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Various physical and biological aspects of the Blood Brain Barrier (BBB) structure still remain unfolded.
Therefore, among the several mechanisms of drug delivery, only a few have succeeded in breaching this
barrier, one of which is the use of Magnetic Nanoparticles (MNPs). However, a quantitative character-
ization of the BBB permeability is desirable to find an optimal magnetic force-field. In the present study, a
molecular model of the BBB is introduced that precisely represents the interactions between MNPs and
the membranes of Endothelial Cells (ECs) that form the BBB. Steered Molecular Dynamics (SMD) simu-
lations of the BBB crossing phenomenon have been carried out. Mathematical modeling of the BBB as an
input-output system has been considered from a system dynamics modeling viewpoint, enabling us to
analyze the BBB behavior based on a robust model. From this model, the force profile required to
overcome the barrier has been extracted for a single NP from the SMD simulations at a range of velo-
cities. Using this data a transfer function model has been obtained and the diffusion coefficient is
evaluated. This study is a novel approach to bridge the gap between nanoscale models and microscale
models of the BBB. The characteristic diffusion coefficient has the nano-scale molecular effects inherent,
furthermore reducing the computational costs of a nano-scale simulation model and enabling much

more complex studies to be conducted.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Even in the 21st century, many studies are focused on in-
vestigating biological systems inside the human body and also
animal bodies. In this area, the Blood Brain Barrier (BBB) has at-
tracted a considerable amount of attention. The importance of the
BBB could be clearly represented in research studies carried out on
brain diseases. In fact, treatment for some of these diseases re-
quires a precise analysis of the BBB. Therefore, nowadays a lot of
research has been conducted on the modeling of the BBB [8].

The idea of a BBB that separates the blood and brain was de-
veloped about 100 years ago. The BBB is created at the same level
of the cerebral capillary endothelial cells by the formation of tight
junctions. It has the largest surface area for exchange which
measures around 12-18 m? in an adult human. No brain cell is
farther than about 25 mm from a capillary, so once the BBB is
crossed, diffusion distances to neurons and glial cell bodies for
solutes and drugs are short. Thus, delivery of drugs to all brain
cells is done by designing drugs that are optimal for crossing
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through the BBB [1].

The structure of the BBB has not yet been understood com-
pletely and an ideal model of the BBB is desirable. Some research
has been carried out on the modeling of the BBB. In Ref. [12], a BBB
model with the use of a microfluidic chip has been investigated.
The barrier function has been modulated both mechanically by
exposing the cells to fluid shear stress, and biochemically, by sti-
mulating the cells with tumor necrosis factor alpha (TNF-), re-
spectively. Electrodes have also been integrated in this chip for
analyzing barrier tightness through the measurement of transen-
dothelial electrical resistance (TEER) [12]. Alongside this micro-
fluidic modeling, a few other models have also been proposed for
in vitro BBB modeling that have been studied in Refs. [23,25,20,11].
In Ref. [24], using silver nano-particles, micro-particle crossing
through the BBB has been studied in detail. In this study, it has
been experimentally shown that the percentage of crossing suc-
cess for the smaller nano-particles through the BBB is higher than
the micro particles. Although the size of nano-particles crossing is
significantly larger than micro particles (2.76% versus 0.10%), this
value could be possibly improved by the application of external
forces on the nano-particles. Creating an in vitro BBB with the use
of culturing methods would be a good idea to test the permeability
of nano-particles. Since measuring the dynamics of particles dur-
ing such a study is complex and hard to do, analyses based on
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static data would be the only possibility. For this reason studies
based on image has been the subject of a research that was con-
ducted in Ref. [5]. The trapping of nano-particles inside the layer is
another issue that has been addressed in Ref. [24]. In fact, it shows
that many of the particles may be situated in the membrane and it
requires too much time for them to diffuse to the other site,
moreover, nano-particle, due to their small size may be up taken
by the cells instead of being able to cross through the extra cellular
medium. The up-taking of nano-particles into the cells has been
considered in Ref. [13]. In this case an external force may help free
these involved nano-particles.

The major problem in drug delivery to the brain is the limita-
tions of drug penetration due to the presence of the BBB. In fact,
the BBB acts as a dam to prevent the entrance of toxic agents, due
to the brain's endothelial cells that are located on the vessel walls.
It shows some important features such as the presence of tight
junctions between the cells and the absence of fenestrations that
together restrict the crossing of compounds from the blood into
the brain. The traversing ability of the membrane affects the dif-
fusion of drugs from the blood into the brain. Efforts to overcome
this traversing effect in vivo, have been focused on changing the
characteristics of this barrier that alter the characteristics of the
drug. Beside endothelial cells, tight junctions at the BBB have been
artificially opened using osmotic pressure and RMP-7 as an ad-
ministrator of bradykinin analogs. This results in the entrance of
toxic and unwanted molecules into the CNS and may result in
serious damage [19].

Delivering drugs to the brain with the use of magnetic nano-
particles (MNPs) may provide a significant advantage over current
strategies. Magnetically controlled chemotherapy under MRI is a
novel technique which is based on magnetic forcing of a ther-
apeutic magnetic microcarrier through an MRI system. Moreover,
the surface of these nanoparticles can be bio-conjugated with
specific antibodies so that the immune system would not be able
to detect them. Crossing through the BBB may be due to the re-
cognition of these nanoparticles by the receptor at the surface of
the endothelial cells of the BBB. Since using MRI systems is a very
expensive approach, most of the studies are concentrated on nu-
merical and computational modeling methods in order to reduce
the risk and uncertainty inherent in the nanoparticle development
process. This project deals with the simulation of super para-
magnetic nanoparticles crossing the BBB via a hybrid approach:
mechanical steering driven by a magnetic force field combined
with chemical surface functionalization [14]. For special single
nano-particles coated with gold, crossing through the BBB by
means of special force profiles has been done. This research has
been focused on the MD computation of the extracted force pro-
files in order for the particle to traverse in constant velocities
across the membrane. This study has been furthered in this paper
using a wide range of crossing velocities [27].

In this study the diffusion resistance and permeability of the
membrane is computed based on the molecular-scale data. In this
way, the BBB has a precise dynamic model originated from basic
and molecular size simulations. One of the most important issues
in MD modeling is the stochastic and random behavior of the
molecular simulation that is mainly produced by Brownian force.
In this study, MD simulations have been carried out several times
with variable parameters. The uncertain behavior of the system
has been precisely included in the linear model. Since the MD
external forces are based on steered MD forces, therefore com-
putation of the diffusion coefficient needs to be based on a method
compatible with this parameter. There are many traditional bias-
ing methodologies [10] for this propose such as umbrella sampling
[2,4]. In this article, we use a novel technique that is based on
reverse and forward Steered Molecular Dynamics (SMD) simula-
tion such as the ones used in Refs. [15,16,18] and Ref. [22] for

populating high energy regions of potential energy and crooking
the fluctuation relations in order to estimate the free energy bar-
rier for the particles crossing through the BBB. All these proce-
dures have been gathered in [9] completely for the purpose of
computing a diffusion coefficient using MD simulations.

In the next section, different nanoparticle diffusion scenarios
are considered and the corresponding mathematical background
for the calculation of a general diffusion coefficient in each case is
given. The main emphasis of this research is on employing the
SMD based method for the extraction of a diffusion coefficient. The
third section explains the strategies used for the calculation of the
diffusion coefficient. The fourth and fifth sections describe the
molecular dynamics simulation and mathematic modeling of the
BBB membrane. Section 6 is dedicated to results.

2. Biological strategies for crossing through the BBB

There are several potential routes for permeation across the
BBB as described below and explained in detail in Ref. [1]:

® Passive partitioning into the brain

A wide range of lipid-soluble molecules can diffuse through the
BBB and enter the brain passively. There is a general correlation
between the rate at which a solute enters the CNS and its solu-
bility, usually determined as the logD octanol/buffer partition
coefficient at a pH of 7.4 (Fig. 1a).

® Solute carriers (SLCs) in the BBB
The barrier to paracellular diffusion potentially isolates the
brain from many essential polar nutrients such as glucose and
amino acids necessary for metabolism and therefore the BBB
endothelium must contain a number of specific solute carriers
(transporters) to supply the CNS with these substances (Fig. 1c).

® ATP-binding cassette transporters (ABC transporters) in the BBB

When comparing brain penetrance with lipid solubility (lipophili-
city), a large number of solutes and drugs have a much lower CNS
entry rate than might be expected from their logD. These substances
and many of their metabolites are actively effluxed from the brain and
the capillary endothelium forming the BBB by the members of the ABC
transporter (ATP-binding cassette) family (Fig. 1b).

e BBB transport of macromolecules
Transcytosis of macromolecules across the BBB via endocytotic
mechanisms provides the main route by which large molecular
weight solutes such as proteins and peptides can enter the CNS
intact (Fig. 1d).

® Cell movement across the BBB
Cells from the bone-marrow derived monocyte lineage enter
the brain during embryonic development and become resident
immunologically-competent microglia. Mononuclear leuko-
cytes, monocytes and macrophages are able to be recruited to
the CNS in pathological conditions, and play roles com-
plementary to those of the resident microglia; in some cases
they may transform into a microglial phenotype (Fig. 1e).
Moreover, physical methods of crossing are expressed as:

e Ultrasound-induced Blood Brain Barrier opening

In this method, temporary opening of the BBB is carried out by
means of focused ultrasound sonication (FUS) in the presence of
microbubbles. Therefore, it allows systemically administered
agents to enter the brain. Both the targeted brain region and the
size distribution in the injected microbubble volume affect the
efficiency of FUS induced BBB opening [7] (Fig. 1f).
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Fig. 1. Routes of biological (a-e) and physical (f and g) transport across the BBB [1].

e Using external forces and applying to nanoparticle

Applying force to nano-particles is one of the solutions for
crossing nano-particles through the BBB. By selecting a magnetic
particle and applying a suitable magnetic field intensity, a mag-
netic force is applied to NPs which affects the trajectories of nano-
particles. The major issue associated with this method is to find
the best magnetic force profile which must be applied to the nano-
particles (Fig. 1g).

3. Preliminary mathematics

Diffusion is defined as the phenomenon of material transport by
atomic or particle flux from regions of high concentration to those of
lower concentrations. Diffusion coefficients are assigned in several
cases within the different physical states of matter, what is usually
considered as diffusion is either self-diffusion which happens quite
randomly and is independent to any specific sort of gradient or outer
force field, in this case the diffusion coefficient is dependent to the
lattice structure geometry, the inter atomic distances and also the
jump frequencies. The other kind of diffusion which is the main in-
tention of the present study, is the one which happens under certain
forced conditions, which is called inter diffusion, however the physical
understanding of the diffusion phenomenon of a particle passing
through a barrier which yields to the calculation of the diffusion
coefficient is quite the same for both cases.

3.1. Fick's laws and the Nernst-Einstein equation for diffusion under
concentration gradients

In this type of diffusion, which happens in the form of mass or
molar fluxes of atoms driven by concentration gradients, the
phenomenon happens in the form of different mechanisms

governed by derivations and modifications of the main form of
fick's first law and fick's second law for unsteady conditions [10]:
dCy

wac= - 0y 52)

dx @)

In this equation Cg4 is the concentration of substance A and D, is
the diffusion coefficient and diffusion is considered to be hap-
pening in only one direction, that is, along the x axis. The Nernst-
Einstein equation which is derived from the Darken's equation,
gives us a relationship between this diffusion coefficient and the
free energy of the system and thus its temperature:

SXEA
No dx

i @)

In this equation 74y is the flux of A atoms diffusing in the x-
direction and G, is the partial molar free energy of A and Np is the
Avogadro's number and B, is the mobility of A atoms in the energy
gradient field. X4 is the mole fraction of A and aa is the con-
centration of A. The diffusion coefficient is calculated with the use
of the following equation:

Dy = BAkBT(M)

d log X4 3)

This relation can also be written in the form of the Arrhenius
equation. Also similar integrated equations have been extracted
for the other two phases of matter that are the liquid and gas
phases. For the porous media situation the Eq. (4) has been given:

Dw

Do = —
T @
where 7 is turtuosity, the value of which depends on the con-
solidation state of the particle which is tending to diffuse into the
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porous media and @ is the lattice void fraction. For a particle with
a spherical geometry such as the spherical gold nanoparticle stu-
died in this research, the later forms of the diffusion coefficient
mentioned above can be written as follows:
1. . (x%)
D1 = —liminf-—~
T~ 2d t (5)
The simplification of the above equation with the use of Lan-
gevin equations yields to the equation bellow:

D= kB T
nRDa (6)

where #7 is the membrane shear viscosity, one of the transport
coefficients and Rp is an approximation of the sphere or near
sphere radius and « is a constant depending on boundary condi-
tions. Estimations of the value of this coefficient somehow de-
termine the moving pace of the bio particles. For the diffusion of a
protein in a membrane this value is about 10~° cm?/s whereas for
lipids tending to diffuse through a gel-like membrane, this value is
about 10~8 cm?/s. Diffusion usually happens either in the form of
self-diffusion which is regardless of any external force field and
does not require any simulation data such as SMD data or etc. to be
derived from and is in fact only dependent on the structural and
physical properties of the desired system, or it might happen in
the form of inter-diffusion, the general governing equations for
which have been mentioned in this section and will be demon-
strated specifically for the SMD case in the following two sections.

3.2. Methods for calculating the diffusion coefficient with the use of
SMD data

The other form of diffusion that also carries some analogies
with the first form, is the one which happens under certain forced
and steered, non equilibrium conditions. calculation of a diffusion
coefficient in the later form of diffusion which is the main focus of
the present study requires a considerable amount of MD simula-
tion data and will be dealt with using the mathematics of this part
described in this section and the next one. The required variables
for the evaluation of the diffusion coefficient which are the force
and position through time data collected from the SMD simula-
tions, the spring constants of the SMD atoms, also the pulling
velocity and the system temperature have to be collected from the
simulations. In order to calculate the diffusion coefficient, at the
first step a few fast non-equilibrium SMD pullings have been
performed on the particle in both the forward and reverse direc-
tions through the membrane and thus this method is referred to as
the FR method, then, the variables described in the above section
were collected and using Eq. (7) followed by the subtraction of the
instantaneous biasing potentials calculated in Eq. (8), we have
calculated the work difference for both the forward and reverse
paths with the use of Eq. (9). The dissipated work difference is
then calculated with the use of Eq. (10) [9].

t
W= —k /0 vdt'(z(R(t) = zo - Vt') @

K
V@o=%u®—m—wf ®

AWt =W(t) — V(R t) 9)

AWG2) = 5 ((AW,)p + (AW )g) 0

Here in, the above procedure has been carried out for a rela-
tively wide range of pulling velocities and finally, having the

system temperature and a set of points in the dissipated work
difference versus velocity plane, the diffusion coefficient is calcu-
lated with the use of a linearized model for diffusion calculation
and the simulation data. the slope of the given line is proportional
with the diffusion coefficient, and thus the coefficient can be cal-
culated using Eq. (11):

AW, = (L]V
D@ x p) an

where A(z) is the distance swept by the particle under the action
of the constant velocity force and:

1

P=iaT (12)

where kg is the Boltzmann constant. Now we are able to calculate
an approximation of the diffusion coefficient of the BBB, which can
be then used in further calculations regarding the force field re-
quired for the delivery of drugs into the brain. The procedure
described above, closely depends on whether the SMD pulling
paths are near-equilibrium, in the following section a brief de-
scription of a modified and more precise method established by
Ref. [4] has been given and our desired diffusion coefficient has
also been calculated with the use of this procedure. At the first
step a few fast non-equilibrium SMD pulling are performed on the
particle and the FR method is again applied. Next, an average
amount of work for both directions is extracted from either the
Gaussian work distribution functions of the collected data or from
the density of the plots showing work versus distance. We take
advantage of the knowledge we have regarding the characteristics
such as maximum, average and variance of a Gaussian distribution
in order to decrease the number of F-R pulling simulations, that is,
having a few pulling paths we can predict the overall shape of the
distribution function with a good precision. Now that we have the
values for W and Wk at every arbitrary z we can find the average
dissipated work and thus we can find the diffusion coefficient D:

_ (WF+ WR)
Wi =" (13)
_ kBTV
()
dz (14

As it can be seen in the above equation, the position dependent
diffusion coefficient is not only a function of the temperature and
pulling velocity but it also is a function of the positional rate of
change of the dissipated work during consecutive pullings. Herein
v is the pulling velocity and D can be calculated for every desired z
with the use of the above equations.

4. Crossing of a nanoparticle through the BBB

In our MD simulations, nano-particles were modeled as rigid
bodies. In fact magnetic particles such as Fe304 would be suitable
for this purpose. In this way, the Thiol molecule that is widely used
to connect gold atoms to organic molecules was also used in this
study to create the bonding in between nano-particles and insulin
molecules. The atomic bond between nano-particle atoms and
thiol molecules was made using the SPARTAN software. The si-
mulation was carried out in [27] to investigate the crossing of
nano-particles through the BBB and was done for a 2 nm in dia-
meter nano-particle crossing a 100 A x 100 A POPC membrane in
310 K (the biological temperature of the human body) using the
SMD method. The simulation was carried out. After 50 ps of re-
laxation, the nano-particle crossed the membrane with a constant
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Fig. 2. 200 A x 200 A phospholipid membrane with 4 insulin receptors placed on
it.

velocity of 5 A/Step and the force exerted on the nano-particle was
recorded. The new simulation repeated the same procedure and
constant velocity pulling force was applied to the nano-particles
described in the above sections in order to move them through the
membrane and then again, the force and position data were ex-
tracted. The distance in between the nano-particle and the
membrane has been kept constant and the pulling velocity in the
simulations varies in a relatively wide range, from 0.0001 A/Step
to 0.06 A/Step and the same temperature and periodic conditions.

4.1. Molecular modeling and simulation

4.1.1. BBB Structure (main membrane)

The brain microvasculature is composed of three cellular ele-
ments which are the BBB endothelial cells, astrocyte end-feet, and
pericytes. Tight junctions (T]Js) that are present in the gap between
the cerebral endothelial cells, create a diffusive barrier, which se-
lectively avoids the entrance of most blood-borne substances to
the brain. The BBB endothelial cells differ from endothelial cells in
the rest of the body by the absence of fenestrations, more ex-
tensive tight junctions (TJs), and sparse pinocytic vesicular trans-
port. In this study, only the cell membrane is modeled, because
there is no significant resistance against the nano-particle when it
crosses the cytoplasm. Of course, this assumption is for the case
that the nano-particle is crossing the cell membrane and not the
junctions between the cells. In case of crossing through the tight
junctions, a more complicated interaction should be modeled [3].

4.1.2. Endothelial cell membrane: a phospholipid bilayer

One major class of lipids are phospholipids which are vital
components of all cell membranes as they can form lipid bilayers.
Most of the phospholipids contain diglyceride, a phosphate group,
and a simple organic molecule as choline. Lipid bilayers are thin
polar membranes that are made of two layer lipid molecules.
These membranes are flat shells that shape a continuous barrier
around the cells. Phospholipids are usually named with 4 letters.
The first two letters are the abbreviations of the two fatty acids in
the tail. The last two letters are the abbreviations of the names of
the hydrophilic heads. Phospholipids are categorized by their two
last letters. In the literature, DMPC (DiMyristoyl PhosphoCholine)
and POPC (Palmitoyl Oleyl Phosphatidyl Choline) are mostly used
to simulate the BBB. Therefore, a combination of these phospho-
lipids was chosen in the present project.

4.1.3. Putting insulin receptors on the membrane

The transport of the nano-particle through the BBB is mediated
by specialized ligands coated on the nano-particle surface, and
receptors covering the membrane including the Insulin receptor

(IR) or the Transferrin receptor (TfR), which are highly expressed
on the capillary endothelium of the brain. In the present study,
insulin was used as the ligand coating the nano-particles and in-
sulin receptors were used to cover the membrane surface. The
insulin receptor (IR) is a type of transmembrane receptor that is
activated by insulin such as IGF I, IGF Il and are included in the
large class of tyrosine kinase receptors. Metabolically, the insulin
receptor plays an important role in glucose homeostasis regula-
tion. Interactions of the complete domains of insulin and insulin
receptors is complicated chemically and physically. Therefore, we
have modeled the ectodomain of the receptor molecules as the
main domain affecting this interaction. Ectodomain is the domain
of the receptor protein that extends into the extracellular space.
Insulin receptor ectodomain with pdb ID 3W11 was selected from
the Protein Data Bank (www.rcsb.org). Chains A and B were cut
from the molecule. These two chains are active parts of the ecto-
domain. Therefore, the ligand on the nano-particle will bind to
these chains. Arranging the receptors on the membranes was done
in VMD (Visual Molecular Dynamics software). First, both mem-
brane and receptor were loaded in VMD and the receptor was
moved so that it locates in the middle of the surface of the
membrane. Each receptor is put in a 100 A x 100 A membrane and
two 15 A layers of water sandwich them as shown in Figs. 2 and 3.
Thus, for a 200 A x 200 A phospholipid bilayer, the 100 A x 100 A
membranes and receptors were merged and assembled in VMD.
Fig. 3 shows a 200 A x 200 A membrane with 4 receptors on it
with the 15 A layers of water.

4.14. Nanoparticle modeling

In this study, nano-particles were modeled as rigid bodies in
the MD simulations. In this way, the only interactions included in
the simulations are the nonbonded interactions between nano-
particle atoms and the biological molecules such as the electro-
static, hydrogen bonding and van der Waals interaction forces; in
other words, there are no interactions between the nano-particle
atoms. This assumption was made since the atomic bonds between
the nano-particle metallic atoms are much stronger than the
chemical bonds between the nano-particle atoms and the other
organic atoms present in this study. The Thiol molecule that is
widely used to connect gold atoms to organic molecules was also
used in this study to create the bonding in between gold nano-
particles and insulin molecules. The atomic bond between gold
atoms and thiol molecules was made using the SPARTAN software.
Thus we have considered the quantum mechanical interactions of
the gold atoms and the sulfure atoms on the thiol molecules. Fig. 4
shows a 2 nm gold NP coated with 18 thiol residues after 100 ps
relaxation time. Figs. 5 and 6 also show a 10 nm gold nano-particle
coated with 18 insulin segments and the POPC membrane with the
2 nm and 10 nm gold NP above it, respectively.

Fig. 3. 200 A x 200 A phospholipid membrane with 4 insulin receptors placed on it
sandwiched with the 15 A layers of water.
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Fig. 4. A 2 nm gold nano-particle coated symmetrically with 18 Thiol residues and
relaxed for 100 ps.

4.2. Force profiles

Using MD simulations, we have predicted that coating spherical
nano-particles with insulin would be an effective method in fa-
cilitating the procedure of their crossing through the membrane.
This result was obtained using the SMD method, and crossing the
nanoparticle through the BBB with different velocities. The velo-
city of the nano-particle varies between 0.00005 A/fs and 0.030 A/
fs. Fig. 7 shows the interaction forces recorded during the
simulation.

5. Mathematical modeling of the BBB
5.1. Identification of the BBB system

System identification is an algorithm to express systems in
mathematical equations format in order to describe the dynamic
behavior of a system in either the time or frequency domain. It's
also not restricted to special systems and it includes industrial
processes, economic and even biological systems. There are

a

globally two approaches in system identification; gray box and
black box. The approach of gray box for modeling is based on
physical knowledge with data gathered from the system; physical
knowledge gives a structure of the mathematical equation with a
few unknown parameters. These parameters have to be estimated
by identification methods [21]. The black box approach is based on
no model and most of the algorithms are categorized in this type.
In this study, we don’t have any information about the dynamics of
the BBB and it lies in the category of black box system identifica-
tion. There are two algorithms in systems identification; 1) input-
output identification and 2) output-only identification. In the later,
system parameters must be estimated based on just the output [6],
however in the first method, parameter estimation accomplishes
with both the input and output. Obviously, including more in-
formation of the system causes less variance of estimations. To
convey the identification, we have to first excite the system with
suitable input time series data. In this case based on MD simula-
tions, the velocity of the nano-particle is fixed and the particle-
membrane interaction force has been extracted. The velocity of the
nano-particle varies between 0.00005 A /fs and 0.030 A /fs. These
simulations approximately take around 3 days each, with a 4 core
XEON 5650 2.67 GHz server computer. Results of all gathered data
from the abovementioned range of velocities are illustrated in
Fig. 7. The X axis of this figure represents the steps of simulation.
Each time step is related to a defined sample time which is con-
stant during the simulation.

As it is shown in Fig. 7, for the crossing of nano-particles
through the membrane, a special variation and oscillation through
time in the actuating force on the surface of the membrane is
required. Fig. 8 from a system identification viewpoint is the im-
pulse response of the BBB membrane with velocity as an input and
interaction force as an output.

Since each input is related to its output, in this system the
output corresponding to an impulse input has been considered.
Beside the time response of the system, the frequency domain
gives us many other data analysis tools. It can represent the var-
iation of the system dynamics through different frequencies much
better. In order to represent the response in the frequency domain,
we need to assume a defined transfer function between the inputs
and outputs. In this case a transfer function with a maximum of
5 poles and 3 zeros has been considered based on minimizing the
model error by means of input-output data parameters estimation.
Eq. (15) shows the input-output transfer function. Notice that the
input is velocity and the output is the double integrated force.

bss® + bys® + bis + b V)

F(s) =
S5+ asst + a38> + aps? + ays + ag (15)

b

Fig. 5. Schematic representation of (a) human Insulin molecule, and (b) 10 nm gold nano-particle coated with 18 segments each containing 121 residues.
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Fig. 6. Schematic representation of (a) 2 nm coated gold nano-particle crossing a 15 nm by 15 nm POPC membrane, and (b) 10 nm coated gold nano-particle crossing a

40 nm by 40 nm POPC membrane.
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Fig. 7. Interaction force profiles that are exerted by the phospholipid membrane on
the gold nano-particle.

Impulse
Velocity [u]

Interaction

Force[F]

nano-particle
velocity [v]

£

m w
nano-particle
Position [x]

Fig. 8. The system's dynamics diagram showing a schematic of the way transfer
functions relate the velocity impulse or any arbitrary velocity input applied to the
dummy atoms to the position and force outputs corresponding to the gold nano-
particle.

Using the MATLAB identification toolbox and setting arranged
input-output data as an iddata, unknown parameters of Eq. (15)
are extracted for each dataset. The bode diagram of all system sets
are shown in Fig. 9. As it can be seen in this figure, the bode
diagram of the dataset includes a region in the frequency domain.
In fact, the uncertainty causes this diversity. The important key to
modeling is the selection of a linear model with an uncertainty
profile.

5.2. Unstructured uncertainty model of the BBB

In the previous section, the system was modeled with a defined
dataset. The model has been designed so as to best fit this data.
Therefore, according to the system response, a transfer function
with a maximum of 5 poles and 3 zeros has been considered. In
order to model the uncertainties, we have selected an uncertain
model in the form of Eq. (16) [17,26].

P(S) = Pnaminal(s)(1 + A(S)VV[(S)) (16)

In which Ppomina is the nominal linear system of the un-
certainty model, W, is the term causing uncertainty around the
nominal system with a random minimal phase of A, having A, lIAll
- < 1. Fig. 9 shows the bode diagram of the dataset, the nominal
system and the uncertainty model. Selection of W, is one of the
main issues. In Eq. (17) a simple way is proposed to select the best
frequency domain function. In this method W, is defined as the
upperbound of IP/Ppomina — 1llec < W,. In this way, the best nominal
plant and frequency domain function of W, is derived. Fig. 8 shows
the diagram of the entire system's dynamics. In this figure, an
impulse input is applied to G, (s) the result is the nanoparticle
velocities. The G,Hs) system maps the nanoparticle velocities to
the membrane interaction forces. As shown in Fig. 8 it is clear that
through the identification procedure of nano-particle velocities,
interaction force and position could be available.

Table 1 expresses the parameters computed in the identifica-
tion procedures. In this table, parameters related to nominal and
uncertain transfer functions of both G,, and G,r are presented.
Since the sample time of identification is 2 fs, in Table 1 the
transfer functions are expressed in descrete domain.
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Fig. 9. Bode diagram of (a) the nominal system and uncertainty model of Gyg(s), and (b) the nominal system and uncertainty model of Ggy(s).

6. Results and calculation of the diffusion coefficient

In this part and after the examination of diffusion of the nano-
particle in the membrane and identification of a linear model with
uncertainty, we are interested in the extraction of a desired
parameter which can represent the diffusion characteristic of the
membrane, so that we can use this parameter for further calcu-
lations regarding the modeling of the BBB. A suitable parameter in
this regard is the diffusion coefficient, as mentioned, Our identified
linear model has been run for different velocities for 1000 times
and in each case the diffusion coefficient has been extracted. The
velocity of the nano-particle ranges from 0.0005 A/Step to 0.06
A/Step. The results show that for all velocities, the same diffusion
coefficient has been extracted (Eq. (7)-(14)). By averaging the re-
sults of all 1000 extractions in a same velocity, the diffusion
coefficient is computed. This value is close to 45.6 A2/ns. In Fig. 10,
four samples of the velocity diagrams and interaction force pro-
files, figured out through at least 40 runs each, have been pre-
sented. Fig. 11 shows the variation of the diffusion coefficient as a
function of the pulling velocity.

The most important feature of the magnetic behavior of the
magnetic nanoparticles is considered to be the magnetic satura-
tion curve. In fact, all the design is restricted to the saturation of
nanoparticles and designing in the saturation zone is not valid
because it could not be possible to exert computed forces on a
nano-particle and it shows a nonlinear magnetic behavior and the
maximum force is restricted. In Fig. 12, the magnetization curve
for Fe304/Au core/shell (the commercially used gold nanoparticle)
is shown. In this curve the maximum magnetic field is 2. 5[T] and
the design parameters must be considered accordingly [28]. The
MD simulations described in this paper, used a static magnetic
field strength of 1. 5[T] with a maximum spatial gradient magnetic

Table 1
Identified parameters.

field of 3. 3[%]. Since the maximum magnetic field value per-
mitted for a nano-particle should not cause saturation (Fig. 12), the
effective magnetic field intensities simulated in this work do not
exceed 2. 5[T] for core/shell (Fe304/Au) magnetic nanoparticles.

ab, _
b, Py ={Lp Up]

b,x3. 3[1] =[2,9]
m
0.6<b, <25 a7

Based on Eq. (17) above, the magnetic field (b,) must be in a
range between 0. 6[T] and 2. 5[T] for the magnetic nanoparticles to
cross the BBB membrane. The time of crossing through the
membrane in this case has been calculated to be in the range of
1. 5[min]- 7[min]. The required time can be calculated through
rescaling the traveling nanoparticles from upper velocity to lower
velocities in the same distance and restricted magnetic field. Ac-
cording to these calculations, it is possible to exert low magnetic
field with higher duty cycle time and vice versa, while still MNPs
can cross the BBB. Hence, the effect of magnetic force field and its
gradient can be interpreted in this way that for every desirable
crossing time we have a corresponding region of interest in the
magnetic force field - magnetic force field gradient plane that
could be obtained through the application of these criteria along
with the crossing duration consideration. We have carried out this
procedure for 1.5, 2.5 and 4.5 min of crossing time and the re-
sulting diagrams are shown in Fig. 13. As could be perceived from
this figure, the magnetic field and its gradient are localized in the
lower value region for increased time of crossing. Moreover, as we

Prominat (S)
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already discussed, our results show that the calculated diffusion
coefficient is independent of crossing velocity, thus it could be
concluded that for other crossing durations that occur in different
magnetic force fields and gradients, we will have a similar diffu-
sion coefficient from the present method.

The magnetic force field strength of 1.5 [T] is a biologically
relevant and non-invasive strength. Similar values in the range of
1.5-2 [T] have been frequently used in both computational models
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Fig. 12. Magnetization curve for Fe304/Au core/shell magnetic suspension.

[14] and in-vivo studies [29] of MNP crossing through the BBB.
Also the crossing time range of 1.5-7 min has a very good corre-
lation with the near 5 minute time scale of experimental studies
that have addressed MRI guided transcellular transport such as
MNP-based Tumor cell labeling [30]. If we put aside the bio-
chemical gateways to the brain that fall into an entirely different
category of mechanisms in comparison with the external forced
methods (such as the one studied in this research), there is only
one major competitor for this method which is the ultrasound
induced BBB opening. This method that can effectively breach the
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Fig. 13. Desirable area for the selection of magnetic field and magnetic gradients (a) for crossing in 1.5 min, (b) for crossing in 2.5 min and (c) for crossing in 4.5 min.

BBB, uses MRI guided focused ultrasound which also requires a
similar 1.5 [T] magnetic force field [31]. However the ultimately
high temperatures and pressures of the ultrasound microbubbles
pose this method somewhat invasive for biological tissue.

7. Conclusions

In this work, we have studied the required interaction force
profile which should be applied to the nano-particle in order for it
to cross through the BBB. To achieve this target, we developed an
atomic based model of the BBB. Two kinds of BBB membrane,
POPC and DMPC have been studied. In addition, we have made a
gold nano-particle in the sizes of 2 nm, 4 nm and 10 nm in dia-
meter, besides, the nano-particle has been symmetrically coated
with 18 segments of Thiol. The MD simulations have been carried
out in order to extract the force required for crossing the NPs
through the BBB. Therefore, the nano-particle has been supposed
to move at a constant velocity through the BBB and the interaction
force on the BBB membrane has been figured out. In experimental
studies, the equivalent magnetic field can be substituted in order
to shape the same force profile. The BBB membrane has been
modeled in the frequency domain with a certain uncertainty
around the linear model to cover all nonlinearity that was ex-
tracted in MD simulation. The simulation has been run for 1000
times in each velocity. The frequency domain for the BBB has been
obtained, moreover, the diffusion coefficient has been extracted

based on our model of the BBB system. In our future work, we will
examine the effect of particle diameters in the force interaction
and diffusion coefficient in order to find the best optimal magnetic
field for crossing through the BBB.
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