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Abstract: This paper considers the problem of creating a conductive matrix with a framework
made of carbon nanotubes (CNTs) for cell and tissue engineering. In silico investigation of the
electrical conductivity of the framework formed by T-junctions of single-walled carbon nanotubes
(SWNTs) (12, 12) with a diameter of 1.5 nm has been carried out. A numerical evaluation of the
contact resistance and electrical conductivity of seamless and suture T-junctions of SWCNTs is given.
The effect of the type of structural defects in the contact area of the tubes on the contact resistance of
the T-junction of SWCNTs was revealed. A coarse-grained model of a branched SWCNT network
with different structure densities is constructed and its electrical conductivity is calculated. A new
layered bioconstruction is proposed, the layers of which are formed by natural polymer matrixes:
CNT-collagen, CNT-albumin and CNT-chitosan. The energy stability of the layered natural polymer
matrix has been analyzed, and the adhesion of various layers to each other has been calculated.
Based on the obtained results, a new approach has been developed in the formation of 3D electrically
conductive bioengineering structures for the restoration of cell activity.

Keywords: natural polymer matrix; branched single-walled carbon nanotubes (SWNTs) network;
T-junction; electrical conductivity; contact resistance; structural defects; adhesion; coarse-grained model

1. Introduction

Currently, the rapidly developing field of medical materials science is cell and tissue engineering,
focused on the development of bio-artificial systems to restore the three-dimensional structure of tissue
at the site of injury [1]. The key role in the reconstruction of damaged tissue is played by the so-called
matrices-wireframe smart materials designed to support the growth and proliferation of cells [2].
For successful use in tissue and cell engineering, matrices should have a controlled structure, be
non-toxic, and also be characterized by high strength, electrical conductivity, and thermal conductivity.
In this regard, the actual problem of modern bioengineering is a search for materials to create the
matrices. Promising candidates for the role of matrices are hybrid materials consisting of native proteins
and inorganic components [3]. Such biohybrids have wide functionality due to the combination of
biofunctions of native proteins, such as direct cellular signaling and biodegradation, with the beneficial
physical properties of specific inorganic components, in particular, high electrical conductivity and
rigidity. Organic polymers [4], metallic nanowires [5] and other nanometallic forms [6] are already
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used as conductive elements in the construction of biohybrid materials. Of particular interest are
carbon nanomaterials, primarily carbon nanotubes (CNTs), due to their high electroconductive and
strength properties [7], as well as recent reports of their biocompatibility [8,9]. It is known that CNTs
can adsorb extracellular and serum proteins and improve interaction with cell cultures due to their
high bioactivity and biocompatibility [10]. Unique electronic properties of CNTs are used to create
biocompatible materials with high electrical conductivity [11,12]. The framework of such materials is
a branched CNT network, and the filler is one of the proteins or a protein complex. The effectiveness
of the use of CNT for cardiac regeneration is confirmed by the results of many papers [13-16]. It has
been established that the introduction of CNTs into the structure of polymer 124 increases electrical
conductivity and improves the excitation threshold of a biomass material [13]. A hydrogel based on
methacrylate anhydride and CNT was developed in [14] to support the functioning and growth of
cardiomyocytes. It has been shown that the collagen hydrogel reinforced with CNTs significantly
improves the functioning of cardiomyocytes [15]. It was found that the addition of CNT improves
the structural integrity and biomechanical properties of film bioconstructions from chitosan, and as
a result promotes proliferation and differentiation of myofibroblasts without induction of toxicity and
apoptosis [16].

However, the main problem of such biomaterials is the reduction of the mass fraction of CNTs,
so that the material is not toxic, without loss of high electrical conductivity [11]. One way to solve
this problem is to optimize the junctions between CNTs, which should provide the minimum possible
contact resistance [17]. The optimization of junctions between tubes is realized by the addition of
conductive fillers [18], by the creation of covalent bonds between CNTs through adding polymers [19],
by thermal treatment [20] and by laser irradiation [21], inducing covalent bonds between CNTs.
However, in such materials consisting of a large number of randomly oriented carbon nanotubes,
the electric current flows due to electron tunneling between neighboring CNTs at the points of their
contacts [22]. Earlier it was already shown that the resistance reached 0.7-3 M(} at the tunneling of
electrons [23]. It depends on the distance between the tubes and the area of their contact. For example,
when an external force is applied to the tube, the contact resistance can drop down to 0.1-1.6 MQ.
An even more significant decrease in the contact resistance is observed when covalent bonds between
the tubes are formed. However, this may increase the resistance along the tube in the contact area.

The nanotube junctions differ in the shape and number of nanotubes participating in them [24].
We considered the junctions between two nanotubes [24,25], three nanotubes [26,27], four nanotubes [28],
and so on. Interest in such structures is associated with the possibility of using such multi-terminal
contacts in nanoelectronics [29]. In addition, the possibility of combining an array of carbon nanotubes
into a single network, which has high electrical conductivity and strength, was also of practical
interest [30]. Such networks are synthesized using high temperatures [20] or laser welding [21].

One of the interesting and common junctions between CNTs in branched networks is the
T-junction. Such networks are already widely synthesized [31,32] and are used to produce biocompatible
composite materials for medical purposes and tissue engineering [11]. The electrical conductivity of
biomaterials with such CNT networks can be quite high [32]. It was shown that T-junctions can be
both sutured with the formation of covalent bonds, and seamless.

In this paper, we investigate in silico the electroconductive layered natural polymer matrices,
the framework of which is formed by a branched SWCNT network with Tjunctions between tubes,
and the filler is (1) albumin, (2) collagen, and (3) chitosan. The purpose of this work is to study the
electrical conductivity of the carbon framework, the patterns of structure and energy for the conductive
layered natural polymer matrix, as well as interlayer adhesion.

2. Materials and Methods

To construct a coarse-grained model of natural polymer matrix with a framework of a branched
CNT network, we preliminarily constructed coarse-grained models of natural polymers—collagen,
albumin and chitosan, as well as a coarse-grained model of a framework of branched CNT.
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A collagen was modeled in the triple-helical T3-785 molecule. The homotrimeric structure of
this collagen-like peptide presents large conformational similarity to the human type III collagen.
The X-ray crystal structure of the peptide T3-785 at 2 A resolution is stored in the Protein Data Bank
(PDB) (the code 1BKV) [33]. Previously, by the example of this model, the conformational stability of
the human type III collagen was analyzed using the DFT quantum-chemical calculations [34]. All-atom
collagen system used in our work contains 1245 non-water atoms. The total structure weight in this
system is 8159.755 g/mol. The conversion from all-atom to MARTINI coarse grained structure of
a collagen-like peptide was carried out using special scripts taken from the MARTINI website [35].
The number of beads in the coarse-grained representation of the peptide T3-785 is 145.

An albumin was modeled by a model of human serum albumin (HAS). The X-ray crystal structure
of the HAS at 2.5 A resolution is stored in the PDB archive (the code 1A06) [36]. The all-atom albumin
system used in our work contains 18,261 non-water atoms. The total structure weight in this system
is ~266284 g/mol. The conversion from all-atom to MARTINI coarse-grained structure of HAS was
carried out using special scripts taken from the MARTINI website [35]. The number of beads in the
coarse-grained representation of HAS system is 2594.

All-atom chitosan system contains 64 monomers of two types—D-glucosamine (GlcN) and
N-acetyl-D-glucosamine (GIcNAc), resulting from the deacetylation of chitin. The total structure
weight in this system is ~10313.984 g/mol. The coarse-grained structure of chitosan was obtained
using the model by Benner and Hall [37]. The number of beads in the coarse-grained representation of
chitosan is 704.

Coarse-grained modeling of natural polymers was carried out in water. The water environment
was modeled by the beads, each of which consists of 4 H,O molecules [38].

All-atom and coarse-grained structures of a branched CNT network are described in detail in
paragraph 3.1 of the “Results and Discussion” section. Detailed information on the assembly of
the matrix with a framework of branched CNT network and natural polymers as a filler is given in
paragraph 3.2 of the “Results and Discussion” section.

To obtain energy-efficient atomistic models of nanotube T-junctions, the reactive empirical bond
order (REBO) potential [39] and the density-functional tight-binding (DFTB) method [40] were used.
The REBO potential provided a thermodynamically stable atomic network of T-junction in the initial
approximation. The DFTB method was used to determine the coordinates of the atomic grid and
calculate energy. To calculate the electrical conductivity of T-junctions, we apply the Landauer-Buttiker
formalism [41], the Keldysh nonequilibrium Green function technique [42], and the DFTB method
in the basis of s-p orbitals. Contact resistance of CNT junctions was calculated using the Keldysh
nonequilibrium Green function technique. Within the framework of this method, a multi-terminal
device that describes the interaction of the conduction channel with various contacts (terminals) is
characterized by transmission functions of the following type:

Tyj(E) = Tr(Ti(E)G(E)T(E) (E)G(E)) )
where E is the value of the energy, i, j are the indices of the contacts, the matrix of the broadening

of the levels of the contact with number i, and the retarded Green’s matrix of the channel.
The Landauer-Buttiker formalism is used to calculate the conductivity at a given temperature:

2
Gy =2° [ Ty(E)Fr(E)dE @)

where

1 E—
Fr(E) = 4kBTsech2< 2k37;f>
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is the thermal broadening function, y is the Fermi energy of the contacts, T is the temperature, kg is the
Boltzmann constant, ¢ is the electron charge, and # is the Planck constant. The interaction matrices
were calculated using the DFTB method.

Coarse-grained modeling was used to build a model of a branched SWCNT network.
Generation of the framework topology was carried out by uniformly filling the space region with
nanotubes [43], wherein the Tjunctions formed in regions with a low concentration of CNTs up to
reaching a given concentration value.

3. Results and Discussion

3.1. Atomic Structure of the Carbon Framework of Matrix and Its Electrical Conductivity

In this paper, we consider T-junctions formed by SWCNTs (12, 12) with a diameter of 1.5 nm.
The choice of these tubes is due to two facts: (1) they have a metallic type of conductivity, (2) SWCNTs
with a diameter of 1-2 nm are formed during the synthesis. We have considered two groups of
T-junctions. One group is presented by seamless junctions, the other by the junctions with the formation
of a different number of covalent bonds. Seamless junctions are formed due to non-hexagonal elements
in the contact area. Figure 1a shows an example of a seamless junction. In the contact area, purple colors
denote the atoms of the pentagons, green the atoms of adjacent heptagons, and yellow the atoms of
adjacent octagons. In our case, an energetically favorable seamless junction was obtained with five
pentagons, eight heptagons, and one octagon.

(b)

Figure 1. Atomistic models of nanotube T-junctions: (a) the seamless junctions; (b) the junctions spliced

in the contact area of the nanotubes with the formation of covalent bonds.

The formation of suture T-junctions is also impossible without defects in the contact area between
two tubes. As a result of a series of numerical experiments carried out by the molecular dynamics
method using the adaptive intermolecular reactive empirical bond order (AIREBO) force field, it was
established that the bonds formed between tubes during the heating up to 1200 K are temporary and
disappear with decreasing temperature [12]. The energetically advantageous formation of covalent
bonds occurs only in the presence of defects in the region with which the open end of the other tube
contacts. This fact was previously predicted in [44]. Therefore, we previously created various defects
in the tube and only then was the junction formation modeled by the molecular dynamics method.
Stone-Wales (SW) defects, single-/double-/triple vacancies (1V/2V/3V) and mixed-type defects were
considered. Covalent bonds of length 1.38-1.55 A were formed in all cases. To refine the atomic network
of Tjunctions, the DFTB method was also used. An example of one of these junctions is shown in
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Figure 1b. The blue color denotes covalent bonds between tubes. The number of bonds depends
on the type and number of defects. Table 1 shows the heat of formation of T-junctions for different
types of defects and the number of formed covalent bonds. The number after the designation of the
defect (2V1, 1V2, etc.) indicates the number of defects of this type in the tube structure. Analysis of
calculation results shows that all types of junctions are energetically favorable. The number of bonds
varies from 5 to 17. At the same time, the maximum number of bonds is formed in the mixed-type
defect of 2V /SW.

Table 1. Heat of formation of T-junctions for different types of defects in the tube contact area.

Type of Junction Number of Bonds Heat of Formation, kcal/mol-atom
1v1 5 —13.65
1v2 12 —14.96
1v3 6 —15.67
2V1 8 —23.56
2V2 14 —18.61
2V3 12 -17.96
3V1 10 -19.72
3V2 11 —20.75
4V1 14 —47.24

2V2-25W 17 —21.67
seamless - —15.65

As mentioned above, the electrical conductivity of Tjunction will be lower as compared to the
tubes themselves. As is known, an ideal tube (12, 12) has two conduction channels at the Fermi level;
therefore, the conductivity is equal to 4Gy, taking into account the spin (Gy is the conductance quantum).
The ballistic resistance Ry is 6.5 k(). Since the T-junction should be considered as a three-terminal
device, we calculate the electrical conductivities for each pair of terminals. An equivalent circuit of
T-junction is shown in Figure 2a by the example of a seamless junction, where the tube fragments are
represented by resistances Ry, Ry and terminals 1, 2, 3 are shown. The transmission functions T1,(E),
T13(E), To3(E) for three ways of connection are calculated accordingly. The graphs of these functions
are shown in Figure 2b. The curve profiles are very different. The function T12(E) exhibits a sharp dip
at the Fermi level. This dip is obvious, since the tube is torn along the Z axis, forming a branch. On the
contrary, a peak at the Fermi level exists at other two ways of connection. This can be explained by
an additional overlap of the m-electrons of the tubes marked with blue and green colors in Figure 2b.

0.8 4

0.7 H

0.6

0.5

<0.4

E), 6?h

Fo.34

0.2+

0.1+

0 T T —H T T T ]
-4.7 -4.68 -4.66 -4.64 -4.62
Energy, eV

(a) (b)

Figure 2. Seamless T-junction: (a) the equivalent circuit; (b) the transmission functions for various

ways of connection. Arrows indicate the directions of translation of CNT sections to the semi-infinity,
which corresponds to a three-terminal device with contacts in the form of CNTs. The dotted line
denotes the Fermi level.
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Unlike a seamless junction, the profiles of all the transmission functions of the sealed T-junctions
have a dip near the Fermi level. Figure 3 shows an equivalent circuit of the suture junction and a graph
of the transmission functions for some cases of defects. It should be noted that the average value of T
is higher in comparison in the case of a seamless junction, which is explained by a smaller change in
the atomic framework of SWCNTs in the contact area. The functions T13 and T3 do not have a peak of

transmission function at the Fermi energy, which is characteristic for a seamless junction.
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Figure 3. Suture T-junction with covalent bonds between tubes: (a) the equivalent circuit, (b—f) the
transmission functions for various ways of connection of three-terminal contact for Tjunctions with
different types of defects. The dotted line denotes the Fermi level.
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The values of electrical conductivity and resistance were estimated based on the calculated
transmission functions. For three-terminal contact, the resistances R; and R, were calculated using the

following formulas:
1 2

- = Rp=— - R 3
2G1," 7 Gi3+Gx ! ©)

where G;; is the electrical conductivity between the respective terminals. Resistance Ry, R, for seamless
and suture junctions are shown in Table 2. For seamless junction, the resistance increased two times
in the direction 1-2 (along Z axis, see Figure 3a) as compared to an ideal single CNT and in the
direction 1-3 and 2-3 (along Y axis, see Figure 3a)—four times. Among the considered suture contacts,
the best combination of pairs of resistors Ry, Ry is observed for the case of two 2 V defects. In general,
the resistance of the initial tube (12, 12) varies only within 7-14 k(). Thus, if the electrodes are
connected in the 1-2 direction (see Figure 3a), the resistance will increase within 100% and not more.
However, in the perpendicular direction (1-3 and 2-3), the resistance increases sharply, because the
value of R; is in the range of 20-100 k() according to our calculations. It should also be noted that
the resistance Ry, Ry in the case of two 2V defects is less than in comparison with a seamless junction.
The junctions that have the least number of bonds are characterized by the maximum contact resistance,
but there is no explicit relationship between the number of bonds and the resistance. For example,
a junction with a 2V3 defect that creates 12 bonds has less resistance than a 2V-SW junction having
17 bonds. In general, the junctions with more than 12 covalent bonds have the same resistance as the
seamless T-junctions.

Table 2. Electrophysical parameters of T-junctions.

Type of Junction Ry, kO Ry, kQ)
1V1 14 78.8
1v2 13.2 78.2
1V3 10.8 100
2V1 11.2 65.2
2V2 6.8 25.5
2V3 7.5 20.1
3V1 8.7 42.3
3V2 9.1 22.8
4V1 13.5 31.2

2V2-2SW 10.2 48.6
seamless 13.1 24.5

Next, a branched CNT network with T-junctions was constructed and the electrical conductivity
was investigated. To construct the most realistic model with the concentration of the tubes
corresponding to the synthesized films, we used coarse-grained modeling. In this paper, we use a
coarse-grained model in which each nanotube is a chain of connected segments, as shown in Figure 4a.
The segment has a certain length Iseg. This metric parameter is characteristic for the given CNT
network. The segment length will be different for CNTs of different diameters, because it determines
the resistance of Tjunction. In fact, a CNT segment of length /seg has a resistance R; (Figures 2a and 3a)
and directly participates in the formation of a node of T-junction. On the basis of a number of numerical
experiments, we adopted the segment length of 0.74 nm for the tubes (12, 12). This segment contains
144 atoms, that is, the linear density p;, = 3.88 x 10~1° kg/m. Knowing the density of nanotubes p in a
given sample and its volume, we can calculate the number of segments by the following formula:

Noeg = —— 4)
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(a) (b)

Figure 4. Coarse-grained model of a branched CNT network: (a) a model of CNT in the form of
filaments from beads with T-branches (T-junctions are marked by blue); (b) a periodic 3D box with
a branched CNT network with Tjunctions between the tubes (the grains of the CNT filaments are
marked by red color on the faces perpendicular to the X axis, on the other faces—by green and blue
colors, respectively).

If we assume that each open end of a CNT forms a Tjunction, then the maximum number of
T-unctions in volume V with a tube length L will be:

_ 2Vp

= ol ©)

T

For example, with average tube length L = 1 um, a parallelepiped of a volume V = 1 um?® with
a tube density of 60 kg/m?3 will contain 30,000 T-junctions.

The bulk model was created using the following algorithm: (1) The entire volume V is divided
into cubes so that it can accommodate one Tunction; (2) The probability of T-junction occurrence in
a cube is determined; (3) All the cubes are filled. This approach gives a uniform distribution of the
volume V. Periodic conditions are imposed on the volume boundaries. Figure 4b shows a 3D box
with a CNT network, the length of which varied from 0.5-1.5 um, and the density of nanotubes was
36 kg/m?3. The grains lying on the faces are marked with red, green and blue colors for the translation
directions X, Y and Z, respectively. The model is a carbon framework made of nanotubes connected to
each other. This model contains 7842 grains; other models contain up to 16,696 grains.

Further, in order to reveal patterns of the electrical conductivity of the CNT framework,
we constructed an equivalent circuit. This circuit is a resistor network, the nodes of which are
T-junctions (see Figures 2a and 3a), and are characterized by the calculated resistances Rj, R;.
The resistance Ry corresponding to the ideal tube (12, 12) acts as resistances between the nodes.
The resistor network is a weighted graph whose edges determine the total resistance between nodes.
In order to evaluate correctly the resistance of the framework, we have considered that its fragments
were in the form of separate limited boxes, differing in the structure of the branched network. This is
necessary in order to average the obtained values and evaluate the resistance of the macro sample of the
framework. Figure 5 shows one of these boxes. Nanotubes emerging from two faces along the Z axis
of the volume V of the CNT framework are attached to the nodes A and B. The ends of these tubes
are marked in blue. Green color indicates the ends of the tubes on the front and back sides (along the
Y axis). Nodes A and B are already directly connected to the battery. To determine the resistance of the
framework with a certain potential difference between the nodes A and B, the Ngspice program [44]
was applied and the specific electrical conductivity o = L/RS was calculated (S is the area of the
parallelepiped with volume V, L is the length, R is resistance of the carbon framework). Ten different
variants of a branched network for the same box of volume V were constructed. As a result, the specific
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electric conductivity o was averaged over 10 variants for each value of the density p. We investigated
a sample of the framework with a volume of 1 pum x 1um x L. The value of L was chosen to be 2 um.
This is due to the fact that the nanotube length was within the range of 1-1.5 um.

Figure 5. A fragment of a CNT film connected to the electrodes for measuring resistance (blue color
denotes the framework boundary elements that are adjacent to the electrodes along the Z axis,
green colors the ends of the tubes on the front and back sides of the box).

The results of calculations of the specific electric conductivity are given in Table 3 for different
values of the carbon framework density p. The values of o; are the maximum of the considered
(limiting case), the values of o3 correspond to the case with the lowest possible electrical conductivity.
The variant with o, corresponds to the averaged variant. The absolute error of the calculations did
not exceed 1.2 kS/m. It can be said that the electrical conductivity increases linearly with increasing
density of CNTs in a given volume. Thus, it is easy to determine the combination of the required
concentration of CNTs in a given sample and electrical conductivity.

Table 3. Specific electrical conductivity for different values of density of branched CNTs.

Density, kg/m3 01, kS/m 03, kS/m 03, kS/m
6 6 5 4.5
12 10 8 6
24 20 15 10
36 30 22 16
48 39 28 21
60 48 36 25

3.2. Atomic Structure and Energy of A Multilayer Natural Polymer Matrix on the Basis of A Branched CNT Network

The next stage of our study was to consider the natural polymer matrix based on the branched
SWCNT network. At this stage, we used a coarse-grained simulation of the SWCNT network, which is
based on the transformation of the hexagonal atomic framework of a tube into a trigonal coarse-grained
network. That is, one hexagon of CNT was replaced by one grain. All the hexagons surrounding this
hexagon do not give a grain. That is, the formation of a new grid of coarse-grained model involves
only hexagons isolated from each other. Figure 6a shows one of the rings of the CNT formed in this
way. One can see that the topological element of a new grid is a triangle. The same figure shows
the T-junction between one tube and the open end of the other, as well as a small fragment of a
coarse-grained model of a branched network with several Tjunctions between CNTs. This approach to
the construction of a coarse-grained model of nanotubes was previously successfully used by Baoukina
et al. [45] in modeling the interaction of nanotubes with lipid membranes. A large fragment of the
CNT network is shown in Figure 6b. The structure was optimized using the MARTINI force field [46]
and the molecular dynamics method in the GROMACS software package [47]. Optimization time was
chosen sufficiently large for such structures-1 ns. Calculation results showed that already during the
first 100 ps, the total energy of the CNT network stabilized and did not change more. The graphs of the
change in total energy, potential and kinetic energies are shown in Figure 6¢c. The time step was chosen
to be 10 fs; the cut-off radius was 1.4 nm (maximum distance at which the interaction energy was
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nonzero). It is clearly seen that the stabilization of the atomic framework is achieved already during
the first 40-50 ps.

200,000.0
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— potential
— kinetic
'S 150,000.0
€
e
©
1S}
YA
2,100,000.0
2
()
c
w
50,000.0
20 40 60 80 100
Time, ps
(c)

Figure 6. Coarse-grained trigonal model of the branched CNT structure: (a) the elements of
coarse-grained model (ring and T-junction) and a small fragment of the network; (b) the branched
CNT structure; (c) the graphs of the change in total energy, potential and kinetic energies of the CNT
atomic framework.

Next, we investigated three types of natural polymer matrix, representing a carbon framework
with filler as a human albumin protein [36], with collagen [33] and with chitosan [37]. In all cases,
the trigonal coarse-grained model of the carbon framework constructed by us and coarse-grained
natural polymer models constructed using data from a protein database (PDB) and MARTINI model
were used. The structure and energy of natural polymer matrices were studied using the GROMACS
software package. The main task was to find the equilibrium configuration of the CNT network-natural
polymer complexes. Since all such natural polymer matrices are formed in a water environment [12],
we carried out self-assembly of this complex in a water box by molecular dynamics at a temperature of
310 K. The self-assembly process was monitored by the energy of the interaction between CNT and
natural polymer (potential energy) and by the root-mean-square deviation (RMSD) value. If these
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parameters stabilized in time and did not change, then the complex reached an equilibrium and
energetically favorable configuration.

The CNT-albumin matrix was modeled in a water periodic box with size of 30 nm x 31 nm x 51 nm.
The total number of coarse-grained particles was 245,796; 200,000 of these particles was water. Ten variants
of such boxes with different orientation of CNTs and branching of the network, as well as the location of
albumin, were constructed. For each of them, optimization of the relative location of the protein and the
CNT network was carried out. One of the box variants and the energy of the CNT-albumin interaction
are shown in Figure 7. The simulation time is 100 ns. However, the stabilization of the matrix was
observed much earlier. Figure 7a shows how the interaction energy changes over the first 10 ns.
The most noticeable decrease in energy is observed only in the first 2 ns. It can be assumed that during
this time, the albumin fuses with the tubes and forms the equilibrium structure of the CNT-albumin
complex. The equilibrium state corresponds to an energy value of —8230/—8225 MJ/mol, taking into
account the small thermal spread. Thus, the average value of the interaction energy per atom is
—179.6 kJ/mol-atom. Our numerical studies have shown that when a certain layer (film) of a natural
polymer matrix of the desired thickness is formed from such boxes, the energy of “splicing” the albumin
with the tubes will simply increase in proportion to the number of such layers. That is, the average
energy of —33.5 kJ/mol-atom will be valid for layers of hundreds of nanometers. Figure 7b shows the
corresponding equilibrium structure of the CNT-albumin complex in a periodic box. Tubes are marked
with pink color, albumin is blue-yellow, and water molecules are made invisible for convenience.
This figure shows how tightly the albumin envelops the CNT, filling the voids in the branched network
of the carbon framework. This causes not only energy stability, but also mechanical strength of such
a natural polymer matrix, as shown in [12].

Time, ns

(a) (b)

Figure 7. The natural polymer matrix of CNT-albumin: (a) the energy of interaction of albumin

macromolecules with the CNT network; (b) 3D-box of coarse-grained model of CNT network-albumin
(water molecules are invisible).

Similarly, a model of the CNT-collagen natural polymer matrix was constructed. As in the
previous case, a periodic box was constructed in the initial approximation, in which a fragment of a
branched network of CNTs was connected with collagen. The box was 30 nm x 30 nm x 42 nm in
size. The total number of coarse-grained particles was 236,325, 160,000 particles of which were water
beads. As in the case of the matrix of CNT-albumin, 10 variants of such boxes were constructed with
different degrees of filling with collagen and densities of the carbon framework. One example of a box
is shown in Figure 8. The behavior of the energy of interaction of collagen with the CNT network is
shown in Figure 8a. Immediately one can see an essential difference from the behavior of albumin.
In the case of collagen, the interaction energy was stabilized for the first 5 ns. This is due to the
smaller size of collagen molecules, and, accordingly, their greater maneuverability in water. Averaging
energy by all variants of the periodic boxes of CNT-collagen, it can be said that the binding energy
of collagen with nanotubes is —100.5 k] /mol-atom per one grain of the model. Despite the denser
filling of the carbon framework, the binding energy turned out to be less than that of the CNT-albumin
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complex. However, the tendency of changing the interaction energy when forming a layer of hundreds
of nanometers from the CNT-collagen matrix remains the same. The interaction energy increases
almost linearly with the increasing thickness of the layer. A picture of the distribution of collagen in
a CNT network is shown in Figure 8b. The grains of collagen are marked with a yellow-lilac color.
Indeed, collagen fills the matrix sufficiently tightly, since its dimensions are very well combined with
the dimensions of the cavities formed by the branches of the carbon framework.
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Figure 8. CNT-collagen natural polymer matrix: (a) the energy of interaction of collagen macromolecules
with the CNT network; (b) 3D-box coarse-grained model of CNT network-collagen (water molecules
are invisible).

The third variant of the natural polymer matrix was the CNT-chitosan complex. By analogy with
the two previous cases, a water periodic box was constructed, and the structure of the coarse-grained
model of the complex was optimized. In this case, the box was 30 nm x 30 nm x 30 nm in size and
contained 229,064 coarse-grained particles, 200,000 of which were water particles. Again, the average
energy of CNT interaction with chitosan was determined by 10 variants of such boxes with different
structures of the carbon network and filling with chitosan chains. It amounted to —204.4 k] /mol-atom.
As in the case of collagen, the interaction energy in the self-assembly of the complex quickly came to a
value corresponding to the equilibrium configuration under the same conditions as in the previous
cases. An example is shown in Figure 9. The graph of energy in Figure 9a is identical to the graph of
Figure 8a, that is, already during the first 5 ns, the energy is stabilized with the formation of a natural
polymer matrix. Its structure is shown in Figure 9b for the periodic box described above. Chitosan
chains, marked in green, envelop the CNT network, filling all the cavities of the carbon framework.

—5700
—5750
—5800

—5900

Energy, MJ/mol

—5950

(a) (b)

Figure 9. The CNT-chitosan natural polymer matrix: (a) the energy of interaction of chitosan
macromolecules with the CNT network; (b) 3D-box of coarse-grained model of CNT network-chitosan
(water molecules are invisible).

It should be noted that in all cases, natural polymer molecules either form stable bonds with the
nanotubes of the framework, or form their own conglomerates.
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Next, we investigate layered structures of natural polymer matrices with a carbon framework,
but with different natural polymers as filler. As before, we use the molecular dynamics approach.
The combinations of natural polymer matrices with different natural polymers were studied. The
purpose of the study was to calculate the adhesion energy of different layers with each other. For
this purpose, the layers of different natural polymer matrices were considered in the state of van der
Waals contact. The two-layer construction was optimized so that the interaction energy of the layers
was minimal. As a result, the adhesion energy was calculated as the ratio of the interaction energy
of the layers to the surface area of their contact. The values of adhesion energy obtained in this way
are presented in Table 4. The table data shows that the two-layer construction of the CNT-albumin
+ CNT-collagen layers, as well as the CNT-albumin layer, which contacts the CNT-chitosan layer, is
characterized by the greatest cohesion.

Table 4. Adhesion energy of different layers of the natural polymer matrix.

Layers of Construction CNT-Collagen CNT-Chitosan CNT-Albumin
CNT-collagen - —14.24 kJ /mol-nm? —22.45 kJ /mol-nm?
CNT-chitosan —14.24 kJ/mol-nm?2 —20.22 kJ /mol-nm?

CNT-albumin —22.45 k] /mol-nm? —20.22 kJ/mol-nm? -

4. Discussion

Investigations held by us on the basis of numerical experiments with the application of
coarse-grained molecular modeling and quantum-mechanical calculations allowed us to consider
in detail the problem of forming a stable electrically conductive framework from a branched CNT
network with natural polymer fillers to create an extracellular matrix with super-adhesive properties.
The obtained results of numerical calculations helped to establish the optimal ways of forming a CNT
framework. The optimality criteria were the values of the heat of formation, the contact resistance,
and the electrical conductivity of the CNT network structure. For the first time, the question was
raised about which of two ways of joining the tubes together in the framework structure—seamless
or suture—will give the smallest value of contact resistance. This question is an extremely important
factor in determining the electrical conductivity of the entire branched CNT structure. We have
shown that the smallest value of contact resistance for various ways to connect the contacts within the
framework of three-terminal device model is provided by the suture nanotube junctions. At the same
time, a key role of the type of structural defects in the area of formation of CNT T-junctions in reducing
the contact resistance of the structure was revealed. It is shown that among the suture junctions
considered, the best combination of a pair of contact resistances is observed for the case of two defects
of a double vacancy (R; = 6.8 k() for a defect of 2V2 and R; = 20.1 k() for defect 2V3). The presence of
already developed technologies for controlled synthesis of CNTs, including those that provide for the
possibility of carrying out a given restructuring of the atomic grid of the nanotube material, make it
possible to obtain CNT framework with optimal electrical and electrophysical parameters in practice.

A new coarse-grained model of layered bioconstruction has opened new horizons for computer
studies of matrices based on biohybrid materials with high conductive and adhesive properties.
The obtained results of computer tests offer a new approach to the formation of 3D electrically
conducting bioengineering structures for the restoration of cell activity. This approach involves the
creation of a layered framework structure with alternating layers created from biohybrid materials
with high adhesive properties and with the greatest energy stability. According to our estimates,
among natural polymer fillers, most commonly used in modern tissue bioengineering, albumin
and collagen form such hybrids with a CNT frame. It is the layers from the CNT-albumin and
CNT-collagen biogybrids that are characterized by the greatest adhesive capacity (the adhesion energy
of —22.45 k] /mol?). Increasing the number of layers, taking into account their high adhesion, will create
a 3D construction with super-conductive and adhesive properties.
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