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Chapter 1

1.1Injectable drug delivery systems

1.1.1General aspects

The first official parenteral injected drug was arphine injection mentioned in the British
Pharmacopeia in 1867 [1]. Since that time their beinhas been increased dramatically. Injectable
drug delivery systems are formulations or carrigstems for active pharmaceutical ingredients
(APIs) which are administered by subcutaneous)(smtramuscular (i.m.), and intravenous (i.v.)
routes as well as at other specific sites suchtes-articulate [1,2]. The following work is focuse
on injectable s.c. and i.m. drug delivery systeim&omparison to conventional oral dosage forms,
these systems provide numerous advantages sumcharizigg. 1. However, the application of oral
dosage forms is often preferred, due to disadvastaghich are associated with the injectable
administration route and the high requirementstifier manufacturing of injectable drug delivery
systems [1-3]. These issues must be consideredgdliime development of injectable drugs in order

to use their advantages in an optimal way.

Bioavail-
cation ability

Fig. 1 Advantages of injectable drug delivery system2,At7].

Issues during application of injectable drug delivey systems
Major problems during the application are pain &ssue damage at the injection site decreasing
the patients’ compliance.
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Different methods are used to reduce these issgksling [3,8]:

» Co-administration of anesthetics (e.g. lidocaioeleduce pain

* Reduction of injection speed as well as use obfitenal injection needles (size, shape), site,
depth, technigue and temperature of dosage fomiriomize pain and tissue damage

» Optimization of the formulations with respect tgeiction volume, viscosity, particle size, pH,
tonicity, osmolarity, drug concentration, dosagenfo(e.g. diazepam formulated as an
emulsion reduces the injection pain), excipientg.(eo-solvents, microbial preservatives,

chelating agents) to decrease pain and tissue damag

There is a general consensus that a maximum iojegtlume should not be exceeded in order to
reduce injection pain and tissue damage, but tleeifsgation of the optimum and maximum
volume varies in dependence on the drug formulasind the literature source. It is frequently
recommended that the volume injected i.m. shoulé&&than 5 ml into large muscle groups [8,9].
The overall liquid amount administered s.c. shdagdless than 2 ml with the optimum at 0.5 ml
[1]. The limits of injection speed are difficult ttefine. Empirically determined, injections should
be administered within 10 s. Too long duration pplecation decreases the patients’ compliance,
but a rapid injection is restricted by high vise¢psof drug formulations or large suspended
particles. A wide-broad opinion is that large needibmeters generally increase the injection pain.
Interestingly, clinical trials show that a certamcrease in the needle size does not or only $jight
intensify the injection pain [10,11]. However, thpplication of voluminous dosage forms, i.e.
implants, require the use of large needles and, thuninor surgical procedure is necessary which
can cause hematoma, bleedings, and pain [12]. finerdn dependence on injection pain and
tissue damage, the application frequency shoulith laetolerable mode to increase the compliance
of injectable drug delivery systems. Implants tgflic provide long dose intervals of year(s)
(Vantas® is injected every year, Implanon® everyears) [12,13]. Oil-based formulations and
polymeric microparticles are injected non-surgigllit may cause higher injection resistance than
most aqueous solutions. They are commonly admimeidteith 20-23 gauge (G) injection needles
every 2-12 weeks [14-16].

Another challenge for the application of injectatiteg delivery systems is related to the long-term
efficacy. Although the sustained drug delivery ieqluently appreciated, this characteristic is
unintended in case of hypersensitivity becausesistems are often difficult to remove [17].
Consequently, complete baseline assessment shailgpebformed on each patient before
administration to reduce the incidence of hypersgasreactions to a minimum. Furthermore, the
application of a lower non-sustained dose is recendud, prior to the first injection of the
reservoir system [18]. A further disadvantage, carag to oral application forms, is that injectable
dosage forms can usually not be administered byé#tents themselves and require therefore a

visit to a physician. Moreover, the individual apption procedure has to be trained because a

3
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wrong application can cause injection pain, bufsthe depot system, or insufficient efficacy
[12,18]. S.c. and i.m. injections should be plaaady from big nerve fibers and blood vessels to
avoid embolism and/ or gangrenes. As a consequar®g, and better injection devices are
developed which are easier to apply or even alldbwrae treatment by the patients themselves [1].

Such systems include autoinjectors or portablenggrpumps.

Manufacturing issues of injectable drug delivery sgtems

Since injectable drug delivery systems bypass ahtarriers of the body (gut, skin, mucosa),
highest quality and purity standards must be ewsuoe protect the patients from physical,
chemical, and microbial contamination [2]. Consenilye injectable dosage forms as well as the
included API and excipients have to be fulfill spgcequirements which are not prerequisite for

oral dosage formd=(g. 2).

Injectability and
syringeability

Restrictions in pH and

Pyrogen- and endotoxinfree ———_

Injectable
drug delivery

Sterilization of the final system
product and/or aseptic
manufacturing using sterile
API and excipients

Highest purity level for the
API and excipients

Biocompatibility of the overall formulation, excipients
and degradation products with higher requirements
compared to oral dosage forms (non-toxic, non-
immunogen, non-allergenic, non-cancerogen)

Fig. 2 Special manufacturing challenges of injectablegddelivery systems (additional requirements
compared to oral dosage forms) [2,4,19].

1.1.2Conventional versus controlled-release injectablerdg delivery systems

The difference between conventional and controlleay delivery systems is difficult to define.
A.T. Florence[20] gives a broad definition of the term contedlldrug delivery systems, as he
suggested that the systems provide a “true coafrdiug release rates”. The history of controlled
drug delivery systems includes earlier “uncontdill®r “conventional” systems which ensure
stability, activity, and bioavailability of the ARJut do not reach sufficient drug release control
[20,21]. Unwanted pharmacokinetic drug behaviocafiventional systems is then most often the
driving force for the development of controlledeate systems [20]. Therapeutic advantages of
controlled-release systems include prolonged dosirequency, improved efficacy-dose
relationship, reduced drug plasma level fluctuatiand adverse effects, as well as higher patients’

compliance [17]. In order to realize the desireeraipeutic outcome, the delivery system should



Chapter 1

achieve the optimal effective drug concentratiora gire-determined rate and/ or at the preferred
location [22]. There are various terms to descdhgy release from drug delivery systems which

overlap with the term “controlled drug release”]f20

» Sustained or prolonged drug release: continuoug-term release from the formulation
* Modified drug release: release rates which arewdifit from immediate release

» Pulsatile drug release: release of more than amg divse from a given system

» Timed drug release: release after a specified gpeafidime

» Triggered drug release: release that is stimullayeah external or endogenous signal

» Targeted drug release: release at a specific totédi.g. in tumor or brain)

Three elements are critical for the controlled aske the API, the formulation and the
administration route [20]. Accordingly, drug modéiion i.e. PEGylation (Interferon alpha 2-a),
synthesis of drug esters (estradiol esters) os ghinzathine benzylpenicillin), or complexation
(insulin-zinc-complexes) are used to prolong thegdielease. In addition, the drug release can be
regulated by suitable carrier systerAsS. Hoffmanr5] suggested a categorization of controlled-
release carrier systems into “macro-“, “micro-* aftmanocarriers”. “Nanocarriers” have a size
between 10-1000 nm and include i.e. nanopartitijgssomes, and polymeric micelles. Injectable
“microcarriers” are i.e. biodegradable polymeridipid-based microparticles. Their size ranges in
a 1-1000 pm scale. Injectable “macrocarriers” aelimited to gels or implants [7]. Sometimes,
controlled drug delivery systems are directly aguplio the site of action to increase the local

efficacy and reduce systemic drug circulation (@i®) [17].

1.2S.c. and i.m. injectable drug delivery systems fdipophilic APIs

Next, selected examples of s.c. and i.m. injectdblig delivery systems are introduced. Since the
work is focused on steroids, drug delivery systenfgch are suitable carrier systems for lipophilic

APls, are discussed.

1.2.10il-based solutions as well as agueous and oil-baseicrocrystal suspensions (MCSs)

General aspects and considerations for preparation

Oil-based solutions as well as oil-based and aqu®LSs are the most commonly used injectable
formulation options for the large number of lipdghiAPls [23]. Some APIs are not only poorly
soluble in agueous but also in oil-based vehicle¥a are unstable in aqueous fluids. For these
molecules, oil-based MCSs might be suitable do$agas. Vegetable or semi-synthetic oils, i.e.
medium chain triglycerides, sesame, castor andypeal) are typical vehicles for the preparation
of oil-based formulations. Most of these oils aegarded as essentially nontoxic and nonirritant
materials [24]. Peanut and sesame oil are sometimperted to cause hypersensitivity but

allergens are inactivated by heating or removedghly refined qualities [24].
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Advantageously, no further addition of any excipseto the vehicles is frequently required to
prepare oil-based solutionfgb. 1). However, antioxidants and antimicrobial preséves may be
necessary because oils can tend to oxidation adtblyyic or microbial rancidity upon contact
with moisture [24]. Moreover, co-solvents are addedachieve API solubility in the desired
concentration. For i.m. and s.c. injections, thgaaic solvent concentration can be increased up to
100%; however, the injection volume is then cormsé@ to prevent pain, inflammation, and
hemolysis caused by solvents [3,9]. The limitsifgection volume and solvent concentration are
tighter for s.c. injections due to the slaowivo dilution [9]. The organic solvent benzyl benzoiate
not only added to castor oil to increase drug sbitytbut also to reduce viscosity and to ensure

consequently syringeability and injectability.

Tab. 1 Excipients used in injectable oil-based solutiand aqueous and oil-based MCSs [1,25-27].

Excipients Oil-based Aqueous Oil-based
solutions MCSs MCSs

Buffer, pH-adjusting agents X

Solvents, co-solvents, solubilizing agents X

Surfactants as suspending agents, wetting agents X X

Viscosity-imparting agents X X

Antimicrobial preservatives x) X (X)

Antioxidants, reducing agents x) X (X)

Tonicity adjustors X

Flocculating and deflocculating agents X

In advantage to solutions, chemical API instale§itsuch as hydrolysis or oxidation are typically
reduced in MCSs [25]. However, MCSs are thermodyoally unfavorable systems which show
numerous physical instabilities, i.e. aggregationcrystal growth. Crystal growth is caused by
temperature fluctuations, polymorphic transformatior Ostwald ripening [25]. The latter is more
an issue for small particles of less than 1 pum.[Z8]gregation and crystal growth affect the
particle size distribution and shape. These parttiaracteristics influence the sedimentation rate
and resuspendability, the API dissolution, the aé#ty and, consequently, the product appearance,
product stability, and the drug release [25]. Mersroneedle-shaped and other particles with sharp
edges could lead to irritations. Sedimentatiomistlaer physical instability that leads, in the wors
case, to irreversible sediment compaction (cakiWg)h respect to the Stoke’s lalquation 1),
sedimentation is reduced by viscosity increase raaiction of particle sizes and the density
difference between particle and vehicle. Howewveo, $mall particles increase the risk of caking
and Ostwald ripening. Sedimentation during the rfecturing can cause deviations in the content
uniformity. For injectable MCSs prefilled in syrigg, sedimentation could cause clogging of the

injection needle during administration. Thus, regtitation is often a prior step to injection.
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,= 9980 - p))
18

Equation 1 Stoke’s lawy = sedimentation velocityy =gravity of earthd = diameter of suspended patrticles,
o1 = particle densityp, = density of continuous phasg= viscosity of continuous phase.

To prevent physical instabilities of suspensionffeknt techniqgues can be employed such as
selection of a narrow patrticle size distributiord anore stable drug crystal forms, the avoidance of
high-energy milling during micronization and temgieire extremes during storage as well as the
incorporation of stabilizing agents, i.e. surfatsawiscosity-increasing or (de)flocculating agents
[25] (Tab. 1). Steric or electrostatic repulsion of suspendadiges play an important role for the
prevention of aggregation [25]. It is generally tlased that oil-based MCSs provide higher
physical stability than agueous MCSs, i.e. duéheohigh viscosity of the continuous phase. Thus,
stabilization approaches for oil-based MCSs arehmass investigated than for aqueous MCSs.

However, during long-term storage, physical indtigbian also be an issue for oil-based MCSs.

In vivo release and absorption processes

Injectable oil-based solutions and aqueous or askeld MCSs deliver APIs mostly, more or less
constant, over weeks to months. They are oftenmrezf¢o as conventional parenteral drug delivery
systems [29,30]. Nevertheless, there are poskiltb manipulate the drug release kinetics. The
understanding of the complex interaction of manyfedént mechanisms that affect the
pharmacokinetics (LADME) is the basis for influemgithe drug release. In the literature, various
parameters are described which influence the delepse and uptake into the systemic circulation

after s.c. and i.m. injection [29,31,32]:

» API: molecular weight, I8, solubility in the vehicle and the surroundingidiucrystalline
structure, lipophilicity (oil-water partition coédfent), irritating properties

» Formulation: vehicle characteristics (irritating propertiesiscosity, interfacial tension,
chemical/enzymatical degradability), excipient @ud@s (e.g. co-solvents and surfactants),
vehicle volume (drug concentration), dissolved @spdrsed API, surface area of drug
microcrystals, shape of the depot (needle/sphérical

» Application: injection technique and depth, injection trauntfdach can cause a change in the
physiology of the injection site

* Injection site: body movement, muscle activity, drainage and dlflow, osmolarity, pH,

tissue structure, distribution of enzymes and pmetenflammation

In vivo release and absorption of aqueous MCSs
Low API amounts are dissolved in the aqueous velaold dissolved drug molecules are assumed
to be transported through the tissue together thtflow of the agqueous vehicle from the injection

site [29]. After complete drainage of the aqueoekiale, APl remaining at the injection site is
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dissolved in the tissue fluid and transported sjowith the tissue fluid flow and normal diffusion
processes [29]. The API dissolution in the aquealscle and tissue fluid is a major step in drug
release from MCSs and depends on the API solupitiigrocrystal size and shape and the fluid
viscosity Equation 2a). Thus, these parameters may be used to manighkatérug release rate.
Furthermore, API particle size and concentratiofluemce rheology and viscosity of the
formulation [33].Equation 2b describes the dissolution rate of cubical parsicleth respect to
particle size changes during the dissolution pracdgcordingly, a relationship between the

absorption profile of injected aqueous MCSs andcthize root law was found [34].

a) dM/dt = S/D [qcs—a)/ h b) wl® - w =k,

Equation 2 Equations derived from the Noyes-Whitney equatiasdd on Fick's lawa) Nernst-Brunner
equation consideringM/dt = mass transported in the time interddl S = surface area of the drug particle,
D = diffusion coefficient,cs = drug solubility in the liquid unstirred boundaryyé& surrounding the drug
particle, ¢ = drug concentration in the well-stirred bulk @uh = thickness of the unstirred boundary layer
[35]; b) Hixson — Crowell equation consideringy = initial weight, w = residual weight at time,

k2 = constantt = time [36].

In the next step, drug transfer through the tissare influence the pharmacokineti¢gadir et al.
[31] compares the drug transport through the tissith a reversed-phase chromatography,
whereas the paracellular route resembles the mpbidse and the cells resemble the lipophilic
stationary phase. Small, hydrophilic molecules #hanainly be transferred by the paracellular
route and passive diffusion and show thereforeseefalrug absorption rate. Lipophilic APIs retard
longer by partitioning over the transcellular routdathematical models of drug diffusion
mechanisms in the tissue may be derived by theé<lalws Equation 3) and should follow first
order kinetics. In general, there is a risk of mmpbete drug release within the therapeutic relevant
time for very lipophilic APIs suspended in aguemghicles, due to low drug solubility in the

aqueous vehicle and tissue fluid as well as sldfugion from the injection site [31].

F :—Dé
X

Equation 3 Fick’s first law of diffusion.F = rate of transfer per unit area of section (fllog concentration
of the diffusing species, = distancepP = diffusion coefficient (also called diffusivity37].

In vivo release and absorption oil-based solutiand MCSs

Oil-based vehicles stay longer at the injectioa #ian aqueous media [38]. The disappearance rate
of oils was investigated in different animal modg9-41]. In general, the results were highly
variable and strongly depended on the animal mddelas assumed that the vehicle viscosity
influenced the disappearance rate of oils; howeaeslear correlation between vehicle viscosity
and clearance rate was not found. Moreover, chémiaholysis of glyceride ester bonds should
proceed very slowly at physiological pH [40]. Thesjubilization or enzymatical degradation of
oils which may be influenced by the oil compositiseemed to mainly control the vehicle

clearance rate [40]JF{g. 3). Furthermore, phagocytosis and uptake of sma&diroiplets by the
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lymphatic system was discussed to contribute onvitacle disappearance [41]. For oil-based
solutions, the overall drug absorption rate is dbed to follow first order kinetics [42]. The pteas
transfer of the API from the oil to the aqueoususs fluid is assumed to play a major role in the

release process [29FiQ. 3).

Solubilization

= .
L] °
° ° ° ~
° ®  Drug molecules
: Drgamson) . . :
N Oil droplet
e S
. - . . A \\.\A * Macrophages
Sprcading ¢ ° ° Phase transfer Tissue
of oil of drug molecules
= I ° ° l °
.. | Diffusion of ,|  Phase transfer ,| Diffusion of
oil droplets of drug molecules drug molecules | *
° ® ‘ °
<10 pm § é
Phagocytosis E ig)
KE

Fig. 3 Processes of drug delivery from oil-based sol&ti@9,38,40].

Thus, increased drug lipophilicity should not ordystain drug transport through the tissue,
according toKadir et al. [31], but also the vehicle to tissue fluid tramsiedeed, prolonged drug
absorption was shown by increasing the drug ligaptyi [43,44]. Moreover, the vehicle viscosity
could theoretically influence the drug diffusioropesses of dissolved drug molecules. However,
the viscosity was found to be negligible for theugirabsorption rate [42]. Prolonged drug
absorption was shown with lower drug concentraiiorihe vehicle (corresponding to a higher
vehicle volume) in accordance to the Fick’s law][4B6 addition, the shape of the oil-based depot,
which is influenced by the interfacial tension, fhieysiology of the injection site, the injection
volume and technique (e.g. speed), and body movienmapacts the drug diffusion processes
[42,46,47]. Beside drug diffusion into the bloodssels, small drug-containing oil droplets are
described to be cleared to lymphatic vessels avaiia the s.c. tissue [29,46,47]. Since the flaw i
the lymphatic system is slower than in the venosgesn, a second drug depot is built in the
lymphatic system that release the API over a pgednperiod of time to the system [47-49]. The
drug uptake into the lymphatic system is neverggeliescribed to be less pronounced and occur
mainly for very lipophilic and large molecules [28]. In general, the risk of residual lipophilic
API that is not absorbed in the therapeutic timewser for oil-based formulations than for aqueous
MCSs [29]. The reason is that the API is kept dis=b in the oil which stays longer at the
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injection site than water [29]. For extremely lipd APIs (e.g. perphenazine decanoate) with
very high affinity to oils, the vehicle disappeatarcan be the release-controlling step [40]. Ia thi
case, degradation of the oil-based vehicle camentte thean vivo performance [47]. Compared
with oil-based solutions, the drug release frombased MCSs is characterized by an additional
step: the API dissolutiorEQuation 2). Drug release of oil-based MCSs is less oftercrilesd in
the literature, compared to aqueous MCSs and sgdbzolutions. An oil-based MCSs might be an

option when aqueous MCSs show an incomplete releisi|n the therapeutic relevant time [29].

Application of injectable oil-based solutions and queous and oil-based MCSs

Examples of oil-based drug solutions are listedTab. 2. Whereas numerous i.m. and s.c.
injectable agueous MCSs are marketed, i.e. NPHimswaccines (influenza virus antigen), or
contraceptive steroidg &b. 4), oil-based MCSs are rarely to find. Solganal@ sesame oil MCS
of aurothioglucose used in humans. Posilac® commginnc bovine growth hormone dispersed in
sesame oil is one of the most frequently sold iredey product [38]. Furthermore, injectable oil-

based MCSs are often used in earlier phases ofdérvgjopment for first efficacy tests.

Tab. 21.m. and s.c. injectable oil-based drug solutishich are commercially available in Germany [13].

Products (German API Composition of oil-based Dose interval

trade name) vehicle in weeks
Androcur®-Depot Cyproterone actetate* Castor @hbyl benzoate 2
Faslodex® Fulvestrant* Castor oil, benzyl benzoate, 4
ethanol, benzyl alcohol
Noristerat® Norethisterone enanthate* Castor @hyl benzoate 8-12
Testoviron®-Depot Testosterone enanthate* Castpbenzyl benzoate 2-3
Nebido® Testosterone undecanoate* Castor oil, Hdveyzoate 2
Rheumon® i.m. Etofenamate Medium chain triglyceside -
Flupentixol- Flupentixol decanoate Medium chain triglycerides 4 2-
neuraxpharm®
Ciatyl-Z® Depot Zuclopenthixol decanoate Mediumiohaiglycerides 2-4
Testosteron-Depot Testosterone enanthate* Peanut oll 2-4
Jenapharm®
Lyogen® Depot Fluphenazine decanoate Sesame oil 2-4
Haldol®-Janssen Haloperidol decanoate Sesame oil, benzyl alcohol 4

Decanoat

* API with a steroidal chemical structure

1.2.20rganogels

General aspects and considerations for preparation
In principle, organogels can be considered as dnield formulation versions of oil-based MCSs or
solutions (or, in a wider sense, of emulsions). aDogelators are added to oil-based MCSs or

solutions mainly for two reasons: to reduce physigstabilities (sedimentation, aggregation) of
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oil-based suspensions and to prolong the drugselefoil-based MCSs or solutions [50-52]. For
the parenteral application, injectability and sgaability are crucial and must not be lost with
increasing vehicle viscosity. Generally, most g&t®w a tremendous viscosity decrease under
mechanical stress due to the breakdown of the oggdator network. This effect can be used

advantageously to inject the formulations.

“....the colloid condition, the gel, is easierremognize than to define”, is an often used cit® of
Jordon Lloyd53] to describe the difficulty of defining a gel. Vau® gel definitions have followed
and since today, they differ more or less from btegature source to the othevintiloiu and
Leroux [54] describe gels as a semi-solid material comgi low concentrations of gelator
molecules that self-assemble in the presence o&ppropriate fluid into an extensive mesh
network. In the strict sense, organogels includeéassembled gelator molecules in a matrix of
lipophilic vehicle. However, the term organogelised broader in the literature. Some organogels
also contain water beside gelator and lipophiligdfl[55,56]. These systems can be distinguished
from hydrogels by the predominant lipophilic contius phase [54]. The molecular structure of
potential gelators and the preferentially gelledvesats is difficult to predict. Screening of
molecules and solvents is necessary to find seitgélling systems because many factors influence
the organogelator aggregation [54]. The balancthefgelator's solubility and insolubility in the
given fluid plays an important role in the fiberrdmation and prevents phase separation [54]. A
good solvent is not gelled because the gelatoresblinteraction is too strong [57]. The solvent
polarity and nature of the solvent molecules inileeethe shape of the gelator aggregates [58,59].
Vehicles for organogels are e.g. aliphatic and at@nhydrocarbons, alcohols, silicone oil,
dimethyl sulfoxide, and vegetable oils [57]. Sommets additives i.e. co-surfactants are included,
which can influence the gelation [60,61]. As abogationed, anhydrous and water-containing
organogels have been studied [54]. The absence afjaeous phase is advantageously for APIs,

which are unstable in water and reduce the rigkiofobial contamination [57].

In contrast to hydrogels, organogels contain madstly-molecular weight gelators [S57Fig. 4).
Whereas macromolecular organogelators interconngégt chemical, covalent or physical
interactions, low-molecular weight organogelators solely linked by physical attractions [54].
Attractive physical forces for gelation in non-aqus vehicles are hydrogen bonding, van der
Waals forces.z-stacking, electron transfer, solvophobic effectsl anetal coordination bonds
[54,57,61]. Hydrophobic attractions, a major drgyiforce for hydrogel formation, are either not
operative or of minor importance in many organguids [61]. Organogelators self-assemble into
various aggregates like rods, worm-like chainsuled, ribbons, fan-like structures, fibres, and
platelets [57]. Structural properties of the orggelator, i.e. functional groups, polarity, rigidity
and steric effects can influence the tendency déoube aggregation and dictate the self-assembly

and nature of gelator aggregates [54,57].
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Organogel
[
Low-molecular weight Polymeric
gelator gelator
v v v
Gelators which can form Gelators which can form
solid matrices in suitable fluid matrices in suitable e Low-molecular weight
vehicles: vehicles: poly(ethylene)
e Fatty acids, . (Plastibase®),
« Steroid derivatives, ® Lecithin, e Copolymers of
o Amino acids. e Sorbitan monostearate, me[hacrylic acid and
e Sorbitan monopalmitate methyl methacrylate (1:1

o Organometallic compounds,
e Amide- or urea compounds,
* Nucleotides,

o L-alanine fatty acid esters,
o Peptides,

* Bisurea-based compounds,
e Sugars,

o N-alkanes,

e ALS compounds

or 1:2 ratio),
e Alkylated poly(glycerol
methacrylate) amphiphiles

Fig. 4 Overview about organogelators [54,57,61].

Low organogelator concentrations of less than 1%@6usually needed [54]. Very low gelator
concentrations of 0.1% are necessary using sugaredesupergelators [62]. The organogelator
aggregates prevent the flow of organic solvent @usurface tension and, thus, lead to solvent
gelation [54,57]. Low-molecular weight organogetatoan be further divided into solid- and fluid-
matrix gelators [61]. The resulting organogels oftbtypes differ in their physical properties and
kinetic behavior [54]. Solid-matrix organogels exhipermanent solid-like networks in which the
junction points are spatially extended (pseudo}atlse microdomains [61]. They are obtained
through a sharp sol-to-gel phase transition atecifip temperature [61]. The gels are usually
prepared by dissolving the gelator in the hydrophafehicle at higher temperature. Thereafter,
gelator-solvent affinity is decreased upon cooliregulting in gelator self-assembling [54]. The
gelator aggregates of solid matrices grow mostly-dimensional to fibers or rarely two-
dimensional to microplatelet structures [61]. Farthore, chirality of organogelators effects the
growth and stability of fibrillar networks [63]. &d-matrix gels have transient networks in which
junction points are most often simple chain entamgints or regionally limited organized
microdomains [54,61]. Additional kinetic featureack as chain breaking/recombination and
dynamic exchange of gelator molecules with the ligikid may occur [54,61]. Fluid-matrix gels
are prepared by suspending an amphiphilic molecnle®stly water, but rarely other solvent [63].
The surfactant molecules form reverse micelles egaying into cylindrical structures that
immobilize the solvent [54]. Organogelator chimalis described to be less important [54]. In

contrast to solid-matrix gels, fluid-matrix orgamtg do not aggregate into higher order. The
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formed organogels exhibit a “worm-like” or “polymkke” network [54]. Thus, solid-matrix gels
are described to be more robust than fluid-mateis ¢p4,61].

The transition from a high viscous oil-based ligtedan organogel, is measurable by a simple
visual test: When the reaction vessel is invertedl the sample does not flow, gelation is reached
[57]. More objective measurement techniques incltide falling drop and rheological methods
[65]. When gelation is obtained by temperature geandifferential scanning measurement or hot-
stage light microscopy for large organogelator aggtes can be used. Whereas the two latter
methods analyze the point at which gelator aggesgate melted or no longer microscopically
visible, the falling drop or rheological methodsasere the flow of samples [61]. Thus, the sol-gel
transition point can vary between the measuremesthods. The rheological determination is
described to be the best method to investigatsdhgel transition: The system is gelled when the
elastic modulus is higher than the viscous mod({@is65] Fig. 5. Furthermore, rheological
measurements enable the characterization of tlveelstic behavior of gels which may serve as

an indicator for their physical stability [54,63].
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Fig. 5ldealized rheological measurement profile of oaggels at low/non-destructive shear stress, amgitud
sweep, and low shear after destruction using aillaiscy test at constant frequency.

For the development of organogels as drug deliggstems, different organogel characteristics
have to be considered. First, organogels are gitepared using elevated temperatures which can
lead to degradation of thermolabile APIs [66]. Murer, storage of organogels at high temperature
could lead to gel network degradation due to thmperature-dependence of gel formation.
Shrinkage of gel network during storage is a furtigpical unfavorable property of many gels that
can lead to leakage of lipophilic fluid. Less lgarre is found about the drug-organogelator

interaction [57]. The API can impede the interactimetween organic solvent and organogelator,
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which is essential for robust gel formation. Thpessible interfering effects of the API on the

gelator network have to be investigated.

In vivo release and pharmaceutical application

So far, organogels are mainly studied and usedhenchemical and technical industry, i.e. for
enzyme immobilization for biocatalysis, temperatwensors, flatbed displays, and oil spill
recovery [57,61]. Only a few organogels have begrstigated as drug delivery systems, primarily
in the field of dermal or transdermal drug delivgbd]. Rarely, oral or transmucosal (rectal,
buccal, transnasal) organogels have been studie@7®9]. Furthermore, a few authors analyzed
organogels as injectable drug delivery systems$[B60,70,71]. Because the research in organgels
iIs not focused on drug development, many questiapsut organogels on the subject of
pharmaceutical suitability are still unsolved [54Pne aspect is that the structural and
physicochemical organogel properties are frequew#yl investigated, but the impact of drug
incorporation on organogel characteristics is yadelscribed in the literature [57]. Moreover, less

knowledge is found about the drug release mechaaigirbiocompatibility of organogels.

Basically, organogels form a depot at the injectsite [57,60]. Enzymatical degradation by
esterases and lipases should be one of the majmrdathat control the organogel disappearance
from the injection site, comparable to oil-basetigtles without organogelators [71]. Furthermore,
solubilization of the organogel matrix was found ¢ause the disappearance of organogels
containing non-ionic surfactants [57,60]. Thus,amrggels including surfactants were cleared fast
(within days) due to penetration of interstitialifl into the surfactant tubules that result in the
emulsification and gel degradation [60,72]. Longeention time of organogels was shownGso

et al. [50]. The authors studied biodegradable organogeidaining the contraceptive steroids
levonorgestrel (LNG) and ti#ethinyl estradiol (EE) in a matrix of glyceryl fatacid ester and
derivatized vegetable oil. The respective orgarmgtlyed relatively long at the s.c. injection site
(5-6 weeks) and were able to prolong the drug &éffacompared to oil-based formulations without
organogelators. The organogel degradation was @&sktmoncontrol the efficacy duration. As long
as the organogel matrix is persistent at the iigecsite, diffusional processes in the organogel
matrix and phase transfer from the lipophilic véhito the interstitial fluid might influence the
release of dissolved API from organogels. Theseqsges are in accordance to the release
mechanisms described for oil-based solutigectfon 1.2.). Since the viscosity is significantly
higher in organogels, diffusional processes indikased matrix should be decelerated, increasing
their impact on drug release. For organogels comigi suspended API, drug dissolution is
necessary in the first step. If drug diffusion e tmain rate-limiting step in drug release from
organogels containing undissolved API, the mathe@lamnodels of release kinetics can be derived

from Equation 4.
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M, = AL/D [2c, —¢,) (& [

Equation 4 Higuchi equationM; = cumulative amount of released drug at tima = interfacial area of drug
delivery system to the surrounding fluid, = diffusion coefficient in the drug delivery sysiecs = API
solubility in the drug delivery syster, = initial drug concentration,= time [73,74].

However, for the correct use of Higuchi's equatéond its derivations, several conditions must be
fulfilled, i.e. constant shape of the semi-solidtmxaand sink conditions [73,74]. It is often
described in the literature that perfect sink cbads are not given in s.c. or i.m. tissue [75]tehf
drug release, drug transport through the tiss@sssimed to be comparable with the mechanisms
described for oil-based solutions and MCSscfion 1.2.). Overall, there is a great potential for
using organogels as controlled drug delivery systelout more studies are needed specifically
focusing on pharmaceutical aspects to give way tbr@ader pharmaceutical acceptability
[50,54,57].

1.2.3Biodegradable polymeric particulate systems — Polp¢butyl-2-cyanoacrylate) (PBCA)
and poly(D,L-lactid-co-glycolide) (PLGA) particles

General aspects and considerations for preparation

Micro- and nanoparticles are classified into capswdnd spheres. Capsules consist of a polymer
shell enclosing a core which is filled with i.e.sgar liquid. If the API is encapsulated in the core
surrounded by a release rate-controlling, drug-frelgmer shell, the capsules are called reservoir
systems [74]. Reservoir systems enclose dissolvetispersed API. Spheres consist of a polymer
matrix. If they contain dissolved API (homogenojsgiiystributed in the matrix, the spheres are
called monolithic solution. When the API is disgtsn the matrix in concentrations that exceeds
the drug solubility, the spheres are termed as fitbhitodispersions [74]. In addition, the API can
be adsorbed on the surface of spheres and cafgaledo find the optimal polymeric particulate

system and preparation method, the following qoastshould be answered [17,23]:

* Which drug release rate meets the therapeutic @vagentration?

* What mass of polymer can be administered per unit?

* What are the API propertiesKp lipophilicity)?

» Are there drug-polymer interactions (drug-inducealymer degradation, e.g. drugs with

amine groups in PLGA) or API instabilities (oxidati humidity) expected?

The biggest advantage of using biodegradable pabyiseheir degradation during or shortly after
the application that avoid surgical removal [77BGA and PLGA are frequently used

biocompatible and biodegradable polymers for plarpiceparation [23,78,79].

Various preparation methods are described for m&nd nanoparticles which can be divided into
techniques using preformed polymer as starting mahtéexamples are mentiond ifab. 3) or

techniques starting with a precursor/monomer (iguspension, emulsion, interfacial
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polymerization) [7,23]. The preparation of polynparticles can be challenging with regard to the
following issues [7,17,23]:

» The use of organic solvents, which must be removedoften essential. Costs and
requirements of emission to environment must besidened. The toxicity of the solvent and
the residual solvent concentration in the partidemportant for operators and patients.

» Development of a robust and reproducible processhndan be up-scaled is required, since a
strong influence of process conditions on the fgraduct is often observed.

* A negative impact of the manufacturing process lan API activity must be avoided (e.qg.
temperature, solvent, pressure).

» Lyophilization is frequently necessary to ensuceagie stability.

The preparation of PBCA and other poly(alkylcyangkte) (PACA) particles have been
intensively investigated and a large number of grajgon methods are described [78,80-83]. One
process to prepare PBCA nanospheresansonic emulsion polymerization For emulsion
polymerization, the monomer solution is emulsifiadhe continuous phase, frequently water, in
which the monomer is (scarcely) insoluble. Monomhexplets are formed in the continuous phase
under agitation (i.e. stirring) [84]. If an emulsif is added to the continuous medium in
concentrations above the critical micelle conceinna(CMC), the monomer can also be enclosed
in these micelles [84]. The course of emulsion pagization has been intensively discussed,
mainly with regard to radicalic emulsion polymetina. The theories ddmith, EwarandHarkins
[85,86] describe the fundamentals of the procesd]. [Fhe authors postulated that the
polymerization is primarily initiated in the monormawvollen micelles which are present in a large
number (micelle nucleation, interval 1). The primgrarticles (nuclei) grow by monomer uptake
from the continuous phase. The growing particldaser is stabilized by emulsifier leading to
dissolution of emulsifier micelles. The nucleatiginase is terminated when no more micelles are
available (below CMC) [87]. Further monomer molesutliffuse from the monomer droplets to the
growing particles. During this phase, the polymetian rate should be constant (interval Il). Due
to shrinking of monomer droplets, vacant emulsifieolecules diffuse to the growing polymer
particles surface [87]. In the last phase (intetii®l when all monomer droplets are disappeared,
the monomer concentration in the reaction loci icmnusly decreases causing deceleration of the
polymerization rate [87]. In contrast to the ddsed processes of conventional emulsion
polymerization, monomer droplets compete for indtia with emulsifier micelles in
mini/microemulsion polymerization because small omer droplets are available in a high
number [88].Fitch, Hansen, Ugelstaad et §89,90] assumed that the emulsion polymerization is
initiated in the aqueous phase by reaction of tissomonomer molecules with water-soluble
initiator if the emulsifier concentration is beld®@MC. Over time, primary particles precipitate in

the continuous phase (homogenous nucleation) [87].
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The anionic polymerization of PBCA is shownhig. 6. The polymerization conditions influence
the characteristics of resulting PBCA nanoparticlad were intensively investigated [78,83,91].
The pH adjustment of the aqueous phase was founafltences the particle size distribution
(PSD) and molecular weight and is optimally sepkb1-2.5 to obtain narrow distribution and
small particle sizes [78,91]. Furthermore, theattdnt type and the surfactant:monomer ratio have
a significant impact on the resulting PSD. Suitahlgfactants are i.e. polysorbate, poloxamer, and

octoxinol 9 [83,91]. The polymerization rate is #ibhally affected by the temperature [91].

1. Autoprotolysis of water:
2H0 = HO* + OH

2. Initiation:
OH

2
OCH —_— A OC,H,
oH  + NC)H( e NC

0 (0]

3. Propagation:
H,C,0 H,C,0._ _O

(0] 9Ly
CN CH, CN
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Fig. 6 Anionic polymerization of PBCA [83].

The API can be adsorbed on the surface of PACA pemticles, incorporated in the particle
matrix, or encapsulated in the nanocapsules cdre.dfug adsorption could depend on the API
characteristics (e.g. lipophilicity, charge), theugl concentration, the polymer material (e.g.
hydrophobicity, charge), the surfactant (conceitndf the electrolyte (concentration), pH, and the
time point of drug addition [92-94]. Less oftentedit drug incorporation into the polymer matrix
of PACA nanospheres was shown [95]. Furthermom difug can be enclosed in the oil-based or

aqueous filled core of PACA nanocapsules [96,97].

Beside PACA nanocapsules, PBCA microcapsules/ {bsldre described in the literature [98,99].
They consist of a PBCA nanoparticle shell that mumds an air- or partially liquid-filled core.

Schmidt et al[98] described the preparation of air-filled micapsules from PBCA nanoparticles
in dependence on various preparation parameteraddition, various other materials have been

investigated to prepare microbubbles [76]:
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» Shell materials: lipids (e.g. phospholipids), pmegge.g. albumin), sugars, polymers
e Core fillers: air, perfluorocarbones

» Liquids that partially fill the core: soybean aihconut oll

The API, which is adsorbed on or interact with ¢apsule surface, is incorporated into the capsule

shell or included by dissolution in a liquid tharally fills the core [76].

Emulsion solvent evaporation/extraction preparationis one of the most often used methods to
prepare polymer particles from pre-formed polymansl is frequently used to produce PLGA
microspheres. First, a polymer solution is prepanedl suitable solvent (e.g. methylene chloride or
ethyl acetate) and is emulsified into a continuphase (frequently water) using impeller or static
mixing, extrusion, membranes, sonication, elecatisdripping, jet excitation, or other appropriate
emulsification techniques [7]. The continuous phasentains low emulsion stabilizer
concentrations (surface-active or viscosity-inciggsagents) [7,100]. Poly(vinyl alcohol) (PVA) is
mostly used as stabilizer due to the very good PV&A interaction [23]. After emulsification,
the solvent is extracted from the dispersed phaséhé continuous phase and then optionally
evaporated using elevated temperature or redu@ssyme. The polymer solvent must be slightly
soluble in the continuous phase to enable solvariitipning into the continuous phase and thus,
polymer precipitation. The solvent extraction can gerformed in one or two steps [100]. The
combination of solvent extraction and evaporatisrused to reduce the volume of continuous
phase which is necessary for complete solvent ldisso and/or to accelerate the particle
formation [100]. The resulting polymer particles aseparated from the continuous phase by
filtration or centrifugation followed by washing é@rdrying under ambient conditions, reduced
pressure, under heat or by lyophilization [100]efiéhare various methods to encapsulate lipophilic

drugs during particle preparation by emulsion salvaporation/extractioni{g. 7).

Aqueous Organic
continuous phase continuous phase
1
¥ v |
o/w w/o/v o/o
emulsion method emulsion method emulsion method
v v v | 2R 2R
Drug Drug Solution Solution Drug Drug Drug
dispersed dissolved of drug in of drug in dispersed dispersed dissolved
in in co-solvent water in water in polymer in
polymer polymer mixed (+alcohol) mixed solution polymer
solution solution with mixed with (s/o/o) solution
(s/o/w) polymer with polymer
solution polymer solution
solution (stw/o/w)

Fig. 7 Selected examples of emulsion solvent evaporatietihods for lipophilic drugs [23,101].
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Factors, which can influence the drug encapsulatitiniency, the particle morphology and size
and, consequently, the drug release are summariZeéid. 8. To ensure injectability, the prepared
microparticles should have a patrticle size of taas 100-250 um [1,23].

olati ity. solubil i\'i:
‘in the continuous
phase and the
olymer solvent,

Co-
solvent

Dispersed phase

Morphology | ~ Drug
Separa;ltion of and size of | encapsu- Emulsi-
particles / polymer | lation fication
washing process particles \ efficiency

Solvent removal
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evaporation,
combination)

Continuous
phase

(impeller speed).
viscosity of continuous

PH. osmolarity,

continuous phase,
temperature, impeller

drug. solvent or ’
solvent, viscosity

Fig. 8 Preparation parameters that can have an impatfteomorphology and particle size of the resulting
polymeric particles as well as on the drug encagiul efficiency [23].

Stabilization of biodegradable drug delivery systers
Due to their susceptibility against hydrolytic dedation, biodegradable PBCA and PLGA drug
delivery systems can be highly sensitive to humiditiring storage. Although good long-term
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stability was found for PBCA and other PACA paeglin aqueous dispersion at low pH
[102,103], drug diffusion from the particles inteetaqueous dispersion media is possible during
storage. In addition, water ingress into drug-lehdmlymeric systems could initiate drug
degradation, unwanted drug dissolution and preatipit as well as diffusion processes. Therefore,
lyophilization or other techniques to dry the fimabduct are often required to guarantee storage
stability. The removal of water and other solventdreeze-drying cause variety of stresses such as
formation of dendritic ice crystals, increase ofiilostrength, pH changes, or phase separation
which may lead to the particle destruction [104jus, stabilizers are often required to protect the
polymeric particles during freezing (cryoprotecdi@nd drying (lyoprotection) processes. Typical
cryoprotectants are sugars/polyols, non-agueougerst, polymers, proteins, surfactants, and
amino acids [104]. These cryoprotectants can atss@fplied as potential lyoprotectants except
non-aqueous solvents [104]. Immediately before application, the polymeric particles are re-

constituted in the aqueous vehicle.

In vivo release

Polymeric particles represent a possibility of rdalg release control using suitable polymer
materials and drug formulations, i.e. constantanst or timed drug delivery may be achievable
[6]. The drug release from polymeric drug delivegstems is a complex process that depends on

the API and carrier characteristics as well aeth@éronmental conditions=(g. 9).

Device type (reservoir,
monolithic), location of drug,
geometry (size, shape, surface

area), additives, molecular
weight, water content, phase
separation, density, lipophilicity,

degree and nature of
Polymeric crosslinking and crystallinity,
system porosity, degradation/erosion
characteristics, chemical
structure and composition

Environment

Fig. 9 Factors that influence the drug release from pelyorparticulate drug delivery systems [23,74,105].
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Upon contact with tissue fluid, various processesiaitiated sequentially or in parallel that can
influence the overall release patteFing( 10. To understand and manipulate the drug releage, i
important to know the rate-limiting step(s) in theocess [74]. Biodegradation and bioerosion
processes are involved in the biological eliminatas polymeric systems from the injection site.
Biodegradation is defined as polymer chain cleavaghin a biological system. The polymer
chain is split into oligomers or monomers [105].eTih vivo degradation is mainly caused by
hydrolytic chain scission reaction or by active ynatic reactions [77]. The rate of hydrolytic
reaction depends on the polymer type (type of cbeihtbonds), co-polymer composition, the
ability to take up water, and the environmental [FH]. PBCA and PLGA carry chemical bonds
that can be cleaved by hydrolysis [106]. On theepotiand, bioerosion is referred to the loss of
polymer bulk material within an organism includimgyonomers, oligomers, parts of polymer
scaffold and bulk [105]. If the polymer degradeswdy by random chain cleavage of ester bonds
throughout the polymer, the erosion process iddtiomogeneous or bulk erosion [105]. If the
polymer is carried off on the surface of systeng thechanism is termed as heterogeneous or
surface erosion [105]. Two degradation pathwaysdaseribed for PACA. Initiah vitro studies of
PACA degradation indicated that formaldehyde andinogpcetate ester are formed by
disconnecting from the polymer chain under watelitawh based on inverse Knoevenagel reaction
[107]. With regard to the toxicological potencytbkse products, the toxicity of PACA particles
has been intensively discussed [108,109enaerts et al. [110] showed that
poly(isobutylcyanoacrylate) particles mainly degrady ester hydrolysis which is catalyzed by

enzymes.

Penetration of surrounding aqueous medium 3 .

l l l l l Polymer matrix
L. Polymer swelling
Formation of pores ® API
. . N {::? Pores
Swelling of polymer Osmotic effects
Adsorption/ desorption }V\/é %ﬁ Convection processes
Y ° :
Degradation of polymer VL Dissolution of API

Crystallization of polymer Recrystallization of API

degradation products

Diffusion of polymer degradation Diffusion of API inside polymer matrix
poducts inside polymer matrix and pores and pores

Changes of micro-environmental pH

Diffusion of H* / OH- from release medium

Fig. 10Processes that can occur during drug release gdymeric drug delivery systems on the example of
a monolithic device [74,105].
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A strong influence of esterases on PBCA nanopartielgradation, especially at pH 7 and 8, was
also shown byScherer et al[111]. It is assumed that the ester side chainshgdzolyzed by
esterases under formation of alcohol and wates$mlpolycyanoacrylic acid derivatives [79].
These degradation products are less toxic. Furthrernthe toxic effect correlates with the polymer
degradation rate: Slower degradation avoid higlalleoncentration of degradation products und
could therefore reduce adverse reactions at tleetion site [112]. The degradation rate depends
on the environmental conditions (e.g. pH, estes®entration) and the alkyl side chain of the
polymer [111,112]Kante et al[113] found that PACA nanoparticles induced celiudamage only

at relatively high concentrations. A median letdake of 230 mg/kg was determined after i.v.
injection of PBCA nanoparticles in mice [114]. Fhetmore, neither necrosis nor irritation
symptoms were observed 24 h after s.c. injectio®BECA nanoparticles at 10 mg/ml in mice
[114]. Furthermore, the degradation of air-filleBGA microcapsules was investigated previously
[99]. Degradation of the PBCA nanoparticles wadlde to microparticles’ burst. The degradation
rate was found to depend on the particle wall théds and the molecular weight of polymer.
PLGA bears hydrolytically labile aliphatic estenkages in their backbone and is cleaved into
shorter chain alcohols and acids in contact wittrasunding aqueous fluid [115]. The enzyme
influence has been controversial discussed [11311¥§ The degradation products lactic and
glycolic acid are two naturally occurring substamcethe human body. Thus, PLGA is intensively
used for the preparation of biodegradable polymeystems [106]. However, the acidic
degradation products are known to autocatalyzéndéurpolymer degradation by decreasing the
microclimate pH [115]. This phenomenon results iatzelerated drug release [115]. Moreover,
the acidic pH can cause degradation of acid-lakités [23]. Due to the relatively fast degradation,
the bioerosion of nanosized PACA matrix systemgisrpreted as surface erosion [118]. The
bioerosion of microsized PLGA matrix systems is oomly interpreted as bulk erosion process,
because water influx into the polymer systems figdraompared to the subsequent polymer chain
cleavage [119].

Mathematical modeling of drug release

Mathematical models including empirical and mecsimrealistic theories have been developed to
interpret and understand drug release from polyansystems [35]. Empirical models are only
descriptive and do not characterize the exact phlyprocesses. They are used as an approach for
the evaluation of drug release results and to dehtafor the underlying release processes [105].
Empirical models include the Cooney and Hopfenbeagel as well as the frequently applied
Peppas equation [120-123]. In contrast, mechanistidels are based on the description of real
effects involved in drug release such as dissalytitiffusion, or erosion [105]. Drug diffusion is
often the most important or one of the major preessn drug delivery from polymeric systems.

Derived from the Fick's lawsHguation 3) several mechanistic mathematical models were
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established to describe diffusional processes sermir or matrix systems [74,124-126]. Other
models consider drug diffusion in combination wgblymer swelling [127]. Furthermore, the
erosion/degradation of polymeric matrix alone orcombination with diffusional drug transport
was investigated by several authors [128-130].Iin&lonte Carlo simulation is applied to model
the complex interplay of the various processesrug delease [131,132]. Using this approach,
further processes such as the crystallization bfmper degradation products and microclimate pH
effects can be considered. The drug release fro@APImicroparticles with respect to drug
diffusion, degradation, bulk erosion, porosity dahd effect of accumulating acidic drug products

was intensively analyzed using mathematical modqlini5,133,134].

Application
PLGA is approved by the US Food and Drug Admintgiraagency (FDA) for the use in humans

[23]. Thus, several PLGA particle products are caroially available on the markeldb. 3).

Tab. 3PLGA microparticles on the market [13,23,135-138].

Drug Polymer Trade name Company Dose interval / Encapsulation
(Country) Injection technique

Leuprolide PLGA Enantone® Takeda 1 month, w/o/w emulsion solvent

acetate (3:1) (DE) s.C. evaporation

Octreotide PLGA Sandostatin® Novartis 1 month, Coacervation

acetate (55:45) LAR® (DE) i.m.

Risperidone PLGA Risperdal® Janssen- 2 weeks, o/w emulsion solvent
(75:25) Consta® (DE) Cilag i.m. extraction

Triptorelin PLGA Decapeptyl® Ferring 1 month, Coacervation

acetate (1:2) (DE) s.C. ori.m.

Triptorelin PLGA Trelstar® Watson 1,3,6 months, Hot extrusion cryogenic

pamoate (Us) i.m. grinding

Buserelin PLGA Suprecur® MP Mochida, 1 month, Spray drying

acetate (1:2) JpP) Sanofi s.C.

Lanreotide PLGA Somatuline® LA Ipsen- 7-14 d, Coacervation

acetate (UK) Beaufour i.m.

Somatropin PLGA Nutropin® Genen 2-4 weeks, s/o cryogenic spray-

(Us) Tech S.C. congealing method

Naltrexone PLGA Vivitrol® Alkermes 1 month, o/w emulsion solvent

(75:25) (Us) i.m. extraction

PBCA and poly(isobutylcyanoacrylate) nanopartictes/e been intensively studied as carrier
systems for i.e. anticancer drugs, therapeutics bi@in delivery, vaccines, peptides, gene
therapeutics, antiretroviral agents, and ophthanj@2-96,139-141]. Dermabond® is an FDA
approved topical skin adhesive for surgeries caimgi2-octyl cyanoacrylate [142]. In general, air-
filled microcapsules prepared by various matenigdése developed as ultrasound contrast agents.
Approved products are Albunex® and Optison™. Morecently, gas- or liquid-filled
microcapsules were investigated as drug or gengedglsystems i.e. in tumor, thrombosis, or

inflammation therapy [76]. The API can be releasdt#gr microcapsules’ destruction i.e. using
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ultrasound as trigger. So far, PBCA microcapsubsmot been studied as drug delivery systems.

The carrier systems offer a very interesting oppuoty for timed or targeted drug release.

1.3 Combined drug delivery

Fixed-combination drug products are used to pfafin the synergistic pharmacological effect of
two or more APIs given together and improve the giiance by simplification of therapy regime

[143]. Pharmacokinetic interaction of APIs shoufilially be avoided unless a synergistic effect is
preferred [143]. Injectable contraceptives contajniwo steroids are typical examples for drug
combinations. Both steroidal APIs are dissolvedlispersed in one vehicle. Combining APIs in

one drug delivery system can be challenging if:

» Co-incorporation does not provide desired pharmiaetics of each API (interaction).

» Co-incorporation of APIs with different physicochieal properties is not feasible.

Based on these considerations, multi-compartmeicborbinations of two or more drug delivery
systems can be developed. An overview about clyrenestigated injectable multi-compartment

or combined nano-, micro, and macrocarriers isrglweZhang et al[144].

1.4S.c. and i.m. injectable drug delivery systems fasteroids

1.4.1General aspects

Steroidal APIs are commonly lipophilic compoundieiacting with intracellular steroid receptors.
Steroidal APIs include mineralo-, glucocorticoidex hormone receptor agonists and antagonists
and are used i.e. as antiinflammatory, antiallergitalgesic, diuretic, anti-estrogenic/cytostatic
drugs, for fertility control or hormone replaceméné¢rapy [13]. Their predominately insufficient
water solubility has to be considered for drug nfiactwring. Thus, injections of steroidal APIs are
frequently manufactured as oil-based solutions queaus MCSsTab. 2, Tab. 4). One major

group of steroidal i.m. and s.c. injections aret@eptive drugs.

1.4.2Parenteral s.c. and i.m. injectable contraceptives

Several clinical studies have shown poor compliasitie daily oral contraceptives which can lead

to unintended pregnancy and irregular bleedingepattl45]. For instance, it has been found that
about 25% of users do not take their oral contrtheep within the recommended “window of

hormonal safety” and approximately 30% of youngrsig@8-30 years) miss one or more pills per
month [145,146]. Parenteral long-acting contrasgstimay not only overcome these compliance
issues but may also avoid daily fluctuations ofrhene plasma levels which are associated with
oral contraceptives. Considering these aspectse tha high medical need for the development of
various prolonged-release parenteral drug deligsgsgems for contraception. Two commonly used

approaches of long-acting drug delivery are i.nms.or injectable formulations.
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Tab. 4 Commercially available long—acting injectable canéptives [147].

Trade name Progestin/ Estrogen/ Formulation Injection
(Country) Concentration Concentration

Progestin-only contraceptives

Depot Clinovir® 150 mg medroxy- i Aqueous Every 3
(DE) progesterone acetate MCS months, i.m.
Noristerat® (DE) 200 mg norethisterone i O|I-bqsed Every 2_—3
enanthate solution months, i.m.
104 mg medroxy- i Aqueous Every 3
Sayana® (DE) progesterone acetate MCS months, s.c.
Combined contraceptives
Cyclofem® 25 mg medroxy- . Aqueous Every 2
(MX) progesterone acetate 5 mg E2 cypionate MCS months, i.m.
Mesigyna® 50 mg norethisterone 5 mg E2 valerate O|I-bqsed Ever_y month,
(MX) enanthate solution i.m.
Perlutan® 150 mg d|hydroxypro.— 10 mg E2 enanthate O|I-ba}sed Ever.y month,
(BR) gesterone acetophenide solution i.m.
Anafertin 75 mg dlhydroxypro-_ 5 mg E2 enanthate O|I-bqsed Ever_y month,
(MX) gesterone acetophenide solution i.m.

Injectable contraceptives for 1 month or longer wedl established and effective contraceptives
[147]. It is estimated that global use of injeceabbntraceptives will increase to almost 40 million
users by 2015 [148]. Although less often used imoge, these formulations represent the third
most common method of reversible contraceptiondvade, mostly used in low-income countries
in Latin America and Asia [147,148]. Thus, expeasmanufacturing costs should be avoided.

Compared to oral contraceptives, benefits of imjelet contraceptives include [148,149]:

» Less frequent dosing

e Circumvention of first-pass effect

» Discrete method

» Reduced risk of missing the administration (e.gtfavelers, shift workers)

» Administration by physician in an adequate doserirdtl possible for patients who are not able
to intake oral contraceptives regularly

* Administration possible for users who have gasttestinal absorption problems

The first i.m. injectable contraceptive was thegastin-only Depot-Clinovir®Tab. 4). Progestins
are synthetic progesterone-like compounds. Sayasdf®e first s.c. injectable contraceptive. The
s.c. MCS is equally long effective but show a dliglower maximum plasma concentration&J
and a lower overall dose of medroxyprogesteron¢éatedMPA) than Depot-Clinovir®Tab. 5
andTab. 4). Both products show comparable minimum plasmaentration (Gin) after 3 months
and are re-injected after that time [147,150]. Hosve MPA can be found in the blood circulation
for 6 months or longer which can cause a delayeiturn of fertility [147,151]. MPA-only

contraceptives have a negative effect on the baneral density and should not be used for the
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longer term (more than two years) [152,153]. Thereo oral MPA formulation (in Germany and
the United States) that is recommended for the assecontraceptive. For the progestin-only
Noristerat® containing norethisterone enanthate TN, the serum concentration of the active
metabolite norethisterone (NET) decreases in tvases: A fast first phase is followed by a second
slower phase [14]. NET levels fall below the dedbt limit within 46-110 d [147]. Combined oral
contraceptives containing NET esters exhibit comipigr NET Guaxthan Noristerat®Tab. 5).

Tab. 5 Comparison of Gax values of injectable and oral medroxyprogesteametate (MPA), norethisterone
(NET), and estradiol (E2) derivatives containing nttaceptives [14,147,150,153-157]. For oral
contraceptives, the {ax was measured in the steady state. E2x ©f injectable contraceptives are
conspicuous high compared to oral contraceptivesaae highlighted in the table (n.c. = not consédier =
not included in the drug).

Drug Product Progestin Cmax progestin in ng/ml Estrogen Cmax E2 in pg/ml
(active (min-max range) or (active (min-max range) or

metabolite) tstandard deviation metabolite) +standard deviation

Depot-Clinovir® MPA 1-6 - -

Sayana® MPA 1.6 (0.5-3.1) - -

Cyclofem® MPA 1.1 (0.9-1.4) Estradiol 242 (191-308)

Noristerat® (1ml) NET 12.2+2.7 - -

Mesigyna® NET 3.0 (1.9-4.7) Estradiol 428 (237-768)

Estrostep® 21 NET 12.7+4.1 Ethinyl n.c.

(oral contraceptive) estradiol

Qlaira® Dienogest n.c. Estradiol 70.5+£25.9

(oral contraceptive)

However, the birth control effectiveness of Noniat® (Pearl Index: 1.4 when injected every three
months, 0.6 when injected every two months) is lowan that of the oral contraceptives and
Depot-Clinovir® (Pearl Index: 0.3) due to the iy decrease of NET plasma levels in the later
phase [14,153,158]. Although NET-EN is metabolizedlow EE amounts, it is assumed that
Noristerat® may also reduce the bone mineral dgnBiit up to now, there are no clinical studies
[14,159]. In general, amenorrhea and other irreglieeding patterns are associated with
progestin-only injectable contraceptives which wftead to discontinuation of the contraceptive
regimens [147]. Different approaches are and camdesl to improve the efficacy, safety and

compliance of injectable contraceptives:

Combination with estrogen derivatives

First injectable contraceptives combining estroged progestin were developed in the 1960s to
improve bleeding patterns [147]. They must be tgigcmore frequently than progestin-only
contraceptives and contain estradiol (E2) esteishwipenerate elevated estrogen plasma levels for
2-3 weeks [Fig. 11). Afterwards, a rapid decline of estrogen plasewels causes an estrogen
withdrawal bleeding [151]. Due to the combinatiorithwan estrogen derivative, the overall
monthly progestin doses are lower than with pragestly injectable contraceptiveSdb. 4).
Furthermore, slightly lower &x and similar Gin of MPA were observed with the combined drug

Cyclofem® compared to progestin-only Depo-Clinovif®ab. 4). In accordance, NET &« of the
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combined drug Mesigyna® is lower than of the préigesnly Noristerat® and the combined oral
contraceptive. Moreover, Cyclofem® and Mesigyna®@vinte lower overall monthly E2 ester
doses than the combined oral drug Qlaira® due ®® éktensive first-pass metabolization.
However, the initial exogenous E2 levels of bothmbmed injectable contraceptives are
considerably higher than that of Qlaira®. In additito the improved bleeding patterns, the
estrogen supplementation was found to have a piateeffect against bone mineral density loss
[160]. However, estrogens are associated with atldeerse effects i.e. weight gain, edema, and
increased blood pressure. This is due to the stitioml of angiotensinogen synthesis leading to
sodium reabsorption and water retention [161]. karrhore, the estrogen intake increases the risk

of venous thromboembolism (VTE) [162].

Injection injection

l

Serum 1
level

Progestogen Progestogen

/

Exogenol
estradiol

-~ Progesterone

1 28 56 cd

/7777, Pz - 2
Bleeding episodes

Fig. 11 Schematic pharmacokinetic and pharmacodynamidl@mif combined estrogen progestin injectable
contraceptives. A biphasic steroid profile is pdmd: The first "combined” phase is characterizedaby
progestin (progestogen) and estrogen increase landecond "progestin dominated" phase is shaped by
decreasing estrogen levels after ca. 2 weeks ftegrivith permission from reference [147]).

Development of new steroids

The development of new progestins has been an ogggoal to improve the compliance of
steroidal contraceptives. NET-EN is a progestitheffirst generationTab. 4). Structurally related

to 19-nortestosterone, NET-EN bind to sex hormanedibg globulin (SHBG) leading to the
competitive inhibition of testosterone and thusréasing of free testosterone concentrations [163].
An androgenic activity of NET-EN is, however, ordpserved in higher and not in therapeutic
dosages [14,161]. Some dtiiydroxyprogesterone derivatives or third genemapioogestins have
antiandrogenic properties [161,164]. They inhilvitlaogen receptors, i.e. of the sebaceous glands

and the hair follicles, and should therefore préaeme and hirsutism [161].

According to naturally occurring progesterone, fbugeneration progestins such as drospirenone
(DRSP) provide antiandrogenic and additionally mirieralocorticoid activity. The antiandrogenic

effect of DRSP is assumed to be caused by compmetiinding to the androgen receptor, non-
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binding to SHBG, the lack of counteracting estregetuced SHBG synthesis, and the suppression
of androgen production [161]. Furthermore, DRSP aadurally occurring progesterone are
aldosterone antagonists which increase the sodatagpium iorand water excretion rate. Thus,
they are assumed to counteract the aldosteronetieecstimulation which is caused by increased
serum levels of natural estrogen during the meabktaycle and by intake of combined
contraceptives containing estrogen derivatives [[18hlike other progestins, progesterone and
DRSP should therefore reduce symptoms which arecesed with estrogen-induced water
retention [161]. However, oral contraceptives cimitgy DRSP and EE exhibited a significantly
increased VTE risk [162]. The great majority ohatal studies showed a significantly higher VTE
risk for the third and fourth generation combine@lacontraceptives compared to the second
generation (e.g. with LNG) [162]. It is controvelyy discussed if the VTE risk of fourth
generation contraceptives is higher or the samepaosd to third generation contraceptives
[162,165]. Furthermore, controversial results wdoeind for the VTE risk of injectable
contraceptives. Some studies suggest no increadeddthers revealed a significantly higher VTE
risk compared to non-users [166-168]. The low ianitk of VTE and the combination with other
risk factors often impede precise risk estimatésdi8s suggest that the VTE risk increases with

higher overall estrogenicity of the contraceptivet further research is needed [169].

Reduction of steroid dose

In order to optimize the safety-efficacy relatioipshthe World Health Organization reassessed
combined injectable contraceptives and suggestddsa reduction in the 1970s [151]. Current

dose optimized products are Mesigyna® and CycloferR@rthermore, studies showed that

products such as Anafertin® containing the halfedo§ estrogen and progestin are comparable
effective with Perlutan® [147]. In the early 1980% EE dose in oral contraceptives was reduced
from more than 50 pg to mainly 30 pg. Currentlyntcaceptives are available that contain a daily
EE dose of 20 pg. The reason for this developneeiitat estrogens were found to be associated
with cardiovascular diseases, VTE, or nausea [Y&2]T71]. On the other hand, ultra-low dose

contraceptives (equal or less than 20 pg of EEgwbeserved to may not sufficiently support bone

formation in adolescents and may be related tguler bleedings because the relative estrogen

deficiency associated with contraceptives is negadtely compensated [172,173].

Optimized formulations

With respect to the safety-efficacy relationshgyeral injectable drug delivery systems have been
developed that should obtain optimized control migdrelease [6]. An option for the drug release
improvement of injectable contraceptives is thea@salation of contraceptive steroids into

polymeric microparticles. The encapsulation of @sig and estrogen derivatives into various

polymers i.e. PLGA has been studied by numerougpgr¢l74-178]. Several authors condudted
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vivo studies that have shown prolonged drug releasepébymeric microspheres containing

steroidal drugs such as LNG, NET, EE, progesterand$-E2 over weeks to months [175,178-
180]. Another possibility for drug release optintiaa is the inclusion of the contraceptive steroids
into gel systemsGao et al.developed organogels formulations which containaBl LNG that

show longer efficacy compared to conventional agdd formulations [50,51$¢ction 1.2.2

Modified schedule of administration

In the 1980s, multiphasic combined oral contrasegtiwere introduced with the aim to imitate the
rising and falling of estrogen and progesteronenduthe normal menstrual cycle [18Hig. 12).
This approach should result in a more physiologigrse and studies indicate a better cycle control
compared to monophasic combined oral contracepfi®@s-183]. Furthermore, multiphasic oral
contraceptives have been developed to decreaseotiie monthly steroid dose compared to
monophasic products [181]. Combined injectable remafptives provide biphasic steroid profiles
(Fig. 11). However, there is a lack of more advanced mhdt§ic injectable contraceptive. As
abovementioned, estrogen and progestin are comliinede matrix and, especially, the plasma
level of the estrogen component is initially verigth Thus, there is a high need for the
development of more advanced combined contracepiiv@btain controlled drug delivery of both
components, estrogen and progestin, multicompattrmerombined drug delivery systems are

potential options.
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Fig. 1217B-E2 and progesterone serum levels during a natemestrual cycle. Serum E2 concentrations are
low during the first days (25- 50 pg/ml), and irases during the late follicular and early luteahge (100-
400 pg/ml), plateau during the mid-luteal phased¢300 pg/ml), and decrease quickly to 25-50 pgéwels
prior to menstruation. Serum progesterone levedsvary low during the follicular phase (below 1 mf)/

are highest during the mid-luteal phase (6-10 ng/enid then fall rapidly to levels below 2 ng/mitjgp to
menstruation. The light grey line represents the@ientration, the dark grey line outlines thegpsierone
concentration (reprinted with permission from refere [184]).

1.4.3The steroidal model APls DRSP, EE, and ZK28

DRSP is used in contraceptives and for the treatneéndiseases, disorders and symptoms
associated with deficient endogenous estrogendenebomen [13,162]. The chemical structure is

shown inchapter 2 DRSP is included in a dose of 3 mg in oral cargpives in combination with
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EE [13]. There is very little knowledge about pdaeeal DRSP formulations and no long-acting
DRSP drug delivery system is available. EE is aisgmhetic and significantly more potent
derivative of the naturally occurring steroid3lEZ2 [185]. It is one of the most often used estnsge
in contraceptive drugs and included in combined coatraceptives as well as in transdermal and
vaginal drug delivery systems [13]. EE exhibitsoa loral bioavailability of only 45% [186].
Injectable EE drug delivery systems have been tigeted but there are no marketed products
available [176,180].

ZK28 is a 1P-hydroxysteroid dehydrogenase (17HSD) type 1 inbwbil7HSDs regulate the
activity of sex hormones by redox reaction at pasitL7 of the steroid scaffold in many tissues
[187,188]. 17HSDs catalyze the interconversionsveeh highly active steroidal hormones, i.e. E2
and testosterone, and their corresponding lessreaddteroidal hormones, i.e. estrone and
androstenedione [187]. Recently, the research eénpttognostic value of 17HSDs in breast and
prostate cancer as well as endometriosis has béemsified [188]. Moreover, 17HSDs inhibitors
are investigated as an approach against breasprasthte cancer [188]. In breast cancer, the
reductive 17HSD type 1 activity dominates in madigh epithelial cells, while the oxidative
17HSD type 2 may be primarily present in hon-madigncells [187]. So far, suitable formulation
approaches have not been investigated for 17HSiDifats. For first efficacy studies in the early
stage of development, APIs are often included unreags or oil-based solutions or suspensions and
injected i.m. or s.c.. The chosen dosage form cawe ha significant impact on the drug

pharmacokinetics and may consequently influencelthg efficacy.

1.4.4Summary

Steroids and, in particular, contraceptives are oh¢he most frequently used group of drugs
worldwide. There is an ongoing need for the improgat of hormonal contraceptives. Since they
are taken by (healthy) individuals over a very Igegiod of time, the occurrence of undesired
effects should be as low as possible. The conttaeepegimen, i.e. the progestin be used and
whether a combination with an estrogen is favoratdg@ends on the individual medical history and
requirements of the user. In general, further dasé compliance improvement of the current
injectable steroidal formulations might be possityyeusing suitable drug delivery systems which

should meet the following criteria:

» Prolonged and/or controlled drug release
» Optimal efficacy-dose relationship
» Improved side effect profile

+ Self-administration
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1.5Objectives

The aim of this work was to investigate suitabbe. iand, in particular, s.c. injectable drug delver
systems for steroids. First, oil-based DRSP MCSERRSP organogels were characterized with
regard to the physicochemical stability and theliagbility. Furthermore, the pharmacokinetics of
steroidal drug delivery systems have been analymeihg the example of DRSP and ZK28.
Finally, combination drug delivery systems of DR&#® EE were studied.

Oil based DRSP MCS
* Long-term chemical stability of DRSP MCSs with resjgo DRSP epimerization
» Long-term physical stability of DRSP MCSs, whichntn potential non-thickening
stabilizing agents, in comparison to non-stabiliD&ISP MCSs

» Syringeability / injectability via an autoinjector

DRSP organogels
* Rheological properties of DRSP organogels contgidifferent organogelators
» Long-term physical stability of DRSP organogelscomparison to non-stabilized DRSP
MCSs
» Syringeability / injectability via an autoinjector

* Invitro release of DRSP organogels in comparison to raitgted DRSP MCSs

Pharmacokinetics of injectable drug delivery system for steroids
* Invitro release of DRSP formulations
» Pharmacokinetics of DRSP formulations
» Pharmacokinetics of ZK28 formulations

e Comparison ofin vitro andin vivoresults

Combined DRSP EE drug delivery systems
» Preparation and physicochemical characterizatioeE6fPBCA and PLGA microparticles as
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Abstract

Drospirenone (DRSP) is a contraceptive drug substawith challenging physicochemical
properties, due to insufficient solubility in aqusoand oil-based vehicles as well as low chemical
stability in aqueous fluids. Although it is one thfe most popular orally used progestins, no
parenteral long-acting contraceptive containingdhey substance is marketed. An oil-based DRSP
microcrystal suspension (MCS) might be an attractarmulation option. The main focus of this
study was to investigate the physicochemical dtgbibf such preparations. Moreover,
syringeability and injectability via autoinjectoreve analysed using a materials testing machine. A
high chemical stability of DRSP was found in oilskd vehicles. Span® 83, cholesteryl oleate,
lecithin, methyl cholate, Aerosil® R972 and 200 fha were tested for increasing the physical
stability of DRSP dispersions. Changes in viscogiheological properties, and solubility were
analysed. The intention was to show a stabilisiffgce of the excipients without increasing
viscosity and solubility. To evaluate the physistbility of DRSP MCS with and without addition
of stabilising agents, sedimentation and particm after storage were examined. Especially,

the silica derivatives Aerosil® 200 and R972 Phammflaenced the physical stability positively.

Konzeption:
Stefanie Nippe, Mitarbeit an Konzeption Sascha Gdne
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1 Introduction

Parenteral injectable drug delivery systems allopralonged release of drug substance and avoid
the first-pass effect [1,2]. Popular examples amglacting parenteral contraceptives. They are
effective, generally discreet, and reduce daily plence challenges [3]. DRSP is a progestin
which is known to be used in contraceptives andriatment of diseases, disorders and symptoms
associated with deficient endogenous levels ofrogsh in women. As analogue to spironolactone,
this unique contraceptive exhibits both anti-mitararticoid and anti-androgenic activities [4,5].

Besides oral formulations, no parenteral formulationtaining DRSP is on the market.

Long-acting parenteral contraceptives are mostlgpared as aqueous MCSs administered
intramuscularly (i.m.) (Depot Provera®) or subceausly (s.c.) (Depot-subqg Provera®). Or they
are manufactured as oil-based i.m. solutions (Mesi®) [6,7]. Typical, parenteral applied oil-
based vehicles are medium chain triglycerides (M@19. in Ciatyl-Z® Depot), sesame oil (e.g. in
Lyogen® Depot) or castor oil with addition of behbgnzoate (e.g. in Noristerat®) [8]. Due to the
challenging physicochemical properties of DRSP, cdrbased MCS might be a simple and

reasonable formulation option for a once-a-monjdcinon.

An ideal drug suspension for parenteral applicatbauld show no particle growth after storage,
low sedimentation of suspended particles and epplication of homogeneous dosages [9,10].
Due to its physical instability, the preparationsopensions is challenging [10,11]. Sedimentation
could be an issue during manufacturing and fillprgcesses and may lead to inhomogeneous
content uniformity [12,13]. Furthermore, dispergedticles tend to crystal growth and aggregation
during storage. However, the particle size of dsu@pstance is an important factor influencing
bioavailability, injectability and syringeabilitygroduct appearance as well as overall stability of
i.m. or s.c. injectable suspensions [14]. For agsesystems, numerous approaches are known to
improve physical stability [12,15,16]. In contrasil-based systems have been less investigated.
Not all techniques used to stabilise aqueous sgsip®n can be translated to oil-based
formulations, due to differences in properties efiicle and in drug-vehicle-interaction. Typically,
surface-active additives were added decreasingitegacial tension between drug substance and
surrounding liquid phase [17]. Moreover, the additiof thickening agents should increase the
viscosity of the external liquid phase, thus slagyvitown sedimentation and agglomeration of solid
particles [18]. However, the rise in viscosity igspible up to the limit of injectability through a
standard needle in a reasonable timeframe [2,18{h&more, the solubility of drug substance in

the oil-based vehicle was assumed to influencetleegelease behaviour [20].

Considering these issues, six excipients are testedhe following, they are referred to as
stabilising agents. An increase in viscosity andistty by addition of the excipients should be

avoided. Lecithin is included in pharmaceuticalduats as dispersing, emulsifying, and stabilising
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agent. It is contained in i.m. injections in a cemication of 0.3 — 2.3%. Sorbitan ester derivatives
are used as wetting agent for insoluble drug sanbstain lipophilic bases in a concentration of
0.1 — 3% [21]. Further test substances are choj¢sbéeate, a cholesteryl fatty acid ester and
methyl cholate, a cholic acid ester. Both haveesoststructure. The hydroxyl group at C-3 of

cholesteryl ester derivative is associated withyfatid. The carboxyl group of the cholic acid

derivative is methylated. The excipients are assutoenteract with the suspended steroidal drug
substance as well as with the external lipid ph@sdoidal silicon dioxide is added as suspending
and thickening agent in a concentration of 2.0 8%0and as emulsion stabiliser in a concentration
of 1.0 — 5.0% (w/w) [21]. In high enough conceritms, e.g. methyl cholate, cholesteryl oleate,
Aerosil® 200 Pharma, and Aerosil® R972 Pharma havbickening effect on some lipophilic

vehicle. Thus, they have to be used in low enougttentrations.

The aim was to evaluate the chemical and physiilgy as well as the applicability as
parenteral injection of oil-based DRSP MCS. Furitme, a possible stabilising effect of the
chosen excipients on oil-based DRSP MCS withoutemsing the viscosity or affecting the

solubility of drug substance should be investigated

2 Materials and methods

2.1 Materials

Drospirenone (micronised, Bayer Schering Pharma AB@rlin, Germany), medium chain
triglycerides (Myritol® 318 PH) (kindly provided b@ognis GmbH, Dusseldorf, Germany), castor
oil (Riedel-de-Haen, Seelze, Germany), sesame Fdilké Chemie AG, Buchs, Switzerland),
benzyl benzoate (Symrise GmbH & Co. KG, Holzmind@ermany), lecithin (Le-Lecithin from
soybean) (Calbiochem, Darmstadt, Germany), methglate (Alfa Aesar, Karlsruhe, Germany),
hydrophobic colloidal anhydrous silica (Aerosil® B9 Pharma), colloidal silicon dioxide
(Aerosil® 200 Pharma) (both kindly provided by Dega, Essen, Germany), cholesteryl oleate
(Alfa Aesar, Karlsruhe, Germany), sorbitan seseiit#@ (Span® 83, Sigma—Aldrich Chemie

GmbH, Steinheim, Germany) were used.

2.2 Chemical stability of DRSP in oil and agueous medim

70 mg/g of DRSP was added to MCT, sesame oil, stocail. The samples were mixed using a
vortex mixer (Heidolph, REAK 2000, Heidolph Instrams GmbH, Schwabach, Germany).
Thereafter, the suspensions were blended at 3%ap@4 h using a roller mixer (Britze, DA II).

Afterwards, the samples were stored tightly closedwide-neck brown glass flasks in an
environmental chamber at 25°C and a relative huynafi 60%. After 1 year, the amount of DRSP
as well as its degradation product isoDRSP wasyadsas indicators for chemical stability. The

suspensions were taken from storage and were lidamglag a roller mixer. Thereafter, 1 mL of
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the samples was centrifuged twice at 7500 rpm @omin (Sigma Laborzentrifugen ZK15, Sigma
Laborzentrifugen GmbH, Osterode, Germany). 0.5 niLsopernatant was pipetted into a
volumetric flask and was mixed with 25 mL of acetole. Then, the samples were analysed by
high performance liquid chromatography with UV a¢iten (HPLC/UV). Furthermore, 70 mg/g of
DRSP was dispersed in USP phosphate buffer at @r&ler stirring at room temperature using a
magnetic stirrer (RT 15 power IKAMAG, lka-Werke Ghhl& Co. KG, Staufen, Germany). After
2 d, 14 d and 42 d, 2 mL of samples was filterddgusyringe filter (Whatman® Spartan®, pore
size 0.45 um, Whatman GmbH, Dassel, Germany). Theuats of DRSP and isoDRSP were
determined by using an Agilent 1100 series HPLCAYS8tem (Agilent Technologies Deutschland
GmbH, Boblingen, Germany). 10 yuL of samples wascigid onto ODS Hypersil column (length
6 cm, inner diameter 4.6 mm, 3 um; Agilent Techgme Deutschland GmbH, Bdblingen,
Germany) using as mobile phase a mixture of watdragetonitrile at a ratio of 60-40% (v/v) and
a flow rate of 1 mL/min. The samples were deteeted wavelength of 270 nm. To calculate the
amount of DRSP, a 6-point-calibration was perforrasithg an external DRSP standard. The data
were analysed by using the software Empower™ 2 ¢®§aGmbH, Eschborn, Germany). The
relative ratio of iISODRSP and DRSP was determingdcbomparing the peak areas of both

compounds. The retention times were known.

2.3 Solubility of DRSP with and without addition of stebilising agents

70 mg/g of DRSP was dispersed in sesame oil, cadtar MCT with or without addition of a
stabilising agent by sonication at 5 x 10% cyclg)% power for 5 min using an ultrasound device
(Bandelin Sonopuls HD2070, Bandelin electronic G&ld.KG, Berlin, Germany). As
stabilising agents, 0.2% (w/w) methyl cholate, A#® 200 Pharma and R972 Pharma, as well as
2% (w/w) Span® 83, lecithin, and cholesteryl oleatere used. Thereafter, the samples were
blended for 3 d using a roller mixer. Furthermor®, mg/g of DRSP was suspended in USP
phosphate buffer pH 6.8. The amount of DRSP wa$/sed like described isection 2.2using
HPLC with UV detection.

2.4 Determination of viscosity and rheological propertes by a parallel plate rheometer

A rheological determination of viscosity was penfied by a parallel plate system (Gemini I,
Malvern Instruments GmbH, Herrenberg, Germany)bi$ing agents and preparation of samples
was described isections 2.2 and 2.3Thereafter, suspensions were centrifuged at 2O®0for

30 min (Heraeus® Biofuge® Fresco, 4x15 mL, DJB laabcLtd., Buckinghamshire, UK) (castor
oil suspensions were centrifuged twice). The ctegrernatants were analysed using a plate with a
diameter of 40 mm, at a gap width of 1 mm and 207 samples were dropped on the tempered
plate. After adjustment of the gap width and 15 mirrest without stressing, the measurements

were started. Firstly, the viscosity of formulatowas determined at low shear of 0.2 Pa and 1 Hz
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every 10 s over 1 min simulating resting statetlf@rmore, the instantaneous viscosity under shear
stress was investigated. The shear rate was imctefism 1 to 20 $ and in the following

decreased to I'over 2 x 180 s.

2.5 Evaluation of syringeability and injectability

The terms syringeability and injectability were idefl in detail byBoylan and Nail[11] and
Crowder et al[22]. 1 mL of sesame oil or MCT was filled in glagginges with 27 G %2 staked-on
needles (n = 10). The cylindrical tube had an indi@ameter of 6.35 mm. The syringes were
clamped into a materials testing machine (Type Z@Wick Roell AG, Ulm, Germany). The
liquid was expelled from syringes with a definedcta Time for depletion of formulation was
determined. The syringes should be completely deglieithin 10 s. Furthermore, 0.5 mL of MCT
containing 70 mg DRSP was drawn into 1 mL plastiinges (Tuberkulin 1x100 Soft-Ject, Henke
Sass Wolf GmbH, Tuttlingen, Germany) (n = 5). Therél had an inner diameter of 4.25 mm. Due
to the smaller inner diameter, the force requitedxpel the suspensions from plastic syringe were
assumed to be 2 — 2.5 times lower compared to ghassges. The plastic syringes were applied
with 23 G 25 mm or 27 G 13 mm needles. The preffidgringes, inserted into the force tester,

were emptied within 10 s. The force being necest&argomplete depletion was recorded.

2.6 Particle size analysis of DRSP microcrystals by las diffraction after storage

Changes in particle size during storage were détednexemplary on 1% (w/w) DRSP MCS.
Prior to preparation, vehicles were saturated WIRSP to avoid any influence by drug solubility
of vehicles and to achieve a constant amount of DR&rocrystals in the suspensions. Thus, the
vehicles were prepared by dispersing DRSP in castosesame oil, MCT, or water under stirring
for 3 d using a roller mixer. Thereafter, the feiere separated from undissolved drug substance
by double suction filtration using filter papers RB, Whatman®, Whatman GmbH, Dassel,
Germany). For preparation of suspensions withaliilssing agents, 200 mg of DRSP was added
to 20 g of DRSP saturated vehicle. The mixturesevibended by magnetic stirrer and roller mixer.
For preparation of suspensions with stabilisingiégehe excipient was dispersed in 20 g of DRSP
saturated vehicle by sonication at 5x10% cycle,%4Qibwer until getting a clear solution. The
tested stabilising agents and their used concérigatvere described isection 2.3 After cooling,
200 mg of DRSP was added. All samples were stagidiyt closed in wide-neck brown glass
flasks in an environmental chamber at 25°C andadive humidity of 60% for 1 year. The patrticle
size of DRSP microcrystals was determined by ldgfaction (Sympatec GmbH System-Partikel-
Technik, Clausthal-Zellerfeld, Germany) (sensortodedispersing unit: Cuvette; 50 mL, software:
Windox 5). Before measurement, the samples weralbli&by a roller mixer for 12 h. A few drops
of the suspensions were diluted in 50 mL of MCTussted with DRSP under moderate stirring by

a magnetic stirrer integrated in the measuremeparagus. All oil-based vehicles were soluble in
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the fluid. The dilution medium was prepared by dising an excess of DRSP in MCT under
stirring for 24 h and filtration of the undissolveldug substance by vacuum filtration (Nalgene
sterile bottle filters, Nalgene® Labware, Fishere@tfic GmbH, Schwerte, Germany). The initial
particle size distribution of DRSP microcrystalsswetermined by suspending the drug substance
in the dilution medium. Aqueous DRSP suspensiorevduted in 50 mL of water saturated with
DRSP, prepared analogous to DRSP saturated MCTiclBasizes between 0.5 and 175 pm were
measured over 10 s. The optical particle conceoiratas allowed to range between 5 and 50%.
For all samples, blank values of the dilution media@re determined before measuring.
Furthermore, blank tests of the vehicles with arithaut addition of stabilising agents were

performed. The median particle sizes of volume-Wigd particle size distribution were recorded.

2.7 Measurement of contact angle using static sessileopp method

Sessile drop method was an optical contact angteaddor estimation of the wetting behaviour of
liquids on a solid surfacd-{g. 1). During static contact angle measurement, the sfzthe drop
was not changed. The measurement was carried aD®A 10 calculating with software version
1.80 (Kruess GmbH, Hamburg, Germany). Prior to acnéngle determination, pellets of DRSP
were prepared using a materials testing machinerefére, about 100 mg drug substance was
mould by using pressing forces of 10 t for 30 niihe contact angles of sesame oil, castor oil and
MCT were determined. For analysing the influencestaibilising agents on wetting behaviour,
castor oil mixed with 0.2% (w/w) Aerosil® 200 or RB Pharma, or 2% (w/w) cholesteryl oleate
was used. To avoid dissolving of DRSP pellet dudngtact angle measurement, the liquids were
saturated with DRSP. Preparation of samples wasrided insections 2.2 and 2.3Suspensions
were centrifuged like describedsection 2.4 The supernatants were dropped on the surfadesof t
DRSP pellets. Therefore, the fluid was pumped tiinoai capillary located above the solid and was
dropped on the clean solid surfa&dg( 1). The angle between baseline of the drop andathgent

at the drop boundary was plotted over time (n = 5).

Fig. 1 Optical contact angle measurement by sessile orejnod. Liquid was dropped on a solid surface.
Thereafter, angles between baseline of the drogaargent of the drop were determined.

2.8 Analysis of sedimentation using image analysis

Changes in particle size during storage were détednexemplary on 1% (w/w) DRSP MCS.
Preparation of samples with or without additiorstebilising agents was describedsiction 2.6

For analysing sedimentation, suspensions were ghajtbed after 30 d. The level of sediment and
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supernatant was measured. Therefore the softwai@\Agion 4.5, Carl Zeiss Imaging Solutions
(Carl Zeiss AG, Oberkochen, Germany) was used.rélagive ratio between height of sediment
and total height of sample was calculated. Foruatain of the results, the sedimentation volume
F, the ratio between the volume of sediment anddts volume of the suspensions was calculated
[12,23].

2.9 Statistics

The experiments were conducted in triplicate, whreotherwise stated. Arithmetic mean values

as well as standard deviations were calculated. 99% confidence interval was computed to

compare two different sample groups.

Fig. 2 DRSP and the epimer isoDRSP.

3 Results and discussion

3.1 Chemical stability of DRSP in aqueous and oil-basegehicles

With a solubility of 11.6 £ 0.3 pg/mL, DRSP was @ieally insoluble in USP phosphate buffer
pH 6.8 and was furthermore chemically instable quemus medium, especially at acidic pH.
During storage, the B5L63-methylen derivative of spironolactone isomerise@ tb a change in
configuration at position 17 resulting in formatiohthe DRSP epimer isoDRSP (d€ig. 2). The
extent of isomerisation in USP phosphate buffei6pis presented ihab. 1.

Tab. 1 Isomerisation of DRSP in USP phosphate buffet-h6@8 (n = 3).

Time of storage in d Relative amount of iSO DRSP i#6
2 7.6+0.7
14 10.9+1.7
42 30.145.2
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After storage of 42 d, an obvious degradation oSPRnto iSODRSP was detected as measured by
a relative ratio of 70% DRSP to 30% isoDRSP. Ondtieer hand, no traces of iso-DRSP were
detected in MCT, sesame oil or castor oil afterehrystorage (sefeig. 3). Consequently, an oil-
based solution or suspension would be an optiorafohemically storage-stable formulation of
DRSP.
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Fig. 3HPLC chromatograms of DRSP suspended)itSP phosphate buffer pH 6.8 after storage of a4 d
room temperaturd)) MCT, c) sesame oil, and) castor oil after storage of 1 year at 25°C (n =IS)DRSP
was only found in aqueous suspension.

~.Unknown com
of vehicle

3.2 Solubility of DRSP

First of all, an adequate DRSP dose for a once-atfmonjection was calculated. Oral
contraceptives contained 3 mg DRSP. 76% of the dulgstance was bioavailable after oral
administration [5]. A dose of at least 2 mg of DRB& day was computed for i.m. or s.c.
application, respectively. Therefore, at least®@@ mg of DRSP should be necessary for a once-
a-month injection. Depending on the injection sitee administered volume should be less than
5 mL for i.m. injection and less than 2 mL but amily 0.5 mL for s.c. application [10,24]. With
respect to the calculated dose, the solubility BSP in oil-based vehicles was tested (Eale. 2).
Less than 10 mg/mL DRS was soluble in MCT and sesaimFurthermore, about 12 mg/mL drug

substance was dissolvable in castor oil.
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Tab. 2 Viscosity and DRSP solubility of MCT, sesame @ihd castor oil without and with addition of
stabilising agents. Viscosity was investigated & Pa as well as at 20'sand 20°C using a rheometer

(n=3).
Concen- Solubility of Instantaneous Instantaneous
tration in % DRSP in viscosity at 0.2 Pa,  viscosity at 20 8,
(wiw) mg/mL 20°C in mPas 20°C in mPas
MCT + excipient
- - 6.9+ 0.3 31.1+1.1 30.2+ 0.9
Lecithin 2 7.0+0.1 - -
Span® 83 2 6.7+ 0.5 33.6+0.0 322+ 27
Cholesteryl oleate 2 6.5+ 0.1 31.3+0.9 30.3+ 0.9
Methyl cholate 0.2 7.0£0.5 31.9+0.8 32.1+15
Aerosil® 200 Pharma 0.2 7.0£0.1 32719 27.6x1.7
Aerosil® R972 Pharma 0.2 6.8+0.1 31.3+1.2 28.3+ 3.6
Sesame oil + excipient
- - 3.9+0.2 77.5%+0.3 79.6x 2.0
Lecithin 2 4004 - -
Span® 83 2 3.9+05 81.7+x1.1 79.5+ 7.8
Cholesteryl oleate 2 3.7+ 0.7 72.3+1.2 73.3x5.4
Methyl cholate 0.2 3.7+ 04 75126 77527
Aerosil® 200 Pharma 0.2 3.8£0.3 77.0+£0.8 76.1+1.7
Aerosil® R972 Pharma 0.2 3.9+0.7 79510 80.7£ 5.9
Castor oil + excipient
- - 12.3+04 1032.3+34.1 942.2 +15.1
1134.0+543% 1117.8+298
Lecithin 2 124+04 - -
Span® 83 2 12.1+04 1080.6 £ 14.3 1071.3+£251
Cholesteryl oleate 2 125+0.2 1048.4 +12.5 104523.3
Methyl cholate 0.2 12.1+0.2 11374+ 1114 1126.8+ 32.2
Aerosil® 200 Pharma 0.2 12.1+£0.7 1003.6 £ 10.6 978.8+ 9.3
Aerosil® R972 Pharma 0.2 12.3+0.8 1157.7 +316.8 1144.0+ 32.58

aBatch Il of castor oil

3.3 Viscosity of oil-based vehicles

The viscosity of MCT, sesame oil and castor oghswn inTab. 2. With a dynamic viscosity of

about 1000 mPas, castor oil was not suitable fogrngaral administration. Nevertheless, the liquid

was used as model vehicle for an oil-based DRSPessfn regarding storage stability in

dependence on viscosity. MCT had the lowest visgosi
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3.4 Syringeability and injectability

Advantageously, using an autoinjector, the forniolket could be injected s.c. by the patients
themselves. It should be analysed if an injectibroibbased DRSP MCS via autoinjector was
possible and which needle size should be usedriRef¢o Rungseevijitprapa and Bodmei5s],
formulations were easy to inject using injectiorcés of up to 50 N. Furthermore, injection forces
over 100 N were evaluated to increase the riskla$sgbarrel burst during administration via
autoinjector. However, over 100 N were necessamjézt 1 mL of sesame oil with 27 G syringes.
Although, 1 mL of MCT passed through 27 G needléhkin 10 s using a force of 45 N, 1 mL of
DRSP MCT suspensions could not be ejected applgirigrce below 100 N. Referring to the
Hagen—Poiseuille equation (sequation 1) different approaches might be possible to redbee

injection force.

av _ 7t Ap

dt 8m |
Equation 1 wheredV/dt= volumetric flow ratey = internal radius of the tubé= length of the tubedp =
pressure drop ang = dynamic fluid viscosity. Hagen—Poiseuille law gate voluminal laminar stationary

flow of a uniform viscous fluid being incompressibthrough a long cylindrical pipe with a consteintular
cross-section [18].

One option was the prolongation of injection to-280 s. It was assumed that this would be less
convenient for the patient's compliance and wagefloee not followed up. Furthermore, the
reduction of injection volume should decrease thection force. However, about 30 N was still
necessary to eject 0.5 mL of DRSP MCT dispersiomfa plastic syringe through a 27 G needle.
The force would be 2 — 2.5 times higher for injectvith an autoinjector used with a glass barrel.
Thus, this formulation might only be injected wdlficulties. As needle size was shown to have
no significant influence on injection pain, anotpessibilities was to use needles with larger inner
diameter [26]. Most oil-based solutions and micrtipalate formulations were administered with
19 — 25 G needles every 4 — 12 weeks [10]. Foraglainistration, 23 G or thinner needles were
used [26,27]. An average force of only about 10 & wecessary to expel 0.5 mL of DRSP MCT
suspension from plastic syringes with 23 G needlemsequently, the formulation should be easy
to inject via a conventional autoinjector used wath G needles. In general, DRSP sesame oil
suspensions might not be s.c. applicable using wairgector with 23 G or smaller needles.

Nevertheless, the formulations could be used ffor &pplication.

3.5 Particle size analysis of DRSP MCS after storage

For micronised DRSP, an average median particle efz11.6 £ 2.5 um was determined. In
general, DRSP microcrystals had a median particde of about 5 um after micronisation

measured by laser diffraction of dry powder sampl@spublished results). The discrepancy
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between measurement results could be explainedabycle growth during storage of DRSP
powder or aggregation of microcrystals during sampieparation. Furthermore, particle size
measurement could vary as a function of the typesifument used for determination [13,20]. As
expected, a relatively large median particle sizes weasured after storage of 1 year in aqueous
suspension (seeg. 4). DRSP was a relatively hydrophobic substanceitenit agglomeration in
aqueous fluids without stabilising agents. Furthaam crystal growth could cause an increase of
particle sizes. In general, median particle sizesevemaller in lipophilic vehicles than in agueous
medium. As higher the viscosity of oil-based vehislas as smaller was the median patrticle size of
DRSP microcrystals after storage. Like assumedieémed that a higher viscosity prevented
growth of particles. Nevertheless, the median gartize of DRSP increased significantly in all

tested fluids without addition of stabilising agent
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Fig. 4 Median particle sizes of DRSP suspended in watdrdifferent oils after storage of 1 year at 25°C
and of the raw material suspended in dilution med{o = 3).

The suspensions were also investigated by optitabstopy followed by determination via image

analysis counting and sizing system [4]. No sigaifit differences between number-weighted
median particle sizes after storage of sesam&@Il, or castor oil suspensions were detected. For
measurement, an object slide was pressed on tldeog! Aggregated particles might be separated

by the pressure indicating loose aggregation dfgbes.

3.6 Influence of stabilising agents on solubility of DSP

The addition of stabilising agents could change dbkibility due to solubilisation effects. No
significant difference in solubility of DRSP witlr without addition of stabilising agents is shown
(Tab. 2).
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3.7 Influence of stabilising agents on viscosity of vétie

A possible thickening effect of stabilising agemias investigated (se€ab. 2). Even at a low
shear, air bubbles were formed in samples contirecithin (unpublished results). The
rheometrical method did not seem to be suitableéHisr formulation. For MCT or sesame oil, the
viscosity was slightly increased with addition @a®® 83. The excipient was a high viscous liquid
being miscible with the vehicles. For MCT formudats including silica derivatives, viscosity at
low shear was slightly higher compared to viscosityhigh shear. Nevertheless, the differences
were not significant. For preparation of castor@RSP suspensions, two different batches of the
vegetable oil were used providing different vistiesi Stabilising agents caused no significant

increase in viscosity.

3.8 Particle size analysis of DRSP MCS in addition oftabilising agents

The addition of the amphiphilic substances Span@r&8lecithin did not affect the particle size of
DRSP positively at storage, independently from d¢iidbased vehicle usedrig. 5). In general,

slight but no significant changes in median pagtislzes could be observed for formulations
containing methyl cholate. Interestingly, the aidditof cholesteryl oleate to MCT and sesame oil
suspensions led to median particle sizes beingfisigntly smaller compared to non-stabilised
suspensions indicating a stabilising effect. Dugugt moderate particle growth in high viscous
castor oil suspensions, only a slight influenceD&RSP particle size was detected by addition of

excipients.
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Fig. 5 Median particle size of DRSP microcrystals suspeenitha) MCT, b) sesame oil, and) castor oil
with addition of stabilising agents after storadelo/ear at 25°C (n = 3). The median particle siaksil-
based vehicles without addition of stabilising @geare shown as upper red line, the median padizke of
DRSP in suspension before storage is shown as lolwerine (range of standard deviation in dotiedd).

Moreover, when Aerosil® 200 Pharma was added tarsesoil or castor oil suspensions, DRSP
microcrystals had a significantly smaller mediartipke size after storage of 1 year in comparison

to non-stabilised dispersions. The median parstde of DRSP in castor oil with addition of the
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silica derivative was even smaller than median igartsize determined after preparation of
suspensions. They were comparable to particle sizBRSP powder analysed by laser diffraction
of dry powder samples after micronisation. The ltssindicated that a slight aggregation of
microcrystals might already take place during sanpieparation before storage. No significant
disparities were detected between particles suggemd MCT with or without Aerosil® 200

Pharma. The added amount of Aerosil® 200 Pharmatrbigltoo low to cause an effect.

A significantly positive effect of Aerosil® R972 Bhma on reduction of particle growth was
observed for all test fluids. Stabilisation of seispions by addition of small amounts of highly
dispersed silicon dioxide in agueous medium witlinateasing viscosity was described Tayrck

and Schmelmd@8]. Here, this effect could be shown for thdedil-based systems with addition
of hydrophobic colloidal anhydrous silica and withaddition of any other stabilising agents.
Silica derivatives possibly formed stabilising stures, before they gelled the vehicle.
Furthermore, an interaction between DRSP molea@neissilica molecule by van der Waals force

could prevent aggregation.

3.9 Contact angle between DRSP and castor oil with adiion of stabilising agent

The contact angle between DRSP and MCT or sesameitbbut addition of stabilising agents
were very small, due to relatively rapid spreadmgr time (11.8 + 2.9° for sesame oil, 2.1 + 2.2°
for MCT determined at 1 s). Furthermore, the umifodeposition of the oil droplet was
challenging, resulting in a relatively high stardideviation. Hence, slight changes in contact angle
by addition of stabilising agents were hard to det& contact angle of 42.1 + 5.5° was determined
between castor oil and DRSP, at 1 s. With additgbsilica derivatives, influencing the particle
sizes significantly, only slightly higher contaatgdes were determined (Aerosil® 200 Pharma
49.1 + 5.7°, Aerosil® R972 Pharma 49.9 + 5.6°). Tiféerence was not significant. Cholesteryl
oleate had an effect on DRSP particle sizes innsesal and MCT. The contact angles between
castor oil with addition of cholesteryl oleate d&DBSP were slightly lower in comparison to non-
stabilised castor oil (33.4 £ 6.8° at 1 s). Agahe disparity was not significant. Oil-based vedicl
did not show the high surface tension of water.sTlaustabilising effect of excipients decreasing

the surface tension might be lower on oil-basedolet

3.10Influence of stabilising agents on sedimentation dRSP microcrystals

After 1 month of storage neither a marked sedintemtanor a clear supernatant occurred in castor
oil suspensions with or without addition of anyhdlising agent. Caking was no issue for all oil-

based suspension with or without addition of sisibigj agents. Even after storage of 1 year, all
suspensions were easily redispersible. Span® 8Bhile cholesteryl oleate, and methyl cholate

had no influence on sedimentation of microcryssakspended in sesame oil or MCT (5ég 6).

57



Chapter 2

1004 — — — — — 100

80 80 4
X 604 60
£
=
2 404 40
(3]
I

a) I Sediment b)
[ Fluffy sediment
[_IClear supernatant

Fig. 6 Sedimentation of DRSP ia) MCT andb) sesame oil with or without addition of stabiligiagents
after storage of 1 month (n = 3). SedimentatiorM@T DRSP without addition of stabilising agents is
shown as solid line (range of standard deviatiotatted lines).

Sediments of DRSP in MCT or sesame oil were fluffig addition of Aerosil® 200 Pharma.
Furthermore, the sedimentation was significantlpwslr compared to formulations without
stabilising agent. The addition of 0.2% (w/w) Ael®sR972 Pharma to MCT or sesame oil was
found to have the highest impact on sedimentatoity low compact sediment was formed. The
level of supernatant was relatively low € 0.9). As silica derivatives decreased sedimumtaif
DRSP microcrystals, this could result in deceletgtarticle growth and consequently in higher
stability. Furthermore, sedimentation during maotifedng could be slowed down improving
content uniformity. A possible explanation couldthe formation of stabilising structures without
significant increasing of vehicle viscosity. Intstiagly, sedimentation was more reduced by
addition of Aerosil® R972 Pharma, than by Aerosi®®0 Pharma although for complete
immobilization of the liquid, higher amounts of mgghobic colloidal anhydrous silica were
necessary (12% (w/w) Aerosil® R972 Pharma, 3% (wAgrosil® 200 Pharma in MCT;
unpublished results). Less self-aggregation of 8i&0R972 Pharma was caused by the lower
amount of hydroxyl groups [29]. On the other haadstronger affinity between molecules of
hydrophobic colloidal anhydrous silica and the aittal drug substance via van der Waals bonds

might be conceivable.

4 Conclusion

Oil-based DRSP suspensions showed a high chentédality. Suspensions of the drug substance
in MCT, sesame oil, and castor oil were investidategarding their physical stability. High

viscosity reduced sedimentation and particle growth the other hand, only low viscous MCT
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was suitable for s.c. injection via an autoinjec®esame oil was i.m. injectable. Thus, it shodd b
shown if the addition of excipients improved the/gbal stability of oil-based suspensions without
increasing viscosity. All tested compounds did imfiluence the solubility of DRSP in the tested
concentration. As desired, no thickening effect wiaserved with addition of any stabilising agent
in the tested concentrations. The addition of A#&o200 Pharma reduced particle growth of
DRSP microcrystals in castor oil and sesame oil@bkas sedimentation in all vehicles. Moreover,
the addition of Aerosil® R972 Pharma even led ttearease in particle growth and sedimentation
in all tested DRSP formulations. It avoided an éase in median particle size completely in
sesame oil and castor oil preparations in the desiaeframe. As a consequence, the physical
stability of oil-based DRSP MCS during manufactgriand storage could be significantly
increased by addition of silica derivatives. In trast to crystalline silicone dioxide, sol-gel
derived glasses containing silica did not indugmificant toxicity, showed biocompatibility, and
was excreted in soluble form through the kidneylse Tegradation rate could be controlled by

synthesis [30,31]. Therefore, a use in parentgalieation might be possible.
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Abstract

The objective of this study was to evaluate orgat®gs potential injectable drug-delivery systems
for drospirenone (DRSP). Recently, studies on argeh characterization with focus on the
parenteral injection are rarely to find in the diteire. DRSP organogels contained the drug
suspended in medium-chain triglycerides and wegilsted by various organogelators. The DRSP
organogels were assessed in comparison to noriz¢dDRSP microcrystal suspensions (MCSSs).
Furthermore, rheological properties of the orgaimge particular the elastic modulu&’j, the
complex viscosity 4*), and the elasticity, were evaluated with respedhe long-term stability,
syringeability/injectability, andn vitro release DRSP organogels showed significantly improved
storage stability compared to non-stabilized MCS3th wegard to sedimentation and particle
growth. Furthermore, all of the DRSP organogelsagtbshear-thinning behavior. Thus, ejection
from syringes was possible by an autoinjector usilBgs needles comparable to non-stabilized
MCSs. Nevertheless, DRSP organogels exhibited feigntly more sustained drug release than
non-stabilized MCSs most likely caused by parealovery of the organogelator structures at 37°C
after destruction. Consequently, DRSP organogel® wealuated to be superior to conventional
non-stabilized MCSs. Silica organogels which predidhe highest elasticity, moder&eé and;*,

and avoided most efficiently particle growth arglgly more preferable compared to the other

DRSP organogels.
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Stefanie Nippe, Mitarbeit an Konzeption Sascha Gdne

Durchfiihrung:
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Berichtsabfassung:
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1 Introduction

Gel formulations as injectable drug-delivery syselnave been of growing interest in the past
decades [1-3]. In contrast to microspheres, natsglvents are necessary for their preparation [4].
Gels are described as semi-solid materials congiliw concentrations (< 15%) of gelator [3].
Compared with hydrogels, there is less knowledgautimjectable gels formed in vegetable or
semi-synthetic oils [1]. Gels of oils and organavents are mostly prepared by dissolving the
gelator in the hydrophobic vehicle at a higher terafure. Thereafter, the gelator-solvent affinity
is decreased upon cooling, resulting in the sedéably of gelator molecules into a gel scaffold
[5]. Gelator molecules cross-link to form variouggeegates, such as rods, tubules, fibers, and
platelets [1]. For the elementary assemblies adlagtwork, the rod-like mode is the most efficient
form [6]. Suspensions containing the drug dispelisedqueous or oil-based gel matrices could
have a higher stability than conventional suspessit general, suspensions could show physical
instabilities, e.g. sedimentation, caking and phrtgrowth [7,8]. These issues cause challenges
during manufacturing, filling processes and inje@ctas well as variation in bioavailability [9,10].
To overcome these issues, one possibility mighiohiacrease the viscosity of the external phase
by gelator addition. However, increased vehicleassty might affect the ability to inject the drug-
delivery systems. With regard to these considarafi@ur aim was to investigate subcutaneous
(s.c.) injectable gels containing the drug substadcospirenone (DRSP) suspended in the
relatively low viscous oil medium-chain triglyceesl (MCT). The progestin DRSP is typically
used in oral contraceptives [11,12]. DRSP is ineidgftly soluble in water and vegetable oils and
IS unstable in aqueous systems. Thus, an oil-bBR&P microcrystal suspension (MCS) might be
a formulation option for the parenteral administnat The physicochemical stability and
syringeability of DRSP MCT MCSs stabilized by thaddion of non-thickening excipients was
described previously [13]. Currently, we investeghtDRSP MCSs stabilized by the addition of
organogel-forming excipients in comparison to ntabiized MCSs. Ideally, the organogels
should provide increased storage-stability withlostng syringeability/injectability. Furthermore,
stabilizing organogelator structures should optiynadartially recover after administration to
influence the drug release positively. Moreoveg, theological properties of the DRSP organogels
were investigated and compared with the resultstatfility, ejection force and drug release tests.
Our intention was to identify viscoelastic propestiwhich help to assess the suitability of the

organogelators for preparing s.c. injectable DR&fmogels.

2 Material and methods

2.1 Materials
DRSP (Bayer HealthCare Pharmaceuticals, Berlinn@ay), MCT (Myritol®318 PH, Cognis,

Dusseldorf, Germany), aluminum stearate (AS) (Flukaemie, Buchs, Switzerland), silica
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(Aerosil®200 Pharma, Degussa, Essen, Germany),yineftblate (MC), cholesteryl stearate (CS)
(Alfa Aesar, Karlsruhe, Germany), dextrin palmitateerivatives Rheopearl®TL2 (RTL2),

Rheopearl®KL2 (RKL2), dextrin palmitate / ethyl lzoate Rheopearl®TT2 (RTT2) (S. Black,
Moers, Germany), hydroxypropplcyclodextrin (Kleptose®HPB, Roquette, Lestrem, reg),

potassium dihydrogen phosphate and sodium azideckylBarmstadt, Germany) were used.

2.2 Preparation of organogels without and with DRSP andhon-stabilized MCSs

AS, silica, CS, MC and dextrin palmitate derivaiweere used as organogelators. They were
dispersed in MCT by sonication (Bandelin Sonopul®2B870, Bandelin electronic, Berlin,
Germany) at 5 x 10% cycle, 100% power for 3-5 ndapending on the vehicle volume) until a
clear solution was obtained, which, after coolirgulted in a gel. AS organogels were prepared by
heating a mixture of organogelator and MCT to 20@t@er magnetically stirring, followed by
slow cooling to room temperature (RT). To prepaRSP organogels, DRSP in a concentration of
70 mg/0.5 g (daily oral dose: 2 mg) and the orgataigr were mixed before addition of MCT. AS
organogels were cooled for 5 min before additioDBISP and were then magnetically stirred until
the mixture started to gel. For the preparatiomari-stabilized MCSs, 70 mg/0.5 g of DRSP was
added to MCT and was dispersed by sonication at@4& cycle, 100% power for 5 min. The sol-
gel transition concentration was reached when naddenovement and tipping did not lead to the
flow of formulations. The liquid phase should bemgetely immobilized after preparation.
Visually, no sedimentation of the organogelatorD&RSP, phase separation nor inhomogeneity
should be observed. Furthermore, the organogettateiwas analyzed using optical microscopy

(Zeiss Axio Imager Alm, software: AxioVision Rel54Carl Zeiss Imaging, Jena, Germany).

2.3 Rheological testing
Organogels containing 3.0% (w/w) silica or AS, 1.68&6w) MC, 5.0% (w/w) CS or dextrin

palmitate derivatives were investigated by a parafilate rheometer (CVOR 200, Malvern
Instruments, Herrenberg, Germany) in an oscillatopde using a plate diameter of 40 mm at a
gap width of 2 mm and a constant frequency of 1E@&amplex viscosity f*), storage/elastic
modulus G’) andtand calculated by the quotient &' andthe loss/viscous moduluss{) were
analyzed. After preparation, the samples were dtfimeone week at RT to guarantee complete gel
formation. Then, they were put on a tempered ptatatiously using a spatula. To allow the
organogels to recover from the stress of samplpapation, all measurements were started 15 min
after gap width adjustment. First, the viscoelakgbavior of organogels without and with DRSP
was investigated using a constant, low shear sit@ssf 0.2 Pa at 20°C. The optimalwas
previously identified using an amplitude sweep. &mthe optimized non-destructive conditions,
n*, G', andG” were nearly constant, simulating the viscoelgstoperties at rest. The parameters

were plotted every 9 s over 15 min. The last fiveasuring points were used for the average
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calculation. Second, the viscoelastic behavior i DRSP organogels under increasedas
examined (amplitude sweep).was raised from 0.1 to 150 Pa over 2 min at 20*@alues
measured at the first time point whé&\ < G” are termed destructive The flow curves were
fitted to rheological models described in Bepplement The square of Pearson product-moment
correlation coefficientsr{) was calculated using Excel (Microsoft, RedmonBAP Finally, the
recovery of the DRSP organogels after destructias wetermined. Therefore, the viscoelastic
properties were determined at 20°C and at 37°Q afte-shearing over 2 min. The plates were
tempered before sample addition. The pre-sheass{peer) ranged from 25 to 100 Pa depending
on the formulation. The optimal petefor the tested formulations was determined befie
respective experiment.had to be high enough to guaran@&e< G” , but movements that were
too fast led to the ejection of the samples fromdhp. After stopping pre-r7*, G’ andG” were
plotted against time at a low shear of 0.2 Pa. Vikeoelastic properties of the DRSP organogels

were compared 30 s after destructive pvweas stopped.

2.4  Stability testing

10 g of organogels without and with DRSP were storeclosed vials at RT over three months.
Formulations containing 1.5%, 3.0% and 5.0% (w/WAB or silica; 0.75%, 1.5% and 3.0% (w/w)
of MC; and 3.0%, 5.0% and 7.5% (w/w) of CS or dexpalmitate derivatives were tested. As a
reference, non-stabilized MCSs was used. For #talisy evaluation, the flow behavior was tested
as described isection “Preparation of organogels without and withDRSP and non-stabilized
MCSs”. In addition, the stability was analyzed using tiple light scattering (Turbiscan, software:
Turbisoft 1.13, Quantachrome, Odelzhausen, Germa®ggause the Turbiscan vials were not
siliconized, the formulations adhered to the wkig( 5 @. This failure might not be important
because only small amounts of the formulations w@stand the detection of sedimentation was
not influenced. Transmission and backscatteringtspgrams of the formulations were plotted
over 50 mm (sample length ca. 25 mm) at 25°C aftexparation and during storage. For
organogels without DRSP, the formation of the oogmh network was visible by the time-
dependent decrease of transmission, which occeomrstantly over the whole sample length. The
organogel networks were considered stable if tiffierdince in transmission was < 5% from one
measuring point to the next. A difference betwdss lbottom and the top backscattering of the
sample indicates inhomogeneous distribution of mogalator and DRSP. Thus, organogels
without and with DRSP were assessed as stable thieedifference in backscattering between the
bottom and the top was < 5% at all measuring painés 90 d of storage. Moreover, no increase in
transmission, which indicates sedimentation, shadcur at the top of the sample (< 1%). The
method was not suitable for transparent organog€lsrthermore, the organogels were
photographed at all measuring points to evaluate $kedimentation visually. For DRSP

formulations, the level of sediment was measurednfithe bottom to the boundary line of
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supernatant using the microscopy software (AxioidrisRel. 4.5, Carl Zeiss Imaging Solution,
Jena, Germany). The height of the sediment wasileédtl as an average of the optically lowest
and highest sediment levels. The sedimentationnwel{), the ratio between the volume of
sediment and the total volume of the suspensiors aaéculated [14]. DRSP organogels were
evaluated as stable whef> 0.99. In addition, 10 g of DRSP organogels caomtg the
organogelators in concentrations, describedection “Rheological testing’; were destructed by
shaking for 10 min using a laboratory shaker atehafirds by magnetically stirring for 15 min (at

maximum stirring speed). Then, the samples weredtat 40°C over three months.

2.5 DRSP microcrystal size analysis

Changes in the particle size distribution (PSD)tleé DRSP organogels were analyzed in
comparison to non-stabilized MCSs. The organogelatmcentrations used were described in
section “Rheological testing” The median of the volume-weighted PSD was deterchiusing
laser diffraction after three months of storage R (Sympatec System-Partikel-Technik,
Clausthal-Zellerfeld, Germany; sensor: Helos, disipg unit: Cuvette, software: Windox 5,
Sympatec, Clausenthal-Zellerfeld, Germany). Thisha was previously described in detail [13].
Briefly, the initial PSD of non-stabilized MCSs waletermined after preparation. Prior to
measurement, preparations were blended for 3 mirg us vortex mixer (Heidolph Instruments,
Schwabach, Germany). For all samples, blank vabdfieslution medium were determined before
measuring. Furthermore, blank tests of MCT werdopered, and each organogel was also tested
without DRSP addition.

2.6 Evaluation of the syringeability/injectability

The terms syringeability and injectability have bekefined in detail [15,16]. The applicability of a
conventional autoinjector for s.c. administratiomswevaluated. The autoinjector had a glass
syringe with an inner diameter of 6.35 mm. Thedggirganogelator concentrations were described
in section “Rheological testing” To give samples time for complete consolidatibrml plastic
syringes (Tuberkulin 1 x 100 Soft-Ject, Henke-Sa&sf, Tuttlingen, Germany) were pre-filled
with 0.5 g of DRSP organogel 7 d before measureniédme plastic syringes with an inner barrel
diameter of 4.25 mm were inserted into a mateti@dding machine (Type Z010, Zwick Roell,
Ulm, Germany). The formulations were expelled inslffom syringes via 23 G, 25 mm or 27 G,
12 mm needles (B.Braun, Melsungen, Germany). Theefoecessary for complete depletion was
determined (n = 5). Due to different tube diametthe forces needed to expel the samples from

the glass barrels were assumed to be 2 - 2.5 tiilghsr than from the plastic syringes.
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2.7 Invitro release test

DRSP organogels (0.5 g) or non-stabilized MCSs virgiected into dialysis bags (MW cut off
12000 — 14000 Da, length 7 cm, flat width 1 cm, S@éPor, Spectrum laboratories, Rancho
Dominguez, USA) using 1 ml syringes with 20 G needio simulate administration stress. The
DRSP organogels contained the organogelators in tomcentrations described in
section “Rheological testing”and were pre-filled into the syringe at least 2defore thdn vitro
tests. The syringes were weighed before and affection. The release test setup was described
previously [17]. Briefly, the samples were placed50 ml of pre-heated USP phosphate buffer
(pH 7.4) (containing 0.05% (w/w) sodium azide afd @v/w) hydroxypropyl-cyclodextrin) and
were shaken at 100 rpm and 37°C. One mililiter dasnpvere withdrawn and replaced with fresh
medium. The release medium was withdrawn and reglagvery 24 h to reduce the DRSP
iIsomerization in the release medium. Finally, tbegible residual drug amount in the dialysis bags
was analyzed. The DRSP concentration was determusedy HPLC/UV (Agilent 1100 series,
Agilent Technologies, Boblingen, Germany) (injentieolume: 10 pL, linearity: 1.1 - 500 pg/ml,
LLOQ: 1.1 pg/ml). The main reasons for the incortwI®RSP release were assumed to be
isomerization, non-quantifiable drug concentratiah$ater sampling points, drug remaining in the
dialysis bag and loss of drug during medium exckafige drug release rates were calculated from

the slopes of release profiles including all of saenpling points from 1 to 72 h.

2.8 Statistics

All experiments were conducted in triplicate wham otherwise stated. Arithmetic mean values
and standard deviations were calculated. Becausmsuedasticity and normal distribution were
not tested, differences between two results weedyaed by a two-sample Weldkest and a
Mann-WhitneyU test @ = 0.05). Differences between more than two groupsewnvestigated
using the Kruskal-Wallis test and the Welch’'s ANO\&= 0.05) (software: Excel, Microsoft,
Redmond, SEA). Whep< 0.05, the groups were evaluated as significdfdérént. To evaluate the
relationship between two groups, we used the Spearcorrelation (software: SPSS Statistics,
IBM, Armonk, NY). Because the calculatgdvalue is inaccurate below 11 values, they were
looked up in a table of critical values. Assumirmgmal distributiony? was additionally calculated.
Differences between drug release profiles weresasseby calculating the difference facta) &nd
similarity factor ). Whenf; < 15 andf, > 50, the profiles were evaluated as comparablgl 18
All sampling points showing 10-85% drug release ane sampling point with drug release above

85% were considered.
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3 Results and Discussion

3.1 Choice of the organogelator and determination of tb sol-gel transition concentration

We screened numerous excipients for their suitghitt form MCT organogels. The following
excipients were found to gel MCT in our experimegusl were tested as potential organogelators
for DRSP MCSs. The low-molecular-weight gelators @81 MC formed intensively cloudy
organogels. The steroidal skeleton induces grovitthe gelator aggregates via van der Waals
forces [3]. Furthermore, functional groups canriaté by hydrogen bonding or/armdinteractions

[3]. The hydroxyl group at the C3 position are &ssd to play an important role for gelation [3,6].
CS organogels were stabilized by a plate-type nét\@g. 1).

Fig. 1 Light microscopic image of organogel structuresapfind b choletl strat a methyl
cholate in MCT.

The MC organogel scaffold consisted of long rodsd{Rke structures were described to be highly
efficient in self-assembling the organogel netwi@ik Accordingly, only a low MC concentration
was required to completely immobilize MCFig. 2 g. AS and dextrin palmitate derivatives
formed opaque MCT organogels. Gel networks were deiectable by optical microscopy.
Generally, the low-molecular-weight gelator AS is aften used organogelator, which should
aggregate via organometallic coordination bondingthermore, the fatty acid chain influences the
gelation process [6]. Dextrin palmitate derivatiaes polymeric organogelators. The fiber network
might be connected by polymer chain and physicé&raction including hydrogen bonding
between the hydroxyl groups of glucose units or dan Waals forces. Furthermore, silica is
known to form gels in aqueous and oil-based systf208% Silica formed transparent MCT
organogels. For gelation, heating was not neces¥dith respect to the symmetric tetrahedral
coordination of silica molecules, homogenous net-tiel scaffolds were formed [21]. The sol-gel
transition concentrations of organogelators in M&® shown inFig. 2 a The CS and MC
formulations exhibited a sharp sol-gel transitiatnereas silica formulations provided a smoother
phase transition. For the conducted tests on phlysitability, the lowest organogelator
concentrations above the sol-gel transition wereduto determine differences between the
organogels, because their susceptibility to medahnstresses might be high under these

conditions.
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3.2 Rheological behavior of DRSP organogels

The rheological properties of the organogels wakestigated as an indicator for their physical
stability during storage and application. First, arealyzed the viscoelastic parametgtsG’ and
tan(d) under lowr simulating rheological behavior at rest. In thinear viscoelastic region (LVR),
n*, G’ and G” showed a constant plateau on different levels [2Rhost all of the organogels
without and with DRSP showe@ > G” at low z. The result ofG’ > G” indicated that the

formulations acted more like viscoelastic solidarthike viscoelastic fluids; they were gelled [22].
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Fig. 2 a)Diagram of sol-gel transition concentration ranged storage stability of organogels without and
with DRSP (n = 3). The bars begin at the maximum-gelling concentrations and end at the minimum
gelling concentrationb) Average of median particle sizes of non-stabiliZeBSP MCS and DRSP
organogels after storage for three months at Rpasented in columns. The average of median fasize

of non-stabilized MCS before storage is shown ksea(with the range of standard deviation in dotiees)
(n=23).

The results are in agreement with the subjectiterdénation of the sol-gel transition gection
“Choice of the organogelator and determination of lhe sol-gel transition concentration’
Surprisingly, G’ was relatively low for CS organogels and even lotean G” for DRSP CS

organogels although the formulations did not fldtempreparation and showed no sedimentation
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during storage dections “Choice of the organogelator and determirion of the sol-gel
transition concentration” and “Storage stability of DRSP organogels). It was assumed that the
platelet structures of CS organogels were evemalest at very low or during sample preparation
for rheological tests. In general, the DRSP additad a strong influence on the rheological
properties of the organogelg*, G’ but alsotan(d) were primarily increased with DRSP addition
(Fig. 3 aandb).

a -
) 1000 b) 5000 - I
T , ] . +
o RKL2
uD: 800 - 7 %RKLZ 50007- )
= —— 40004 —
5 600 - e & ] .
= £ 3000
[u] =] 4
T 400 o £ 20004
IS 2 1
= o
% 150 1 o 8004
Q o ]
2 00 £ 600
> - - _
o g rho=0.741 9 400 gStica RTT2 rho=0.741
= Y p=0.071 (0.05>p>0.025) L, AS p=0.071 (0.052p>0.025)
g %0 J‘SL‘“‘ i =0.994 2004 gTz = r*=0.993
o RTL? 1
0 AAC.S i T T T T A T T T m T ® 1 0 C-SI' T T T s T T T 1
0 50 100 300 400 500 600 0 100 200 300 400 1500 2000 2500 3000 3500
Complex viscosity in Pas (without DRSP) G'in Pa (without DRSP)
c) 4 g
o * 23C
% B 27G
o 707 50+
g ] { | 1
= 604 S e RKL2
o = Pehrmz o
Y 50 RKL2 c N
o = | Siic
= o 304 1AS
2 404 5 rho=0.679, p=0.094 (0.10>p>0.05)
= L < =0.825
& 304 é 20
£ = RKL2
g 20 - Yo Rz R _dC e
2 TRTTZ — @ rho=0.964 10 *¢. 8. o —
e 10 L £=0.000 (0.0052p0.001) S siica 1ha=0.500, p=0.253 (p>0.10)
$ RrLzg |5 r=0.827 r*=0.698
-% Iés ¥ T ¥ T * T * T o T T 1 O T T T Y A T T
r= 0 20 40 60 80 100 120 0 200 400 800 800 2000 4000 6000
2 .
Min. shear stress in Pa, when G'<G" (without DRSP) Ginba

Fig. 3 Correlation between) 77, b) G’ andc) destructive shear stress of organogels withoutveitid the
addition of DRSP (n = 3d) Correlation between the ejection force requiradefpelling DRSP organogels
from syringes via 23 G and 27 G needles (n = 5)@nof DRSP organogels at rest (n = 3).

Relatively good correlation d&’ and 77 was found between organogels without and with DRSP.
However, a lower correlation was observed tan(d) of organogels without and with DRSP
(rho=0.429;p > 0.1;r2 = 0.259). Due to the high impact of DRSP on teptogical behavior, the
suitability of the different organogel formulatidar the use as drug-delivery system should be
evaluated with drug addition. All of the organogsl®owed shear-dependent behavior under the
mechanical stress of an amplitude swdgp.(4). With increasing, the end of LVR was reached
by crossing the yield point. Whed' < G” (below the flow point), the formulations lost thejel
character and showed more fluid-like propertied.[Parenteral gel formulations are exposed to

mechanical stress during transport, injection anthé human body after injection. The sensitivity

71



Chapter 3

of organogels to mechanical stress is beneficiaktie injectability /syringeability, but could be
detrimental to the transport and storage stabfitr.a better characterization of the behavior unde
mechanical stress and the influence of DRSP ome¢haetwork, we compared the experimentally
measured flow curves with typical rheological medghb. 1).

Tab. 1 Correlation between experimental rheological pesfand theoretical rheological models. The square

of Pearson product moment correlation coefficiemsresentedr{). The best correlation for each organogel
is highlighted.

Formulation r2 (Herschel-Bulkley) r2 (Casson) r2 (Bingham)
CS DRSP organogels: CS DRSP organogels:
r2 (Ostwald/deWaele) r2 (Newton)

Without DRSP
A200 0.999 0.993 0.968
ALS 0.993 0.968 0.886
Cs 0.997 0.979 0.946
MC 0.992 0.837 0.727
RKL2 0.941 0.730 0.543
RTL2 0.998 0.987 0.958
RTT2 0.998 0.965 0.921
With DRSP
A200 0.993 0.956 0.904
ALS 0.998 0.968 0.901
Cs 0.995 - 0.928
MC 0.992 0.843 0.683
RKL2 0.979 0.915 0.763
RTL2 0.909 0.407 0.390
RTT2 0.982 0.849 0.694

Because the organogels, except for DRSP CS forion&gtshowed a yield point/zone, the overall
flow curves were fitted to typical non-linear plastheological models. Best correlation was found
with the Herschel-Bulkey model using< 1 (Supplemen), indicating shear-thinning behavior.
However, a closer look on the flow curves revealeat the shear-thinning behavior was not
homogenously over the whole rangerafFig. 4 a-d. The viscosity did not decrease constantly
after crossing the yield point, but showed irregtits (shear-independent or even shear-thickening
behavior) at certain intervals of(Fig. 4 eandf). This behavior was more pronounced for DRSP
organogels showing consequently partially lowérto the rheological models than drugless
organogels. The reason might be that organogediactures / DRSP particles or DRSP patrticles /
DRSP particles entangle with increasingnd therefore hinder the flow. The interactionnlestn
DRSP particles and gel structure could also beoresiple for the partially lower destructive
being necessary to rea@< G” (for AS, MC and RKL2) FFig. 3 9.
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Fig. 4 a) andb) Flow curves of organogels without DRSE); and d) flow curves of DRSP organogels.
Viscosity curve of organogeks) without DRSP and) with DRSP versus shear stress (one example of each
formulation). The dots mark the point whése< G” .

Due to its high susceptibility to mechanical strabe yield point was already reached for the
(DRSP) CS organogel at the beginning of the angditsweep (or even at lowej. The
pronounced shear-thickening/-independent behav¥i@Soorganogels was probably caused by the
platelet organogelator structures, which requiregemmlume during shear and interfere therefore
with each other [23]. Furthermore, high variability /7 was observed within the LVR especially
for high viscous MC and RKL2 organogels, especialith the addition of DRSP. The variability
might be caused by transient effects at low sha#gsror, again, by interferences between

organogelator and drug particles [22].

Next, we compared the destructiveas an indicator for the robustness with the vikstie
parameters measured at reBhe destructiver correlated significantly withG’ (rho = 0.893;

p < 0.025 and? = 0.950) andy* at rest ho = 0.893;p < 0.025 and? = 0.942); the destructive
increased with increasin@’ and 77* at rest. No relationship was found between thérdesve ¢
andtan(d) at rest tho=-0.393;p> 0.10 and?2 = 0.167). Consequentz’ and /7* were used to
evaluate the rigidity of DRSP organogdl.and /7 of DRSP organogels at rest decreased in the

following order (CS was excluded):

RKL2 > MC >> silicax RTT2 > AS > RTL2

Once destroyed, the viscoelastic properties of DRBanogels were altered. The results
determined at rest and at recovery were comparew/éstigate the elasticity. The elasticity of the
organogelator network should be relevant for a isteist storage and transport stability. An
organogel which is destructed during storage arspart, should ideally recover fast and should
thereafter have a comparable rheological behawoma tnon-destructed organogels to avoid
sedimentation. In addition, a fast recovery ofdiiyi in the body after injection was assumed to
have a positive effect on the drug release becatgsnogelator structures might reduce spreading
in the tissue and decelerate the drug diffusiond2l Consequently, hig&’ ands* of recovered
organogels at 20°C and 37°C, being comparable @ittand /7* before destruction, should be
advantageously for the stability and performancehef formulations. The relative ratios of the
viscoelastic parameters determined before and déstruction decreased in the following order
(CS was excluded):

G

Silica (72%) > RTT2 (43%) > RTL2 (25%) > AS (12%McC (6%) > RKL2 (2%) at 20°C

Silica (50%) > RTT2 (36%) > RTL2 (30%) > AS (13%RKL2 (2%) > MC (0%) at 37°C
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,7*
Silica (73%) > RTT2 (42%) > RTL2 (25%) > AS (12%MC (7%) > RKL2 (2%) at 20°C
Silica (51%) > RTT2 (37%) > RTL2 (31%) > AS (14%RKL2 (2%) > MC (0%) at 37°C

In general, softer organogels with low@t and /7* at restseemed to recover faster. The highest
elasticity was shown in DRSP silica organogelsc&ibrganogels might regain their homogenous
structure relatively quickly. It should be notedatttan(d) of silica organogels was primarily
decreased especially at 37°Tan(d) did not correlate with the destructive However, the
increasedtan(d) indicated more pronounced viscous properties afestruction. DRSP CS
organogels were only marginally influenced by préue to previous sample destruction. The
lowest recovery off* andG’ was observed for the stronger DRSP KL2 and MC argals. The
recovery was further decreased at elevated temperaievertheless, the formulations showed
differences in the time-dependent recovery. When mieasuring time after destruction was
prolonged from 30 s to 5 min at 37°C, a markedease in* andG’ was observed for DRSP
RKL2 organogels®’ = 87.4+ 5.1 to 130.6 10.0 Pay/* = 14.6+ 2.1 to 21.# 1.0 Pas), whereas
a slight increase in* and G’ was examined for DRSP MC organogels’ € 1.7+ 1.3 to
2.5+ 1.4 Pay* = 0.3+ 0.2to 0.6 0.1 Pas). A further decreaserjh andG’ over timewas shown
by DRSP CS organogel&(=4.4+ 1.6 to 3.1+ 1.2 Pa;7* = 1.0+ 0.2 to 0.7 0.3 Pas). In short,
high G’, i7# and elasticity might be important viscoelastic pagters to ensure robustness and
consistent behavior of the organogels during trarisptorage and after injection. In particulag th
stronger organogels with high’ and /7 seemed to have a low elasticity; their rheologiadi
consequently their physical properties were theeefioarkedly changed after destruction. Although
the DRSP silica organogel provided a moder@teat rest, it might have more preferable

rheological properties with regard to elasticity.

3.3 Storage stability of DRSP organogels

First, homogeneity of organogels without DRSP waslied utilizing multiple light scattering. In
general, organogels containing the minimum orgaladgeconcentration necessary for gelation or
higher were found to be stable in storage overethmonths Fig. 2 g. Their respective
organogelator networks were consolidated after hdd thereafter, no major changes in
transmission or backscattering were detected. Nbe&tstability of DRSP organogels was tested.
Organogel scaffolds were sedimented together wiRlSP microcrystals. Thus, sedimentation was
visible by the formation of a clear supernatantnfs$tabilized MCSs had @nvalue of 0.58 0.01.
DRSP formulations containing the organogelatorshi;m minimum concentrations necessary for
gelation, provided aR > 0.99. Local changes in DRSP particle concentatigere detected using

multiple light scattering.
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Fig. 5 a)Images of DRSP MCT formulations stabilized witii®% (w/w) and 1.5% (w/w) MC (from left to
right) after storage for three months. Transmissipectra of DRSP MCS containibg 0.75% (w/w) and)
1.5% (w/w) MC, and backscattering spectra of DRSETMMCS containingd) 0.75% (w/w) ande)
1.5% (w/w) MC are shown (one example of each foatioih).

The stability assessment of DRSP MC formulatiorshiswvn inFig. 5as a representative example.
The backscattering diagrams of organogels con@idi®% MC showed a relatively constant
plateau over the sample length (difference top botiom backscattering: < 5%), indicating a
homogenous drug distribution. Samples containii§%. MC showed a decrease of backscattering
at the top and an increase of backscattering altiegremaining sample length indicating
sedimentation. Drug sedimentation could cause imgemeous filling processes during
manufacturing, needle obstruction during injectimrpromote aggregation during storage; thus, it
should be avoided [10,28]. Furthermore, the pragantf sedimentation could supersede agitation
before administration. Thus, pre-filled in syringesable organogels would advantageously be
ready-to-use. The minimum organogelator conceotmathecessary to avoid DRSP sedimentation
during storage were similar to the minimum concaitins necessary for gelatidrid. 2 g. There

was no tested organogelator that could not avoitinsmntation. Thus, DRSP organogels were
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assumed to be generally markedly more physicatiplstthan non-stabilized MCSs. The low
recovery of DRSP CS organogels after mechanicalsstgection “Rheological behavior of
DRSP organogels) was confirmed by a long-term storage experimene fidimulation did not
regain their gel character after destruction dustagage of 3 months at 37°C (moderate movement
and tipping led to flow of the formulations) andogled clear phase separation. Furthermore, one
of three DRSP MC organogels had not recover itslgafacter. DRSP RKL2 organogels and all of
the other organogels regained their gel charafter @destruction during storage at 37°C (moderate

movement and tipping led not to flow of the formntidas).

Next, the PSD was investigated as an additionahmeater for physical stability. The median
particle size of non-stabilized MCSs was 9.6 +|ini after preparatiorF{g. 2b). A median DRSP
particle size of approximately 5 um was determibgdaser diffraction of dry powder samples
after micronization (unpublished results). The dipancy between the measured results could be
explained by particle growth during storage of thig DRSP powder or by slight aggregation
during sample preparation. Furthermore, the PSDOdceary in dependence on the measuring
instrument used [29]. Non-stabilized MCSs tendegbddicle growth. The median particle size
increased significantly during storage (medianiplarsizes before and after storages 0.05 for

U- andt-test). However, crystal growth and aggregation @@aluse variation in bioavailability and
increase the risk of needle obstruction duringctigs [30]. All of the tested organogelators were
able to significantly decrease the DRSP partictemfn. The increased viscosity and gel formation
might have a high impact on the reduction of agatieg. Nevertheless, a significant correlation
betweenG’ or i and PSD was not foung & 0.1;rho / r2 <0.1).The results indicated that not
only gel formation but also the interaction of arggelator and DRSP molecules might influence
the particle growth. CS and MC were more capabletiice particle growth than AS, RTL2 and
RTT2 (U- andt-test: p< 0.05). CS and MC consisted of a steroidal stnectbat might interact
with the steroidal DRSP more efficiently. Silicao&ed particle growth most efficientyJ¢ andt-
test: silica versus othep< 0.05). Median particle sizes were comparable whtbse of DRSP
powder measured after micronization, indicating BRSP was aggregated in MCT even during
preparation (non-stabilized MCSs after preparatiersus silica organogel after storages 0.05

for U- and t-test). The high benefit of the silica might be dige the inclusion of DRSP
microcrystals in the homogenous, hydrophilic netwof silica molecules. With regard to the
particle growth, CS, MC and especially silica orggels should be preferred. In general, all of the
DRSP organogels advantageously showed a signifisatter physical long-term stability with
respect to sedimentation and particle growth cosgawith non-stabilized MCSs. DRSP CS
formulations were determined to be most unfavoratith regard to the elasticity due to their

irreversible loss of gel character after destrurctio
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3.4 Syringeability/injectability of DRSP organogels

For s.c. application, the injection needles shdida 23 G and we consequently tested 23 G and
27 G needles [31,32]. Furthermore, we evaluatedafi@icability of an autoinjector. The device
advantageously allows the drug administration ®yghtients themselves and that might increase
the compliance. Ejection forces of > 100 N weresidered to unacceptably increase the risk of
bursting the glass barrel of the autoinjector. Mwos¥, Rungseevijitprapa and Bodmei¢33]
recommended that formulations be evaluated as tbladminister without difficulties using
ejection forces < 50 N. The forces applied for pas®RSP organogels from the plastic syringes,
used for syringeability testing, through the 27 &&dies were > 30 N. Because the forces would be
2 - 2.5 times higher using the autoinjector witasgl syringes, the administration of the organogels
was evaluated as not possible or only possible meslrictions through 27 G needles. The ejection
forces were markedly decreased using 23 G ne€thess, the formulations should be syringeable
without difficulties. The ejection forces differeslightly between the tested DRSP organogels
(Kruskal-Wallis / ANOVA: 23 G:;p< 0.02; 27 Gp > 0.1). As a slight enlargement of needle size
was shown to cause no significant increase in phiring injection, 23 G needles are more
preferable than 27 G needles [31]. Furthermore, evaluated the relationship between the
rheological properties and the ejection forces. $\gnificant correlation was found between
destructiver and ejection stressp¢ 0.1; 27 G:rho=0.500, r2=0.669; 23 G:rho=0.464,

r2 = 0.525). The low correlation might be mainly calidgy the entanglement of drug particles
and/or gel structures leading to clogging of thespge from the syringe barrel to the needle
(section “Rheological behavior of DRSP organogel¥’ Such an effect could not be simulated by
7. Moreover, no correlation was found between ejectiorces andand (23G /27G:p> 0.1,

rho /r?2 <0.1). Nevertheless, in accordancert@jection stress using 27 G needles showed better
correlation tendency t&’ (Fig. 3 d and7* (27 G:0.1 >p > 0.05;rho = 0.679,r2 = 0.834). With
respect to the forces needed to eject the DRSPoggis using 23 G needles, an slight increase in
G’ and 77* by rising the organogelator concentration mightpossible in order to improve the

rigidity without losing syringeability.

3.5 Invitro drug release

The in vitro release was tested as an indicator for the dtahlifi organogel networks after
administration. With respect to the Fick’s law, thevitro release was assumed to depend on the
drug diffusion being influenced by the vehicle wsity. The DRSP solubility in the organogels,
which can also influence the drug release, was eoatgpe for all of the organogelators (data not
shown). In fact, the drug release of DRSP orgarsogak significantly more sustained compared to
non-stabilized MCSsf{< 50 andf,> 15 for all of the organogels versus non-stalili2CSs;

comparison of drug release rates using Kruskalig/alANOVA: p < 0.05) Fig. 6 aandb). With
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respect to the results of rheological testsantion “Rheological behavior of DRSP organogels”
the organogel network recovered partially at 37f@radestruction. This restructuring seemed to
cause deceleration of the vitro drug release. Although the viscoelastic properiethe DRSP
organogels were markedly different, the formulagiaid show no significantly or slightly different
drug releasef{ > 50 andf; < 15; comparison of drug release rates using Kivakalis: p > 0.05;
however, ANOVA showed significant differencgs< 0.05). The comparison of drug release rates
and viscoelastic properties indicated slightly de@ged drug diffusion with increasing: or G’
(Fig. 6 candd).
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Fig. 6 Release profiles of non-stabilized DRSP MCS anBRSEP organogels containiag AS, silica or CS
andb) MC or dextrin palmitate derivatives (n = 8).Correlation between the vitro drug release rate and
G’ of DRSP organogels at rest (n = 8);correlation between tha vitro drug release rate angt of DRSP

organogels at rest (n = 3).

Accordingly, inverse proportionality betwe&i and drug diffusion from gel matrices was found

previously [34]. However, the relationship betweaetease rate ang* or G’ of MC organogels

was low. Thus, corresponding to the results shawsections “Rheological behavior of DRSP

organogels” and “Storage stability of DRSP organogels; very slow recovery of the MC

organogel network after injection into the dialydiag, might be the reason for the slightly
accelerated drug release. RKL2 organogels recovalsed slower than the other organogels but

nevertheless faster than MC organogels at 3&&tipns “Rheological behavior of DRSP
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organogels” and “Storage stability of DRSP organogels). Consequently, the slower recovery
rate of stronger organogels with highgr andG’ could cause the non-linear correlation tendency
betweenin vitro release and viscoelastic properties as well asirtegular behavior of MC
organogelsKig. 6 candd). In accordance to our results, it was shown jpmeviousin vivo study
that steroidal MC organogels showed a relativegghhinitial plasma level indicating a slow gel
recovery after injection [17]. Thereafter, timevivo plasma levels of the MC organogels declined
slower than for the non-stabilized steroidal MCS$his effect might be caused by a partial

rebuilding of the MC structures in the body.

4  Conclusion

DRSP organogels were superior to non-stabilized M®#h respect to the long-term storage and
drug release. DRSP organogels showed improvedg&tatability considering sedimentation and
particle growth. The prevention of particle growtlas assumed to be mainly caused by the
molecular interaction of drug and gelator. All d¢fettested DRSP organogels showed shear-
thinning behavior which is positive for injectiohhus, ejection from syringes was feasible with an
autoinjector using 23G needles. The partially iatag rheological behavior (shear-thickening/-
independent behavior) was possibly influenced kyethtanglement of organogelator structures and
drug particlesG’ and/* at restwere indicatory for the behavior of organogels unechanical
stress (e.g. amplitude sweep, injection). All of RSP organogels show significantly more
sustained drug release compared to non-stabilizZ889vvhich should be mainly caused by partial
recovery of the organogelator structures found7aC3after destruction. The organogels showed
only slightly different DRSP release. High&' and /* caused slightly more sustained drug
release. Furthermore, softer organogels showedrltsticity which might be positive for the gel
recovery after transport or injection stress. Imswary, MCT organogels of DRSP could be a
suitable formulation option for parenteral applicat In general, a balance between rigidity and
destructibility of organogels must be consideradaio optimal formulationSilica organogel might
slightly more advantageously compared to the otiiganogels because it provided the highest

elasticity, moderat&’ and/* and avoided most efficiently particle growth.
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5 Supplement

5.1.1 Model functions for flow curves without a yield pont

O
r=nly
o

Equation 1 Newton’s law;7 = shear stressy = viscosity )/ = shear rate [22].

O
r=cy”

Equation 2 Ostwald/de Waele (Power law= flow coefficient,n = power-law indexn < 1 shear thinning
behavior,n > 1 shear-thickening behaviar= 1 ideal-viscous flow behavior [22].

5.1.2 Model functions for flow curves including a yield mint

0

=1, +17, [y

Equation 3 Bingham model equatioms = Bingham viscosity7s = Bingham yield point [22].

Equation 4 Casson model equation; = Casson viscosityic = Casson yield point [22]

|

T =Ty +C)"
Equation 5 Hershley/Bulkley model equatiors = yield point according to Herschel/Bulkleg,= flow
coefficient (also called the Herschel/Bulkley visitg), n = Herschel/Bulkley indexn < 1 shear thinning

behavior,n > 1 shear-thickening behaviar= 1 Bingham behavior [22].
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Abstract

The aim of this study was to investigate the phaokimetics of injectable conventional dosage
forms containing steroids. First, the vitro release of drospirenone (DRSP) microcrystal
suspensions (MCSs) was studied. Next, the pharrraatids of selected subcutaneously injected
DRSP MCSs was analyzed in female Wistar rats anmb@plgus monkeys. Furthermoig,vivo
andin vitro results were fitted to mathematical models. Altflothein vitro-in vivo correlation
was partially good, the predictability of theevitro test was assumed to be restricted. Nevertheless,
mathematical calculations an vitro results allow the interpretation @f vivo results and the
identification of parameters influencing the dradease. DRSP microcrystal size had a marginal
influence on the pharmacokinetics. The drug absmrptas slower from aqueous MCSs than from
peanut oil MCSs. Absorption profiles of aqueous PREICSs correlated best with Hixson—
Crowell model, whereas absorption profiles of @bbd DRSP MCSs showed a good fit to the
Higuchi model. The established assumptions weral duseinterpret the pharmacokinetics of
subcutaneously injected oil-based formulations ¢ steroid ZK28. In summary, low drug
solubility in the vehicle and a high vehicle visitpsvere assumed to result in slower and constant

drug release.
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Chapter 4

1 Introduction

There is an ongoing need for developing steroidemiilations against hormone-dependent
diseases or as contraceptives [1-4]. Long-actiegogtal drugs are commonly intramuscularly
(i.m.) or subcutaneously (s.c.) injected converatiodrug-delivery systems such as oil-based
solutions or aqueous microcrystal suspensions (NI(Ss/]. The long-term use of daily
administered oral drugs could reduce the patiartsipliance and increase the risk of inconsistent
drug intake [8,9]. To overcome these issues, parahinjections are developed being administered
advantageously less frequently. Conventional parahtdrug-delivery systems of steroids often
seemed to provide typical pharmacokinetics. A psatkim level follows the injection exceeding
largely the minimal effective dose. Thereafter, fhl@sma concentration decreases more or less
rapidly over time [10,11]. The described plasmafifg® were for example shown for oil-based
testosterone undecanoate solutions used for tlagntemt of hypogonadism and for oil-based
solutions or aqueous MCSs of contraceptive estradisters [10,12-14]. Despite the
abovementioned advantage of long-acting injectitms acceptance of injectable contraceptives in
middle Europe is low. The 3-months-syringe accotmt®nly 1% the contraceptive methods used
[11]. One reason might be the pharmacokineticsnigfictable contraceptives. A more constant
release could allow for a lower dose with the saffieacy, while minimizing the side effects. In
the following work, we investigated the pharmaceiics of parenteral drug-delivery systems of
two steroids drospirenone (DRSP) and ZK28. DRS® psogestin used in contraceptives and for
the treatment of diseases, disorders, and sympasswriated with deficient endogenous levels of
estrogen in women [15]. DRSP is included in numsrawal contraceptives. However, the
pharmacokinetics of injectable DRSP formulations hat been studied so far. The steroid has
challenging physicochemical properties becauss ihgufficiently soluble in oils and practically
insoluble and chemically unstable in water [16].u¥hespecially oil-based MCSs might be a
formulation option. ZK28 is a BPBrhydroxysteroid dehydrogenase type 1 inhibitor, ngei
responsible for the conversion of estrone to ektr4d] (seeFig. 1). According to DRSP, it is
insufficiently soluble in aqueous and oil-based igieh Formulations including this new drug
compound have not been tested yet, and knowledgat #b pharmacokinetics was low. First, we
investigated thén vitro release of injectable steroidal formulations ex@amypon DRSP-delivery
systems. Our intention was to find formulation eueristics, influencing the drug release. For the
initial assessment of injectable dosage forimsjtro release testing is an important tool. Due to the
absence of an officiain vitro dissolution test for prolonged-release parente@dage forms,
various methods were investigated in the past amddascribed in the literature. In general,
membrane and non-membrane systems are useid fatro release testing of parenteral drug-
delivery systems [17-22]. The aim was to use ianvitro release test for the qualitative

differentiation of formulations that is easy to feem on a large number of samples over a relative
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long period of time. We employed a diffusion menmerasystem for the evaluation of DRSP
MCSs. Diffusion membrane models were studied byerons authors to analyze the drug release
of parenteral particulate and lipid-based formoladi [20,23-25]. We tested the influence of
vehicles, drug microcrystal sizes, and organogedatm in vitro release of DRSP MCSs. To
interpret the release behavior, theoretical relgas8les calculated by mathematical models were
fitted to thein vitro release profiles. Next, the pharmacokinetics ¢écted DRSP MCSs was
investigated in female Wistar rats and in femalexd@yolgus monkeys, considering thevitro
results. The plasma profiles were deconvoluted @mdpared with mathematical models of drug
delivery. With respect to thia vitro characterization and correlation of DRSP absonptimfiles

to theoretical models, pharmacokinetic behavidesf formulations was evaluated. Our aim was to
define factors affecting the pharmacokinetics of3PRdelivery systems. To assess ithevitro
release tesin vitro results were collated with the vivo data. Furthermore, the pharmacokinetics
in both animal models was compared with each otBening first efficacy studies, ZK28
formulations were injected into female Wistar rdtise pharmacokinetics of ZK28 included in high
viscous oil and in an organogel of low viscouswdés compared with each other. Furthermore,
different ZK28 doses were tested. The vivo data were assessed based on the assumption
established to interpret the pharmacokinetics 06BRICSs. In return, tha vivo results of ZK28
were used to draw conclusion for further investaya into DRSP MCSs in order to improve their
pharmacokinetics.

i

H

Cl

HO
Fig. 1 Chemical structure of ZK28.

2 Materials and methods

2.1 Materials

DRSP micronized (median particle size below 5 uBDRSP with median particle sizes of
20.82 um, 48.34 um, and 93.79 um ($ab. 1) specially prepared for the experiments, DRSP-d4,
and ZK28 (Bayer HealthCare Pharmaceuticals, Beflermany), medium chain triglycerides
(MCT) (Myritol® 318 PH, Cognis, Dusseldorf, Germangastor oil (co), buffer pH 7, and toluene
(Riedel-de-Haen, Seelze, Germany), peanut oil (®lgma-Aldrich Chemie, Steinheim,
Germany), methyl cholate (Alfa Aesar, Karlsruhe,r@any), 2-hydroxypropyp-cyclodextrin
(HPB-CD) (Kleptose® HPBJ, Roquette, Lestrem, Francenzigl benzoate (bb), potassium
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dihydrogen phosphate, ammonium acetate, 2-propandium azide, hydrochloric acid, sodium
hydroxide, acetonitrile (ACN), methanol (MeOH), hlarobutane (all from Merck, Darmstadt,
Germany), Pefabloc buffer (Roche Diagnostics, Mamh Germany), physiological saline
(Aguettant, Lyon, France), polysorbate 80 (Brenntdjihlheim, Germany), hydroxypropyl

cellulose (Klucel® LF) (Hercules, Duesseldorf, Gany) were used.

Tab. 1 Particle size distribution of DRSP microcrystais<(3).

Raw material dioin um dso in pum doo in pum

DRSP 20 pm 2.22£0.19 20.82 0 .93 59.82+ 0.74
DRSP 50 pm 5.49 £0.23 48.34 £ 0.50 145.96 = 1.53
DRSP 95 um 18.20 £ 0.82 93.79 + 0.96 182.09 £ 6.29

2.2 Preparation of DRSP MCSs

Micronized DRSP (70 mg/0.5 ml) was dispersed indemineralized water, MCT, or a mixture of
60%:40% (w/w) co/bb by magnetically stirring (lkaevke, Staufen, Germany). DRSP and the oils
were weighed. The density of the vehicles was detexd prior to then vitro tests by using a
bending oscillator (DMA48, Anton Paar, Graz, Auwstri Furthermore, 70mg/0.5 ml of DRSP
50 um was blended in po, and 70 mg/0.5 ml of DR®Pubh were suspended in water by
magnetically stirring. For the investigation intieetin vitro release and its dependence on the
presence of an organogelator, 70 mg/0.5 g micrdn2&SP was dispersed in MCT with or
without the addition of 1.5% (w/w) methyl cholathe samples were mixed by sonication using
an ultrasound device (Sonopuls HD2070, Bandelintedaic, Berlin, Germany) at 5 x 10% cycle
with 100% power. They set into a gel after cooliBportly before solidification, 0.5 g of DRSP
organogel was prefilled into a 1 ml syringe (Tuh&irk® 1 x 100 Soft-Ject, Henke Sass Wolf,
Germany) at least 24 h before thevitro tests started in order to give the organogelagtwaork
time to structure. For thie vivo testing of aqueous DRSP MCSs, 60 mg/0.5 ml of DRSRm,

50 um, or 95 um was dispersed in an aqueous sojut@ntaining 0.25% (w/w) polysorbate 80,
1% (w/w) hydroxypropyl cellulose, and 98.75% (wf¥jysiological saline by magnetically stirring
at the earliest 1 d before injection. For the asialpf thein vivo testing of oil-based DRSP MCSs,

60 mg/0.5 ml of DRSP 50 um was dispersed in pceasribed above.

2.3 Preparation of ZK28 formulations

15 and 50 mg/ml of pestled ZK28 were dispersed 0B0:20% (w/w) co/bb by magnetically
stirring. Furthermore, 1.5% (w/w) methyl cholateswdispersed in a mixture of 75%:25% (w/w)
MCT/bb using an ultrasound device at 5 x 10% cyeih 100% power until a clear solution,

which set into a gel after cooling was obtainedergafter, 10 and 50 mg/ml of pestled ZK28 were
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suspended in the organogel by sonication at 1 x t§ete with cooling. The samples were

prefilled in syringes to allow the organogel tinoestructure.

2.4 Determination of solubility and viscosity of oil-based vehicles

The determination of DRSP solubility in differerghicles was described previously (n = 3) [16].
The ZK28 solubility was tested analogously. Brieflgn excess of drug was dissolved in
60:40% (v/v) co/bb and 75:15% (v/v) MCT/bb (n = 3he samples were stirred for 24 h and
thereafter analyzed using the HPLC method describeskction 2.5 The dynamic viscosity of
MCT, po, and the mixture of 60%:40% (w/w) co/bb wedstermined by an automated
microviscosimeter (AMVn, Anton Paar) (n = 3). THere, the samples were added to a capillary
containing a ball of known size and density. Theesp descended through the liquids in the tube at
an angle of 70°. The falling time was determinedravknown distance at 20 °C. The viscosimeter
was connected to the bending oscillator, becausealétermination of the density was necessary

before measuring the viscosity.

2.5 Invitro release of DRSP

0.5 ml of DRSP MCSs was injected into a dialysig Ifslw cut off 12,000-14,000 Da, length
7 cm, flat width 1 cm, Spectra/Por, Spectrum® labaries, Rancho Dominguez, USA) using 1-ml
syringes with 20 G needles (Sterican, B.Braun Majsn, Melsungen, Germany) to simulate the
mechanical stress of injection. The samples weligheed in the syringe before and after injection
(drug amount of per g vehicle was known for the PRBCSS). No release medium was added into
the tube. In the same way, 0.5 g of DRSP MCT MQ8@BRSP MCT organogels were injected
into the bags. Afterward, the dialysis bags wemc@tl in 100 ml Erlenmeyer flasks containing
50 ml USP phosphate buffer at pH 7.4 with additbd®.05% (w/v) sodium azide and 8% (w/w)
HP$-CD preheated to 37 °C. The samples were put irfiorezontal shaker (Innova 4230, New
Brunswick Scientific, Edison, USA) at 100 rpm and °€. At predetermined time intervals, 1 ml
samples were withdrawn, assayed, and replacedfrggh medium. The complete release medium
was changed every 24 h. Finally, the residual dmgunt in the dialysis bags was determined.
Therefore, the oil-based samples were diluted ilNA(Dd then filtered (syringe filter, 0.45 um).
The amount of DRSP and isoDRSP was analyzed by HPV.GAgilent 1100 series, Agilent
Technologies, Boblingen, Germany) as describediqusly (injection volume of 10 or 100 pl)
[16]. Before DRSP determination, a 6-point-calitmatwas performed. Therefore, the drug was
accurately weighed into volumetric flasks and digsth in ACN to prepare three stock solutions.
Two standard solutions were prepared from eachkstotution by diluting in ACN/phosphate
buffer. Each standard solution was injected thiewg. Linearity was shown between 1.1 and
500 pg/ml DRSP. The square of correlation coeffic{g?) of regression line was above 0.999. The

limit of quantitation (LOQ) was calculated from tthe-fold of signal/noise ratio in accordance to
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[26]. The LOQ was 1.1 pg/ml. Values below the LO&e@vnot considered. The retention time was
about 4.5 min for DRSP and about 5.3 min for isoPR&Il of thein vitro release tests were

performed in triplicate for each test formulation.

2.6 Animals

The female Wistar rats had an age of ca. 8 weetksvarghed about 200 g (supplier Charles River
Laboratories, Berlin-Buch, Germany). The female @ynlgus monkeys weighed about 2.7-5.4 kg
and were 7-17 years old (supplier R.C. Hartelust BNburg, Netherlands). All animal studies
were performed with the approval of the local atties of Berlin (Landesamt fur Gesundheit und
Soziales, Germany) and in accordance with Recomatmms from the Declaration of Helsinki

and the German animal protection law.

2.7 Pharmacokinetics of DRSP MCSs
The pharmacokinetics of 60 mg/0.5 ml of DRSP 50 ponMCSs and aqueous DRSP MCSs

including 20 um, 50 um, or 95 um DRSP was investijan female Wistar rats after single s.c.
administration. The formulations were not sterilizmfore injection. They were administered into
the neck using a syringe for precision dosing (BuBr Omnifix) and 20 G needles. The injection
site was closed with Histoacryl to inhibit the lassthe administered formulations through the
application site. The DRSP serum level was detexchiax 0.5, 1, 3, 6, 24, 72, 168, 336, 504, and
672 h, with n = 3 — 4 rats per sampling time. 1igbt samples were obtained from each rat. They
were collected from the vena cava or by punctuatiforie jugular vein at the final sampling time.
The samples were diluted with 0.25 M aqueous Pefaphosphate buffer to inhibit esterase
activity. Furthermore, 30 mg/0.25 ml of aqueous paodRSP 50 um MCSs were injected beneath
the skin to female Cynomolgus monkeys using a ggrifor precision dosing. The DRSP serum
level was determined at abovementioned samplingstinlBlood samples were collected from a
punctured superficial limb vein. The samples cedddfrom rats or monkeys were centrifuged to
separate the blood cells and serum. They weredstairebelow -15 °C until required for later
analysis. DRSP determination was conducted in mpokeat serum with liquid—liquid extraction
and separation by high-pressure liquid chromatdgyragand tandem mass spectrometric detection
(LC-MS/MS). For DRSP determination in rat serunmgkes were mixed with an internal standard
working solution containing DRSP-d4 or 80%:20% Jwhater/MeOH for blank samples and with
1% hydrochloric acid in 50%:50% (v/v) water/ACN gxtraction tubes. The samples were
extracted with 1-chlorobutane for 2 min at 20 °Entrifuged, and frozen in an acetone / dry ice
bath. The organic layer was transferred to anatik&action tube and was dried under nitrogen at
50 °C. The residue was redissolved in 80%:20% (waer/MeOH. 75 ul samples were injected
onto a HPLC column (Symmetry Shield C18, 2.1 x 400, 3.5 um, 40 °C, Waters, Milford,
USA) at 200 pl/min. A gradient method was run frds0%:50% (v/v) water/MeOH to
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15%:85% (v/v) water/MeOH for 7 min followed by amudlibration of the system using
50%:50% (v/v) water/MeOH for 2 min. The retentiome was 6.2 min. Atmospheric pressure
photo ionization was used. Toluene was the dopdnttiple reaction monitoring (MRM) was
performed in a positive mode. The m/z 367.3 to 972 transition was monitored. For the DRSP
determination in monkey serum, samples were mixgld wwternal standard working solution or
buffer pH 7 for blank samples in extraction vial$iey were extracted using a 98%:2% (v/v)
toluene/2-propanol for 20 min at RT. After centgétion and freeze out in an acetone/ dry ice
bath, the organic phase was transferred to mickdalé-and dried under nitrogen at 50 °C. The
residue was redispersed in 55%:45% (v/v) ACN/ammnonacetate buffer. 15 pl samples were
injected onto an HPLC column (comparable rat seiR), A gradient method was applied using
eluent A, 55%:45% (v/v) water/ACN, and eluent BO#ACN, at 300 pl/min. First, the solvent
was set to 100% eluent A for 5 min. Then, a gradigas run from 100% eluent A to 100%
eluent B for 2 min followed by an isocratic steplng 100% eluent B for 2 min. Then, the
solvent was set to 100% eluent A within 0.2 mine Bystem was equilibrated using 100% eluent
A for 1.4 min. The retention time of DRSP was abéunin. A turbo ion spray ion source (TIS)
was used. MRM was operated in a positive modeigomii energy 47 eV). The m/z 367.3 to m/z
97.1 transition is monitored. All of tha vivo studies were done in a GLP compliant facility, and
the laboratory procedures were followed in accocdawith the GLP guidelines. The method
validation and the analysis of the study samplesevperformed in compliance with [27]. The
results for the study samples were derived fromuseces, which complied with the FDA
acceptance criteria. The stock solutions of cafibnastandards and quality control (QC) samples
were prepared from two separate weightings of dierence material. The calibration standards
ranged from 0.2 to 200 ng/ml of DRSP in rat seransgmple per concentration). The lower LOQ
(LLOQ) was 0.2 ng/ml, and the upper LOQ (ULOQ) vZ&¥ ng/ml. QC samples were prepared
from 0.6 to 160 ng/ml of DRSP in rat serum. The glanvolume was 100 ul. The regression type
was linear and linearity ranged from 0.2 to 200mig/Calibration standards and QC samples
ranged from 0.1 to 10 ng/ml of DRSP in monkey sertihe LLOQ was 0.1 ng/ml, and the ULOQ
was 10 ng/ml. The linearity was shown from 0.1 @/ ml (2 sets of calibration standards) using
a sample volume of 250 ul. All of the rat and mgnkerum samples were analyzed in analytical
runs for which four out of six QC samples had acigien within 15% and accuracy within 85 -
115%. All samples were determined in analyticaisrdor which the blank and zero samples
showed co-eluting peaks with responses of no ni@e 20.0% of the peak response at the LLOQ
of DRSP and no more than 5.0% of the peak respointe internal standard. The assay methods
showed no unacceptable carryover and no matrixtstf€oncentration results of rat and monkey
serum were transferred to Excel for further phawokaetic evaluation. The pharmacokinetic
parameters were calculated from the individual erconcentrations by non-compartmental

analysis using the Kincalc program (Version 2.50B&yer, Berlin).
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2.8 Pharmacokinetics of ZK28 formulations

ZK28 formulations were injected s.c. into the neckfemale Wistar rats using a 1 ml syringe
(Tuberkulin®) with a 20 G needle. The formulatiomsere not sterilized before injection. Blood
samples were draw from the retrobulbar area of aaghal twice after 1, 3, 6, and 24 h (2 — 3 rats
per sampling point). Thereafter, the blood celld plasma were separated by centrifugation. The
samples were frozen until required for later arialy§he concentration of ZK28 in each plasma
sample was determined by LC-MS/MS using TIS. 5 a$ wmjected onto a Thermo Quest Hypersil
GOLD column (length 5 cm, inner diameter 2.1 mn9 fum, 25 °C) using ACN/water with
addition of 0.1% methylmorpholine as mobile pha&egradient was run from 25:75% (v/v)
water/ACN to 5:95% (v/v) water/ACN at a flow rate3D0 pl/min over 4 min followed by a flow
gradient at 5:95% (v/v) water/ACN from 300 pl/me@00 pl/min for 1.35 min. Then, the solvent
was set to 25:75% (v/v) water/ACN within 5 s. Thystem was equilibrated using 25:75% (v/v)
water/ACN at 300 pl/min for 1.3 min. The retentibme of ZK28 was 4.1 min. MRM was
performed in a negative mode (collision energy e¥). The m/z 316.8 to m/z 280.9 transition is
monitored. The method validation and the analydigshe study samples were performed in
compliance with [27]. For the preparation of cadifion standards and QC samples, rat plasma was
spiked with ZK28. The calibration curve consistedbtank and zero samples and calibration
standards containing 318.8 ng/ml — 1.59 mg/ml oR&KThe LLOQ was 31.88 pg/ml, and the
ULOQ was 1.59 mg/ml. Calculated from the QC samplee precision was within +15% and
within 20% at LLOQ. The accuracy was within 85 5% and within 80 — 120% at LLOQ.
Furthermore, calibration standards were preparedlibgolving ZK28 in concentrations from
318.8 ng/ml to 1.594 mg/ml in ACN/water. Calibratiourves in buffer and serum were compared

to exclude matrix effects. Pharmacokinetic pararsetere calculated by Excel.

2.9 Calculation of theoretical drug release and compason ofin vitro drug release andin

vivo drug absorption

Theoretical drug release profiles calculated byhmiaatical models were fitted to vitro release
andin vivo absorption profiles. Therefore, theoretical redeasofiles according to the Hixson—
Crowell equation, the Higuchi equation, and therfserBrunner equation were computed by Excel
(seesection §. The release or absorption profiles were plotigdinst the theoretical release
profile calculated by Higuchi or Nernst-Brunnet of linear regression was computed. The cube
roots of total drug content minus cube roots ofdue drug fractions were plotted versus time
according to Hixson—Crowell and of linear regression line was computed. To comjhesn
vitro and invivo results of DRSP, the drug serum concentrations wieconvoluted using the
Wagner—Nelson method [28]. The fraction of drugoabed divided by the volume versus time
was calculated. The elimination rate constant wd€9® h' in Wistar rats and 0.062hin

Cynomolgus monkeys as determined previously [2%]e Th vitro and in vivo results were
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compared in a Levy plot. Therefore, absorption ifgsfandin vitro release profiles were
normalized to 100%. The times being necessary soralrelease drug fractions of 10 — 100% (5%
steps) were interpolated and compared with eacér.ofhe calculations were performed using

Excel.

2.10 Statistics

The arithmetic means and standard deviations wadoalated for drug solubility, vehicle viscosity,
andin vitro release profiles. Differences between two resuéieevanalyzed by a two-samptheest

(o = 0.05%). Differences between vitro release and absorption profiles were evaluatechby t
difference factorff) and similarity factorfg) as previously described [30]. The mean valuahef
cumulative release concentration at each time pointwo formulations were compared. All
sampling points with drug release between 10% &% 8/ere considered. Only one measuring
point with drug release above 85% and below 10% wmatuded in the calculation. The
preparations were evaluated as not comparable fthenl5 andf, < 50 [31]. To evaluate the
pharmacokinetics of DRSP and ZK28, the geometritaithmetic means and the related standard
deviations were calculated from the individual camication values and the derived individual
pharmacokinetic parameters. The AUC andx female Cynomolgus monkeys were normalized
for dose by dividing the serum concentration or £&¢C by the individual dose (mg/kg body
weight), resulting in the parameters&and AUGorm.

3 Results

3.1 Invitro release of long-acting parenteral DRSP formulatios

Because DRSP is practically insoluble in aqueoudiune, HP8-CD was added to the release
medium. 13.1 + 0.2 mg/ml (at RT) of DRSP was saublthe buffer containing HB-CD. Thus,
sink conditions were given in the surrounding reéeanedium. The buffer solution was changed
every 24 h to reduce DRSP isomerization in theagdanedium. Below 1% of isoDRSP was found
in the buffer at the last time point before medierchange. Nevertheless, the drug isomerization
might be one of the main reasons for the incomplelease beside non-quantifiable drug
concentrations at later sampling points, drug remgi in the dialysis bag (residual drug
concentrations in the dialysis bag below LOQ atl&#st sampling point), and loss of drug during
medium exchange (sdég. 2). Parameters influencing the drug release fronemqtaral steroidal
formulations were studied on various DRSP MCSstFive tested aqueous and oil-based vehicles,
being commonly used for injectable dosage forme Bg. 2a). The vehicles differed in their

viscosity and ability to dissolve DRSP.
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The dynamic viscosity of the vehicles increasethenfollowing order at 20 °C:

water < MCT (30.2 £ 0.7 mPas) < po (62.3 £ 0.3 mPas
< 60%:40% (w/w) co/bb (98.8 + 1.2 mPas)

The solubility of DRSP increased in the followingler at RT:

water (15.4 + 1.;ug/ml) < po (2.3 £ 0.0 mg/ml) < MCT (5.9 + 0.1 mgjml
< 60%:40% (w/w) co/bb (50.5 £ 0.6 mg/ml)

DRSP showed the fastest release from MCT. More 8% of DRSP was released from MCT
within 96 h. MCT was the lowest viscous lipophitiest vehicles and showed moderate DRSP
solubility. DRSP was released markedly slower frowbb ¢, = 53,f; = 17). More than 80% of
DRSP was released within 120 h. The addition oftdlco raised the DRSP solubility and
decreased the vehicle viscosity dramatically. Tthesyvehicle showed the highest DRSP solubility.
Nevertheless, co/bb provided the highest viscasigll test vehicles. Po and aqueous DRSP MCSs
exhibited the slowest drug release.
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Fig. 2 In vitro release profiles of) micronized DRSP suspended in po, water, co/bb M@T in a
concentration of 70 mg/0.5 mb) micronized DRSP dispersed in MCT and MCT organogela
concentration of 70 mg/0.5 g) micronized DRSP and DRSP 20 um suspended in Wwatemcentration of
70 mg/0.5 ml,d) micronized DRSP and DRSP 50 um suspended in poncentration of 70 mg/0.5 mi
(arithmetic means and standard deviations of n = 3)
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They released the drug considerably slower than NDIRSP MCSs (MCT versus p&: = 47,

fi = 23; MCT versus wateff, = 45,f; = 24) and slightly slower than co/bb DRSP MCSdl{so
versus pof; = 68,f; = 9; co/bb versus watefz = 65,f1 = 10). The drug release profiles of po and
aqgueous DRSP MCSs were rather compardble 91,f; = 4). Aqueous DRSP MCSs were only
minimal slower. More than 80% of the drug from amueeand po DRSP MCSs was released within
144 h. Both vehicles showed a low DRSP solubiitg.was the oil-based vehicle with the lowest
DRSP solubility. However, the drug was almost 26&s less soluble in water. On the other hand,
po had a relatively high viscosity, whereas watas the test vehicle with the lowest viscosity. In
summary, high viscosity and low drug solubility s@el to decelerate the drug release. However,
only MCT MCSs showed markedly different releasdifa®.

Tab. 2 Correlation between experimental absorption/relgasfiles and theoretical mathematical modes.
of linear regression line is calculated. For eviesst formulation, the highest is highlighted indicating the
best fit to a mathematical model.

r2 (Nernst — Brunner®)

. S ) 5 (i .
Formulation (Zero-order release) r2 (Hixson-Crowell) r2 (Higuchi)
In vitro

MCT DRSP MCS 0.876 0.925 0.965

Peanut oil DRSP MCS 0.975 0.980 0.984

Agqueous DRSP MCS 0.926 0.972 0.982

co/bb DRSP MCS 0.916 0.964 0.985

DRSP MCT organogel MCS 0.932 0.970 0.980

Aqueous DRSP 20 pm MCS 0.953 0.984 0.979

Peanut oil DRSP 50 pm MCS 0.930 0.999 0.985

In vivo

Aqueous DRSP 20 pm MCS 0.833 0.971 0.968
(rat)

Aqueous DRSP 50 pm MCS 0.882 0.992 0.986
(rat)

Aqueous DRSP 95 pm MCS 0.905 0.992 0.990
(rat)

Aqueous DRSP 50 pm MCS 0.816 0.980 0.957

(monkey)

Peanut oil DRSP 50 pm MCS 0.965 0.971 0.981
(rat)

Peanut oil DRSP 50 pm MCS 0.906 0.980 0.988

(monkey)

a Surface area, drug diffusity and thickness ofudiibn layer were assumed to be constant.

Next, the DRSP release from MCT organogels wasyaedl The addition of methyl cholate to the
low viscous MCT immobilized the liquid phase conplg and slowed down the sedimentation of
drug microcrystal through the vehicle. The destancof organogelator network by the mechanical

stress enabled the injection by a syringe. Thermgelator structure was partially recovered after
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injection being visible by an increase in viscogggeSupplemen). Compared with DRSP MCT
MCSs, than vitro release was considerably decelerated @4,f1 = 27) (sed=ig. 2b). The results
confirm the assumption that the vehicle viscosifjuences the drug release. Furthermore, DRSP
MCT organogels showed a slightly slower drug redetsan co/bb DRSP MCSs and a slightly
faster drug release than po and agueous DRSP M@8sh(f, = 63,f; = 11; po:f = 77,f1 = 5;
water:f, = 75,f; = 5). Finally, the influence of the DRSP partickse on then vitro release was
analyzed. MCSs containing DRSP with smaller migrstals sizes and consequently with greater
particle surfaces delivered the drug faster (Sge 2 ¢ andd). However, a relative low impact of
microcrystal size on drug release was found fortélseed DRSP MCSs. The drug release from po
MCSs including micronized DRSP was faster compavéd po DRSP 50 um MCSd,(= 52,

f1 = 19). But agueous MCSs containing micronized dmag only slightly faster compared with
aqueous DRSP 20 um MCSs although median drug learticere at least 4-fold smallds € 65,
fi=7). The broad particle size distribution of tleacser drug microcrystals was assumed to cause
relatively high standard deviations of the relgasdiles of DRSP 20 um and DRSP 50 um MCSs.
Finally, mathematical models were fitted to thevitro release profiles (sekab. 2 andFig. 3a
andg). All mathematical models based on the Fick’s [8le correlation between a theoretical
zero-order profile calculated with Nernst—Brunnaed ghe experimental release profiles was low.
Nevertheless, thm vitro profiles correlated well to the model within thesf hours. The Nernst—
Brunner equation is true for particles with a canstsurface. The Hixson—Crowell equation
considers a decrease in the particle surface anétagddrug dissolution [32]. The correlation with
this model was generally higher. Higuchi’'s equatimscribed the release of suspended drug from
an ointment matrix. Drug diffusion through the fafation matrix is the rate-limiting step in this
process [33]. The best correlation was found ughegHiguchi’'s equation with two exceptions. Po
DRSP 50 pm MCSs and aqueous DRSP 20 pm MCSs showeter fit to the Hixson—Crowell

model. In general, the initial drug release wasestmated by the Higuchi model.

3.2 Pharmacokinetics of DRSP MCSs

Thein vivo behavior was studied in two different animal maeddlirst, the pharmacokinetics of
DRSP MCSs was investigated in Wistar rats. In paldi, the influence of the vehicle and of drug
particles size on the pharmacokinetics was analyZbd in vitro tests indicated that DRSP po
MCSs and aqueous DRSP MCSs showed a slow drugeel€ansequently, the pharmacokinetics
of both formulations was analyzed. DRSP 50 um wsexdubecause thia vitro release was
slightly decelerated with increased drug microalssize. Furthermore, the influence of
microcrystal size was testéu vivo on agueous DRSP MCSs containing the drug in tthiféerent
particle sizes. For all aqueous formulations, dhey serum profiles were characterized by a fast
increase of drug serum concentration within thet f#4 h followed by a fast decrease of drug

serum levels within the next 48 h resulting in agmicuous initial plasma peak (d€ig. 4 a).
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Fig. 3 In vitro release andh vivo absorption profiles correlated with the theordtideug release profiles
calculated by Higuchi’'s equation) In vitro release of aqgueous DRSP 20 um MQ8§sn vivo absorption of
aqueous DRSP 20 um MCSs in Wistar rajsn vivo absorption of aqueous DRSP 50 pm MCSs in Wistar
rats,d) in vivo absorption of aqueous DRSP 95 um MCSs in Wistar @xin vivo absorption of aqueous
DRSP 50 um MCSs in Cynomolgus monkefjsinitial in vivo absorption of aqueous DRSP MCSs with
different particle sizes in Wistar ratg),in vitro release of po DRSP 50 um MC83jn vivo absorption of po
DRSP 50 um MCSs in Wistar ratyjn vivo absorption of po DRSP 50 um MCSs in Cynomolguskegs.

r2 of linear regression line is calculated.
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Fig. 4 Arithmetic mean of DRSP serum concentrations mde Wistar rats after single s.c. administration
a) of aqueous DRSP MCSs in three different partictessandb) of po and aqueous DRSP 50 um MCSs
(n = 3-4).c) Arithmetic mean of DRSP serum concentrations imdyolgus monkeys after single s.c.
administration of po and aqueous DRSP 50 um MCSs 8 d) Fractions of drug absorbeéd vivo from
aqueous and po DRSP MCSs in Wistar ratsgrferactions of drug absorbea vivo from aqueous and po
DRSP MCSs in Wistar rats deconvoluted with the VagNelson method.

Thereafter, a more or less pronounced plateausbugn level between day 3 and 14 was followed
by a slow decline over time. As predictidvitro, the influence of particle size was low on the
drug release. The DRSPR vivo release was not prolonged using increased pasizés because
the lowest geometric mean of serum concentrati®&¥(x 5.7 ng/ml) was observed for aqueous
DRSP 50 um MCSs at the last sampling point. In tamdi no correlation was found between

particle size and AUCtx or Gnax (Se€Tab. 3).
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Tab. 3 Pharmacokinetic parameters calculated from thévishdal DRSP serum profiles after single s.c.
administration of DRSP MCSs to female Wistar rats3(4).

Calculated parameter Aqueous DRSP Agueous DRSP Aqueous DRSP DRSP peanut oil
MCS (20 um)  MCS (50 um)  MCS (95 um) MCS (50 pum)
AUCo.tn) in (ng-h)/ml 98805+ 35519 12886@ 29370 152003 44331 22937@ 18597

(arithmetic meart arithmetic

standard deviation)

AUCo.tn) in (ng-h)/ml 94277.7+ 1.5 126425.8: 1.3 148031.2 1.3 219590.1+ 1.0°
(geometric meat: geometric

standard deviation)

Cmaxin ng/ml (arithmetic mean 1383+ 594 984+ 371 1142+ 607 2253 754
+ arithmetic standard deviation)

Cmaxin Nng/ml (geometric mean  1300.5+ 1.5 927.0+ 1.6 1044.5- 1.7 2160+ 1.4
+ geometric standard deviation)

tmaxin h (arithmetic meat 17.0+12.1 24.G: 0.0 5.0£1.7 11.0t 9.6
arithmetic standard deviation)

tmaxin h (geometric mean 12+ 3.3 24+ 1.0 48+1.5 7.6+2.4

geometric standard deviation)

Aty =672 hPt,=504 h

The absorption profiles were not markedly differaaithough DRSP 95 um had an about 5-fold
larger median particle size than DRSP 20 um (20varsus 95 pmf,; = 54,f; = 13) (sedig. 4d).
After an initial lag time, the absorption profileé DRSP 20 um and 50 pm MCSs increased
significantly between 6 and 24 h (séggy. 3 f). Compared with aqueous DRSP 50 pum MCSs, po
DRSP 50 um MCSs showed a conspicuously higheraserén serum concentrations within the
first 24 h followed by a sharper decline within thext 48 h. (se€ig. 4 b). Thus, the initial serum
peak was even more pronounced. Howeveix €alues did not differ significantlyp(= 0.10).
Then, a plateau phase was observed between dagl 3 &llowed by a decline in drug serum
concentrations over time. Po and aqueous DRSP 50vi08s showed considerably different
absorption profilesf{= 52, f1 = 17) (seeFig. 4 d). Although the AUC of po MCSs was
significantly higher f§ = 0.04), the mean serum level was below LLOQ st2fa

Tab. 4 Pharmacokinetic parameters calculated from thévithgal DRSP serum concentration after single
s.c. administration of DRSP MCSs to female Cynomslgonkeys (n = 3).

Calculated parameter Aqueous DRSP MCS (50 um) DRSP peanut oil MCS (50 pm
Geometric mean Arithmetic mean Geometric mean Arithmetic mean
+ geometric + arithmetic * geometric + arithmetic
standard standard standard standard
deviation deviation deviation deviation
AUCo.tn) in (ng-h)/ml 27707+ 1.3% 28270+ 6949 20594 1.2*% 20829+ 3957
AUC o-tnynormin (kg- h)/I 3.2+1.2 3.2+ 0.5 2.3+1.7 25+15
Cmaxin ng/ml 92.8+1.1 92.9+5.2 229+ 1.8 253+ 124
Cmax, normin kg/l 0.010+ 1.080 0.0110.001 0.025+ 1.284 0.02& 0.007
tmaxin h 14.5+ 8.6 59.0+ 94.4 9.5+2.2 12.0+ 10.4

at, =672 hPt, = 226-372 h
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In the next step, po and aqueous DRSP 50 um MC8sinjected into Cynomolgus monkeys (see
Tab. 4 andFig. 4 c). Because the drug particle size was shown to hawveffect in rats, only the
influence of the different vehicles was tested ionkeys. Obviously, drug serum concentrations
were considerably higher in rats mainly causedheydifferent dose and volume of distribution.
Consequently, AUC anda were significantly lower. Nevertheless, the coareEDRSP serum
profiles of po DRSP MCSs in rats and monkeys cateel well (se€ig. 5 g. For po DRSP MCSs,

a sharp increase in drug serum concentrations Wsenged within the first 24 h resulting in high
Cmax The serum peak was followed by a fast decreagbeoberum level within the next 48 h.
Subsequently, a plateau phase was reached progeiedin phase of slow decline. For aqueous
DRSP MCSs, the initial increase in drug serum keveds followed by a relatively slow decrease.
Thus, the initial plasma peak was lower than foM©Ss and seemed to be less pronounced than
shown in rats. Consequently, thenfcalculated by arithmetic mean values of drug serum
concentrations was not reached within 24 h in esttto all of the other formulations in rats and
monkeys. The drug serum levels of aqueous and pBFDRICSs were above LLOQ at day 28.
Cmax.normwas significantly higher for po MCSg € 0.02), whereas AUGm were comparable with
each other = 0.5). The absorption profiles of aqueous andRSP MCSs differed markedly
(f. = 44,11 = 27) (sedrig. 4 9. Furthermore, the correlation between absorptiofiles of aqueous
DRSP MCSs in rats and monkeys was low (Sge5b).

a) 500- b) 500-
B DRSP 50 pm MCS invivo (rat) vs.

DRSP 50 um MCS in vivo (monkey)

. . f 2_ -
< 400+ linear regression line (r°=0.993) < 400
£ c
= =
£ 300+ 2 300+
c [=
o o
E £
2 2004 S 2004
> >
£ c
_g 1004 .ag) 100 M DRSP 50 um MCS invivo (rat) vs.
= = (] DRSP 50 um MCS in vivo (monkey)

.. linear regression line (r2:0.966)
0+ T T T T T 1 0 T T T T 1
0 100 200 300 0 100 200 300 400 500
Time in vivo (rat)in h Time invivo (rat)in h

Fig. 5 Fraction absorbeth vivo from a) po DRSP 50 um MCSs in Wistar rats versus fracsibsorbedn
vivo from po DRSP 50 pm MCSs in Cynomolgus monkdysagueous DRSP 50 um MCS in Wistar rats
versus fraction absorbed vivo from aqueous DRSP 50 pm MCSs in Cynomolgus monkéysf linear
regression line is calculated.

The absorption rate of aqueous DRSP MCSs was aasily slower in monkeys within the first
72 h. Finally, the drug absorption profiles in ratel monkeys were compared with mathematical
models (sedab. 3, Fig. 4). The best correlation for aqueous DRSP MCSs \btaireed with the

Hixson—Crowell model. The best approximation to d@fssorption profiles of po DRSP MCSs was
the Higuchi model.
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Fig. 6 Levy-plot of time necessary for DRSR vitro release versus time necessary for DRSRivo
absorptionIn vitro release of aqueous DRSP 20 um veesus vivo absorption of agueous DRSP 20 pum
MCSs in Wistar ratsp) in vivo absorption of aqueous DRSP 50 um MCSs in Wistts, c in vivo
absorption of agueous DRSP 95 um MCSs in Wista; datin vivo absorption of aqgueous DRSP 50 um
MCSs in Cynomolgus monkeyin vitro release of po DRSP 50 pum MCSs vem)is vivo absorption of po
DRSP 50 pm MCSs in Wistar raf,in vivo absorption of po DRSP 50 pm MCSs in Cynomolguskegs.

r2 of linear regression line is calculated.

3.3 Comparison ofin vitro and in vivo results

The best correlation was determined betweewivo andin vitro data of agueous DRSP 95 um
MCSs and DRSP 50 pm MCSs (rat and monkey) (Sge 6). Interestingly, the correlation
betweenin vitro profiles of aqueous DRSP 20 um MCSs and absorptiofies of agueous DRSP

MCSs in rats was improved with increasing partsiiee of absorbed drug. Absorption profiles of
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po DRSP 50 um MCSs in rats and monkeys showed arlowerall fit to thein vitro profiles.
Obviously, the time points of 100% absorption af@% in vitro release did not match with each
other. Nevertheless, with the exception of thisnpdihein vitro-in vivo correlation of po DRSP
MCSs was rather welt{> 0.99).

3.4 Pharmacokinetics of oil-based ZK28 formulations

With 38.3 = 2.3 mg/ml, ZK28 was more soluble in Wiw/than in MCT organogel
(29.8 £ 3.0 mg/ml). The drug solubility was insafént to dissolve higher ZK28 doses. In a first
pharmacokinetic study, the vivo behavior of ZK28 organogels and co/bb ZK28 forrtialess was
examined in female Wistar rats (deg. 7). A fast increase in drug plasma concentrationsogbb
ZK28 formulations within 3 h was followed by a shatecline within the next 3 h, resulting in a
marked initial plasma peak in accordance to oiedaand aqueous DRSP MCSs. Thereafter, a
plateau phase was observed for 50 mg co/bb ZK28 dvikiinparable to oil-based and aqueous
DRSP MCSs. Similar behavior was shown for 15 mdpleaZK28 formulations. The plasma level
was below the LLOQ after 6 h. ZK 28 MCT organogsfemwed a fast initial increase in drug
plasma concentration within 1 h. In contrast tobboiZK28 formulations, the drug plasma
concentrations decreased thereafter more consRlatma concentrations of 10 mg ZK28
organogels were below LLOQ within 24 h. 50 mg ZK&8anogels and 50 mg co/bb ZK28 MCSs
exhibited comparable drug concentrations after.28adiculated from the arithmetic mean, 50 mg
co/bb ZK28 MCS had an AUg24n of 1113 + 570 pg/ml, whereas the MCT organogedluiting

50 mg ZK28 provided an AUg2an of 2091 + 489 pg/ml. Due to the high standard akgom, the
AUCs were not significantly differenpE 0.086). Furthermore, 15 mg co/bb ZK28 formulasio
had an AUG-24n Of 96 = 12.4 pg/ml, whereas the 10 mg ZK28 MCTamapels showed an
AUC(o-24ny Of 839 + 228 pg/ml. Consequently, the MCT orgahofpemulation showed a
significantly higher AUC than the co/bb ZK28 forratibn ( = 0.005).
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Fig. 7 Arithmetic mean plasma level of ZK28 in female Ylisrats after single s.c. administration of thegdr
substance dispersedahco/bb and) MCT organogel (n = 3).
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4  Discussion

The pharmacokinetics of the steroidal drugs ZK28 BRSP was studied. Both drugs provide low
water solubility as generally assumed for sterodtabs and are insufficiently soluble in oil-based
vehicles. We first investigated tlie vitro release of DRSP MCSs and fitted mathematical nsodel
to thein vitro release profiles to understand influencing parametn thdan vivo behavior. All
models require sink conditions, which were giverthia release medium. Referring to Higuchi's
equation, the surface area of drug formulatioruitfices the release. A constant surface area of the
DRSP formulation was ensured by inclusion in dialsags. Then vitro results indicated an
impact of the physicochemical characteristics ef\bhicle, in particular of the viscosity and drug
solubility, on the drug release (s€ég. 8 g. The relationship between these parameters is
expressed in Higuchi's equation. In accordance,irthétro release profiles showed a relatively
good correlation with the theoretical calculateldaise profiles (se€ab. 2). Over time, more and
more DRSP was solvated in the aqueous vehicle asdtransported to the release medium. The
drug diffusion through the aqueous vehicle showddfdst, due to the very low viscosity of the
liquid. But, the aqueous DRSP MCSs showed, besi8®po MCSs, the most sustained release
profiles. Thus, the low drug solubility in the aqgues vehicle should mainly cause the decelerated
drug release compared with the other tested liqidsprovided the lowest drug solubility of oil-
based test vehicles. Nevertheless, drug solubilifyo was significantly higher than in water. On
the other hand, the drug diffusion through highceiss po should be significantly slower than in
water. As a result, the drug release from po anga@gs DRSP MCSs was comparable. DRSP had
the highest solubility in co/bb. This might explahe slightly accelerated drug release compared
with po or water. However, the high drug solubilitgicated that the relatively lipophilic DRSP
had a higher affinity to the lipophilic vehicle théo the agueous release medium. The attraction of
the drug to the vehicle might cause a deceleraifatihe drug transfer to the release medium. In
accordance, the influence of the drug distributtween the release medium and oil-based
parenteral formulations on the drug release wasiquely described by several authors [34-38].
Another parameter which slows down the drug reldem® co/bb was its high viscosity. The
viscosity of co alone was even too high for injeetiOnly with addition of bb, the vehicle became
syringeable through 20 G needles used foirthatro tests. Nevertheless, the mixture was the most
viscous tested vehicle. The drug affinity to thehigke and the high viscosity of co/bb were
assumed to oppose the effect of high drug solylwlit the release kinetics. As a result, a moderate
drug release rate was observed for DRSP co/bb MB®Esough the drug solubility was only
slightly higher in MCT, the drug release was sigaifitly accelerated compared with po. Thus, the
significant lower viscosity of MCT compared withhet oil-based vehicles could explain the faster
drug release. In accordance, the drug release yasicantly slowed down with addition of an

organogelator. Apparently, the organogelator nétwdeccelerated the drug diffusion in the vehicle.
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The addition of an organogelator enabled the irseras viscosity without losing syringeablility.
According to the Nernst—Brunner equation, the DR&Etocrystal size slowed down slightly the
vitro release. Interestingly, the release profiles afeags DRSP 20 pum MCSs and po DRSP
50 um MCSs showed the best correlation with Hix§&mowell's model derived from Nernst—

Brunner equation. The decelerated dissolutioncatsed by large particle sizes might increase the
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impact of drug dissolution on the drug releasecdntrast, Higuchi’'s equation matches to systems
in which dissolution is rapid, and diffusion is eatontrolling [39]. Furthermore, the length of
diffusion pathway influenced the drug release mkthguchi model. The larger particles might tend
to sedimentation influencing the length of diffusipathway. With respect to the Nernst—Brunner
equation, the drug dissolution profile could béheatlinear if the thickness of diffusion layer and
the particle surface is constant and sink condstionthe release medium are given. Such a linear
profile showed a good correlation with the experitakrelease profiles within the first hours. In
the later course, the correlation became loweriplysky a decrease in drug particle size or in an
increasing impact of diffusion. The decreasing ipkrtsize is considered by the Hixson—Crowell
equation, which seemed to be most appropriate ptaexthe release behavior of MCSs including
larger DRSP particles. The results indicated timdy a marked increase in microcrystal size was
able to prolong the drug release. In general, te®retical profiles calculated by the Higuchi
equation predicted a higher drug release rate nvitiné first hours than observed experimentally
(exemplaryFig. 3 a and g). According to the equation, the length of drudfugion pathway
increased over time. The drug release rate shomtdegjuently be high at the beginning and
decelerate over time. On this consideration, theced initial drug release could be mainly caused
by shaking of then vitro systems. The movement of the vitro system should avoid local
saturation effects in the release medium and steueechanicain vivo stress. However, shaking
influenced the drug distribution in the formulatiamich may reduce the time-dependent increase
in the length of diffusion pathway. Moreover, tlag Itime could be caused by the surrounding
drug-free dialysis membraneliguchi [33] described that drug release may be delayei tiet
first drug reaches the release medium. But, thetilmg should be short because the dialysis
membrane was much thinner than the matrix of M@$s,membrane was freely permeable for
DRSP, and drug dialysis rate was significant faitan the drug release rate yitro release rates
were significantly slower than the dialysis rate2(fhg/h) of in release medium dispersed DRSP
which was included in the dialysis membrane, datd shown). Furthermore, discrepancies
between experimental and theoretical release psofidould be caused by the shape of drug
formulations. Higuchi's equation describes the drigase from a thin layer. The dialysis bag had
a cylindrical shape. Bottom and top of the cylindee not available for diffusion as the dialysis
tube is closed with clamps. The surface of the diargnulation was therefore calculated by
computing the surface of the lateral area of thdsical tube. This approach did not give the
precise mathematical model but an approximatiorsuimmary, drug release was assumed to have
a complex relationship between characteristichefvehicle and of the steroidal drug (§ég. 9).
First, the suspended steroid is dissolved in thclee This step might be decelerated by low drug
solubility in the vehicle. Furthermore, a markedfrger drug particle size slows down the
dissolution rate. Second, the dissolved drug issparted to the surface of the formulation. The

drug diffusion to the phase boundary might be d@egtd by high viscosity or by the addition of
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an organogelator to the vehicle. Finally, the digsib drug is distributed from the vehicle to the
release medium. As the affinity of the drug substaior the vehicle increases, the transfer should

be slower.

In the next step, the pharmacokinetics of steroidigctions was studied on DRSP and ZK28
formulations with respect to the vitro results. In general, tha vitro DRSP release profiles were
significantly faster than the DRSP absorption pesfi A possible reason might be that sink
conditions existn vitro. The drug musin vivo not only pass the vehicle, it has to diffuse tfotige

s.c. tissue to reach the blood circulation wherk gionditions exist. Although the slow drug
release from po and aqueous vehicle was assumeel ¢aused by different effects, thairvitro
release profiles were comparable. However, thempaeokinetics of po and aqueous DRSP MCSs
in rats differed significantly. It was shown thgtdphilic drugs dispersed in aqueous vehicles tend
to remain in the tissue over a long period of timereasing the risk of residual drug [38]. This
phenomenon could explain the low AUC of aqueous PRECS. Fitting mathematical models to
the absorption profiles of aqueous and oil-based&SPRMCSs, the best correlation of aqueous
DRSP MCSs was shown with the Hixson—Crowell motlekas described in the literature that an
aqueous vehicle removed from the injection sitehiwitabout 48 h [40,41]. An oil-based vehicle
stayed longer at the injection site due to its aighiscosity. Whereas high viscous oil-based
vehicles formed a sharply bounded depot, wateraspreder into the surrounding tissue. Thus,
undissolved particles remained widely distributedthe vicinity of the application site [40].
Referring to these processes described in thatites, it was assumed that the pharmacokinetics of

agueous DRSP MCSs was characterized by two phasesgrelease.

At the beginning, DRSP is released by dissolutibrrag in the vehicle, drug diffusion to the
tissue and to the blood vessels in accordancestmtithanisms described by the Higuchi equation.
Furthermore, depletion of aqueous vehicle contgirdissolved drug could cause a faster drug
absorption in this phase. In the second stage,inemyaundissolved drug was slowly dissolved and
diffused through the tissue to the blood vessele @verall drug release process seemed to be
mainly controlled by drug dissolution accordingtie Hixson—Crowell model in accordanceirio
vitro release profiles of DRSP 20 pm MCSs. Po was as$tonemain longer at the injection site.
The dissolved drug was diffused through the velaclg transferred to the tissue. The processes are
mathematically expressed by the Higuchi equatiboywéng the best correlation to the absorption
profile. With respect to the mathematical moded shape of the drug-delivery system had a high
influence on drug release. In contrast to itheitro model, the shape was not controllable. This
could explain the higin vivo variability. The absorption profile showed a decated drug release
rate after 336 h, resulting in a slightly lower rebation between theoretical and experimental
absorption profile of po DRSP MCSs (d€g. 6 €). A possible explanation would be the complete

depletion of the vehicle from injection site reswdtin remaining undissolved DRSP thereafter.

107



Chapter 4

Furthermore, then vitro test indicated a slower drug release only with kedly larger drug
microcrystal sizes. This effect was also shamwmivo. Interestingly, the fit of the theoretical release
profiles to the absorption profiles increased viftreasing drug microcrystal size. Within the first
hours, aqueous DRSP 20 pm and 50 um MCSs showeldid drug absorption (séeg. 3f). A
distance between blood vessels and injection eittdccause the initial lag time. Thereafter, DRSP
20 pm MCSs showed the highest serum concentratibms. increased concentration of drug
released from DRSP 20 um MCSs in this phase resuita lower correlation to the theoretical
profile calculated with Higuchi or Hixson—Croweléto thein vitro profile. The reason could be
the depletion of the aqueous vehicle containingah®d drug as abovementioned. The higher
dissolution rate of DRSP with lower particles simght increase the deviation for DRSP 20 um
MCSs profiles. In accordance to the rat model diug absorption of po DRSP MCSs in monkeys
was faster compared with aqueous DRSP MCSs. Highsy solubility in oil and prolonged
presence of the oil at the injection site mighttbe reason. Therefore, oil-based DRSP MCSs
showed a better correlation with the Higuchi mddehccordance to absorption in rats. Although
the oil depot was previously shown to stay longeha injection site, it was described that small
oil droplets containing dissolved drug could beasgzorted from the injection site to the lymphatic
system [38]. This effect might cause the fast giiswr rate of DRSP from oil-based MCSs within
the first 24 h in monkeys (sd€g. 4 €). Aqueous DRSP MCSs correlated better to the Hixso
Crowell model because the drug dissolution miglay phe major role in drug absorption. In
contrast to the absorption of agueous DRSP 50 purg3vi@ rats, lower initial burst was observed
in monkey within the first days. The influence @piition of aqueous vehicle from injection site
might be lower than in rats. In general, the phaokmetics of agueous DRSP MCSs seemed to be
more controlled by drug diffusion through tissueotiter environmental influences in s.c. tissue of
monkeys because the correlation to mathematicalelaad relatively low. With respect to the
elimination rate constant in humans, the resultghef animal models could be translated to
humans. The blood of Wistar rats contained spedifig degrading esterases, which do not occur
in humans. Thus, esterase inhibitors were addetidgsamples. The Cynomolgus monkey was
used as animal model, because it was assumed dlmdsr to humans as previously shown [29].
Nevertheless, a good correlation of absorptionilebf po DRSP MCSs in rats and monkey was
shown. In general, it was described that oil-basddcles showed significant different behavior in
various animal species after s.c. injection [42jug, theoretical transfer of vivo results from one
species to another is restricted and has to beiateal carefully. Thén vitro model was useful to
figure out characteristics of the drug formulatinfiuencing the drug release (e.g., drug diffusion,
dissolution, distribution). Although the vitro profiles and absorption profiles correlated pdytia
well, numerous factors which were identified to éhaan impact ornn vivo results could not be
simulated by the appliemh vitro system (seéig. 8 aandb). Consequently, the discriminatory

power of thein vitro test was too low to differentiate between the pd agueous DRSP MCSs
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release profiles. Nevertheless, parameters inflagnihe drug delivery from DRSP MCSs were
identified with respect to th@ vitro andin vivo data. The results indicate that low drug solupilit

in the vehicle might be advantageously to reaclvetodrug release rate. Furthermore, a high
vehicle viscosity might decelerate the drug diffitgi through the vehicle and reduce spreading in
the tissue resulting in a smaller shape of s.coddp addition, the data might be helpful to

understand then vivo behavior of comparable drug formulations such E2& drug-delivery

systems.

The in vitro release profiles of co/bb DRSP MCSs and of DRSfrwgels fitted rather well to
Higuchi’s equation as shown for the release anarakisn profiles of po DRSP MCSs. 50 mg
ZK28 MCSs include the lipophilic steroid suspendedn oil-based vehicle in common with po
DRSP MCSs. Referring to Higuchi's equation, thegdmelease rate of ZK28 MCSs should
decrease potentially over time resulting in a faital drug release rate which is slowing down
with time in dependence of vehicle viscosity andgdsolubility. Co/bb is a relatively high viscous
vehicle forming a depot at the injection site withknown shape. Drug diffusivity through the
vehicle should be relatively slow. The drug solitpiis relatively high accelerating the drug
release. The co/bb ZK28 formulations showed redéitivhigh initial plasma concentrations
followed by a fast decline of the plasma conceitnat The course of plasma profiles was
comparable with the serum profiles of po DRSP ME&I8swving sharp plasma peaks within the first
24 h. As the drug was already dissolved in co/bin$5ZK28 formulations, drug release should be
even faster than for 50mg ZK28 MCSs. Drug solupitit ZK28 in the MCT organogel was lower
than in co/bb. However, the initial drug absorptioom ZK28 organogels was higher. The reason
might be the lower viscosity of the MCT organogemediately after injection due to destruction
of organogelator network. Due to partial recovefrthe organogelator network the drug diffusivity
should decrease according to the Higuchi models Tifluence might explain the more constant
decline of the plasma levels. Furthermore, fornmatitban organogelator network could decelerate
the drug release by reducing spreading or depleaifothe vehicle in the s.c. tissue. This effect
would not be predicted with the vitro test used for DRSP. ZK28 MCT organogels were itisé f
ZK28 formulations suitable for efficacy studies nats due to their higher and more constant
plasma profiles. The transferability of ZK#&8vivo data on DRSP is restricted, becauserihgtro
tests indicates no significant differences betwB&EP release from co/bb and MCT organogel.
Furthermore, drug-specific characteristics suchirag diffusivity through tissue could influence
the pharmacokinetics. Nevertheless, the resulteated that arn vivo investigation of DRSP

MCT organogels could be promising to reach morestaom plasma profiles.
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5 Conclusion

Parenteral agueous DRSP MCSs showed a slower &ibsotpan po DRSP MCSs in rats and
monkeys. The pharmacokinetics of aqueous and e#dh@DRSP MCSs is characterized by an
initial serum peak followed by a slower declineserum levels. This behavior was also described
in the literature for other conventional drug-deliy systems of steroids [10]. Although partially a
goodin vitro-in vivo correlation was found, the predictability of finevitro test was assumed to be
restricted. Nevertheless) vitro characterization and the fitting of mathematicaidels to drug
absorption profiles helped to interpret the phawkaetics of DRSP MCSs. With regard to fhe
vivo andin vitro data of DRSP MCSs, the vivo data of ZK28 formulations were interpreted. The
ZK28 MCT organogels showed a slightly more constimiy release possibly caused by slower
drug diffusivity in the vehicle. Although furthemiestigations are necessary to prove these results,
anin vivostudy of DRSP MCT organogels was evaluated to bmjsing to obtain slower or more

constant drug delivery.
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6 Supplement

dc/dt = S/D [{cs—@c)/ V [h

Equation 1 Nernst-Brunner equation considering the Noyes-Wdyitequation based on Fick’s law [43].
dc/dt=is the amount of drug dissolved in the time intédaS = surface area of the drug partidz~ the
diffusion coefficient of the drug in the liquid uirsed boundary layer surrounding the drug particle drug
solubility in the liquid unstirred boundary layeursounding the drug particlez = drug concentration in
release mediuny = volume of the bulk fluidh = thickness of liquid surrounding the drug particle

wg/s_wua =k, O

Equation 2 Hixson — Crowell equation [32ty = initial weight, w= residual weight at timg k = constant,
t =time.

M, = AQ/D 2c, —c,) (¢, [

Equation 3 Higuchi equation [39]M; = cumulative amount of drug release at timé = surface of drug
delivery systemD = diffusion coefficient in the drug delivery systecs = drug solubility in the drug
delivery systemg, = initial drug concentration in the drug deliveaystem¢ = time

Fig. 9 Picture of DRSP MCT organogel in aqueous buffedioma after depletion from a syringe.

111



Chapter 4

References

(1]

(2]

(3]

[4]

5]

[6]

[7]
(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. Garza-Flores, P.E. Hall, and G. Perez-Radat ong-acting hormonal contraceptives for women,
Steroid. Biochem. Mol. Biol., 40 (1991) 697-704.

L. Harle, S. Basaria, and A.S. Dobs, Nebidtorgg-acting injectable testosterone for the tresatimof
male hypogonadism, Expert. Opin. Pharmacothe206%) 1751-1759.

G. Moeller, D. Deluca, C. Gege, A. Rosinus, Kowalik, O. Peters, P. Droescher, W. Elger, J.
Adamski, and A. Hillisch, Structure-based desigmtisesis and in vitro characterization of potent 17
beta-hydroxysteroid dehydrogenase type 1 inhiblbased on 2-substitutions of estrone and D-homo-
estrone, Bioorg. Med. Chem. Lett., 19 (2009) 674046

K. Singh and S.S. Ratnam, New developmentgantraceptive technology, Adv. Contracept., 7
(1991) 137-157.

Nebido® 1000 mg Injektionslésung. 2011. wwwerdiste.de, Rote Liste Service GmbH, Frankfurt am
Main. 20-11-2011.

C. d'Arcangues and Snow R.C., Injectable Caeptives, in: T. Rabe and B. Runnebaum (Eds.),
Fertility Control Update and TrendSpringer-Verlag, Heidelberg, 1999, pp. 121-149.

S. Gupta, Non-oral hormonal contraception,rC@bstet. Gynaecol., 16 (2006) 30-38.

M.J. Rosenberg, M.S. Waugh, and S. Long, Uamded pregnancies and use, misuse, and
discontinuation of oral contraceptives, J. Repidd., 40 (1995) 355-360.

M.J. Rosenberg, M.S. Waugh, and M.S. Burnl@gmpliance, counseling and satisfaction with oral
contraceptives: a prospective evaluation, FamignRinng Perspectives, 30 (1998) 89-92, 104.

J. Garza-Flores, Pharmacokinetics of oncesatm injectable contraceptives, Contraception, 49
(1994) 347-359.

H.P. Zahradnik, Depotgestagene, Arch. Gynedbistet., 257 (1995) 536-541.

M.A. Oriowo, B.M. Landgren, B. Stenstrom, aBdDiczfalusy, A comparison of the pharmacokinetic
properties of three estradiol esters, ContracepHtr(1980) 415-424.

G.Y. Zhang, Y.Q. Gu, X.H. Wang, Y.G. Cui, aJ. Brenner, A pharmacokinetic study of injectabl
testosterone undecanoate in hypogonadal men, JoAntS (1998) 761-768.

X.F. Zhou, Q.X. Shao, X.J. Han, LJ. Weng, darG.W. Sang, Pharmacokinetics of
Medroxyprogesterone Acetate After Single and Midtimjection of Cyclofem in Chinese Women,
Contraception, 57 (1998) 405-411.

R. Krattenmacher, Drospirenone: pharmacol@gyl pharmacokinetics of a unique progestogen,
Contraception, 62 (2000) 29-38.

S. Nippe and S. General, Parenteral oil-batedpirenone microcrystal suspensions - Evaluation
physicochemical stability and influence of stalnlgsagents, Int. J. Pharm., 416 (2011) 181-188.

Z.-H. Gao, W.R.Crowley, A.J.Shukla, J.R.Jatms and J.F.Reger, Controlled Release of
Contraceptive Steroids from Biodegradable and tajde Gel Formulationstin vivo Evaluation,
Pharm. Res., 12 (1995) 864-868.

U. Gietz, T. Arvinte, E. Mader, P. Oroszlaand H.P. Merkle, Sustained release of injectahte-zi

recombinant hirudin suspensions: development ahidateon of in vitro release model, Eur. J. Pharm.
Biopharm., 45 (1998) 259-264.

112



Chapter 4

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

V. Puri and A.K. Bansal, In Vitro - In Vivo l@racterization of Release Modifying Agents for
Parenteral Sustained-Release Ketorolac Formuldiiomg Dev. Ind. Pharm., 30 (2004) 619-626.

K. Schultz, B. Mollgaard, S. Frokjaer, andl@rsen, Rotating dialysis cell as in vitro releasethod
for oily parenteral depot solutions, Int. J. Pharbs7 (1997) 163-169.

L. Soderberg, S. Bjorkman, H. Dyhre, and BittR In-vitro release of bupivacaine from injectabl
lipid formulations investigated by a single droghrique - relation to duration of action in-vivo, J
Control. Release, 54 (2002) 747-755.

C. Gido, P. Langguth, J. Kreuter, G. Wintelr, Woog, and E. Mutschler, Conventional versus hove
conditions for the in vitro dissolution testing pérenteral slow release formulations: Application t
doxepin parenteral dosage forms, Pharmazie, 483{18%-769.

S.S. D'Souza and P.P. DelLuca, Methods tosassevitro drug release from injectable polymeric
particulate systems, Pharm. Res., 23 (2006) 460-474

D.B. Larsen, S. Joergensen, N.V. Olsen, $lkhsen, and C. Larsem vivo release of bupivacaine
from subcutaneously administered oily solution. @arnison within vitro release, J. Control. Release,
81 (2002) 145-154.

C. Nastruzzi, E. Esposito, R. Cortesi, R. ®am and E. Menegatti, Kinetics of bromocriptimtease
from microspheres: comparative analysis betweeferéifit in vitro models, J. Microencapsul., 11
(1994) 565-574.

ICH Topic Q 2 (R1) Validation of the Analydt Procedures: Text and Metholodology. 1995.
www.emea.europa.eu, European Medicines Agency, dion@5-2012.

Guidance for Industry - Bioanalytical Meth&thlidation. 2001. www.fda.gov/cvm, US Food and
Drug Administration, Rockville.

J.G. Wagner and E. Nelson, Kinetic analydidlood levels and urinary excretion in the absompt
phase after single doses of drug, J. Pharm. ${1%64) 1392-1403.

Yasmin Pharmacology Review Part 1- Review d&aluation of Pharmacology/Toxicology data.
N21-098. 2000. www.fda.gov, US Food and Drug Adstimition, Rockville. 13-11-2011.

J.W. Moore and H.H. Flanner, Mathematical pamison of curves with an emphasis on in vitro
dissolution profiles, Pharm. Technol., 20 (1996)7/&4

Guidance for Industry Dissolution Testing lofimediate Release Solid Oral Dosage Forms. 1997.
www.fda.gov, US Food and Drug Administration, Roidkv 13-11-2011.

A. Dokoumetzidis and P. Macheras, A centufydigsolution research: From Noyes and Whitney to
the Biopharmaceutics Classification System, Inhdrkh., 321 (2006) 1-11.

T. Higuchi, Rate of release of medicamentarfrointment bases containing drugs in suspension, J
Pharm. Sci., 50 (1961) 874-875.

K. Hirano, T. Ichihashi, and H. Yamada, Stsglion the Absorption of Practically Water-Insoluble
Drugs following Injection V: Subcutaneous Absorptim Rats from Solutions in Water Immiscible
Qils, J. Pharm. Sci., 71 (1982) 495-500.

D.H. Larsen, K. Fredholt, and C. Larsen, Assaent of rate of drug release from oil vehiclangs
rotating dialysis cell, Eur. J. Pharm. Sci., 110@)0223-229.

S.W. Larsen and C. Larsen, Critical Factarfiuencing theln Vivo Performance of Long-acting
Lipophilic Solutions - Impact oin Vitro Release Method Design, AAPS J., 11 (2009) 762-770.

T. Seki, J. Mochida, M. Okamoto, O. Hosoya, Xini, and K. Morimoto, Measurement of diffusion

113



Chapter 4

[38]

[39]

[40]

[41]

[42]

[43]

coefficients of parabens and steroids in waterlandtanol, Chem. Pharm. Bull., 51 (2003) 734-736.

J. Zuidema, F. Kadir, H.A.C. Titulaer, and @Qussoren, Release and absorption rates of
intramuscularly and subcutaneously injected phaemigcals (11), Int. J. Pharm., 105 (1994) 189-207.

J. Siepmann and F. Siepmann, Modeling ofudifin controlled drug delivery. J.Control.Reledk#]
(2012) 351-362.

N.J. Medlicott, N.A. Waldron, and T.P. Fost8ustained release veterinary parenteral prodadis,
Drug Deliv. Rev., 56 (2004) 1345-1365.

A. Rutz, Olige Suspensionen als parenteBapotsysteme fiir rekombinante Proteine. 2007. Lgewi
Maximilians-Universitat Munchen.

S.W. Larsen, E. Rinvar, O. Svendsen, J. Lgkidelt, G.J. Friis, and C. Larsen, Determinatiorthef
disappearance rate of iodine-125 labelled oils frdm injection site after intramuscular and
subcutaneous administration to pigs, Int. J. Pha80 (2001) 67-75.

J. Siepmann, F. Siepmann, and A.T. Florei&gtors influencing oral drug absorption and drug

availability, in: Alexander T.Florence and Juerggiepmann (Eds.), Modern Pharmaceutics: Basic
Principles and System¥ol. 1. Informa Healthcare, New York, London, 20@®. 117-154.

114



CHAPTER 5

Combination of injectable ethinyl estradiol andspimenone drug-delivery

systems and characterization of theivitro release

Published in European Journal of Pharmaceuticarsess 47 (2012) 790-800
http://dx.doi.org/10.1016/j.ejps.2012.08.009

115



Chapter 5

Abstract

Our aim was to investigate the vitro release and combination of ethinyl estradiol (BB
drospirenone (DRSP) drug-delivery systems. DRSPy(laatic-co-glycolic acid) (PLGA)
microparticles and organogels containing DRSP noiysials were prepared and characterized with
regard to properties influencing drug release. Mioephology and release kinetics of DRSP PLGA
microparticles indicated that DRSP is dispersedhi@ polymer. Thein vitro release profiles
correlated well within vivo data. Although DRSP degradation is known to bd-aatalyzed, DRSP
was relatively stable in the PLGA matrix. AqueouREP PLGA microparticle suspensions were
combinable with EE PLGA microparticles and EE pblytflcyanoacrylate) (PBCA) microcapsules
without interacting. EE release from PLGA microjes was faster than DRSP release; EE release
is assumed to be primarily controlled by drug diféun. Liquid-filled EE PBCA microcapsules were
shown to be more robust than air-filled EE PBCA nmiapsules; the bursting of microcapsules
accelerating the drug delivery was therefore delayée drug release profile for DRSP organogels
was fairly linear with the square root of time. Tégstem was not combinable with EE PBCA
microcapsules. In contrast, incorporation of EE RL@icroparticles in organogels resulted in

prolonged EE release. The drug release of EE arf8FDRas thus approximated.
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Graphical Abstract
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1 Introduction

In the last few decades, various parenteral drligedg systems (including polymeric particulate
systems as well as gel formulations) have beenlolesd to attain controlled and prolonged drug
release after injection. For each drug, the optitaalier system must be determined by considering
the physicochemical characteristics of the drugtuize and the targeted release profile. Patients
are frequently treated with two or more drugs twéase efficacy or to antagonize an adverse reactio
caused by one of the drugs [1]. Drugs may not aribract pharmacodynamically with each other,

but they may also influence the pharmacokinetica ob-administered drug formulation.

Based on these considerations, our intentionsttias to study thia vitro release kinetics of chosen
injectable drug-delivery systems for the lipophikteroidal drugs ethinyl estradiol (EE) and
drospirenone (DRSP). Stability, drug content, motpfy, and particle size were investigated
because these factors may influence drug releasemufation development for long-acting
injectable steroidal preparations has yielded cotieeal systems such as aqueous microcrystal
suspensions and oil-based solutions [2]. Thesadaralise an initial drug plasma peak that greatly
exceeds the minimum effective dose [3,4]. Recemthntrolled drug-delivery systems, including
steroidal drugs, have been investigated and thotgulgscribed in the literature [5-7]. We prepared
biodegradable DRSP poly(lactic-co-glycolic acid.@?) microparticles and DRSP organogels to
attain prolonged release of the progestin. PLGAoparticles are a well characterized drug-delivery
system. Because DRSP is chemically unstable incaguiuids, especially under acidic conditions,
we investigated the stability of DRSP during drelgase from an acidic PLGA matrix. Furthermore,
DRSP is poorly soluble in vegetable oils and aqaexystems, but it has been shown that DRSP
displays high chemical stability in oil-based sys¢d8]. Thus, a DRSP organogel may be a suitable
formulation. In contrast to hydrogels, semi-solidbased formulations are not as well studied [9].
Furthermore, we prepared polymer-based EE drugeatglsystems. To deliver EE over a prolonged
period of time, the drug was encapsulated into Plo@dé oparticles. EE is a highly potent drug with
a considerably lower dosage than DRSP and shoetdftire be encapsulated in significantly lower
concentrations [10]. The difference betweenitheitro release profiles of EE and DRSP PLGA
microparticles should be analyzed. In addition, stedied the feasibility of preparing EE
poly(butylcyanoacrylate) (PBCA) microcapsules. Timicrocapsules’ shell consists of PBCA
nanoparticles. The preparation of poly(alkylcyangkate) nanoparticles has been investigated and
reported by numerous authors [11-13]. Air-filled®B microcapsules have been analyzed for use

as ultrasound contrast agents [14].

In the current study, we tested different technigoleencapsulating EE into PBCA microcapsules.
PBCA microcapsules were assumed to release theinldogv amounts during the first few days.
Biodegradation of the polymeric wall induces a ratbursting of PBCA microcapsules [15]. This

phenomenon could be used for delayed release tiehiBE doses. In the second part of our
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investigation, our aim was to determine if the e DRSP and EE drug-delivery systems were
able to combine with each other ($@g. 1). The drug release profiles of the combined drelivdry
systems were analyzed for possible interactionsnifdoed drug-delivery systems may have a
negative effect on each other, or a positive syneogld be achieved. Prolonged drug release from
PDLLA microparticles incorporated into hydrogelsldrom PLGA microparticles enclosed in cubic
phase-forming systems has been previously demoedtf46,17]. Than vitro release of PLGA
microparticles suspended in peanut oil has beasstigated bKranz and Bodmeigi.8]. Based on
their results, drug-loaded polymeric systems weuded in the continuous outer phase of an

organogel containing a second drug.

a)
Aqueous suspension of DRSP PLGA | Aqueous suspension of DRSP PLGA | | Aqueous suspension of DRSP PLGA
microparticles + EE PLGA microparticles + PBCA microcapsules | |microparticles + PBCA microcapsules
microparticles with EE in the core
Organogel incorporating DRSP Organogel incorporating DRSP Organogel incorporating DRSP
microcrystals + EE PLGA microcrystals + PBCA microcapsules | microcrystals + PBCA microcapsules
microparticles with EE in the core
J—
b)
Option 1
Option 2
Option 3

Time

Fig. 1 Overview ofa) the combined EE DRSP drug-delivery systems baingstigatedp) the targeted EE
and DRSP release profiles.

2 Materials and experimental methods

2.1 Materials

Micronized EE and DRSP (from Bayer HealthCare Plaasuticals, Berlin, Germany), PLGA
(Resomer® RG 503 H, Boehringer Ingelheim, Ingelhaim Rhein, Germany), polyvinyl alcohol
Mowiol 4-88 (MW 31.000) (PVA) (Sigma-Aldrich, SeelzGermany), n-butyl cyanoacrylate (BCA)
(Sicomet® 6000, Sichel-Werke, Hannover, Germany)diom-chain triglycerides (MCT)
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(Myritol® 318 PH, Cognis, Disseldorf, Germany), YRadlone K15 < 18 (Kollidon® 17 PF, BASF,
Ludwigshafen, Germany), dextrin palmitate (Rheol@akL2, S. Black, Moers, Germany),
polysorbate 80 (Tween® 80), dichloromethane, Tri¥6d00, potassium dihydrogen phosphate,
sodium azide (all from Merck, Darmstadt, Germaran)d hydroxypropypB-cyclodextrin (HPB-
cyclodextrin) (Kleptose HPBJ, Roquette, Lestrenanee) were used.

2.2 Preparation of DRSP and EE PLGA microparticles

The general parameters for preparing drug-loade@Amicroparticles described byuan and
Bodmeier[19] were used with some modifications to produce EE RInGcroparticles by a single
oil-in-water solvent extraction / evaporation teicfue. 350 mg of PLGA and 39 mg of EE were
dissolved in 3.0 g of dichloromethane. After injegtthe mixture beneath the surface of 800 ml of
0.25% (w/w) agueous PVA solution, the sample waslgified using an Ultra-Turrax (T25 Basis
Homogenizer, lka-Werke, Staufen, Germany) at 13,408 for 5 min. The solution was then
magnetically stirred at 400 rpm and room tempeeafRT) for 2 h. The samples were filtered (filter
paper, 3 um) and washed with 1% (w/w) pHeyclodextrin and water. The filter cake was re-
suspended in water and then lyophilized withoutithdition of any lyoprotectant (ViTris AdVantage
freeze dryer, SP Scientific, Stone Ridge, USA). f§heeral parameters for preparing drug-loaded
PLGA microparticles described WBirnbaum et al[5] was used and modified to produce DRSP
PLGA microparticles by a double emulsion solverdisration technique. 350 mg of PLGA and
150 mg of DRSP were dissolved in 5.0 g of dichloetmane. The solution was added to 60 ml of
0.5% (w/w) aqueous PVA solution. The mixture wasilsified under magnetic stirring at 500 rpm
for 3 min. Then, it was added to 800 ml of watederstirring for 3 h. The samples were centrifuged
(Heraeus Biofuge Fresco, DJB Labcare, BuckinghamshiK) at 2500 rpm for 30 min and was
washed with 1% (w/w) HB-cyclodextrin and with water. The sediment was ispersed in water
and then lyophilized without the addition of anggyotectant. The lyophilized samples were stored
in closed glass vials at 2 — 8 °C. The particle sistribution (PSD) (sesection 2.7 and the drug
content of lyophilizates were analyzed after freé@eng and after 3 months of storage. To
determine the amount of drug encapsulated in PLGéraparticles, samples were weighed,
dissolved in acetonitrile (ACN), and then filterexgyringe filter, 0.45 um). The drug concentration
was quantified by HPLC/UV (Agilent 1100 series, kgit Technologies, Bbéblingen, Germany).
10 ul of samples was injected into an ODS Hypeailimn (length 6 cm, inner diameter 4.6 mm,
3 um) using a 60/40% (v/v) water/ACN mixture as thebile phase and a flow rate of 1 ml/min.
Both drugs were detected at a wavelength of 270 Twncalculate the drug amounts, 6-point
calibrations were performed using external starglartiree standard stock solutions were prepared
for each drug from different initial weights. Theud was accurately weighed into volumetric flasks
and dissolved in ACN. Two standard solutions wérentprepared from each stock solution by

diluting with ACN. Each standard solution was ingt three times. Linearity for DRSP was
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observed from 1.1 to 500 pg/ml and from 1.5 to f@8mnI for EE. The squares of the correlation
coefficients (?) of calibration curves were above 0.999. The lokivait of quantitation (LOQ) was
calculated based on the tenfold of signal/noise {@0]. The LOQ for DRSP was 1.1 pg/ml and
1.5 pg/ml for EE. The data were examined usingstifevare Empower™ 2 (Waters, Eschborn,
Germany). Because an external standard of isoDRSHut available, the relative isoDRSP / DRSP
ratio was determined by comparing the peak areasthf compounds. Values below the tenfold of
signal / noise ratio were not considered. EE haetention time of about 3.5 min, DRSP of about
4.5 min and isoDRSP of about 5.3 min. The drugenivas calculated from the drug amount found
in the resulting PLGA micropatrticles divided by theerall weight of the resulting drug-loaded
PLGA microparticles. The loading efficiency was tiatio between the drug amount found in the

resulting PLGA microparticles and the total drugoamt used for the preparation.

2.3 Preparation of air-filled PBCA microcapsules encapglating EE in the core (PBCAEEC)

The PBCA nano- and microcapsules manufacturingga®oreviously described B8chmidt and
Roessling14] was used with some modifications. Over a pkdab60 min, a 5% (w/w) BCA solution
was added dropwise to 2000 ml of 0.1% (w/w) Tri¥ofA00 solution acidified with HCI to pH 2.2
at 4 — 7 °C using a syringe pump (Precidor, InfBesel, Switzerland). During the dropwise addition,
the mixture was stirred at 300 rpm by a three-bladpeller stirrer (Eurostar®, lka-Werke). After
the addition of BCA, the Triton X-100 concentratiofithe mixture was increased to 1% (w/w) and
the dispersion was stirred for a further 30 miamice bath. The samples were then removed from
the ice bath and stirred until reaching RT; theypwr particle dispersion was separated from the
coarser polymer material by filtration (filter pap&2 — 25 um). Air bubbles were then introduced
into the PBCA nanopatrticle dispersions with a sedemetal filter connected to a compressed air
supply under moderate stirring using a three-btadpeller stirrer for 12 h. The PBCA microcapsule
bulk dispersion was then purified by mixing witid@ (w/w) acidified Triton X-100 solution and
separated using a separation funnel. Air-filled RB@icrocapsules were stored as a dispersion in
0.1% (w/w) acidified Triton X-100 solution in clasglass flasks at RT (5 mg/ml PBCA). PSD and
PBCA amounts were determined after 0.5 and 1 y&astorage.

For the encapsulation of EE in the core of unloaaiedilled PBCA microcapsules, 10 mg of EE
was added to 7.5 ml of PBCA microcapsule suspensiantest tube. The suspension contained
5 mg/ml PBCA microcapsules suspended in a 1% ovOW/w) Triton X-100 solution. The
solubility of EE in either water or a surfactantusion was determined by dispersing excess drug
into the solutions under magnetic stirring for 4 k. The drug concentration in the supernatant was
determined by HPLC after dilution (seection 2.§. The samples were then heated to the optimal
loading temperature in a water bath under magrstitiing. Prior to filling, the optimal loading

temperature was determined. Due to a marked decreathe PBCA microcapsule size, the
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temperature range was determined by microscopysaedtroscopic measurement of PSD (see
section 2.7. Exceedingly high temperatures led to the desomaf PBCA microcapsules. After
15 min at the loading temperature, the samples ea@tked in an ice bath. The density of the samples
was determined before and after filling using adveq oscillator (DMA 48, Anton Paar, Graz,
Austria) at 20°C and by weighing predetermined nwds of the microcapsule dispersion. The PBCA
microcapsules were washed with 1% (w/w) acidifietioh X-100 solution, rinsed with water, and
then extracted using a separation funnel. To apalyag and polymer amounts, PBCAEEC were re-
dispersed in water and freeze-dried without theitimed of any lyoprotectant to destroy the
microcapsules. The samples were dissolved in AGNvwaTe then filtered (syringe filter, 0.45 pum).
The drug concentration was determined using HPLGAdilent 1100 series). Either 10 pul or 100 pl
of sample was injected into an ODS Hypersil colufength 6 cm, inner diameter 4.6 mm, 3 um)
using an ACN/water mixture as the mobile phase arlbw rate of 1 ml/min. To separate the
polymer, the following gradient was used: 25/75%)\ACN/water to 45/55% (v/v) ACN/water
over 10 min, followed by isocratic elution for 15mThe solvent was then set to 70/30% (v/v)
ACN/water for 12 min; afterwards, the column wasiblrated using 25/75% (v/v) ACN/water for

8 min. To calculate the amount of EE, 6-point qalilons were performed using an external standard.
The standard solutions were prepared as descrilsstiion 2.2 The LOQ was calculated from the
tenfold standard deviation of the y-intercept of tmear regression line divided by the slope of
calibration curve [20]. Linearity was observed bedw 1.5 ng/ml and 4.2 pg/ml. The LOQ of EE
was 24 ng/ml, and the retention time was approxéigat min. The EE content was determined using
an excitation wavelength of 210 nm and a deteowamelength of 315 nm. The drug content as
calculated as describedsaction 2.2 The yield of PBCA microcapsules after filling weeculated

by noting the difference between the weight of EECR microcapsules and the amount of EE in
the EE PBCA microcapsules. The theoretical maxindrg content was calculated using the

Equation 1.

Vo= 4/37 13
Vi= 4137 (1 — ch)®
pr = Vg - Vi

Equation 1 Vy = volume of EE PBCA microcapsuless radius of PBCA microcapsules after drug loading
(vw-mp); Vi = volume of the coreln, = diameter of PBCA nanopatrticles (vw-m)y = volume of the polymer
wall.

With respect to the density of PBCA (1.15 mg/nite weight of the polymer wall was calculated
[14]. The drug amount in the microcapsule core e@nputed with regard to the drug solubility.
Finally, the (theoretical) drug content was caltedaas described iection 2.2 The PSD andh

vitro release of purified PBCAEEC were determined immaedy after preparation. 5 mg/ml PBCA
microcapsule suspensions with and without encagsiEBE were freeze-dried with the addition of

10% (m/v) polyvidone. Lyophilizates were storeaiosed glass vials at 2 — 8 °C for 3 months. After
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re-dispersion, the PSD, the PBCA amount, and tlg dontent of washed microcapsules were

analyzed.

2.4  Preparation of air-filled PBCA microcapsules encapglating EE in the shell (PBCAEES)

EE PBCA nanoparticles were prepared by anionic similpolymerization. Prior to the preparation,
EE was dissolved in BCA under magnetic stirringeO& period of 5 or 18 min (depending on the
monomer concentration), the solution was addedvdsgpto 100 ml of acidified Triton X-100
solution. The preparation conditions are describedection 2.3 The tested amounts of EE,
surfactant, and BCA are listed Trab. 1. To determine the drug content, the PSD, andrthwtro
release of EE PBCA nanopatrticles, 15 ml of the elisipns was centrifuged in 1.5 ml tubes at
10.000 rpm for 20 min (Sigma ZK15, Sigma Laborzifungen, Osterode, Germany). The sediments
were washed with 1% (w/w) acidified Triton X-10Qwion and with water. To prepare PBCAEES,
air bubbles were introduced into the 1% (w/w) dadi surfactant solution containing EE PBCA
nanoparticles over a period of 4 h. Immediatelgraftreparation, the purified microcapsules were
characterized with regard to threvitro release, the PSD, the polymer and drug contet¢sibed

in section 2.3 Furthermore, PBCAEES (1.4% BCA; 1% Triton X-100¢re freeze-dried and

analyzed after storage as describeskiction 2.3.

Tab. 1 Variation of synthesis parameters during prepanatioEE PBCA nanoparticles.

Variation Amount of EE in mg Concentration of Triton Concentration of BCA in
X-100 in % (w/w) % (wiw)

1 180 0.2 5.0

2 180 1.0 5.0

3 50 1.0 1.4

2increased to 1% after complete addition of BCA

2.5 Preparation of DRSP organogels
5% (w/w) dextrin palmitate and 70 mg/0.5 g DRSP rotcystals were dispersed in MCT by

sonication at a 5 x 10% cycle and 100% power uammglltrasound device (Bandelin Sonopuls
HD2070, Bandelin electronic, Berlin, Germany) fomih. The mixture set as a gel after cooling.
10 g of DRSP organogels were stored in closed glads at RT for 3 months. The PSD and
DRSP / isoDRSP ratio were determined before aret aforage. Sedimentation was determined by
multiple light scattering (Turbiscan, Quantachron@elzhausen, Germany) over a period of

1 month. Backscattering and transmission spectnogjrgere considered.

2.6 Preparation andin vitro release of combined EE and DRSP drug-delivery sysns

To prepare aqueous suspensions containing DRSP Ph@#oparticles and EE PBCA
microcapsules, 150 mg of DRSP PLGA microparticles wispersed in 2 ml of aqueous EE PBCA
microcapsule suspension containing 5 mg/ml micregkgs and 0.1% (w/w) Triton X-100 using a

vortex mixer for 2 min. To prepare agueous DRSFPEEBA microparticle suspensions, 3.5 mg of
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EE PLGA microparticles and 150 mg of DRSP PLGA mparticles were dispersed in 1 g of
0.5% (w/w) aqueous polysorbate 80 solution using@ex mixer for 2 min. To prepare DRSP
organogels including EE PLGA microparticles, 3.5 ofigcE PLGA microparticles were added to
0.5 g of DRSP organogel. The suspension was thanaded at a 1 x 10% cycle and 100% power
under cooling for 1 min. All of the samples weregared directly before tha vitro release test.
The drug solubility in the release medium and disipa media (surfactant solutions, MCT) was
determined as describedsaction 2.3 For the investigation of thia vitro release, 2 ml of aqueous
EE PBCA nanoparticles or microcapsules suspensiontaining 0.1% (w/w) Triton X-100, 0.5 g
of MCT organogel including 3.5 mg EE PLGA micropelgs, or 0.5 g of 0.5% (w/w) aqueous
polysorbate 80 solution containing 3.5 mg EE PLGi&roparticles were injected into dialysis bags
(length 7 cm, flat width 10 mm for 0.5-1 g, 25 mon2 ml, MWCO 12,000-14,000 Da, Spectra/Por,
Spectrum® Laboratories, Rancho Dominguez, USA). diadysis tubes were placed in a 100 ml
Erlenmeyer flask containing 50 ml USP phosphatéebut pH 7.4 with the addition of 8% (w/w)
HP-$-cyclodextrin and 0.05% (w/w) sodium azide pre-bdab 37 °C. The samples were then put
into a horizontal shaker (Innova 4230, New Brungwicientific, Edison, USA) at 100 rpm and
37°C. At predetermined time intervals, 1 ml sampilese withdrawn, assayed and replaced with
fresh medium. The vitro release of 0.5 g of DRSP organogel containing EEAmicropatrticles,

1 g of agueous EE DRSP PLGA microparticle suspensamd 2 ml of agueous suspensions
containing DRSP PLGA microparticles and EE PBCAmtapsules was analyzed as described
above. All release medium was removed and replaftedthe first 24 h and at each measuring point
thereafter. To study the influence of the dialysismbrane, the dialysis rates of 70 mg/0.5 ml of
DRSP or 1.5 mg/0.5 ml of EE dispersed in releasdiume were analyzed. EE was quantified by
HPLC/FD, as described section 2.3 DRSP was analyzed by HPLC/UV (s&ction 2.2. Two
standard solutions were prepared from each stokki@o by further diluting in 40/60% (v/v)
ACN/phosphate buffer (LOQ for EE was 15 ng/ml arididg/ml for DRSP). The cumulative amount
of drug released was calculated using Excel (MftpRedmond, US) (sdequation 2).

t-1
Vg [T, + 3 (Cy V)
=10003 x=0
M M,

Equation 2 M; = Relative amount of drug released at time pbiin %); Mg = Overall mass of drug in the
formulation; Vx = Sample volume at time poin Vg = Overall volume of release mediur@; = drug
concentration (w/v) in sample solution at time pdjnCx = drug concentration (w/v) in sample solution at
sampling point x beforg t-1= last sampling point before

Differences between release profiles were analygechlculating the difference factdi)(and the
similarity factor €;) from mean values of cumulative release conceatraiat each time[21]. The
preparations were evaluated as significantly deffenf f; was above 15 and was below 50. All
sampling points showing 10 — 85% drug release aedsampling point with drug release above 85%

were considered. The calculation included at ldaee sampling points [22]. The relative theorética
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drug release of a spherical monolithic solutionotshand long-term) was calculated using the
equation described by [23] (ssection §. The relative theoretical drug release of a sphker
monolithic dispersion was computed using the equoatiescribed bKoizumi and PanomsuR4]
(seesection §. Thein vitro release profiles of DRSP PLGA microparticles wesempared withn

vivo results of DRSP PLGA microparticles describedhe literature [25]. Briefly, 30 mg/0.5 ml
agueous DRSP PLGA microparticle suspensions cantpith% (w/w) sodium carboxymethyl
cellulose were subcutaneously injected into feridistar rats (age ca. 8 weeks, weight ca. 200 g,
purchased from Charles River Laboratories, Befiermany). The suspensions were administered
into the neck (B.Braun Omnifix; 20 G needles). RSP serum level was determined over a period
of 672 h (3—4 rats, 1-2 blood samples). Blood samplere collected from the vena cava or by
punctuation of the jugular vein at the final samgltime. The samples were diluted with a Pefabloc
phosphate buffer to inhibit esterase activity amehtcentrifuged to separate the serum. They were
stored at below -15 °C. DRSP was determined by LENSE (LOQ was 0.2 ng/ml; linearity was
observed between 0.2 and 200 ng/ml). The animdlysias performed with the approval of the
local authorities of Berlin (Landesamt fir Gesuritlhed Soziales, Germany) and in accordance to
the Recommendations from the Declaration of Helsamki the German animal protection law. To
comparein vitro andin vivo release, the drug serum concentrations were detded with the
Wagner—Nelson method using Excel [26]. The amotirabsorbed drug divided by the volume
versus time was calculated. The elimination ratestant was 0.107h as previously determined
[27]. Due to the accelerated vitro conditions, the measuring time pointsimivitro release were
multiplied by a factor that was calculated by dinglthe last measuring point of vivo release
(672 h) by the measuring point of completevitro release (312 h) to compare tinevivo andin
vitro data. The error in prediction caused by the indetagn vivo release of DRSP PLGA
microparticles after 672 h was acceptable and waeated to have little influence on data
interpretation. To test the stability of EE PBCAcmaicapsules in MCT, PBCA microcapsules were

dried on a glass plate and then dispersed in MCT.

2.7 Determination of morphology and particle sizes

The PSD of PBCA microcapsules diluted in 0.01% (Wlniton X-100 solution was measured by
laser diffraction using an AccuSizer Model 770 (R Sizing Systems, Santa Barbara, USA). The
apparatus utilizes a single particle optical sizggtem. The PSD of PLGA micropatrticles dispersed
in 0.001% (w/w) polysorbate 80 was determined usirigaser Diffraction Particle Size Analyzer
series LS 13 320 (Module: ULM, Beckman Coulter,&8rdSA). The PSD of DRSP microcrystals
dispersed in organogel was analyzed after diluldCT as previously described (laser diffraction,
sensor Helos, Sympatec, Clausthal-Zellerfeld, Gayng28]. All of the particle sizing systems
employ comparable measurement principles. Althopagtiicle size measurements could deviate

from each other when using different apparatusesrdsults should be suitable for comparing the

125



Chapter 5

drug-delivery systems with each other. PSD detemtiuns of PBCA microcapsules using the
different systems were comparable. Furthermoresiteeand morphology of PLGA micropatrticles
and PBCA microcapsules were characterized by dptigceroscopy (Zeiss Axio Imager Alm,
software: Axio Vision Rel. 4.5, Carl Zeiss Imagi8glution, Jena, Germany). The PSD of PBCA
nanoparticles diluted in 0.01% (w/w) Triton X-100lgion and Triton X-100 micelles in a
0.1% (w/w) surfactant solution were measured ugington correlation spectroscopy (PCS) (LB-
550, Dynamic Light Scattering Nano-Analyzer, Horilgoto, Japan). To compare particle sizes of
different formulations with each other, the mediirolume-weighted PSD (vw-mp) was stated for
all of the preparations. The difference betweenntieelian of number-weighted PSD (nw-mp) and
vw-mp was used to evaluate the polydispersity ofCRBmicrocapsules [14]. The surface
morphology of PBCA microcapsules was analyzed usirsganning electron microscope (SEM)
(Philips FEI XL30 S-FEG, Oregon, USA). The samplese dried for 2 h on a glass plate and then
coated with a thin coat of a gold/platinum mixtdeposited on the surface of the sample by sputter
coating (Cressington 208HR, Cressington Scientifistruments, Watford, UK). Coating and

imaging were performed under low vacuum.

2.8 Statistics

All of the experiments were conducted in triplicatdess otherwise stated. Arithmetic mean values
and standard deviations were calculated. Two sagiplgps were assumed to be comparable if the

95% confidence intervals coincide.

3 Results and discussion

3.1 Characterization of EE drug-delivery systems

3.1.1 EE PLGA microparticles

The prepared EE PLGA microparticles had a mean damgent of 8.2 + 0.5% and a vw-mp of
9.5+2.0 um (81.3 =+ 4.9% loading efficiency). btardance witlBirnbaum et al[5] andBodmeier
and Paerataku[29], the state of encapsulated drug in the potymatrix was optically evaluated
with regard to the translucency of the particlescrivkscopic pictures showed that EE PLGA
microparticles were mainly transparent, indicatitiat the drug was molecularly dispersed
(monolithic solution), at least at the microscdpiel (sed-ig. 2a). Drug microcrystals, which could
increase the initial drug release, were not obskag precipitates on the surface of EE PLGA
microparticles using polarized-light microscopy. eTkdrug content (8.5 + 0.4%) and vw-mp
(11.3 £ 4.9 um) were comparable after 3 monthsarbge.
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Fig. 2 Optical microscopic pictures @) an aqueous suspension of EE PLGA micropartiddggolymer
aggregates after drug loading of PBCA microcapsuB#sM pictures ofc) and d) PBCA microcapsules
surrounded by a shell of PBCA nanoparticles andddawith a solution of EE (PBCAEEQ) small pieces

of polymer wall consisting of PBCA nanoparticleseafdestruction of air-filled PBCA microcapsulesidg
sample preparation under vacuum atmosphere. Optitatoscopic pictures of) PBCAEEC after
lyophilization and re-dispersion in 0.01% (w/w) aqus Triton X-100 solutiorg) an aqueous suspension of
DRSP PLGA microparticle$)) PBCEEC at the last sampling pointiofvitro release test.

3.1.2 PBCAEEC

PBCA nanopatrticles were used as a starting matieidPBCAEEC. The particle sizes of PBCA
nano- and microcapsules without drug were conttdlaising the preparation parameters [14].
Relatively large PBCA nanopatrticles (123 + 49 nmayevprepared using a low surfactant/monomer
ratio. The resulting air-filled PBCA microcapsullead relatively thick particle walls that should
cause them to be more robust; this was assumesldn bdvantage for targeted long-term use [15].
The mixing energy during preparation of PBCA miapsules influenced the resulting microcapsule
size. Utilizing a homogenizer, air-filled PBCA micrapsules with a size of 1 — 5 um were previously
prepared for intravenous administration to be wsedn ultrasound contrast agent [14]. To prepare
EE PBCA microcapsules administered intramuscutarBubcutaneously, the limits for particle sizes
were broadened. For optimum drug loading, the noegpsules should have a capacious core. Under
the given conditions, relatively large air-fille®A microcapsules (vw-mp 13.5 £ 4.3 um / nw-mp

11.7 £ 0.6 um) were prepared. For drug loadingfilked PBCA microcapsules were heated to the
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optimal loading temperature. Upon reaching theileptemperature, a marked decrease in the mean
microcapsule size was observed, indicating thehdigme of gas and the ingress of surrounding drug

solution into the microcapsule core (vw-mp 7.3 2 /lnw-mp 5.8 £ 0.2 um).

This process was also detectable by an increaskensity. Before loading, the aqueous PBCA
microcapsule dispersion had a density of 1.00 § @@/ml. After filling, the density increased to
1.03 = 0.01 mg/ml. The vw-mp/nw-mp ratio was lowdse filling but increased during loading
(35.9£12.8/6.0 £ 1.3 um) due to a few largeyp@r aggregates formed by the destruction of
microcapsules (sd€g. 2 b). After purification, the vw-mp / nw-mp ratio deesed again (7.3 + 1.2/
5.8 £ 0.2 um). Because the nw-mp stayed nearlytantist was used to assess the rate of drug
loading during filling. The yield of PBCA microcases was 86.6 + 15.3% after filling / filtration.
For the prepared air-filled PBCA microcapsules, dptimum loading temperature was between
54 and 58 °C with a narrow range of +1% for eacmpa. Interestingly, drug-loaded PBCA
microcapsules were not destroyed when exposedmadauum during SEM (sdeig. 2 ¢ andd).

The microcapsules were primarily round in shapelatiintact nanoparticulate structures on their
surface. In contrast, unloaded PBCA microcapsulsatdgrated into smaller pieces when exposed
to the same conditions, as describe®liyrich et al.[15] (seeFig. 2€). The mean microcapsule and
nanoparticle sizes measured by PCS and laserdliffracorrelated well with the non-quantitative
evaluation of particle sizes by SEM, although tdrbdynamic vw-mp detected by PCS should
theoretically be higher than the diameter obtaifrech optical analysis. The ability to visualize
PBCAEEC under these conditions without destroyimgnt was another indicator that the drug
solution had reached the core. It was assumedighat-filled microcapsules were more robust than
air-filled microcapsules. PBCAEEC had a relatividw drug content of 0.27 + 0.02%; the main
reason for the low drug content may be the low lEbty of EE in an aqueous medium
(14.5 + 0.2 pg/ml). Furthermore, the microcapstiad residual gas content because flotation was
possible. A maximum theoretical drug content ofydhD1% was calculated if only EE dissolved in
water passed through the polymer, however, ne@rtin®s higher drug content was observed. With
the addition of surfactant, drug solubility in saunding aqueous solutions significantly increased.
A maximum theoretical drug content of 0.22% wascuiated for EE solutions containing
0.1% (w/w) Triton X-100 (drug solubility of 0.28 @03 mg/ml) and a maximum theoretical drug
content of 6.46% for EE solutions containing 1% wjv/surfactant (drug solubility of
8.6 + 0.4 mg/ml) when ingress of surfactant solut®massumed. However, the drug content did not
increase with higher surfactant concentrationscatihg that EE encapsulated in surfactant micelles
did not diffuse through the polymer wall. With avmp of 6.5 + 1.9 nm, Triton X-100 micelles
might be too large to pass through the polymer.vtals possible that single surfactant molecules
could migrate through the wall; but it is more lik¢hat the drug was not encapsulated in only the

microcapsule core. No crystalline drug was visitntethe surface of washed microcapsules in SEM
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pictures (se€ig. 2 candd), but the lipophilic EE had a certain affinityttee polymer (sesection
3.1.3 and could therefore be enclosed in or absorb¢d e polymer wall. The location of EE
influences its drug release kinetics. Furthermingas possible to lyophilize PBCA microcapsules
with and without EE. Numerous lyoprotectants westdd in the past to stabilize air-filled PBCA
microcapsules during lyophilization (unpublishedui¢és). Polyvidon K15 < 18 was determined to
be a suitable lyoprotectant (sergy. 2 f). Lyophilized microcapsules were easily re-disjmesin
acidified 0.1% or 1% (w/w) Triton X-10 solution. &@ww-mp/nw-mp of lyophilized microcapsules
was not significantly different after 3 months sige (unloaded 10.9 + 3.1/10.5 £ 1.0 um; loaded
8.0 £ 1.3/5.9 £ 0.6 um). Air-filled unloaded PBCAcamocapsules suspended in acidic 0.1% (w/w)
Triton X-100 solution were stable during 1 yearstfrage at RT (5.1 £ 0.3 mg/ml PBCA). The
results are in accordance witommerfeld et a[30], showing high stability of PBCA at an acidic
pH. It was observed that PBCAEEC released the thraugh diffusion within days (sesection
3.3). Thus, PBCAEEC were characterized immediatelgrgiteparation and lyophilized afterwards
to avoid drug diffusion. The drug (0.25 £ 0.03%eaftorage) and polymer content (4.9 + 0.2 mg/mi
before storage, 4.8 + 0.1 mg/ml after storage)yophilized microcapsules was comparable with

those of unlyophilized PBCAEEC after preparation.

3.1.3 PBCAEES

As described previously for unloaded PBCA nanopkadi by Baudisch[31] and Schmidt and
Roesslind14], we found a linear correlation between thdatiant/monomer ratio and vw-mp for
EE PBCA nanoparticles. However, the vw-mp was lofeedrug-loaded nanoparticles, indicating
that EE influenced nanoparticle formation (see iplartsizesFig. 3 versus particle sizes in
section 3.1.2and described b8chmidt and Roesslif@4]). )

90 4 0.73£0.09%

80 -
0.77x0.15%

70 4
60

50 +

Particle size in nm

40+ 0.56+0.03%

30 1

T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Surfactant/monomer ratio

Fig. 3 Correlation between the surfactant/monomer raiged for the synthesis of EE PBCA nanopatrticles
and the vw-mp of the resulting EE PBCA nanoparsiclehe data labels contain the mean drug contelBEof
PBCA nanopatrticles (n = 3).
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With increasing nanopatrticle size, more robust PBEA should be produced. Furthermore, the
monomer amount had an impact on the drug conteaf{g. 3). This is understandable because an
increased amount of the lipophilic BCA phase wittobastant amount of the aqueous phase should
lead to a higher drug content. However, the ratatiip between the surfactant concentration and the
drug content is not completely understood. The astight molecules stabilized the growing
nanoparticles during synthesis [32,33]. While adowurfactant amount resulted in larger PBCA
nanoparticles, a slight increase in drug contens whtained when using higher surfactant
concentrations. It was assumed that EE was dissaiveurfactant micelles that participated in the
formation of nanoparticles and that the surfacéambunt could therefore influence the drug content
of EE PBCA nanopatrticles. PBCAEES did not haveifitantly different drug contents compared
to EE PBCA nanoparticles used for their preparafs@eTab. 2 versusFig. 3); the loss of drug
during preparation was low. The resulting PBCAERS8 bomparable vw-mp that was not dependent

on the nanoparticles used for preparation.

Tab. 2Drug content and mean patrticle sizes of PBCAEH®.Slynthesis parameter of shell-forming EE PBCA
nanoparticles were varied (n = 3).

Parameters for EE Surfactant/monomer nw-mp (vw-mp) of EE  Drug content of EEPBCA
PBCA nanoparticle Ratio PBCA microcapsules microcapsules
synthesis in um in %

5% BCA; 0.1% Triton 0.02 11.8+2.7 0.69+0.27

X-100; 180 mg EE (20.0£3.8)

5% BCA; 1% Triton X- 0.20 12.945.1 1.09+0.20

100; 180 mg EE (19.8+1.9)

1.4% BCA; 1% Triton 0.71 10.8+3.6 0.55+0.17

X-100; 50 mg EE (17.5£2.7)

PBCAEES released the drug by diffusion, as menti@i®ve, and should therefore be lyophilized.
The vw/nw-mp, drug and polymer contents of lyopieiti microcapsules were comparable to those
of unlyophilized PBCAEEC after preparation (vw/nwraf 19.3 £ 2.0/ 10.9 + 1.2 ym and EE
content of 0.53 + 0.05% after storage; 4.9 + 0.2nh@BCA before storage, 4.7 + 0.1 mg/ml PBCA

after storage.

3.2 Characterization of DRSP drug-delivery systems
Compared with EE, DRSP formulations had higher @amgents. DRSP PLGA microparticles were

prepared as previously described foritheivotests used for comparison with thevitro test results

of the present study [25]. The prepared DRSP PLGiéroparticles had a drug content of
39.6 £ 1.1% (93.5 + 3.7% loading efficiency). Fentmore, they provided a relatively large vw-mp
(55.2 £ 18.5 um). In contrast to EE PLGA micropaes, DRSP PLGA microparticles were opaque,
indicating that the drug was finely dispersed i plolymer and not completely dissolved (monolithic

dispersion) (se€ig. 2 g). The dispersed or dissolved state of encapsubiaglin DRSP and EE
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PLGA microparticles could have an impact on drugase. Furthermore, less than 0.1% of iso-DRSP
was found in DRSP PLGA microparticles. After 3 menof storage, the vw-mp, drug content, and
the percentage of iSoODRSP were comparable withlfrggepared microparticles. Oil-based dosage
forms are advantageous for DRSP due to its ingttabilaqueous systems. Approximately 7 mg/ml
of DRSP was soluble in MCT [8]. No change in dralybility was observed with addition of dextrin
palmitate. The organogelator immobilized the ligpitse completely, thus slowing down drug
diffusion and sedimentation in the oil-based matNg sedimentation of DRSP microcrystals was
observed after three months storage at RT. Furthrernthe vw-mp of DRSP microcrystals was not
significantly different after 3 months storage (2.6.1 um before, 11.2 + 2.0 um after storage). No
isoDRSP was found before or after storage. Thdthegwrganogels were opaque. The organogel

network was not visible by optical microscopy.

3.3 Preparation andin vitro release of combined EE DRSP drug-delivery systems

The prepared EE and DRSP drug-delivery systems aldeeto be combined in various ways (see
Fig. 1 b). The formulations were mixed with each other irdiately before starting thim vitro
release tests because the long-term stability wasested. The particulate systems were prepared
with the addition of low concentrations of surfartto avoid aggregation. EE PLGA micropatrticles
were stabilized with polysorbate 80 (a typical stzaér for parenteral formulations), which was also
used for thén vivotests of EE PLGA microparticles described belovitoh X-100 was better able

to stabilize PBCA microcapsules [31]. The surfatdaould increase drug solubility in the dialysis
bag, especially when micelles, which might notwdi# through the membrane, are formed. DRSP at
a concentration of 0.45 + 0.10 mg/ml was solubl®.it?% (w/w) Triton X-100 solution, whereas
0.85 + 0.13 mg/ml of EE and 0.98 + 0.16 mg/ml of$HRwere dissolved in 0.5% (w/w) polysorbate
80 solution. With or without the addition of surfant, sink conditions are provided for both drugs
in the surrounding release medium due to the anhddf HPB-cyclodextrin. EE at a concentration
of 7.5 + 0.3 mg/ml and 13.1 + 0.2 mg/ml of DRSP wl&solved in the buffer solution containing
8% (w/w) HPB-cyclodextrin. In contrast to surfactants, Bfeyclodextrin did not interact with the
oil-based formulations and was therefore used lfarfahe tested formulations. The dialysis bags
were shaken to avoid local saturation effetitsvivo, the drug is released after dissolution and
diffusion through the drug-delivery system; thegdrmust then diffuse through the tissue and reach
the lymphatic or blood circulation [34h vitro, the drug is dissolved in the formulations madnid
must migrate through the drug-delivery system drah tthrough the dialysis membrane into the
release medium. The dialysis membrane avoided dimgaf the oil-based formulations and
therefore ensured a constant surface area. The raeents freely permeable to both drugs because
their molecular weight is much lower than the cutiffthe membrane. Less than 0.1% of EE or

DRSP enclosed in the formulations remained in thlysis bag at the endpoint of the release studies.
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Fig. 4 In vitro release of aqueous dispersions contai@hdRSP PLGA microparticles and EE PBCA
microcapsules or EE PLGA microparticl®$.Comparison between the relative amount of DRSBraks in
Wistar rats and the relative amount of DRSP relks&itro from DRSP PLGA microparticles (n = 3 - 4; the
measuring points of tha vitro release profile were multiplied by a factor of®.1n vitro release of aqueous
dispersions containing) PBCAEES; d) PBCA nanoparticles prepared under different cooddj e)
PBCAEEC (n = 3)#PBCAEES prepared with 1.4% BCA and 1% surfactant.
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To study the influence of the dialysis membrane, dialysis rate of DRSP dispersed in release
medium was determined. The suspension showed a diabsis rate of 1.2 + 0.1 mg/h. For a
dispersion containing 1.5 mg EE (EE drug-deliverstems contained lower drug amounts), a mean
dialysis rate of 311 + 29 pug was found in the firstir. Because the release rates of the tested DRSP
and EE formulations determined at each samplingtpeere significantly slower than the dialysis
rate, one may conclude that the influence of ditfggdon through the membrane should be low. In
an aqueous medium, DRSP isomerizes to iSODRSP.edoce the degradation of DRSP after
delivery into release medium, the buffer solutioasweplaced at specific time points. However,
excessive medium exchange increased the risk adringy drug concentrations below the LOQ at
later sampling points. The degradation kineticphinsphate buffer at pH 6.8 have previously been
analyzed [8]. In the current study, less than 1%s0DRSP was found in the release medium at
pH 7.4 after 1 d. The proportion increased lineargr 24 h (> > 0.99). The slope of the linear
regression line was 0.025 + 0.000%/h for the ofidth DRSP formulations. Because the
isomerization is acid-catalyzed, the acidic PLGAtnRacould accelerate the degradation [35,36].
However, the slope only slightly increased for DRERSA microparticles (0.026 + 0.002%/h). In
summary, the main reasons for the incomplete releeBBRSP were isomerization, non-quantifiable
drug concentrations at later sampling points, dergaining in the dialysis bag, and loss of drug
during medium exchange (séeg. 4 and Fig. 5. In contrast, aqueous EE and DRSP PLGA
microparticle suspensions exhibited completelyeddht release profiles. The drug release from
polymer particles is mostly influenced by a compieteraction of different processes such as
polymer degradation, erosion, drug dissolution, diffdsion [35,36].
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Fig. 5In vitro release of) EE PLGA microparticles dispersed in aqueous mediuMCT organogel without
the addition of DRSHy) MCT organogel containing DRSP microcrystals andPEEBA microparticles (n = 3).

After reaching a maximum, the release rate of agsiedBE PLGA microparticle suspensions
decreased gradually in the second stage Kipeb a). The continuous deceleration in the second
stage indicated that constant diffusion of disstbleteug from the polymer matrix was the dominant

process. The initial increase in release rate dicdhatch the theoretical release profile; this rfnay
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because the EE concentration was lower in the dagyers of microparticles, possibly caused by
intensive washing or inhomogeneous distributiommfg during preparation. According to Fick’'s
law, drug release from the bigger DRSP PLGA microglas should be slower than from the smaller

EE PLGA microparticles, but other mechanisms afgmeared to influence drug release.
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Fig. 6 In vitro drug release rates @f) EE PLGA microparticles dispersed in aqueous medunMCT
organogel andb) aqueous DRSP PLGA microparticle suspensions an8FDRCT organogels) In vitro
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rate.
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During the first stage, the drug release profild&SP PLGA microparticles correlated relatively
well with the theoretical drug release profile cff@herical monolithic dispersion [37] (SE€®g. 6C).
According to the results isection 3.2 solid DRSP seemed to be dispersed in the polyfites.
acceleration of drug release from PLGA micropagBaiiuring the later stage is well described in the
literature [38,39] (se€ig. 4 a andFig. 6 b andc). Acidic degradation product(s) of PLGA could
decrease the micro-pH in the microparticles andefbee increase the autocatalysis of polymer
degradation. Nevertheless, the percentage of iséDiRShe release medium was still below 1%
before daily medium exchange, indicating no sigatfit increase in degradatidnvitro, DRSP was
released at a constant rate from the polymer pestiover 13 d. Arin vivo study showed that
subcutaneously injected DRSP PLGA microparticlesidled constant drug release over more than
28 d, without a significant initial burst withingHirst 48 h [25]. Thén vitro release rate was probably
accelerated because of the employment of sink tondin vitro, which may not exisn vivo [40].
Nevertheless, thia vitro andin vivorelease profiles correlated well (3&g. 4b). Moreover|n vivo
drug release from the prepared aqueous EE PLGAoputticle dispersions was faster compared to
DRSP PLGA microparticles, in accordance viitlitro results (ca. 1 week until complete EE release
in Wistar rats; unpublished results). As showrhi& ¢urrenin vitro experiments, a combination of
EE and DRSP PLGA microparticles in an aqueous \elsbould be possible. DRSP PLGA
microparticles were able to combine with EE PBCAnmmcapsules in an aqueous suspension. Both
PBCAEES and PBCAEEC released the drug immediaftdy @ontact with the release medium. The
greater surface area should cause a faster rdteas&E PBCA nanopatrticles; in accordance, it was
observed that the drug release rate from PBCAEESmit#ally slower (se€&ig. 4c andd). For both

EE PBCA nanoparticles and microcapsules, the releste followed a power function, indicating
drug diffusion to be the main release process K&gpet d). The correlation coefficient was higher
for EE PBCA nanopatrticles. The release rate of BEA& microcapsules was comparable to the
release rate of PBCA nanoparticles after 5 h. Tdason for this could be the destruction of
microcapsules. PBCA microcapsules are stable uadiglic conditions (sesection 3.1.2 In
reference to [15], hydrolysis of the polymer iselecated at pH 7.4 and starts within the first few
hours. The bursting of microcapsules could be gz¢al by polymer degradation and could
accelerate the drug release due to the greatecsuafea of microcapsule fragments. The destruction
of microcapsules was observed during the releastebie noting a decrease in the microcapsule
concentration over time. Nevertheless, there wiidlésslated microcapsules and polymer fragments
visible at the endpoint of drug release (Big 2h). Surprisingly, no influence of PBCA nanopatrticle
size on drug release was found. One reason forthisbe inhomogeneous distribution of drug in
the polymer matrix (e.g., higher drug concentratinaar the surface of larger PBCA nanoparticles).
Furthermore, the inhomogeneous drug distributiotvématrix, polymer degradation, or analytical
variability could contribute to the irregular druglease profiles of PBCA nanoparticles and

microcapsules at later stages (§ég 4 c—€. Compared with PBCAEES, the drug release from
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PBCAEEC was initially significantly decreased (8&g 4€). Thein vitro tests were performed with
unlyophilized liquid-filled PBCAEEC. The distribatn of EE throughout the microcapsule could
cause the slower initial release rate compared RBICAEES. Drug located mainly in the core
should cause a spike in drug release after burdtogever, the release rate of PBCAEEC instead
became closer to the drug release rate of EE PBDWparticles in the later stage, indicating drug
release from the polymer shell (4&6g. 6d). PBCAEEC seemed to be more robust than PBCAEES
because the convergence phase started at a taterltarger shell-forming nanoparticles did not
significantly increase the robustness of PBCAEES higher stability of PBCAEEC may primarily
be due to the liquid filling. Finally, DRSP orgaratgwere combined with EE drug-delivery systems.
A combination of PBCA microcapsules and organogels not producible; the PBCA microcapsules
were destroyed within minutes of contact with M@ the other hand, the incorporation of EE
PLGA microparticles in DRSP organogels was possibie release of suspended DRSP from the
organogel should mainly be controlled by the dissoh of drug microcrystals and the diffusion of
dissolved drug to the release medium Sige 5). Drug diffusion was decelerated by the organogel
network [41]. In accordance with Higuchi’'s equatfonthe release of suspended drug from a semi-
solid matrix, the drug release from DRSP organoggkased fairly linearly with the square root of
time (seeFig. 6 b). Throughout the entire release test, the pergentd iSODRSP in the release
medium was below 1% before daily exchange of mediline organogels delivered DRSP faster
than the PLGA microparticles; furthermore, embeddift PLGA microparticles into the organogel
influenced drug release. EE PLGA microparticlepsusied in MCT organogel had significantly
slower release compared with the aqueous suspenaitimugh the solubility of EE in MCT
(2.3 £ 0.1 mg/ml EE) was higher than in polysort&fesolution. The drug release rate of EE PLGA
microparticles suspended in MCT organogel followss same profile as the aqueous suspensions
of EE PLGA microparticles; the main reason for thecelerated drug release may be lower
diffusivity due to the higher viscosity of the saunding organogel (sd€g. 6 d). EE release from
PLGA microparticles was not influenced by the pneseof DRSP microcrystals, and vice versa (EE
PLGA microparticles in MCT organogel without andwDRSP:f; = 82,f; = 3; DRSP organogel
without (data not shown) and with EE PLGA microjdes: f. = 62, f1 = 4). In short, the
incorporation of a particulate EE drug-delivery teys into a surrounding continuous organogel

phase caused a prolongation of EE release. Théalud DRSP and EE release was approximated.

4 Conclusion

Aqueous suspensions of EE PLGA microparticles selddahe drug relatively quickly; the release
rate was mainly controlled by diffusion of dissalvdrug. The drug release of PLGA microparticles
including dispersed DRSP was significantly slowst was primarily influenced by drug dissolution
and diffusion in the first stage. In the later stggolymer degradation accelerated the releasefrate

DRSP. Then vitro release data correlated well withvivoresults. Although isomerization of DRSP
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was accelerated under acidic conditions, only loncentrations of iSO DRSP were found in PLGA
microparticles after preparation, storage, and delgase. By varying the synthesis parameters of
EE PBCA nanoparticles, the polymer wall thicknesd drug content of the resulting PBCAEES
were slightly changed. High doses of EE were detiddrom PBCAEES and PBCAEEC within the
first few days. Liquid-filled PBCA microcapsules redound to be more stable than air-filled PBCA
microcapsules, thus the bursting of microcapsuteslifying the drug release in the later phase, was
delayed. Polymer wall thickness did not signifidminifluence drug release in our experiments. EE
drug-delivery systems were able to combine witheagis DRSP micropatrticle suspension without
influencing each other. In contrast, the combimatad EE PBCA microcapsules with DRSP
organogels was not possible due to immediate Imgrsti microcapsules. Both sedimentation and
particle growth of DRSP microcrystals were decédstan MCT organogels. DRSP organogels
provided a nearly linear drug release with the sguaot of time; the drug release was mainly
controlled by drug dissolution and diffusion. EE®A microparticles incorporated into DRSP MCT
organogels released EE significantly slower thaneaqs dispersions. The deceleration should
mainly be caused by slowed drug diffusion. The dratpase of EE and DRSP was thus
approximated.
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5 Supplement
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Equation 3 Mathematical equation for quantifying the drugeesde from spherical monolithic solutions [23];
a) early time Mt/Mw < 0.6),b) late time Mt/M = 0.4). Mt = cumulative drug amounts released at ttme

Mo = cumulative drug amounts released at infinitestibh= diffusion coefficient in the drug delivery sysig
R = radius of spherd;= time.
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Equation 4 Mathematical equation for quantifying the drugeesle from spherical monolithic dispersions [37].
M; = cumulative amount of released drug at titn@ = radius of spherd) = diffusion coefficient in the drug
delivery systemgs= API solubility in the drug delivery system, = initial drug concentratiort;= time.
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1 Summary

The aim of this work was to investigate suitabte. iand, in particular, s.c. injectable drug delver
systems for steroids. DRSP MCSs and DRSP organageis studied as potential injectable
formulations with focus on the physicochemical #itgband applicability. The pharmacokinetics
of steroids, in particular DRSP and ZK28, incorpedainto injectable drug delivery systems, was

analyzed. In addition, the ability to combine DRS EE drug delivery systems was studied.

DRSP MCSs

For once-a-month injections, an estimated dosé lefaat 60 - 70 mg of DRSP has to be included
in 0.5 - 2.0 ml of vehicle for s.c. injection and & maximum of 5 ml for i.m. injection. DRSP
showed poor water solubility, a typical charactarifor steroids. Therefore, it would be
predestined for the incorporation in aqueous MG8swvever, the chemical stability of agueous
DRSP MCSs was low due to isomerization to inadse®RSP (approx. 30% isoDRSP after 42 d).
Advantageously, DRSP showed very high chemicalilgiam oils. After one year of storage, no
traces of iSoODRSP were determined in the testedsesame oil, co, or MCT. Because DRSP was
insufficiently soluble in the tested oils as walil-based DRSP MCSs were analyzed as possible
formulation options with regard to the physicalbdlity, which is typically a critical issue for
MCSs. High oil viscosity decelerated sedimentatiowl particle size growth. On the other hand,
low viscous DRSP MCT MCSs were evaluated as satédil s.c. injection with an autoinjector,

which allows the drug application by the patiehismselves.

The physical stability of oil-based DRSP MCSs wasréased with the addition of suitable
excipients. So far, the stabilization of oil-ba9d@Ss is less investigated. The tested stabilizing
agents were used in concentrations that affectathemethe DRSP solubility nor the vehicle
viscosity. Especially, silica derivatives influexcthe physical stability positively. The additioh o
0.2% (w/w) silica reduced DRSP sedimentation invahicles and particle size growth in co and
sesame oil. The addition of 0.2% (w/w) hydrophosiicca even decelerated DRSP particle size
growth and sedimentation in all tested oils anddea increase of drug particle sizes in sesame oll
and co completely over one year. The stabilizifgotfwas assumed to be caused by molecular
interaction of API and stabilizer as well as therfation of sterically stabilizing structures by the

excipient.

DRSP MCT organogels

Physical stability, applicability, and vitro release of DRSP MCT organogels, containing differe
suitable organogelators, were assessed with regptw rheological properties. In contrast to non-
stabilized DRSP MCT MCSs and DRSP MCSs stabilizeth won-thickening agents, DRSP
organgogels were completely stable against sedanent Thus, agitation of MCSs before

injection would not be necessary. Pre-filled inimyes, stable organogels are ready-to-use. To
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simulate transport and storage stress, DRSP orgéagre mechanically destructed and stored at
elevated temperature. All DRSP organogels restredtand showed no sedimentation except for
CS and partially MC organogels. Furthermore, plrisize growth was significantly reduced in all
tested DRSP organogels during storage comparedomestabilized DRSP MCT MCSs. The
stabilizing excipient silica, which was used inrggsed concentrations for gelation, was even able
to avoid particle size growth in MCT completely awds superior to the other organogelators.
Advantageously, ejection of all DRSP organogels stdspossible using an autoinjector, due to
gel destruction during injection. Moreover, DRSBasrogels exhibited significantly decelerated
vitro release compared to non-stabilized MCSs, modiylittee to the recovery of the gel network
after injection that was shown in the rheologieait$. Then vitro release was slightly decelerated
with increasingG’ and 77* in dependence on the elasticity. The drug relgsséles for DRSP
organogels was fairly linear with the square rddiroe, according to Higuchi's equation. Overall,
the rheological evaluation was useful to identdy+gel transition, to differentiate between strange
and weaker gels and to assess the gel elasticiborfelation between rheological properties and

parameters of physical stability during storage application was partially found.

Because DRSP silica organogels provided the higiasticity, moderat&’ ands*, and avoided
most efficiently particle size growth, they werealated as more preferable compared to the other
DRSP organogels. In general, DRSP organogels wetaaed as superior to non-stabilized DRSP
MCT MCSs with respect to storage stability and dreigase.

Pharmacokinetics of steroids incorporated into injetable drug delivery systems

The aim was to identify parameters that influetmedrug releasand to obtain constant prolonged
release kinetics. Thia vitro release studies of DRSP MCSs showed an influehtteeosehicle on
drug release: Low API solubility in the vehicle ahi@jh vehicle viscosity decelerated the drug
release. Po and agqueous DRSP MCSs showed the slowao release. With respect to tlire
vitro results, the pharmacokinetics of agueous and peDRCSs were studied after s.c. injection
in female Wistar rats and Cynomolgus monkeys. AgegeDRSP MCSs exhibited significantly
slower absorption profiles compared to po DRSP M@3sspicuously high initial serum peaks
characterized the pharmacokinetics of aqueous iangarticular, po DRSP MCSs. Moreover,
aqueous DRSP MCSs exhibited significant lower AUEN po DRSP MCSs in rats. AUCs in
monkeys were comparable. The high initial plasmekpd aqueous MCSs was probably caused by
fast diffusion of the aqueous vehicle, which inddddissolved DRSP, from the injection site.
DRSP that remained at the injection site shouldlgiaissolve in the tissue fluid. In general, there
is a risk that lipophilic APIs dissolve too slowily the aqueous tissue fluid to reach therapeutic
relevant concentrations. This effect might cause ldtw AUC of agueous MCSs although the
serum levels were already at very low levels ateghd of measurement interval. Since oils stay

longer at the injection site, the risk of residd&l at the injection site after vehicle diffusiom i
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lower. Drug diffusion and partitioning to the aquedissue fluid should mainly influence the
vivo release of po MCSs. The dependence of both presess the API concentration might

explain the higher initial drug release.

With regard to the DRSP MCSs results, pharmacoksebdf non-stabilized ZK28 co/bb

formulations and ZK28 MCT/bb organogels were evi@dan Wistar rats. In accordance to DRSP
formulations, ZK28 co/bb preparations provided phanitial plasma peaks. ZK28 organogels
showed even higher initial absorption than ZK28&bdiormulations which might be the result of
gel destruction during injection and the low visgo®f MCT/bb compared to co/bb. Thereafter,
ZK28 organogels advantageously exhibited more eomstirug plasma levels and significant
higher AUC compared to ZK28 co/bb formulations. Thason might be the partial restructure of

gel network that was shown in rheological tests.

Overall, it is assumed that organogels could be alsuitable carrier system for other steroids, to
obtain constant and prolonged drug release. Thieleestays probably long enough at the injection
site to dissolve the API completely. In the futurganogels with faster gel recovery should be

tested to avoid unfavorable high initial plasmakzea

Combined DRSP and EE drug delivery systems

DRSP PLGA microparticles and organogels, EE PLGAd @&BCA microparticles were
successfully prepared. DRSP PLGA microspheres pwdaabout 40% (w/w) DRSP dispersed in
the polymer. EE PLGA microspheres included app8%. (w/w) EE dissolved in the polymer.
DRSP and EE PLGA microspheres were prepared wih Bhcapsulation efficiency (more than
80%). Shell thickness and EE content (optimum appt® (w/w) of the high-potent API EE) of
PBCAEES were adjustable by the synthesis parametehe® EE PBCA nanopatrticles. PBCAEEC
were prepared by influx of agueous EE solution mitefilled drugless PBCA microcapsules at the
glass transition temperature. Due to the low EEewablubility, the drug content of PBCAEEC
was low (approx. 0.3% (w/w) EE) and was not incegalsy addition of solubilizing agents to the
EE solution. So far, the preparation of drug-fillBBCA microcapsules was not described in the
literature. The encapsulation efficiency of EE PBQ@#icrocapsules was low but could be
optimized in the future. EE PBCA microcapsules whbrmphilizable with Polyvidon K15<18

addition without significant destruction.

Next, the ability to combine DRSP and EE drug deljvsystems and thein vitro release was
tested. A further target was to identify drug detivsystems, which release hormone doses that are
as low as possible but efficient (i.e. by timedsostained drug release). The EE PLGA and PBCA
microparticles and DRSP PLGA microspheres were @oahibe in an agueous vehicle without
interfering each other. DRSP PLGA microparticles ot show significant initial burst effect and

provided constant, significantly more sustainedgdrelease than EE microparticles. The DRSP
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release was assumed to be primarily influenced fuyg dlissolution and diffusion as well as
polymer erosion in the later stage. Thevitro release correlated well with previounsvivo results.
Although DRSP isomerization was accelerated underdia conditions, low iSODRSP
concentrations were found in PLGA microparticleteiapreparation, storage, and drug release.
Overall, PLGA microparticles were evaluated asahl@ sustained drug delivery systems for
DRSP. Compared to EE PBCA nanoparticles, PBCAEHfth#é®d a lower unwanted initial burst
effect, possibly due to the lower surface area afreoapsules. PBCAEEC showed significant
decreased initial drug release, compared to PBCAHkfcating drug release by diffusion from
the core in the first phase. In the future, EE PB@irocapsules could be further optimized to
reach timed drug release, i.e. by increasing thieilgy of the polymer shell or by optimization of
the core filling (e.g. by use of other EE vehiclds) contrast to DRSP PLGA micropatrticles, EE
PLGA microparticles exhibited a fast vitro release within 2 - 4 d, which was not influenced by

polymer erosion.

Due to capsules’ burst upon oil contact, EE PBCAraodapsules were not combinable with DRSP
organogels. Incorporation of EE PLGA microparticles DRSP organogels was possible.
Compared to DRSP PLGA micropatrticles, the orgarsopgsdvided a faster but more constant drug
release rate. Advantageously, EE PLGA micropadiciecorporated in organogel showed
significantly prolonged and more constant EE radettsan aqueous EE PLGA microparticles
dispersions. The system exhibited a nearly simatitas drug release of EE and DRSP. Thus, EE
PLGA microparticles incorporated into DRSP organegeere identified as excellent sustained

drug delivery system for combined drug release.
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2 Zusammenfassung

Ziel der vorliegenden Arbeit war es, potentielldramuskular und, insbesondere, subkutan
injizierbare Freisetzungssysteme fir steroidalesAdel untersuchen. Zunachst wurden Drospirenon
(DRSP) Mikrokristallsuspensionen (MKS) sowie DRSPledgele, mit Fokus auf die
physikochemische Stabilitdt und die Applizierbatkeanalysiert. Darliber hinaus wurde die
Pharmakokinetik verschiedener Steroidformulierungen Speziellen von DRSP und ZK28
Systemen, beleuchtet. Schliel3lich wurden zahlreidBninylestradiol (EE) und DRSP

Freisetzungssysteme miteinander kombiniert undndereitro Freisetzung untersucht.

DRSP MKS

Eine Dosis von mindestens 60 - 70 mg DRSP wurde diire Ein-Monats-Applikation
angenommen. Der Wirkstoff kann, flr eine subkutkmektion in 0,5 - 2,0 ml Vehikel bzw. flr
eine intramuskulare Applikation in maximal 5 ml gedflissigkeit dispergiert, verabreicht werden.
DRSP zeigte eine schlechte Wasserl6slichkeit; eivagakteristische Eigenschaft fur Steroide, die
den Wirkstoff flr eine wassrige MKS pradestinieMlerdings wies DRSP eine ungeniigende
chemische Stabilitéat in wassrigem Medium auf, dasieh in das inaktive Isomer isoDRSP
umwandelte (ca. 30% isoDRSP nach 42 d). Sehr dwgenische Stabilitat zeigte der Wirkstoff
dagegen in 6ligen Grundlagen. Nach einem Jahr bagemwar kein iSODRSP in den getesteten
Olen Sesamol, Rizinusél bzw. mittelkettige Triglside (MKT) nachweisbar. Da DRSP eine
ungeniigende Loslichkeit in den Olen aufwies, wurddige DRSP MKS als mdgliche
Formulierungsoption untersucht. Insbesondere wutidephysikalische Stabilitat, als typischer
kritischer Faktor einer Suspension, analysiert.eEiohe Viskositiat des Ols verlangsamte das
Partikelwachstum und die Sedimentation. Anderesseiirde festgestellt, dass nur niedrigviskose
DRSP MKT MKS mit einem Autoinjektor subkutan apmibar sind. Die Injektion mit dem
Autoinjektor ermoglicht die Selbstapplikation dumén Patienten.

Mit dem Zusatz von geeigneten Hilfsstoffen, konaie physikalische Stabilitat von 6ligen DRSP
MKS erhoht werden. Die Hilfsstoffe wurden in Kongationen eingesetzt, die weder die
Viskositat noch die Wirkstoffloslichkeit im Ol sidikant dnderten. Vor allem die Silicaderivate
beeinflussten die physikalische Stabilitat der éligoRSP MKS positiv. Die Zugabe von 0,2%
(m/m) Silica reduzierte die Wirkstoffsedimentationallen Olen und das PartikelgréBenwachstum
in Rizinus- und Sesamdl signifikant. Die Zugabe @g2% (m/m) hydrophoben Silica konnte sogar
das PartikelgroRenwachstum und die Sedimentatioralien Olen deutlich reduzieren und
verhinderte das PartikelgréRenwachstum in Rizinued Sesamdl vollstandig Uber ein Jahr. Es
wird vermutet, dass der stabilisierende Effekt Hurmlekulare Interaktion zwischen Hilfsstoff und

DRSP sowie durch Ausbildung von sterisch stabiksiden Strukturen erzielt wurde.
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DRSP MKT Oleogele

Die physikalische Stabilitat, die Applizierbarksmwie diein vitro Freisetzung von DRSP MKT
Oleogelen, mit Zusatz von verschiedenen geeign@leogelbildnern, wurden, im Hinblick auf
ihre rheologischen Eigenschaften, evaluiert. Inébsgtz zu DRSP MKT MKS, die nicht oder mit
nicht viskositatserhohenden Hilfsstoffen stabilisiwurden, zeigten DRSP MKT Oleogele keine
Wirkstoffsedimentation, wodurch eine Agitation déuspensionen vor der Injektion unnoétig ist.
Abgeflllt in Fertigspritzen, kdnnte eine stabile 8RR Oleogelformulierung somit als ,ready-to-
use" Anwendung genutzt werden. Darlber hinaus wui@nsport- und Lagerungsstress durch
mechanische Zerstérung der DRSP Oleogele und @&Rehder Lagerung bei erhdhter
Temperatur simuliert. Alle DRSP Oleogele restrukttien sich, unter den gegebenen Bedingungen,
und zeigten keine Sedimentation, mit Ausnahme vdwlé&sterylstearat- und, zum Teil, von
Methylcholatoleogelen. Im Vergleich zu nicht stadrten DRSP MKT MKS konnte das
PartikelgréRenwachstum von DRSP wahrend der Lagedurch alle Gelbildner signifikant
reduziert werden. In der verwendeten Konzentrati@onnte Silica nun auch das
PartikelgréRenwachstum in MKT vollstdndig verhindeand war den anderen Gelbildnern
Uberlegen. Durch die Zerstérung der Gelstruktuerumechanischer Belastung, war der Ausstol
der DRSP Oleogele mit Autoinjektoren immer noch hetig Dartiber hinaus wiesen die DRSP
Oleogele eine vorteilhaft langsamere Freisetzunyergleich zu nicht-stabilisierten DRSP MKT
MKS auf. Die verzogerte Freisetzung wird vermutldilrch die partielle Gelrestruktuierung nach
Injektion, die auch bei den rheologischen Untersngen beobachtet wurde, verursacht. DRSP
Oleogele mit htherem/r elastischen Modul und komgrid/iskositat zeigten in Abhangigkeit von
der Elastizitdt eine leicht verzogerte vitro Freisetzung. Die Freisetzungsprofile der DRSP
Oleogele wiesen einen fast linearen Verlauf mit Wéurzel der Zeit auf, so dass sich das

Freisetzungsverhalten durch die Higuchi-Gleichuegchreiben lasst.

Insgesamt zeigte sich, dass die rheologische Urtleusig der Oleogele sehr hilfreich fur die

Bestimmung des Sol-Gel-Ubergangs, die Unterschgidwischen starken und schwachen Gelen
sowie fur die Beurteilung der Gelelastizitat iss ®wurde jedoch nicht immer eine eindeutige
Korrelation zwischen rheologischen Eigenschaftesh pimysikalischer Stabilitat wahrend Lagerung

und Anwendung gefunden. Da DRSP Silica Oleogelehdighste Elastizitat und ein moderate(s)
elastisches Modul und komplexe Viskositat aufwiesmwie das PartikelgréRenwachstums
effizient verhinderten, wurden sie als vorteilhafta Vergleich zu den anderen DRSP Oleogelen
bewertet. Generell wurden DRSP Oleogele den nighilsierten DRSP MKT MKS als Uberlegen,

in Bezug auf Lagerstabilitat und Wirkstofffreisetzy beurteilt.
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Pharmakokinetik von Steroiden aus injizierbaren Frasetzungssystemen

Ziel war es, Parameter zu identifizieren, die digkétofffreisetzung beeinflussen, sowie eine
konstante Langzeitfreisetzung zu erzielbmvitro Untersuchungen zeigten, dass das Vehikel die
Wirkstofffreisetzung beeinflusste: Niedrige API liobkeit in der Grundlage und hohe Viskositéat
des Mediums verzdgerten die vitro Freisetzung. Die langsamste Freisetzung wiesenussidl-
und wassrige DRSP MKS auf. Im Hinblick auf dmevitro Freisetzungsuntersuchungen, wurde die
Pharmakokinetik von wassrigen und Erdnuss6l-DRSP SMiach subkutaner Injektion in
weiblichen Wistar-Ratten und Cynomolgusaffen unteins. Wassrige DRSP MKS wiesen eine
deutlich langsamerén vivo Absorption als Erdnuss6l-DRSP MKS auf. Die Seruegg der
wassrigen und vor allem der Erdnuss6él-DRSP MKS wadeirch einen unginstig hohen
Anfangspeak gekennzeichnet. Wassrige DRSP MKSeaeidariber hinaus in Ratten signifikant
niedrigere AUCs als Erdnussdl-DRSP MKS. Die AUCsAféen waren vergleichbar. Der initiale
Serumpeak der wassrigen MKS wird vermutlich durab sichnelle Wegdiffundieren des wassrigen
Vehikels, das geldstes DRSP enthélt, verursachEMRIas an der Injektionsstelle verbleibt, muss
sich langsam in der Gewebsflussigkeit 16sen. Imgdidheinen, besteht das Risiko, dass sich
lipophile APIs, die an der Injektionsstelle verblen, zu langsam in der Gewebeflissigkeit 16sen,
um wirksame Serumspiegel zu erzielen. Dieser Effigktinte fur die niedrigen AUCs der
wassrigen DRSP MKS, trotz niedriger Plasmaspiegeh £nde des Untersuchungsintervals,
verantwortlich sein. Da Ole langer an der Injeksstelle verweilen, ist das Risiko, dass sich
Wirkstoffe an der Injektionsstelle ,einkapseln®,ripger. Wirkstoffdiffusion und Verteilung des
APIs in die wassrige Gewebsflissigkeit kontrolliergermutlich hauptsachlich dien vivo
Freisetzung aus o¢ligen DRSP MKS. Beide Prozessalemervon der Wirkstoffkonzentration

beeinflusst, was die hohere Initialfreisetzung BRSP aus den 6ligen MKS erklaren konnte.

Im Hinblick auf die Ergebnisse der DRSP MKS, wurde Pharmakokinetik von nicht-
stabilisierten ZK28 Rizinusol/Benzylbenzoat Forreulingen und ZK28 MKT/Benzylbenzoat
Oleogelen in Wistar-Ratten evaluiert. In Uberemstiung mit den DRSP Formulierungen, war bei
ZK28 Rizinusol/Benzylbenzoat Formulierungen ein éwlmitialer Plasmapeak zu beobachten.
ZK28 MKT/Benzylbenzoat Oleogele wiesen sogar eiridehne initiale Absorption als ZK28
Rizinusotl/Benzylbenzoat Formulierungen auf. Diedarke durch die Zerstorung der Gelstruktur
bei Injektion und die geringere Viskositdit von MIBBEhzylbenzoat im Vergleich zu
Rizinusol/Benzylbenzoat verursacht werden. Im gpateVerlauf zeigten die Oleogele jedoch
konstantere Plasmaspiegel und signifikant hohere CAUIm Vergleich zu ZK28
Rizinusol/Benzylbenzoat Formulierungen. Grund lierkonnte die partielle Restrukturierung des

Gelgerustes sein, die bei den rheologischen Untbusuen gezeigt wurde.

Insgesamt, wurden Oleogele als vielversprechendgefsysteme fur Steroide bewertet, mit denen

eine konstante und verzdgerte Wirkstofffreisetzemgielt werden kann. Das Vehikel verweilt
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vermutlich so lange an der Injektionsstelle bislgephile API vollstandig gelost ist. Oleogelegdi
eine schnellere Gelrestrukturierung nach mechaeiscBelastung aufweisen, wéaren ein

interessanter Ansatzpunkt, um hohe initiale Plagakp zu vermeiden.

Kombinierte DRSP und EE Freisetzungssysteme

Zunachst wurden DRSP Poly(D,L-laktid-co-glykolid®dLGA) Mikropartikel und Oleogele sowie
EE PLGA und Poly(n-butyl-2-cyanoacrylat) (PBCA) Mupartikel hergestellt. DRSP PLGA
Mikrospharen enthielten ca. 40% (m/m) API, dispergin der Polymermatrix, wahrend in den EE
PLGA Mikrospharen ca. 8% (m/m) API gelost vorlag&owohl DRSP als auch EE PLGA
Mikrospharen wurden mit einer hohen Verkapslunggefiz hergestellt (groRer 80%). PBCA
Mikrokapseln, die EE in der Hulle enthalten (PBCADEwerden von EE PBCA Nanopartikeln
umhullt, die in Abhéngigkeit von den Synthesepartanme in ihren Schichtdicken und ihrem EE-
Gehalt (optimal ca. 1% (m/m) des hochpotenten ARiiiert werden kénnen. PBCA Mikrokapseln,
die EE im Kern enthalten (PBCAEEC), wurden durchsiiom einer wassrigen EE Ldsung in
luftgefillte, wirkstofffreie  PBCA Mikrokapseln heegtellt. Aufgrund der schlechten
Wasserl6slichkeit von EE, war der Wirkstoffgehadt #BCAEEC relativ gering (ca. 0,3% (m/m)
EE) und konnte auch nicht durch Zusatz von Losuegsiitlern erhdht werden. Bisher wurde die
Herstellung von wirkstoffgefullten PBCA Mikrokapsehoch nicht in der Literatur beschrieben.
Die erstmals hergestellten EE PBCA Mikrokapselnseieeine niedrige Verkapslungseffizienz auf,
die allerdings weiter optimiert werden kann. EE PBRlikrokapseln konnten unter Zusatz von

Polyvidon K15<18 lyphilisiert werden.

Schlie3lich wurden die Kombinierbarkeit der EE UDBSP Freisetzungssysteme sowie deren
Wirkstofffreisetzung geprift. Ziel war es, Freisgigssysteme zu identifizieren, die in der Zukunft
eine mdglichst geringe aber dennoch wirksame Hodwosis abgeben. EE PLGA bzw. PBCA
Mikropartikel und DRSP PLGA Mikropartikel waren, rh negative Wechselwirkungen, in
wassrigem Medium kombinierbar. DRSP PLGA Mikrosgimizeigten eine signifikant langsamere
in vitro Freisetzung als die EE Mikropartikel, ohne ausggian initialen Bursteffekt. Die DRSP
Freisetzung wurde vermutlich vor allem durch diefldsung des Wirkstoffs sowie dessen
Diffusion und, im spéateren Verlauf, zuséatzlich duRolymererosion kontrolliert. Die Ergebnisse
der durchgefiihrtem vitro Freisetzungstests an DRSP PLGA Mikropartikeln éagrten gut mit
friherenin vivo Daten. Obwohl die DRSP Isomerisierung in saurendiiia beschleunigt ist,
wurden nur geringe iSODRSP Mengen nach Herstelllragerung und Freisetzung in den
Mikropartikeln gefunden. Insgesamt wurden PLGA Mgpharen als sehr gut geeignete
Langzeitfreisetzungssysteme fur DRSP bewertet. &rgéich zu EE PBCA Nanopartikeln wiesen
PBCAEES einen weniger ausgepragten, unerwinschigalén Bursteffekt auf, was vermutlich
auf die geringere Oberflache der Mikrokapseln zkziitiihren ist. Noch deutlich geringer war die

initiale Freisetzung von PBCAEEC, was darauf hirsiyeilass die Freisetzung in der ersten Phase
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durch Wirkstoffdiffusion aus dem Kern gesteuert deur Zukinftig konnte eine gezieltere
Wirkstofffreisetzung aus EE PBCA Mikrokapseln, zinemm bestimmten Zeitpunkt, durch
Erhohung der Polymerhullenstabilitat sowie durchbesserte Kernbefillung (z.B. Austausch des
EE Tragerflissigkeit) erreicht werden. Im GegengatDRSP PLGA Mikropartikeln, zeigten die
EE PLGA Mikropartikel eine schnelle Freisetzung ertralb von 2 - 4 d, die nicht durch

Polymererosion beeinflusst wurde.

Da die EE PBCA Mikrokapseln nach Kontakt mit Oladzerstort wurden, war eine Kombination
mit DRSP Oleogelen nicht mdglich. Allerdings kormt&E PLGA Mikrosphéren in DRSP
Oleogele inkorporiert werden. Im Vergleich zu DR8PGA Mikrosphéaren war dien vitro
Freisetzungsrate aus den Oleogelen beschleunigt,aalzh konstanter. In Ol dispergiert, zeigten
die EE PLGA Mikrospharen eine vorteilhafte, sigkdint verlangsamte und konstantere
Wirkstofffreisetzung als aus den wassrigen Suspemssi. Das Freisetzungssystem wies eine
nahezu simultane Freisetzung von DRSP und EE alifaheint hervorragend fir eine synchrone

und konstante Langzeitfreisetzung von EE und DR&#Hgget zu sein.
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