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Abstract: P-glycoprotein (P-gp)-mediated efflux system plays an important 
role to maintain chemical balance in mammalian cells for endogenous  
and exogenous chemical compounds. However, despite the extensive 
characterisation of P-gp potential interaction with drug-like molecules, the 
interaction of carbon nanoparticles with this type of protein molecule is  
poorly understood. Thus, carbon nanoparticles were analysed, such as 
buckminsterfullerenes (C20, C60, C70), capped armchair single-walled carbon 
nanotube (SWCNT or C168), and P-gp interactions using different molecular 
docking techniques, such as gradient optimisation algorithm (ADVina), 
Lamarckian genetic algorithm (FastDock), and shape-based approach 
(PatchDock) to estimate the binding affinities between these structures. The 
theoretical results represented in this work show that fullerenes might be P-gp 
binders because of low levels of Gibbs free energy of binding (∆G) and 
potential of mean force (PMF) values. Furthermore, the SWCNT binding is 
energetically unfavourable, leading to a total decrease in binding affinity by 
elevation of the residual area (Ares), which also affects the π-π stacking 
mechanisms. Further, the obtained data could potentially call experimental 
studies using carbon nanostructures, such as SWCNT for development of drug 
delivery vehicles, to administer and assess drug-like chemical compounds to 
the target cells since organisms probably did not develop molecular sensing 
elements to detect these types of carbon molecules. 
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1 Introduction 

On the verge of bionanotechnology and supramolecular chemistry, the potential 
nanosystems, such as buckminsterfullerenes and carbon nanotubes, are expected to profit 
on every economic and scientific area, including pharmacology and medicine for 
diagnosis, bioimaging, and drug delivery (Xia et al., 2009; Johnston et al., 2010). These 
nanosystems are characterised by high molecular surface area and have advantages; they 
can be easily chemically modified to adjust their pharmacokinetics/pharmacodynamics 
penetration rate, various administration routs, robustness of transportation, and low 
toxicity, at least for the functionalised versions of carbon nanoparticles (Cataldo and Da 
Ros, 2008). Nevertheless, some cellular toxicity is believed to be associated with the 
aggregation of nanoparticles in the lipid membranes posing a threat to functional 
integrity of the target cells (Foley et al., 2002; Sayes et al., 2005; Porter et al., 2006).  

A growing family of synthetic carbon allotropes, especially fullerene C60 and single-
walled carbon nanotubes (SWCNT), has many potential applications depending on their 
free radical scavenging and antioxidant chemistry to diminish free radicals, inhibit viral 
proteases, and identify protein fingerprints for biomarker discovery and molecular 
sensing (Bonn et al., 2007). Unfortunately, different xenobiotic substances, such as 
antibiotics and anti-cancer agents, may be expelled from living cells via several 
mechanisms that cause an intrinsic and acquired multidrug resistance (MDR). Among 
them, the efflux mechanism mediated by P-glycoprotein (P-gp) transporter, a member of 
ABC (ATP-binding cassette) superfamily, plays a major role in removing drugs out of 
cells and decreases their pharmacological effects (Gottesman and Fojo, 2002; Alibert-
Franco et al., 2009).  

To overcome the MDR, a great diversity of P-gp inhibitors was produced as 
supplements to conventional chemotherapy (Koizumi et al., 1995; Mazel et al., 2001). 
However, despite the extensive analysis of P-gp interaction with drug-like molecules, the 
effects of buckminsterfullerenes and SWCNTs on this transporter were scarcely reported.  

It was recently shown by Xu and coworkers using in vitro experimental techniques, 
combined with molecular dynamics simulations, that fullerenes were abundantly 
accumulated in the K562S and K562R cells probably due to the absence of P-gp efflux 
(Xu et al., 2012). The theoretical simulations further confirmed that C60 barely induces P-
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gp conformational shift; thus, no compelling evidence was found to claim the C60 
structure as a substrate or inhibitor for P-glycoprotein. In another study, the 
functionalised nanoparticles, such as poly(ethylene glycol)-conjugated multi-walled 
carbon nanotubes, were found to be efficient drug carriers for overcoming MDR induced 
by the overexpression of P-gp on cellular membrane (Cheng et al., 2011). Additionally, 
the P-gp antibody-coupled water-soluble SWCNTs loaded with doxorubicin were 
synthesised for challenging the MDR of human leukemia cells and the effective loading 
and controllable release of the drug substances (Li et al., 2010). In fact, these 
functionalised nanotubes have been already widely utilised to transport different types of 
chemical substances including peptides, amino acids, proteins, nucleic acids, and other 
molecules in living cells (Pantarotto et al., 2003; Pantarotto et al., 2004; Pantarotto et al., 
2004; Singh et al., 2005; Kam et al., 2005;  Liu et al., 2007). Characterising P-gp binding 
sites of fullerenes and SWCNTs is an important step toward a better understanding of 
mechanisms by which nanoparticles are interacting with a typical member of the ABC 
superfamily of active transporters.  

Encouraged by these experimentally derived data, we generated molecular docking 
models of fullerenes and SWCNT to explore the interaction of four carbon allotropes 
with P-gp, including three types of buckminsterfullerenes (C20, C60, C70) and one type of 
capped SWCNT (C168) closed at both sites by fullerene-like hemispheres. We believe that 
our approach may help to answer these questions: (1) whether there are some 
prerequisites for P-gp substrate or inhibitor specificity for nanoparticles of interest, and 
(2) what are the possible mechanisms of their interaction? To our knowledge, the current 
study is the first to report on the ability of P-gp to interact with lipophilic lattices of 
analysed nanostructures by implementing different molecular docking algorithms and 
scoring functions together with experimentally resolved P-gp crystallographic model to 
achieve more precisely determined predicting results.  

2 Computational methods 

The electron diffraction holo-structure of mouse P-glycoprotein (3G60) at 3.8 Å 
resolution with a cyclic-ris-(R)-valineselenazole (QZ59-RRR) molecule was taken from 
the Protein Data Bank as a PDB file (Aller et al., 2009). Prior to molecular docking, the 
ligand was extracted, and the P-gp molecule was refined using FG-MD server (Zhang  
et al., 2011). Atomic-level protein refinement was accomplished via identification of 
spatial restrains from the analogous fragments to reshape the energy landscape funnel 
using a molecular dynamics-based algorithm (Zhang et al., 2011). The VADAR 
(Volume, Area, Dihedral Angle Reporter) server, which is an improved version of the 
PROCHECK software, was used for stereochemical validation of the P-gp molecule 
quality by analysing residue-by-residue, overall structure geometry and checking the Φ-Ψ 
bond angles in a Ramachandran plot (Willard et al., 2003). Altogether, observed statistics 
showed that 70% (23%) of all residues were in core (allowed) regions before and 82% 
(12%) after the MD refinement. The expected values for the comparison were 90% and 
7% for the same regions obtained from the literature elsewhere (Chiche et al., 1990; 
Morris et al., 1992). 

Buckminster lower- (C20) and higher-order (C60, C70) fullerenes (buckyballs) were 
extracted from the Wellesley college chemical database. Capped armchair SWCNT  
(n = m) with 15.8 Å in length and 8.1 Å in diameter was constructed by the 
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NanoEnginner-1 software (Nanorex, Inc. Bloomfield Hills, MI) with well-defined 
spherical tips. Different molecular docking programs, including AutoDock Vina 
(ADVina), Scigress FastDock (Fujitsu Scientific Software, Tokyo, Japan) and PatchDock 
were implemented to analyse nanoparticle interactions with the P-gp molecule 
(Schneidman-Duhovny et al., 2005; Trott and Olsen, 2010). Before the molecular 
docking, all analysed molecular structures were optimised by additional software, such as 
the AutoDockTools software (Morris et al., 2009) for ADVina, or appropriate built-in 
modules to add charges, assign hydrogen atoms, and set up rotatable bonds. For the 
ADVina and PatchDock packages, the nanoparticle minimisation was done in a vacuum 
using semiempirical methods and the AM1 Hamiltonian as implemented in the Spartan 
software 10 v1.1.0 (Wavefunction, Inc. Irvine, CA).  

ADVina rigid-flexible molecular docking uses a sophisticated gradient optimisation 
algorithm in its local optimisation procedure, which was performed to the center of 
binding cavity using Cartesian coordinates: x = 19.11 Å, y = 52.37 Å, and z = –0.30 Å. 
The docking grid with a dimension of 30 Å x 30 Å x 30 Å was used in each docking 
calculation with an exhaustiveness option of 8 (average accuracy). The ADVina output 
results represented the docking scores as Gibbs free energy of binding (∆G) and were 
further converted to the predicted inhibition constants (Ki). Ki values for all docked poses 
were calculated from the ∆G values as follows: 
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where R (gas constant) is 1.98 cal*(mol*K)–1, and T (room temperature) is 298.15 K. 
For FastDock experiment, the minimisation was performed by the built-in engine, 

which operated through a Lamarckian genetic algorithm, so that analysed carbon 
nanoparticles adapted energetically to the surrounding environment (Yadav et al., 2010). 
The best fits were sustained through analysing the potential of mean force (PMF) scores 
of each chromosome and assigning more reproductive opportunities to the chromosomes 
having lower scores (Meugge et al., 1999; Yadav et al., 2010). This process was repeated 
for almost 3000 generations with 500 individuals and 100,000 energy evaluations using 
the Fast-Dock-Manager and Fast-Dock-Compute engines available within the Project-
Leader module of Scigress Explorer. Other parameters of genetic algorithm, such as 
crossover rate, elitism, mutation rate, and convergence, were left to their default values 
according to the experimental setup taken from the literature (Yadav et al., 2010). 
PatchDock employed shape-based rigid-rigid docking, devised from complementarity 
principles, and spherical harmonics to assess geometric feature-based shape matching. 
The PatchDock program is built on the basis of a rigid-body geometric hashing 
algorithm, dividing molecular surfaces into patches according to the molecular shape and 
comparing these patches to generate a set of candidate transformations (Duhovny et al., 
2002; Benyamini et al., 2006). Each transformation was ranked by geometric 
complementarity score as PatchDock score (PDS) and atomic contact energy (ACE);  
the last parameter estimates atomic dissolvation energy of the obtained complex  
(Zhang et al., 1997; Duhovny et al., 2002). Through the docking process, redundant 
solutions were discarded by 1.5 Å RMSD (root-mean-square-deviation) clustering. 
Physicochemical properties, such as molecular surface area for analysed nanostructures 
were calculated with the DS ViewerPro 6.0 (Accelrys, Inc., San Diego, CA). Molecular 
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graphics and visualisation were performed with the PyMol software (DeLano; 2002). The 
hexagon/pentagon (Ah/Ap), total (Atotal), π-π stacking (Aπ-π), and residual (Ares) areas were 
calculated using following equations:  
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where t is the side length in Å;  
l
h totalA  and  

l
p totalA  are a total number of ligand hexagon 

and pentagon areas,  
r
hA   ,  

l
hA   , and  

l
pA    are a number of receptor hexagon areas 

and ligand hexagon and/or pentagon areas involved in π-π stacking. Statistical linear 
regression analyses and graphical representations were performed with GraphPad Prism 
v.4 for Windows (GraphPad Software, San Diego, CS). The differences were considered 
statistically significant at p < 0.0007. 

3 Results and discussion 

3.1 Analysis of ADVina docking results 

We initially developed a docking strategy to the P-gp protein using a number of carbon 
allotropes that were not yet confirmed to be well-known P-gp substrates or inhibitors.  

As a first step, we docked buckminsterfullerenes (C20-C70) and single-wall carbon 
nanotube to the ligand binding site associated with the QZ59-RRR molecule of murine P-
gp protein by measuring binding affinities. Notably, the human and murine P-gp 
homologues showed a high amount of conservation with 87% of sequence identity  
and ~100% identity within the binding site cavity between these two species (Dolghih  
et al., 2011).  

The structure of P-gp represents a nucleotide-free inward-facing conformation 
positioned as two “halves” where QZ59-RRR binds one site per transporter located in the 
center of the molecule between transmembrane domains (TM) 6 and 12. The inward-
facing conformation is believed to be competent for ligand binding at an initial stage of 
the efflux cycle (Aller et al., 2009).  

Subsequently, a standard rigid-flexible ADVina molecular docking procedure  
yielded two main outcomes: conformational sampling (docking pose) of a ligand 
molecule within the receptor binding site and a score approximation function (∆G) 
indicating the receptor-ligand interaction strength. Considering the crystal lattice rigidity 
of nanoparticles as a result of sp2 carbon hybridisation, the docking flexibility allowed 
them very limited lattice relaxation to establish the conformational change.  

The top nine docking poses were visually inspected and emphasised by ∆G and Ki 
values to rank the different conformations of the receptor-ligand complex. The fullerene 
nanoparticles were docked into the P-gp binding cavity with minimal ∆G values of  
–54.81 kJ*mol–1 for C60 and –56.90 kJ*mol–1 for C70, respectively. The C20 molecule 
together with the QZ59-RRR docking pose showed a decrease in binding affinity (–40.59 
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kJ*mol–1 for QZ59-RRR and –32.22 kJ*mol–1 for C20). The C168 (nanocapsule) docking 
was detected as energetically unfavorable for docking; it produced a positive ∆G values 
from 0.0 (best pose) to 45.86 kJ*mol–1 (worst pose) indicating either extremely low  
or complete absence of binding affinity for this type of nanoparticle. The Ki values for  
all the docked poses were directly proportional to the corresponding ∆G parameters 
(Figure 1(A)).  

Figure 1 Distribution of different docking scores (∆G, PMF) and binding affinities (Ki) 
calculated using the ADVina (A) and FastDock (B, C) programs 
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3.2 Analysis of FastDock docking results 

The FastDock module in the Scigress software automates the docking of the 
nanoparticles into P-gp active site by using a genetic algorithm with a fast, simplified 
potential of mean force scoring function (Muegge and Martin, 1999). The PMF function 
is a knowledge-based approach that extracts pairwise atomic potentials from structure 
information of the receptor-ligand complexes, which are accumulated in the Protein  
Data Bank. PMF has been demonstrated to show a significant correlation between 
experimental binding affinities and its computed score for diverse holo-structures 
(Muegge et al., 1999; Ha et al., 2000; Muegge and Rarey, 2001). PMF uses atom types, 
which are similar to the empirical force-fields used in mechanics and dynamics 
simulations. Structure-based screening involves docking of candidate ligands into protein 
targets, followed by applying a PMF scoring function to estimate the likelihood that 
ligand will bind to the receptor molecule with low or high affinity (Muegge and Martin, 
1999). Thus, three different docking modifications were performed to specify flexibility 
for the P-gp residues (binding site): rigid receptor to flexible ligand, flexible receptor to 
flexible ligand, and flexible receptor to flexible ligand with Amber van der Waals 
potentials.  

Prior to molecular docking, we extracted the binding site from the P-gp molecule 
using 3 Å threshold distance from the QZ59-RRR ligand. The extracted binding site 
consisted of predominantly aromatic amino acid residues, such as aromatic (Tyr303, 
Phe332, Phe339, Phe724, Tyr949, Phe974, Phe975), hydrophobic (Leu335, Ile336, 
Val978, Ala981) and hydrophilic (Gln721, Ser725, Ser975). 

The best outcome was produced by flexible-flexible molecular docking with minimal 
PMF values of –531 kJ*mol–1 for C20, –1355.60 kJ*mol–1 for C60, and –1451.80 kJ*mol–1 
for C70 (Figure 1(B)). The QZ59-RRR-P-gp pose was used as a control with PMF of  
–1083 kJ*mol–1. The C168 docking run produced extremely high PMF values either for 
rigid-flexible or flexible-flexible docking (Figure 1(C)). Surprisingly, the energetic 
pattern produced by flexible-flexible docking was reminiscent of the ∆G profile 
confirming similar binding affinities reproduced by different molecular docking 
programs. Expectedly, the rigid-flexible docking and flexible-flexible docking with 
optimised Amber van der Waals (VDW) potentials were characterised by higher PMF 
levels. This outcome could be explained either by the absence of total flexibility or by the 
fact that the standard PMF used specific 6-12 Lennard-Jones potentials for each pairwise 
interaction. These potentials permit hydrogen bonding and electrostatic interactions, 
which are sometimes prohibited by the VDW potentials. 

3.3 Analysis of PatchDock docking results 

The PatchDock experiment was designed in a way that no apriori additional data was 
used as an input for the docking server, such as Cartesian coordinates of receptor/ligand 
binding sites and distance constraints. Therefore, all possible surface pockets on the 
receptor molecule were fully detected automatically to “screen” the whole big P-gp 
protein, which is 136 Å in length, 70 Å in width, and with a molecular weight of 170 kDa.  

It is well known that different docking methods are not always accurate enough to 
produce near-native conformations at the top and output many outcomes. That is why top 
ten solutions were manually inspected to emphasise the common clustering pattern.  
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The output of PatchDock was a list of candidate complexes specified receptor and 
nanoparticle clearly showed the highest arbitrary score value for C168 molecule (8932) 
with minimal ACE value of –3367.62 kJ*mol–1. On the contrary to the previous docking 
results, the PatchDock outputs displayed that the PDS and ACE distribution rate 
depended on the molecular surface area (MSA), and that high values of MSA 
corresponded to minimal ACE levels (Figure 2 (A, B)). Hence, these poses obtained by 
rigid-rigid PatchDock approach appeared to be with more favorable negative docking 
scores. The analysed nanoparticles were docked outside the binding crevice where the 
co-crystallised QZ59-RRR ligand was located with different distances from its center 
(Figure 3): 60.1 Å for C20, 7.3 Å for C168, 4.3 Å for C70, and 4.0 Å for C60. The 
corresponding distances were measured from the center of the P-gp binding site to the 
center of the carbon allotrope molecule (COM). 

Figure 2 Reported scoring functions for PatchDock (A). Data smoothing was applied to produce 
a fitting curve for the dynamical comparison (B) 
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The C60, C70 and C168 molecules were distributed at the intracellular side, near pore 
entrance, with a slight shift from the QZ59-RRR, in proximity to the P-gp binding site. 
C20 occupied the “lower” site surrounded by carboxyl groups of hydrophilic (Asp1015, 
Gln1103, Arg1106) and hydrophobic (Ile1014) residues on nucleotide binding domain 
(NBD2). The C20 dislocation might be explained by either the small size of the C20 
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molecule (3.9 Å) or the fact that some hydrophobic residues located at NBD2 could act 
as fingers to capture the small molecule; thus prevent its translation into the P-gp arch 
portal formed by TMs 4 and 6 in order to permeate drug molecule from the lipid bilayer. 
In fact, the presence of multiple binding sites of P-gp, had already been proposed more 
than a decade ago, such as the H-site for Hoechst 33342 and the R-site for Rho 123 
(Shapiro and Ling; 1997).  

Figure 3 Docking patterns from top ten PatchDock outputs. The hydrophilic, hydrophobic, and 
aromatic residues are colored blue, green and magenta, respectively. Transmembrane 
(TMs) and nucleotide binding domains (NBDs) are also labelled (see online version for 
colours) 

NBD1 NBD2

TM4 TM6

 

3.4 Geometric analysis of π-π stacking effects  

The mechanisms of protein-nanoparticle interaction include different noncovalent 
interactions such as dipolar, ionic interactions, hydrogen bonding, van der Waals 
interactions, etc. Moreover, the π-π stacking effect plays a nontrivial role in carbon 
nanoparticle interactions, such as fullerenes and carbon nanotubes referring to attractive 
forces between aromatic rings (Miller et al., 2000; Tournus et al., 2005; Sygula et al., 
2007; Roquelet et al., 2010). Manual inspections of docking poses at the interface 
between P-gp and nanoparticles have revealed a domination of the hydrophobic 
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interactions and π-π stacking effects as a predominant recognition mode. Traditionally, 
the π-π stacking evaluation depends heavily on the quantum mechanical calculation of 
quadrupole moments for the interacting species (Luhmer et al., 1994). At this point, the 
geometric analysis of π-π stacking effects would be rational, computationally simple, and 
relatively accurate without the time consuming techniques.  

In order to explain the energetic profiles caused by the gradient optimisation method, 
it was set out to analyse the ADVina docking profiles of nanoparticles and P-gp using 
geometric configuration of aromatic rings involved in supramolecular π-π stacking. To 
achieve this task, the distances were estimated from the aromatic ring center of P-gp 
residues involved in the π-π stacking to the closest ring center in the nanoparticle lattice 
(π-π stacking distances) or to COM (Figure 4). 

Figure 4 Geometric configuration of π-π stacking; see text for details (see online version  
for colours) 
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Despite the fact that C168 is not fit to the P-gp binding site concerning excessively high 
∆G and PMF values, its π-π stacking mode comparison to the rest of the nanostructures 
might elucidate these energetic discrepancies. Ideally, tyrosine and phenylalanine 
residues interact with adjacent parts of nanoparticles by their aromatic rings in sandwich, 
t-shape, or parallel-displaced manner. In reality, the aromatic rings are subjected to a 
different tilting of their planes coursed by rotational effect as shown in Figure 4. The π-π 
stacking distances were the same in all nanoparticles whereas distance elevation from 
COM was observed due to C20/C60 diameter and C70/SWCNT length range increase 
(Figure 5 (A, B)). Also, the prevalence of the π-π stacking effect at the poles of SWCNT 
also contributed to the previous observations. 
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Figure 5 Reported π-π stacking distances alone and in conjunction with molecular surface area 
(MSA) for different nanoparticles (A). Calculated Atotal and Ares values are characterised 
by using the linear regression analysis to determine the relationship strength (B) 
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To calculate the residual area that is not involved in the π-π stacking, it was taken into 
account that the overall amount of hexagons and pentagons in carbon lattice were the 
total area and area of π-π contacts between receptor and nanostructure. At this point, the 
C20 molecule with dodecahedral cage structure is the smallest member of the fullerene 
family with C5-C5 bonds forming only 12 pentagons. For this molecule, one could also 
expect that the pentagonal lattice itself might alter the energetic affinity via π-π stacking 
mismatch despite the relatively higher number of P-gp interacting residues (Figure 4). 

The C60 buckyball and C70 molecule, which is related to the truncated icosahedron, 
together with SWCNT form an additional 20, 25, and 74 hexagons with C5-C6 bonds to 
already existing 12 pentagons. Consequently, the obtained Atotal and Ares values 
represented relationship of correlation by a linear regression analysis with high Pearson’s 
coefficient (r2=0.99), and P < 0.0007 (Figure 5(C)). The distribution rate occurred in a 
manner that high levels of ∆G (Ki) and PMF correlate with high levels of the Ares 

parameters because of shape increase and elevation of the MSA/Atotal values.  

4 Conclusion 

The results of theoretical methods were presented to measure the recognition of carbon 
nanoparticles by P-gp, hypothesising that buckyballs appeared to be able to bind with P-
gp and might further be removed from the cell interior while SWCNT might not because 
of unfavourable interaction with the protein molecule. Interestingly, the results actually 
countered with the previous experimental findings (Xu et al., 2011) supporting the 
hypothesis that some carbon nanoparticles (C60) are probably not the P-gp binders (Xu et 
al., 2012). However, this idea is mainly based on the solitary and implicit experimental 
results rather than on the well-confirmed data from different research groups. To probe 
this hypothesis, different outcomes were created which demonstrated the docking studies 
that some representative nanostructures, such as buckyballs (C20, C60, C70) could be 
bound to the P-gp molecule, indicating the possibility of being competitive substrates of 
P-gp. As a possible outcome of this interaction, these molecules might be expelled from 
the target cells by judging their low levels of ∆G (Ki) and PMF values. In contrast to 
fullerenes, the armchair SWCNT (nanocapsule) might not be efficiently effluxed by this 
type of the ABC transporter because of very high ∆G which indicated extremely low 
binding affinity. Surprisingly, the shape-based docking approach (PatchDock) revealed 
that SWCNT maintained the highest shape congruence to P-gp according to low ACE 
parameters and increased nanoparticle propensity, especially for C20 to interact outside 
the QZ59-RRR-associated binding pocket. The interpretation for this important finding 
might be explained by insufficient shape similarities between the binding site and 
analysed nanostructures or by the presence of multiple binding sites of P-gp. 

In addition, it is found for the first time that the π-π stacking effect has contributed 
significantly with a total decrease in binding affinity by the elevation of the Ares values 
following by the distance elongation from COM. Until recently, the docking studies 
concerning the recognition between the non-modified carbon nanoparticles and P-gp 
have not been available. Thus, it is tempting to say that the information obtained from 
this analytical work is essential for the fullerene and nanotube-based development of 
advanced drug delivery vectors.  
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