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ABSTRACT 
 
In this work, we present the computational design of a 

nanosystem for drug delivery called artificial bacteriophage, 
inspired in the T4 Bacteriophage. The nanosystem is made 
of two carbon nanostructures and molecular bioreceptors: 1) 
A nanocontainer, made of large buckyballs (C720 or larger), 
serving as drug carrier; 2) A nanoneedle, made of a single 
walled carbon nanotube, to inject the drug into cancer cells 
through TRPV1 channels; 3) nanosensors or bioreceptors, 
made of proteins, for biological recognition of proteins 
expressed cancer cells around TRPV1 channels. The 
nanosystem can be used to effectively delivery drugs in 
chemotherapy or nano-anesthesiology, or DNA/RNA in 
gene therapy. In addition, it could deliver controlled and 
localized doses of the anticancer molecules in order to avoid 
destroying healthy cells and reduce side effects. The results 
shown that TRPV1 channel can be a potential target for 
cancer therapy using carbon-based drug delivery 
nanosystems. This nanosystem is patent protected 
WO/2016/055870 - PCT/IB2015/051144.  
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1 INTRODUCTION 
 
Conventional cancer treatments imply administration of 

drugs that go through the body destroying sick and healthy 
cells, producing side effects such as: hair loss, vomit, 
headache, weight loss, extreme pain, etc. [1]; and other 
sickness such renal failure, heart failure, hypertension, 
osteoporosis, blindness [2], which worst the quality of life of 
the patient and sometimes kill him/her [3]. In some cases, 
these problems are caused by high drug concentration or 
retention time before elimination [4]. However, nowadays, it 
is possible to develop controlled and targeted Drug Delivery 
Systems (DDS) at cellular level such liposomes, dendrimers, 
micelles and others, which allow to reduce significantly the 
side effects. Unfortunately, some of these systems lack of 
selectivity or controllability releasing drugs to the 
extracellular medium or healthy cells producing side effects.  

Then, in this work, it is explored the idea about 
bioinspiration on bacterial viruses like the T4 bacteriophage 
to develop a drug release/administration system that could be 

considered as a nanorobot. This system, build using carbon-
based nanostructures, is an injection nanosystem that allows 
to carry out a precise molecular attack in sick cells or 
pathogen organisms to reduce side effects of highly effective 
drugs. The aim of this work is to show that the proposed 
nanosystem is stable under the simulated conditions and 
could allow the transport of medicines towards the target. 
The design presented here is patented [5]. 

The structural stability of the nanosystem and its 
interaction with a TRPV1 channel to transport doxorubicin 
(DOX) was studied using Molecular Dynamics (MD) 
simulations and the results are presented here. Section II 
describes the design and simulation protocol. Section III 
describes the structure of the nanosystem and each one of its 
parts. Section IV shows the interaction of the nanoneedle and 
DOX with a TRPV1 channel. Section V presents the 
conclusions. 

 
Figure 1. Artificial bacteriophage identifying its dimensions 

and main structural parts. 
 

2 SIMULATION PROTOCOL 
 
The all-atom structures were designed in Nanoengineer-

1 [6], the force field was from a set of Gromos-compatible 
parameters and the molecular dynamics (MD) simulations 
were performed in Gromacs 4.6.5 [7]. The system were 
solvated in SPC water and ions were added when needed. 
Then, the solvated and ionized systems were energy 
minimized using steepest descent and then conjugate 
gradient algorithms. Later, water was equilibrated via a short 
(20 ps) isothermal simulation using Berendsen thermostat, 
restraining the system atoms. This was followed by 100 ps 
isobaric simulations using Velocity rescale thermostat and 
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Berendsen thermostat and barostat, respectively to 
thermalize and pressurize the system. The Molecular 
Dynamics production runs were performed under isobaric 
conditions using a Nose-Hoover thermostat and a Parrinello-
Rahman barostat set to 1 atm. For all stages of the simulation, 
Van der Waals interactions were calculated with a 1.4 nm 
cut-off radius; Coulomb interactions were calculated using 
the PME (for membranes) or Reaction-Field-Zero method 
with a 1.4 nm cut-off radius. Hydrogen bonds (H-bonds) 
were constrained using the LINCS algorithm and long range 
dispersion corrections for the energy and pressure were 
applied. Periodic Boundary Conditions were applied in the 
xyz directions. The simulations were carried out in multicore 
personal computer in some cases using its GPU. The 
potential mean force (PMF) for the interaction between DOX 
and TRPV1 was computed using an umbrella sampling 
algorithm. 

 
3 ARTIFICIAL BACTERIOPHAGE 

 
Figure 1 shows the structure of the artificial 

bacteriophage. Here, the main structural parts are: 1) a very 
large single-walled buckyball (C2160) making the drugs 
nanoreservoir; 2) a uncapped long single-walled carbon 
nanotube (SWCNT) (chirality (15,15)) acting as a 
nanoneedle; 3) a set of linker molecules to enable the release 
control; and 4) protein receptors for targetability purposes. 
The nanoreservior is open in the lower part where is 
covalently bonded to the upper ending of the nanoneedle. 
The lower ending part of the nanoneedle is bonded a set of 
protein receptors through a series on liker molecules that 
facilitate the interaction of proteins with proteins and at the 
same time will control the drug release with the receptors. 

 
Figure 2. a) C2160 buckyball empty. b) C720 buckyball 

loaded with 1 DOX molecules. c) C720 buckyball loaded 
with 15 DOX molecules. 

3.1 Nanocontainer 

The nanocontainer can be built using buckyballs of 
different sizes from C720 to C2160, depending on the 
desired loading capacity.  Figure 2 shows a C2160 empty, a 
C720 loaded with 1 DOX molecule and a C720 loaded with 
15 DOX molecules. This figure shows that after MD 
simulation, the overall buckyball shape is affected by 
molecules loaded into it, especially if there is a high 
concentration. It is suggested that the nanocontainer should 
be filled with Na+ or Cl- concentrated solution at high 

hydrostatic pressure such that the high ionic gradient plus the 
high osmotic pressure will drive the drugs outside the 
buckyball into the cancer cell through the needle. The ionic 
concentration and pressure will be selected based on the 
target cells and the drug being transported. In this case, only 
single walled structures were simulated, but this could be a 
multi-walled structure.  

3.2 Nanoneedle 

The nanoneedle is made of a SWCNT with an armchair 
chirality between (15,15) and (20,20). SWCNTs with 
smaller radius are not large enough to transport RNA or 
DNA, and with larger radius are known to spontaneously 
close. Figure 3 shows a (15,15) SWCNT transporting a 
Gemcitabine (GCT) molecule in water in a high pressure 
gradient (50 psi). The presence of water at high pressure 
pushes GCT molecule from one side of the nanotube to the 
other one and since GCT is a hydrophobic molecules, it 
diffuses through while is being adsorbed to the SWCNT 
wall. In Figure 3.a, the CNT shape changes slightly because 
the linker molecules are ether groups that connect the carbon 
atoms at the CNT tip forming a structure similar to a crown, 
increasing the stability of the CNT tip. In Figure 3.b, the 
CNT shape changes more than in the previous case because 
the linker molecules are carboxylic groups connected to the 
carbon atoms at the CNT tip that do not present any bonded 
restriction to the possible tip closing.  

a) b)  

Figure 3. (15,15) SWCNT transporting Gemcitabine in high 
pressure water for linker molecules being: a) ether groups 

bonding terminal carbons; b) carboxyl groups bonded to the 
terminal carbons. 

3.3 Linker molecules and protein receptors 

The linker molecules should help to keep the nanoneedle 
open, enable the bonding of protein receptors to the 
nanoneedle tip and serve as mechanism to control drugs 
release. This last task is performed with the assistant of the 
protein receptors, which allow the system to identify when it 
encounters a cancer cell. By allosteric control, when protein 
receptors interact with the target proteins, in this case TRPV1 
channel, and large structural change occurs allowing the 
drugs to be released. It is suggested that the linker molecules 
could correspond to a special class of rotaxane molecules 
that are chemically or electrically activated (charged residues 
getting closer to it). The protein receptors in this case are a 
set of proteins with a very strong and selective binding 
affinity to TRPV1 channels. Figure 4 shows the vanilloid 
protein receptor that binds to TRPV1, bounded to the 
nanoneedle tip through an Amina group. In this case, no 
specific set of linker molecules has been included. The 
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simulation results show that there is a large conformational 
change in the vanilloid when it is attached to the CNT, 
further proving the need of linker molecules to mitigate those 
undesired changes that could affect selectivity.  

 
Figure 4. Vanilloid protein receptor bounded to the 

nanoneedle tip. 
 

4 INTERACTION WITH TRPV1 
 
The simulation results presented as follow show the 

interaction of the nanoneedle with TRPV1 (Figure 5) but do 
not include the linker molecules and the protein receptor 
attached to the nanoneedle tip. The TRPV1 structure in the 
PDB data bank (PDB ID: 3J5Q) from rats was used as 
template to build the human homolog of this channel in 
Chimera [8] given the known protein sequence. The channel 
was embedded in a lipid bilayer membrane made of 512 
POPC molecules using LAMBADA and INFLATEGRO2. 
Na+ and Cl- ions were added to simulate 150mM salt 
concentration in biological conditions. The DOX force field 
parameters were generated using MKTOP server. 

 
Figure 5. Initial state of the nanoneedle interacting with a 

TRPV1 channel in a cell membrane immersed in water and 
ions under biological conditions. 

 

4.1 Nanoneedle interaction of with TPRV1 

To study the interaction between nanoneedle and TRPV1, 
the CNT was located 1 nm from the beginning of the TRPV1 
channel. Since the CNT does not include partial charges, 
only on Van der Waals forces drive the interaction. The 
average interaction energy was -0.0168 kJ/mol at the 
beginning of the simulation. Due to this attraction, the CNT 
is displaced towards the channel and interacts with the inner 
pore residues after the first 1 ns of the simulation. The CNT 
tilts and gets in contact with TRPV1, so that the potential 
energy between them become more attractive during the rest 
of the simulation. In the last 1 ns of the simulation, the 
attractive interaction is very strong, such that the binding 
energy has values between -300 kJ/mol and -350 kJ/mol. The 
last part of the simulation was studied to recognize the 
residues that are very close to the CNT and are shown in 
Figure 6 using different colors for the VdW representation. 

These simulation results suggest that to design drug 
delivery nanosystems based on CNT interacting with 
TRPV1, require the functionalization of the CNT tip, as 
described before, to generate favorable long- and short-range 
interactions. This would avoid CNT tilting and TRPV1 
would remain aligned with the CNT. This tip modification 
should also be designed to target TRPV1 overexpressed in 
cancer cells and to activate it using pharmacological agents 
(e.g., RTX, DkTx or spider toxins). 

 
Figure 6. Final state of the nanoneedle interacting with a 

TRPV1 channel. 

4.2 DOX interaction with TPRV1 

For asymmetric molecules like DOX, the molecular 
orientation and chirality are important parameters to 
understand diffusion and permeation processes. Initially, 
DOX was aligned with the channel axis and during the 
simulation it tilts and rotates due to its interaction with the 
channel and the membrane. To quantify DOX interaction 
with these structures, the PMF was computed and the results 
for the free energy are shown in Figure 7. In the simulation, 
DOX is permeating the channel from the exterior of the 
membrane (or from the left the rotated channel). The figure 
shows that the PMF is anti-symmetric with respect to z = 0. 
The PMF profile decreases and is attractive from z = 
−3.35nm to z = −1.58nm, when DOX starts the permeation 
through the channel; the energy decreases and has a 
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minimum value in the free energy ΔG = −63.04kJ/mol. From 
z = −1.58nm, the potential increases sharply creating a high 
free energy barrier reaching of up to 69.76 kJ/mol at z = 
0.86nm (ΔG = 142 kJ/mol). At that position, DOX is in the 
narrowest part of the pore. Beyond z = 0.86nm, DOX 
experiences a decreasing potential until it gets to zero, when 
DOX finally crosses hTRPV1, z = 3.30 nm.  

 
Figure 7. Free energy of the permeation of DOX across 

TRPV1. Note that the channel is rotated, so that the inner 
membrane part is to the right.  

During the permeation, DOX tries to cross the pore in 
perpendicular orientation with respect to the main axis of the 
pore. Therefore it has to rotate and folds to be able to cross 
the channel completely since there is not enough space and 
water molecules are also inside the pore. The molecule tries 
to cross in this perpendicular orientation since it is the most 
energetically favorable, making multiple H-bonds with the 
surrounding residues inside the pore. Figure 8 shows a plot 
of the average number of H-bonds that it makes with TRPV1 
at some specific positions during translocation, and a 
snapshot in the trajectory indicating the H-bonds that it 
makes with some specific residues at z=0.2 nm. 

 
Figure 8. a) Average number of H-bonds that DOX makes 
at specific positions when traversing TRPV1. b) H-bonds 

and contacts that DOX makes with specific residues inside 
the pore at z=0.2nm. 

 
5 CONCLUSIONS 

 
It was presented the computational design of a drug 

delivery nanosystems inspired in the T4 bacteriophage. The 
nanosystem is based on carbon nanostructures, buckyballs 
and carbon nanotubes, and linker molecules and protein 

receptors. The structure and function of the nanosystem 
mimics its biological counterpart. 

The molecular dynamics simulations of all-atom models 
of the structural parts show that each one of them has stable 
structure. The simulation conditions revealed the limitations 
and considerations to be taken into account for the successful 
operation of this nanosystem.   

The simulations indicate that a proper nanoneedle 
functionalization is required for the stable operation of the 
nanosystem and the appropriate interaction with the target 
channel overexpressed in some type of cancer cells. Also, it 
is indicated that the DOX can be transported by the 
nanosystem through the TRPV1 channel as initially was 
proposed.  

 
REFERENCES 

 
[1] H. Wendel, E. de Stanchina, J. Fridman, A. Malina, S. 

Ray,S. Kogan, C. Cordon-Cardo, J. Pelletier, S. Lowe. 
"Survival signalling by Akt and eIF4E in oncogenesis 
and cancer therapy". Nature Vol. 428 (6980). 18 March, 
2004. pp. 332–337. 

[2] L. Klareskog, D. van der Heijde, J. P. de Jager, A. Gough, 
J. Kalden, M. Malaise, E. Martin Mola, K. Pavelka, J. 
Sany, L. Settas, J. Wajdula, R. Pedersen, S. Fatenejad, M. 
Sanda. "Therapeutic effect of the combination of 
etanercept and methotrexate compared with each 
treatment alone in patients with rheumatoid arthritis: 
double-blind randomised controlled trial". The Lancet 
Vol. 363 (9410). 2004. pp.675–681. 

[3] J. R. Rubiano Vinueza. Fundamentos de Oncologia 
(Basis of Oncology). Editorial Universidad del Valle. 
2010. Pages 492. In spanish. 

[4] Drug Delivery Systems. IEEE/EMBS International 
Summer School on Medical Devices and Biosensors 
(ISSS-MDBS). Published in 2003 IEEE International 
Workshop on Computer Architectures for Machine 
Perception. 26 June – 2 July, 2004. pp. 169-187. 

[5] J. Velasco Medina, J. M. Espinosa Duran, J. C. Arce 
Clavijo. Artificial bacteriophage based on carbon 
nanostructures for supplying medicaments. Patent. 
International Application No.: PCT/IB2015/051144. Pub 
No WO/2016/055870. May 14, 2016. 

[6] Nanoengineer-1. Nanorex Inc. 
[7] Pronk, S.; Páll, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; 

Apostolov, R.; Shirts, M. R.; Smith, J. C.; Kasson, P. M.; 
van der Spoel, D., et al. Gromacs 4.5: A High-
Throughput and Highly Parallel Open Source Molecular 
Simulation Toolkit. Bioinf. 2013, 29, 845-854. 

[8] Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. 
S.; Greenblatt, D. M.; Meng, E. C.; Ferrin, T. E. Ucsf 
Chimera—a Visualization System for Exploratory 
Research and Analysis. J. Comput. Chem. 2004, 25, 
1605-1612.      

66 TechConnect Briefs 2017, TechConnect.org, ISBN 978-0-9975117-8-9




