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Abstract Titanium dioxide nanoparticles are widely used

in consumer products, paints and pharmaceutical prepara-

tions. They have been shown to induce cytotoxicity,

genotoxicity and carcinogenicity—in vitro and in vivo. So

far there is lack of standardized protocol for in silico

analysis of nano-toxicological evaluations. In the present

study, it was attempted to analyze the titanium dioxide

nanoparticles-protein interaction through docking using

AutoDock 4.0.5 software. Titanium dioxide nanoparticles

with particle size of 1.09 nm were docked with different

cellular proteins. Binding site area and volume has been

determined by using CastP online server and docking has

been performed at the active site as a pocket. The docked

structures were analyzed for the most efficient binding with

amino acids. It is the first study to report the interaction of

titanium dioxide nanoparticles without any surface modi-

fication with proteins using docking analysis. The negative

binding and docking energy inferred that the interaction of

titanium dioxide nanoparticles with certain proteins is

significant. Titanium dioxide nanoparticle shows signifi-

cant interaction with intercellular adhesion molecule-1,

P38 mitogen-activated protein kinases (P-38), placental

growth factor and nuclear factor kappa-light-chain-en-

hancer of activated B cell proteins. Further, it has been

observed that titanium dioxide nanoparticles show frequent

interaction with proline, lysine as well as leusine.
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Introduction

Titanium dioxide nanoparticles (TNP) have a number of

applications in which they can directly or indirectly gain

access to human body. They have applications ranging

from cosmetics to medicine, food and tissue engineering.

The route of TNP is mainly through ingestion, dermal or

inhalation. The toxic behavior of TNP, its mechanisms of

action, its effect on different cell lines and protein is still

unexplored. There is a need to develop in silico, in vitro

and in vivo protocols for toxicological analysis of nano-

materials and to understand the mechanism of action [1–4].

TNP interactions with several cellular proteins have

been studied earlier by in vitro method. Some of the

important chemokines and other cytological proteins

studied for interaction with TNP are intercellular adhesion

molecule 1 (ICAM-1), C–C-motif chemokine ligand 20

(CCL-20), interleukin 8 (IL-8), nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-jB), P38 mitogen-

activated protein kinases (P-38), placental growth factor

(PlGF), C–X–C motif chemokine ligand 1 (CXCL1), C–X–

C motif chemokine ligand 5 (CXCL-5), cluster of
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differentiation 35 (CD35) and matrix metallopeptidase 9

(MMP-9). The chemical composition, size, shape and

surface characteristics of nanoparticles affect the way

proteins bind to these particles, and this in turn influences

the way in which nanoparticles interact with cells and tis-

sues. Nanomaterials bound with proteins can result in

physiological and pathological changes including protein

aggregation and complement activation, but the mecha-

nisms that lead to these changes remain poorly understood.

Kruger et al. [5] have identified by quantitative PCR that

TNP transiently induces the expression of ICAM-1, CCL-

20, COX-2 and IL8 proteins. Further, using nuclear factor

(NF)-jB reporter gene assays, they have shown that TNP-

induced IL-8 mRNA expression occurs, in part, through

activation of NF-jB and p38 mitogen-activated protein

kinase pathways. Through the series of in vitro and in vivo

analysis Chen et al. [6] concluded that TNP induces some

of the chemokine expressions such as PlGF, CXCL1,

CXCL3 and CXCL5 that may cause pulmonary emphy-

sema and alveolar epithelial cell apoptosis. Additionally,

flow cytometry analysis done by Babin et al. [7] concluded

that TNP slightly down-regulated cell surface expression of

the granule marker CD35 and the gelatin zymography

studies suggests that TNP markedly increased the enzy-

matic activity of MMP-9.

To understand the TNP interaction with protein a pro-

tocol can be developed for in silico analysis for binding of

nanoparticle (NP) and protein, which will give an insight to

understand the mechanism of toxicological behavior of

nanoparticle [8]. Due to the smaller size of the nanoma-

terial, dispersivity and diffusivity of the nanomaterials is

higher in animal models [9, 10]. Additionally, after a

number of researches in vitro and in vivo the mechanism of

action of nanomaterial is not clear as it is dependent on the

size variation, charge density variation, shape variation and

other surface property variations [11]. Various reports are

present for assessing toxicological evaluation of these NPs

but yet a standardized protocol is not present. Moreover,

very few reports are present for assessing the toxicity by

computational method.

In the present study using computational analysis this

has been attempted for the first time to understand the

mechanism of TNP-protein interaction by using PDB file of

NP in docking. In this work only those proteins have been

selected for which interaction with TNP was well estab-

lished in the earlier works using in vitro techniques and the

in silico results have been discussed comparatively.

Through this in silico analysis, the basic analysis for the

effect of nanomaterial toxicity has been provided and an

insight into the regularity of interaction has been attempted

between nanomaterials with specific amino acids. It can be

noted that, the cellular proteins for which interaction has

been studied earlier have been shortlisted by using in vitro

approach and the earlier studied findings have been vali-

dated through in silico method.

Material and Methods

PDB File of Proteins and Titanium Dioxide

Nanoparticles

The PDB file of TNP was downloaded from the University

of Sydney website [12]. Further, PDB file of proteins was

obtained from RCSB protein data bank [13] of whose PDB

id is given in Table 1.

Dimensions of Titanium Dioxide Nanoparticles

The dimension of the lattice was determined by using

Pymol software (Ver 1.1, DeLano Scientific LLC, US) and

the size of the nanoparticle was identified [14]. All the

water molecules were removed using a plain text editor.

The polar hydrogen, partial charge, and solvation param-

eters for use with the AutoDock 4.0.5 simulation were

applied using AutoDock-Tools.

Determination of Binding Site

Computed Atlas of Surface Topography of Proteins

(CASTp) [15–17] is used for visualization of the annotated

functional residues, with emphasis on mapping to surface

pockets and interior voids. CASTp gives a prediction of

active site and the number of amino acids involved in it

[18]. It has the ability to locate functionally important

residues and to obtain a comprehensive understanding of

the structural basis of protein function. The best binding

pockets with high area and volume were predicted by

CASTp as active sites for each protein. Depending on

CASTp prediction, these binding pockets seem to be the

potential active sites for further docking analysis. Thus, the

present model could further be explored for in silico

docking studies with TNP.

Docking Studies of Titanium Dioxide Nanoparticles

with Proteins

AutoDock 4.0 docking program was applied to study the

interaction between the TNP and the proteins. The PDB file

id of the proteins has been listed in Table 1. The docking

simulations were carried out with the rigid TNP and the

proteins. Using AutoGrid tools, the grid maps were gen-

erated adequately large to include the binding site(s) of

protein as depicted from CASTp. The points of the grids

were thus with a grid spacing of 0.375 Å. The grid

parameter file and the docking parameter file were set up
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by the AutoDock Tools program. The binding mode was

predicted by using the Lamarckian genetic algorithm

search engine implemented in AutoDock software package.

Population size was 150, number of GA runs is 20 and

maximum number of generation has been set as 27,000.

Default settings were used for all other parameters. The

interaction of amino acid of each protein with TNP has

been analyzed by visualizing the docked structure (Fig. 1).

Results and Discussion

It is a novel approach to determine the nanoparticle–protein

interaction by using docking without any surface modifi-

cation of nanoparticle. The size of the TNP has been

determined using pymol as 1.09 nm (Fig. 2). The best

binding pockets with high area and volume were predicted

by CASTp as active sites for each protein. The best binding

pockets with area and volume are as under: ICAM (area-

748.5; volume-1823.9), CCL-20 (area-632.4; volume-

1120.4), IL8 (area-510.7; volume-588.7), NF-jB (area-

212.7; volume-249), P-38 (area-866.8; volume-1377.8),

PlGF(area-291.1; volume-321.4), CXCL-1 (area-293.5;

volume-431.4), CXCL-5 (area-478.9; volume-441.9), CD-

35 (area-213.8; volume-256.1), and MMP-9 (area-1164.1;

volume-2603.4).

The negative binding energy and intermolecular energy

of TNP-protein complexes show the efficient formation of

protein-nanoparticle complexes. TiO2 makes most

stable docked complex with ICAM as it has most binding

energy and intermolecular energy as -1163 and -12.73

respectively. The TNP makes hydrogen bonds in the active

pockets of protein (Fig. 1). It shows good binding energy

and intermolecular energy with ICAM and P-38 as it has

negative binding energy and intermolecular energy as

-11.63 and 12.73; 11.73 and 12.83 respectively for each

protein but does not show any stable complex with CXCL-

1, CXCL-5 and CD-35 because of the positive binding and

intermolecular energy (Table 1). All other proteins selected

for this study showed good binding energy ranging from

-11.63 to -4.04 which confirm the binding. The binding

energy, intermolecular energy, torsion energy and the

interacting amino acids have been tabulated in Table 1.

Docking studies suggests that TNP binds more effi-

ciently with nonpolar R-group containing amino acids and

positively charged R-group containing amino acids.

Mainly, it shows more efficient interaction with proline and

lysine. Further it also shows frequent bindings with polar

uncharged R-groups and negatively charged R-group con-

taining amino acids. Additionally, it shows least binding

with aromatic R-group containing amino acids. TNP shows

least frequent binding with alanine, serine, aspargine,

phenylalanine and tryptophan (Table 2).

Negative binding energy and negative intermolecular

energy indicates the more interaction of TNP and protein.

Based on the binding energy obtained in this analysis,

P-38, ICAM, PlGF, MMP-9, NF-jB, CCL-20 and IL-8

show interaction with TNP and the data supports the earlier

findings [5–7]. Although, Chen et al. [6] have reported that

TNP up regulates PlGF, CXCL-1 and CXCL-5 but the

docking results thus obtained i.e. binding energy and

intermolecular energy of TNP-protein complex for CXCL-

1 and CXCL-5 contradict their findings, so, more in vitro

investigation is needed to understand the TNP interaction

with CXCL-1 and CXCL-5. Additionally, research is

required to find out the reason as to why TNP activates

CXCL-1 and CXCL-5 without having the stable com-

plexes. This approach of in silico analysis for TNP-protein

interaction supports the earlier findings of Frauke et al. [19]

since they got binding energy in the range of -3.9 to -7.6

for the material science flexible ligands.

Docking results show that TNP binds more frequently

with nonpolar aliphatic R-group amino acids and posi-

tively charged R-group containing amino acids of the

Table 1 Docking results for the TNP-protein interaction analyzed

Proteins PDB ID Binding

Energy

Kl Intermolecular

energy

Internal

energy

Torsional

energy

Unbound

extended energy

Ref

RMS

ICAM-1 IP53 -11.63 2.97 nM -12.73 -2.88 1.1 -2.88 171.59

CCL-20 IM8A -8.25 901.44 nM -9.34 -2.75 1.1 -2.75 39.68

IL8 1IL8 -4.04 1.09 mM -5.14 -2.66 1.1 -2.66 11.57

NF-kB 1SVC -8.29 841.35 nM -9.39 -2.61 1.1 -2.61 57.33

P-38 3W8Q -11.73 2.52 nM -12.83 -2.49 1.1 -2.49 35.13

PIGF 1FZV -9.26 163.05 nM -10.36 -2.77 1.1 -2.77 41.37

CXCL-1 1MSG 1.67 U/A 0.57 -2.96 1.1 -2.95 13.62

CXCL-5 2MGS 576.34 U/A 575.34 42.18 1.1 42.18 8.93

CD 35 1GKG 5420 U/A 5420 84.59 1.1 85.59 16.8

MMP-9 1L6 J -9.01 247.86 nM -10.11 -2.72 1.1 -2.72 63.94
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proteins. It binds with proline and lysine more often than

other amino acids. Interestingly, TNP does not bind with

methinone; this suggests that the sulfur containing heavy

chain R group prevents it to form stable hydrogen bond.

Apart from the nonpolar aliphatic R-group and positively

charged R-group amino acids; it binds with polar

uncharged R-groups amino acids, negatively charged

R-group and aromatic R-group containing amino acids but

with less frequency. It shows least binding with alanine,

serine, aspargine, phenylalanine and tyrosine. TNP shows

least affinity with amino acids containing aromatic

R-group which may be attributed to the fact that TNP

Fig. 1 Interaction of TNP with: a ICAM protein; b CCL-20 protein; c IL-8 protein; d NF-kB protein; e P-38 protein; f PIGF protein; g CXCL-1

protein; h CXCL-5 protein; i CD-35 protein; j MMP-9 protein
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cannot form a stable hydrogen bond because of the res-

onance energy stabilization of the amino acid. A detailed

result for TNP binding with specific amino acids during

the interaction has been tabulated (Table 2).

All the cellular proteins selected for the analysis has

specific roles which can be affected when they come in

contact with TNP. ICAM-1 also known as CD54 (Cluster

of Differentiation 54), has important role in cell–cell sig-

naling as stabilizing cell–cell interactions and facilitating

leukocyte endothelial transmigration [20, 21]. ICAM-1 has

antagonistic effect on the tight junctions forming the blood-

testis barrier, thus playing a major role in spermatogenesis

[22]. P-38 has important role in cell signaling against stress

such as it is responsive to stress stimuli, such as cytokines,

ultraviolet irradiation, heat shock, and osmotic shock, and

is involved in cell differentiation, apoptosis and autophagy

[23, 24]. Similarly, PIGF and NF-jB are having very

important role against several cellular functions which

have been described below. PlGF is a key molecule in

angiogenesis and vasculogenesis, in particular during

embryogenesis. It is a potent angiogenic factor involved in

extravillous trophoblast proliferation, migration and inva-

siveness [25–27]. NF-jB is important in regulating cellular

responses because it belongs to the category of ‘‘rapid-

acting’’ primary transcription factor, i.e., transcription

factor that is present in cells in an inactive state and do not

Fig. 2 Size of the TNP in Å as

visualized in PyMol�. The size

was observed as 1.09 nm

Table 2 Amino acid binding in the docked structure with different proteins

Proteins GLY PRO TRP THR ASN GLU GLN LYS SER ASP HIS ILE LEU VAL ARG PHE ALA CYS TYR

ICAM-1 ? ?? ??? ?? ?? ? ?

CCL-20 ? ?? ? ? ?? ?

IL8 ?? ?? ? ?? ?

NF-kB ?? ?? ? ? ? ?? ?

P-38 ? ? ?? ? ? ?? ? ?? ? ?

PIGF ? ? ? ?? ? ????

CXCL-1 ? ? ? ?

CXCL-5 ? ? ? ? ? ???? ? ?

CD 35 ????? ? ? ?? ? ? ? ? ?

MMP-9 ? ? ?? ?? ? ??

Total frequency 5 11 4 5 3 5 7 10 2 5 4 6 9 4 7 3 2 5 3

?: Number of times TNP interacts with respective amino acid
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require new protein synthesis in order to become activated

[28, 29]. NF-jB is a major transcription factor that regu-

lates genes responsible for both the innate and adaptive

immune response [30–32]. Because of the efficient inter-

action of TNP with these proteins, it can be said that

functioning of ICAM-1, P-38, PLGF and NF-jB might be

altered. In short it can be said that TNP interaction with

these proteins may affect stabilization of cell–cell inter-

actions, leukocyte endothelial transmigration, formation

the blood-testis barrier, cellular response to stress stimuli,

anchorage of the proteins to the cell surface, trophoblast

proliferation- migration- invasiveness, innate immune

response and adaptive immune response.

Future Perspective

TNP-protein interaction highly depends upon the size [33,

34] so the PDB file need to be developed from ‘single

crystal X-ray diffraction’ analysis of TNP so that TNP-

protein can be analyzed with respect to size and mecha-

nism. It can be noted that most of the inorganic nanopar-

ticles are toxic in nature other than TNP mainly of gold

[35] and silver [36] etc. for which the PDB-file should be

developed to explore the in silico nanotoxicology. Apart

from this, there is a need of PDB file for other NPs as well

to have a detailed analysis of NP-protein interaction.

Computational approaches like molecular docking could be

adopted for screening of all the NPs, which can bind to the

target with experimental or modeled structures. Further,

molecular simulation studies could be the next approach

for researchers to understand the TNP-protein interaction.

Conclusion

Docking studies have been done to analyze the interaction

of TNP with different cellular proteins and cytokines.

Further, efficiency and frequency of amino acid has been

analyzed from the docked structure. It can be concluded

that TNP shows maximum interaction with proline, lysine

and leusine. Interestingly, TNP does not show any inter-

action with methionine for the docked structure of protein.

Further, it can be concluded that the interaction of TNP is

more with amino acid containing aliphatic R-group and

amino acid with positively charged R-group. Additionally

it shows least interaction with amino acid containing aro-

matic R-group which can be attributed by the fact that due

to the resonance energy stabilization and the heavier

R-group inhibiting the hydrogen bond formation between

TNP and protein. Since, TNP binds most efficiently with

ICAM-1, P-38, PlGF and NF-jB, so, it can be said that

many cellular or non cellular responses like cell–cell

interaction, spermatogenesis, blood-testis barrier formation

and innate as well as adaptive immunity can be altered. To

consider the future aspect of this work it can be stated that

simulation is the serious threat for the in silico nanotoxi-

cological analysis to understand the mechanism. Further,

the PDB file for each NPs can be developed for different

size so that the mechanism and size dependence of NP-

protein interaction can be analyzed.
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Alexander VS (2013) The involvement of SIRT1 and transcrip-

tion factor NF-jB (p50/p65) in regulation of porcine ovarian cell

function. Anim Reprod Sci 14(3–4):180–188

30. Hayden MS, West AP, Ghosh S (2006) NF-jB and the immune

response. Oncogene 25:6758–6780

31. Jin J, Hongbo H, Haiyan SL, Jiayi Y, Yichuan X, George CB,
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