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Resumo

Este relatério pretende demonstrar o trabalho desenvolvido ao longo do dltimo
ano e meio, no que respeita a tematica de Encapsulagio de DNA, usando para o

efeito Particulas de Gel e Nanoparticulas.

O trabalho a que se refere este relatério incidiu na criagdo de particulas de gel,
preparadas por gelificacao na interface dgua/dgua, através da interaccio de dois
polielectrélitos de carga oposta, o DNA e um oligossacarideo de baixo peso
molecular, o lactato de quitosano. E de destacar que as particulas foram obtidas
sem utilizar agentes quelantes (cross-linkers), ou solventes organicos. Numa
segunda parte do trabalho procedeu-se a experimentacdo de nanoparticulas de
Lactato de Quitosano contendo DNA no seu interior, usando para o efeito um

nebulizador, que permitiu originar pequenas goticulas de DNA.

De modo a caracterizar os sistemas obtidos, estes foram estudados através de
uma analise de varios parametros fisico-quimicos: morfologia e estrutura das
particulas assim como o grau de complexacdo sofrida pela gota de DNA,
cinéticas de libertagio de DNA por forma a comprovar a sua estabilidade,
viscosidade dos polielectrélitos de forma a poder obter particulas de gel estaveis,
tamanho e a carga das particulas, estudo o qual derivou na abordagem as
Nanoparticulas, uma vez que estas permitiriam uma transfeccido celular mais
eficaz. Foi também estudado, na Facultat de Farmacia em Barcelona, o efeito de
tanto o Lactato de Quitosano como as particulas obtidas, na viabilidade celular
através de ensaios com sal fetrazolimm MTT em linhas celulares do tipo 3713
[fibroblast, bem como a interaccdo destes, com outros modelos celulares mais

simples como os eritrécitos.

Estes estudos permitiram verificar que o Lactato de Quitosano é um promissor

agente no que respeita a transferéncia de genes.

Vii
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Abstract

This report aims to demonstrate the study conducted over the last year and a
half, concerning the DNA encapsulation theme, by using gel particles and

nanoparticles.

The study this report refers focused on the creation of gel particles, prepared by
gelification in the water/water interface, through the interaction between two
polyelectrolytes of opposing charges, the DNA and an oligosaccharide of low
molecular weight, the Chitosan Lactate. It should be pointed out that the
particles were obtained without the use of cross-linkers or organic solvents. In a
second portion of the study, the experimentation of the Chitosan Lactate
nanoparticles containing DNA inside was conducted using a nebulizer which

allowed small DNA droplets to form.

In order to characterize the obtained systems, they were studied through an
analysis of several physicochemical parameters: particle morphology and
structure as well as the degree of complexation endured by the DNA drop, DNA
release kinetics, so as to ensure its stability, polyelectrolyte viscosity in order to
obtain stable gel particles, particle size and charge which lead to the study of
nanoparticles, since these allowed for a more effective cell transfection. The
effect of the Chitosan Lactate, as well as the obtained particles, on cell feasibility
was also studied, on the Facultat de Farmacia in Barcelona, with tetrazolium salt
MTT assay in 3T3 fibroblast cell lines and also the interaction between Chitosan

Lactate and simpler cell models such as erythrocytes.

These studies allowed the verification of the Chitosan Lactate as a promising

gene carrier.

viii
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Chapter 1.

Introduction

1.1 Polyelectrolytes

Polyelectrolytes, schematically represented in Figure 1, are macromolecules that
have ionic groups along their chains, that is, polyelectrolytes are not more than

polymers that contain monomer units with electric charge.

Polyelectrolytes have a dual nature, since they are both polymers, with respect to
the molecular chain, and electrolytes due to high charge density. Polyelectrolytes
have unique characteristics that come from the electrostatic interactions between
ionized groups and non-ionized, counter-ions and solvent molecules, that are
naturally, very sensitive to both the structure of the polymer and the chemical

environment that surrounds it (7).

Figure 1 - Illustrative image of an anionic polyelectrolyte expanded due to repulsion of
charges.
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The ionic groups of the polyelectrolyte can dissociate completely when dissolved
in water (polybasic / strong polyacid) or partially (polybasic / weak polyacid),
which can be described in terms of pKa or pKb (2).

Regarding the charge, polyelectrolytes can be divided in three groups:

- Cationic, positively charged;
- Anionic, negatively charged;

- Non-ionic, that are not polyelectrolytes in the strict sense, but, in solution, have

similar characteristics to the polyelectrolytes.

Electrostatic interactions between charges lead to the rich behavior of
polyelectrolyte solutions, qualitatively different from those of uncharged

polymers(3-4) , for example:

(1) The crossover from dilute to semidilute solution regime occurs at much

lower polymer concentrations than that in solutions of neutral chains.

(2) There is a well-pronounced peak in the scattering function of the
homogeneous polyelectrolyte solutions. The magnitude of the wave vector
corresponding to this peak increases with concentration as c'/2 There is no such

peak in solutions of neutral polymers.

(3) Polyelectrolyte chains in semidilute regime follow unentangled dynamics in a
much wider concentration range and the crossover to the entangled dynamics
occurs further away, from the chain overlap concentration than in solutions of

uncharged polymers.

Numerous molecules with high biological importance and many synthetic
polymers are polyelectrolytes. Since the polypeptides to the polyacrylic acid
(PAA), there are many examples of polyelectrolytes, but none have such a central

role in life as DNA.
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1.2 DNA as a biological polyelectrolyte

Deoxyribonucleic acid (DNA) is an organic compound polymer that contains
the genetic instructions used in the development and functioning of all known

living organisms and some viruses.

From the chemical point of view, DNA is a long polymer of simple units
(monomers) of nucleotides, with two “strands” (backbone) made of sugars and
phosphate groups joined by ester bonds. These two strands run in opposite

directions to each other, forming a double helix, and are therefore anti-parallel.

Attached to each sugar is one of four nucleobases and is this sequence of bases
along the backbone that encodes information. So, the DNA molecule contains
four different bases: two purines (adenine and guanine) and two pyrimidines

(cytosine and thymine), which are represented in Figure 2.

Purines
i ,H
/N I \ i /N
< < /L\N/J\N —H
ILbDSE rLste
adenosine guanine
Pyrimidines
5] )
H ] H §
?ﬂf 5| -i
8 1\‘11 o IT, o]
ribose ribose
thymine cytosine

Figure 2 — DNA bases (Adapted from reference (5)).

The diameter of the helix is approximately 20 A. According to the Watson and
Crick model, the polynucleotide strands are wound like a double helix around an
imaginary axis, where the two strands are held together by hydrogen-bonding

bridges between internally located bases(6). Each adenine must be paired with a
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thymine and each guanine with a cytosine, separated by 3.4 A along the chain
and related by a rotation of 36 degrees. The sequence of the bases along the
polynucleotide chain is not restricted in any way, and the precise sequence of
bases carries the genetic information(6). Nowadays, it is realized that the

structure of the double helical DNA can vary as seen in Figure 3.

Figure 3 - Secondary structures corresponding to the different A, B and Z DNA
conformations (adapted from reference(7)). The carbon atoms of the backbone are

shown in white.

Under physiological conditions, at low salt concentration (150 mM), B-DNA is
the most stable structure. However, the two other structures, represented in
Figure 3, have been well characterized in crystallographic studies and are believed
to occur in nature. The general observation is that A-DNA is favored upon
dehydration and when the repulsion along the helix is reduced(8). A-DNA, like
B-DNA, is a right-handed double helix consisting of antiparallel strands held
together by base pairs. The A helix is wider and shorter than the B helix, and the
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respective base pairs are tilted rather than perpendicular to the helix axes. In the
third form the phosphates in the backbone zigzagged, and that is why it is called
Z- DNA. The Z-form presents a left-handed helix, in contrast with the right-
handed screw sense of the A and B helices. All the nucleotides along B-DNA
have the same conformation, whereas in left-handed helix they alternate between
syn and anti conformations of the bases. Since the g7 conformation is more
stable for putines than for pyrimidines, this form is favored in nucleotide
sequences that have alternations of purines and pyrimidines. In physiological
conditions, the Z-DNA form is less stable than B-DNA because of the higher
clectrostatic repulsion between closer phosphate groups(9). However the

biological role of Z-DNA transient conformation is still under investigation.

Based on the structure of the double helix and also on the hydrophobicity

characteristics, the structure of DNA is as follows:

-The sugar and the phosphate groups (hydrophilic part) are located on the

external part of the molecule;

-The nucleobases (hydrophobic part) are located on the internal part of the

molecule.
DNA's double-helix is kept stable by two types of interactions:
-Hydrogen bonding established by the complementary bases;

-Hydrophobic interactions, that forces the bases to “hide” inside the double-

helix.

Knowing that at a physiological pH the ester bonds that connect all the
monomers are fully ionized, we can see why the DNA is considered a poly-
anion, which usually has an associated alkyl counter-ion. Once a polyelectrolyte
is a polyion coupled to the counter-ions surrounding it, DNA is seen as a

polyelectrolyte (70).
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When a solution of DNA is heated above a certain temperature, its native form
undergoes a physical process where complementary chains are separated from

each other and assume a random coil configuration.

This important process is known as denaturation (Figure 4) and leads to

qualitative and quantitative differences in the physical properties of DNA(77).

Mative double Strards Separated
helix umwi g shramcls

{ E3 E 3

Figure 4 — Schematic DNA denaturation process. (Adapted from reference (72)).

The best way of following denaturation is through ultraviolet (UV) absorbance.
When DNA denatures, a hyperchromic effect (increase in the absorbance
intensity) by approximately 40% is noted in its characteristic UV spectrum. By
monitoring this effect, at a specific wavelength (260 nm), as a function of the
temperature a sigmoid cutve is obtained, giving indication that the denaturation
of dsDNA is a cooperative phenomenon. This curve is called melting curve and
the temperature at its midpoint is known as DNA melting temperature, T
(Figure 5). Thus T, is a measure of DNA double helix stability in solution. DNA
double helix stability in solution is dependent on several factors, such as the
nature of the solvent, ionic strength, counterion identity, G.C. (guanine cytosine)

base par content and pH.



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES

Strand
separation
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0
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Figure 5 — Example of a DNA melting curve.

1.3 Gene Delivery

Ever since the discovery of the basic structure and function of the human
genome, the use of gene products as therapy for both hereditary and acquired
diseases has been an important goal for biomedical research. Although the
objectives and principles of gene therapy have been well-defined over the last
decades, the respective application as a versatile, therapeutically successful
approach has not yet met expectations. Depending on the vectors used for
nucleic acid transfer, gene delivery is roughly divided into two main categories:
viral and non-viral delivery(73). Viral vectors, which include retroviruses,
adenoviruses, and adeno-associated viruses, are highly specialized organisms,
which have developed numerous ways of invading the cells to the body. This
makes them highly suitable as efficient gene transfer vectors. However, an
increasing concern about immune responses(74) to viral vectors iz vivo combined
with the ease of production and versatility of plasmids 7 vitro opens the door for

non-viral vector development.



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES

Non-viral vectors usually consist of cationic polymers (polyplexes) or cationic
lipids (lypoplexes). The cationic charge of these molecules enables the
electrostatic interactions with negatively charged DNA. Although non-viral
possess lower immunogenic than their viral counterparts. Other advantages of
non-viral vectors include ease of synthesis and the possibility for repeatable
administration with minimal host immune response. Large scale production is
also easier compared to viral vectors and due to the larger size, more DNA can

be packaged to non-viral carriers (75-76).

Nevertheless, the transfection efficiency mediated by these non-viral gene
delivery vectors has to be improved so that applications may fully benefit from
the advantages of the technique. Gene therapy has turned attention to DNA-
polycation complexes as promising novel systems for drug delivery, so a physical
understanding of the DNA-polycation interaction has became crucial to the

rational design of what is being called “artificial viruses” (77-78).

DNA % s o DNA complexing

endocytosis

Figure 6 — Mechanism of DNA delivery into the cells. (Adapted from reference(79)).

Nowadays, the work on the encapsulation and compaction of DNA into cells
and its relationship with the transcription machinery remains a subject of great

interest, with a long way to go to a full understanding of this subject.



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES

The compaction of DNA, along with the charge reduction facilitates the delivery
of nucleic acids through cell membranes(2) (Figure 6). Once a strong bond of
cationic entities with DNA induces these effects, it is easy to understand why the
use of complexation with lipids, cationic surfactants or polysaccharides, such as

chitosan, as a major strategy for the delivery of DNA into cells.

1.4 Chitosan: physicochemical properties

Chitosan is a linear polysaccharide composed of randomly distributed chains of
B-(1-4) D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine

(acetylated unit).

It is produced commercially by deacetylation of chitin, which is a structural
element of the exoskeleton of crustaceans and is the second most natural
abundant polymer immediately after cellulose. The degree of deacetylation can
be determined by NMR spectroscopy and the percentage varies between 60-

100%.

By hydrolysis, chitosan can give rise to an oligosaccharide of low molecular

weight. (Figure 7)

=

HOCH, HO NH CH.

I L f : HOCHy H  hH HOCH, N

! . o % 1}“ N R
Hopd =0—(  peojH MaDHmotconz) o0/ \ o/ N.oly  Enzymeldcid TN AT

V\_/ L S R e N HOU{ p=0—{ jmOlH

wd Py due Deacetylation J\_"‘r o i -

© ™ Hd dhyon Hydiolysis o ey do

’p":H
Chitin Chitosan Oligosaccharide

Figure 7 — Structure of chitin and the reactions that lead to the chitosan and to the
corresponding oligossacharide. (Adapted from Sigma-Aldrich products section).
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Chitosan contains amino groups with a pKa value of 6.2-7 and it is considered as
a strong base(20-27). Chitosan is soluble in dilute acidic solutions at pH below 6.
It can also form water-soluble salts, such as chitosan acetate and chitosan lactate,
with some aqueous inorganic or organic salts(22). The solubility of chitosan
generally increases as pH decreases. This is because at low pH the amino groups
of chitosan get protonated resulting in a water soluble cationic polyelectrolyte(20,
22). In these conditions the surface charge of chitosan is positive, allowing it to
interact with negatively charged surfaces. However, if pH is higher than 6, the
amines become deprotonated and lose their charge, resulting in a neutral
insoluble polymer. At physiological pH 7.4 chitosan has low solubility in aqueous
solutions. To overcome this problem, many soluble chitosan derivatives have
been developed by modifying the reactive functional groups of chitosan or by

depolymerising the chitosan (23).

Chitosan has a wide number of useful properties because it is biocompatible,
antibacterial and also an environmentally-friendly polyelectrolyte, which lead to
numerous applications in vatrious areas, including processing water, additives for
cosmetics, textile treatment components, biomedical equipments and

microcapsules for controlled drug delivery (24-26).

1.4.1 Chitosan Biocompatibility

Chitosan is generally considered biocompatible both in vitro and in vivo
conditions. This property is somewhat attributable to factors such as the natural
source, molecular weight, degree of deacetylation (DD), and especially the

preparation method.(27)

The cytocompatibility of chitosan has been reported in vitro with ephithelial and
myocardial cells. In addition, chitosan is cytocompatible with fibroblasts,

chondrocytes, hepatocytes and keratinocytes.

10
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Chitosan is also haemocompatible and it has been reported as a coagulating
factor, both in vivo and in vitro. In vitro chitosan maintains its coagulating
properties even in severe anticoagulating conditions and in the presence of
abnormal activity by platelets. In mice the LDso (Lethal Dosis 50%) of directly
injected chitosan is 10mg/day/Kg body weight. However, high doses (200

mg/Kg) have been reported to lead to hemorrhagic pneumonia in dogs (26).

As a whole, chitosan can be regarded as non-toxic when administered in

appropriate amounts.

1.4.2 Chitosan as a non-viral vector for gene delivery

Mumper et al were the first to report the use of chitosan as a gene delivery
system in 1995(29). Since then, numerous authors have reported studies on
chitosan as a non-viral vector for DNA. The potential of chitosan as a gene
delivery cartier is based on its cationic property. In addition chitosan is relatively
cheap and readily available. Most commonly, chitosan has been complexed with
DNA by ionic interaction between the negatively charged backbone of DNA
and the positively charged amine groups of chitosan. These interactions results in
a stable complex, in which the chitosan protects the DNA from nuclease

degradation. (Figure 8)

11
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Figure 8 — Illustrative image of the interaction between Chitosan or its derivatives and

DNA. (Adapted from reference (76)).

Previous studies have shown that the binding affinity of chitosan for DNA, the
stability and the transfection efficiency of the chitosan/DNA complexes are
dependent on several formulation parameters, such as the molecular weight
(Mw) of chitosan, degree of deacetylation (DD), stoichiometry of the
chitosan/DNA complex, cell type and so on(30-32). The variation in these
parameters can influence the size, charge, cell uptake and release of the
chitosan/DNA complex, hence the overall transfection efficacy. Therefore, they

must be considered carefully when designing a gene therapy system.

1.4.3 Impact of molecular weight and degree of
deacetylation

The Mw of chitosan is an important factor that influences particle size,
chitosan/DNA complex stability, the efficiency of cell uptake, the dissociation of
DNA from the complex after endocytosis, and therefore the transfection

efficiency of the complex (33-34).

12
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Based on the literature, high Mw chitosans are superior to those with low Mw in
enhancing the stability of complexes, which is beneficial for the protection of
DNA in the cellular endosomal/lysosomal compartments. On the other hand,
high Mw chitosans restrict the release of DNA once inside the cells, resulting in
low or delayed expression. In contrast, complexes formed with chitosans of
rather low Mw are not sufficiently stable and cannot provide effective protection
for DNA due to early dissociation and therefore show little or no transgene
expression. Consequently, an intermediate degree of stability needs to be
achieved with chitosan molecules of an appropriate Mw between extracellular
DNA protection (better with high Mw) versus efficient intracellular DNA release

(better with low Mw) in order to obtain high levels of transfection (35-36).

The degree of chitosan deacetylation (DD) is the percentage of deacetylated
primary amine groups along the molecular chain. Higher DD results in the
increase of positive charge, enabling a greater DNA binding capacity and cellular
uptake. In addition, the DD of chitosan influences its solubility, crystallinity, and
degradation (37).

1.5 Interaction between oppositely charged
systems

The phase behavior of polymer-surfactant, surfactant-surfactant and polymer-
surfactant systems is primarily through the same type of interactions. Depending
on the interaction between the two entities, the phase behavior can show

segregative phase separation, associative phase separation, or miscibility(3§).
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al bl 7 \'\

Figure 9 - Ternary diagrams where a) segregative phase separation; b) associative phase
separation. P1 and P2 are polymers and S is a solvent common to both. (Adapted from
reference(39))

When the interaction is repulsive, there is a greater tendency to have a
segregative phase separation, on the contrary, when there is an attractive
interaction it may result in associative phase separation or miscibility, depending
on the strength of this interaction; if moderate can lead to miscibility, if the
interaction is strong then the phase separation is associative, characterized by
one concentrated phase that can be a viscous liquid, gel or precipitate, in

equilibrium with a dilute phase.

It is already known that DNA interacts with oppositely charged amphiphiles in
an associative manner(38). Associative phase behavior occurs when there is a
strong attraction between two components, therefore they generally present
opposite charges. A common phase diagram representing the associative phase
behavior between two polymers of oppositely charges in a solvent is depicted in
Figure 9. The tie-lines running to the solvent corner, visualized in the figure,
express the phase separation into one dilute phase, with the composition closer
to the solvent corner, and one concentrated, in both polymers, with the

composition opposite to the corner.
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The phenomenon of formation of gel patticles, due to associative phase
separation, through the interaction at the interface water / water of two

oppositely charged polyelectrolytes was the basis of this work.

1.6 Nano-Technology

An exciting revolution in health care and medical technology looms large on the
horizon. Yet the agents of change will be microscopically small, future products

of a new discipline known as nano- technology.

Nanotechnology involves the manipulation of matter at the molecular scale and
has the potential to fundamentally alter the way people live, by providing new
drug delivery systems, faster and cheaper manufacturing processes, cleaner and
more efficient energy generation, new materials, clean water and the next

generation of computing devices.

But what is the real meaning of the word nano? In this context, the word nano is
not the smallest thing on the planet or in space. Protons, neurons, quarks,
leptons and neutrinos are considered as the family of electrons, out of which
quarks and leptons are the smallest known particles. A nanometre (nm) is one
thousand millionth of a meter. Just as example, the size of a flea is 1000000 nm,
the width of a bacterium is 1300nm, the diameter of a ribosome 20nm and DNA

chain approximately 2.5 nm (see Figure 10).
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Figure 10 - The scale of things: length scale showing the nanometre in context. The
nanoscale is considered to consist of entities in the range 1 to several hundred nm, as

highlighted in the red box(adapted from reference (40)).

We can define nanotechnology as the engineering of functional systems at the
molecular scale, which makes possible to build machines on the scale of human
cells or create materials and structures from the bottom up with novel
properties. Therefore is somehow easy to understand the outstanding potential
that nanoscience has in so many areas from textile, defence and security, energy,

food and agriculture, to the focus of this thesis: medicine and drug delivery.

1.6.1 Nanomedicine: a new field

A growing interest of nanotechnology in medical applications, has led to the

emergence of a new field called nanomedicine(47).
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Nanomedicine uses nanosized tools for the diagnosis, prevention and treatment
of disease and to gain understanding of the complex underlying pathophysiology
of disease. The ultimate goal is to improve the quality of life. The aim of
nanomedicine may be broadly defined as the comprehensive monitoring,
repairing and improvement of all human biological systems, working from the
molecular level using engineered devices and nanostructures to achieve medical

benefit (42).

For example, a typical cancer cell, is approximately 20000 nm in diameter, a
bacteria 1000nm, while a quantum dot is about the same size as a small protein

(<10 nm) and some viruses measure less than 100 nm (Figure 11).

Water  Glucose Antibody Virus Bacteria Cancer cell

8
-5
®

? 3 Nanodevices:

Nanopores, Dendrimers, Nanotubes,
Quantum dots, and Nanoshels

Figure 11 - Development of nanotechnology. Nanometre scale.

These devices could remove obstructions in the circulatory system, kill cancer
cells, or take over the function of subcellular organelles. Just as today the
artificial heart has been developed, so in the future, perhaps artificial
mitochondrion would be developed. Nanomedicine offers the prospect of
powerful new tools for the treatment of human diseases and the augmentation of

human biological systems.
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Targeted drug delivery is the most important goal of pharmaceutical research and
development. In this context drug targeting is defined in the broadest sense, that
is, to optimize a drug’s therapeutic release by strictly localizing its
pharmacological activity to the site or organ of action, and definitely this may be
the most profitable application of nanotechnology in medicine, and even

generally, over the next two decades.

1.6.2 Nanoparticles: nanodevices for drug delivery

Nanoparticles for the purpose of drug delivery are defined as submicron (<1um)
colloidal particles. This definition includes nanospheres in which the drug is
adsorbed, dissolved, or dispersed throughout the matrix and nanocapsules in
which the drug is confined to an aqueous or oily core surrounded by a shell-like
wall. Alternatively, the drug can be covalently attached to the surface or into the
matrix. Nowadays is possible to find many different kind of nanoparticles,
ranging from biocompatible and biodegradable materials such as solid lipids and
polymers, cither natural (e.g., gelatin, albumin) or synthetic (e.g., polystyrene), to

gold, mesoporous silica, magnetic nanoparticles, quantum dots, etc. (see Figure

® @
o @

Figure 12 - Different types of nanoparticles; the surface of a nanoparticle can be
functionalized with hydrophilic polymers, targeting molecules (e.g., antibodies), drugs
and imaging contrast agents for diagnostics. The interior core can be solid (e.g., quantum

dots), liquid (e.g., liposomes) or contain an encapsulated drug.
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The following are among the important technological advantages of
nanoparticles as drug carriers: high stability (i.e. long shelf life); high carrier
capacity (i.e. many drug molecules can be incorporated in the particle matrix);
feasibility of incorporation of both hydrophilic and hydrophobic substances; and
feasibility of variable routes of administration, including oral administration and

inhalation.

The efficacy of many drugs is often limited by their potential to reach the site of
therapeutic action. In most cases (conventional dosage forms), only a small
amount of administered dose reaches the target site, while the majority of the
drug distributes throughout the rest of the body in accordance with its
physicochemical and biochemical properties. Therefore, developing a drug
delivery system that optimizes the pharmaceutical action of a drug while

reducing its toxic side effects iz vivo is a challenging task (43).

One approach is the use of colloidal drug carriers that can provide site specific

or targeted drug delivery combined with optimal drug release profiles.

The idea of using submicron drug delivery systems for drug targeting was
conceived and developed after Paul Ehtlich originally proposed the idea of tiny

drug-loaded magic bullets over a hundred year ago.

Among these catriers, liposomes and micro/nanoparticles have been the most
extensively investigated. Liposomes present some technological limitations

including poor reproducibility and stability, and low drug entrapment efficiency.

Nevertheless, several low molecular weight drugs are now commercially available
which employ this technology. Polymeric nanoparticles, which possess a better
reproducibility and stability profiles than liposomes, have been proposed as

alternative drug carriers that overcome many of these problems.
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Chapter2.

Discussion of results

2.1Chapter Introduction

In this chapter the results obtained during this project will be reported and
discussed. Initially, it was necessary to find out what were the most favorable
conditions, in terms of viscosity and concentration, to obtain DNA gel particles.
The next step went through an approach about the physicochemical properties
of this system. What kind of morphology do these particles present? What is the
structure and the degree of complexation of the drops of DNA, when in contact
with the cationic polyelectrolyte solution? How much of DNA can be
encapsulated in this system and how long is it possible to have stable particles?
What is the charge of these particles? Is it possible to move this system to the
nanoscale range? Are these particles cytotoxic? These are some of the questions
that came along over this journey through the world of DNA and Chitosan
Lactate, through nanoparticles and gene delivery. The biggest purpose of this
thesis is to find a path to prove that Chitosan Lactate is a safe and efficient gene

cartier.

Chitosan Lactate

NanoParticles Gene Delivery
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2.2Complexation

Besides the mechanism of complexation, the chemical and biochemical
properties of DNA-Chitosan complexes also depend on the chitosan cationic
charge density and valence, the former being influenced for the chitosan degree
of acetylation and pH of the medium and being proportional to the chitosan

molecular weight(44-45).

It is known that high charge density of chitosan at pH below the pKa results
beneficial for complexes preparation and also that its low charge density at pH
7.4 may contribute to a low complex citotoxicity and may facilitate the
intacellular release of DNA from the complex after its endocytotic cellular

uptake (46).

Some derivative including glucosylated (47-48), pegylated (49-50)and
trimethylated chitosans (49, 57) have also been tried but the criteria and
strategies for the design of efficient chitosan gene delivery systems remain

inconclusive. But what happens with lactate?

In order to form DNA gel particles, the DNA solution need to have some
viscosity due to the compromise between the droplet dissociation and the
complexation of the cationic agent. The biggest premise is that to have gel
particles, it is need to have a localized associative phase separation, otherwise
two separated phases will form. Former works in the group, done with CTAB,
cetyl trimethylammonium bromide, reveal that the concentration of DNA
should be around 60mM, as it can be seen in Figure 13. Despite the fact that this
cationic agent is totally different than CL, since CT'AB is a cationic surfactant, it
can help us identifying the region where the DNA drop have an appropriate

viscosity for the DNA gel particle formation.
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Figure 13 - Formation of DNA Gel Particles. Phase-map of the CTAB/dsDNA/water
mixture at 25°C, where 1s and 2e indicate the one and two phase regions, respectively

(x) studied compositions and (o) area where gel particles were observed. (adapted from

reference (52))

Once a solution of 60mM of DNA gave good results for experiments with
CTAB and it’s known that the viscosity of the drop, play a central role in the
complexation process, some experiments with CL were performed. As was
mentioned above, the choice of this concentration of DNA reflects the fact that
it produces high viscosity solutions, which makes it a convenient system for the

preparation of stable DNA gel particles (53-54).

The formation of DNA gel particles was studied using mixture of dsDNA and
CL, the last with concentration between 1 and 6 mM. For all cases DNA’s

concentration was 60mM.

For lower concentrations (<1mM) of CL there was not formation of particles,

only two phases separated. For higher concentrations that the selected range
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(>0) that is possible to see in Figure 14, at the end of 2 hours, particles were too

shrunken.
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Figure 14 - DNA gel particles.

Additional information about the degree of complexation as well as changes in
the particle size during the particle formation process has been obtained by
continuously monitoring these systems by a video camera (see Figure 15). The
study reveals that particles suffer a higher degree of complexation in the first
minutes of interaction, due to more exposal charges between the DNA and the
CL. Higher concentration of CL allows the formation of smaller particles (See

Figure 15 and 16). The equilibration time was 90 min.
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Figure 15 —Influence of the chitosan concentration and time on the complexation

process.
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Figure 16 — Graphic representation of Particles size in function of time.
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Particles exhibited a high tendency to aggregate, showing a bigger degree of
instability for the lowest concentration. As the ratio charge (See Chapter 4,
section 4.4.3) between DNA and CL decreases, well defined particles were

formed.

In fact, the size of these gel particles, as well their opacity can indicate the degree
of complexation suffered by the drop of DNA. Particles exhibited smaller sizes
than 2.5mm and the sizes decreased as the concentration of CL increased.
Changes in opacity reveal the neutralization of charges during the complexation

time and it is increased with the time.

The size of the resulting particles reflects the size of the parent drop but also the

concentration of CL.
Keep in mind:

e Particles size and opacity are indicative of the complexation’s degrees,
and are a function of the concentration of CL.
e Besides the known drop size factor, the concentration of the cationic

polyelectrolyte plays a crucial role in the final size of the particles

2.3 Morphology and Structure

The best way to confirm the type of complexation and the kind of morphology
and structure the particles reveals, goes through measures of fluorescence, since
this technique allows verifying if the secondary structure of DNA is kept during
the encapsulation and studying the morphology of the particles formed,

establishing the degree of complexation suffered by the drop of DNA.
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It is possible to differentiate between core-shell particles, i.e., particles where the
complexation, discussed in section 2.2, only reaches the surface of the droplet
and solid particles, where CL can penetrate the entire droplet. These two

different morphologies can be more noticeable in Figure 17.

3 k)

Figure 17 — Schematic representation of a) Core-shell particle; b) solid particle.

The integrity and the conformational state of DNA in the particles have been
determined using the fluorescent probe AO. As described in chapter 4, it can be
seen that the complex AO-dsDNA has a green emission while the AO-ssDNA
one has a red emission. This is a key fact for this evaluation, since if occurs
denaturation of DNA, we would see red on the images of Figure 18. The
absence of red emission confirms that the secondary structure of DNA is

preserved.
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Figure 18 — CL/dsDNA gel particles viewed by FM with filter MNIBA3 (excitation

470nm and dichromatic mirror of 505nm).

One characteristic of this particular CL is that it appears to show auto
fluorescence. It is difficult to find references of this fact for other chitosans, but
the results that were obtained appoint on this direction. Thus, analyzing the solid
CL by means of fluorescence microscopy, it is possible to see that, without
adding any dye is possible to have fluorescence using two different excitation
filters sets. According to Figure 19, using the filter with an excitation wavelength
between 470 and 495 nm, CL has a green emission, using the one with a

wavelength between 360 and 370 nm, CL has a blue emission.
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Figure 19 — Solid CL viewed by FM with two different excitation wavelengths filters: a)
470-495nm; b) 360-370nm.

This feature is of particular importance since it allows identifying the presence of

CL and DNA simultaneously by fluorescence microscopy.

Using a different filter-set, it is also visible that, for concentrations of CL above
4mM, the appearance of a blue emission is increased, sign of an excess of CL
(Figure 20). This allows us to set a barrier between the different types of
morphology. From concentration of CL from 1 to 3mM  core-shell particles
have been obtained. For higher concentration of CL, solid particles have been

obtained.
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Figure 20 — CL/dsDNA gel particles viewed by FM with filter U-MNU?2 (excitation
370nm and dichromatic mirror of 400nm).

Our results seem to be in agreement with those from Lapitsky et al (53-54),
where they suggest that, the structure of particles is ruled by the composition of
solution and by the method of preparation, while the stability of them concerns

with phase behavior.

In addition, SEM has become an invaluable technique in the characterization of
particle’s morphology. Although the procedure described in chapter4, would
cause some deformation in the shape and arrangement, the nature of cationic
agent would be the most important factor in the diverse morphologies of the

obtained DNA gel particles.

One serious disadvantage of this technique, is the risk of changes in particle’s
properties during drying and contrasting of the sample. In the present study,

which used freeze-drying and subsequent Auto-shadowing as method
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preparation, shrinking of particles during drying was a problem that affects our
results and so we were unable to prove the real barrier between the core-shell

and solid particles.

Nevertheless, is possible to obtain data from SEM that confirm the shell of the
particle and the presence of DNA inside the particle and compare this image to
one from previous studies done with CTAB. The DNA encapsulated with the
surfactant is much more visible and seems not to collapse into the shell of the

particle (See Figure 21).

Figure 21 — a) CL/DNA gel Particle (2mM) visualized by SEM; b) CTAB/DNA gel
Particle visualized by SEM.

Keep in mind:

e The secondary structure of DNA is kept.

e Chitosan Lactate can be visualized when is in excess by Fluorescence
Microscopy.

e It’s possible to find a tendency that show that for concentration of
Chitosan Lactate superior than 4mM, a transition from core-shell

particles to solid particles takes place.
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2.4 DNA complexation and release

Although is known that chitosan molecules are able to complex DNA, the
properties of DNA-chitosan complexes depend strongly on the structure of
chitosans(76). In order to find the kinetics of release and the encapsulation’s
degree of the DNA-chitosan lactate based particles were performed some
measures of UV-VIS spectroscopy. We are also interested in examine the

particles stability.

The DNA released on the media was monitored at defined time intervals by UV-
Visible measurement at 260 nm. The representation of cumulative DNA
released, as a function of time, is showed in Figure 22. It’s visible that, for higher
concentrations of CL, the release of DNA is slower comparing with that
observed for more diluted systems. However, after 24hours almost all DNA
included in the particles is released in the solution. The total dissolution of the

particles was observed after 48 hours.
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Figure 22 — Graphic representation of the released dsDNA quantity in function of time,
for different CL concentrations.

31



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES

In order to have a better idea of the speed of DNA release on the media the

percentage of released DNA as a function of time has been plotted (see

Figure23).
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Figure 23 — Graphic representation of the percentage of released DNA, for the different
CL concentrations.

Although the observed DNA release is a quite fast process, it is possible to
observe the influence of the chitosan concentration in the solutions in which the

particle formation takes place: the lower the chitosan concentration the faster the

DNA release.

In addition, the degree of encapsulation has been calculated through the Loading

Capacity value (LC):

total amount of DNA — free DNA

LC (%) =
(%) Particle’s weight
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that relates the quantity of released DNA on the particles in function of their

weight.

The degree of encapsulation of the different systems is shown in Figure 24:
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Figure 24 — Graphic representation of dsDNA Loading Capacities for different

concentrations of CL.

As expected, it is possible to see that for higher concentrations of CL more
DNA is encapsulated. This parameter also shows that, the capacity of chitosan
lactate to encapsulate DNA is quite high and that aspect could be a promising

indication of CL as an effective gene carrier.

Further, experiments of electrophoresis in agarose gel have been carried out, in
an attempt to evaluate the stability of the different CL-dsDNA particles on the
electric field. As is possible to see in Figure 25, the amount of DNA that
migrates to the positive electrode is very similar for the different particle systems.
This fact is in agreement with the little stability of these particles, which when
subjected to the applied potential are torn apart. Interestingly, it is possible to
observe the migration of CL to the negative electrode. This experiment allows

us to confirm that for a concentration of chitosan higher than 4 mM, an excess
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of CL is present on the particles. These results are in agreement with the FM

studies described above.

6mM

ImM 2mM 3mm 4mM 5mM

dilute dsDNA

Figure 25 — CL, dsDNA and CL/dsDNA particles behavior on an expetiment of

electrophoresis in agarose gel.

2.4.1The ss-DNA problem

Previous studies in the group reveal that the interaction between ssDNA and
cationic entities, most specifically surfactants like CT'AB, was higher that with ds-

DNA (52). So, this kind of tendency was expected to happen also in our system.

CL-ssDNA particles have been prepared in the same interval of CL
concentration that in the case of the native nucleic acid. However, visual

inspections, as well as FM studies, demonstrate that the system CL/ssDNA is
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highly instable. Once the transition between concentrations seemed to be more

drastic, we introduced two more concentrations: 1.5 and 2.5 mM.

Figure 26 shows representative FM images of the CL-ssDNA gel particles.
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Figure 26 — CL/ssDNA gel particles visualized by FM with both filters.

In fact, it is more difficult to see a transition between the core-shell type of
particles and the solid ones. There is a high overlap of colours, due to different

emissions sources.
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Once CL-ssDNA particles were very unstable (they are completely disrupted at
the end of the equilibration time), the kinetics of DNA release have not been
determined. However, Loading Capacity (LC) values were calculated and plotted
(Figure 27). Although there is no a clear trend on the LC values, it is interesting
to note how the LC on the CL-dsDNA particles can be twice the observed in the

case of CL-ssDNA particles.

LC(%)

chitosan (mM)

Figure 27 — Loading Capacities for the CL/ssDNA system.

Thus, what kind of differences is responsible for the instability of particles when

ssDNA is used?

By visual inspection, the apparent viscosity of a 60 mM concentration of ss-
DNA solution is higher than in the case of dsSDNA. This fact could difficult the
drop wise addition and the parent drop, which are factors that can influence the
particle formation. In this case, we obtain deformed drops with a viscosity
superior than expected, interacting with the same solution of chitosan lactate. As
a consequence, unstable particles could be obtained. In that point, there are two

questions that need to be answered. First of all, is why the viscosity increases
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with the denaturation of DNA, when is mentioned in literature (77)that should
decrease. When DNA denatures, the two strands separate and each single strand
is free to adopt different conformations, in a form of a random coil. This form

has a lower intrinsic viscosity than the double stranded DNA.

But what if, this property happens only for dilute concentrations of DNA? To
answer this question, were measure solutions of DNA, both single and double
stranded, with a range of defined concentration and subjected them to shear
forces, in order to evaluate the viscosity of solutions. Figures 28 and 29 show the

obtained results.
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Figure 28 — ssDNA viscosity in function of its concentration.
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dsDNA critical concentration
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Figure 29 — dsDNA viscosity in function of its concentration.

From these figures is possible to define that the critical concentration of ssDNA
(= 3.5mM) is lower than the one for dsDNA (= 4.2mM). From solutions of
DNA of 2mM the viscosity of ss is 1.55 E- Pa.s, while in the ds state is 9.16 E-3
Pa.s. For concentrations around 10mM, we can see an inversion of this behavior
and from those values forward the viscosity of ds-DNA is lower than the
viscosity of sSDNA. For example, for a concentration of 30mM the ss viscosity
value is 1.48 B3 while for the ds is 1.25 E2 ie., an order of magnitude less
viscous. With this study, we can conclude that, for the range of concentrations
that was used in this work, the ssDNA is more viscous than dsDNA, and this
fact have a particular negative impact on the formation and stability of the

CL/ssDNA gel particles.

Keep in mind:

e  DNA is totally released from CL-dsDNA particles after 48 h.
e CL-dsDNA particles show LC values around 4%.
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e Differences in viscosity of ssDNA and dsDNA solution could
explain the instability of CL-ssDNA particles for the same range of

CL concentrations.

2.5NanoParticles

Although the molecular details of the mechanism by which cationic carriers
mediate DNA delivery are still poorly understood, current evidence supports the
hypothesis that the cationic entity-DNA complexes enter cells by mean of
endocytosis. Often, the particles size ranges from 100 nm to higher than lum
and, evidently, the efficiency of cellular uptake and subsequent intracellular

transfection may well depend on particle size (55).

To address the problem of the size of the obtained DNA gel particles, we
speculated that aerosol techniques at micron level size. Delivery of gene
formulations via aerosols is a relatively new field, which is less than a decade old.
However, in this short period of time significant developments in aerosol
delivery systems and vectors have resulted in major advances toward potential
applications for various pulmonary diseases. Air-jet and ultrasonic nebulizations
are the two predominant methods utilized therapeutically to aerosolize drug
solutions. Air-jet nebulizers operate with compressed air, transporting liquid
through nozzles creating small aerosol droplets, whereas ultrasonic nebulizers
use the piezoelectric effect to generate high frequency acoustic energy which
generates aerosol droplets by cavitation. Both types of nebulizers offer various
advantages and disadvantages. Air-jet nebulization can affect gene carrier systems
as a result of the high shear forces applied during nebulization. Ultrasonic energy
is notorious for altering or damaging some acrosolized drug substances(50).

Furthermore, ultrasonic nebulizers are usually more expensive and have not yet
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been investigated for the aerosolization of gene delivery systems based on
cationic polymers. To date, only air-jet nebulizers have been used in inhalative

gene therapy studies(57).

Of major interest in the characterization of submicron particles is the size, as it
can give useful information as to whether the nebulisation process was
successful. It was also shown that particle size can influence body
distribution(58). In addition, connected with the size is the polydispersity index.
A monomodal and narrow size distribution should be the aim of nanoparticle
preparation, to ensure uniform distribution behaviour of the particles upon
administration. Visualization of these systems, however, remains an invaluable

tool to get a better understanding of the colloidal systems.

The first step to create these nanoparticles was to find a concentration of DNA
that could be able to form them. Due to limitations of the nebulizer the viscosity
of the corresponding DNA had to be low. According to some studies proceeded
by the group (59) it was found that a concentration of 5mM solution of DNA
was the highest one that is possible to use in order to be nebulized propetly.
Nanoparticles were prepared at a fixed ratio (r) of 1 where:

[DNA]

Yt = —

[CL]

The obtained nanoparticles were initially analysed using some  fluorescence

microscopy measures (See Figure 30).

Figure 30 - CL /dsDNA NanoParticles viewed by FM.
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Actually, analyzing the Figure 30, we are able to say that, the particles were

formed and the secondary structure of DNA was kept.
What about the size distribution of the particles?

As was noted in the introduction of this section this is an important factor that
needs to be taken into account. Thus, further studies by Photon Correlation
Microscopy (PCS) were carried out, in order to give us some information about

the actual size and polydispersion of the obtained particles.

As we can see in Figure 31, particles were obtained with a broad dispersed

population.
90.0° Unimodal Distribution
Unimedal Results Summary
Rept. Mean Pl Diff.Coef Counts/s Baseline Overflow
(nmy} (m?/s) Error
Rept.1 6184 1.047 7.93e-13 7718404 11.42% 295
Rept.2 788.8 1.286 §.22e-13 7.54e+04 14.10% 18
Average 703628520 1156 0,110
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Figure 31 - Size distribution of 5mM CL/dsDNA NanoParticles.

The existence of more than one population was identified, when the

measurement was performed using a multimodal device (see Figure 32).
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Figure 32 - Size distribution of 5mM CL/dsDNA NanoParticles measured by a
multimodal PCS.

We can distinguish between 3 populations: one about 20 nm, one with approx.
150nm, and a large one with a mean value of 623.4 nm, which corresponds with

the size of chitosan lactate

An initial study using a 30,000 MWCO cut off concentrator demonstrated that
this procedure (centrifugation + filtration) is useful to discriminate between big
particles (around 2.5 um) and smaller particles (around 1 wum) that can be
observed by FM. Figure 33 show the existence of particles and conservation of

DNA secondary structure on both down and upper part of the concentrator.

Figure 33 — FM images of NanoParticles after concentrated with the 30, 000 MWCO

concentrator. a)down part of concentrator; b) upper part of concentrator.
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PCS studies of the down part showed that besides the fact that particles are more

refined now, we still have a considerable dispersion of sizes. In addition, CL was

not removed from the solution (See Figure 34).

90.0° Unimodal Distribution

Unimodal Results Summary

Rept#. Mean Pl Diff.Coef Countsis Baseline Overflow
(nm) (m@/s) Error
Rept.2 5043 0.800 9.738-13 4 28e-04 3.90% 10
Rept.d 4825 0.952 1.02e-12 4 2de-04 1.65% 0
Rept.5 5345 1.045 9.188-13 4.41e-04 210% 0
Average 507127922 093520136

Intensity
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Figure 34 - Size distribution of NanoParticles after filtration with a 30,000 MWCO

concentrator.

Further studies were carried out, using a concentrator, with a smaller cut off size.

Considering that chitosan lactate has a molecular weight around 5,000 kDa, a

3,000 MWCO concentrator was chosen. Figure 35 shows a representative image

of the total dispersion and the upper and bottom fractions obtained after

centrifugation.
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Figure 35 — Dispersions of CL/ds-DNA NanoPatticles. From the left to right represent
the solution obtained with the nebulizer, the next one represent the upper part collected
from the concentrator and the last, the down part.

The solutions collected in the down part of the concentrator have a notorious

discoloration indicating that that CL in excess was removed from the solution.

All three dispersion were analyzed with a Zetasizer in terms of size distribution

and polydispersity (See Figure 36 and 37).

NanoParticles Size
1000,00
800,00
600,00 mTOTAL
B UPPER PART
400,00 m DOWN PART
200,00 -
0,00 -

Figure 36 - Graphic representation of NanoParticles sizes before (total) and after
filtration (upper and down parts) with a 3,000 MWCO.
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Polydispersity Index
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Figure 37 - Graphic representation of Size distribution of NanoParticles before
(TOTAL) and after (UPPER and Down Patt) filtration with a 3,000 MWCO.

From the measurements, we can corroborate that the 3,000 MWCO
concentrator was useful to separate the obtained dispersion in two fractions: one
containing agglomerates of CL and another one where Chitosan-dsDNA

nanoparticles with size around 300nm obtained with a PI lower than 0.4.

Keep in mind:

e  Chitosan-dsDNA nanoParticles could be formed using CL
e A 3000 MWCO concentrator was useful to obtain Chitosan-dsDNA

nanoparticles with size around 300nm and a PI lower than 0.4.
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2.6 The role of surface charge

It is well establish that particles with high zeta potential of the same charge will
repel each other. In general, a potential less than -30 mV and more than +30 mV
is considered high. This is also the dividing line between stable and unstable
suspensions. As said previously, for the range between these values there is no

form to prevent molecules from coming together and flocculate (60).

There are some factors that have or might have an influence on zeta potential,

like pH, the type of chitosan and the ionic strength of the medium.

In literature, the zeta potential of chitosan-DNA NanoParticles varies between 0
and 40mV at a pH of 5, 5 (35, 60-67). The majority of studies present a zeta

potential of approximately 20mV and therefore they are considered unstable.

After using the filter with cut off of 3,000 MWCO, the potential zeta of the
fraction containing the Chitosan-DNA Nanoparticles (upper part) has been
studied. The measures were made in water, in order to avoid interferences with
the ionic strength of the buffer (See tablel). Two peaks, representative of the
Chitosan-DNA nanoparticles (+ 18.8 mV) and the remaining DNA that is not

entrap in the particles (- 2.26 mV) has been obtained.

Like chitosan, chitosan nanoparticles also possess a positive surface charge. This
is explained by residual protonated amino groups of chitosan that do not take

part in neutralisation with negatively charged DNA.

Table 1 - Zeta Potential

Zeta Potential (mV) SE
NP peak 18,8 1,42
DNA peak -2,26 1,58
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Keep in mind:

e  Chitosan-dsDNA nanoparticles present a positive charge.
e DPotential Zeta values of 18.8 put them on the border between stable and

unstable suspensions.

2.7Interaction with blood and citotoxicity

When used as DNA carriers, understanding the interactions of the DNA-based
particles with blood is crucial for improving their behaviour 7z vitro and in vivo.
Although it had been suggested that chitosan is a biocompatible and nontoxic
polymer, previous studies have revealed that soluble chitosan, like other cationic
polymers, displayed concentration-dependent toxicity(62). The effect of these
DNA-chitosan particles on both the membrane-lIytic activity and their effect on
cell viability were evaluated, respectively, by the hemolysis assay the tetrazolium

salt MTT assay on 37T3 fibroblast cell lines.

2.7.1Haemolysis

Haemolysis is the rupturing of erythrocytes (red blood cells) and the release of
their contents (hemoglobin) into surrounding fluid (eg, blood plasma).

Haemolysis may occur 7z vivo ot in vitro (inside or outside the body).

In order to test the interaction of CL and DNA/CL gel patticles with blood, rat

blood samples were used.
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As is possible to verify in figure 38, the percentage of haemolysis in almost

inexistent when the CL interacts with the blood

Chitosan solution

Haemolysis (%)

[EnY
|

ojlllllt

1200 1400 1600 2000

Chitosan concentration (ug/mL)

Figure 38 — Concentration dependence of Chitosan Lactate percentage of haemolysis.

A similar procedure was used to study CL-DNA gel particles. In this case, the
influence of time on the haemolitic response has been evaluated. Although there
is some fluctuation on the obtained values, as consequence of small differences,
in sizes, between particles, it is important to note that in all cases the level of

hemolysis is lower than 2%. (See figure 39)
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Chit-dsDNA particles
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Figure 39 — Time dependence of CL-DNA particles in haemolysis response.

2.7.2 In vitro cytotoxicity

To evaluate the toxicity of our system on 3T3 fibroblast cell lines, it was tested
first the chitosan lactate, than DNA/CL gel particles and for last NanoParticles.
It is reported that CL showed the lowest cytotoxicity, compared with chitosan
glutamate and chitosan hydrochloride, toward B16F10 cells(63). Studies with CL
in COS-1 cells were also reported with good viability and CL as a safe gene
carrier(62). On 3T3 fibroblast cell lines, for chitosan lactate solutions, the
percentage of cell viability is always higher than 80% for a concentration up to
2, 00 pg/mlL (Figure 40). Although it seems to be a tendency to decrease with
the increment of chitosan lactate concentration, it is possible to confirm that the
LCso value for chitosan lactate is higher than 2, 00 pLg/ mL in the conditions

studied in this work.
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Figure 40 — Chitosan Lactate concentration behavior on cell viability.

It was expected that once CL present such a good viability, gel particles would
also produce similar results. Figure 41 proves these assumptions. In fact,

CL/DNA gel patticles are quite viable, always higher than 80%.
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Figure 41 — CL-dsDNA particles concentration behavior on cell viability.
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To study the toxicity of nanoparticles, see Figure 42, all the components of the
concentrator were analyzed. The down part of the filter, in which more refined
and monodisperse nanoparticles have been obtained, promote cell viabilities
higher than 50 %, even for the highest concentration studies. With this data is

possible to confirm that CL is a safe gene carrier on this cell line.

Citotoxicity of NanoParticles

120,0
g 1000
> 800
£ 600 m TOTAL
= 40,0
S 200

# DOWN

0,0

0,08 016 032 063 125 2,50

Chitosan Lactate concentration (mM)

Figure 42 - CL.-dsDNA nanoparticles concentration behavior on cell viability.

Analysis of the data indicates that chitosan lactate is a promising catrier to be
used in the design and development of new non viral vectors for the delivery of

therapeutic DNA.
Keep in mind:

e CL and CL-DNA Gel Particles provoke haemolysis lower than 2%,

which can be regarded as non-toxic effect level.

e CL, CL-DNAGel Particles and CL.-DNA Nanoparticles formed present

excellent viability when used on 3T3 fibroblast cell lines.

51



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES

Chapter 3.

Concluding remarks and Future

Perspectives

On complexation studies:

e Particles size and opacity are indicative of the complexation’s degree,

and are function of the concentration of CL.

e Besides the known drop size factor, the concentration of the cationic

polyelectrolyte plays a crucial role in the size of the particles.

On Morphology and Structure studies:

e Secondary structure of DNA is kept in the particles.

e Chitosan Lactate can be visualized, when in excess, by Fluorescence
Microscopy.

e It’s possible to find a tendency that show, that for concentration of
Chitosan Lactate superior than 4mM, we have a transition from core-

shell particles to solid particles.

On DNA complexation and Release studies:

e DNA is totally released from CL-dsDNA particles after 48 h.
e CL-dsDNA particles show LC values around 4%.
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e Differences in viscosity of ssDNA and dsDNA solution could
explain the instability of CL-ssDNA particles for the same range of

CL concentrations.

On Nanoparticles studies:

e  Chitosan-dsDNA nanoparticles can be formed using CL.

o The 3,000 MWCO concentrator was useful, to obtain Chitosan-dsDNA

nanoparticles with size around 300nm and a PI lower than 0.4.

On The role of Sutface Charge studies:

e  Chitosan-dsDNA nanoparticles present a positive charge.

e DPotential Zeta values of 18.8 put them on the border between stable and

unstable suspensions.

On the Interaction with blood and Cytotoxicity studies:

e CL and CL-DNA Gel Particles provoke haemolysis lower than 2%,
which can be regarded as non-toxic effect level.
e CL, CL-DNA Gel Particles and CL-DNA Nanoparticles formed present

excellent viability when used on 3T3 fibroblast cell lines.

e CLis a promising efficient and safe gene carrier.

Thus, Chitosan Oligosaccharide Lactate (=5kDa) is a promising safe and

effective gene carrier.

The work is now focused on layer-by-layer particles using Alginate and Chitosan
Lactate. With this strategy, it is expected to improve the content of DNA inside

the particle, as well as form more stable particles.
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Chapter 4.

Materials and experimental methods

4.1 Chapter Introduction

In this section it will be mentioned the materials used in this work and some
important features of them, as well as the methods and techniques, that help us
through the experimental part. It is also given a brief description of several
techniques used, description which serves as support for the results obtained and

discussed in this thesis.

4.2 Materials

4.2.1 Chitosan Lactate and its features

Chitosan Oligossacharide Lactate (CL) was purchased from Sigma Aldrich and
used as received. CL has a mean molecular weight of approximately 5kDa. Other
chitosans, with different molecular weights (150 kDa and 400 kDa), were also

purchased from Sigma Aldrich and used to test the differences between them.

The fact that CL is soluble in water makes it extremely useful when worked with

DNA. Chitosans of 150kDa and 400kDa and CL of ~ 5kDa were tested and left
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to dissolve in water for 24 hours under stirring. In Figure 43, is presented the
results for this simple solubility test for the Chitosan with 150kDa of molecular
weight and CL.

Figure 43 - Solubility of Chitosan Lactate and Chitosan’s solutions.

Only the solution of CL dissolved. The same behavior can be seen comparing
CL with the 400 kDa molecular weight Chitosan. This happens because CL is
already in a form of a salt, while Chitosan is a weak base, pKa value of the
glucosamine residue is in the range between 6.2 and 7.0. Therefore it is insoluble
in neutral and alkaline solutions and needs to be in an acidic medium, allowing

the amino groups to be positively charged.

4.2.2 DNA

The sodium salt of deoxyribonucleic acid (DNA), from salmon testes of an
average degree of polymerization of about 2000 base pairs, was purchased from
Sigma and used as received. The ratios of absorbance at 260 and 280 nm of the
stock solutions were found to be between 1.8 and 1.9, which suggested the

absence of proteins.
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4.3 Sample Preparation

4.3.1 Solutions preparation

Double Stranded DNA (dsDNA) stocks solutions were prepared in a 10mM
NaBr solution in order to stabilize the DNA secondary structure in its native B-
form conformation(64). Single Stranded DNA (ssDNA) solutions were prepared
by heating of dsDNA solution for 15 minutes at a temperature of 85°C and

immediately immersed in an ice bath.

The CL solutions were prepared in a 1mL buffer of Tris HCl pH 7.6 (for

potential zeta measures Chitosan Lactate was prepared in water).

4.3.2 Particles preparation

The formation of the CL-DNA particles was studied using mixtures of 60mM
dsDNA and CL solutions ranging from 1 to 6mM. Gel Particles were formed
through drop wise addition of the DNA solution into the CL solution. Particles

were left in the mixing solution for 2 hours before any measure (See Figure 44).

o DNA droplet

Figure 44 — Illustrative representation of DNA drop wise addition. In this case, the
cationic polyelectrolyte is Chitosan Lactate.
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4.3.3 Nanoparticles preparation

Particles were prepared at a charge ratio between DNA and cationic agent equal
to 1, R = [DNA]/ [CL], where [CL] is the concentration of Chitosan Lactate.
[DNA] was equal to 5 mM, once higher concentrations of DNA produce high
viscosity solutions, which make them inconvenient systems for the nebulisation
process. The used comp Air-we-28-E nebuliser, illustrated in Figure 45, enables
the generation of very fine droplets/aerosols (59). The solutions were nebulised

into gently stirred Chitosan Lactate solutions.

Figure 45 - Comp Air-we-28-E nebulizer.

4.4 Methods and Procedures

4.4.1 For Morphology and structure studies

4.4.1.1 Fluorescence microscopy

Fluorescence is the result of a three-stage process that occurs in certain
molecules (generally polyaromatic hydrocarbons or heterocycles) called

fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore designed
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to respond to a specific stimulus or to localize within a specific region of a
biological specimen(65). The process responsible for the fluorescence of
fluorescent probes and other fluorophores is illustrated by the simple electronic-

state diagram (Jablonski diagram) shown in Figure 406.

hVex (1 hem(3

Energy

Figure 46 — Electronic-state diagram.

Stage 1: Excitation

A photon of energy hvpx is supplied by an external source such as an
incandescent lamp or a laser and absorbed by the fluorophore, creating an
excited electronic singlet state (S1'). This process distinguishes fluorescence from
chemiluminescence, in which the excited state is populated by a chemical

reaction.
Stage 2: Excited-State Lifetime

The excited state exists for a finite time (typically 1-10 nanoseconds). During
this time, the fluorophore undergoes conformational changes and is also subject
to a multitude of possible interactions with its molecular environment. These
processes have two important consequences. First, the energy of Si is partially
dissipated, yielding a relaxed singlet excited state (Si) from which fluorescence
emission originates. Second, not all the molecules initially excited by absorption
(Stage 1) return to the ground state (Sg) by fluorescence emission. Other

processes such as collisional quenching, fluorescence resonance energy transfer
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(FRET) (Fluorescence Resonance Energy Transfer) and intersystem crossing

may also depopulate Si.
Stage 3: Fluorescence Emission

A photon of energy hvgy is emitted, returning the fluorophore to its ground state
So. Due to energy dissipation during the excited-state lifetime, the energy of this
photon is lower, and therefore of longer wavelength, than the excitation photon
hvex. The difference in energy or wavelength represented by (hvex — hvew) is
called the Stokes shift. The Stokes shift is fundamental to the sensitivity of
fluorescence techniques because it allows emission photons to be detected

against a low background, isolated from excitation photons.
Procedure

Information about the secondary structure of the DNA molecules in the gels
was obtained by fluorescence microscopy, using N, N, N’, N’-
tetramethylacridine-3, 6-diamine (acridine orange, AO), represented in Figure 47,
as the staining medium. Acridine orange has been used to label nucleic acids in
solution and intact cells. Acridine orange intercalates into double-stranded DNA

as a monomer, whereas it binds to single-stranded DNA as an aggregate.

Figure 47 — Chemical Structure of Acridine Orange.

Upon excitation at 470-490 nm, the monomeric acridine orange bound to

double-stranded DNA fluoresces green, with an emission maximum at 530 nm.
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The aggregated acridine orange on single stranded DNA fluoresces red, with an

emission at about 640 nm (66).

For analyzing the nanoparticles, DNA solutions were nebulised and collected
into gently stirred CL solution. After that, dispersions were stained with Acridine
Orange to confirm the presence of DNA in the particles. In addition, using AO,
information about the secondary structure of the nucleic acid in the particles has

been obtained.

The stained suspensions were immediately examined with an Olympus
BX51Mmicroscope equipped with a UV-mercury lamp (100WUshio Olympus)
and a filter set type U-MNIBA (470 — 495 nm excitation and 505 nm
dichromatic mirror). The DNA gel particles were observed using an UplanFL. N
100x/1.30 oil-immersed objective lens (/0.17/FN26.5). Images were digitized
on a computer through a video camera (Olympus digital camera DP70) and were
analyzed with an image processor (OlympusDP Controller 2.1.1.176, Olympus
DP Manager 2.1.1.158).

4.4.1.2 Scanning electron microscopy (SEM)

Accelerated electrons in a SEM carry significant amounts of kinetic energy, and
this energy is dissipated as a variety of signals produced by electron-sample
interactions when the incident electrons are decelerated in the solid sample.
These signals include secondary electrons (that produce SEM images),
backscattered electrons (BSE), diffracted backscattered electrons (EBSD) that
are used to determine crystal structures and orientations of minerals), photons,
visible light and heat. Secondary electrons and backscattered electrons are
commonly used for imaging samples: secondary electrons are most valuable for
showing morphology and topography on samples and backscattered electrons
are most valuable for illustrating contrasts in composition in multiphase samples

(i.e. for rapid phase discrimination)(67). X-ray generation is produced by inelastic
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collisions of the incident electrons with electrons in discrete orbital of atoms in
the sample. As the excited electrons return to lower energy states, they yield X-
rays that are of a fixed wavelength (that is related to the difference in energy
levels of electrons in different shells for a given element). Thus, characteristic X-
rays ate produced for each element in a mineral that is "excited" by the electron

beam. A schematic illustration of SEM is shown in Figure 48.
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Figure 48 — Schematic illustration of SEM.

Procedure

Sample preparation is usually not very invasive and results can be obtained
quickly. For SEM, a sample preparation is necessary and only solid samples can
be viewed with this technique. Thus, solutions containing the particles were
freeze-dried overnight (-46 °C, 0.035 mBar). The dry samples were sprinkled on
a double sided adhesive conductive carbon tape attached to a SEM stub. After
sputter coating with gold, the samples were transferred onto the microscope
stage and examined at 5 kV. The lyophilization procedure constitutes a standard

protocol for the preparation of samples prior to their examination by means of

SEM.
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4.4.2 For DNA release studies

4.4.2.1 UV-VIS spectroscopy

The visible region of the spectrum comprises photon energies of 36 to 72
kcal/mole, and the near ultraviolet region, out to 200 nm, extends this energy
range to 143 kcal/mole. Ultraviolet radiation having wavelengths less than 200
nm is difficult to handle, and is seldom used as a routine tool for structural

analysis (66).

The energies noted above are sufficient to promote or excite a molecular
electron to a higher energy orbital. Consequently, absorption spectroscopy
carried out in this region is sometimes called "electronic spectroscopy”. A
diagram showing the various kinds of electronic excitation that may occur in

organic molecules is shown in Figure 49.
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Figure 49 - Various kinds of electronic excitation that may occur in organic molecules.

Of the six transitions outlined, only the two lowest energy ones (left-most,
colored blue) are achieved by the energies available in the 200 to 800 nm
spectrum. As a rule, energetically favored electron promotion will be from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular

orbital (LUMO), and the resulting species is called an excited state.
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When sample molecules are exposed to light having an energy that matches a
possible electronic transition within the molecule, some of the light energy will
be absorbed as the electron is promoted to a higher energy orbital. An optical
spectrometer records the wavelengths at which absorption occurs, together with
the degree of absorption at each wavelength. The resulting spectrum is presented

in a plot of absorbance (A) versus wavelength.

Because the absorbance of a sample will be proportional to the number of
absorbing molecules in the spectrometer light beam (e.g. their molar
concentration in the sample tube), it is necessary to correct the absorbance value
for this and other operational factors if the spectra of different compounds are
to be compared in a meaningful way. The corrected absorption value is called
"molar absorptivity", and is particularly useful when comparing the spectra of
different compounds and determining the relative strength of light absorbing

functions (chromophores). Molar absorptivity (e) is detined in Equation 1:

€ = A + (l.¢) Equation1

Where A is the absorbance, ¢ is the sample concentration in moles/liter and 1 is

the length of light path through the sample in cm.

Procedure

DNA release studies, from the gel particles, were carried out. Hence, at defined
time intervals, the supernatant was collected and particles were resuspended in a
fresh solution. The DNA released into the supernatant solutions was quantified
by measuring the absorbance at 260 nm with a spectrophotometer (UV/VIS
spectrophotometer V-530 JASCO).
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4.4.3 For Nanoparticles size studies

4.4.3.1 Dynamic light scattering

Dynamic light scattering (DLS), which is also called quasielastic light scattering
(QELS) or photon correlation spectroscopy (PCS), is a widely used method for
the determination of the dynamics of colloidal systems and diffusion coefficients
therein. It was developed in the 1960s. In the fifty years since its inception,
modern dynamic light scattering techniques have become increasingly
sophisticated, and their applications have grown exceedingly diverse.
Applications of the techniques to problems in physics, chemistry, biology,

medicine, and fluid mechanics have proliferated (69).

Briefly, when light impinges on matter, the electric field of the light induces an

oscillating polarization of the electrons in the molecules of the particles.

The particles then serve as secondary sources of light and subsequently radiate
(scatter) light. When the source of light is coherent and monochromatic, as from
a laser with a wavelength, A, and incident intensity, I0, it is possible to observe
time-dependent fluctuations in the scattered intensity, I, at a certain distance, 7,
and angle 0, using a suitable detector, such as a photomultiplier, capable of

operating in photon counting mode.

64



EFFECT OF CHITOSAN LACTATE ON THE FORMATION OF CHITOSAN-DNA PARTICLES
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Figure 50 — Layout of a light scattering spectrometer.

The time-dependent fluctuations arise from the fact that the particles are small
enough as to undergo random thermal (Brownian) motion and the distance
between them is therefore constantly varying. Constructive and destructive
interference of light scattered by neighboring particles within the illuminated
zone gives rise to the intensity fluctuation at the detector plane which, as it arises

from particle motion, contains information of this motion.

When the particles are very small compared to the wavelength of the light, the
intensity of the scattered light is uniform in all directions (Rayleigh scattering);
whereas for larger particles (diameter = 250 nm), the intensity is angle-dependent

(Mie scattering).

The frequency shifts, the angular distribution, the polarization, and the intensity
of the scattered light are determined by the size, shape, and molecular
interactions in the scattering material. Thus from the light scattering
characteristics of a given system it is possible, with the aid of electrodynamics
and theory of time-dependent statistical mechanics, to obtain information about

the structure and molecular dynamics of the scattering medium.
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Procedure

To examine the size distribution, of the DNA gel particles, PCS experiments
were carried out. PCS is a very fast, absolute and non-destructive particle sizing
technique. PCS measurements performed at 20°C with a detection angle of 90°

yielded the size distributions.

4.4.4 For Particles charge studies

4.4.4.1 Zeta Potential

Although it is mentioned that particles are electrically charged it is important to
realize that the charge on the surface of each particle is counterbalanced by
charges (ions) of opposite sign in the surrounding solution. The suspension is

neutral overall and also on a scale somewhat larger than the particles themselves.

The charges on the particle surface are normally considered to be attached rather
firmly to it and to remain there more or less indefinitely (though they may be
exchanging with charges of similar type in the solution). The surrounding
(balancing) charges, in contrast, are much more loosely associated with the

particle.

Ions close to the surface of the particle, will be strongly bound while ions that

are further away will be loosely bound forming what is called the diffuse layer.

Within the diffuse layer there is a motional boundary and any ions within this
boundary will move with the particle when it moves in the liquid; but any ions
outside the boundary will stay where they are — this boundary is called the

slipping plane (See Figure 51).
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Figure 51 — Schematic representation of the electrical double-layer (adapted from
zetasizer manual).

The electrostatic potential on that surface is called the zeta potential (70)and it is
that potential which is measured, when one measures the velocity of the particles

in a direct current electric field.

When the charge is measured in this way it reflects more realistically what one
particle “sees” as it approaches another particle and that is what determines the
properties of the suspension. If the repulsion between approaching particles is
large enough they will bounce away from one another and that will keep the
particles in a state of dispersion. If the repulsive force is not strong enough, the
particles will come together and may stick in a permanent doublet. Then other

particles may come along and also be caught in the growing aggregate.

The suspension is then unstable and the aggregates will quickly settle out from
the surrounding medium. If one is relying on the electric charge alone to keep
the system in a disperse state then the zeta potential will usually need to be kept

above 25 mV (positive or negative) (77).

Generally speaking, the higher the absolute value of the zeta potential, the more
stable the system will be. That means that the system will be better able to
withstand additions of salt (which might otherwise destabilize it). It will also

usually show a lower viscosity.
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4.4.4.2 Electrophoresis in agarose gel

The term electrophoresis is generally applied to the movement of small ions and
charged macromolecules in solution under the influence of an electric field. The
rate of migration depends on the size, charge and shape of the molecule, the
applied current and the resistance of the medium.(72) When placed in semi-
permeable media, like an agarose gel, DNA will follow the electric field and will
reptate throughout the gel. Larger fragments migrate more slowly, in a rate
approximately proportional to its charge to mass ratio, towards the positive
electrode. The position of DNA in the gel is detected using fluorescent dyes,
such as Gelstar®. The electrophoresis must be performed in a buffer solution.
The most commonly buffer used in the gel electrophoresis of DNA is TBE
(Tris-Borate-EDTA, pH 8.2). This buffer not only establishes the pH even at

relatively high temperatures, but provides sufficient ions to support conductivity.

Procedure

Agarose (0.7g) was dissolved in TBE buffer (100mL) by heating until boiling and
was afterwards allowed to cool down. 5pL of a 10,000X solution of Gelstar®
was added to the agarose solution which was then poured into a 10 by 20cm gel
tank. Air bubbles were removed with a pipette tip and the gel comb was added
to the gel which was allowed to set. The DNA-CL particles prepared following
the previously mentioned protocol were added to each sample wells. The
electrophoresis was carried out in a horizontal tank containing TBE buffer and

was run at 90 V for 1 hour. Gels were imaged using a UV transilluminator.
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4.4.5 For DNA viscosity studies

Rheology is the branch of fluid mechanics that studies the physical properties
that influence the amount of transport of fluid motion, that is, refers to the study

of flow and deformation behavior of matter, or fluidity.

In this type of test, it is assumed that the material flow, by application of stress,

then the response is measured over time or temperature.

The rotational speed depends on the viscosity of the sample, which is calculated

using the stress and the shear rate.

Viscosity is traditionally regarded as the most important material property and
any practical study requiring knowledge of material’s response would
automatically turn to the viscosity in the first instance. The concept was
introduced through Newton’s postulate. The lack of slipperiness desctribed by
Newton is what it is called “viscosity”. It is synonymous with internal friction
and is measure of resistance to flow. The force per unit area required to produce
the motion, F/A, is denoted by the shear stress, o, and is proportional to the
velocity gradient, or shear rate, §. The constant of proportionality, 7, is called

viscosity (Equation 2):

0 = 1.Y Equation2

4.4.6 For studies of cytotoxicity and haemolysis

4.4.6.1 Haemolysis

Determination of haemolytic properties is one of the most common tests in

studies of nanoparticle interaction with blood components. Interpreting the
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results of these studies is complicated due to wvariability in experimental
approaches and a lack of universally accepted criteria for determination of the
test-result validity. Most z vitro studies of particle-induced hemolysis evaluate the
percentage hemolysis by spectrophotometriclly detecting plasma free
hemoglobin derivatives after incubating the particles with blood and then
separating undamaged cells by centrifugation (73). The incubation time,
wavelength at which hemoglobin is quantified and blood conditions (e.g. use of
purified erythrocytes rather than whole blood, and inclusion of various anti-
coagulants) vary significantly from one study to another. In addition to these
variables, differences in relative centrifugal force, blood storage time and
conditions, blood sources (human, rabbit or mouse) can further complicate

meaningful comparison of the results from disparate studies.

Procedure
Preparation of red blood cells suspensions:

Rat blood was obtained from the anaesthetized animals, by cardiac puncture, and
drawn into tubes containing EDTA. The procedure is approved by the
institutional ethics committee on animal experimentation. The serum was
removed from the blood by centrifugation at 3,000 rpm (Megafuge 2.0 R
Heraeus Instruments) at 4° C for 10 min, and subsequent suction. The red blood
cells were then washed three times at 4 ° C by centrifugation at 3,000 rpm with
isotonic saline PBS solution, containing 22.2 mmol/L Na,HPOs, 5.6 mmol/L
KH,PO,, 123.3 mmol/L NaCl in distilled water (pH 7.4). Following the last
wash, the cells were diluted to 2 of their volume with isotonic PBS solution (cell

density of 8 x 10 cell/mL)
Hemolysis assay:

The membrane-lytic activity of the systems was examined by hemolysis assay.

Firstly, the haemolytic response of chitosan lactate (CL) in solution was tested.
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Thus, a series of different volumes of CL solution (10 mg/mL), ranging from 10
to 200 pL, were placed in polystyrene tubes and an aliquot of 25 pL of
erythrocyte suspension was added to each tube. The final volume is 1 mL. The
tubes were incubated at room temperature for 10 min under shaking conditions.
Following incubation, the tubes were centrifugated (5 min at 10, 000 rpm). The
haemolysis degree was determined by comparing the absorbance (540 nm)
(Shimadzu UV-160A) of the supernatant with that of the control samples totally
haemolysed with distilled water. Positive and negative controls were obtained by
adding an aliquot of 25 pl of erythrocyte syspension to bidistilled water and

1sotonic PBS solution, respectively.

In the case of DNA particles, individual DNA gel particles were placed in the
tubes and an aliquot of 25 uL. or erythrocyte suspension was added to each tube.
The final volume is 1 mL. The tubes were incubated at room temperature for
different times under shaking conditions. At defined times; the incubated
samples were centrifuged (5 min at 10, 000 rpm). The haemolysis degree was

determined following the same procedure as described above.

4.4.6.2 In vitro cytotoxicity

The 7n vitro toxicity testing is the scientific analysis of the effects of toxic
chemical substances on cultured bacteria or mammalian cells. I vitro (literally 'in
glass") testing methods are employed primarily to identify potentially hazardous
chemicals and/or to confirm the lack of certain toxic properties in the eatly
stages of the development of potentially useful new substances such as
therapeutic drugs, agricultural chemicals and direct food additives that may or
may not taste good. The z vitro cell viability (cytotoxicity) assays are used to
refrain the unneeded use of animal testing. [z vitro assays are also faster and
cheaper to conduct, therefore suitable for testing of large number of different

compounds and samples.
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The mechanisms of cell death include apoptosis and necrosis. The amount of

cell death induced by different agents can be measured on various methods (74).

MTT assay

MTT assay (representative image of the MTT assay used on the present work, is
shown in Figure 52) is a sensitive quantitative colorimetric assay measuring the
reduction of yellow tetrazolium salt MTT to dark purple formazan by succinate
dehydrogenase enzime, mainly in mitochondria. Reduction of MTT to formazan
happens only in metabolically active cells and thus can be used to measure the

viability of the cells.

Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) cytotoxicity assay measures the activity of a
cytosolic LDH enzyme. The studied substance is applied on the cells and
increased LDH activity correlates with increased cell wall damage and LDH
leakage to extracellular space, thus acting as an indicator of cell membrane
integrity. Like in MTT assay, tetrazolium salt is involved in the colorimetric
reaction where LDH activity leads to formation of formazan which is then

detected spectrophotometrically.

Neutral read assay

The neutral red (NR) assay is based on the ability of viable cells to incorporate
and bind neutral red within lysosomes. Neutral red penetrates cell membrane and
accumulates in lysosomal matrix. Changes on the cell surface of the sensitive
lysosomal membrane lead to lysosomal fragility and inability to uptake and store
neutral red. Neutral red assay is measured quantitatively with a

spectrophotometer.
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Figure 52 — In vitro toxicity studies made in this work, using the MTT assay.

Procedure
Cell culture:

The murine Swiss albino 3T3 fibroblast cell line was grown in DMEM medium
(4,5 gI'! glucose) supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 100 U
ml-1 penicillin and 100 pg ml-1 streptomycin at 37 °C, 5% CO2. The 3T3 cells
were routinely cultured in 75 cm?2 culture flasks and were trypsinized using

trypsin-EDTA when the cells reached approximately 80% confluence.

Cytotoxicity assays:

The cytotoxic effect of the systems was measured by tetrazolium salt MTT assay.
3T3 cells were seeded into the central 60 wells of a 96-well plate at a density of 5
x 104 cells ml-1. After incubation for 24 h under 5% COz at 37 °C, the spent
medium was replaced with 100 ul of fresh medium supplemented with 5% FBS
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containing chitosan lactate solution at the required concentration range (50-2000

pg ml-1).

In the case of DNA particles, individual DNA gel particles were placed in the
wells. After 24 h, the medium was removed, and 100 pl of MTT in PBS (5 mg
ml-1) diluted 1:10 in medium without FBS and phenol red was then added to the

cells.

The plates were further incubated for 3 h, after which the medium was removed,
and the cells were washed once in PBS. Thereafter, 100 pl of DMSO was then
added to each well to dissolve the purple formazan product (MTT assay). After
10 min on a microtitre-plate shaker at room temperature, the absorbance of the
resulting solutions was measured at 550 nm using a Bio-Rad 550 microplate
reader. The effect of each treatment was calculated as a percentage of cell

viability inhibition against the respective controls.
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