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1 Introduction

The use of modern methods of biomedical optics and
photomedicine for the diagnosis and treatment of
diseases is experiencing difficulties due to the fact that
the skin and many other tissues have strong light
scattering in the visible and near-infrared regions. The
scattering is caused by the inhomogeneities of the
refractive indices at the boundaries of various
macromolecular structures, mainly, on collagen fibers,
which are mainly responsible for the scattering of light
in the skin [1]. These difficulties are overcome by
introducing biocompatible molecular agents into the
tissue, which contribute, to some extent, to its optical
clearing [2—4]. Quite a lot of works was devoted to
experimental studies of the optical clearing of various
types of tissues in vitro and in vivo [5—11] that indicates
the importance of the problem. Mathematical models of
light propagation in strongly scattering tissues with
absorption are discussed in Ref. [2]. Tuchina et al. [12]
considered the effect of model diabetes on the optical
clearing of the skin of laboratory mice. Wen et al. [13]
explored the mechanism of optical clearing of the skin
using glycerol as a clearing agent to improve second
harmonic generation (SHG) imaging. However, the
mechanisms of optical clearing at the molecular level
are still not fully determined, and only a few works [1,
14—17] are devoted to the study of molecular processes
responsible for the optical clearing of the skin. Yu et al.
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[18] present the results of studies of the dehydrating
properties of clearing agents. The authors note that
dehydration is only one of the possible mechanisms
leading to better optical transparency of tissues.
Conducting research in this area opens the way to
understanding the essence of optical clearing processes
at the molecular level, which, in turn, offers the use of
new active clearing agents with desired properties.

In this regard, in order to establish a correlation
between the rate (efficiency) of optical clearing of tissue
and the parameter of intermolecular interaction (energy
of complex formation), the interaction of a number of
immersion clearing agents (polyethylene glycols) with
collagen mimetic peptides (GPH); using molecular
docking and quantum chemistry methods (PM6 and
DFT/B3LYP) is studied.

Due to its effectiveness, availability and
biocompatibility, polyethylene glycol (PEG) can be
successfully used as an immersion optical clearing agent
[19, 20]. Also, PEG is actively used in medicine and
cosmetology as a base for ointments, registered as a
food additive E1521, applied as a solvent, extractant,
preservative, as well as a strong osmotic.

2 Molecular Modeling

We used collagen mimetic peptide (GPH)s; [21] that
forms the basis of most of the regular domains of human
collagen, as the molecular model of collagen. Such
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relatively small synthetic peptides are often used for
molecular simulation of collagens. The three-
dimensional model of the peptide was constructed
according to data from the Protein Data Bank (PDB)
with the subsequent addition of hydrogen atoms and
structure optimization by the molecular dynamics
method [22]. We have considered three PEG molecules
with a molecular weight of 200, 300 and 400 Da as
immersion clearing agents (OCAs) for that experimental
data on the efficiency of optical clearing (OC) are
available in Refs. [19, 20]. The rate (efficiency) of OC
of the skin was estimated in three spectral ranges using
the expression

0Cey = (50 — 15(0))/ 150,

where  is the scattering coefficient at the initial time
and p,(?) is the scattering coefficient value at time ¢ of
the optical clearing of the skin. Molecular simulation of
the interaction of OCAs with collagen was carried out in
two stages.

At the first stage, all the lowest energy conformers
of the considered sugars in an isolated state were
determined and calculated by the DFT/B3LYP/6-
311+G(d,p) method [23, 24] using the Gaussian
program [25]. The calculated geometrical parameters
were later used in the simulation of these systems within
the framework of classical molecular docking. The
wavenumbers of vibrational transitions were also
calculated, which turned out to be positive that
additionally indicates the presence of molecular systems
in local minima.

At the second stage, the minimal fragment of the
mimetic peptide retaining a regular structure, that is,
((GPH)3),, consisting of 231 atoms, the structure of
which was pre-optimized using the semi-empirical
method PM6 [26], was used to estimate the
intermolecular interaction energy of selected OCAs with
collagen. This optimized structure of the collagen model
was used for molecular docking with OCAs in the
AutoDockVina software [27]. After carrying out
molecular docking for each interacting system, the first
ten most advantageous configurations were selected,
which were further optimized by the semi-empirical
PM6 method. Then, the total electron energy of the
complexes was calculated by performing a single SCF
procedure using the DFT/B3LYP/6-31G(d) method. A
similar procedure was used to obtain the total electron
energy values of the OCAs and the peptide fragment.
The energy of intermolecular interaction was calculated
as the difference between the total energies of the
complex and the sum of the energies of its individual
components. To find out the correlation with the
efficiency of OC, we selected the highest values of the
intermolecular interaction energies corresponding to the
most probable structures of the complexes.
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3 Results and Discussion

The spatial configurations of the lowest energy isolated
conformers of PEGs calculated using the DFT/B3LYP/6
311+G(d,p) method are shown in Fig. 1. As can be seen,
for all of the compounds presented, the most favorable
in the isolated state are conformations in which
hydroxyl groups are located as close to each other as
possible, which often leads to the formation of
intramolecular hydrogen bonds.

PEG200

PEG300

PEG400

Fig. 1 Spatial configurations of the lowest energy
isolated conformers of optical clearing agents calculated
by DFT/B3LYP/6 311+G(d,p) method. The dotted lines
in the figure show intramolecular hydrogen bonds

At the second stage of the simulation, the energy of
intermolecular interactions of OCAs with a fragment of
the mimetic collagen peptide — ((GPH);),, the spatial
structure of which is shown in Fig. 2, was calculated.
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Fig. 2 Spatial structure of the mimetic peptide
fragment — ((GPH);), optimized in the framework of the
semi-empirical PM6 method. Numbers indicate the
molecular groups involved in the formation of hydrogen
bonds with optical clearing agents. The dotted lines in
the Fig. show the hydrogen bonds between different a-
chains.

PEG400

Fig. 3 Structure of the PM6-calculated hydrogen-bound
complexes formed by a collagen fragment ((GPH);),
and immersion optical clearing agents. The dotted line
shows classic intermolecular hydrogen bonds.
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Table 1 Lengths of hydrogen bonds and energy of
intermolecular interactions between a collagen fragment
((GPH);3), and various clearing agents calculated by the
PM6/B3LYP/6-31G(d) method and experimental values
of the rate (efficiency) of optical clearing.

Lengths of .
et | Mdrogen | ap | LA
g bond, A P g
PEG200 2.04; 2.06 —42.41 | 0.31£0.10 [19]
PEG300 1.83;1.95 —48.92 | 0.36%0.14 [20]
1.84; 1.84; B
PEG400 1.93:2.09 73.91 | 0.42£0.10 [20]
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The molecular capture pocket is a section of a
peptide approximately 10x12 A in size, in which there
are four functional groups available for intermolecular
binding: two carbonyl groups (one (2) on the glycine
residue, the other (3) on the hydroxyproline residue of
the same a-chain) and two alcohol groups (1 and 4) on
the hydroxyproline residues of various a-chains (Fig. 2).
When collagen interacts with low-molecular agents, a
certain spatial adjustment of the molecular pocket
occurs to form the largest number of possible hydrogen
bonds.
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Fig. 4 The dependence of the efficiency of optical
clearing of rat skin [19, 20] on the energy of interaction
of the collagen peptide molecule with the molecules of
clearing agents.

Fig. 3 shows the spatial structure of hydrogen-bound
complexes formed by collagen fragments ((GPH);), and
the OCAs. For convenience of discussion of the results
obtained, Table 1 summarizes the quantitative
parameters of intermolecular interactions (the values of
the lengths of classical hydrogen bonds, formed
according to the calculation between the active groups
of the collagen molecular pocket and the hydroxyl
groups of the OCAs, and the calculated energies of the
intermolecular interactions). Fig. 3 also shows that the
distance between the alcohol groups at the ends of the
PEG400 molecule is already sufficient to form
hydrogen bonds with different landing molecular
pockets on the surface of the molecule. The energy of
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this interaction is much greater than that of the shorter
PEG200 and PEG300 molecules, which are able to form
hydrogen bonds only within one molecular capture
pocket. From the data it follows that the dependence of
the efficiency of OC of the skin of ex vivo white
laboratory rats [19, 20] correlates well with the
interaction energy calculated by the PM6/B3LYP/6-31G
method for the selected OCAs (Fig. 4). The linear
correlation coefficient is 0.94. This suggests the
fundamental importance of the post-diffusion stage, in
which the interaction of collagen with OCAs occurs,
and its effect on the OC of tissues takes place. The
results of the study suggest that in the process of such
an interaction, a partial replacement of water associated
with collagen occurs. This leads to the destruction of the
network of hydrogen bonds and, as a result, to the
reversible process of dissolution of collagen fibrils,
which in turn decreases their refractive index and
matches it with the intercollagen medium. The higher
the affinity of the OCA to collagen, the more effective
is this process.

The next fundamental step to increase the efficiency
of interaction may be the selection of a molecular agent
with such structural characteristics that would allow it to
interact with two or more molecular pockets of collagen
at once. Such an active OCA can serve as a polymer-
type molecular system consisting, for example, of six-
membered monosaccharides connected by a mobile
carbon—oxygen chain of such a length that saturated
rings of sugar fall into the regions of the molecular
pockets of collagen and interact with them through their
hydroxyl groups. A significant increase in the size of
molecules used as OCAs leads to an increase in the
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viscosity of a substance and, as a consequence, to a
decrease in its diffusion coefficient in tissue and an
increase in the time of its washing out from tissues.
Therefore, the choice of the optimal OCA is a trade-off
between the effectiveness of the OC and OCA diffusion
time.

Thus, the construction of an adequate molecular
model and finding the correlation described above for
various optical clearing agents [7, 17, 28] allows one to
predict the optical clearing potential of various
molecular systems and select the most effective ones
before expensive ex vivo and in vivo animal studies and
further for practical use in medicine.

4 Conclusions

As a result of complex molecular modeling of the
interaction of a number of immersion optical clearing
agents with a mimetic collagen peptide ((GPH)3).
correlations between the rate (efficiency) of optical
clearing and such a characteristic as the energy of
intermolecular interaction of clearing agents with a
fragment of a collagen peptide are established.
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