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1 Introduction

1.1 Challenges in preclinical Research & Development

By the introduction of high-throughput-screening (HTS) approaches for potential drug
candidates in the pharmaceutical industry, the number of promising pharmacological
effective substances was increased in the preclinical research area [1]. With this toolbox
drugs are optimized with regards to target protein binding which is usually achieved by
implementation of additional hydrophobic functional groups into drug molecules, leading
to higher in-vitro pharmacodynamic efficacies. This was based on the fact, that research
interest in the last times was mainly focused on targets like kinases or nuclear receptors,
which required more hydrophobic substrates [2, 3, 4]. However, this often coincides with
poor aqueous solubility which is a major obstacle in drug development. It remains often
unnoticed, that the in-vitro target-focused approaches were incrementally connected with a
decreased substance “developability” [5, 6, 7]. Current surveys suggest that around 75% of
all research compounds show inappropriate solubility properties [3]. That this leads to huge
challenges in the drug product development is confirmed by the fact, that in the year 2009
only 35% of the top 200 orally utilized drug products at the market comprised of substances
which can be ranged to Biopharmaceutics Classification System (BCS) class II and IV
[8]. Moreover, market entry of potential drug substances in the pharmaceutical industry
is currently low as only 40% of substance candidates can be transferred from animal to
human clinical studies and only 10% of those ever reach the market [9]. The reasons for
the attrition of compounds in the clinical phases were mainly based on low efficacies and
on unappropriate toxicity profiles. Undesired pharmacokinetic properties and formulation
challenges present to a lower extent further causes [10, 11]. The problem of low drug
substance solubility is mainly addressed during formulation development, but it is often
underestimated, that formulation issues will have an additional influence on the substance
pharmacokinetics profile. Additionally, this in turn can have an impact on the toxicity
outcomes. A cardiotoxicity minimizing effect could be shown within the development of
the liposomal formulation of Doxil® [12]. By looking deeper into the conduction of PK/PD
studies, especially here the low solubility presents a challenge [13]. Compounds were
generally tested for in-vitro activity under optimized conditions by utilizing non-aqueous
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CHAPTER 1. INTRODUCTION

solvents to influence extrinsic dissolution profiles [9, 14]. In the toxicity research area, the
regulatory guidelines released by the FDA for testing acute toxicities in rodents dictates
single drug substance doses of up to 2000 mg/kg body weight, dependent on the clinical
mean exposure margin [15, 16]. This again highlights the importance of finding an optimal
drug formulation: The requirement of maintaining sufficiently high substance concentrations
in-vivo during toxicity or PK/PD studies can be hardly fulfilled without the use of organic
solvents or by reverting to alternative formulation approaches such as suspensions [14].
In addition, this procedure causes further challenges. By using higher concentrations
of a drug in solvent-based vehicles the danger of in-vivo precipitation emerges. Within
the use of suspensions their particle size plays a crucial role regarding the release rates
of drugs [17]. Strategies to overcome inappropriate solubilities of drug substances are
displayed by chemical derivatization of compounds, salt formation [18, 19], inclusion into
cyclodextrins [20, 21] or the use of cosolvents [22, 23]. However, a successful chemical
modification or aqueous soluble salt generation is not possible for all drug candidates.
Moreover, the use of large amounts of cyclodextrins needed for intravenous application of
high drug concentrations limit their application [24], although cyclodextrin modifications
such as HPβCD and SBEβCD showed reduced nephrotoxicological and hemolytic activities
in comparison to the βCD counterpart [25]. In-vivo compatibility of co-solvents such
as ethanol or propylenglycole for increasing a drug’s solubility has to be considered, as
excessive amounts increase the risk of toxicity problems [26]. Again, the concern of in-vivo
precipitation or dissociation of the cyclodextrin-drug complex after application cannot be
diminished [27].
Under consideration of formulation challenges resulting from the drug candidates’ low

aqueous solubility, the need for nanocarriers in drug development has steadily increased
over the last years. Nanoparticles utilized as “ferries” for drug substances of low aqueous
solubility and/or undesired pharmacokinetic properties including organ toxicity, bear several
advantages in comparison to the use of conventional formulations such as solutions. In
the area of parenteral, especially intravenous delivery, the USP Pharmacopoeia prescribes
that within injectable lipid emulsions the amount of droplets about 5 µm has to be lower
than 0.05 vol% (determined by the light obscuration method) [28]. Within larger particles
the risk of pulmonary embolism or phlebitis appears [29]. This specification can only
be limitedly transferred to the use of solid particles, as the latter are not deformable
in comparison to emulsion droplets and the acceptable upper particle size limit might
be lower. Therefore, nanoparticles in the submicron size range present a suitable drug
delivery system for the parenteral application. Moreover, degradation of chemically instable
drug substances can be minimized by entrapment into nanoparticles [30]. Additionally,
another unique advantageous property of nanoparticles lies in the possibility of altering a
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drug’s pharmacokinetic behavior [31, 32]. Passive targeting of nanoparticles to disease-
modified organs like tumor or arthritic tissue takes advantage of the Enhanced Permeability
and Retention (EPR) effect. These specific tissues/organ show besides others a high
vasularization density and a leaky vasculature [33]. Dependent on the size range of
nanoparticles and their surface hydrophilicity, the accumulation in those organs can be
increased [34]. Another advantage of nanoparticle systems lies in the possibility of active
targeting to specific tissues/organs by coupling target ligands like antibodies or antibody
fragments to the nanoparticles’ surface [35]. With leading specific nanoparticles to dendritic
cells, the immune system response to a carried antigen can be enhanced and a long-lasting
depot antigen delivery achieved. It has to be considered that the in-vivo behavior of
nanoparticle systems strongly depends on many parameters. The most important ones
are the submicron size range, surface charge, material composition and application site.
Generally, the exact prediction of the fate of drugs in nanoparticulate drug delivery systems
after administration in animals or humans remains up to now a major challenge. Currently,
investigations about the impact of the described factors on the in-vivo fate and efficacy of
nanoparticles are a an important research topic with the long-term goal to get an optimal
composed drug delivery system.

1.2 The relevance of nanosuspensions as drug carrier
systems

Nanosuspension definition and fabrication methods

The term “nanosuspension” indicates, strictly spoken, a disperse system of type solid in
fluid with a size of solids in the submicron range. In this context, nanoparticulate systems
such as polymeric nanoparticles and solid lipid nanoparticles can be as well attributed to
the definition “nanosuspensions”. In a more specialized definition, nanosuspensions are
characterized as nanoparticles consisting of pure drug substance particles dispersed in an
aqueous medium with small amounts of molecules on their surface providing steric or ionic
stabilization [36, 37, 26]. A schematic drawing of nanosuspension particles is shown in Fig.
1.2.1.

Nanosuspensions can be either manufactured by bottom-up approaches, by top-down
techniques or by a combination of both. In case of bottom-up methods, a drug is generally
dissolved in an appropriate solvent and precipitated by adding to a non-solvent component
such as an aqueous stabilizer solution [38, 39, 40, 41, 42]. The single procedures within this
approach can be mainly divided into techniques, which use non water-miscible or partially
water-miscible organic solvents. Often these fabrication methods favor the production of
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amorphous drug particles, as it was utilized in the NanoMorph®technology [43]. The use
of organic solvents herein is essential, what in turns is a questionable issue. At first, safety
risks for manufacturer and patient appear, when remnants of organic solvents cannot be
fully removed, and at second it presents an ecological menace. Due to those drawbacks,
further development was done by the introduction of supercritical fluids as solvents or
antisolvents for the bottom-up production of nanosuspensions. The drug substance hereby is
either dissolved in the supercritical fluid (mostly CO2) and precipitated by rapid expansion
or fabricated vice versa by dissolving in an organic solvent and subsequently spraying
into the anti-solvent supercritical fluid [44]. Despite the utilization of the nontoxic CO2,
approaches with supercritical fluids did not prevail in research as the costs and process
efforts were too high. The supercritical freezing liquid (SFL) preparation presents another
bottom-up method, in which dissolved drug is sprayed into an cryogenic liquid, frozen
and subsequently lyophilized [45]. Critical process parameters which have an essential
impact on the obtained particle sizes of nanosuspensions are the process temperature
and mixing velocity during precipitation which influences the nucleation formation and
crystal growth rate [26]. In general, a higher solubility of the metastable, amorphously
precipitated nanosuspension particles can be achieved [46]. However, Ostwald ripening can
occur leading to an increase in particle size, which often limits the product shelf life of
those nanosuspension formulations [47]. Primarily used top-down techniques are displayed
by the high-pressure-piston-gap-homogenization (HPH) and wet milling procedures. In
HPH, a coarse suspension, consisting of drug substance, stabilizers and water/buffer is
pre-mixed and pressed through a small gap with pressures between 500 bar and 1500 bar.
Besides mainly apparent shear forces based on particle-particle and particle-homogenizer
collisions, cavitation is described as possible comminution mechanisms [48]. In the latter
case, the static pressure is according to the Bernoulli principle decreased below the water
vapor pressure, which leads to bubble formation and subsequently implosion of those when
leaving the gap. Particles can be broken up due to these strong forces [49, 50]. The
contribution of cavitation forces to comminution of particles in the process is currently not
clear. Some working groups found no local vacuum in the valve region which would be
necessary for cavitation [51, 52], others in turn showed, that the mechanism of breakage
was primarily based on shear stress, but also on the appearance of cavitation forces [53].
Furthermore, it has to be considered, that within the HPH abrasion of metallic material
can occur [54]. In the wet milling technique, patented as NanoCrystal® technology [55], a
milling chamber is filled with the coarse suspension and milling beads of small diameters
(typically 0.2-1.3 mm [56]). Subsequently, comminution occurs by moving the grinding
material due to centrifugal forces in a planetary ball mill [57] or due to an agitator [58]
which results in abrasion, cleavage or fracture of single particles [59]. The manufacturing
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can be either performed in batch-mode or in a recirculation manner. The main disadvantage
coming along with wet milling presents the possible contamination of the formulation with
milling bead material due to abrasion [60]. Main advantages are the easy scale up, the lack
of organic solvents and the potential to produce high-concentrated nanosuspensions up to
400 mg/mL [61]. Within the HPH technique the homogenization pressure, the temperature
and the number of cycles present the crucial process parameters, whereas for wet milling
the size of grinding material, the solid mass fraction, and the stirrer speed are the most
important factors [50, 56]. Besides the described well-known nanosuspension preparation
methods, newer techniques such as the NanoEDGE® technology [62] and the H96 process
[63] were described in literature. Both manufacturings were based on the combination of
bottom-up approaches (solvent evaporation and freeze-drying for NanoEDGE® and H96,
respectively) and a subsequent HPH procedure. Nanosuspension production via laser-based
particle fragmentation presents the latest technique so far [64]. By looking at the increasing
number of nanosuspension based drug products approved by the drug regulatory agencies,
the relevance of this drug delivery system is beyond all question. Currently approved market
products with the relating preparation techniques are shown in Table 1.2.1.

Table 1.2.1: Marketed drug products based on nanosuspension carrier systems. Approvals by the
European Medicines Agency (EMA) are shown. *Products only approved by the FDA.

Brand name,
drug substance Manufacturing technique Formulated as Approval date

Rapamune®,
Sirolimus

media milling tablet 2001

Emend®,
Aprepitant media milling capsule 2003

Tricor®,
Fenofibrate media milling tablet 2004*

Triglide®,
Fenofibrate HPH tablet 2005*

Megace ES®,
Megestrolacetat media milling oral suspension 2005

InvegaSustenna®,
Paliperidonpalmitat media milling i.m. suspension 2011

Concepts of nanosuspension stabilization

During both, bottom-up and top-down nanosuspension preparation processes, the surface
area of the particles will be enlarged, resulting in a change in Gibbs free energy [65].
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Consequently, the particulate system tends to minimize the total surface energy by surface
area reduction, leading to agglomeration of the particles. The interaction between two
particles is illustrated by the DLVO theory, which plots the total potential energy versus the
interparticle distance [66]. Within small distances between particles the attractive forces
prevail, leading to agglomeration. Therefore, a stabilization of drug nanosuspension particles
is required. Generally, two concepts of nanosuspension particle stabilization are pursued.
Electrostatic stabilization is provided by the physical adsorption of charged molecules onto
the nanosuspension particles’ surface. Approaching particles in the formulation suffer from
repulsive forces due to the electrostatic barriers, as shown in Fig. 1.2.1 b. SDS [67], DOSS
[68] and NaDC [69] are mainly used as electrostatic stabilizers for the nanosuspension
preparation. The second concept of steric stabilization includes the formation of a sterical
barrier around the particles by adsorption of polymers onto the surface. Within this kind of
stabilization, an elastic and an osmotic contribution is discussed. The elastic mechanism
includes the volume restriction for each polymer chain by approaching of two particles.
Additionally, osmotically driven water influx into the space between two particles occurs
due to a local increase of polymer concentration by approach of two particles [70]. Both
mechanisms lead to a repulsion of the nanoparticles and therefore to the stabilization of
the system, which is schematically shown in Fig. 1.2.1 c. Typical steric stabilizers used
in the manufacturing procedure are the polymers HPC [71, 72, 73], HPMC [74, 75] and
PVP [36, 76] with varying chain lengths and typical molecular weights between 15,000 to
50,000 Da [77]. Other polymers which decrease the interfacial tension between particle
and dispersion medium comprised e.g. of polysorbates [78, 79], PEO-PPO-PEO block
copolymers [80], TPGS [81] and fatty acid esters of PEG [82]. Often a combination of
both stabilization approaches shows advantageous properties in case of nanosuspension
particle size stability [83].

Figure 1.2.1: Scheme of submicron sized particles in nanosuspension. Enlarged view on nanoparticles
(a), ionic (b) and sterical stabilization (c).
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Physicochemical considerations on nanosuspensions

Due to their material properties and their small size, nanosuspensions show a lot of
distinctive physicochemical properties. At first, the dissolution velocity of nanosuspensions
is increased in contrast to microparticulate systems [69]. The Noyes-Whitney-equation
describes the correlation of dissolution velocity (dm

dt
) with solute diffusion coefficient in

the dissolution media (D), particle surface (A), thickness of the diffusion layer around the
particles (h) and concentration gradient of saturation solubility (cs) minus concentration
of substance at time t (ct), as depicted in equation (1).

dm
dt

= D·A
h

(cs − ct) (1)

By decreasing particle sizes to the nanometer range, the surface area of particles will
be enhanced, which in turn leads to higher dissolution rates. Besides the modification of
dissolution rates, nanosuspensions can also be able to increase the saturation solubility of
drug substances according the Ostwald-Freundlich relationship, as shown in equation (2):

log Cs

C∞
= 2σV

2.303RTρr
(2)

whereas Csand C∞display the drug solubility and the solubility of the solid consisting of
large particles, respectively, σ the interfacial tension, Vs the molar volume of the particle
material, R the gas constant, T the absolute temperature, ρ the density of the solid
and r the radius of the particles. The increase in a substance’s saturation solubility is
described for particles below 1 µm in diameter [84]. However, it should be mentioned that
a particle size decrease down to approximately 220 nm, a typical size for nanosuspensions
produced with e.g. the wet milling method, does only lead to a 15% increase in saturation
solubility [85]. Therefore, the impact of an enlarged saturation solubility is relatively small
in comparison to an increase in dissolution velocity. A third correlation, which describes an
increase in drug solubility, is the Laplace equation (3):

∆p = 2σ
r

(3)

where ∆p illustrates the dissolution pressure. As the particle radius decreases with an
increasing surface curvature, the dissolution pressure value will be enlarged [86], resulting
in enhancement of the drug solubility.

Considerations on nanosuspensions for in-vivo application

Considering the above mentioned physicochemical properties, nanosuspensions utilized
within the oral and parenteral application entails a large number of advantages. In contrast
to nanoparticles comprising of a lipidic composition such as solid lipid nanoparticles, this
drug delivery system is able to formulate both, water- and oil-insoluble substances [87, 37].
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As nanosuspensions consist only of pure drug substance particles, no dissolution in lipid- or
polymer matrix is required. Another advantage is presented by the afford of a high drug
load. Doses up to 400 mg/mL of drug substance in aqueous medium can be achieved
[88, 89], which poses nanosuspensions as a beneficial tool for drug substance candidates
of lower in-vivo efficacy. Additionally, the chemical drug stability will be enhanced in
contrast to solution vehicles, as the particulate structure inhibits the chemical degradation
possibly occurring during storage [90, 43]. Especially in the area of oral drug delivery
the increased dissolution velocity of nanosuspension particles contributes to the benefit
of an elevated bioavailability of poorly-soluble drugs, when the dissolution rate in-vivo
presents the limiting step for reaching the systemic circulation. For example, Kumar and
coworkers described an 2.14-2.96 fold increased AUC value for albendazole nanosuspension
compared to a control suspension [91]. Moreover, supplemental mucus adhesive properties
of nanoparticles due to the enlargement of contact area [92] can lead also to decreased
fasted/fed state differences after oral administration of poorly soluble drugs [93] in the end.
Nanosuspensions can develop additional advantages within parenteral administration routes.
The possible higher drug load for injectables decreases the required injection volume [94].
In addition, as previously outlined in 1.1, higher drug substance doses are applicable without
the disadvantageous toxic effects compared to solution vehicles, in which large doses of e.g.
cyclodextrins or co-solvents are required [95, 24]. Nanosuspensions can be delivered via
the ophthalmic, pulmonary, intravenous, intramuscular and subcutaneous administration
route [96, 97, 98, 99]. Especially the intravenous injection of those nanoparticles have
increased the interest of the scientific community in the last decade, as the particulate
character has an essential impact on a drug’s pharmacokinetics. Regarding the development
of blood/plasma levels after intravenous administration, three different pharmacokinetic
scenarios could be observed. At first, Wahlstrom and coworkers could show that the plasma-
time curve of 1,3-Dicyclohexylurea was similar to that of the applied control solution [100].
This was expected to be based on the rapid dissolution of those nanoparticles, which was
also reported by the working group of Sharma [101]. In the second case, nanosuspensions
resulted indeed in a similar kinetic profile compared to control solution vehicles, but with
lower AUC values [102, 103]. The observed effect was interpreted as to rest upon a
rapid recognition of phagocytotic acting cells by subsequent uptake of particles into MPS
organs. At third, Rabinow et al. followed the plasma kinetics of an intravenously injected
itraconazole nanosuspension and found an increased AUC in contrast to the solution
formulation [95]. In addition, the researchers could histologically show that itraconazole
was present in spleen macrophages. This led to the assumption, that the subsequent
dissolution of itraconazole crystals from the spleen depot caused the prolongation of drug
plasma levels. The latter scenario presents probably the most frequently occurring one
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as other working groups obtained similar results [81, 104]. Besides nanosuspensions, also
other nanoparticulate drug delivery systems are prone to the rapid recognition by the MPS
[105, 106, 107]. This can be useful in terms of treatment of MPS-related diseases such as
leishmaniosa [108] or liver cancer. Factors impacting a drug’s pharmacokinetics after i.v.
application of nanosuspensions were shown to be mainly particle size and surface properties
of nanosuspension particles. Larger particles in the upper submicron size range reveal an
enhanced plasma AUC compared to 100 nm nanoparticles and a relevant accumulation
of drug in liver, spleen and lungs [109]. Surface functionalized nanosuspensions coated
with PEG1000, dextran 60 or albumin were able to modify the pharmacokinetics behavior
in comparison to “bare” nanosuspensions [110]. By injection of nanosuspensions into
other parenteral sites such as subcutaneous or intraperitoneal tissue, they likewise show
advantages in the pharmacokinetic behavior. Generally, the particles remain longer at the
injection site following a depot delivery which results in a more steady plasma concentration
of a drug. Rabinow and coworkers showed an improvement in AUC after application
of nanosuspensions into subcutaneous tissue in comparison to the micronized substance
[99]. De Smet et al. reported similar plasma concentrations of paclitaxel released from
nanosuspension compared to the Taxol® formulation [111] during intraperitoneal perfusion
of the formulations.

Unmet needs in nanosuspension fabrication and in-vivo
performance

Irrespective of the above mentioned advantages accompanying the utilization of nanosus-
pensions in Research and Development, there are still open questions and unmet needs in
both, in-vitro and in in-vivo scopes. A successful nanosuspension preparation, resulting
in stable products, is still less predictable, but more on “trial and error” experiments to
obtain the appropriate formulation. Therefore, a reliable prediction of a nanosuspension’s
stability is missing [112]. It is so far known, that an acceptable stability depends, besides
others, on the chosen preparation process [58], on the saturation solubility of the drug
[113] and on the amounts of stabilizer molecules adsorbed onto the particle surface [47].
Van Eerdenbrugh and coworkers reported a negative influence of the particle surface hy-
drophobicity [75] and Choi et al. could show a negative correlation between increasing
polymer chain length and nanosuspension stability [77]. Besides the unmet needs of a
robust stability prediction, further knowledge has to be gained about the in-vivo behavior
of nanosuspensions. Especially in the area of parenteral nanosuspension application only
limited experience in terms of particle in-vivo fate is present. This will be of immediate
importance for the evaluation of nanosuspensions as adequate drug “ferries”.
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1.3 Use of osmosis controlled drug delivery systems in
preclinical development

Osmosis as driving force for oral drug release

The physical phenomenon of osmosis describes a process of solvent flux from a compartment
of lower solute concentration through a semipermeable membrane into a compartment with
a higher solute concentration to compensate those concentration differences. The driving
force is displayed by a chemical potential gradient across the semipermeable membrane,
resulting in the flow of solvent from the region of a higher chemical potential to that with a
lower one [114]. If the second compartment presents a closed system regarding its volume,
the pressure will increase in this compartment with ∆π, what is also termed the osmotic
pressure difference. The Van’t Hoff law describes the relationship between osmotic pressure
and solute concentration C, molar gas constant R and temperature T [115]:

π = i · C ·R · T (4)

Factor i incorporates additionally the dissociation degree α, as the dissociation of
substances into several ions as solutes make an additional contribution to the osmotic
pressure. The osmotic pressure presents a colligative property, because it only depends
on the number of solute molecules in a defined volume. In the human physiology osmosis
exhibits an important process by retaining water in the blood capillaries to avoid edema
[116].

First experiments to utilize osmosis for controlled agents release were undertaken in the
1950s with the invention of the Rose-Nelson osmotic pump [117] and further development
to the Higuchi-Leeper and Higuchi-Theeuwes pump design [118, 119]. The different
osmotic pump types can be generally divided into pumps for the oral drug delivery and into
those utilized for implantation. Within the orally administerable devices the elementary
osmotic pump (EOP) was designed, which consists of an osmotic core tablet made
of drug, surrounded by a semipermeable membrane with an orifice. In contact with
gastrointestinal fluid, water will cross the semipermeable membrane due to the osmotic
pressure difference between pump environment and EOP core, leading to dissolution of
drug and subsequently delivery of the latter through the orifice [120]. Valid for all types of
osmotic pumps, Starling’s law describes the underlying connection of water volume flux
across semipermeable membranes (dV

dt
) and the osmotic pressure difference (∆π) [121]:

dV
dt

= A
h
·Lp · (σ∆π−∆P ) (5)

where A and h display the semipermeable surface area and thickness, respectively, Lp
the mechanical permeability, σ the osmotic reflection coefficient and ∆P the hydrostatic
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pressure difference between osmotic layer and pump interior. The osmotic reflection
coefficient depicts the membrane selectivity for water, it equals 1 when the membrane is
not permeable for solutes. If the drug compartment is not compressible, drug release will
occur in the same rate as water will cross the semipermeable membrane into the EOP core
[120]. By assuming a constant surface and membrane thickness, as well as an invariable
permeability and membrane selectivity, the drug delivery is only dependent on the difference
between osmotic and hydrostatic pressure difference. ∆P will be negligible by choosing a
sufficiently large orifice and the release of drug from pumps will then only be dependent
on the osmotic pressure difference. If the osmotic pressure of the formulation is large
compared to the osmotic pressure of the environment (large ∆π), the term ∆π can be
substituted by the osmotic pressure π of the formulation. The constant release of saturated
solution in zero-order manner from time point t0 up to a time point tz is achievable as
long as an excess of solid is present in the EOP. A typical cumulative drug release from
osmosis controlled systems is shown in Fig. 1.3.1.
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Figure 1.3.1: Scheme of cumulative mass release of drugs from osmosis based drug delivery systems.

At the beginning of the delivery a lag-phase is observed. It takes time for the water to
imbibe into the pump, dissolve the drug and increase the pressure in the EOP core to induce
the drug flow from the interior to the exterior. After the main zero-order delivery phase,
the terminal phase is characterized by a decreased delivery in deviation to zero order as
the concentration of the drug solid falls below saturation. Theeuwes and coworkers found
the drug release from the Elementary Osmotic Pump to be independent from occurring
agitation, pH value changes of the medium and independent from the orifice size within
a distinctive range [120]. This effect contributes to the osmotic pumps being an ideal
system when sustained in-vivo levels of drug substances are required. Peak plasma levels
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can be avoided which could lead to severe side effects. To assure a steady release from this
pump type, the utilized drugs have to be usually moderately to well water soluble [122].
By using Push-Pull osmotic systems with a separated osmotic and drug substance layer,
the drug can leave the pump also in a dispersed way. Due to water inflow, the osmotic
layer containing an osmotically active polymer will expand and pushes the drug through
the orifice [123]. Within other orally administered osmotic drug delivery devices such as
the sandwiched osmotic tablets [124], the L-OROS® system [125] or the telescopic capsule
for delayed release [126], influence on the release of a drug can be exerted in various ways,
e.g. in the simultaneous release of two substances or the release of fluid formulations.
Already approved market products were besides several others Concerta®, Procardia XL®

(Push-Pull systems) [127] and Altoprev® [128].

Controlled drug substance release from implantable osmotic
pumps

In contrast to the oral applicable osmotic pumps, only one implantable osmotic device
product for the human use has so far entered the market yet. Viadur® comprises of a
rod-shaped titanium device containing a leuprolide acetate drug reservoir and an osmotic
layer at the endings of the implant. The drug reservoir is connected to the environment
via an exit port, whereas a semipermeable membrane separates the outer medium from
the osmotic layer. By water flow into the pump through the semipermeable membrane,
the swelling osmotic layer shifts a piston inside the device, leading at the other end to the
release of in DMSO dissolved leuprolide acetate in a zero-order kinetics. By ensuring a
constant release of formulation over 1 year after implantation, Viadur® presents a valuable
tool for the treatment of prostate cancer [129].
Within the group of implantable osmotic devices, Alzet® micro-osmotic pumps have

established as one of the most important tools in the preclinical Research and Development.
These capsule-formed pumps consist in its core of a deformable cylindrical drug reservoir
made from a thermoplastic hydrocarbon elastomer, which is impermeable to most of the
aqueous media and dilute acids/bases [130]. An osmotically active undisclosed polymeric
layer surrounds the drug reservoir; the pump is finally coated with a cellulose acetat
comprising semipermeable membrane [131]. The drug formulation release process is
displayed in Fig. 1.3.2.
By contact of the micro-osmotic pump with biological fluid, the pump imbibes water

through the semipermeable membrane to compensate the solute concentration differences
in the osmotic layer and its environment. As the volume for the water uptake is limited in
the osmotic deposit, pressure will be built up against the impermeable, deformable drug
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Figure 1.3.2: Principle of osmotic drug release from Alzet® micro-osmotic pumps. Status in lag-phase
(a), during zero order delivery (b) and at the terminal phase (c).

reservoir membrane. This finally leads to the distortion of the elastomer and subsequent
release of drug formulation from the pump orifice. Additionally, a 1 cm long stainless steel
tube with an inner diameter of 500 µm, called flow moderator, is inserted into the pump to
prevent an simultaneously occurring diffusional movement of formulation from the pump
[132]. Alzet® micro-osmotic pumps are commercially available within a wide range of drug
reservoir volumes, flow rates and durations of zero-order delivery, they can be implanted
subcutaneously or intraperitoneally into animals. The reason why these pump types are
favored in PK/PD studies in the research is based on the following advantages: According
to equation (5) the pumps show a robust zero-order delivery which is only dependent
on the osmotic pressure difference between outer fluid/osmotic layer and environmental
temperature [133], thereby lacking an initial occurring burst of formulation in contrast to
other controlled release matrix drug delivery systems [134]. Drugs can only be released
zero-order in fluid form, but the kinetics will be unimpaired of the physical state of the drug
formulation [130]. The pumps are additionally capable of delivering suspensions and within
a limited concentration, organic solvent-containing solutions. Eckenhoff and coworkers
could successfully show the release of viscous suspensions, independently from drug loading
and viscosities up to a value of 1000 mPas [135]. For organic solvents, PEG400/water,
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DMA (dimethylamine (DMA)/water and NMP (N-methylpyrrolidone )/water mixtures can
be used, as well as DMSO (dimethlysulfoxide )/water mixtures without perturbation of the
release kinetics [136, 137]. As a further advantage, the performance of the micro-osmotic
pumps displays a good in-vitro-in-vivo correlation regarding constant drug levels in blood;
no plasma level peaks will occur as it can be the case within repeated bolus formulation
injections [133]. By attaching polymer tubes to the pumps specific tissue targeting is
possible [138, 139, 140, 141].

Unmet needs in the area of osmosis-controlled drug delivery
systems

Despite these advantages, the utilization of micro-osmotic pumps in the preclinical research
area remains challenging when aqueous poorly soluble substances in high concentrations are
supposed to be released in-vivo. At first, drug loads in the upper mg/mL range are often not
achievable without the use of high concentrations of organic solvents in the vehicle, which in
turn can have a negative impact on the drug release due to their missing compatibility with
the drug reservoir material. The second point is, even when high concentrations of drugs
are achievable within organic solvent containing vehicles, the danger of in-vivo precipitation
after contact with aqueous bio-fluid comes up. The crystallization of drug substance
in animal tissue can be connected with pain at the implantation site, an inappropriate
pharmacokinetics behavior and in the worst case lead to a complete pump blocking at
the aperture [142, 143]. For this, the release of nanoparticles such as nanosuspensions
from micro-osmotic pumps would overcome the obstacles connected with solution vehicles.
However, only a few studies dealt with the release of nanoparticulate drug delivery systems
such as ultra-high molecular weight polyethylene particles [144, 145] or liposomes [146, 147]
from Alzet® pumps and no attempts were done with nanosuspensions so far. A second
unexplored field regarding the release of drug substances is the accessibility of imaging
methods to monitor both, in-vitro and in-vivo release rates of solutions or nanoparticles
from micro-osmotic pumps. By using teflon catheters as flow moderators, Carpenter and
coworkers made a first attempt to image on-line the delivery of a MRI-contrast agent
containing solution from osmotic pumps [148]. The insufficient data on suitable imaging
methods indicate a need for tracking the nanoparticles’ delivery from osmotic pumps
in-vitro and in-vivo to evaluate the release performance of those drug carriers.
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1.4 Research objectives

This thesis deals with nanosuspensions as drug carrier system, which is able to overcome low
aqueous solubility issues of drug substances, a major hurdle in drug research and development
[26]. In pharmacokinetic and dose escalating preclinical studies, the maintenance of (1)
sufficient and therefore high drug plasma levels and (2) constant drug allocation for the
period of 7 days can often not be achieved by using simple solution vehicles released
from osmotic pumps [142]. Therefore, the subcutaneous release of nanosuspensions from
micro-osmotic pumps presents an elegant resort to overcome this obstacle. However,
there is lacking knowledge of the osmosis-based release of those nanocarriers and the
fate of nanosuspensions after s.c. application is still limited [149, 150, 151]. The aim of
this work was the in-vitro and in-vivo evaluation of the suitability of osmosis-controlled
nanosuspension release. To achieve the goal, the focus was laid on the following three
pillars:

1. Physicochemical characterization of various nanosuspensions to evaluate
their utilization for osmosis-based delivery. For the effective release of particu-
late systems from osmotic pumps in-vitro and in-vivo, stability issues of nanosus-
pensions play an important role [135]. Therefore, the physicochemical properties
of nanosuspensions such as particle size and shape, rheology, crystalline status and
sedimentation behavior were investigated by means of photon correlation spectroscopy
(PCS), static (SLS) and multiple light scattering techniques, as well as with scanning
electron microscopy (SEM) and differential scanning calorimetry (DSC). Furthermore,
the successful preparation of nanosuspensions is still based on “trial and error” exper-
iments without deeper mechanistically understanding [152]. For this, the interaction
of stabilizers and the drug substance surface was additionally investigated by means
of isothermal titration calorimetry (ITC).

2. In-vitro release of nanosuspension and solution formulations from osmotic
pumps. Only few publications dealt with the release of nanoparticles from osmotic
pumps [144, 145, 146]. It was therefore the goal, to analyze the release behavior of
nanosuspensions/solutions in dependency of various impact factors such as viscosity,
osmolality and density of formulation, as well as flow moderator material and pump
position. The highly challenging tracking of spin probe nanoparticles during the
osmotic pump release was additionally investigated by the electron paramagnetic
resonance spectroscopic imaging technique (EPRI).

3. Distribution of controlled released nanosuspensions in mice (in-vivo). To
assay, if a transferability of the in-vitro results of nanosuspension release from
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osmotic pumps to in-vivo performance was given, two nanosuspension systems
were investigated in terms of drug substance biodistribution. Within the first setup
focus was laid on the blood pharmacokinetics after subcutaneous osmotic pump
release of two different viscous formulations. In a second setup, distribution of a
radiolabeled nanosuspension was non-invasively followed by means of γ-scintigraphical
imaging after subcutaneous injection. Furthermore, organ distribution studies by
γ-scintillation were conducted to assess the feasibility of using nanosuspensions
released from osmotic pumps as an alternative to solvent vehicles in pharmacokinetic
studies.
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2 Materials

2.1 Active pharmaceutical ingredients (APIs) and
model compounds

For the in-vitro investigation of osmosis-based release of nanosuspensions, Fenofibrate Ph. Eur.
grade, purchased from Smruthi Organics Ltd. (Maharshtra, India), served as active phar-
maceutical ingredient. With its low aqueous solubility of < 0.2912 µg/mL at 37°C
[153] the PPAR-α agonist fenofibrate belongs to class II of the BCS and is therefore an
ideal drug material for the nanosuspension preparation. The Merck Serono compound
A (Mw = 469 g/mol) was used as an additional model API for the nanosuspension
fabrication. Compound A shows an apparent water solubility of 18 µg/mL at 25°C, a
logP of 2.17 and a slightly acidic pKa of 6.2 [Merck Serono internal data] and was
utilized for in-vitro and in-vivo nanosuspension release from osmotic pumps. [125/131I]
2-[4-(4-iodobenzoyl)phenoxy]-2-methylpropanoic acid isopropylester ([125/131I]iFF) and the
non-radioactive [127I]-derivative ([127I]iFF) were synthesized according to the methods
of Breyer et al [154]. The iodinated form of fenofibrate with a calculated log P value
of 5.54 was investigated in in-vivo bioimaging/organ distribution experiments as well as
in previously conducted in-vitro essays. The low water soluble radical spin probe 2,2-
diphenyl-1-picrylhydrazyl (DPPH), obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany) was used as source material for the nanosuspension production for Alzet® pump
release experiments in EPR imaging measurements. As further model compounds for
in-vitro pump release experiments the substances captopril, purchased by Fagron GmbH
(Barsbüttel, Germany), methylene blue and fluorescein sodium, both obtained from Merck
KGaA (Darmstadt, Germany) were used. Griseofulvin (Fagron GmbH, Barsbüttel, Germany)
and compound A were utilized for microsuspension production prior to ITC experiments.
For EPR imaging purposes, the deuterated form of the water soluble “Finland” trityl radical
cTAM (Tris(8-carboxy-2,2,6,6-tetramethylbenzo[1,2-d ;4,5-d ’]bis[1,3]-dithiol-4-yl)methyl)
was utilized. The structural formulas of all used APIs and model compounds are shown in
Figure 2.1.1.
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Figure 2.1.1: Structures of in in-vitro and in-vivo experiments utilized API. Compounds utilized as
material for nanosuspension formulations (a), dyes used in solution formulations for
release experiments (b), formula of griseofulvin used for the ITC-measurements (c) and
structure of deuterated cTAM utilized for EPR imaging (d).

2.2 Polymeric stabilizers and surfactants

Hydroxypropylmethylcellulose USP Pharmacoat® 603 (HPMC) and Hydroxyethylcellulose
(HEC) of type Tylose® H300P were a gift from Shin-Etsu Chemical Co Ltd. (Tokyo,
Japan) and served as polymeric stabilizers for the nanosuspension particles. Dioctyl
sulfosuccinat sodium salt (DOSS) was purchased from MP Biomedicals LLC (Solon, USA),
the polyoxyethylene-polyoxypropylen block copolymer Poloxamer 338 (Lutrol® F108, now
Kolliphor® P338) was obtained from BASF (Ludwigshafen, Germany) and polysorbate
20 from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Lipoid EPC (EPC) was
purchased from the Lipoid GmbH (Ludwigshafen, Germany). NaDC was obtained from VWR
International BVBA (Leuven, Belgium). The latter substances were used as surfactants for
nanosuspension stabilization and/or microparticle-surfactant interaction investigation via
ITC.
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2.3 Other ingredients and delivery devices

Potassium phosphate dibasic anhydrous (K2HPO4), acetonitrile (ACN), trifluoroacetic acid
(TFA), tetrahydrofuran (THF), tert-butyl methyl ether (tBME), dimethylsulfoxid (DMSO),
absolute ethanol (EtOH) and PEG400 were purchased from Merck KGaA (Darmstadt,
Germany). Formic acid was obtained from Fluka (Steinheim, Germany). Bovine serum
albumin (BSA) was purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
Isotonic saline solution was purchased from Baxter (Berkshire, UK). Miglyol® 812 was
obtained from Caesar & Lorentz GmbH (Hilden, Germany). Alzet® micro-osmotic pumps,
model 1007D, were purchased from Durect Corporation (Cupertino, CA, USA). These type
of pumps release formulations at a rate of 0.5 µL/h for 168 hours through the provided
metal flow moderator. Additionally, micro medical tubings for assembly of polyether ether
ketone (PEEK ) flow moderators and the Alzaid® polymer testkit were obtained as well by
Durect Corporation (Cupertino, CA, USA). For nanosuspension wet milling SiLi ZYPremium
yttrium oxide stabilized zirconia milling beads were obtained from Sigmund Linder GmbH
(Warmensteinach, Germany). The sizes of the utilized grinding balls were in the ranges
0.1-0.2 mm, 0.2-0.3 mm and for the microsuspension preparation 1 mm in diameter. Water
was used in MilliQ grade.
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3 Methods

3.1 Nanosuspension/microsuspension preparation

Fenofibrate nanosuspension

Fenofibrate nanosuspension was prepared by wet milling in a stirred ball mill (DynoMill®

ResearchLab, Willy A. Bachofen Maschinenfabrik (Muttenz, Switzerland)). A suspension
consisting of 20% fenofibrate, 2.5% HPMC and 0.1% DOSS (all (w/w)) in water was
used as model suspension. Milling was performed for 120 minutes with 55.7 mL 0.1-
0.2 mm zirconia milling beads in circulation mode and at 4000 rpm stirrer rotational
speed to obtain the bulk nanosuspension. Nanosuspensions with different viscosities were
obtained by adding HPMC into the bulk nanosuspension leading to final concentrations
of 5%, 7.5% and 10% HPMC (w/v) including the initially present 2.5% of the cellulose
derivative resulting from coarse suspension preparation. Mixtures of bulk nanosuspension
and different HPMC amounts were stirred at 900 rpm for 2 hours on a magnetic stirrer.
In another set of experiments captopril was added in concentration of 5 mg/mL to the
bulk fenofibrate nanosuspension to dissolve in the aqueous phase for simultaneously release
with nanosuspensions.

Compound A nanosuspensions

For the production of compound A nanosuspensions the same type of ball mill was used
which is outlined above. Two coarse suspensions were utilized for milling to obtain the four
different nanosuspension formulations. For one coarse suspension, 20% of compound A,
2.5% HPMC and 0.1% DOSS (w/w) in water were milled in circulation mode for 30 min
at 2000 rpm stirrer speed with 55.7 mL 0.2-0.3 mm zirconia milling beads. The second
coarse suspension consisted of 20% compound A and 3% Lutrol® F108 and was milled
under the same conditions. After preparation, both nanosuspensions were diluted 1:1
(v/v) with MilliQ water to reach a final API concentration of approximately 100 mg/mL
and 1.25% HPMC/0.05% DOSS (w/w) and 1.5% Lutrol® F108 (w/w) concentrations,
respectively. Finally, for preparing the additional two formulations with higher viscosities,
diluted nanosuspensions were spiked with 5% HPMC (w/w) in case of the HPMC/DOSS
formulations and with 7.5% HPMC (w/w) in case of the Lutrol® F108 formulation.
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iFF nanosuspensions

The non-radioactive model compound [127I]iFF was utilized for the physicochemical
characterization and subsequent in-vitro release experiments. For three of overall four
nanosuspension formulations, [127I]iFF and fenofibrate were dissolved in THF in a 10/90
mixture (w/w) and subsequently evaporated over night at room temperature. The obtained
cocrystallized material was then grinded in an agate stone mortar and utilized for the
subsequent wet milling process. For in-vivo imaging studies,[125I]iFF was synthesized
immediately prior to cocrystallization according to the methods of Breyer and co-workers
[154], subsequently dissolved in THF, mixed with a [127I]iFF/FF (10/90 (w/w)) composition
and further treated as described above regarding the non-radioactive material. For organ
distribution studies the nuclide [131I] containing iFF was utilized. This cocrystallization
process was done to obtain high-concentrated, stable nanosuspensions with 5% (w/w) or
17.8% (w/w) of substance material in the formulation. The planetary ball mill Pulverisette
7 (Fritsch GmbH, Idar-Oberstein, Germany) was utilized for wet milling. For in-vitro release
experiment, four formulations (A-D) were prepared. Formulation A, consisting of pure
[127I]iFF with 0.5% (w/w) of each EPC, HPMC and polysorbat 20, was prepared by adding
fourfold amounts of substance and excipients in water (w/w) to 3.81 g of 0.2-0.3 mm
zirconia oxide milling beads in 12 mL milling beakers. Comminution was performed at
800 rpm for 60 cycles, whereas each cycle was composed of of 30 s milling and 30 s
break. After milling, the grinding material was diluted 1:4 with MilliQ water and the beads
were separated from nanosuspension. Formulation B consisted of 5% (w/w) cocrystallized
[127I]iFF/FF with 2.5% (w/w) HPMC / 0.1% (w/w) DOSS and was prepared under the
same milling conditions with 17.24 g of beads. By using a rotational speed of 800 rpm
for 75 cycles, formulation C with 17.8% (w/w) [127I]iFF/FF and 2.5% (w/w) HPMC /
0.1% (w/w) DOSS was manufactured with 10.24 g of grinding material. Formulation D
was obtained by adding additional 5% of HPMC to the finally prepared formulation C.
[125/131I]iFF containing formulations for the in-vivo radioimaging and organ distribution
experiments were prepared according to the wet milling procedures of formulations C and
D.

2,2-Diphenyl-1-picrylhydrazyl (DPPH) nanosuspension

For wet milling of DPPH nanosuspension a suspension consisting of various amounts of
DPPH (7%, 10% and 15%) and 4% DOSS in water (w/w) was utilized as grinding material.
Milling was performed on the Pulverisette 7 with yttrium-stabilized zirconia milling beads
of 0.2-0.3 mm diameter at 800 rpm rotational speed for 75 minutes.
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Compound A and griseofulvin microsuspension

Microsuspensions of compound A and griseofulvin for the purpose of ITC measurements
were obtained by a customized wet milling setup. A coarse pre-suspension of 17 mg/mL of
either compound A or griseofulvin was prepared and immediately diluted prior to milling to
a concentration of 7 mg/mL. For wet-grinding the milling beakers of the Pulverisette 7
were filled with 3 mL of diluted pre-suspension, 2 mL of 1 mm zirconia oxide beads and a
stirrer bar. Comminution was achieved by stirring the mixture of beads and suspensions
at 600 rpm on a magnetic stirrer. Additionally, the micronized material of griseofulvin as
obtained from the manufacturer was used in 1.4 mg/mL concentration for ITC experiments.

3.2 Physicochemical characterization of formulations

3.2.1 Particle size measurements

3.2.1.1 Photon correlation spectroscopy (PCS)

Particle size distributions of nanosuspensions were determined by dynamic light scattering
(DLS) with a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK). Hydrody-
namic diameter and the polydispersity index (PDI) were calculated from the autocorrelation
function of intensity fluctuations of particles due to Brownian motion via the Zetasizer
Software version 6.34. Particle sizes and polydispersity indices (PDIs) of all nanosuspensions
were measured immediately after preparation and after 7 days of storage at 40°C to assess
the formulations’ stability. Additionally, the particle sizes of nanosuspensions in release
media after in-vitro release was monitored for 7 days. For nanosuspensions utilized in-vivo,
an advanced stability investigation was done: 90 µL and 63 µL of compound A and iFF
nanosuspensions, respectively, were either spiked with 336 µL of 0.9% sodium chloride
solution or with 336 µL of a 2.46% (w/v) BSA solution in isotonic saline fluid. These
samples were stored over 7 days at 40°C and monitored every day regarding changes in
particle size and size distribution. The test system should simulate more realistic in-vivo
conditions compared to standard dissolution conditions. The quantity of 90 µL and 63 µL
of compound A and iFF nanosuspensions was based on the maximally released amount from
osmotic pumps, as determined by in-vitro release experiments. The reason for the BSA
concentration selection was based on the previous investigations of Wiig and coworkers.
The group determined an interstitial fluid volume of 0.420 mL/g wet weight of back skin
tissue [155]. For the in in-vivo experiments investigated mice an average back skin weight
of 750 mg was considered to calculate the amount of environmental interstitial medium.
A BSA concentration of approximately 2.46/100 mL was taken as additive according to
the total protein amount found in interstitial fluids of rodents [156]. Consequently, the
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protein environment surrounding nanosuspensions upon s.c. injection could in this case
better simulated in comparison to the size measurements of particles present in the larger
amounts of release media. Prior to measurement, all samples were diluted to 0.1 mg/mL
with MilliQ water. Particle size determinations were overall done in triplicate.

3.2.1.2 Static light scattering (SLS)

Static light scattering measurements of griseofulvin and compound A microsuspensions
were done on the Horiba partica LA-950V2 instrument (Retsch Technology GmbH, Haan,
Germany). Volume distribution of particles was determined by consideration of Mie
scattering theory. For compound A, a real part component of the refractive index of 1.6
and an imaginary part of 0.01 was taken as calculation basis [Merck internal data]. For
griseofulvin, a real part refractive index of 1.66 was chosen, according to Cao and coworkers
[157]. For characterization of particle size distribution, D10, D50 and D90 values were
determined. Measurements were done in triplicate.

3.2.1.3 Scanning electron microscopy (SEM)

Additional physicochemical characterization regarding particle size and morphology was
done by scanning electron microscopy (SEM). Therefore, 10 µL of selected formulations
of compound A, iFF and DPPH nanosuspensions were put on a glass plate, air-dried and
sputtered with a 10 nm layer of platinum. Measurements were done on a LEO 1530 Gemini
from Zeiss (Oberkirchen, Germany) with an InLens detector. An accelerating voltage of
5 kV was applied. Particle size distribution was determined by length determination of
100 particles with the Analysis 5.0 FIVE Software, calculating mean particle sizes and
corresponding standard deviations. Besides nanosuspensions, stainless steel and PEEK
osmotic pump flow moderators were observed via SEM within the same setup, but using a
3 kV accelerating voltage.

3.2.2 Multiple light scattering analysis of nanosuspension

Sedimentation experiments were done with fenofibrate nanosuspension on a Turbiscan®

LabThermo apparatus (Formulaction, L’Union, France). Fenofibrate nanosuspensions were
diluted to 0.5% (w/w) fenofibrate content and filled into 50 mm sample glass tubes. A
laser beam of λ = 880 nm was sent through the sample and values of backscattering signals
along the height axis of the glass tube were recorded. The samples were scanned every
30 minutes over 22 hours at 40°C. The experimental data were presented in percentage to
the backscattering signal of a Teflon monolith reference standard (maximum backscattering
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signal of 58.7%). Data processing was done with the Turbisoft Lab software. Measurements
were done in triplicate.

3.2.3 Isothermal titration calorimetry (ITC) measurements

Characterization of the non-covalent interactions of surfactant molecules and drug substance
surface was carried out by isothermal titration calorimetry (ITC) measurements on a
MicroCalTM VP-ITC instrument (GE Healthcare, Piscataway, NJ, USA). The enthalpy
change occurring during interaction of surfactants and drug microparticle surface were
investigated by titration of a surfactant solution into a microparticle suspension. The
experimental design is depicted in Fig. 3.2.1. Generally, the reference cell is filled with
MilliQ water or buffer system, whereas the sample cell contains the titrand. Stepwise
addition of small amounts of titrator from the stirred syringe to the titrand is subsequently
done [158]. The measurements can be operated at any temperatures between 2°C and
80°C. Due to effects such as e.g. dilution, micellization or adsorption heat can be supplied
or absorbed in the system. This in turn causes a temperature difference between reference
and sample cell, which is compensated by the system to maintain the isothermal status.
The electrical power required for this process is subsequently recorded over time [159]. In
this work the sample cell was filled with suspension of micronized griseofulvin in the first
set of experiments and with wet-milled microsuspensions of griseofulvin or compound A
in the second experimental part. The syringe was loaded with surfactant solutions of
NaDC or DOSS with 2.36 mM and 1.18 mM concentrations, respectively. For NaDC and
DOSS critical micelle concentrations (CMCs) were found to be at 6.2 mM and 2.36 mM,
respectively [160, 161]. The surfactants were utilized in concentrations beneath their CMC
values, as the release or absorption of heat derived from demicellization effects during
titrating should be avoided.
As fixed parameters, the stirrer speed was set to 270 rpm during titration by using a

reference power value of 20 and an initial delay time of 60 s. Two experimental setups
were used for ITC measurements: In the first one, 30 injections of 5 µL titrant over 10 s
were done with 5 min intervals between each injection. In the second setup 16 injections
of 10 µL titrant over 10 s were done with intervals of 3 min.

3.2.4 Differential scanning calorimetry (DSC) of nanosuspensions
for in-vivo use

Thermoanalysis of compound A and [127I]iFF nanosuspensions directly obtained after milling
was done via differential scanning calorimetry (DSC) on a DSC 1 STARe system (Mettler-
Toledo, Gießen, Germany), equipped with STARe software version 11.00a. Nanosuspension
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samples of 10-15 mg were exactly weighed into aluminum pans, dried overnight at air,
sealed and scanned from 25°C to 200°C with a heating rate of 2 K/min ([127I]iFF) or from
25°C to 240°C with 10 K/min (compound A).

Figure 3.2.1: Experimental setup of ITC for enthalpy determination of stabilizer molecule adsorption
onto API surface.

By integration of melting signals resulting from API in the nanosuspensions, the crys-
tallinity of the substances after milling was determined after equation (6). Additionally,
physical and cocrystallized mixtures of different [127I]iFF/FF ratios were scanned according
to conditions of [127I]iFF containing nanosuspensions.

crystallinity[%] =
∆HcompA innanosuspension

∆HcompApure
· 100%

%contentcompA in dried nanosuspension
· 100% (6)

3.2.5 Powder x-ray diffraction (PXRD)

Additional physicochemical characterization of cocrystallized material used for the iFF
nanosuspension preparation was done on the diffractometer StadiP (STOE & Cie, Darm-
stadt, Germany) in transmission mode to investigate, if iFF and fenofibrate form a cocrystal
within the simultaneous crystallization procedure. By utilizing CuKα radiation (1.5 Å) and
a monochromator of curved germanium, a scan was done from 1° 2θ up to 40° 2θ in 0.05°
2θ steps and a dwelling time of 15 s. For radiation generation, a voltage of 40 kV and
current of 40 mA was applied.
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3.2.6 Additional characterization methods

Viscosities of fenofibrate and compound A nanosuspensions with different amounts of
HPMC were examined by the cone-plate rheometer LVDV-III Ultra from Brookfield GmbH
(Lorch, Germany). Prior to measurement, the formulations were stored at 40°C for 7 days
and measured after storage at 40°C with a constant shear gradient of 90 rounds per second.
A CPE-40 cone was utilized for nanosuspensions with viscosities below 10 mPas, whereas
the CPE-52 cone was used to determine viscosity values of the other nanosuspensions.
Higher viscous methylene blue solutions were measured at 40°C after 1 day of storage
at room temperature using a CPE-52 cone. The viscosity data of 50 shear cycles were
recorded, the first five were discarded and the arithmetic mean of the remaining 46 cycles
collected. The four [127I]iFF nanosuspension formulations were measured on the Haake
Rheostress 1 viscosimeter by Thermo Scientific (Karlsruhe, Germany) after 7 day storage
of formulations at 40°C. 100 µL of sample were put on the plate and the viscosity was
measured with a C35/0.5 cone at a shear rate of 2000 min-1 at 40°C. After 30 shearings,
the mean viscosity was calculated with standard deviations. All measurements mentioned
above were done in triplicate for each formulation.
Osmolality measurements of dye solutions were performed on the cryoscopic osmometer

Osmomat 030 (Gonotec GmbH, Berlin, Germany). Freezing point depression of formulations
was used for the osmolality calculation of dye solutions. Measurements were performed in
triplicate and the resulting data did not vary by more than ±10 mOsm/kg between the set
of measurements for each formulation.
Density measurements of fenofibrate nanosuspensions and methylene blue solutions with

our without additional HPMC or HEC amount were carried out by liquid pycnometry, using
a pycnometer with 5.094 cm3 volume (ISO 4787 certified, Blaubrand, Wertheim/Main,
Germany). The pycnometer was filled with a solution at 40°C and weighed. Measurements
were done in triplicate.

3.3 Conditions for in-vitro Alzet® pump release

Alzet® pumps were filled with 1 mL syringes which contained the formulations. The syringe
was subsequently attached to a filling device distributed by Alzet® and the nanosuspensions
of different viscosities were injected into the drug reservoir of the pump via the orifice. In
a final step the flow moderator was inserted into the aperture and the pumps were placed
horizontally in a beaker glass with release medium, unless otherwise described.
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3.3.1 Nanosuspensions

Fenofibrate formulations

The release of differently viscous fenofibrate nanosuspensions from micro-osmotic pumps
was tested in 50 mL of water. Besides the horizontal position, the bottom-up or head-up
position was investigated by fixing the pumps with sewing-cotton at the cover of the
beaker glasses to achieve these positions within the release medium. Water was used as
release medium instead of biorelevant 0.9% isotonic saline solution. Hereby a possible
nanosuspension particle agglomeration in electrolyte solution was avoided, which could
influence the formulation release behavior.

Compound A nanosuspension

In-vitro delivery of compound A nanosuspension was tested in 15 mL of isotonic saline
solution in horizontal position to mimic in-vivo conditions regarding electrolyte presence.

[127I]iFF nanosuspensions

In-vitro release of [127I]iFF nanosuspensions was tested in 15 mL of MilliQ water in case
of formulations A and B and in 15 mL of isotonic saline solution in case of formulation C
and D, as the latter both were considered for in-vivo testing.

All vials with pumps were stored for at 40°C for7 days. Sampling was done after specific
time points between 1 h and 168 h: 80% of media was exchanged starting with sample
points after 9 h, whereas from 1 h to 9 h only 4 mL were withdrawn from release medium.
At the beginning of the release experiments lower sample volumes were taken, as due to an
expected lag-time of formulation release only small amounts of substance were considered
to be present in release medium. Replacing 80% of the medium was important to imitate
the transport of the nanosuspension particles or dye molecules from the implantation site
in-vivo. For the concentration of samples between 1 h to 9 h prior to HPLC/UV analysis,
a rotational vacuum concentrator type RVC 2-33 IR by Martin Christ (Osterode am Harz,
Germany) was utilized. Water was evaporated at a rotational speed of 1000 min-1 at
10 mPas pressure for 4 h. For the subsequent HPLC/UV analysis of samples, the dried
solids were reconstituted with 1 mL of solvent. All release experiments were done in
triplicate.

3.3.2 Methylene blue and fluorescein sodium formulations

Methylene blue solutions of various osmolalities were prepared by dissolving methylene blue
in MilliQ water at 5 mg/mL and subsequently adding particular amounts of K2HPO4 to
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reach the required osmolality. The influence of osmolar differences between formulation
and media solutions were investigated with values of ∆1200, ∆500, ∆300, ∆200 and
∆-162 mOsm/kg. “∆” is denoting the value of formulation osmolality minus osmolality of
the release medium. A negative prefix depicts a higher osmolality in the environmental
release medium in contrast to the solution formulation in pump. Fluorescein sodium
solutions were prepared from 20.5 mg/mL up to 200 mg/mL in MilliQ water and osmolality
was adjusted with the API concentration to the required level. Investigated osmolar
differences between pump load and medium were equal to the methylene blue solutions.
For comparison purposes, a 5 mg/mL fluorescein sodium solution was prepared, thereby
adjusting the osmolality with K2HPO4 to ∆1200 mOsm/kg. Release experiments with
higher viscous solutions were done with methylene blue 5 mg/mL in water. For one set of
pumps 10% of HPMC was added as viscosity increasing excipient; for the other one 1.1%
HEC was stirred into the dye solution for 2 hours; osmolality was adjusted by K2HPO4 to
∆0 mOsm/kg. Both polymers were utilized in release experiments, as they were able to
create a similar solution viscosity in spite of the different concentrations, but develop a
different formulation density. 15 mL of isotonic saline solution served as release medium.
Pumps filled with higher viscous methylene blue solutions were additionally tested regarding
the pump position influence on delivery. For the impact of the surfactant DOSS on the
release of formulation, a 5 mg/mL fluorescein sodium solution with 0.1% (w/v) DOSS and
K2HPO4 to reach ∆0 mOsm/kg or ∆-250 mOsm/kg was utilized.

3.3.3 Concentration measurements via HPLC/UV

API and model compound concentrations in formulations and in release media after delivery
from micro-osmotic pumps were determined by HPLC on a LaChrom Elite system and
UV detection (VWR Hitachi, Darmstadt, Germany) in an eluent gradient mode. Eluent
compositions, detector wavelengths and type of columns used for each compound are
displayed in Tab. 3.3.1.

3.3.4 Mathematical examination of formulation release curves

Interpretation of in-vitro release graphs of nanosuspensions or dye solutions was done with
the Origin® 6.1 software. R2- values of linear regression analysis of graphs plotted against
the time were determined for each release graph to evaluate the linear model fit, as shown
in equation (7). For calculation of R2 the method of least squares was used and data points
of the mean values of three pumps served as calculation basis. Root-mean-square errors
(RMSE) of single graphs were calculated to determine the differences between predicted
values of linear regression and experimental values. Additionally, the R2 values of first order
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Table 3.3.1: Summary of HPLC/UV analytical conditions for determination of API and dye concentra-
tions. Dimensions of columns: XDB-C18 3.5 µm, 4.6 x 150 mm; EclipsePlus C18 and
Zorbax SB-C8: 3.5 µm, 4.6 x 50 mm.

API/model
compound Column type Detection

wavelength [nm] Eluent composition

Captopril Agilent® XDB-C18 220
A: 95% ACN/5% water/0.01%
TFA, pH 2.9; B: ACN/water

reversed

Compound A Agilent® EclipsePlus
C18 268

A: 95% ACN/5% water/0.1%
TFA, pH 1.9; B: ACN/water

reversed

DPPH Agilent® EclipsePlus
C18 320

A: 95% ACN/5% water/0.01%
TFA, pH 2.9; B: ACN/water

reversed

Fenofibrate/iFF Agilent® XDB-C18 288
A: 95% ACN/5% water/0.01%
TFA, pH 2.9; B: ACN/water

reversed

Fluorescein sodium Agilent® Zorbax
SB-C8 220

A: 95% ACN/5% water/0.1%
TFA, pH 1.9; B: ACN/water

reversed

Griseofulvin Agilent® XDB-C18 214
A: 95% ACN/5% water/0.01%
TFA, pH 2.9; B: ACN/water

reversed

Methylene blue Agilent® Zorbax
SB-C8 292

A: 95% ACN/5% water/0.1%
TFA, pH 1.9; B: ACN/water

reversed

kinetics model were determined for all osmotic pump delivery experiments having a linear
R2 value below 0.95, which is displayed in equation (8).

Wt = k0 · t (7)
Wt = W0 · (1− e−k1·t) (8)

whereWt is the amount of released API or model compound,W0 the amount of substance
present in the osmotic pump at t=0, k0/k1 present the linear/first order proportionality
constants and t the time. Reduced Chi2 values of the ratio of residual of sum squares and
number of freedom degrees were calculated. For release graphs showing no appropriate
linear fit against the time t, graphs were additionally plotted against the square root

√
t

and R2 and RMSE values were determined.
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3.4 Electron paramagnetic resonance imaging of
DPPH nanosuspension in osmotic pumps

Within the electron paramagnetic resonance technique, paramagnetic substances in a
sample can be detected and characterized due to the interaction of their free electrons
with an applied magnetic field. The key principle for the detection of those paramagnetic
substances is based on electron resonance. By applying an external microwave to the
paramagnetic samples in the magnetic field, the electrons can absorb energy to be transferred
from a low-energy state to the high-energy one, if the electron resonance condition is
satisfied [162, 163]. By utilization of L-Band spectrometers the corresponding resonance
frequency is about 1 GHz to induce the electron spin transition. The absorption of energy
at the resonant value causes a loss of energy, which is detected and presented in the EPR
spectrum as the first derivative of absorption signals. Paramagnetic substances, which are
frequently used in EPR spectroscopy, are besides others diverse nitroxide radicals [164],
transition metal ions [165], triarlymethyl radicals (TAM) [166] or DPPH [167]. Dependent
on the molecules species used as spin probes, splittings in the EPR spectrum occurs, when
neighboring nuclei spins interact with the electron spin. From the distance of the single
EPR line peaks, the hyperfine splitting constant aN can be determined, which provides
information about micropolarity in the spin probe environment [168], about microviscosity
[169] or microacidity [170]. From the EPR signal intensity values, quantitative information
about the spin probe concentration in a sample can be obtained
For EPR 1D-spatial-spectral-imaging of DPPH nanosuspension release from Alzet®

pumps, the release of various DPPH nanosuspensions was previously tested in the in-vitro
set-up as described in chapter 3.3.1. Therefore, DPPH nanosuspensions were filled into the
osmotic pumps and put in lateral or headlong position into the beaker glass with 15 mL of
the medium water. Instead of the provided stainless steel flow moderator, PEEK polymer
flow moderators were utilized in the delivery experiments. Sampling of release medium was
done according to 3.3.1. Release experiments were conducted in triplicate.

For EPR imaging purposes, pumps filled with nanosuspension containing 15% of DPPH
were placed in a flask with 37°C warm water and retrieved from medium for 1D-spatial-
spectral image recording after determined time points. The utilized EPR instrument was a
L-Band spectrometer from Magnettech GmbH (Berlin, Germany). Typical measurement
conditions were: microwave frequency of 1.38 GHz, modulation frequency 100 kHz,
modulation amplitude 0.5 G, scan time 60 s and scan range 4 mT. A magnetic field
gradient in x-direction vertically to the B0 field was applied to obtain the spatial resolution.
TAM solution in water (1-2 mg/mL) was filled into a capillary, which was placed vertically
next to the upper side of the pump as internal standard.
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3.5 In-vivo characterization of s.c. administered
nanosuspensions via Alzet® pumps

3.5.1 Plasma concentration - time determination of compound A
nanosuspension

Animal treatment

The in-vivo study was carried out in accordance with the EC directive 86/609/EEC for
animal experiments and the German Animal Protection Law. The study was part of a project
announced to the Government of Upper Bavaria. Female mice (strain: Crl:NMRI(Han);
Charles River, Sulzfeld, Germany) of 27.0 - 32.5 g weight were group housed in type III
cages under controlled environmental conditions of 20 to 24°C temperature, 50 to 60%
relative humidity and a 12/12 h dark and light period. They had free access to water and
standard diet (SDS RM1 (E), Standard diet Services, Witham, Essex, GB) all the time.

Dosing, administration and blood sampling

The mice received the formulations containing compound A either subcutaneously as bolus
injection in the neck area or as infusion via osmotic pumps. Loaded Alzet® pumps were
implanted in the neck area under isofluorane anesthesia and the incision was closed with a
suture. The pumps of this group of mice were filled with formulation consisting of Lutrol®

F108 as stabilizer without HPMC additive (low viscous nanosuspension). Considering a
mean pump delivery rate of 0.5 µL/h, the theoretically, daily delivered dose of compound A
was of 42 mg/kg. In the second treatment arm animals were implanted with Alzet® pumps
containing the higher viscous Lutrol® F108 nanosuspension formulation with 7.5% HPMC.
The third group of mice received a single nanosuspension bolus injection into the neck
area at a dose of 300 mg/kg of the lower viscous formulation. The same single bolus dose
of the higher viscous formulation was administered to the fourth group of animals. The
relatively high dose of the last two treatment groups is based on the theoretically maximally
deliverable volume of nanosuspension from the Alzet® pumps after 168 hours. Each
treatment group consisted of n=3 animals. Blood samples were taken under isofluorane
anesthesia after 2 h, 6 h, 24 h, 48 h, 120 h, and 168 h in case of the bolus injections. The
same sampling schedule with exception of the 2 h time point was selected after Alzet®

pump implantation. Blood was centrifuged and the plasma was frozen and stored at -20°C
prior to LC-MS/MS analysis.
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Sample preparation and analytical procedure by LC-MS/MS

The quantitative determination of compound A in mouse plasma was performed using
an HPLC method with tandem mass spectrometric detection. The LC-MS/MS system
consisted of an Agilent 1100 Series HPCL system coupled to the turbo ion spray source
of the Applied Biosystems mass spectrometer API 5500 Q-trap. For analysis, 20 µL of
an aqueous-organic internal standard solution at 1 µg/mL were spiked into 10 µL plasma
aliquots. After addition of 30 µL MilliQ water and 140 µL t-BME the samples were shaken
for 5 minutes and were subsequently centrifuged at 2800 rpm. The supernatants (organic
phases) were evaporated to dryness under a stream of nitrogen and the residues were
reconstituted in 120 µL acetonitrile/formic acid 0.1% (1:1, v/v). 10 µL aliquots thereof
were injected into the LC-MS/MS system. The HPLC separation was carried out on a
reversed phase column (Waters Acquity BEH C8 1.7 µm, 2.1 x 50 mm) with gradient
elution (eluent A: formic acid 0.1%, eluent B: acetonitrile). The analyte compound A and
its internal standard were detected applying multiple reaction monitoring (MRM) in the
positive ionization mode at mass transitions of 469.193 to 306.200 amu and 485.081 to
265.000 amu, respectively.

Pharmacokinetic and statistical analysis

The mean (n=3) plasma concentrations were calculated per treatment group. Non-
compartmental pharmacokinetic analysis was carried out using Origin® 6.1 software. The
area under the plasma concentration time curve was calculated up to the last sampling time
point at 168 h (AUC0-tlast). Peak plasma concentrations (Cmax) and corresponding time
points (tmax) were taken directly from data observation. All PK parameters were rounded to
three significant digits. Statistical analysis and evidence of significant differences in plasma
concentrations was done based on the two-tailed Student’s t-test under consideration of a
significance level of α = 5% for each sampling time point. Plasma concentration values
of a treatment group at a specific time point were subjects to the Welch test when they
showed inhomogeneities in variances, as determined by the F-test.

3.5.2 Bioimaging and organ distribution of
[125/131I]iFF/FF-nanosuspensions

Animal treatment

In-vivo experiments were conducted with healthy female NMRI mice (Charles River, Salzfeld,
Germany) of 24 g – 33 g of body weight. Animals were housed in cages and had free
access to water and food under controlled conditions of 23°C temperature, 46% relative
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humidity and a normal 12 h dark and light interval. Animal experiments adhered to the
European Community guidelines for the use of experimental animals and were approved by
the local ethical commission of the regional administration authority. For the bioimaging
study, two treatment arms each with three mice were designed: In the first treatment
group, mice received 0.65 ± 0.02 mg/kg in 92 ± 9 µL of [125I]iFF/FF solution into the
subcutaneous space of the dorsal side leg. Applied radioactivities were in the range of
2.9-3.5 MBq. The animals of the second treatment arm obtained 323 ± 46 mg/kg in 57
± 7 µL of [125I]iFF/FF nanosuspension formulation C into the same application site within
the range of 5.5-8 MBq activity. Both formulations were applied into the dorsal side leg to
visualize the formulations’ distribution from the injection site toward the rest of the mice
bodies. In the organ distribution study, three different groups of mice were compared with
each other. The first group was given a dose of 0.87 ± 0.06 mg/kg [131I]iFF/FF solution
of 113 ± 8 µL in the radioactivity range of 0.98-1.28 MBq. In this case, the formulation
was subcutaneously injected into the flank of the animals. The second group received 68 ±
7 µL [131I]iFF/FF nanosuspension formulation C of a dose of 427 ± 70 mg/kg (0.92-1.27
MBq). For the mice of the third group, [131I]iFF/FF nanosuspension formulation C was
filled into Alzet® pumps which were implanted subcutaneously into the flank, in the fourth
group the same procedure was done with the nanosuspension formulation D. Ranges of
applied radioactivities were from 0.88 to 1.13 MBq. The above mentioned mass doses
of [125/131I]iFF/FF in nanosuspension administered to each animal were at a high level.
This is based on the maximum deliverable volume of nanosuspension from Alzet® pumps
after 168 h. Radioactivities of nanosuspensions in implanted and explanted pumps were
determined via the activimeter ISOMED 1010 (Melit GmbH, Hinwil, Switzerland). Mice
were kept under anaesthesia during injection or implantation of pumps and during image
recording for the bioimaging study.

γ-scintigraphic imaging of nanosuspension and solution distribution

Bioimaging was done on the gamma-imager (Biospace Lab, Paris, France), equipped with
a NaI(Tl) scintillator and a parallel hole collimator. After 1 h, 3 h, 5 h, 24 h and 48 h
images were taken from the mice which received the [125I]iFF/FF solution. In the case of
the [125I]iFF/FF nanosuspension, image recording was done after 80 min, 4 h, 24 h, 48
h, 120 h and 168 h. Remaining [125I]iFF/FF at the injection site in form of solution or
nanosuspension was calculated via marking a region of interest (ROI) in the images at a
size of 720-1500 mm2 and subsequent determination of the total activity in the ROI at
different observation time points. %ID was determined by calibration of the camera with
radioactive dummy tubes containing radioactivities between 0.9 MBq and 8 MBq.
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Organ distribution study

Radioactivities were determined by γ-scintillation measurements of single organs or ex-
planted osmotic pumps with a Berthold LB 951G (Berthold technologies GmbH & Co. KG,
Bad Wildbad, Germany). Organs were investigated after 1 h, 3 h, 5 h, 24 h and 48 h in
case of the solution, and after 3 h, 24 h, 72 h, 96 h and 168 h in case of all nanosuspension
formulations. At each time point three animals were sacrificed with CO2, followed by
aspiration of blood and resection of heart, lungs, spleen, liver, stomach, muscle, small and
large intestine. Blood activity over time was analyzed by assuming the noncompartimental
pharmacokinetic parameters “area under the % released dose per g blood”- time curve
(AUC3h-ttlast) and maximal % released per g blood (Cmax) with the Origin® 6.1 software.
The two-tailed Student’s t-test for activities in blood at all measured time points was
utilized for statistical analysis under consideration of a significance level of α = 5%.
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4 Results and discussion

4.1 In-vitro characterization and release of various
formulations from Alzet® pumps

4.1.1 Advanced physicochemical characterization of micro- and
nanosuspensions

4.1.1.1 Multiple light scattering analysis of fenofibrate nanosuspension

The colloidal stability of fenofibrate nanosuspension was investigated by means of a multiple
light scattering technique. This method is based on the scattering of laser light, which is
sent through the dispersion sample, and the following detection of the scattered light in a
0° (transmission) and 135° (backscattering) angle. When light is sent through a randomly
dispersed medium, the photon mean transport length λ∗(φ, d) is defined as:

λ∗(φ, d) = 2d
[3φ(1−g)Qs]

(9)

where d d is the particle diameter, φ the particle volume fraction, g the asymmetry
factor and Qs the scattering efficiency factor, an optical parameter given by the Mie
theory. For anisotropic scattering particles (d >> λ) the g factor is between 0 and 1,
within isotropic scatters (d << λ) at 0. By sending photons through a dispersion with
larger particles of anisotropic scattering behavior, they undergo many scattering events
in the dispersion in forward direction before they can escape the cell in the backward
direction, whereas for isotropic scatterers rather smaller photon transport lengths are
achieved [171]. The backscattering signal BS of the detector is antiproportional to λ∗(φ, d)

and therefore correlated to the particle diameter and the particle volume fraction in the
dispersion. Regarding the influence of particle size on the BS signal, particles being
smaller than approximately 300 nm show a decreased signal with smaller particle sizes,
whereas the BS signal diminishes with increasing particle sizes in the size range above
300 nm. Besides particle sizes, the particle concentration has an additionally influence on
the backscattering signal. Above a critical volume fraction φ the backscattering signal
increases with particle volume fraction. With the Turbiscan® multiple light scattering
analysis of suspensions, a time- and space-resolved registration of backscattering signals
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from the sample cell is possible, which gives hints on particle volume fraction changes during
migration (sedimentation) and changes in particle sizes due to agglomeration phenomena.
The backscattering signals of 0.5% fenofibrate nanosuspensions are shown in Fig. 4.1.1.

Figure 4.1.1: Percental backscattering signals of fenofibrate nanosuspension measured during 22 hours
along the height axis of the sampling tube. Backscattering signal change over the entire
glass vial length (a), zoomed view at the upper region of the vial (b) and the bottom
(c). The arrows indicate the change within the backscattering signal during 22 hours.

Within the region of the vial bottom between 0-7 mm an increase of backscattering
signal from 30% up to 37% was observable, indicating an increased particle volume fraction
and therefore accumulation of particles at the bottom of the sample vial after 22 h (Fig.
4.1.1b). The particle migration in the nanosuspension also appeared in the upper region
of the sample, where moving of the particle front toward the bottom could be observed
(Fig. 4.1.1c) Additionally, a slight increase of backscattering signal around 0.5% over the
entire sample cell could be observed, as shown by the arrow in Fig. 4.1.1a. This indicates
agglomeration of the particles in the region of isotropic scattering behavior. Aggregation
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phenomena drop off as reason for the increase of the backscattering signal: By monitoring
the particle size changes of 0.5% fenofibrate nanosuspension by means of PCS after 22 h at
40°C, no increase in z-average and PDI values could be observed, which would have been
the case for aggregates. Directly after dilution of fenofibrate nanosuspension a particle
size of 219 ± 12 nm (PDI 0.222 ± 0.02) was obtained, whereas after 22 h a particle size
of 210 ± 3 nm (PDI 0.232 ± 0.005) was determined. Possible agglomerates would have
disintegrated due to this procedure. To calculate a sedimentation velocity on the basis of
the backscattering signal change at the top of the vial, a 15% backscattering signal was
taken into account for the evaluation of the sedimentation distance. As a result, the low
particle settling velocity of 0.3 ± 0.0 mm in 22 h could be determined. To check if any
adsorption of fenofibrate on the vial glass wall disturbed the sedimentation measurements,
vials filled with nanosuspension were emptied and carefully rinsed with water. Afterwards
the vials were filled again with water and the subsequently obtained backscattering signals
compared to that by cleaned, fresh vials filled with water. Equal signals were obtained in
fresh and rinsed vials.

4.1.1.2 ITC measurements of stabilizer-particle interactions in
microsuspensions

Surfactant adsorption onto a model API microparticle surface was investigated via ITC
to get a mechanistical insight into the API-stabilizer interaction thermodynamics. The
change of enthalpy (∆H) arising from absorbed/released heat from the sample cell in this
connection can be directly determined [172], which provides information about the amount
of interaction between stabilizer molecules and particle surface. Griseofulvin and compound
A microsuspension particles were utilized as sorbents, DOSS and NaDC as surfactants. The
goal was a correlation of the experimentally obtained ∆H values of different API-stabilizer
combinations with a preference for nanosuspension formation and stability of those systems.
As within the ITC analysis the total heat flow is recorded, contributions to the determined
total heat evolved/absorbed are made by a variety of thermodynamic effects such as e.g.
dilution, demicellization and adsorption phenomena. Therefore, surfactants were utilized
in concentrations below their CMC, as the release or absorption of heat resulting from
demicellization effects during titration should be avoided. In the first set of experiments,
the adsorption of DOSS onto griseofulvin surface was investigated. The mean particle size
of API was about 21.61 µm (D10: 12.3 µm, D90: 46.31 µm). Results of the titration at
20°C are shown in Fig. 4.1.2. The raw data display low exothermic heat signals after each
titration step in the range of ∆0.06 µcal/s - ∆0.07 µcal/s (Fig. 4.1.2 a). By integration
of the raw data signals, the released/absorbed heat in kcal/mol injectant can be plotted
against the amount of surfactant present in the sample cell after titration.

39



CHAPTER 4. RESULTS AND DISCUSSION

0,00 33,33 66,67 100,00 133,33 166,67

19,26

19,28

19,30

19,32

19,34

19,36

19,38

19,40

19,42

19,44

19,46

19,48
a

time (min)

H
ea

t f
lo

w
 [µ

ca
l/s

ec
]

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

a
 DOSS --> griseofulvin
 DOSS --> water

µmol surfactant in cell

H
 [k

ca
l/m

ol
 o

f i
nj

ec
ta

nt
]

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

b
 DOSSinGF3_NDH

µmol surfactant in cell

H
 [k

ca
l/m

ol
 o

f i
nj

ec
ta

nt
]

Figure 4.1.2: Calorimetric response of DOSS titration into griseofulvin suspension obtained from
ITC analysis at 20°C. Raw heat signals during titration into water (a), integrated heat
data of DOSS titration into water and into griseofulvin suspension (b), heat data after
subtraction of DOSS into water titration heat outcome (c).

From the integrated data in Fig. 4.1.2 b it was seen, that the titration of DOSS into
water (control) exhibited low exothermic signals, which resulted from the release of dilution
heat. Therefore, the low signals obtained from DOSS titration into griseofulvin suspension
were mainly based on dilution effects. Subtraction of the signals of DOSS injections into
water from that of the DOSS titration into griseofulvin suspension (Fig. 4.1.2 c) resulted
in heat outcomes in the negligible range of ∆0.05 kcal/mol injectant. By increasing the
temperature to 35°C, similar results were received, as shown in Fig. 4.1.3. Despite the
single signals at 0.01, 0.17 and 0.3 µmol DOSS, which were exothermic, the ∆H values were
slightly increased to ∆0.1 kcal/mol injectant in comparison to the experiments conducted
at 20°C. In case of the titration of NaDC into griseofulvin suspension, heat signals were
more scattering around a ∆H value of ∆0.1 kcal/mol injectant.
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Figure 4.1.3: Integrated heat signals of calorimetric ITC data of DOSS (a) and NaDC (b) titration
into griseofulvin suspension obtained from ITC analysis at 35°C. Data are shown after
subtraction of heat outcome of DOSS/NaDC titration into water.

The scattering can not be based on changes in CMC values at higher temperatures as
it was shown for DOSS and NaDC that they retain their critical micelle concentration
also at 35°C [173, 161]. Nevertheless, the differences in heat released/absorbed for
both surfactant types was negligible low, which probably results from the small surface
area of griseofulvin due to its large particle size. In the second set of ITC experiments,
compound A suspension was additionally used as API surface. A supplemental grinding step
of micronized drug substance and utilization of higher particle concentrations (7 mg/mL)
prior to ITC measurement were performed with the goal to increase the measured heat
signals. Particle sizes of griseofulvin and compound A suspension were determined via SLS
before comminution, directly after milling and after a storage of 1.5 h, as it is shown in Fig.
4.1.4. In case of compound A, a broad volume-based particle size distribution was observed
with a mean diameter of approximately 50 µm, which was decreased to 6 µm, whereas
griseofulvin particle sizes were diminished to approximately 9 µm. The achieved particles
sizes were maintained over a time of 1.5 h, which is the crucial time for an ITC experiment.
For compound A only 5% of particles showed sizes above 100 µm after 1.5 h, as shown in
Fig. 4.1.4 a, what can be considered as negligible on the results of the ITC experiments.
Griseofulvin microsuspension showed no size change during storage, indicating a sufficient
stability (Fig. 4.1.4 c).
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Figure 4.1.4: Particle size development of compound A (a) and griseofulvin (b) microsuspension before
and after grinding and additionally after a 1.5 h storage at room temperature. Solid
lines reflect the particle size distribution based on volume, dotted lines indicate the
cumulative frequency.

With a detailed look on the D10, D50 and D90 values for both microsuspensions obtained
after wet milling and after resting for 1.5 h, as it is shown in Tab. 4.1.1, the appropriate
stability of microsuspensions for the use in calorimetric titration experiments was proofed.

Table 4.1.1: Particle sizes of griseofulvin and compound A microsuspension obtained after wet milling
process. Microparticles were utilized as titrand during ITC experiments. D10, D50 and
D90 are shown in mean ± SD.

Griseofulvin Compound A
D10[µm] D50[µm] D90[µm] D10[µm] D50[µm] D90[µm]

t = 0 0.19 ± 0.00 8.16 ± 2.17 9.48 ± 2.10 5.42 ± 0.62 5.89 ± 0.64 6.67 ± 0.70
t = 1.5 h 0.02 ± 0.00 9.43 ± 1.32 11.02 ± 1.00 5.25 ± 0.18 5.92 ± 0.32 6.89 ± 0.39

Titration of DOSS and NaDC was performed at 35°C into compound A and griseofulvin
microsuspension, which is displayed in Fig. 4.1.5. Within the suspension containing
compound A, low endothermic heat signals in the range of ∆ 0.1 to ∆ 0.2 kcal/mol DOSS
and NaDC were recorded and no typical adsorption heat pattern could be observed (Fig.
4.1.5 a and b). In general, the adsorption process is characterized by larger heat signals at
the beginning of the titration, followed by constantly evolved signals as a sign for particle
surface saturation by molecules, as it was e.g. shown by McFarlane and coworkers with the
adsorption of PEG polymers onto cationic nanoparticles [174]. In contrast to compound A,
the titration of DOSS onto griseofulvin particles revealed larger signals at the beginning,
resulting in a plateau at 0.1 kcal/mol injectant with 0.1 µmol surfactant present in the
cell (Fig. 4.1.5 c). Titration of NaDC onto griseofulvin particles resulted in a plateau of
approximately 0.2 kcal/mol injectant after larger exothermic signals at the titration start
(Fig. 4.1.5 d). By plotting the total cumulative heat ∆Htot against present surfactant in
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the cell, the titration process was characterized by a phase of exothermic and subsequent
endothermic heat signals for both types of surfactant (Fig. 4.1.5 e and f). Blackett and
coworkers observed similar kinetics of evolved/absorbed heat signals after titration of oleic
acid in salbutamol sulfate suspension in a non-polar liquid [175]. They hypothesized, that
an exothermic surfactant adsorption within the first injections of oleic acid was overlapped
by signals of the subsequent endothermic desagglomeration of particles. With increasing
surfactant concentrations the heat outcome tended to a net endotherm one, which was
also seen in the current case. However, the heat outcomes in the results were very small.
In addition, the repetition of the DOSS titration into griseofulvin suspension (Fig. 4.1.5 c)
showed large differences in ∆H values between the first and second experiment, indicating
that the observed differences in ∆H between beginning and at saturation level of the
experiment were of lower relevance.

4.1.1.3 Discussion

To maintain a constant particle size of nanoparticulate systems over a certain time is
a necessary requirement for the colloidal stability of those systems. Due to their high
surface energy, as depicted in chapter 1.2, nanosuspension particles tend to agglomerate
and therefore sediment. However, the sedimentation characteristics of submicron sized
nanoparticles are only poorly understood due to the complexities in interactions between
the nanoparticles [176]. A sedimentation velocity estimation via the Stoke’s law is only
applicable for dilute suspensions with uniform spherical particles, interparticle collisions
[177] and for particles which do not change in size. In the case of nanosuspensions, stability
is often monitored via PCS approaches, but the required dilution of formulation prior
to measurements makes a conclusion about present agglomerates challenging, as these
would desagglomerate to single particles after the dilution step. Moreover, sedimentation
cannot optically followed in turbid samples. Therefore, agglomeration tendencies and
sedimentation velocity was investigated via a multiple light scattering approach. This
technique was previously utilized for the investigation of stability of liposomes [178],
anorganic nanosuspension particles [179] or polymeric nanoparticles [180]. Migration of the
fenofibrate nanosuspension particle front due to sedimentation or agglomeration could be
monitored over the entire length of a sample cell and at various time points due to changes
of the laser beam backscattering signal reaching the detector. Within this fenofibrate
nanosuspension formulation, a slight agglomeration tendency could be observed over 22 h,
which was not displayed in the parallely conducted PCS measurements. Additionally, the
sedimentation of agglomerates and nanoparticles was followed via the backscattering signal
change at the bottom and the top of the sample vial.
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Figure 4.1.5: Integrated heat signals of DOSS and NaDC titration into compound A and griseofulvin
wet-milled microsuspension particles at 35°C (data are shown after subtraction of heat
outcome of DOSS/NaDC titration into water)(a-d). DOSS interaction with griseofulvin
was conducted twice under same conditions (c). Cumulative heat outcome after NaDC
and DOSS titration onto griseofulvin particles (e+f).
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However, the settling velocity of the particle front was about 300 µm in 22 h, which is
quite a low value, but could be resolved by the multiple light scattering analysis. Therefore,
this technique is a suitable method for the detection of destabilization phenomena at an
early stage, by comparison of different nanosuspension formulations regarding sedimentation
and agglomeration behavior. Disadvantages of this method are the need for large sample
volumina (>12 mL) and the lacking possibility to accelerate gravity in contrast to e.g. the
LUMiFuge® analysis [181]. Within the investigation of stabilizer-API surface interactions
on an thermodynamic level by means of ITC, the goal was to correlate nanosuspension
formulation stabilities with thermodynamic interactions of drug surfaces with stabilizer
molecules. Based on different adsorption enthalpy values obtained for various surfactant-
drug substance combinations, evidence about the surfactant-API interaction should be given.
As the ITC method is a sensitive and accurate method for the calorimetric determination
of the interaction between two reagents [182], this technique requires only low amounts
of reagents in syringe and in the sample cell, which has an overall volume of 1.5 mL.
Previously, ITC was utilized for the determination of vesicle surfactant interactions [183],
inclusion of guest molecules into cyclodextrins [184], micellization processes [185] and
adsorption of molecules onto nano/microparticles. Dimova and coworkers determined
adsorption enthalpies deriving from the interaction of different double hydrophilic block
copolymers with calcite crystal particles of 10 µm in diameter. The adsorption process was
depicted by exothermic signals at the beginning of the titration and followed by a plateau
at a value of 0 kJ/mol injectant [186]. Similar heat kinetics curves could be observed
with the titration of acylated insulin onto polystyrene beads with a hydrophobic surface
[187] or with the titration of PEG onto cationic silica nanoparticles [174]. However, in
the current study, the direct utilization of API nanoparticles without any stabilizer was
not possible due to the strong agglomeration tendencies of griseofulvin and compound A
nanosuspension particles. For this, micronized material was used as template. During the
injection of surfactants into an API microsuspension, the isothermal titration calorimetry
records the total heat which is evolved or absorbed after the contact of both reagents.
This heat includes besides dilution effects of stabilizers, demicellization and the desired
adsorption process onto the microparticles. A possible demicellization can be excluded when
using surfactants in concentrations below their CMC. The dilution effect was subtracted
by conducting control experiments with surfactant titration into pure water. However,
the last calculation will be slightly inexact, as the amount of stabilizer titrated into the
suspension and adsorbed onto the particles is not longer available for the dilution process,
which reduces the concentration of the surfactant in solution [175]. This particularly
counts, when the heat outcome is very low. Within the conducted titration experiments of
DOSS and NaDC into griseofulvin or compound A microsuspension, as obtained from the
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manufacturer or after further size reduction by wet milling, determined ∆H values were
indeed low and partially below the signal amplitudes of the control dilution processes. This
could be caused by weak interactions of surfactant and stabilizer molecules paired with the
low particle surface of microsuspensions. Lindman and coworkers investigated previously the
amplitude of heat signals for human serum albumin adsorption onto propyl/butylacrylamide
copolymeric nanoparticles with increasing diameters [188]. They found a decreasing of
signal amplitudes between particles of 70 nm and 700 nm, which was based on the low
total surface area available on the larger particles. In the current study, titration of DOSS
and NaDC into griseofulvin suspension after further particle downsizing with wet milling
and concentration of suspensions resulted in slightly higher signals, but with increased
variabilities between repetitions, making a relevance of the observed effect questionable.
Moreover, a second weak, with heat connected process was overlapping with the adsorption
kinetics: The disintegration of agglomerates during stabilizer titration, which was previously
shown to be an endothermic process [175]. This highlights, that for the correct ITC
analysis knowledge has to be present about all in the sample cell occurring thermal events.
Nevertheless, as the heat outcomes of the titration of NaDC and DOSS into griseofulvin
microsuspension was similar in amplitude, no conclusion could be drawn regarding a more
favorable adsorption of stabilizer. Within the use of compound A suspension as surface,
no visible adsorption pattern was obtained. From the results it can be concluded, that
a prediction of nanosuspension stability with regard to the thermodynamic interaction
between utilized API and stabilizers is challenging. Moreover, the results indicate, that
ITC has its limits in investigating the adsorption of surfactant molecules onto the analyzed
API microparticle surfaces.

4.1.2 In-vitro release of nanosuspensions and solutions from
osmotic pumps

For gaining more knowledge about the controlled release of nanosuspension particles from
implantable pumps, the release of those drug delivery systems was tested in an in-vitro
set-up. Additionally, various factors were investigated in terms of their impact on the
release kinetics. For this, the viscosity of nanosuspension formulations, the alignment of
the pumps during release and the influence of the flow moderator material on the release
were analyzed. To investigate the influence of formulation osmolality, nanosuspensions
were replaced by two types of dye solutions as it is not possible to measure osmolality of a
particulate formulation with a cryoscopic osmometer. Osmolality measurements based on
freezing point depression will be distorted by already existing crystalline regions in fluids,
behaving as crystallization nuclei [189]. Another reason for the choice of fluorescein sodium
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and methylene blue solution as release agents was the fact that varying the osmolality
with different amounts of osmotic active agent could lead to a decreased stability of the
nanosuspensions. In addition, the implications of density changes in formulation on the
release behavior were investigated.

4.1.2.1 Impact factors on fenofibrate nanosuspension release

Viscosity change of formulation

Bulk fenofibrate nanosuspension was successfully produced with a resulting hydrodynamic
diameter of 173 nm ± 10 nm (mean ± SD) and a PDI of 0.198 ± 0.03 (mean ± SD). Particle
sizes of 5%, 7.5% and 10% HPMC (each w/v) containing nanosuspension formulations
directly after preparation and after 7 days of storage at 40 °C are shown in Fig. 4.1.6.
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Figure 4.1.6: Particle size and size distribution development of differently viscous fenofibrate nanosus-
pensions after storage at 40°C for 7 days, as determined by PCS. Z-averages and PDI
are shown in mean ± SD (n=3).

Increasing particle sizes with higher HPMC concentrations at day 0 resulted from a
larger hydrodynamic diameter due to increasing adsorption of the polymeric stabilizer onto
nanoparticle surfaces. In contrast to that, the formulation with 10% HPMC showed in
average a decreased z-average in comparison to the 7.5% HPMC formulation, but the
differences are not relevant with regard to the higher standard deviations. After storage all
nanosuspension formulations showed only minor increases in particle sizes and PDI values,
confirming a good particle size stability, which is required for the appropriate release from
micro-osmotic pumps.

The viscosities of different fenofibrate nanosuspension formulations used for the release
experiments are shown in Table 4.1.2.
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Table 4.1.2: Determined viscosities of fenofibrate nanosuspension formulations utilized for Alzet® pump
release experiments (mean ± SD, n=3). All HPMC concentrations are given in w/v.

Formulation Viscosity [mPas]

2.5% HPMC 4.87 ± 0.3

5% HPMC 25.26 ± 0.12

7.5% HPMC 83.14 ± 0.63

10% HPMC 193.33 ± 1.5

A wide range of viscosity values, from the bulk nanosuspension with 4.87 mPas to
nanosuspension samples with 193.33 mPas was tested in the subsequently conducted
formulation release experiments. The nominal pumping rate for the used pump model
1007D is 0.5 µL/h for 168 hours at a temperature of 37°C. However, in this case the
decreased osmolality of the release medium (pure water) and the temperature above 37°C
of the medium resulted in an effective pumping rate of 0.6 µL/h, as described by Eckenhoff
et al. [135]. This delivery rate was used as calculative basis for a maximum formulation
release of 90 µL during the 168 hours. The release of fenofibrate nanosuspensions with
different viscosities from Alzet® osmotic pumps is illustrated in Fig. 4.1.7.

0 24 48 72 96 120 144 168 192
0

20

40

60

80

100 a

 2.5% HPMC
 5% HPMC
 7.5% HPMC
 10% HPMC

cu
m

ul
at

iv
e 

m
as

s 
re

le
as

e 
[%

]

time [h]
0 24 48 72 96 120 144 168

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5 b

 2.5% HPMC
 5% HPMC
 7.5% HPMC
 10% HPMC

re
le

as
e 

ra
te

 [µ
l/h

]

time [h]

Figure 4.1.7: Release of fenofibrate in nanosuspensions from Alzet® pumps. Different viscosities are
adjusted by varying HPMC amounts. (a) Cumulative mass release (in % from theoretical
mass release, based on 90 µL). (b) Release rate of fenofibrate nanosuspension during
release period. Bars represent the ranges of three pumps.

Alzet® pumps containing bulk fenofibrate nanosuspension with a low viscosity exhibited
a release deviating from the expected zero order one as can be seen in the cumulative
mass release graph (Fig. 4.1.7 a). The flattening of the graph at the end of the release
period indicates an initial burst release with subsequent emptying of the pumps. Large
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range bars show huge differences in release behavior and therefore high variability between
individual pumps. Addition of HPMC up to 5% did not alter the release behavior of the
nanosuspension from the osmotic pumps, although there was a 5-fold enhancement of
viscosity. The release of 7.5% and 10% HPMC containing nanosuspensions with increased
viscosities of 83.14 mPas and 193.33 mPas, respectively, was in the expected zero order
kinetics. Release rates of the nanosuspensions at different time points are presented in Fig.
4.1.7 b. A burst release within 24 hours is seen in case of the low viscous nanosuspensions
(2.5% and 5% HPMC), whereas nanosuspensions with higher viscosity were delivered at
a constant rate of 0.6 µL/h after a short lag-phase. Despite the low number of data
points, the results have high value in differentiating between formulations with the expected
zero order release kinetics and those with a significant burst release. By mathematical
examination of the cumulative mass release graphs, low R2-values of <0.86 and high
RMSE confirmed the deviation from zero-order within the low viscous nanosuspensions
(Tab. 5.2.1 in Appendix). An increase in R2-values was observed when plotting the graphs
against the square root of time, although RMSE-values remained high. The model with
the best fit was presented by the first order kinetics, thereby achieving R2-values above
0.98. Higher values of R2 and a lowering of the RMSE regarding 7.5% and 10% HPMC
containing nanosuspensions indicated the good fit for zero-order release. All suspensions
showed incomplete release thereby reaching only between 70% and 84% of the theoretical
cumulative mass amount at day 7, as shown in Fig. 4.1.7 a. This effect could be based on
adsorption effects of fenofibrate onto the inner synthetic drug reservoir wall [190].
Measurements of z-average and PDI of the released nanosuspension particles in the

medium did not exhibit major changes in particle size compared to freshly prepared
nanosuspension (Fig. 4.1.8) as a potential particle growth could affect the release of
nanosuspensions. However, z-average and PDI were slightly increased after 168 hours
within the 7.5% and 10% HPMC containing formulations. For technical reasons, no
exchange of medium was done between 96 and 168 hours, so the nanosuspension particles
were stored for a longer time in a diluted form after pump release. Consequently, desorption
of stabilizer from nanoparticle surfaces can occur, affecting particle size stability. This
effect should not be of relevance in-vivo since (1) the amount of interstitial tissue fluid,
which gets into contact with the nanoparticles, is lower, and (2) in-vivo the transport of
particles from the implantation site is expected.

Various pump positions

Besides the investigation of the nanosuspension release from micro-osmotic pumps in the
common lateral pump position, the impact on drug release in a headlong and an upright
pump alignment was tested. For fenofibrate nanosuspension, the release is shown in Fig.
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Figure 4.1.8: Particle size and size distribution development of in water released differently viscous
fenofibrate nanosuspensions from Alzet® pumps as determined by dynamic light scattering.
Z-averages and PDIs are shown as mean ± SD (n=3).

4.1.9. In comparison to the release behavior of pumps with lateral orifices as described
above, a similar kinetics of nanosuspension release and a high variability between pumps
were obtained with downwards tending orifices. Deviation from zero-order release was
confirmed by the lower R2-values of linear regression versus time within the cumulative
mass release. Fitting against the square root of time showed only a slight improvement in
R2 (Tab. 5.2.2 in Appendix). Comparable to the release of fenofibrate nanosuspension in
a lateral position, the first order kinetics showed the best fit with a R2-value of 0.96. In
contrast to these results the release proceeded in the expected zero order (R2 of 0.98) with
low variability when pumps were placed with their orifice at top (Fig. 4.1.9 a). Constant
release rates were reached by these pumps after a short lag phase, whereas burst release
occurred for pumps with downwards tending orifices (Fig. 4.1.9 b). With pycnometry
measurements a higher density value of 1.05 ± 0.00 g/cm3 for the whole fenofibrate
nanosuspension containing 2.5% HPMC was determined, indicating the higher density to
be a further impact factor on the release kinetics in the headlong position.
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Figure 4.1.9: Influence of different Alzet® pump orifice positions on the release of fenofibrate in
nanosuspensions. (a) Cumulative mass release (in % from theoretical mass release, based
on 90 µL). (b) Release rate of fenofibrate nanosuspension over time. Bars represent the
ranges of three pumps.

Further investigations were conducted to explore whether the particles in the nanosus-
pension were released alone or together with the aqueous phase of the formulation. For
this, captopril as water-soluble drug substance was dissolved in 5 mg/mL concentration
in the nanosuspension’s aqueous phase under magnetic stirring at 250 rpm. Besides the
lateral position, pumps were additionally placed headlong or with the orifice at top to
test the influence of the different pump positions on the release of both, water phase and
nanoparticles. The results are shown in Fig. 4.1.10.
Pumps with laterally aligned orifices display again a burst release of nanosuspension

particles from pumps, indicating that the captopril in the aqueous phase has no major
influence on the particle release kinetics from the pumps. At the same time a slower
movement of the nanosuspension’s water phase containing captopril was observed (Fig.
4.1.10 a). Regarding pumps with downwards tending openings, the release of both
substances seems to be accelerated (Fig. 4.1.10 b). A captopril control solution (5 mg/mL)
in water showed no burst release from the osmotic pumps in the headlong position.
Fenofibrate and captopril release occurred in the expected zero order kinetics in the case
of pump orifices positioned at top (Fig. 4.1.10 c). The appearance of zero-order release
was confirmed by high R2-values (>0.98) when fitting versus time. Non-zero-order release
of formulations could be better described by linear regression versus the square root of
time with increased R2, thereby reaching values of above 0.9. Nevertheless, RMSE values
remained high. Also here a better fit was obtained from the first order kinetics model (Tab.
5.2.2 in Appendix). For the captopril containing nanosuspension a z-average of 206 nm ±
5 nm (mean ± SD) and a PDI of 0.131 ± 0.019 was determined directly after adding
captopril. Storage at 40°C for 7 days yielded in a z-average of 213 nm ± 2 nm and a PDI
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Figure 4.1.10: Simultaneous release of fenofibrate particles and dissolved captopril in the nanosus-
pension from Alzet® pumps. (a) Lateral pump orifice position, (b) orifice directed
downwards and (c) orifice directed upwards. For the orifice directed downwards, an
aqueous captopril solution with 5 mg/mL in water was additionally tested as control
(b). Data are shown in cumulative mass release (in % from theoretical mass release,
based on 90 µL). Bars represent the ranges of three pumps.

of 0.190 ± 0.002, indicating no major effects of the dissolved captopril on nanosuspension
stability. The experiment confirmed, that a separation of water phase and nanoparticles
occurred during release, resulting in different release kinetics from the pumps. As expected,
the upward pump position led to an improvement of nanoparticlulate API delivery. The
release of the dual system of captopril and fenofibrate with orifices tending to the bottom in
comparison to the lateral position showed that there were two mechanisms underlying the
early release of nanoparticles. Within the first mechanism, the aqueous water phase with
captopril is not disturbed, as the release of it occurs in the expected zero-order manner.
For the second mechanism, which could be overlapping the first one, both the solid phase
of nanoparticles and the water phase were affected.
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Flow moderator material properties

Commercial available Alzet® pumps are equipped with a flow moderator, which is inserted
into the pump to avoid diffusional effects and therefore a deviation from zero-order release
of formulations. However, the flow moderator tube with an inner diameter of 500 µm
consists of stainless steel of type SUS304, which comprises a larger extent of the metals
manganese, chrome and nickel [191]. Therefore, in-vitro and in-vivo nuclear magnetic
resonance (NMR) and EPR imaging experiments of formulation release from these micro-
osmotic pumps is not accessible, as stainless steel SUS304 can cause disturbances in
the magnetic field homogeneity [192]. Generally, metals can be grouped into those with
diamagnetic, paramagnetic or ferromagnetic behavior, thereby displaying different magnetic
properties in magnetic fields which are applied in NMR/EPR measurements. Particularly
the paramagnetic metal ions, e.g. chrome and the ferromagnetic ones such as iron and
nickel induce artefacts within the NMR technique. The induced field of paramagnetic
substances tend to the same direction of the applied external one, following increase in
the effective magnetic field, ferromagnetic substances are additionally strongly attracted
by the magnetic field [193]. As the EPR technique allows also for the detection of
paramagnetic substances, the stainless steel flow moderator presents a hindrance for those
in spectroscopic measurements [162, 163]. For these purposes, flow moderators consisting
of the polymer PEEK were tested with regard to nanosuspension and dye solution release
from micro-osmotic pumps. The results are shown in Fig. 4.1.11.
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Figure 4.1.11: Influence of flow moderator material on the release of fenofibrate in nanosuspensions
and methylene blue in solution with different Alzet® pump positions. (a) Cumulative
mass release (in % from theoretical mass release, based on 90 µL). (b) Release rate
of fenofibrate nanosuspension/methylene blue solution during delivery period. Bars
represent the ranges of three pumps.

Methylene blue solution with an osmolality difference of ∆0 mOsm/kg referred to the
release medium exhibited the expected zero-order release with a linear fit R2-value of 0.99
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and a low RMSE of 1.46 (Tab. 5.2.3 in Appendix). Although the inner diameter of the
PEEK flow moderator is about 450 µm and therefore slightly smaller compared to the
stainless steel one, the zero-order kinetics could be maintained. Theeuwes and coworkers
described a minimum surface size of orifice which has to be achieved for the optimal osmotic
delivery of agents from the elementary osmotic pump by referring to Hagen-Poiseuille’s law
[120]. By considering an orifice length of 2 cm of the flow moderator, an delivery rate of
0.5 µL/h, a viscosity of around 1 mPas and a maximum hydrostatic tolerated pressure of
1 bar, this minimum would be at 3.43 x 10-4 cm4 orifice surface size, which is exceeded in
any case. For the PEEK flow moderators this leads to the expected zero-order release from
pumps. Subsequently, the release of fenofibrate nanosuspension with 2.5% HPMC through
the PEEK tubes was tested. In contrast to the kinetics achieved by the utilization of steel
flow moderators, no burst of formulation occurred. Moreover, a zero-order release was
achieved (R2= 0.95, RMSE of 7.56) up to 96 h with afterwards slightly flattening of the
release graph. By changing the pump position from the lateral one to the headlong with
downwards tending orifice, again the expected burst release of fenofibrate nanosuspension
from the pumps occurred, which is caused by an underlying second mechanism of non-zero
order release in this position, as previously shown in chapter 4.1.2.1. The burst release
was also pronounced in the development of delivery rates over time (Fig. 4.1.11 b) after
6 h. The mathematical examination of the release curves indicated a good fit for both
the first order kinetics (R2= 0.93) and the linear fit against the square root of time (R2=
0.96) (Tab. 5.2.3 in Appendix). The reason for the differences seen between the release
of fenofibrate nanosuspension through metal and through PEEK flow moderators could
be based on (1) variable surface roughnesses for both materials and/or on (2) dissimilar
surface hydrophobicities of both materials leading to a stronger interaction of fenofibrate
nanoparticles with the PEEK material and therefore to a subsequent influence on the
release kinetics. To investigate the surface roughness of both materials, flow moderators
were sputtered with 10 nm of platinum, followed by the visualization with scanning electron
microscopy (SEM). The images are shown in Fig. 4.1.12.
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Figure 4.1.12: SEM images of flow moderators consisting of stainless steel SUS304 or PEEK. Stainless
steel flow moderator (a+c), PEEK flow moderator (b+d) in 50 fold magnification
(a+b) and in 2000 fold magnification (c+d). Bars represent the length of 300 µm and
5 µm for the 50 fold and 2000 fold magnification, respectively.

The texture of the stainless steel flow moderator surface on the outside, which is supposed
to be the same as on the inner surface, shows in both magnifications a rough surface with
large cavities in the length range of up to 15 µm. In contrast to that, the PEEK surface
of the flow moderator material displays a smooth one with areas of small heights around
5 µm in diameter. Generally, adsorption of particles onto substrates is more favored on
rough surfaces, as an elevated number of contact points of the particles itself or of polymer
chains attached to the particles’ surface are developed in the valleys [194]. Although
the particles were small enough to fit into the observed surface cavities of the stainless
steel flow moderator, the interaction with the material was contradictory less compared
to the PEEK surface. This depicts a minor influence of the surface roughness of both
materials on the various release kinetics of fenofibrate nanosuspension. Another reason for
the observed differences could be based on the different surface hydrophobicities of steel
and PEEK. Wang and coworkers determined a water contact angle of 68° for stainless steel
type SUS304 [191]. In contrast to that, the contact angle of water on PEEK was described
to be 88°, indicating a more hydrophobic surface of the synthetic material [195, 196]. For
this, the interaction of PEEK and fenofibrate nanoparticles could be favored in the presence
of water due to the hydrophobic effect [197], which in turn could lead to a deceleration of
particle movement through the flow moderator from the micro-osmotic pump.
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4.1.2.2 Parameters influencing methylene blue and fluorescein sodium solution
release

Formulation osmolality

With methylene blue solutions the influence of various formulation osmolalities on Alzet®

pump release kinetics was investigated. Hereby solutions of varying osmolality differences
between pump cargo and isotonic saline solution release medium were tested (Fig. 4.1.13).
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Figure 4.1.13: Release of methylene blue in solutions from Alzet® pumps. The varying osmolality
differences between formulation and medium were compared. (a) Cumulative mass
release (in % from theoretical mass release, based on 90 µL). (b) Release rate of
methylene blue solution during delivery period. Bars represent the ranges of three
pumps.

Low osmolar methylene blue formulations with ∆-162 mOsm/kg up to ∆300 mOsm/kg
exhibited the expected zero order release kinetics with having only minor variability between
the pumps (Fig. 4.1.13 a), with low RMSE data and high R2-values >0.97 (Tab. 5.2.4
in Appendix). Increasing differences in osmolality between the environmental medium
and the pump cargo changed the release behavior significantly. Here a kinetics similar
to that of a fenofibrate nanosuspension with low viscosity was observed. A release in
first order kinetics was determined as best fit by reaching R2 values above 0.99. The
release rates of methylene blue solutions at different time points in Fig. 4.1.13 b show
a burst release with up to 10-fold increase in delivery rate occurring in the first 3 hours
(solutions of ∆500 mOsm/kg up to ∆1200 mOsm/kg). The solution of ∆300 mOsm/kg
and lower osmolalities developed a constant release after a short lag-phase of 9 h. To
confirm the influence of formulation osmolality, the same experiment was repeated with
different osmolar fluorescein sodium solutions, as seen in Fig. 4.1.14.
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Figure 4.1.14: Release of fluorescein sodium solutions from Alzet® pumps. The curves represent
varying osmolality differences between formulation and medium. (a) Cumulative mass
release (in % from theoretical mass release, based on 90 µL). (b) Release rate of
fluorescein sodium solution during delivery period. Bars represent the ranges of three
pumps.

The release behavior of pumps filled with higher osmolar fluorescein sodium formulations
(above ∆500 mOsm/kg) showed similarities to pumps containing higher osmolar methylene
blue solutions. The delivery was slightly dissimilar to zero order and therefore only
less different from that of iso- or hypoosmolar fluorescein sodium solutions (∆200 and
∆-162 mOsm/kg) (Fig. 4.1.14 a). Compared to methylene blue formulations with higher
osmolality, fluorescein sodium solutions sustained a less distinctive burst release within 24 h
and a higher osmolality threshold of ∆500 mOsm/kg (Fig. 4.1.14 b). High R2 data up
to ∆500 mOsm/kg formulations were obtained with values >0.98, indicating an optimal
zero-order release, whereas with the ∆1200 mOsm/kg formulation the release kinetics
was better described by a linear model fit against the square root of time (R2 = 0.99).
Due to the differences between higher osmolar fluorescein sodium and methylene blue
solutions in the development of the premature release, a follow-up experiment was done. A
fluorescein sodium solution of ∆1200 mOsm/kg was prepared and osmolality was adjusted
by K2HPO4 to the required level. In contrast to the previous experiment with different
osmolar fluorescein sodium solutions, the osmolality was not controlled by the concentration
of dye. Hereby the influence of the osmotic agent K2HPO4 on the release kinetics was
investigated (see also Fig. 4.1.14a and 4.1.14b). No differences were seen in the release
behavior between the two ∆1200 mOsm/kg fluorescein sodium solutions, indicating no
influence of high fluorescein sodium concentrations on the release kinetics. Solely the
better fit of the first order model to the cumulative mass release curve instead of the linear
one against the square root of time (R2= 0.99) was different to the ∆1200 mOsm/kg
formulation without K2HPO4 salt (Tab. 5.2.4 in Appendix). Within the release rates over
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the observation time, the burst release of ∆1200 mOsm/kg with or without K2HPO4 was
more pronounced after 9 h of release, leading to subsequent decreasing release rates due
to the emptying of pumps (Fig. 4.1.14 b).

Formulation density

Besides the investigation of the nanosuspension release from pumps with different opening
positions, three solution systems of different densities were analyzed. The reason was to
evaluate, if higher densities in formulations could cause a premature release from osmotic
pumps in the headlong position, as it was seen with fenofibrate nanosuspension with
pump orifices tending downwards (chapters 4.1.2.1 and 4.1.2.1). Therefore the release
behavior of head-down positioned pumps filled with higher viscous methylene blue solution
containing either 10% HPMC or 1.1% HEC was compared to those filled with a low viscous
solution containing no polymer additive. Viscosity values of HPMC and HEC comprising
solutions were in the same magnitude of about 36.29 mPas ± 0.56 mPas (mean ± SD)
and 28.62 mPas ± 1.97 mPas, respectively. In previous experiments shear thinning of the
HEC containing solution could be observed after 7 days of storage at 40°C, which was also
described at higher temperatures by Powell et al. due to hydrolysis of glycosidal linkers
in HEC molecules [198]. Up to day 3 of storage at 40°C no shear thinning was noticed;
therefore this effect should not carry weight for the initial irregular release behavior of the
formulation. Within all these methylene blue solutions the osmolality of the formulations
was adjusted to ∆0 mOsm/kg to avoid potential additional diffusion effects on release.
The results of the release tests are shown in Fig. 4.1.15.
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Figure 4.1.15: Release of methylene blue solutions with different viscosities and densities from Alzet®
pumps. Solutions contain either HPMC, HEC or no polymer. (a) Cumulative mass
release (in % from theoretical mass release, based on 90 µL). (b) Release rate of
methylene blue during release period. Bars represent the ranges of three pumps.
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Delivery of HPMC containing solution proceeded in a zero order kinetic in laterally
positioned pumps (Fig. 4.1.15 a). A nearly zero order delivery was also assured for
methylene blue solution containing no polymer if the pumps were put in headlong position.
Similar observations were made with pumps comprising additionally 1.1% HEC. Only
an increase of delivery rate at 9 h up to about 1.0 µL/h was found in these cases (Fig.
4.1.15 b). By fitting a linear model to the obtained cumulative mass release graphs, R2-
values above 0.97 could be achieved. In contrast to these results, 10% HPMC containing
methylene blue solution exhibited a burst during the first 3 h and therefore flattening of
the cumulative mass release graph. Release kinetics were preferentially in a first order
manner, thereby reaching R2 data of above 0.97 (Tab. 5.2.5 in Appendix). For methylene
blue solutions with HPMC, HEC and no polymer, densities of 1.024 g/cm3 ± 0.004 g/cm3,
1.011 g/cm3 ± 0.001 g/cm3 and 1.01 g/cm3 ± 0.000 g/cm3 were determined. The
premature excess release of methylene blue formulation with HPMC in a headlong position
could not be caused by diffusional effects of the HPMC containing solution, as in the lateral
position the expected zero-order kinetics was seen. The formulation with 10% HPMC
exhibited similar viscosity values in comparison to the 1.1% HEC containing solution, but
was delivered in a first order instead of a zero-order kinetics. The only difference between
the polymer solutions was a slight increase in density with 10% HPMC, which could have
resulted in the burst release of formulation.

Presence of DOSS

The possible influence of the surfactant DOSS present in the fenofibrate nanosuspension
formulations was investigated by releasing 0.1% DOSS containing fluorescein sodium
solutions as more simple systems from osmotic pumps. In Fig. 4.1.16 a the cumulative
mass release is shown for the ∆0 mOsm/kg and ∆-250 mOsm/kg formulations. Both
osmolalities were tested to investigate the possible additional influence of fluorescein sodium
concentration gradients between formulation and release medium. From the cumulative
mass release graphs it can be seen, that both solutions containing the surfactant DOSS were
released in a zero-order manner, as depicted by R2-values of 0.99 for both the ∆0 mOsm/kg
and the ∆-250 mOsm/kg formulation (Tab. 5.2.5 in Appendix). Observation of release
rates during 168 hours indicated a slightly increased, but constant release of the dye after
a peak in release rate at 9 hours (Fig. 4.1.16 b). These data show that the interfacial
tension decreasing agent DOSS has only minor impact on the release of the fluorescein
sodium solution.
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Figure 4.1.16: Release of fluorescein sodium solutions of different osmolalities with 0.1% DOSS from
Alzet® pumps. (a) Cumulative mass release (in % from theoretical mass release, based
on 90 µL). (b) Release rate of fluorescein sodium during release period. Bars represent
the ranges of three pumps.

4.1.2.3 EPR imaging of DPPH nanosuspension release from osmotic pumps

As it is still a challenge to monitor the release of drugs from micro-osmotic pumps, EPR
imaging was conducted with a spin probe nanosuspension. The electron paramagnetic
resonance technique allows for the detection of paramagnetic substances in a sample, as
the free electrons of the so-called spin probe interact with an externally applied magnetic
field. Quantitative conclusions about the spin probe concentration in a sample can be
drawn by determining the EPR signal intensities [162], which was the background for the
current study to determine the kinetics of DPPH nanosuspension release from pumps.
Therefore, DPPH was used as spin probe in the formulation, as this free radical exhibits a
low estimated water solubility of 0.244 µg/mL at 25°C [199] and is therefore a reasonable
material for the nanosuspension preparation. EPR analysis of nanosuspension remaining in
pumps during release was done by the 1D-spatial-spectral EPR imaging technique, which
allows additionally for spatial resolution of spin probe signal intensity distribution in one
plaine.

DPPH nanosuspensions were successfully prepared by wet milling. The particle sizes and
size distribution of the DPPH formulations are shown in Tab. 4.1.3. Nanosuspensions of
DPPH with the ionic stabilizer DOSS could be successfully prepared with particle sizes
in the range of about 300 nm and PDI values around 0.214 - 0.239. By incubation of
the nanosuspension formulations with the pellets of the Alzaid® TestKit, the stability of
these nanosuspensions was monitored over 7 d at 40°C. The Alzaid® TestKit comprises
of polymer spheres of the same material as the drug reservoir in the Alzet® pumps and
can therefore be utilized for material compatibility tests with formulations. Within all
substance concentrations stability of the nanosuspension formulations could be ensured, as
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particle z-averages and PDI values increased only slightly. Subsequently, in-vitro release
experiments were carried out to test the nanosuspension’s suitability for EPR imaging
experiments and to compare later the obtained results with the intensity change of EPR
signals related to the release of DPPH nanosuspension. Cumulative mass release graphs
and release rates over time are shown in Fig. 4.1.17.

Table 4.1.3: Particle size and size distribution development of DPPH nanosuspensions determined
by PCS. Formulations were stored at 40°C for 7 d in contact with the Alzaid® TestKit
polymer spheres. Z-averages and PDIs of the 15% DPPH containing formulations are
shown in mean ± SD, experiments with 7% and 10% DPPH were conducted with n=1.

day 0 day 7
DPPH con-
centration

z-av [nm] PDI z-av [nm] PDI

7% 284 0.215 291 0.246
10% 279 0.214 291 0.241
15% 287 ± 12 0.239 ± 0.009 300 ± 7 0.253 ± 0.006

The 7% DPPH comprising formulation showed an irregular release from the micro-
osmotic pumps, as up to 72 h maximally 2% of the theoretical amount was released. After
144 h 40% of theoretical amount was detected in the release medium, which indicated a
late burst release of nanosuspension formulation. This could be based on the formation of
agglomerates, which first clog the PEEK flow moderator and are dissociated afterwards
with increasing pressure on the drug reservoir. The release rates shown in Fig. 4.1.17 b
display a decreasing rate from 0.15 µL/h to 0 µL/h with an increase between 72 h and 144 h
up to the value of 0.4 µL/h. By enhancing the DPPH concentration to 10%, the released
amount of DPPH after 72 h could be increased up to 10% of theoretically released amount,
however, a biphasic kinetics similar to the case of 7% DPPH containing nanosuspension
was obtained. Within the 15% DPPH formulation release, the release behavior could be
slightly improved to a zero-order one in a lateral pump position, with a linear fit R2-value
above 0.98. The maximal released amount was 70% of the theoretical one, which again
reveals possible adsorption effects of DPPH onto the drug reservoir membrane. Within
pumps in a headlong position, the release kinetics were only slightly changed; plotting the
cumulative release graph against the square root of time offered a R2-value of >0.98 (Tab.
5.2.8 in Appendix). The release rates over the time in Fig. 4.1.17 b reveal for the DPPH
nanosuspension constant release values of 0.25 µL/h - 0.5 µL/h from lateral positioned
pumps, which is slightly less than expected. The results indicate a strong dependency of
the particle concentration present in the pump interior on the release behavior of DPPH
nanosuspension. Below 10% DPPH concentration the regular release of particles is not
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ensured, but with 15% DPPH a zero-order kinetics is achievable. The change of the lateral
pump position to an orifice position at bottom led to a less pronounced burst release in
contrast to fenofibrate nanosuspension release through PEEK flow moderators in 4.1.2.1,
but with a similar release kinetics of zero-order against the square root of time.
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Figure 4.1.17: Release of DPPH in nanosuspensions from Alzet® pumps. Cumulative mass release
(in % from theoretical mass release, based on 90 µL) (a). Release rate of DPPH
nanosuspension during release period of 168 h (b). Bars represent the ranges of three
pumps.

By monitoring the size development of particles in the release medium, as displayed in
Fig. 4.1.18, it was found that all utilized nanosuspensions showed no increase in particle
diameter, which indicated stable formulations. PDI values were around 0.25 except for
the 7% DPPH containing nanosuspension. This could be based on errors in the z-average
determination of the PCS instrument, as the count rate for intensity fluctuations during
measurement was very low due to the small concentration of delivered nanosuspension,
as seen in 4.1.17. To find out the reason for the observed release kinetics differences
between fenofibrate and DPPH nanosuspension, additionally SEM micrographs of the 15%
DPPH containing nanosuspension were recorded, which are displayed in Fig. 4.1.18 b.
The particles seen in the micrograph display a rather needle-like morphology instead of a
spherical one. Moreover, a large fraction of these needles have lengths of about 500 nm
and more, which was not detected in the previously conducted PCS measurements. PCS
particle z-average calculations by acquisition of intensity signal fluctuations over time due
to Brownian motion assumes particles which were spherical in shape, what could be the
reason for the deviation seen in particle size between the two methods. In addition, the
release of DPPH nanosuspension from micro-osmotic pumps is probably also influenced
by the shape of the particles. In the headlong position of pumps, the release rate of
formulation can be increased due to the higher density of particles, which was already
shown for fenofibrate’s and captopril’s simultaneous release in chapter 4.1.2.1.
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Figure 4.1.18: Particle sizes and size distributions of from Alzet® pumps released DPPH nanosuspen-
sions over 7 d (a). SEM images of the 15% DPPH containing formulation in 20,000
fold magnification, the bars represent the size of 500 nm (b).

For this, the needle-shaped particles could have canted into each other, leading to flow
moderator clogging and therefore flow deceleration, which was not seen with the rod-shaped
fenofibrate particles.
To get a deeper understanding of the DPPH nanosuspension release behavior, EPR

1D-spatial-spectral imaging results of Alzet® pumps containing DPPH nanosuspension with
15% DPPH, monitored over the release time, is shown in Fig. 4.1.19. The DPPH displays a
narrow single line signal in solid form with a peak-to-peak line width of 0.197 mT ± 0.001 mT
in the first derivative of the EPR spectrum, as seen in Fig. 4.1.19 a [200]. For this, DPPH is
often utilized as g-factor standard for the calibration of the EPR spectrometer instruments
[201]. In solution, DPPH exhibits a spectrum of five lines, based on the interaction of
the free electron with the adjacent 14N nuclei [167]. The development of the relative
signal amplitudes I0 of the different EPR spectra from 4.1.19 a, obtained between 0 h and
168 h of DPPH in the osmotic pumps is displayed in Fig. 4.1.19 b. In contrast to the
shown zero-order kinetics (linear fit R2 >0.98) of DPPH amount remaining in pumps as
obtained from the in-vitro release experiments by HPLC/UV analysis, an exponential decay
in second order with a R2-value of 1 was observed for the EPR signal amplitudes. This
could be explained by the water inflow into the osmotic layer of the pump. The increasing
concentration of water in the resonator leads to the attenuation of the EPR signal of DPPH
due to the augmented absorption of microwaves by the water [163, 202]. In Fig. 4.1.19 c,
the spatial EPR signal intensity distribution over the entire pump length is shown. The
signal of the standard TAM in solution at approximately 100 points is distinguishable, as
well as the amplitude of DPPH in the pump from 225 points up to 375 points. However,
within the pump a second signal peak at 175 points at 0 h shows that DPPH is not only
located in the drug reservoir, but unexpectedly also in the osmotic layer of the pump. The
signal intensity of the second peak presents about 28% of the DPPH main peak from the
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drug reservoir. After 5 h this additional signal and the one of the TAM seem to merge to
one at 125 points. From this spatial EPR information it can be concluded that the DPPH
migrates from the drug reservoir into the osmotic layer. Fig. 4.1.20 shows a photograph
of a sliced Alzet® pump filled with DPPH nanosuspension and solution in Miglyol® 812,
taken after 6 h of storage at room temperature.
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Figure 4.1.19: EPR spectra of DPPH nanosuspension particles present in Alzet® pumps determined
after specific time points during release into water, shown in first derivative of absorption
signal (a). Remaining DPPH in Alzet® pump during release, as obtained from the
change of I0 derived from EPR spectra (n=1) or from in-vitro release experiments,
bars represent the ranges of three pumps (b). Spatial resolution of EPR signal intensity
distribution over Alzet® pump length (c).

The pictures confirm, that DPPH is additionally found in the osmotic layer already
after a short incubation time of 6 h (Fig. 4.1.20 a). To test if DOSS, which is present in
the nanosuspension, is responsible for the apparently heightened permeability of the drug
reservoir polymer material, DPPH was dissolved without any further additives in Miglyol®

812 (Fig. 4.1.20 b) and subsequently filled into the pumps. Here also the migration could
be observed, indicating that the behavior is only based on the properties of DPPH itself and
not on the presence of DOSS. A possible explanation is an increased solubility of DPPH
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in the thermoplastic elastomer material. The effect is insofar relevant when formulations
with low API concentrations in pumps are utilized. Within the highly concentrated DPPH
nanosuspension, the migration did not have any negative influence on the release behavior
of formulation from pumps.

Figure 4.1.20: Photographs of Alzet® pumps filled with different DPPH formulations. Pump containing
DPPH nanosuspension with 15% DPPH amount (a) and pump filled with 35 mg/mL
DPPH dissolved in Miglyol® 812 (b). Blue arrows indicate the semipermeable membrane,
red arrows the peeled osmotic layer and the green arrows the inner drug reservoir. Bars
represent the size of 9 mm.

Nevertheless, the transfer of DPPH into the osmotic layer led to a partially signal
overlap with the signal intensity peak of the internal standard TAM during EPR imaging
experiments, as seen in Fig. 4.1.19 c after 5 h. The primarily intention was to utilize the
signal decrease of the standard TAM in the capillary to eliminate the error of EPR signal
change caused by the inflow of water into the osmotic pump. However, no correction of
the observed EPR signal amplitude exponential decrease (Fig. 4.1.19 b) was possible in
that setup. Hence, in a second experiment, TAM was used in increased concentration
a 2 mg/mL around its saturation solubility. Furthermore, the release kinetics of DPPH
from the pumps was followed up to 65 h in smaller measurement intervals. The results
are shown in Fig. 4.1.21. In this case, the decrease of the signal amplitude showed a
percental I0 plateau of 40% after 65 h, which was increased in comparison to the plateau
reached in the first experiment after 65 h. The decline was biphasic in nature, showing a
R2-value of 0.98 for the second order exponential decrease fit (Fig. 4.1.21 a). However, it
is assumed, that the DPPH was not correctly released from the pump, which gives evidence
on a deficiency in pump operation. From the contour plot and the spatial cut it can be
seen, that the intensity of the standard TAM signal is very low in contrast to the DPPH
signal despite the high concentration of TAM (Fig. 4.1.21 b). By constructing spectral
cuts in the first derivative in the plains of DPPH and TAM localization from the contour
plot, it was observed that the DPPH signal intensity is a multiple of the small line height
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of the TAM signal. Moreover, in the spectrum of TAM an overlap of DPPH signal is seen
next to the actual TAM signal, probably also caused by DPPH present in the osmotic layer
as seen within the first set-up.
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Figure 4.1.21: EPR imaging of DPPH nanosuspension release from osmotic pump in 2nd experimental
set-up. Remaining DPPH in Alzet® pump during release, as obtained from the change
of I0 derived from EPR spectra (n=1) (a). 1D-spatial-spectral EPR imaging display
after 1 h of DPPH nanosuspension release. Shown are the contour plot (left-handed
upper side), spatial cut (right-handed) and spectral cut (bottom) of either DPPH
(black line) and TAM (red line) signal (b).

This experiment shows that the elimination of the EPR signal decrease error caused by
the water inflow into the osmotic pump was not possible with the spin probe TAM, as the
DPPH signal intensity derived from the highly concentrated nanosuspension was too large
for that purpose.
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4.1.2.4 Discussion of in-vitro experiments

Despite the common use of implantable osmotic pumps for the controlled release of
formulations, only few data have been published on the topic of particulate Alzet® pump
drug release. The release of poorly water soluble drugs from osmosis controlled systems
gained a lot of interest. Eckenhoff et al. described with in-vitro experiments the release
of suspensions in viscous vehicles containing Carbopol and polyethylenglycole 400 from
OsmetTM osmotic pumps [135]. They observed that a constant release was given by
suspensions of 600 and 1100 mPas viscosity and that the release was feasible with up to
50% solids loading. Indeed, no investigations were done regarding release of lower viscous
suspensions, maybe due to the lack of physical stability of the suspensions (particle sizes
were not further specified in the publication). Ortiz et al. investigated the release of
blue-stained polystyrene and high molecular weight polyethylene particles in the submicron
range from Alzet® pumps via an vinyl tubing catheter [144]. Constant release of particles
was observed after 2 and 4 weeks, but particle adsorption inhibited complete emptying of
the pumps (max 50% release after 4 weeks). Within the current experiments a zero order
release for viscous nanosuspensions can be confirmed, but not for the nanosuspensions
containing 2.5% and 5% HPMC (4.87 mPas ± 0.3 mPas and 25.26 mPas ± 0.12 mPas). In
contrast to the release experiments of Ortiz et al. no vinyl catheter was used in the current
studies that might influence the release kinetics of low viscous samples. The working
group of Shokri et al. investigated the release of the poorly soluble drug indomethacin
from swellable elementary osmotic pumps [203]. Dependent on parameters such as water-
swellable polymer type and concentration in the tablet core they observed a zero- or less
zero-order kinetics of the microparticles through the tablet aperture. In similarity to the
results obtained with Alzet® pumps, Shokri et al. showed that the pumps were an effective
device for the zero-order delivery for particles dispersed in a higher viscous environment. In
the current experiments the concomitant release of fenofibrate nanoparticles and dissolved
captopril confirms the burst release of fenofibrate particles from Alzet® pumps in lateral
position, whereas the aqueous phase of the nanosuspension was delivered in a constant rate.
This leads to the assumption that only the particles and not the complete nanosuspension
formulation showed premature release from osmotic pumps. Moreover, the irregular
release of low viscous nanosuspension is accompanied by a high variability between pumps.
Instability of the nanosuspension system can be excluded as factor due to the results of
DLS measurements which confirm stable particle sizes during the release period of 7 days at
40 °C. Osmolality differences between release medium and pump content should not be of
relevance in that case, since in the lateral position the aqueous phase of the nanosuspension
was released in the same manner as the particles. In addition, osmolality of stabilizer
solution was 17.67 mOsm/kg ± 0.58 mOsm/kg, which is far below the threshold of around
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∆200 mOsm/kg as determined with the dye solution release experiments. Sedimentation
of nanosuspension particles and simultaneously drug reservoir deformation within the
Alzet® pump in lateral position in the first few hours as cause for the burst release can
be excluded, as the multiple light scattering results from chapter 4.1.1.1 showed only an
slight migration of the particle front within 22 h. The possible impact of the surfactant
DOSS in the nanosuspension formulation was investigated with a much simpler system
of a fluorescein solution with two osmolality differences to study an additional effect of
increased osmolar differences between release medium and pump cargo. Regarding the
release behavior the effect of DOSS seems to be negligible because zero order release could
be achieved in both cases. The slight increase observed in release rates of fluorescein sodium
solution with DOSS over the entire observation time may be caused by the enhancement
of hydrodynamic flow in the stainless steel flow moderator tube due to present surfactant.
Previously, Dobrychenko et al. observed an increase in resistance reduction of surfactant
containing fluid flow through stainless steel tubes [204]. Nevertheless, it has also to be
considered, that the slight increase in delivery rates is of lower relevance as the release
rates were biased by increased data scattering between individual pumps resulting in larger
ranges as distribution parameters for this group.
Another reason for the irregular release of nanosuspension particles from pumps might

be particle diffusion effects. Hereby, the diffusion kinetics of the nanoparticles can be
determined by using the Stokes–Einstein-relation, as shown in equation (10) [205]:

D = kB ·T
6πηRH

(10)

where D displays the diffusion coefficient, kB the Boltzmann’s constant, T the tempera-
ture, η the viscosity of the medium and RH the hydrodynamic diameter of the particles.
With regard to fenofibrate nanosuspension, the particles are suspended in polymer so-
lution, whose polymer molecules tend to adsorb onto particle surfaces. For this, the
Stokes–Einstein equation becomes valid within the fenofibrate nanosuspension system, as
the particle radius is increased and becomes much larger than the gyration radius of the
polymer [206]. Assuming a temperature of 40°C, a particle radius of 87 nm and a medium
viscosity of 4.87 mPas for the lowest viscous nanosuspension with 2.5% HPMC a diffusion
coefficient of 5.45 x 10-7 mm2/s is obtained. Consequently, the mean dislocation of particles
in x-axis-direction can be calculated by taking the Einstein-equation into account [207]:

λx =
√

2Dt (11)

where D is the diffusion coefficient, t is the time and λx presents the mean dislocation.
For the 2.5% HPMC nanosuspension, λx is 0.574 mm over a time of 84 h. For the release
from the Alzet® pump, a minimum distance of 13 mm flow moderator length has to be
traveled by the particles to exit the pump. The small value of mean dislocation, also in case
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of the lowest viscous formulation, indicates that the nanosuspension burst release is unlikely
based on excessive diffusional effects. The effects of particle dynamics and the release from
the pump via osmotic pressure on the drug reservoir sum up, which is most probably the
reason for the burst release graphs. It is proposed, that the early release of the low viscous
fenofibrate nanosuspension is based on the formation of loosely adherent agglomerates in
the concentrated nanoparticle formulation, which were released in a non-zero order kinetics
from the pumps and which were later disintegrated outside the pump due to dilution.
Enhancing the viscosity of the nanosuspension by adding HPMC to the formulation leads
to reduction of particle movement and therefore to the desired formulation release in
zero-order kinetics. In this case the release is only determined by the osmotic-pressure
built-up as described in equation (5). With linear fitting it was investigated if the irregular
release of lower viscous nanosuspensions was in linear dependency on the square root of
time. In fact, R2-values could be improved, indicating a good fit of the release kinetics
model, but the second fit quality parameter RMSE showed uncertainty. For the pumps,
which delivered the formulations in a non-zero order manner, a first order kinetics model
showed the best fit. Nevertheless, it has to be considered, that making predictions of
the underlying release kinetics model is difficult due to the high variabilities between the
pumps. Alzet® pumps are equipped with a flow moderator which is supposed to minimize
effects of entrapped air bubbles during filling and to avoid diffusional effects of formulations
with high osmotic activity [135]. A constant zero-order release of formulations with up
to 486 mOsm/kg osmolality (∆200 mOsm/kg) of both methylene blue and fluorescein
sodium solutions can be confirmed within the results. Above this value a zero order delivery
rate cannot be ensured. Up to now premature release of solution systems from Alzet®

micro-osmotic pumps was only described by Kerenyi et al. [208]. They observed a dye
solution burst release of 5% and concluded on rapid temperature induced expansion being
responsible when transferring prefilled pumps from room temperature to vials with water
of 37 °C. In the publication the described premature dye release occurred within 80 s.
Burst release of low osmolar fluorescein sodium and methylene blue dye according to the
results of Kerenyi et al. could not be found within the current experiments. For dye
solutions with high osmolality the maximum delivery rate was not observed until 3 h of
release, which is not supporting the temperature influence hypothesis. The results indicate
a major influence of formulation osmolality on the release behavior of dye solutions from
Alzet®pumps above a threshold of 486 mOsm/kg. Here a higher formulation osmolality
could possibly lead to an increased inflow of release medium through the flow moderator
with subsequent flushing of the pump cargo to the pump outside. Differences in the release
profiles between the dyes highlight the importance of conducting in-vitro experiments
also for solution vehicles. For the ∆1200 mOsm/kg fluorescein solutions a correlation
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was seen between the cumulative mass release and the square root of time, indicated
by high R2-values and low RMSE. This relationship is also biased with uncertainty due
to high variabilities of released mass between individual pumps. The investigation of
formulation osmolality is highly crucial in pharmaceutical research and development as
increased osmolalities often result from high drug doses in solution vehicles required for e.g.
toxicological studies. The impact of the Alzet® pump position on the release of formulations
was determined with both nanosuspension and differently viscous methylene blue solutions.
Fenofibrate nanosuspension release profiles were comparable for lateral and downward
tending orifice position. Pumps with orifices in upward position showed the expected
constant zero-order release. These results suggest an influence of the formulation density
(1.05 g/cm3 ± 0.00 g/cm3 for the fenofibrate nanosuspension), which could counteract
excessive particle movement from the pumps as seen with the results in downward tending
orifice position. The simultaneous release of dissolved captopril and fenofibrate particles
exhibited a zero order release behavior for both substances with pumps in upward position.
The downward pump position in contrast showed a burst release for both the water phase of
the nanosuspension and the suspension particles. Formulation density could be the reason
for that observation. Both suspension particles and aqueous phase are influenced by gravity
toward the pump orifice. However, it has to be mentioned at this point, that the density
of the single fenofibrate particles was calculated at 1.18 g/cm3 [209] which exceeded the
threshold determined within HPMC containing methylene blue solutions. This in turn
leads to an increased fenofibrate and captopril release. Differences in release curve shape
between captopril and fenofibrate in that position may be induced by additional adsorption
effects of fenofibrate on the inner wall of the pump. To confirm the effects of density in
the top-down Alzet® pump position on the release behavior, a second set of experiments
with methylene blue solutions of different viscosities and compositions was tested. Lateral
release of a methylene blue solution with 10% of HPMC showed the expected behavior,
evidencing that the addition of HPMC did not influence the release behavior in lateral
position. With low viscous methylene blue solution a zero order kinetics could be achieved
in headlong position whereas the pump caused a burst release in the same position when
containing 10% HPMC in the composition. Density of the HPMC containing methylene
blue solution was enhanced and was supposed to be here the reason for the irregular delivery
behavior. In a further experiment 1.1% HEC was chosen as additive for the methylene
blue solution release in reversed pump position, which resulted in a formulation of similar
viscosity but lower density. Headlong hung pumps with HEC displayed the expected release
in zero order kinetics which endorses the hypothesis that an increased density in the case of
HPMC containing methylene blue solution is the reason for the burst release. The observed
viscosity decrease of HEC solution over 7 days at 40°C should did not enhance the release
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rate of the solution. The results suggest that at a certain density zero order release in the
inversed position cannot be assured. Fitting the cumulative mass release graphs of the
methylene blue solution with 10% HPMC versus the square root of time, the R2- value
of linear regression was improved. The only slight decrease of the RMSE questioned a
possible correlation of the experimental obtained data with the square root of time. With
respect to pumps being not strictly implanted in lateral position, the findings discussed
above can be of in-vivo relevance. Within the fenofibrate nanosuspensions, the interaction
with the flow moderator plays also a crucial role. Whereas release through the stainless
steel flow moderator occurred nearby in a first order kinetics, release could be slowed down
to a zero-order manner by using PEEK flow moderators. This was attributed to the higher
hydrophobicity of the polymer material.
The in-vitro Alzet® pump release was additionally monitored by means of 1D-EPR

imaging technique. Therefore, the goal was to determine the remaining nanosuspension
amount in the pump over the release time in a spatial and spectral resolution. From the
spatial cut, information about the spin probe distribution in one plaine can be obtained, as
within the spectral cut conclusions can be withdrawn about the properties of the spin probe
environment such as microviscosity and micropolarity [210]. EPR imaging provides the
advantages of non-invasive measurements and is therefore suitable to monitor various events
in drug delivery systems in both, in-vitro and in-vivo setups. This includes the clarification
of underlying drug release mechanisms (erosion vs. diffusion-based drug release) [211] and
information about the localization of different compartments of a drug delivery system,
such as the oil phase localization in NLC nanoparticles [212]. DPPH was utilized as model
substance in the current study for the nanosuspension release, as it has the advantage of
showing a narrow single line in the solid state in the EPR spectrum. For the non-invasive
monitoring of the decrease of spin probe concentration in the Alzet pump due to release
into medium, the L-Band spectrometer was chosen due to its higher penetration depth of
microwave irradiation in contrast to the X-Band spectrometers, which can be utilized for
EPR spectroscopic measurements of larger objects, e.g. tablets or even Alzet® pumps [169].
Prior to the EPR measurement, prepared DPPH nanosuspensions were investigated on
their physicochemical properties and the in-vitro nanoparticle release was monitored with
the benchmark method HPLC/UV. The DPPH nanosuspensions in concentrations from
7% up to 15% substance concentration showed all suitable particle sizes and stabilities
for Alzet® pump release experiments. Within the in-vitro release investigation, only the
nanosuspension with 15% of DPPH showed the expected zero-order release through the
utilized PEEK flow moderators in lateral position. The unexpected release behavior in a
headlong pump position was to be based on the needle-shaped form of DPPH crystals in
the nanosuspension. The needle-based particles exhibited total lengths which exceeded the
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hydrodynamic diameter determined by PCS by far, consequently, inter-particle interactions
such as canting of needle-like particles into each other were likely to occur and leading to
an influence on the release kinetics from pumps. For EPR imaging, pumps were filled with
the 15% DPPH containing formulation and were observed in lateral position. The change
in amplitude of the EPR signal of remaining DPPH nanosuspension in the pump showed
in contrast to the results obtained from the in-vitro release experiments an exponential
decrease in the second order. This was based on water which flowed into the osmotic layer
of the pump. Therefore, the release of DPPH was additionally monitored together with the
internal standard TAM in a capillary near the head of the pump; by including the kinetics
of the EPR signal intensity decrease of TAM the goal was to correct the DPPH release
kinetics to obtain the expected zero-order release manner. The hydrophilic substance TAM
is particularly a suitable spin probe for EPR imaging purposes as it shows a single narrow
line of about 0.01 mT in fluid environment due to the lack of hyperfine splitting (no nuclei
with nuclear spin in the neighborhood). Additionally, line width of TAM EPR signals can
be decreased by utilization of deuterated TAM probes as the influence of the spatially
neighboring 1H-atoms on the line broadening of the single TAM signal can be avoided in
this case [213, 163]. Despite this beneficial properties of TAM for EPR imaging and the
maximal possible concentration utilized for the Alzet® pump release, the signal intensity of
DPPH was too large in comparison to that of TAM to correct the release kinetics data
obtained from the EPR spectrometer. However, by utilizing the EPR spatial encoding of
spin probe distribution in the pump, it could be observed that the spin probe was not only
localized in the inner pump drug reservoir, but also in the osmotic layer. For this, EPR
imaging provides advantages over other analytical issues, as the DPPH migration effect
cannot be made visible without destruction of Alzet® pumps.

4.2 In-vivo performance of Alzet® pumps

4.2.1 Compound A nanosuspension release from osmotic pumps
-an in-vitro in-vivo comparison-

4.2.1.1 Physicochemical characterization of various compound A
nanosuspensions

Two nanosuspension formulations comprising of compound A as API were prepared with
different viscosities and characterized physicochemically regarding their suitability for their
utilization in Alzet® pump release experiments in-vivo. Moreover, the in-vitro observed
release behavior of compound A nanosuspension from the micro-osmotic pumps was
compared to the release data obtained from fenofibrate nanosuspensions. Formulations
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prepared by wet milling and their related viscosities are displayed in Table 4.2.1.

Table 4.2.1: Prepared compound A nanosuspension formulations and corresponding viscosities. Values
were shown as mean ± standard deviation (n=3).

Nanosuspension
formulation

Type of
stabilizers

Additional
polymer amount Viscosity [mPas]

H/D A 1.25% HPMC,
0.05% DOSS - 2.18 ± 0.06

H/D B 1.25% HPMC,
0.05% DOSS 5% HPMC 67.46 ± 7.52

LF108 A 1.5% Lutrol F108 - 1.46 ± 0.08
LF108 B 1.5% Lutrol F108 7.5% HPMC 31.65 ± 1.98

Viscosity measurements were performed at first to test the utility of those nanoparticle
formulations for the release from micro-osmotic pumps in-vitro and at second to investigate,
if the different viscosity values have a similar impact on the release kinetics compared
to fenofibrate nanosuspension. Both H/D A and LF108 A formulations showed values
in the lower mPas range, H/D A nanosuspension with a 3-fold increase and LF108 A
formulation with a 2-fold increase compared to water at that temperature, respectively.
The corresponding formulations with additional amounts of HPMC had values about
67.46 mPas and 31.65 mPas for H/D B and LF108 B.
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Figure 4.2.1: Particle sizes and size distributions of various compound A nanosuspension formulations
determined by PCS. Z-averages and PDI values were shown in mean ± standard deviation
(n=3) at day 0 and day 7 of storage at 40°C.

Nanosuspensions of compound A could be manufactured with particle sizes of around
175 nm and a PDI of 0.15, indicating a narrow particle size distribution, as shown in Fig.
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4.2.1. However, particle sizes of the corresponding formulations with additional amounts of
HPMC were larger with approximately 250 nm - 300 nm diameter and PDIs above 0.2. This
effect was also observed with the additional HPMC containing fenofibrate nanosuspensions
in section 4.1.2.1, which could be caused by an increased hydrodynamic diameter due to
adsorption of HPMC onto particle surfaces. For stability testing, all formulations were
stored at 40°C for 7 days and measured afterwards. Formulation LF108 A showed the
largest stability over the observation time with only a slight increase in particle size from
175 nm to 190 nm and no change in particle size distribution. A similar trend was seen
with the other lower viscous formulation H/D A under maintaining the initial PDI values.
Regardless of the larger particle diameters, formulation LF108 B and H/D B showed only
a slight increase in size up to 300 nm and 330 nm, respectively, by maintaining a constant
PDI.

For a further characterization of nanosuspension formulations, SEM images were taken
directly after preparation, as depicted in Fig. 4.2.2. All four nanosuspensions indicated
particles which were prismatic in shape. The H/D A formulation showed a slightly
heterogeneous particle size distribution, thereby ranging from 27 – 171 nm in size with
a mean diameter of 73 nm (Fig. 4.2.2 a). Addition of 5% HPMC did not relevantly
alter the particle sizes or size distribution, displaying particles between 21 and 217 nm
and a mean diameter of about 98 nm (Fig. 4.2.2 b). SEM results of Lutrol F108
containing nanosuspensions were comparable. 102 nm and 82 nm as mean diameters
with ranges of 36-242 nm and 20-164 nm for LF108 A und LF108 B, respectively, could
be found (Fig. 4.2.2 c and d). The determined particle sizes appear generally smaller
when compared to the PCS results. This effect seems to be more pronounced with higher
HPMC amounts in the formulations. The reason for the variation is based on the different
measurements principles of PCS and SEM, as within PCS the hydrodynamic radius of
particles is determined which also includes hydrated stabilizer molecules adsorbed onto the
particle surfaces. Subsequently, these large molecules determine the Brownian movement
of the particles, which in consequence seem to be larger in comparison to that seen on
SEM images, where the outer hydrated polymeric shell cannot be made visible [214, 215].

Furthermore, thermoanalysis of both nanosuspensions was done directly after nanomilling
by means of DSC to make a conclusion about the amount of amorphous material formed
after wet milling. The results are shown in Fig. 4.2.3.
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Figure 4.2.2: SEM images of the various compound A nanosuspension formulations. Nanoparticles
are shown of H/D A formulation (a), H/D B formulation (b), LF108 A formulation (c)
and LF108 B formulation (d) in 50,000 fold magnification. The bars represent the size
of 300 nm.

Pure compound A showed a melting point of about 211.25 ± 0.22°C, whereas in both
H/D and LF108 nanosuspensions a slight melting point decrease to 205.48 ± 1.31°C
and 206.41 ± 2.04°C was found. This shift could be based on the previously described
size-dependent melting point depression of nanostructures [216, 67]. Smaller particles
exhibit a larger surface area, on which an increased amount of more loosely bound atoms
favor the melting of the compound. Additionally, in the LF108 formulation an endothermic
peak at 54.7 ± 0.5°C was observed, which results from the presence of Lutrol® F108. The
degree of crystallinity of the H/D nanosuspension formulation was 91.01% ± 1.54% and
consequently similar to the LF108 formulation with a value of 92.56% ± 2.15%. Therefore,
all formulations only showed a small portion of amorphous fraction after the wet milling
process.
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Figure 4.2.3: DSC analysis of nanosuspension formulations and pure compounds. Thermograms of
HPMC (a), DOSS (b), Lutrol F108 (c), compound A (d), LF108 nanosuspension (e)
and H/D formulation (f).

Besides the nanosuspension stability monitoring of nanosuspensions in concentrated
form obtained from wet milling, an advanced stability test was conducted. Therefore,
possible changes in particle size and size distribution of the nanosuspension formulations
by simulating contact with subcutaneous interstitial fluid in-vitro was investigated. This
contact will occur in-vivo after s.c. nanosuspension bolus injection or release from Alzet
pumps. Therefore, the maximum deliverable amount of formulation from pumps was
incubated both with 0.9% sodium chloride solution and additionally BSA containing
isotonic fluid. Z-averages and PDIs of the experiment are shown in Figure 4.2.4. Within
the H/D A formulation, incompatibilities with sodium chloride solution can be seen over
168 h. Particle sizes increased directly after contact with NaCl containing medium from
initially 175 nm up to 400 nm. However, after reaching a maximum of 1200 nm after
72 h, particles did not grow further. In the BSA-containing medium the effect was not as
pronounced as in pure sodium chloride solution, but also here particle growth up to 700
nm could be observed. The broadening of particle size distribution was displayed by the
changes in PDI values, which reached a maximum of 0.27 after 72 h. Addition of HPMC in
case of formulation H/D B led to slightly more stable nanosuspensions, but particle sizes
were also here increased up to nearly 800 nm. The H/D B nanosuspension displayed up to
72 h less distinctive differences in particle sizes between the BSA-containing and BSA-free
medium in comparison to formulation H/D A. The Lutrol F108 containing nanosuspensions
were superior regarding stability in biorelevant media: Either formulation LF108 A and
LF108 B showed no distinctive increase in particle sizes or PDI values over 7 days. The
difference in particle size of nanosuspensions in the two kinds of media was slightly more
pronounced with LF108 B, whereas no difference was seen with the LF108 A formulation.
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Figure 4.2.4: Particle sizes and size distributions of compound A nanosuspension formulations after
incubation with sodium chloride fluid and BSA-containing sodium chloride solution. H/D
formulations (a) and LF108 (b) formulations were stored at 40°C for 7 days. Z-averages
and PDI values were shown as mean ± standard deviation (n=3).

The reason for the decreased stability of both HPMC/DOSS nanosuspension formulations
in isotonic saline solution is probably related to the presence of the ionic surfactant in the
formulation. By contact of DOSS adsorbed onto the particle surface with ionic species in
the dispersion medium the thickness of the diffusive layer around the particles is reduced
due to electrostatic interactions, which can finally lead to agglomeration [217]. With
the addition of BSA, particle sizes were smaller over the observation time. This could
be due to the electrostatic shielding of BSA around the particles, leading to diminished
electrostatic interaction between DOSS and ions in the dispersion medium. Within the
non-ionic surfactant LF108 containing formulations an instability over observation time
could not be observed. All four nanosuspensions were considered for the following in-vitro
release experiments with Alzet ® pumps. It should be investigated, if the increase in
particle sizes regarding the H/D formulations had a major impact on the release behavior
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of nanosuspensions via the micro-osmotic pumps or if the release profiles were comparable
to each other.

4.2.1.2 In-vitro release of nanosuspension formulations

Prior to the in-vivo experiments, release behavior of the four prepared nanosuspension
formulations was tested in-vitro. Cumulative mass release graphs and release rates over
the whole observation time are shown in Fig. 4.2.5 for both H/D formulations.
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Figure 4.2.5: In-vitro releases of compound A nanosuspension formulations with HPMC/DOSS as
stabilizer. Cumulative mass release, displayed in % from theoretical mass release, based
on 90 µL, as shown in (a). Release rates of compound A nanosuspension during release
period (b). Bars represent the ranges of three pumps.

It can be seen that the lower viscous formulation containing no additional HPMC
displayed a release of only slight amounts of drug substance over 168 h. The cumulative
mass was unexpectedly in average only at 2% of the theoretically delivered compound A
amount. In contrast, the 7.5% HPMC containing H/D B formulation showed a constant
release, thereby having larger ranges at 144 h and 168 h after start between single pumps.
The mathematical model underlying the H/D A formulation release was approximately a
linear one against the square root of time with a R2- value of about 0.95. Release of H/D B
nanosuspension showed a good linear fit with R2 of 0.97 and a RMSE of 4.78, indicating a
nearly zero-order release behavior of the formulation from pumps (Fig. 4.2.5 a). By plotting
release rates versus experiment time, decreasing values of H/D A nanosuspension to 0.0017
µL/h were observed after a small release rate peak at 3 h. The formulation containing 7.5%
HPMC showed a maximum delivery rate of 0.6 µL/h at 24 h with subsequent fluctuations
of release rates after 48 h. This indicates that only nearly zero-order release kinetics from
pumps could be achieved (Fig. 4.2.5 b). Visual examination of pumps after 168 h revealed
a clogging at the pump opening for the H/D A formulation. Pumps containing H/D B
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nanosuspension showed no complete closure of the flow moderator, but released the higher
viscous formulation in gel-like strands which could be partly dispersed by softly slewing the
beaker. Dynamic light scattering measurements of the medium indicated that the particle
sizes were above the instrument measurement range of 1 µm. These results show the
appearance of incompatibilities of both H/D formulations within the osmotic controlled
release.
Release profiles of the second set of pumps filled with the Lutrol F108® containing

nanosuspension formulations are presented in Fig. 4.2.6.
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Figure 4.2.6: In-vitro releases of compound A nanosuspension formulations with Lutrol F108 as
stabilizer. Cumulative mass release, displayed in % from theoretical mass release, based
on 90 µL (a). Release rates of compound A nanosuspension during release period (b).
Bars represent the ranges of three pumps.

As shown by the large ranges, the lower viscous LF108 A formulation exhibited variable
release profiles, thereby deviating from a zero-order kinetics. For the kinetics, a R2-value
of 0.97 for the first order mass balance fit was determined in this case. A characteristic
within that release profile was a burst release between 6 h and 24 h, followed by subsequent
decrease in the release rate, which was presented by flattening of the cumulative mass
release graph. By addition of HPMC to the LF108 nanosuspension, the release could be
modified toward a zero-order kinetics with linear fit R2-value of 0.98 and a RMSE of 4.79
(Tab. 5.2.6 in Appendix). Variation of release behavior between pumps with the same
formulation was decreased in comparison to the LF108 A formulation (Fig. 4.2.6 a). The
delivery rates over the entire observation time confirmed the initial burst behavior at 6
h within the LF108 A formulation. However, constant release rates over 168 h could be
observed with LF108 B. Particle sizes of both LF108 containing formulations in the release
medium is shown in Fig. 4.2.7.
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Figure 4.2.7: Particle size and size distribution development of different viscous compound A LF108
nanosuspensions released from Alzet®pumps as determined by PCS. Z-averages and
PDIs are shown in mean ± SD (n=3).

Except for the values at day 7, the low viscous nanosuspension exhibited a good stability
after being released into isotonic saline solution whereas the HPMC containing formulation
showed an increase of size up to almost 600 nm after 24 hours. The latter displayed
a slight higher z-average the following 2 days which remained nearly constant for the
rest of the observation time. For both formulations the PDI was enhanced at day 2,
indicating agglomeration of particles in the release medium. From this observation the
higher viscous nanosuspension might be denounced as minor stable, but nevertheless these
data should be treated with caution. As it was seen in the advanced stability testing of
LF 108 nanosuspensions in chapter 4.2.1.1, which displays better the in-vivo occurring
dilution of nanoparticles, the HPMC containing formulation exhibited no particle growth
over 168 h. However, particle sizes of nanosuspensions in the release medium, as tested
here, grew more. The additional dilution step of nanosuspensions after being released
into 15 mL of isotonic saline solution has also an impact on the formulation stability, as
desorption of stabilizer molecules from the particle surface can occur. However, the particle
growth up to approximately 800 nm had no negative impact on the release kinetics of LF
108 B formulation into saline solution, as the expected zero-order kinetics was observed.
For the following in-vivo experiments only both Lutrol® F108 containing nanosuspensions
were considered due to their superior stability in biorelevant media and the lack of pump
blocking properties.

4.2.1.3 Kinetics of subcutaneously applied compound A nanosuspensions in
blood plasma

To investigate the behavior of subcutaneously applied nanosuspensions in mice, both
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Lutrol® F108 containing formulations were either injected as a bolus or released via
implanted Alzet® pumps. The chosen bolus dose of 300 mg/kg corresponded to the same
amount which was theoretically delivered after 168 h by the osmotic pumps, as determined
by the in-vitro experiments. Plasma-concentration-time profiles were shown in Fig. 4.2.8.
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Figure 4.2.8: Plasma-concentration time profiles of subcutaneously administered 300 mg/kg Lutrol®
F108 nanosuspensions. Application of formulations was done by bolus injection or by
Alzet® pump release. Values were displayed in mean ± SD, experiments were conducted
with n=3 animals.

Within LF108 A nanosuspension, a sustained release of the bolus injected high-concentration
nanosuspension could be observed. The in-vivo profile was characterized by a peak in
plasma concentration (84.3 µg/mL) after 6 h with a subsequent bi-phasic decline in con-
centration over 168 h. Despite the prolonged plasma kinetics, the concentration at the
end of the observation time was 240 fold lower than the initial peak value. Regarding the
bolus injected LF108 B formulation, a similar profile pattern was observed, with a Cmax of
36.2 µg/mL at 6 h after administration and a distinct decrease during 7 days to a 260 fold
lower value. Of note, rather low standard deviations were found within both formulation
treatment arms. In spite of the related concentration-time profiles, AUC0-tlast values were at
least 44% larger for the LF108 A nanosuspension. Nevertheless, the difference in AUC0-tlast

was not significant (p>0.05). Plasma concentration differences between both formulations
appeared to be significant at 2 h, 6 h, 120 h (p<0.05) and 168 h (p<0.005). Compound
A nanosuspensions in LF108 A and LF 108 B formulations released by the micro-osmotic
pumps showed a different concentration-time profile when compared to the bolus injections.
Within the lower viscous type of LF108 A a much less distinctive concentration peak was
observed at 24 h after implantation, which was followed by a continuous and constant
release up to 168 h at a level of approximately 0.420 µg/mL. Although the AUC0-tlast was
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about 17 fold lower compared to the corresponding AUC0-tlast of bolus injected LF108 A,
constant blood plasma levels of compound A could be maintained for the whole observation
time of 7 d. Hence, significant differences between both types of nanosuspension application
were seen at all time points except for the 120 h and 168 h values (p<0.05). In contrast to
its bolus injected counterpart the formulation LF108 B delivered via Alzet® pumps exhibited
no distinctive peak plasma concentration within 24 h, the release was more steady and
on average approximately 2.30 µg/mL over 168 h. The AUC0-tlast was only 3 fold lower
compared to the corresponding value obtained after bolus injection of the nanosuspension
LF108 B. Significant differences in plasma-concentrations between LF108 B applied as
bolus and via osmotic pump could be observed at 6 h and 24 h (p<0.005) and again after
168 h (p<0.05), showing the superiority of the formulations slowly released by pumps
at later time points. Nevertheless, larger standard deviations indicated greater in-vivo
variabilities within the higher viscous formulation.

Table 4.2.2: Non-compartmental pharmacokinetic parameters of subcutaneously administered Lutrol®
F108 nanosuspensions. Values are displayed in mean ± SD (n=3).

Formulation and
type of application

AUC0-tlast
[µg/mL*h]

Cmax [µg/mL] tmax [h]

LF108 A via bolus 1530 ± 144 84.3 ± 7.14 6.00 ± 0.00
LF108 B via bolus 1060 ± 82.0 36.2 ± 1.10 6.00 ± 0.00
LF108 A via pump 90.3 ± 4.23 1.31 ± 0.434 18.0 ± 10.39
LF108 B via pump 357 ± 199 3.18 ± 1.07 104 ± 73.32

When comparing plasma concentration-time profiles of both formulations delivered by
Alzet® pumps, higher plasma concentration levels were achieved with LF108 B which resulted
in an almost 4 fold, but not significant increase in AUC0-tlast. This becomes particularly
apparent within a significant difference in plasma concentrations after 168 h (p<0.05).
The PK parameters (Cmax , tmax and AUC0-tlast) obtained from non-compartmental analysis
were summarized in Table 4.2.2.

4.2.1.4 Discussion

By conducting this study, the feasibility of utilizing controlled nanosuspension delivery from
subcutaneous space for use in pharmacokinetic or toxicity studies was investigated. The
question was to answer, if the subcutaneous drug delivery could act as a possible alternative
application route for poorly-soluble drugs formulated as nanosuspensions. As an initial step,
an appropriate nanosuspension formulation with the poorly soluble test compound A was
identified. The feasibility of release from micro-osmotic pumps in-vitro was investigated by
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physicochemical characterization of nanosuspensions and release kinetics determination
from Alzet® pumps. The viscosity of the fluid in the osmotic pumps’ drug reservoir
presents one crucial factor which influences the release of solutions and suspensions from
zero-order drug release systems. At first, it is important to find a suitable viscosity in the
development of suspension vehicles, both to sufficiently stabilize the release of suspensions
and not to block the flow moderator of the pump during release [218]. Zingerman and
coworkers described in their work the proper release of the drug ivermectin dispersed in
microcrystalline wax with a viscosity of 5 x 107 poise from a related osmotic pump system.
Due to a pressure built-up of >300 atm on the pumps drug reservoir after water uptake, it
was also possible to deliver higher viscous suspensions by maintaining the required pumping
rate [219]. As a second point, the viscosity of a particulate formulation can show a deep
impact on the Alzet® pump performance, as it was observed with the release of fenofibrate
nanosuspension, as shown in 4.1.2.1 . While the release of nanosuspensions with viscosities
in the lower single-digit range led to an initial burst release, a zero-order kinetics was
achieved by viscosity threshold values above 83 mPas. The viscosities determined of both
H/D and LF108 formulations in the current study were in the same range of the previously
investigated ones and therefore found to be suitable candidates for in-vitro release testing.
Although H/D B and LF108 B formulations contained the same amount of HPMC, their
viscosities ended up in a large difference in value. Generally, the concentration of solids,
the particle size distribution/shape and the adsorbed agents on the particle surface were
found to be the decisive parameters influencing the viscosity of a suspension formulation
[220, 58]. By considering comparable molecular weights of the used HPMC and Lutrol
F108 polymers [221] and similar particle sizes/shapes, as revealed from PCS and SEM data,
these factors can be excluded as possible reasons for the observed viscosity discrepancies
in this study. More likely the effect was caused by the additional existence of electrostatic
interactions between particles in the H/D nanosuspensions. In contrast to the Lutrol® F108
comprising formulations, DOSS acts as a supplemental electrostatic barrier against other
approaching nanoparticles, what is known to have an impact on increasing the viscosity of
a formulation [222]. To exclude sedimentation of the nanoparticle aggregates, maintenance
of a nanosuspensions’ particle size distribution in the osmotic pump interior plays an
important role. This is insofar important, as aggregation of nanoparticles could lead as
additional factor to irregularities in the constant drug release. For this, the stability of all
four nanosuspension formulations could be verified at 40°C over 7 days. A second relevant
physicochemical parameter for the s.c. absorption of compound A from nanosuspension
is depicted by the amount of amorphous drug appearing in the nanosuspension after wet
milling. Due to the high energy input, the crystal lattice structure of compounds can be
disturbed, thereby generating particles which were rather in an amorphous state [223].
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This is insofar critical, as the risk of uncontrolled crystallization during release over 7 d can
occur [47]. Within the tested HPMC/DOSS and Lutrol® F108 containing nanosuspensions,
91% and 92% of the drug material remained crystalline, indicating only a small amorphous
part of compound A present in the formulation. Therefore, the risk of uncontrolled
crystallization during pump delivery can be neglected. Additionally in this study, an
advanced stability test with the four nanoparticle formulations was setup. This test should
simulate the in-vivo situation of nanosuspension when getting in contact with subcutaneous
environment. It was found for solutions that during release of API crystallization at the
end of the flow moderator could occur, leading to inappropriate pharmacokinetics profiles
as well as pain at the implantation site [142]. With the use of nanosuspensions in the
current study, the danger of uncontrolled particle growth is expected to be smaller than
with solutions, but nevertheless not completely removed. The Alzet® pump release of
the nanosuspension formulation H/D A, which showed an increased particle size above
1 µm in contact with saline solution, led to blocking of the pumps and consequently
annihilation of the regular zero-order kinetics. H/D B formulation with particle sizes of
about 800 nm after saline contact could be released in zero-order. However, the release
occurred more in formulation strands than the original fluid form, which highlights the
unsuitability of both formulations for further in-vivo experiments. Within both Lutrol® F108
containing nanosuspensions, release was comparable to the results obtained with fenofibrate
nanosuspension in chapter 4.1.2.1. The higher viscous formulation showed the expected
zero-order release of compound A whereas a burst release of the lower viscous formulation
was found. These results confirm that the release of low viscous particulate formulations
in the first-order model kinetics is a class effect and independent from the type of drug
substance used. However, a clear determination of the underlying release kinetics is difficult
due to the high deviations between pumps of one group. It is also here proposed, that in
high-concentrated nanosuspensions loosely formed agglomerates were released with a burst,
followed by disintegration of those agglomerates by dilution in the release medium. Both
LF108 A and LF108 B formulations were considered for the subsequent pharmacokinetics
study of subcutaneously injected or via Alzet® pump delivered nanosuspensions. In literature,
only few in-vivo studies paid attention to the investigation of a drugs’ plasma concentration
after s.c. application of drug nanoparticles. Chiang and coworkers monitored plasma
levels of 1,3-dicyclohexylurea nanosuspensions with 800 nm in size and observed prolonged
concentrations over 24 h in rats [151]. In the study of Baert et al. a sustained plasma
kinetics with 400 nm large rilpivirine nanoparticles could be achieved after s.c. injection. It
was shown that with the drug itself having a plasma half-life of 45 h, extended plasma
concentrations with nanoparticles over several weeks could be maintained within dogs
and mice [149, 224]. Van’t Klooster and coworkers investigated blood concentrations
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of subcutaneously injected 200 nm rilpivirine nanoparticles and found a similar kinetics
pattern. All three studies have in common, that lower doses of 5-30 mg/kg compound in
the nanosuspensions were administered to the animals. Within the current experiments the
high dose of 300 mg/kg was applied for the ability to compare the plasma concentrations
of bolus injected nanosuspension with via Alzet® pumps delivered formulation. As a result,
the higher as well as the lower viscous nanosuspension exhibited a sustained release after
bolus injection, but with a distinctive peak in plasma concentrations after 6 h which was
followed by a subsequent mono- or bi-phasic decrease in plasma levels over the observation
time of 168 h. Therefore, the plasma kinetics pattern of both nanosuspension formulations
coincide with the results of the above mentioned studies. Generally, subcutaneous drug
absorption is possible via direct transport of drugs into blood vessels or indirectly by the
route of lymph vessel uptake, followed by carriage into the blood circulation via the thoracic
duct [225]. The lymph vessel structure is characterized by intercellular junction which
can open and close in response to the interstitial pressure and volume [226]. By injecting
drug substances in various physical forms into the subcutaneous space, their in-vivo fate
depends on several factors. Besides drug specific properties such as the interstitial diffusion
coefficient or the concentration gradient, particle specific properties determine the fate
of the drug substance in s.c. tissue regarding absorption. These include amongst others
stability of the formulation in the preferential negative charged extracellular matrix, particle
size, concentration of drug substance, injection volume and exact location of the s.c. site
[227, 228]. For the absorption of compounds from microsuspensions, Hirano and coworkers
developed a mathematical model, in which the dissolution of particles presented the rate-
limiting step. They defined the aggregation factor ε as crucial parameter: In the case of a
missing in-vivo aggregation in the subcutaneous space each particle behaves separately
with a higher specific surface in contrast to the case of aggregate formation, in which the
aggregate depot acts as a single clump [229, 230]. Consequently, the particles in this study
from LF108 A and LF108 B nanosuspension will slowly dissolve in the subcutaneous space
and subsequently taken up by the blood vessels. Most probably, the observed 240-260
fold decrease in blood concentration over the time of 168 h could be based on the change
of absorption rate. This alteration was already observed to be dependent on the particle
concentration and the volume of formulation administered subcutaneously [231, 232]. An
increased agglomeration tendency of suspension particles based on rapid aqueous phase
absorption in the s.c. tissue was assumed as one probable cause. Another reason could be
the elevation of interstitial pressure after administering high volume doses, which was found
to cause an increased lymphatic absorption of drugs until the s.c. pressure is normalized
[228]. In comparison to microsuspensions, higher plasma levels were achievable within
nanoparticulate systems due to the faster dissolution rate which can be described by the
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Noyes-Whitney equation [99]. Despite their smaller size, also nanoparticles were retained at
the site of injection, as can be seen in the sustained plasma concentration of compound A in
the study. The particle size is hereby the most crucial factor, as particles below 100 nm size
can travel via the lymphatic vessels to reach the systemic circulation [227, 233]. Particles
over 200 nm in size will be recognized by phagocytic cells [234]. However, the higher
viscous nanosuspension exhibited lower AUC0-tlast values, which could be based on the slower
nanoparticle diffusion caused by the more dense gel matrix of HPMC molecules. In contrast
to that, the concentration-time (C/t) profile of LF108 A and LF108 B nanosuspensions
released by micro-osmotic pumps showed a completely different pattern. No distinctive
plasma level peak at the beginning was seen which could be mainly based on the lag-time of
release of osmotic dosage forms. The higher viscous formulation exhibited in in-vitro tests
the expected zero-order release. However, a 17 fold and 3 fold lower AUC0-tlast in case of the
lower viscous and high viscous nanosuspension, respectively, could be observed. Here, the
high concentrations observed after s.c. bolus administration at the begin of the experiment
were not achieved. Nevertheless, the insufficient control of release of s.c. bolus applied
nanosuspension has to be considered. Continuous delivery from pumps and subsequent
dissolution of nanoparticles or uptake via the lymph vessels was found in-vivo by creating a
more constant C/t profile in plasma, with significant higher levels after 168 h compared to
the bolus injection. Within the pumps containing lower viscous nanosuspension, a similar
C/t profile could be observed, however, plasma concentrations were significantly lower in
contrast to the lower viscous formulation. A possible burst and the simultaneous drug
release as seen in-vitro, though not in zero-order kinetics, could have formed a formulation
depot in front of the Alzet® pumps’ orifice. Dissolution of the nanosuspension depot in
front of the pump therefore could present the dissolution rate-limiting step, whereas with
the higher viscous formulation the slow pumping rate could minimize the depot formation
resulting in increased absorption of compound A. Another reason could result from the
faster concentration of the less sterically stabilized lower viscous nanosuspension in-vivo
at the pump orifice, thereby creating a depot with a lower specific surface. Summarizing
these results, it becomes clear that by using nanosuspension formulations the impact of the
intrinsic properties of a drug substance such as solubility and subcutaneous permeability
could additionally play an important role in the absorption of a drug. Overall, the release
of nanosuspensions from osmotic pumps may represent a suitable and valuable tool e.g.
for PK/PD studies in order to maintain constant plasma concentrations above a desired
threshold value. Optimization of the release rate of the nanoparticulate system from the
delivery devices by tuning viscosity resulted in an increase of the relative bioavailability of
compound A by maintaining constant plasma concentrations for 7 days.
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4.2.2 Tracking of radiolabeled [125/131I]iFF/FF nanosuspension
released subcutaneously from osmotic pumps

In addition to the plasma-concentration time determination of compound A after s.c.
application of nanosuspensions, a deeper understanding of the in-vivo behavior of s.c.
administered nanosuspension formulations should be gained. Therefore, non-invasive
tracking of radiolabeled compound in nanosuspension from the s.c. site by γ-scintigraphic
imaging was aimed in the first place, followed by the investigation of organ distribution of
the nanosuspension substance by means of γ-scintillation. In addition, the micro-osmotic
pump performance of nanosuspension release in comparison to bolus injected formulations
should be investigated. For this, the iodinated form of fenofibrate (iFF) was chosen as
model compound due to the structural similarities to fenofibrate and due to the possibility
of synthesizing the radioactive derivative [125/131I]iFF. To determine the suitability of
iFF nanosuspensions for in-vivo experiments, physicochemical characterization of non-
radioactive [127I]iFF nanosuspensions was previously conducted besides the investigation of
the in-vitro release from osmotic pumps.

4.2.2.1 Physicochemical characterization of [127I]iFF/FF material

Various nanosuspension formulations were prepared by wet milling and their suitability for
subcutaneous application via bolus injection or osmotic pump release was firstly examined
by means of PCS and SEM measurements. Particle size and size distribution developments
over 7 d storage at 40°C were determined via PCS. Composition of nanosuspension
formulations and results of DLS measurements were shown in Table 4.2.3. Formulation
A and B exhibited hydrodynamic particle diameters below 300 nm with PDIs below 0.20,
indicating a narrow particle size distribution. Stability of both formulations at 40°C could
be approved. Z-average increased in case of formulation A only slightly up to 249 nm
with an increased PDI of 0.261. Within formulations C and D, larger particle sizes were
achieved by milling, but PDI values were in the same range of the first two formulations.
The particles showed only slight increases in particle sizes and PDI values. From this point
of view, all four formulations were suitable candidates for the release from micro-osmotic
pumps. Viscosities of nanosuspensions A and B with less amount of API were close to
the viscosity of water. Formulation C and D with larger amounts of substance showed 3
fold and 26 fold increases in viscosities, respectively, in contrast to formulation B, what
was proposed to be based on the increased particle concentrations in C and D and on the
additional amount of the viscosity enhancer HPMC in nanosuspension D.
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Table 4.2.3: Prepared nanosuspensions and particle sizes/size distribution monitored over 7 d after
storage at 40°C. Z-averages and PDIs are shown in mean ± SD.

Particle size
Substance Excipients day 0 day 7 Viscosity

z-av PDI z-av PDI [mPas]

A 5%
[127I]iFF

0.5% of each
EPC/HPMC/
polysorbate 20

223 ± 8 0.187 ±
0.002 249 ± 8 0.261 ±

0.078 1.13 ± 0.01

B 5%
[127I]iFF/FF

2.5% HPMC/
0.1% DOSS

272 ± 5 0.182 ±
0.009 278 ± 4 0.143 ±

0.033 3.74 ± 0.08

C 17.8%
[127I]iFF/FF

2.5% HPMC/
0.1% DOSS

340 ± 24 0.167 ±
0.018

352 ±
16

0.206 ±
0.019 11.52 ± 0.19

D 17.8%
[127I]iFF/FF

7.5% HPMC/
0.1% DOSS

358 ± 19 0.172 ±
0.014 376 ± 6 0.183 ±

0.023 97.64 ± 6.04

For the higher concentrated formulations C and D, further characterization was done by
SEM image recording, as shown in Fig. 4.2.9.

Figure 4.2.9: SEM images of [127I]iFF/FF nanosuspension particles obtained after wet milling. Lower
viscous formulation containing 17.8% (w/v) [127I]iFF/FF (a) and formulation containing
higher amounts of HPMC (b) were presented in 50,000 fold magnification.

The images show, that the particle bulk mainly consisted of prismatic shaped particles.
The majority of the particles were below a size of 500 nm besides a minor fraction of
microparticles above 1 µm. Sizes ranged thereby from 73 nm - 889 nm with a mean size of
276 nm for the lower viscous formulation. In contrast to this result, for the 7.5% HPMC
containing nanosuspensions particle sizes from 69 nm - 1060 nm with an mean diameter of
327 nm were found. Again, sizes determined via SEM were smaller in contrast to DLS
measurements, as the latter method refers to the hydrodynamic radii and takes adsorbed
polymers onto particle surfaces into account.

88



4.2. IN-VIVO PERFORMANCE OF ALZET® PUMPS

Thermoanalysis via DSC was conducted of the wet-milled formulations to determine their
crystalline fraction. Within formulation A, a lower and variable crystallinity of 75% ± 13%
for nanosuspension A was determined and for formulation B a crystallinity of 52% ± 8%
was obtained. However, nanosuspension C revealed a higher crystallinity of 94% ± 1%.
The lower degree of crystallinity within the nanosuspensions of lower solid mass loading
could be based on the increased HPMC/substance ratio, as HPMC can act as inhibitor of
crystallization by reducing the crystal growth rate [235, 236].
To further characterize the crystalline structure of [127I]iFF and fenofibrate after the

simultaneous crystallization, DSC measurements of different [127I]iFF/FF ratios after
cocrystallization and after physical mixing as control were conducted. The results are
shown in Fig. 4.2.10. Within the physical mixtures the two melting points of fenofibrate
and [127I]iFF were distinctively seen in every iFF/fenofibrate ratio. However, the fenofibrate
melting peak appeared in every ratio at 81°C, whereas the one of [127I]iFF shifted down
from 115°C to 80°C with increasing fenofibrate portion. These results show the typical
pattern of separately crystalline present materials. The decrease of the [127I]iFF melting
points is probably based on the previously described melting point depression caused by
“impurities”, in this case by the increasing amount of fenofibrate [237]. The results obtained
from the different [127I]iFF/ fenofibrate mixtures after simultaneous crystallization, as
shown in Fig. 4.2.10 b, showed another melting behavior in contrast to the corresponding
physical mixtures. For [127I]iFF and fenofibrate no separated melting peaks were observable.
Instead, one melting point was seen, which shifted from 81°C up to 115°C with increasing
[127I]iFF amounts. This behavior gives hints to the presence of a cocrystal structure within
the different [127I]iFF/ fenofibrate ratios, as cocrystals can display a melting point which
falls between the melting point of the singular substances [238]. Cocrystals are defined as
crystals inhabiting two different types of molecules, which can be emerged by evaporation of
two substances from a solution [239]. As within the 10/90 mixture of [127I]iFF/ fenofibrate
no pronounced difference between the physical mixture and the cocrystallized material was
seen in DSC analysis, subsequent PXRD measurements were done to clarify the presence
of a cocrystal in the utilized nanosuspensions.
The results of the PXRD measurements are shown in Fig. 4.2.11.
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Figure 4.2.10: DSC analysis of different [127I]iFF/FF ratios in physical mixture (a) and after cocrys-
tallization (b). Ratios are shown in iFF:FF portion.

Both the pure materials and the cocrystallized [127I]iFF/FF exhibited no amorphous
halo in the spectrum after precipitation and evaporation from THF. When comparing the
simulated pattern of a [127I]iFF/FF physical mixture (Fig. 4.2.11 b), calculated by the
patterns of the pure materials (Fig. 4.2.11 c and d), with the cocrystallized [127I]iFF/FF
material, differences in single peak intensities could be observed. Smaller signal amplitudes
were obtained at 11°, 12°, 19°, 22°, 24.5°, 25.5° and 26° 2θ angles. Additionally, signals
at 15.5°, 17.5°, 22.5° and 24° 2θ disappeared almost below the background signals.
As particular reflexes of [127I]iFF and FF were decreased in signal intensity or vanished
completely, this observation gives evidence to the existence of a cocrystalline structure.
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Figure 4.2.11: PXRD pattern of cocrystallized [127I]iFF/FF and pure compounds utilized for nanosus-
pension preparation. Spectra of [127I]iFF/FF cocrystallized material (a), simulated
physical mixture of [127I]iFF and FF (b), pure FF (c) and pure iFF (d) are shown.
Arrows in (a) indicate differences in signal intensities of experimentally obtained and
simulated spectra.

4.2.2.2 In-vitro release of [127I]iFF/FF nanosuspension from osmotic pumps

To test the suitability of the prepared nanosuspension formulations for the in-vivo release
from Alzet® pumps, delivery of formulation A and B was tested in the in-vitro setup, as
shown in Fig. 4.2.12. [127I]iFF formulation A showed within large ranges a relevant lower
release in contrast to the intended one. Within the first few hours, the cumulative released
mass maximum increased up to 10%, which resulted in a plateau, indicating a stop of
release after 12 h. The maximum cumulative mass reached was for one pump a value of
20%. Best curve fit for the formulation could be achieved by a first order mass balance
model, resulting in a R2-value of above 0.99. The irregular release is also displayed in
Fig. 4.2.12 b by the strong decrease of the delivery rates, which fell below 0.6 µL/h after
24 h. To investigate if the stabilizers adsorbed onto particle surface in the case of this
nanosuspension resulting in the unexpected release behavior, formulation B with same
drug substance concentration of 5% (w/w), but a different excipient combination was
monitored.
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Figure 4.2.12: Release of [127I]iFF and FF containing nanosuspension formulations A and B from
osmotic pumps. Cumulative mass release (in % from theoretical mass release, based
on 90 µL) of total mass [127I]iFF substance in formulation A or [127I]iFF/FF cocrystal
in nanosuspension B (a) and release rates over time (b). Values are shown as mean,
bars represent the ranges of n=3 pumps.

However, the release behavior was similar to that of formulation A, but with lower ranges
between pumps (Fig. 4.2.12 a). The R2-value was also about 0.99 for the first order
model. As both formulations show a similar release kinetics it is assumed that the different
stabilizer combination did not cause the observed irregular delivery.
By using a related combination of the ionic surfactant DOSS and the steric stabilizer

HPMC for formulation C, but with 17.8% of [127I]iFF/FF, the cumulative mass release
revealed a different pattern, as presented in Fig. 4.2.13.
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Figure 4.2.13: Release of [127I]iFF and FF containing nanosuspension formulations C and D from
osmotic pumps. Cumulative mass release (in % from theoretical mass release, based
on 90 µL) of total mass [127I]iFF substance in formulation A or [127I]iFF/FF cocrystal
in nanosuspension B (a) and release rates over time (b). Values are shown as mean,
bars represent the ranges of n=3 pumps.

The low viscous formulation C showed within the first days a distinctive burst release
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with subsequent emptying of pumps. After 24 h more than 30% of substance was released
in comparison to the 13% expected one. Additionally, high ranges indicate a high inter-
pump-variability regarding delivery rates. The burst behavior occurred in first order kinetics,
as indicated by the R2 of 0.99. In contrast to that, nanosuspension formulation D was
delivered in a zero-order manner with a good reproducibility. A linear correlation between
cumulative mass release and time was seen, as the R2 value was about 0.98 (Tab. 5.2.7
in Appendix). Release graphs of the single formulations were splitted into [127I]iFF and
FF mass release to see potential separations of both substances during release. It can be
observed, that both formulations C and D showed no partitioning of [127I]iFF and FF during
release. The delivery rates displayed in Fig. 4.2.13 b show high values up to 4.5 µL/h
for the [127I]iFF and FF in formulation C, whereas within nanosuspension D a constant
release rate was achieved. Considering the low crystallinity of nanosuspensions A and B
and the irregular release of those particles from in-vitro Alzet® pump experiments, only
formulations C and D were included into radioimaging and organ distribution studies.
Particle size stability monitoring in the release media of nanosuspension A and B was

not possible, as the small amount released from the pumps caused low count rates within
the PCS measurement, which made a correct calculation of the diffusion coefficient and
therefore the particle size and size distribution erroneous. Particle size development of
formulations C and D in the medium is shown in Fig. 4.2.14 a.
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Figure 4.2.14: Particle size and size distribution development of released nanosuspension [127I]iFF/FF
formulations C and D during release from Alzet®pumps as determined by PCS (a).
Particle sizes and size distributions of nanosuspension formulations after incubation
with sodium chloride solution and BSA-containing sodium chloride solution in the
advanced stability test (b). All formulations were stored at 40°C for 7 days. Z-averages
and PDI values were shown as mean ± standard deviation (n=3).

[127I]iFF nanosuspension D exhibited constant z-average values in the release medium
over 168 h with PDI values scattering around 0.22. In contrast to that, formulation C
showed particle growth up to 600 nm and a broader size distribution, which was displayed by
the increase of PDI values up to 0.4. To clarify, if the particle size increase of formulation C
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is of importance in-vivo, the advanced stability test, derived from that with compound A
nanosuspension in chapter 4.2.1.1, was conducted by dilution of nanosuspensions with
isotonic saline fluid or BSA in 0.9% sodium chloride solution (Fig. 4.2.14 b). The only
slight change of the particle sizes of formulation D in both media types revealed its sufficient
stability in this test setup. Within formulation C no instability could be observed in the
presence of sodium chloride, particle sizes were maintained at approximately 350 nm.
The reason for the better stability in the advanced test setup is in the minor dilution
of the nanosuspension particles in contrast to the particles which were released into the
medium. Desorption of stabilizer from the particles’ surface took place to less extent,
thereby maintaining the colloidal stability of the formulations. Formulation C incubated
with saline BSA solution exhibited a slight particle size increase up to 500 nm immediately
after preparation, which was not seen as critical as the particle sizes maintained constant
over the whole observation time.

4.2.2.3 Bioimaging

To track the route of the radiolabeled [125I]iFF in nanosuspension after subcutaneous
injection into mice, formulation C and a corresponding solution of [125I]iFF were administered.
The solution consisted of 0.02% [125I]iFF-FF cocrystallized material, 30% DMSO, 30%
PEG400, 15% EtOH and 25% PBS buffer (v/v). The results are shown in Fig. 4.2.15 a
and b.
A rapid distribution from the injection site is seen in case of [125I]iFF in solution (Fig.

4.2.15 a). Main radioactivity is observed in the dorsal side of the leg after 1 h with slight
amounts of radiolabeled substance in the liver region. After 3 h and 5 h activity in the
liver is increased. Additionally, higher activities could be observed in the bladder of the
animals and, moreover, a large portion of [125I]iFF remained at the injection site. After
24 h, activities in the liver and/or intestines were diminished, similar to the dorsal side of
the leg. Only small amounts of [125I]iFF could be seen after 48 h in the bodies of the mice.
In case of [125I]iFF/FF nanosuspension, a completely different distribution behavior was
found. Although the radioimaging scintigram after 1 h is similar to that of [125I]iFF in
solution at the same time point, the rate of distribution from the injection site is decreased
with high activities found also after 168 h in the leg. At 3 h the main distribution organ was
identified as the liver combined with the intestines, as it was seen after 24 h. In Fig. 4.2.15
c, the kinetics of [125I]iFF in solution from the injection site is displayed in comparison
to the radiolabeled substance in the nanosuspension. The %ID of [125I]iFF in solution
showed a biphasic exponential decrease, with a second order fit R2-value of >0.99. Fast
distribution from injection site was seen up to 24 h, after that the rate of decrease slowed
down. Within the [125I]iFF/FF containing nanosuspensions the decrease of %ID values was
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also in a second order kinetics with R2 of 0.99. The nearly zero-order kinetics after 24 h
resulted in 40% of formulation remaining at the injection site. Formulation D was not
considered for bioimaging experiments as it was expected that distribution from injection
site occurred in a similar or slower way due to its higher viscosity. To better distinguish
between the organ activities in the region of the mice stomach, an organ distribution study
was conducted as described in the following section.
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Figure 4.2.15: Radioimages of mice after subcutaneous administration of [125I]iFF/FF solution or
nanosuspension. For the solution, scintigrams are displayed in a color threshold of
0-10%, for the nanosuspension in 0-5% to eliminate differences in applied radioactive
doses. Results are shown for [125I]iFF/FF solution (a) and nanosuspension formulation
(b). % Injected dose (%ID) found at the injection site over 7 days for both formulations,
calculated from the counts in images after setting a ROI around the injection site (c).
Bars represent the standard deviations from n=3 animals.
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4.2.2.4 Organ distribution study

To evaluate if the s.c. applied [131I]iFF in nanosuspension showed a different organ
distribution pattern in comparison to [131I]iFF in solution, radioactivities of single organs
were determined via γ-scintillation measurements. The results are shown in Fig. 4.2.16.
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Figure 4.2.16: Organ distribution of [131I]iFF after subcutaneous injection. %ID/g organ of [131I]iFF/FF
administered via solution (a) and via nanosuspension (b). Results are displayed in
mean ± standard deviation with n=3 animals.

Regarding the distribution of [131I]iFF from solution, increasing activities up to 5 h after
injection could be observed except for the small intestine. The maximum concentration
achieved was 10% ID/g in the liver after 5 h. Generally, radioactivities in heart, lungs,
spleen and muscle were low, whereas the majority of API was localized in liver, kidneys
and intestines. A strong decrease for [131I]iFF was observed after 24 h in all organs,
thereby confirming the radioimaging data (Fig. 4.2.16 a). After injection of [131I]iFF in
nanosuspension, relatively low % ID/g values were obtained in all organs with a maximum of
1.8% ID/g in the liver after 3 h. Moreover, concentrations of [131I]iFF in organs decreased
exponentially with the exception of the muscle and the large intestine which showed a
nearly zero-order kinetics (Fig. 4.2.16 b). Nevertheless, radioactivity in blood, liver and
small intestines after 168 h were low, but still detectable. In comparison to the solution,
the distribution pattern remained comparable, as liver and the small intestine remained as
organs with the highest activity exposure. As the concentrations of [131I]iFF in blood did
not attain a constant release over 168 h within the nanosuspension formulation, additional
Alzet® pump release experiments were conducted for organ distribution studies. For this,
the two formulations C and D were subcutaneously released from the micro-osmotic pumps
and observed over a time frame of 168 h. Nanosuspensions C and D differed in the release
kinetics in the in-vitro setup due to their varying viscosity values, which should be evaluated
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in-vivo. The results are shown in Fig. 4.2.17.
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Figure 4.2.17: Organ distribution of [131I]iFF after subcutaneous implantation of nanosuspensions
containing Alzet® pumps. %ID/g organ of [131I]iFF/FF administered via formulation C
(a) and via nanosuspension D (b). Results are displayed in mean ± standard deviation
with n=3 animals.

The lower viscous nanosuspension formulation C exhibited a different pattern of or-
gan distribution in comparison to bolus injected nanosuspension with the same dose of
[131I]iFF/FF (Fig. 4.2.17 a). % ID/g organ was generally lower in comparison to the
first time points of bolus injected nanosuspension. No exponential decrease of activity
in organs is seen, moreover an increase in [131I]iFF concentration was observed in nearly
all organs except for the blood and partly the intestines. In comparison to bolus injected
nanosuspension, liver, kidneys and intestines remained the predominant distribution organs.
Remarkable was the high concentration found in lungs after 168 h, which resulted from
the data of one animal, as can be seen in the large standard deviations. In liver, increasing
activities of [131I]iFF up to 168 h could be seen. Blood levels of radiolabeled substance
were in contrast to the bolus injected formulation nearly constant after 24 h when the
values at 3 h were excluded. To evaluate, if constant blood levels over the whole time
could be achieved by using the in-vitro optimized formulation D with higher amounts
of HPMC, a follow-up organ distribution study was conducted (Fig. 4.2.17 b). Despite
the lower concentrations of [131I]iFF reaching the organs at later time-points of 96 h and
168 h, all organ radioactivity levels were more constant in comparison to the lower viscous
nanosuspension C. Decreased standard deviations showed a smaller inter-individual variation
and no remarkable activity was found in lungs after 168 h. Increasing concentrations
of [131I]iFF were found in the liver up to 96 h, as here comparable to the lower viscous
formulation, but remained in contrast constant up to 168 h.

The in-vivo release of [131I]iFF/FF nanosuspension containing Alzet® pumps is shown in
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Fig. 4.2.18 a.
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Figure 4.2.18: In-vivo release rates and blood kinetics of [131I]iFF in nanosuspensions. Cumulative
mass release in % of theoretically maximally releasable amount in mean with ranges
(n=3) (a). Blood levels of [131I]iFF after pump implantation or bolus injection of
nanosuspension formulations with mean ± SD (b).

Unexpectedly, the lower viscous formulation was delivered in a zero-order kinetics with
low inter-individual variability except for the last time point. Two of the pumps reached the
maximum of 60% mass release after 168 h, while an average about 50% of cumulative mass
release was achieved. Formulation D with higher viscosity was also released in a zero-order
manner similar to the results obtained from the in-vitro study. Fig. 4.2.18 b presents the
constant levels of the substance in blood after delivery by nanosuspensions in contrast
to bolus administration. AUC3h-tlast for the bolus administered and the Alzet® pump
released formulation C and D were 23.21% ± 3.37% rel dose/g * h, 27.08% ± 13.18% rel
dose/g * h and 27.26% ± 2.53% rel dose/g * h, respectively. Although the AUC3h-tlast

values for the formulation D delivered from pumps was higher than that of the bolus
injected nanosuspension, differences were not significant (p>0.5). Cmax values for the bolus
nanosuspension, formulation C and D from Alzet® pumps were at 0.775% ± 0.081% rel
dose/g, 0.399% ± 0.294% rel dose/g and 0.208% ± 0.037% rel dose/g, respectively,
which underlined the differences in kinetics between the formulations/application routes.
No significant differences between the blood concentration of [131I]iFF in bolus injected
nanosuspension and formulation C released from Alzet® pumps could be observed at all
time points (p values above 0.05). In contrast to that, discrepancies in blood levels between
bolus injected nanosuspensions and the higher viscous formulation D were significant at
3 h, 96 h and 168 h with p-values <0.05. However, values of formulation C and D released
from pumps were not significantly different at all time points with p>0.05.
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4.2.2.5 Discussion

Despite the increasing interest of utilizing nanosuspensions within other application routes
as alternative to the well-investigated oral one, little is known about the fate of those
nanoparticulate systems administered subcutaneously. In the first place, the development
of an appropriate nanosuspension formulation for subcutaneous application and its in-
vitro release testing from osmotic pumps present prerequesite approaches. The four
nanosuspension formulations prepared in this study showed sufficient particle size stabilities
at 40°C over 7 d, which makes them suitable candidates for subcutaneous bolus application
and Alzet® pump release purposes. For particle morphology determination, additional SEM
imaging was done with the higher concentrated formulations C and D. Particles showed
brick-shaped profiles and large variability in particle sizes due to the existence of single
crystals with dimensions around 1 µm. Overall, single larger particles in both formulations
were not critical with regard to physical stability as the nanosuspensions could maintain
their size during the whole osmotic pump release time. The viscosities of nanoparticulate
formulations released from osmotic pumps were crucial to be assessed as this factor
strongly influences the release behavior. The results of the in-vitro release experiments
with fenofibrate nanosuspension showed that for formulations with a viscosity value above
83 mPas the zero-order release could be assured (chapter 4.1.2.1). By investigating the
release behavior of nanosuspension formulations A to D with a broad range of viscosity
values, this finding should be confirmed. Formulations containing 5% of [127I]iFF or
[127I]iFF/FF showed viscosity values in the lower single-digit range, whereas nanosuspension
C with a higher concentration of the compound exhibited a 3 fold increase in viscosity. The
effective viscosities of nanosuspensions are not only determined by volume concentrations
of nanoparticles, but also by particle sizes and mass of particles and typically increase
with higher particle concentrations. Additionally, augmented colloidal particle-particle
interactions are a factor for viscosity changes [240]. By supplemental addition of the
pseudo-surfactant HPMC to the nanosuspension C, the viscosity could be increased to
100 mPas. The viscosity exceeded the threshold determined in the in-vitro study with
fenofibrate nanosuspension and therefore this formulation was expected to show an in-
vitro zero-order release from osmotic pumps. Further physicochemical characterization of
nanosuspension formulations was done by DSC measurements. Whereas the formulations
C and D with higher particle concentrations displayed degrees of crystallinity above 90%,
nanosuspension A and B exhibited degrees of crystallinity below 75%. During the wet
milling process, amorphous parts of ground material can be generated by the high-energy
process, which results in defects in the crystal lattice structure of a substance [241]. In
general, the stress intensities on particles during milling is increased by using a higher solid
concentration, as the probability of particle interactions with milling beads is enhanced
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[242]. In these cases the higher HPMC/API ratio was probably the cause for the low
crystallinity, for this, only formulations C and D were considered for the subsequent in-vivo
experiments. Another open question concerns the nature of the cocrystallized [127I]iFF/FF
material which was ground in this study. The question was if [127I]iFF was separately
crystallized adjacent to FF or if it was integrated into the FF crystal lattice. Therefore,
PXRD measurements were done to determine the crystalline character of [127I]iFF/FF.
Generally, cocrystals can be developed by utilizing intermolecular forces between molecules
based on π-π-stacking [243], such as in the case of [127I]iFF/FF. Indeed, cocrystals show
different physicochemical properties in comparison to their single components. Cocrystal
formation of low soluble APIs with e.g. isonicotinamide showed an improved solubility in
contrast to free base of API [238]. Nevertheless, it is expected that the formation of a
cocrystal within the current results has no major negative influence on the biodistribution
of the nanosuspension formulation, such as a too large solubility of the cocrystal. With
increasing portion of iFF, as seen in the DSC results, the melting point of the cocrystal was
increased, what in turn refers to a lower solubility of the system due to the higher energy of
the crystal lattice [26]. This effect was not seen as crucial within the current experiments,
as the melting point increase of [127I]iFF/FF in the 10:90 mixture in comparison to that
of pure fenofibrate was only marginal. In-vitro release testing of formulations A and B
with lower compound amounts revealed a maximum 20% [127I]iFF or [127I]iFF/FF release,
which could not be explained by pump blocking. Under consideration of the identical
stabilizer composition of nanosuspensions B and C, the probable reason for the changed
release behavior of formulation B could be based on the lower substance concentration.
Adsorption of [127I]iFF/FF onto the wall of the pumps’ drug reservoir could occur, which is
only seen with low concentrated nanosuspensions and is not of relevance at a concentration
of 17.8% [127I]iFF/FF. For those nanosuspensions a first order release was confirmed.
Release of formulations C and D was similar to the results obtained previously with different
viscous fenofibrate and compound A nanosuspensions (chapter 4.1.2.1 and 4.2.1.2), as the
higher viscous nanosuspension D exhibited the desired zero-order kinetics in contrast to
the burst release of formulation C. Both, [127I]iFF and FF were released simultaneously,
which could be based on the fact that FF acts as “carrier” with [127I]iFF implemented into
the crystal structure. Generally, there are only a few publications dealing with the release
of nanodispersed systems such as liposomes or high molecular weight polyethylene particles
from osmotic pumps [144, 145, 146, 147]. However, all these formulations were released
via an additional catheter tubing in-vitro and in-vivo which could have an additional
impact on particle release from the pump. So far, no burst effects were described. To
prove, if the investigated in-vitro release behavior of the formulations C and D from
osmotic pumps had an in-vivo relevance, organ distribution experiments were conducted
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and compared to bolus injected nanosuspension and to a solution vehicle. As a pretest,
γ-scintigraphic images of subcutaneously injected solution and nanosuspension formulation
C were taken to track the nanosuspensions’ way throughout the body and to determine the
optimal time points for the following organ distribution setup. Generally, various labeling
routes for drug particles are available. For example, Shegokar and coworkers followed the
route of intravenously injected nevirapine nanosuspension via γ-scintigraphy after direct
labeling of nanosuspension particles with 99mTc [104]. In contrast to their work, within
the current study wet milling of already radioactive [125/131I]iFF/FF was selected as the
method of choice. However, this setup has one major drawback: By introduction of
[125/131I]iodine as a covalently bound nuclide in small molecules and proteins for bioimaging
and biodistribution purposes, a possible biodehalogenation during in-vivo experiments has
to be considered [244]. Metabolized free [125/131I]iodide, which is simultaneously tracked,
shows a modified biodistribution by mainly accumulating in thyroid gland, stomach, salivary
and mammary glands [245, 246]. In the current experiments, only 0.08% ± 0.02 %ID
of [125I]iFF/FF from solution and 0.22% ± 0.17%ID of that in nanosuspension, after
48 h and 168 h, respectively, was found in the thyroid gland, indicating only a small
percentage of originally injected [125I]iFF was dehalogenated. Nanosuspension and solution
formulations showed a second order distribution kinetics from the subcutaneous injection
site in the current study. In literature other observations were made: Hirano and coworkers
injected p-hydroxyazobenzene formulated as microsuspension and described distribution
from the injection site as a linear correlation of the cubic root value of at injection location
remaining drug versus time [229]. Within the current results, this kind of kinetics cannot
be confirmed. Release of solutions from injection site was biphasic. However, for the
case of solutions it should be noted that there is the possibility of precipitation effects of
[125I]iFF in the subcutaneous tissue. Nevertheless, distribution was much more rapid in
contrast to nanoparticular [125I]iFF, suggesting that iFF mainly remained in the dissolved
state. The fast disposition and elimination of [131I]iFF in solution from the body could
be confirmed via the γ-scintillation measurements of animal organs. In all organs an
increase of activity up to 5 h was observed, followed by a subsequent drop down in [131I]iFF
concentrations. Organ partition pattern of [131I]iFF injected as intravenous solution showed
mainly distribution into liver and kidneys, as shown by Breyer and coworkers [154]. Neither
with the subcutaneously administered solution nor with the nanosuspension a general
change of that organ distribution pattern could be observed. Harivaardhan Reddy et
al. compared the organ distribution of s.c. applied etoposide solution versus etoposide
solid lipid nanoparticles and revealed that for solid lipid nanoparticles generally lower
levels in all organs was found at the beginning of the experiment, while after 24 h an
increase of etoposide concentration in organs was observed [247]. Furthermore, they found
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that distribution into organs was lower compared to etoposide nanoparticles administered
intraperitoneally, but the uptake into a peritoneal implanted tumor was the highest within
the subcutaneous injection. The [131I]iFF/FF nanosuspension also showed less % injected
dose amounts of [131I]iFF/FF in all organs compared to the solution. In this case it is
worth mentioning, that within the solution formulation only 0.87 mg/kg radiolabeled
compound compared to 427 mg/kg in the nanosuspension could be injected due to the
poor aqueous solubility of [131I]iFF/FF in solvent and surfactant solutions. Unexpectedly,
no continuous distribution of [131I]iFF from nanosuspension into the organs was seen, as
an exponential decrease in organs was observed. In contrast to the results of the working
groups of van’t Klooster and Chiang, which found a log-linear terminal kinetics after s.c.
application of nanosuspension [150, 151], in the current study the blood kinetics were
more biphasic in nature. Drug absorption from the subcutaneous space and subsequently
distribution into organs can occur via absorption of dissolved molecules into blood vessels,
uptake in lymphatic vessels and by macrophage recognition of particles [248]. Besides
the factors particle size, particle charge and hydrophilicity, drug concentration and volume
of dose play crucial roles in the uptake/absorption of nanoparticles from subcutaneous
tissue [227]. After 7 d, approximately 40% of the injected dose was still found at the
injection site in an encapsulated form, which was also described by van’t Klooster and
coworkers as granulomatous deposits [150]. The high amounts of formulation remaining
in the subcutaneous tissue were expected, as within liposomes nearly 40-70% of injected
dose remained at the injection site with increasing particle size up to 170 nm [228]. The
appearance of those nanosuspension deposits and the decreased concentrations over 168 h
in all organs can be based on the one hand on the increased in-vivo agglomeration occurring
due to rapid absorption of the particles surrounding aqueous dispersion medium [232]. On
the other hand this might be related to the body response against nanoparticles. Sato and
coworkers observed for subcutaneously injected 220 nm and 825 nm carbon nanotubes
the formation of granulation tissue consisting of macrophages, foreign body giant cells
and fibroblasts after 1 week upon injection at the injection site [249]. Furthermore, body
response depends on surface masking biomaterial properties, as generally more hydrophilic
surfaces are less recognized [250]. For the bolus nanosuspension, no constant plasma
levels could be obtained for 168 h. Consequently two nanosuspension formulations released
via osmotic pumps were tested in this study. It should be additionally investigated, if
the in-vitro observed differences in release between nanosuspensions C and D were also
observable in-vivo. For formulation C a more consistent organ distribution was reached
compared to the bolus injected version, nevertheless, strongly scattering data indicated
by high standard deviations were found. Due to the observed zero-order release kinetics
from the osmotic pumps, smaller amounts of [131I]iFF per time unit are presented to the
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subcutaneous tissue, leading to constant supply of nanosuspension particles, which were
not agglomerated at that time. However, 14% of implanted dose was still surrounding the
explanted pump after 168 h. A possible reason for the differences in Alzet® pump release
between in-vitro and in-vivo setup could be based on the fact that in-vivo agglomerated,
already released nanosuspension in front of the pump orifice led to a back-pressure built-up
and a deceleration of the fast particle movement from the pump, resulting in a zero-order
release. Within the higher viscous formulation D, in-vitro and in-vivo release rates were
similar. Constant plasma and other organ levels with low standard deviations were achieved
without any change in the distribution pattern. As the release rates from osmotic pumps
differed not between formulation C and D, the observed discrepancies in organ distribution
study could only be based on the fate of the nanosuspension particles after release into
the s.c. space. Due to the higher amount of HPMC, a lower agglomeration tendency
in-vivo could be the cause for the smoother and more constant [131I]iFF organ levels
by HPMC molecules acting as sterical barriers for particle approach. Nevertheless, no
significant differences in blood levels could be observed within nanosuspension C and D,
only after 72 h blood concentrations of formulation D were significantly higher compared
to that of the bolus injected formulation. Substance properties such as solubility and s.c.
permeability are important parameters which determine the biodistribution, but with the
use of micro-osmotic pumps a modification of the concentration/time profile in all organs
is feasible.
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5 Summary and perspectives

5.1 English version

The focus of this thesis was the in-vitro and in-vivo investigation of nanosuspensions as
drug release systems, since these submicron sized particles bear the advantages of high
drug loads and fast dissolution velocities for substances with poor aqueous solubilities. Aim
of the thesis was the evaluation of the feasibility to utilize nanosuspension systems for the
controlled release in the preclinical drug development. Emphasis was put on achieving high
and constant in-vivo plasma levels by releasing nanosuspension particles parenterally from
osmosis controlled devices. This was covered by the preparation, characterization, in-vitro
investigation and in-vivo evaluation of various model compound nanosuspensions released
from subcutaneously implanted pumps. The goal was to address the unmet needs connected
with nanosuspension preparation and controlled nanoparticle release from pumps: At first,
focus was put on the concern about the missing predictability of the nanosuspensions’
stability issues, as maintaining the nanoparticle size distribution over a distinctive time
presents a necessary requirement for later osmotic pump release experiments. The second
aim within this thesis was to shed more light onto the in-vivo fate of nanosuspensions after
constant parenteral, particularly subcutaneous release.
Finding an appropriately stable nanosuspension system for a poorly soluble drug com-

pound is nowadays still based on time-consuming screening tests for feasible stabilizer
combinations, which has to be done for each drug substance individually [251, 112]. There-
fore, to address the predictability for suitable nanosuspension formulations, two different
physicochemical characterization methods were chosen. Multiple light scattering was
selected for nanosuspensions containing 0.5% (w/v in water) of the model compound
fenofibrate for the early detection of particle sedimentation and agglomeration phenom-
ena (Chapter 4.1.1.1). While the benchmark method photon correlation spectroscopy
revealed no changes in particle sizes after 22 h, the multiple light scattering approach was
able to detect a slight agglomeration tendency and sedimentation of agglomerates resulting
from backscattering signal changes over the entire sample vial length, which was found
to be 0.3 mm ± 0.0 mm in velocity over 22 h observation time. Multiple light scattering
analysis therefore was a suitable method to assess nanosuspensions stabilities in an early
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phase. The early detection of particulate changes in nanosuspensions is a helpful tool
and presents a time-saving process, which revealed that fenofibrate nanosuspension was a
suitable candidate for the subsequent utilization in controlled drug release from osmotic
pumps in-vitro and in-vivo.
The thermodynamic investigation of stabilizer interactions with drug microparticle

surfaces was done via ITC as second method with the goal to correlate the obtained values
of adsorption enthalpies with the corresponding nanosuspension formulation stabilities
(Chapter 4.1.1.2). By utilizing wet-milled particles of griseofulvin with an average
particle diameter of 9 µm, the processes of adsorption of DOSS and NaDC onto the
particle surfaces could be observed via detecting small exothermic heat signals, which
were overlapped/followed by a phase of endothermic events, that likely resulted from
the desagglomeration of microparticles due to the presence of surfactant. Adsorption of
surfactants onto compound A microparticles revealed only small endothermic events during
titration. However, the very small heat signal events detected by ITC, which could be
based on the too small surface area of the microparticles used, and the overlapping event of
desagglomeration of particles make a correlation of adsorption enthalpies onto microparticle
surfaces with nanosuspension stabilities hardly feasible.
Release of various formulations from micro-osmotic Alzet® pumps was investigated

in-vitro to conclude on the influence of different impact factors on the release kinetics
of nanosuspensions. By consideration of equation (5) in chapter 1.3, the release of
formulations from osmotic pumps is expected to be only influenced by the osmotic pressure
difference between the osmotic layer in the pump and release medium and not by other
factors. However, there is only limited knowledge about the release of nanoparticulate
systems from the micro-osmotic pumps [144, 135]. Therefore, the impact of different
formulation properties (viscosity, osmolality, density and surfactant presence) as well as the
parameters pump orifice position and flow moderator material on the release kinetics of
fenofibrate nanosuspensions and dye solutions were analyzed (Chapter 4.1.2.1). With
increasing nanosuspension viscosity the release kinetics from the pumps occurred in the
expected zero-order release, whereas the low viscous formulations exhibited burst releases,
which could be based on the formation of agglomerates in the concentrated nanosuspensions
and the subsequent desagglomeration after being released into the medium. This was
confirmed since in the common lateral pump position only the nanoparticles, but not
the aqueous dispersion medium phase was prematurely released. A higher density of
formulation, which was investigated with methylene blue solutions containing different
amounts of polymers, led equally to a burst of formulation when the pump orifice position
tended downwards. Since fenofibrate nanoparticles exhibited densities about the determined
threshold density value of 1.024 g/cm3, a similar effect could be observed: By utilization
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of nanosuspensions in that pump position the aqueous phase was hereby also affected
and released with a burst. Higher osmolalities of formulations led likewise to the observed
premature release from pumps, as demonstrated with the different osmolar model solutions
containing methylene blue and fluorescein sodium. In a further experimental setup, the
PEEK flow moderator material led to a deceleration of nanoparticle release from pumps
in contrast to the commonly utilized steel flow moderators. This could be based on
hydrophobic interactions between nanoparticles and flow moderator surface, as PEEK
displays a higher hydrophobicity. Additionally, the concentration of drug substance in
nanosuspensions was found to be a further impact factor on the release kinetics, which
was demonstrated with [127I]iFF nanosuspensions, where a complete formulation release
was only given within higher concentrated nanosuspensions. Finally, an irregular release
of the model compound DPPH in nanosuspension is most likely based on the needle-like
morphology of nanoparticles.

To gain a deeper understanding of the release of nanosuspension particles from osmotic
pumps, 1D-EPR-imaging was conducted to monitor the change of DPPH nanosuspension
concentration in the osmotic pumps during the release time in spectral and spatial resolution
(Chapter 4.1.2.3). An exponential EPR amplitude decrease of second order during release
was found contrarily to the zero-order release kinetics monitored by HPLC/UV analysis.
This could be based on the increasing water inflow into the pump and therefore EPR
microwave absorption, leading to apparent lower DPPH concentrations. The utilization of
TAM as internal standard solution for eliminating the error of signal decrease based on
water absorption into the pump, turned out to be not successful, as the signal intensity
of the high concentrated DPPH was too large in comparison to the maximally possible
concentrated TAM solution. However, the migration of DPPH substance from the drug
reservoir into the osmotic layer could be observed within the EPR spatial resolution of the
pump without destroying the pumps, which proves the 1D-EPR-imaging to be a valuable
tool in analytical issues.
The release of nanosuspensions from Alzet® pumps and the resulting consequences

for the in-vivo fate of those after subcutaneous application in mice was finally tested in
two setups. In the first experimental design, emphasis was put on the implication on
compound A plasma levels after subcutaneous implantation of pumps filled with either
lower or higher viscous nanosuspensions (Chapter 4.2.1). In-vitro release tests prior to
in-vivo investigation revealed the zero-order release for the higher viscous formulation
similar to fenofibrate nanosuspension. Maintaining the nanosuspensions’ particle size during
pump release into aqueous salt-containing medium turned out to be the most important
factor to avoid pump blocking. By tracking the plasma levels after s.c. implantation of
nanosuspension containing pumps, the plasma levels could be kept constant over 168 h.
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This was in contrast to bolus administered nanosuspensions of the same drug dose, as
the latter showed indeed extended release from s.c. space, but a distinctive plasma level
peak at 6 h. Plasma levels achieved within the higher viscous nanosuspension released
from pumps were higher over the whole observation time compared to that reached by
low viscous nanosuspension release. From that it will be clear, that the differences in
release kinetics seen in-vitro could have had an influence on the in-vivo performance of
compound A. The premature release seen with the low viscous formulation could have
formed a nanosuspension depot in front of the pump orifice, from which the dissolution
and transport of drug substance in s.c. space was the rate-determining step for drug arrival
in the systemic circulation.
In the second set of in-vivo experiments, γ-scintigraphy was utilized as analytical tool

to investigate the route of the radiolabeled compound [125/131I]iFF in nanosuspensions
released from osmotic pumps (Chapter 4.2.2.1). Besides online tracking of subcutaneously
applied nanosuspensions via radioimaging of [125I]iFF, organ distribution investigations
with [131I]iFF were conducted. Additionally, the in-vivo cumulative release from osmotic
pumps was analyzed. The successfully prepared [125/131I]iFF/FF nanosuspensions, obtained
from cocrystallization of iFF/FF and subsequent wet milling, resulted in the expected
zero-order release kinetics from osmotic pumps with two different viscosities in-vitro and
showed after s.c. application in radioimaging the expected slower distribution from the
injection site in contrast to a solution formulation. By comparison of the distribution
pattern of radiolabeled compound in single organs after s.c. 1) solution application, 2)
nanosuspension administration and 3) release via osmotic pumps, no qualitative differences
in the distribution pattern between the organs could be observed. Quantitatively, bolus
injection of the nanosuspension showed an exponential decrease in % ID/g in all investigated
organs due to tissue encapsulation, whereas concentration in organs after osmotic pump
release were generally on a lower level, but more constant over 168 h. By comparison of
the organ exposure of lower and higher viscous [131I]iFF formulation released from osmotic
pumps, only little differences in [131I]iFF concentrations in organs could be found; the higher
viscous formulation exhibited here slightly more continuous [131I]iFF levels in all organs.
This effect could be based on the fact that the in-vivo release rates of nanosuspension
formulations with high and low viscosity did not differ in contrast to the prior in-vitro
release results. Therefore, the slightly more consistent concentrations of higher viscous
[131I]iFF formulation in the organs over the 168 h, in contrast to the low viscous one, were
probably based on a better in-vivo stability due to a lower agglomeration tendency. Under
consideration of these results, it becomes clear that for a successful in-vivo performance of
nanosuspensions released subcutaneously from Alzet® pumps, the nanosuspension particle
stability in the s.c. tissue plays a crucial role besides the in-vitro release performance, as
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increased agglomeration in front of the pump orifice could have an additional influence on
the Alzet® pump release rate.
In conclusion of this thesis, important insights into the above mentioned unmet needs

could be gained. The robust predictability of a nanosuspensions stability could be partly
fulfilled by utilization of sedimentation analysis of fenofibrate nanosuspension, whereas the
thermodynamic approach of stabilizer-drug interaction is still challenging via ITC setup.
The utilization of nanosuspensions for the controlled release from s.c. implanted pumps was
proved to be a valuable tool for pharmacokinetic studies as alternative for solution vehicles.
However, prior to in-vivo conduction of animal experiments, the in-vitro verification of a
zero-order release of particles from pumps is required, as additional impact factors such as
viscosity, density and osmolality of formulation have to be considered. In-vivo improvement
of plasma kinetics of the poorly soluble compounds could be achieved for compound
A resulting in a constant drug substance level. However, under consideration, that the
plasma kinetics of compound A and iFF strongly differed although they were released in
the same manner from osmotic pumps in-vitro, it has to be revealed, that the in-vivo
performance of controlled released nanosuspension systems might be additionally depending
on drug substance intrinsic physicochemical properties, e.g. the s.c. permeability of utilized
compounds.

Future perspectives

From the obtained results of this thesis, answers regarding the controlled release of nanosus-
pensions from micro-osmotic pumps in-vitro and in-vivo could be answered. Additionally
new questions occurred, which can be clarified within the framework of future studies.
These aspects are:

◦ To obtain predictability of nanosuspension stability in Research and Development,
further mechanistic investigations of stabilizer-API surface interactions could be
done, e.g. by indirect determination of adsorbed stabilizer amount by the depletion
method after ultracentrifugation of nanoparticles and concentration determination of
stabilizers in the supernatant [75]. A further method would be the adhesion force
measurement between both types of substances via atomic force microscopy [152].

◦ 1D-EPR imaging of nanosuspension release from osmotic pumps could be conducted
with additional, newly synthesized spin probes, which show 1) a better resolution
to distinguish between zones of different probe concentrations within the pump and
2) which do not have the inappropriate migration behavior into the osmotic layer.
Furthermore, EPR imaging should be expanded on 2D- and 3D-imaging to track the
nanosuspension release from osmotic pumps in-vivo.
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◦ In-vivo Alzet® pump release experiments could be additionally done to determine
further influence factors on the release on nanosuspension formulations from subcu-
taneous tissue, such as the impact of nanosuspension particle size, particle surface
charge provided by utilization of various stabilizers, the impact of different apparent
pump rates, and each of this on various drug substance compounds. Furthermore,
the in-vivo performance of controlled nanosuspension release from pumps should be
tested also via the intraperitoneal route of administration.

5.2 German version

Der Fokus der vorliegenden Arbeit lag auf der Untersuchung von Nanosuspensionen als
mögliche Drug-Delivery-Systeme sowohl unter in-vitro als auch in-vivo-Gesichtspunkten, da
diese Partikel im Submikron-Größenbereich die Vorteile von hohen Arzneistoffbeladungen
und schnellen Auflösungsgeschwindigkeiten für schwerlösliche Wirkstoffe zeigen. Ziel dieser
Arbeit war es, die Eignung solcher Nanosuspensions-Systeme für die kontrollierte Freiset-
zung in der präklinischen Entwicklung zu evaluieren. Hierbei wurde der Schwerpunkt auf
das Erreichen von hohen und konstanten in-vivo Plasmaleveln nach parenteraler Freisetzung
von Nanosuspensionspartikeln aus osmotisch-kontrollierten Systemen gelegt. Dies wurde
abgedeckt durch die Herstellung, Charakterisierung, in-vitro-Untersuchung und in-vivo-
Evaluation von verschiedenen Modellstoffen in Nanosuspensionen nach Freisetzung von
subkutan implantierten osmotischen Pumpen. Dabei sollte die Frage geklärt werden, ob
Nanopartikel sich grundsätzlich zur kontrollierten Freisetzung aus Pumpen eignen: Dabei
wurde als erstes der Fokus auf die noch ausstehende Voraussagbarkeit von Nanosuspension-
sstabilitäten gelegt, da das Beibehalten der Größenverteilung von Nanopartikeln über einen
längeren Zeitraum eine notwendige Voraussetzung für spätere Freisetzungsexperimente mit
osmotischen Pumpen sowohl in-vitro als auch in-vivo darstellt. Als zweites sollte mit der
vorliegenden Arbeit die Wissenslücke bezüglich des in-vivo Verhaltens von Nanosuspensio-
nen nach parenteraler, insbesondere nach subkutaner kontrollierter Freisetzung verkleinert
werden.

Um ein geeignetes stabiles Nanosuspensionssystem für einen schwerlöslichen Wirkstoff
zu finden, sind immer noch zeit-intensive Screening-Tests von möglichen Stabilisatorkom-
binationen erforderlich, und dies wiederum zusätzlich für jeden einzelnen Arzneistoff
[251, 112]. Um die Voraussagbarkeit für geeignete Nanosuspensionsformulierungen zu
verbessern, wurden zwei physikochemische Charakterisierungsmethoden in dieser Arbeit
getestet. Mehrfachlichtstreuung von Modellsubstanz-Nanosuspensionen mit 0.5% (m/v in
Wasser) Fenofibrate wurde für die frühe Erkennung von Sedimentations- und Agglomera-
tionsphänomenen in der Probe ausgewählt (Kapitel 4.1.1.1). Mit der Vergleichsmethode
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der dynamischen Lichtstreuung konnten innerhalb von 22 h keine Veränderungen in der
Partikelgröße beobachtet werden, die Mehrfachlichtstreuungs-Methode dagegen war in der
Lage, eine geringe Agglomerationstendenz und die Sedimentation von Agglomeraten zu
detektieren. Die Veränderungen der Rückwärtsstreusignal-Intensitäten über die gesamte
Probengefäßlänge ergab eine Sedimentationsgeschwindigkeit von 0.3 mm ± 0.0 mm über
22 h. Damit stellt die Mehrfachtlichtstreuung eine geeignete Methode dar, um die Nanosus-
pensionsstabilität in einer frühen Phase bewerten zu können. Durch diese frühzeitige
Erkennung von Veränderungen, die in der Nanosuspension auftreten, war es möglich eine
Aussage darüber zu treffen, ob Fenofibrat-Nanosuspensionen für die nachfolgende Anwen-
dung in kontrolliert freisetzenden osmotischen Pumpsystemen in-vitro und in-vivo geeignet
sind.

Die Untersuchung von Stabilisator-Interaktionen mit Arzneistoff-Mikropartikel-Oberflächen
auf thermodynamischer Basis wurde mit ITC als zweite Charakterisierungsmethode mit der
Zielsetzung durchgeführt, die erhaltenen Werte von Adsorptionsenthalpien mit der Stabil-
ität der korrespondierenden Nanosuspensionsformulierung korrelieren zu können (Kapitel
4.1.1.2). Mit der Anwendung von nassvermahlenen Griseofulvin-Mikropartikeln mit einem
mittleren Durchmesser von 9 µm konnte die Adsorption der Stabilisatoren DOSS und NaDC
auf die Partikeloberfläche durch kleine auftretende exotherme Wärmesignale beobachtet
werden. Diese wurden allerdings wiederum durch endotherme Ereignisse überlappt, die
wahrscheinlich auf der Desagglomeration von Mikropartikeln aufgrund der Anwesenheit
von den beiden Tensiden beruhten. Die Adsorption dieser Tenside auf die Oberfläche
von compound A-Mikropartikeln zeigten kleine endotherme Wärmesignale über die Titra-
tionsdauer. Durch die Tatsache, dass bei der ITC-Methode nur sehr kleine Wärmesignale
auftraten, welche wahrscheinlich auf der zu kleinen Oberfläche der Mikropartikel basierten,
ist eine Korrelation dieser Wärmesignale mit einer Nanosuspensionsstabilität allerdings
kaum durchführbar. Auch die Überlappung der Signale durch endotherme Ereignisse trug
dazu bei.

Die Freisetzung von verschiedenen Formulierungen aus mikro-osmotischen Alzet®-Pumpen
wurde in-vitro untersucht, um eine Aussage über die verschiedenen Einflussfaktoren auf die
Freisetzungskinetik von Nanosuspensionen treffen zu können. Unter Berücksichtigung von
Gleichung (5) aus Kapitel 1.3 ist zu erwarten, dass die Freisetzung von Formulierungen aus
osmotischen Pumpen nur von der osmotischen Druckdifferenz zwischen osmotischer Schicht
der Pumpe und dem umgebenden Freisetzungsmedium und nicht von anderen Faktoren
abhängig ist. Dennoch ist bis heute nur wenig über die Freisetzung von nanopartikulären
Systemen aus mikro-osmotischen Pumpen bekannt [144, 135]. Daher wurden in dieser
Arbeit die Einflüsse von verschiedenen Formulierungsparametern (Viskosität, Osmolal-
ität, Dichte und Anwesenheit von Tensid) wie auch die Einflüsse von den Parametern
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Pumpenöffnungs-Position und Flussmoderator-Material auf die Freisetzungskinetik von
Fenofibrat-Nanosuspensionen und Farbstofflösungen analysiert (Kapitel 4.1.2.1). Mit
ansteigender Nanosuspensions-Viskosität war eine Freisetzungskinetik nullter Ordnung zu
beobachten, während bei den niedrig viskosen Formulierungen eine vorzeitige Freisetzung
aus den Pumpen zu sehen war. Dies könnte auf der Bildung von Agglomeraten in der
konzentrierten Nanosuspension beruhen, die nach Freisetzung ins Umgebungsmedium
wiederum desagglomerierten. Dieser Effekt war ersichtlich, da in der üblichen lateralen
Pumpenposition nur die Nanopartikel, nicht aber die wässrige Phase der Nanosuspension
vorzeitig freigesetzt wurden. Eine höhere Dichte der Formulierung, welche mit Methylenblau-
Lösungen untersucht wurde, die unterschiedliche Mengen an Polymeren enthielten, führte
ebenso zu einem Burst der Formulierung, wenn die Pumpen mit der Öffnung nach unten
zeigten. Da Fenofibrat-Nanopartikel-Dichten eine über der mit Methylenblaulösungen
ermittelten Grenzdichte von 1.024 g/cm3 besaßen, konnte ein ähnlicher Burst-Effekt auch
bei Nanosuspensionen in Kopfüber-Pumpenposition gezeigt werden mit der Besonderheit,
dass die wässrige Phase ebenso frühzeitig freigesetzt wurde. Höhere Osmolalitäten in den
Formulierungen führten ebenso zu der beobachteten frühzeitigen Freisetzung, welches mit
verschieden osmolalen Methylenblau- und Fluorescein-Natrium-Lösungen gezeigt wurde. In
einem weiteren Experiment konnte beobachtet werden, dass bei Anwendung des PEEK-
Flussmoderatormaterials eine Abschwächung dieser frühzeitigen Nanopartikelfreisetzung aus
Pumpen stattfand im Gegensatz zu den üblicherweise verwendeten Flussmoderatoren aus
Stahl. Dies könnte auf hydrophoben Interaktionen zwischen Nanopartikel und Flussmoder-
atoroberfläche beruhen, da PEEK eine höhere Hydrophobizität aufweist. Außerdem wurde
herausgefunden, dass die Konzentration von Arzneistoff in der Nanosuspension ebenso
einen wichtigen Einflussfaktor darstellt, was mit [127I]iFF-Nanosuspension gezeigt werden
konnte. Hier war eine vollständige Freisetzung von Formulierung nur bei höher konzen-
trierten Nanosuspensionen möglich. Ein weiterer wichtiger Einflussfaktor war außerdem
die Morphologie der Nanopartikel, wie bei der Freisetzung von nadelförmigen DPPH-
Nanosuspensionen gezeigt wurde.

Um ein tieferes Verständnis über die Freisetzung von Nanosuspensionen aus osmotischen
Pumpen zu erhalten, wurden 1D-EPR-Imaging-Versuche durchgeführt, um Veränderungen
der DPPH-Konzentrationen in den osmotischen Pumpen über die Freisetzungszeit in
spektraler und räumlicher Auflösung beobachten zu können (Kapitel 4.1.2.3). Es wurde
ein exponentieller Abfall zweiter Ordnung der EPR-Signalamplitude gefunden, welches
in Widerspruch mit den Freisetzungskinetiken nullter Ordnung steht, die über HPLC/UV
bestimmt wurden. Dieser Effekt wurde durch die Abschwächung des EPR-Signals durch
das in die Pumpe eindringende Wasser erklärt, welches die Mikrowellen absorbiert, die für
die Elektronenresonanz benötigt werden. Die Verwendung von TAM als internen Standard
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für die Korrektur der EPR-Signal-Abnahme basierend auf der Wasserabsorption in die
Pumpen zeigte sich als nicht geeignet, da die Signalintensität des in der Nanosuspension
konzentriert vorliegenden DPPHs zu groß im Vergleich zum TAM-Signal in der Lösung
war, obwohl die TAM-Lösung bereits maximal aufkonzentriert vorlag. Dennoch konnte
über die Betrachtung der EPR-Signalintensitätsverteilung in räumlicher Auflösung eine
Migration von DPPH-Substanz ausgehend vom Reservoir der Pumpe in die osmotische
Zwischenschicht beobachtet werden, was wiederum zeigt, dass es sich bei dem EPR-Imaging
um ein wertvolles Tool für analytische Zwecke handelt.

Die Freisetzung von Nanosuspensionen aus Alzet®-Pumpen und die daraus resultierenden
Folgen für das in-vivo-Verhalten nach subkutaner Applikation in Mäusen wurde letztendlich
in zwei Anordnungen getestet. Im ersten Experiment wurde der Schwerpunkt auf den
Einfluss auf compound A-Plasmalevel nach subkutaner Implantation der Pumpen gelegt,
welche entweder mit niedrig- oder hochviskoser Nanosuspension befüllt waren (Kapitel
4.2.1). Die in-vitro-Vortests ergaben eine Freisetzung nullter Ordnung für die hochviskose
Formulierung, was auch bereits mit der Fenofibrat-Nanosuspension gezeigt werden konnte.
Die Beibehaltung der Partikelgrößen der Nanosuspensionen während der Freisetzung aus
Pumpen in salzhaltiges Umgebungsmedium zeigte sich als wesentlicher Faktor, um Effekte
von Pumpenverblockungen zu vermeiden. Die Plasmalevel von compound A konnten
über 168 h nach s.c.-Implantation der nanosuspensionshaltigen Pumpen konstant gehalten
werden im Gegensatz zu den Bolus-verabreichten Nanosuspensionen der gleichen compound
A-Dosis, da diese zwar eine verlängerte Verteilung aus dem s.c.-Gewebe zeigten, allerdings
nur mit einem ausgeprägten Plasmapeak nach 6 h. Die Plasmakonzentrationsspiegel nach
Applikation der höher viskosen Nanosuspension, welche aus Pumpen freigesetzt wurde,
waren generell höher über den ganzen Beobachtungszeitraum im Vergleich zu denen der
niedrigviskosen Formulierung. Hier wird deutlich, dass die in-vitro beobachteten Unter-
schiede ebenso einen Einfluss haben könnten auf die in-vivo-Eigenschaften von compound
A. Die in-vitro beobachtete frühzeitige Freisetzung von niedrig-viskoser Nanosuspension
könnte ein Depot vor der Pumpenöffnung gebildet haben, von welchem die nachstehende
Auflösung und der Abtransport von compound A aus dem s.c.-Gewebe der geschwindigkeits-
bestimmende Schritt war, um die systemische Zirkulation zur erreichen.
Im zweiten in-vivo-Versuchsset wurde die γ-Szintigraphie als analytische Methode ver-

wendet, um den Weg der radioaktive markierten Substanz [125/131I]iFF in Nanosuspension
nach Freisetzung aus osmotischen Pumpen zu verfolgen (Kapitel 4.2.2.1). Neben der
Echtzeit-Untersuchung von subkutan applizierter Nanosuspension über γ-Szintigraphie von
[125I]iFF konnten auch Organverteilungsuntersuchungen mit [131I]iFF und die Bestimmung
der in-vivo kumulativen freigesetzten Nanosuspensionsmenge aus Pumpen vorgenommen
werden. Hierfür wurden die [125/131I]iFF/FF-Nanosuspensionen erfolgreich über Kokristalli-
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sation von iFF/FF und nachfolgender Nassvermahlung hergestellt; die bereits mit Fenofibrat
beschriebenen Freisetzungskinetiken für hoch- und niedrigviskose Formulierung konnten
auch hier in-vitro gezeigt werden. Nach s.c. Applikation wurde in den γ-Szintigraphie-
Versuchen außerdem beobachtet, dass sich die Nanosuspenion langsamer von der Injek-
tionsstelle verteilt im Vergleich zu der korrespondierenden Lösung. Bei Vergleich der
Organverteilungen von radioaktive markierter Substanz nach s.c. Applikation von 1)
Lösung, 2) Nanosuspension und 3) nach erfolgter Freisetzung von Nanosuspension aus
Pumpen konnten keine Unterschiede im Verteilungsmuster zwischen allen Organen fest-
gestellt werden. Die Bolus-Injektion der Nanosuspension zeigte eine exponentielle Abnahme
von [131I]iFF-Konzentration in allen Organen, wahrscheinlich aufgrund von Verkapselung
der Nanosuspension im Gewebe, während die Konzentrationen von [131I]iFF in den Organen
nach Pumpenfreisetzung beständiger waren. Die geringen beobachteten Unterschiede von
[131I]iFF-Konzentrationen in den Organen zwischen niedrig und hochviskoser Nanosus-
pension wurden auf das in-vivo-Freisetzungsverhalten aus Pumpen zurückgeführt, bei
dem gezeigt werden konnte, dass die Freisetzungskinetik von niedrig- und hochviskoser
Nanosuspension sich im Gegensatz zu den in-vitro erhaltenen Freisetzungsergebnissen
nicht unterschied. Daher beruhen die konstanteren Konzentrationen von [131I]iFF in der
hochviskosen Formulierung über den 168 h-Zeitraum wahrscheinlich auf einer besseren in-
vivo-Stabilität aufgrund geringerer Agglomerationstendenz. Bei Berücksichtigigung dieser
Ergebnisse wird klar, dass für das erfolgreiche in-vivo Verhalten von Nanosuspensionen, die
subkutan aus Alzet®-Pumpen freigesetzt wurden, die Nanosuspensionspartikelstabilität im
s.c.-Gewebe eine wichtige Rolle darstellt neben der eigentlichen Freisetzung, da in diesem
Falle gezeigt wurde, dass eine vermehrte Agglomeration einen retrospektiven Einfluss auf
die Alzet®-Pumpen-Freisetzungsrate haben kann.
Schlussfolgernd aus dieser Arbeit konnten wichtige Erkenntnisse über die oben genan-

nten offenen Fragen gewonnen werden. Die robuste Vorhersagbarkeit einer Nanosus-
pensionsstabilität konnte teilweise über die Anwendung der Sedimentationsanalyse von
Fenofibrat-Nanosuspension erfüllt werden, während sich die thermodynamische Analyse der
Stabilisator-Arzneistoff-Interaktion mit ITC als nicht messbar herausstellte. Die Anwendung
von Nanosuspension für die kontrollierte Freisetzung von s.c.-implantierten Pumpen als
Lösungsvehikel-Alternative erwies sich als wertvolles Tool für pharmakokinetische Studien.
Dennoch ist zu beachten, dass vor Durchführung von in-vivo-Versuchen mit Tieren eine in-
vitro-Bestätigung der Kinetik 0. Ordnung von Partikeln aus der Pumpe erforderlich ist, da
zusätzliche Einflussfaktoren, wie z.B. Viskosität, Dichte und Osmolalität der Formulierung
beachtet werden müssen. Die Verbesserung der in-vivo-Kinetik der schwerlöslichen Stoffe
konnte mit compound A hinsichtlich eines konstanten Arzneistoff-Plasmalevels erreicht
werden.
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Unter Berücksichtigung, dass sich die Plasmakinetiken von compound A und iFF in
Nanosuspensionen stark unterschieden, obwohl beide eine ähnliche Freisetzungkinetik
in-vitro aus osmotischen Pumpen besaßen, muss beachtet werden, dass das in-vivo-
Verhalten von kontrolliert freigesetzten Nanosuspensions-Systemen zusätzlich von intrinsis-
chen physikochemischen Substanzeigenschaften, wie z.B. der subkutanen Permeabilität,
abhängig sein könnte.

Perspektiven

Durch die erhaltenen Ergebnisse der Versuche der vorliegenden Arbeit konnten Antworten
betreffend der kontrollierten in-vitro- und in-vivo-Freisetzung von Nanosuspensionen aus
mikro-osmotischen Pumpen gefunden werden. Zusätzlich sind neue Fragen aufgeworfen
worden, die Gegenstand weiterer Studien sein könnten. Diese Aspekte betreffen:

◦ Um eine Voraussagbarkeit der Nanosuspensionsstabilitäten im Bereich von Research
und Development zu erreichen, könnten weitere mechanistisch getriebene Versuche
hinsichtlich der Stabilisator-Arzneistoff-Interaktionen durchgeführt werden, wie z.B.
die indirekte Bestimmung der adsorbierten Stabilisatormenge über die Depletions-
Methode nach Ultrazentrifugation von Nanopartikeln und Konzentrationsbestimmung
von Stabilisator im Überstand [75]. Eine weitere Möglichkeit wäre die Messung von Ad-
häsionskräften zwischen den beiden Interaktionspartnern via Rasterkraftmikroskopie
[152].

◦ 1D-EPR-Imaging der Nanosuspensions-Freisetzung aus osmotischen Pumpen sollte
mit zusätzlichen, neu synthetisierten Spinsonden durchgeführt werden, die 1) eine
bessere Auflösung zeigen, um auch Zonen verschiedener Spinsondenkonzentrationen
innerhalb der Pumpe unterscheiden können und 2) welche nicht die unerwünschte
Eigenschaft der Migration in die osmotische Schicht der Pumpen zeigen. Weiterhin
sollte das EPR-Imaging auf 2D- und 3D-Imaging erweitert werden, um die Nanosus-
pensionsfreisetzung aus osmotischen Pumpen auch in-vivo gut nachverfolgen zu
können.

◦ Weitere in-vivo Alzet®-Pumpen-Experimente sollten zusätzlich durchgeführt werden,
um andere Einflussfaktoren auf die Freisetzung von Nanosuspensions-Formulierungen
aus Subkutangewebe zu untersuchen, wie z.B. den Einfluss der Partikelgröße, der
Partikelladung über die Verwendung unterschiedlicher Stabilisatoren und den Einfluss
unterschiedlicher Pumpraten; dieses wiederum sollte mit verschiedenen Arzneistoffkan-
didaten ermittelt werden. Weiterhin sollte das Verhalten von kontrolliert freigesetzter
Nanosuspension aus dem Intraperitoneal-Gewebe untersucht werden.
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Appendix

Table 5.2.1: Mathematical evaluation of release kinetics of different viscous fenofibrate nanosuspensions
from Alzet® pumps. Linear fit and first order mass balance fit was done by plotting the
cumulative mass release [%] versus time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

FF nanosuspension, 2.5% HPMC 0.857 13.82 0.989 14.6 0.963 7.56

FF nanosuspension, 5% HPMC 0.823 14.58 0.985 18.38 0.953 8.06

FF nanosuspension, 7.5% HPMC 0.998 1.16 - - - -

FF nanosuspension, 10% HPMC 0.993 2.02 - - - -

Table 5.2.2: Mathematical evaluation of release kinetics of fenofibrate nanosuspensions from Alzet®
pumps in various positions. Linear fit and first order mass balance fit was done by plotting
the cumulative mass release [%] versus time [t] and/or versus the square root of time
[
√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

FF nanosuspension, headlong 0.730 14.70 0.956 35.17 0.898 9.04

FF nanosuspension, outlet at top 0.982 3.67 - - - -

FF/captopril, fenofibrate, lateral 0.893 9.57 0.997 2.29 0.989 3.48

FF/captopril, fenofibrate,
headlong

0.797 14.39 0.980 20.08 0.944 7.58

FF/captopril, fenofibrate,
outlet at top

0.990 3.23 - - - -

FF/captopril, captopril, lateral 0.995 2.29 - - - -

FF/captopril, captopril, headlong 0.728 20.15 0.999 28.86 0.901 12.13

FF/captopril, captopril,
outlet at top

0.980 3.65 - - - -
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Table 5.2.3: Mathematical evaluation of release kinetics of various solution and nanosuspension
formulations from Alzet® pumps equipped with the PEEK flow moderator. Linear fit and
first order mass balance fit was done by plotting the cumulative mass release [%] versus
time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

Methylene blue solution 0.998 1.46 - - - -

FF nanosuspension, lateral 0.949 7.56 - - - -

FF nanosuspension, headlong 0.818 11.63 0.930 51.59 0.959 5.49
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Table 5.2.4: Mathematical evaluation of release kinetics of methylene blue and fluorescein sodium
solutions with different osmolalities from Alzet® pumps. Linear fit and first order mass
balance fit was done by plotting the cumulative mass release [%] versus time [t] and/or
versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

Methylene blue solution,
∆1200 mosm/kg

0.715 23.96 0.997 6.01 0.903 14.01

Methylene blue solution,
∆500 mosm/kg

0.880 14.76 0.991 14.88 0.979 6.20

Methylene blue solution,
∆300 mosm/kg

0.973 6.38 - - - -

Methylene blue solution,
∆200 mosm/kg

0.990 3.75 - - - -

Methylene blue solution,
∆162 mosm/kg

0.999 0.77 - - - -

Fluorescein sodium solution,
∆1200 mosm/kg, K2HPO4

0.870 12.93 0.990 10.58 0.975 5.63

Fluorescein sodium solution,
∆1200 mosm/kg

0.945 8.90 0.986 19.83 0.992 3.61

Fluorescein sodium solution,
∆500 mosm/kg

0.976 6.03 - - - -

Fluorescein sodium solution,
∆300 mosm/kg

0.985 4.82 - - - -

Fluorescein sodium solution,
∆200 mosm/kg

0.994 2.79 - - - -

Fluorescein sodium solution,
∆162 mosm/kg

0.996 2.03 - - - -
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Appendix

Table 5.2.5: Mathematical evaluation of release kinetics of methylene blue solutions of different
densities and fluorescein sodium solutions with/without additional DOSS from Alzet®
pumps. Linear fit and first order mass balance fit was done by plotting the cumulative
mass release [%] versus time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

Methylene blue solution,
+ HPMC, lateral

0.998 1.35 - - - -

Methylene blue solution, headlong 0.994 2.94 - - - -

Methylene blue solution, + HEC,
headlong

0.972 6.53 - - - -

Methylene blue solution,
+ HPMC, headlong

0.779 20.26 0.987 24.78 0.936 10.94

Fluorescein sodium solution
+ 0.1% DOSS, ∆0 mosm/kg

0.991 3.92 - - - -

Fluorescein sodium solution
+ 0.1% DOSS, ∆250 mosm/kg

0.992 3.75 - - - -

Table 5.2.6: Mathematical evaluation of release kinetics of various compound A nanosuspensions
from Alzet® pumps. Linear fit and first order mass balance fit was done by plotting the
cumulative mass release [%] versus time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

Compound A H/D A formulation 0.929 0.17 0.844 0.06 0.946 0.17

Compound A H/D B formulation 0.972 4.78 - - - -

Compound A LF108 A formulation 0.866 13.40 0.974 34.36 0.972 6.17

Compound A LF108 B formulation 0.983 4.79 - - - -
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Table 5.2.7: Mathematical evaluation of release kinetics of various [127I]iFF nanosuspensions from
Alzet® pumps. Linear fit and first order mass balance fit was done by plotting the
cumulative mass release [%] versus time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

[127I]iFF formulation A 0.435 2.39 0.986 0.143 0.648 1.89

[127I]iFF/FF formulation B 0.585 2.75 0.993 0.115 0.797 1.92

[127I]iFF/FF formulation C 0.800 12.85 0.990 8.41 0.944 6.80

[127I]iFF/FF formulation D 0.989 3.104 - - - -

Table 5.2.8: Mathematical evaluation of release kinetics of various DPPH nanosuspensions from Alzet®
pumps. Linear fit and first order mass balance fit was done by plotting the cumulative
mass release [%] versus time [t] and/or versus the square root of time [

√
t].

Linear fit vs. [t] First order mass
balance fit vs. [t]

Linear fit vs. [
√
t]

Formulation R2 RMSE R2 Chi2/DoF R2 RMSE

DPPH nanosuspension, 7% API 0.898 6.44 0.749 89.54 0.750 10.09

DPPH nanosuspension, 10% API 0.961 3.90 - - - -

DPPH nanosuspension, 15% API,
lateral

0.987 3.07 - - - -

DPPH nanosuspension, 15% API,
bottom-up

0.897 3.58 0.949 6.31 0.985 1.35
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