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MicroRNA (miRNA) is considered today as a prospective pharmacological agent for the development of
novel high-technological medicines. In order to maintain its active form in the aggressive biological
environment, it usually needs protective drug delivery carriers. Chitosan is one of the most promising
materials for such carriers, since it bears many useful properties such as mucoadhesion, the ease of
modification, low cost and biocompatibility. Here, we present the results of the classical molecular
dynamics simulations of polymeric chitosan/miRNA complexes. We show that the degree of protonation
and acetylation of chitosan have a clear influence on the formation of the complexes. Whereas the
protonation degree affects the total number of RNA chains forming contacts with chitosan, the
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acetylation degree affects the mutual adsorption configuration and leads to lower adsorption energies
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1 Introduction

MicroRNAs (miRNAs) are short non-coding oligonucleotides
with about 22 bases that play an important regulatory role in
the proliferation and differentiation of eukaryotic cells, target-
ing messenger RNA for cleavage or translational repression.
They were found for the first time in mammalian cells more
than 20 years ago.> Meanwhile, they present a new promising
class of therapeutic activities, which are already employed in
the treatment of different types of cancer,®' including
carcinoms® and pancreatic,'® breast™® and liver cancers.'""?
Nowadays also synthetic miRNAs have become more and more
important.® As an important application, they are employed in
attenuated virus vaccines loaded with an expression cassette
encoding a synthetic miRNA, which targets the structural
proteins of the virus.'**?

Independently of the type of treatment, miRNA molecules
need a delivery system that protects them against serum
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endonucleases, avoids immune detection, prevents non-
specific interactions with proteins or non-target cells and
promotes cell entry.'® Ideally, the miRNA should be released
in the cytosol of target cells to be available for the translation
machinery. Therefore, miRNA delivery systems should have a
balance between the association outside the cytosol and the
dissociation within it.

To date, many strategies have been investigated for
RNA carrying systems. Many delivery systems form cationic
complexes with miRNA, which can be taken up by the cell by
endocytosis.'”” Examples are peptide-based nanoparticles rich
in arginine and lysine amino acids'®' or lipid-based
nanoparticles.”’ 2> Despite some problems related to toxicity,
degradability and immune stimulation, liposomes are widely
used as RNA carriers’®* due to a large number of possible
modification paths and the good fluidity of lipid bilayers,
which enable them to easily cross the cell membrane. As an
alternative, also inorganic delivery systems have been tested,
due to their small size in combination with non-toxic and
immunologically inert properties. These showed a high trans-
fection potency, especially for luciferase mRNA.*! Another class
of carriers are polymeric nanoparticles (NPs).>*>®* Numerous
studies deal with the effect of the composition and topology of
the polymers®>**° on the transfection rate. It has been found
that an increasing number of amino groups in cationic poly-
mers lead to an increase of the transfection efficiency.’

A very prominent candidate among polysaccharide-based
delivery systems is chitosan. Chitosan has unique physico-
chemical and biological properties, including high biocompat-
ibility, low cost and good mucoadhesion.**>* It is a
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biodegradable cationic polysaccharide formed by deacetylation
of chitin and consists of units of p-glucosamine and N-acetyl-p-
glucosamine.” The number of units in each chain is defined as
the degree of polymerization (DP) and the number of N-acetyl-
p-glucosamine in the chitosan chain is defined as the fraction
of acetylation (FA)."*> Due to the presence of an amino group in
each p-glucosamine monomer, chitosan can be easily modified
to tailor its properties, such as solubility or a certain biological
activity.*>** The amino group can undergo protonation, acylation
or alkylation, can react with aldehydes and ketones, provide a
grafting site of the polymer chain, induce the chelation of metals,
and drive the formation of quaternary ammonium salts, hydrogen
bonds with polar atoms, and other reactions. In addition to the
amino group, two hydroxyl groups are present at the C2 and C6
positions of the glucopyranose monomer ring. Owing to these
groups, a further number of reactions become possible, such as
etherification,**”” graft copolymerization,*®**° and O-acylation.**
Thus, it is possible to modify chitosan to obtain antibacterial,
antifungal, and antiviral properties, combined with hypoallergeni-
city, biological compatibility and biodegradability.** In particular,
the possibility of various chemical modifications makes chitosan
a promising candidate for miRNA delivering systems, as the
interplay of association and dissociation could be triggerd by a
balance between carefully tuned molecular states.

The complexity of chitosan’s molecular properties, leading to
various and difficult to predict conformational states with differ-
ent coordination and reaction activities, has motivated many
mechanistic investigations based on molecular dynamics (MD)
methods. During the last decade, MD simulations have been
carried out for both RNA**"** and chitosan®*™** molecules. How-
ever, studies of the interaction between these molecules and the
formation of chitosan/RNA complexes are limited by the lack of
reliable force fields that allow a consistent description of the
behaviour and interaction of the two molecules together. A
reliable chitosan parametrization was developed recently by
Naumov et al.*® within the modified GROMOS 56ACARBO force
field. It was shown that the modified GROMOS 56ACARBO allows
for a reliable description of the interactions between chitosan and
proteins such as insulin.*” However, the force-field parametriza-
tion of Naumov et al*® is limited to the description of non-
terminal units of N-acetyl-D-glucosamine. In recent studies, Cord-
Landwehr et al*® emphasized the influence of the patterns of
terminal acetylated units (PA) in chitosan on its specific biological
activity. These patterns are formed by use of different types of
chitinases and chitosanases. Most experiments are limited to the
analysis of the degree of polymerization (DP) and the FA, whereas
the analysis of the PA has been rarely performed to date.*>*®

This motivated us to generate a new set of terminal and non-
terminal N-acetyl-p-glucosamine residues within the framework
of the GLYCAM force field."® After a validation of the new
AMBER-based parameter set, we performed simulations of
chitosan molecules with different protonation degrees (PDs)
in p-glucosamine and different FA, forming complexes with a
pharmacologically relevant miRNA fragment. On the basis of
the obtained results, we discuss the potential capability of
chitosan-based delivery systems at the molecular level.

M4 | Mater. Adv, 2023, 4, 113-1124

View Article Online

Materials Advances

2 Methods

2.1 Description of the miRNA model

Our study focuses on the hsa-miR-145 miRNA, which has been
considered as a potential candidate for anti-metastatic thera-
pies in complex with chitosan as the delivery carrier, because of
its role as a regulator of cancer-related genes in human cells.
The entire hsa-miR-145 molecule is composed of a single strand
of 88 nucleotides folded in a stem-loop structure with some
degrees of imperfect pairing in the stem. The biologically relevant
unit of hsa-miR-145 is a 22-mer RNA duplex present in the stem
part of the molecule, with base sequences of the two strands 3’
GGAUUCCUGGAAAUACUGUUCU-5" and 5-GUCCAGUUUUCCC-
AGGAAUCCGC-3’, respectively. An initial 3D model of the duplex,
which we will call for brevity miRNA-145 or just miRNA, has been
produced by predicting the entire structure of hsa-miR-145 with
the SIMRNA web server and carving out of the stem the biologi-
cally active miRNA-145 portion. The duplex was equilibrated in a
water cell using the standard MD protocols presented below. The
resulting structure was then used as the basis for simulations in
complex with chitosan.

2.2 Description of the chitosan model

Nine new residues were created within the AMBER force field,
starting from one terminal residue with a free OH group at C4;
one intra-chain (inner) residue that can be repeated n times in
a chitosan polymer, and one reducing terminal residue with a
free OH group at C1 (see Fig. 1). Each of these three residues
can be either protonated, acylated and non-protonated. In the
following, these residues will be designated according to the
GLYCAM naming rules from the AMBER-based carbohydrate
forcefield GLYCAMO06.° The C1 terminal residues of acetylated,
protonated, and non-modified B-p-glucosamine are called 0YB,
0YnP and 0Yn, respectively. The inner residues are called,
accordingly, 4YB, 4YnP and 4Yn. To highlight the reducing
character of the C4 glycosidic terminal, the residues are called
rYB, r'YnP and rYn, respectively (Fig. 1).

The geometry of the chitosan residues was optimized using
DFT calculations at the b3pw91/6-311G(d,p) level in analogy to
the GROMOS-based chitosan force field by Naumov and
Ignatov.” In the AMBER-based carbohydrate force field
GLYCAMO6," the calculations of RESP charges were performed
at the HF/6-31G* level. In our work, we did not average the charges
for the conformers to better represent the intermolecular proper-
ties, in view of the complexity of the calculations. All the DFT
calculations were carried out using the Gaussian03>° code. Two
terminal residues (protonated and non-modified p-p-glucosamine)
are present in GLYCAMO06. This allows us to compare our derived
RESP charges with the values of the conventional AMBER force
field®* (Table S1 of the ESIt). Using the reparametrized residues,
we computed the potential energy surface of a water molecule
interacting with our parametrized residues and the ones in
GLYCAMO6. The very small difference confirms the very good
agreement among the two parametrizations (Fig. S1 of ESIt). The
bonding force constants and Lennard Jones parameters for the
complete description of the force field could be adopted directly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic view of chitosan residues. p-Glucosamine is repre-
sented in its neutral or protonated form. N-Acetyl-p-glucosamine is
named the acetylated unit. The naming scheme used is in line with the
GLYCAM AMBER-based carbohydrate force field.*® In the three-position
code, the second (central) position holds a "Y"” for the carbohydrate ring
species. The first sign describes the unit position in the chain: “0” for the
C4 terminal residues, “4" for the central unit in a chain and “r" for the C1
terminal residue. The code in the 3rd position describes the substitution at
the C2 positions with the letters “n” for the normal residue mode, “nP" for
the protonated version and “B” for the acetylated species.

from the GLYCAMO6 force field.*® In combination with the newly
established set of RESP charges and the optimized geometries,
prepi files for all nine residues shown in Fig. 1 were created and
made available in Fig. S2 (ESIY).

2.3 miRNA-chitosan systems

Chitosan presents variations in the degree of polymerization
(DP), the degree of acetylation (DA) and the patterns of acetyla-
tion (PA).>***® The pH sensitive degree of protonation (PD) is
limited by the presence of amino groups in p-glucosamine and
thus, indirectly, is influenced by the degree of acetylation. In our
work, we have chosen a uniform polymer length (20 monomers),
in the region between oligomers (<10 monomers) and polymers
(>100 monomers).*>*® This length is sufficient to allow chitosan
molecules to form individual cage networks around the miRNA
molecules. The variations of DP and DA should give us insights
into the possible variability of chitosan-miRNA interactions.

As stated in the Introduction section, delivery systems for
miRNA molecules are cationic substances. Under physiological

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions, nucleic acids are polyanions. Each phosphodiester
in the backbone (with pK, values close to 2°%) is negatively
charged under physiological conditions, whereas all nucleo-
bases and the ribose sugar are uncharged. The pK, values of
adenine, cytosine, guanine and uracile are 3.6, 3.6,>® 4.2, and
9.2,>* respectively. The 2 OH of the ribose sugar has a pK, value
of around 12.>%%°

In contrast, the pK, values of the amino group in the
chitosan residues are in the range of 6.17-6.51, depending on
the molecular weight and degree of acetylation.’® Thus, under
physiological conditions, the protonation state of this group
can vary easily, leading to a PD of 0% at pH values of around 8.5
and a PD of 90% at pH values of around 5.55. At a physiological
pH of 7.4, the PD is expected to be around 30%. Therefore, in
our study of miRNA complexation, we varied the PD of chitosan
by keeping the charge of miRNA constant. Namely, we simu-
lated five systems of chitosan/miRNA complexes, in which the
PD values of chitosan are 0, 30, 50, 75, and 90%, without
acetylation (DA = 0). Additionally, we simulated a sixth system
with a PD of 50% and a DA of 20%.

Each system consisted of 18 chains of chitosan with 20
monomer units per chain, surrounding one miRNA duplex (22
nucleotides). The respective topology and coordinate files were
created using the AmberTools v.18°” and the generated input
files were converted to GROMACS inputs via the conversion
script acpype.’® The same initial geometry was used for all PD
systems to reach a high degree of comparability. The simula-
tion cell had dimensions of 15 x 15 x 15 nm® and was solvated
with around 100000 SPC water molecules.”® The net system
charge was balanced by adding the necessary amount of Na* or
Cl™ counterions, depending on the PD of chitosan, resulting in
about 310000 total atoms in each system.

2.4 Calculation protocol

All classical force field simulations were performed using the
GROMACS program package v.2018.3.%° All systems were equi-
librated according to the standard MD protocols. First, the
system was minimized until the convergence of the forces
below a threshold of 1000 nN mol " was reached, with position
restraints on the chitosan and miRNA molecules. Afterwards, a
minimization of the complete system was performed. A cutoff
of 1.5 nm was used for the VAW interactions and the electro-
statics. Afterwards, MD simulations in the NVT and NPT
ensembles, each lasting 0.15 ns, were performed using the
velocity-rescaling thermostat and the Parrinello-Rahman baro-
stat as implemented in GROMACS, gradually increasing the
temperature of the system to 300 K and adjusting the pressure
to 1 atm. A time step of 2 fs was used for all molecular dynamics
simulations, keeping fixed the distances of bonds including
hydrogen atoms with the LINCS algorithm. After a careful check
that the water solvent reached its equilibrium density, 100 ns
production runs were performed for each system. The struc-
tural analyses of all miRNA/chitosan complexes were performed
on the basis of the production runs only.

2.4.1 Metadynamics simulations. In the Metadynamics
(MetaD) simulations, small systems containing only one chain

Mater. Adv,, 2023, 4, 1113-1124 | 1115
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of chitosan or chitin with a length of ten monomers were
placed in a box of 5 x 5 x 7 nm® and solvated with about
5500 SPC water molecules. The systems included neutral,
protonated and acetylated chitosan states, and were used to
compare two sets of force field parameters: (i) the previous
GROMOS-based force field,*® and (ii) the AMBER-based
parametrization® including our new residues. In the calcula-
tions with GROMOS, the fully acetylated system contained
96.6% rather than 100% acetylated residues, because there
are no terminal residues for acetylated chitosan in this force
field. During the MetaD simulations, Gaussian potential hills
with a height of 1.2 A and a width of 0.03 A were placed every
1 ps along the chosen one-dimensional collective variable,
namely the 6 coordinate describing the glycosidic ring pucker-
ing. The simulations lasted about 30 ns, which were always
enough to achieve convergence the associated free-energy pro-
file. A plot of the convergence of AG values computed from the
obtained profiles is illustrated in Fig. S3 of the ESL{

2.4.2 Replica-exchange simulations. In the replica-
exchange (RE) simulations, systems containing only one chain
of chitin or chitosan with a PD of 50% PD with a length of sixty
monomers were placed in a box of 5 x 6 x 30 nm* and solvated
with 27600 water molecules. The RE simulations were per-
formed with PLUMED v 2.4.3°" linked to GROMACS v.2018.3,°°
with 24 replicas in a temperature window from 300 to 500 K and
lasted 100 ns each. Tables with the exchange probabilities and
round table times (RTT) of chitosan and chitin are listed in
Tables S4 and S5 in the ESL.{ The exchange-maps of chitosan
and chitin are plotted in Fig. S4 and S5 in the ESL}

2.4.3 Potential of mean force calculations. For selected
miRNA/chitosan complexes, the interaction energy was quanti-
fied in terms of the potential of mean force (PMF). For this, the
selected structures corresponding to representative adsorption
modes were cut out of the simulation cell and added into a new
box with a maximum size of 10 x 10 x 30 nm?>. These systems
contained the miRNA molecule and only one chain of chitosan.
To compute the PMF, the chitosan chain was positioned at
varying distances from the miRNA molecule. The starting
distance 0 was the initially identified stable adsorption mode.
The distance is increased by intervals of 2 A up to 17 nm. The
forces were averaged over a set of 40-50 frames sampled every
10 ns. The force constant of the spring used to restrain the chitosan
molecule at an appropriate distance was 1000 k] mol " nm™>.

3 Validation of the chitosan model

The newly calculated charges, listed in Table S1 of the ESI,{ are
in very good agreement with the GLYCAMO06*° parameters. The
coefficient of determination R is 0.96 and 0.98 for the proto-
nated and non-protonated residues, respectively. Three key
structural parameters of the chitosan residue (Fig. 2) are
investigated with our new parameter set, namely the ring
puckering the the pyranose ring (Fig. 2A), the conformation
of the exocyclic groups (Fig. 2B) and the conformation of the
glycosidic bond (Fig. 2C). All values predicted in the MD
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Fig. 2 Schematic illustration of the conformations and torsional angles of
chitosan used for the validation of the newly parameterized force field. (A)
The transition of the pyranose ring specified as 4C, > C4. (B) The position
of the exocyclic acetyl group is described by the (y,) torsional angle. The
(w), (@') and () torsional angles describe the gauche/trans conformations
and influence the NMR coupling constants. (C) The glycosidic conforma-
tion is specified by the torsional angles (¢) and ().

simulations are compared either to chitin systems simulated
with the conventional GLYCAMO6 ff,*° to the established GRO-
MOS forcefield for chitosan®® or to literature values.

3.1 Conformation of the pyranose ring

The conformations of glucopyranose rings are very sensitive to
the intramolecular force field parameters. Among the possible
conformational transitions, the *C, — 'C, transition is the most
sensitive. There are no parameters in the here-investigated force
fields that directly affect this transition. Thus, the predicted
transition energies depend on the whole set of force field para-
meters and special attention should be paid to evaluate how well
the new parameter set influences them. The conformation of
the pyranose ring is well described by the three Kremer—Pople
spherical coordinates - the meridian angle ¢, the azimuth angle 0
and the radius Q.°® The *C; — 'C, transition corresponds to a
variation of 6 within the window [0,180] degrees, respectively
(Fig. 2A). In general, the ring puckering energy landscapes
differ for different monosaccharides in glycosaminoglycans.®®”°
However, the large majority is stable in the *C; conformation
with 0 = 10°, which is separated from the 'C, conformations by
a barrier of about 10 kcal/mol.®>”° For chitin, the ground state

© 2023 The Author(s). Published by the Royal Society of Chemistry
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corresponds to a value of 6 = 10.1 £ 5.5°.7' To assess the
reliability of our force field in describing the glucopyranose
ring puckering, we calculated the free-energy profile along 0 for
both force fields using MetaD simulations (Section 2.4.1)
(Fig. 3A). The ground state of all chitosan residues corresponds
to 0 = 10° for both force fields, which is in perfect agreement
with the experimental data.”" However, the transition barriers
predicted by the AMBER based parameter set vary from 7 to
15 keal mol ' depending on the residue. In the GROMOS ff,*®
the barriers are smaller and never exceed 10 kcal mol .
Nevertheless, in both cases, the energy barriers are in the range
of reported literature values for saccharides®”® and predict the
residues in chitin”! and chitosan to assume a “C, chair conforma-
tion. Thus, the new parameter set gives an appropriate description
of the puckering properties of the glucopyranose ring.

3.2 Conformation of exocyclic groups

The analysis of the conformation of the exocyclic groups, as
defined by their corresponding torsional angles, was carried out
taking into account the conformer populations obtained in MD
simulations of solvated chitin and chitosan systems. From these
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populations, we also computed NMR coupling constants that
could be compared to the experimental results. Since different
conformations can be separated by significant energy barriers,
the standard MD simulations were supplemented with Hamilto-
nian RE calculations (Subsection 2.4.2), which ensure better
ergodicity and allow for a more accurate prediction of conforma-
tion probabilities. The details of the RE simulations are listed in
Tables and Fig. S4 and S5 in the ESL{ Two conformations
attained by the exocyclic groups are representative of the
dynamics and therefore the intermolecular interactions between
chitosan molecules. The position of the acetyl group can be
quantified by the torsion angle H2A-N2-C2-H2 (y,). Another
important exocyclic group is the hydroxymethyl group (C6-O6-
H60 atoms). The conformation of this group is characterized by
the torsional angles C4-C5-C6-06 (), 05-C5-C6-06 (') and
C5-06-06-H60 () (Fig. 2B). The chitosan and chitin rotamers
are therefore divided into two gauche and one trans conformers
(g+, g—, and ¢) depending on the ys angle, and in gg, gt and tg
conformers depending on the w angles, corresponding to the
value windows (0°, 120°], (120°, 240°] and (240°, 360°], respec-
tively (Fig. 2B).
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Fig. 3 The newly parametrized residues for chitosan based on the AMBER parametrization scheme are validated for the characteristic glycosidic
properties against the GROMOS force field published in Naumov et al.:*® (A) the resulting energy barriers for the transition of the pyranose ring “C; — Cy4
for chitosan and chitin residues are calculated using MetaD simulations for all individual residues with the GROMOS force field*® and our new AMBER
based parameterization. In the GROMOS force field, the nomenclature is as follows: CHTO is the C1 terminal chitosan, CHT, CHTR and CHTP are the
central neutral, acetylated and protonated chitosan residues and CHTN is the C4 terminal residue. The naming scheme for our parameterization is shown
in Fig. 1. Despite the energy barriers being consistently higher for the AMBER parameterization, the same lowest energy conformation at 6 = 10° is
obtained. (B) The chitin and chitosan rotamers are divided into gauche and trans populations named gg, gt and tg regarding the w torsional angle and (g+,
t and g—) regarding the y¢ torsional angle. All values are evaluated from the classical simulations of either chitin (CHTR, yellow/red coloring scheme) or
chitosan (CHT, cyan/blue coloring scheme) with GROMOS*® or our AMBER paramterization. In addition, the conformational sampling is verified by
means of replica-exchange (RE) simulations (RE) and compared to literature values.®27%* (C) The distribution of the glycosidic conformations over the
simulation time in both the MD and RE simulations is illustrated by superimposed torsional plots of (/) and (¢) for the chitin and chitosan chains for the
AMBER and GROMOS parameterizations. The corresponding distributions of each angle are plotted at the graph sides in their corresponding color.
The respective experimental values are marked as white dots.®>=%”
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Table 1 The 3Jiy4 NMR constants HZ are calculated for chitin and chitosan residues using the AMBER based parametrization and the GROMOS force
field.*® The MD reference values of Mobil et al.52 were evaluated from 5 ns MD simulations of N-acetyl-p-glucosamine monomers and the ones of

Hansen et al.%® from 50 ns MD simulations

MD chitosan MD chitin MD chitosan MD chitin RE chitosan RE chitin
GROMOS GROMOS AMBER AMBER AMBER AMBER Ref.; Method
s Her 5.25 5.34 5.71 6.45 5.21 6.28 5.57% NMR’?
3 o5 per 4.77 4.97 5.43 6.3 4.72 6.09 5.95% NMR”?
6.0, NMR"™*
8 s paes 1.70 2.27 2.50 3.12 1.70 2.96 1.85% NMR’>
s, HeS 1.58 2.18 2.42 3.07 1.57 2.91 2.27°% NMR”?
2.1% NMR"*
o, 121 — 9.19° — 8.35 — 8.91 9.07; NMR®?
10.39; MD®?

“ The values for coli capsular polysaccharide K5 comprise N-acetyl-p-glucosamine (GlcNAc) and glucuronic acid (GlcA) and are identical to N-acetyl-
heparosan. ? Since our system does not present H2 atoms, the representative positions were calculated from the positions of the C2, C3 and N
atoms. “ The reported value refers to p-p-glucopyranose and its derivatives.

As seen in Fig. 3B, the w and j, populations of the simulations
predicted by our AMBER-based parameter set are in good agree-
ment with the populations of the GROMOS simulations and of
other MD works in the literature.’®** The NMR constants *fyz.121,
Jusmer and *Jus.mes coupling pairs of hydrogen atoms (Fig. 2B)
can be estimated on the basis of equations given by Stenutz et al.”
and compared directly with the corresponding experimental
values®®’® (Table 1). The /s uer and YJus pes values are in very
good agreement with both the experimental data and the results
of the GROMOS force field.*® In the case of chitin, the */is ues
values are slightly overestimated. The values of 3]H2,H21 for the
AMBER-based parameter set are slightly underestimated com-
pared to the GROMOS calculations and experimental data.

3.3 Glycoside conformation

There are two important angles that characterize the glycosidic
bond between two pyranose rings (Fig. 2C), named ¢ (O5-C1-
04-C4) and ¥ (C1-04-C4-C3). Some authors use the angle
defined by C1-04-C4-C5 instead.®®®® As we can see from
Fig. 3C, the values of ¢ and y predicted by both the AMBER-
based and the GROMOS force fields are close to each other and
well distributed around the experimental values.®>®” The
results of MD simulations were confirmed by RE simulations
with better statistics.

4 Results and discussion

In this section, the results of the simulations of miRNA com-
plexed with chitosan are presented. Besides the influence of
protonation/acetylation on the self-association of the chitosan
strands, also their influence on the adsorption mode and
interaction with miRNA will be discussed.

4.1 Influence of the degree of protonation of chitosan on
miRNA complexation.

Fig. 4 shows the representative snapshots of the miRNA-chitosan
complexes with varying protonation degrees (PDs) of the chitosan
chains. With neutral chitosan (PD = 0%), a significant portion of

M8 | Mater. Adv., 2023, 4,1113-1124

the strands in the image section is seen to be in contact with each
other even though the packing around the miRNA appears rather
loose. In contrast, with 30% PD, the chitosan strands are clearly
more centered around the miRNA molecule. This impression is
also maintained in the PD 50% systems. Only the systems with a
higher PD show a low density of chitosan strands around miRNA.

This observation can be further quantified. In Fig. 4D and E,
the number of hydrogen bonds representative of the self-
association of chitosan chains and the chitosan/miRNA com-
plexation are plotted as a function of the simulation time. It is
clearly visible that the amount of chitosan self-association
decreases continuously with increasing PD. Whereas for the
neutral system the value saturates at about 0.5 hydrogen bonds
per chitosan monomer unit (meaning that each second mono-
mer is engaged in a hydrogen bond), this value is reduced to
0.15 for a PD of 30%, and is reduced further at higher PD
values. However, it is striking that the system with a PD of 50%
and a DA of 20% presents more hydrogen bonds (about 0.1 per
monomer) that the respective non-acetylated system (about
0.07 per monomer), which indicates that the degree of acetyla-
tion can also influence the self-association of the chitosan
strands. In contrast, regarding the miRNA-chitosan interactions
(Fig. 4E), a very small value of hydrogen bonds forms in the case
of neutral chitosan, whereas about 0.15 hydrogen bonds per
monomer form at PD values of 30% and a further PD increase
does not lead to more bonds. It thus seems that a PD of 30% is
already large enough to enable the maximum possible embed-
ding of the miRNA in chitosan.

So far, the number of hydrogen bonds refers to the total
number of chitosan monomer units in the simulation cell
without a relationship to the identity of the monomers to a
specific chitosan chain. In the next step, we focused on indivi-
dual chitosan chains to determine at which degree of protona-
tion the largest contact area to miRNA is established. The
evaluation is performed using the GROMACS evaluation tool
“omx hbond”®® with default parameters. The last 100 ns of
the total simulation time are used for this evaluation as we
are interested in the equilibrium values. Fig. 5A shows the
histograms of the percentage of individual chitosan chains

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dependence of the miRNA complexation upon the chitosan protination degree. (A) Schematic snapshots of the equilibrated miRNA structure
used in this work. The molecule is presented in a “new ribbon” structure in green and the atomistic details in the conventional naming scheme (carbon
(cyan), oxygen (red), nitrogen (blue), phosphor (taupe), and hydrogen (white)). (B) Through the combination of chitosan units in neutral (grey), protonated
(magenta), or acetylated (blue isosurface) forms, chains with a total length of 20 monomers with specific degrees of protonation and acetylation (PD and
DA) are created. (C) Snapshots of the simulated miRNA-chitosan simulation cells after 400 ns of simulation time for PD equal to 0%, 30%, 50%, 75%, 90%
and a 50% PD with 20% DA are illustrated. The miRNA ribbons are green and the chitosan chains are shown in transparent surfaces according to the
colouring scheme introduced in (B) (water not shown). (D and E) Number of hydrogen bonds over the simulation time among chitosan chains and

between miRNA and chitosan, respectively, depending on the degrees of protonation and acetylation.

(out of a total of 18) presenting a number of H-bonds per
monomer in the range of 0.0 to 0.8. For reference, a value of 0.2
indicates that one out of five monomers in a chain is bonded to
miRNA. For all protonation degrees, the majority of chitosan
chains have less than 0.1 H-bonds per monomer. However,
whereas for neutral chitosan only 20% of the chains engage in
more than 0.1 bonds, this increases to 50% at PD values of 30%
and 50%. Furthermore, for the largest PD values (75% and
90%), one or two chains are able to form 0.7 and 0.8 H-bonds
per monomer to miRNA. This indicates that the miRNA is
tightly complexed by a small number of chains, in which every
five monomers four are bound to it. This leaves little space for
the other chain to bind the molecule. This complexation regime
is not observed at all for the neutral chitosan system, where the
highest complexation degree is 0.5 for only one chain. The
systems with PD values of 30 and 50% show the highest
amount of chains forming an intermediate number of H-
bonds to miRNA. It is noticeable that the acetylated system
has a significantly higher proportion of strands with 0.4 H-
bonds per monomer than the comparable pure p-glucosamine
system at the expense of higher amounts of H-bonds per chain.
In summary, the MD simulations suggest that, at very high PD,

© 2023 The Author(s). Published by the Royal Society of Chemistry

only a few chains bind to miRNA but all of them with a larger
contact area, whereas an intermediate PD results in more
chains connected more loosely to the miRNA, balancing the
degrees of chitosan self-association and chitosan/miRNA com-
plexation. This rather complex adsorption behaviour motivated
us to have a closer look on which functional groups in the chain
are actually involved in the mutual miRNA/chitosan inter-
action, which will be the focus of the next section.

4.2 Analysis of functional groups contributing to miRNA/
chitosan contacts.

The analysis of all possible chitosan/miRNA contacts revealed
that intermolecular interactions only form via donor-acceptor
H-bond pairs. These were analysed using the GROMACS h-bond
tool “gmx hbond”,*® and the results are presented in Fig. 5B.
We have specified all functional groups in the chitosan and
nucleic acids either as a donor (holding a hydrogen atom) or an
acceptor (with an oxygen or a nitrogen atom). Regarding
acceptors, it is quite clear that the phosphate group of miRNA
dominates the hydrogen-bond contacts of all systems except
for neutral chitosan. However, while all pure p-glucosamine
systems also have a significant contribution from other parts of

Mater. Adv., 2023, 4, M3-1124 | 1119
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Fig. 5 Analysis of intermolecular interactions based on the last 100 ns of the MDs for the miRNA/chitosan complexes with different protonation degrees
and one acetylation degree of chitosan. The color code for the PD is analogous to Fig. 4D and E. (A) Percentage distributions of the chitosan chains
interacting to miRNA in dependence of the number of hydrogen bonds per chitosan monomer in the corresponding chains. (B) Relative number of
interactions for the individual acceptor or donor atoms in intermolecular hydrogen bonds or salt bridges. The chitosan residues (see Fig. 1) are labeled as
Yn (neutral), YnP (protonated), and YB (acetylated). PHOS, SUG, and BASE indicate the phosphate group, the ribose and the base of the miRNA. Donor
groups form bonds via H atoms bound to either O or N atoms. Acceptor groups carry either O or N atoms involved in H-bonds with a donor. In total,
there are seven acceptor groups and eight donor groups in our systems. Residues which are not present in the individual systems are highlighted in gray.

the nucleotides, the role of the acceptor is most pronounced in
the acetylated system. Regarding the donor, more variations are
revealed. At the miRNA side, hydrogen atoms bound to N atoms
of the bases or to O atoms of ribose can act as donors. Except
for the neutral system, the dominating donor group is always
one of the amino groups in the chitosan chain. Whereas for the
30% PD system the amino group of the protonated monomers
dominates, it is more equally distributed between protonated
and neutral residues of the other PD values. The hydroxyl
groups of the pyranose rings contribute as well. At a PD of
50%, the effect of acetylation is visible as a significant larger
number of H-bonds formed by the protonated p-glucosamine
residues with respect to the non-acetylated chain. Notably, the
relative distributions of different h-bonds are very similar for all
protonation degrees, except for the neutral system. Here, the
total number of contacts is much smaller, in agreement with
the results shown in Fig. 4.

4.3 Modes of miRNA-chitosan interactions

Based on the previous findings, it becomes apparent that there
must be different types of interaction configurations within the

120 | Mater. Adv, 2023, 4,1113-1124

chitosan/miRNA complexes. We found, in particular, three
representative adsorption modes, as shown in Fig. 6A. In type
I, the chitosan chain is oriented parallel to the miRNA molecule
along the major axis. Approximately 50% of chitosan chains
bind to miRNA in this way. In type II, accounting for about 35%
of the complexes, the chitosan strand is embedded in the major
grove of miRNA. The remaining 15% of binding chitosan
chains are located along the minor grove of miRNA (type III).
The difference between the types of the adsorption modes I, II,
and III can be quantified using the so-called coordination
angles of the chitosan-miRNA interaction regions. These are
defined as the angle between the tangential direction to the
miRNA strand and the vector connecting the most-distant C
atoms (ie. C1 and C4) of adjacent chitosan sugar rings
(a chitosan dimer) at the point of mutual interaction. Fig. 6B
shows the typical distributions of the coordination angles for
the different modes corresponding to the exemplary snapshots
in Fig. 6A. In Type I, most of the angles are less than 40°. In
type II, most angles exceed 40°. In type III, the angles distribute
evenly above and below 40°. Even though these three types are
the most representative ones in our simulations, the adsorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Analysis of the most representative adsorption modes of chitosan chains on a miRNA molecule. (A) Representative snapshots corresponding to type |, type
II'and type Il modes. In type |, the chitosan chain lies parallel to the miRNA molecule and binds to it via the backbone ribs. In type ll, the chitosan chain is
embedded in the major grove of the miRNA molecule, wrapping it in a partly helical conformation. In type llI, the chitosan chain binds to the minor grove of the
miRNA. (B) The three different adsorption modes are defined by the distributions of chitosan/miRNA coordination angles (see text). The angle distributions are
calculated for all interacting regions of each adsorbed chitosan chain. The angle distributions mostly below 40° correspond to type I; distributions above 40° to
type Il and distributions equally split above and below 40° correspond to type lll. (C) Adsorption-mode maps based on the number of coordination angles above
40° (abscissa) and the number of coordination angles below 40° (ordinate) in each distribution. Each dot (colored as in Fig. 4) corresponds to an individual chitosan
chain. If more than one chain locates in the same map point, the diameter of the dot is increased accordingly. (D) Free-energy adsorption profiles along the
distance between the geometrical centers of miRNA and chitosan computed in PMF simulations for the representative miRNA/chitosan complexes shown in (A).

configurations of mixed type have been observed as well. All
adsorption modes in the systems with varying PD and DA can be
visualized in two-dimensional maps constructed in the following
way. For each chitosan chain interacting with miRNA, we first
compute the distribution of the coordination angles, which
contains a certain number of coordination angles below 40°
(n<) and a number of coordination angles above 40° (n..). This
distribution (i.e. this binding chain) is then represented by a dot
in a Cartesian map spanned by the n_ and n. coordinates. All
interacting chains in each system (with a given PD) are then
added to the map, increasing the diameter of each dot according
to the number of hits in the same map point (the number of
distributions with same n_, n.. values). The resulting maps are
plotted in Fig. 6C for all studied systems with different PD and
DA. Depending on the predominant adsorption modes, the
maps present the clusters of dots located either below or above
the map diagonal. Clusters in the lower map region correspond
to a predominantly type I adsorption mode. Clusters in the
upper map region correspond to a predominantly type II adsorp-
tion mode. Clusters along the diagonal correspond to a predo-
minantly type III adsorption mode. Whereas all non-acetylated
systems mostly present adsorption modes of type I and, in minor
amount, of type II, the acetylated system clearly favors an

© 2023 The Author(s). Published by the Royal Society of Chemistry

adsorption mode of type III. Finally, we quantified the interaction
strength in each of these three modes. For this purpose, the
representative structures from Fig. 6A were used as initial config-
urations for PMF simulations. The resulting free-energy profiles as a
function of the distance between the geometric centers of the
miRNA and chitosan are plotted in Fig. 6C. While the modes of
types I and II are associated by adsorption free energies of about
200 k] mol*, the adsorption energy of type III (corresponding to an
acetylated chain) is much lower, about 80 kJ mol ". It may be
generally true that acetylation may sterically hinder the adsorption of
chitosan according to the modes of types I and especially type II,
resulting in type III being the dominating one with a reduced free
energy of adsorption. Whether or not acetylation would generally
lead to less strong miRNA/chitosan interaction remains an open
point, which would be interesting to address in future investigations,
especially focusing on the ability of chitosan-based carrier systems to
easily release the miRNA in the intracellular environment.

5 Conclusions

In this work, we used atomistic simulations to fundamentally
understand chitosan/miRNA interactions, given the promising
potential of chitosan as a possible delivery system for miRNA-
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based drugs. Currently, a variety of biomolecular force fields
are available to perform MD simulations of such complex
simulation systems. Among them, the AMBER force field is
known to reproduce the properties of nucleic acids reasonably
well. In particular, the fine-tuning of the AMBER parametrization
of RNA oligomers is being currently carried out with the aim of
improving the dynamical behaviour of terminal nucleotides.” We
have added a set of GLYCAM-based parameters’® for terminal and
non terminal p-glucosamine and N-acetyl-p-glucosamine residues
which consist chitosan and validated them against existing
GROMOS parametrization and available experimental results.
The new residues have indeed been proven to reproduce the
properties of the glycoside chains with high accuracy. When
chitosan interacts with miRNA in an aqueous solution, two
competing processes take place: the self-association of chitosan
and the chitosan/miRNA complexation. We found out that the
complexation of miRNA with chitosan is only slightly sensitive to
pH (i.e. to the protonation degree of the chitosan monomers),
even though the chitosan self-association is significantly reduced.
However, the introduction of steric hindrances such as the
acetylation of the chitosan monomers promotes a change in the
most-dominant adsorption mode of chitosan chains to miRNA.
This might also be associated with a reduction of interaction free
energy within the complexes, which gives an important clue as to
how to keep the complexation reversible after delivery of chitosan/
miRNA in the cellular environment. In future experimental works,
we would propose to test chitosan candidates as carrier materials
with different sized substitute functional groups, to ensure a
perfect balance between the protective function during transport
and dissolution in the cell at the site of delivery.
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