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Wave-diffusion delivery of the HIF-1a protein onto COOH-MWCNTs and

regulation of oxygen in biocells
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Carboxyl-functionalized nitrogen-doped multiwalled carbon nanotubes (COOH-N-MWCNTs) have been suc-
cessfully used for the delivery of various drugs, genes and proteins. Delivery and controlled release of the HIF-1a
protein from the carrier is an important task, since its deficiency or excess leads to the development of hypoxia,
cancer, cardiovascular and other diseases. Using the so-called self-consistent-charge density-functional tight-binding
method and the quantum equations of motion, it was performed modeling and analysis of the electron-energy
properties of the COOH-N-MWCNT/HIF-1a complex, it was determined the structural conditions for the effective
attachment and delivery of the HIF-1a protein, it was described the conditions for wave diffusion during delivery
and regulation of oxygen concentrations by the HIF-1a protein in biocells. It has been shown that the hybridization
of electronic states plays a major role in diffuse relaxation, oxygen regulation, and the possibility of drug delivery.
The nature of wave diffusion is determined by the hybridization of the —OH group of the HIF-1a protein and the

carboxyl group of COOH-N-MWCNTs.
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Introduction

In recent decades, all over the world there has been an
increase in diseases caused by impaired oxygen metabolism
in the human body [1]. Oxygen concentration can be
regulated by introducing the protein hypoxia-induced factor
1-alpha (HIF-1a). In 2019 the Nobel Prize in Medicine was
awarded for the discovery of the mechanism of regulation
of hypoxia by the HIF-la protein. In particular, the
influence of HIF-1la on the activity of genes that change
the number and intensity of mitochondria, oxygen transfer
and production has been established [2]. In addition, HIF-
la can also act as a carrier for other drugs and a ,target®
for additional chemotherapy for cancer and other diseases.
Researchers all over the world are working on the task of
targeted delivery of HIF-1a to individual organs, tissues and
biocells.

The unique properties of carbon nanotubes (CNT),
such as a high surface-to-volume ratio, increased strength,
biocompatibility, ability to be functionalized, etc.,, make
them promising in biomedicine, drug, protein and gene
delivery [3-5]. CNT are effectively absorbed by various
types of cells and are already used as carriers of antitumor
molecules, anti-inflammatory drugs, osteogenic steroids dex-
amethasone, etc. [6]. Functionalization of the CNT surface
has allowed to use them for the delivery of various genes,
such as plasmid DNA, micro-RNA and small interfering
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RNA, etc. The use of CNT as a carrier of biologically
active substances increases the half-life of drugs in humans
and facilitates their delivery directly to target cells [7]. CNT
with attached COOH groups are promising platforms for the
delivery of many drugs, and HIF-1« in particular.

Currently , several methods have been proposed to
control the efficiency of loading and delivery of drugs into
the structures of multi-wall CNT (MWCNT): varying the
methods of drug impregnation, additional modification of
the surface with various functional groups, etc. However,
the current lack of information on the fundamental aspects
of controlling the key mechanisms that ensure the applica-
bility of MWCNT as drug carriers hinders the development
of targeted drug delivery systems based on them.

Experimental studies on the attachment of HIF-la
to nitrogen-doped MWCNT functionalized with carboxyl
groups (COOH-N-MWCNT) and determining the role of
carboxyl functionalization have not yet been carried out,
however, it was found that the addition of siRNA/O CNT
leads to a strong inhibition of the cellular activity of HIF-
la [8], and the addition of oxidized N-SWNTs — decreases
the expression of the HIF-la protein [9]. Increasing the
concentration of oxygen delivered to cells by single-walled
nanotubes also increases the number of HIF-1la-driven
proteins involved in apoptosis, autophagy, cell survival and
growth [9].
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For the rapid implementation of local drug delivery
systems based on MWCNT, it is required to understand the
mechanism of regulation of HIF-1a oxygen concentration in
the body. Changes in the concentration of drug released
from the carrier due to normal diffusion depend linearly
or exponentially on time [10,11]. However, wave kinetics
of drug release has also been discovered experimentally
for proteins [12]. The mechanism of wave diffusion yield
has not yet been explained. In this regard, the purpose
of this work is to determine the mechanism of formation
of the COOH-N-MWCNT/HIF-1a complex, as well as
the possibility of wave diffusion during the delivery and
regulation of oxygen concentration by the HIF-1a protein in
biocells.

1. Experimental

To construct the atomic structures of the objects under
consideration and analyze their electron-energy properties,
the electron density functional method was used in the
strong coupling approximation with self-consistent calcu-
lation of the charge SCC DFTB [13]. The method was
previously successfully used by the authors to simulate
the process of functionalization of graphene with oxygen-
containing groups and transition metal oxides [14,15].
As part of this method, the total energy of the structure E;ot
is found as the sum of the energy of the band structure Egs,
the repulsion energy E;ep and the energy of the self-
consistent charge Egcc:

Etot - EBS + Erep + ESI:C- (1)

The interaction of C, N, O, and H atoms was described
by the 3o0b-3-1 basis set of parameters developed for
biological and organic molecules [16]. The search for
equilibrium structures was carried out by minimizing the
total energy (1) over atomic coordinates using the conjugate
gradient method at an electron temperature of 300K, until
the force acting on the atom did not exceed 1E~*eV/atom.
To calculate the band structure, the reciprocal space
partitioning was applied by the Monkhorst-Pack method
with the 16 x 16 x 1 grid.

The charge distribution on the atoms was calculated using
the Mulliken procedure [17], according to which the charge
on each of the atoms Z is equal to:

Z =75 — GAP,, (3)

where Z, — atomic number in the Periodic Table, and
GAP, — the total charge on the orbitals belonging to
atom A.

The bond energy E, between objects M and N was found
according to the classical formula:

Ex(M+N)=EM+N) -EM)-E(N), (4

where E(M) and E(N) — energies of objects M and N in
an isolated state, E(M + N) — energy after bond formation.

The method of quantum equations of motion was used to
develop the theory of hybridization and degradation kinetics
of the COOH-N-MWCNT-HIF1a system, to determine the
structural conditions for effective attachment and delivery
of the HIF-1a protein, by specifying the nature of chemical
bonds and the dynamics of their change. This method is
applied in theories of chemical bonding and decomposi-
tion [18].

2. Results and discussions

2.1. Studies by SCC DFTB method

The diameter of the majority of synthesized MWCNT
exceeds 10nm, and therefore small areas of external CNT
can be considered flat and modeled as monolayer graphene.
The lattice cell of the surface of carboxyl-functionalized
nitrided COOH-N-MWCNT was a graphene sheet and
was constructed on the basis of experimental data on
the structure obtained by XPS, NEXAFS, and Raman
methods [19] (Fig. 1, @). This cell contains 6% oxygen atoms
located in the carboxyl and carbonyl groups, one Stone-
Wells defect, and one substitutional nitrogen. It is known
that such a concentration of oxygen-containing groups leads
to the formation of long-range ordered structures [19], which
determines the presence of boundary conditions in the
form of translation to infinity in two directions Lx and
Ly. To attach three molecules of HIF-1a (C26H29NO:s),
indicated by blue atoms in Fig. 1,5 [20], the lattice cell
of MWCNT (gray atoms) was expanded. Numerical
experiments determined the most advantageous attachment
sites for the protein. The highest bond energy in modulus
(—0.64 V) was observed in the case of two hydrogen bonds
—OH of the protein with the elements —OH and —O of the
carboxyl group of MWCNT. In this case, the length of the
OH—-OH bond was 1.876 A, OH-0 — 1.936 A.

Figure 2 shows graphs of the density of electronic states
(DOS) and partial DOS of the COOH-N-MWCNT/HIF-1«
complex. Fermi level of the Ex = —4.73 eV system (Fermi
level of the COOH-N-MUNT —4.48 ¢V lattice cell). The
electronic states of HIF-1a are separated by the energy slit
~ 3eV against the background of an overall high density
of states. The energy positions of the peaks (Table 1)
of the partial DOS of HIF-la and COOH-N-MWCNT
do not coincide, which indicates their weak hybridization
(Fig. 2,a). This is also confirmed by the partial DOS —OH
and —O of the MWCNT and —OH groups of the protein
connected by hydrogen bonds: peaks / and 3 in the —OH
zone of the protein are located significantly lower in energy
from the peaks 2 and 4 —OH tubes. The —O peak (peak 4)
is due to the second bond of the —OH protein with the —O
carboxyl (Fig. 2,b).

Let us analyze the charge transfer between the protein
and the carboxyl based on Table 2, which illustrates
the redistribution of charge on individual atoms after the
formation of the complex. It follows from the table that
—OH of MWCNT carboxyl donates 0.0le of —OH of
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Figure 1. ¢ — unit cell COOH-N-MWCNT; b — surface of COOH-N-MWCNT (gray atoms) with attached HIF-1a protein molecules
(blue atoms). On the right molecule of the protein, nitrogen, carbon, and hydrogen atoms are highlighted, which play a key role in the

redistribution of charge within the system.
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Figure 2. DOS of the components of the COOH-N-MWCNT/HIF-1a system: a — full DOS; b — partial DOS.

Table 1. Positions of pDOS HIF-1a and carboxyl peaks and their
energy differences (w)

Table 2. Charge redistribution on individual COOH-N-MWCNT
and HIF-1a atoms during bond formation

Peak number HIF-1a COOH-N-MWNT
1 2 3 4 W OH (0] C OH N C H
—5.58(HIF | —6.60(tube | —6.39(HIF | —6.59(tube | 1.02 (1-2) —0.02¢ | +0.05¢ | —0.01e | +0.01e | —0.01e | —0.01e | —0.01e
-OH) -OH) -OH) -0) 0.20 (3—4)

protein. The carboxyl oxygen of the protein takes away
the rest of the flowed charge: 0.0le each from the C and
—OH atoms of the MWCNT carboxyl, as well as from the
C, N, H — atoms of the nearest donor atoms of the protein
indicated in Fig. 2. Let us note that it is not the nearest
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Note*: The atoms listed in the table are highlighted in Fig. 1,5

carbon atom bonded to the O-protein atom that transfers
the charge, but the C atom highlighted in Fig. 1,5. This
may be due to the influence of the N atom, which increases
the charge of the nearby C atom, which transfers the charge
to the O atom from the carboxyl.
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2.2. Studies by the method of quantum equations
of motion

The calculations show that in all processes of func-
tionalization and bond formation, the main role is played
by hybridization and charge transfer. Let us review the
dynamics of hybridization using the method of quantum
equations of motion.

Let us review the interaction of the HIF-la molecule
with a functionalized nanotube, leading to the formation
of new chemical bonds. These processes are associated
with the hybridization of electrons of the protein and the
carboxyl complex and can be studied within the framework
of the standard Hamiltonian in the secondary quantization
representation (for one spin subband):

H - E|€|C|+C| + anna?{an + Ee’nVen(CrFan + an+C|), (5)

where ¢,"(c/), aj (an) — operators of creation and destruc-
tion of electrons of the protein and carboxyl group in the
Vanier representation, ¢, &, — electron energies relative to
the Fermi level, V|, — hybridization matrix elements, n, |
determine the position of the atoms. Let us write down the
equations of motion

¢ =i[Hc], a5 =i[Hag], (6)

where [. . .] — commutators. Performing simple transforma-
tions, we obtain the following system of equations:

€ + yC + ZnVinl’¢)” = ZaVinwine “"a;;, (7)

aﬁ + E|<|V|<n|2<’:'LnJr = Ek(a)kn — ij/)ewk”tCkJF, (8)

where wn = & — &y (in units), y — attenuation of the c;°
mode due to hybridization. These two processes represent
two coupled oscillatory processes, where V and w play the
roles of natural and forced frequencies, respectively.

To find a solution to equation (8) with a two-mode
approximation in the form a; = p€e'®!, we express a; from
equation (8) and substitute it into equation (7):

9
&+t +V2\%C|+ =0, 9)
where V = V|, = wn. This equation describes reactive
(oscillatory) and relaxation motion in terms of average
values. Both in form and content, equation (9) is identical
to the phenomenological equation of motion for fluctuations
of the ,,order parameter [21] for the electron density c;”
of a molecule. Therefore, the coefficient in front of C|+
in equation (9) is the inverse susceptibility (y ') in a given
state of the system. As is known, the value y ! corresponds
to the square of the frequency Q2 of the dynamic mode of
the molecule [21].

IfV>ow, Q= V\jj_izvzz, then the values V, w and their
ratio determine the reactivity of the surface in relation to
the vibrational behavior of the molecule.

But in addition to the V > w case, which corresponds

to the location of the molecule near the surface, there is

Figure 3. Electron density distribution near the COOH-N-
MWCNT bond and HIF-1a. The spatial atom arrangement for
which the electron density distribution is shown is presented in the
inset.

the possibility of the w > V state, when the protein is far
from the surface. Here hybridization and charge transfer
are small. To illustrate the above, the electron density
distribution is shown in Fig. 3.

For these states of hybridization p are small (Fig. 3) and

. v?

Equation (10) represents a relaxation, diffusion mode, and
the molecule moves in a hydrodynamic node, where its
vibrational density is §n ~ € (=) with Q =iDg? [22].
Thus, sn~e ", 1 =Dg?> (D — diffusion constant).

According to the equation (10):

2
S (11)
PVw? — V2

The behavior of the molecule in this state is wave-like
diffusion, in which density is transferred from regions with
excess to regions with deficiency in protein density at a
distance of wavelength 4 ~ 3 (q — vector near the K-
point of the Brillouin zone). Diffusion constant D depends
only on V, w and their ratio. If V — w, then the constant D
increases. The diffusion ability of the protein associated with
carboxyl complexes and drug release are also increased.
In diffusion control models [23] the ratio between the
number of released protein M; and M, over time t has
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Figure 4. Opportunity of yield of HIF-la from the surface of
COOH-N-MWCNT due to OH-OH (I) and OH-O (II) bonds.

the form A
&:D_%: V2 (0f = V?) (12)
Mi Df  \Vi/ (@03 -V3)
In case w >V and V, ~ Vi:
2
w
M, ~ Ml—;, (13)
w5
where M, — release over time t,, M; — release over

time t;. Since @ depends on the protein concentration (c),
we can calculate M,(c) by varying @ depending on the
concentration and taking M; = 1 (Fig. 4).

When a HIF-la molecule hybridizes with a carboxyl
at 6% oxygen, two bonds arise (inset in Fig. 3) and,
accordingly, two values w: wiy and ws4 (Table 1). The
value w;, refers to the OH-OH bond, and w34 — to the
OH-O bond. The value w34 corresponding to the OH-O
bond turns out to be significantly less than wi,. This leads
to two opportunities for changing protein yield (Fig. 4).
The first opportunity at corresponds to a decrease M with
increasing concentration (13), and the second, at w34 —
its increase (13). The first yield is possible with small
amounts of oxygen, and the second one — with its excess.
Since the behavior of molecules and the possible yield are
determined only by the bond of the —OH group of the HIF-
la molecule with —OH and —O of the carboxyl, the excess
oxygen can also be due to other circumstances, for example,
when HIF-1a¢ bonds with —O and —OH cells (hypoxia,
cancer, etc.). In this case, the behavior of M determines the
mechanism for regulating the relationship between HIF-1a
and oxygen in cells: with a lack of oxygen (OH-OH bond),
the yield of HIF-1a from the cell remains almost unchanged
with increasing concentration, and with an excess of oxygen
(OH-OH bond) O) — the yield increases. This is precisely
the effect observed experimentally [2].

Conclusion

In this work, we studied the interaction of HIF-1a
proteins with MWCNT functionalized with carboxyl groups.
As a result of a series of quantum mechanical calculations,
the optimal landing sites for protein structures, as well as
the ground type of bond (hydrogen), were determined. The
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charge redistribution between protein atoms and COOH-N-
MWCNT was calculated, and the theory of hybridization
and degradation kinetics of the COOH-N-MWCNT-HIF1a
system was developed. It has been shown that the wave
diffusion mechanism and the opportunity of regulating the
oxygen concentration are determined by the characteristics
of the electronic structure, hybridization and chemical bond
of HIF-1a and COOH-N-MWCNT. Moreover, depending
on the excess or lack of oxygen, the hydroxyl group of HIF-
la forms chemical bonds with either hydroxyl (OH-C) or
carbonyl OH-(O=C) groups, respectively. The formation of
predominantly bonds of one or another type between HIF-
la and oxygen-containing groups may be responsible for
the hypoxia or normoxia that occurs in biocells.
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