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Chapter 2 will review the existing literature on drug delivery and drug delivery systems, different
routes of administration and natural polymers used as excipients in drug delivery systems. Natural
polymers chitosan and its derivative, TMC, will be discussed with regards to their utility in drug
delivery formulations. Thischapterwill alsofocus on nanoparticles, the reasons for their popularity
and the ways they can cause toxicity. In conclusion, hemocompatibility will be defined and a

method to improve hemocompatibility explored.

2.1 Drug delivery systems

Therapeuticefficacy of medicineis determined by its solubility in aqueous environments, as well as
the rate of dissolution it displays (York, 2002)'. These characteristics are dependent on
physicochemical properties of the active pharmaceutical ingredient (API) present in the medicine,
such as the polymorphicform, crystal size and stability of the API, its pK,-value and the surface area
of the API available for interactions (Ashford, 2002c; York, 2002). However, medicine does not
consist of APIsalone. Rather, they consist of APIs in conjunction with certain excipients, forming a
drug delivery system (DDS), the main purpose of which is the safe and efficient administration of an
APlina waythat is convenientfor patients (Allen et al., 2005; Ashford, 2002c; Steinberg et al., 1996;
York, 2002).

The World Health Organization, or WHO (1999), defined an excipient as a substance other than the
AP, includedin a DDS to perform certain functions (Hamman & Tarirai, 2006; Steinberg et al., 1996;
WHO, 1999). Originally, these functions were only to provide the correct weight, consistency and
volume for successful APl administration, but nowadays excipients play a much larger role in drug
delivery (Hamman & Tarirai, 2006; Pifferi et al., 1999). Excipients currently are responsible for
increasing therapeutic efficacy of medication, by regulation of the pharmacological properties of
APIs, such as improvement of the stability, bioavailability and biodistribution of an APl and
regulation of the rate of APl release from the medicine (Allen & Cullis, 2004; Pifferi et al., 1999;
WHO, 1999; York, 2002).

The intended function and site of action of an API dictates which excipients will be used in the DDS,
as well as the way the medication will be administered (York, 2002). Excipients typically used
include disintegrating agents, lubricants, diluents, suspending- or emulsifying agents, chemical
stabilizers and, as excipients play an importantrole in medication identification, colour and flavour

agents (Ashford, 2002c; WHO, 1999).

" Harvard referencing style, accordingto author’s guide of the International Journal of Pharmaceutics.
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2.2 Routes of administration

There are various possible routes of medication administration, including oral, nasal, ocular,
transdermal, rectal and parenteral routes, each with certain applicable dosage forms (Ahuja et al.,
1997; York, 2002). Of these, the oral route is most popular, as it is a relatively safe and simple way
of administering medicine, with agreat variety of applicable dosage forms, namely tablets, capsules,
granules, powders, gels, solutions, suspensions, emulsions and syrups (York, 2002). Dosage forms
for other routes of administration, apart from those already mentioned, include suppositories,
ointments, creams, pastes, lotions, aerosols, implants and inhalations (York, 2002). An API
administered in the same dosage form, but via different routes, or via the same route, but in
different dosage forms, can display differences in bioavailability (Ashford, 2002a), emphasizing the
importance of exploring the different routes and dosage forms suitable for each APl and disease to

be treated (York, 2002).

2.2.1 The oral route

In the gastrointestinal (Gl) tract, general absorption most readily takes place in the small intestine,
where the surface area is largest and blood supply is abundant (Guyton & Hall, 2006b; York, 2002).
As most APIs are weak acids or weak bases, the small intestine is also the place with the most
favourable pH for absorption of APIs in oral medication (York, 2002). However, not all APIs fall in
this category and some APIs need to be released at other sites in the Gl tract for maximal
absorption. To achieve this, DDSs which release their APIs at specific sites in the Gl tract can be
formulated; sites where the pHvalues are most suitable for the absorption of the specific API, be it
inthe stomach (pH 1.0-3.5), the small intestine (pH 7.5-8.0) or the large intestine (pH 7.5-8.0) (Arbit
& Kidron, 2009; Guyton & Hall, 2006a; York, 2002). The rate of APl release from the DDSs at these
specific sites can also be predetermined for controlled or extended therapeutic effects (Collett &
Moreton, 2002). Modifyingthe APIreleasetime of a DDS allows better management of therapeutic
levelsinthe body. This means thatthe effect of the API lasts longer and consequently, medication
can be taken fewertimes during the course of treatment. Better management of therapeutic levels
alsoreduces the occurrence of side-effects, especially due to high APl concentrations in the plasma

(Allen & Cullis, 2004; Collett & Moreton, 2002; Sinha & Kumria, 2001).

However, before the APl is even released from the DDS there are already factors influencing the
medication and altering bioavailability (Arbit & Kidron, 2009; York, 2002), such as enzymes of the Gl
tract, which degrade some of the unreleased API (Ashford, 2002b). The food content of the Gl tract
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and the changes in pH it causes, other medication used, as well as the dosage form and the size of
the dose taken can affect the release and absorption of the APl (Ashford, 2002a; Ashford, 2002b).
Once absorbed, the API-containing blood from the Gl-tract passes through the liver where the APl is
furtherdegradedina process called first-pass metabolism (Ashford, 2002b). The cumulative effect
of these factorsresultsinirregular bioavailability displayed by oral medication (Arbit & Kidron, 2009;
York, 2002). In addition, the movement of the medication through the Gl tract to the site of API

release tends to be timely, resulting in slow onset of therapeutic effect (York, 2002).

APIs with large molecularstructures and molecular weights, such as protein or peptide APIs (Snyman
et al., 2003), are hydrophilicand have poor hydrolyticstability and low bioavailability in the Gl tract
(Arbit & Kidron, 2009; Sandri et al., 2005). This instability generally makes them unfit for oral
administration, necessitating the consideration of other routes of administration, for example, the

parenteral route (Casettari et al., 2012; Sandri et al., 2005).

2.2.2 The parenteral route

Although the parenteral route of administration has many advantages over the oral route, such as
fasteronset of therapeuticeffect, betterand more consequent bioavailability, the route is invasive,
does notencourage patientcompliance and is therefore a much less attractive option (Sandri et al.,
2005; York, 2002). As Gardner (1987) pointed out, patients not suffering from life-threatening
diseases, such as diabetes or cancer, will much rather make use of other routes of administration,

than frequently receiving injections (Gardner, 1987). This is still true 25 years later.

Various dosage forms can be administered viathe parenteral route, including solutions, suspensions
or emulsioninjected underthe skin, into amuscle ordirectly into the blood stream (York, 2002). Itis
predominantly usedin cases where fast onset of therapeuticeffectis needed, orwhen an APl is unfit
for delivery via other routes due to poor stability, metabolic effects or when the patient is
unconscious (York, 2002). Depending on the API and the excipients used, the half-life of intra-

venously injected medicine can range from a few minutes to several days (Crommelin et al., 2002).

In conjunction with the weight, consistency and volumeimprovement they give, ideal excipients can
play a vital role in patient compliance, especially when dealing with oral dosage forms (Hamman &

Tarirai, 2006; WHO, 1999).
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2.2.3 Other routes
Though not always as popular or convenient, other routes of administration are also needed.

The ocular route is easily accessible, although it is not always very comfortable to use. Because of
the highrate of tear clearance fromthe eye, a large part of the administered medicine is lost before
it can be absorbed (Achouri et al., 2013). This route makes use of solutions, ointments and creams

for the delivery of APIs (York, 2002).

The nasal route, like the parenteral route can be used for the systemic administration of APIs. The
nasal membranes provide a large surface for absorption with a rich supply of blood vessels and
absorbed APIs do not undergo first-pass metabolism (Djupesland, 2013; Suman, 2013). The

applicable dosage forms, however, are limited to solutions and inhalations (York, 2002).

Transdermal applications, in the form of ointments, creams, lotions, solutions or topical aerosols, are
mostly used forlocal APl effects, although systemiceffects can also be achieved. The hydrophobicity
or hydrophilicity of the applied dosage form will determine how the APl is released and thus, what

effect it will have (York, 2002).

Althoughthe rectal route is highly inconvenient, it is very useful for the delivery of APIs when the
oral route is unavailable, as with unconscious or vomiting patients. The APl effect can be local or
systemic, but APl absorption tends to be irregular. Dosage forms used in this route include

suppositories, ointments, creams and solutions (York, 2002).

2.3 New APIs and new excipients

New APls are discovered almost daily, calling for modification of existing excipients or the discovery
of new excipients (Chang & Chang, 2007). New or improved excipients are necessary, not only to
overcome the incompatibilities between the existing excipients and the new APIs, but also because
the APIs often have physicochemical and pharmacokineticpropertiesthatare not ideal andthe APIs
or the excipients in the DDS can cause toxicity (Beneke et al., 2009; Chang & Chang, 2007; Pifferi &
Restani, 2003). The balance of the excipientsinaDDS is extremely important, as too much of itin a
formulation can cause toxicity, even if the excipient itself is non-toxic (Allen & Cullis, 2004). The
right excipients, in the right balance in a DDS can extend the efficacy period of an APl and even

reduce the amount of side-effects it causes (Pifferi et al., 1999).

Polymers (natural and synthetic) have proven to be an attractive source of excipients for use in

pharmaceutical formulations (Beneke et al., 2009; Guo et al., 1998). Natural polymers are of notable
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interestastheyare abundant, can easily be chemicallymodified and usually are biocompatible and
biodegradable (Malafaya et al., 2007; Satturwar et al., 2003). These polymers are classified
according to their origin, be it plant-, algae-, microbe-, fungus- or animal-derived (Beneke et al.,

2009; Pifferi & Restani, 2003; Sinha & Kumria, 2001).

2.3.1 Plant-derived polymers

Plants are a renewable and cost-effective source of polymers. These polymerstendto be non-toxic,
biocompatibleand biodegradable, making them favourable for use as excipients in DDSs (Beneke et
al., 2009; Scholtz et al., 2013; Shirwaikar et al., 2008). Plant-derived polymers currently and
potentially usedin pharmaceutical formulationsinclude cellulose, hemicellulose and pectin obtained
from plantcell walls, starch, inulinfoundin garlic, onion, artichoke and leeks, rosin from the resin of
pine trees and gums produced by plants after injury (Beneke et al., 2009; Carabin & Flamm, 1999;
Rana et al., 2011; Satturwar et al., 2003; Sinha & Kumria, 2001; Varshosaz et al., 2006).

These polymers have avariety of possible usesin pharmaceutical formulations, especially regarding
modifiedrelease (Benekeetal., 2009). Plant-derived polymers and their derivatives can be used in
the production of sustained release tablets (cellulose derivatives), diffusion-controlled DDSs (starch),
hydrogels (inulin, cellulose derivatives, gums), microspheres (gums) or films (rosin) (Beneke et al.,
2009; Chamarthy & Pinal, 2008; Malafaya et al., 2007; Rana et al., 2011; Satturwar et al., 2003;
Satturwar et al., 2004; Shirwaikar et al., 2008; Varshosaz et al., 2006; Vervoort et al., 1998). Inulin
and some varieties of gums are predominantly used in colon-specific drug delivery, as these
polymers are not affected by the enzymes in the upper Gl tract, but are only degraded once they
reach the colon (Chaurasia et al., 2006; Rana et al., 2011; Sinha & Kumria, 2001; Vervoort et al.,
1998). Gums can also be employed as emulsifiers, disintegrants, thickening agents or stabilizing
agents in solid and liquid dosage forms (Rana et al., 2011). Using these polymers as excipients can
improve the performance of the DDS (Scholtz et al., 2013), leadingto more complete APl release and

consequently better therapeutic efficacy (Rana et al., 2011).

2.3.2 Algae-derived polymers

Polymers derived from algae are alginates, a component of marine brown algae, and carrageenans,
obtained from red seaweeds (Coviello et al., 2007, Malafaya et al., 2007). Alginate is abundantly
available and is often used in wound dressings (Malafaya et al., 2007). Because of the gelling
propertiesalginatedisplaysinaqueous solutions, itis used in the production of hydrogel beads and

thermo-sensitive microspheres (Abd El-Ghaffar et al., 2012; Coviello et al., 2007; Malafaya et al.,
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2007; Oddoet al., 2010). Carrageenans, onthe otherhand, are mostly usedinthe food industry, but

can be used in the production of hydrogel beads (Malafaya et al., 2007).

2.3.3 Animal-derived polymers

One of the most well-known and abundant polymers is the animal-derived polymer chitin, a
polysaccharide found in the exoskeletons of crustaceans and the cuticles of insects (Benesch &
Tengvall, 2002; Malafaya et al., 2007). Chitin is made up of B(1->4)-glucosamine and N-acetyl-b-
glucosamine units (Malafaya et al., 2007). When chitinis deacetylated, abiopolymer called chitosan
is produced (Benesch & Tengvall, 2002; Malafaya et al., 2007; Jayakumar et al., 2010). This new-

formed biopolymer and its derivatives will subsequently be discussed.

2.4 Chitosan

The term “chitosan” is usually used in singular form, yet it describes a large group of polymers
differinginthe degree of N-deacetylation, i.e. the amount of primary amino groups present, and the
molecular weight, which can vary from 50 to 2 000 kDa (Casettari et al., 2012; Malafaya et al., 2007).

These variablesinfluence the specific properties of each of the chitosan polymers (Felt et al., 1998).

Chitosan (Figure 2.1) is made up of B-(1->4)-2-acetamido-b-glucose and 3-(1->4)-2-amino-bp-glucose
units (Aytekinetal., 2012). Due to unoccupied amino groupsinitsstructure, chitosan is characteris-
tically cationic (Cerda-Cristerna et al., 2011; Felt et al., 1998; Luangtana-anan et al., 2010; Malafaya
et al., 2007). These characteristics, along with its biocompatibility, biode gradability and non-toxicity
have led to increased interestin chitosan, especially in the pharmaceutical field (Aytekin et al., 2012;

Chua et al., 2012; Malafaya et al., 2007; Sieval et al., 1998; Van der Merwe et al., 2004b).

OH

HO NH,

Figure 2.1 — Chemical structure of chitosan (Van der Merwe et al., 2004b)
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2.4.1 Applications of chitosan

Chitosan has already been widely applied in avariety of industries, including the food, cosmetic,
agricultural and pharmaceutical industries (Sieval et al., 1998; Van der Merwe et al., 2004b). In
veterinary medicine, chitosan has been used to improve wound healing, as it has antimicrobial
properties (Felt et al., 1998; Ueno et al., 2001). Pharmaceutically, chitosan has been applied to
various forms of DDSs, including controlled release drug delivery and delivery via the oral, paren-
teral, nasal, ophthalmic and transdermal routes. It has also been used to produce tablets, micro-
particles, granules, beads and liposomes (Felt et al., 1998; Malafaya et al., 2007; Pafios et al., 2008;
Sieval et al., 1998).

At the root of chitosan’s versatility and usefulness lieits unoccupied amino groups (Luangtana-anan
et al., 2010). These cationic groups react with negative sites on the epithelial cell membrane, to
cause the tightjunctions to open (Hamman et al., 2003; Luangtana-anan et al., 2010; Schipper et al.,
1997). Through this mechanism, chitosan can enhance absorption across mucosal surfaces, which is
highly significant for the transport of large hydrophilic molecules, such as peptide or protein APls
(Casettari et al., 2012; Du Plessis et al., 2010a; Kotzé et al., 1999; Sandri et al., 2005; Thanou et al.,
2000a; Van der Merwe et al., 2004b).

However, these reactive primary amino groups are also responsible for chitosan’s pK, value of
between 5.5 and 6.5 (Kotzé et al., 1999; Thanou et al., 2000a). This means that the polymer will
precipitate from solution above pH 6.5 (Casettari et al., 2012; Malafaya et al., 2007; Sieval et al.,
1998). Poorsolubility at physiological pH (7.4) strongly impedes chitosan’s use in a DDS, especially
for oral and parenteral administration (Felt et al., 1998; Sieval et al., 1998; Thanou et al., 2000a).
Fortunately, the chemical structure of chitosan can easily be modified to alter certain characteristics

(Casettari et al., 2012; Chua et al., 2012; Malafaya et al., 2007; Van der Merwe et al., 2004b).

2.4.2 Chitosan modifications and derivatives

Alterations are made to chitosan’s chemical structure to improve upon some of the less favourable
characteristics, whilestill maintaining the favourable qualities. Modifications are usually made by
adding alkyl or carboxymethyl groups at the C2 position, or forming chitosan conjugates through
covalent bonds (Casettari et al., 2012; Guggi & Bernkop-Schniirch, 2003; Thanou et al., 2001a).
Derivatives, such as B-cyclodextrin-linked chitosan and mono-N-carboxymethyl chitosan, are
generally solubleoverawider pHrange than native chitosan, whilestill being cationicand displaying
mucoadhesive properties (Aytekin et al., 2012; Sieval et al., 1998; Tanida et al., 1998; Thanou et al.,

2001a). Chitosan derivatives have many possible applications, including the protection of peptide
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APIs against degradation in the Gl tract when orally administered and use as non-viral vectors for

gene delivery (Cerda-Cristerna et al., 2011; Guggi & Bernkop-Schntrch, 2003).

One of the most popular chitosan derivatives is the partially quaternized N-trimethyl chitosan

chloride, more commonly known as TMC (Polnok et al., 2004).

2.5 N-trimethyl chitosan chloride

TMC is synthesized through a reaction called reductive methylation. In this reaction, chitosan is
added to methyl iodide in the presence of sodium hydroxide to produce the partially quaternized
derivative shown in Figure 2.2 (Sieval et al., 1998; Snyman et al., 2003). The number of stepsin the
reaction, as well as the duration of these steps, the molecular weight of the chitosan used and the
temperature at which the reaction takes place influences the degree of quaternization of the
synthesized TMC, as well as its O-methylation (Aytekin et al., 2012; Polnok et al., 2004; Snyman et
al., 2003). Like chitosan, TMC is mucoadhesive and cationic in character and promotes paracellular
absorption (Geisberger et al., 2013; Sandri et al.,, 2005; Thanou et al.,, 2000b). In contrast to
chitosan, TMCis soluble overawide range of pH values (Aytekin et al., 2012; Geisberger et al., 2013;
Polnok et al., 2004). TMC also has better antibacterial action than chitosan (Sadeghi et al., 2008).

OH
o
— O//
HO +
N-CH
H,c” | 3
i CHs dn

Figure 2.2 — Chemical structure of TMC, indicating the quaternized groups (Van der Merwe et al., 2004b)

2.5.1 Degree of quaternization

TMC promotes absorptioninthe same manneras chitosan; by reversibly openingthe tight junctions
between cells (Du Plessis et al., 2010b; Hamman et al., 2003; Sandri et al., 2005; Thanou et al.,
2000a). The ability of TMC to open the tight junctions is dependent upon the degree of

quaternization (DQ), which is a measure of the polymer’s charge density (Hamman et al., 2003;
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Thanou et al., 2000a). Generally, ahigherDQ is synonymous with more successful opening of tight
junctions, asthe higher charge density results in more positive TMC molecules to interact with the
negative sites onthe cell membrane, which inturn, translates as better mucoadhesivity (Hamman et
al., 2003; Kotzé et al., 1999; Sandri et al., 2005; Snyman et al., 2003). The increase inthe DQ’s ability
to opentightjunctionsisnotlinear, however. Some studies have found that at a DQ above 48% no
significantincreasein absorption was observed (Du Plessis et al., 2010b; Hamman et al., 2003), while
another study suggested the use of TMC with a DQ of 60% forthe absorption of peptides (Thanou et
al., 2000b). However, TMCwith a higherDQalsotendto have higherlevels of O-methylation at the
polymer’s 3- and 6-hydroxyl groups (Polnok et al., 2004). A high degree of O-methylation has a
strongly negative impact on TMC's solubility, thereby decreasing its usefulness as an absorption

enhancer (Sieval et al., 1998).

2.5.2 Applications of TMC

Like chitosan, TMC has a wide variety of possible applications, especially in the pharmaceutical field
(Mourya & Inamdar, 2009). Its cationic character and mucoadhesive properties have led to TMC
being explored for gene delivery (Davies et al., 2008; Geisberger et al., 2013; Mourya & Inamdar,
2009; Sandriet al., 2005). TMC’s absorption enhancing effects have also piqued special interest as a
delivery system for hydrophilic compounds, both small (like mannitol) and large (like protein or
peptide APIs) (Amidi et al., 2006; Kotzé et al., 1997; Sandri et al., 2005; Thanou et al., 2000b). The
routes through which TMC may potentially deliver these compounds include buccal, nasal, colonic
and oral delivery (Amidi et al., 2006; Mourya & Inamdar, 2009; Sandri et al., 2005; Van der Merwe et
al., 2004a). TMC has been explored for the delivery of vaccines through these routes, as they are
less invasive than parenteral administration (Keijzer et al., 2011; Sayin et al., 2008). It can also
enhance the absorption of nasal and rectal delivery of insulin across the mucosal membrane s and
serve asa vitamincarrier (De Britto et al., 2012; Du Plessis et al., 2010a). In Van der Merwe’s (2004)
study, oral delivery of peptide APls with TMC as carrier was achieved by producing TMC mini-tablets,
which was then inserted into a gelatin capsule. The capsule was formulated to release all of the
mini-tablets atonce, after which the TMC tablets would slowlyrelease the peptide APIl. By doing so,

the APl was protected from degradation in the Gl tract (Van der Merwe et al., 2004b).

TMC displays antibacterial activity and enhances humoral immunity (Geng et al., 2013; Keijzer et al.,
2011). Atlow concentrations, italsodisplays radical scave ngingactivity (Aytekin et al., 2012). These

characteristics contribute to TMC’s potential role as a delivery system for camptothecin, an anti-
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tumor and antimetastatic API, in the treatment of leukemia, melanoma, multiple myeloma and liver

cancer (Aytekin et al., 2012; Li et al., 2012; Liu et al., 2010; Zhou et al., 2010).

In recent years, TMC in the form of nanoparticles have been explored. The main interestin this
dosage form lies with its cationic surface charge and excellent loading capacity for peptides and
proteins (Amidi et al., 2006; Geisberger et al., 2013). Because of this, TMC conjugated with PLGA
nanoparticles can potentially be used forthe delivery of APls across the blood-brain barrier (Wang et
al., 2010). Amidietal.(2006) alsofoundthat TMC in nanoparticulate form caused less toxicity than
a TMC solution. When higher DQ TMC were used to form nanoparticles, the result was smaller
particles with increased zeta potential, compared to particles formed with lower DQ TMC (Chen et
al., 2007). This means that higher DQ TMC nanoparticles have better interaction with the cell
membranes, leading to more successful tight junction opening and absorption enhancement

(Hamman et al., 2003; Thanou et al., 2000a).

2.6 Nanoparticles

Nanoparticles have been asubject of increasinginterest over the last couple of decades, especially
during the last five years. They are already used in many products, including certain foods,
cosmetics, clothing, computers, industrial catalysts and medical equipment, and more applications
are still being explored (Sonia & Sharma, 2011; Wani et al., 2011). Polymeric nanoparticles have

piqued special interest in the pharmaceutical industry (Sonia & Sharma, 2011).

Among other substances, nanoparticles can be produced from natural or synthetic polymers (Hans &
Lowman, 2002; Soppimath et al., 2001). There are many techniques for the production of
nanoparticles, including emulsion polymerization or coacervation/precipitation, ionic gelation,
dispersion polymerization, reverse micellar method and the sieving method (Agnihotri et al., 2004,

Roney et al., 2005; Sonia & Sharma, 2011; Soppimath et al., 2001).

There has been much controversy over the exact size range of nanoparticles. Some classify
nanoparticles as any particle between the sizes of 10 and 1000 nm (Bender et al., 1996; Soppimath
et al., 2001), while others have classified nanoparticles as being approximately 1to 100 nm in size
(President’s Council of Advisors on Science and Technology, 2005). Biologically, the nanoparticle
range can be specified as 1 to 500 nm, as this is the limit for particle uptake by cells (Rejman et al.,

2004).
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2.6.1 Characteristics and applications

Pharmaceutically, nanoparticles have shown potential as DDS for the delivery of high molecular
weight APIs, such as proteins or peptides, especially in controlled or sustained release formulations
(Bertholon et al., 2006; Casettari et al., 2012; Dobrovolskaia et al., 2008; Kumari et al., 2010; Roney
et al., 2005; Sadeghi et al., 2008; Soppimath et al., 2001). They can increase the stability, bio-
availability and solubility of the APl to be delivered, as well as offering a certain extent of protection
to orally administered APIs (Kumari et al., 2010; Sadeghi et al., 2008; Soppimath et al., 2001). As
nanoparticles have a high surface to volume ratio, they can bind more API relative to their mass,
than larger particles can (Aggarwal et al., 2009; Redhead et al., 2001). This means a decrease in the
size and frequency of therapeutic dosages, which result in fewer side effects and better patient

compliance (Kumari et al., 2010; Schroeder et al., 1998).

Polymericnanoparticles represent an attractive carrier option for intravenous APl administration as
they can easily move through the blood capillaries (5-6 um) and are more stable in biological
environments than other colloidal carriers are (Bertholon et al., 2006; Dobrovolskaia et al., 2008;
Hans & Lowman, 2002; Roney et al, 2005). The blood-brain barrier is the brain’s defence
mechanism against pathogens and toxins. As such, itis highly selective and made up of restrictive
tightjunctions. Nanoparticles made of polymers thatimprove absorption by opening tight junctions,
such as chitosan or TMC, can potentially be used for APl delivery beyond this barrier, in the central
nervous system, for the treatment of, among others, Alzheimer’s disease (Hamman et al., 2003;

Roney et al., 2005; Schipper et al., 1997).

The characteristics of nanoparticulate DDS can be altered to serve specific needs, by modifying the
particle’s size or surface properties (Kumari et al., 2010; Sonia & Sharma, 2011). Modification of
these properties allows targeting and thus more effective APl delivery (Kumari et al., 2010). Surface
properties, such as charge and hydrophobicity dictate how particles will react with cell membranes
and blood components after intravenous injection (Aggarwal et al., 2009; Koziara et al., 2005;
Kumariet al., 2010; Soppimath etal., 2001). The proteins with which injected nanoparticlesinteract
determine the distribution of the particles throughout the body, the rate of its clearance from the
blood and the extent of toxicity it causes (Dobrovolskaia et al., 2009; Lynch & Dawson, 2008;
Soppimath et al., 2001).
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2.7 Nanoparticle toxicity

When nanoparticles are injected into the bloodstream, they are immediately met by numerous red
blood cells, proteins and immune cells (Dobrovolskaia et al, 2008). Interaction with these
components may lead to hemolysis, aggregation, inflammation or other toxic effects, depending on
the properties of the injected particle (Cerda-Cristerna et al., 2011; Dobrovolskaia et al., 2009).
Characteristics that influence toxicity include size, chemical composition, solubility and surface
properties (hydrophobicity and surface charge) (Wani et al., 2011). Smaller, more cationic
nanoparticles are more likely to cause toxicity than larger, anionic particles are, as cationic particles
can react with negatively charged proteins, elicitinganimmune response (Benesch & Tengvall, 2002;
Wani et al., 2011). The same counts for hydrophobic particles, readily interacting with the
hydrophobic domains on proteins (Huangfu et al., 2009). Because smaller particles have a higher
surface to volume ratio, as stated before (Aggarwal et al., 2009; Redhead et al., 2001), they can bind

more proteins and in so doing, cause a greater immune response (Dobrovolskaia et al., 2009).

Nanoparticles are foreign to the body, and as such, a biological response is mounted against them by
the reticuloendothelial system once they enter the blood stream (Saba, 1970; Soppimath et al.,
2001; Thasneem et al., 2011). Intravenously administered nanoparticles up to 200 nm are
phagocytised by macrophages in the blood stream, the liver and the spleen (Dobrovolskaia et al.,
2008; Scholl et al., 2005; Schroederet al., 1998; Soppimath et al., 2001). Recognition of the particles
by macrophagesis dependent on opsonicproteins binding to the surface of the particles, whichisin
turn dependent on the characteristics of the particles, such as structure, polymer morphology,
surface charge, surface hydrophobicity, etc. (Lynch & Dawson, 2008; Mailander & Landfester, 2009;
Saba, 1970; Soppimath et al., 2001; Thasneemetal., 2011). Inthe liverespecially, the nanoparticle-
macrophage interactions cause the production of reactive oxygen species (ROS) and certain pro-
inflammatory molecules (Forman & Torres, 2001). Excess ROS production can lead to local oxidative
stress by creating an imbalance in the biological detoxifying responses, which can lead to
inflammation, toxicity and cell damage (Dobrovolskaia et al., 2009; Hoet et al., 2004, Li et al., 2008;
Manke et al., 2013).

Because of these toxicity risks, among others, it is crucial to determine a particle’s hemocom-
patibility profile. Hemocompatibility is a measure of the capability of a particle to interact safely

with different blood components. Assessing the hemocompatibility of a particle provides a way to
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predictthe effectsitwill have when used inintravenous drug delivery formulations, be it beneficial

or deleterious (Dobrovolskaia et al., 2008; Jones & Grainger, 2009).

2.8 Hemocompatibility

When a particle enters the bloodstream, it is met by numerous blood cells. The interactions with
these cells determinethe particle’s hemocompatibility. The nature of the interactions between the
particle and the blood componentsis dependent mainly onthe particle’s properties, such as surface
charge and size, but also on the characteristics of the polymer from which the particle is made
(Koziaraet al.,2005; Mailander & Landfester, 2009; Thasneem etal., 2011). Studies have found that
toxicity caused by a particle increased with an increase in the molecular weight of the polymer

(Cerda-Cristerna et al., 2011; Mao et al., 2005).

Interactions between injected particles and blood components are mostly electrostatic in nature
(Cerda-Cristerna et al., 2011; Choksakulnimitr et al., 1995). As such, cationic polymer particles can
more easily interact with most blood components, leading to activation of the immune system. They
therefore have a greater risk of causing toxicity than anionic particles do (Cerda-Cristerna et al.,
2011; Choksakulnimitr et al., 1995; Fischer et al., 2003; Rekha & Sharma, 2011; Soppimath et al.,
2001; Wani et al., 2011).

Some common blood component-particle interactions will subsequently be discussed.

2.8.1 Hemolysis

Red blood cells (RBCs) occupy a large cell-volume in the blood. As such, it is likely that injected
particles will encounter these cells before any of the immune cells (Dobrovolskaia et al., 2008).
Cationicparticles can have electrostaticinteractions with the negatively charged RBCs, to have one
of two undesirable effects: the interaction can cause the RBCs to aggregate (hemagglutination) or it
can cause hemolysis (Moreau et al., 2002; Moreau et al., 2000). Hemagglutination is caused by
interaction of the particles with the outer RBC surface and is one of the most important aspects of
hemocompatibility assessment of a particle intended for parenteral administration (Cerda-Cristerna
et al., 2011; Moreau et al., 2002). Hemolysis, on the other hand, is the result of an interaction with
the RBC membrane (Moreau et al., 2002). Whenthe electrostaticinteraction between the particles
and the RBC membranes perturbs the membrane enough to affect permeability, hemolysis occurs,
causingtheintracellular potassium and hemoglobin to leak out (Dobrovolskaia et al., 2008; Moreau

et al., 2000; Shelma & Sharma, 2011). The surface properties of the injected nanoparticles,
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especially surface charge, dictate the amount of hemolysis they will cause (Dobrovolskaia et al.,
2008). Extensive hemolysis can cause anemia, a life-threatening condition (Dobrovolskaia et al.,

2008).

Plasma protein binding to injected nanoparticles prevents the particles from interacting with the
RBCs, thereby decreasing the hemagglutination and he molysis caused (Moreau et al., 2002; Moreau
et al., 2000). However, not all protein binding is beneficial, as particle-albumin complexes were

found to be even more harmful than the particle on its own (Moreau et al., 2000).

2.8.2 Complement activation

The complement system is comprised of plasma proteins (Janeway Jr et al., 2001). When the first of
these proteins are activated, it activates the next protein, which activates the next and so forth,
creating a cascade of eventsthatlead to inflammation, removal of foreign particles from the blood
stream through phagocytosis and damage to pathogenic cells, thus aiding the immune system
(Dobrovolskaia et al., 2008; Janeway Jr et al., 2001; Morikis & Lambris, 2005). The complement
system can be activated viathree different routes, the classical pathway, the alternative pathway or

the lectin pathway, summarized in Figures 2.3, 2.4 and 2.5.

The classical pathway isinitiated when the complement C1 protein binds to the surface of a foreign
particle or pathogen or when the C1 protein forms a complex with an antibody bound to a foreign
particle or pathogen. This serves to mark the particle or pathogen for removal, setting the
complementcascade in motion. The C1 complexinteracts with the complement C4 protein, cleaving
it to C4b, which bindstoa C2 protein. Thisbindingallows the C1complexto cleave the C2 proteinto
C2b. The Cdb and the C2b combine to form C3 convertase of the classical pathway, which cleaves

the complement C3 protein into C3a and C3b (Janeway Jr et al., 2001; Walport, 2001).
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Figure 2.3 —Summaryof the classical pathway of the complementcascade, starting when the complement C1 protein
interacts with an antibody attached to a pathogen. (Adapted from JanewaylJretal., 2001)

Unlike the classical pathway, the alternative pathway is not dependent on antibody interaction to
initiate the cascade. Instead, the cascade is initiated by spontaneous cleavage of complement
protein C3 to form C3b. The formed C3b interacts with factor B, allowing factor Dto cleaveitinto Ba
and Bb. In this process, the Bb stays attached to the C3b, thus forming the alternative pathway C3
convertase or C3bBb, cleaving C3 to C3a and C3b as in the classical pathway. As this cascade’s start
isspontaneous and relatively self-sustaining, amechanismis needed to protectthe body’s own cells.
The body protects its own cells by expressing proteins, which are not found on the surface of
pathogens. These proteins compete with factor Bforbindingto C3b, as well as cleaving the formed
C3b to inactive iC3b, preventing the complement cascade form turning on the body (Andersson et

al., 2002; Janeway Jr et al., 2001; Walport, 2001).
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Figure 2.4 —Summary of the alternative pathway of complement activation, displaying its spontaneous start and self-

sufficiency. (Adapted from JanewaylJretal., 2001)

C3 Convertase
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Figure 2.5 —=Summaryofthe lectinpathway of complement activation. MBL=mannan-binding lectin, MASP = MBL-

associated serine protease. (Adapted from JanewaylJretal., 2001)
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The lectin pathway is comparable to the classical pathway in its way of producing C3 convertase. To
setthis cascade in motion, mannan-binding lectin (MBL) interacts with polysaccharide residues (such
as mannose) on the surface of a pathogen or foreign particle. This causes activation of the protein
complexes MBL-associated serine protease (MASP)-1 and MASP-2, which bind to C4 just as the
complement C1 protein does in the classical pathway. The rest of the cascade follows in the same
manner as the classical pathway, cleaving C3 into C3a and C3b (Janeway Jr et al., 2001; Walport,

2001).

The C3a and C3b formedinthe complement cascade are responsible forthe immunere sponses that
follow complement activation. These responsesincludeinflammation, coating of the foreign partide
or pathogen to signal phagocytosis by macrophages and directly disrupting pathogenic cell

membranes, causing cell death (Morikis & Lambris, 2005).

The greaterthe extent of complementactivation by injected nanoparticles, the faster their removal
fromcirculation and therefore, the less useful they become for the delivery of APIs (Bertholon et al.,
2006; Dobrovolskaia et al., 2008). Interaction between the injected particles and the complement
proteins is, as with most particle-blood interactions, dependent on the surface properties of the
particles, as well as the characteristics of the polymerfrom which the particles are made (Koziara et
al., 2005; Mailander & Landfester, 2009). Complement proteins interact with OH-groups on the
surface or the injected particle (Bertholon et al., 2006). This meansthat the polymer’sstructure will
have an influence on the extent of complement activation (Bertholon et al., 2006; Dobrovolskaia et
al., 2008). If an injected particle has a strong electrostatic interaction with other plasma proteins,
before activating the complement cascade, the bound proteins can prevent complementto a certain

extent (Andersson et al., 2002; Benesch & Tengvall, 2002; Dobrovolskaia et al., 2008).

As the alternative pathway’s activationis spontaneous, it shows potential for use in in vitro studies

of complement activation.

2.8.3 Plasma protein interaction

Negatively charged, plasma proteins easily form complexes with polycations like TMC nanoparticles
(Moreau et al., 2002). Although these electrostatic interactions can have protective effects, as
mentioned before, reducing hemolysis and complement activation, the effects are not always

beneficial (Andersson et al., 2002; Dobrovolskaia et al., 2009; Moreau et al., 2000).
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Interaction with plasma proteins can cause activation of the coagulation cascade (Cerda-Cristerna et
al., 2011). Particles formulated for extended release usually have a longer circulation time, which
can cause extensive coagulation activation, which can resultin the formation of a blood clot or even

total occlusion of a blood vessel (Dobrovolskaia et al., 2008).

As discussedinaprevioussection, interaction with plasma proteins can assist in recognition of the
nanoparticles as foreign by the immune system (Schroeder et al., 1998). The reticuloendothelial
system (RES) launches a biological response against the opsonized particles leading to their removal
from circulation (Saba, 1970; Soppimath et al., 2001; Thasneem et al., 2011). A by-product of this
response, however, is the production of reactive oxygen species and pro-inflammatory molecules
(Forman & Torres, 2001). Excessive activation of the RES consequently leads to inflammation,
toxicity and cell damage (Dobrovolskaia et al., 2009; Hoet et al., 2004; Li et al., 2008; Manke et al.,
2013).

As the interaction between the injected particle and the plasma proteins is dependent on the
characteristics of the particle, as well as the polymer it is made of, it is possible to improve the
particle’s hemocompatibility by altering the surface properties thereof (Koziara et al., 2005;

Maildander & Landfester, 2009; Moreau et al., 2002; Thasneem et al., 2011).

2.9 Methods to improve hemocompatibility

One of the most popular surface modifications made to improve the hemocompatibility of polymeric
particles, is the addition of poly(ethylene) glycol, or PEG to the formulation (Koziara et al., 2005).
PEG can be chemically attached to the particle surface in a process called PEGylation, or it can be
cross-linked to the polymer prior to the synthesis of the particles (Casettari et al., 2012; Kulkarni et

al., 2005).

PEG is a polymerwhose addition resultsin adecrease in zeta potential and the extent of reactivity of
cations (Cerda-Cristerna et al., 2011; Geisberger et al., 2013; Gref et al., 2000). The decrease in zeta
potential is synonymous with a decrease in the surface charge (Casettari et al.,, 2012). For
polycations like TMC nanoparticles, this means less positive charges ex posed to interact with the

blood components and cause toxicity (Casettari et al., 2012; Sadeghi et al., 2008).

PEG creates a steric shield around the particles, preventing plasma protein adsorption to a certain

extent, minimizing the amount of complement activation and the immunological response caused
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(Cerda-Cristerna et al., 2011; Chen & Borden, 2011; Dobrovolskaia et al., 2008; Gref et al., 2000).
Studies have found that with the addition of PEG, particles had lessinteraction with cell membranes,

thereby inducing less hemolysis (Kim et al., 2005; Mourya & Inamdar, 2009).

As PEG reduces the reactivity and increases the stability of particles (Cerda-Cristerna et al., 2011;
Geisberger et al., 2013; Gref et al., 2000), it has presented itself as an almost essential part of

intravenous particle formulations.

2.10 Hemocompatibility of polymeric nanoparticles

Although polymers have been a subject of interest for quite some time, the idea of polymeric
nanoparticles is relatively new, as are the studies determining the hemocompatibility of these
particles, with the first publications only appearing in 2005. Since then the hemocompatibility of a
variety of polymericnanoparticles have been examined. The hemocompatibility of hydroxyapatite,
magnetoliposome, PEGylated glyceryl monooleate and gold nanoparticles have been explored, as
these particles have possibleapplicationsinthe delivery of cancer medication (Chandra et al., 2012;
Clares et al., 2013; Ganeshkumar et al., 2013; Jain et al., 2012; Venkatesan et al., 2011). Other
compounds and polymers’ hemocompatibility have also recently been tested. These include

pullulan, poly lactic-co-glycolic acid (PLGA) and chitosan.

Pullulan is fungal polysaccharide with the ability to bind to liver cells. This makes it an appealing
prospect for gene delivery to the liver, but also a big potential threat, as it would have extended
contact with blood components. This necessitated the testing of its hemocompatibility, which
included determination of red and white blood cell compatibility, platelet interactions and
complement activation. It was determined that the cationicpullulan with the lowest zeta potential

had high solubility and displayed the best hemocompatibility (Rekha & Sharma, 2009).

PLGA is a polymer of interest for its cell penetrating abilities, which can potentially be used in
nuclear targeting. It has also been investigated for the delivery of the immunosuppressant,
cyclosporine. The latter use especially emphasizes the need for hemocompatibility of PLGA
particles. Although PLGA nanoparticles have good hemocompatibility, surface modifications were
exploredto enhance the hemocompatibility and thereby extend the circulation time of the particles.
These modifications include addition of glucosamine or the addition of mucin to the PLGA particles.
These modifications led to adecrease in plasma protein interactions, thus preventing complement
and plateletactivation and improving hemocompatibility (Italia et al., 2007; Thasneem et al., 2013a;

Thasneem et al., 2013b).
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Chitosan has beendiscussed earlier. Its properties (biocompatibility, biodegradability, etc.) make it
an appealing prospective for many pharmaceutical applications (Chua et al., 2012; Sieval et al.,
1998). However, itshemocompatibility is poor. Many modifications have been tested, with some
success, to improve chitosan’s hemocompatibility. These modifications include binding PEG to the
surface of chitosan particles, synthesis of aphosphorylcholine-coated glutaraldehyde-cross-linked-
chitosan film and developing derivatives, such as O-carboxymethyl chitosan or lauroyl sulfated
chitosan (Huangfu et al., 2009; Luangtana-anan et al., 2010; Shelma & Sharma, 2011; Smitha et al.,
2014). One of the most popular chitosan derivatives, as mentioned before, is TMC (Polnok et al.,

2004).

TMC has been shown to be non-toxic by various studies (Amidi et al., 2006; Du Plessis et al., 2010a;
Thanou et al., 2001b). It is important to note, however, that, to our knowledge, no

hemocompatibility studies have been performed on TMC nanoparticles.

2.11 Conclusion

Polymeric nanoparticles are an attractive option for the delivery of new and existing protein and
peptide APIs, as they usually promote bioavailability of the APls they deliver, as well as being able to
bind more per particle mass than larger particles. Chitosan is abundant and biocompatible, but
because of solubility problems, it cannot be used inintravenous formulations. This has necessitated
the development of the partially quaternized derivative of chitosan, TMC. TMC is biocompatible,
biodegradableand non-toxic. Itssolubility profile is superior to chitosan’s, as well as being a better
absorption enhanceracross mucosal surfaces, presentingitself asan excipientforuseinintravenous

drug delivery systems.

All polymers cause toxicity to some extent, however, especially intravenously. When a particle
entersthe blood, various systems are activated toremove it, decreasing the bioavailability of the API
carried by the particle, as well as potentially causing toxicity, e.g. hemolysis, aggregation,

inflammation, etc.

This displays the need for hemocompatibility testing before considering a polymer for use in a drug
delivery system, especially nanoparticles intended for intravenous use. Although the
hemocompatibility of many polymeric nanoparticles have been determined, there remains a void in

the knowledge of the hemocompatibility of TMC nanoparticles.
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