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Abstract

Carbohydrates are class of biomolecules- their functions and properties covers a vast field
that still needs to be explored. Many biological polysaccaharides form aggregates and
their structures and properties are very versatile and depends on the aggregate structure
and molecular interactions. Natural polysaccahrides can also form hydrogels, porous
network of polymers, that can take up a high percentage of water. Their properties
can be additionally tuned by the introductions of chemical modifications to a fraction of
monomers. To make efficient use of their versatile properties, understanding the relation
between the molecular structure and interactions of polysaccahrides and the properties
of the aggregates formed is essential.

Computational modeling provides an efficient tool for understanding interactions at
the molecular level, thus providing a qualitative direction for future experiments. Hence
modeling offers a cost and time efficient method for their study. In this thesis, the
aggregates and structures formed by different glucose and chitosan oligomers were simu-
lated and the resulting solution or aggregates structures are characterized using all-atom
and coarse-grained molecular dynamics. Usually, polymers have slow dynamics making
all-atom simulation computationally inefficient. Therefore a coarse-grained model was
developed to study the properties of the polysaccahrides at the required length and time
scale.

Chitosan hydrogels with various hydrophobic modification were modeled. The trans-
ferability of short oligomers with respect to different water concentration, degree of poly-
merization and modification was explicitly established. Different morphological network
structures of longer polymer were obtained corresponding to different degree, type, and
pattern of modification. In particular, different morphological transition from a uniform
polymer network to a structure containing dense hydrophobic cluster and large pores
was found for certain conditions.

Finally, one of the principle applications of the chitosan hydrogel as a drug carrier

was explored. The molecules Doxorubicin(DOX) and Gemicitabine(GEM) were chosen



as model drugs and their interactions with the different modified chitosan polymers have
been thoroughly studied at all-atom and coarse-grained resolution. The diffusion of DOX
and GEM through the different network morphologies formed by the hydrophobically-
modified chitosan was found to show quite different, network dependent trends. Whereas
GEM migrates through all chitosan hydrogels freely irrespective of type and degree of
modification. Placing the drugs together in the networks affects the diffusion behavior of
both. The results demonstrate the potential of this computational tool in the systematic

development of drug-loaded hydrogels for pharmaceutical applications.



Zusammenfassung

Kohlenhydrate sind eine klasse von biomolekiilen- ihre funktionen und eigenschaften
umfassen ein weites feld, das noch nicht erforscht ist. Viele biologische polysaccaharide
bilden aggregate und ihre strukturen und eigenschaften sind sehr vielseitig und hén-
gen von der aggregatstruktur und den molekularen wechselwirkungen ab. Natiirliche
polysaccharide konnen auch hydrogele bilden, ein poroses netzwerk von polymeren, die
einen hohen anteil an wasser aufnehmen kénnen. Ihre eigenschaften konnen durch die
einfithrung chemischer modifikationen an einem bruchteil der monomere zusétzlich opti-
miert werden. Um ihre vielseitigen eigenschaften effizient nutzen zu kénnen, ist es uner-
lasslich, den zusammenhang zwischen der molekularstruktur und den wechselwirkungen
von polysaccahriden und den eigenschaften der gebildeten aggregate zu verstehen.

Die rechnergestiitzte modellierung stellt ein effizientes werkzeug zum versténdnis
von wechselwirkungen auf molekularer ebene dar und liefert so eine qualitative orien-
tierung fiir zukiinftige experimente. Daher bietet die modellierung eine kosten- und
zeiteffiziente methode fiir ihre Studie. In dieser arbeit wurden die aggregate und struk-
turen, die aus verschiedenen glukose- und chitosanoligomeren gebildet wurden, simuliert
und die resultierenden losungs- oder aggregatstrukturen werden durch eine vollatomige
und grobkornige molekulardynamik charakterisiert. Normalerweise weisen polymere eine
langsame dynamik auf, was die simulation von atomen ineffizient macht. Daher wurde
ein grobkorniges modell entwickelt, um die eigenschaften der polysaccharide in der er-
forderlichen ldnge und Zeit zu untersuchen mafsstab.

Chitosan-hydrogele mit verschiedenen hydrophoben modifikationen wurden model-
liert. Die ubertragbarkeit von kurzen oligomeren in bezug auf unterschiedliche wasserkonzen-
tration, polymerisationsgrad und modifikation wurde explizit festgelegt. Verschiedene
morphologische netzwerkstrukturen aus langerem polymer wurden erhalten, die unter-
schiedlichem grad, typ und muster der modifikation entsprechen. Insbesondere wurde
unter bestimmten bedingungen ein unterschiedlicher morphologischer ubergang von einem

einheitlichen polymernetzwerk zu einer Struktur mit dichtem hydrophoben cluster und



grofen poren gefunden.

Schliefslich wurde eine der hauptanwendungen des chitosan-hydrogels als wirkstofftrager
untersucht. Die molekiile Doxorubicin(DOX) und Gemicitabin(GEM) wurden als mod-
ellmedikamente ausgewahlt und ihre wechselwirkungen mit den verschiedenen modi-
fizierten chitosanpolymeren wurden griindlich in atomarer und grobkorniger auflosung
untersucht. Die diffusion von DOX und GEM durch die verschiedenen netzwerkmor-
phologien des hydrophob modifizierten chitosans zeigte ganz unterschiedliche, netzw-
erkabhangige Trends. Wahrend GEM durch alle chitosan-hydrogele frei wandert, un-
abhéngig von Art und Grad der modifikation. Das zusammenstellen der medikamente
in den netzwerken beeinflusst das Diffusionsverhalten beider. Die ergebnisse zeigen das
potenzial dieses rechenwerkzeugs fiir die systematische entwicklung von medikamenten-

beladenen hydrogelen fiir pharmazeutische anwendungen.
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Chapter 1

Introduction

1.1 Carbohydrates

Carbohydrates are a class of biologically significant compounds consisting of chemically
bonded carbon, hydrogen, and oxygen, that, together with lipids, proteins and nucleic
acids, belong to the fundamental building blocks of living systems. Their biological
functions reach from structural stability! and energy storage?? to cell communication®®
and interactions with bacteria and viruses. Some major examples of carbohydrates
include sugar (glucose), starch® and cellulose® . Based on the number of sugar units,
carbohydrates can be classified into sub-categories, namely mono-, di-, oligo- and poly-
saccharides. Polysaccharides are the most abundant organic matter on the earth. These

have applications in textile manufacture” , food® , paper? and pharmaceutical industry!®

Despite their versatile biological functions, carbohydrates remain the least studied and
understood class of biomolecules, owing to their complexity and a lack of appropriate
experimental methods to study them systematically.

The basic building blocks of polysaccharides are monosaccharides, as the examples
shown in Figure 1.1 a) and b). Most biologically relevant monosaccharides are pentoses
or hexoses, containing five or six carbon atoms, respectively. They form rings in which
the carbon atoms are typically labeled C1-C6 starting from the ring oxygen and count-
ing in the clockwise direction. Monosaccharides can be classified as two stereoisomers,
namely Levorotatory(L) and Dextrorotatory(D). They basically used to describe the ro-
tation of plane polarized light around the chiral center. Each asymmetric carbon, e.g.

linked to an OH group, is a chiral center. Based on the conformation of the -OH group
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Figure 1.1: Chemical structures of (a). 8-D- glucose, (b). S-D-Acetyl-glucosamine

attached to the anomeric carbon(C1) are defines the a or § forms of glucose. Here, «
correspond to equitorial position of -OH with respect to ring oxygen while -OH will be in
an axial position in 3 form. In Figure 1.1, § forms of glucose and N-acetyl-glucosamine
are shown.

Monosaccharides can be connected to form polymers by glycosidic bonds, covalent
bonds that form between the anomeric carbon and any hydroxyl group of the next
monomer. Due to the many possible configurations, the resulting molecular structures
range from linear to highly branched and from oligomers consisting of a few monomers
to polysaccharides with a degree of polymerization (DP) of several thousand. In addi-
tion, the -OH groups can be chemically modified both in nature or artificially. Several

' "acetyl, etc. can be introduced to alter their

modification such as methyl!! | fluorine
chemical properties.

The conformational parameters of the carbohydrates depend on their possibilities
to form intra-molecular hydrogen bonds between adjacent monomers, as shown in Fig-
ure 1.2. In addition, many possibilities of forming inter-molecular hydrogen bonds be-
tween polymer chains shown in Figure 1.2 leads to the formation of diverse aggregate
structures. Their flexibility, as well as the DP and monomer sequences of these molecules

also contribute to determine their solubility.

1.1.1 Polysaccharides: Cellulose and chitosan

Natural polysaccharides form the basis of many biomaterials. The two most abundant

polysaccharides are cellulose and chitin. Cellulose is a polysaccharide consisting of lin-

10
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Figure 1.2: Intra- and inter- molecular hydrogen bonds between adjacent monomer and

polymer chains

ear chains of 3(1-4) linked D-glucose units as shown in Figure 1.1a). It is an important
structural component of the primary cell wall of green plants, and many forms of algae.
Cellulose can reach a DP up to 15000'2 . The many -OH groups present on the cellulose
polymers can make multiple inter-polymer hydrogen bonds between different polymer
chains as shown in Figure 1.2, forming crystalline microfibrils. The insolubility of cel-
lulose results from this dense network of inter-molecular hydrogen bonds, as well the
stiffness of the molecules produced by intra-molecular hydrogen bonds between the ring
oxygen (O5) and the -OH group at the C3 carbon. Altering the chemical constitution of
cellulose can alter the physical properties of the resulting network. Specific derivatives
can be designed that disrupt hydrogen bond networks and alter the physical properties
such as enhancing or decreasing the water solubility or change in ionic character!® .

Chitin is a polymer very similar to cellulose composed of §(1-4) linked N-acetyl
glucosamine as monomeric unit (as shown in Figure 1.1b). It has a similar structure
to cellulose with the hydroxyl group at the C2 carbon on each monomer replaced with
an acetyl amine group as shown in Figure 1.1b). The presence of the acetyl groups
increases the hydrogen bonding between the polymer chains further compared to that
of the hydroxyl groups. This result in the formation strong chitin polymer fibrils.

The N-acetylglucosamine monomers can be deacetylated chemically, to produce chi-

tosan. As a result, chitosan is composed of a random sequence of (-(1,4) linked glu-

11



cosamine(GlcN) and N-acetyl glucosamine(GlcNAc) monomers. GlcN comprises a pri-
mary amine group which can be protonated at pH value lower than its pKa. This results
in an electrostatic repulsion between the monomers, rendering chitosan chains to be sol-
uble. The primary amine group also provides a site for chemical modifications as well.
The presence of the N-acetyl group in GlcNAc, on the otherhand allow hydrophobic and
hydrogen bond interactions, leading to self-association between the monomers. As a

H'415 and the degree of

result, the self-assembly of chitosan primarily depends on the p
acetylation(DA)1%17 of the polymer. It had been suggested that with protonation more
than 75%, chitosan behaves as a poly-electrolyte, as chains have minimal association
due to high charge density. While chains with protonation below 50% or a DA of more
than 50% behave as hydrophobic polymer with only isolated positive charges. Neutral
chitosan polymers form different aggregate structures with varying hydrophobic mod-
ifications. These varying chitosan hydrogel has been useful in various application like

water purification!® | oil spill remediation!” | wound healing!® and drug delivery?®:2! .

1.2 Hydrogels

Hydrogels are highly porous networks of polymers that can contain as much as around
99 wt% water. The chemical and physical properties of the hydrogels can be modified
by chemically changing the constituents of the monomers, or the chemical nature and
amount of linker holding the polymers together. Due to their flexible micro structure,
they become a suitable candidate for drug delivery module?®21:2223  Further, the load-
ing and release rates of drugs in and out of hydrogels are mostly governed by diffusion,
which depends on the molecular interactions between the polymer chains and the drugs,
as well as the network morphology. These features have been harnessed for tuning the
release kinetics and the scheduling of drugs, especially through chemical modification
of the polymer backbone. Due to its many desirable properties, chitosan has received
a lot of attention for potential applications as pharmaceutical hydrogel. With proper
modifications of chitosan can be used to alter the absorption, diffusion and the release
of small molecules from its hydrogels?®:2! .

Theoretical and computational models provide a method to explore the system pa-
rameters of such hydrogels on a large scale, while being comparatively cost effective.

Some of the methods that have been applied to predict structure and interactions of

polysaccharide assemblies and hydrogels are introduced in the next sections.

12



1.3 Molecular simulation

Molecular simulations provide essential tools to understand macromolecular structure
based on the molecular interactions. Simulations can be regarded as in-silico experiments
performed on the molecules. These computer based experiments can provide details
about the conformations and interactions of the molecules and the physical and chemical
properties of their aggregates.

At the most detailed level, quantum mechanics (QM) provides the most accurate
and fundamental description of matter. However, QM simulations can only be run for
at most few hundred atoms. Often systems need to be treated on larger length and
longer times scales than QM methods can achieve. On these scales, the fluctuations
of the electronic degrees of freedom play only a minor role. At even larger scales, the
same can be said for the motion of individual atoms. Many modeling approaches to
study a system on the required length and time scales have been developed, as shown

in Figure 1.3.

4 ‘top down
macroscopic or
o continuum

mesoscale

time scale :
coarse-grained
molecular

classical atomic

quantum

mechanics
&J E¥=H
length scale

bottom-up

Figure 1.3: Different approaches to study the molecular systems with various resolution
depending on the properties of interest. In a bottom-up model development, coarser
resolution simulations are guided by detailed level studies like quantum mechanics. In
top-down approaches, macroscopic properties are used to guide finer-resolution simula-

tions like classical atomic or coarse grained molecular simulations.
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The resolution required depends on the properties of interest and on the type of
phenomenon that needs to be analyzed. All-atom molecular dynamics(MD) and coarse
grained (CG)modeling are two such resolution as shown in Figure 1.4 for the solution of

GlcNH, monomers. These models will be discussed in the next sections.

a) b)

Figure 1.4: Atomistic representation of (a) f-D-glucosamine solution and the corre-

sponding (b) coarse-grained representation.

1.3.1 Molecular dynamics

MD is a technique used to describe the positions and velocities of the molecules in the

system based on the Newton’s equations of motion as shown in Eq 1.2.

mii; = f; (1.1)
ou
fi= o (1.2)

Here, m; and r; are the mass and position of atom i. To study the evolution of the
system with time, we need to calculate the forces f; acting on atom i. The forces are

usually described by a potential energy U(r") , where r™

= (71,72, ...ry) represents the
complete set of atomic coordinates.

U(r") is usually described by a set of interaction functions and corresponding pa-
rameters that is referred to as a force-field. Force-field functions and parameter sets are
derived from both experimental data and high-level quantum mechanical calculations.
Force-fields can be based on different parametrization principles and are specialized for

different applications and give varied results+2° .

14



Typically U(rY) is decomposed into bonded terms, relating atoms that are linked by
covalent bonds and non-bonded (also called “non-covalent”) terms, describing the long-
range electrostatic and van der Waals forces. A general form for the total energy in an
additive force field can be written as Usiotar = Uponded + Unon—bonded-

The non-bonded terms are computationally more costly, as they include many more
interactions per atom. The non-bonded interaction are most commonly given by the
Lennard-Jones potential (U ;) and the Coulomb potential (Uepioump). The components

of the non-bonded contributions are given by the following summations, Us,on_ponded =

Z/{LJ + Z/{coulomb'
o 12 o 6
MLJ(T]) “ [(ﬁ'j) (Tij) ] (1:3)

Both, 0;; and €;; in Eq 1.3 correspond to the equilibrium separation of two atoms 4, j
and the depth of the energy minimum and r;; = | 75 — r; | is the distance between the
two atoms.

The coulomb interaction between charges or partial charges on the atoms is expressed

as:
qiq;

= 1 1.4
dme,r; (1.4)

z/{coulomb (Tz' J )

where, the ¢;, g; are the charges and ¢, is the permittivity of the free space.
The bonded potential typically comprises bond, angle, dihedral and improper dihedral
as shown in Figure 1.5. The components of the covalent contributions are given by the
summations: Usonded = Upond + Uangle + Udinedral + Uimproper-

Typically, a covalent bond between two atoms is modeled as harmonic potential and
expressed as,

Up(rij) = %

|7 — 77

r; — 77 | is the distance between the two atoms, ., and k;; are equilibrium

kij(T’z‘j - Teq)2 (1-5)
where, r;; =
distance and spring constant.

A covalent angle is described by a harmonic angular potential of the form:

1

ua<9ijk) = 5 k%k(ez]k - eeq)Q (16)

where 6 = arccos % is the angle between atoms 4, j and k. A simplified form can be
13" kJ

1

UOj1) = 3 k:fjk (cos(B;;k) — cos(Beq)) (1.7)

15



a) b)

c) d)

|

|

_!___

S
\\
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Dihedral Dihedral

Figure 1.5: Bonded interaction potentials include (a) bond, (b) angle, (¢) dihedral, and
(d) improper dihedral

The dihedral angle ¢ is formed by four atoms with indices ¢, 7, k, and [. ¢ is an angle
between the normal 77 and m to the two planes of ¢, 7, k and 7, k. [.

—

Hi (1)

m
¢ = arccos —
m

where 77 = rj; X ri; and m = 15, X r;. The dihedral angle potential is represented

as,

Ua(biji) =kl (1+ cos(myj, — o)) (1.9)

The another type of dihedral angle, i.e. improper dihedral is used to keep the groups
planar and prevent molecules from flipping over to their mirror images. This type of

dihedral is defined by a harmonic potential,

1
uimproper = §k§(§ - 50)2 (110)

where ¢ is an improper dihedral angle and &, its equilibrium value.
In this thesis, GLYCAMO65536,142% % force-field was used along with the TIP5P?® water
model throughout. As GLYCAMO65536,,4 had shown good agreement with experimen-

tal free energy of hydration data for small saccharides® .

16



1.4 Coarse-grained simulation

CG models helps to overcome the limitations of accessible length and time scales of
all-atom MD by grouping together atoms into CG interaction sites. This reduces the
number of degrees of freedom in the system and in addition typically creates a smoother
energy landscape, which leads to faster dynamics. As a consequence, such CG models
can be used to simulate larger systems for longer times. The gain in efficiency comes
at the cost of losing some of the chemical detail in the system. One of the challenges
lies in retaining enough information about the chemical details of the system in the CG
representation.

In creating predictive CG models, different strategies have been developed to find
effective interaction potentials between the CG sites. These potentials have enough
information of the underlying system to predict their large scale behavior reliably. There
are primarily two ways to transfer the information to obtain molecular interaction for

CG model as shown in Figure 1.3 :

1. bottom-up: fundamental physical principles at the more detailed scale are used

to parametrize a model at a CG scale

2. top-down: the behavior at larger scales is used to inform the interactions at more

detailed scales

In this thesis, a bottom-up approach is used to obtain the interaction potentials
for the CG model. The CG models consists of CG sites i.e. group of several atoms,
and the interaction potentials are derived form atomistic molecular simulations. The
two bottom-up coarse-graining methods used for that model, and had been successfully
applied in the development of CG models of polysacharides, the Multi-Scale Coarse

31

Graining (MS-CG)?® method and Boltzmann inversion,?' are described in more detail

in the next section.

1.4.1  Multi-scale coarse graining (Force Matching)

The idea of the force matching strategy is to reproduce the average force acting on CG
sites that are sampled in the all-atom system for the CG system. The force experienced
by the group of atoms in the all-atom system, averaged over the all-atom conformation

that correspond to the same CG sites is given as.

17



(fi)a = Frea for all CG sites I =1, ..., Nog (1.11)

Here, (fr)a is the average atomic force and Fj ¢ is the CG force acting on site I. The

Frcq can be used to generate U according to the relation given below,

Ucc(R)

o (1.12)

Freq=—

where, Uoe is the CG potential energy.

Both forces (fr)a and Fj cg here correspond to those on the CG-sites for the same
CG-sites configuration as shown in Figure 1.6%2 . The average forces on each CG sites
in the all-atom system are constructed using the mapping function and propagating the
individual atom forces to the CG sites. This procedure is applied to the entire reference
trajectory in the all-atom system to extract the interaction potential between the CG

sites.

f Fi

fi

Figure 1.6: Demonstrating force matching? procedure by showing set of atomistic forces,

(fr) and its corresponding resultant CG force Fj for single water molecule.

The MS-CG method® is used throughout to derive non-bonded interactions for
solute-solute, solute-solvent and solvent-solvent interactions separately. The separa-
tion ensured that solvent-solute interaction does not perturb the sensitive solute-solute
interaction. This was achieved by separating the atomistic trajectory into three sepa-
rate trajectories. Each individual trajectory has specific interactions 7.e. solute-solute,
solute-solvent and solvent-solvent. A MS-CG method®® was applied on all the three

trajectory to obtain specific interaction potential.

18



1.4.2 Boltzmann inversion

Boltzmann inversion(BI)?! is based on matching the all-atom structure to obtain inter-
action potential for a given degree of freedom. It is based on the probability distribution
of a canonical independent degree of freedom which obeys the Boltzmann distribution

1.e.

P(r) = Z texp[—BU(r)] (1.13)

From the above equation, the probability distributionP(r) can be calculated from the
partition function i.e. Z = [ exp[—pU(r)]dr with 8 = 1/kgT (where kp represents the
Boltzmann constant and T is the temperature). The corresponding interaction potential

U(r) can be calculated from this probability distribution by
U(r) = —kgT In(P () (1.14)

where P(r") correspond to the probability of a CG configuration 7V obtained from

the atomistic trajectory.

Bonded interactions such as bond, angle and dihedral potentials are calculated using

BI from canonical sampling of the system, which is given by

z/{(r)bond = —k’BT ln(P(r)) (115)
U(O)ungic = —kpT In(P(9) (1.16)
U(D)dinedras = —kBT In(P(9)) (1.17)

where r, # and ¢ are bond-length, angle and dihedral angle respectively. P is the
probability distribution function for each degree of freedom.

In principle, these BI based interaction potential provide a good initial estimate for
bonded interactions and could be used directly to perform CG simulations provided
that the assumptions that the degree of freedoms are independent are approximately
fulfilled. If too many other interactions influence their conformations, the corresponding

interactions are typically overestimated and iterative optimizations steps are required.
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1.4.3 Coarse-grained models for polysaccharides

A few CG models for polysaccahride systems have been developed until now. These
include the parametrization to reproduce bulk thermodynamic data for the popular
MARTINI model®® | sampling polymer conformations based on the conformational space

193435 or deriving interaction potentials based

available to the glycosidic angles ¢ and
on the MS-CG method?%2™37 | In the latter model, a hybrid procedure was employed,
where force matching was used to obtain non-bonded interactions while bonded interac-
tions are obtained by BI. Non-bonded interactions for solute-solute, solute-solvent and
solvent-solvent interactions were derived separately. This method offers a promising ap-
proach to elucidate structure-property relations in saccharides systems, because it can
produce polysaccharide models that can be transferred to other concentrations as well
as to longer polymer chains?” and reproduces aggregation behavior and osmotic pressure
of the atomistic system®” .

To date, only few molecular modeling studies have addressed these for cellulose and
chitosan assemblies. However, the conformations of cellulose®” and single chitosan chains
at atomistic!® as well as in CG resolutions!'® , have been simulated and the aggregation

of chitosan with different DA3® and different monomer sequences®® has also been studied
for charged polymers with a MARTINI?? like model.

1.5 Aim and overview of the thesis

The aim of this thesis is to better understand the self-assembly in these polysaccha-
rides systems based on the effects of various modification and physical conditions on
the aggregate structure. MD simulations have been employed to observe the forma-
tion and behavior of various aggregate structures and hydrogels formed from different
monosaccharide units. Simulations with all-atom resolution were employed to provide a
detailed picture of the local interactions and CG models for the different molecules were
developed and extensively validated to study these systems at much larger scale.

First, cellulose, chitosan and similar molecules with various chemical modifications
are simulated to understand how different perturbations of the intra- and inter-molecular
hydrogen bond network affect the aggregation of these molecules. Structural analysis of
the different morphologies generated by these polymer systems was performed. Then,
CG models for different chitosan hydrogels are introduced and tested and finally, the

potential applications of these models to optimize such systems for applications in fields
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such as targeted drug delivery is demonstrated.

The rest of the thesis is structured as follows:

In chapter 2, the structure function relations for various cellulose derivatives and
chitosan derivatives are analyzed. First, all-atom results for single polymers and dense
solutions are shown. Then the development of CG models for all molecules and their
application to study the aggregate structures were described. Aggregate structure were
characterized by pore-size distribution, and contacts formed. Methylated, flourinated
and chitin analogues with various hydrophobic modification were prepared with different
patterns of substitution. Different aggregate structure were obtained for different types
of substitution as well as pattern of substitution.

Chapter 3 describes the development and validation of an efficient and transferable
CG model for chitosan. The model transferability across different concentrations, poly-
merization and degree of modification is explicitly tested. CG models for Doxorubicin
(DOX) and Gemicitabine (GEM )were developed and polymer-drug interaction potential
were also obtained.

In Chapter 4, chemically modified chitosan hydrogels were modeled for various con-
ditions and system parameters. The effect of water concentration, type, degree and
pattern of hydrophobic modification was investigated and their effects on the structural
characteristics of the hydrogel such as the pore-size distribution, the average number of
contacts and end-to-end distance of the polymers were analyzed.

Chapter 5, describes the migration of two model drugs molecules through the different
hydrated network structures of modified polysaccharide chains that were obtained in
chapter 4. Here DOX and GEM were chosen as model drugs. Initially, an all-atom
analysis was performed to study the dependence on the type of interaction between
both drugs and the polymers. CG simulations of their motion in the different chitosan
networks were performed with both the drugs separately or in combination.

Finally, Chapter 6 provides a conclusions and summary of the results.
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Chapter 2

Tailor-made cellulose derivatives

2.1 Introduction

The mechanical and structural properties of polysaccharides depend upon the intra-
and inter- molecular hydrogen bonding of the polymers. Alterations in the monomeric
units provide a tool to modify the structural properties by disrupting these hydrogen
bonds. This approach can help us to understand what determines structure formation
and thus guide the development of novel, tailor made carbohydrate based materials.
It also provides insight to further understand the structure property relations of these
polymers. Modifications such as methylation, fluorination and acetylation and charged
glucosamine were used as shown in Figure 2.1. These modification have either hydropho-
bic or hydrophillic nature and were designed to selectively disrupt the hydrogen bond
between the hydroxyl groups and monomeric oxygens of the polysaccharides i.e. cellulose
and chitosan derivatives. Experiments with full control over the length and degree of
substitution were constructed using Automated Glycan Assembly method?*4° and had
verified that the solubility and the gelation properties vary with these modifications as
compared to pure cellulose!! .

In this chapter, first all-atom MD simulations of cellulose and chitin derivatives are
described. Simulations were performed to understand the effect of different functional
groups on the molecular geometry and on the polymer-polymer association. In particu-
lar, we have also analyzed how the monomer sequence can lead to different conformations
of the oligosaccarides with the same monomer composition. An-other important factor
is the flexibility of the molecules which depends on the glycosidic dihedral angles shown
in Figure 2.2. In that regard, the effects of substitution on the torsion angles (¢ and )

22



- Containing -F

- Containing -OMe s
- hydrophilic in nature

- hydrophobic in nature

. Containing -CO-CH3

-Containing -NH3+ - hydrophobic in nature

- ionic in nature

Figure 2.1: Example of modified cellulose structures (a) Methylation of alternat-
ing monomers (b) Alternative fluorination of alternating monomers increases the hy-
drophilicity. (c¢) Chitosan containing amine groups increases the positive charge in the

polymer (d) Chitin, acetylation of all monomers increases the hydrophobicity.

were calculated. The change in 1 population are directly related to the presence of a
hydrogen bond, and are therefore most affected by the modifications.

Then, to be able to study the self-assembly of these polymers on large time- and
length scales, bottom-up CG models were developed for all molecules. A CG force field
was developed using a hybrid approach based on MS-CG FM?3® and BI?! to calculate
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Figure 2.2: Definition of the dihedral angels ¢ (C1,04,C4,H4) and ¢ using the atoms
(H1,C1,04,C4)

the non-bonded and bonded interactions, respectively. The CG model was validated by
comparing the radial distribution function (RDFs), end-to-end distances and radius of
gyration to data from the respective all-atom system. The CG force-field was trans-
ferred to longer polymers (DP=12) and lower polymer concentration and used to follow
aggregation in these systems. Different structural morphologies of the aggregates for the

different modification types, but also for different modification patterns were obtained.

2.2 Methods: MD details

The following atomic system were simulated with Gromacs 5.1.2% :

—_

. Single B-D 1-4 linked glucose with DP=6 in water.
2. Single -D 1-6 linked glucose with DP=6 in water.

3. Single £-D 1-4 linked glucose with DP=6 in water with methylation and fluorinated
with different pattern i.e. alternate(A) and blocky(B) pattern.

4. Single N-acetyl-glucosamine. with DP=6 in water.

5. Single glucosamine polymer (charged and uncharged monomer) with DP=6 in

water.
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6. 25 chains of system 1-5 with 2100 water molecules with DP=6.

Initial structures for the different cellulose and chitosan based molecules were con-
structed with tleap*? . The topologies were converted to gromacs format using the gly-
cam2gmx script®® 4 and subsequently solvated in GROMACS? . The GLYCAMO63476 1,267
force-field was used together with the TIP5P?® water model. Parameters for existing
modifications namely methyl, and acetylation were taken from the GLYCAMO06 force-
field?6 while parameter for fluorine were take from GAFF force field*® . Partial charges
for the modified monomers were calculated using the R.E.D scripts*” and following the
GLYCAMO6 protocol?® . A cut-off of 1.4 nm was used for Lennard Jones and electro-
static interaction. Long range electrostatics were evaluated using Particle Mesh Ewald*®
. Covalent bonds involving hydrogen atoms were constrained with the LINCS 49 algo-
rithm while, water molecules were kept rigid using SETTLE .

Energy minimization was performed following a standard protocol and a 50ns NPT

451,52

equilibration at 300 K and 1 bar, using the Nose-Hoover thermosta and Parrinello-

3354 Subsequently, a 400ns NVT equilibration run using the average

t51’52

Rahman barosta
box size extracted from the NPT trajectory and the Nosé-Hoover thermosta was
performed, followed by a 100 ns production MD run. A time-step of 2 fs was used and
energy and pressure dispersion corrections where appropriate have been applied.

To extract forces for the coarse-graining procedure, separate reruns of the MD tra-
jectories containing only solute-solute, solute-solvent or solvent-solvent interaction were
conducted®” . Long range electrostatics were calculated in the using the reaction-field

method® using the same 1.4 nm cutoff as in the original simulations.

2.3 All-atom simulation results

2.3.1 Glucose and its derivatives

Two natural glucose oligomers having 3 1-4 and 5 1-6 linkage with DP =6 were simulated
to study the effect of the glycosidic linkage. As expected, the simulation snapshots shown
in Figure 2.3 represent linear and coiled structure for 1-4 and 1-6 linkage respectively.
The end-to-end distance also changed from 2.5840.3 nm for 1-4 linkage to 1.284+ 0.2 nm
for (1-6) linkage portraying more coiled configuration with 1-6 linkage.

Next, derivatives of cellulose, i.e. § 1-4 linked glucose with different well defined

substitution patterns were modeled to study the effect of these moleculer structure and
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Figure 2.3: Simulation snapshots in (a). §-D 1-4 linked Glucose and (b) for 5-D 1-6
linked Glucose.

the properties of the aggregates formed. Modifications were introduced by replacing
the hydroxy group at C3 as shown in Figure 2.4 with methyl and fluorine. These
selectively disrupt the intra-molecular hydrogen bonds reducing the rigidity of cellulose

oilgosaccharides.

a) b)
OH OH
0 (0]
HO HO
MeO Cc3 OH OH F ™ cs - OH OH

Figure 2.4: Chemical structure of (a). [-D- glucose methyl modified at C3 atom, (b).
B-D-glucose fluorine modified at C3 atom.

Methylation tends to disrupt the hydrogen bond between the O(5) and OH(3) desta-
bilizing the linear conformation of the cellulose. In addition, it is bulkier and represents
an additional steric hindrance. Two different patterns namely alternate methylation(AB);

and di-block methylation (A3Bj3) were simulated to study the effect of the modification
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pattern on the results.

The alternate(AB); methyl substitution patterns shows very similar configuration as
pure cellulose. As in alternated case, there is slight decrease in the in the ¢ population
as shown in Figure 2.5a), which result due to decreased tendency to form hydrogen
bond between methyl and monmeric oxygen. However, the same degree of methylation
with a block distribution leads to very different configurations with two diferent maxima
for different linkage as shown in Figure 2.5b). The distribution again show negative
values for the links involving methylated monomers, however the sharp increase in the
negative 1) values of the non-modified block indicates an increase of OH3-O5 hydrogen

bond formation. The corresponding simulation snapshots show a bent structure for the
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Figure 2.5: Analysis of ¢ distribution for (a) alternating methyl modified cellulose (b)
blockwise methyl modified cellulose, (c)alternating fluorine modified cellulose, and (d)
blockwise fluorine modified cellulose. The residues are numbered from the nonreducing

end to the reducing end.

block methyl pattern as compared to alternate pattern and pure cellulose as shown in
Figure 2.7. The end-to-end distance measured for the block methyl modification, reduces

from 2.740.2 nm for alternate methyl to 2.4 £0.9 nm. The decrease in the average end-
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to-end distance confirm overall structural changes in block methyl pattern. The time
trace of the end-to-end distance also show in Figure 2.6, highlights the more flexible
nature of the blockwise methyl modified cellulose as compared to the alternating methyl

modified cellulose.
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Figure 2.6: Analysis of end-to-end distance (a) alternating methyl modified cellulose
(b) blockwise methyl modified cellulose, (c)alternating fluorine modified cellulose, and
(d) blockwise fluorine modified cellulose. The end-to-end distance was monitored over

100ns. The residues are numbered from the nonreducing end to the reducing end.

Similar to methylation, fluorination also prevents the hydrogen bond formation as the
OH group forming the hydrogen bond is no longer there, and affects the electron density
of the monomer. The replacement of -OH by electron withdrawing fluorine affects the
population of the i angles as shown in Figure 2.5. However, the effect is small, the
fluorine modified cellulose molecules still have an overall linear conformation with both
patterns of modification ¢.e. alternate or block as shown in Figure 2.7. However, the

large distribution in average end-to-end distance shown in Figure 2.6c), present a very
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flexible system for the alternated fluorine modified cellulose. The average end-to-end
distance between alternate 2.704+0.2 nm to block pattern 2.75+0.2 nm does not show
significant differences from each other. However, in alternate fluorination end-to-end
distance vs time plot show more flexible structure as compared to blockwise fluorination

pattern.

a)

b)

a)

o

Figure 2.7: Simulation snapshots of system 1 and 3 with DP = 6 and 2000 water
molecules. The simulation snapshots show the carbon atom in gray, oxygen in red,
hydrogen in white, and fluorine in pink. The hydrophobic modification are encircled in
yellow and hydrophilic modification in blue for (a) glucose (b) alternated methyl modified
glucose (c¢) block methyl modified glucose (d) alternated fluorine modified glucose, and

(e) block fluorine modified glucose.
Thus overall the two chemically different substitutions did not shown drastic struc-

tural variations as compared to pure cellulose. The strongest change was found in the

configuration with block pattern methylation were seen.
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2.3.2 Chitosan

Chitosan polymers are made up from three monomeric building blocks GleNH,, GleNHZ
and GlcNAc as shown in Figure 2.10. Three polymers with single monomeric unit i.e. 8

1-4 linked GlcNAc, GluNH,, and GluNH; were simulated and their snapshots are shown
in Figure 2.9.

OH OH OH

Figure 2.8: Chemical = structure of (a).-D- glucosamine(NHy), (b) S-D-
glucosamine(NHJ ), and (c). B-D-Acetyl-glucosamine

Figure 2.9: Simulation snapshots of system 4 and 5 with DP = 6 and 2000 water
molecules. The simulation snapshots show the carbon atom in gray, oxygen in red,
hydrogen in white, and nitrogen in blue for (a) N-acetyl glucosamine (b) neutral glu-

cosamine (c) charged glucosamine.

As has been described before!® we see that both, the charge and the acetylation of the

monomers can have significant influence on the flexibility of the polymer.The maps in all
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Figure 2.10: Analysis of end-to-end distance and conformational maps of ¢ and
Y of chitosan (a) N-acetyl glucosamine (b) neutral glucosamine(NHs) (c) charged
glucosamine(NH; ) obtained by MD simulations. The end-to-end distance was moni-
tored over 100ns.The residues are numbered from the nonreducing end to the reducing

end. The dihedral angles ¢ and i are shown on x- and y- axes, respectively.

cases shown in Figure 2.10 have a main minimum present at the same angle. However, the
charged monomer(NHZ ) had been shown a slight reduction of conformational flexibility

in comparison to neutral monomer(NHy)!® . The charge of the monomers also have
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significant influence on the flexibility of the link. As, there is a existence of a second
minimum in case of full uncharged glucosamine as compared to charged one as shown in
Figure 2.10. The average polymer conformation is linear in all the cases in Figure 2.9 and
the end-to-end distance does not show significant difference as varying from 2.84+0.12
nm for Gle-NHy to 2.83+0.11 nm in Gle-NH3 and 2.82+0.14 nm for GlcNAc.

2.4 CG model and mapping

Polymers behave differently in a crowded environment and different molecular properties
modulates the aggregation and structure of these polymer system. Along with that,
polymer systems usually have slow dynamics. An efficient approach was required to
study the self assembly of these system at longer length and time scale. A CG simulation
method was proposed as an appropriate tool to study their network structure formation.

In the CG model, each monosaccharide was mapped onto three coarse-grained in-
teraction sites. The modifications were represented by modified sites for the methyl,
amine and fluorine containing sites while the larger acetyl groups were modeled as an
additional site, as shown in Figure 2.11. Water molecules were represented as a single
CG site. The interaction potentials between these sites were generated using Boltz-
mann inversion®' for the bonded interactions and the MS-CG method?® for non-bonded

interactions, following the procedure described by Sauter et al?" .

2.4.1 CG simulations for short oligomers

CG simulations were performed with Gromacs 4.6.4*" . Systems 1-5 containing single
polymer and 25 polymer chains with DP=6 and 2,500 water molecules of glucose, methyl
and fluorine modified glucose and charged as well as uncharged glucosamine were sim-
ulated. Two different patterns, alternate and blocks of three were simulated for methyl
and fluorine modified cellulose. The initial CG structures for all the short oligomers
were obtained from their corresponding atomistic representation. All CG simulation
were conducted in the NVT ensemble using the Leap-Frog integrator®® with the Nose-
Hoover thermostat®®5% . A 1.4 nm cut-off was used for CG simulations throughout.
A 10ns production run was done and results were used for validation of the model by
comparing the RDFs, end-to end distances and radius of gyration obtained from the CG

and atomistic system.
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Figure 2.11: All atom and coarse-grained representation of (a). §-D- glucose, (b). methyl

modified glucose (¢). fluorine modified glucose (d) N-acetyl glucosamine

2.5 Model validation

2.5.1 Cellulose

To validate the performances of CG force field, RDFs between all interaction sites of
the CG model were compared and showed excellent agreement with their equivalent
obtained from all-atom simulations. The RDFs of the atomistic and CG trajectories of
B-D glucose with DP=6 and 2100 water molecules are shown in Figure 2.12 for the CG
sites A and B with themselves and with water.

The RDFs show good overall agreement of the short range structural features, and
the A-WAT and B-WAT RDFs, which were previously found to be the most sensitive to
perturbations?” | show that aggregation behavior is captured correctly in the CG-FFs.
Overall, local structure and features are well represented in all CG RDFs. A CG model
for B 1-6 linked glucose was also developed and showed similar agreement of RDFs as (8

1-4 link glucose.
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Figure 2.12: Comparsion of AA and CG RDFs for interaction involved with CG site
type A and B with itself and water. (a) A-A (b) A-WAT, (c) B-B, and (d). B-WAT

2.5.2 Methyl modified cellulose

Next, CG-FFs were developed for methyl modified cellulose to study the network struc-
ture formed by these molecules, as compared to pure cellulose. As for all-atom system,
two patterns, block and alternate were analyzed as shown in Figure 2.13. The CG in-
teractions were developed for both patterns, alternate and block, separately. The model
performance was analyzed by comparing RDFs between M (modified) beads and between
M beads and water. Due to the hydrophobic nature of the methyl modification, it was
expected to plays an important role in polymer-polymer association.

Comparing the RDFs shown in Figure 2.13, differences in the short range structure
between the two modification patterns become apparent. The short range peak at 5A and
10A contain large contributions from the first and second bonded neighbors, respectively.
In the alternate pattern, all modifications with in the same molecules are 2"¢ neighbor,
so the second neighbor peak at 10A s very pronounced. The peak at 5A in this case

comes entirely from the non-bonded assembly. It is noticable, that in the CG model this
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Figure 2.13: Comparison of AA and CG RDFs and their corresponding polymer snapshot
for interaction involved for (a) M-M (b) M-WAT (c) snapshot, for alternate methyl
modification and (d) M-M (e) M-WAT and (f) snapshot for block methyl modification.

peak is reduced compared to the atomistic case, whereas the peak at 10A is very well
captured.

Figure 2.13d) has a less pronounced second peak compared to Figure 2.13b) because
in the block pattern as there is only one second neighbor pair. Instead, the 5A peak
has drastically increased as a result of the bonded neighbors and very good agreement
between the CG and all atom representation is found. The water RDFs show similar
behavior irrespective of modification pattern and show overall good resemblance with
the atomistic counterpart.

Similarly, the fluorine modified cellulose with both pattern of modification was de-
veloped. Overall, it showed good agreement between the RDFs for all-atom and coarse-

grained simulation respectively.
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2.5.3 Amine (-NH, and -NHJ) groups

The systems with amine groups (-NH, and -NH; ) were evaluted as shown in Figure 2.14.
Similar to the methylated system, the RDFs clearly demonstrate that the developed force
field was able to capture the overall aggregation behavior and the local structure of the

atomistic system well.
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Figure 2.14: Comparison of AA and CG RDFs of neutral and charged glucosamine and
their corresponding polymer snapshot for interactions (a) A-A (b) A-WAT (c) snapshot
for uncharged system (d) A-A (e) A-WAT and (f) snapshot for charged system.

The RDFs shown in Figure 2.14 (a & b) correspond to uncharged glucosamine, while
Figure 2.14 (d & e) correspond to charged glucosamine. Comparing the RDFs, the
minimum bead distance between the charged A sites has increased in Figure 2.14d) as
compared to that of the neutral molecules in Figure 2.14a). This shift is properly cap-
tured by CG FFs. In addition, the charged monomer leads to a more ordered structure

of water beads around the charged beads. Figure 2.14¢e) clearly shows water shell for-
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mation around the charged bead. Overall, the location of water shells in the CG have
good agreement with the atomistic structure, but are less pronounced and are smoothed
out after the third shell.

2.5.4 Single polymer conformation

The end-to-end distances for single polymers were calculated and compared with their
corresponding atomistic end-to-end distances. They provide useful information about
the overall conformations of the molecules and about the effect of type and pattern of
modification on the individual molecules. The end-to-end distances are summarizes in
Table 2.1. In most cases, atomistic and CG distances show good resemblance with each
other. However, in the case of § 1-6 linked glucose, a significant difference between the
end-to-end distance for atomistic and CG simulation appear. The 1-6 linked glucose tend
to form a coiled structure in atomistic simulation, which seems to linearize the structure
in the CG simulation. A possible explanation is that, the BI bonded interaction are too
over-determined, making 1-6 linkage more stiffer. An solution can be to use iterative BI
to make molecule more flexible and get a better glycosidic link sampling. Despite this
observation, also in the CG model the 1-6 linked glucose has the shortest end-to-end
distance and very large fluctuations, indicating that the high flexibility of the 1-6 link is
at least partially captured by the CG model.

Atomistic Coarse-Grained(CG)
Modification End-to-End Radius of Gy- | End-to-End Radius of Gy-
distance(nm) | ration(nm) distance (nm) | ration (nm)
Glu(1-4) 2.58 £0.32 0.90 £ 0.00 2.86 £ 0.12 0.93 £ 0.02
Glu(1-6) 1.28 + 0.26 0.60 £ 0.04 1.96 + 0.62 0.78 £ 0.14
Glu-OMe(A) 2.73 £ 0.22 0.93 £ 0.04 2.79 £ 0.19 0.92 £ 0.03
Glu-OMe(B) 2.47 £0.88 0.93 £ 0.06 2.70 £0.22 0.89 £ 0.03
Glu-F(A) 2.70 £ 0.24 0.91 £ 0.04 2.73 £0.21 0.90 £ 0.03
Glu-F(B) 2.75 £0.19 0.93 £ 0.02 2.75 £ 0.19 0.91 £ 0.03
Glu-NAc 2.82 £0.14 0.97 £ 0.01 2.65 £ 0.14 0.95 £ 0.01
Glu-NH, 2.80 £ 0.12 0.94 £ 0.01 2.81 £0.15 0.92 £ 0.02
Glu-NH 2.83 £0.11 0.94 £ 0.01 2.87 £ 0.08 0.93 £ 0.01

Table 2.1: Comparison between atomistic and CG end-to-end distance and radius of
gyration for cellulose and chitosan and their derivatives. Here A and B correspond to

alternating and blockwise modification respectively
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2.6 Aggregation and aggregate properties

After validation, the CG models were applied to model the self assembly of polymer
systems at greater length and longer time scales. Network structures of these polymers
with different type and pattern of modifications were generated in the CG simulations
and subsequently analyzed in terms of their pore sizes, the end-to-end distances of the
polymers and the average number of contacts formed between the polymers as well as
between the modifications. The distribution of pore sizes, was calculated by the method
described in Ref®” . This procedure finds the largest sphere that can be constructed to
contain randomly selected points in the network. This is achieved with a constrained
nonlinear optimization of the center of the sphere using the SOLVOPT routine®® .

CG systems containing 100 polymer chains with DP = 12, and 40 000 water beads
(400 water molecules per chains) with different modification, were generated by fol-
lowing the same steps as described in the previous section for the hexamers. Initial
CG structures were obtained from a 10 ns NPT equilibration simulation run using the
Nosé-Hoover thermostat®52 and Parrinello-Rahman barostat®®®* with all-atom resolu-
tion. Then, the atomistic structures were mapped to their CG representations using the
VOTCA package®>% . All the CG simulation were simulated for 100ns in NVT at the
optimal volume obtained in the NPT run with the Nosé-Hoover thermostat?:5?

The following system were simulated with Gromacs 4.6.44! .

1. 100 cellulose chains with DP =12 and 40,000 water beads.
2. 100 chitin chains with DP =12 and 40,000 water beads.

3. 100 cellulose chains with DP =12 having methyl modification and 40,000 water

beads with alternate modifications pattern.

4. 100 cellulose chains with DP =12 having methyl modification and 40,000 water

beads with modifications in blocks of three.

5. 100 cellulose chains with DP =12 having fluorine modification and 40,000 water

beads with alternate modifications pattern.

6. 100 cellulose chains with DP =12 having fluorine modification and 40,000 water

beads with modifications in block of three.

7. 100 chitosan chains with neutral glucosamine with DP =12 and 40,000 water beads.
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8. 100 chitosan chains with charged glucosamine with DP =12 and 40,000 water
beads.

2.6.1 Cellulose and chitin structure

First we characterized the aggregation behavior of the natural polysaccarides, cellulose
and chitin. Both polymers self-assemble into fibrils from different initial conditions.
Simulation snapshots of the cellulose and chitin cluster are shown in Figure 2.15. All
polymers have straightened out and the average end-to-end distance for cellulose is 6.03
+0.11 nm while for chitin it is 5.74 + 0.07 nm. On further analysis, approx. 50% of
the polymer are aligned anti-parallel to each other while the rest are aligned parallelly.
The self-assembled structure of both, cellulose and chitin show some twisting of the
fibrils. The crystal structure of a-chitin and cellulose have been resolved®!:% and can
be compared to the self-assembled fibrils in our simulation model. Alignment is not
as optimal in crystal structure, but structure with both alignments had been found
experimentally for different conditions and thus neither orientation is not completely
unfavorable. Regarding twisting of the fibrils, it could be brought about by the assembly
kinetics e.g. to accomodate initial contacts formed with different molecules. On the other

29,63 and was

4

hand, twist is also observed in many atomic simulations of cellulose fibrils

found to depend sensitively on the interplay of different force field contributions®

Figure 2.15: Simulation snapshots of (a) cellulose and (b) chitin networks with 100
polymers of DP=12 and 32 water molecules/monomer.The simulation snapshots show
the polymer backbone (A,B,C beads) in red, modifications (M beads) in yellow and

water molecules as blue dots
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A similar model for chitin was used for longer polymer with DP=50, as described in
chapter 4 and showed to form fibrils as well. The fibril structures formed by the cellulose
and chitin oligomers show that the CG model closely captures the aggregation behavior

that is expected for these molecules.

2.6.2 Methylated and fluorinated cellulose hydrogels

Simulation snapshots of the systems with 100 polymers, DP =12 and 40,000 water beads
of cellulose with methyl and fluorine modification are presented in Figure 2.16. These
polymer have either an alternate or a block (3 modifications) pattern of methyl and
fluorine modifications. Strikingly, the simulation snapshots and pore-size distributions
differ dramatically for the different modification patterns demonstrating that pattern can
have a dramatic effect on the aggregation behavior of the molecules. In case of alternated
methyl modification, polymer aggregate to aligned fibrils was observed similar to that
found for unmodified cellulose while with block modification, the polymer was soluble
and distributed evenly through the box.

This is reflected in the pore size distribution in Figure 2.16¢), which shows a large
shift in the pores sizes, with large pores corresponding to the separate solvent phase
for the alternate pattern. The pore size decreases from 4.0 nm in alternate pattern to
1.5 nm in block pattern. The end-to end distance had increased from 5.1 + 0.0 nm in
blockwise to 5.7+ 0.1 nm in alternate patterns, showing the effect of polymer aggregation
which leads to alignment and thus a more linear configuration for alternate pattern. The
average number of contacts between the M beads was also calculated. As obvious from
the snapshots the average number of contacts decreased drastically from 638+86 for the
alternate pattern to 270+23 in the blockwise pattern. The average number of contact
increased with alternate pattern due to the aggregation of the polymer. The solubility
in block pattern can be due to the steric hindrance of the adjacent methylated monomer,
causing non-linearity in the polymer. The non-linearity was found in the snapshots of
both atomistic as well as coarse-grained snapshot of single polymer shown in Figure 2.7
c¢) and Figure 2.17¢) respectively. Overall, pattern of modification plays a bigger role in
polymer aggregation.

Surprisingly for fluorine modifications, the opposite effect was observed. The polymer
were soluble for the alternate modification pattern but formed highly aligned aggregates
with the block pattern. The pore size distributions shown in the Figure 2.16 illustrate

an increase in the pore size from alternate to blockwise fluorinated pattern. Similarly,
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Figure 2.16: Simulation snapshots and pore-size distributions of cellulose networks with
100 polymers of DP=12 and 32 water molecules/monomer. The simulation snapshots
show the cellulose backbone (A,B,C beads) in red, methyl modifications (M bead) in
yellow, fluorine (F bead) modifications in blue, and water molecules as blue dots for
(a) alternately methylated cellulose (b) blockwise methylated cellulose (d) alternately

fluorinated cellulose, and (d) blockwise fluorinated cellulose.

the end to end distance changes from 4.84+0.01 nm in the alternate to 5.6+£0.1 nm in the
blockwise pattern. The polymer has become more linear with block modification, due to
the aggregation of the polymers as shown in Figure 2.16e). Again, the average number
of contacts between the F beads, had increased from the alternate to block patterns i.e.
167423 to 1000493 portraying the strong polymer aggregation in block pattern. It is
noticable, that the increase of contacts in the aggregates is much higher than the one
observed for methyl modification, by a factor of 5.9 as compared to 2.4.

The data for end-to-end distances of single polymer with different modifications and

modification pattern are shown in Table 2.2 compared to the dense solution.

41



End-to-End Radius of End-to-End
Modification distance(nm) Gyration(nm) distance(nm)
(Single chain) (Single chain) (100 chains)
Glu(1-4) 5.56 £ 0.50 1.77 £ 0.08 6.0 £0.1
Glu-OMe(A) 5.13 £ 0.72 1.70 £ 0.11 5.7+ 0.1
Glu-OMe(B) 5.08 £ 0.74 1.67 £ 0.12 5.1 £0.0
Glu-F(A) 4.63 £+ 0.82 1.58 £ 0.14 4.8 + 0.0
Glu-F(B) 5.24 £ 0.64 1.70 £ 0.10 5.6 £0.1
Glu-NAc 5.48 £ 0.38 1.81 £ 0.59 5.7+ 0.1
Glu-NH, 5.46 £ 0.51 1.74 £+ 0.86 5.4 £0.5
Glu-NH 5.78 £ 0.25 1.80 £+ 0.04 5.7+ 0.2

Table 2.2: Polymer end-to-end distance for single polymers in solution.

The errors

represent one standard deviation. Here A and B correspond to alternating and blockwise

modification respectively

The single cellulose and chitin polymer resemble closely with the network end-to-end
distance. For the methyl-modified polymers, no great differences were found between
the different modification patterns. Both have an end-to-end distances that are slightly
lower than pure cellulose, and similar standard deviation which mark them as more
flexible than pure cellulose. Although comparison of the hexamers with all-atom re-
sults has shown, that it is possible that the CG model may not correctly capture the
greater flexibility of the blockwise-methylated cellulose, the CG model predicts strong
differences for the aggregation of these two molecules, so there must be some difference
captured by the model. A possible explanation may lie in the different shape of the
two patterns, which can be seen in the snapshots in Figure 2.17¢). While the molecule
with an alternate pattern curves smoothly, the blockwise pattern leads to sharp kinks
in the molecular structure, which makes it less suitable for stacking. Differences in
flexibility were found for the different patterns of fluorination. The fluorine modified
polymer with the alternate pattern showed a reduced end-to-end distance and larger
as compared to the blockwise modification pattern. Thus the blockwise fluorine mod-
ification causes the polymer to be stiffer which facilities to aggregation compared to
the more flexible alternate fluorination. In addition, it is possible that the blockwise
pattern leads to enhanced interaction between the modification, as suggested by the
strong increase in average contacts between the F beads in the aggregates. Oligosac-

charides with blockwise and alternate patterns of modifications have been produced
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d3949 and have confirmed

experimentally using the Automated Glycan Assembly metho
the opposing trends observed for the fluorine and methyl modification. While molecules
with blockwise methylation and alternating fluorination appeared completely soluble!!
, the XRD spectra of molecules with alternate methylation and blockwise fluorination

showed characteristics resembling those observed for pure cellulose.

(a).

(d).

Figure 2.17: Simulation snapshots of single cellulose polymers with DP=10 and 40000
water molecules/monomer. The snapshots show the cellulose backbone (A,B,C beads) in
red, methyl and acetyl modifications (M bead) in yellow, fluorine modification F in blue
and water molecules as blue dots for a) pure cellulose (b) 50% methylated cellulose with
alternating pattern (c) 50% methylated cellulose with block pattern (d) 50% fluorinated
cellulose with alternating pattern (e) 50% fluorinated cellulose with block pattern (f)

chitin.

2.6.3 Chitosan hydrogel

Chitosan self-assembly is governed by both charge and DA. The effect of DA will be
discussed thoroughly in chapter 3 and 4. Chapter 3 shows the model development of the
chitosan. Chapter 4 shows the self-assembly for longer polysaccharides with DP =50
and also the effect of degree and pattern of acetylation as well as other hydrophobic
modification namely butyl and heptyl on hydrogel structure. Here, the effect of charges

in the full deacetylated chitosan is investigated.
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Simulation snapshots of glucosamine polymer with neutral and charged monomers of
100 chains with DP =12 and 40,000 water beads are shown in Figure 2.18 a) & ¢). On
first sight both solution appear similar, with the polymer distributed evenly through the
simulation box. The difference in the network structure can be observed from the pore
size distributions, also shown in Figure 2.18 ¢). The charged glucosamine network have
smaller pore size diameter of 1.2 nm, while uncharged glucosamine have 1.5 nm pore-
size diameter. This is caused by the electrostatics repulsion between the charged sites,
causing the chains to distribute as evenly as possible through the box to maximize the
distance between the charged sites, whereas the slight association between the neutral
chains frees up space for larger pores in the solvent phase. This is also reflected in the
minimum distance between polymer, changing from 0.29 nm to 0.24 nm in charged to
uncharged networks. The charged network is soluble, as the box had fix dimensions
this result in the maximum spacing. Thus the model characterize the swelling and de-
swelling of the polymer chains well, as far as the fixed box size allows. To fully capture
the swelling of the charged chains the system would have to be coupled to a water

reservoir, that allow the charged chains to dispense.
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Figure 2.18: Simulation snapshots and pore-size distributions of chitosan networks with
100 polymers of DP=12 and 32 water molecules/monomer. The simulation snapshots
show the chitosan backbone (A,B,C beads) in red, charged glucosamine A in blue, and

water molecules as blue dots for (a) Glucosamine(NHy) (b) Glucosamine(NH; ).
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2.7 Conclusion

Cellulose can be chemically modified to form various derivatives which poses the desired
properties for specific application. In this chapter, we have shown that a combination
of all-atom simulations and a systematic coarse grained model based on the all-atom
interactions, can be used to efficiently and precisely predict the effect of the modifications
on the aggregates. Chemical alterations such as substitution of one hydroxyl group with
methyl groups or fluorine atoms were modeled to study the self-assembly of these polymer
systems by different functional groups. The CG model revealed insights into properties
of the network such as the pore size, end-to-end distance and the minimum distances

between the polymers.
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Chapter 3

A multiscale model for

hydrophobically modified chitosan

3.1 Introduction

Chitosan is a polymer of major interest to researchers and clinicians for developing ther-
apeutic hydrogels. It is derived from naturally abundant chitin and is a bio-compatible,
nontoxic polymer that is degradable by human digestive enzymes? . In addition, the
presence of the primary amine groups on the glucosamine monomers provide a site for
the chemical modification, which has been extensively exploited to tailor the kinetics

65,66 As a result, a variety of chitosan-based formulations have been

20,67,68,69

of drug release
developed for oral, ophthalmic, and transdermal applications, several of which
have received FDA approval, demonstrating clear feasibility of these materials toward
clinical translation.

In this thesis acetyl, butanoyl, and heptanoyl moieties as shown in Figure 3.1 were
chosen for chitosan modification as they represent similar but increasingly hydrophobic
modifications and therefore allow us to study systematically their effect on the properties
of modified chitosan polymers and network.

To understand how these above mentioned chemical modifications govern the mor-
phology of the hydrogel. It is necessary to model chitosan hydrogels across a large
length and time scale, where a high number of long chitosan polymer chains, and many
water molecules and their dynamic interplay can be simulated, for a sufficient time to

render a physically accurate representation of these systems. This is not possible with

all-atom simulations. We therefore resolved to adopt a CG modeling procedure that was
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CHy

Figure 3.1: Chemical structure of (a). N-acetyl glucosamine, (b) N-butyl glucosamine,

and (c) N-heptyl glucosamine.

informed by the results of the all-atom simulations and that has been shown to capture
the behavior of the polysaccharide-based hydrogel™ .

In this chapter, the development and validation of a bottom-up CG model for the
modified chitosan molecules is described. An atomistic simulations were performed to
obtain the CG potentials for polymer-polymer and polymer-solvent interactions. As
shown in chapter 2, to obtain a predictive CG model, the MS-CG3® procedure was used

131

to obtain the non-bonded interaction while BI®* was used for bonded interactions. The

model is validated by comparing RDFs and end-to-end-distances and radius of gyration

against all atom data.

3.2 Methods

3.2.1 All-atom simulations

For the development of the CG interactions, all-atom MD simulations of the following

systems were performed using Gromacs 5.1.24! .

1. 10 chitosan chains with degree of polymerization (DP) = 16 and 0% acetylation,

with 200 water molecules per oligosaccharide, 7.e. 2000 water molecules in total.

2. 10 acetylated chitosan chains with DP = 16 and 200 water molecules per oligosac-
charide for degrees of acetylation of 16 %, 24 %, 32%, and 50 %.

3. 10 chitosan chains with DP = 16 and 200 water molecules per oligosaccharide with
degrees of butylation 16 %, 24%, 32%, and 40 %.

4. 10 chitosan chains with DP = 16 and 200 water molecules per oligosaccharides

with degrees of heptylation 8 %, 16%, 20%, and 24 %.
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5. 50 DOX molecules with 10 water molecules per DOX.
6. 50 GEM molecules with 10 water molecules per GEM.
7. Systems 1 to 4 with the addition of 10 DOX or 10 GEM molecules.

The acetyl, butyl, or heptyl modifications in systems (2-4) were uniformly distributed
along the chains.

In addition, single polymers with DP=16 in a water box were simulated to compare
the end-to-end distance and radius of gyration between atomistic and CG simulations.
The computational procedure used here was similar that described in Chapter 2. Param-
eter for the butanoyl and heptnoyl modifications and the drug molecules were obtained
from the gaff force field* . Partial charges for the modified glucosamine monomer, DOX
and GEM were obtained by the same way mentioned in Chapter 2. Other parameter
for the carbohydrates were taken from the modified GLY CAMO65536,,,%% 27 force-field
with the TIP5P?® as water model.

3.3 CG Model

As similar to previous chapter 2, glucosamine monomers were mapped to three CG sites
- A, B and C - as shown in Figure 3.2 using center-of-mass (COM) mapping. Acetyl
or butyl or heptyl modifications were mapped to one, two or three CG M sites, as also
shown in Figure 3.2. DOX was mapped to 11 CG sites, using 9 distinct bead types, to
produce a structure that can capture the planar geometry of the DOX molecule. Four
distinct beads were used to model GEM. Water molecules are mapped to one CG site
located at its center of geometry (COG).

Potentials for bond, angle and dihedral interactions, as well as specific non-bonded
1-3 and 1-4 interactions were obtained from Boltzmann inversion3! | using the VOTCA
package®®% | The non-bonded interaction were obtained using the MS-CG Method?° us-
ing the rerun trajectories with separate solute-solute, solute-solvent and solvent-solvent
interactions. All the bonded and intra-molecular interaction were excluded during the
MS-CG procedure.
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Figure 3.2: All-atom and coarse-grained representations of (a) DOX, (b) GEM, (c)
unmodified glucosamine monomer, (d) acetyl-glucosamine, (e) butanoyl-glucosamine,

and (f) heptanoyl-glucosamine.
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3.3.1 CG Simulations

CG simulations of systems corresponding to the all-atom systems 1-7 were performed
with Gromacs 4.6.4%! .

Initial structures were obtained from the corresponding atomistic representations.
CG simulations for each system were performed in the NVT ensemble using the Leap-

t°1:52 and a time step of 1 fs. A

Frog integrator’® with the Nosé-Hoover Thermosta
cut-off 1.4 nm was used for all the CG simulations. Simulations were run for 10ns to
obtain equilibrated RDFs, angle distributions, average end-to-end distances and radius

of gyration to compare between all-atom and CG simulation.

3.4 Model validation

To evaluate the CG model’s ability to reproduce the local molecular structure of the
solution, as well as the overall tendency of chitosan molecules to aggregate, we compare
the radial distribution functions (RDFs) obtained from the CG simulations of chitosan
chains with DP = 16 to those obtained in the atomistic simulations of the same system.
The ensemble of RDFs between all pairs of CG sites was calculated and offers information
both on the short range molecular structure, reflected in the position and magnitude of
the peaks at short distances, and the overall aggregation trends of the chitosan chains,
visible in the long range behavior of the curve. were compared to obtain a measure of
the solution structure.. To characterize the conformation of single chitosan chains, angle
distributions and end-to-end distances were also calculated.
First, the RDFs obtained from CG simulations of chitosan chains with low degree of
modification, xa. = 16% (Figure 3.3), xpu = 16% (Figure 3.4) , and xmep, = 8%
(Figure 3.5) aligned well with the corresponding RDFs obtained from atomistic sim-
ulations . Of particular notice is the agreement between CG and all-atom data for the
RDFs between water beads and the various CG sites of chitosan chains Figure 3.6, since
carbohydrate-water interactions were previously found to be highly sensitive to long
range perturbations and sampling issues?” . The RDFs for all other pairs of CG sites
obtained for modified chitosan chains with low y from CG and atomistic simulations
also showed good resemblance with each other.

For the bonded interactions, the most flexible degrees of freedom of polysaccharide
systems are those of the glycosidic bonds. In the present CG model, the conformations

of the glycosidic dihedral angles, ¢ and v are reflected by the angles B; — A; — C;.1 and
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A; — Ci1 — Ajq as well as the dihedral angle B; — A; — C;y1 — B;y1. The probability
distributions sampled for these angles in the all atom as well as simulation snapshots
corresponding to the three minima in the ¢ — ¢ free energy landscape are shown in
Figure 3.7. Both angle distributions show two distinct maxima, whereas in the atomistic
system, the dihedral distribution has three maxima at -140°, 30° and 140°, corresponding

to the three conformations shown in Figure 3.7.
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Figure 3.7: (a-c) Angle distributions in the atomistic and CG models; (d-f) molecular
conformations corresponding to the three free energy minima of the ¢—1 dihedral angles.
All-atom models are drawn as grey sticks, CG molecules as red (ABC) and yellow (M)
beads.

95



A comparison of the atomistic and CG distributions shows that the CG model gives
a good representation of the dominant conformation, but that the second energy min-
imum is under-represented in the CG model. This is a consequence of applying the
inverse Boltzmann method without further iteration, which does not account for the
effects of neighboring bonds and may therefore sometimes over-represents the stiffness
of interaction potentials. However, the population of the second minimum is relatively
small in the atomistic model, and will therefore only have a minor effect on the overall
polymer conformation, as illustrated for example by the comparison of the end-to-end

distances of the of the atomistic and CG oligosaccharides shown in Table 3.1.

Atomistic Coarse-Grained (CG)
Modification End-to-End Radius of Gy- | End-to-End Radius of Gy-
distance(nm) | ration(nm) distance (nm) | ration (nm)

16% Acetylation | 7.14 + 0.35 2.33 £0.05 6.80 £ 0.87 219 £0.14
16% Butylation | 7.11 £ 0.44 2.20 £ 0.08 5.95 £ 1.18 2.02 £0.19
8% Heptylation | 5.83 £+ 0.68 2.06 £ 0.09 5.94 + 1.38 2.00 £0.21

Table 3.1: Table showing comparison between atomistic and CG end-to-end distance
and radius of gyration for (a). 16% acetylation ,(b). 16% Butylation and (c). 16%
Heptylation

For higher degrees of modification however, it becomes apparent, that the CG RDFs
for the hydrophobic modifications become progressively worse. The RDFs of the M-beads
for 32% acetylated chitosan, shown in Figure 3.8a), exhibit a strongly exaggerated peak
at short distances. Similarly, the RDFs for 32% butyl modification shown in Figure 3.8b)
and c) for MA-MA and MB-MB interactions differ between the atomistic and CG sys-
tems. Whereas the MB-MB CG RDFs in Figure 3.8c) capture the overall atomistic
behavior, although with a reduced magnitude of the short distance peaks, the MA-MA
RDFs differ substantially at short distances, and show un-physically close contacts. The
all-atom RDF on the other hand contains a number of irregular peaks at all distances,
which indicates the formation of clusters and suggests that there may be problems for
accurately sampling the distribution of atomistic forces as a result of the strong inter-
actions between the hydrophobic modifications. Because previously potentials obtained
from a similar coarse-graining procedure were found to be transferable to different con-

70

centrations,” we tested the use of M-bead interaction potentials obtained at a lower

degree of acetylation y = 16%, where they performed well. The results are shown in
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Figure3.8 a) together with those from the native CG model.
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Figure 3.8: RDFs of the distances between modification beads: (a) M-M beads in acetyl-
chitosan with xAc = 32%; (b) MA-MA and (c) MB-MB beads in butanoyl-chitosan with
xBut = 32%; and (d) MA-MA, (e) MB-MB, and (f) MC-MC beads in heptanoyl-chitosan
with yHep = 16%. The RDFs obtained from the atomistic, native CG, and CG with

transferred potential models are in black, red, and blue, respectively.

Comparison shows, that the transferred potentials significantly improve the over-

aggregation of the M-beads for acetylated chitosan, and the CG RDF for M-M inter-
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actions now closely resembles the atomistic one. Applying the same approach of using
interaction potential from 16% butylated for 32% butylated, the CG RDF for MA-
MA interactions also shows significantly reduced clustering and now resembles that of
the acetylated chitosan, whereas the MB-MB interactions (Figure 3.8¢c) are unchanged
compared to the CG model obtained explicitly for x = 32%. All other RDFs remain
unchanged for the transferred modification interactions. Analogous results were found
for the heptyl modified chitosan chains. Because the heptyl modifications are more hy-
drophobic, effects of clustering was already seen for y=16% modification, so that the CG
interaction potential were obtained for y=8% heptylation and transferred to x=16% and
x=24% heptylation. The comparison of RDFs for the MA-MA interactions in heptanoyl-
chitosan chains again shows a better representation of the short range features in the
atomistic RDF by the transferred interaction potentials as shown in Figure 3.8d). MB-
MB and MC-MC interactions on the other hand, remain unchanged Figure 3.8¢) & f).
Similarly, the RDFs between all other CG sites remain unchanged when the transferred
interaction potentials are used.

Collectively, these results showed that transferring the interaction potentials obtained
at lower values of y to systems at higher y improves the agreement between atomistic
and CG simulations for the hydrophobic sites, without altering the interactions between
other CG sites. Accordingly, the CG interaction potentials obtained at yAc and yBut
of 16% and yHep of 8% were applied in the rest of this study to model the systems with
higher y. Notably, this approach has the additional advantage of rendering the model
more versatile for constructing polysaccharides with varying degrees of modification and
that can be arranged in different patterns.

Next, the performance of the chitosan model for higher degrees of polymerization and
for systems with a higher water content was tested. As a first step, the transferability
to systems with higher water content, i.e. lower chitosan concentration, was explicitly
tested for chitosan with DP=16. As expected from related systems?’ , the RDFs ob-
tained for chitosan with 32 water molecules per chitosan monomer using CG interactions
transferred from a system with 12 water molecules per chitosan monomer, were found to
very closely resemble the native CG model produced at the lower chitosan concentration
in Figure 3.9.

Then, a system of larger polysaccharides with DP=50 and 32 water molecules per
monomer is constructed and simulated with the same CG model with respect to DP

and water concentration. For most interactions, the RDFs of the longer chains, shown

58



a) A - WAT b) B - WAT
1.5 T T T T 1-5 T T T T T
[ = atomistic 1 [ = atomistic
12} = coarse-grained native i 12k = coarse-grained native
" = coarse-grained transferred | = coarse-grained transferred |
~0.9F ~ 09
s} =]
o 0.6} o0 0.6k
0.3 03k
0 i | L | L | I | 0
0 5 10 15 20 0
R(A)
©) d)
. M - WAT
L5 c \I’VATI 15 __M-WAT _
= atomistic i I = atomistic .
1.2F = coarse-grained native i 1.2} — COarse-grafned native
’ | = coarse-grained transferred | | = coarse-grained transferred |
o 0.9'_- E 0.9 _
*0.61 *0.6
0.3} 0.3
0 i | L | L | L | 0 | L | |
0 5 10 15 2 0 5 10o 15 20
R(A) R(A)

Figure 3.9: RDFs for 16% acetylation comparing all-atom results with DP=16 and 32
waters/monomer (black), CG results with DP=16 and 32 waters/monomer (red) and

transferred CG interaction potential from DP=16 and 12 waters/monomer (blue).

in Figure 3.10, strongly resemble those obtained for the 16-mers. Only the short range
peaks of the solute-solute interactions, which correspond to bonded neighbors, increased

in intensity for the higher DP, because there are more bonded neighbors.

3.5 CG model for drug

A CG FFs was developed for system 5 and 6 by following the same procedure as described
in the method section. A feasible mapping schemes were used to map DOX and GEM to
obtain CG representation as compared to all-atom representation. For DOX, 9 distinct

bead types were used to have a planar structure in the chosen mapping which resemble
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Figure 3.10: RDFs for 16% acetylation comparing all-atom results with DP=16 and 12
waters/monomer (black), CG results with DP=16 and 12 waters/monomer (red) and
CG results for DP=50 and 32 waters/monomer (blue).

to its atomistic structure as shown in Figure 3.2, with a total number of 11 beads.
Different combination of bonds, angles and dihedrals were tested. In the final model,
the bonds DA-DB, DA-DC;, DB-DC,,,, DC;-DC;,,, DC;-DD;, DC;,1-DD,;, DD;-DE,
DD;,,-DE, DE-DF, DD;,-DG, DG-DH, DG-DI, and DI-DH are used. The four angles,
DC2-DD2-DG, DD1-DE-DF, DD2-DG-DH and DE-DD2-DG and five dihedral, DC1-
DD1-DD2-DG, DC2-DD2-DG-DH, DD2-DG-DH-DI, DF-DE-DD2-DG, and DE-DD2-
DG-DH are used. For the CG representation of GEM, four distinct bead types were
used as presented in Figure 3.2. Six different bonds namely GA-GB, GB-GC, GC-GD,
GA-GC and two explicit 1-3 intra-molecular interactions GA-GD and GB-GD were used.
Simulation snapshot of DOX in water and GEM in water are shown in Figure 3.11.
Like for the carbohydrates, the CG-FFs was validated by comparing the RDFs for
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Figure 3.11: Simulation snapshots of DOX and GEM with 10 water molecules/molecules.
The simulation snapshots show DOX in purple, GEM in green and water molecules as
blue dots for a) DOX in water (b) GEM in water

both the drugs. RDFs show overall good agreement with the atomistic RDFs as shown

for two example in Figure 3.12.
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Figure 3.12: RDFs for interaction of DOX and GEM with water (a). DA bead from
DOX with water, (b) GA bead from GEM with water

The other RDFs show a similar resemblance with atomistic RDFs. The developed
model was used to provide drug-drug CG interaction potential for futher simulation.
Along with that, system 1-4 were simulated with 10 DOX and 10 GEM molecules sepa-
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rately to obtain drug-chitosan CG interaction potential.

3.6 Conclusion

In this chapter, a CG model for chitosan with three different hydrophobic modifica-
tions was introduced and analyzed. First, all-atom simulations of the different chitosan
solutions were performed and CG interactions potential were obtained from MS-CG
procedure for non-bonded and BI for bonded interaction to study the polymer network
at larger length and time scale. The CG model can reproduce structural data of the
all-atom systems, such as details of the RDF, angle distribution and end-to-end dis-
tances well. In addition we showed that it can be transferred to systems with high water
content and to molecules with high degree of hydrophobic modification. A CG model
of the two drugs namely DOX and GEM was also proposed, showing good resemblance

with their atomistic counterpart.
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Chapter 4

Effect of hydrophobic modifications on
chitosan hydrogel properties

4.1 Introduction

This chapter describes the application of the CG model developed in Chapter 3 to ob-
tain equilibrated structures of chitosan hydrogels under different conditions. We had
analyzed the effect of modification type, degree and pattern as well as water content
in the gel on the network structure. The network structure were equilibrated and then
quantitatively characterized in terms of the pore sizes, end to end distance of the poly-
mers and average number of contacts between the modifications. Finally the effect of
pattern of modification on the network structure was also analyzed and the structure
formed compared to those corresponding to the uniformly-spaced modifications. The
CG-FFs developed in previous chapter 3 was used for longer polymer i.e. DP =50. Be-
cause no correlation between the gel fraction and the molecular weight of chitosan exist
and simulating chitosan chains with DP > 50 would lead to long computational time,
hence considered unnecessary.

In chitosan hydrogels, usually both modification and their patterns are governed
by the monomers and the reagents utilized for chemical modification, as well as by
the structure of the polymer chain in solution as it evolves through the course of the
chemical modification(x). Usually, the anhydrides used in the modification process are
amphiphilic molecules, their tendency to form aggregates will increase with increasing
hydrophobic fraction. Whereas y can be easily measured, evaluating the modification

patterns is much more challenging, and it is often assumed to be random. However, other
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distributions of the modification groups, an evenly spaced or a blocky pattern can also
be envisioned, and their presence can have profound effect on the macroscopic behaviors
of the polymer. A block-type polymer pattern is more favored during hydrophobic
modifications of the anhydrides (like acetic, butanoic and heptanoic). As, the probability
of creating a modification next to an already modified (hydrophobic monomers) site may
becomes larger, leading to clustered modificationss in aqueous acidic media.

It is likely that both y and the modification pattern, in fact, govern the aggregation
of polymer chains in solution; in particular, chain aggregation is likely to be promoted
by blocky modification patterns as opposed to a random distribution along the polymer

71,727 While such an effect cannot be easily controlled or measured in exper-

chain
iments, computational models have full control over the distribution of modifications,
and can therefore explore the effect of different patterns on the hydrogel structure. To
evaluate this effect of the modification pattern on the network structure and the molec-
ular interactions, chitosan chains modified with two different patterns, namely, evenly
spaced modifications (i.e., two neighbor modification groups are separated by a number
of unmodified monomers) and blocky (i.e., clusters of four modified monomers separated

by a number of unmodified monomers), were constructed to be simulated and analyzed.

4.2 Methods: CG network model

The larger hydrogel systems were also initially constructed with atomistic resolution,
following the same steps as for the shorter chains ( described in Chapter 3 ). Starting
structures for the CG simulations were obtained from 10 ns atomistic NPT simulations,
to obtain the corresponding box-sizes. Then the systems were mapped to their CG

59,60

representation using the VOTCA software . The large hydrogel structures were sim-

ulated for 100 ns in NVT. Data from the last 10 ns was used for analysis.

CG simulations of the following systems were performed with Gromacs 4.6.4*! :

i. 50 chitosan chains with DP=50 and 80,000 water beads, corresponding to 1600
water molecules per polymer chain (32 water molecules per monomer ), with evenly

spaced modifications.

ii. 50 chitosan chains with DP=50 and 80,000 water beads, with modifications grouped

in blocks of four.
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iii. 20 chitosan chains with DP=50 and 100,000 water beads or 5000 water molecules
per polymer chain ( 100 water molecules per monomer ), with evenly spaced mod-

ifications.

iv. 20 chitosan chains with DP=50 and 100,000 water beads, with modifications

grouped in blocks of four.

The hydrogel structures were characterized by the distribution of pore sizes, following
the same protocol mentioned in chapter 2. For each distribution, three snapshots of the

network structures at 5 ns intervals were analyzed.

4.3 Low water content

Simulation snapshots of dense chitosan networks with 50 polymers with DP=50 and
80,000 CG water molecules are presented in Figure 4.1. These polymers have evenly
spaced acetyl, butyl and heptyl modifications. For all systems, the chitosan polymers
appear to be overall uniformly distributed throughout the box. Analysis of the pore sizes
in these networks results in a similar picture. The pore size distributions, also shown
in Figure 4.1, reveal no differences between the different modifications, all showing a
relatively narrow distribution with most pore diameters at 1.2 nm.

Though no measurable large scale differences in the network structure are found,
inspection of the simulation snapshots suggest that the more hydrophobic modifications
form local clusters. For a more local picture of the molecular interactions within the
networks we have characterized the number of contacts formed between the hydrophobic
modifications, as summarized in Table 4.1. For the acetyl modifications the all contacts
of M beads have been counted, while butyl and heptyl the number of contacts formed
by MB or MC beads, respectively, with any other modification beads were counted.

As one would expect, the total number of contacts increases with higher x and for
larger modifications, both of which correspond to a higher total number of modification
beads in the network. For acetyl chitosan, the M beads form on average only 28 + 7
contacts for y = 16% but 273 + 2 for y = 50%. Similarly the contacts of the butyl MB
beads increase from 433 4+ 8 for y = 16% to 1002 + 15 for y = 32%, and the heptyl
MC beads form 306 + 9 contacts at x = 8% and 980 + 18 contacts for x = 24%. Put
in relation to by the total number of modifications in the system, the trends remain
similar: both butyl and heptyl form significantly more contacts per modification than

acetyl, and in all cases the number of contacts increases with y.
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Figure 4.1: Simulation snapshots and pore-size distributions of chitosan networks with 50

polymers of DP=50 and 32 water molecules/monomer with (a-c) acetyl, (d-f) butyl and

(g-1) heptyl modifications. The simulation snapshots show the chitosan backbone (A,B,C
beads) in red, modifications (M, MA, MB, MC beads) in yellow and water mlecules as
blue dots for (a) x = 16% acetylation (b) x = 50% acetylation, (d) x = 16% butylation,
(e) x = 32% butylation, (g) x = 8% heptylation and (h) x = 24% heptylation.
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low water high water
Modification total per modification | total per modification
16% Acetylation | 28 £ 7 0.07 £0.02 4+2 0.025 + 0.012
50% Acetylation | 273 42 0.22 +0.002 46 +10 | 0.092 £ 0.02
16% Butylation | 433 +38 1.08 £0.02 165+3 | 0.41+£0.01
32% Butylation | 1002 + 15 | 1.25 +0.01 561 + 10 | 1.03 4+ 0.06
8% Heptylation | 306 +9 1.53 + 0.006 115+5 | 1.444+0.06
24% Heptylation | 980 + 18 | 1.63 +0.015 233+£7 |0.97+£0.03

Table 4.1: Number of contacts between modification beads formed in the chitosan net-

works

Finally, the end-to-end distance can provide insight as to the effect of the modifica-
tions and of the interactions within the network on the conformations of the polysac-
charides. The data for single polymers with different modifications and different y is
summarized in Table 4.2 and simulation snapshots in Figure 4.2. The addition of acetyl
modifications barely affect the conformational space of the polysaccharide. Butyl and
heptyl modifications on the other hand lead to more compact polymers, with decreasing
end-to-end distances when the degree of substitution is increased, consistent with the

increased hydrophobicity of the molecules.

Evenly-Spaced Pattern Blocky Pattern
Modification single polymer | network 50 chains | network 20 chains | single polymer | network 20 chains
16% Acetylation || 15.4 + 3.6 14.6 £ 04 144 £ 0.6 12.10 £ 4.06 154 £ 0.6
32% Acetylation 15.1 + 0.2 154 + 0.7 154 + 0.6
50% Acetylation | 15.9 4+ 4.2 16.2 £ 0.3 16.1 £ 0.9 16.29 £ 3.92 15.7 £ 0.6
16% Butylation || 10.2 + 5.1 129+ 0.5 127 £ 0.8 13.68 £ 3.65 13.4 £ 0.6
24% Butylation 11.8 £ 0.3 104 £ 0.5 13.0 £ 0.4
32% Butylation | 8.7 + 3.4 9.0 £0.3 5.6 = 0.4 10.84 + 3.66 10.2 £ 0.3
8% Heptylation | 13.2 &+ 3.7 13.5 £ 0.5 13.1 £ 0.7 10.42 £ 3.78 13.0 £ 0.4
24% Heptylation || 11.7 4+ 3.7 11.8 £ 0.3 124 £ 0.9 9.94 + 1.38 124+ 1.1

Table 4.2: Polymer end-to-end distance for single polymers in solution and in the net-

work. The errors represent one standard deviation.

The trends observed in the chitosan networks follow the same overall line as for
the single polymer. For acetylated networks, the average end-to-end distance of the
polymers increases slightly from 14.6 + 0.4 nm to 16.2 £+ 0.3 nm from 16% to 50%

acetylation, which suggests that the contacts in the hydrogel favor alignment and there-
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Figure 4.2: Simulation snapshots of single chitosan polymers with DP=50 and 100000
water molecules with (a-d) acetyl, (e-h) butyl and (i-1) heptyl modifications. The sim-
ulation snapshots show the chitosan backbone (A,B,C beads) in red, modifications (M,
MA, MB, MC beads) in yellow (a) x = 16% acetylation with evenly-spaced pattern (b)
X = 50% acetylation with evenly-spaced pattern, (¢) x = 16% acetylation with blocky
pattern (d) x = 50% acetylation with blocky pattern, (e) x = 16% butylation with
evenly-spaced pattern, (f) x = 32% butylation with evenly-spaced pattern, (g) x = 16%
butylation with blocky pattern, (h) x = 32% butylation with blocky pattern, (i) x = 8%
heptylation with evenly-spaced pattern and (j) x = 24% heptylation with evenly-spaced
pattern, (k) x = 8% heptylation with blocky pattern and (1) x = 24% heptylation with
blocky pattern.
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fore more linear conformation in the polymers. Both butyl and heptyl modified chitosan
polysaccharides have more compact conformations with higher degrees of modification.

Thus overall, the observed network structure of the dense systems is very similar
across different modification types, degrees and patterns. However, the higher number
of contacts formed and the differences in the polymer conformations reflected in the
altered end-to-end distances suggest that the modifications are likely to affect hydrogel

properties under the right conditions.

4.4 High water content

One factor that can influence the network structure significantly, and that limits polymer
flexibility and the sizes of the pores, is the high chitosan density and low water content
in the systems above. The water content in real hydrogels is often much larger, reaching
weight fractions up to to 0.98-0.99.

To better understand what effect the water content has on the hydrogel properties,
we have simulated hydrogels for all modifications with a higher water content. A 20
chitosan chains with DP = 50 and 100,000 CG water beads, i.e. 100 water molecules
per monomer. This corresponds to a weight fraction to 0.89. Representative simulation
snapshots from the end of the 100 ns trajectories are shown in Figure 4.3. From the
snapshots, the overall structure of the acetylated networks still appears to be indepen-
dent of y. Similar to the denser systems, chains are evenly distributed throughout the
simulation box. For the butyl-chitosan on the other hand the network-structure changes
drastically between x = 16% and x = 32% of modification, forming dense clusters of
hydrophobic modifications, surrounded by the polymer backbone, and connected by in-
dividual polymer strands. The result is a cluster/channel network featuring large pores
between the dense chitosan clusters as shown in Figure 4.3e).

This morphological change is also clearly visible in the pore size distributions shown
in Figure 4.3. While at 16% butylation, the pore size distribution looks very similar to
those observed in the acetylated networks, with the majority of pore diameters between
now 1.5 and 3.0 nm, in the 32 % butylated chitosan network, the pore sizes have markedly
shifted to pore diameters centered around 7.0 nm.

As can be expected from the smaller number of modification beads in the system,
and the larger volume fraction occupied by water, the total number of contacts between

modification beads in the network has decreased. To account for the smaller total number
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Figure 4.3: Simulation snapshots and pore size distributions of chitosan networks with 20

polymers of DP=50 and 100 water molecules/monomer with (a-c) acetyl, (d-f) butyl and
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(g-1) heptyl modifications. The simulation snapshots show the chitosan backbone (A,B,C

beads) in red, modifications (M, MA, MB, MC beads) in yellow and water molecules as

blue dots for (a) x = 16% acetylation (b) x = 50% acetylation, (d) x = 16% butylation,
(e) x = 32% butylation, (g) x = 8% heptylation and (h) x = 24% heptylation.
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of modifications in the system, the number of contacts has again been normalized by
the number of modifications in the system. The number of contacts and the number
of contacts per modifications for the high-water networks are also listed in Table 4.1.
In the acetylated networks, and for butyl at low yx, the average number of contacts
each modification forms has decreased with the higher water fraction. For y = 32%
butylation and heptyl on the other hand, the contacts per modification are almost as
high as in the denser networks, indicating their role in forming adhesive contacts.

The end-to-end distances of the polymers in the high water content gels, listed in
Table 4.2, also show the same trends as before. Especially for the butylated chitosan, the
changes with increasing values of xy have become much more pronounced in the hydrated
networks, and the end-to-end distance decreases significantly, changing from 12.7 + 0.8
nm at y = 16% to 5.6 = 0.4 nm at y = 32%. These very compact conformations of
the polymers are required to accommodate the aggregation of the butyl modifications
to clusters. In addition, the polymer backbones tend to wrap around these hydrophobic
clusters to form micelle-like structures.

In contrast, a similar morphological transition does not take place in heptanoyl-
chitosan systems, despite the even higher hydrophobicity of modification. Although
small clusters of modification beads are visible in the simulation snapshots (Figure 77,
the resulting pore size distribution does not significantly change. Consistent with the
absence of hydrophobic clusters heptanoyl-chitosan did not show any notable differ-
ence in the end-to-end distances. This different behavior of butanoyl- and heptanoyl-
chitosan networks originates from the association between the hydrophobic modification
groups, which is much stronger for the larger heptanoyl moieties. As a result, the initial
heptanoyl clusters are too stable to allow a rearrangement of the network into a clus-
ter /channel morphology, which requires dissociation and rearrangement of some of these
initial contacts. This suggests that the network structure heptanoyl-chitosan is likely
to be more rigid, and less amenable to adjust to different conditions in the surrounding

aqueous environment, such as variations in ionic strength and pH.

4.5 Influence of modification pattern

Whereas the degree of acetylation or further modification of chitosan is typically well

characterized, the distribution of the modifications on the chain is not easily determined

71,72,73

experimentally and is likely to depend on the preparation process . For chitosan,
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typically a random distribution is assumed, however, it has also been suggested that
deacetylation under heterogeneous conditions favors the formation of a blockwise pat-
tern T4 75,76

A real random pattern will contain a mixture clusters of different sizes, especially
for higher degrees of modification, and single modifications. To gain a clearer under-
standing of the relation between modification pattern and network properties, instead of
simulating random patterns, we opted to compare the effect of individual, evenly spaced
modifications as described in the previous sections to small modification blocks of four

consecutive modifications (see Figure 4.4).
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Figure 4.4: Effect of modification pattern: a) scheme of the evenly spaced and blockwise
modification pattern; b) pore size distribution for x = 16% butylation with the two
patterns; ¢) and d) simulation snapshots of for x = 16% butylation with c) evenly

spaced and (d) blockwise modification.

The tendency of the hydrophobic modifications to interact with each other, is al-

ready observed in the RDFs shown in Figure 3.8 as well as in the clusters formed in
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and (g-i) heptyl modifications with blockwise modification pattern. The simulation
snapshots show the chitosan backbone (A,B,C beads) in red, modifications (M, MA,
MB, MC beads) in yellow and water molecules as blue dots for (a) x = 16% acetylation
(b) x = 50% acetylation, (d) x = 16% butylation, (e) x = 32% butylation, (g) x = 8%
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the butylated and heptylated chitosan networks. A block pattern of modifications al-
lows the modification beads to interact with several other modifications simultaneously,
and thereby facilitates the formation of hydrophobic clusters while requiring less defor-
mation of the polymer backbone. Thus, an enhancement of interactions between the

modifications is expected.

Low Water High Water
Modification Total per modification | Total | per modification
16% Acetylation | 37+9 0.09 4+ 0.02 5+3 0.03 +0.02

50% Acetylation | 319 + 23 0.26 £ 0.02 26 = 10 0.11 £0.02
16% Butylation | 456 + 12 1.14 +£0.03 308 £3 1.92 £0.02
32% Butylation | 1034 £ 20 1.23 £0.03 507 £ 16 1.58 £0.05
8% Heptylation | 399 + 11 2.00 £ 0.06 151 +£6 1.89 £ 0.08
24% Heptylation | 1383 + 24 2.35£0.04 491 £ 15 2.04 £0.06

Table 4.3: Number of contacts between modification beads formed in the chitosan net-

works with modifications grouped in blocks of four

A comparison of the polymer data for the two patterns is summarized in Table 4.2.
For acetylated chitosan, a comparison to the evenly spaced modifications shows no dis-
cernible effect of the blockwise distribution on the polymer properties, or network struc-
ture.

The average number of contacts between modifications increases compared to a uni-
formly distributed pattern in all the cases as shown in Table 4.3 , because a modification
bead can more easily interact with several others in the immediate vicinity in the block
pattern. For the end-to-end distances, overall the same trends are observed for the block
chitosan, though they become less pronounced in the dense system as shown in Table 4.2
for high-water and low water content respectively.

The most striking difference between the two modification patterns, is observed for
the onset of the network morphological transition to the cluster-pore network, which is
markedly shifted to lower values of x for a blockwise distribution of butyl groups. For
other cases, it shows similar behaviour as compared to uniformly spaced modifications.
At high (x = 32%) level of modification, the networks for blockwise and evenly dis-
tributed modifications show a similar structure and and pore size distribution. However,
for the block pattern, the distribution of pore sizes has already shifted to larger pore

diameters, as compared to both the evenly spaced modifications (Figure 4.4b).
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A change in the hydrogel structure is more easily accessible to experimental quan-
tification than the distribution of modifications, for example by comparing the diffusion
of different probe molecules through the system, as described below, and may therefore
be helpful to distinguish modification patterns. However, for such a purpose, a detailed
analysis of the effects of various cluster sizes as well as truly random distributions would

be required.

4.6 Full range of substitution: 0% and 100%

To complete the structural picture, we have simulated the limiting cases of Y = 0%
and y = 100% acetylation. The latter corresponds to unmodified chitin, whereas the
former represents fully deacetylated chitosan, which is, in practice, hard to produce and
therefore not often used, so that typically 5% to 15% of monomers retain their acetyl
groups. Experimental studies report that full deacetylated chitosan forms hydrogels with
homogeneous networks™ . Similarly, the fully deacetylated chitosan forms a uniform
network structure spanning the simulation box as shown in the simulation snapshot in
Figure 4.7a) , and the distribution of pore sizes and end-to-end distances that is very

similar to those found in the acetylated chitosan networks.
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Figure 4.7: (a) Simulation snapshot and (b) pore-size distribution of deacetylated chi-

tosan networks with 20 polymers of DP=50 and 100 water molecules/monomer. The

simulation snapshots show the chitosan backbone (A,B,C beads) in red.

The fully acetylated polymers on the other hand self-assemble into form thick fib-

rils, as shown in Figure 4.8a). As a result of the alignment, the individual polymers
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are straightened out and the average end-to-end distance increases to 20.4 + 0.4 nm.
Chitin is known to form crystalline fibrils with anti-parallel alignment of the polymers.
Figure 4.8b) shows a fibril segment color-coded by the polymer direction. In this fib-
ril, as well as the rest of the system, only about 50% of the polymers have formed an
anti-parallel alignment, the rest aligned parallel to each other. In addition, the self-
assembled fibrils are more twisted than the chitin structure. The crystal structure of
a-chitin has been resolved®%? and can be compared to the self-assembled fibrils in our
simulation model. Nevertheless, the contacts formed between the polymers with anti-
parallel alignment show a remarkable similarity to those in the a-chitin structure, as
shown for example in Figure 4.8¢), which superimposes a segment of self-assembled fib-
ril on the crystal structure. Thus, the CG model, despite being derived at quite different
conditions, and low acetylation is able to reproduce the right crystal packing at least
locally, which speaks for the wide rage of applicability of the model. Reproducing the
overall formation of crystal fibers with the right orientation cannot be expected in an
unbiased simulation of such large molecules, which are kinetically trapped, once they

have aligned in either orientation™ .

Figure 4.8: (a) Simulation snapshot of 100% acetylated chitosan networks with 20
polymers of DP=50 and 100 water molecules/monomer showing the chitosan backbone
(A,B,C beads) in red, modifications M beads in yellow, (b) alignement of polymer in
blue as non-reducing end at the top and orange as non-reducing end at the bottom while
(c) shows the structure of two antiparallely aligned polymers superimpose to a-chitin

structure from Ref61:62
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4.7 Conclusion

We have studied the morphologies of hydrogels formed by chitosan polymer with different
modifications i.e. acetyl-, butanoyl-, heptanoyl and different water concentration with
CG MD simulations. The structures formed were found to depend significantly on these
material parameters. At low water concentration, the network structure does not show
a measurable difference in hydrogel properties such as pore-size distribution, end-to-end
distance and average number of contacts. The polymers form a uniform network in all
cases. However, in case of high water content, the acetyl modified hydrogels still form a
uniform network while with butanoyl, polymers aggregate around hydrophobic clusters
formed. In heptyl modified hydrogel, polymer show strong association of the heptyl
modification. However, they are so strong that once formed they are unable to rearrange
so that no cluster-channel morphology can form. The pore size distribution shows shifts
in the pore size, confirming the formation of polymer aggregates. The distribution of
modifications across the polymer chains can also cause morphological changes in the
network structure. Two modification patterns namely, a block modification pattern
(four consecutive modified monomer) and evenly-spaced were analyzed in detail. Similar,
network structures were obtained as for the evenly-spaced pattern for most conditions.
However, the formation of hydrophobic clusters in the network becomes more favorable,
so that the transition from the uniform network to the cluster-channel morphology sets
on earlier in butyl modified chitosan. Finally, the minimum (0%) and maximum (100%)
degree of acetylation cases were also studied. The 0% acetylation form a uniform network
structure while 100% acetylation forms fibrils. The fibril are twisted and 50% anti-

parallel aligned that resemble with the structure of « chitin.
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Chapter 5

Effect of chitosan hydrogel properties

on drug diffusion

5.1 Introduction

Chitosan hydrogels have been extensively utilized as materials for tissue engineering,

79,8081 Their optimization as drug delivery carri-

wound healing, and drug delivery
ers for clinical applications, however, is extremely laborious due to the variety of tun-
able parameters controlling the structure and transport properties of these materials.
Computational models capable of predicting the transport properties of drugs across
chitosan-based hydrogels have the potential of accelerating pre-clinical development and
translation. Critical towards accurate modeling of drug diffusion is the development of
a detailed model connecting physicochemical properties and architecture of the chain
network and drug properties. In this work, we adopted DOX and GEM, established
chemotherapeutic drugs, as model molecules to study diffusion through modified chi-
tosan hydrogels. GEM is a small (263.2 g/mol), hydrophilic and electrically neutral
molecule, whereas DOX is a larger (543.5 g/mol) amphiphilic molecule. CG models of
DOX and GEM were initially prepared through the mapping shown in chapter 3, and
drug-drug, drug-solvent, and drug-chitosan interactions were obtained from initial all-
atom simulations as presented in chapter 3.

In this chapter, first an atomistic analysis was conducted to study the type of interaction
between the chitosan polymer-drugs. The CG model of chitosan introduced in chapter 2
& 3 was designed in a way that can afford the delivery for any desired drug combination

with a synergistic molar ratio and kinetics. As an example for the significance of hydro-

79



gel morphology, the diffusion of two example drug molecules GEM and DOX through
the different gel morphologies was also simulated. Diffusion trends were obtained for
both the drugs. To study the effect of multiple drugs interacting with each other on

diffusion trends, dual drug migration through the network was also studied.

5.2 Analysis of drug-chitosan interactions at all-atom

resolution

All-atom simulations of the drug-loaded chitosan hydrogels were analyzed to obtain a
molecular-level understanding of (i) the interactions between the drug molecules and the
modified chitosan chains and (ii) the dependence of these interactions on the type and
degree (x) of modification.

Atomistic systems have a high density of chitosan monomers and low water content,
which were necessary to obtain a sufficient sampling of the forces needed to implement
the CG procedure as described in Chapter 2. This high density, however, results in
many non-bonded interactions between the polymer and drug molecules. It must be
also noted that the frequency of these interactions in real hydrogels, where the water
content is significantly higher, is much lower. Nonetheless, the analysis of these inter-
actions at the atomistic scale provides insight into the relative contribution of different
types of interaction between the drug and polymer. The interaction energies among the
drug molecules, the chitosan backbone, and the modification groups were separated into
electrostatic and Lennard-Jones (LJ) contributions and the ability to form hydrogen-
bond was analyzed. The resulting interactions between DOX and modification groups
and between DOX and the chitosan backbone as a function of x are reported in Fig-
ure 5.2. The analogous results for GEM are shown in Figure 5.3. The hydrogen-bond
interactions for DOX modification and DOX backbone as a function of x are reported in
Figure 5.4. The hydrogen-bond interaction for GEM modification and GEM backbone
as compared to DOX is negligible.

We observed that the interactions between the drug molecules and chitosan were con-
sistently dominated by the LJ-type, particularly for DOX as compared to GEM. DOX
interacts both with the chitosan backbone and the modifications; The daunosamine moi-
ety in DOX (ring structure shown in Figure 5.1) aligns with the pyranose rings in the
chitosan backbone resulting in the formation of multiple hydrogen bonds (Figure 5.1a

and b). However no alignment were observed between GEM and the chitosan back-
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Figure 5.1: All-atom simulations depicting the interactions between the interactions
between DOX and GEM ( red for oxygen, blue for nitrogen, fluorine for pink and white
for hydrogen) and chitosan (grey:Glucosamine and yellow: N-acyl-glucosamine) for (a)
acetyl modified chitosan with DOX, (b) butanoyl modified chitosans with DOX, (c)
acetyl modified chitosan with GEM, and (d) butanoyl modified chitosans with GEM.

bone or modification as shown in Figure 5.1c and d) and doesnot result in multiple
hydrogen bond as well. As the y of acetylation increases from 16% to 50%, the number
of contacts between the DOX and the modifications increases from 55 to 170. With
butanoyl-modified chitosan, the number of non-bonded interactions between DOX and

the modifications increases further to 225 at y = 16% and 550 at x = 32 %. The increase
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Figure 5.2: Lennard-Jones and coulombic contribution to the DOX-modification group
interaction energy for (a) acetyl-chitosan and (b) butanoyl-chitosan; and Lennard-Jones
and coulombic contribution to the DOX-backbone interaction energy for (c) acetyl-

chitosan and (d) butanoyl-chitosans at different .

in the number of non-bonded interactions is reflected by the increase of interaction en-
ergy shown Figure 5.2. On the other hand, the dependence of the backbone interactions
with y is less clear. In particular, the number of non-bonded interactions decreases with
x for acetyl modifications and increases slightly for butanoyl modifications. It should be
noted, however, that DOX molecules tend to aggregate into clusters(Figure 5.1a and b),
thereby reducing their ability to form interactions with the backbone, especially within

the timescale of the all-atom simulations, where equilibration of the aggregate size is not
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Figure 5.3: Lennard-Jones and coulombic contribution to the GEM-modification group

interaction energy for (a) acetyl-chitosan and (b) butanoyl-chitosan; and Lennard-Jones

and coulombic contribution to the GEM-backbone interaction energy for (c) acetyl-

chitosan and (d) butanoyl-chitosans at different .

accessible. GEM shows overall weaker interactions with the chitosan chains as shown in

Figure 5.3. The LJ contribution to the interaction energy, in fact, is about 50% of that

observed with DOX, whereas the electrostatic contribution, is approximately the same
for both the drugs.
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5.3 Dynamic properties of the CG system

To be able to reliably characterize their dynamics in the CG system, the diffusion co-
efficients of the drug molecules were calculated from the slope of the mean-squared
displacement (MSD) of the drug molecules with respect to time and compared to the
all-atom dynamics as listed in Table 5.1. As expected, the dynamics in the CG system
are significantly faster than in the all atom models, which is one of the factors leading

to the great efficiency of CG models in general. Comparing the diffusion coefficients
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for water at atomistic and at CG resolution, D™ and DY, respectively, the ratio is
D = % = 6.4, i.e. dynamics in the CG system are 6 to 7 times faster than those
in the atomistic model. The value D™ = 2.74 x 10~%cm? /s is in good agreement with
diffusion constants reported in the literature for the TIP5P water model®? . Using the
same factor 7p to scale the diffusion constants observed for DOX and GEM, the value
obtained for DOX D*°™ =~ (.1 x 1075cm?/s is in reasonable agreement with the exper-

83 The atomistic values for

imentally determined value of D™ ~ (.21 x 10~°cm? /s
DOX and GEM on the other hand are significantly lower. It is possible that the small
box size and the high concentration of drug molecules contribute to this larger difference
and reduce the dynamics of DOX and GEM in the atomistic systems. Thus, especially
when the expected speedup in dynamics is taken into account, the CG model provides

a reasonable prediction of the diffusion coefficients of the two model drugs.

system D
water | atomistic | 2.741 £ 0.164
water CG 17.530 £ 0.733
DOX | atomistic | 0.056 £+ 0.0167
DOX CG 0.625 + 0.058
GEM | atomistic | 0.143 4+ 0.005
GEM CG 3.683 £+ 0.626

Table 5.1: Diffusion coefficients (10~°cm?/s) comparison for DOX and GEM with pure

water in atomistic and CG simulation respectively.

5.4 Simulation of single drug migration through modi-

fied chitosan hydrogels: Lower drug concentration

The all-atom simulations described in section 5.1 were performed to evaluate the molecular-
level interactions and elucidate the thermodynamic mechanisms by which the drugs
interact with the chitosan backbone and the modification groups.

The equilibrated chitosan hydrogel structures obtained in Chapter 4, were loaded
with 10 drug molecules of either DOX or GEM initially placed at random positions.
The concentration of drug molecules was chosen low to avoid strong drug-drug interac-

tion. In choosing the number of drug molecules, we also considered the trade-off between
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ensuring reproducible simulations (higher drug loading) and avoiding the formation of
aggregates (lower drug loading). While, in fact, an insufficient number of drug molecules
can lead to poor statistical significance, especially when diffusing through structurally
non-homogeneous systems, excessive drug loading results in the formation of aggregates,
which would distort drug migration through the polymer network. However, similar
result were obtained for loading the system with 20 drug molecules as described be-
low in next section. Regarding the choice of distributing the drug molecules randomly
across the network, we note that the diffusion constants obtained by arranging the drug
molecules into different initial distributions showed the same trends and, in most cases,
agreed within the fitting error.

CG simulations of 10 ns were performed and the diffusion of the drug molecules
through the networks was monitored. The diffusion constants were calculated and are
reported in Figure 5.5. The error bars correspond to the fitting error due to the non-
linearity of MSD fitting. It should be noted that the diffusion constants did not signifi-
cantly change with simulations performed at longer time scales.

As anticipated, the differences in hydrogel morphology (homogeneous vs clusters/
channels) and physicochemical properties of the drugs and the modification groups result
in different trends of drug diffusion vs x. GEM migrates through all networks with a
diffusion constant similar to that of free GEM in water, indicating that there is no
effect of the polymer on its diffusion (Figure 5.5 a & ¢). GEM molecules, which are
small and hydrophilic, form a relatively low number of nonbonded interactions with the
chitosan chains, irrespective of the type of modification and y, as listed in Table 5.6.
This is also consistent with the size of GEM, which has a radius of gyration of 0.33
nm. The predominant pore diameters in the uniform hydrogels is on the order of 1.2
nm, so that GEM molecules can travel easily through the pore network provided that
there are no strong interactions with the polymers. Owing to the limited interaction
with the polymer chains, GEM travels easily through the water-filled channels in both
homogeneous and cluster/channel hydrogel morphologies. Only a slight reduction in
GEM diffusion is observed in butanoyl-chitosan at higher x.

On the other hand, DOX molecules, which are larger and more hydrophobic, show
markedly different values of diffusion coefficient, and most notably, an inversion in the
diffusion trend with x between acetyl- and butanoyl- modifications. In acetylated-
chitosan networks, DOX diffusion decreases at higher y, independently of the modi-

fication pattern (Figure 5.5 b). However, the network structure and pore size distri-
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Figure 5.5: Drug diffusion constants vs. x for single-drug migration across different
chitosan networks for evenly-spaced (black) and blocky (red) modification patterns: (a)
GEM and (b) DOX in acetyl-chitosan, and (¢) GEM and (d) DOX in butanoyl-chitosan.

butions were found to remain unaltered with y, both for the evenly-spaced and blocky
acetylated-chitosan networks , indicating that network morphology is unlikely to be the
cause of DOX decreased mobility. Rather, the decreased diffusion coefficients of DOX
at larger y can be attributed to increased number of non-bonded interactions between
DOX and the modified chitosan molecules. As reported in Table 5.6, in fact, the num-
ber of non-bonded interactions between DOX and the acetyl moieties increases with y

for both modification patterns, although the number of non-bonded interactions with
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Drug Backbone, Low | Mod, Low | Backbone, High | Mod, High
Acetyl
(evenly sl}),ace d) 217 £ 14 (93.5%)| 15 £ 2 (6.5%) | 239 £ 11 (83.9%) |46 + 4 (16.1%)
Acetyl
pox | (locky)  [225%12(849%)|40.£3 (15.1%) | 221 11 (79.8%) (56 + 4 (20.2%)
Butanoyl
(evenly spaced) 219 £ 15 (78.5%) (60 £ 7 (21.5%) | 316 + 23 (83.6%) | 62 £ 6 (16.4%)
Butanoyl
(blocky)  [276+13(83.1%) (56 £ 7 (16.9%)| 371 £ 18 (88.1%) 50 £ 7 (11.9%)
Acetyl
(evenly spaced) 26+ 10 (89.7%) | 3+ 1(10.3%) | 33+ 10(80.5%) | 8 + 3 (19.5%)
GEM
(ﬁ‘lf)itlf;) 309 (88.2%) | 4+2(11.8%) | 41+ 11 (80.4%) |10 + 4 (19.6%)
Butanoyl
34 +10(89.5%) | 4 £2(10.5%) | 169 £ 25 (87.6%) |24 + 7 (12.4%
(evenly spaced) ( 6) ( 0) ( 0) ( 0)
+ 2% + JN + 2% + N
I(;ll)llt(?cl:?;;l 61+ 11 (81.3%) |14 £5 (18.7%)] 163 £ 16 (80.3%) |40 + 6 (19.7%)

Figure 5.6: Number and (percentage of total) of non-bonded interactions observed be-
tween drug molecules and chitosan chains (backbone and modifications) in the different
chitosan networks over the drug molecules trajectories during the simulation; where
DOX molecules are treated as a group so that any given chitosan or modification site
can only contribute one contact. In the table, low represents x = 16% for both sys-
tems, and high represents y = 50% and 32% for acetyl-and butanoyl- modified systems,

respectively

the backbone remains constant. For example, a DOX molecule forms on average of 15
+ 2 interactions with acetyl-chitosan at y = 16%, and up to 60+ 4 interactions with
acetyl-chitosan at y = 50% with evenly spaced pattern. This indicates that hydrophobic

non-bonded interactions are the main cause of the slowed diffusion.
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Figure 5.7: Mean-squared displacement (MSD) plot vs. time for diffusion of DOX
through the blocky butyl-modified chitosan network at y = 32%, where DOX-Captured
refers to DOX that becomes entrapped within a cluster and DOX-Free refers to DOX

that remains in the pores of the cluster/channel morphology during the simulation.

Inversely, DOX diffusion through butanoyl-chitosan gels increases with y, indepen-
dently of modification patterns (Figure 5.5 d). As x increases, the butanoyl-chitosan
network undergoes a transition from homogeneous to cluster/channel morphology. CG
simulations of DOX migration through butanoyl-chitosan systems show dramatic dif-
ferences to the fate of DOX molecules depending on the morphology of the network,
i.e., homogeneous or cluster/channel. The migration of DOX through the homogeneous
butanoyl-chitosan network (low y, Figure 5.9 c) is identical to that of DOX through
homogeneous acetyl-chitosan network (low and high y, Figure 5.9 a and b). Through
clustered butanoyl-chitosan, instead, DOX molecules either adsorb onto/within the chi-
tosan clusters or travel freely through the large pores (Figure 8 d). This indicates that,
as in acetyl-chitosan systems, interactions between DOX and butanoyl-chitosan at high
x occur (see Table 5.6). However, the DOX molecules freely migrating through the
large pore are responsible for the increase in the overall diffusion coefficients; this is
corroborated by the comparison in mean-squared displacement MSD vs. time for both
adsorbed and freely migrating DOX molecules as shown in Figure 5.7. It is also crucial
to note that the chitosan vs. water ratio and consequently the channel vs. cluster ratio

are much higher in the experimental systems than in the simulated networks. We there-
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Figure 5.8: Snapshot of DOX migration through: (a) acetyl-chitosan networks at low
X (16%); (b) acetyl-chitosan networks at high x (50%); (c) butanoyl-chitosan network
at low x (16%); (d) butanoyl-chitosan networks at high x (32%) where the chitosan
backbone is represented by red beads, modifications are represented by yellow beads,
and DOX is represented by black beads

fore expect the actual hydrogel to mirror the increase in the diffusion coefficient with y
observed in the CG simulations. The diffusion and release of DOX from hydrogels with
such a cluster-pore morphology will be therefore closely related to the fraction of the

molecules diffusing in the pores. This is determined by the partition coefficient K¢ of the

Ne Vi

N Therefore,

molecules to the hydrophobic clusters, which is defined as K¢ = i—i =
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Figure 5.9: Snapshot of GEM migration through: (a) acetyl-chitosan networks at low
X (16%); (b) acetyl-chitosan networks at high x (50%); (c) butanoyl-chitosan network
at low x (16%); (d) butanoyl-chitosan networks at high x (32%) where the chitosan
backbone is represented by red beads, modifications are represented by yellow beads,

and GEM is represented by green beads

the fraction of DOX molecules stuck to the clusters is ]J:%Ul =K C% and depends both

on the affinity to the hydrophobic clusters, and the volume ratio of clusters and water
. .- . Ny o 4V .

phase. Using octanol-water partition data as a rough estimate, A A, so that in

gels with high water contents as is generally the case®® diffusion will be dominated by

molecules diffusing in the pores. Overall, the diffusion trends shows the same behavior
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on compared with the experimental diffusion trends?! .

The faster dynamics enabled by the smoother energy landscapes featured in CG sim-
ulations may introduce some error in the calculation of the diffusion constants; however,
the comparison among the migration of drug molecules in different networks provides
a reliable evaluation of the influence of the network morphology and physicochemical
properties on drug transport. In the cluster/channel morphology, in particular, the dif-
ference between diffusional pathways of single-drug molecules becomes very pronounced,
with drug molecules experiencing sharper differences in the morphology of the medium
through which they diffuse. Collectively, these single-drug simulations indicate that the
hydrophobicity driven morphing of the hydrogel structure affects drug diffusion by two
opposing mechanisms: first, the larger pores favor the migration of the drug molecules;
and second, the nesting of the modification groups within the core of the clusters is
responsible for strong adsorption of the drug molecules that embed in the chitosan clus-
ters; notably, our simulations indicate that while both DOX and GEM are affected by
the first mechanism, only DOX undergoes the second mechanism. We anticipate that
the high water/polymer ratio of the real chitosan hydrogels makes the first mechanism

dominant over the second.

5.4.1 Effect of higher drug concentration on diffusion trends

To evaluate how the single drug diffusion trends change with high drug concentration,
20 DOX or 20 GEM molecules were inserted at random locations in the equilibrated
network structures for 16% & 50% acetylation and 16% & 32% butylation and their
motion through the chitosan hydrogels was analyzed. The results indicate that GEM
shows same diffusion trend as observed in Section 5.3 7.e. with diffusion constants that
are only minimally affected by interactions with the chitosan gels.

Similarly, the MSD curves for DOX shown in Figure 5.10 depend noticeably on
the type and level of modification, and the diffusion is slowed down for acetylation as
observed for the smaller number of DOX molecules. At y = 16% the MSD of DOX
in the acetylated and butylated chitosan networks looks very similar, leading also to
approximately the same diffusion constants (see Table 5.2). However, when the level of
modification is increased, the MSD curve for 50% acetylation falls below that in 32%
acetylation, meaning that DOX diffusion decreases for larger y. Inversely the diffusion
rate through 32% butylated chitosan has significantly increased, corresponding to a

diffusion constant that is more than twice as large as for x = 16%.
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butylated chitosan network for a uniformly-spaced modification pattern.

For further analysis the interactions between DOX molecules and the chitosan net-
work were analyzed by counting the number of contacts within 0.6 nm. As summarized
in Table 5.3 the number of interactions between DOX and the M beads increases for
x=16% have 27 + 3 while x=50% have 83 £+ 5 average number of contacts, whereas the
number of contacts with the chitosan backbone remains approximately constant at 400-
420 contacts over the range of y values. Thus the slow down of DOX diffusion through
the acetylated gel was observed due to the increase in interactions with the hydrophobic
modifications at higher y, as explained in the previous section. In comparison, GEM

interacts much less with the chitosan network with only about 30-40 contacts in total,

consistent with its unhampered diffusion through the gel.

DOX GEM
Evenly-spaced Blocky Evenly-spaced Blocky
Modification | Diffusion Const. | Diffusion Const. | Diffusion Const. | Diffusion Const.
16% Acetylation | 0.268 £ 0.100 0.213 £+ 0.034 3.878 + 0.764 3.787 + 0.422
50% Acetylation | 0.161 £ 0.003 0.191 + 0.000 3.572 + 0.470 3.905 + 0.150
16% Butylation | 0.257 + 0.042 0.150 £ 0.050 3.906 + 0.149 3.588 + 0.464
32% Butylation | 0.827 + 0.039 0.550 + 0.082 3.078 + 0.126 3.16 + 0.30

Table 5.2: Diffusion constant (1075c¢m?/s) for DOX and GEM for acetylation and buty-

lation at different degree of modification.

However, the contact data presented in Table 5.3 shows that DOX still forms a large
number of contacts with the chitosan network. Going from 16% to 32% butylation,
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DOX GEM
Evenly-spaced Blocky Evenly-spaced Blocky

Modification Avg. Contacts | Avg. Contacts | Avg. Contacts | Avg. Contacts

16% Acetylation 27 + 3 52 + 4 6+ 2 743

50% Acetylation 83+ 5 98 +£ 5 18 &4 21 £ 5
16% Butylation 50 + 5 96 + 19 7T+ 3 34+ 8
32% Butylation 89 £+ 9 124 + 10 o8 £+ 10 80 £ 18

Table 5.3: Average number of contacts for DOX and GEM for acetylation and butylation

at different degree of modification.

especially the number of interactions with the polymer backbone increases, following
same trends as shown by the low drug concentration diffusion trends. Overall, diffusion
trends remain consistent with the previous study?! . The trends for both the drugs are

independent of the drug concentration.

5.5 Simulation of dual drug migration through modi-

fied chitosan hydrogels

We finally sought to understand how the combination of multiple drugs affects the molec-
ular interactions and diffusion through the networks for different types and degrees of
modification. Such understanding is needed to gain control over the kinetics and mo-
lar ratio of release when using synergistic drug combinations. While some in silico
models have been developed to simulate the migration of single drugs through polymer

hydrogel networks8 8

models for multiple drugs are much less common. Combining
drugs, especially with different physio-chemical properties, in fact, introduces consider-
able complexity related to drug-drug interactions and their outcome on drug-polymer
interactions. The combination of DOX and GEM has been proven to be a highly effective
drug regimen. Both are FDA- approved chemotherapeutics and have been studied in a
variety of drug delivery vehicles, such as micellar nanoparticles, PDCs, polymersomes,
mesoporous silica nanoparticles, and nanostructured lipid carriers®” 8% 8%90

Following the same procedure as for the single drug, we performed CG simulations
of equimolar GEM and DOX migration through the different chitosan networks, and
calculated the diffusion constants for both drugs. Notably, the values derived from dual-

drug release (Figure 5.11) show rather different trends from those obtained with single
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Figure 5.11: Drug diffusion constants vs. x for dual-drug migration across different
chitosan networks: (a) GEM in acetyl-chitosan, (b) DOX in acetyl-chitosan, (¢c) GEM
in butanoyl-chitosan, and (d) DOX in butanoyl-chitosan.

drugs (Figure 5.5). In particular, the diffusion of DOX now remains almost constant
across the entire range of y for both acetyl- and butanoyl-chitosan. The diffusion of
GEM is also markedly different. For alternated modification patterns, GEM diffusion
decreases with x through both acetyl- and butanoyl-chitosan. For blocky modification
patterns, instead, GEM diffusion increases with y through acetyl-chitosan and is almost
constant with y through butanoyl-chitosan.

These differences indicate that drug-drug interactions affect significantly their inter-
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Figure 5.12: Radial distribution functions of GEM around the center of mass of DOX
in acetyl-chitosan networks with (a) evenly-spaced and (b) blocky modification, and

butanoyl-chitosan networks with (c) evenly-spaced and (d) blocky modification.

actions with the network. This is confirmed by the radial distribution functions of GEM
around DOX molecules, which indicate a strong tendency of the two drug molecules to
aggregate. As can be seen from the double-peak shape of the curves in Figure 5.12,
in fact, clusters of GEM around DOX and values < 1 out to large distances are fre-
quently formed for both modification types, the trends of the drug-drug interaction with

increasing y are reversed for the blocky pattern.
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5.6 Conclusion

Hydrogels constructed with native or modified polysaccharides and loaded with chemother-
apeutic drugs have been extensively studied, and a conspicuous number of them have
entered the clinical pipeline through the last decade®9%:939 A growing segment in this
field is represented by polymer conjugates and hydrogels that deliver synergistic combi-
nations of drugs. In developing these systems for a given drug combination, the choice
of the modification groups, degree of modification, and initial drug loading are crucial
to ensure the therapeutic efficacy of the formulation. Empirical exploration of such
wide design space, however, is cumbersome. In this chapter, we have described the
development of a computational model that could serve as a powerful guide to pharma-
ceutical chemists in the identification of the design parameters that afford a schedule
and a ratio of drug release that ensure a successful therapeutic outcome. The proposed
model has been validated by comparison to experimental data by closely corresponding
systems and managed to accurately predict complex phenomena, such as the different
microscale morphologies present in hydrogels constructed with different types and de-
grees of modification, and the migration of not only one, but also two drugs through
these modified polymer networks. While focusing on hydrophobically modified chitosan
hydrogels and the GEM-DOX drug pair, this method is applicable to other polymer

substrates, modification moiety, and therapeutic payload.
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Chapter 6
Conclusion

In this thesis, self-assembly of glucose and chitosan-based polysaccharides were studied
using atomistic and coarse-grained molecular dynamics simulation. In chapter 2, all-
atom simulations showed the effect of linkage, type, and various substitutions on the
flexibility of the polymer. The effect of the modification pattern on the molecules flex-
ibility was shown. To study these polymer systems at larger length and time scales,
coarse-grained models for each molecules were developed. The CG models were used to
study polymer aggregation for cellulose and chitosan based oligomers. The CG model
was able to predict fibril formation for cellulose and chitin. For methylated and flu-
orinated cellulose molecules, vastly different structures were observed, depending on
the pattern of modification. Whereas for methylated cellulose with alternate pattern
and fluorinated cellulose with blockwise pattern showed polymer aggregation in water
while, methylated cellulose with blockwise pattern and fluorinated cellulose with alter-
nate pattern were soluble in water. These results were verified experimentally and could
be explained based on the changed flexibility of the molecules and interactions of the
modifications.

In chapter 3, a CG force-field was developed. The transferability of the obtained model
corresponding to the degree of polymerization, degree of modification, and different
solute concentrations were demonstrated. Chapter 5 showed the diffusion of two anti-
cancer drugs namely DOX and GEM through the different networks. GEM diffuses
through the polymer networks similarly as through water. Its diffusion is independent
of the type and degree of modification. In the case of DOX, however opposing diffusion
trends with respect to the degree of modification are found for acetyl and butyl. Finally,

simulation with both types of drug showed different irregular diffusion trends as com-
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pared to the single drug diffusion trends. Overall, the proposed combination of all-atom
and CG simulation as used here has demonstrated good predictive power and repre-
sents a reliable and predictive toolbox for understanding and predicting the properties

of carbohydrate aggregates, as can be used for example in pharmaceutical applications.
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