ethylene oxide) have low toxicity [26]. Thus, 
these Pluronic-type stabilizing agents can be applied for the encapsu-
lation of hydrophobic drugs within oil-in-water microemulsions. Plur-
onic F127 is a useful copolymer that may act as an encapsulation 
material [27]. Previously, application of F127 in drug delivery strategies 
have been reported [28–34]. 

Another attractive encapsulating substance is lignin, which is a 
renewable bioresource for manufacturing various materials such as de-
tergents and dispersants [35]. This green surfactant has biomedical 
applications [36,37] and can improve the release rate of various drugs 
[38,39]. Lignin-based hollow nanoparticles have also been used for the 
drug delivery [40,41]. Lignin-drug microemulsions have been formerly 
applied as good drug carriers with high encapsulation efficiency 
[42–44]. 

Experimental analyses of the drug delivery systems give helpful 
outcomes. However, investigation of intra- and intermolecular in-
teractions at the molecular level is very complicated or even impossible 
by experimental examinations. On the other hand, computational 
quantum chemistry methods provide informative results about atomic/ 
molecular interactions in these systems [32,34,and 45]]. Thus, compu-
tational investigations can complement experimental efforts. In this 
study, interactions of T with F127 and lignin are considered to get better 
insight about the nature of interactions of this drug with the mentioned 
surfactants. Geometries, energy data, strength of interactions, charge 
transfer (CT), properties of electron charge densities, donor-acceptor 
stabilizing energies, density of states (DOS) plots, and localized molec-
ular orbital energy decomposition analysis (LMO-EDA) were assessed to 
explore the effective factors that contribute in stabilizing the complexes 
of T with F127 and lignin. 

2. Computational methods 

Geometries of the T, F127, lignin, and binary complexes were opti-
mized at the B3LYP/6-31G(d,p) level of theory via Gaussian09 program 
package [46]. The B3LYP method has good performance in calculating 
the relative HB energies and describing HB interactions [47,48]. Also, 
calculations were performed with PBEKCIS method at the 6–311++G(d, 
p) basis set. 

Interaction energy of each binary complex that includes drug and 
surfactant is estimated as follows:  

ΔE = Ecomplex – (Edrug + Esurfactant)                                                    (1) 

The electron charge densities and related properties were studied by 
atoms in molecules (AIM) method using AIM2000 program [49]. Pop-
ulation analyses were executed by natural bond orbital (NBO) method 
[50] using NBO program [51] that was implemented in Gaussian09 at 
the same level of theory. The NBO method considers charge transfers 
between filled donor molecular orbitals and empty acceptor ones. En-
ergetic weights of the mentioned orbitals were evaluated by 
second-order perturbation theory. Stabilization energy (E(2)) is calcu-
lated using Fock operator for donor orbital φi and acceptor orbital φj in 
each donor–acceptor interplay as: 

E(2) =
⎸˂φi⎸

ˆ

F⎸φj˃⎸
2

εi − εj
(2) 

Eigenvalues of the donor orbital and acceptor orbital were εi and εj, 
respectively. 

Aromaticity of the six-member ring of T was evaluated by means of 
Para-delocalization index (PDI) scale [52]. The PDI is the mean value of 
para-delocalization in six-member rings and quantifies the local 

aromaticity related to three para-positions explicitly, i.e. (1,4), (2,5), 
and (3,6), as follows: 

PDI=
δ(1, 4) + δ(2, 5) + δ(3, 6)

3
(3) 

The δ(A,B) is achieved from the double integration of the exchange- 
correlation density over the atomic basins in the AIM theory. 

Semi-empirical methods have been parameterized to include all 
thermochemical corrections to obtain heat of formations. Thus, semi- 
empirical calculations were carried out using AM1 method [53] to 
better consider HB interactions. 

3. Results and discussion 

3.1. Geometries and energy data 

The α-Tocopherol encompasses a methylated phenol ring [54], and 
the O–H bond in the mentioned ring is weaker compared to most other 
phenols. This weak bond allows donating a hydrogen atom to free rad-
icals or contributes in forming hydrogen bond (HB) interactions with 
other species. The molecular structure of this drug is shown in Fig. 1. 

Thus, it seems that formation of HB interactions between nano- 
carrier systems and T plays an important role on the efficiency of drug 
delivery process. Structures of the F127-drug and lignin-drug complexes 
were designed using GaussView 5.1 and optimized with Gaussian09. 
Results indicate that six stable hydrogen-bonded complexes are formed 
between surfactants and T. As shown in Fig. 2, these complexes are 
formed via intermolecular HB interactions between O–H group at 
phenol ring of drug (as hydrogen bond donor) and oxygen atoms of F127 
or lignin (as hydrogen bond acceptor). Atoms that contribute in these 
interplays are O1, H2, and O3. Binding energy (BE) values of the com-
plexes are gathered in Table 1. BE is measured as –ΔE. Usually, BE is 
representative of the strength of the intermolecular interactions 
[55–58]. 

As shown in Table 1, BE values of the F127-T complexes are larger 
than those for the Lignin-T ones. Thus, HB interactions of F127 with T 
are stronger than those with lignin. Furthermore, hydrogen bond length 
(dHB) values in the F127-T complexes are shorter than those in the 
Lignin-T ones. Energies related to highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO), as well as 
energy gap (EG) values of the complexes are also presented in Table 1. 
The EG value for the F127 and lignin is 8.629 and 5.758 eV, respectively. 
Results reveal that EG values of the complexes are smaller than those for 
the F127 and lignin. In fact, complex formation leads to decrease of EG 
values. The six member-ring of T is denoted with A. This phenol ring is 
considered as the center of reactions due to its capability in hydrogen 
donation to F127 and lignin. Changes of atomic charges, properties of 
electron charge densities, and aromaticity at this ring seem to be caused 
by intermolecular HB interactions influence on the stability of the F127- 
T and Lignin-T complexes. Thus, analyses of atomic charges and other 
molecular descriptors are presented in the next sections to find a rela-
tionship between BE values of the complexes and these descriptors. 

Fig. 1. The optimized structure of α-Tocopherol.  
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Interactions of valporic acid and F127 were formerly explored [20] 
that followed by formations of seven and six-member rings. The 
mentioned complexes have BE values comparable with the F127-T ones. 
Also, interactions of deferasirox (DFX) and F127 were previously studied 
[21] and results indicated that the hydrogen bonded F127-DFX com-
plexes have smaller BE values than the F127-T ones. In another work, 
interplays between carfilzomib (CFZ) and F127 were examined [34]. 
The BE values of the F127-CFZ complexes are larger than F127-T ones. 
Thus, strengths of interactions in the hydrogen bonded F127-drug 
complexes are depending on the geometries and also affinities of the 
drugs to F127. 

3.2. Atomic charges and aromaticity 

Atomic charges of T and all complexes were calculated to find a 
relation between BE values of the complexes and the most important 
molecular descriptors in this view. Atomic charges of the atoms that take 
part in HB interactions, charge transfer (CT) and sum of atomic charges 
at six-member ring of T are listed in Table 2. The charge of atoms H2 and 
O3 in free T is 0.314 and − 0.518 e, respectively. As shown in Table 2, 

positive charge of atom H2 and negative charge of atom O3 increase in 
the complexes in comparison to free T. Also, increase of atomic charges 
on atoms H2 and O1 in the complexes is followed by increase of BE values 
of the complexes. This result indicates that the strength of HB in-
teractions can be influenced by alteration of charges of atoms that take 
part in such interplays. 

Results indicate that the sum of atomic charges of T in all of the 
complexes is negative. Thus, there are charge transfers from F127 and 
lignin to T. Magnitude of charge transfers that occurred in the F127-T 
complexes is somewhat lesser than those in the Lignin-T ones. The 
sum of atomic charges at the ring A (QA) of free drug is 0.7188 e. Results 
show that QA values in the complexes decreased due to CT. Furthermore, 
increase of negative CT to ring A of T in the F127-T complexes is 
accompanied by increase of BE values. However, there is no such rela-
tionship in the case of Lignin-T complexes. 

The NBO studies reveal that there are various electron charge 
transfers between molecular orbitals of the surfactants and T. These 
electron charge transfers can occur from molecular orbitals of surfac-
tants (S) to T or vice versa. As reported in Table 3, the sum of stabilizing 
energies (

∑
E(2)) related to the electron charge transfers from molecular 

orbitals of F127 to T are larger than those for lignin to T. Moreover, the 
∑

E(2) values associated to the electron charge transfers from molecular 
orbitals of T to F127 are larger than those for T to lignin, too. Addi-
tionally, differences between donor-acceptor orbital energies (Ej-Ei) 
were surveyed. Results point out that behaviors of these values in the 
complexes are similar to 

∑
E(2) ones. Therefore, the 

∑
E(2) and (Ej-Ei) 

values have an effect on the different stability of the F127-T and Lignin-T 
complexes. 

Aromaticity of the ring A in both free drug and all of the complexes 
was estimated using PDI benchmark [59]. The PDI value for the 

Fig. 2. Presentation of the hydrogen-bonded complexes that formed between surfactants and α-Tocopherol.  

Table 1 
Electronic data (in eV), binding energy values (in kcal mol− 1) and hydrogen 
bond lengths (in Å) of the complexes.   

aEHOMO 
bELUMO 

cEG dBEa edHB 

F127-T1 − 4.818 0.410 5.228 11.93, 8.17 1.965 
F127-T2 − 4.878 0.357 5.235 12.41, 10.06 1.899 
F127-T3 − 4.795 0.387 5.182 12.40, 9.96 1.885 
Lignin-T1 − 4.824 0.135 4.959 7.84, 5.83 1.887 
Lignin-T2 − 4.770 0.075 4.846 11.65, 7.39 1.840 
Lignin-T3 − 4.824 0.057 4.881 4.43, 4.22 2.020  

a The Italic values refer to BE values that obtained at the PBEKCIS/6–311++G 
(d,p) level of theory. 

Table 2 
Charge transfer (CT), charge of atoms that contribute in hydrogen bond in-
teractions, and charge of six-member ring of α-Tocopherol.   

CT qO1 qH2 qO3 QA 

F127-T1 − 0.0439 − 0.5314 0.3360 − 0.6112 0.7104 
F127-T2 − 0.0348 − 0.5313 0.3509 − 0.6258 0.7012 
F127-T3 − 0.0469 − 0.5477 0.3351 − 0.6200 0.6967 
Lignin-T1 − 0.0650 − 0.5628 0.3313 − 0.6264 0.6885 
Lignin-T2 − 0.0434 − 0.5535 0.3475 − 0.6298 0.7072 
Lignin-T3 − 0.0364 − 0.5876 0.3298 − 0.6116   

Table 3 
Sum of stabilizing energies and difference between donor-acceptor orbital en-
ergies related to the electron charge transfers between molecular orbitals of 
surfactants and α-Tocopherol.   

∑
E(2) S-Ta ∑

E(2) T-Sb ∑
(Ej-Ei) S-T 

∑
(Ej-Ei) T-S 

F127-T1 14.12 1.70 43.1 9.61 
F127-T2 16.1 2.04 39.55 16.42 
F127-T3 17.55 1.52 43.1 9.18 
Lignin-T1 18.99 1.16 42.11 10.10 
Lignin-T2 20.68 3.85 38.98 11.66 
Lignin-T3 7.92 0.76 15.8 9.06  

a Refers to surfactant to α-Tocopherol charge transfer. 
b Refers to α-Tocopherol to surfactants charge transfer. 
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mentioned ring in the free drug is 0.08081 au. However, PDI value of 
this ring in the F127-T1, F127-T2, F127-T3, Lignin-T1, Lignin-T2, and 
Lignin-T3 complexes is 0.08096, 0.08107, 0.08067, 0.08113, 0.08094, 
and 0.08105 au, respectively. The change of aromaticity due to complex 
formation and the sum of PDI values for the F127-T complexes are lesser 
than those for the Lignin-T ones. As said, ring A plays a central role in the 
HB interaction and in each complex there is an overall CT from the 
surfactant to the drug. In fact, complex formation leads to alteration of 
properties of ring A. Results indicate that negative charges that are 
transferred to this ring in the F127-T complexes are smaller than those in 
the Lignin-T ones. This result implies that magnitudes of CT influence on 
the properties of the ring A, such as circulation of electrons and 
aromaticity. Consequently, formation of HB interactions in the F127-T 
complexes is accompanied by smaller negative CT to the ring A and 
lesser change of aromaticity in comparison to the Lignin-T ones. Thus, 
these effects provide good stability for the F127-T complexes. 

3.3. AIM analyses 

AIM studies were performed to discover relationship between 
properties of electron charge densities and BE values. Electron charge 
densities at each bond critical point (ρBCP) that formed between sur-
factants and T in the complexes are gathered in Table 4, showing that 
increase of the ρBCP values is followed by increase of BE values of the 
complexes. Kinetic electronic energy density (G(r)), potential electronic 
energy density (V(r)), total electronic energy density (H(r)) at bond 
critical points, Eigen values of Hessian matrix are also reported in 
Table 4. The intermolecular HB interactions in the current complexes 
are strong [60]. In addition, the product of electron charge densities and 
λ2 at bond critical point for each complex is negative. Therefore, the HB 
interactions in these systems are attractive. It seems that directions of 
surfactants toward the drug may influence the strength of the mentioned 
interactions and affect the ρBCP values. Laplacian of electron charge 
density at each hydrogen bond critical point (▽2ρBCP) is also calculated. 
Sum of ▽2ρBCP values for the F127-T complexes is more negative than 
those for the Lignin-T ones. As said, HB interactions in the F127-T 
complexes are stronger in comparison to the Lignin-T counterparts. 

3.4. LMO-EDA study 

The localized molecular orbital energy decomposition analyses 
(LMO-EDA) [61] were executed to make a distinction between the 
contributions of the various components of interaction energy on the 
stability of the complexes. Interaction energy is comprised of electro-
static, exchange, repulsion, and polarization components that are sym-
bolized as Eelec, Eexch, Erep, and Epol, respectively. These components are 
gathered in Table 5. As reported, Eelec is the most important component 
and has more contribution in the stability of the complexes than other 
components. Results also show that the sum of repulsion energies in the 
F127-T complexes is smaller in comparison to the Lignin-T ones. It seems 
that this effect plays an important role in improving stability of the 
mentioned complexes. 

The relationship between the Eelec and ρBCP values was examined. 
The results suggest a linear correlation between the mentioned param-
eters with good linear correlation coefficient (R = 0.97) as follows:  

Eelec = − 476.33 ρBCP + 3.65                                                            (4) 

Therefore, electrostatic interactions play a fundamental role on the 
strengths of the intermolecular HB interactions in the F127-T and 
Lignin-T complexes. 

3.5. DOS plots 

Density of states (DOS) plots of the complexes is represented in 
Fig. 3. In these plots, frag 1 and frag 2 are related to the surfactants and 
drug, respectively. Results show that the contributions of drug in total 
density of states (TDOS) are higher than those of surfactants. The DOS 
plots are helpful to know the density of involvement of molecular or-
bitals in different energy levels. 

As can be observed, the maximum in the mentioned plots are located 
in energy levels lower than HOMO level. In addition, energy levels 
related to the maximum TDOS for the F127-T complexes are lower than 
those for the Lignin-T ones. It seems that this difference in energy levels 
of the maximum TDOS has an effect on stability of these complexes. 

3.6. Semi-empirical calculations 

Semi-empirical methods utilize empirical corrections in order to 
improve performance of calculations. Semi-empirical calculations are 
parameterized to take in all thermochemical corrections. Moreover, 
semi-empirical methods recover some part of electron correlation effects 
due to parameterization with reference to experimental data. Heats of 
formation (ΔHf values) of the complexes were calculated using AM1 
method. The ΔHf values for F127-T1, F127-T2, F127-T3, Lignin-T1, 
Lignin-T2, and Lignin-T3 are − 392.806, − 395.627, − 391.182, 
− 398.452, − 399.015, and − 400.809 kcal mol− 1, respectively. As can be 
seen, ΔHf values of the F127-T complexes are less negative than those for 
the Lignin-T ones. Also, results indicate that the obtained hydrogen bond 
lengths using AM1 method are larger than those with DFT study. Indeed, 
dHB values for the F127-T complexes are shorter than the Lignin-T 
structures. As said, BE values of the F127-T complexes are larger than 
those for the Lignin-T ones, which confirm the corresponding shorter 
dHB values. 

4. Conclusions 

In this study, T-loaded microemulsions were designed using F127 
and lignin surfactants by means of DFT computations. The O–H bond in 
the phenol ring of T is weaker than in most other phenols and acts as 
good hydrogen bond donor in the formation of HB interactions with 
surfactants. Binding energies of the F127-T complexes are larger than 
Lignin-T ones. The BE values of the F127-drug complexes are depending 
on the geometries and directions of drugs to surfactant. Also, hydrogen 
bond lengths in the F127-T complexes are shorter than those in the 
Lignin-T ones. There are negative charge transfers from surfactants to T. 
The sum of stabilizing energies related to CT from molecular orbitals of 
F127 to T is larger than that corresponding CT from lignin to T. Alter-
ation of aromaticity owing to the formation of complexes and the sum of 
PDI values for the F127-T complexes are smaller than those for the 
Lignin-T ones. In fact, CT affects the circulation of electrons and 

Table 4 
Properties of electron charge densities at hydrogen bond critical point of the 
complexes (au).   

ρBCP ▽2ρBCP G(r) V(r) H(r) λ2 

F127-T1 0.0284 − 0.0242 0.0276 − 0.0309 − 0.0034 − 0.0451 
F127-T2 0.0327 − 0.0260 0.0316 − 0.0371 − 0.0055 − 0.0516 
F127-T3 0.0352 − 0.0269 0.0339 − 0.0408 − 0.0069 − 0.0557 
Lignin-T1 0.0348 − 0.0255 0.0325 − 0.0395 − 0.0070 − 0.0564 
Lignin-T2 0.0386 − 0.0263 0.0355 − 0.0446 − 0.0092 − 0.0621 
Lignin-T3 0.0208 − 0.0231 0.0225 − 0.0218 0.0006 − 0.0299  

Table 5 
Components of interaction energies of the complexes in kcal mol− 1.   

Eelec Eexc Erep Epol 

F127-T1 − 9.43 − 8.56 16.04 − 5.45 
F127-T2 − 12.29 − 11.45 21.30 − 5.75 
F127-T3 − 12.43 − 11.14 20.67 − 5.06 
Lignin-T1 − 12.22 − 12.00 22.00 − 5.40 
Lignin-T2 − 15.74 − 13.69 25.35 − 6.30 
Lignin-T3 − 6.65 − 6.48 11.98 − 3.32  
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aromaticity of phenol ring of T and influences the stability of the T- 
loaded microemulsions. The LMO-EDA studies show that the electro-
static interactions play a major role on stability of the complexes. 
Furthermore, the sum of repulsion energies in the F127-T complexes is 
smaller than those in the Lignin-T ones. The semi-empirical study points 
out that the ΔHf values of the F127-T complexes are less negative than 
those for the Lignin-T ones. 
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[1] J. Cieśla, M. Koczańska, J. Narkiewicz-Michałek, M. Szymula, A. Bieganowski, 
Alpha-tocopherol in CTAB/NaCl systems. The light scattering studies, J. Mol. Liq. 
233 (2017) 15–22. 
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