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Abstract This is a preliminary cross multidisciplinary
theoretical-computational approach for the design of a drug
delivery system based on immunoconjugated carbon nanotube
against HER2- overexpressing cancer cells. This drug delivery
system allows the release of an encapsulated cytotoxic cocktail
in a controlled manner under pulsed radio frequency (RF)
irradiation. Our effort is focused on the computational aided
design of a high affinity bispecific anti-HER2 antibody and an
opening mechanism of the carbon nanotube (CNT) based
cytotoxic carrier for controllingmultiple drug release.We study
the main interactions between the antibody and the antigen by a
computational scanning mutagenesis approach of trastuzumab
and pertuzumab fragment antigen binding (Fab) structures in
order to enhance their binding affinity. Then, each Fab frag-
ments is joined by a polypeptide linker which should be stable
enough to avoid the “open form” of antibody. On the other
hand, we also conjugate the engineered antibody to function-
alized CNTs (f-CNTs), which encapsulate the inhibitors of the
HER2/PI3K/Akt/mTOR signaling pathway.We take advantage

of the fact that f-CNTconverts the RF radiation absorption into
heat release. A pulsed laser at 13.45 MHz increments the
temperature around 40 °C for triggering the nano-caps desta-
bilization, which allows the switching of the opening mecha-
nism of the drug carrier. Nano-caps will be a dual pH/
temperature responsive in order to take advantage of lysosome
characteristic (acidic pH) and heat release from the carrier.
Nano-caps are functionalized with organic amide moieties,
which hydrolyze quickly at an acidic pH into primary amines,
and protonated amines generate repulsion interactions with
other charged species, which trigger the cytotoxics release.
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Introduction

The relevance of cancer research to public health is direct and
enormous; we need to create proficient substances able to
eradicate cancer cells directly without damaging normal cells.
Given the biochemical-atomistic nature of cancer, a nanotech-
nology theory-guided approach based on the most precise
laws of nature will not only be useful to combat cancer but
any other disease. On the other hand nanotechnology compu-
tational tools can help us to understand that biological events
always initiate from elementary interactions between electrons
and, fortunately, these events can be precisely analyzed and
predicted, no matter how big they are, how large the involved
populations are, or how different and complex their emergent
properties are. All is just a matter of a strategic approach.

Therefore, there is a need to develop the chemistry and
physic frames of a specific, direct and efficient drug delivery
system against cancer cells through a path across cytotoxic,
drug carrier, and radiology disciplines. The development of
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those frames allows the use of functionalized carbon nano-
tube (f-CNTs) as cytotoxic carriers. Thus a drug delivery
system can consist in the conjugation of f-CNT with an
anti-HER2 antibody and an opening mechanism for the
nanotube. The cytotoxics can be concealed inside the nano-
tube until their release when the nanotube is opened under
radio frequency (RF) radiation.

A bispecific antibody based on the fragment antigen bind-
ing (Fab) from trastuzumab (against domain 4 HER2 receptor)
and pertuzumab (against domain 2 HER2 receptor) represents
a combined way to block the HER2 receptor activation. To
design a high affinity bispecific anti-HER2-antibody, a test of
how residues in the trastuzumab and pertuzumab Fab para-
topes contribute to HER2 receptor binding affinity can be
performed through a computational scanning mutagenesis of
a wide variety of antibody-ligand complexes. Hot-spot resi-
dues can be identified through an increasing of the binding
affinity by more than 2.0 kcal mol–1. The adequate mutation
of the bispecific anti-Her2 antibody needed to increase its
binding energy can also be determined from the structure-
energetic analysis. The prediction of the differences in binding
free energies between the wild-type and mutated complexes
ΔΔGbinding

� �
can be determined by a fully atomistic compu-

tational approach by molecular dynamics simulations. This is
a very interesting point, since we also need to know very well
the antigen surface where the paratope interacts. Besides,
knowing the binding characteristics and the residues in both
sides that play the role of “pharmacophores” may help to
develop specific drugs acting on the receptor surface.

We have to consider that the traditional disciplines are
oriented vertically and strongly specialized overlapping with
some other disciplines. Nanotechnology offers new techni-
ques and approaches to go across the above disciplines hori-
zontally toward the development of new strategies to improve
cancer therapies. In this study, we go across cytotoxic, drug
carrier and radiology disciplines horizontally (Fig. 1). This
approach is slightly overlapping with all the traditional ones,

and uses a set of computational techniques equally valid for
any biological or non-biological material. Perhaps the next
practitioners in this field are not experts in the traditional
sense; they just intuitively learned to use the techniques every
time to new and different problems. In this work, we provide
gross initial models as theymay becomemore sophisticated as
the investigation on cancer molecular biology progresses,
pointing toward direct solutions of specific cancer problems.

Thus, this is an initial theoretical-computational study to
design an inmunoconjugated functionalized carbon nanotube
able to release the encapsulated HER2/PI3K/Akt/mTOR
inhibitors under pulsed radio frequency (RF) irradiation. The
functionalized carbon nanotube (f-CNT) is attached to a bis-
pecific single-chain fragment variable (biscFv) able to target
cancer cells, and to an opening mechanism triggered by RF
radiation when the drug delivery system is internalized in the
target. Consequently, chemotherapy will be extremely specif-
ic, avoiding the secondary effects of traditional chemotherapy.
Thus the f-CNT must be attached out of the paratope region
avoiding binding conflicts.

The main concern about the feasibility of the use of CNT
as a drug carrier is the toxic effect of CNT. In this context
several reports indicate that the cytotoxic effect of CNT is
due to its agglomeration [1] and through its functionaliza-
tion with polar groups like polyethyleneimine (PEI)[2–5],
polyamidoamine dendrimer (PAMAM)[6] the cytotoxicity
is avoided. In addition, f-CNT has a long circulation time in
the bloodstream, it is able to bypass cellular barriers [7–12]
and interact with biomolecules such as DNA [13], which
shows its biocompatibility, making it a useful tool for bio-
medical applications such as drug vehicle [14]. The f-CNT
has already been tested as a drug carrier for cancer therapy.
It was conjugated with doxorubicin[15] and paclitaxel [16]
resulting more efficient than just drugs, without inducing
any toxicity [17, 18]. A recent study at the Beckman Re-
search Institute showed that a single intracranial injection of
low dose CNT-CpG eradicates intracranial GL261 gliomas

Fig. 1 Nanotechnology
intersection to traditional
branches toward the design of
an efficient drug delivery
system
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in half in tumor-bearing mice [19]. Moreover, the interior of
CNT could be used to safely conceal drugs or biological
substances. For example, the cytotoxic carboplatin was in-
troduced in CNT and tested successfully for the inhibition of
the bladder cancer cells growth [20].

On the other hand, f-CNT has already been conjugatedwith
antibodies for therapeutic and diagnostic oncology. Taking
advantage of the conversion of absorbed RF into heat, the
f-CNT can be used for selective photothermal ablation of
tumors when it is attached to monoclonal antibody [21, 22].
Those findings open the door to develop new strategies for
attacking malignant cells during their growth and dormant
periods [23–25], and to also attack their resistance mecha-
nisms [26, 27] by a combined treatment. In addition, these
studies can also be performed on boron nitrite nanotubes
(BNNT) because of their structural similarity to the CNT
and noncytotoxic effects on live experimental subjects [28].

In order to develop a controllable release mechanism of
inhibitors, these inhibitors need to be encapsulated in f-
CNTs and block the HER2/PI3K/Akt/mTOR signaling path-
way. They are directed toward HER2-overexpressing cancer
cells through the internalization of a bispecific anti-HER2
receptor antibody attached to the f-CNT. The addition of an
antibody to the CNT based drug carrier allows the specific
infiltration of antineoplastics drugs to cancer cells. At the
same time, the functionalization of CNTwith polar chemical
groups will increase its solubility and allow its elimination
from the body, avoiding the CNT’s toxicity concern, such
was reported in [29].

In almost all drug delivery studies based on f-CNT, the
cytotoxics are fixed to the CNT by covalent bond or adsorption
via π-π interactions; however, guest molecules can be encap-
sulated into f-CNT, such as a protein [30], cisplatin [31],
doxorubicin [32] or Pt-labelled DNA [33]. The encapsulation
of drugs offers the opportunity to control their release by the
design of stimuli-responsive nano-caps. pH/temperature sensi-
ble nano-caps need to be developed, which can be functional-
ized on the edges of the CNT. This novel drug delivery system
has the benefit of creating a robust and safe structure in the
bloodstream, but is sensitive to intracellular cancer cell (high
concentration of superoxide compounds [34, 35], such asH2O2

which is up to 0.5 nmol/104 cell/hour [36], and acidic pH [37]).
It is very important to understand earlier to the performing

of the experiments if we will be able to determine whether or
not the use of targeted f-CNTas a drug carrier in drug delivery
is safe and efficient. The reasons f-CNT is chosen for drug
delivery into cancer cells, instead of simple extracellular ex-
posure of drugs, are the control of the solubility [38], long
circulating [39], effective crossing of biological barriers
[40–42], targeting cancer cells [43–47], efficient drug dosage
[16], overcome drug resistance [48], and endosomal escape
[49, 50]. Specifically, f-CNTs show selective intracellular
location [51, 52], proved to be excreted intact [8, 53, 54],

and have the capacity of releasing heat upon radiofrequency
field that can be used to trigger the drug release mechanism.
The stable f-CNT drug carrier is able to deliver a payload of
drug molecules with much lower degradation kinetics than
polymer-based drug delivery systems which suffer poor sta-
bility in blood after injection and difficulty in temporally
controlling the release of matrix-encapsulated compounds.

The development of the chemistry to open the targeted f-
CNTs drug carrier is novel. Utilizing this method, the cyto-
toxics can be stored within the f-CNT and have no contact
with the outside environment until their release inside the
cancer cells. The computational design of the on/off nano-
caps based on quantum and molecular dynamics offers
accuracy in the structure and energetics of the system, which
allows evaluating the time-dosage of the cytotoxics upon
pulsed radio frequency radiation. Dual pH/temperature sen-
sitive nano-caps switch on the diffusion of encapsulated
cytotoxics into f-CNT taking advantage of the CNT property
(conversion of the RF absorption into heat) and low pH
condition tumor microenvironment.

Approach

This is a preliminary work to the development of a novel
self-consistent theoretical–experimental approach. Figure 1
shows the interaction of our theoretical approaches with the
knowledge of cancer cell biology and cytotoxics with the
purpose of designing the nano-functionalized drug carriers
attached to a bispecific scFv antibody in order to encapsu-
late potent cytotoxics (green zone), which will discriminate
cancer cells and avoid side effects of the drugs. The design
of all components needs to be engineered using the follow-
ing techniques:

(1) Quantum mechanical/chemistry calculations that solve
the Schrödinger equation to understand and consider
effects such as the chemistry and energetics of local
interactions [55, 56]. First principles electronic struc-
ture techniques have been used recently to understand
complex nano-systems in which phenomena at nano-
scale affects biological processes difficult to be char-
acterized with macroscopic instrumentation [57–68].

(2) Combined discrete-continuum solutions for electron
transfer as a result of the encapsulated cytotoxics and
f-CNT interaction. Electron transfer process is treated
using combined procedures of density functional theo-
ry with Green’s functions [69–76]. Very important
techniques used in energetic materials [77–83] are also
needed for the study of cytotoxics.

(3) Molecular mechanics and dynamics methods are used
to understand nonlocal and global behavior and to
analyze and simulate the whole system [64, 65].
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Results of the calculations can also be used to interface
quantum and classical mechanics methods trough the
force field (FF) parametization. Parameters such as
equilibrium bond distances and angles (by optimized
structures by QM), bond, angle and dihedral force
constants (by vibrational spectra, normal mode calcu-
lations with QM), atom charges (ESP charge fitting to
reproduce electrostatic potentials of high level QM)
and Lennard-Jones parameters (by intermolecular en-
ergy fitting with QM).

There is also a need to develop an adequate theory to aid in
the drug delivery system design. Usually the computational
prediction of the protein-protein binding affinity is not a full
atomistic calculation. It is based on solvent accessibility and
pair residues potentials, which underestimates the important
role of the water and ions in the protein environment. For
example, Rosetta’s core full atom energy function is a linear
sum of molecular mechanics and knowledge-based terms: a
6–12 Lennard-Jones potential, the Lazaridis-Karplus implicit
solvation model an explicit hydrogen-bonding potential to
describe hydrogen bonding [84].

Calculations should provide important information to
build algorithms to design in silico an antibody and a smart
drug vehicle. The theoretical models can be used to evaluate
the affinity, stability and solubility of the engineered bispe-
cific scFv and HER2 receptor (domain IV and II), solubility
of the cytotoxic carrier, inertness of the carrier (electron
transfer of the carrier and encapsulated cytotoxics), feasibil-
ity of opening mechanism of modified drug carrier under
external stimuli and its controllable cytotoxics release.

Preliminary work already reported the development of
theoretical methods in order to identify the receptor-ligand
interaction through ab initio when it involves electron trans-
fer between a receptor and a ligand [85]. This procedure will
be scaled up to study interactions among biomolecules such
as the interaction between the antibodies and proteins of
cancer cells. We have studied the chemistry of structures
based on carbon, and our studies showed that the mecha-
nism of the CNT unzipping into graphene is a consequence
of the ester bond formation with potassium permanganate
[86]. Potassium permanganate breaks bonds far from the
ends of the CNT. The unzipped CNTs end-up zigzagged,
no matter what was the original chirality as proved experi-
mentally with pristine multiwall carbon nanotubes [87].

Current graphene simulations show that a pristine gra-
phene layer completely encompasses a water droplet and
also corroborated [88]. The calculation of binding energy of
an encapsulated cytotoxic molecule with CNTs showed that
it is energetically feasible to encapsulate cytotoxic drugs
into the inner space of a CNT.

The unzipping of the CNT provides a good foundation to
implement the required chemistry in the CNT in order to

facilitate its opening under cancer cell conditions (lysosomal
pH, high oxidant compounds), which supports our proposed
technique to encapsulate dissolved cytotoxics in a water
droplet in CNT from a graphene.

In order to target the drug delivery system against cancer
cells, studies have to focus on the enhancement of affinity of
antibodies toward biomolecules that are usually overex-
pressed in cancer cells, such as epithelial-specific cell adhe-
sion molecule [89, 90], epithelia growth factor receptor [24,
91, 92], vascular endothelial growth factor receptor [93],
RAF kinase [94, 95], platelet-derived growth factor [96],
αvβ3 integrins [97], prostate-specific membrane antigens
[98], carcinoembryonic antigen-related cell adhesion mole-
cule 6, and ATP- synthase β-subunit [99]. The HER2 re-
ceptor target has shown in most studies that HER2-
overexpressing occurs predominantly in breast cancer
[100]. Trastuzumab and pertuzumab are monoclonal anti-
bodies that inhibit the HER2 activation. HER2 epitopes are
different for each antibody; epitope for trastuzumab is on
domain IV while that for pertuzumab is on domain II [101].

Cancer cells become trastuzumab resistant within 1 year
of treatment initiation because even the HER2 is inactivated
and the growth and proliferation downstream signaling
pathway could be activated through cross-talk between es-
trogen receptors and the HER2 [102, 103] as well as the
gene mutation events in survival cancer cells [104]. Thus
studies propose a treatment based on trastuzumab conjugat-
ed with microtubule-depolymerizing agent for avoiding the
cancer cell resistance to trastuzumab [105, 106]. In addition,
the antibody-receptor mediated internalization is a crucial
step for targeted intracellular drug delivery, resulting admin-
istration of drugs more efficiently [107]. The fact that anti-
bodies against HER2 receptor are internalized into the
cytoplasm when its binding occurs [108–110] suggest their
applicability to guide the drug delivery. Besides, this inter-
nalization can be accelerated by the addition of a protein
(avidin/streptavidin-biotin system) which produces internal-
ization in vitro and in vivo conditions, facilitating the intra-
cellular release of cytotoxins as we propose [111]. In this
context, the antibody engineering allows the enhancement
of fragment antigen binding (Fab) affinity to antigen [112]
and fragment constant (Fc) to Fcγ receptors [113, 114]. In
this context, single chain fragment variable (scFv) serves as
the basic antigen binding unit to create multispecific mole-
cules [115, 116]. Successful antibody drug conjugates
(ADC) development for a given target antigen also depends
on the linker stability and mode of linker-drug conjugation
to the antibody [117]. To date, one ADC, anti-CD33-
calicheamicin conjugate (gemtuzumab ozogamicin or Mylo-
targ), is approved in the United States for the treatment of
acute myeloid leukemia [118].

On other hand, from a clinical perspective, it is important
that cancer cells generally are more sensitive to heat induced
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damage and apoptosis than normal cells due to its chronic
ischemia, hypoxia and acid pH [119]. Thus, hyperthermia
facilitates the cancer cell apoptosis and it acts synergistically
to chemotherapy due to its action in chemical reactions
involved in cytotoxic modes of action such as doxorubicin,
cisplatin, bleomycin, mitomycin, nitrosoureas, cyclophos-
phamide [120, 121]. In this context, CNT is able to trans-
form the near infrared (NIR) and radio frequency (RF)
absorption into heat release; thus it is proposed for non-
invasive cancer cell thermal ablation treatment [122]. How-
ever, a cancer treatment base on ablation can result in tumor
recurrences due to the uncontrollable heterogeneous SWNT
concentrations throughout the tumor microenvironment
[123]. In addition, the application of CNT for the cancer cell
ablation under RF irradiation thermal damage normal liver
parenchyma cells in a 3- to 5-mm zone around tumors. Thus,
the control of the irradiation is an important issue for avoiding
injury to healthy tissue surrounding the treated area.

Figure 2 shows the drug carrier system that allows the
HER2/PI3K/Akt/mTOR pathway inhibition by the controllable
release of a multi-drug cocktail. This requires understanding

the chemistry needed to control the release of those drugs under
pulsed RF irradiation in order to develop a sequential drug
delivery capacity, such as a multi-drug cocktail consisting of
lapanitib (HER2 and HER1 inhibitor) [124], ZSTK474 (PI3k
inhibitor), perifosine (Akt inhibitor) and rapamicyn (mTOR
inhibitor).

These cytotoxics can be encapsulated into f-CNT (Fig. 3)
and directed to cancer cells by its conjugation with trastu-
zumab antibody. The antibody is joined to f-CNT based on
noncleavable (nonreducible thioether, MCC) linker under a
biophysical background that can be summarized with a
blood stream with pH 7.35. In addition, the outside of the
cancer cell: hypoxia condition, glucose deprivation, high
lactate level, extracellular acidosis (around pH 6.5), effect
of peroxide in phospholipids and exposure to serum pro-
teins. The endosome/lysosome: ~15 % of the cell volume
and pH commonly varies between 4.7 and 5.8 [125]. Irre-
versible cell damage takes place above 45 °C. On the other
hand the size scales are: carrier diameter, 2 nm; antibody,
20 nm; molecule receptor, 20 nm; cell, 10–20 μm; cancer
cell membrane thickness, 5 nm; and endosome, 80 nm.

Fig. 3 Encapsulation of a drug
molecule into functionalized
CNT (f-CNT). Design of nano-
caps on the CNT edges to block
its gaps. The picture shows an
external non-covalent function-
alization of the CNT with poly-
ethylene glycol (PEG) and in-
ternal functionalization with al-
cohol groups

Fig. 2 Mechanism of action of
the designed drug delivery
systems based on
immunoconjugated-CNT
against HER2 receptor. (1)
Aim1, computational aided de-
sign of a high affinity bispecific
anti-HER2 antibody based on
trastuzumab and pertuzumab
Fabs; and (2) Aim2, controlla-
ble multiple drug release of the
CNT base carrier under external
stimuli: opening mechanism
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Results

This study was done in order to consider the computational
aided design of a high affinity bispecific anti-HER2 anti-
body based on trastuzumab and pertuzumab Fabs. Studies
show that cancer therapy based on trastuzumab and pertu-
zumab antibodies block the HER2 receptor synergistically
[126]. Therefore, a bispecific single chain fragment variable
antibody based on trastuzumab Fab (which recognizes do-
main IV of HER2) and pertuzumab Fab (which recognize
domain II of HER2) can be used, which needs a flexible
linker.

Antibody-antigen binding affinity prediction The binding
energy of the protein-protein complex is commonly calcu-
lated by molecular docking [127–129] or statistical poten-
tials based on the distribution of distances between atoms
[130–132]. Furthermore, two characteristics of any protein
are considered using molecular dynamics techniques, the
flexibility of the binding site and the solvation under phys-
iological environment (ions). They can also be calculated

with a full atomistic level by classical molecular dynamics
(MD) simulations. Antibody-antigen complexes can be
placed in an explicit solvent medium with physiological
ion concentration (NaCl00.145 M). To predict the
antibody-ligand complex binding affinity, the solvation en-
ergy from the absolute binding free energy calculation is
needed. The flexibility of the binding site demands special
treatment, for instance, with quantum mechanical
approaches to get a better description and thus, force fields
for molecular dynamics simulations. Preliminary calcula-
tions with the CHARMM force field [133, 134] are per-
formed with the large-scale atomic/molecular massively
parallel simulator (LAMMPS) program [135], which
includes internal (bonding) terms for bond stretching, angle
bending, Urey-Bradley 1,3 interaction, torsional rotation,
and out-of-plane (improper) motion while the external
(nonbonded) interactions are represented by a Lennard-
Jones 6–12 term for the van der Waals repulsion and dis-
persion interaction, and a Coulomb term for the charge-
charge interactions; in the latter both partial and full charges
are included. The potential energy function has the form:

U R
!� �

¼ P
bonds kb b� b0ð Þ2 þP

angle kθ θ� θ0ð Þ2 þP
UB kUB S � S0ð Þ2þP

dihedrals kx 1þ cos nx� dð Þð Þ þP
impropers kimp 8� 80ð Þ2þ

P
nonbond 2ij

Rmin;ij

rij

� �12
� 2 Rmin; ij

rij

� �6
� �

þ qiqj
4p"rij

where the ks are the force constants for the bond (kb), angle
(kθ), Urey-Bradley 1,3-interaction (kUB), dihedral (kx), and
improper (kimp). The subscript index “0” is the equilibrium
value for the bond, angle, Urey-Bradley interaction, and
improper. δ is the phase shift, i and j denote two distinct
atoms, ∈ij is the potential energy minimum between two
atoms, and Rmin,ij is the position of this minimum. ε is the
dielectric constant and qi are the atomic partial charges.

MD calculations are performed with periodic boundary
conditions, preventing water molecules from leaving the sys-
tem. Constant temperature of the system is maintained at
300 K and 1 atm using the grand-canonical ensemble (NPT).

ΔGcomplex ¼ ΔGwater antibody� ligandð Þ
� ΔGwater antibodyð Þ þΔGwater ligandð Þ½ �;

where

ΔGwater 0 Egas + ΔGsolvation − TS
Gsolvation 0 Gpolar + Gnonpolar

Egas 0 Einternal + Eelectrostatic + EvdW

and

Einternal 0 Ebond + Eangle + Etorsion

T is temperature and S entropy. The thermodynamic
stability of the wild-type antybody and its mutated trials
for maintaining the antibody potency, longer shelf life,
longer terminal half-life in vivo and reduced risk of immu-
nogenicity can be evaluated using MD. High thermal stabil-
ity is essential for tumor targeting of antibody fragments
such as single-chain Fv fragment [136]. Thermodynamic
stability is evaluated trough the RMSD backbone where an
antibody is considered stable if the backbone root-mean-
square-deviation is less than 0.5 Å.

Enhanced affinity antibody Fabs: trastuzumab and pertuzu-
mab The algorithms to predict the binding affinity of an
antibody-antigen are accurate with the experiment results.
The enhancement in the affinity of the antibody variable
fragment to different domains of the extracellular portion of
HER2 receptor can be performed with MD calculations to
identify the “hot spot” residues in Fab fragments that con-
tribute greater to HER2 binding by computational scanning
mutagenesis approach. The knowledge of the main interac-
tion between antibody and antigen allows us to enhance its
binding affinity. Trastuzumab structure can be based on
crystallographic data [137] and also the one for pertuzumab
[138]. If antibody structures are not available, they can be
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predicted from homologous antibody arrangements and gen-
eral features of known proteins.

Mutagenesis for improving the affinity of scFvs is based
on two types of mutations at antibody-antigen interface:
mutation from a hydrophobic amino acid to a larger hydro-
phobic amino acid, and mutation of partially buried polar
groups to a non-polar amino acid considered by increasing
of the size of the side-chain. In addition, we will consider
mutations that lead to better side-chain packing, hydrogen
bonding, and desolvation energies at the interface. Selection
of point of mutations does not create large clashes,

destabilize the individual chains, or remove key hydrogen
bonds across the interface. The free energy of binding of the
mutated antibody-antigen complex should be more favor-
able than the free energy of binding calculated for the wild-
type complex over 1.0 kcal mol–1 for being considered a
positive result.

Our initial test will focus on the relationship between the
distribution pattern and the energetic contribution of aro-
matic residues and interfacial residues (Tyr and Trp). In
order to reveal the function of the aromatic residues in the
antibody-HER2 binding interface we (1) wild type: compute
ΔGWT

complex, (2) in silico alanine mutations: Tyr and Trp on the
binding site, and (3) mutated complex: for the docking
simulation, the flexible fitting of ligand within a rigid re-
ceptor calculated using the shape-based docking algorithm
LigandFit [129]. The best conformation is an indicator of
the stability and corresponds to the maximum number and
distribution of H-bonding and ionic bonding between the
receptor and ligand. This complex can be minimized using
molecular mechanics techniques and computeΔGWT

complex (4)
computeΔΔGbinding ¼ ΔGWT

complex �ΔGWT
complex . (5) Identify

“hot spots” at the interface, and (6) algorithms to determine
the adequate mutation in order to increase the affinity of an
anti-HER2 antibody.

The above calculations do not take into account changes
in conformational entropy, and therefore, the absolute values
of the binding energy calculations for a single complex do
not represent true free energies. However, changes in bind-
ing energy (energy mutant–energy wild-type) do represent

Fig. 5 An example of antigen-
antibody complex from crystal
data (PDB code 1N8Y and ref.
[137]), showing the HER2
(blue) complexed with the light
chain of Trastuzumab (green).
The interacting residues of both
molecules are depicted at the
bottom. White dashed lines de-
pict H-bonds (remaining H-
atoms are not shown). The hy-
drophobic van der Waals inter-
actions are more abundant in
this region (yellow dashed
lines)

Fig. 4 Single chain variable fragment (scFv) antibody properly select-
ed for the antigen binding site. Variable light and heavy (VL and VH)
moeities are joined by a polypeptide linker, which permits controlling
conjugation of antibody to the CNT

J Mol Model (2013) 19:2797–2810 2803



changes in free energy if one assumes that the conforma-
tional entropies of the various states do not change signifi-
cantly with the mutation.

Design a high affinity bispecific single chain variable fragment
(biscFv) antibody (Fig. 4). Commonly, the VH and VL frag-
ments are joined by a flexible peptide linker, e.g., (Gly4-Ser)x3
or x4. However, just a linker is not able to avoid the “open
form”. Thus, we will consider the inclusion of an interchain
disulfide bond between VH and VL fragments without disturb-
ing the folding and the antigen binding. In this case, we can
design an engineered bispecific antibody drug carrier conjugate
by noncleavable (nonreducible thioether, MCC) linker activity
based on the improved safety profile observed[117]. The pro-
posed linker is bis-maleimido-trioxyethylene glycol (BMPEO)
which will be conjugated to cysteine tag (thio-biscFv
antibody).

Point mutations can be introduced using the Quick-
Change® site-directed mutagenesis protocol (Stratagene)
and all vectors are verified by DNA sequencing. The meth-
od to calculate the Kd of the antibody-ligand complex is the
fluorescence polarization binding assay (with thiol reactive
bodipy fluorophore) to compare the binding affinities of
wild-type with mutated complexes. To evaluate the change
in free energy (ΔG) and its component quantities: the
change in enthalpy (ΔH) and change in entropy (ΔS), the
isothermal titration calorimetry approach [139] can be per-
formed. The ΔG value provides quantification of the affin-
ity of binding between the antibody-antigen interactions.

Present knowledge on antigen-antibody interactions from
X-ray crystal structures allow us to analyze the participant
atoms in the molecular recognizion between proteins at the
borderline antigen-antibody complex. Figure 5 shows an
example from the crystal PDB, code 1N8Y [140] of the

Fig. 6 Optimized structures and frontier molecular orbitals of the seven selected drugs: seliciclib (R-roscovitine), benzimidazole-4-carboxamide,
doxorubicin, camptothecin, bortezomib, imatinib, and cytarabine. Calculations performed using the B3PW91/6-31G(d) level of theory
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Table 1 Total energy, dipole moment, highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and the gap
between the highest occupied and the lowest unoccupied molecular orbital (HLG) of the seven selected drugs for the cancer therapy

Drug PDB-codes Energy (Ha) Dipole (Debye) HOMO (eV) LUMO (eV) HLG (eV)

1 Seliciclib (R-roscovitine), 3GGS −987.18522 3.8463 −6.04 −0.52 5.52

2 Benzimidazole-carboxamide 1EFY −379.72415 3.486 −6.18 −0.41 5.77

3 Adriamycin/doxorubicin 1D12 −1927.79615 5.797 −5.74 −2.91 2.83

4 Camptothecin 1RR8 −1181.76055 6.394 −6.04 −2.37 3.67

5 Bortezomib 2F16 −1283.45552 8.213 −6.31 −1.33 4.98

6 Imatinib 2PL0 −1581.52536 3.840 −5.47 −2.15 3.32

7 Cytarabine 1P5Z −890.79182 3.577 −6.15 −0.76 5.39



group of residues found in contact between the human
sHER2 and the light chain of Trastuzumab [137]. Three
H-bonds are observed between Asp544-Thr94, Gln576-
Asn30 and Gln576-Ser50. A network of hydrophobic con-
tacts are observed as well, where four proline residues
(Pro555, 556, 577 and 579), along with Gln576 and
Cys578 on the side of the receptor. Thr31 and 93, Tyr49
and 92, Phe53 and Ser50 participate on the side of Trastu-
zumab. Figure 5 also shows the complex formed by the
human sHER2 and the light chain of Trastuzumab.

On the other hand, crystals of seven effective cytotoxics
used in cancer therapy, are retrieved from the protein data
bank (PDB) and studied at ab initio level theory. Thus,
electronic structure and derived properties are assessed as
the initial step to conceal the drugs inside the CNT. Along
with this, the CNT are built ideally to accept the cytotoxic
molecule, leaving at least 4 Å between the drug atoms and
the CNT inside wall. Both models, crystal and optimized

structures, are studied at B3PW91/6-31G(d) level of theory.
Table 1 shows names and the electronic properties of the
seven drugs, and Fig. 6 show HOMO and LUMO location,
and shape of the cytotoxics. These shapes and their energies
shown in Table 1 help us to strategically prevent or enhance
reactivity with good and bad cell sites, respectively, as well
as to predict interactions, electron transfers, steric interac-
tions and stereo-electronics.

The variety of energy values of the HOMO and LUMO
among the cytotoxics will allow us to choose the correct
match for electron transfer reactions, which are the first
interactions after two moieties have recognized each other.
In addition, properties such as electron affinity, ionization
potential, hardness, and softness can be used properly know-
ing the target sites of cancer cells. On the other hand, these
properties are important to decide the type and size of CNT.
Figure 7 reports the energy levels of HOMO and LUMO
among the studied drugs. Although HOMO energies are

Fig. 8 CPK and ball-stick structures, LUMO and HOMO, and MEPs
of floxuridine, azacitidine and bortezomib. These compounds are can-
didates to be concealed in a CNT. The MEPs are calculated on an

isodensity surface, molecular plane and a cylindrical surface. Geome-
tries are from the crystal structure of the compound and MEPs are
calculated with the semiempirical Hamiltonian PM3

Fig. 7 Plot of lowest
unoccupied molecular orbital (L)
and highest occupied molecular
orbital (H) of seliciclib (drug 1),
benzimidazole (drug 2), doxoru-
bicin (drug 3), camptothecin
(drug 4), bortezomib (drug 5),
imatinib (drug 6) and cytarabine
(drug 7). Calculated using the
B3PW91/6-31G(d) level of
theory
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considered acceptable using standard DFT, the LUMO
energies still require one more step for their accuracy. This
is obtained with time-dependent DFT (TD-DFT).

The molecular electrostatic potential (MEP) shows that the
presence of rings reflected in the van der Waals surfaces are
similarly represented in the chosen isodensity surfaces. These
similarities among the selectedmolecules also provide a sense of
the hydrophobic characteristics of the surface in almost all cases,
showing a central positive strip along the molecules. These
findings are evident when the MEP is analyzed on cylindrical
surroundings of the molecules. The orientation of the molecules
is also an important factor for concealing and interacting with
the inner face of the CNT. These MEP characteristics are
explained for charge distributions and some examples from
semiempirical calculations (PM3) are shown in Fig. 8.

The structure and electronic properties of the molecules is
followed by the calculation of the size and type of CNT
which is studied individually to define its electronic proper-
ties and characteristics previous to forming the complex
drug-CNT. Figure 9 shows two examples of this procedure
with the cytotoxics inside of the CNT.

Conclusions

In summary, we tune the chemistry needed in the caps
to develop a viable clinical-therapeutic treatment. The
design of this novel drug delivery system will act in a
synergistic way among its antibody component, cyto-
toxics, and induced hyperthermia. Any antibody resis-
tance is overcome by the inhibition of the complete
signaling pathway of cell proliferation under hyperther-
mia condition that can increase the permeability of
tumor vasculature, which can enhance the delivery of
drugs into tumors. It is important that there are three
main critical points that have to be evaluated experi-
mentally: the cytotoxicity of the delivery system, target-
ing efficiency, and control of the RF irradiation. In
addition, calculated parameters can be experimentally
validated for obtaining algorithms to allow computation-
al design of a drug delivery system with efficiency.

This work may promote a synergy of techniques and
approaches that strongly increases the effectiveness of the
fight against cancer by deploying to a target site to limit side

Fig. 9 Geometrical structure, LUMO, HOMO, and MEP of two cytotoxic drugs, benzimidazole and bortezomib, concealed in CNT. The MEPs are
plotted on an isodensity surface, cylindrical surface and inside and outside of a CNT. The MEP is color-coded from -0.1 (red) to +0.1 (blue) V
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effects, directing antitumoral drugs through specific areas of
the body without degradation, maintain a therapeutic drug
level for prolonged periods of time, predictable controllable
release rates and reduce dosing frequent and increase patient
well-being, cure, and healing compliance.
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