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Introduction

Biopolymers represent a class of natural macromolecules with applicability in the
medical field [1]. Chitosan (CT) is an example of a natural polymer, which is extracted from
chitin, the main constituent of the exoskeleton of marine organisms [2]. Its versatility
contributes to the possibility of functionalizing biomaterials such as microspheres, thin films,
nanoparticles or macroscopic gels for studying the release profiles of small molecules,
including quercetin (Qe) [3], [4]. Due to the strong protonation in acidic medium of amino
groups from glucosamine units, CT chains can associate via electrostatic bonds with physical
crosslinkers [5]. Phytic acid (PA) is a type of polyphosphate with circular structure, in which
six phosphate groups are grafted through phosphoester bonds onto a cyclohexane ring [6]. The
antioxidant, hepatoprotective or anticarcinogenic properties recommend the use of PA in the
development of CT-based biomaterials [7], [8].

Starting from these considerations, the current doctoral thesis intitulated ,, The design and
the structural study of some biopolymer complexes with potential medical applications”
proposes both experimental and computational investigations of the polymorphism of CT and
PA-based networks that can capture quercetin, a polyphenol with a wide range of biological
characteristics. The main aim of the research directive consists in the molecular mechanism
understanding of CT interaction with PA, the conformation adopted by the network, the
morphology of the obtained polymeric complexes and the optimization of the encapsulation
processes or to facilitate the quercetin transport. Moreover, the molecular mechanisms which
are responsible for the crosslinking process have been investigated through an atomistic,
respectively coarse-grained level of detail, compatible with the two related force fields,
GROMOS 56ACARBO and Martini 2.P. The doctoral thesis includes a theoretical and an
experimental section and is divided into four chapters, based on a broad introduction to the
study of biopolymer complexes and related original contributions. Chapters I-111 include
literature data, basic concepts, and expositions of the experimental (DLS, FT-IR, UV-Vis,
fluorescence, and AFM) and computational (atomistic/coarse-grained modeling) methods
approached to support the original results. The last chapter is dedicated to the remarkable

results published in specialized articles.
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CHAPTER IV. REMARKABLE PUBLISHED RESULTS

4.1. Application of the classical GROMOS force field for computational modelling of

phytic acid, quercetin and chitosan chain through an atomistic level of detail

The initial geometry of CT was generated with the Avogadro package [9] and the
topology was taken from the approach proposed by Naumov & Ignatov [10] for carbohydrate
structures. The developed polymer model is based on a sequence of four monomer units. In
particular, two monomers of CT chain were defined as terminal monomer units and were
abbreviated as CHTO and CHTN, respectively. The abbreviated intermediate monomer units
CHTP & CHT contain protonated/deprotonated amino groups. In other words, an N-protonated
B-D-glucopyranosamine-2 head unit was modified by adding i) a hydroxyl group to represent
the terminal unit, ii) a hydrogen in order to define the CHTN terminal group, or iii) acetylated
at the level of -NH> group for the ACE monomer. The atomic structures as well as the names

assigned to the deacetylated forms are given in the Figure 4.1.

CHTO CHTN CHTP CHT

HO6 HO&6

Figura 4.1. Atom numbering for chitosan monomers: terminal units (CHTO & CHTN) and
intermediate units (CHTP& CHT).

The terminal units were always considered electroneutral, while by alternating the other
three types of monomers CHT, CHTP or ACE, any desired sequence of CT can be obtained.
In Figure 4.2, are illustrated examples of chains with different protonation degrees which were

investigated in the coupling mediated by the presence of phytic acid.
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Figura 4.2. The sequence of CT chains. The color code is related to the representing atoms:
C — white/grey, O —red and N — blue.

The inositol plane is rendered using the positions of the carbon atoms: C, C1, C2, C3, C4
C5, which reproduce the chair conformation of the ring. The phosphodiester oxygen atoms
018, 019, 021, 023 and 022 are located in the inositol plane, while the O20 atom is positioned
perpendicular to the plane. This structure was optimized using a calculus server named
Automated Topology Builder (ATB) [11].
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Figura 4.3. The structure of a hexavalent phytate anion and the atom numbering in order to

establish the topology of the molecule in the sphere-bond representation.

The computational study of quercetin (Qe) was based on its neutral form representation
and the molecule stereochemistry was designed similarly to the atomistic details of PA. Thus,
the initial structure was built using Avogadro 1.2.0 which was later used on Automated
Topology Builder (ATB) to obtain the equilibrium structure and the compatible topology with
the mentioned force field. The resulting geometry is shown in Figure 4.4,

Figura 4.4. The geometry and the atomistic representation of quercetin
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4.2. The crosslinking mechanism of chitosan in the presence of phytic acid revealed by

molecular dynamics

From an experimental point of view, the synthesis of CT-AF nanoparticles started from
the preparation of CT in acetic acid (1%) and phytic acid (1%) stock solutions, respectively.
The pH of CT solution was adjusted to 2.6 with a concentrated 1M solution of HCI. The PA
solution was filtered using a microfilter with diameter of 0.45 um and the CT solution was
passed through a qualitative filter paper. The final phytate solution was added dropwise to the
CT solution using a 10 mL syringe under magnetic stirring (750 rpm) for 30 minutes to obtain
the following CT:AF mass ratios (1:1, 3:1, 5:1). Aggregates were formed while stirring and
after that were merged and subsequently separated by centrifugation at 5000 rpm for 120
minutes at room temperature. After supernatant removal, the obtained pellets were collected
and purified by repeated washing with ultrapure water. Before performing the experiments,
samples were redispersed and homogenized using an ultrasonic bath (10 minutes at room
temperature) and also using a vertical ultrasonicator with homogenization for 5-15 minutes at

the room temperature.

Molecular dynamics simulations are based on an atomistic description of CT chains
and PA. In the construction of polymer chains four types of monomer units have been
considered, two terminal units with the abbreviation CHTO and CHTN, and two intermediate
units CHTP & CHT. By alternating intermediate units from the constitution of a polymer
sequence formed by 12 monomers, systems with different protonation degrees were obtained:
0.83 (all intermediate units were protonated); 0.5 and 0.33 (two simetric intermediate
sequences were random protonated); 0.0 (electrically uncharged system) and ACE (amino
groups from intermediate units show acetylations). In the case of a system with the highest
protonation degree (0.83) it was not possible to protonate the terminal units due to the
restrictions applied to the GROMOS 56 ACARBO force field. The structures and abbreviations

of the five model systems are presented in Table 4.1.
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Tabelul 4.1. The sequence of glucosamine units for a CT chain formed by 12 monomers; a)—
d) different protonation degrees 0.83, 0.50, 0.33, 0.00 and acetylated CT; The structures were
obtained by adding the following groups -NHs*, -NH> and -NHCOCHj to the C2 atom of
the glucosamine unit. The terminal units show only the NH2 group.

Protonation degree Sequence
0.83 CHTO-CHTP10-CHTN
0.50 CHTO-(CHTP2-CHT-CHTP-CHT)2-CHTN
0.33 CHTO-(CHTP-CHT,-CHTP-CHT)-CHTN
0.0 CHTO-CHT10-CHTN
ACE CHTO-(CHT-ACE)1-CHTN

The computational method involves the random placement of a number of ten CT
chains and a variable number of phytic acid molecules (5, 10, 40) in a cubic construction with
predetermined dimensions (10 nm x 10 nm x 10 nm). The box was subsequently solvated with
approximately 32.000 molecules being compatible with GROMOS 56 ACARBO force field.
The electroneutrality of the medium was ensured by the addition of Na* ions and CI
counterions. The simulations were performed under 3D periodic conditions at constant pressure
and temperature using the molecular dynamics package GROMACS 4.5.4 [12]. Afterwards a
50.000-step energy minimization took place followed by a 1 ns pre-equilibration in the
canonical NVT ensemble. The structural data were extracted from the actual runs and were

carried out in a time interval of 150 nsat T =300 K and p = 1 atm.
Tabel 4.2. The description of the investigated CT-AF systems

System  Number of molecules Number and

type
CHT-PA Chitosan Phyticacid Counterions
CHT-083-05 10 5 70 CI
CHT-083-10 10 10 40 CI
CHT-083-40 10 40 140 Na*
CHT-050-10 10 10 /
CHT-033-10 10 10 20 Na*
CHT-0-40 10 40 240 Na*
CHT-ACE-40 10 40 240 Na*
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The theoretical results allowed in-depth conformational analysis of the complexes,
hydrogen bonds identification, creating contour maps for minimum distances between the
interaction centers (CT-PA), establishing dihedral and torsion angles, calculation of the binding
free energy using the Cremer-Pople folding parameters. In the crosslinking process it is
highlighted that a single phytate anion can bind up to six CT chains. Also, two phosphate
groups can bind a single polymer chain, more precisely, two consecutive glucosamine units.
The interaction between the polymer and the crosslinker is an electrostatic one, extremely
strong. The conformational analysis is also completed by the formation of hydrogen bonds
between the phosphates of myo-inositol and the amino and hydroxyl groups of CT. The circular
distribution of the reticulated phosphate groups in the inositol structure determines the
polymorphism of the CT-PA network. The electrostatic attraction between these units, amino
and hydroxyl groups, influences the approximately isotropic conformational orientations at the
junctions. CT allows association with phytate anions through very strong electrostatic bonds
forming insoluble complexes. In the case of a neutral and acetylated system it was observed
that a few molecules of PA are found in close proximity to the chains. A decrease in the number
of hydrogen bonds is highlighted in the case of a completely deprotonated system. In the case
of systems with various protonation degrees the ability to form hydrogen bonds increases being
possible interactions of the phosphate groups with amino and hydroxyl belonging to two
adjacent glucosamine units. The computational results are complemented by a series of
experimental investigations of FT-IR spectroscopy and dynamic light scattering for CT-PA
biopolymer complexes at different mass ratios for an exhaustive understanding of the

molecular arrangement of the crosslinked network.

4.3. A complementary approach of experimental and computational study on the
encapsulation of quercetin in the chitosan-phytic acid complex

The polymorphism of the investigated network in the previous subsection led both
experimentally and computationally to the possibility of embedding in the crosslinked polymer
matrix a small hydrophobic molecule from the class of polyphenols, namely quercetin (Qe).
The computational study involved a structural analysis based on energetic data extracted from
molecular dynamics which showed that the effective encapsulation and retention of quercetin
is due to its high ability to associate through hydrogen bonds both with CT chains in the
precursor systems as well as in the presence of crosslinking systems.

The theoretical results were supplemented with a series of experimental studies which

started from the nanoparticle synthesis procedure as follows: CT was solubilized in an aqueous
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solution of acetic acid (1%) and left overnight for equilibration under magnetic stirring at room
temperature. Also, a stock solution of PA (1%) was prepared in ultrapure water and left
overnight under the previously mentioned conditions. The final concentration of Qe solution
(1.5 mg/mL in pure 99% ethanol) was 5 x 10 M. This was followed by taking 150 pL of the
stock solution and adding the amounts in three different flasks. After that, the solvent was
evaporated. In these samples, the corresponding volumes of solutions with varying
concentrations of CT (0.05%, 0.1% and 0.2%) were pipetted followed by sonication for
approximately five minutes in an ultrasonic bath at room temperature. 60 uL of the PA solution
was added under magnetic stirring at 750 rpm. After the appearance of the opalescence
phenomenon, samples were centrifuged for 30 minutes at 5000 rpm. Subsequently, the samples
were washed with ultrapure water and resuspended in 4 mL of assay volume. The supernatants
were measured spectrophotometrically and the samples were investigated by different
experimental working methods.

The physico-chemical properties of Qe-CT-PA nanoparticles were investigated by
fluorescence, infrared, UV-Vis spectroscopies and dynamic light scattering. The experimental
studies were complemented by a configurational analysis of the nanoparticles morphology
using atomic force microscopy (Figure 4.5). Molecular dynamics simulations were carried out
both on CT-Qe and Qe-CT-PA crosslinked systems for a deeper understanding of molecular

mechanism.
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Figure 4.5. Representative images with enhanced phase contrast and

particle size distribution of Qe-CT-PA at the indicated CT concentrations.

In order to perform the computational simulations a cubic box was created with the
following dimensions: 10 x 10 x 10 nm. Inside it ten CT chains were placed (each chain
contains 12 monomeric units with ten protonated intermediate groups). The polymer chains
were placed in the box either free or crosslinked with ten molecules of PA. Five Qe molecules
were added to both systems whose ability to bind to CT chains was investigated to evaluate the
encapsulation efficiency of the formed complex. The placement of Qe was followed by
extensive equilibration of the polymer network. On both systems Qe molecules were randomly
placed. The box was subsequently solvated with water molecules described using the SPC
(extended simple point charge model) force field. Finally CI- counterions were added to ensure
the electroneutrality of the simulation cell. Molecular dynamics simulations were performed

using Gromacs software, version 2019.1.
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a) b)

Figure 4.6. The initial configuration of a) free CT chains (represented by sticks) and b)
crosslinked PA chains (represented by the surrounding semi-transparent envelope present in

the simulation box)

In the case of Qe-CT interaction in aqueous solutions, the hydrogen bonds are mainly
established with the hydroxyl and amino groups which belong to the cinnamoyl fragment and
glucosamine units. These specific interactions lead to significant immobilization of Qe at the
level of the polymer chain. This fact explains the increased anisotropy and vibrational aspect
present in the fluorescent behavior and in the embedding efficiency of Qe in the formed
network. Atomic force microscopy reveals varied morphologies of the Qe-CT-PA systems,
spheres or fibrils obtained at different polymer concentrations. Regarding the encapsulation
capacity these nanoparticles show similar characteristics. The CT-PA complex can be used in
various studies such as encapsulation, safe and controlled release of active drugs. Both varied
content of polymer in the precursor solutions and polarity of the chosen solvent for dialysis do
not significantly influence the amount of the antioxidant released. Although, the presence of
PA in the systems has a stabilizing role and doesn’t influence the binding mode of Qe to the
CT chains.
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Tabel 4.3. I1/In fluorescence intensity ratio and r anisotropy for 6 x10-5 M Qe in different

media
Samples E/In®  Aem (450 nm)®  Aem (575 nm)P
PBS buffer :DMSO 1:0.0 1.59+0.03  0.095+0.009 0.084+0.004
PBS buffer :DMSO 1:0.25 3.55+0.03 0.098+0.003 0.082+0.004
0.05%CT 1.57+0.02  0.303+0.003 0.257+0.003
0.1%CT 1.01+0.03  0.208+0.002 0.252+0.003
02%CT 0.50+0.02  0.142+0.001 0.242+0.003
0.05% CT -1.2 mM PA 1.93+0.2  0.390+0.004 0.259+0.004
0.1% CT-1.2 mM PA 1.98+0.03  0.376+0.004 0.256+0.003
0.2% CT - 1.2 mM PA 1.46+0.03  0.317+0.004 0.257+0.003
Dex = 340 NM; "hex = 370 Nm
06 A L L 1 1
0.54 .
2 04- i
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Figure 4.7. UV-Vis spectra of the resulting supernatants from the CT precursor solutions
with blue-0.05%, green-0.1% and red-0.2%.
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4.4. Coarse-grained modeling of phytic acid in the study of ionic cross-linking processes

in the constitution of chitosan-based hydrogels

For a better interpretation of the molecular mechanisms and physico-chemical properties
specific to ionic gels a rigorous model for phytate anion and CT compatible with Martini 2.3P
force field was parameterized and built. The computational examination consisted in studying
the ionic gelation process of a highly protonated CT solution. In the coarse-grained model the
non-specific interactions between PA and CT were derived by investigating the structural
behavior of a large number of combinations of interaction potentials with the aim of correctly
reproducing the structural properties provided based on the atomistic modeling results. Coarse-
grained modeling investigates the dynamical and configurational properties of crosslinked CT
chains at the level of phosphate units. Also, the pre-existing network topology and the impact
of excess crosslinker was also implemented and studied over a longer period of time.

The CT chain is represented by sequences of non-acetylated glucosamine monomers and
was possible with the help of the glucose construction developed by Naumov and Ignatov [10],
a model based on the GROMOS 56ACARBO force field. The initial CT chain configuration
was built using Avogadro package [9] and included a cluster of six protonated residues (a
CHTP-type protonated reference unit beta-D-glucopyranose). Two terminal units (CHTO and
CHTN) were added to the protonated groups. PA and CT were simulated individually or
together in a 1:3 mass ratio. In both cases the molecules of interest were placed into a 5.5 nm
long cubic box in which water molecules (with SPC description) were solvated. A random
initial distribution of the constituents was considered and some solvent molecules were
replaced by small Na* or CI ions to achieve electroneutrality conditions. The molecular
dynamics simulations were performed by applying the periodic boundary conditions
implemented by the Gromacs software.

The linear polymer fragment was constructed based on the grouping of C and O atoms,
from the glucosamine ring and O atoms from the glycosidic bond in the form of coarse-grained
representations of B2 bead ( polar type, P1, in Martini force field description). The B1 bead
(polar type, P2, in Martini force field description) includes the side hydroxyl chain, and another
B3 bead (specified as Q0 and P4 in Martini) which associates the opposing hydroxyl and amino
moiety with the hydroxyl group in B2 bead. For B3 unit, the specific Martini beads for

electrically neutral terminal monomers were P4 and QO for +1e” charged beads.
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Figura 4.8. All-atom geometric representation and bead assignment in coarse-grained
modeling for CT; the dotted areas in a) surround the atoms assigned to a bead, the name of
each bead is specified next to it, and in b) the italic font indicates the specific bead for
Martini 2.2P model.

The construction of the first type of particle corresponds to the geometric center of two
C and O atoms in the ring, plus the P atoms at the level of the corresponding phosphodiester
bonds. The core is represented by three spheres named C1-C3. Each of these three beads are
SNa type in Martini 2.2P force field description. SNa is attributed to the loss of polarity of the
myo-inositol core when the hydroxyl group is replaced by the phosphodiester bond. For the
phosphate beads a Sga-type polar representation was chosen with each bead carrying a negative
charge and being positioned out of plane (PO2) or in the inositol plane (PO1, PO3-PO6 beads).
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PO6

Figura 4.9. a) Geometric representation of all atoms and b) assignment of beads in the
coarse-grained model for PA; the dotted areas in a) surround the atoms assigned to a bead,
the name of each bead is specified next to it b) the italic font indicates the specific bead for

Martini 2.2P model.

GENERAL CONCLUSIONS AND PERSPECTIVES

This PhD thesis proposes a complete scientific research regarding the investigation of
biopolymer complexes design based on chitosan and phytic acid with the help of related
experimental and computational methods. The molecular dynamics simulations allow the
understanding of molecular crosslinking mechanism of chitosan and the impact of functional
groups on the morphology of the links mediated by the physical crosslinker. The ability of the
phosphate groups to establish hydrogen bonds with the protonated/neutral amino units in the
structure of glucosamine units, respectively with the hydroxyl groups positioned on the next
monomeric unit allows understanding the molecular mechanism of crosslinking. Also, the
possibility of embedding quercetin in the crosslinked polymer matrix was studied
computationally and experimentally. It was examined and determined the hydrogen bonds
formation in the precursor systems and in the nanoparticles containing polyphenol. The
morphology of the nanosystems was analyzed by atomic force microscopy measurements and
dynamic light scattering. The fluorescent behavior of quercetin in different solvents, the
characteristic anisotropy, the release profile, the encapsulation efficiency of the polyphenol in
nanoparticles and the bonds formed in the structure of the complexes were deeply investigated.
Depending on the polymer concentration the synthesized complexes can have a spherical or

fibrillar shape. Systems based on chitosan and phytic acid form a well-defined and very stable
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network allowing the efficient capture of quercetin. For an optimal interpretation of the
molecular mechanisms and physico-chemical properties characteristic of ionic gels a rigorous
model for chitosan and phytic acid compatible with the Martini 2.3P force field was
parameterized. Coarse-grained modeling examines the dynamical and configurational
properties of crosslinked CT chains at the level of phosphate units taking into account
implementations of atomistic modeling. Also, the topology of the pre-existing network and the
impact of excess crosslinker on the chain organization over a longer period of time were
studied. The crosslinking model offers a solid interpretation of the interaction mechanisms and
physico-chemical properties for the development of ionic gels being also considered an
extremely valuable tool for exploring molecular phenomena that occur in other types of

polymeric systems.
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