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1 Introduction

5-fluorouracil (5-FU) is extensively utilized in cancer ther-
apy (Longley et  al. 2003; Meyerhardt and Mayer 2005). 
5-FU is absorbed through the gastrointestinal tract as an 
intact molecule (Fig. 1). It is afterward activated via a tri-
ple enzymatic process, by the sequential catalytic activity 
of carboxylesterase, cytidine deaminase, and thymidine 
phosphorylase. Elevated levels of thymidine phosphorylase 
have been distinguished in cancerous cells, as opposed to 
healthy tissues. 5-FU is further metabolized to 5-fluoro-
deoxyuridine monophosphate which impedes thimidylate 
synthase. The latter converts deoxyuridine monophosphate 
into thymidine monophosphate, which is a key molecule 
for DNA synthesis. Additionally, 5-FU can be directly inte-
grated into RNA, interfering with RNA transcription, and, 
less often, into DNA, preventing its replication (Trewyn 
et  al. 2007; Meyerhardt and Mayer 2005). However, the 
degradation of 5-FU, the low retention in tumors, drug 
resistance and toxicity are troubles that limit the clinical 
use of 5-FU during treatment. Nevertheless, porous silica 
has attracted great attention in biomedical applications due 
to their high surface areas and pore volumes (Horcajada 
et  al. 2006; Andersson et  al. 2004; Gao et  al. 2010; Zhu 
et  al. 2005; Trewyn et  al. 2007a, b). The development of 
new materials for targeted drug delivery is a field of grand 
interest because it promises to reduce drug toxicity and side 
effects, preventing drug resistance and increasing drug effi-
cacy (Uhrich et al. 1999; Langer and Tirrell 2004; Langer 
1998).

Density Functional Theory (DFT) methods can supply 
important aspect by providing atomistic details of the drug 
adsorbed on silica surface through molecular modeling. In 
this paper, theoretical calculations using the Vienna Ab-ini-
tio Simulation Package (VASP) (http://www.vasp.at/ ) were 
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conducted to elucidate the host properties of hydroxylated 
 SiO2(111) surface. A conceptual model that captures the 
5-FU-silica interactions was formulated to understand the 
effect of hydration on the drug adsorption. We have inves-
tigated the binding preference geometry and the adsorption 
minimum energy of 5-FU on the silica model. The partial 
charge and density of states of the drug/silica system were 
also calculated. To the best of our knowledge, no research 
work exists in the literature where these findings have been 
studied by molecular modeling.

2  Theory and model

In the Vienna Ab-initio Simulation, plane wave basis sets 
are used to solve the Kohn–Sham equations. The elec-
tron projector augmented wave (PAW) method and the 
generalized gradient approximation (GGA) with the Per-
dew–Burke–Ernzerhof (PBE) functional were employed 
(Kresse and Hafner 1994; Perdew et al. 1993; Bloch 1994; 
Kresse and Joubert 1999). Grimme’s–D2 correction was 
applied (Grimme 2006). The fixed convergence of the 
plane-wave expansion was found with cut-off energy of 
750  eV. A set of 3 × 3 × 1 Monkhorst–Pack k-points was 
used to sample the Brillouin Zone (Monkhorst and Pack 
1976). The ground state was found by a Methfessel–Pax-
ton smearing of 0.2  eV (Methfessel and Paxton 1989). 
The  SiO2(111) surface model was obtained from bulk 
β-cristobalite, saturated with hydroxyl groups (OH) and 
optimized by VASP calculations. The result is a silica sur-
face model whose density of silanols is close to the experi-
mentally measured value for fully hydroxylated surface 
(Zhuravlev 1987). The surface was represented with a peri-
odically repeated slab containing five layers of atoms sepa-
rated in the normal direction by a vacuum region; while a 
large box of (20 × 20 × 20) Å3 was used to obtain the iso-
lated molecule energy. The 5-FU drug was placed on one 

side of the silica slab and its geometry was allowed to opti-
mize completely together with the three uppermost layers. 
The adsorption energy (Eads) was calculated as the differ-
ence between the energy of the adsorbed molecule and the 
sum of the free surface and the isolated molecule energies. 
A negative adsorption energy value indicates an exothermic 
chemisorption process. We have calculated a large number 
of starting positions and orientations for the guest molecule 
on the different surface sites, to ensure that we identified 
the adsorbate/substrate structure lowest energy. Here we 
present and discuss the most stable geometry. The density 
of orbital states (DOS) and the electronic charge exchange 
were also calculated.

3  Results and discussion

3.1  The interplay between H-bonding interactions 

and dispersion forces

Calculations show that when 5-FU drug is adsorbed on 
hydrophobic silica (not hydrated silica), the phenyl group 
only engages in dispersive interactions with the surface. 
The molecule is weakly bound on hydrophobic silica 
(Eads = −0.11 eV). The adsorption of 5-FU on the hydro-
phobic surface is essentially dictated by dispersion forces 
acting between C ring and surface siloxane Si–O–Si bridges 
as the molecule is adsorbed on the surface. When 5-FU is 
adsorbed on the hydrophilic surface, dispersion forces are 
complemented by specific H-bond interactions. The polar 
atoms of 5-FU undergoes H bonding interactions with sur-
face OH groups, in addition to the usual dispersion forces. 
Figure 2 shows the most stable geometry for 5-FU on the 
hydrated  SiO2(111). We can be seen how superficial OH 
groups link to 5-FU molecule. Regions distinguished by 
negative potential are near to oxygen atoms of the exposed 
silanols, and H protons can be recognized as electro-pos-
itive zones. When 5-FU is adsorbed, the phenyl group of 
5-FU is oriented flat on the silica surface and 5-FU is most 
likely bound to silanol sites making four hydrogen bonds 
(see Fig.  2a). It is observed that the polar groups of the 
5-FU are involved in H-bonds with the surface silanols, 
while the phenyl group mainly installs on surface through 
dispersive interactions due to its weak polar character. 
The adsorption of the 5-FU drug on the hydrophilic silica 
surface is presented through an exothermic process. The 
adsorption energy (Eads) was calculated to be −0.80  eV 
(including a dispersion contribution of −0.13 eV). Adsorp-
tion on pure/hydrophobic silica adsorbent differ than that 
of hydrated/hydrophilic silica adsorbent; it is indicative 
that H-bonds play an important function in the adsorption 
mechanism on hydrated silica.

Fig. 1  5-FU molecule: red spheres indicate oxygen atoms, gray 

spheres indicate carbon atoms, white spheres indicate hydrogen 
atoms, blue spheres indicate nitrogen atoms and green sphere indi-
cates fluorine atom. (Color figure online)
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3.2  5FU-hydrophilic silica system: density of states 

and charge density redistribution

We have computed the density of states (DOS) of the sys-
tem when 5-FU absorbs on the hydrated  SiO2(111) surface 
(Fig.  3b). For comparison, the densities of states of both, 
the clean hydrated  SiO2(111) surface (Fig. 3c) and the iso-
lated 5-FU molecule (Fig. 3a), were also calculated. Char-
acteristic peaks of both, clean hydrated silica and isolated 
5-FU, are recognized in the DOS graphics. Small energy 
values correspond to O 2s states mixed with Si 3s and 
Si 3p orbitals states (Fig.  3c). These states form a band 
between −20 and −24  eV. Above this band, between −9 
and −14 eV, it is located the valence band that mainly cor-
responds to O 2p orbitals mixed with Si 3s and Si 3p states. 
It can be seen that the states above the Fermi level mainly 
corresponds to the conduction band, i.e., they are related to 
silicon states. The peak at 5 eV and the changes observed in 
2p band, correspond to OH superficial groups of hydrated 
 SiO2(111). In Fig. 3 (a), the N 2p states mainly contribute 
around the Fermi level; while the F states contribute deep 

inside the valence band and below 10 eV of the Fermi level. 
The lower part of the valence band is dominated by N 2s at 
−14 eV; while F 2p orbitals are located between −10 and 
−7 eV, and N 2p orbitals are placed in the range of −4 and 
−1 eV. The peaks located around −12 and −10 eV can be 
mainly attributed to C s-orbitals; while the band between 
−6 and −4 eV corresponds to C p-band. The peaks around 
the Fermi level are mainly attributed to H s-orbital band. 
The system’s total DOS nearest the Fermi level is domi-
nated by the silica substrate, while the molecule states are 
located further away from the Fermi level (Fig.  3b). The 
overlapping takes play within −20 and −24  eV, and also 
between −4 and −15 eV. There are bands associated with 
the interaction between 5-FU and silica orbitals. 5-FU con-
tributes with new states mainly in the low part of the band 
in the range of −24 to −29 eV, and from −13 to −21 eV. 
There are also peaks around −7 and −9 eV, and small two 
peaks appear near −4 eV. When 5-FU is adsorbed on silica 
surface, the DOS curves show that these peaks are slightly 
shifted towards lower energy values. This corresponds to 
a stabilization of the electron states of the 5-FU molecule, 

Fig. 2  a Lateral and b top views of 5-FU adsorbed on hydrated 
 SiO2(111) surface. Silica surface: Red spheres indicate oxygen atoms, 
gray spheres indicate silicon atoms, white spheres indicate hydrogen 
atoms. (Color figure online) Fig. 3  Density of states (DOS) for a isolated 5FU molecule, b 

hydrated  SiO2(111)-5FU and c clean hydrated  SiO2(111) surface
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which is in agreement with the formation of the H-bonding 
interactions.

Calculations show that the electronic charge transfer 
mainly happens on the interface between polar groups of 
5-FU and nearest hydroxyl groups of silica surface. When 
5-FU adsorbs on the  SiO2(111) surface, the molecule 
presents the following orbital populations changes (see 
Table 1—references in Fig. 2): 2s F and 2p F populations 
decrease 0.11 and 0.77% respectively, 2s O and 2p O dimin-
ish 0.32 and 0.11% respectively; while the orbital popula-
tion changes on the hydrated silica atoms are as follows: the 
1s H population diminishes between −3.73 and −0.65%, 
2s O population modifies between −0.19 and +0.06%, 2p 
O population increases between +0.41 and +0.71%, 3s Si 
population grows between +0.31 and +0.93%, and 3p Si 
changes between +1.02 and +1.53%. We shall see how 
the electron exchange contributes to the adsorption pro-
cess. There are little electronic changes in accordance with 
the low adsorption energy and the H-bonding interactions 
presented during 5-FU adsorption on hydrated  SiO2(111). 
In general, this result shows a growth of the local den-
sity of state of hydrated silica and a reduction of the local 
density of states of 5-FU. This result means that charge is 
mainly transferred to the hydrated silica carrier from 5-FU 
molecule.

4  Conclusions

Our DFT calculations helped to understand the mecha-
nism and the characteristics of the interactions arise 
between the 5-FU drug and the hydrated  SiO2(111) 
surface.

Adsorption on pure/hydrophobic silica adsorbent dif-
fers than that of hydrated/hydrophilic silica adsorbent. 
The phenyl group of 5-FU associates in dispersive inter-
actions and weakly bounds on the hydrophobic surface 
(Eads = −0.11 eV); while polar groups of 5-FU are impli-
cated in four H-bonds with the hydrated surface in addi-
tion to the usual dispersion forces. (Eads = −0.80 eV). On 
the other hand, the electronic structure analysis show that 
the density of states slightly shifted towards lower energy 
values showing a stabilization of the electron states of the 
5-FU molecule on hydrated silica, and the charge transfer 
mainly happens on the interface between polar groups of 
5-FU and the nearest silanol groups, in agreement with the 
formation of the H-bonding interactions. The results indi-
cate that H-bonds have a vital influence in the adsorption 
mechanism on hydrated silica.
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