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Abstract

Carbohydrates are class of biomolecules- their functions and properties covers a vast �eld
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 modi�cations to a fraction of
monomers. To make e�cient 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 e�cient tool for understanding interactions at
the molecular level, thus providing a qualitative direction for future experiments. Hence
modeling o�ers a cost and time e�cient method for their study. In this thesis, the
aggregates and structures formed by di�erent 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 ine�cient. 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 modi�cation were modeled. The trans-
ferability of short oligomers with respect to di�erent water concentration, degree of poly-
merization and modi�cation was explicitly established. Di�erent morphological network
structures of longer polymer were obtained corresponding to di�erent degree, type, and
pattern of modi�cation. In particular, di�erent 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
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as model drugs and their interactions with the di�erent modi�ed chitosan polymers have
been thoroughly studied at all-atom and coarse-grained resolution. The di�usion of DOX
and GEM through the di�erent network morphologies formed by the hydrophobically-
modi�ed chitosan was found to show quite di�erent, network dependent trends. Whereas
GEM migrates through all chitosan hydrogels freely irrespective of type and degree of
modi�cation. Placing the drugs together in the networks a�ects the di�usion behavior of
both. The results demonstrate the potential of this computational tool in the systematic
development of drug-loaded hydrogels for pharmaceutical applications.
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Zusammenfassung

Kohlenhydrate sind eine klasse von biomolekülen- 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 hän-
gen von der aggregatstruktur und den molekularen wechselwirkungen ab. Natürliche
polysaccharide können auch hydrogele bilden, ein poröses netzwerk von polymeren, die
einen hohen anteil an wasser aufnehmen können. Ihre eigenschaften können durch die
einführung chemischer modi�kationen an einem bruchteil der monomere zusätzlich opti-
miert werden. Um ihre vielseitigen eigenschaften e�zient nutzen zu können, ist es uner-
lässlich, den zusammenhang zwischen der molekularstruktur und den wechselwirkungen
von polysaccahriden und den eigenschaften der gebildeten aggregate zu verstehen.

Die rechnergestützte modellierung stellt ein e�zientes werkzeug zum verständnis
von wechselwirkungen auf molekularer ebene dar und liefert so eine qualitative orien-
tierung für zukünftige experimente. Daher bietet die modellierung eine kosten- und
zeite�ziente methode für ihre Studie. In dieser arbeit wurden die aggregate und struk-
turen, die aus verschiedenen glukose- und chitosanoligomeren gebildet wurden, simuliert
und die resultierenden lösungs- oder aggregatstrukturen werden durch eine vollatomige
und grobkörnige molekulardynamik charakterisiert. Normalerweise weisen polymere eine
langsame dynamik auf, was die simulation von atomen ine�zient macht. Daher wurde
ein grobkörniges modell entwickelt, um die eigenschaften der polysaccharide in der er-
forderlichen länge und Zeit zu untersuchen maÿstab.

Chitosan-hydrogele mit verschiedenen hydrophoben modi�kationen wurden model-
liert. Die ubertragbarkeit von kurzen oligomeren in bezug auf unterschiedliche wasserkonzen-
tration, polymerisationsgrad und modi�kation wurde explizit festgelegt. Verschiedene
morphologische netzwerkstrukturen aus längerem polymer wurden erhalten, die unter-
schiedlichem grad, typ und muster der modi�kation entsprechen. Insbesondere wurde
unter bestimmten bedingungen ein unterschiedlicher morphologischer ubergang von einem
einheitlichen polymernetzwerk zu einer Struktur mit dichtem hydrophoben cluster und
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groÿen poren gefunden.
Schlieÿlich wurde eine der hauptanwendungen des chitosan-hydrogels als wirksto�träger

untersucht. Die moleküle Doxorubicin(DOX) und Gemicitabin(GEM) wurden als mod-
ellmedikamente ausgewählt und ihre wechselwirkungen mit den verschiedenen modi-
�zierten chitosanpolymeren wurden gründlich in atomarer und grobkörniger au�ösung
untersucht. Die di�usion von DOX und GEM durch die verschiedenen netzwerkmor-
phologien des hydrophob modi�zierten chitosans zeigte ganz unterschiedliche, netzw-
erkabhängige Trends. Während GEM durch alle chitosan-hydrogele frei wandert, un-
abhängig von Art und Grad der modi�kation. Das zusammenstellen der medikamente
in den netzwerken beein�usst das Di�usionsverhalten beider. Die ergebnisse zeigen das
potenzial dieses rechenwerkzeugs für die systematische entwicklung von medikamenten-
beladenen hydrogelen für pharmazeutische anwendungen.
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Chapter 1

Introduction

1.1 Carbohydrates

Carbohydrates are a class of biologically signi�cant 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 stability1 and energy storage2,3 to cell communication4,5

and interactions with bacteria and viruses. Some major examples of carbohydrates
include sugar (glucose), starch6 and cellulose6 . Based on the number of sugar units,
carbohydrates can be classi�ed 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 manufacture7 , food8 , paper9 and pharmaceutical industry10

.
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 �ve 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 classi�ed 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). �-D- glucose, (b). �-D-Acetyl-glucosamine

attached to the anomeric carbon(C1) are de�nes the � 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 � 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 con�gurations, 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 modi�ed both in nature or arti�cially. Several
modi�cation such as methyl11 , �uorine11 , acetyl, etc. can be introduced to alter their
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 �exibility, 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-
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Figure 1.2: Intra- and inter- molecular hydrogen bonds between adjacent monomer and
polymer chains

ear chains of �(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 1500012 . The many -OH groups present on the cellulose
polymers can make multiple inter-polymer hydrogen bonds between di�erent polymer
chains as shown in Figure 1.2, forming crystalline micro�brils. The insolubility of cel-
lulose results from this dense network of inter-molecular hydrogen bonds, as well the
sti�ness 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. Speci�c 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 character13 .

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 �brils.

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-
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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 modi�cations 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
result, the self-assembly of chitosan primarily depends on the pH14,15 and the degree of
acetylation(DA)16,17 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 di�erent aggregate structures with varying hydrophobic mod-
i�cations. These varying chitosan hydrogel has been useful in various application like
water puri�cation18 , oil spill remediation17 , wound healing19 and drug delivery20,21 .

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 modi�ed
by chemically changing the constituents of the monomers, or the chemical nature and
amount of linker holding the polymers together. Due to their �exible micro structure,
they become a suitable candidate for drug delivery module20,21,22,23 . Further, the load-
ing and release rates of drugs in and out of hydrogels are mostly governed by di�usion,
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 modi�cation
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
modi�cations of chitosan can be used to alter the absorption, di�usion and the release
of small molecules from its hydrogels20,21 .

Theoretical and computational models provide a method to explore the system pa-
rameters of such hydrogels on a large scale, while being comparatively cost e�ective.
Some of the methods that have been applied to predict structure and interactions of
polysaccharide assemblies and hydrogels are introduced in the next sections.
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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 �uctuations
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.

Figure 1.3: Di�erent 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 �ner-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
GlcNH2 monomers. These models will be discussed in the next sections.

Figure 1.4: Atomistic representation of (a) �-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.

mi�ri = fi (1.1)

fi = �
@U
@ri

(1.2)

Here, mi and ri are the mass and position of atom i. To study the evolution of the
system with time, we need to calculate the forces fi acting on atom i. The forces are
usually described by a potential energy U(rN) , where rN = (r1; r2; :::rN) represents the
complete set of atomic coordinates.
U(rN) is usually described by a set of interaction functions and corresponding pa-

rameters that is referred to as a force-�eld. Force-�eld functions and parameter sets are
derived from both experimental data and high-level quantum mechanical calculations.
Force-�elds can be based on di�erent parametrization principles and are specialized for
di�erent applications and give varied results24,25 .
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Typically U(rN) 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 �eld can be written as Utotal = Ubonded + 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 (ULJ) and the Coulomb potential (Ucoloumb). The components
of the non-bonded contributions are given by the following summations, Unon�bonded =
ULJ + Ucoulomb.

ULJ(rij) = 4�ij

"�
�ij
rij

�12

�
�
�ij
rij

�6
#

(1.3)

Both, �ij and �ij in Eq 1.3 correspond to the equilibrium separation of two atoms i; j
and the depth of the energy minimum and rij = j ~ri � ~rj j is the distance between the
two atoms.
The coulomb interaction between charges or partial charges on the atoms is expressed
as:

Ucoulomb(rij) =
qiqj

4��orij
(1.4)

where, the qi, qj are the charges and �o 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: Ubonded = Ubond + Uangle + Udihedral + Uimproper.

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

Ub(rij) =
1
2
kij(rij � req)2 (1.5)

where, rij = j ~ri� ~rj j is the distance between the two atoms, req and kij are equilibrium
distance and spring constant.
A covalent angle is described by a harmonic angular potential of the form:

Ua(�ijk) =
1
2
k�ijk(�ijk � �eq)

2 (1.6)

where � = arccos ~rij ~rkj
rijrkj

is the angle between atoms i; j and k. A simpli�ed form can be

U(�ijk) =
1
2
k�ijk (cos(�ijk)� cos(�eq)) (1.7)
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Figure 1.5: Bonded interaction potentials include (a) bond, (b) angle, (c) dihedral, and
(d) improper dihedral

The dihedral angle � is formed by four atoms with indices i; j; k; and l. � is an angle
between the normal ~n and ~m to the two planes of i; j; k and j; k; l.

� = arccos
~n ~m
j ~n jj ~m j

(1.8)

where ~n = ~rij � ~rkj and ~m = ~rjk � ~rlk. The dihedral angle potential is represented
as,

Ud(�ijkl) = k�ijkl (1 + cos(m�ijk � �o)) (1.9)

The another type of dihedral angle, i:e: improper dihedral is used to keep the groups
planar and prevent molecules from �ipping over to their mirror images. This type of
dihedral is de�ned by a harmonic potential,

Uimproper =
1
2
k�(� � �o)2 (1.10)

where � is an improper dihedral angle and �o its equilibrium value.
In this thesis, GLYCAM06TIP5P

OSMOr14
26,27 force-�eld was used along with the TIP5P28 water

model throughout. As GLYCAM06TIP5P
OSMOr14 had shown good agreement with experimen-

tal free energy of hydration data for small saccharides29 .
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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 e�ciency 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, di�erent strategies have been developed to �nd
e�ective 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
Graining (MS-CG)30 method and Boltzmann inversion,31 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.
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hfIiA = FI;CG for all CG sites I = 1; :::; NCG (1.11)

Here, hfIiA is the average atomic force and FI;CG is the CG force acting on site I. The
FI;CG can be used to generate UCG according to the relation given below,

FI;CG = �
@UCG(R)
@Ri

(1.12)

where, UCG is the CG potential energy.
Both forces hfIiA and FI;CG here correspond to those on the CG-sites for the same

CG-sites con�guration as shown in Figure 1.632 . 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.

Figure 1.6: Demonstrating force matching32 procedure by showing set of atomistic forces,
hfIi and its corresponding resultant CG force FI for single water molecule.

The MS-CG method30 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 speci�c interactions i:e: solute-solute,
solute-solvent and solvent-solvent. A MS-CG method30 was applied on all the three
trajectory to obtain speci�c interaction potential.
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1.4.2 Boltzmann inversion

Boltzmann inversion(BI)31 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
i.e.

P(r) = Z�1 exp[��U(r)] (1.13)

From the above equation, the probability distributionP(r) can be calculated from the
partition function i:e: Z =

R
exp[��U(r)]dr with � = 1=kBT (where kB 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) = �kBT ln(P (rN)) (1.14)

where P(rN) correspond to the probability of a CG con�guration rN 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

U(r)bond = �kBT ln(P(r)) (1.15)

U(�)angle = �kBT ln(P(�)) (1.16)

U(�)dihedral = �kBT ln(P(�)) (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
ful�lled. If too many other interactions in�uence 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 model33 , sampling polymer conformations based on the conformational space
available to the glycosidic angles � and  15,34,35 , or deriving interaction potentials based
on the MS-CG method36,27,37 . 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 o�ers 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 chains27 and reproduces aggregation behavior and osmotic pressure
of the atomistic system37 .

To date, only few molecular modeling studies have addressed these for cellulose and
chitosan assemblies. However, the conformations of cellulose27 and single chitosan chains
at atomistic15 as well as in CG resolutions15 , have been simulated and the aggregation
of chitosan with di�erent DA38 and di�erent monomer sequences38 has also been studied
for charged polymers with a MARTINI33 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 e�ects of various modi�cation 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 di�erent
monosaccharide units. Simulations with all-atom resolution were employed to provide a
detailed picture of the local interactions and CG models for the di�erent molecules were
developed and extensively validated to study these systems at much larger scale.

First, cellulose, chitosan and similar molecules with various chemical modi�cations
are simulated to understand how di�erent perturbations of the intra- and inter-molecular
hydrogen bond network a�ect the aggregation of these molecules. Structural analysis of
the di�erent morphologies generated by these polymer systems was performed. Then,
CG models for di�erent chitosan hydrogels are introduced and tested and �nally, the
potential applications of these models to optimize such systems for applications in �elds
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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, �ourinated
and chitin analogues with various hydrophobic modi�cation were prepared with di�erent
patterns of substitution. Di�erent aggregate structure were obtained for di�erent types
of substitution as well as pattern of substitution.

Chapter 3 describes the development and validation of an e�cient and transferable
CG model for chitosan. The model transferability across di�erent concentrations, poly-
merization and degree of modi�cation 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 modi�ed chitosan hydrogels were modeled for various con-
ditions and system parameters. The e�ect of water concentration, type, degree and
pattern of hydrophobic modi�cation was investigated and their e�ects 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 di�erent
hydrated network structures of modi�ed 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 di�erent 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. Modi�cations such as methylation, �uorination and acetylation and charged
glucosamine were used as shown in Figure 2.1. These modi�cation 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 method39,40 and had
veri�ed that the solubility and the gelation properties vary with these modi�cations as
compared to pure cellulose11 .
In this chapter, �rst all-atom MD simulations of cellulose and chitin derivatives are
described. Simulations were performed to understand the e�ect of di�erent 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 di�erent conformations
of the oligosaccarides with the same monomer composition. An-other important factor
is the �exibility of the molecules which depends on the glycosidic dihedral angles shown
in Figure 2.2. In that regard, the e�ects of substitution on the torsion angles (� and  )
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Figure 2.1: Example of modi�ed cellulose structures (a) Methylation of alternat-
ing monomers (b) Alternative �uorination 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  population are directly related to the presence of a
hydrogen bond, and are therefore most a�ected by the modi�cations.

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 �eld
was developed using a hybrid approach based on MS-CG FM30 and BI31 to calculate
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Figure 2.2: De�nition of the dihedral angels  (C1,O4,C4,H4) and � using the atoms
(H1,C1,O4,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-�eld was trans-
ferred to longer polymers (DP=12) and lower polymer concentration and used to follow
aggregation in these systems. Di�erent structural morphologies of the aggregates for the
di�erent modi�cation types, but also for di�erent modi�cation patterns were obtained.

2.2 Methods: MD details

The following atomic system were simulated with Gromacs 5.1.241 :

1. Single �-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 �uorinated
with di�erent 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 di�erent cellulose and chitosan based molecules were con-
structed with tleap42 . The topologies were converted to gromacs format using the gly-
cam2gmx script43,44 and subsequently solvated in GROMACS45 . The GLYCAM06TIP5P

OSMOr14
26,27

force-�eld was used together with the TIP5P28 water model. Parameters for existing
modi�cations namely methyl, and acetylation were taken from the GLYCAM06 force-
�eld26 while parameter for �uorine were take from GAFF force �eld46 . Partial charges
for the modi�ed monomers were calculated using the R.E.D scripts47 and following the
GLYCAM06 protocol26 . A cut-o� of 1.4 nm was used for Lennard Jones and electro-
static interaction. Long range electrostatics were evaluated using Particle Mesh Ewald48

. Covalent bonds involving hydrogen atoms were constrained with the LINCS 49 algo-
rithm while, water molecules were kept rigid using SETTLE50 .

Energy minimization was performed following a standard protocol and a 50ns NPT
equilibration at 300 K and 1 bar, using the Nóse-Hoover thermostat51,52 and Parrinello-
Rahman barostat53,54 . Subsequently, a 400ns NVT equilibration run using the average
box size extracted from the NPT trajectory and the NosØ-Hoover thermostat51,52 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
conducted27 . Long range electrostatics were calculated in the using the reaction-�eld
method55 using the same 1.4 nm cuto� as in the original simulations.

2.3 All-atom simulation results

2.3.1 Glucose and its derivatives

Two natural glucose oligomers having � 1-4 and � 1-6 linkage with DP =6 were simulated
to study the e�ect 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 2.58�0.3 nm for 1-4 linkage to 1.28� 0.2 nm
for (1-6) linkage portraying more coiled con�guration with 1-6 linkage.

Next, derivatives of cellulose, i:e: � 1-4 linked glucose with di�erent well de�ned
substitution patterns were modeled to study the e�ect of these moleculer structure and
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Figure 2.3: Simulation snapshots in (a). �-D 1-4 linked Glucose and (b) for �-D 1-6
linked Glucose.

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

Figure 2.4: Chemical structure of (a). �-D- glucose methyl modi�ed at C3 atom, (b).
�-D-glucose �uorine modi�ed 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 di�erent patterns namely alternate methylation(AB)3

and di-block methylation (A3B3) were simulated to study the e�ect of the modi�cation
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pattern on the results.
The alternate(AB)3 methyl substitution patterns shows very similar con�guration 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 di�erent con�gurations with two diferent maxima
for di�erent 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  values of the non-modi�ed block indicates an increase of OH3-O5 hydrogen
bond formation. The corresponding simulation snapshots show a bent structure for the

Figure 2.5: Analysis of  distribution for (a) alternating methyl modi�ed cellulose (b)
blockwise methyl modi�ed cellulose, (c)alternating �uorine modi�ed cellulose, and (d)
blockwise �uorine modi�ed 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 modi�cation, reduces
from 2.7�0.2 nm for alternate methyl to 2.4 �0.9 nm. The decrease in the average end-
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to-end distance con�rm 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 �exible
nature of the blockwise methyl modi�ed cellulose as compared to the alternating methyl
modi�ed cellulose.

Figure 2.6: Analysis of end-to-end distance (a) alternating methyl modi�ed cellulose
(b) blockwise methyl modi�ed cellulose, (c)alternating �uorine modi�ed cellulose, and
(d) blockwise �uorine modi�ed 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, �uorination also prevents the hydrogen bond formation as the
OH group forming the hydrogen bond is no longer there, and a�ects the electron density
of the monomer. The replacement of -OH by electron withdrawing �uorine a�ects the
population of the  angles as shown in Figure 2.5. However, the e�ect is small, the
�uorine modi�ed cellulose molecules still have an overall linear conformation with both
patterns of modi�cation i: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

28



�exible system for the alternated �uorine modi�ed cellulose. The average end-to-end
distance between alternate 2.70�0.2 nm to block pattern 2.75�0.2 nm does not show
signi�cant di�erences from each other. However, in alternate �uorination end-to-end
distance vs time plot show more �exible structure as compared to blockwise �uorination
pattern.

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 �uorine in pink. The hydrophobic modi�cation are encircled in
yellow and hydrophilic modi�cation in blue for (a) glucose (b) alternated methyl modi�ed
glucose (c) block methyl modi�ed glucose (d) alternated �uorine modi�ed glucose, and
(e) block �uorine modi�ed glucose.

Thus overall the two chemically di�erent substitutions did not shown drastic struc-
tural variations as compared to pure cellulose. The strongest change was found in the
con�guration with block pattern methylation were seen.
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2.3.2 Chitosan

Chitosan polymers are made up from three monomeric building blocks GlcNH2, GlcNH+
3

and GlcNAc as shown in Figure 2.10. Three polymers with single monomeric unit i:e: �
1-4 linked GlcNAc, GluNH2, and GluNH+

3 were simulated and their snapshots are shown
in Figure 2.9.

Figure 2.8: Chemical structure of (a).�-D- glucosamine(NH2), (b) �-D-
glucosamine(NH+

3 ), and (c). �-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 before15 we see that both, the charge and the acetylation of the
monomers can have signi�cant in�uence on the �exibility 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
 of chitosan (a) N-acetyl glucosamine (b) neutral glucosamine(NH2) (c) charged
glucosamine(NH+

3 ) 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  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(NH+

3 ) had been shown a slight reduction of conformational �exibility
in comparison to neutral monomer(NH2)15 . The charge of the monomers also have
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signi�cant in�uence on the �exibility 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 signi�cant di�erence as varying from 2.84�0.12
nm for Glc-NH2 to 2.83�0.11 nm in Glc-NH+

3 and 2.82�0.14 nm for GlcNAc.

2.4 CG model and mapping

Polymers behave di�erently in a crowded environment and di�erent molecular properties
modulates the aggregation and structure of these polymer system. Along with that,
polymer systems usually have slow dynamics. An e�cient 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 modi�cations were represented by modi�ed sites for the methyl,
amine and �uorine 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 inversion31 for the bonded interactions and the MS-CG method30 for non-bonded
interactions, following the procedure described by Sauter et al27 .

2.4.1 CG simulations for short oligomers

CG simulations were performed with Gromacs 4.6.441 . Systems 1-5 containing single
polymer and 25 polymer chains with DP=6 and 2,500 water molecules of glucose, methyl
and �uorine modi�ed glucose and charged as well as uncharged glucosamine were sim-
ulated. Two di�erent patterns, alternate and blocks of three were simulated for methyl
and �uorine modi�ed 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 integrator56 with the Nóse-
Hoover thermostat51,52 . A 1.4 nm cut-o� 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
modi�ed glucose (c). �uorine modi�ed glucose (d) N-acetyl glucosamine

2.5 Model validation

2.5.1 Cellulose

To validate the performances of CG force �eld, 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
�-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
perturbations27 , 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 � 1-6 linked glucose was also developed and showed similar agreement of RDFs as �
1-4 link glucose.
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