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Abstract. In this paper, we will analyze the application of nanomaterials in biomedicine, that is to say, we will
present the recent accomplishments in basic and clinical nanomedicine. Achieving the full potential of nanomedicine
may be years or even decades away; however, potential advances in drug delivery, diagnosis, and the development of
nanotechnology-related drugs are starting to change the landscape of medicine. Site-specific targeted drug delivery
(made possible by the availability of unique delivery platforms, such as dendrimers, nanoparticles and
nanoliposomes) and personalized medicine (result of the advance in pharmacogenetics) are just a few concepts on the
horizon of research. In this paper, we have especially analyzed the changes in basic physical properties of spherical-
shaped nanoparticles that can be made in several (nano)layers and have, at the same time, multiple applications in
medicine. The subject of the research in this paper includes the modeling of nanomaterials in the field of
pharmaceutical technology for biomedical application. This includes a very precise encapsulated drug delivery on the
exactly defined place in the human tissue or organ and the disintegration of the capsule — drug carrier, so that the
medicament can start producing its effect. The goal of multidisciplinary researches with biocompatible molecular
nanomaterials is to find the parameters and the possibilities to construct boundary surfaces that will, in interaction
with the biological environment, create such properties of nanolayers that can be conveniently used for layers of drug
carrier capsules, biochips and biomarkers. These layers should demonstrate a controlled disintegration of structure,
better dielectric properties, discrete luminescence and appropriate bioporosity, as all of these are the requirements of

contemporary nanomedicine.
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1. INTRODUCTION

The development of biomedical science is directly
related to the development of natural and
mathematical sciences, especially materials science.
Enormous resources are invested in the research that
will lead to the solutions for many deadly diseases and,
in the end, it is impossible not to put a completely
logical question: whether the results of modern
research justify the invested resources [1, 2]?

Let us consider in what ways we can make a
contribution to research in science. One approach is
experimental, while the other is theoretical. There are
big differences in the popularity of these approaches,
yet both are said to have advantages and
disadvantages, as well.

There are two aspects of the theoretical approach.
One uses computer resources, while the other uses
analytic (literally speaking, paper and pencil) ones. The
aim of our research group is to understand, within
materials science, the essential mechanisms of
transport processes in low-dimensional systems, so we
chose an analytical approach with the ambition that in
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the very near future, we can study with the help of
computer resources too. Our method of choice is the
Green’s function, which we use in the field of molecular
crystals.

In this paper, we will analyze the application of
nanomaterials in biomedicine, that is to say, we will
present the recent accomplishments in basic and
clinical nanomedicine. Numerous novel nanomedicine-
related applications are under development or are in a
research phase, and the process of converting basic
research in nanomedicine into commercially viable
products will be long and difficult. Achieving the full
potential of nanomedicine may be years or even
decades away; however, potential advances in drug
delivery, diagnosis, and the development of
nanotechnology-related drugs are starting to change
the landscape of medicine. Site-specific targeted drug
delivery (made possible by the availability of unique
delivery platforms, such as dendrimers, nanoparticles
and nanoliposomes) [3—5] and personalized medicine
(the result of the advance in pharmacogenetics) [6—8]
are just a few concepts on the horizon of research.



2. DIELECTRICAL PROPERTIES OF MOLECULAR CRYSTALS

The basic idea was to examine the exciton
subsystem in the bulk systems, then in quasi-two-
dimensional ones, such as ultra-thin films of molecular
crystals, and then to compare the results to get to the
micro-theory which would decipher the mechanisms of
the optical properties of the observed system [9,10].

Since we are interested in the optical properties of
the molecular crystals, it is essential to observe the
exciton subsystem. If we use the model of Frenkel’s
excitons with low concentrations, then the exciton
subsystem in the harmonic approximation can be
described by the following Hamiltonian [9]:
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where Bﬁ and Bﬁ are creation and annihilation

operators of an exciton at the node N of a crystal grid,

Aﬁ is the energy of an isolated exciton in that node,

and Xﬁm are matrix elements of excitons’ transfer

from node N to node M. In the model, it is assumed
that the exciton energy at the node is ~102 times bigger
than the energy of its transfer.

Theoretical — quantum-mechanical analysis of the
modeling system can be accomplished by solving the
Schrodinger’s equation, or by Heisenberg’s equations
of motion with the use of DFT approach. Based on
these methods, studies considering simulations
emerged — using an appropriate software package [11—
13]. This package uses Schrodinger’s (state-of-art)
approach, employs wave functions to set the Bethe-
Salpeter’s equation and solves it using the numerical-
graphical method. We have developed our own
computer application which can test boundary
manipulation in order to obtain a reasonable
fundamental understanding of the material properties
and compare the results with the experimental
measurements. At the beginning, we applied (i.e.
tested) this computerized method on simple examples.
On the other hand, with such simplification, we could
recognize and individually extract the real and relevant
factors that affect the changes of physical properties,
thus determining their real intensity.

We opted for the tested and the adapted methods of
the Green’s function [9], using the spectrum and the
states of elementary excitations which could be easily
determined, as well as the equilibrium characteristics
of the system [14]. The method of two-time
temperature Green’s functions has been chosen for the
microtheoretical analysis because of its benefits — the
real parts of poles of Green’s functions define the
energies of elementary excitations (from which the law
of dispersion is obtained). If the Hamiltonian has a
harmonic form, the Green’s function has real poles

only. Green’s functionGn.m(t):<<Bn. (t)‘ B;](O)>> satisfies
the certain equation of motion and by using the

complete time and space Fourier’s transformation, we
may obtain a form of Green’s function:
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and from its pole we can also obtain the desired law of
dispersion of excitons,

ne, =A+2(X, cosak, + X, cosa k, + X, cosak,)

which may be written in the following non-dimensional
form:

Eﬁsha;<_A=ny+Rz, (3)

where:
Fy=2 (cosakX + cosaky), R, =2cosak,.

Eventually, through a general expression [9] for
relative dynamic dielectric permittivity,

£ (w)=1-27S| G(w) +G(-w) |,

we can obtain the expression for dynamic permittivity
of bulk:

25
e=e(w)= 1+a;—_ai§ , (4)

where S is a parameter of the inner structure. Figure 2
shows dynamical permittivity of the bulk-structure.

3. ULTRATHIN MOLECULAR LAYER

Our model of a crystal nanofilm assumes an
ultrathin film confined by two parallel planes that are
infinite in the x and y directions, while in the z-
direction the film has a final thickness L = N a. We will
observe a symmetrical nano-film (Figure 1), which may
be made by controlled reaching of massive specimens.
Due to the presence of boundary areas, the energies of
excitons in the nodes and the energy transfers between
boundary areas and neighboring areas are perturbed,
where parameter d defines perturbation at the node of
boundary areas, and the parameter x is a perturbation
of transfer in boundary layers along the z-direction.
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Figure 1. Ultrathin film model



Now, for ultrathin films, we will use the same
procedure for their determination. In the case of a
nanofilm, we perform full time and partial space
Fourier transformation of these equations, because we
have limited structure along z-direction. Figure 2
shows dispersion laws for non-perturbed (ideal)
symmetric five-layered film (reduced energies are used
again). Full lines show energy levels of excitons in the
observed film, while broken lines show boundaries of
continual energy zone of excitons in a bulk. At the first
sight it is possible to see the absence of zero values and
discretion of exciton energies in a film. The number of
possible states corresponds to the number of
crystallographic levels in this film along the z-axis.

For higher values of the parameter d, energy levels
are shifted to higher energies and at one point leaving
the boundaries of the bulk. This energy is called
localized or TAM states. Figure 2 gives an example of a
very perturbed (d = 0,3, x = 2,0) symmetric five-
layered film.

The most probable localized states are at the very
boundaries of a film or in the boundary layers of that
film. Inside the film only bulk states are present and
their probability, in comparison to localized states, is
much smaller.

Figure 2. Dispersion law of ultrathin films

After the application of Green’s functions, one can
obtain the expression which represents the relative
dynamical permittivity as a function of the frequency of
initial electromagnetic excitation. Again it is possible to
change the values of perturbation parameters.

Our scope of research is the optic properties of the
observed model example. The refraction (n) and
absorption («) indices are usually defined in the
literature [10] by permittivity term: Je =n+ik.
Introducing the complex frequency: w=w+iv in
expression for permittivity (7), we get complex
permittivity: £ =¢&"+i& " Based on this, we can find the
expression for absorption and refraction indices in the
following form:

The reflection (r) and transparency (t) indices are
defined [10] by the refraction and absorption ones:
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From this and the expressions (8) and (7), one can
see that dielectric and all optical characteristics of the
film depend on the position of the film-layer.

By numerical calculations, we have analyzed
dynamical permittivity and optical indices behavior on
plane position and on values of boundary parameters,
and calculated that. The number of resonant peaks
directly depends on the film width, i.e., on the number
of layers N (there N = 3). The general rule is that the
number of resonance peaks decreases inside the layers
of the film, although with the influence of perturbation
parameters don U [— 0.25, + 0.25] and xon O [- 0.9, +
2.0] that rule can be broken and in that case the
(maximal) number of peaks is N + 1 = 4, with the
possibility of some resonance peaks disappearing, i.e.
overlapping or vanishing.

Subsequently, we continued with the research of
the same structures and investigated the influence of
boundary parameters on optical properties of these
structures, for different values of perturbation
parameters. Graphics on Figure 3 show some results
for  representative = cases for  three-layered
asymmetrically perturbed film, with: do = — 0,15, dv =
0,15; Xo = — 0,75 and xn = 0,75.

Relative dynamic permittivity of the bulk samples
of molecular crystals have a complete absorption zone
in the infrared (IR) area [9], corresponding to the
absorption of all IR rays with the relative frequency f 0
(43.5, 47.5). This means that the optical indices of the
bulk sample, in this frequency interval, have the
following values: xb =1, b= 7 = 0 and np = n. On the
contrary, in ultrathin films, only discrete absorption
lines will occur, and their number corresponds to the
number of possible exciton states. The distribution and
intensity of absorption lines depend on the value of the
boundary parameters!

From the presented graphics, one can see that the
film-structures have discrete and selective optical
properties, that there is a maximum of 4 discrete
absorption lines, equal to the number of possible
(macro) quantum states of excitons through film-
thickness [ 10,15].

In the case of bulk, there is a completely clear
absorption zone, while in the case of films, there are < 4
absorption peaks corresponding to the resonant lines.

Refraction indices have jumps on the places where
the absorption index changes: for the bulk, that is
happening on the borders of the absorption zone, while
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the film has 1 — 4 corresponding, not very narrow energy/intensity of the radiation that got to the film, it

peaks. can be concluded that the overall indices of absorption
Reflection for the bulk is only out of the borders of (icr), reflection (rr) and transparency (tr) for the whole
the absorption zone; for films, reflection is happening film could be acquired by simply adding up adequate
partially at each crystallographic plane of the film. indexes on individual planes, i.e.
The most interesting result is definitely non- — . =
transparency of the mol%acular bulk, but whgn it is # (w) _2 @, (w)’ p= (K,I’,T). )
thinned to the film of nano-size, it becomes e
transparent, except for the maxima 4 discrete peaks Of course, this summation means that the addition
which .correspond to a combination of absorption and is done strictly by the individual, ie., specific
reflection peaks of the film. frequencies, because it is a question of values of relative
From these expressions, one can see that dynamical dynamic quantities.
absor'ptiop and refraction indicgs., as well as relative In contrast, refractive indexes present the ratios of
permittivity, depend on the position of the film-layer appropriate speeds, and therefore additivity and simple
(nz) and on the perturbation parameters at and within sum cannot be applied to them. It is not difficult to
the shall boundary layers. Graphics in Figure'3 show show that [16-20], during the formation of the
some results for representative —cases, which  are refractive index of the whole film, the rule of the sum of
analogous to the ones in permittivity. reciprocal values must be applied in the following
Since the emission and absorption spectra can be form:
experimentally recorded, but only for the whole film,
we have determined these optical characteristics N - z 1 (8)
(indices of absorption and refraction) not only for the n. (a)) ~ n, (a))
particular layers but for the whole shall as well, and in ‘ ‘
the normal direction on the boundary surface of the Based on the last two formulas, we numerically
shall (or radial from core center), where the changes of determined the dependence of the absorption index
these values occur in relation to their bulk values. and the refraction index for the whole film. The results
Because the index of absorption is a part of the of these calculations are presented in Figure 3.

energy/intensity electromagnetic radiation which is
absorbed by the film in relation to the total incident
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Figure 3. Relative permittivity and relevant optical indices
of a highly perturbed non-symmetrical five-layered film
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4. POTENTIAL RESEARCH OF CORE SHELL NANOMODELS

Our research group believes that the methodology
used to analyze the optical properties of nano-films can
be used for theoretical studies of materials with
transfer character to be used in nano-pharmacy. We
are primarily thinking of core shell models under
which the systems include a spherical shape. The basic
idea of a core shell model in biomedicine is to fill the
interior of hollow nano-spheres with the active
component of pharmaceuticals. The role of hollow
spheres measuring up to tens of nanometers is
transport. Thanks to the dimensions and properties of
hollow nano-spheres, they are ideal candidates to be
hosts for the active components of pharmaceuticals,
which cannot be created by conventional methods
without serious consequences transferred to the target
place. Take the example of ketoprofen, a good
conventional nonsteroidal anti-inflammatory agent,
the oral intake of which can lead to ulcer. The second
but unconventional way of entering the body is through
polymeric nano-particles such as PDLLA. The result is
the introduction of pharmaceuticals as a cream, which
would be rubbing in determined places what would
transfer it, rather than orally.

The main advantage of the theoretical approach is
the essential knowledge of the mechanisms that allow
us to comprehend the experimental conditions that
must be fulfilled to get the desired results. The results
achieved up to now by our research group in
application of the Green’s function method on flat
ultrathin films are promising for applications in the
frame of core-shell models. This paper presents the
review of our current achievement in the field of
theoretical physics of ultrathin films and possible ways
to materialize the same in the field of nanopharmacy.

It is certain that the solution to the problems of
delivery and transport of pharmaceuticals to different
parts of the body lies in the achievements of materials
science. In this sense, nano-materials and hollow nano-
spheres are the materials which will drive attention in
the future even more than now. For positive results in
this area, experimental methods are used much more.
Even those theoretical mainly represent the results
obtained using computing resources, as opposed to
analytical methods [9,13].

Our goal is the use and adaptation of analytical
methodology applied to flat ultrathin films on the
spherical systems that look as if composed of a certain
number of ultrathin films [21].

What could the research of the material look like if
it could be modeled as a core shell [22]? If we
performed the research of the material, in the most
general case we could examine the three major
subsystems: phonon, electronic and exciton. In general,
the results related to the phonon subsystem would
show us what the mechanical properties of the
materials would be, the electronic sub-system would
give us conductive properties, while the exciton
subsystem would be “responsible” for the optical
properties.

As we already operate with the testing methodology

of the specified subsystem, the next step would be
adjusting the methodology to the spherical systems, as

the hollow nanospheres are, that might be carriers of
pharmaceuticals. Namely, a nanosphere can be seen
just as a system composed of a number of ultra-thin
films, Figs. 4 and 5. So, in this way, the results
connected to ultrathin films could be used. Of course,
the transition from flat to spherical ultrathin films is
not a trivial problem. The first step is to create an
adequate Fourier transformation, but the real problem
is how to include a flat deformation of a thin film that
would emerge. Further research of some subsystem
would follow, primarily phonon, since the mechanical
properties in terms of application are the most
important. The research of conductive and optical
properties may lead to the knowledge of how the
holders of pharmaceutical nanoparticles can be
induced, i.e., how they can be manipulated (e.g. target
more).

ENVIROMMENT|

Figure 4. Model of spherical layered ultrathin films
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Figure 5. Spherical multi-layered core-shell model

As it is very hard to reach the analytical solutions
that are related to the dynamics of subsystems, for a
start, a potential approach might be to use computer
resources, i.e., to create a simulation that would lead to
some general results and could indicate the solution.

169



5. CONCLUSION

Our model of a crystal nanofilm assumes an
ultrathin film confined by two parallel planes that are
infinite in the x and y directions, while in the z-
direction the film, it has a final thickness L = N a. We
will observe a symmetrical nano-film (Figure 1), which
may be made by controlled reaching of massive
specimens. Due to the presence of boundary areas, the
energies of excitons in the nodes and the energy
transfers between boundary areas and neighboring
areas are perturbed, where the parameter d defines
perturbation at the node of boundary areas, and the
parameter x is the perturbation of transfer in boundary
layers along the z-direction.

It is certain that the solution to the problems of
delivery and transport of pharmaceuticals to different
parts of the body lies in the achievements of materials
science. In this sense, nano-materials and hollow nano-
spheres are the materials which will get attention in the
future even more than now. For positive results in this
area, experimental methods are used much more. Even
those theoretical mainly represent the results obtained
using computing resources, as opposed to analytical
methods.

Our goal is the use and adaptation of analytical
methodology applied to flat ultrathin films on the
spherical systems that look as if composed of a certain
number of ultrathin films.
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