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A B S T R A C T

Applying density functional theory (DFT), the potential of zinc sulfide (Zn12S12) nanocage for 
delivery of 5-fluorouracil (5FU) is explored. Two stable adsorption modes are predicted for 5FU 
on Zn12S12. The basis set superposition error (BSSE) corrected adsorption energies of 5FU on a 
Zn12S12 are –14.70 and –13.50 kcal/mol for adsorption configuration-1 and 2, respectively. The 
results, on the other hand, show that up to 6 drug molecules can be attached on the surface of the 
Zn12S12 nanocage simultaneously, with –11.10 kcal/mol energy per 5FU molecule. Because of the 
moderate adsorption energies and charge-transfer values, the 5FU can be simply separated from 
the surface at ambient temperature. The 5FU may be easily protonated in the target cancerous 
tissues, which assists to release of the drug from nanocage. The 5FU adsorption energies decrease 
when solvent effect is applied. Results of this study validated the capability of pure Zn12S12 for 
delivery of multiple 5FU molecules.

1. Introduction

In the medical industry nanotechnology plays an essential role for the delivery of various drugs especially for the treatment of 
cancer [1]. To deliver anti-cancer drug to the affected parts of the body using various nanomaterials is a great challenge for the 
scientists in cancer therapy [2]. Therefore nano-structured drug carriers have achieved enormous improvements in intracellular 
diseases treatment [3–6]. Nanostructure drug delivery system modulate drug release characteristic, enhance drug solubility, reduce 
the side effects of drugs diminish drug toxicity and target drug molecules to the desired sites [7]. A lot of literature reported the 
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nanostructures properties have been used as a promising targeted delivery of biological active agents into living systems i.e. carbon 
nanotubes [8], dendrimers [9], liposomes [10], polymer based [11], nanoshells [12], superparamagnetic and inorganic [13] materials. 
In various types of nanostructures, the allotropes of carbon including nanotubes, buckyballs and graphene have very significant ap-
plications in biotechnology and medical science due to is unique properties and structures [14,15]. Numerous literatures have been 
reported in which the properties of various carbon nanocage (fullerenes) is addressed for delivery of various anticancer drugs [16–18]. 
Therefore, the researchers have being redirected their great desire towards inorganic nanostructures as well and reported much 
literature about non-carbons nano-materials for drug delivery including boron-nitride (BN), silicon carbide (SiC), Magnesium oxide 
(MgO), zinc oxide (ZnO) and gallium nitride (GaN) theoretically [3,19–22]. Continued study of exploring properties of such nano-
materials for various applications in drug delivery system, still of great interest and can add much to the body of knowledge.

The nanostructures belongs to II-VI semiconductors which have been reported extensively due to their remarkable properties and 
diverse applications [23]. Among the II-VI materials ZnO and ZnS are widely studied compounds. They are highly stable and 
aboundant evniormentally friendly nano-materials. Therefore, they are cooperative for bio-mdeical applications [24–26]. The (ZnO)12 
nanocluster used as a drug delivery vehchle in various studies [27,28] but (ZnS)12 cluster not gain significant attention as a drug 
delvivery system especially for 5-fluricil (5FU) anticancer drug. 5FU is a fluorinated pyrimidine analog chemotherapeutic agent 
applying as solid cancer therapy like stomach, esophagus, carcinoma and intestines [29–32]. 5FU is interesting in pharmacology 
because it interferes with nucleoside metabolism via the competitive inhibition of thymidylate synthetase, the enzyme catalyzing the 
methylation of deoxyuridylic acid to thymidylic acid. Therefore, it inhibits DNA replication and repair and its depletion induces 
cytotoxicity and cell death [29–31,33].

Aim of present work is to investigate the adsorption of 5FU over the Zn12S12 nanostructures by employing density functional theory 
simulations. The main objectives of this work are, to study various geometrical interactions between 5FU and Zn12S12 nanostructure 
both in gas and solution phase, interaction energies and density of states of the formed complexes. Additionally the AIM analysis and 
NBO analyses were also performed to clearly understand the strength and nature of bonding between the 5FU drug and Zn12S12 
nanostructure. We hope this study will help in future for designing of new nanomaterials consisting of ZnS atoms for drug delivery 
system.

2. Computational details

Computational calculations were performed using DMol3 code [34]. The geometries were optimized using density functional 
theory (DFT) with the gradient corrected Perdew Burke Ernzernhof (PBE) exchange correction functional at the 
generalized-gradient-approximation (GGA) level [35]. A double-numerical with polarization functions (DNP) was used as a basis set. 
To compensate van der Waals interactions, the Grimme’s scheme DFT-D2 method [36,37] was used. To perform an accurate 
computation, the geometry was optimized at 10–5 Ha convergence tolerances, 0.001 Ha/Å for the force and 0.005 Å for displacement. 

Fig. 1. (a) The optimized geometry of Zn12S12 nanocage, (b) corresponding molecular electrostatic potential map, (c) density of states plot, (d) and 
relaxed geometry of 5FU drug molecule.
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A Fermi smearing parameter of 0.005 Ha and 4.6 Å larger orbital cut-off was employed in the calculations. Frequency calculations were 
performed at STP using the same model chemistry to compute the thermochemistry as well as to verify that each optimized geometry 
corresponds to a minimum on the potential energy surface. Adsorption energies were evaluated as; 

Ead = E(Zn12S12+5FU) − E(Zn12S12) − E(5FU) − δBSSE , (1) 

where, E(Zn12S12+5FU) is the total energy of the ZnS nanocage and adsorbed drug molecule, E(Zn12S12) and E(5FU) is the energy of isolated 
ZnS nanocage and drug molecule. The Ead were corrected for basis set superposition error (BSSE) by applying counterpoise correction 
[38]. The solvent effects were included by conductor-like screening model (COSMO) method [39]. The Multiwfn code [40] was used to 
obtained the atom in molecule results. The NBO program [41] was used for computations of second-order perturbation energy (E2).

Fig. 2. The Optimized geometry of 5FU adsorption configuration-1 (a) and adsorption configuration-2 (b) over Zn12S12 nanocage and there cor-
responding partial density of states and electron density difference plots. Bond distance are in Å.
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3. Results and discussion

3.1. Gas phase optimized geometry of bare Zn12S12 nanostructure and isolated 5FU drug

The optimized geometry of Zn12S12 is depicted in Fig. 1. The Zn12S12 have nanocage like geometry which is previously reported [23,
42] resemble to the (MgO)12 , (ZnO)12 and (BN)12 nanocage having 6 tetragonal and 8 hexagonal rings. There are two types of bonding 
system in ZnS nanostructure i.e. S—Zn—S and Zn—S—Zn which joined by 4—6 and 6—6 membered ring system. The Zn—S bond 
length in 4—6 ring system is about 2.334 Å while in 6—6 ring system is about 2.227 Å. In both type of rings there are two types of 
angles formed among the atoms which are S-Zn-S and Zn-S-Zn. The S-Zn-S angle in both tetragonal and hexagonal ring has greater then 
Zn-S-Zn angle the values of angle S-Zn-S in hexagonal ring is roundabout 131.420 and Zn-S-Zn is 98.380 while in tetragonal ring is 
96.580 and 76.350, respectively. The absence of imaginary frequency confirmed that the ZnS nanocage is a true minimum on the 
potential energy surface. These results are in good agreement with the previously reported results for (ZnS)12 nanostructure.

To gain deeper insights into the drug adsorption over the ZnS nanostructure the surface analysis i.e. Mullikan population, Hirshfeld 
analysis and molecular electrostatic potential map (MEP) understanding is very significant for various configuration interaction of 
drug-nanostructure system. The Mullikan and Hirshfeld charge values indicated that the Zn atom has electropositive charge of 0.247 
and 0.242 e while the S atom has electronegative charge of –0.255 and –0.250 e, respectively. The coloring MEP map (Fig. 1b) showing 
the electropositive and electronegative regions of nanostructure by blue and red color. The HOMO-LUMO gap and density of states for 
ZnS nanostructure computed by PBE is shown in Fig. 1c, which shows a semiconductor nature of the ZnS nanostructure having 3.16 eV 
energy gap (Egap). The HOMO-LUMO profile is shown in Fig. 1 which clearly indicates that the HOMO is mostly contributed to S atom 
and the LUMO is contributed to Zn atom. To improve the energygap calculated by PBE, we used the PBE0 hybrid functional in the this 
study [43]. The energygap obtained at PBE0 hybrid funational is shown in Fig. S1, which is 3.07 eV. The formation energy for the 
Zn12S12 nanocage is calculated using the following equation; 

Ef = [E(ZnS)n − n× E(ZnS)]
/
n (2) 

where, E(ZnS)n is the total energy of the ZnS nanocage and E(ZnS) is the energy of individual ZnS molecule. The formation energy for 
Zn12S12 nanocage is –2.87 eV/atom which is negative indicating the exothermic nature of nanocage and proofs the stability of the cage 
structure.

3.2. 5FU drug interaction with Zn12S12 nanostructure

The optimized geometries of different adsorption mode of 5FU drug over Zn12S12 nanocage are depicted in Fig. 2(a and b). We 
examined seven different adsorption modes, where the O, H and F site of 5FU drug interacted with Zn and S site of nanocage. The 
relaxed structures of the most stable complexes, there corresponding partial density of states (PDOS) and electron density difference 
(EDD) plots are represented in Fig. 2(a and b) while the other complexes (having weak interactions) are shown in Fig. S1. The 
optimized intermolecular bond lengths, adsorption energies and charge transfer values are given in Table 1. As illustrated in Fig. 2, two 
most table adsorption configuration for 5FU i.e. adsorption configuration-1, denoted by Ad-1 (where the carbonyl group in-between 
the two NH group of 5FU is directed towards the Zn atom and one H atom of NH group directed towards the S atom of nanocage) and 
adsorption configuration-2, denoted by Ad-2 (where the carbonyl group in neighbor of F atom of 5FU is directed towards the Zn atom 
and one H atom of NH group directed towards the S atom of nanocage). The geometry optimization reveals that two types of bonds 
appeared between the drug molecule and nanocage in both complexes i.e. Zn—O and NH—S bonds. The binding distance between the 
drug molecule and Zn12S12 nanocage is determined to be 2.11, 2.35, 2.15 and 2.33 Å for adsorption configuration-1 and 2, respec-
tively. The BSSE corrected adsorption energy (Ead) of 5FU is –14.70 and –13.50 kcal/mol on nanocage in Ad-1 and Ad-2, which falls 
within the range of chemisorption. The Ead values of the 5FU molecule decrease as the drug molecule interacted from other sites as 
shown in Fig. S2, which is inconsistent with the degree of polarization and the Hirshfeld charge on these atoms. It should be noticed 
that the calculated Ead values of the 5FU are more negative than those calculated on other surfaces such as B24N24 (–11.90 kcal/mol) 
[44] and Ge-doped BN nanotubes (–12.20 kcal/mol) [45]. The O atom of 5FU molecule serves as the electron donor in both optimized 
complexes, with a charge-transfer value of 0.07, and 0.06 electrons for adsorption Ad-1 and Ad-2, respectively. While the H atoms of 
5FU act as acceptor, accepted 0.06 and 0.05 e from the nanocage surface. These findings clearly show that, in addition to electrostatic 
attraction between opposite charged atoms of 5FU and nanocage, orbital interactions also play an essential role in the formation of 
these complexes. In fact, the adsorption energies are well correlated with the amount of the charge transfer values between the 5FU 

Table 1 
Binding distance (Å), adsorption energy (Ead kcal/mol), BSSE (kcal/mol), charge transfer (QCT e) and recovery time (τs) for 5FU adsorption over 
Zn12S12 nanocage in Ad-1 and Ad-2 in the gas phase.

Species Zn—O NH—S Ead BSSE Ead+BSSE QCT τ

Ad-1 2.11 2.35 –16.49 1.79 –14.70 0.07, –0.06 0.0598
Ad-2 2.15 2.33 –14.81 1.31 –13.50 0.06, –0.05 0.0078
65FU@Zn12S12 2.12 2.14 –12.15 1.05 –11.10 0.06, –0.05 0.0001

*Positive value of charge transfer refer to donation while those with negative value refer to acceptance
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and the Zn12S12 nanocage, suggesting that the charge-transfer is more essential for the stability of these complexes than the elec-
trostatic interactions. This is confirmed further by the PDOS analysis, which shows that there is substantial overlap between the empty 
d orbital of the Zn atom and O-2p orbitals of the drug molecule around Fermi level. Note that compared to Ad-2, the degree of such 
orbital overlap is more important in Ad-1. To obtain more information about charge density distribution upon the adsorption of 5FU on 
nanocage, the EDD analysis is performed. As seen in Fig. 2, the adsorption of 5FU is associated with a considerable charge density 
rearrangement around the interacting atoms, suggesting that the mutual polarization of 5FU and Zn12S12 nanocage subunits upon the 
complex formation. In particular, the appearance of a large electron density loss region on Zn—O bonds of 5FU confirms that the atom 
serves as electron donor, which evidence the formation of stronger bond between the drug molecule and nanocage during the 
adsorption process. That is to say, the EDD analysis can be used as a suitable tool for assessing the adsorption strength between 5FU 
molecule and Zn12S12 nanocage. Compared to the previous reported studies [46,47] the 5FU molecule adsorption over Zn12S12 shows 
similar interactions i.e chemisorption nature and adsorption energies are almost in similar range. Moreover, the C=O site interacted 
chemically with the surface as interacted with Au32 nanocage [46].

Fig. 3. Atom in molecule plots for Ad-1 (a) and Ad-2 (b). Gold small ball represent bond critical points and small yellow ball represent ring 
critical points.

Table 2 
Atom in molecule parameter i.e. electron density (ρ au), Laplacian (∇2ρ au) energy density (H) and second order perturbation energy (E(2)) for 5FU 
adsorption over Zn12S12 nanocage in Ad-1 and Ad-2.

ρ ∇2ρ H E(2)

Bonds Zn—O NH—S Zn—O NH—S Zn—O NH—S Zn—O NH—S
Ad-1 0.053 0.029 0.226 0.054 –0.009 –0.002 25.64 11.59
Ad-2 0.052 0.021 0.223 0.047 –0.007 –0.0003 25.07 6.24

Fig. 4. Optimized geometry of 6 drug molecules adsorbed over the Zn12S12 nanocage.
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Atom in molecule (AIM) and natural bonding orbital analyses were performed to gain deeper insights into the strength of in-
teractions between 5FU molecule and Zn12S12 nanocage. The AIM plots are illustrated in Fig. 3(a and b), which confirm that there is 
stronger intermolecular interactions exist between the 5FU drug and nanocage. The electron density (ρ) and Laplacian (∇2ρ) values 
(Table 2) are fall in the range of strong intermolecular bonds [48,49]. The larger Laplacian values (Table 2) for both types of bonds i.e. 
Zn—O and NH—S in both complexes while the negative value of total energy density (H) indicating that the adsorption of 5FU drug is 
mainly driven by electrostatic effects [48,49]. This is further justified by the values of second-order perturbation energy (E2) values 
summarized in Table 2. The E2 value for LP(O)→LP*(Zn) charge transfer for Zn—O bond in Ad-1 is 25.64 kcal/mol while for LP(S)→σ 
∗(HN) in S—HN bond is 11.59 kcal/mol. Similarly in Ad-2 the E2 value for LP(O)→LP*(Zn) in Zn—O bond is 25.07 kcal/mol and for LP 
(S)→σ∗(HN) in S—HN bond is 6.24 kcal/mol, respectively. The results of NBO analysis are in good agreement with the structural, 
energetic, charge transfer and AIM analysis, which shows that in both complexes the 5FU drug adsorbed over the Zn12S12 via two 
stronger bonds i.e. Zn—O and NH—S bonds.

The above information, indicates that the bare Zn12S12 surface can strongly adsorbed the 5FU drug molecule. Therefore, we also 
explored the maximum drug loading capacity of the nanocage system. We placed a 5FU molecule on each Zn-S bond and relaxed the 
resulting complexes. Fig. 4 illustrates the optimized structure of the derived complex, and Table 1 lists the adsorption energies and 
charge-transfer values. The calculated BSSE corrected adsorption energies per 5FU are –11.10 kcal/mol, indicating that the Zn and S 
atoms in this system can efficiently adsorb 5FU molecules. Due to repulsion effects between the adsorbed 5FU molecules, these average 
Ead value are slightly lower than the Ead value of the single 5FU drug adsorption. While the binding distances (Zn—O and NH—S bonds) 
are almost similar to the single 5FU molecule adsorption.

3.3. Drug release

For the effective drug release on target site, stable adsorption of drug molecules on the carrier surface is necessary. However, 
physisorption of drug on the carrier surface is considered best, because it does not cause desorption issues on the targe site. The 
adsorption energies of –13.50 kcal/mol and –14.70 kcal/mol are observed for the two most stable orientations of 5FU over Zn12S12 
nanocage. The adsorption energy results of 5FU@Zn12S12 nanocage are in the physisorption range. This reveals that Zn12S12 nanocage 
may effectively desorb 5FU drug on target site. The adsorption strength of 5FU drug can easily be affected by a slight increase in 
temperature because cancer cells are slightly at a high temperature compared to the rest of the body cells. This effect of temperature 
and desorption of 5FU drug is carried out by the transition theory equation [50–52]: 

τ = ν− 1exp
(

Eads

kBT

)

. (3) 

Here, τ is the desorption time of the drug from the cage, v is the frequency (1012 Hz), T for temperature, kB is the Boltzmann constant 
and Ead is the adsorption energy of the drug molecule. The desorption time of 0.0078 and 0.059 sec is observed for 5FU from nanocage 
(see Table 1). The calculated time is short enough for 5FU drug release from nanocage

The 5FU delivery to cancerous cells is also carried out by the pH effect. The pH level of cancerous cells is usually less than 7 [53]. 
This shows that when 5FU molecules react with H+ at cancer cell. To observe this effect, we did the geometry optimization of 
5FU@nanocage in the presence of a proton. The computed results show that proton is coupled on highly electronegative oxygen ends 
of 5FU drug molecule, which decreases the adsorption strength of 5FU with nanocage atoms (Fig. 5). After protonation, a decrease in 
adsorption energies for configurations 1(–10.65 kcal/mol) and 2 (–10.07 kcal/mol) are noticed compared to a neutral complex of 
5FU@nanocage. The decrease in adsorption energy reveals the increase in interaction distance and enhancement of drug desorption 
from nanocage.

Fig. 5. The optimized geometry of protonated 5FU adsorption on Zn12S12 nanocage Ad-1 (a) and Ad-2 (b).
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3.4. Solvent effects

The solubility and stability of 5FU@ Zn12S12 complexes in an aqueous medium are predicted through the solvation energy effect. 
The solvation energies of both configurations are calculated by taking the difference of energies of complexes in gaseous as well as in 
aqueous medium. In addition to solvation energy, charge transfer between 5FU and nanocage is calculated in an aqueous medium to 
analyze the solvation effects. The studied values of adsorption, solvation, charge transfer, and desorption time are presented in Table 3. 
Negative sing of solvation energies pointed to the stability of 5FU@ Zn12S12 nanocage complex in an aqueous medium. The adsorption 
energy values resulting in solvation effects are relatively smaller than in the aqueous phase due to the interaction of water molecules 
with drug molecules in an aqueous medium. Similarly, a slight decrease in charge transfer happened between drug and nanocage in an 
aqueous medium due to an increase in interacting distance. The incorporation of solvation energies in Eq. 3 can reduce the desorption 
time 5FU drug from Zn12S12. It is concluded from studied results that, 5FU can easily be desorbed from Zn12S12 nanocage in an aqueous 
medium compared to the gaseous phase.

4. Conclusions

In this study, a Grime’s dispersion corrected DFT exploration of the ability of bare zinc sulfide (Zn12S12) nanocage was conducted. It 
was found that the Zn and S atom are the active sites on the hexagon rings of Zn12S12 nanocage and the nanocage can function as active 
nanostructure for the delivery of 5FU drug molecules. The 5FU drug molecule interacted via its O and H site strongly with the exterior 
surface of nanocage. This is confirmed by electron density difference, atom in molecule and natural bonding orbital analysis. Our 
findings indicated that bare Zn12S12 nanocage can carry up to 6 drug molecules with a binding energy of –11.10 kcal/mol. The 
protonated 5FU molecule Ead values is significantly lower than those for a un-protonated 5FU, signifying that the 5FU-drug molecules 
can be easily separated from the nanocage when it reaches to the targeted cells. The inclusion of solvent environment decreases the 
strength of drug nanocage complexes, proposing that the 5FU release process is assisted by solvent system. This study validated for the 
first-time that how the bare zinc sulfide nanocage may significantly adsorbed the 5FU drug molecule and the total capacity of this 
system for carrying many 5FU drug molecules.
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