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1.

Introduction

It is estimated that 40% of active substances identified through combinatorial screening pro-

grams are difficult to formulate as a result of their significant lack of solubility in water [1, 2].

The classical approach to deal with this issue is to generate various salts of a poorly water-

soluble molecule, using solubility enhancers or physical milling of the substance so as to im-

prove solubility while retaining the biological activity. Alternatively screening is continued

with pro-drugs or analogs of the substance [2]. The major issues regarding the poor water

soluble compounds can be summarized as follows [2]:

Poor bioavailability

Inability to optimize lead compound selection based on efficacy and safety
Fed/fasted variation in bioavailability

Lack of dose-response proportionality

Suboptimal dosing

Use of harsh excipients, i.e., excessive use of co-solvents and other excipients
Uncontrollable precipitation after dosing

Noncompliance by the patient

Bioavailability of low water soluble drugs can be increased, once solubility and the rate of

dissolution are enhanced in the gastrointestinal tract (GIT). According to the Ostwald-

Freundlich equation saturation solubility is expected to be increased by decrease in particle

size [3].

Eq. 1-1

where;
S(d)
So

Y
Vi

Solubility of the crystals with inscribed diameter [mol/kg H,0]
Solubility of the bulk material [mol/kg H,0]

Surface free energy [mJ/m?]

Molar volume [m3/mol]

Gas constant [8314.5 mJ/mol K]

Temperature[K]

Diameter [m]
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When all other parameters are kept constant, solubility of the active pharmaceutical agent
increases with decreased particle size. However, a significant solubility difference would be
obtained when the exponential term is much smaller than 1. This would be only observed in
case of nano sizes. Another reason for the increase in saturation solubility is exposure of the
lipophilic surfaces from the inner part of the crystal to the agueous medium. This alters the

surface tension (y) and consequently increases the saturation solubility [3].

The dissolution rate of an active pharmaceutical agent can be calculated with the Noyes-

Whitney equation given in Eq. 1-2:

dm DxS
Eq. 1-2 P x(Cs-C)
where;
m Amount of drug dissolved [mg]
t Time [s]
D Diffusion coefficient [cm?/s]
S Surface area [cm?]
Cs Local equilibrium concentration of the API in the diffusion layer on the particle
surface [mg/mL]
C Concentration of the API in the bulk solution [mg/mL]
h Diffusion layer thickness [cm]

In the reference of this equation, in order to increase the dissolution rate, Cs can be increased
by trapping the APl in the metastable crystalline or amorphous states with higher free ener-
gies than the lowest energy equilibrium crystalline state. Other parameter that can be adjust-
ed for this purpose is the S which may be increased by reducing the particle size, increasing

porosity or wetting of the API. [4]

When it is the case that drug selection process is affected by the inefficient solubility and low
dissolution rate of the molecule, formulation of this molecule as a nanotechnological product
can be an alternative and a solution. Decreasing particle size below 1um size would enhance
both saturation solubility and dissolution rate. For this reason, under the lights of the Ost-
wald-Freundlich and Noyes-Whitney equations, it can be concluded that nanoparticles can

successfully contribute to increase the dissolution rate of the drug substances. Increased sur-



25

face to volume ratio provides additionally increased activity, which is directly related to the

efficacy of the drug [5].

Nanoparticles are defined as objects with all three external dimensions ranging from 1 to 100
nm [6]. As a result of the increased surface area to volume ratio, some of physicochemical and
biological properties of molecules are altered dramatically in comparison to their larger coun-

terpart.

Pharmaceutical nanoparticles are submicron sized colloidal vehicles that carry drugs to the
target or release drugs in a controlled way in the body. Following preparation, nanoparticles
are usually dispersed in liquids. Such a system can be administered for example by injection,
by the oral route, or used in ointments and ocular products. Alternatively, nanoparticles can
be dried to form powder which allows pulmonary delivery or further processing to tablets or

capsules.

In case of drug delivery, nanoparticles can be employed to realize targeted drug delivery, long
blood circulation times and increased patience compliance (i.e. introducing oral and pulmo-
nary administration instead of intravenous (i.v.) administration). Nanoparticles have been
tested widely in case of parenteral applications especially with cytotoxic drugs. Targeting effi-
ciency of drug molecules can be increased in 2 ways. One of them is passive drug targeting
where nanoparticles are constructed in a particle range of 100-150 nm so that these particles
can penetrate the leaky blood vessels around the tumor cells but stay in circulation around
healthy tissues due to the fact that intercellular gaps at the walls of blood vessels are below
100 nm. Furthermore targeting molecules, such as antibodies or proteins on the cell surface
of cancer cells, can be introduced on the nanoparticle surface for drug targeting to tumor
cells. Due to these applications side effects of the drugs can be decreased by site-targeted
nanodrug delivery systems by releasing the drug at the site of action, as well by reducing the
dose within the therapeutical window as a result of the increased efficacy. Another possibility
is to increase the patient compliance using nanoparticles for oral applications. In this case
drugs with low bioavailability due to low solubility in physiological pH can be applied as nano-
particles with a higher dissolution profile compared to the API itself. Higher dissolution profile
of the drug will lead to increased bioavailability which results in ability to formulate such

drugs as oral preparations instead of parenteral preparations [7].
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There are several ways that are used for the preparation of pharmaceutical nanoparticles [8-
21]. No matter what approach is chosen to produce drug nanoparticles, in comparison to the
larger counterparts, the surface area is increased. This increase in the surface area and sur-
face interactions can positively increase the dissolution rate and provide a platform to control
the pharmacokinetic properties of the drug [2]. However, unless properly dampened, this
tremendous increase in surface energy can cause the nanometer sized drug particles to spon-
taneously aggregate into a more thermodynamically stable state.[22]. Larger particles are
energetically more favorable than smaller particles. For this reason, when nanoparticles are
formed the system tries to compensate for the increase in the surface area by either dissolv-
ing the incipient crystalline nuclei and causes precipitation or by agglomeration of small parti-
cles [23]. Stability of the nanoparticles in liquid form requires extra care not only for solution
stability but also in terms of drug leakage which is the leakage of drug molecules into the

aqueous phase during storage of nanoparticles in liquid form [24].

One of the critical steps in the generation of physically stable nanoparticles is the use of vari-
ous excipients that act to dampen or sensitize the surface energy of the nanoparticles by ste-
ric and/or ionic stabilization. An acceptable stabilizer should first be a reagent that is generally
recognized as safe for the intended route of administration. Secondly the stabilizer must have
the physicochemical properties that allow it to properly wet the surface of poorly water solu-
ble compound. Finally, it should possess properties so as to impart steric and/or ionic stabili-
zation to the surface of nanoparticles. It should be emphasized that surface stabilization does
not necessarily involve chemical grafting of the surface stabilizer to the molecule. Stabilization
is typically driven by the mere adsorption of the stabilizer to the surface of the poorly water-

soluble compound [2].

Another consideration for obtaining a physically stable nanoparticle formulation is the ability
to control the phenomenon referred to as Ostwald ripening. Ostwald ripening results from
uncontrolled precipitation or crystallization of the active leading to particle size growth fol-
lowing stabilization [25]. Ostwald ripening can be eliminated and/or reduced by controlling a
number of formulation parameters such as particle size, size distribution, solid content, choice
of stabilizer and a fluid phase with minimal potential to solubilize the poorly water soluble

compound [2].
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Although the surface area is increased with the preparation of particles smaller than 1 um,
particle size should be more precisely adjusted when drug delivery to a specific target is re-
quired, since particle size and size distribution are two major characteristics defining the fate
of the nanoparticles in-vivo. Before reaching the target site, nanoparticles undergo a biodis-
tribution step possibly after crossing the epithelial barriers and travelling through the vascular
bed [26]. Once the nanoparticles are in the vascular system, they are rapidly taken up by
mononuclear phagocytic systems either in liver or spleen when the particle size lies between
150-300 nm. Nanoparticles with a smaller size around 30-150 nm are located in bone marrow,
the heart, the kidney, and the stomach [26-30]. Nanoparticles smaller than 150 nm can pass
the endothelial barrier; but it has been also shown that nanoparticles are able to cross the
vascular endothelial barrier through openings present in the endothelium. The size of these
openings can get bigger in cancer cells due to discontinuous endothelium with openings of
200 to 780 nm [26]. These data indicate the importance of production of desired particle sizes

depending on the site of action.

Many different types of nanoparticles have been used for drug delivery purposes. Polymeric
nanoparticles, liposomes, solid lipid nanoparticles, nano-fibers and -spheres, fullerenes, gold

nanoparticles and superparamagnetic nanoparticles can be listed as some of the most popular

types.

1.1 Nanoparticle preparation techniques

Nanoparticles can be prepared in many ways. All techniques can be listed under two main

categories: Top-down and Bottom-up.

1.1.1 Top-down processes

Top-down nanoparticle processes converts large materials into nano sized form by grinding,
milling or etching. Even they are more reliable, requirement of complex devices, higher ener-
gy usage and removal of produced waste are the main drawbacks of the top-down processes

[31].

Mechanical milling

Mechanical milling has been used for the preparation of nanoparticles in top-down manner
since many years. In general, with this technique large particles are transformed into small

size particles by energy transfer to the particles and mechanical grinding. The fundamental
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principle of size reduction in mechanical milling devices is the energy imparted to the sample
during impacts between the milling media. Different types of milling equipment are currently
available in the market. Nanoparticles prepared by mechanical milling technique show highly
polydisperse particle size distributions and imperfection of surface structure. Longer milling
times required for preparation of fine particles (10-100 nm) resulting in impurities, which are
difficult to be separated from the product, can be noted as other limiting aspect of the tech-

nique [32].

High pressure homogenization

High pressure homogenization is another mechanical nanoparticle preparation method which
is based on the cavitation forces created in high pressure homogenizers. Substance dispersed
in water by high shear mixing is passed through very small homogenization gap of around 25
um at 1500 bar and homogenization is repeated many times. Velocity of the suspension and
the dynamic fluid pressure is increased, whereas the static pressure on the fluid decreases
below the boiling point of water at room temperature as a result of the narrowness of the gap
[33]. Once water begins to boil at room temperature, formed gas bubbles cause cavitation
leading to formation of nanoparticles by breaking microparticles. Particle size can be con-
trolled by adjusting the applied pressure and number of homogenization cycles. Batch to
batch differences and possible changes that might be introduced to crystalline structure after

applying high pressure can be listed as disadvantages of this technique.

\ /

25 |.1m 0 0

P=1500 bar
/neranng gas bubbl \
due to decrease in the

pressure below waters
boiling point

Flow direction

Fig. 1-1:Schematic presentation of high pressure homogenisation.
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1.1.2 Bottom-up processes

Bottom-up nanoparticle preparation is achieved by allowing the precursor particles to grow in

size. Many different preparation techniques have been developed since years successfully.

Salting out

The salting out method is based on the separation of a water miscible solvent from aqueous
solutions by the salting out effect. An o/w emulsion is formed by dissolving the polymer and
the drug in a water miscible organic solvent and adding this organic solution into an aqueous
medium containing the salting out agent and a colloidal stabilizer. Because of presence of high
amounts of salts or electrolytes, solvent diffusion does not take place. Nanoparticles are ob-
tained after addition of excess water in order to induce the diffusion of the organic solvent
into water and the formation of nanoparticles. Even drug loading capacity is high and scale up
process is relatively easy, the main disadvantage of this method is that it can be only applied

to lipophilic drugs [34, 35].

Solvent evaporation

This method is generally based on the formation of the o/w or w/o emulsions. Drug substance
is dissolved in a partially miscible solvent and then emulsified in the aqueous solution contain-
ing the surfactant. Particle size reduction is done by high energy mixers or homogenizers. Af-
ter the production of nanoparticles the solvent is evaporated under vacuum at higher tem-

perature or by exposure to open air [3, 20, 36-46].

Supercritical fluid technology

Supercritical fluid technology is nowadays extensively used for the preparation of the nano-
particles. Solvents containing the drug molecule and the polymer or stabilizers are sprayed
through a nozzle into a gas, which is in the supercritical state. Generally water or carbon diox-
ide is used for this type of application where the temperature and pressure is above the criti-
cal point where there is no distinct liquid or gas phase exists. Substances in their supercritical
state behave like a liquid with the ability to dissolve materials. Thus, when substances in the
presence of stabilizing agents and/or polymers are sprayed in this supercritical fluids an over
saturation happens due to the poor solubility of these substances in supercritical fluids result-
ing in the precipitation as nanoparticles. These nanoparticles are fine and uniform and can be

easily recovered by the releasing of the gas from the chamber [47-51].
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Nanoprecipitation

Nanoprecipitation, also known as solvent displacement method, is one of the easiest methods
for preparation of nanoparticles. It was first established and patented by Fessi and co-workers
[52, 53]. The substance and the polymer is dissolved in water miscible organic phase (solvent
system) and slowly poured into the water phase (non-solvent system) with a controlled flow
rate and under mixing conditions. As the organic solvent diffuses into the aqueous medium,
nanoparticle formation takes place spontaneously as a result of precipitation. If necessary,
surfactant(s) in the aqueous phase can be employed to prevent the agglomeration. After for-

mation of nanoparticles, organic solvent is evaporated under vacuum [19, 54].

The nanoprecipitation method does not require toxic solvents and most of the time use of
surfactants is not necessary. Energy input, sonification or very high temperatures are not re-
quired by the process. Nanoprecipitation results in the production of nanoparticles in the
range of 100-300 nm with relatively narrow particle size distributions [55]. It is mainly suitable
for hydrophobic substances with low water solubility [55].The major disadvantage of this
method is that it is only applicable to substances with low water solubility and surfactants
that are used for this process should be removed from the medium after the nanoparticle

formation [19, 56-59].

When nanosuspensions are produced, first the crystal nuclei are formed and then growth
takes place. Production of stable nanosuspensions require fast crystal nuclei formation rates
but slow growth rate in order to ensure small particle size. Both nuclei formation rate and
growth rate are affected by temperature. Another limiting factor can be noted as mixing rate.
If mixing times faster than nuclei growth times can be achieved, narrow particle sizes can be

realized [60].

Nanoprecipitation method is based on the interfacial deposition due to the displacement of a
solvent within non-solvent [52] and predicted to be mainly governed by Marangoni effect,
which defines the solute movement at an interface caused by longitudinal variations of inter-
facial tension [53]. Motions of the surface of a liquid are coupled with those of the subsurface
fluid or fluids, so that movements of the liquid normally produce stresses in the surface and
vice versa. The movement of the surface and of the entrained fluid(s) caused by surface ten-
sion gradients is called the Marangoni effect [61]. Concentration gradient and temperature

gradient are two causes of surface tension gradient. Under those conditions, nanoprecipita-
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tion is driven by solute transfer out of the phase of higher viscosity, which is influenced by
high concentration gradients at the interface and by interfacial tension. It is expected that
final particle size is influenced by factors influencing interfacial tension. These factors include
the polymer concentration, the presence and concentration of surfactant, and the nature of

any substance that is co-precipitated into the particles [62].

In 1959, Sterling and Scriven [63] have shown that the fluctuations around the interface are

mainly caused by interfacial turbulence and are usually enhanced by

o solute transfer out of the phase with relatively higher viscosity
. low viscosities of both phases

. steep concentration gradients around the interface

. large solute diffusivity differences between two phases

In addition to interfacial turbulence, the mechanism of nanoparticle formation with nanopre-
cipitation method can be related to water-solvent, water-solute and solvent-solute interac-
tions. When both phases are in contact, it is assumed that solvent diffuses from the organic
phase into the water and carries with it some solutes which are still in solution. Then, as the
solvent diffuses further into the water, the associated solute aggregates forming nanoparti-
cles. For this reason, it can be concluded that selected solvents would alter nanoparticles as a

result of differences in water-solvent interaction [35].

The solubility parameters of the solvents can be employed to explain this situation and pro-
vide a numerical basis. In 1936, Joel H. Hildebrand proposed a definition for a “solubility pa-
rameter” for description of the miscibility behavior of solvents as a numerical value. The Hil-

debrand solubility parameter for a pure liquid substance is given in following equation:

\Y

m

where:

5 solvent: Hildebrand solubility parameter [(MPa)Y?]
AH,: Heat of vaporization [J/mol]

Vin: Molar volume of the solvent [m3/mol]

R: Gas constant [8.314472 J/mol-K]

T: Temperature [K]
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In effect, they express the affinity between like molecules. Solubility and miscibility are en-
sured when the Hildebrand solubility parameters of the solvents are similar. However, even
Hildebrand solubility parameter provides an insight for the solvent selection, parameter itself
is not enough to explain the solvent-water affinity in nanoprecipitation method. For this rea-
son, a further approximation is needed, such as water-solvent interaction parameter. Water-

solvent interaction parameter is provided in the following equation:

Eq. 1-4 X water -solvent = (Vsolvent / RT) x (8solvent-6water)?

where:

X water —solvent: Water solvent interaction parameter

Vsolvent: Molar volume of the solvent [m3/mol]

R: Gas constant [8.314472 J/mol-K]

T: Temperature [K]

6 solvent: Hildebrand solubility parameter for solvent [(MPa)Y?]
6 water: Hildebrand solubility parameter for water [(MPa)Y?]

Generally, it is expected that solvents having high affinity for water (low Xsolvent-water val-
ues) tend to promote solvent diffusion and solute partition into the aqueous phase, thus lead

to formation of smaller nanoparticles.

1.2 Nanoparticle characterization techniques

Characterization of nanoparticles provides a better understanding of the system which is the
first requirement for optimization of such systems. Different techniques can be employed to
predict the behavior of the nanoparticles under physiological conditions, distribution in the

body or fate of nanoparticles in the body.

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) are usual-
ly employed for determination of particle size and morphological properties, such as crystal
structure and shape. Even both of the techniques provide descriptive information about the
individual nanoparticles; they don’t provide quantitative information about the total popula-
tion. Atomic force microscopy (AFM) can provide 3D visualization of the nanoparticles and

may provide information about size, morphology, surface properties and roughness [64].
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Dynamic light scattering (DLS) technique is ideally suitable for determination of particle sizes
and size distributions in nanometer range. Nanosuspensions show random movements of the
nanoparticles induced by collisions with the solvent molecules that are moving due to their
thermal energy and undergo Brownian motion. When nanosuspensions are subjected to laser
beam, the intensity of the fluctuated light depends on the particle size. Smaller particles move
more rapidly when they collide with solvent molecules. These intensity fluctuations can be
used to determine the Brownian motion in a medium of known viscosity and accordingly par-

ticle size by employing Stokes-Einstein relationship provided below [65].

kgT
Eq. 1-5 D=
67nR
where;
D: Diffusion constant
kg: Boltzmann's constant
T: Absolute temperature
n: Viscosity
R: Radius of the spherical particle

Nanoparticles dispersed in aqueous systems can acquire a surface charge. The liquid layer
surrounding the particle exists as inner region (Stern layer) where ions are strongly bound and
an outer (diffuse) region where they are less firmly associated. Within the outer region there
is @ boundary in which ions and particles form a stable entity. When a particle moves, ions
within the boundary also move. Those ions beyond the boundary stay with the bulk disper-
sant. The potential at this boundary is called the zeta potential. Zeta potential measurements
can be employed to determine the surface charges. When an electric field is applied to the
nanosuspension, particles migrate towards the electrode of opposite charge with a velocity
proportional to the magnitude of the zeta potential. This migration in a dispersant of known
viscosity is determined with the frequency shift of the laser mean and converted to zeta po-

tential by applying the Smoluchowski equation [65].
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Eq. 1-6 Wadl/ay
&

where;
[ Zeta potential
n: Viscosity
€: Dielectric constant
u: Electrophoretic mobility

If the particles in suspension have a large (-) or (+) zeta potential, they repel each other and
flocculation is not expected. However, if the zeta potential values are low, there will be no
force preventing them to come together and flocculate. The magnitude of the zeta potential
gives an indication of the potential stability of the colloidal system. Particles with zeta poten-
tials more positive than +30 mV and more negative than -30 mV are considered as stable,

whereas a zeta potential value between +30 and -30 mV indicates unstable systems [65].
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Fig. 1-2: Zeta potential of particulate systems [65]

Factors affecting the zeta potential are pH and conductivity. Depending on the zeta potential
value, addition of like ions would lead the particles to acquire more of that charge, whereas
addition of counter ions would lead to a drop in zeta potential value. For example, to a colloi-
dal system possessing negative zeta potential value, addition of acid will lead to a drop in the

zeta potential value. If the necessary amount of acid is added to neutralize the system, zeta
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potential value will reach zero (isoelectric point), where the colloidal system is least stable.
Further addition of acid would lead to build up a positive zeta potential. lonic strength of the
medium affects the double layer thickness, since it depends on the concentration of ions in

the solution. The higher the ionic strength, the more compressed the double layer becomes.

1.3 Microchannel reactor technologies

Traditional nanoprecipitation method uses so-called bench-top methods where nanoparticle
preparations are performed in beakers while realizing mixing with magnetic stirrers. When
this approach is used, mixing rate cannot be controlled efficiently. Additionally, nucleation
and growth processes which are affected by concentration and temperature gradients are not
reproducible as a result of lack of control on those processes. Since particle size and size dis-
tribution are directly determined by those parameters, it can be concluded that bench-top
nanoprecipitation methods suffer from lack of controllable factors which in turn are the key

factor of production of nanoparticles with desired physicochemical properties.

In order to overcome that bottleneck, microreactors have been used by many researchers
because of a variety of advantages they provide over bench-top methods. Mixing realized in
reduced scale provides shorter mixing times which ensure narrow particle size distribution as
a result of controlled nucleation and growth process. Additionally, as a result of the reduced
scale provided by microreactors amount of solvents are minimized and consequently amounts
of toxic or expensive solvents used are minimized. Increased available reaction surface to
volume ratio of microreactors provides enhanced heat and mass transfer in comparison to
bench-top methods. Efficient mixing in the micro scale and enhanced mass/energy transfer
promotes preparation of monodisperse nanosupensions [66]. The use of microfluidic devices
for nanoparticle synthesis is also advantageous in other aspects, including enhanced pro-

cessing accuracy and efficiency; flexibility for multi-step platform design [67].

Continuous flow microreactors and segmented flow microreactors can be categorized as two
main categories of microreactors. In addition to advantages described above, continuous flow
microreactors enable changing chemical composition of the mixture continuously. Segmented
flow microreactors, on the other hand, eliminates axial dispersion (back mixing) as a result of

self-recirculation of flow [68].

Low Reynolds number in continuous microchannels indicates laminar flow properties. Ab-

sence of turbulence causes molecular diffusion to predominate the mixing, thus bigger nano-
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particles are obtained as a result of long mixing times. Laminar flow also leads to a wide range
of residence times, causing higher PDI values [66]. For this reason, tuning the mixing is an
important goal in microreactors, when employed for nanoparticle preparation. Rapid and
efficient mixing can be achieved by introducing impinging jets. Confined impinging jet (ClJ)
consist of two opposing high velocity fluid jets that collide in confined area of microreactors
[69]. Producing a region of high turbulent energy dissipation and ensuring that jet streams
pass through the high intensity region without bypassing are the two main requirements of
achieving rapid mixing. By this way proper scale of being mixed and the desired molar flow
ratios are preserved during the rapid mixing process. A high energy dissipation occurs for im-
pinging jets because the kinetic energy of each jet stream is converted into a turbulent-like
motion through a collision and redirection of the flow in a very small volume [66]. As an out-
come of the high feed velocities and small reactor volume, ClJ reactor residence time is very
small [70]. Since short residence times result in lower PDI values, this property of ClJ reactor
makes it a good candidate for manufacturing nanoparticles with defined particle size and nar-

row particle size distribution.

Microjet reactor (MJR) provides a confined micro scale collision chamber for impinging jets,
which promotes nanoparticle formation by contributing to interfacial turbulence formation.
Mixing rate and efficiency of the mixing in confined impinging jets can be controlled with flow

characteristics such as flow rate, Reynolds number and mixer geometry [71].

reactant 1 reactant 2

I
impinging point |
I

Fig. 1-3: Schematic presentation of impinging jet mixing [72]

In order to control the nucleation and growth during nanoparticle preparation, it is important
to achieve mixing time shorter than the formation time which is a combination of nucleation
formation time and growth time [60]. These conditions are also easily achieved by confined
impinging jets, since the kinetic energy of the jets are converted into a turbulent like motion
through the collision in micro liter scale [69]. This high energy dissipation promotes nanopar-

ticle formation as previously described in Section 1.1.2.
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MJR technology can serve for nanoparticle preparation under controlled conditions by taking
advantages of micro scale mixing. It has been shown that rapid micromixing is required for
narrow particle size distributions of the produced particles [69]. Johnson et. al. have shown
that characteristic mixing time for turbulent ClJs depends on the velocity of impinging jets,
viscosity of the solutions, and geometric shape of the reactor. In confined impinging jets, the

chamber size also affects the process performance of the mixer [69].

The time required for micromixing can be calculated using the formula given in Eq. 1-7 [73].

., N
Eq. 1-7 [m = \/:
km e

where;

t,. Micromixing time (s)

Kem: Mixing constant

V: Kinematic viscosity (m?/s)

£: Turbulent energy dissipiation (W/kg)

In a stirred tank, which is normally used for the conventional way of nanoprecipitation, mi-
cromixing time tm is found to be 5-50 ms. In an aqueous solution, the value of the nucleation
induction time is usually on the order of 1 ms or less, therefore mixing time of 5-50 ms lies
above the nucleation induction time which will result in difficulties in controlling the particle
size and distribution as well as the scale up process [73]. In the MIR the mixing time is under
0.1 ms which is lower in comparison to the nucleation induction time that creates the re-
quired environment for the production of nanoparticles with narrow size distributions as well

as the ability to scale up the process.

1.4 Nanoparticles for oral applications

When a new chemical is being developed, the first target of a formulation scientist would be
to exploit the oral route. Often a quick test to evaluate the oral bioavailability of the new
chemical entity (NCE) is to fill the drug into hard gelatine capsules along with lactose as this
constitutes the simplest formulation that could be developed for oral administration. Sum-
mary of the polymer based drug delivery systems regarding to the GIT mucosa can be found in

Tab. 1-1 [22].
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GIT provides a variety of barriers, including proteolytic enzymes in gut lumen and on the
brush border membrane, mucus layer, gut flora and epithelial cell lining, to the delivery of
drugs. Factors which govern the uptake of particles from the gut include particle size, physico-
chemical nature of particles, surface charge and attachment of uptake enhancers such as lec-
tins or poloxamer. After oral administration of nanoparticles, they could (i) be directly elimi-
nated in the faeces, (ii) be adhering to the cells (bioadhesion) and /or, (iii) undergo oral ab-
sorption as a whole. Oral absorption of the nanoparticles results in passage across the gastro-
intestinal barriers and delivery of the payload into the blood, lymph and other tissues. Before
this translocation can occur, the nanoparticles have to adhere to the surface of the intestine.
Translocation of particles across the gastrointestinal wall can occur due to intracellular uptake
by the absorptive cells of the intestine or paracellular uptake (i.e. between the cells of the
intestinal wall), or phagocytic uptake by intestinal macrophages, or uptake by the M cells of

the Peyer's patches [22].
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Tab. 1-1: Drugs and polymers previously formulated as for oral drug delivery [22].

Site of action Incorporated compound Polymer employed Size (nm) Ref
Oral cavity FITC Poly(propylcyanoacrylate) 100-900 [19]
N/A Lectin-Gliadin 500-600 [74]
Stomach Carbazole Gliadin 400-500 [75]
Amoxicillin Gliadin 250-400
pCMV-lacZ PLGA >200
Small intestine Streptomycin Chitosan 50-500
Theophylline in depot tablets PLGA 200-260 [76]
Tetanus toxoid Poly(ethyleneglycol-Poly(lactic acid) 150-170 [77]
Indomethacin PLGA 100-200 [78]
Carbon-14 Poly(methyl methacrylate) (PMMA) 100-160 [79]
5-Fluoroudine Poly(methylvinylether-co-maleic anhiydride) 200-250 [80]
RBITC PLGA 200-300 [80]
Vancomycin PEO-PPO 100-200 [78]
lodine-125 Sulfobutylated-poly(vinyl alcohol)-PLGA 50-3000 [81]
Valproic acid PLGA 100-200 [78]
pCMV-lacZ PEO-PPO 150-190 [82]
N/A Sulfobutylated-poly(vinyl alcohol)-PLGA 100-130 [83]
Phenobarbital PLGA 100-200 [78]
Amifostine PLGA 200-300 [84]
H.pylori lysate PLGA 300-400 [85]
DNA Chitosan 50-75
pCR3Arah2 Chitosan 100-1000
mEpo gene Chitosan 70-150 [86]
Rifampicin Lectin-PLGA 300-400 [87]
Pyrazinamide Lectin-PLGA 300-400 [87]
Ketoprofen PLGA 100-200 [78]
Isoniazid Lectin-PLGA 300-400 [87]
Calcitonin Poly(N-isopropylacrylamide) 148-895 [88-90]
Poly(Nvinylacetamide) 148-895 [88-90]
Poly(t-butyl methacrylate) 148-895 [88-90]
PLGA 200-400 [91]
Site of action Incorporated compound Polymer employed Size (nm) Ref
Heparin PCL (Polycaprolactone) 270-300 [92]
PLGA 250-270 [92]
Eudragit RS and SL 250-280 [92]
CyA Poly(methacyrilic acid methacrylate) 30-110 [93]
Chitosan 50-60 [74]
Gelatin 150 [94]
PLGA 140 [94]
PCL 100-200 [78]
Eudragit RS and RL 100-130 [95]
170-310 [96]
Fluorescein Polysteren 50-3000
Polysteren+poloxamer 188 and 407 60
Large intestine Fluorescent dye Polysteren 100-1000 [97]
Rolipram PLGA 300-500 [98]
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Jani et al [81] have shown that particle size plays a major role in the uptake of particles. They
measured uptake by using radiolabeled polystyrene nanoparticles ranging from 50 nm to 3.0
um. They have been able to show that lower size particles (50 nm particles showed a 12%
uptake by the cells of the small intestine) are taken up at a higher rate by the small intestine
when compared to the larger particles (1 um particles showed only 1% uptake by the cells of
the small intestine). The lower size particles (<500nm) were detected in blood after intestinal
uptake whereas larger size particles (>500nm) were not detected in blood. Also, these nano-
particles were detected in other tissues such as liver and spleen. A low surface charge on the
surface of nanoparticles is desired for good absorption. While Pluronic F127® or poloxamer
(188 and 407) coating onto the surface of 50 nm polystyrene nanoparticles inhibited uptake in
the small intestine, a similar coating on the 500 nm polystyrene nanoparticles showed an in-
creased intestinal uptake. There has been yet another report to study the effect of surface
modification on the uptake of polymeric nanoparticles using 14C-labeled poly (methylmethac-
rylate) (PMMA), having a mean size of 130 nm and coated with polysorbate (Tween® 80 or
poloxamine 908) [81]. These nanoparticles were administered orally to rats and they were
checked for their organ distribution. High radioactivity levels were observed in the stomach
contents, below 5% radioactivity was detected in the stomach wall for the coated particles.
Highest amount of radioactivity (about 40%) was found in the small intestine, confirming that
these coated particles were absorbed in the small intestine. Developments in the field of pol-
ymer science have made the delivery of proteins and peptide drugs via the oral route possible,
by protecting these molecules against pH/enzyme-induced degradation and also by prolong-

ing the time of delivery to the mucosal sites [88-90].

Cyclosporine A (CyA) is another peptide which has been studied for transport to the gastroin-
testinal tract using polymeric nanoparticles via the oral route. CyA is a potent immunosup-
pressive agent and is widely used for the inhibition of graft rejections in the transplant of or-
gans such as heart, liver, skin, lungs, kidney, etc. It is also prescribed in autoimmune diseases
such as rheumatoid arthiritis and Bechet's disease [94, 99]. Although various formulations of
CyA such as Neoral’(solution), Sandimmune® (microemulsion) and SangCyA® (amorphous na-
noparticles) are being marketed, they are faced with the problem of variable bioavailability,
and the patient has to be monitored for the blood levels of CyA during the regimen [74]. One
of the earlier efforts to improve the bioavailability of CyA was done by preparation of pH sen-
sitive nanoparticles using poly (methacrylic acid and methacrylate) copolymer (Eudragit”) [93].

The results were compared with Neoral® (a universal standard for CyA oral bioavailability)
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formulation in rats. Nanoparticles exhibited drug entrapment of >90% for different formula-
tions prepared from different types of Eudragit® systems. CyA nanoparticles prepared from
Eudragit” SI 00, an anionic polymer, demonstrated the highest relative bioavailability of 132%
with respect to Neoral®. Other polymeric nanoparticles also exhibited more than 110% rela-
tive bioavailability, except for nanoparticles prepared from Eudragit” E100 (CyA-E100) which is
a cationic polymer. In vitro release studies of CyA from different nanoparticle preparation
illustrated that all nanoparticle preparation showed pH-specific release of CyA at pH 7.4, ex-
cept for CyA-ElI00 nanoparticles which released the whole payload at pH 2.0. This proves that
major CyA from CyA-EIOO0 was released in the stomach upon oral administration accounting

for its low relative bioavailability with respect to other nanoparticle preparations.

In another study, Wang et al [74] examined hydroxypropyl methylcellulose phthalate (HPMCP)
polymer nanoparticles loaded with CyA for oral delivery. HPMCP is a common enteric coating
excipient used in the pharmaceutical industry for the enteric coating of the tablets. It dis-
solves specifically at a pH of 7.4 and releases the contents in the lower intestine. The investi-
gators used two different CyA nanoparticle preparations made from different molecular
weight of the same polymer. Again, a high encapsulation efficiency of over > 95% was ob-
served with the nanoparticle preparation, due to hydrophobicity of the drug. CyA nanoparti-
cles made of high molecular weight HPMCP exhibited a relative bioavailability of greater than
115%, and the ones made from lower molecular weight exhibiting only 82% relative bioavail-
ability against Neoral®. The results from the above studies indicate that pH-sensitive nanopar-
ticles loaded with CyA can be designed as new carriers for CyA, which exhibit a better phar-
macokinetic profile compared with the currently marketed CyA formulations. Nanoparticles
made from cationic polymers have been explored as surface coatings to improve the oral bio-
availability of CyA.[94]. Male beagle dogs were orally administered with CyA nanoparticles
coated with chitosan as the poly cationic surface modifier. From the results obtained, it was
observed that chitosan coated drug nanoparticles showed the highest relative bioavailability
of 173% with respect to Neoral® oral solution. The results were attributed to two properties of
the system: (i) cationic polymer facilitated the electrostatic interaction with the negatively
charged mucosa, and (ii) chitosan coated CyA nanoparticles facilitated the opening of the tight
junctions of the epithelial cells, thus augmenting the paracellular transport pathway. A series
of investigations have been directed towards preparation and evaluation of bioavailability and
toxicity profile of CyA-loaded polycaprolactone nanoparticles. The nanoparticles, having a

diameter of ~100nm were prepared by solvent-evaporation procedure and evaluated for bio-
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distribution, immunosuppressive activity and nephrotoxicity. Sandimmune® was used as the
standard for this investigation in rats following oral administration. A significantly higher tis-
sue (especially kidney) concentration of CyA was achieved with nanoparticle formulations,
compared with the solution indicating probability of a higher nephrotoxicity. However, further
toxicological evaluation with kidney function tests indicated no difference in the profiles of
the two formulations. In vitro lymphocyte proliferative activity (an indication of immunosup-
pressive potential) also showed better activity for nanoparticle formulations of comparable
doses. The conclusion of the investigation was that the nanoparticle formulations can be ef-
fective at lower dose levels, compared with the solution form and thus may help to reduce
drug-associated tissue damage. Cho et al . developed several different oral CyA nanoparticle
formulations consisting of one alkanol solvent and a polyoxyalkylene surfactant, and tested
them in rats for their bioavailability in comparison to Sandimmune® oral solution. Selected
formulations based on these pre-clinical investigations were further tested for their pharma-
cokinetic profile in humans. 48 healthy males were chosen and a randomized, double-blinded,
three-way crossover study was conducted with Sandimmune® oral solution as standard formu-
lation. From the results obtained, it was observed that CyA nanoparticles exhibited a Cmax
which was twice as high as those achieved by Sandimmune® oral solution and the Tmax was
much shorter for CyA nanoparticles compared with the standard one. Also, the area under
curve (AUC) observed for nanoparticle formulations was significantly higher than the standard

formulation.

Spray-dried PLGA nanoparticles have been investigated for the oral delivery of amifostine
[84]. Amifostine is an organic thiophosphate prodrug and is dephosphorylated by alkaline
phosphatase in the tissue to the active free thiol metabolite. The major drawback of the drug
is that it cannot be administered orally in an active form and when administered systemically,
it is rapidly cleared from the body. PLGA nanoparticles containing amifostine were adminis-
tered to mice orally and tissue distribution was monitored for the administered dose. Within
30 min postoral administration, the drug was detected in almost all the tissues including

blood, brain, spleen, kidney, muscle and liver [84].

Popescu et al. have proposed the use of biodegradable nanoparticles, prepared from naturally
occurring polymers such as chitosan, dextran sulfate, dermatan sulfate, chondroitin sulfate,
keratin sulfate etc. for oral delivery of highly cationic active compounds which are highly hy-

drophilic and could be substrates for P-glycoprotein (Pgp). Such active compounds include the
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likes of aminoglycosides, polypeptides, proteins, terefenamate, proglumetacin, tiaramide,
apazone, etc. Currently, there are no technologies for delivery of hydrophilic, cationic drugs
by oral administration. As an example, streptomycin, which was loaded to chitosan nanoparti-
cles and tested for in vivo efficacy using M. tuberculosis infected mice. Streptomycin was suc-
cessfully loaded with an encapsulation efficiency of 50% or higher, with a minimal drug load-
ing of 30% w/w of polymer. After oral administration of these chitosan nanoparticles in mice
an one log reduction in colony-forming units of the bacilli was achieved, compared with the
control group. These results show that the nanoparticles-based technology can be a break-
through for the oral administration of aminoglycoside antibiotics, which are otherwise inac-

tive via oral route.

1.5 Formulation of nanoparticles for oral drug delivery

Nanoparticles are generally created in aqueous environments. If the nanoparticle suspension
is proven to be stable in liquid form it can be administered directly as suspensions, if not ly-
ophilisation is the most preferred technique. Lyophilisation of the nanoparticles usually ob-
tains cryoprotectants such as mannitol to reduce the adverse effects of lyophilisation in the
physicochemical properties of nanoparticles. In such cases the nanoparticles can be obtained
as free flowing powders and directly formulated as hard gelatine capsules with a standard

diluent like lactose [22].

It is also possible to formulate this free flowing powder as tablets but the point that should be
considered in this process is the adverse effects of applied pressure during compression of the
tablets on the physicochemical properties of nanoparticles [22].

Another commonly used formulation is the soft gelatine capsules. In this case nanoparticles

are dispersed in oil and loaded into the gelatine capsules [22].
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Fig. 1-4: Formulation of nanoparticles [22].

1.6 Design of experiments

Design of Experiments (DoE) enables simultaneous determination of the individual and inter-
active effects of many factors that could affect the output results in any process. In a tradi-
tional experiment, one or more process variables (factors) are changed sequentially in order
to observe the effect of the changes made on one or more response variables. Minimizing the
number of experiments is always an aim when time consumption and cost are taken into con-
sideration. With DoE, the number of experiments is kept as low as possible in a way by which
the most informative combination of the factors is chosen. DoE is an efficient procedure for
planning experiments so that the data obtained can be analysed to yield valid and objective

conclusions [100].

Two types of variables are employed in DoE: factors and responses, namely input and output.
Factors can be categorized into controllable and uncontrollable factors. Controllable factors
are observed by the experimenter and can be manipulated, whereas uncontrollable factors

are difficult to be regulated since they are usually external factors or noise effecting the sys-
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tem or process. Response of a system can change as a result of both of those factors alone or
in combination and those effects can be measured based on response(s). A response is the
general condition of a studied system during the change of the factors. It is possible to meas-
ure multiple responses that react differently on the factor manipulations. Factors can be ei-
ther quantitative or qualitative. Quantitative factors have a scale whereas qualitative factors
have only distinct properties or values in some cases [101, 102]. Experimental designs allow
evaluation of both types of factors within one design. However, using both factors in the same
design results in multiplication of the number of runs generated by the number of combina-

tions of the qualitative factor levels.

DoE experiments provide estimation of reality with the help of mathematical equations. Sys-
tem in reality is represented in the designs as factors and responses. DoE begins with setting
the objectives and selecting the possible factors that might have an effect for the chosen pro-
cess. Prior to experiments, an experimental design is assigned as detailed experimental plan.

Chosen design plays an important role on the investigation.

An experimental design can serve effectively for choosing between alternatives, selecting the
key factors affecting a response, optimizing responses when factors are proportions of a mix-
ture or response surface modelling. The choice of an experimental design depends on the
objectives set and the number of factors to be investigated. In order to select or screen out
the few important main effects from the many less important ones, screening designs are
used to determine the key factors that are "significant". If the factors are proportions of a
mixture and the "best" proportions of the factors are investigated to maximize or minimize a
response, then a mixture design is used [103]. Response surface design serves to

* hitatarget

* reduce variability

* maximize or minimize a response

* make a process robust

* seek multiple goals

* regression modelling

Once the objective is assigned statistical design to be used should be chosen. Three main
types of statistical designs can be named for different features and application areas: full fac-

torial designs, fractional factorial designs and composite designs. Full or fractional factorial
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designs are usually used for screening designs, whereas composite designs are suitable for

response surface designs.

If the number of factors to be evaluated for response surface designs is between 2 and 4, Box-
Behnken design or central composite design is preferred. General geometric representation of
Box-Behnken and central composite designs for three factors are provided in Fig. 1-5. Both
methods contain a set of center points (shown with black balls). In addition to center points,
central composite design contains a set of axial points which are identical to the center points
except for one factor, which will take on values both below and above the median of the two

factorial levels, and typically both outside their range (shown with red stars).
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Fig. 1-5: Box-Behnken Design and Central Composite Design for three factors

Experimental region gives these three designs a uniform geometrical form and makes them
easy to handle. In cases where the experimental region has an irregular shape, then designs
described above cannot be applied. Under these kind of conditions, D-optimal designs are
used [100]. D-optimal design matrices are usually not orthogonal and effect estimates are
correlated. . D-optimal designs are straight optimizations based on a chosen optimality crite-
rion and the model that will be fit [103]. In other words, D-optimal will create a custom design

based on the type of polynomial that you want to fit.

Experimental designs may be carried out in blocks, which serve to remove or minimize the
expected variation caused by some change during the course of the experiment, such as dif-

ferent days of experiments or different batch of material. Blocking schemes vary depending
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on the design and the number of factors. One block indicates no blocking. Blocking is a re-
striction on the randomization of the experiment which is used to reduce the error. Unidenti-
fied time-based effects could influence the results of the experiment when randomization is
restricted. However, when applied correct, blocking and randomization provide reliability to

the design against trends.

Once the design is selected and executed, data is examined for outliers. A fit model is created
from the data. The model is evaluated using stepwise regression methods and/or parameter
p-value significance information. Once the method is established, the model is tested and
validated using the residual graphs. Depending on the outcomes of the fit graph, new designs

might be necessary to achieve the set objective.

1.7 Aims of thesis

1.7.1 MIR components and theory

MJR uses impinging jets, consisting of two high velocity (100 mesec?) linear fluid streams. As a
result of rapid collision, the kinetic energies of the jets are directly converted to the construc-
tion of solvent/non-solvent interface, forming turbulent like motion in the collision chamber.
This results in the diffusion of the solvent into non-solvent together with the polymer and
drug molecules. Finally polymer molecules suddenly precipitate and trap the drug inside. The
nanosuspension is then pumped out of the reactor with gas flow, which is applied perpendicu-

lar to the streamlines.

It has been showed that rapid micromixing is required for narrow particle size distributions of
the produced particles [4, 69]. The time required for micromixing can be calculated using the

formula given in Eq. 1-7 [73]:

In a stirred tank, which is normally used for the conventional way of nanoprecipitation, mi-
cromixing time 7 , is found to be 5-50 msec. In an aqueous solution, the value of the nuclea-
tion induction time is usually on the order of 1 msec or less therefore mixing time of 5-50
msec lies above the nucleation induction time which will result difficulties in control of the
particle size and distribution as well as the scale up process [73]. In the MJR setup the mixing
time is under 0.1 ms which is lower in comparison to the nucleation induction time that cre-
ates the required environment for the production of nanoparticles with narrow size distribu-

tions as well as the ability to scale up the process.
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Up to date microjet reactor has been used successfully for applications such as production of

BaS0O,4 and ZnO; nanoparticles [104].

1.7.2 Selection of the substances

Selection of the model drugs

Nanoparticle preparation experiments were conducted with three drug molecules: Danazol,

Gliclazid and Fenofibrate.

Danazol is a synthetic steroid with antigonadotropic and anti-estrogenic activities that acts as
an anterior pituitary suppressant by inhibiting the pituitary output of gonadotropins. It pos-
sesses some androgenic properties. Danazol has been used in the treatment of endometriosis
and some benign breast disorders, as well angioedema. It is a hydrophobic drug with a high
permeability and slight water solubility which makes it a good candidate for nanoparticle pro-
duction in order to increase the bioavailability through increase in the solubility. Physicochem-

ical properties of Danazol are provided in Tab. 1-2.

Tab. 1-2: Physicochemical properties of Danazol [105, 106]

Molecular structure

I
2

: CH
CHa (H\‘

Formula C22H27NO;
Molecular mass 337.5 g/mol
Solubility in water 0.4 pug/ml
Solubility in EtOH >1mg/mL
Solubility in THF >7 mg/mL
Log P (water/octanol) 4.5

BCS classification Class Il

Gliclazide is an antidiabetic agent and is classified as a sulfonylurea. Although it has a higher

solubility compared to Danazol, it is classified as Class Il according to the BCS classification
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with a low solubility and high permeability. Thus bioavailability of Gliclazide can also be en-

hanced through nanoparticle form of the API.

Tab. 1-3: Physicochemical properties of Gliclazide [107-109]

Molecular structure

Formula Ci15H21N305S
Molecular mass 323.4 g/mol
Solubility in water 200 pg/ml
Solubility in EtOH 1-10 mg/mL
Log P (water/octanol) 2.51

BCS classification Class Il

Danazol and Gliclazide have water solubilities of 0.4 ug/mL and 200 ug/mL and log P values of

4.5 and 2.51, respectively. These values show that Gliclazide is relatively hydrophilic com-

pared to Danazol which gives the opportunity to study the differences between the require-

ments of hydrophilic and lipophilic molecules in terms of nanoparticle preparation with MJR.

Fenofibrate is an antilipemic agent which reduces both cholesterol and triglycerides in the

blood. It is classified as Class Il according to the BCS classification with a low solubility and high

permeability.
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Tab. 1-4: Physicochemical properties of Fenofibrate [110, 111]

Molecular structure

cuf/moy\((ﬁ/

Formula C0H21ClO4
Molecular mass 360.8 g/mol
Solubility in water 250 pg/ml
Solubility in EtOH 46 mg/mL
Log P (water/octanol) 5.3

BCS classification Class Il

Selection of the pharmaceutical excipients

Selection criteria for the excipients that will be used as stabilizers are determined as follows

e The excipient should be soluble either in the organic phase (ethanol, THF) or in the
water phase. This will enable the creation of loaded nanoparticles since the MIR sys-
tem is based on the solvent/non-solvent precipitation methods. When the exipient is
soluble in one of the phases it will be possible to create nanoparticles from the excipi-
ents integrated on the surface of the substance

e The excipient should be stable in temperatures between 25-80 ° C

e The excipients should not swell or agglomerate in contact with one of the solvents
that will result in blockage of the MJR.

e Available for oral drug delivery

Chitosan is a cationic polymer used in drug formulations. Partial deacetylation of chitin results
in the production of chitosan which is a polysaccharide comprising copolymers of glucoseam-
ine and N-acetylglucoseamine [112]. Mechanism of action of chitosan was suggested to be a
combination of bio-adhesion and a transient widening of the tight junctions between epitheli-

al cells [41]. Chitosan is not soluble in any organic solvents.
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Fig. 1-6: Molecular structure of chitosan

Chitosan is used in cosmetics and is under investigation for use in a number of pharmaceutical
formulations. The suitability and performance of chitosan as a component of pharmaceutical
formulations for oral drug delivery applications has been investigated in numerous studies.
These include controlled drug delivery applications, use as a component mucoadhesive dos-
age forms, rapid release dosage forms, improved peptide delivery, colonic drug delivery sys-

tems and use for gene delivery [112].

Eudragit derivatives are polymers of methacrylic acid and ethyl acrylate in different ratios.
These are primarily used in oral capsule and tablet formulations as film coating agents. De-
pending on the type of polymer used, films of different solubility characteristics can be pro-
duced. Eudragit L and S referred to as methacrylic acid copolymers in the USPNF20 mono-
graph are anionic copolymerization products of methacrylic acid and methyl methacrylate
with the ratio of free carboxyl groups to the ester approximately 1:1 in Eudragit L and approx-
imately 1:2 in Eudragit S. These 2 polymers are used primarily for enteric coating and are sol-
uble in intestinal fluids pH > 7. [112]. Eudragit S100 is soluble in Acetone, THF, MeOH and
EtOH.
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Fig. 1-7: Molecular structure of Eudragit S100 where n=number of repeating units

HPMCP is widely used in oral pharmaceutical formulations as an enteric coating material for
tablets or granules. HPMCP is insoluble in gastric fluid but will swell and dissolve rapidly in the
upper intestine. The drug release from the HPMCP formulations is based on pH. There are two
different types of HPMCP HP-50 and HP-55. This differentiation is based on the viscosity and
the molecular weight of HPMCP. Both types are soluble in 1:1 mixture of acetone and ethanol
and THF [71]. HPMCP HP50 is soluble in Acetone, Acetone:EtOH 1:1 (w/w) and EtOH:Water
95:5 (w:w) [71].

OR CH20R
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CH20R OR
n
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-CH2CH (CH3)OH
-COC¢H4COOH

Fig. 1-8: Molecular structure of HPMCP HP50 [71].
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Eudragit S100 and HPMCP HP50 are conventionally used as enteric coating agents since they

are not soluble in pH lower than pH 5.5.

1.7.3 Research objectives and dissertation outline

The aim of the project was the establishment of a continuous production system using micro-
jet reactor technology, which is based on nanoprecipitation method for the production of
nanoparticles. In the establishment of the microjet reactor system different parameters such
as flow rate, temperature, pressure and solvent were evaluated in order to efficiently control
the particle properties such as particle size, PDI and drug loading efficiency. Furthermore a
novel oral drug delivery system was developed which consists pH controlled positively
charged nanoparticles which show resistance to gastric conditions releasing the drug first in
intestines and has an affinity to intestinal mucus due to negative charge of the mucus. This
novel drug delivery system was optimized using two different designs of experiments to en-
sure the desired nanoparticle characteristics. Orthagonal rotatable design was used for the
optimization of microjet reactor parameters and D-optimal design was used for the optimiza-
tion of formulation ingredients and their ratio. The in-vitro characterization of this nanoparti-

cle system was done in comparison to conventional nanoparticles.
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2. Material and Methods

2.1. Materials

Danazol, Gliclazide, Fenofibrate, chitosan low molecular weight, Pluronic F127, polyvinyl alco-
hol, polyvinyl pyrrolidone, hydroxypropyl cellulose and hydroxypropyl methyl cellulose were
purchased from Sigma Aldrich, Germany. HPMCP HP50 was a gift from Harke Pharma and
Eudragit S100 was a gift from Evonik Industries. Other chemicals that were used in this study

were analytical grade or higher.

2.2, Methods

2.2.1. Microjet reactor setups

Basically the working principle of microjet reactor is the controlled solvent nonsolvent precipi-
tation. A substance dissolved in solvent is pumped through openings in microjet reactor and
meets with nonsolvent, which is also pumped through the opening placed against the solvent
channel. The flow rates of solvent and nonsolvent can reach up to 100 m/s which results in a
very quick mixing of solvent and nonsolvent. The mixing rate of two streams is 0.1 millisec-
onds. Thus the mixing time is smaller than the kern building time resulting in production of
nanoparticles. Although microjet reactor is a kind of micro-channel reactor there is a differ-
ence in the reaction chamber. In case of microjet reactor two streams meet up in a gas filled
room and this gas also helps to carry nanoparticles out of the reactor. Thus no clogging ob-

served in microjet reactor.

HPLC pumps (Jasco P-980) were used for the construction of microjet reactor setups due their
precision and low pulsation. Furthermore HPLC pumps bring the advantage of ability to work
with small volumes due to the absence of dead volume. Nitrogen gas was used as the inert
gas which is controlled by a pressure valve and the temperature of gas is controlled by a water

bath.

Feasibility studies were conducted for the establishment of microjet reactor for production of
drug nanoparticles. For this purpose two different microjet reactor setups were used
throughout this study. The main differences between these setups were the temperature
control of solvent, non-solvent, microjet reactor and the nitrogen gas and the dimensions of

the capillaries. In the first setup the diameter of capillaries was 2.10 mm and no control of
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temperature was added for the microjet reactor. In the second design microjet reactor was
placed in a water bath and the diameter of capillaries was 0.17 mm. In the Fig 2-1 the setup of

microjet reactor is shown.

= :

.

‘ Water baths

Pump Pump

Solvent
Nonsolvent

Nanoparticles

Filters

Fig. 2-1 Setup of microjet reactor used for the feasibility study of producing pharmaceutical nanopar-
ticles.

2.2.2.  Characterization of nanoparticles

Particle size and ZETA potential determination

Particle size and ZETA potential was determined using dynamic light scattering method. Un-
less otherwise stated, nanoparticle suspensions were diluted 1:100 with distilled water and
particle size and ZETA potential measurements were carried out at 25 °C in distilled water as 3
replicates for all prepared batches. All determinations were done with Nano Zs90 Malvern

Instruments, UK

Furthermore scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) were used for the determination of the particle size. Scanning electron microscopy
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images were taken with a Zeiss EVO HD15 SEM. Diluted nanoparticle dispersions were dried
at room conditions on aluminum stubs with carbon discs; the samples were then coated with
gold using Quorum Q150R ES sputtering system. In the case of TEM nanoparticle suspension
was applied on grids and Poly-Lysin variant B was used as colouring agent. Measurements

were conducted with JEOL JEM 2011.

Fourier transform infrared (FTIR) spectrometer

FTIR spectrometer was used to characterize the structure of Fenofibrate containing HPMCP
HP50/chitosan nanoparticles in which the interaction of -COOH and —NH; groups were stud-
ied. Thus samples of HPMCP, chitosan and HPMCP HP50/chitosan nanoparticles were meas-
ured on a Nicolet 360 FT-IR spectrometer. Samples of pure polymers or nanoparticles were
prepared in KBr disks by mixing 2 mg sample in 200 mg KBr. The scanning range was 450-4000

cm™ and the resolution was 1 cm™.

Differential scanning calorimetry (DSC)

Thermal properties of nanoparticles were studied using differential scanning calorimetry. In
this case DSC spectra of Danazol, Fenofibrate and Gliclazide were compared with the polymer
nanoparticles of these substances in order to determine if these substances were molecularly
dissolved in the polymer. Analyses were realised with a Mettler Toledo DSC-30. Approximately
10 mg of substance or nanoparticle was accurately weighted into a 40 pyL hermetic aluminium
pan and sealed. A temperature range of 25 °C- 350 °C with a heating rate of 10 °C/min was

used for the analyses.

HPLC analytics

Three different HPLC methods were developed and validated for assay determination of
Danazol, Gliclazide and Fenofibrate. Perkin Elmer 200 series HPLC with 200 series pump, 200
series autosampler, 200 series Column oven, 200 series UV detector were used in these stud-

ies. These methods are given in Tab. 2-1, Tab. 2-2 and Tab. 2-3.
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Tab. 2-1 HPLC method for determination of Gliclazide

A: Methanol
Mobile Phase
B: Water
Gradient 1 mLemin?
Time Methanol % Water %
0.0 60 40
Flow
4.5 100 0
4.6 60 40
10.0 60 40
Injection Volume 50 uL

Column

Lichrospher 100 RP-18 5um

4 x 125 mm Merck KGaA

Column temperature 35°C
Sample tray temperature 25°C
UV detection wavelength 227 nm
Run time 10 min.
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Tab. 2-2 HPLC method for determination of Danazol

Mobile Phase

A: ACN:MeOH:H20 (40:30:30 v/v/v %)

B: H20

Flow

1,5 mLemin

70% A 30% B isocratic

Injection Volume

50 pL

Column

Xterra MS C18 5 um

3 x 50 mm Waters

Column temperature 35°C
Sample tray temperature 25°C
UV detection wavelength 287 nm
Run time 5 min

Tab. 2-3 HPLC method for determination of Fenofibrate

Mobile Phase

A: Acetonitrile

B: Water pH 2.5 (Phosphoric acid)

Flow

Isocratic A:B 80:20 1mL/min

Injection Volume

100 plL

Column Symmetry C18, 5 um, 4.6 x 7.5, Waters
Column temperature 35°C

Sample tray temperature 25°C

UV detection wavelength 280 nm

Run time 5 min.

All methods were validation for selectivity, linearity, repeatability, accuracy, precision, and

stability. Results are presented in Appendix.

Drug loading efficiency

Drug loading efficiency into nanoparticles was determined in two ways. First nanoparticle

suspension was filtered through 1 um nylon filters and then centrifuged at 16000 g for 45
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minutes and redispersed in distilled water before determination of drug loading efficiency.
Redispersed nanoparticles were centrifuged again at 16000g for 45 minutes and precipitated
nanoparticles were dissolved in the HPLC buffer of each substance for the determination of
drug loading ratio. Also the supernatant gathered from the centrifugation step was assayed
for drug content. So that recovery was also investigated to find out if there is any microcrystal
formation which will be eliminated with filtration through 1 um nylon filters. The drug loading
ratios were calculated from supernatant and dissolved nanoparticles according to Eq. 2-1 and
Eg. 2-2 respectively. In Eq. 2-1 drug loading efficiency was calculated from amount of drug
dissolved in supernatant. For this purpose concentration found in the supernatant was multi-
plied with volume of the solution, which was centrifuged and divided, by the theoretical
amount of API in this solution revealing percentage of not encapsulated drug. In Eq. 2-2 the
drug loading efficiency was calculated same way but this time using the amount of APl in cen-

trifuged nanoparticles and its ratio to the theoretical amount of API in solution.

Drug loading %= 100- Csupernatant x % total volume centrfugated £ 100

C organic phaée ¥V organic phase in the solutioln'

Eq. 2-1

C nandparticles % % total volume centrifugated
Orug loading %= %100

C organic phaée % % organic phase in the Solutioln

Eq. 2-2

Mucoadhesiveness

In-vitro mucoadhesiveness test were conducted for nanoparticles containing chitosan. 250 mg
Mucin was weighted into 250 mL volumetric flask and filled up to volume with water. The
solution was vigorously mixed until mucin is fully dispersed. 2ml of nanoparticle dispersion

was mixed with 50 ml of mucin dispersion. Incubation was done at RT with magnetic stirrer at



61

100 rpm. Samples were taken for 3 hours at every 30 minutes and measured for turbidity and

ZETA potential[113, 114].

Freeze drying of nanosuspensions

Nanosuspensions were freeze dried prior to drug release tests and stability studies. Firstly
organic phase was evaporated under vacuum and aqueous nanosuspensions were supple-
mented with 3 % lactose as cryoprotectant. Afterwards these suspensions were kept at —80°C

for 24 hours and freeze dried for 48 hours until complete dryness.

Drug release studies with drug nanoparticles

Drug release profiles of nanoparticles were studied using different buffers and different
methodology. Furthermore in all cases drug release profiles were compared with the drug
release profile of the API.

Drug release methodologies for Gliclazide/Eudragit S100 nanoparticles are listed in Tab. 2-4,

and Tab. 2-5.

Tab. 2-4 Drug release from Gliclazide/Eudragit S100 nanoparticles using simulated intestinal fluid

(SIF)
Apparatus Paddle USP Il
Rotation speed [rpm] 50
Temperature [°C] 37
Medium SIF pH 6.8 supplemented with 0.5% Tween 20
Volume [mL] 900
Sampling time [min] 2.5,5,7.5, 10, 20, 30, 45, 60, 90, 120
Dose [mg] 10

Tab. 2-5 Drug release from Gliclazide/Eudragit S100 nanoparticles using two stage dissolution

Apparatus Paddle USP Il
Rotation speed [rpm] 50
Temperature [°C] 37

First stage: 0.1 N HCI
Medium Second stage: 0.2 M trinatrium phosphate buffer
pH 6.8 supplemented with 0.5 % Tween 20

First stage: 750 mL

L
Volume [mL] Second stage: 250 mL

5, 10, 20, 30, 45, 60, 90, 120, 122.5, 125, 127.5,

Sampling time [min] 130, 140, 150, 165, 180, 210, 240

Dose [mg] 10
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Although 0.5 % Tween 20 was enough for the drug release and evaluation of the differences in
drug release profiles of Gliclazide and Gliclazide/Eudragit S$100 nanoparticles, for Danazol and
Fenofibrate 1 % Tween 20 was used to supplement drug release medium since the solubilities
of these two substances are lower than that of Gliclazide. Drug release methodologies used

for Danazol and Fenofibrate nanoparticles are listed in Tab. 2-6 and Tab. 2-7

Tab. 2-6 Drug release from Danazol/HPMCP HP50 and Fenofibrate nanoparticles using simulated
gastric fluid (SGF)

Apparatus Paddle USP Il

Rotation speed [rpm] 50

Temperature [°C] 37

Medium SGF pH 1.2

Volume [mL] 900

Sampling time [min] 2.5,5,7.5, 10, 20, 30, 45, 60, 90, 120
Dose [mg] 10

Tab. 2-7 Drug release from Danazol/HPMCP HP50 and Fenofibrate nanoparticles using two stage

dissolution
Apparatus Paddle USP II
Rotation speed [rpm] 50
Temperature [°C] 37

First stage: 0.1 N HCI
Medium Second stage: 0.2 M trinatrium phosphate buffer
pH 6.8 supplemented with 1 % Tween 20

First stage: 750 mL

Volume [m] Second stage: 250 mL

5,10, 20, 30, 45, 60, 90, 120, 122.5, 125, 127.5,

et .
Sampling time [min] 130, 140, 150, 165, 180, 210, 240

Dose [mg] 10

In two stage drug release studies first 750 mL 0.1 N HCl was used as medium and samples
were taken up to 2 hours. At the end of 2 hours 250 mL 0.2 M trinatrium phosphate buffer pH
6.8 supplemented with 4 % Tween 20 was added to the vessels increasing the pH to 6.8 with a

end Tween 20 concentration of 1%.

Furthermore drug release from Fenofibrate nanoparticles and the API was studied using fast-

ed state simulating intestinal fluid (FaSSIF) and fed state simulating intestinal fluid (FeSSIF).
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Drug release buffers were prepared from SIF powder (Phares Drug delivery AG). Phosphate
buffer for FaSSIF was prepared by dissolving 2.10 g NaOH, 19.77 g of NaH,PO, and 30.93 NaCl
in 4.9 liter water followed by adjustment of the pH to 6.5 either with NaOH or HCl and finally
filled up to volume of 5 liter. Acetate buffer for FeSSIF was prepared by dissolving 20.20 g
NaOH, 43.25 g glacial acetic acid and 59.37 g NaCl in approximately 4.9 liter water followed by
adjustment of the pH to 5.0 either with NaOH or HCI and finally filled up to volume of 5 liter.
11.2 g of SIF powder was dissolved in 5 liter of phosphate and let to equilibrate at room tem-
perature for 2 hours for the preparation of FaSSIF and 56 g of SIF powder was dissolved in 5

liter of acetic acid for the preparation of FeSSIF.

USP apparatus Il was used for the drug release experiments with a rotation speed of 50 rpm.
10 mg Danazol, Gliclazide or Fenofibrate powder or nanoparticle powder corresponding to 10
mg Danazol, Gliclazide or Fenofibrate were introduced in vessels containing either 500 mL
FeSSIF or 500 mL FaSSIF and samples were taken for 120 minutes at time points 2.5, 5, 7.5, 10,
20, 30, 45, 60, 90 and 120 min.

Different sample separation techniques were employed depending of the properties of nano-
particles and drug release media. When API powder was used samples were filtrated through
0.45 um nylon syringe filters (Puradisc, Whatman) and assayed for substance content. When
nanoparticle drug release was investigated in SIF, FaSSIF or FeSSIF medium, samples were
filtered through 1 um nylon disc filters (Puradisc, Whatman), acidified with HCI solution and
centrifuged (Universal 320R, Hettich) at 12000 g for 30 minutes. Afterwards supernatants
were assayed for substance content. In two stage dissolution, stage | samples were filtrated
through 1 um nylon disc filters (Puradisc, Whatman) and centrifuged (Universal 320R, Hettich)
at 12000 g for 30 minutes. In this case since released substance will not be dissolved com-
pletely due to the absence of surfactants, precipitated nanoparticles were dissolved in HPLC

buffer for each substance and assayed for substance content.

Validation of sample preparation technique was realised with the incubation of drug particles
in acidified drug release media for 1 hour and afterwards analysing the supernatant after cen-
trifugation (Universal 320R, Hettich) at 12000 g for 30 minutes. The validation criteria was

absence of dissolved drug in the supernatant.
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2.2.3. Establishment of microjet reactor setup for the preparation of pharmaceutical

nanoparticles

Firstly the parameters related to the microjet reactor setup that will possibly affect the pro-

duction of nanoparticles are determined. These parameters were:

e Flow rate

e Temperature control

e Diameter of the capillaries

e Gas pressure and temperature

Thus in the setup of microjet reactor HPLC pumps were used for the efficient flow control as
well as the ability to work with small volumes. Gas pressure is controlled by a pressure valve
and the temperature of gas is controlled by a water bath. Two different microjet reactor de-
signs were realised where the differences were the diameter of the capillaries and the tem-
perature control on the microjet reactor itself. In the first setup the diameter of capillaries
was 2.10 mm and no control of temperature was added for the microjet reactor. In the sec-
ond design microjet reactor was placed in a water bath and the diameter of capillaries was

0.17 mm. In Fig. 2-1 the setup of microjet reactor is shown.

Preparation of nanoparticles

Polymeric Gliclazide and Danazol nanoparticles were used to test the feasibility of microjet
reactor for the production of pharmaceutical drug nanoparticles. In the content of this feasi-
bility study, factors affecting the nanoparticle characteristics were also studied. Basically pol-
ymer and the drug molecules were dissolved in an organic phase and water was used as the
non-solvent. Eudragit S100 was used in the preparation of Gliclazide nanoparticles and
HPMCP HP50 was used in the preparation of Danazol nanoparticles. Microjet reactor first
setup was only evaluated with Gliclazide/Eudragit S100 nanoparticles whereas the second
setup of the microjet reactor was evaluated with both Gliclazide/Eudragit S100 nanoparticles
and Danazol/HPMCP HP50 nanoparticles. Total solid content of the solutions were adjusted to
2,3, 5 or 8 mgemL™. Polymer:drug ratios were ranged from 1 to 1000. Both solvent and non-
solvent were pumped through HPLC pumps with different flow rates ranging from 0.5 to 10

mgemL? and solvent/non- solvent ratios ranging from 0.2 to 20. Microjet reactors with diame-
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ters of 100, 200 or 300 um were used and produced nanoparticles were carried to the collec-
tion chamber with pressurized nitrogen (0.1 or 1 bar) previously heated to 40, 60, 80 or

100 °C.

Collected nanoparticles were filtrated through 1 um nylon disc filters to avoid the drug crys-

tals and organic phase was evaporated under vacuum.

2.2.4. Preparation of pH selective positively loaded nanoparticles for oral applications

After the feasibility study a nanoparticle system which releases the drug molecules at pH val-
ues above 5.0 and having mucoadhesiveness properties were developed. For this system
HPMCP HP50 and chitosan were used as polymers and Fenofibrate was used as model drug
molecule. Firstly the nanoparticle system was developed without the drug molecule and in the

second part Fenofibrate was loaded in these nanoparticles.

Determination of HPMCP HP50/chitosan ratio for the preparation of positively loaded parti-

cles

HPMCP HP50 and chitosan were used as polymers for the preparation of pH selective positive-
ly charged nanoparticles. Different concentrations of chitosan and HPMCP HP50 were investi-
gated to determine the optimum conditions for positively charged nanoparticles with a parti-
cle size range of 100 — 200 nm. The only modified parameter was the concentrations of the
polymers where all the parameters of the microjet were kept constant. Changes in the parti-
cle size and the ZETA potential were observed for the determination of the optimum ratio.

The parameters of the microjet reactor used in this setup are summarized.

Tab. 2-8 Parameters of microlet reactor setup used for the preparation of pH sensitive and positively
charged Chitosan/HPMCP50 nanoparticles

Microjet reactor diameter (um) 200

Solvent Acetone:EtOH 50:50 (w/w)
Antisolvent Water pH 3.5 adjusted with HCI
Flow rate solvent (mL/min) 10

Flow rate antisolvent (mL/min) 10

Gas flow (bar) 0.1

Temperature (2C) 80

HPMCP HP50 were investigated in 4 different concentrations (3, 5, 8, 10 mg/mL) dissolved in

Acetone:Ethanol 50:50 (w/w) and chitosan was investigated in 10 different concentrations;
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(0.01, 0.02, 0.05,0.1,0.2,0.5, 1.0, 1.5, 2.0, 3.0 mg/mL) dissolved in distilled water pH 3.5 ad-
justed with HCI. Organic phase was then evaporated under vacuum at 30 °C before the parti-
cle size and ZETA analyses. Structure of the nanoparticles was also evaluated using FTIR using
KBr discs to prove that the reaction between the amine group and the carboxylic acid group
takes place. For this study nanoparticles that had been produced using 1,5 mg/mL chitosan
and 8 mg/mL HPMCP HP50 were used. IR determinations were carried out with nanoparticles

which were dried under vacuum until complete dryness.

One way analysis of variance (ANOVA) was used to determine difference at significance level
of a=0.05 among groups after which post-hoc tests with the Bonferroni correction were used

for comparison between individual groups.

Selection of stearic stabilization agent

Chitosan and HPMCP HP50 concentrations were constant throughout the whole experiment.
Chitosan was used in 1 mg/mL concentration and HPMCP HP50 was used in 5 mg/mL concen-
tration. Surfactant molecules were added in different ratios to the chitosan solution. The sur-
factant molecules used in this part of the study were; PVA(polyvinyl alcohol), Poloxamer F127,
PVP(polyvinyl pyrrolidone), HPC (hydroxypropyl cellulose) and HPMC (hydroxypropyl methyl
cellulose). All the surfactants other than HPC were prepared in 2 different concentrations

0.5% and 1.0%. HPC were prepared only in 0,5% due to its low solubility in water.

The following MicroJet reactor setup in Tab. 2-9 was used for selection of the stearic stabili-

zation agent.

Tab. 2-9 Microlet reactor setup for the preparation of chitosan/HPMCP HP50 nanoparticles either
with or without surfactant molecule

Microjet reactor diameter (um) 200

Solvent Acetone:EtOH 50:50 (w/w)
Antisolvent Water pH 3.5 adjusted with HCI
Flow rate solvent (mL/min) 10

Flow rate antisolvent (mL/min) 10

Gas flow (bar) 0.1

Temperature (2C) 80
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Nanoparticles were concentrated under vacuum until all the organic phase was evaporated
and measured for ZETA potential and particle size using DLS method. The efficiency of the
surfactants in coating nanoparticles was evaluated based on increase in the particle size and
decrease in the ZETA potential. Since when the nanoparticles are covered with the surfactant
molecule the size will increase due to the extra layer and ZETA potential will decrease since
the surfactant molecule will affect the interaction of nanoparticles with the ions present in
the medium. The formulations were compared with the formulation prepared without any
surfactant. Further characterization of nanoparticles was carried out using scanning electron

microscopy and transmission electron microscopy.

One way analysis of variance (ANOVA) was used to determine significance (a=0.05) among
groups after which post-hoc tests with the Bonferroni correction were used for comparison

between individual groups. A value of p < 0.05 was considered to be significant.

2.2.5. Drug loading into pH selective positively loaded nanoparticles for oral applications

After establishment of the nanoparticle system in the previous study, drug loading investiga-
tions were conducted with the model drug Fenofibrate. Different design of experiment stud-
ies were conducted for the determination of optimum conditions for the nanoparticle prepa-

ration followed by in-vitro analyses of the nanoparticle formulations.

Design of experiments for the optimization of microjet reactor production parameters

In this part of the study an experimental design was established that would enable the optimi-
zation of all the parameters as well as the evaluation of effect of the parameters on the parti-
cle size and drug loading efficiency. For this reason a rotatable orthogonal design was used

and results are analyzed with analyses of variance (ANOVA).

The parameters are selected according to the results of the feasibility study that is conducted
for the set-up of the microjet reactor. According to the results of the feasibility study microjet
reactor related most critical parameters can be summarized as:

e Flow rate of the pumps (Factor A)

e Solvent (Factor B)

e Gas pressure (Factor C)

e Temperature (Factor D)
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These parameters are unrelated to the formulation parameters that would also affect the in-
vivo behavior of the nanoparticles and will only be used for the preparation of the nanoparti-
cles with required particle size and highest drug loading efficiency, independent from the pol-

ymers used.

According to the experimental design all the factors tested should be presented in numerical
values for the further correlation and analyses. Thus the type of solvent that is used is also

numerically expressed.

The relationship between the mean sizes of NP produced with different solvents and the sol-
vent-water affinity is highly dependent on the solvent water interaction parameter which is

calculated with the following equation.

_ Ysolvent .0 solvernt- Swater)

X water —solvent

Vsolvent: Molar volume of the solvent

R: Gas constant: 8.314472

T: Temperature in K

6 solvent: Hildebrand solubility parameter for solvent

6 water: Hildebrand solubility parameter for water

Eq. 2-3

Using the eq. 2-3, solvents that take place in the experimental set up were given in numerical
values. Thus chitosan, HPMCP HP50 and Pluronic F127 concentrations were kept constant
throughout the experiments. These concentrations were 2, 5 and 5 mg/mL respectively.
HPMCP HP50 was dissolved in 20 % Ethanol (pH 6.00 to ensure the solubility of HPMCP HP50)
70 % Ethanol, 80% Ethanol, Acetone:Methanol (50:50 w/w), Acetone:Ethanol (50:50 w/w)
together with the drug substance Fenofibrate. Solvents had the Xsolvent-water values of 0.23,
3.89, 7.56, 11.22, and 14.89 respectively. Chitosan was dissolved in distilled water pH 3.5 (ad-

justed with HCI) together with Pluronic F127.

After the preparation of nanoparticles according to the experimental plan the organic phase
was evaporated under vacuum and nanoparticles were further purified with centrifugation at
1000 g for 15 minutes for the separation of drug and polymer crystals. Nanoparticle suspen-

sions were diluted 10 fold with water for particle size and ZETA analyses and centrifuged na-
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noparticles dissolved with mobile phase (Acetonitrile:H,0, 80:20) for drug loading analyses

with HPLC.

The parameters of the microjet reactor were tested using a response surface method ap-
proach. This approach is designed to allow estimation of interaction and even the quadratic
effects and therefore give an idea of the local shape of the response surface of investigation.
In a rotatable design, the variance of the predicted values of y is a function of the distance of a
point from the center of the design and is not a function of the direction the point lies from
the center. The star points are at some distance from the center based on the properties de-
sired for the design and the number of factors in the design. The star points establish new

extremes for the low and high settings for all factors.

The results of the orthogonal setup were statistically evaluated with ANOVA analyses to de-
termine the significance of factors solvent, gas pressure, flow rate and temperature. Further-
more surface diagrams were produced for establishment of a model in prediction of particle

size, PDI and drug loading in regard to different parameters.

The factors and test sequences are given Tab. 2-10 for the experimental design.

Tab. 2-10 Factors together with the low and high actual values that are used in the orthogonal design

Factor Name Units Al;(t)t‘:il AHcltiZI CI;:‘Z d C':'j: d Mean Std. Dev.
A Flow rate mL/min 4.00 8.00 -1.00 1.00 6.00 1.79
B Solvent 3.89 11.22 -1.00 1.00 7.56 3.28
C Gas pressure bar 0.50 1.50 -1.00 1.00 1.00 0.45
D Temperature oC 40.00 75.00 -1.00 1.00 57.50 15.65

The extreme real values for each variable were carefully tested by means of phase diagrams
with regard to the feasibility of nanoparticle preparation. The intervals between levels were
chosen to maintain the rotatable orthogonality of the design. A is calculated as 2 for the axial

points.

At the end of the evaluation of design parameters, optimum production parameters were
calculated to be used in the next step of optimization of formulation parameters using design

of experiments.
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Design of experiments for the optimization of formulation parameters

The objective of this part of the study was to establish an experimental design that would
enable the optimization of amounts of ingredients of Fenofibrate HPMCP HP50/chitosan for-
mulation in respect to particle size, PDI, ZETA potential, drug loading efficiency, mucoadhe-
siveness, and drug release at pH 1.2. For this reason a D-optimal design was used where total
amount was kept constant and the ratio of ingredients were changed and results are analyzed

with analyses of variance (ANOVA).

The parameters are selected according to the results of the feasibility study that is conducted
for the set-up of the microjet reactor. According to the results the total amount of the ingre-
dients were set to 12 mg/mL. Furthermore the ratios of the following ingredients were
changed in the design:

e HPMCP HP50

e Chitosan

e Pluronic F127

e Fenofibrate
The production parameters of the microjet reactor were kept constant in the D-Mixture de-

sign. These parameters were:

Tab. 2-11 Parameters of microjet reactor for the D- optimal design

Solvent Ethanol:Water 80:20 [w/w]
Non-solvent Water

Flow rate 8 mL/min

Temperature 64 °C

Gas pressure 0.1 bar

Total amount of API and ingredients were adjusted to 12 mg/mL depending on the previous
experimentation with the preparation of Fenofibrate nanoparticles. Furthermore amounts of

Fenofibrate, chitosan, HPMCP HP50 and Pluronic F127 were varied in the design matrix.
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Tab. 2-12 Factors used for the D-optimal design together with low and high actual values

Component Name Units | Low Actual | High Actual | Low Coded | High Coded | Mean | Std. Dev.
A HPMCP HP50 | mg/mL 3.0 10.0 0 0.959 | 5.739 2.263
B Chitosan mg/mL 0.2 1.5 0 0.178 | 0.801 0.548
(o Pluronic F127 | mg/mL 1.0 5.0 0 0.548 | 2.886 1.558
D Fenofibrate | mg/mL 0.5 5.0 0 0.616 | 2.574 1.707

Experimental design was constructed using Design Expert™ 7.0 program and following runs

were calculated for the establishment of the design space.
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Tab. 2-13 Experimental D-optimal design for the optimization of nanoparticle formulation

Component 1 Component 2 Component 3 Component 4
Std | Run A'H[F::/:/:;I:]PSO B[';hgl;:::]n C'Pl[l:;:;‘::aln D:Fenofibrate [mg/mL]
6 5 5.756 0.478 1.000 4.767
13| 3 7.842 0.919 1.000 2.239
8 9 9.191 1.308 1.001 0.500
19 | 11 9.191 1.308 1.001 0.500
4 8 10.00 0.203 1.014 0.784
15 | 10 7.109 0.200 1.020 3.671
5 | 16 3.418 1.500 2.085 4.998
16 | 20 3.418 1.500 2.085 4.998
7 19 6.050 1.500 2.201 2.249
11| 4 8.590 0.200 2.380 0.830
12 | 6 5.068 0.200 3.019 3.713
10 | 15 7.237 0.678 3.585 0.500
20| 1 3.192 0.209 3.599 5.000
9 | 12 3.192 0.209 3.599 5.000
14 | 7 5.807 0.200 4.180 1.812
18 | 13 3.001 1.067 4.975 2.957
1| 14 3.001 1.067 4.975 2.957
17 | 17 4.824 1.500 4.998 0.678
3 | 18 4.824 1.500 4.998 0.678
2 2 4.074 0.271 5.000 2.654

After the preparation of nanoparticles according to the experimental plan the organic phase
was evaporated under vacuum and nanoparticles were further purified with centrifugation at
1000 g for 15 minutes for the separation of drug and polymer crystals. Nanoparticle suspen-
sions were diluted 10 fold with water for particle size and ZETA analyses and precipitated na-
noparticles were dissolved in mobile phase (Acetonitrile:H,0, 80:20) for drug loading efficien-
cy analyses with HPLC. Furthermore mucoadhesiveness of nanoparticles were investigated in-
vitro with mucin. 0.1 % mucin dispersion was prepared in water by vigorous mixing until the
mucin is fully dispersed. 300 uL of sample was mixed with 5 mL of mucin dispersion and incu-
bated for 2 hours under mixing at 100 rpm. Binding of nanoparticles to mucin was determined

with turbidity measurements. 3 mL of nanosuspension was mixed with 20 mL 0.1 N HClI for the
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determination of drug release under acidic conditions. The samples were mixed at 100 rpm
with a magnetic stirrer at 37 °C for two hours. At the end of incubation 5 mL of sample was
taken and filtered through 1 um glass disc filter to avoid the drug crystals. After the filtration
samples were centrifuged at 12000 g for 45 min and precipitated nanoparticles were dis-
solved in 5 mL of 80% ACN in water for the determination of drug content in nanoparticles.

At the end of the D-optimal design formulation parameters were optimized to be used for the

further steps.

2.2.6. Comparative evaluation of Fenofibrate nanoparticles

Optimization of Fenofibrate polymer nanoparticles containing HPMCP HP50 and chitosan was
done with two different design of experiments. In this section detailed in-vitro analyses of this
formulation was done and compared with different Fenofibrate nanoparticle formulations

prepared using microjet reactor technology.

Preparation of nanoparticles

Drug nanoparticles of Fenofibrate were prepared in three different formulations. The first one
was nanoparticles of Fenofibrate with a surfactant Pluronic F127 for the stabilization, the sec-
ond formulation contained additionally HPMCP HP50 to the first formulation, and the third
formulation contained chitosan together with Fenofibrate, HPMCP HP50 and Pluronic F127.

Contents of the formulations are given in Tab. 2-14:

Tab. 2-14 Solutions used for the preparation of different Fenofibrate formulations.

Organic phase Water
phase
Formulation Fenofibrate Pluronic HPMCP Chitosan
[mg/mL] F127 HP50 [mg/mL]
[mg/mL] [mg/mL]
Fenofibrate nano (FN) 1.0 5.0 - -
Fenofibrate/HPMCP50 nano (FHN) 1.0 5.0 7.84 -
Fenofibrate/HPMCP HP50/chitosan nano 1.0 5.0 7.84 1.368
(FHCN)

Although in design of experiments for the optimization of formulation of FHCN, it was found
out that 1 mg/mL of Pluronic F127 is enough for the stabilization and efficient drug loading of
nanoparticles, Pluronic F127 amount was raised to 5.0 mg/mL for these experiments in order

to ensure the stability of Fenofibrate nanoparticles, since the stabilization was only dependent
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on the concentration of surfactant, without any electrostatic stabilization as in the case of
FHN and FHCN.

The parameters of the microjet reactor is summarized in Tab. 2-15

Tab. 2-15 Parameters of the microjet reactor setup used for the preparation of FN, FHN, FHCN

Solvent EtOH:Water 80:20
Non-solvent Water

Nitrogen pressure 0.1 bar

Flow rate 8 mL/min
Temperature 64 °C

Nanoparticle suspensions were concentrated under vacuum at a temperature of 30 °C until
the EtOH is completely removed from the suspension. The suspensions were filtered through

1 um filter after evaporation to eliminate any drug crystals formed.

Characterization of nanoparticles

Particle size and ZETA potential of nanoparticles were determined using DLS method. Fur-
thermore amount of Fenofibrate in nanoparticles were determined using HPLC method for

Fenofibrate.

Drug release studies were conducted using SGF, FeSSIF and FaSSIF as medium together with
two stage dissolution studies, which are explained in detail in chapter 2.2.2. Furthermore Ca-
co-2 studies were conducted in order to evaluate the in-vitro permeation of nanoparticle for-

mulations.

Caco-2 permeation experiments

Maintenance culture

Caco-2 cells were maintained at 37 °C, 10 % CO; and 90 % relative humidity in 75 cm? culture
flasks with supplemented Dulbecco’s Modified Eagle’s Medium. The cells were passaged once
a week using Trypsin/EDTA solution. About 0.3 x 108 cells were seeded per flask. The culture

medium was changed three times a week.

Culture on TranswellTM filter inserts for transport studies

For the transport experiments, Caco-2 cells were seeded with a density of 60,000 cells per
square centimeter on Transwell™ filter inserts, which were placed into 12-well flat bottom

cluster plates. The inserts (apical compartments) were supplied with 0.5 mL and the outer
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wells (basal compartments) with 1.5 mL of DMEM culture medium. The cells were cultured at
37 °C, 10 % CO; and 90 % relative humidity in DMEM culture medium for 21 days until they
formed confluent monolayers. The culture medium was replaced every 2 — 3 days. Confluency
and tightness of the cell monolayer was routinely checked by measuring the transepithelial

electrical resistance (TEER) using an EVOM™ voltohmmeter

Permeation experiments

Caco-2 monolayers were rinsed with HBSS (pH 7.4) to remove cell culture medium. Fresh
HBSS (pH 7.4) supplemented with 4.5% BSA was filled into the acceptor compartments and
the transport solution were applied to the donor compartments. Transport solutions con-

tained either FASSIFmod or FESSIFmod with a Fenofibrate concentration of 14 pug/mL

After this pre-incubation, the transport experiment was started by taking samples from the
donor and acceptor compartments. The concentration of test compound found in the donor
was taken as initial donor concentration (cDO0). At 0, 30, 60, 90 and 120 minutes samples of
200 uL were taken from the acceptor compartment and immediately replaced by identical
volume of fresh pre-warmed buffer. At the end of the study additional samples were taken
from the donor compartment. Between the sampling points, the monolayers were incubated
at 37 °C in a CO; incubator. All experiments were performed in triplicate. The transepithelial
electrical resistance was controlled at the first and the last sampling time to control the integ-

rity of the caco-2 cell layers.

Samples, calibration standards and control samples with a known amount of Fenofibrate,
which were also prepared using BSA containing transport solution, were mixed with 200 uL
acetonitrile for the precipitation of BSA and centrifuged at 12000 g for 15 min before the

HPLC analyses.



76

The P,pp Was calculated according to below equation

AQ 1 1 _
app = E.m_O.Z.VD [cm-s?] Eq. 2-4

AQ/At permeability rate (steady state transport rate) obtained from the profile of the
transported amount of substrate versus time. Calculated by the linear regression of

time and concentration

A area of the exposed cell monolayer [cm?]
mo initial mass of test compound in the donor compartment
Vb buffer volume of donor compartment [cm3]

Transepithelial electrical resistance (TEER)

The TEER was calculated according to below equation.

TEER =R, = (Re.; — R )- A [Qcm?] Eq. 25
Re(a) Electrical resistance of the monolayer with the area A [Q3-cm?]
Resf Electrical resistance of the monolayer including the filter [Q]
R¢ Electrical resistance of the filter without cells [Q]
A Area of monolayer [cm?]

The electrical resistance of a cell free filter with an area of 1.13 cm?is 100 Q.
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3. Results

In the first part of this study two different setups of microjet reactor were evaluated for the
feasibility of the setups for drug nanoparticle preparation. Furthermore effect of different
parameters such as flow rate, temperature, pressure, organic solvent used and concentrations
of substances were tested for the determination of significant factors affecting the particle

size, ZETA potential and drug loading efficiency.

3.1. Results of the experiments with the first microjet reactor set-up

The experiments were started with the first setup of the microjet reactor for preparation of
Gliclazide/Eudragit S100 nanoparticles. Because of the insufficient results preparation of na-
noparticles was carried on with the second setup of the microjet reactor. This time both
Gliclazide/Eudragit S100 and Danazol/HPMCP HP50 nanoparticles were prepared and effects
of different parameters on particle size, PDI, ZETA potential and drug loading efficiency were

studied.

3.1.1. Effect of flow rate and microjet reactor diameter on the first microjet reactor set-

up

In this setup different flow ratios were used with the adjustment of solvent and non-solvent
flow rates. Solvent flow rates were adjusted to 0.5, 2, 5, 10 mL/min and non-solvent flow
rates were adjusted to 2, 5, 10 mL/min. Furthermore 3 different microjet reactors were used
with 100um, 200um, 300um diameters. The results are presented in Tab. 3-1 in terms of drug

entrapment efficiency and particle size as well as the PDI.
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Tab. 3-1 Parameters of the experimental setup for the evaluation of effect of flow rate and microjet

reactor diameter.

Drug Gliclazide
Polymer Eudragit S100
Microjet reactor [um] 100, 200, 300
Aqueous phase Water
Organic phase Acetone
Temperature [2C] 80

Gas flow (bar) 0,1

Total solid content [mgemL?] 2,0
Polymer:drug ratio 10

Flow rate solvent [mLemin™] 0.5,2,5,10
Flow rate non-solvent [mLemin™] 10,5,2

As seen in Tab. 3-2 drug loading efficiency was not affected by the change in the microjet re-

actor diameter or the solvent/non-solvent ratio. Although it is slightly increased by different

solvent/non-solvent flow rate ratios the maximum drug loading ratio that can be gathered

was 12% which is not sufficient enough.
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Tab. 3-2 Effect of flow rate and microjet reactor geometry on drug entrapment efficiency in
Gliclazide/Eudragit S100 nanoparticles

Drug entrapment efficiency [%]

Aqueous
Pha;:tzm‘” 20 | 20 | 20 | 20 | 50 | 50 | 50 | 50 | 10.0 | 10.0 |10.0| 10.0
[mL/min]
Organic
Pha;:t:_'w 05 | 20 | 50 | 100 | 05 | 20 | 50 | 100 | 05 | 2.0 | 5.0 | 10.0
[mL/min]
5.73| 7.02| 3.42| 140| 2.17| 6.47| 532| 237| 235| 2.24|681| 7.77
100um | 89| 954| 2.89| 0.79| 4.56| 7.45| 4.32| 3.86| 2.86| 5.69|7.25| 9.52
9.56| 6.21| 3.54| 0.87| 6.85| 865| 6.35| 3.15| 3.54| 6.45|7.65| 8.56
AVG| 7.39| 7.59| 3.28| 1.02| 4.53| 7.52| 5.33| 3.13| 2.92| 4.79|7.24| 8.62
sD| 1.96| 1.74| 0.35| 0.33| 2.34| 1.09| 1.02| 0.75| 0.60| 2.24|0.42| 0.88
£ | _RSD% | 26.57 | 22.89| 10.56 | 32.67 | 51.76 | 14.50 | 19.05 | 23.92 | 20.52 | 46.75 | 5.82 | 10.18
gl 1.49| 9.36| 4.74| 1.20| 6.35| 8.50|10.46| 4.26| 3.25| 6.76|8.01| 10.00
§ 200um | 56| 7.54| 5.96| 1.32| 5.45| 8.75| 9.54| 3.84| 3.45| 564|7.23| 8.95
'.'gf 5.89| 654| 6.87| 091| 523| 954| 821| 3.54| 3.96| 596|7.65| 9.32
‘§ AVG| 3.98| 7.81| 5.86| 1.14| 5.68| 8.93| 9.40| 3.88| 3.55| 6.12|7.63| 9.42
§ sD| 2.25| 1.43| 1.07| 0.21| 0.59| 054| 1.13| 0.36| 0.36| 0.58|0.39| 0.54
g RSD% | 56.62 | 18.30 | 18.23 | 18.44 | 10.43 | 6.06 | 12.02| 9.32|10.27| 9.47|5.14| 5.68
= 5.41| 9.00| 456| 098] 623| 7.23| 9.23| 421| 2.95| 592|7.01| 851
300um | ga41|11.50| 5.47| 1.59| 6.68| 856| 9.27| 4.70| 3.71| 6.02|7.73| 9.11
8.79|10.25| 6.54| 1.23| 5.21| 823| 7.56| 3.90| 3.65| 652|7.89| 8.23
AVG| 6.87|10.25| 5.52| 1.27| 6.04| 8.01| 869| 4.27| 3.44| 6.15|7.54| 8.62
sD| 1.74| 1.25| 0.99| 0.31| 0.75| 0.69| 0.97| 0.40| 0.42| 0.32|047| 0.45
RSD% | 25.26 | 12.20 | 17.94 | 24.29 | 12.47 | 8.65|11.22| 9.41|12.30| 5.24|6.22| 5.20
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Fig. 3-1 Drug entrapment efficiency in Gliclazide/Eudragit S100 nanoparticles.

Results of the particle size analyses are presented in Tab. 3-3 and Fig. 3-1. Particle size range
was found to be between 40 nm and 250 nm with a PDI value of < 0.5. There was no major
trend in the change of the particle size depending on the microjet reactor diameter or sol-

vent/non-solvent flow rate ratio.
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Tab. 3-3 Effect of flow rate and microjet reactor on particle characteristics in Gliclazide/Eudragit S100 nanoparticles

Aqueous Phase Flow Rate [mL/min] 20| 2.0 2.0 2.0 5.0 5.0 5.0 5.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Organic Phase Flow Rate [mL/min] 05| 2.0 5.0 10.0 0.5 2.0 5.0 10.0 0.1 0.2 0.3 0.5 2.0 5.0 10.0

156.40 | 147.50 | 224.40 | 51.12| 111.40| 155.80 | 151.10| 191.80| 96.69 | 126.90| 170.60 | 179.50 | 130.20 | 115.60 | 174.40

Particle size [nm] 163.41 | 157.56 | 233.71 | 53.59 | 118.52 | 166.55 | 160.11 | 200.60 | 105.24 | 142.51 | 182.13 | 189.41 | 138.85 | 124.19 | 185.04

143.31| 166.91 | 210.81 | 50.03 | 129.71 | 176.39 | 132.93 | 186.92 | 100.87 | 105.63 | 187.50 | 176.34 | 120.57 | 138.49 | 168.68

AVG | 154.37 | 157.32 | 222.97 | 51.58 | 119.88 | 166.25 | 148.05 | 193.11 | 100.93 | 125.01 | 180.08 | 181.75 | 129.87 | 126.09 | 176.04

SD| 10.20 9.71| 11.52 1.82 9.23| 10.30| 13.84 6.93| 4.27| 18.51 8.64 6.82 9.14| 11.56| 8.30

RSD% 6.61 6.17 5.17 3.53 7.70 6.19 9.35 3.59| 4.23| 14.81 4.80 3.75 7.04 9.17| 4.72

0.141| 0.419| 0.286| 0.405| 0.113| 0.196| 0.255| 0.206| 0.124| 0.136| 0.119| 0.166| 0.160| 0.338| 0.229

PDI 0.245| 0.321| 0.210| 0.256| 0.103| 0.210| 0.230| 0.105| 0.156| 0.103| 0.105| 0.149| 0.189| 0.256| 0.194

0.189| 0.252| 0.298| 0.305| 0.159| 0.180| 0.221| 0.256| 0.189| 0.210| 0.090| 0.157| 0.174| 0.302| 0.145

AVG| 0.192| 0.331| 0.265| 0.322| 0.125| 0.195| 0.235| 0.189| 0.156| 0.150| 0.105| 0.157| 0.174| 0.299 | 0.189

SD| 0.052| 0.084| 0.048| 0.076| 0.030| 0.015| 0.018| 0.077 | 0.033| 0.055| 0.015| 0.009| 0.015| 0.041| 0.042

RSD% | 27.157 | 25.379 | 18.031 | 23.584 | 23.893 | 7.685| 7.486 | 40.699 | 20.790 | 36.610 | 13.856 | 5.438 | 8.319 | 13.762 | 22.286

4530| 45.60| 35.10| 41.80| 47.80| 44.50| 48.90| 44.60| 41.30| 52.90| 49.40| 40.10| 44.00| 41.60| 50.00

ZETA [(-)mV] 40.60| 34.50| 29.90| 35.60| 40.50| 34.50| 37.50| 35.60| 44.50| 44.60| 42.10| 49.80| 40.20| 38.40| 40.50

38.40| 39.80| 32.20| 33.50| 42.50| 30.50| 42.50| 49.50| 49.60| 42.50| 56.90| 45.50| 49.80| 45.90| 41.50

AVG| 41.43| 39.97| 32.40| 36.97| 43.60| 36.50| 42.97| 43.23| 45.13| 46.67 | 49.47| 45.13| 44.67 | 41.97 | 44.00

SD 3.52 5.55 2.61 4.32 3.77 7.21 5.71 7.05 4.19 5.50 7.40 486| 4.83 3.76 5.22

RSD% | 8.51| 13.89 8.04 | 11.67 8.65| 19.76 | 13.30| 16.31 9.27 | 11.78| 14.96 | 10.77 | 10.82 8.97 | 11.86
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Fig. 3-2 Effect of flow rate and microjet reactor geometry on particle characteristics in
Gliclazide/Eudragit S100 nanoparticles.

3.1.2.  Effect of polymer:drug ratio on the first microjet reactor setup

In order to increase the drug loading efficiency in nanoparticles, polymer:drug ratio was in-

creased uptol:100 w/w and tested with 4 different solvent/non-solvent ratios.
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Tab. 3-4 Parameters of the experimental setup for the evaluation of effect of polymer:drug ratios.

Drug Gliclazide
Polymer Eudragit S100
Microjet reactor [um] 300

Aqueous phase Water
Organic phase Acetone
Temperature [2C] 80

Gas flow (bar) 0,1

Total solid content [mgemL™] 2

Polymer:drug ratio

0,5,1,2,5,10, 20, 100

Flow rate solvent [mLemin']

10

Flow rate non-solvent [mLemin™]

10

Tab. 3-5 Effect of polymer:drug ratio on drug entrapment efficiency in Gliclazide/Eudragit S100 na-

noparticles
Polymer:Gliclazide Ratio
100.0 50.0 10.0 5.0 2.0 1.0 0.4

20.90 15.08 12.72 9.56 7.59 9.81 2.23

Drug Loading
Efficiency [%] 17.54 13.40 9.54 8.26 8.54 6.54 1.56
21.60 10.20 8.95 13.50 10.50 5.84 3.54
AVG 20.01 12.89 10.40 10.44 8.88 7.40 2.44
SD 2.17 2.48 2.03 2.73 1.48 2.12 1.01
RSD% 10.84 19.23 19.50 26.14 16.72 28.65 41.27
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Fig. 3-3 Effect of polymer:drug ratio on drug entrapment efficiency in Gliclazide/Eudragit S100 nano-
particles.

Drug loading was increased with the increased polymer:drug ratio as expected; however with
100:1 polymer:drug ratio it was only 20 % which can be also considered as insufficient drug

loading efficiency.
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Tab. 3-6 Effect of polymer:drug Ratio on particle characteristics in Gliclazide/Eudragit $100 nanopar-

ticles
Glicazide:Eudragit S100 Ratio
1/100 1/50 1/10 1/5 1/2 1 2,5/1
125.2 129.8 183.1 187.7 134.0 132.5 164.6
Particle size
[nm] 100.5 139.6 160.2 199.5 112.9 122.6 188.6
112.9 154.6 158.9 185.9 145.6 118.6 199.4
AVG 112.9 141.3 167.4 191.0 130.8 124.6 184.2
) 12.4 12.5 13.6 7.4 16.6 7.2 17.8
RSD% 10.9 8.8 8.1 3.9 12.7 5.7 9.7
0.149 0.102 0.349 0.322 0.154 0.164 0.251
PDI 0.201 0.122 0.256 0.355 0.244 0.178 0.266
0.189 0.154 0.298 0.421 0.196 0.145 0.198
AVG 0.180 0.126 0.301 0.366 0.198 0.162 0.238
) 0.027 0.026 0.047 0.050 0.045 0.017 0.036
RSD% | 15.154| 20.817| 15.473| 13.773| 22.744| 10.203| 14.990
ZETA [(-)mV]

AVG 59.9 53.3 51.1 47.9 47.4 45.5 45.6
sD 12.1 8.7 9.5 15.0 8.6 9.8 8.1
RSD% 20.3 16.3 18.7 31.4 18.2 21.6 17.7

Nanoparticles in a range of 120 — 185 nm were produced with different polymer:drug ratios.

There was no correlation with the change of the particle size and the change of polymer:drug

ratio.
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Fig. 3-4 Effect of polymer:drug ratio on particle characteristics in Gliclazide/Eudragit S100 nanoparti-
cles.

3.1.3. Effect of polymer:drug ratio and solvent on the first microjet reactor setup

In order to increase the drug loading into nanoparticles polymer:drug ratio was increased up

to 1:1000 (w/W) and each ratio was evaluated by using each of Acetone, THF, MeOH.
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Tab. 3-7 Parameters of the experimental setup for the evaluation of effect of polymer:drug ratios

and different solvents.

Drug Gliclazide
Polymer Eudragit S100
Microjet reactor [um] 300

Aqueous phase Water

Organic phase

Acetone, THF, MeOH

Temperature [2C] 80
Gas flow (bar) 0,1
Total solid content [mgemL?] 2

Polymer:drug ratio

20, 100, 200, 400, 800, 1000

Flow rate solvent [mLemin™]

10

Flow rate non-solvent [mLemin™]

10

Highest drug loading efficiencies were observed with Acetone as solvent. However when the

polymer:drug ratio was increased more than 200 there was no further increase in the drug

loading efficiency as seen in Tab. 3-8.
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Tab.

3-8 Effect of polymer:drug
Gliclazide/Eudragit S100 nanoparticles

ratio and solvent on drug entrapment efficiency in

Drug Entrapment Efficiency [%]

polymer:drug Ratio

Solvent 20 100 200 400 800 1000
12.12 12.32 11.29 11.28 13.38 14.90
THF 10.98 13.87 12.98 10.56 12.41 15.21
9.65 14.56 11.56 13.54 12.47 12.54
AVG 10.92 13.58 11.94 11.79 12.75 14.22
SD 1.24 1.15 0.91 1.55 0.54 1.46
RSD% 11.32 8.43 7.60 13.18 4.27 10.28
17.51 19.74 21.74 20.21 19.67 19.89
MeOH 16.25 21.05 19.54 18.95 18.24 20.56
15.98 20.98 23.54 21.91 18.99 22.54
AVG 16.58 20.59 21.61 20.36 18.97 21.00
SD 0.81 0.74 2.00 1.49 0.71 1.38
RSD% 4.91 3.58 9.27 7.30 3.76 6.55
14.18 21.34 29.87 29.75 29.80 27.00
Acetone 18.65 22.56 30.25 27.45 27.19 25.65
19.54 23.45 26.27 30.21 28.65 30.99
AVG 17.46 22.45 28.80 29.14 28.55 27.88
sD 2.87 1.06 2.20 1.48 1.31 2.78
RSD% 16.46 4.73 7.63 5.08 4.58 9.96
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Fig. 3-5 Effect of polymer:drug ratio and solvent on drug entrapment efficiency in Gliclazide/Eudragit
$100 nanoparticles.

3.2. Results of the experiments with the second microjet reactor set-up

Following the establishment of the second setup of the microjet reactor Gliclazide/Eudragit
$100 and Danazol/HPMCP HP50 nanoparticles were prepared with different parameters that
would affect the particle size, size distribution and drug loading efficiency. For all the particles
prepared, the ZETA potential was also determined but did not show any differences depend-
ing on different parameters since it is a property of the polymer used. Both for Eudragit S100
and HPMCP HP50 polymers showed the required ZETA potential of < 30 mv (-45 mv and -55

mv respectively) which is required for stability of the nanoparticles.

3.2.1.  Effect of polymer:drug ratio on the second microjet reactor setup

Gliclazide/Eudragit $100 nanoparticles

Polymer:drug ratios changing from 1 to 200 were used for the preparation of
Gliclazide/Eudragit S100 nanoparticles according to Tab. 3-9. Furthermore the flow rate of the

solvent was changed in the range of 1-200 ml/min.
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Tab. 3-9 Parameters of the experimental setup for the evaluation of effect of the polymer:drug rati-

0s.

Drug Gliclazide
Polymer Eudragit S100
Microjet reactor [um] 300

Aqueous phase Water
Organic phase MeOH
Temperature [2C] 80

Gas flow (bar) 0.1

Total solid content [mgemL?] 2

Polymer:drug ratio

1, 2,5, 10, 20, 50, 100, 200

Flow rate solvent [mLemin™]

0.5,2,5,10

Flow rate non-solvent [mLemin]

10
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Tab. 3-10 Effect of polymer:drug ratio on drug entrapment efficiency in Gliclazide/Eudragit $100

nanoparticles

Drug entrapment efficiency [%]

Nonsolvent Flow Rate [mL/min] 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5

1.2 2.1 3.2 2.8

2 0.8 1.8 2.8 3.2

0.5 2.6 3.4 3.7

AVG 0.8 2.2 3.1 3.2

SD 0.4 0.4 0.3 0.5

RSD% 421 18.7 9.8 13.9

1.5 2.9 2.7 3.9

5 1.2 2.1 2.9 3.7

1.9 2.6 3.2 3.6

AVG 1.5 2.5 2.9 3.7

SD 0.4 0.4 0.3 0.2

RSD% 22.9 16.0 8.6 4.1

5.2 5.9 6.9 7.8

10 4.8 5.7 7.5 7.2

5.9 5.8 7.9 6.9

AVG 5.3 5.8 7.4 7.3

SD 0.6 0.1 0.5 0.5

RSD% 10.5 1.7 6.8 6.3

2 14.3 16.4 19.9 19.5

= 20 16.5 15.9 18.9 20.1

g 15.8 17.9 18.5 20.9

5 AVG 15.5 16.7 19.1 20.2

£ SD 1.1 1.0 0.7 0.7

E RSD% 7.2 6.2 3.8 3.5

43.6 43.6 46.2 53.6

50 42.9 44.6 42.5 55.2

43.8 45.2 50.1 54.5

AVG 43.4 44.5 46.3 54.4

SD 0.5 0.8 3.8 0.8

RSD% 1.1 1.8 8.2 1.5

43.1 43.2 48.1 72.4

100 46.7 44.5 49.6 68.9

47 45.6 48.5 70.1

AVG 45.6 a4.4 48.7 70.5

SD 2.2 1.2 0.8 1.8

RSD% 4.8 2.7 1.6 2.5

47.2 54.7 92 97.6

200 49.5 58.7 88.6 95.5

50.2 58.6 90.6 96.6

AVG 49.0 57.3 90.4 96.6

SD 1.6 23 1.7 1.1

RSD% 3.2 4.0 1.9 1.1
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Fig. 3-6 Effect of polymer:drug ratio on drug entrapment efficiency in Gliclazide/Eudragit $100 nano-
particles.

High drug loading efficiencies (92,0 %, 97,6 %) were achieved when polymer:drug ratio was

adjusted to 200 and the non-solvent/solvent ratio was higher than 5.

Danazol/HPMCP HP50 nanoparticles

Polymer:drug ratios changing from 1 to 20 were used for the preparation of Danazol/HPMCP
HP 50 nanoparticles using solvent flow rates in the range of 0.5-10 ml/min according to Tab.

3-11.
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Tab. 3-11 Parameters of the experimental setup for the evaluation of effect of polymer:drug ratios.

Drug Danazol
Polymer HPMCP HP50
Microjet reactor [um] 300
Aqueous phase Water
Organic phase Acetone
Temperature [2C] 80

Gas flow (bar) 0,1

Total solid content [mgemL™] 2

Polymer:drug ratio

1,2,5,10,20

Flow rate solvent [mLemin']

0.5,2,5,10

Flow rate non-solvent [mLemin™]

10

As seen in Tab. 3-12 and Fig. 3-7, high drug loading efficiencies were gathered with poly-

mer:drug ratios of 20 independent of the non-solvent/solvent ratio.
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Tab. 3-12 Effect of polymer:drug ratio an drug entrapment efficiency in Danazol/HPMCP HP50 nano-

particles

Drug entrapment efficiency [%]

Nonsolvent Flow Rate [mL/min] 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
100.5 100.4 100.2 106.4
20 99.8 95.6 96.5 100.6
102.3 99.8 98.4 99.6
AVG 100.9 98.6 98.4 102.2
SD 13 2.6 1.9 3.7
RSD% 13 2.7 1.9 3.6
33.9 514 70.6 80.7
10 32.4 49.7 68.9 78.4
29.7 52.4 69.3 82.4
AVG 32.0 51.2 69.6 80.5
SD 2.1 14 0.9 2.0
RSD% 6.7 2.7 1.3 25
,g 14.4 11 27.9 42.5
S, 5 13.7 12.5 25.6 394
£ 12.5 14.9 26.9 44.6
s AVG 13.5 12.8 26.8 42.2
_§ SD 1.0 2.0 1.2 2.6
2 RSD% 7.1 15.4 4.3 6.2
9.7 8.6 12.6 15.4
2 8.6 10.2 13.9 14.2
7.9 9.5 15.4 12.6
AVG 8.7 9.4 14.0 14.1
SD 0.9 0.8 14 1.4
RSD% 10.4 8.5 10.0 10.0
4.2 5.9 11.5 23.6
1 54 6.9 10.5 22.5
3.9 8.5 14.9 25.9
AVG 4.5 7.1 12.3 24.0
SD 0.8 1.3 2.3 1.7
RSD% 17.6 18.5 18.8 7.2
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Fig. 3-7 Effect of polymer:drug on ratio drug entrapment efficiency in Danazol/HPMCP HP50 nano-
particles.

3.2.2.  Effect of temperature and pressure on the second microjet reactor setup

Gliclazide/Eudragit $100 nanoparticles

Temperatures in the range of 40 to 100 °C were used for the preparation of
Gliclazide/Eudragit S100 nanoparticles according toTab. 3-13. Furthermore gas pressure was

adjusted to 0.1 or 1 bar and solvent flow rate was adjusted in the range of 0.5-10 mL/min.
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Tab. 3-13 Parameters of the experimental setup for the evaluation of effect of temperature and pres-

sure

Drug Gliclazide
Polymer Eudragit S100
Microjet reactor [um] 300
Aqueous phase Water

MeOH

Organic phase

Temperature [2C]

40, 60, 80, 100

Gas flow (bar) 01,1
Total solid content [mgemL™] 2
200

Polymer:drug ratio

Flow rate solvent [mLemin']

0,5,2,5,10

Flow rate non-solvent [mLemin™]

10

There is no major change in the drug loading capacity with increasing temperature as seen in

Tab. 3-14 and Fig 3-8. This sets an advantage for the entrapment of heat sensitive drugs with

the ability to prepare the nanoparticles at low temperatures. Furthermore gas pressure did

also not play a significant role on the drug loading efficiencies.
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Tab. 3-14 Effect of temperature and pressure on drug entrapment efficiency in Gliclazide/Eudragit

$100 nanoparticles

Drug entrapment efficiency [%]

Nonsolvent Flow Rate [mL/min] 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
40.5 52.0 96.3 93.4
40/0.1 38.7 50.9 94.6 95.6
42.6 54.7 89.6 98.7
AVG 40.6 52.5 93.5 95.9
SD 2.0 2.0 3.5 2.7
RSD% 4.8 3.7 3.7 2.8
39.7 50.8 97.4 95.0
40/1 35.6 55.6 99.8 92.9
32.4 60.4 64.9 96.5
AVG 35.9 55.6 87.4 94.8
SD 3.7 4.8 19.5 1.8
RSD% 10.2 8.6 22.3 1.9
61.5 67.5 93.1 92.3
60/0.1 58.6 62.7 90.5 98.6
55.7 69.3 95.4 95.6
AVG 58.6 66.5 93.0 95.5
SD 2.9 3.4 2.5 3.2
RSD% 4.9 5.1 2.6 3.3
— 33.5 66.4 73.6 81.4
S 60/1 32,5 61.7 75.6 78.9
] 37.9 62.8 77.3 83.6
2 AVG 34.6 63.6 75.5 81.3
= SD 2.9 2.5 1.9 24
=~ RSD% 8.3 3.9 2.5 2.9
S 69.2 72.9 95.6 98.4
2 80/0.1 64.9 75.4 92.5 95.4
B 70.5 77.1 97.9 92.6
g AVG 68.2 75.1 95.3 95.5
£ ) 2.9 2.1 2.7 2.9
= RSD% 4.3 2.8 2.8 3.0
69.2 72.9 95.6 98.4
80/1 64.9 75.4 92.5 95.4
70.5 77.1 97.9 92.6
AVG 68.2 75.1 95.3 95.5
SD 2.9 2.1 2.7 2.9
RSD% 43 2.8 2.8 3.0
75.8 78.0 84.0 91.6
100/0.1 82.4 86.4 85.6 95.6
77.5 88.9 99.4 97.1
AVG 78.6 84.4 89.7 94.8
SD 3.4 5.7 8.5 2.8
RSD% 4.4 6.8 2.4 3.0
78.3 87.1 80.4 85.7
100/1 75.6 88.6 78.6 88.6
72.9 82.1 72.6 89.4
AVG 75.6 85.9 77.2 87.9
) 2.7 3.4 4.1 1.9
RSD% 3.6 4.0 5.3 2.2
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Fig. 3-8 Effect of temperature and pressure on drug entrapment efficiency in Gliclazide/Eudragit S100
nanoparticles

The results of the particle size analyses are presented in Fig. 3-9 and Tab. 3-15. It was ob-
served that an increase in the temperature or pressure resulted in an increase in the particle

size. Changes in these parameters enabled to gather particles ranging from 205 to 756 nm.
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Tab. 3-15 Effect of temperature and pressure on particle size of Gliclazide/Eudragit S100 nanoparti-

Temperature [°C] / Pressure [bar]

cles
Nonsolvent F.Iow Rate 10.0 10.0 10.0 10.0
[mL/min]
Solvent Floyv Rate 10.0 5.0 2.0 0.5
[mL/min]
Particle PDI Particle PDI Particle PDI Particle PDI
Size [nm] Size [nm] Size [nm] Size [nm]
260.9| 0.237 243.8 | 0.281 223.5| 0.245 205.3 | 0.337
40/0.1 250.7 | 0.326 2349 | 0.371 211.5| 0.389 195.4| 0.192
255.4 | 0.340 239.1| 0.365 229.7 | 0.177 196.4 | 0.210
AVG 255.7 | 0.301 239.3| 0.339 221.6 | 0.270 199.0 | 0.246
SD 5.1| 0.056 4.5| 0.050 9.3| 0.108 5.5| 0.079
RSD% 2.0 | 18.560 1.9 | 14.843 4.2 | 40.042 2.7 | 32.084
431.6 | 0.323 364.3 | 0.243 2149 | 0.153 181.1| 0.204
40/1 428.7 | 0.459 358.7 | 0.311 200.9| 0.130 186.4 | 0.359
422.1| 0.331 360.4 | 0.277 210.1 | 0.180 196.7 | 0.328
AVG 427.5| 0.371 361.1 | 0.277 208.6 | 0.154 188.1 | 0.297
SD 49| 0.076 29| 0.034 7.1| 0.025 7.9| 0.082
RSD% 1.1 | 20.570 0.8 |12.274 3.4 | 16.216 4.2 | 27.616
272.7| 0.375 255.1| 0.411 233.5| 0.439 216.6 | 0.365
60/0.1 264.5| 0.361 250.4 | 0.457 230.5| 0.496 200.3 | 0.389
276.1| 0.451 259.1 | 0.020 250.4 | 0.100 210.4 | 0.146
AVG 271.1| 0.396 254.9 | 0.296 238.1 | 0.345 209.1| 0.300
SD 6.0 0.048 4.4 | 0.240 10.7 | 0.214 8.2| 0.134
RSD% 2.2 (12.240 1.7 | 81.124 4.5 | 62.053 3.9 | 44.636
435.3 | 0.296 437.7 | 0.244 389.5| 0.239 380.8 | 0.261
60/1 428.9 | 0.332 412.6 | 0.274 392.6 | 0.208 370.5 | 0.600
430.7 | 0.123 430.7 | 0.223 3954 0.220 369.7 | 0.175
AVG 431.6 | 0.250 427.0 | 0.247 392.5| 0.222 373.7 | 0.345
SD 3.3| 0.112 13.0 | 0.026 3.0| 0.016 6.2 | 0.225
RSD% 0.8 | 44.634 3.0 | 10.377 0.8 7.031 1.7 | 65.068
306.6 | 0.190 273.3 | 0.209 248.3 | 0.207 232.6 | 0.155
80/0.1 316.2| 0.172 285.6 | 0.136 252.4| 0.231 235.6 | 0.236
310.5| 0.250 274.6 | 0.179 250.6 | 0.160 248.9 | 0.219
AVG 311.1| 0.204 277.8 | 0.175 250.4 | 0.199 239.0 | 0.203
SD 4.8 | 0.041 6.8 | 0.037 2.1| 0.036 8.7 | 0.043
RSD% 1.6 | 20.020 2.4 | 21.007 0.8 | 18.118 3.6 | 21.006
468.2 | 0.395 542.1| 0.262 395.0| 0.188 399.2 | 0.319
80/1 450.3 | 0.275 569.4 | 0.207 390.5| 0.165 399.9 | 0.289
440.9 | 0.188 556.4 | 0.216 410.2 | 0.203 386.5| 0.245
AVG 453.1 | 0.286 556.0 | 0.228 398.6 | 0.185 395.2 | 0.284
SD 13.9| 0.104 13.7 | 0.030 10.3 | 0.019 7.5| 0.037
RSD% 3.1|36.342 2.5|12.920 2.6 | 10.327 1.9 | 13.090
438.7 | 0.256 410.2 | 0.248 386.6 | 0.289 325.6| 0.278
100/0.1 430.2 | 0.178 390.6 | 0.521 375.6| 0.344 310.5| 0.255
459.6 | 0.169 389.4 | 0.036 380.5| 0.298 298.6 | 0.246
AVG 442.8 | 0.201 396.7 | 0.268 380.9| 0.310 311.6 | 0.260
SD 15.1| 0.048 11.7 | 0.243 5.5| 0.030 13.5( 0.017
RSD% 3.4 | 23.803 2.9 190.611 1.4 | 9.506 43| 6.355
758.6 | 0.200 638.7 | 0.180 540.7 | 0.250 405.0 | 0.198
100/1 770.9| 0.250 615.0 | 0.489 510.6 | 0.264 375.6| 0.201
760.5| 0.230 625.7 | 0.159 530.9| 0.287 390.4| 0.222
AVG 763.3 | 0.227 626.5 | 0.276 527.4 | 0.267 390.3 | 0.207
SD 6.6 | 0.025 11.9| 0.185 15.4 | 0.019 14.7 | 0.013
RSD% 0.9 |11.103 1.9 | 66.943 29| 6.997 3.8| 6.317
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Fig. 3-9 Effect of temperature and pressure on particle size of Gliclazide/Eudragit S100 nanoparticles

Danazol/HPMCP HP50 nanoparticles

Temperatures in the range of 40 to 100 °C were used for the preparation of Danazol/HPMCP
HP50 nanoparticles according to Tab. 3-16. Furthermore gas pressure was adjusted to 0.1 or 1

bar and solvent flow rate was adjusted in the range of 0.5-10 mL/min
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Tab. 3-16 Parameters of the experimental setup for the evaluation of effect of temperature and pres-

sure.

Drug Danazol
Polymer HPMCP HP50
Microjet reactor [um] 300
Aqueous phase Water
Acetone

Organic phase

Temperature [2C]

40, 60, 80, 100

Gas flow (bar) 01,1

Total solid content [mgemL™] 2
Polymer:drug ratio 50

Flow rate solvent [mLemin] 0.5,2,5,10
Flow rate non-solvent [mLemin] 10

The results of drug loading efficiency studies are presented in Tab. 3-17 and Fig. 3-10. There

was a major change in the drug loading capacity with increasing temperature. At 80 and 100

°C maximum drug loading was achieved. On the other hand when pressure increased to 1 bar

it was not possible to obtain any nanoparticles due to high crystallization. This high crystalliza-

tion was most probably due to sudden evaporation of the solvent together with very low sol-

ubility of Danazol in aqueous media.
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Tab. 3-17 Effect of temperature and pressure on drug entrapment efficiency in Danazol/HPMCP HP50

nanoparticles.

Drug entrapment efficiency [%]

Nonsolvent Flow Rate [mL/min] 10.0 10.0 10.0 10.0

Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
25.3 39.3 55.4 64.7
40/0.1 20.4 37.4 52.1 60.3
22.6 36.5 489 57.9
AVG 22.8 37.7 52.1 61.0
SD 2.5 1.4 3.3 3.4
RSD% 10.8 3.8 6.2 5.7
na na na na
40/1 na na na na
na na na na
AVG na na na na
SD na na na na
RSD% na na na na
27.3 38.0 58.3 75.5
60/0.1 29.5 42.1 56.5 78.9
30.2 45.9 52.4 72.4
AVG 29.0 42.0 55.7 75.6
SD 1.5 4.0 3.0 3.3
RSD% 5.2 9.4 5.4 4.3
—_ na na na na
8 60/1 na na na na
o na na na na
é AVG na na na na
E SD na na na na
-~ RSD% na na na na
S 35.1 48.4 68.3 90.2
g 80/0.1 39.6 53.6 72.5 95.6
s 42.5 52.4 75.9 89.7
g AVG 39.1 51.5 72.2 91.8
£ SD 3.7 2.7 3.8 3.3
= RSD% 9.5 5.3 5.3 3.6
na na na na
80/1 na na na na
na na na na
AVG na na na na
SD na na na na
RSD% na na na na
42.0 57.6 77.2 98.5
100/0.1 46.9 58.9 75.1 92.4
48.7 60.2 79.4 95.4
AVG 45.9 58.9 77.2 95.4
SD 3.5 1.3 2.2 3.1
RSD% 7.6 2.2 2.8 3.2
na na na na
100/1 na na na na
na na na na
AVG na na na na
SD na na na na
RSD% na na na na

na: not applicable
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Fig. 3-10 Effect of temperature and pressure on drug entrapment efficiency in Danazol/HPMCP HP50
nanoparticles

It was observed that an increase in the temperature and in pressure resulted in the increase
in the particle size as presented in Tab. 3-18 and Fig. 3-11. Changes in these parameters ena-
bled to gather particles ranging from 30 to 275 nm. The effect of pressure was not included in
Fig. 3-11 since higher pressure of 1 bar resulted in agglomeration of the particles where parti-

cle size analyses was not conducted.
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Tab. 3-18 Effect of temperature and pressure on particle size of Danazol/HPMCP HP50 nanoparticles

Temperature [°C] / Pressure [bar]

Nonsolvent Flow 10.0 10.0 10.0 10.0
Rate [mL/min]
Solvent Flow Rate 10.0 5.0 2.0 0.5
[mL/min]
Particle Size PDI Particle Size PDI Particle Size PDI Particle Size PDI
[nm] [nm] [nm] [nm]
102.4 0.299 91.7 0.204 74.3 0.105 31.7 0.132
40/0.1 112.5 0.203 85.6 0.251 67.5 0.199 42.5 0.170
102.6 0.290 97.4 0.215 89.5 0.124 36.1 0.161
AVG 105.8 0.264 91.6 0.223 77.1 0.143 36.8 0.154
SD 5.8 0.053 5.9 0.025 11.3 0.050 5.4 0.020
RSD% 5.5| 20.083 6.4 | 11.007 14.6 | 34.838 14.8 | 12.867
na na na na na na na na
40/1 na na na na na na na na
na na na na na na na na
AVG na na na na na na na na
SD na na na na na na na na
RSD% na na na na na na na na
122.1 0.284 87.1 0.274 70.6 0.204 41.3 0.117
60/0.1 132.5 0.258 88.4 0.207 74.6 0.248 45.0 0.181
127.9 0.272 92.6 0.240 79.8 0.273 47.3 0.189
AVG 127.5 0.271 89.4 0.240 75.0 0.242 44.5 0.162
SD 5.2 0.013 2.9 0.034 4.6 0.035 3.0 0.039
RSD% 4.1 4.796 3.2| 13.939 6.2 | 14.455 6.8 | 24.310
na na na na na na na na
60/1 na na na na na na na na
na na na na na na na na
AVG na na na na na na na na
SD na na na na na na na na
RSD% na na na na na na na na
218.5 0.222 109.6 0.225 104.6 0.226 89.2 0.148
80/0.1 229.5 0.259 107.5 0.232 92.4 0.234 87.6 0.198
235.4 0.280 100.0 0.311 88.5 0.247 88.2 0.138
AVG 227.8 0.254 105.7 0.256 95.2 0.236 88.3 0.161
SD 8.6 0.029 5.0 0.048 8.4 0.011 0.8 0.032
RSD% 3.8| 11.576 4.8 | 18.656 8.8 4.497 0.9 | 19.925
na na na na na na na na
80/1 na na na na na na na na
na na na na na na na na
AVG na na na na na na na na
SD na na na na na na na na
RSD% na na na na na na na na
275.4 0.227 173.6 0.293 136.4 0.286 90.1 0.230
100/0.1 266.9 0.223 185.2 0.224 116.5 0.291 95.6 0.195
287.1 0.231 199.3 0.229 126.4 0.301 99.9 0.177
AVG 276.5 0.227 186.0 0.249 126.4 0.293 95.2 0.201
SD 10.1 0.004 12.9 0.038 10.0 0.008 4.9 0.027
RSD% 3.7 1.762 6.9 | 15.473 7.9 2.610 5.2| 13.431
na na na na na na na na
100/1 na na na na na na na na
na na na na na na na na
AVG na na na na na na na na
SD na na na na na na na na
RSD% na na na na na na na na

na: not applicable
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Fig. 3-11 Effect of temperature and pressure on particle size of HPMCP HP50/Danazol nanoparticles
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3.2.3. Effect of total solid content and solvent on the second microjet reactor setup

Gliclazide/Eudragit S100 nanoparticles

Total solid contents (total concentration of polymer and drug in solution) in the range of 2 to

8 mgemL? were used for the preparation of Gliclazide/Eudragit S100 nanoparticles with sol-

vents MeOH, Acetone and THF according to Tab. 3-19. Additionally the flow rate of the sol-

vent was varied in the range of 0.5-10 mL/min.

Tab. 3-19 Parameters of the experimental setup for the evaluation of total solid content and solvent

Drug Gliclazide

Polymer Eudragit S100
Microjet reactor [um] 300

Aqueous phase Water

Organic phase MeOH, Acetone, THF
Temperature [2C] 60

Gas flow (bar) 0,1

Total solid content [mgemL?] 2,3,5,8
Polymer:drug ratio 200

Flow rate solvent [mLemin™]

0,5,2,5,10

Flow rate non-solvent [mLemin]

10




107

In Tab. 3-20 to Tab. 3-22 drug entrapment efficiencies for THF, MeOH and acetone are listed

based on the total solid concentration and solvent/non-solvent flow rate ratios.

Tab. 3-20 Drug entrapment efficiency in Gliclazide/Eudragit S100 nanoparticles in THF

Drug entrapment efficiency [%]

Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
[mL/min]

Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
58.3 58.9 60.0 77.3
2 56.4 50.4 65.4 70.5
54.3 51.2 66.9 72.6
AVG 56.3 53.5 64.1 73.5
SD 2.0 4.7 3.6 3.5
RSD% 3.6 8.8 5.7 4.7
42.9 455 49.9 60.1
3 45.6 40.6 55.7 65.6
pary 49.8 48.4 57.6 66.9
go AVG 46.1 44.8 54.4 64.2
) sD 3.5 3.9 4.0 3.6
E RSD% 7.5 8.8 7.4 5.6
g 47.2 49.9 52.8 58.3
§ 5 46.5 47.5 55.6 65.7
g 48.7 46.9 59.7 67.9
g AVG 47.5 48.1 56.0 64.0
SD 1.1 1.6 35 5.0
RSD% 24 3.3 6.2 7.9
49.5 52.9 54.3 54.1
8 49.6 51.9 52.4 56.9
51.2 50.1 61.9 55.9
AVG 50.1 51.6 56.2 55.6
SD 1.0 1.4 5.0 14
RSD% 1.9 2.7 8.9 2.6
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Tab. 3-21 Drug entrapment efficiency in Gliclazide/Eudragit S100 nanoparticles in acetone

Drug entrapment efficiency [%]

Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
[mL/min]

Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
36.0 42.8 49.7 55.9
2 34.9 39.7 52.6 50.2
42.5 35.1 50.9 49.6
AVG 37.8 39.2 51.1 51.9
SD 4.1 3.9 1.5 3.5
RSD% 10.9 9.9 2.9 6.7
38.2 48.9 41.0 55.9
3 35.1 459 39.5 50.1
'g‘ 39.8 40.9 37.6 48.9
Eo AVG 37.7 45.2 39.4 51.6
) sD 2.4 4.0 1.7 3.7
E RSD% 6.3 8.9 4.3 7.3
g 38.8 48.2 41.8 59.6
§ 5 35.1 459 40.2 50.9
.g 32.9 52.6 419 52.9
g AVG 35.6 48.9 41.3 54.5
SD 3.0 34 1.0 4.6
RSD% 8.4 7.0 2.3 84
39.8 48.4 40.6 55.6
8 31.0 42.5 37.9 50.1
42.9 459 35.7 52.4
AVG 37.9 45.6 38.1 52.7
SD 6.2 3.0 2.5 2.8
RSD% 16.3 6.5 6.4 5.2
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Tab. 3-22 Drug entrapment efficiency in Gliclazide/Eudragit S100 nanoparticles in methanol

Drug entrapment efficiency [%]

Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
[mL/min]

Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
28.9 33.6 38.9 49.5
2 25.9 30.7 35.1 45.9
22.9 35.9 32.6 42.1
AVG 25.9 334 35.5 45.8
SD 3.0 2.6 3.2 3.7
RSD% 11.6 7.8 8.9 8.1
24.0 39.7 33.9 45.1
3 20.1 32.6 37.8 40.6
'g‘ 22.6 34.9 36.4 49.7
En AVG 22.2 35.7 36.0 45.1
) sD 2.0 3.6 2.0 4.6
E RSD% 8.9 10.1 5.5 10.1
g 28.8 39.8 33.0 45.0
§ 5 25.4 30.9 30.2 42.5
.g 22.4 35.5 29.4 40.1
g AVG 25.5 354 30.9 42.5
SD 3.2 4.5 1.9 2.5
RSD% 125 12.6 6.1 5.8
26.7 36.5 39.0 49.1
8 25.9 33.6 32.6 459
20.7 39.4 30.1 42.7
AVG 24.4 36.5 33.9 45.9
SD 3.3 2.9 4.6 3.2
RSD% 133 7.9 135 7.0

The drug loading increased in the order THF>Acetone>MeOH which is the same order of the

solubility of the polymer which indicates that higher the affinity of the polymer to the solvent,

the higher the drug loading. This is most probably due to marangoni effect which effects the

ability of diffusion of polymer to the non-solvent phase together with the solvent
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Fig. 3-12 Effect of total solid contents and solvent on drug entrapment efficiency in

Gliclazide/Eudragit S100 nanoparticles.

Particle size and PDI analyses were conducted with different solvents, total solid contents and

flow rate ratios. The results of these analyses are given in Tab. 3-23 to Tab. 3-25 and Fig. 3-13.
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Tab. 3-23 Particle size of Gliclazide/Eudragit $100 nanoparticles in THF

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]

Particle PDI Particle PDI Particle PDI Particle PDI

Size [nm] Size [nm] Size [nm] Size [nm]
210.1| 0.215 100.2| 0.200 90.2| 0.196 75.2| 0.147
2 219.4| 0.225 90.7| 0.245 80.4| 0.201 70.6 | 0.162
205.4| 0.200 95.6| 0.212 85.2| 0.175 69.9| 0.187
AVG 211.6| 0.213 95.5| 0.219 85.3| 0.191 71.9| 0.165
SD 7.1| 0.013 48| 0.023 49| 0.014 2.9 0.020
RSD% 3.4 | 5.898 5.0 | 10.640 5.7| 7.236 4.0 | 12.222
255.6| 0.321 111.6| 0.249 106.4 | 0.147 80.0| 0.173
3 240.9 | 0.295 100.9| 0.265 125.6| 0.192 85.9| 0.185
= 235.6| 0.245 110.5| 0.278 116.4| 0.201 90.2| 0.149
%o AVG 244.0 | 0.287 107.7 | 0.264 116.1| 0.180 85.4| 0.169
‘g SD 10.4| 0.039 5.9| 0.015 9.6 | 0.029 5.1| 0.018
E RSD% 4.2 | 13.459 5.5| 5.502 8.3|16.073 6.0 | 10.846
g 253.1| 0.222 234.6| 0.254 159.2| 0.198 113.5| 0.175
§ 5 250.9| 0.265 222.0| 0.222 150.9| 0.204 90.6| 0.198
g 246.4| 0.214 229.6| 0.239 165.4| 0.232 100.5| 0.111
g AVG 250.1| 0.234 228.7 | 0.238 158.5| 0.211 101.5| 0.161
SD 3.4 | 0.027 6.3| 0.016 7.3| 0.018 11.5| 0.045
RSD% 1.4|11.738 2.8| 6.718 46| 8.613 11.3 | 27.943
277.4| 0.152 254.4| 0.278 170.5| 0.281 152.9| 0.214
8 289.6 | 0.177 250.6 | 0.250 186.2 | 0.244 149.7| 0.222
299.6 | 0.178 241.1| 0.281 180.9| 0.233 123.6| 0.195
AVG 288.9| 0.169 248.7 | 0.270 179.2| 0.253 142.1| 0.210
SD 11.1| 0.015 6.9| 0.017 8.0| 0.025 16.1| 0.014
RSD% 3.8| 8.717 2.8| 6.340 45| 9.952 11.3| 6.594
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Tab. 3-24 Particle size of Gliclazide/Eudragit $100 nanoparticles in Acetone

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]

Particle PDI Particle PDI Particle PDI Particle PDI

Size [nm] Size [nm] Size [nm] Size [nm]
112.5| 0.301 100.5| 0.264 92.6| 0.244 70.2| 0.195
2 110.5| 0.365 90.2| 0.210 90.1| 0.198 60.5| 0.201
125.6| 0.332 90.1| 0.236 85.9| 0.123 65.7| 0.251
AVG 116.2 | 0.333 93.6 | 0.237 89.5| 0.188 65.5| 0.216
SD 8.2| 0.032 6.0 0.027 3.4| 0.061 49| 0.031
RSD% 7.1 9.621 6.4 |11.411 3.8 32.430 7.4 | 14.256
128.5| 0.322 105.2 | 0.185 97.2| 0.175 80.7 | 0.198
3 118.5| 0.295 103.5| 0.189 90.6| 0.169 70.6| 0.206
'g 110.6| 0.289 115.9| 0.245 82.6| 0.199 75.4| 0.154
Eo AVG 119.2 | 0.302 108.2 | 0.206 90.1| 0.181 75.6 | 0.186
E SD 9.0 0.018 6.7 | 0.034 7.3| 0.016 5.0 | 0.028
E RSD% 7.5| 5.821 6.2 | 16.258 8.1| 8.770 6.7 | 15.054
§ 147.5| 0.365 128.3| 0.265 109.6 | 0.206 82.6| 0.195
_“Z 5 130.7| 0.302 115.6| 0.278 90.6 | 0.242 89.6| 0.184
.g 135.6| 0.249 110.4| 0.224 95.6| 0.241 90.5| 0.179
g AVG 137.9| 0.305 118.1| 0.256 98.6 | 0.230 87.6| 0.186
SD 8.6 | 0.058 9.2| 0.028 9.8 | 0.021 4.4| 0.008
RSD% 6.3 | 19.019 7.8 11.024 10.0| 8.927 5.0 4.401
156.7 | 0.215 132.6| 0.154 105.1| 0.198 95.7| 0.201
8 166.5| 0.245 120.6| 0.167 100.2| 0.175 99.5| 0.157
175.6| 0.200 115.6| 0.149 99.6| 0.154 100.4| 0.164
AVG 166.3 | 0.220 122.9| 0.157 101.6 | 0.176 98.5| 0.174
SD 9.5| 0.023 8.7 | 0.009 3.0| 0.022 25| 0.024
RSD% 5.7 | 10.415 7.1| 5.931 3.0 | 12.528 2.5|13.588




113

Tab. 3-25 Particle size of Gliclazide/Eudragit $100 nanoparticles in MeOH

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]

Particle PDI Particle PDI Particle PDI Particle PDI

Size [nm)] Size [nm)] Size [nm] Size [nm]
272.7| 0.247 255.1| 0.198 233.5| 0.194 216.6 | 0.127
2 289.1| 0.237 250.1 | 0.243 220.6| 0.154 200.6 | 0.159
264.3| 0.224 2419| 0.264 211.6| 0.198 195.6| 0.167
AVG 275.4| 0.236 249.0 | 0.235 221.9| 0.182 204.3| 0.151
SD 12.6 | 0.012 6.7 | 0.034 11.0| 0.024 11.0| 0.021
RSD% 4.6 | 4.887 2.7 |14.349 5.0 | 13.369 5.4 | 14.017
280.7 | 0.345 275.8| 0.219 272.9| 0.147 270.8| 0.199
3 289.4| 0.247 260.3| 0.229 289.6| 0.165 250.7| 0.198
= 290.6 | 0.298 280.6 | 0.276 260.4| 0.199 260.7 | 0.135
go AVG 286.9 | 0.297 272.2| 0.241 274.3| 0.170 260.7 | 0.177
‘g SD 5.4| 0.049 10.6 | 0.030 14.7 | 0.026 10.1| 0.037
E RSD% 1.9 |16.521 3.9|12.611 5.3 |15.503 3.9 | 20.676
g 284.6 | 0.247 282.5| 0.245 280.8 | 0.154 275.8| 0.148
§ 5 299.6 | 0.261 280.4| 0.239 270.1| 0.178 280.9| 0.134
g 300.1| 0.278 260.3 | 0.220 275.6| 0.201 270.4| 0.158
g AVG 294.8 | 0.262 274.4| 0.235 275.5| 0.178 275.7 | 0.147
SD 8.8| 0.016 12.3| 0.013 5.4| 0.024 5.3| 0.012
RSD% 3.0| 5.925 45| 5.562 1.9 |13.228 19| 8.220
297.6| 0.274 288.9| 0.298 282.8| 0.222 277.9| 0.199
8 310.9| 0.200 299.63 | 0.257 270.1| 0.247 260.5| 0.198
305.6| 0.234 298.4| 0.299 275.1| 0.201 255.1| 0.176
AVG 304.7 | 0.236 295.6 | 0.285 276.0| 0.223 264.5| 0.191
SD 6.7 | 0.037 5.9 0.024 6.4| 0.023 11.9| 0.013
RSD% 2.2 | 15.695 2.0| 8.419 2.3/10.311 45| 6.806
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Fig. 3-13 Effect of total solids content and solvent on particle size of Gliclazide/Eudragit $100 nano-
particles

It was observed that the particle size increases with an increase in the total solids content.
The order of the mean size in different solvents were MeOH>THF>Acetone. As a result with

the change in these parameters a particle size range of 70-300 nm is covered.
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Danazol/HPMCP HP50 nanoparticles

Total solid contents in the range of 3 to 8 mgemL? was used for the preparation of
Danazol/HPMCP HP50 nanoparticles with solvents acetone:EtOH 50:50 (w/w %), acetone,

EtOH:water 95:5 (w/w %) according toTab. 3-26.

Tab. 3-26 Parameters of the experimental setup for the evaluation of effect of total solid content and

solvent.
Drug Danazol
Polymer HPMCP HP50
Microjet reactor [um] 300
Aqueous phase Water
Organic phase Acetone:EtOH, Acetone, EtOH:Water
Temperature [2C] 60
Gas flow (bar) 0,1
Total solid content [mgemL™] 3,5,8
Polymer:drug ratio 50
Flow rate solvent [mLemin™] 0,5,2,5,10
Flow rate non-solvent [mLemin™] 10
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The following results (Tab. 3-27) of drug entrapment efficiencies were gathered with using

different solvents such as acetone:EtOH 50:50 (w/w %), acetone, EtOH:water 95:5 (w/w %)

and aditionally with total solids concentration range of 3-8 mg/mL and solvent flow rate of

10-0.5 mL/min.

Tab. 3-27 Drug entrapment efficiency in Danazol/HPMCP HP50 nanoparticles in acetone

Drug entrapment efficiency [%]

Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5

38.9 44.3 54.9 64

35.6 45.9 59.1 69.1

33.4 50.2 60.5 65.9

AVG 36.0 46.8 58.2 66.3

SD 2.8 3.1 2.9 2.6

E RSD% 7.7 6.5 5.0 3.9

Eo 33.4 50.3 55.0 61.9

< 35.1 49.1 50.2 59.1

E 39.6 45.9 59.4 69.5

§ AVG 36.0 48.4 54.9 63.5
o

; SD 3.2 2.3 4.6 5.4

3 RSD% 8.9 4.7 8.4 8.5

g 60.8 60.9 66.4 70.7

59.4 65.2 65.6 75.6

55.6 60.9 67.9 79.6

AVG 58.6 62.3 66.6 75.3

SD 2.7 2.5 1.2 4.5

RSD% 4.6 4.0 1.8 5.9
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Tab. 3-28 Drug entrapment efficiency in Danazol/HPMCP HP50 nanoparticles in EtOH:Water 95:5

(w/w)
Drug entrapment efficiency [%]
Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
50.8 52.6 56.2 72.2
45.6 48 62.6 68.9
42.1 51.2 65.4 62.4
AVG 46.2 50.6 61.4 67.8
SD 4.4 2.4 4.7 5.0
E RSD% 9.5 4.7 7.7 7.4
En 48.8 49.9 54.2 71.4
) 49.6 55.6 59.4 65.9
E 50.2 59.1 62.5 75.6
g AVG 49.5 54.9 58.7 71.0
o
; SD 0.7 4.6 4.2 4.9
3 RSD% 1.4 8.5 7.1 6.9
g 52.0 57.4 55.3 71.0
50.3 59.6 59.6 78.4
48.4 52.3 75.4 75.1
AVG 50.2 56.4 63.4 74.8
SD 1.8 3.7 10.6 3.7
RSD% 3.6 6.6 16.7 5.0
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Tab. 3-29 Drug entrapment efficiency in Danazol/HPMCP HP50 nanoparticles in acetone: EtOH 50:50

(w/w)
Drug entrapment efficiency [%]
Nonsolvent Flow Rate 10.0 10.0 10.0 10.0
Solvent Flow Rate [mL/min] 10.0 5.0 2.0 0.5
35.5 44.5 50.2 60.7
39.6 49.6 45.2 50.2
30.2 45.2 52.6 55.9
AVG 35.1 46.4 49.3 55.6
SD 4.7 2.8 3.8 5.3
E RSD% 13.4 6.0 7.7 9.5
Eo 37.4 45.6 47.6 57.4
< 35.1 48.9 47.6 65.7
E 32.6 50.2 49.7 55.1
§ AVG 35.0 48.2 48.3 59.4
o]
; SD 2.4 2.4 1.2 5.6
3 RSD% 6.9 4.9 25 9.4
g 57.6 60.0 60.5 61.5
50.4 65.6 55.6 59.6
45.6 68.2 65.9 61.2
AVG 51.2 64.6 60.7 60.8
SD 6.0 4.2 5.2 1.0
RSD% 11.8 6.5 8.5 1.7
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Fig. 3-14 Effects of total solid concentrations and solvent on drug entrapment efficiency in
Danazol/HPMCP HP50 nanoparticles

There was no major change in the drug entrapment efficiency with different solvents or dif-
ferent total solid contents. This is most probably due to the good solubility of HPMCP HP50 in
all the solvents tested. Furthermore particle size and PDI analyses were conducted with these

samples. The results are given in Tab. 3-30 to Tab. 3-32.
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Tab. 3-30 Particle size of Danazol/HPMCP HP50 nanoparticles in acetone

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]

Particle PDI Particle PDI Particle PDI Particle PDI

Size [nm] Size [nm] Size [nm] Size [nm]
115.7| 0.121 98.1| 0.165 91.8| 0.280 57.7| 0.323
3 125.6 | 0.219 90.5| 0.197 85.1| 0.240 50.7| 0.370
110.2| 0.180 95.6| 0.260 88.3| 0.340 55.1| 0.250
AVG 117.2| 0.173 94.7| 0.207 88.4| 0.287 545| 0.314
SD 7.8 | 0.049 3.9| 0.048 34| 0.050 3.5| 0.060
= RSD% 6.7 | 28.465 4.123.313 3.8 |17.558 6.5|19.237
% 128.0| 0.299 153.6| 0.386 129.3| 0.349 58.2| 0.250
g 5 115.6 | 0.240 135.9| 0.240 110.9| 0.320 62.6 | 0.150
E 110.6| 0.180 144.1| 0.190 119.1| 0.290 62.7 | 0.190
§ AVG 118.1| 0.240 144.5| 0.272 119.8 | 0.320 61.2| 0.197
_“Z SD 9.0| 0.060 8.9| 0.102 9.2| 0.030 2.6| 0.050
.g RSD% 7.6 |24.826 6.1|37.442 7.7| 9.229 4.2 ]25.593
g 132.9| 0.350 201.7 | 0.280 150.1| 0.140 74.0| 0.290
8 148.5| 0.390 215.3| 0.210 142.3| 0.160 70.1| 0.240
130.6| 0.400 222.2| 0.260 152.1| 0.250 71.9| 0.210
AVG 137.3| 0.380 213.1| 0.250 148.2| 0.183 72.0| 0.247
SD 9.7| 0.026 10.4| 0.036 5.2 0.059 2.0| 0.040
RSD% 7.1| 6.963 4.914.422 3.5(31.961 2.7|16.384
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Tab. 3-31 Particle size of Danazol/HPMCP HP50 nanoparticles in EtOH:Water 95:5 (w/w)

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]
Particle PDI Particle PDI Particle PDI Particle PDI
Size [nm] Size [nm] Size [nm] Size [nm]

272.3| 0.368 139.8| 0.325 87.6| 0.320 80.6| 0.270
3 278.4| 0.237 112.6| 0.262 89.1| 0.341 79.1| 0.390
255.6| 0.240 146.9| 0.200 85.2| 0.290 70.9| 0.210
AVG 268.8| 0.282 133.1| 0.262 87.3| 0.317 76.9| 0.290
SD 11.8| 0.075 18.1| 0.063 2.0| 0.026 5.2 0.092
'g RSD% 4.4126.550 13.6 | 23.825 2.3| 8.086 6.8 |31.604
Eo 298.5| 0.229 156.6 | 0.346 98.7| 0.320 77.26| 0.190
‘g 5 302.1| 0.350 150.9| 0.290 95.4| 0.300 70.9| 0.210
E 312.9| 0.320 157.4| 0.350 93.2| 0.350 75.1| 0.280
g AVG 304.5| 0.300 155.0| 0.329 95.8| 0.323 74.4| 0.227
§ SD 7.5| 0.063 3.5| 0.034 2.8| 0.025 3.2| 0.047
g RSD% 2.5|21.027 2.3|10.207 29| 7.783 4.3120.849
g 325.8| 0.340 298.2 | 0.290 123.6| 0.180 98.6| 0.170
8 333.6| 0.390 285.6| 0.270 110.4| 0.190 84.63| 0.140
342.9| 0.370 280.4| 0.250 123.9| 0.240 102.9| 0.160
AVG 334.1| 0.367 288.1| 0.270 119.3| 0.203 95.4| 0.157
SD 8.6 | 0.025 9.2| 0.020 7.7| 0.032 9.6 | 0.015
RSD% 2.6| 6.863 3.2| 7.407 6.5|15.809 10.0| 9.750
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Tab. 3-32 Particle size of Danazol/HPMCP HP50 nanoparticles in acetone: EtOH 50:50 (w/w)

Nonsolvent 10.0 10.0 10.0 10.0
Flow Rate
[mL/min]
Solvent Flow 10.0 5.0 2.0 0.5
Rate [mL/min]

Particle PDI Particle PDI Particle PDI Particle PDI

Size [nm] Size [nm] Size [nm] Size [nm]
100.5| 0.330 80| 0.358 56.9| 0.256 349| 0.237
3 99.5| 0.229 75.6| 0.294 50.1| 0.326 30.2| 0.120
105.2| 0.270 70.9| 0.230 55.9| 0.390 32.9| 0.150
AVG 101.7| 0.276 75.5| 0.294 543| 0.324 32.7| 0.169
SD 3.0| 0.051 4.6| 0.064 3.7| 0.067 2.4 0.061
= RSD% 3.0/18.383 6.0 | 21.769 6.8 | 20.686 7.2 35.959
% 106.4| 0.321 89.1| 0.306 78.2| 0.308 57.2| 0.210
g 5 115.9| 0.240 92.6| 0.390 82.5| 0.240 67.9| 0.180
E 110.7| 0.290 95.1| 0.350 88.6| 0.210 60.2| 0.170
§ AVG 111.0| 0.284 92.3| 0.349 83.1| 0.253 61.8| 0.187
_“Z SD 4.8 | 0.041 3.0| 0.042 5.2| 0.050 5.5| 0.021
.g RSD% 4.3 ]14.408 3.3(12.050 6.3|19.873 8.9 11.152
g 120.3| 0.340 109 | 0.290 89.5| 0.180 68.6| 0.170
8 110.2| 0.390 102.3| 0.270 85.1| 0.190 60.4| 0.140
112.6| 0.370 120.1| 0.250 97.5| 0.240 65.1| 0.160
AVG 114.4| 0.367 110.5| 0.270 90.7| 0.203 64.7 | 0.157
SD 5.3| 0.025 9.0| 0.020 6.3| 0.032 4.1| 0.015
RSD% 46| 6.863 8.1| 7.407 6.9 | 15.809 6.4| 9.750
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Fig. 3-15 Effect of total solid concentration and solvent on particle size of HPMCP HP50/Danazol na-
noparticles

It was observed that the particle size increases with the increase in the total solid content.
The order of the mean size in different solvents were EtOH:Water>Acetone>Acetone:EtOH.

As a result with the change in these parameters a particle size range of 38-325 nm is covered.

3.2.4. Drug release of Gliclazide/Eudragit S100 and Danazol/HPMCP HP50 nanoparticles

Gliclazide/Eudragit S100 and Danazol/HPMCP HP50 nanoparticles were characterized in terms
of drug release using SGF, SIF as medium and furthermore with two stage dissolution meth-
odology as described in Chapter 2.2. The media was supplemented with 0.5 % Tween 20 for

Gliclazide nanoparticles and 1% Tween 20 for Danazol nanoparticles.
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Fig. 3-16 Drug release from Gliclazide powder and Gliclazide/Eudragit S100 nanoparticles using simu-

lated intestinal fluid supplemented with 0.5 % Tween 20

In the case of nanoparticles drug release was completed within 10 minutes whereas for

Gliclazide powder with a volume weighted diameter of 3.683 um, it was more than 60

minutes.
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Fig. 3-17 Drug release from Gliclazide powder and Gliclazide/Eudragit $100 nanoparticles using two
stage methodology

Enteric coating of Gliclazide /Eudragit S100 nanoparticles was shown in the acid stage of the
drug release studies. Furthermore, with the increase in the pH, 100 % drug release was

reached within 10 minutes.
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Fig. 3-18 Drug release from Danazol powder and Danazol/HPMCP HP50 nanoparticles using simulat-
ed intestinal fluid supplemented with 1 % Tween 20
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Fig. 3-19 Drug release from Danazol powder and Danazol/HPMCP HP50 nanoparticles using two stage
methodology

With both drug release studies enteric resistance of Danazol nanoparticles and increase in the

drug release rate was shown also for Danazol/HPMCP HP50 nanoparticles.
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3.2.5. DSC studies with Gliclazide/Eudragit S100 and Danazol/HPMCP HP50 nanoparti-

cles

DSC studies were conducted with nanoparticles prepared as described in chapter 2.2.4 in

order to prove the encapsulation of Gliclazide and Danazol resulting in amorph API.
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Fig. 3-20 DSC diagram of Danazol powder and Danazol/HPMCP HP50 nanoparticles
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Fig. 3-21 DSC diagram of Gliclazide powder and Gliclazide/Eudragit $100 nanoparticles

As seen in both diagrams melting curves of Danazol and Gliclazide could not be observed for
nanoparticle formulations indicating encapsulation of Danazol and Gliclazide in the used pol-

ymer resulting in amorphous API.
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3.3. Preparation of pH selective positively loaded nanoparticles for oral applications

Fenofibrate was used as the model drug and HPMCP HP50 /chitosan polymer system was
used for the preparation of pH selective and positively loaded particles. First HPMCP
HP50/chitosan system was established. Thereafter fenofibrate was loaded in these particles.

Design of experiments was applied for these experiments.

3.3.1. Establishment of HPMCP HP50/chitosan system

Determination of HPMCP HP50/chitosan concentrations

The aim of this part of the study was to find the right concentration ratio between HPMCP
HP50 and chitosan that will result in positively charged particles with a particle size between
100-200 nm. As the reaction takes place in the microjet reactor it is expected that depending
on the concentration ratio of the polymers there would be remaining either amine or carbox-

ylic acid groups.

The results of particle size and ZETA potential changes depending on the concentrations of
HPMCP HP50 and chitosan are given in Tab. 3-33, Tab. 3-34 and Fig. 3-22 . Statistical analyses
of the change in particle size and ZETA potential are given in Tab. 3-33 and Tab. 3-34. IR spec-
tra are represented in Fig. 3-23 to Fig. 3-26 to prove the changes in the molecular structure

through neutralization of amine group of chitosan with carboxylic acid group of HPMCP HP50.
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Tab. 3-33 Results of the particle size determinations of nanoparticles prepared using different concentrations of HPMCP HP50 (3, 5, 8, 10 mg/mL) and chitosan (0.01,

0.02,0.05,0.1, 0.5, 1, 1.5, 2, 3 mg/mL). n=3.

Chitosan concentration (mg/mL)

HPMCP HP50
) 0.01 0.02 0.05 0.1 0.2 0.5 I 15 ‘
Concentration (mg/mL)
Particle size (nm)

3.1 160.2 126.8 129.8 614.0 586.2 1431.0 157.1 266.3 224.8 582.8
3.2 154.2 115.6 137.5 596.3 593.5 1358.0 148.7 266.2 219.3 575.5
33 165.8 120.6 129.6 600.4 564.3 1565.9 164.5 258.6 222.4 596.3
Average 160.1 121.0 132.3 603.6 581.3 1451.6 156.8 263.7 222.2 584.9
SD 5.8 5.6 4.5 9.3 15.2 105.5 7.9 4.4 2.8 10.6
51 174.6 146.6 147.7 145.8 248.6 1291.0 190.5 287.4 271.9 689.2
52 168.5 153.7 153.8 155.9 238.5 1365.6 183.9 278.9 265.6 689.9
53 182.4 155.9 150.6 140.5 250.2 1389.6 187.6 288.5 266.8 695.3
Average 175.2 152.1 150.7 147.4 245.8 1348.7 187.3 284.9 268.1 691.5
SD 7.0 4.9 3.1 7.8 6.3 51.4 33 53 33 33
81 160.7 156.6 179.0 176.6 163.0 573.0 302.2 327.1 345.9 750.8
8.2 165.5 148.7 170.5 165.3 162.5 565.3 299.6 319.4 3335 730.6
8_3 164.3 149.6 177.5 185.6 163.5 582.6 310.8 325.6 340.9 823.6
Average 163.5 151.6 175.7 175.8 163.0 573.6 304.2 324.0 340.1 768.3
SD 2.5 4.3 4.5 10.2 0.5 8.7 5.9 4.1 6.2 48.9
10_1 180.5 182.1 198.9 202.5 186.8 348.8 1268.0 964.0 393.1 798.3
10_2 178.5 176.9 198.6 212.6 195.6 358.9 1158.6 965.9 400.5 756.6
10_3 185.6 189.5 195.6 210.9 177.6 361.5 1222.5 947.6 389.6 885.6
Average 181.5 182.8 197.7 208.7 186.7 356.4 1216.4 959.2 394.4 813.5
SD 3.7 6.3 1.8 5.4 9.0 6.7 55.0 10.1 5.6 65.8
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Tab. 3-34: Results of the ZETA potential determinations of nanoparticles prepared using different concentrations of HPMCP HP50 (3, 5, 8, 10 mg/mL) and chitosan
(0.01, 0.02, 0.05, 0.1, 0.5, 1, 1.5, 2, 3 mg/mL). n=3

Chitosan concentration (mg/mL)

HPMCP HP50 Concentra-
tion (mg/mL) 0.01 0.02 0.05 0.1 0.2 0.5 15 |
ZETA potential (mV)

31 -37.4 -31.5 -30.8 -18.5 -10.8 -2.3 19.1 22.0 34.8 40.3
3.2 -30.6 -29.5 -20.9 -19.6 -9.5 -1.0 20.5 235 325 45.6
33 -43.6 -22.6 -20.4 -20.1 -15.5 -3.6 17.5 26.9 39.6 48.3
Average -37.2 -27.9 -24.0 -19.4 -11.9 -2.3 19.0 24.1 35.6 44.7
SD 6.5 4.7 5.9 0.8 3.2 13 1.5 25 3.6 4.1
5.1 -39.6 -32.1 -31.4 -23.8 -16.1 -6.6 13.0 18.5 30.6 36.4
52 -40.5 -29.6 -25.4 -22.5 -15.4 -5.8 22.3 23.5 32.6 38.6
53 -39.6 -28.4 -22.5 -25.9 -16.5 -3.4 15.4 24.9 28.6 35.9
Average -39.9 -30.0 -26.4 -24.1 -16.0 -5.3 16.9 22.3 30.6 37.0
SD 0.5 1.9 4.5 1.7 0.6 1.7 4.8 3.4 2.0 14
81 -42.5 -36.9 -32.4 -26.4 -18.3 -11.0 10.5 143 26.5 345

8 2 -44.6 -32.6 -30.4 -23.6 -19.4 -12.5 9.5 12.4 28.9 324
83 -49.5 -33.5 -28.9 -25.6 -20.3 -10.9 12.6 15.6 223 30.5
Average -45.5 -34.3 -30.6 -25.2 -19.3 -11.5 10.9 14.1 25.9 325
SD 3.6 23 1.8 14 1.0 0.9 1.6 1.6 33 2.0
10_1 -45.6 -39.4 -38.4 -29.2 -23.5 -14.2 1.0 9.1 24.2 29.5
10_2 -46.9 -38.6 -32.5 -25.6 -26.4 -12.9 5.0 7.9 18.5 27.9
10_3 -48.9 -40.2 -32.6 -26.9 -20.4 -18.5 8.0 10.5 214 26.4
Average -47.1 -39.4 -34.5 -27.2 -23.4 -15.2 4.7 9.2 21.4 27.9
SD 1.7 0.8 3.4 1.8 3.0 2.9 3.5 1.3 2.9 1.6




131

1600,00 - 60,00
1500,00 50,00
1400,00
1300,00 40,00
1200,00 30,00
1100,00 20,00
' 1000,00
< 900,00 10,00
= 800,00 0,00
(]
S 700,00 -10,00
£ 600,00
% 500,00 -20,00
400,00 -30,00
300,00 40,00
200,00
100,00 -50,00
0,00 -60,00
0,1 0,2
Chitosan concentration [mg/mL]
Particle size ZETA Potential
C—33mg/mL EE=EE=AS5 mg/mL EE==18 mg/mL @10 mg/mL —@—3 mg/mL —e—5mg/mL ——8 mg/mL —— 10 mg/mL

ZETA potential [mV]

Fig. 3-22 Changes in the particle size and ZETA potential of nanoparticles prepared using different concentrations of HPMCP HP50 (3, 5, 8, 10 mg/mL) and

chitosan (0.01, 0.02, 0.05, 0.1, 0.5, 1, 1.5, 2, 3 mg/mL). Results are given as average of n= 3. (Bars represent the particle size on the left axis, lines represent

the ZETA potential on the right axis).
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PDI (polydispersity index) values were for all cases lower than 0.3 indicating homogenous dispersion

of the particles.

The proof of concept is shown above with the significant increase of the ZETA potential with the in-
crease in chitosan concentration for all the tested concentrations of HPMCP HP50. Also increase in
HPMCP HP50 concentration resulted in the significant decrease in the ZETA potential for all the test-

ed concentrations of chitosan.

ANOVA statistics was applied for each HPMCP HP50 concentration to investigate the significance of
difference in ZETA potential with an increase in the chitosan concentration. Results are presented in
Tab. 3-35 . Furthermore Bonferroni correction was applied to investigate the differences between

groups based on the chitosan concentration.

Tab. 3-35 ANOVA statistics of significance of increase in the ZETA potential with the increase in the chitosan
concentration (0.01, 0.02, 0.05, 0.1, 0.5, 1, 1.5, 2, 3 mg/mL) for all concentrations of HPMCP HP50
(3, 5, 8, 10 mg/mL) tested.

HPMCP HP50
Degree of Free- Sum of Squares Mean Squares
concentration F 2]
dom (DF) (SS) (Mms)
[mg/mL]

3 mg/mL 9 22432.4210 2492.4910 167.2210 <0.001
5 mg/mL 9 21058.3050 2339.8120 328.8250 <0.001
8 mg/mL 9 20033.7400 2225.9710 491.6740 <0.001
10 mg/mL 9 18890.3070 2098.9230 348.1760 <0.001

As seen in the table above the results are found to be significant with p values all smaller than 0.001
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Tab. 3-36 ANOVA statistics of significance with the Bonferroni correction of the decrease in the ZETA poten-
tial with an increase in the HPMCP HP50 concentrations (3, 5, 8, 10 mg/mL) for all the concentra-
tions of chitosan (0.01, 0.02, 0.05, 0.1, 0.5, 1, 1.5, 2, 3 mg/mL) tested

Chitosan concentration [mg/mL] DF SS MS F P
0.01 3 196.5160 65.5050 4.5010 0.0390
0.02 3 282.4000 94.1360 13.5170 0.0020
0.05 3 395.6760| 131.8920 10.2990 0.0040
0.10 3 99.1690 33.0560 14.6650 0.0010
0.20 3 215.0420 71.6810 14.1380 0.0010
0.50 3 307.7160| 102.5720 29.6090 <0.001
1.00 3 376.6070| 125.5360 12.4290 0.0020
1.50 3 444.0690| 148.0230 27.0280 <0.001
2.00 3 338.6290| 112.8760 12.4020 0.0020
3.00 3 461.5760| 153.8590 24.5850 <0.001

All P values are in agreement with the significance of results since p < 0.05 points out the significance

of the differences.

As demonstrated with the results when the chitosan concentrations were lower than 0.5 mg/mL
nanoparticles were negatively charged. When the ZETA potential was within the limits -10.0 to +10.0,
electrostatic charges were not strong enough to stabilize the nanoparticles which results in for-
mation of microparticles through particle aggregation. This is also closely related to the concentra-
tion of polymers used and their ratio which directly determines the ZETA potential. When the ZETA
potential was higher than +10.0 the increase in the concentrations of any of the polymers results in
increase in the particle size due to the increase in the density of nanoparticles. The structures of the
nanoparticles were proved with the following IR profiles of chitosan, HPMCP HP50 and Chi-
tosan/HPMCP HP50 nanoparticles.
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Fig. 3-26 IR profile of overlay of HPMCP HP50/chitosan nanoparticles (black), chitosan (red), HPMCP HP50

(blue).
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IR profiles of HPMCP HP50 and Chitosan/HPMCP HP50 nanoparticles were found to be similar due to
the high ration of HPMCP HP50 in the nanoparticles (5.3:1).

Two signals are taken into consideration in the IR profile of chitosan. First one is the —NH bending

band at 1593 cm™and the second one is the absorption peak of -NH; at 1158 cm?

HPMCP HP50 showed the characteristic C=0 stretching bands at 1737 cm™ (-COOH) and 1722 cm™ (-
COOR)

Although IR profile of Chitosan/HPMCP HP50 nanoparticles are similar to the IR profile of HPMCP
HP50 due to the high HPMCP HP50 content in the nanoparticle formation it is still possible to point
out the interaction between —NH; group of chitosan and —COOH group of HPMCP HP50. —NHs* bend-
ing bands are seen at 1545 cm™ and 1638 cm™ On the contrary C=0 stretching band at 1735 cm™ (-
COOH) and 1718 cm™ (-COOR) are shifted to 1730 cm™ as a single band.

Selection of the steric stabilization agent

Efficiency of the surfactant coating was evaluated with the increase in the particle size, decrease in
the ZETA potential and also electron microscope analyses. The result of the size determinations are
given in Tab. 3-33 with the statistical evaluation of the change in the particle size to prove the signifi-
cant difference of the surfactant coated particles compared to the surfactant free particles. Further-
more the decrease in the ZETA potentials depending on the surfactant used and its concentration are

shown in Tab. 3-34.

The pictures of SEM and TEM were also included to prove the measurements done with DLS method

and also for the presentation of surfactant coating.

The coating of nanoparticles using different surfactant molecules were proven with the increase in
the particle size. It was found that there is significant difference (p<0.001) between the particle sizes
of different formulations. Anova analyses were further evaluated with Bonferroni t-test for the com-

parison of individual groups with the Chitosan/HPMCP HP50 nanoparticles which is given as control.
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Tab. 3-37 Particle sizes of Chitosan/HPMCP50 nanoparticles in the presence of PVA, PVP, HPC, Pluronic F127,

HPMC.
Nanoparticle composition Particle size Standard deviation PDI

Chitosan/HPMCP50 130.7 3.2 0.104
Chitosan/HPMCP50 0.5 % PVA 127.0 5.6 0.129
Chitosan/HPMCP50 1.0 % PVA 141.4 25 0.121
Chitosan/HPMCP50 0.5 % PVP 133.8 7.3 0.117
Chitosan/HPMCP50 1.0 % PVP 142.2 6.8 0.148
Chitosan/HPMCP50 0.5 % HPC 152.3 4.5 0.090
Chitosan/HPMCP50 0.5 % Pluronic F127 153.4 3.9 0.004
Chitosan/HPMCP50 1.0 % Pluronic F127 268.4 2.9 0.004
Chitosan/HPMCP50 0.5 % HPMC 175.5 6.5 0.195
Chitosan/HPMCP50 1.0 % HPMC 204.0 7.8 0.202

Tab. 3-38 Comparison between Chitosan/HPMCP50 nanoparticles prepared without any surfactant and Chi-
tosan/HPMCP50 nanoparticles prepared using PVA, PVP, HPC, Pluronic F127, HPMC with Bonfer-

roni test.
Comparison Difference of means t
Row 1 vs. Row 8 137.700 31.085 <0.001
Row 1 vs. Row 10 73.700 16.638 <0.001
Row 1 vs. Row 9 44.800 10.113 <0.001
Row 1 vs. Row 7 22.700 5.124 <0.001
Row 1 vs. Row 6 21.600 4.876 <0.001
Row 1 vs. Row 5 11.500 2.596 0.155
Row 1 vs. Row 3 10.700 2.415 0.229
Row 1 vs. Row 2 3.700 0.835 1.000
Row 1 vs. Row 4 3.100 0.700 1.000

The results summarized in table 8 revealed that there is no significant difference of nanoparticles

prepared with PVA and PVP in comparison to control in terms of particle sizes. The most significant

difference was observed in the nanoparticles coated with Pluronic F127. Thus when particle size is

taken into consideration PVP and PVA were not able to interact with the nanoparticle surface to form
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micelle like structures. On the other hand it was possible to coat the nanoparticles with HPC, Pluronic

F127, HPMC in both concentrations 0.5% and 1.0% with increasing intensities.

Efficiency of coating process was also proven with the decrease in the ZETA potential. As the nano-
particles are coated with the surfactant molecules the interaction between the charged groups on
the nanoparticle surface and the ions present in the medium are effected resulting in the decrease in

the ZETA potential.

Tab. 3-39 ZETA potentials of Chitosan/HPMCP50 nanoparticles in the presence of PVA, PVP, HPC, Pluronic

F127, HPMC

Nanoparticle composition ZETA potential Standard deviation

Chitosan/HPMCP50 23.8 4.29
Chitosan/HPMCP50 0.5 % PVA 20.2 4.05
Chitosan/HPMCP50 1.0 % PVA 18.5 6.66
Chitosan/HPMCP50 0.5 % PVP 23.2 8.58
Chitosan/HPMCP50 1.0 % PVP 19.2 9.42
Chitosan/HPMCP50 0.5 % HPC 5.43 6.26
Chitosan/HPMCP50 0.5 % Pluronic F127 14.1 4.84
Chitosan/HPMCP50 1.0 % Pluronic F127 9.1 9.75
Chitosan/HPMCP50 0.5 % HPMC 19.5 5.08
Chitosan/HPMCP50 1.0 % HPMC 16.4 5.74

The concentration dependent trend in decrease of the ZETA potential is clearly shown when nano-
particles are coated with Pluronic F127. As the concentration increases the ZETA potential is decreas-
ing. Anova analyses also revealed a significant difference between nanoparticles formulation without

any surfactant molecule and the ones that are coated with Pluronic F127 (p<0.01)

SEM analyses

SEM analyses were conducted in order to prove the DLS particle size measurements and also to get

information on the structure of nanoparticles.
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Fig. 3-27 SEM pictures of Chitosan/HPMCP HP50 nanoparticles coated with HPMC 0.5 %(Scales indicates 500
nm)
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Fig. 3-28 SEM pictures of Chitosan/HPMCP HP50 nanoparticles coated with Pluronic F127 0.5 %. (Scales indi-

cates 500 nm)

SEM investigations were in agreement with the particle size determinations done with DLS. The par-
ticles were tend to aggregate due to the sample pretreatment and SEM conditions but it was possi-
ble to identify single particles and measure the particle size. SEM investigations were in agreement

with the particle size determinations done with DLS with a particle size range of 100-200 nm. Fur-
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thermore the produced nanoparticles were spherical.

TEM analyses

The results of the TEM analyses were in agreement with DLS and SEM measurements in regards to

the particle size of 100-200 nm. There was no aggregation present between the particles.




Fig. 3-29 TEM of pictures of Chitosan/HPMCP HP50 nanoparticles coated with Pluronic F127 0.5 % (Scales
represent 2 um, 1 um, 200 nm, 200 nm for a, b, c and d respectively)

Fig. 3-30 TEM of pictures of Chitosan/HPMCP HP50 nanoparticles coated with HPMC 0.5 % (Scales represent
2 um, 1 um, 200 nm, 100 nm for a, b, c and d respectively)




142

It was also possible to see the coating around the nanoparticles formed by the surfactant molecule
Pluronic F127 and HPMC. The thickness of the coating was around 25 nm which is also the difference
between the uncoated and 0,5 % Pluronic F127 coated nanoparticles which have the particle sizes of

130.7 nm and 153.4 nm respectively determined using DSL technique.

The results above demonstrated the efficiency of Pluronic F127 in coating the Chitosan/HPMCP50
nanoparticles. There was a significant increase in the particle size and decrease in ZETA potential in
concentration dependent manner. Furthermore the particle size and the efficiency of coating were

proved with SEM and TEM pictures.

3.3.2. Drug loading into pH selective positively loaded nanoparticles for oral applications

Optimization of production parameters using orthogonal design

30 experiments were conducted to ensure the rotatable orthogonality in response surface. 8 experi-
ments contained extreme values (-2, +2). Repeatability was ensured with 6 central points and these

points are statistically evaluated for deviations.

The data was analysed separately for all the dependent factors (particle size, PDI and drug loading)
using ANOVA. Correlation of predicted values with the real values is given for the sake of repeatabil-

ity. Furthermore the normality of the data and the Box-Cox transformation analyses were conducted.

Lastly the graphics of response surface is constructed for the presentation of acquired data and the

predictions.

Degrees of freedom values were evaluated for the selected factors and the values. The evaluation is

summarized in Tab. 3-40.

Tab. 3-40 Evaluation of degrees of freedom for the rotatable orthogonal design

Parameter Degrees of freedom
Model 14
Residuals 15
Lack of Fit 10
Pure Error 5
Corr. Total 29

A recommendation is a minimum of 3 lack of fit degrees of freedom and 4 degrees of freedom for

pure error. This ensures a valid lack of fit test. Fewer degrees of freedom will lead to a test that may
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not detect lack of fit. Below in Tab. 3-41 and Tab. 3-42 particle size, PDI, drug load of nanoparticles

are presented.
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Tab. 3-41 Coded values of factors flow rate, solvent, gas pressure, temperature and corresponding real
values gathered from experiments conducted with the given run order.

;R,:;\er ;I:‘)I\-A/lmin;ate Solvent (Gba;) pressure '(I':CTperature :‘:r:;cle Size PDI z::/gml.) load
1 1.00 1.00 -1.00 1.00 319.7 0.26 131.80
2 0.00 0.00 0.00 0.00 196.4 0.14 72.50
3 -1.00 -1.00 1.00 1.00 396.2 0.29 49.20
4 -1.00 1.00 -1.00 1.00 419.7 0.27 100.90
5 0.00 0.00 0.00 0.00 202.2 0.14 79.00
6 1.00 -1.00 1.00 -1.00 174.8 0.14 85.10
7 -1.00 -1.00 -1.00 -1.00 176.1 0.16 71.60
8 0.00 0.00 0.00 0.00 190.4 0.15 81.90
9 0.00 0.00 0.00 0.00 198.7 0.14 76.00
10 0.00 0.00 -2.00 0.00 136.3 0.17 103.00
11 -1.00 -1.00 -1.00 1.00 277.3 0.16 69.70
12 0.00 0.00 0.00 -2.00 219.8 0.21 107.10
13 -1.00 1.00 1.00 1.00 456.2 0.34 54.70
14 1.00 -1.00 -1.00 -1.00 165.1 0.17 101.50
15 1.00 1.00 1.00 -1.00 267.2 0.27 93.30
16 0.00 -2.00 0.00 0.00 170.0 0.13 45.00
17 -2.00 0.00 0.00 0.00 408.3 0.27 30.60
18 1.00 1.00 1.00 1.00 243.9 0.33 74.70
19 0.00 0.00 2.00 0.00 248.3 0.24 54.30
20 0.00 0.00 0.00 0.00 199.5 0.15 70.70
21 1.00 -1.00 -1.00 1.00 202.3 0.12 87.90
22 0.00 0.00 0.00 2.00 446.8 0.28 91.10
23 -1.00 1.00 1.00 -1.00 358.3 0.30 58.20
24 1.00 -1.00 1.00 1.00 219.8 0.19 51.60
25 -1.00 1.00 -1.00 -1.00 325.9 0.22 74.40
26 -1.00 -1.00 1.00 -1.00 198.1 0.19 68.00
27 1.00 1.00 -1.00 -1.00 266.1 0.25 152.90
28 0.00 2.00 0.00 0.00 305.6 0.29 63.20
29 0.00 0.00 0.00 0.00 208.3 0.15 81.40
30 2.00 0.00 0.00 0.00 169.4 0.17 101.40
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Tab. 3-42 Actual values of factors flow rate, solvent, gas pressure, temperature and corresponding real

values gathered from experiments conducted with the given run order.

Run Flow rate Solvent Gas pressure | Temperature |Particle Size PDI Drug load
order | (mL/min) (bar) (eC) (nm) (ng/mL)
1 8.00 11.22 0.50 75.00 319.7 0.26 131.80
2 6.00 7.56 1.00 58.00 196.4 0.14 72.50
3 4.00 3.89 1.50 75.00 396.2 0.29 49.20
4 4.00 11.22 0.50 75.00 419.7 0.27 100.90
5 6.00 7.56 1.00 58.00 202.2 0.14 79.00
6 8.00 3.89 1.50 40.00 174.8 0.14 85.10
7 4.00 3.89 0.50 40.00 176.1 0.16 71.60
8 6.00 7.56 1.00 58.00 190.4 0.15 81.90
9 6.00 7.56 1.00 58.00 198.7 0.14 76.00
10 6.00 7.56 0.00 58.00 136.3 0.17 103.00
11 4.00 3.89 0.50 75.00 277.3 0.16 69.70
12 6.00 7.56 1.00 23.00 219.8 0.21 107.10
13 4.00 11.22 1.50 75.00 456.2 0.34 54.70
14 8.00 3.89 0.50 40.00 165.1 0.17 101.50
15 8.00 11.22 1.50 40.00 267.2 0.27 93.30
16 6.00 0.23 1.00 58.00 170.0 0.13 45.00
17 2.00 7.56 1.00 58.00 408.3 0.27 30.60
18 8.00 11.22 1.50 75.00 243.9 0.33 74.70
19 6.00 7.56 2.00 58.00 248.3 0.24 54.30
20 6.00 7.56 1.00 58.00 199.5 0.15 70.70
21 8.00 3.89 0.50 75.00 202.3 0.12 87.90
22 6.00 7.56 1.00 93.00 446.8 0.28 91.10
23 4.00 11.22 1.50 40.00 358.3 0.30 58.20
24 8.00 3.89 1.50 75.00 219.8 0.19 51.60
25 4.00 11.22 0.50 40.00 325.9 0.22 74.40
26 4.00 3.89 1.50 40.00 198.1 0.19 68.00
27 8.00 11.22 0.50 40.00 266.1 0.25 152.90
28 6.00 14.89 1.00 58.00 305.6 0.29 63.20
29 6.00 7.56 1.00 58.00 208.3 0.15 81.40
30 10.00 7.56 1.00 58.00 169.4 0.17 101.40
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Statistical evaluations of the results were carried out with ANOVA statistics to evaluate the signifi-

cance of the model as well as the factors.

Tab. 3-43 ANOVA analyses of the model itself together with the separate factors regarding particle size

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type lll]

Source Sum of Squares df | Mean Square F Value |p-value Prob>F

Model 235400.00 | 14 16814.96 20.93 <0.0001
A-Flow rate 62699.70 | 1 62699.70 78.04 <0.0001
B-Solvent 52126.76| 1 52126.76 64.88 <0.0001
C-Gas flow 621782 1 6217.82 7.74 0.0100
D-Temperature 46596.09| 1 46596.09 58.00 <0.0001

Tab. 3-44 ANOVA analyses of the model itself together with the separate factors regarding PDI

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type lll]

Source Sum of Squares df | Mean Square |F Value |p-value Prob>F

Model 0.12| 14 0.01 27.13 <0.0001
A-Flow rate 001| 1 0.01 17.66 0.0008
B-Solvent 0.05| 1 0.05| 165.28 <0.0001
C-Gas flow 0.02| 1 0.02 45.86 <0.0001
D-Temperature 001| 1 0.01 20.82 0.0004

Tab. 3-45 ANOVA analyses of the model itself together with the separate factors regarding drug loading

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type ll]

Source Sum of Squares df | Mean Square |F Value |p-value Prob>F

Model 17992.68 | 14 1285.19 18.66 <0.0001
A-Flow rate 5828.37| 1 5828.37 84.61 <0.0001
B-Solvent 1545.03| 1 1545.03 22.43 0.0003
C-Gas flow 5197.23| 1 5197.23 75.45 <0.0001
D-Temperature 566.07| 1 566.07 8.22 0.0118
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The model F-value of 20.93, 27.13 and 18.66 for particle size, PDI and drug loading respectively im-

plies that the model is significant. There is only a 0.01% change that a Model F-value this large could

occur due to noise. Additionally with p values less than 0.05 all factors were to be significant.

Tab. 3-46 Regression coefficients of the predicted and actual values for particle size, PDI and drug loading.

Coefficient Particle Size PDI Drug load

R-Squared 0.9513 0.9620 0.9457
Adj R-Squared 0.9058 0.9265 0.8950
Pred R-Squared 0.7226 0.7866 0.7117
Adeq Precision 15.7540 19.1810 16.8300

The "Pred R-Squared" of 0.7226, 0.7866, 07117 is in reasonable agreement with the "Adj R-Squared"

of 0.9058, 0.9265, 0.8950 for particle size, PDI and drug loading respectively indicating that there is

neither a block effect nor there is a need in model reduction. Adeq Precision measures the signal to

noise ratio. A ratio greater than 4 is desirable. All ratios indicate an adequate signal. This model can

be used to navigate the design space for all of the tested parameters. Using above created design

space the following equations were generated to be used in the further calculations of parameters

for the required particle size, PDI and drug loading.
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Tab. 3-47 Final equations in terms of coded factors for particle size, PDI and drug loading. Each cell repre-
sents the coefficient for the coded factors and their combinations.

Coefficients

Factor
Particle size = PDI = Drug loading =

199.25 0.1400 76.90
A -51.11 -0.0160 15.58
B 46.60 0.0480 8.02
C 16.10 0.0250 -14.72
D 44.06 0.0170 -4.86
AB -11.09 0.0100 6.05
AC -16.08 -0.0120 -5.18
AD -23.66 -0.0072 -5.57
BC -10.87 0.0029 -6.38
BD -9.97 0.0036 3.20
cD 1.99 0.0160 -4.01
A? 25.08 0.0200 -1.32
B? 12.32 0.0170 -4.31
c? 0.950 0.0170 1.830
D? 36.20 0.0270 6.95
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Tab. 3-48 Final equations in terms of actual factors for particle size, PDI and drug loading. Each cell repre-
sents the coefficient for the actual factors and their combinations

Coefficients

Factor
Particle size = PDI = Drug loading =

254.73 0.6588 31.64
Flow rate -34.43 -0.0550 19.85
Solvent 22.80 -0.0188 2.70
Gas pressure 152.81 -0.1265 39.62
Temperature -6.07 -0.0102 -1.85
Flow rate*Solvent -1.51 0.0014 0.83
Flow rate*Gas pres. -16.08 -0.0121 -5.18
Flow rate*Temperature -0.68 -0.0002 -0.16
Solvent*Gas press. -5.93 0.0016 -3.48
Solvent*Temperature -0.16 0.0001 0.05
Gas press.*Temperature 0.23 0.0018 -0.46
Flow rate? 6.27 0.0050 -0.33
Solvent? 0.92 0.0012 -0.32
Gas pressure? 3.79 0.0673 7.33
Temperature? 0.12 0.0001 0.02

Correlation plots that are represented in Fig. 3-31 to Fig. 3-33 containing the predicted values calcu-

lated using equations that are represented in Tab. 3-47 and Tab. 3-48 and their correlation with

measured values gathered throughout the 30 experiments conducted.
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Fig. 3-31 Correlation of predicted values with actual values for particle size
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Fig. 3-32 Correlation of predic

ted values with actual values for PDI
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Fig. 3-33 Correlation of predicted values with actual values for drug loading efficiency.

As shown by the above graphics of correlation of predicted values with actual values and correlation
coefficients of 0.9515, 0.9620 and 0.9457 for particle size, PDI and drug loading respectively showing
that it was possible to establish a good correlation indicating that equations can be used for predic-
tion of the effects of the factors solvent, flow rate, gas pressure and temperature on particle size, PDI

and drug loading.

Above model is further analyzed with normal probability plot of studentized residuals to check for
normal distribution of residuals, studentized residuals versus predicted values to check for constant
error, externally studentized residuals to look for outliers and lastly Box-Cox plot to determine if
transformation of the data is needed for better quadratic analyses and establishment of the correla-

tion.
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Fig. 3-34 Normal plot of residuals for particle size for each of the 30 run performed for each of the 30 run
performed in the experimental design.
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Fig. 3-35 Normal plot of residuals for PDI for each of the 30 run performed in the experimental design.
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Fig. 3-36 Normal plot of residuals for drug load for each of the 30 run performed in the experimental design.

Normality plot was drawn with internally studentized residuals which are calculated by dividing the
residuals by a estimation of its own standard deviation. As seen in the graph above points follow a
straight line with no major deviations from the line along with the random placement of the points
not following any pattern which will require transformation of data, thus showing the normality of

residuals.

Further analyses were carried out with studentized residuals versus predicted values. Fig. 3-37 to Fig.

3-39 are showing the relationship between the studentized residuals with predicted.
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Residuals vs. Predicted
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Fig. 3-37 Internally studentized residuals of particle size compared with predicted values for each 30 run
performed in the experimental design.
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Fig. 3-38 Internally studentized residuals of PDI compared with predicted values for each 30 run performed in
the experimental design.
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Internally Studentized Residuals
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Fig. 3-39 Internally studentized residuals of drug load compared with predicted values for each 30 run per-
formed in the experimental design.

Points are scattered evenly above and below the 0 point which is showing the points under the curve

as negative and points over the curve as positive values. There is no grouping at any point where the

internally studentized residuals are only positive or negative. This shows that there is no constant

error for the predicted data. The limits — 3.0 and +3.0 were selected according to the 95% confidence

interval.

Externally studentized residuals were used to determine the outliners. As seen in Fig. 3-40 to Fig.

3-42 there are no points above or below the red lines indicating that there is no data point that can

be considered as outliner. The limits -3.88 and +3.88 were determined according to the 95% confi-

dence interval.
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Externally Studentized Residuals
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Fig. 3-40 Externally studentized residuals of particle size for each 30 runs
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Fig. 3-41 Externally studentized residuals of PDI for each 30 runs
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Fig. 3-42 Externally studentized residuals of drug loading for each runs

Lastly Box-Cox plot was evaluated in order to calculate lambda values for the conclusion if the data in

model needs any transformations.
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Fig. 3-43 Box-Cox plot for particle size
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Fig. 3-44 Box-Cox plot for PDI
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Fig. 3-45 Box-Cox plot for drug loading
95 % confidence limits for the lambda at the lowest Ln(ResidualsSS) value was calculated. Since the
confidence limits include the value of lambda 1 for all the plots above, a transformation is not re-

quired for the data to ensure the normality or homogeneity of the data.

Data and equation were controlled with the above stated methods for the appropriateness of data
for creating the design space. Since the results met all the expected criteria the data were used to

create surface diagrams to evaluate the effects of the chosen factors more closely.
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Fig. 3-46 3D surface graph of effect of flow rate and solvent on particle size. Factors, gas pressure and tem-

perature were kept constant at center point
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Fig. 3-47 3D surface graph of effect of flow rate and gas pressure on particle size. Factors, solvent and tem-

perature were kept constant at center point
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Fig. 3-48 3D surface graph of effect of flow rate and temperature on particle size. Factors, solvent and gas
pressure were kept constant at center point
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Fig. 3-49 3D surface graph of effect of gas pressure and solvent on particle size. Factors, flow rate and tem-
perature were kept constant at center point
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Optimization of the system parameters were carried out with Design Expert software. Using the

equations and design spaces given at tables 18-20 and figures 26-43 the operating conditions of the



168

microjet reactor is determined for the production of particles in the range of 100-200 nm, a PDI value

of lower than 0.2 and maximum drug loading efficiency. The constraints applied is given below

Tab. 3-49 Requirements for the optimization

Lower Name Upper Goal | Lower Limit | Upper Limit Weight | Weight | Importance
Flow rate isin range -2 2 1 1 3
Solvent is in range -2 2 1 1 3
Gas pressure isin range -2 2 1 1 3
Temperature isin range -2 2 1 1 3
Particle size isin range 100 200 1 1 3
PDI isin range 0 0 1 1 3
Drug loading maximize 31 500 1 1 3

The solutions calculated from design space for the above stated system are presented in Tab. 3-50:
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Tab. 3-50 Solutions using the equations and design space for a particle size of 100-200, PDI of lower than 0.2
and maximum drug loading efficiency

Solution Flow rate Gas pres- Particle size Drug load
Solvent Temperature (2C) PDI Desirability
Number (mL/min) sure (bar) (nm) (ng/mL)
1.00 8.00 8.18 0.10 64.00 200.00 | 0.20 144.96 0.24
2.00 8.00 8.18 0.01 64.00 199.00| 0.20 144.78 0.24
3.00 8.00 8.44 0.00 63.00 200.00 | 0.20 144.68 0.24
4.00 8.00 7.72 0.00 65.00 200.00 | 0.20 144.46 0.24
5.00 8.00 7.86 0.03 63.00 197.00| 0.20 143.71 0.24
6.00 8.00 8.48 0.02 61.00 196.00| 0.20 143.68 0.24
7.00 8.00 8.49 0.08 61.00 198.00| 0.20 142.81 0.24
8.00 8.00 8.48 0.00 57.00 189.00| 0.20 142.30 0.24
9.00 8.00 8.65 0.03 57.00 192.00| 0.20 142.02 0.24
10.00 8.00 8.13 0.07 56.00 188.00| 0.20 141.72 0.24
11.00 9.00 7.65 0.09 61.00 195.00| 0.20 141.72 0.24
12.00 9.00 7.32 0.07 58.00 188.00| 0.20 140.84 0.24
13.00 9.00 7.92 0.27 49.00 193.00| 0.20 137.08 0.23
14.00 9.00 6.73 0.27 45.00 189.00| 0.20 135.00 0.22
15.00 9.00 6.28 0.13 58.00 193.00| 0.20 134.97 0.22
16.00 9.00 6.87 0.33 44.00 194.00| 0.20 134.65 0.22
17.00 9.00 6.43 0.42 41.00 200.00 | 0.20 132.84 0.22
18.00 8.00 6.16 0.00 71.00 200.00 | 0.18 132.28 0.22
19.00 8.00 7.02 0.44 35.00 199.00| 0.20 129.68 0.21
20.00 8.00 5.99 0.52 31.00 200.00 | 0.20 128.15 0.21
21.00 8.00 6.26 0.51 31.00 200.00 | 0.20 127.73 0.21
22.00 8.00 7.13 0.50 34.00 200.00 | 0.20 127.62 0.21
23.00 7.00 3.58 0.80 23.00 200.00 | 0.20 117.59 0.19
24.00 7.00 3.10 0.98 23.00 200.00 | 0.19 113.50 0.18
25.00 8.00 4.19 1.07 30.00 200.00 | 0.17 113.20 0.18
26.00 10.00 7.36 1.00 49.00 200.00 | 0.19 109.97 0.17
27.00 7.00 1.91 1.20 23.00 200.00 | 0.19 108.53 0.17
28.00 8.00 5.47 1.39 33.00 200.00 | 0.17 107.67 0.16
29.00 7.00 1.43 1.65 27.00 200.00 | 0.18 99.90 0.15

The Design Expert software calculated 29 possible solutions showing optimum microjet reactor setup

parameters for the production of the nanoparticles. The solutions are listed in Tab. 3-50. In the first

solution 8 mL/min, 8.18, 64 °C are given for flow rate, solvent, gas pressure and temperature which

will result in nanoparticles with the particle size of 200 nm, PDI of 0.2 and drug loading efficiency of

144.96 pg/mL. This first solution was used for the further experiments.
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Validation of solution number 1 was done in terms of repeatability. Nanoparticles were prepared
with the given factors of 8 mL/min, 8.18, 64 °C are given for flow rate, solvent, gas pressure and

temperature respectively and assayed for particle size, PDI, drug loading efficiency.

Tab. 3-51 Validation of the solution proposed by design of experiments conducted for the optimization of
microjet reactor parameters.

Trial number Paricle size [nm] PDI Drug loading efficiency [%]
1 195.8 0.18 158.84
2 192.9 0.22 142.65
3 201.4 0.14 144.54
Average 196.70 0.18 148.68
SD 4.32 0.04 8.85
RSD % 2.20 22.22 5.95

Further experiments were carried out using this setup of the microjet reactor. A second design of
experiments was conducted in order to optimize the formulation parameters. For this purpose a

mixture design, D- optimal design was selected.

D-optimal design for optimization of formulation content

D-optimal design had 20 runs for 4 factors in single block design since it was possible to run all
experiments with the same material in the same day. The data is analyzed separately for the
dependent factors; particle size, PDI, ZETA potential, drug loading efficiency, mucoadhessiveness and
drug release in 0.1 N HCl using ANOVA analyses. Furthermore normality of results were evaluated
using normal plot of residuals, predicted values vs internally studentized residuals, run number vs
internally studentized residuals and box-cox transformation analyses. Furthermore correlations
between predicted and real values were analyzed for the sake of repeatability. Lastly the graphics of

response surface is constructed for the presentation of acquired data and the predictions.
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Tab. 3-52 Experimental D-optimal design for the optimization of nanoparticle formulation together with the particle size, PDI, ZETA, drug loading efficiency, mucoadhe-
siveness and drug release in pH 1.2 results of 20 runs

Component1l | Component2| Component3 | Component4 | Response 1 | Response 2 | Response 3| Response 4 | Response 5 Response 6
Std | Run | Block |A:HPMCP HP50| B:Chitosan |C:Pluronic F127 | D:Fenofibrate | Particle size PDI ZETA Drug loading | Turbidity | Drug release pH 1.2
mg/mL mg/mL mg/mL mg/mL nm mV pug/mL NTU %

6 5| Block 1 5.8 0.5 1.0 4.8 420.0 0.2 -5.9 266.2 64.9 11.4
13 3 |Block 1 7.8 0.9 1.0 2.2 401.9 0.2 5.2 342.5 85.1 13.9
8 9 | Block 1 9.2 13 1.0 0.5 270.1 0.0 4.8 118.9 115.5 7.7
19 11| Block 1 9.2 13 1.0 0.5 319.3 0.0 34 126.6 110.8 6.0
4 8 | Block 1 10.0 0.2 1.0 0.8 282.0 0.1 -20.1 14.5 45.1 1.1
15| 10|Block1 7.1 0.2 1.0 3.7 233.6 0.3 -14.9 145.3 47.9 49
5| 16|Block1 3.4 1.5 2.1 5.0 285.4 0.2 15.3 84.6 93.5 31.3
16| 20|Block1 3.4 1.5 2.1 5.0 298.0 0.2 13.6 71.2 92.3 30.2
7 19 | Block 1 6.1 1.5 2.2 2.2 303.7 0.2 14.4 258.8 115.0 20.5
11 4 | Block 1 8.6 0.2 2.4 0.8 490.6 0.2 -16.9 209.3 50.9 2.4
12 6 | Block 1 5.1 0.2 3.0 3.7 321.0 0.3 -10.6 230.9 51.2 10.0
10| 15|Block1 7.2 0.7 3.6 0.5 759.0 0.2 0.8 419.1 72.9 5.9
20 1|Block1 3.2 0.2 3.6 5.0 198.9 0.2 -8.5 101.0 54.2 15.0
9| 12|Block1 3.2 0.2 3.6 5.0 188.9 0.2 -8.5 69.6 52.6 16.0
14 7 | Block 1 5.8 0.2 4.2 1.8 528.0 0.2 -10.4 286.2 59.6 8.4
18| 13 |Block1 3.0 1.1 5.0 3.0 174.6 0.0 17.6 212.2 67.0 31.0
1| 14|Block1 3.0 1.1 5.0 3.0 178.4 0.0 16.1 141.2 65.0 28.2
17| 17 |Block1 4.8 1.5 5.0 0.7 287.6 0.1 15.2 161.8 100.0 15.4
3| 18|Block1 4.8 1.5 5.0 0.7 282.0 0.0 14.5 163.0 102.0 16.9
2 2 | Block 1 41 0.3 5.0 2.7 305.4 0.1 -8.8 220.8 53.6 11.5
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Statistical evaluation of the results was carried out with ANOVA statistics to evaluate the significance

of the model as well as the factors.

Tab. 3-53 ANOVA analyses of the model itself together with the separate factors regarding particle size

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type Ill]

Source Sum of Squares | df | Mean Square | F Value p-value Prob > F
Model 3.66E+005| 9 40635.21 93.33 <0.0001
Linear mixture 8.69E+004 | 3 28975.99 66.55 <0.0001
AB 65070.72 | 1 65070.72 149.45 <0.0001
AC 40335.31| 1 40335.31 92.64 <0.0001
AD 5085.28 | 1 5085.28 11.68 0.0066
BC 45162.85| 1 45162.85| 103.73 <0.0001
BD 70528.98| 1 70528.98| 161.98 <0.0001
cb 4146.8| 1 4146.8 9.52 0.0115
Residual 4354.09 | 10 435.41 9.52 0.0115
Lack of fit 2991.49| 5 598.3 2.2 0.2042
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Tab. 3-54 ANOVA analyses of the model itself together with the separate factors regarding PDI

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type lll]

Source Sum of Squares | df | Mean Square | F Value p-value Prob > F
Model 0.15| 9 0.016 95.82 <0.0001
Linear mixture 0.063| 3 0.021| 123.98 <0.0001
AB 2.79E-004| 1 2.79E-004 1.66 0.2272
AC 2.60E-002| 1 2.60E-002 153.3 <0.0001
AD 0.023| 1 0.023 136.4 <0.0001
BC 1.32E-004| 1 1.32E-004 0.78 0.3971
BD 1.47E-004| 1 1.47E-004 0.87 0.3721
cD 7.88E-003| 1 7.88E-003 46.71 <0.0001
Residual 1.69E-003 | 10 1.69E-004 46.71 <0.0001
1.19E-003| 5 2.38E-004 2.38 0.1816

Lack of fit
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Tab. 3-55 ANOVA analyses of the model itself together with the separate factors regarding ZETA poptential

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type lll]

Source Sum of Squares | df | Mean Square | F Value p-value Prob > F

Model 3064.04| 9 340.45| 346.44 <0.0001
Linear mixture 2904.33| 3 968.11| 985.14 <0.0001
AB 109.59| 1 109.59 | 111.52 <0.0001
AC 1383 1 13.83 14.08 0.0038
AD 21.77| 1 21.77 22.16 0.0008
BC 109.65| 1 109.65| 111.58 <0.0001
BD 116.25| 1 116.25 118.3 <0.0001
cD 2397 1 23.97 24.39 0.0006

Residual 9.83| 10 0.98
6.1| 5 1.22 1.64 0.301

Lack of fit
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Tab. 3-56 ANOVA analyses of the model itself together with the separate factors regarding drug loading

efficiency
ANOVA for Response Surface Quadratic Model
Analysis of variance table [Partial sum of squares - Type lll]
Source Sum of Squares | df | Mean Square | F Value p-value Prob > F
Model 1.86E+005| 9 20624 37.03 <0.0001
Linear mixture 19940.1| 3 6646.7 11.93 0.0012
AB 61955.74| 1 61955.74 | 111.24 <0.0001
AC 28097.59| 1 28097.59 50.45 <0.0001
AD 25607.03| 1 25607.03 45.98 <0.0001
BC 4741173 | 1 47411.73 85.13 <0.0001
BD 6213195 1 62131.95 111.56 <0.0001
cD 3729.54| 1 3729.54 6.7 0.0271
Residual 5569.42 | 10 556.94
Lack of fit 2439 | 5 487.8 0.78 0.6046
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Tab. 3-57 ANOVA analyses of the model itself together with the separate factors for mucoadhesiveness.

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type lll]

Source Sum of Squares | df | Mean Square | F Value p-value Prob > F
Model 10426.16 | 9 1158.46| 354.87 <0.0001
Linear mixture 9119.1| 3 3039.7| 931.15 <0.0001
AB 6331 1 63.31 19.39 0.0013
AC 47.27| 1 47.27 14.48 0.0035
AD 53.06| 1 53.06 16.25 0.0024
BC 11326 1 113.26 34.7 0.0002
BD 14139 1 141.39 43.31 <0.0001
cD 498 1 4.98 1.52 0.2452

Residual 32.64| 10 3.26

Lack of fit 156| 5 3.12 0.92 0.5375
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Tab. 3-58 ANOVA analyses of the model itself together with the separate factors regarding drug release in

HCI buffer pH 1.2

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type ll]

Source Sum of Squares | df | Mean Square | F Value p-value Prob > F
Model 1703.01| 9 189.22 | 113.94 <0.0001
Linear mixture 1521.64| 3 507.21| 305.41 <0.0001
AB 1442 1 14.42 8.68 0.0146
AC 098 1 0.98 0.59 0.4593
AD 1451 1 14.51 8.74 0.0144
BC 2036 1 20.36 12.26 0.0057
BD 30.16| 1 30.16 18.16 0.0017
cD 27.75| 1 27.75 16.71 0.0022

Residual 16.61 | 10 1.66

Lack of fit 9.23| 5 1.85 1.25 0.4059

The model F-value of 93.33, 118.30, 37.03, 95.82, 346.44, 37.03 for particle size, PDI, ZETA potential

and drug loading efficiency, mucoadhesiveness and drug release in HCl buffer pH 1.2 respectively

implies that the model is significant. There is only a 0.01% change that a Model F-value this large

could occur due to noise. Additionally with p values less than 0.05 all factors were to be significant.
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Tab. 3-59 Regression coefficients of the predicted and actual values for particle size, PDI, ZETA potential and
drug loading efficiency, mucoadhesiveness and drug release in HCI buffer pH 1.2.

Coefficient Drug loading Muco- Drug
Particle Size PDI ZETA potential efficiency adhesiveness release
R-Squared 0.9882 | 0.9885 0.9968 0.9709 0.9969 0.9903
Adj R-Squared 0.9776 | 0.9782 0.9939 0.9447 0.9941| 0.9817
Pred R-Squared 0.941| 0.9478 0.9869 0.8835 0.9886 0.9551
Adeq Precision 38.833| 27.158 52.794 25.366 55.914 | 32.625

The "Pred R-Squared is found to be in reasonable agreement with the "Adj R-Squared" for all

the parameters tested indicating that there is neither a block effect nor there is a need in

model reduction. Adequate Precision measures the signal to noise ratio. A ratio greater than

4 is desirable. All ratios indicate an adequate signal. This model can be used to navigate the

design space for all of the tested parameters. Using above created design space, equations

for each factor is created. Final equations are given in terms of L-pseudo components.
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Tab. 3-60 Final equations in terms of coded factors for particle size, PDI, ZETA potential and drug loading

efficiency, mucoadhesiveness and drug release in HCI buffer pH 1.2.. Each cell represents the coef-
ficient for the coded factors and their combinations.

Coefficients

Factor )
Particle PDI ZETA potential Drug I(?ading effi- Ml:ICO- Drug release
size ciency adhesiveness

A 260.63 0.017 -21.4 -38.45 42.17 0.33
B 17924.46 1.39 -609.98 -16905.2 1081.72 -230.81
C 227.77 -0.5 -30.87 -186.7 35.41 -6.36
D 489.07 0.01 -24.31 -155.67 50.71 -1.69
AB 21748.99 -1.42 892.57 21222.03 -678.39 323.81
AC 1957.18 1.57 36.24 1633.52 67 9.67
AD -466.8 0.99 30.54 1047.5 47.68 24.93
BC 20071.06 -1.09 988.96 20564.7 -1005.13 426.21
BD 22542.09 -1.03 915.2 21157.67 -1009.28 466.13
cD -981.36 1.35 74.61 930.68 33.99 80.28

Further statistical analyses were conducted

such as normal probability plot of the

studentized residuals to check for normality of residuals, studentized residuals versus

predicted values to check for constant error and Box-Cox plot for power transformations.
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Fig. 3-64 Normal plot of residuals for particle size
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Fig. 3-65 Normal plot of residuals for PDI
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Normal Plot of Residuals
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Fig. 3-66 Normal plot of residuals for ZETA potential
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Fig. 3-67 Normal plot of residuals for drug loading efficiency
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Normal Plot of Residuals
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Fig. 3-69 Normal plot of residuals for drug release in 0.1 N HCI buffer pH 1.2
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Normality plot was drawn with internally studentized residuals which are calculated by
dividing the residuals by a estimation of its own standard deviation. As seen in the graph
above points follow a straight line with no major deviations from the line along with the
random placement of the points not following any pattern which will require transformation

of data, thus showing the normality of residuals.

Further analyses were carried out with studentized residuals versus predicted values.

Residuals vs. Predicted
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Fig. 3-70 Internally studentized residuals of particle size compared with predicted values for each 30 run
performed in the experimental design.
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Residuals vs. Predicted
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Fig. 3-71 Internally studentized residuals of PDI compared with predicted values for each 30 run performed in
the experimental design.
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Fig. 3-72 Internally studentized residuals of ZETA potential compared with predicted values for each 30 run
performed in the experimental design.
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Residuals vs. Predicted
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Fig. 3-73 Internally studentized residuals of drug loading efficiency compared with predicted values for each
30 run performed in the experimental design
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Fig. 3-74 Internally studentized residuals of mucoadhesiveness efficiency compared with predicted values for
each 30 run performed in the experimental design
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Fig. 3-75 Internally studentized residuals of drug release in 0.1 N HCI buffer pH 1.2 compared with predicted

values for each 30 run performed in the experimental design
The points are scattered evenly above and below the 0 point which is showing the points
under the curve as negative and points over the curve as positive values. There is no
grouping at any point where the internally studentized residuals are only positive or

negative. This shows that there is no constant error for the predicted data. The limits — 3.0
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and +3.0 were selected according to the 95% confidence interval.

Lastly Box-Cox plot was evaluated in order to calculate lambda values for the conclusion if

the data in model needs any transformations.
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Box-Cox Plot for Power Transforms
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Fig. 3-76 Box-Cox plot for particle size
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Fig. 3-77 Box-Cox plot for PDI
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Box-Cox Plot for Power Transforms
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Fig. 3-78 Box-Cox plot for ZETA potential
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Box-Cox Plot for Power Transforms
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Fig. 3-79 Box-Cox plot for drug loading efficiency
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Fig. 3-80 Box-Cox plot for mucoadhesiveness
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Box-Cox Plot for Power Transforms
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Fig. 3-81 Box-Cox plot for drug release in 0.1 N HCI buffer pH 1.2

95 % confidence limits for the lambda at the lowest Ln(ResidualsSS) value were calculated.
Since the confidence limits include the value of lambda 1 for all the plots above, a

transformation is not required for the data to ensure the normality or homogeneity of the

data.

Data and equation were controlled with the above stated methods for the appropriateness
of data for creating the design space. Since the results met all the expected criteria the data

were used to create surface diagrams to evaluate the effects of the chosen factors more

closely.
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Fig. 3-82 3D surface graph of formulation parameters on particle size. Amount of Fenofibrate was kept con-
stant at center point for a, amount of chitosan was kept constant at center point for b, amount of
HPMCP HP50 was kept constant at center point for c and amount of Pluronic F127 was kept con-
stant at center point for d.

As seen in the graphs above particle size of the nanoparticles are closely related with the

amount and ratio of the polymers involved in the formulation. When HPMCP HP50 and

chitosan is evaluated the ratio is even more dominant in determination of the particle size as

the single amount of the polymers in the formulation. It is due to the fact that the ratio

between these two polymers determines the ZETA potential of the particle, which plays role

in the stabilization of the particles and inhibits particle growth during preparation process.

Furthermore as the Pluronic F127 amount increases the particle size decreases due to the
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lowering of surface tension of solvent and non solvent resulting in the more efficient mixing

of these two.
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Fig. 3-83 3D surface graph of formulation parameters on PDI. Amount of Fenofibrate was kept constant at
center point for a, amount of Pluronic F127 was kept constant at center point for b, amount of chi-
tosan was kept constant at center point for c and amount of HPMCP HP50 was kept constant at

center point for d.
The same principle for the particle size works also for the PDI. PDI gets smaller as the particle
agglomeration can be avoided which is directly related to the ratio of the chitosan and
HPMCP HP50 and the amount of Pluronic F127. Higher PDI values are gathered from the

uncontrolled growth of the particles after the production values which can be overcome

with steric or electrostatic stabilization.
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Fig. 3-84 3D surface graph of formulation parameters on particle size. Amount of Fenofibrate was kept con-
stant at center point for a, amount of Pluronic F127 was kept constant at center point for b,
amount of chitosan was kept constant at center point for c and amount of HPMCP HP50 was kept

constant at center point for d.

The aim for the formulation was to develop positively charged particle which will increase

the mucoadhesiveness. As expected with the decreasing amount of HPMCP HP50 and

increasing amount of chitosan, increase in the ZETA potential was observed.
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Fig. 3-85 3D surface graph of formulation parameters on drug loading efficiency. Amount of Fenofibrate was
kept constant at center point for a, amount of Pluronic F127 was kept constant at center point for
b, amount of chitosan was kept constant at center point for c and amount of HPMCP HP50 was

kept constant at center point for d.
Drug loading efficiency is directly correlated with the total solid content and the amount of
the surfactant in the solution upto a certain concentration. Higher surfactant concentrations
increase the solubility of Fenofibrate in the solvent- non solvent mixture thus resulting in the

decrease in drug loading efficiency. Furthermore increase in the total solid content results in
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the increase in the particle size which upto certain

microparticles and crystallization of Fenofibrate.
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Turbidity in order words mucoadhesiveness is directly correlated with the amount of
chitosan, HPMCP HP50 and Pluronic F127. With the increasing amount of chitosan and
decreasing amount of HPMCP HP50 there is an increase in the turbidity due to the higher
positive charge on the nanoparticle surface which interacts with the negative charge of
mucus. Furthermore with the increase in the surfactant concentration the surface charge of
the nanoparticles decrease due to the absorbance of the polymer on the nanoparticle

surface which causes in decrease of mucoadhesiveness.
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Fig. 3-87 3D surface graph of formulation parameters on drug release in pH 1.2 HCl buffer. Amount of Feno-
fibrate was kept constant at center point for a, amount of Pluronic F127 was kept constant at cen-

ter point for b, amount of chitosan was kept constant at center point for c and amount of HPMCP
HP50 was kept constant at center point for d.
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Enteric coating of the nanoparticles was realized with HPMCP HP50. Thus drug release in

acidic media is directly correlated with the amount of HPMCP HP50 in nanoparticle.

After design spaces were created for different parameters optimization of formulation was
further carried out with Design Expert software. In the formulation optimization, following

parameters were used as requirements:

Tab. 3-61 Requirements for the optimization

Lower Name Goal Lower Limit Upper Limit
HPMCP HP50 isin range 3.000 10.000
Chitosan isin range 0.200 1.500
Pluronic F127 isin range 0100 5.000
Fenofibrate minimize 0.500 5.000
Particle size minimize 174.000 300.000
PDI minimize 0.022 0.290
ZETA maximize 0.000 17.600
Drug loading maximize 200.000 419.052
Turbidity maximize 45.100 115.500
Drug release pH 1.2 isin range 1.097 11.000

The solution calculated from design space for the above stated system was as follows:

Tab. 3-62 Solutions using the equations and design space calculated based on the requirements given above

Drug loading Drug re-

HPMCP Pluron- Feno- Particle ZETA efficiency lease pH

HP50 Chitosan | ic F127 fibrate size [nm] PDI [mV] [ug/mL] Turbidity 1.2 [%]
8.421 1.312 1 1.267 199.00 | 0.13 6.63 402.81 111.71 10.94
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DSC studies were conducted with the nanoparticles prepared in according to Tab. 3-62. These nano-
particles were characterized in terms of particle size, ZETA potential and drug loading efficiency. Par-
ticle size was found to be 196.6 with a PDI value of 0.13 whereas ZETA potential was 6.78 mV. Parti-
cle had a drug loading efficiency of 404.92 pug/mL. These data were in agreement with the proposed
solution of Design Expert software. Further characterization of particles was done with DSC meas-

urements. Before DSC measurement nanoparticles were dried until complete dryness.
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Fig. 3-88 DSC measurements of Fenofibrate nanoparticles prepared with HPMCP HP50 and chitosan. The first
spectra represents nanoparticles and the second spectra represents fenofibrate.

As seen in the DSC measurements melting peak of Fenofibrate was completely disappeared indicat-
ing that Fenofibrate was fully encapsulated in an amorphous stage in HPMCP HP50/chitosan poly-

mers.

Stability studies were conducted with the nanoparticles produced with in Tab. 3-62 given formulation
parameters. Nanoparticles were freeze dried prior to stability studies. Particle size, PDI and drug re-

lease properties were investigated in a period of 6 months at 25 °C.
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Tab. 3-63: Particle size and PDI analyses of Fenofibrate nanoparticles prepared with HPMCP HP50/chitosan in
regard to stability at room temperature

Particle size [nm] PDI
0.month 196.6 0.134
1.month 206.2 0.081
2.month 193.2 0.161
3.month 191.3 0.123
6.month 190.6 0.164
Average 195.58 0.13
SD 6.38 0.03
RSD % 3.26 25.43
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Fig. 3-89 Drug release studies using SIF medium supplemented with 1% tween 20 for the stability tests of

Fenofibrate nanoparticles prepared with HPMCP HP50 and chitosan

Results indicated that freeze dried Fenofibrate nanoparticles were stable for a period of 6 months in

room temperature conditions. Drug release curves of stored samples did not differentiate from 0

month samples indicating that no crystallization happened throughout the storage.
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3.3.3. Comparative evaluation of Fenofibrate nanoparticles

Preparation and characterization of nanoparticles

Particle size is one of the factors that strongly influence the drug release and permeation properties.
Thus particle size measurements were conducted together with the ZETA potential for the nanopar-

ticle preparations FN, FHN and FHCN.

Tab. 3-64: Results of the particle size, PDI and Zeta potential analyses for FN, FHN, FHCN nanoparticles pre-
pared using microjet reactor technology

Nanoparticle Particle size SD PDI SD ZETA potential [mV] (n=3)
[nm] (n=3) (n=3)

FN 286.3 21.2 0.05 0.02 -

FHN 185.4 18.2 0.07 0.04 -12.5

FHCN 211.9 14.9 0.12 0.03 13.1

As seen in the results from Tab. 3-64 it was possible to prepare Fenofibrate nanoparticles in different
formulations with comparable particle sizes. Furthermore Fenofibrate particles did not have any sur-
face charge and corresponding ZETA potential whereas FHN nanoparticles had a negative ZETA po-
tential due to the presence of HPMCP HP50and FHCN nanoparticles had a positive ZETA potential
due to the presence of chitosan in addition to the HPMCP HP50 which neutralizes the —COOH groups
of HPMCP HP50 and furthermore loads the particles positively due to the excess amount of chitosan.
Thus the effect of surface properties on drug release and permeation of nanoparticles can also be

evaluated using these formulations.

Drug encapsulation efficiencies of the nanoparticles were determined for FHN and FHCN, and the
concentration of Fenofibrate was determined for the FN. Finally drug concentrations were adjusted

to 400 pg/mL for all formulations by dilution with distilled water.

Drug release studies

Drug release studies with Fenofibrate and the nanoparticle formulations containing Fenofibrate were
conducted using different buffers in order to evaluate and interpret the performance of nanoparticle
formulations and furthermore to compare the performance with Fenofibrate.

i. Two stage drug release
Two stage drug release studies were conducted in order to evaluate the effectiveness of pH re-
sistance of FHN and FHCN nanoparticles. Furthermore FN nanoparticles were included for compari-

son reasons.
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In the acid stage of the drug release, no drug release is expected since the FHN and FHCN nanoparti-
cles are enteric coated. As seen in the table below there was no remarkable drug release for any of
the formulations. Due to the low solubility of Fenofibrate there was also no dissolution observed for
Fenofibrate and FN nanoparticles. But one of the observations was that FN nanoparticles agglomer-
ated forming larger microparticles since the stabilizing effect of Pluronic F127 did not exist anymore

due to the dilution in 0.1 N HCL

Tab. 3-65 : Cumulative drug release profiles of Fenofibrate, FHN and FHCN formulations in 0.1 N HCI (n=3)

Cumulative drug release [%]

Time [min] 5 10 20 30 45 60 90 120
Fenofibrate 0.00 0.00 0.01 0.02 0.09 0.14 0.23 0.33
SD 0.0002 0.0039| 0.0094| 0.00807| 0.0116 0.0076 | 0.02147 | 0.015
FN 0.03 0.05 0.07 0.09 0.15 0.27 0.62 0.85
SD 0.005 0.004 0.008 0.003 0.009 0.04 0.009| 0.004
FHN 0.02 0.02 0.02 0.04 0.05 0.05 0.05 0.05
SD 0.0002 0.004 0.008 0.007 0.02 0.01| 0.015 0.02
FHCN 0.01 0.04 0.01 0.02 0.03 0.03 0.03 0.04
SD 0.0002 0.0491| 0.0009| 0.00354| 0.0058 0.0058 | 0.01518 | 0.0058

After 120 minutes the pH of the medium was increased to pH 6.8 with the addition of 0.2 M tribasic
sodium phosphate buffer supplemented with 4% tween 20. Since 250 mL of buffer was added to 750

mL of 0.1 N HCI, the resulting tween 20 concentration in the vessel was 1 %.

Tab. 3-66 Cumulative drug release profiles of Fenofibrate, FHN and FHCN formulations in buffer stage in the
presence of 1 % Tween 20 (n=3)

Cumulative drug release [%]

Time [min] 2.5 5 7.5 10 20 30 45 60 90 120

Fenofibrate 2.3 3.9 4.5 6.1 8.4 11.8 16.3 211 26.8 34.9
SD 0.1 0.1 0.1 0.1 0.3 0.3 2.1 0.6 0.8 2.0
FN 10.90 15.80 21.90 25.70 | 32.90 37.90( 45.70 52.60| 62.70| 69.80
SD 2.10 1.40 1.90 3.10| 1.90 3.10 1.60 2.50 3.20 2.90
FHN 82.5 96.0 99.2 99.6| 99.2 99.5 99.2 99.8 99.4 99.9
SD 35 3.1 1.1 2.5 3.0 2.1 2.2 1.8 2.4 1.6
FHCN 68.4 77.2 80.8 89.1| 99.1 99.3 99.4 100.1 99.9( 100.8
SD 31 2.3 2.6 0.5 1.6 1.2 0.5 07 0.3 1.2
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Fig. 3-90: 2 stage drug release profiles of Fenofibrate, FHN and FHCN using USP apparatus Il at a speed of 50
rpm (n=3)

Drug release studies with simulated intestinal fluid

Drug release studies for Fenofibrate, FN, FHN and FHCN was done using SIF buffer supplemented

with either 1 % tween 20 or 1 % SDS.

Tab. 3-67 : Cumulative drug release profiles of Fenofibrate, FN, FHN and FHCN formulations in SIF buffer in
the presence of 1 % Tween 20 (n=3)

Cumulative drug release [%]

Time [min] [ 2.5 5 7.5 10 20 30 45 60 90 120

Fenofibrate 0.9 1.7 2.7 3.6 6.6 9.5 13.7 17.8 25.4 31.8
SD 0.0 0.0 0.1 0.2 0.4 0.4 0.6 0.9 1.4 1.3
FN 89.2 94.0 96.0 96.3| 98.6 100.2| 100.7 100.3| 100.6| 100.5
SD 0.8 0.4 0.7 1.9 0.6 1.1 0.2 1.8 0.3 0.3
FHN 91.5 93.3 95.9 97.9| 99.7 101.0| 100.9 100.5| 100.5| 100.5
SD 0.4 0.3 0.4 0.5 0.7 0.5 0.5 0.3 0.3 0.4
FHCN 70.5 80.9 87.4 90.9| 99.6 99.1| 100.3 101.3| 101.0| 1011
SD 2.2 2.6 1.9 1.6 1.3 0.2 1.7 0.6 0.9 1.1
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Fig. 3-91 Drug release profiles of Fenofibrate, FN, FHN and FHCN in SIF buffer pH 6.8 supplemented with 1 %
tween 20 using USP apparatus Il at a speed of 50 rpm (n=3)

It was observed that the dissolution of Fenofibrate was not complete at the end of 2 hours even in

the presence of tween 20. Whereas nanoparticle formulations released the drug immediately where

100 % was reached within 20 minutes. It was again observed that initial burst was lower in the case

of FHCN due to the presence of chitosan.

Further experiments were conducted in SIF buffer supplemented with 1 % SDS to ensure the 100 %

dissolution of Fenofibrate within 2 hours.

Tab. 3-68 : Cumulative drug release profiles of Fenofibrate, FN, FHN and FHCN formulations in SIF buffer in
the presence of 1 % SDS (n=3)

Cumulative drug release [%]

Time [min] 2.5 5 7.5 10 20 30 45 60 920 120

Fenofibrate 4.5 9.1 14.0 18.6 34.9 47.9 63.3 72.8 85.9 92.5
SD 0.1 0.2 0.3 0.4 0.4 0.7 1.6 2.8 0.3 2.2
FN 96.2 99.5 100.5 100.2| 100.3 100.2 100.6 100.5 100.5 100.7
SD 0.5 0.6 0.9 0.3 1.0 0.5 0.2 0.5 0.8 0.5
FHN 98.2 99.8 101.0 100.6| 100.5 100.8 100.6 100.8 100.6 100.8
SD 0.5 0.8 0.8 0.5 1.0 0.4 0.5 0.7 0.6 0.5
FHCN 89.8 94.4 96.8 98.7| 100.0 100.4 100.9 101.6 100.8 99.5
SD 1.9 2.1 15 14 1.7 1.6 14 15 13 0.8
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Fig. 3-92: Drug release profiles of Fenofibrate, FN, FHN and FHCN in SIF buffer pH 6.8 supplemented with 1 %
SDS using USP apparatus Il at a speed of 50 rpm (n=3)
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iii. Drug release studies with FASSIF and FESSIF
It is known that there is a significant difference between the bioavailability of Fenofibrate in fed and
fasted states. This difference is due to the low solubility of Fenofibrate and the dissolution rate

changing due to the bile salt contents of fed or fasted state.

Tab. 3-69 : Cumulative drug release profiles of Fenofibrate, FN, FHN and FHCN formulations in FESSIF buffer

(n=3)
Cumulative drug release [%]

Time [min] | 2.5 5 7.5 10 20 30 a5 60 90 120
Fenofibrate 3.1 5.5 6.8 74| 145 21.3 30.9 39.5 53.8 70.2
SD 0.3 0.6 0.1 0.4 1.2 2.4 3.0 2.5 2.9 4.4
FN 96.3 98.6 100.2 100.7 | 100.3 100.6 | 100.5 100.3| 100.6| 100.5
SD 1.9 0.6 1.1 0.2 1.8 0.3 0.3 1.8 0.3 0.3
FHN 91.0 96.0 99.6 99.5| 99.8 100.0| 100.1 100.0| 100.3| 100.5
SD 0.3 0.7 0.4 0.3 0.1 0.8 0.8 0.6 0.3 0.1
FHCN 85.8 91.2 94.3 97.5| 99.8 99.7| 100.2 99.8 99.1 99.7
SD 1.5 1.0 1.7 1.0 0.8 0.8 0.8 0.8 0.8 0.8
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Tab. 3-70 : Cumulative drug release profiles of Fenofibrate, FN, FHN and FHCN formulations in FASSIF buffer

(n=3)
Cumulative drug release [%]
Time [min] 2.5 5 7.5 10 20 30 45 60 20 120
Fenofibrate 1.1 1.2 2.3 3.6 7.6 11.3 16.3 22.9 30.3 43.4
SD 0.3 0.0 0.1 0.2 0.5 0.2 1.6 1.7 1.7 3.8
FN 315 41.8 52.3 55.1 66.2 74.0 79.8 83.0 85.2 85.3
SD 1.0 14 1.9 1.9 2.1 1.3 1.6 4.1 2.6 1.2
FHN 36.7 48.1 58.7 63.6 75.0 81.1 82.9 84.3 84.3 85.0
SD 1.3 0.8 0.4 2.3 4.6 0.9 1.5 1.1 2.5 1.3
FHCN 34.0 46.3 57.7 68.8 77.8 80.2 80.3 80.5 82.2 82.8
SD 1.7 3.7 0.7 1.2 1.9 0.2 1.8 1.8 1.5 0.3
100 4 o n% % —— &
90 1
80
S 70 /
o 60
8 /
E 50 -
o 40 /§
-] .
5 30 3 —e— Fenofibrate
/ = FN
20 4
0 / —a—FHN
‘/.»4/ —s— FHCN
O T T T T T T
0 20 40 60 80 100 120
time [min]

Fig. 3-93: Drug release profiles of Fenofibrate, FN, FHN and FHCN in FESSIF using USP apparatus Il at a speed
of 50 rpm (n=3)
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Fig. 3-94: Drug release profiles of Fenofibrate, FN, FHN and FHCN in FaSSIF using USP apparatus Il at a speed
of 50 rpm (n=3)

In general nanoparticle formulations did not show any dramatic differences between the drug re-
lease profiles in FESSIF and FASSIF which would affect the absorption and bioavailability of Feno-
fibrate if it is taken with meals or not. Furthermore as seen in the drug release profiles of Fenofibrate
there is more than 2 fold difference between the drug release percent in FASSIF and FESSIF. This af-
fects the later bioavailability of API resulting in very low bioavailability if not taken together with

meals.

In-vitro mucoahesiveness test

FN, FHN and FHCN nanoparticles were investigated for their affinity to mucin. The investigations
were carried out in mucin dispersions containing the nanoparticles. If the nanoparticles attached to
mucin it is expected that the turbidity of the solution increases and stays stable for a period of 3
hours. Furthermore for positively charged particles there should be a decrease in the ZETA potential

due to interaction with negative loaded mucin.

Before the start of turbidity experiments nanoparticle suspension were diluted with water in the
same ratio (1:25) as they are diluted with mucin to control the difference in the turbidity and fur-
thermore mucin dispersion was used as blank which has a turbidity of 43.9 NTU. The turbidity in-

crease when nanoparticles were added to water was also added to the blank value and this value
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was subtracted from the measurements at every time point. The blank values for FN, FHN and FHCN

nanoparticles were 48.9, 50.2 and 50.3 respectively.

Tab. 3-71 Turbidity of the mucin solution containing FN, FHN and FHCN over a period of 3 hours (n=3)

Turbidity [NTU]

Time [min] 30 60 20 120 150 180
FN 0.8 0.5 0.7 2 2.3 1
SD 4.2 2.7 3.4 41 7.9 6.4
FHN 6.3 3.9 4.1 1.7 0.3 5.6
SD 3.4 2.7 4.9 3.4 6.2 43
FHCN 81.1 77.1 81.1 85.1 87.1 78.1
SD 3.4 5.5 4.8 4.2 6.3 6.7
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Fig. 3-95: Turbidity of the mucin solution containing FN, FHN and FHCN over a period of 3 hours (n=3)

ZETA analyses were performed first with FN, FHN and FHCN nanoparticles 1:25 diluted in water. Fur-

thermore ZETA potential of mucin was determined which was -6.14 mV. The 0 minute values indicate

the ZETA potential of nanoparticles diluted in water.
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Tab. 3-72 ZETA potential of the mucin dispersion containing FN, FHN and FHCN over a period of 3 hours (n=3)

ZETA Potential [mV]
Time [min] 0 30 60 90 120 150 180
FN 0.2 -5.2 -6.4 -4.9 -5.9 -6.3 -6.9
SD 0.4 21 4.9 6.7 8.1 4.3 5.2
FHN -12.5 -13.5 -15.6 -17.5 -14.9 -13.5 -13.7
SD 3.2 2.7 4.9 34 6.9 5.7 4.6
FHCN 13.1 -2.45 -3.45 -4.25 -3.98 -3.54 -3.2
SD 4.6 34 6.7 4.6 5.9 4.6 3.9
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Fig. 3-96 ZETA potential of the mucin solution containing FN, FHN and FHCN over a period of 3 hours (n=3)

ZETA potential of FHCN nanoparticles decreased dramatically after addition to mucin dispersion
showing the interaction of mucin with these particles. Furthermore this interaction was stable

throughout the period of 180 minutes.

Caco-2 permeability studies

Caco-2 permeation studies were conducted for the evaluation of possible differences between the
amount absorbed when FASSIF or FESSIF was used as the transport medium. Nanosuspensions and
Fenofibrate were applied to each well in an amount of 7 ug/well to be able to observe the differ-
ences dependent on the solubility of the substance together with the surface properties of the nano-

particles.
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Tab. 3-73 Amount of Fenofibrate dissolved in FASSIF and FASSIF determined from the donor samples (n=3)

Formulation FASSIF [pug/mL] FESSIF [ug/mL] Ratio FASSIF/FESSIF
Fenofibrate 0.4 £0.03 1.2+1.34 10.5
FN 1.6+0.40 2.8+0.37 1.8
FHN 1.4+0.06 2.4+0.06 1.7
FHCN 1.5+0.23 2.5+0.38 1.7

The ratio of FASSIF/FESSIF solubilities was approximately 10 in the case of Fenofibrate powder.

Whereas this difference decreases down to 1.8, 1.7 and 1.7 for FN, FHN and FHCN respectively.

Tab. 3-74 Cumulative percentage absorbed of Fenofibrate, FN, FHN and FHCN in Caco-2 experiments using
FASSIF as transport buffer (n=3)

% Cumulative permeation/SD

Time [min]
Fenofibrate FN FHN FHCN
30 0.1+0.05 1.4+0.19 0.840.16 1.2+0.23
60 0.3+0.04 1.8+0.24 1.3+0.36 1.7+0.34
90 0.3+0.01 2.1+0.19 1.7+0.24 2.440.20
120 0.3+0.03 2.3+0.25 2.5+0.09 3.0+0.16

The permeability of Fenofibrate is limited with its solubility. It was revealed that in case of FN, FHN

and FHCN the % cumulative permeability is significantly (p<0.01) higher than that of Fenofibrate.
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Fig. 3-97 Cumulative percentage absorbed of Fenofibrate, FN, FHN and FHCN in Caco-2 experiments using
FASSIF as transport buffer (n=3)

Furthermore in order to compare the differences between the FN, FHN, FHCN % cumulative permea-
bility one way ANOVA test was run with Bonferroni correction. One way ANOVA test revealed the
significant difference between all three groups with a p value of 0.08, furthermore the % cumulative
permeation of FHCN was found to be different from FN and FHN with p values of 0.009 and 0.042

respectively. In the same test no significant difference was observed between FN and FHN particles.

Permeation experiments with FESSIF as the transport buffer revealed following results shown in Tab

3-75:

Tab. 3-75 Cumulative percentage absorbed of Fenofibrate, FN, FHN and FHCN in Caco-2 experiments using
FESSIF as transport buffer (n=3)

% Cumulative permeation/SD
Time [min]
Fenofibrate FN FHN FHCN
30 0.410.1 1.1+0.3 1.410.2 1.410.2
60 0.610.1 2.810.6 2.6+0.2 2.9+0.5
90 0.740.2 4.0+0.4 3.840.3 4.240.5
120 0.9+0.1 4.740.2 4.510.1 5.240.2

There was found to be a significant difference between Fenofibrate, FN, FHN and FHCN (p<0.01).
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Fig. 3-98 Cumulative percentage absorbed of Fenofibrate, FN, FHN and FHCN in Caco-2 experiments using
FESSIF as transport buffer (n=3)

Furthermore in order to compare the differences between the FN, FHN, FHCN % cumulative permea-
bility one way ANOVA test was run with Bonferroni correction. One way ANOVA test revealed the
significant difference between all three groups with a p value of 0.019, furthermore the % cumulative
permeation of FHCN was found to be different from FN and FHN with p values of 0.036 and 0.023

respectively. In the same test no significant difference was observed between FN and FHN particles.

Furthermore the % doses absorbed at the time of 120 minutes were compared for FESSIF and FASSIF.

Tab. 3-76 Comparison of percentage absorbed of Fenofibrate, FN, FHN and FHCN in Caco-2 experiments
using FESSIF and FASSIF as transport buffers (n=3)

Formulation FASSIF [%] FESSIF[%] Ratio FESSIF/FASSIF
Fenofibrate 0.3+0.03 0.9+0.1 3.0
FN 2.340.25 4.710.2 2.0
FHN 2.51+0.09 4.5+0.1 1.8
FHCN 3.010.16 5.240.2 1.7

As the ratio gets closer to 1 the difference between fed and fasted state bioavailability of Fenofibrate
gets lower. Thus in the case of nanoformulations FN, FHN and FHCN it might be concluded that the

difference in fed and fasted state bioavailabilities will be significantly lower than that of Fenofibrate.
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4, Discussion

4.1. Construction and feasibility of microjet reactor for preparation of nanoparticles

In the first part of this study two different setups of microjet reactor were evaluated in order to op-
timize its construction to enable the control of particle properties such as particle size and drug load-
ing efficiency. Combination of different parameters such as flow rate, temperature, pressure, organic

solvent, concentrations of substances was tested for the evaluation of these two constructions.

Results revealed that none of the parameters changed was sufficient in increasing the drug loading to
more than 30% for both Gliclazide/Eudragit $100 and Danazol/HPMCP HP50 systems. There was also
no clear trend in the particle size with the changed parameters which in other words makes the con-
trol on the particle size in order to be able to create the desired particle size impossible. At this point
the second set-up of the microjet reactor was established. There were two major changes in the new
set up. The first one is to decrease the inner diameter of the stainless steel tubings in order to ob-
serve the effect of flow rates more clearly on drug loading efficiency as well as the particles size. The
second major change was to immerge the microjet reactor into the water bath for the better control
of the temperature during nanoparticle production since in the first setup although the nitrogen gas
was preheated, temperature decreases down to 4 °C due to evaporation of the organic solvent in the

microjet reactor.

First the effect of polymer:drug ratio in combination with non-solvent/solvent ratio was evaluated.
Drug loading into the polymer is highly related to the molecular solubility of the drug in the polymer.
Thus, for the entrapment of relatively hydrophilic molecule Gliclazide polymer:drug ratios of 200
were required but in the case of Danazol polymer:drug ratio of 20 was enough for the efficient en-
trapment of the substance in HPMCP HP50 nanoparticles since the more lipophilic substance,
Danazol, has a higher molecular solubility in the lipophilic matrix compared to Gliclazide. In the case
of Danazol nanoparticles flow rate ratio had no effect on the drug loading efficiency but in case of
Gliclazide high drug loading efficiencies were gathered using 5:1 non-solvent/solvent ratio. This is
again due to the higher solubility of Gliclazide in aqueous systems, which limits the drug loading effi-
ciency in higher solvent concentrations due to solubilization of Gliclazide in solvent and non-solvent

mixture.
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Secondly the effect of temperature and gas pressure on particle size and drug loading ratio was in-
vestigated. It was observed for both of the systems that an increase in temperature resulted in an

increase in mean particle size. Possible explanations can be as follows:

Metastability zone plays an important role for the control of particle size in precipitation process
since duration of the metastability zone is directly related to the growth of particles. Metastability
zone is the point where supersaturation occurs due to the mixing of solvent and nonsolvent resulting
in an unstable system where precipitation as nanoparticles occurs. In case this zone can be narrowed
either by efficient mixing or lowering the solubility of the substance depending on the temperature,
particle growth can be inhibited resulting in smaller particles. At low temperature the drug solubility
is decreased and the metastability zone become narrow, thus, it is easily reached to high supersatu-

ration when solution was infused into non-solvent resulting in small particles [115].

Furthermore considering the nucleation, free energy of the solution phase is greater than the sum of
free energies of the nuclei thus the nucleating process is a process of free energy decrease and heat
release, thus, it favors to from the high nucleation rate at low temperature. High nucleation rate is

also another factor, which narrows the metastability zone resulting in smaller particles [115].

It was also found that as the temperature increased the particle size and degree of aggregation also
increased, this could be attributed to the closer position of the polymer to its glass transition tem-
perature as the temperature increased [116]. When temperature is close to the glass transition tem-
perature of the polymer they tend to be adhesive due to the partial solubility of the polymer which

increases the aggregation of nanoparticles resulting in an increase in the particle size

For Gliclazide/Eudragit S100 nanoparticles it was observed that an increase in the pressure resulted
in an increase in the particle size whereas in Danazol/HPMCP HP50 system precipitation as nanopar-
ticles did not occur due to the high rate of crystallization. Nanoprecipitation is a diffusion limited
process. High pressures would decrease the diffusion rate by interacting with the formed diffusion
layers resulting in the bigger nanoparticles and accordingly in some cases increased crystal growth
rate. Furthermore high pressures in the gas flow may result in sudden evaporation of solvent and
lead to crystallization especially in the case of Danazol/HPMCP HP50 nanoparticles due to the lower

aqueous solubility of Danazol in comparison to Gliclazide.

Furthermore the effect of total solid content and solvent selection was investigated. The mechanism
of nanoparticle formation can be described based on the water-solvent, water-polymer and solvent-

polymer interactions. In all cases increasing the polymer concentration in the organic phase resulted
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in an increase of the particle mean size. This phenomenon is also favored by the fact that increasing
polymer concentration increases polymer-polymer interactions which means that more polymer
chains remain associated during the diffusion process. On the other hand the influence of polymer
concentration on the viscosity of the organic phase must be taken into account. At increasing poly-
mer concentration a more viscous organic phase is obtained which provides a higher mass transfer
resistance; thus, the diffusion of solvent-polymer phase into external aqueous phase is reduced and

larger nanoparticles are formed [35]

Due to differences in the polymer solvent and water solvent interactions, it was supposed that the
diffusion process might be altered; thus, inducing changes in the mean size. Considering that water-
solvent interactions play an important role during the diffusion stranding process, the solubility pa-
rameters of the solvents were initially used to explain this tendency. It is well known that the most
widely used application of solubility parameters is to predict the solubility of a substance in a solvent.
In effect they express the affinity between like molecules. A first requirement of mutual solubility is
that the solubility parameter of the solute (6 solute) and that of solvent (6 solvent) do not differ too
much. The smaller the difference, the higher the affinity. The relationship between the mean sizes of
NP produced with different solvents and the solvent-water affinity is highly dependent on the water-

solvent interaction parameter which is calculated with Eq. 2-3 [35, 117].

The lower Xwater-solvent of the solvent the smaller the NP mean size. Solvents having high affinity
for water which is evidenced by low Xwater-solvent values tend to promote solvent diffusion and
polymer chain partition into the aqueous phase. This leads to formation of smaller nanoparticles.
Moreover, using different solvents to prepare NP, it is possible to modify not only the particle mean
size but also the internal mean size and also the internal and external structure of the NP (porosity
and roughness). All of these NP properties lead to improve the drug loading efficiency and control of

the release kinetics and eventually change the biological behaviour of nanoparticle [35, 117].

Acetone, MeOH, and THF were used for the preparation of the Gliclazide nanoparticles. These sol-
vents have 73,98, 40,55, 81,09 as molar volumes and 19,7, 29,7, 18,5 (Mpa)“/? as Hildebrand solubili-
ty parameters respectively [118]. Thus Xwater-solvent parameters for acetone, MeOH, THF is calcu-
lated as 23,7, 5,48, 28,86 at 25 °C with & water =48 (Mpa)Y2. In this sense the nanoparticle mean
particle sizes should be in the order MeOH<acetone<THF. However, results of the experiments re-
vealed the order of the mean particle size as acetone<THF<MeOH. The results of THF and acetone
are in consistency with the phenomena above although the nanoparticles prepared with MeOH

showed the biggest particle size under every condition. This may be due to the fact that methanol
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interacts with Eudragit S100 as a poor solvent in contrast to the other solvents that interact as good
solvents. This fact was evidenced by the turbid aspect of the organic phase constituted by methanol
and polymer. In a good solution polymer chains are more disentangled from one another and hence
are extensively solvated. Converse in a poor solvent chains of polymer are more shrunken and their
solvation is limited. Logically because solvent diffusion occurs differently for a good solvent and a

poor solvent, it is highly probable that MeOH will not behave like the other solvents [35, 117].

Danazol/HPMCP HP50 nanoparticles are prepared with acetone, acetone:EtOH 50:50 (w/w %) and
EtOH:water 95:5 (w/w %). Using the above equation Xwater-solvent parameter for EtOH is calculated
as 11.19 using the molar volume of 58.39 and Hildebrand parameter of 26.2 (Mpa)2. It means that
since acetones’ Xwater-solvent parameter is found to be 23.7 and the Xwater-solvent parameter for
EtOH:water will be smaller than Xwater-solvent parameter for EtOH due to the addition of 5% water
in the solution, the order of the mean particle size should be EtOH:water<acetone:EtOH<acetone.
The experiment revealed the mean particle size in the order of acetone:EtOH<acetone<EtOH:water.
The mean particles sizes are in agreement with the phenomena for acetone and acetone:EtOH but

not with EtOH:water due to the low solubility of HPMCP HP50 in EtOH:water as explained above.

With the decrease in the solvent/non-solvent ratio a decrease is observed in the mean particle size.

This can be explained by 3 factors:

First the number of nuclei formed on the solvent/non-solvent interface. The large number of the
nuclei formed in the interface of two phases leads to aggregates and thus formation of larger nano-
particles. Simultaneously those nuclei decrease the diffusion from solvent to non-solvent which lim-

ited nanoparticles formation and decrease the yield [115].

Second the instantaneous supersaturation level of the solution due to the lower solubility of the sub-
stance in a non-solvent enriched mixture was greatly increased due to the reduction of the solvent
concentration by the enhancement of the Non-Solvent/solvent ratio when the solvent and the deion-

ized water is mixed, which leads to smaller particles.
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Third the crystal growth rate (dl/dt) can be expressed by

I kgcion®
cit

Eq. 4-1

Where Kg is the crystal growth rate constant; Ci and C* are the solute concentration at the crys-
tal/solution interface and the saturation concentration respectively. Solute concentration at the crys-
tal/solution interface is a function of diffusion from crystal structure to the solution. The value of the
parameter b is usually between 1 and 3. Solute concentration at the crystal/solution interface is a
function of diffusion from crystal structure to the solution. The increased non-solvent volume virtual-
ly decreases the solute concentration on the formed polymer crystal surface. Therefore decreased
value of Ci-C* results in a lower crystal growth rate of the polymer crystal embryo, thereby resulting

in smaller ultimate particle size [73].

Drug release properties of Gliclazide/Eudragit S100 and Danazol/HPMCP HP50 nanoparticles were
characterized using SIF supplemented with 0.5 % Tween 20 and SIF supplemented with 1 % Tween 20
respectively and compared with drug release of powder forms of the substances in the same media.
In both cases increase in the drug release rate was clearly observed where nanoparticle preparations
reached 100 % within 10 minutes. Since Eudragit S100 and HPMCP HP 50 are both polymeric systems
used for enteric coating, enteric resistance of nanoparticle formulations were tested using two stage
dissolution studies. During the acid stage for two hours there was no remarkable drug release from
both formulations whereas when the pH was increased 100 % was reached within 15 minutes for
both formulations. Lack of drug release in acidic stage proves the efficiency of enteric resistance of
nanoparticles and furthermore immediate drug release when the pH was increased, shows the gas-
tric stability of nanoparticles and absence of agglomeration in acidic medium which would have ad-

versely affected the drug release rate.

Morphology of nanoformulations was studied with DSC experiments where melting peaks of Danazol
and Gliclazide were taken into consideration. Melting curves of Danazol and Gliclazide could not be
observed for nanoparticle formulations indicating encapsulation of Danazol and Gliclazide in the used

polymer resulting in amorphous and molecularly dissolved API.
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4.2, Preparation of pH selective positively loaded nanoparticles for oral applications

HPMCP HP50 and chitosan were selected as the matrix for the preparation of positively loaded na-
noparticles. Since positively charged particles are desired for the oral drug delivery applications, first
the effect of ratio of HPMCP HP50 and chitosan concentrations on the particle surface properties
were investigated. Due to the presence of carboxylic acid groups in the molecular structure of
HPMCP HP50 and the presence of amine group in chitosan, the particles were expected to be nega-
tively loaded until a definite chitosan concentration is reached and after this point increase in the

chitosan concentration should result in positively loaded particles.

Proof of concept was shown were with the increase in chitosan concentration the negative surface
charge of particles were decreasing and after the turnout point in the chitosan concentration posi-
tively loaded particles were produced. It was also observed that when the ZETA potential of the re-
sulting particles was between -10 - +10 mV the particles tend to agglomerate due to the absence of

steric stabilization where larger particle sizes were reached.

Furthermore IR analyses confirmed the interaction between the carboxylic group of HPMCP HP 50

and amino group of chitosan.

The intentions in the preparation of nanoparticles were that the nanoparticles are supposed to have
a particle size of 100-200 nm and positively charged. It was shown that using HPMCP HP50 and chi-
tosan, it is possible to prepare intended nanoparticles throughout the neutralization reactions. The
most appropriate concentrations of HPMCP HP50 and chitosan were determined in respect to the
above stated intentions and the structure was proven through IR analyses to show that the neutrali-
zation reaction took place between these 2 polymers. Different polymers for the steric stabilization
of the nanoparticles were investigated as the next step. For this purpose PVA, PVP, HPC, Pluronic
F127 and HPMC were tested. The effect of steric stabilization was investigated using ZETA potential
and particle size analyses. The difference of particle sizes was investigated with Bonferroni test
where particle sizes of the nanoparticles prepared with steric stabilization agents were compared
with the particle size of nanoparticles without steric stabilization agent. As a result the most signifi-
cant difference was recorded for Pluronic F127 which also showed ZETA potential of 14,1 for samples
containing 0.5 % Pluronic F 127 and 9.1 for samples containing 1% Pluronic F127 whereas ZETA po-
tential of Chitosan/HPMCP50 particles lacking steric stabilization agent was 28.3. The decrease in
ZETA potential in concentration dependent manner demonstrated again the efficiency of Pluronic

F127 in coating Chitosan/HPMC50 particles. Thus Pluronic F 127 was selected as steric stabilization
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agent. Further analyses of Pluronic F127 coated nanoparticles were realised with TEM and SEM
measurements. Both TEM and SEM results were in agreement with DLS measurement which indicat-
ed the particle size of 153.4 nm for nanoparticles coated in the presence of 0.5% Pluronic F127.

Drug loading studies in the developed particles were conducted using two different designs of exper-
iments. In the first one orthogonal design was used for the optimization of flow rate, solvent type,
gas pressure and temperature dependent on particle size, PDI and drug loading efficiency. The aim of
this experiment was to determine the optimal conditions for highest drug loading efficiency with
particles between 100-200 nm with the lowest possible PDI. The model was found to be significant
and the equation resulting from the model was used for the determination of optimum parameters.
The Design Expert software calculated 29 possible solutions showing optimum microjet reactor setup
parameters for the production of the nanoparticles. In the first solution 8 mL/min, 8.18, 64 °C are
given for flow rate, solvent, gas pressure and temperature which will result in nanoparticles with the
particle size of 200 nm, PDI of 0.2 and drug loading efficiency of 144.96 pug/mL. This solution was
used for further validation experiments. Three separate preparations were conducted in order to
validate the solution where the RSD % values were 2.2, 22.22 and 5.95 for particle size, PDI and drug
loading efficiency respectively, showing the validity of method. Second design of experiments was
conducted for the optimization of formulation contents where a D-optimal design was selected. In D-
optimal design the total concentration of ingredients in the solutions used for preparation of nano-
particles were kept constant whereas ratios between the ingredients were changed to find the opti-
mum combination of components. The evaluation was done using particle size, PDI, ZETA potential,
mucoadhesiveness and drug release at pH 1.2. In this case the amounts of chitosan for mucoadhe-
siveness and amount of HPMCP HP50 for drug release at pH 1.2 was kept under control to be able to
produce enteric coated nanoparticles with mucoadhesive properties. The model was found to be
significant and used for the further calculations of optimum parameters using the equation created
with the model. The requirements of the optimization was set to minimize the particle size and PDI
to maximize the ZETA potential, drug loading efficiency and turbidity and finally to keep the drug
release lower than 10 % in pH 1.2 HCI buffer. Resulting solution according to above stated criteria
resulted in nanoparticles with a particle size of 199 nm, PDI of 0.13, ZETA potential of 6.63, drug load-
ing efficiency of 402.81 pg/mL, turbidity of 111.71 and drug release in pH 0.1 medium 10.94%. These
particles were prepared in order to assure the accuracy of the calculated parameter. Characterization
of the particles revealed a particle size of 196.6 with a PDI value of 0.13 whereas ZETA potential was
6.78. Furthermore drug loading efficiency was found to be 404.92 pug/mL which is in agreement with
the calculated results by the design of experiments software. Stability studies were conducted using
the optimized particles. Stability studies included particle size measurements and dissolution studies

during storage for 6 months at 25 °C. There was no change in the particle size as well as PDI during
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six months of storage indicating that the particles were physically stable. Furthermore drug release
studies revealed that drug release characteristics of Fenofibrate from the particles did not change in

6 months period.

4.3. Comparative evaluation of fenofibrate particles

Three different nanoparticle formulations were prepared to be used in the comparative evaluation of
fenofibrate particles. These particles were FN (fenofibrate naked nanoparticles), FHN(fenofibrate
entrapped in HPMCP HP 50) and FHCN(fenofibrate nanoparticles prepared with HPMCP HP50 and
chitosan). As seen in the results from Tab. 3-64 it was possible to prepare Fenofibrate nanoparticles
in different formulations with comparable particle sizes. Furthermore Fenofibrate particles did not
have any surface charge and corresponding ZETA potential whereas FHN nanoparticles had a nega-
tive ZETA potential due to the presence of HPMCP HP50and FHCN nanoparticles had a positive ZETA
potential due to the presence of chitosan in addition to the HPMCP HP50 which neutralizes the —
COOH groups of HPMCP HP50 and furthermore charges the particles positively due to the excess
amount of chitosan. Thus effect of surface properties on drug release and permeation of nanoparti-
cles can also be evaluated using these formulations. Drug release studies were conducted with all 3
formulations in order to determine the differences in drug release characteristics. 5 different media
were used for the drug release studies. These were 0.1 HCl and phosphate buffer pH 6.8 for two
stage drug release studies, SIF, FASSIF and FESSIF. During the two stage dissolution in acid stage
there was no remarkable difference in drug release profiles of Fenofibrate, FHN and FHCN nanoparti-
cles. This is due to the low water solubility of Fenofibrate and due to the enteric coating on FHN and
FHCN nanoparticles. But when the pH was increased to 6.8, the difference between the drug release
profiles of Fenofibrate and FHN and FHCN nanoparticles was clearly observed. This is due to the fact
that in acidic stage the nanoparticle formulations kept their integrity and particle properties upon
the increase in the pH, the drug release were completed within 10 minutes for FHN and within 20
minutes for FHCN. The difference of the release kinetics between FHN and FHCN is due to the pres-
ence of chitosan which is only soluble at low pHs. It was observed that the drug release kinetics has
two phase containing burst release as the first phase followed by a diffusion controlled release. Chi-
tosan affects the initial burst release. 82.45 % of drug is released within 2.5 minutes from the FHN,
chitosan lacking formulation whereas 68.39 % drug is released in the same time period from the
FHCN, chitosan containing formulation. But in both cases drug release was significantly higher com-
pared to the Fenofibrate. Furthermore, FN showed a higher dissolution compared to Fenofibrate but

it was not as fast as the other nanoparticle formulations. This might be due to the fact that particle
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size of Fenofibrate agglomerates was smaller than the Fenofibrate itself resulting in faster dissolu-

tion.

Drug release studies for Fenofibrate, FN, FHN and FHCN was done using SIF buffer supplemented
with either 1 % tween 20 or 1 % SDS. SDS was used to achieve the complete dissolution of powder
Fenofibrate within 2 hours, thus the drug release profiles can be more efficiently compared. It was
observed that the dissolution of Fenofibrate was not complete at the end of 2 hours even in the
presence of tween 20. Whereas nanoparticle formulations released the drug immediately where 100
% was reached within 20 minutes. It was again observed that initial burst was lower in the case of

FHCN due to the presence of chitosan.

Further experiments were conducted in SIF buffer supplemented with 1 % SDS to ensure the 100 %
dissolution of Fenofibrate within 2 hours. SDS increased significantly the solubility of Fenofibrate. In
the presence of SDS dissolution of Fenofibrate reached up to 90 % within 2 hours. Furthermore when
SDS used in the drug release medium the burst effects was significantly higher for the nanoparticle
formulations due to the increase of the solubility of Fenofibrate and the fact that SDS increases also

the dissolution of HPMCP HP50 used in the nanoparticle formulations.

Drug release studies in fed and fasted state were conducted in order to compare the drug release
characteristics of the particles under the given conditions. It was observed that dissolution of Feno-
fibrate is complete using FESSIF as buffer in 20 minutes for nanoparticle formulations whereas Feno-
fibrate was dissolved only up to 70.2 % at the end of two hours in fed state. In fasted state due to the
lower solubility of Fenofibrate only 43.40 % is dissolved within two hours whereas dissolution curves
of nanoparticles reached up to 80 % in 30 minutes. Since in this dissolution study solubility is the rate
limiting factor differences in nanoparticle formulations could be evaluated more efficiently. In previ-
ous drug release studies it was observed that drug release from FN and FHN were almost the same
whereas FHCN nanoparticles released the drug slower in comparison to FN and FHN due to the pres-
ence of chitosan. But when FASSIF medium, in which solubility of Fenofibrate is limited, is used for
the drug release studies drug release from FHN and FHCN particles are faster in comparison to FHCN
particles. This may be due to the fact that Fenofibrate is molecularly dissolved in either HPMCP HP50
or HPMCP HP50/chitosan in a homogenous amorphous state when solubility is the limiting factor the
diffusion process is easier and quicker in comparison to Fenofibrate nanoparticles alone. It was
shown that there is no significant difference between the fed and fasted state drug release profiles of
nanoparticle formulations indicating that there will be no differences in fed and fasted state bioavail-

ability. Whereas there was as expected more than 2 fold difference in the case of fenofibrate.
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Characterization studies were carried on using turbidity measurements in the presence of mucin
solution. Increase in the turbidity was only observed for the FHCN nanoparticles as expected since
these are the only nanoparticles that can get in interaction with negative mucin particles due to posi-
tive ZETA potential. Furthermore the interaction between mucin particles and FHCN was stable
enough to be carried out over a period of 3 hour. These results were also controlled with ZETA po-
tential measurements in the presence of mucin. ZETA potential of FHCN nanoparticles decreased
dramatically after addition to mucin dispersion showing the interaction of mucin with these particles.

Furthermore this interaction was stable throughout the period of 3 hours.

Caco-2 studies were conducted using FN, FHN and FHCN particles to determine the differences be-
tween amount absorbed when FASSIF or FESSIF was used as the transport medium. Although drug
release profiles and solubility experiments with FASSIF and FESSIF did not show any significant differ-
ence when % absorbed doses are considered the values of FHCN was significantly higher compared
to Fenofibrate and other formulations. This is most probably due to the positive charged particle
surface which interacts the negative charged cell surface. This difference might be more obviously
seen in the in-vivo experiments since mucus, which is not present in caco-2 cells, but is located on
the intestinal cells in-vivo is also negatively charged which will result in the entrapment of positively

charged nanoparticles in mucus.
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5. Conclusion

A microjet reactor technology was developed for the preparation of pharmaceutical nanoparticles. In
the development stage most critical parameters were found to be the temperature control, and the
diameter of capillaries. In the first set up of the microjet reactor it was not possible to prepare nano-
particles in a controlled manner. This first setup was further developed with temperature control for
solvent, non-solvent and microjet reactor itself and diameter of the capillaries was reduced. These
changes resulted in a system which allows efficient control of particle properties such as particle size,

PDI and drug loading efficiency.

Further parameters that might have an influence in the nanoparticle preparation process were tested
using two model systems Danazol/HPMCP HP50 and Gliclazide/Eudragit S100 nanoparticles. Effects
of flow rate, temperature, pressure, total solid concentration and type of solvent were tested on the
particle size, PDI and drug loading efficiency to be able to determine the critical parameters to be
used in design of experiments for the further optimization of the system. Functionality of these parti-
cles were tested with drug release studies where drug release profiles were investigated using pH 6.8
buffer and 2 stage dissolution were no significant drug release was observed in the acid stage and
with the increase of the pH 100 % drug release was reached within minutes. Furthermore DSC meas-
urements were conducted to ensure the molecular dispersion of the API in the polymer where for
both of the model systems melting peak of the API was not observed in the nanoparticle samples.
After determination of flow rate, temperature, pressure and solvent type as the most critical factors
for the preparation of the pharmaceutical nanoparticles, a novel oral delivery system was developed

using a microjet reactor.

The aim of the oral delivery system was development of pH controlled positively charged nanoparti-
cles which show resistance to gastric conditions releasing the drug first in intestines and has an affini-
ty to intestinal mucus due to negative charge of the mucus. For this purpose HPMCP HP50 and chi-
tosan were used as polymers and Fenofibrate was used as the model API. First optimum ratio was
determined for the preparation of HPMCP HP50/Chitosan nanoparticles to obtain positively charged
stable nanoparticles and afterwards steric stabilization was ensured using a third polymer Pluronic
F127. Fenofibrate containing HPMCP HP50/Chitosan nanoparticles were optimized using two differ-
ent design of experiments. The rotatable orthogonal design was used for the optimization of microjet

reactor parameters such as flow rate, temperature, pressure and solvent. In the second design which
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was a D-optimal design formulation ingredients were optimized for the optimum particle size, PDI,
drug loading efficiency and drug release properties at pH 1.2 HCl medium.

The advantages of this novel drug delivery system were shown in vitro in comparison to naked Feno-
fibrate nanoparticles and Fenofibrate/HPMCP HP50 nanoparticles. Drug release profiles were higher
in case FHN and FHCN in comparison to FN where Fenofibrate is in crystalline state. Furthermore
FHCN was the only nanoparticle formulation with mucus affinity. In Caco-2 trials FHCN showed signif-
icantly better performance in comparison to other nanoparticle formulations.

In conclusion a continuous production system using microjet reactor which is based on nanoprecipi-
tation was developed for the preparation of pharmaceutical nanoparticles where efficient control of
particle properties was possible. Using this method a novel oral drug delivery system was developed

which showed superior characteristics in-vitro to the conventional nanoparticles.
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6. Abstract

Production of nanoparticles for drug delivery requires simple and efficient methods yielding narrow
size distributions within specified limits. In this study a novel method MicroJet reactor technology
was developed to enable the custom preparation of nanoparticles. Another objective of the study
was to prepare gastroresistant nanoparticles using hydroxypropyl methyl cellulose phthalate (HPMCP
50) and low molecular weight chitosan as matrix for the oral application of fenofibrate as model
drug.

Danazol/HPMCP HP50 and Gliclazide/Eudragit S100 nanoparticles were used as model systems for
the investigation of effects of process parameters and microjet reactor setup on the nanoparticle
properties during the microjet reactor construction. Capillary diameter, microjet reactor nozzle size
were investigated as microjet reactor parameters and flow rate and flow rate ratios, solvent type,
temperature and pressure was investigated as process parameters. Following the feasibility study of
the microjet reactor system, three different nanoparticle formulations were prepared using feno-
fibrate as model drug. Fenofibrate nanoparticles stabilized with poloxamer 407 (FN), fenofibrate
nanoparticles in hydroxypropyl methyl cellulose phthalate (HPMCP) matrix (FHN) and fenofibrate
nanoparticles in HPMCP and chitosan matrix (FHCN) were prepared under controlled precipitation
using Microlet reactor technology. Particle sizes of all the nanoparticle formulations were adjusted to
200-250 nm with the variations in production parameters such as flow rate, temperature and pres-
sure. All nanoparticle formulations were characterized for particle size, drug loading efficiency, drug
release, in-vitro mucoadhesiveness and Caco-2 permeation.

The right combination of construction parameters such as capillary diameter and the nozzle size al-
lowed the effect of process parameters to be pronounced significantly in the case of Danazol/HPMCP
HP50 and Gliclazide/Eudragit S100 nanoparticles. The changes in the experimental parameters al-
tered the system thermodynamics resulting in the production of nanoparticles between 20-1000 nm
(PDI<0.2) with high drug loading efficiencies (96.5% in 20:1 polymer:drug ratio) without need for
using surfactant or toxic organic solvents.

Drug releases from all nanoparticle formulations were fast and complete after 15 minutes both in
FaSSIF and FeSSIF medium whereas in mucodhesiveness tests, only FHCN formulation was found to
be mucoadhesive. Results of the Caco-2 studies revealed that % dose absorbed values were signifi-
cantly higher (p<0.01) for FHCN in both cases where FaSSIF and FeSSIF were used as transport buffer.
Although no significant difference was observed in the drug release profiles, positively charged and
mucoadhesive FHCN nanoparticles increased the absorption of fenofibrate more than other formula-

tions.
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7. Zusammenfassung

Die Produktion von Nanopartikeln fir den gerichteten Wirkstofftransport erfordert einfache und
effiziente Methoden, die in einer engen PartikelgroRenverteilung in vorgegebenen Grenzwerten
miinden. In der vorliegenden Arbeit wurde eine neuartige Methode entwickelt - die Mikrojetreaktor-
Technologie - um die spezifische Herstellung von Nanopartikeln zu ermdglichen.

Ein weiteres Ziel der Arbeit war die Herstellung magensaftresistenter Nanopartikel der Modellsub-
stanz  Fenofibrat zur oralen Applikation unter Verwendung von Hydroxypropyl-
Methylcellulosephthalat (HPMCP 50) und niedermolekularem Chitosan als Matrixsubstanzen.
Danzol/HPMCP HP50 und Gliclazid/Eudragit S100 Nanopartikel wurden als Modellsysteme fir die
Untersuchung des Einflusses der verschiedenen Prozess- und konstruktionsbedingten Parameter am
Mikrojetreaktor auf die Eigenschaften der Nanopartikel genutzt. Dabei wurden als konstruktionsbe-
dingte Parameter am Mikrojetreaktor Kapillardurchmesser und Disenweite untersucht, wahrend
sich die Untersuchung der Prozessparameter auf die GroRen Flussrate, Flussratenverhaltnis, Art des
Losungsmittels, Temperatur und Druck erstreckte.

Nach Abschluss einer initialen Machbarkeitsstudie am Mikrojetreaktorsystem wurden drei verschie-
dene Nanopartikelformulierungen unter Verwendung des Modellwirkstoffes Fenofibrat durch kon-
trollierte Fallung im Mikrojetreaktor hergestellt. Dies waren Fenofibrat Nanopartikel, stabilisiert mit
Poloxamer 407 (FN), Fenofibrat Nanopartikel in einer Hydroxypropylmethylcellulosephthalat
(HPMCP) Matrix (FHN) und Fenofibrat Nanopartikel in einer HPMCP/Chitosan Matrix (FHCN). Bei
allen Formulierungen konnte die PartikelgroRe durch die Variation einzelner Prozessparameter wie
Flussrate, Temperatur und Druck auf 200-250 nm eingestellt werden. Alle Nanopartikelformulierun-
gen wurden durch die Ermittlung der PartikelgroRRe, der Effizienz der Wirkstoffbeladung, der Wirk-
stofffreisetzung, einem in-vitro Mucoadhasionstest sowie einem Caco-2 Permeationstest charakteri-
siert. Die richtige Kombination der konstruktionsbedingten Parameter am Mikrojetreaktor wie Kapil-
larduchmesser und Disenweite zeigten im Falle der Danazol/HPMCP HP50 und Gliclazid/Eudragit
S100 Nanopartikel einen signifikanten Einfluss bezlglich der Prozessparameter-Effekte.

Variationen der experimentellen Parameter resultierten in thermodynamischen Anderungen des
Systems, welche die Herstellung von Nanopartikeln zwischen 20-1000nm (PDI <0,2) mit hohen Wirk-
stoffbeladungen (96,5% bei einem Polymer:Wirkstoff Verhaltnis von 20:1) ohne die Verwendung von
grenzflachenaktiven Substanzen oder toxischen organischen Lésungsmitteln erlaubten.

Fenofibrat Formulierungen zeichneten sich durch eine schnelle und vollstdndige Wirkstofffreisetzung
in FaSSIF und FeSSIF Medien innerhalb von 15 Minuten aus. Die Mucoadhdasionstests ergaben nur fir
die FHCN Formulierung eine Mucoadhasion. Die Caco-2 Studien zeigten sowohl bei der Nutzung von

FaSSIF als auch FeSSIF Medien als Transportpuffersystem fiir FHCN signifikant hohere (p<0,01) pro-
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zentuale Absorptionswerte. Obwohl in den Wirkstofffreisetzungsprofilen kein signifikanter Unter-
schied beobachtet werden konnte, erhéhten positiv geladene und mucoadhasive FHCN Nanopartikel

die Absorption von Fenofibrat starker als die Gbrigen Formulierungen.
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9. Appendix

Tab. 9-1: HPLC method validation results for Gliclazide

Parameter Detail Limits Result Compliance
1.94 %
imiacti Area: RSD £ 2%
ST 6 injections c.>f standard 0.78 % yes
solution Retention time: RSD < 2%

Visual comparison of .
No interferences

. chromatograms of the No interferences with . .
Selectivity . . with eluent mix- yes
test compound in elu- eluent mixture
ture
ent
1%t Order regression
model
5 >0.99 0.9998 yes

;
Linearity | min. 5 calibration levels

0.6144 - 61.440

Linear range - ug mL yes
3 concentration levels Deviation:
Accuracy (CON1-CON3)n=3 deviation: CON1: 99.62 Jes
(deviation mean value/ 100 £ 2% CON2:99.73
true value)-100 % CON3:99.49
3 concentration levels Deviation:
.. N RSD (n = 3): CON1:0.012
Precision (CON1 ;gg)\l?,) n=3, 29 CON2: 0.210 yes
CON3:0.513
Stability Area % 2% -7°C: 0.02 yes

Fig. 9-1: Example chromatogram of Gliclazide assay method
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Tab. 9-2: HPLC method validation results for Danazol

Parameter Detail Limits Result Compliance
Area:RSD %<2 %
SsT 6 injections of standard 0.58 % os
1 H . 0,
solution Retention time: RSD% < 0.19 % Y
2%
Visual comparison of . . No interfer-
.. No interferences with elu- .
Selectivity | chromatograms of the . ences with elu- yes
. ent mixture .
test compound in eluent ent mixture
1% Order regression
I
mode >0.999 0.99989 yes
r.2
Linearity | min. 5 calibration levels
Linear range - 0.101-111 es
& ug mL? y
3 concentration levels Deviation:
Accuracy (CON1-CON3),n=3; deviation: CON 1: 105.9 % Jes
(deviation mean value/ 100£10 % CON 2:98.8 %
true value)-100 % CON 3:101.7 %
3 concentration levels Deviation:
.. _ RSD % (n = 3): CON1:09%
Precision (CON1 RCSgI\OI/Ba), n=3, <29 CON 2: 1.8 % yes
° CON3:1.0%
Chromatogram
f
40 I | :I
|
= ‘ 5
£ |
20 | |
[
| l'._
] e —— S ——— L \\ e '
0 1 2 3 4 5 6

Minutes

Fig. 9-2: Example chromatogram of Danazol assay method
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Tab. 9-3: HPLC method validation results for Fenofibrate

Parameter Detail Limits Result Compliance
SsT 6 injections of standard Area: RSD < 2% 0.20 % Jes
solution Retention time: RSD < 2% 0.19%
Visual comparison of . . No interferences
. . No interferences with ) .
Selectivity | chromatograms of the . with eluent mix- yes
. eluent mixture
test compound in eluent ture
1% Order regression
I
mc;f'e >0.999 0.999233 yes
Linearity | min. 5 calibration levels
Linear range - >-06-60.72 es
& pugmL? Y
3 concentration levels Deviation:
Accuracy (CON1-CON3),n=3; deviation: CON1:102.12 % Jes
(deviation mean value/ 100£5% CON2:97.28 %
true value)-100 % CON3:102.22 %
3 concentration levels Deviation:
. 3 RSD % (n = 3): CON1:0.3%
Precision (CON1 RCSEIZI/S)' n=3, <29 CON2: 0.05 % yes
° CON3:0.04 %
24h at 7°C:
- - o
Stability Concentration % Deviation <2 % 0.22% yes
150
Name
Retention Time ‘
100 :
5 |

50

3
Minutes

Fig. 9-3: Example chromatogram of Fenofibrate assay method
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