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1 INTRODUCTION

1.1 POLYMER THERAPEUTICS

The term polymer therapeutics is a generic term used to represent polymeric drugs [1-3],
polymer-drug conjugates [4,5], polymer-protein conjugates [6—8], polymeric micelles with
covalently linked drugs [9-11] and multicomponent polyplexes [12—-15]. Since the 1940s,
synthetic polymers have been investigated for their therapeutic application. The first
polymers, like poly(vinyl pyrrolidone) (PVP) or dextran were mainly used as plasma
expanders. PVP-iodine was and is still used as wound dressing. At the beginning of the
1960s, the development of synthetic polymer-based drugs and polymer-protein
conjugates emerged. Poly(ethylene glycol) was especially focused for protein
conjugation. The early 1970s laid milestones in the research of polymer therapeutics.
Lysosomotropic polymer-drug conjugates block copolymer micelles and PEG-protein
conjugates have been developed by the pioneering work of De Deuve et al. [16],
Ringsdorf et. al [17,18] and Davis et al. [19,20]. Based on these studies, the PEGylation
of proteins [21,22] and aptamers is a common and established principle until this day. A
bit later, the development of polymer-drug conjugates as anticancer agents due to the
advantages in polymer chemistry [17] and cell biology [23] began. R. Duncan, H.
Ringsdorf and J. Kopecek and their colleagues are outstanding in this field of research.
Their work focused on synthetic (HPMA)-doxorubicin conjugates, which were the first
synthetic polymer-drug conjugates that reached Phase I/l clinical trials (1994) [24-28].
At about the same time, Kataoka et al. [29] and Kabanov et al. developed first micelles
based on block copolymers, which should be also used as anticancer agents. They also
reached Phase I/l in clinical trials. In summary, Ruth Duncan finally coined the term
polymer therapeutics for the described systems. She wanted to distinguish from the
conventional DDS with creation of this concept. In conventional DDS, drugs are usually
non-covalently entrapped. Polymer therapeutics must therefore be regarded as new
chemical entities. Thus far, polymeric drugs [30,31] polymer sequestrants [32] and PEG-
aptamer conjugates [33] have reached the market. An overview of market products is
shown in the following Table 1. Surprisingly, after about 50 years of research no
polymer-drug conjugates and no block copolymer micelle product has reached marked
maturity anymore, but there are many in the pipeline (Table 2). This may be due to the

complex characterization, including molecular weight, polydispersity, size and surface
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properties and the difficult scale up. However, the search for alternative drug carriers
continues relentlessly. In addition to HPMA, poly(glutaminic acid) is gaining more and
more importance [34], and therefore the number of poly(glutaminic acid)-anticancer
conjugates in clinical trials is therefore increasing. The big advantage over HPMA and
PEG is its biodegradability. HPMA and PEG are non-biodegradable and show the risk of

intracellular accumulation which must be considered within the dose management.

Therefore, biodegradable polymers are favorable.

Table 1. Examples of polymer therapeutics in the market.

Class Trade name Composition Indication
Polymeric drugs Copaxone® Glu, Ala, Tyr copolymer Multiple sclerosis
Polymeric Renagel® Phophate binding polymer  Hyperphosphataemia
sequestrants

Polymer-protein

conjugates

PEGylated proteins

PEGylated-aptamer

Zinostatin Stimalamer

(Japan)
Cimzia

Mircera

Peg-Intron™
Peg-Asys®

Uricase-PEG 20

Macugen

Styrene maleic anhydride-

neocarzinostatin

PEG.anti TNF Fab

PEG-EPO

PEG-Interferon alpha 2b
PEG-Interferon alpha 2a

PEG-Uricase

PEG-aptamer (apatanib)

Antioneplastic agent

Crohn’s disease,
Rheumatoid arthritis

Treatment of anemia in

dialysis patients
Hepatitis C
Hepatitis B, C

Hyperuricemia
Gout

Age-related Macular

Degeneration
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Table 2. Examples of polymer therapeutics in clinical development.

Class Example Composition Status Indication
Polymeric drugs Vivagel® Lysine-based dendrimer Completed Bacterial
Phase Il vaginosis
Polymer-protein SuliXen® Polysialyted insulin Phase I/l Diabetes
conjugates mellitus
PEGylated proteins ADI-PEG 20 PEG-arginine deaminase Completed Hepatocellular
Phase Il Carcinoma
PEGylated-aptamer Fovista® PEG-anti PDGF aptamer Completed AMD
E10030 Phase Il
Polymer-drug CT-2103; Poly(glutaminic acid)- Completed Various
conjugate Xyotax; Opaxio paclitaxel conjugate Phase I cancer
Prolindac HPMA-copolymer-DACH Phase I Various
platinate cancer
PEG-SN38 Multiarm PEG- Phase Il Various
camptothecin derivative cancer
XMT-1001 Polyacetal-camptothecin Completed Various
conjugate Phase | cancer
NKTR-118 PEG-naloxone Completed Opioid-
Phase Il induced bowel
dysfunction
Block copolymer SP1049C Doxorubicin block Phase I/l Various
micelles copolymer micelle cancer
NK105 Paclitaxel block copolymer Completed Various
micelle Phase Il cancer
NK-6004 Cisplatin block copolymer  Completed Various
micelle Phase Il cancer
Self-assembled IT-101 Polymer conjugated Completed Various
polymer conjugate NP CRLX101 cyclodextrin NP- Phase Il cancer

camptothecin
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1.2 POLYMER-DRUG CONJUGATES

In general, polymer-drug conjugates may be referred to as prodrugs. The drug is
covalently bound via a cleavable linker and remains inactive during its delivery and is
activated by specific conditions in the target site in vivo. Polymer-drug conjugates are
therefore inactive precursors with altered physicochemical properties. Ideally, drug
conjugation enhances drug solubility, bioavailability and plasma half-life. The drug should
simultaneously be protected against enzymatic degradation or unspecific cellular uptake.
Moreover, the conjugation should lead to reduction of antigenic activity and the possibility
to prepare advanced drug delivery systems. So far, just a few polymer-conjugates [4] are
in clinical trials until this day. A selection of important representatives is given in Table 2.
Possible reasons for this small number of clinical trials could be the lack of suitable
polymers, poor manufacturing reproducibility and the lack of validation opportunities. As
already noted, most drug conjugates are based on the biopersistent carriers HPMA and
PEG as well as on biodegradable poly(glutaminic acid). Due to the possible lysosomal
storage disease syndrome the non-biodegradable polymers are limited for parenteral
administration of high doses [35]. The biodegradability is therefore a key factor for the
ongoing research for new polymers. Biodegradable polymers in preclinical use include
polypeptides [34,36], polyacetals [37], dextrins [38] and hydroxyethyl starch (HES) [39].
Apart from biodegradability, well defined molecular weight is essential. High molecular
weights are favorable in order to increase passive targeting provided by the EPR effect.
Therefore, polymer architecture is an important field of research in order to guarantee
well defined conformations, high homogeneity and high drug loading capacities.

Examples of branched polymer architectures are presented in Figure 1.



INTRODUCTION

Graft Polymer Polymer Networks

? SN Y/

Star Polymer  Hyperbranched Polymer Dendrimer

Figure 1. Examples for various branched polymer-drug conjugate architectures.

A star polymer consists of linear side chains attached to a central core. There are
differentiated structured as so called symmetric stars (identical linear side chains) and
asymmetric stars (varying linear side chains). These polymers are characterized by a
globular shape, large surface and a high number of functional groups with respect to the
molecular weight. Moreover, their unique rheological and mechanical behavior make star
polymer-drug conjugates promising drug delivery platforms [40-42]. Most star like
polymers are based on the previously mentioned HPMA with focus on treating various
cancer disease using doxorubicin [43,44]. Also hybrid structures out of star structures
and dendrimers which based on poly(L-lactic acid) and polyester dendrons of 2,2-

bis(hydroxymethyl)propionic acid were investigated by Cao et al. [45].

Hyperbranched polymers are three dimensional polymers with a structure similar to the
dendritic polymers; they have a highly branched architecture. Structurally, they represent
the link between simple linear polymers and dendrimers. They are characterized by their
simple synthesis. In contrast to star like polymers, the hyperbranched ones developed
rapidly. Some hyperbranched polymers, such as Boltorn® and Hybrane® are already in
the market. Hyperbranched polymer based drug carriers were developed for the
treatment of various cancer diseases like the other mentioned polymers. Examples are
hyperbranched polyphosphates loaded with chlorambucil [46] or hyperbranched
polyglycerols with conjugated cisplatin [47] and hyperbranched polyglycerol-PEG

copolymers with doxorubicin linked via pH-labile hydrazine bonds [48].
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Graft polymers are linear polymeric backbones with attached polymeric or non-
polymeric branches. As previously stated, graft polymers belong to the group of
branched polymers with the difference, that the sidechains are usually different from the
backbone structure (graft polymer). Depending on the degree of modification they are
sometimes also called brush-polymers (high degree of grafting). The third sub-class are
comb-like-polymers, where the side chains are of the same structure as the main chain.
Since the 1990s, the interest in graft polymers as drug carriers increased. Hudecz et al.
[49] worked on polypeptide-daunomycin conjugates, Etrych et al. [50] described graft
copolymer-doxorubicin conjugates for passive tumor targeting based on multivalent
HPMA and Bao et al. [51] proposed chitosan-graft-polyethyleneimine-candesartan

conjugates as nanovectors.

Dendrimers are three-dimensional highly branched “tree-like” macromolecules. In
contrast to star like or hyperbranched polymers the structure can be divided into core,
interior and shell structures. The most important dendrimer structures are
polyamidoamine (PAMAM) [52], poly(L-lysine) (PLL), polyamides [53], polyester
(PGLSA-OH) [54], polypropylenimine (PPI) and poly(2,2-bis(hydroxymethyl)propionic
acid (bis-MPA) [55]. The drug encapsulation is limited. Therefore, the covalent
attachment for dendrimers is highly investigated. The focus on dendrimer-drug conjugate
lies on PAMAM. So far, for example PEG5000 [56], doxorubicin [57], paclitaxel [58] and
methotrexate [59] have been successfully bound to the PAMAM carrier.

Polymeric networks are structures usually obtained by cross-linking the structures

described above.
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1.3 POLYMER-DRUG CONJUGATES AND NON-
CANCEROUS DISEASES

As mentioned earlier, almost all previously developed polymers have been created for
the treatment of various cancer diseases but polymer-drug conjugates may also be used
for the treatment of other diseases. For example, bone-targeting HPMA copolymer
(prostaglandin E;, PGE;) have been developed for the treatment of osteoporosis and
other musculoskeletal diseases [60—62]. D-aspartic acid and alendronate were used for
mediating the biorecognition [60]. Moreover, polymer-drug conjugates possess high
potential for the treatment of inflammatory diseases. The treatment of inflammatory
tissues [63] and inflammatory arthritis [64] should be highlighted. NPC1161 (8-[(4-amino-
1-methylbutyl)amino]-5-[3,4-dichlorophenoxy]-6-methoxy-4-methylquinolone  [65] and
amphotericin B [66] have been successfully applied in the HPMA conjugated form as
anti-leishmanial agents.

1.4 POLY(GLYCEROL ADIPATE)

Poly(glycerol adipate) (Figure 2) is a linear polyester with free pendant hydroxyl groups.
It can be synthesized via a one-step enzymatic polycondensation using divinyl adipate
(DVA) and glycerol [67]. The reaction is catalyzed by Novozym 435, a triacyl glycerol
lipase derived from Candida antarctica which is selective towards primary alcohols [68].
The enzymatic catalysis was reported as “green reaction” [69] working under mild
conditions, especially low temperatures. This is important due to the increased possibility
for chain branching at higher temperatures [70]. The molecular weights [M,] of the
resulting polyesters can be tuned in the range from about 3000 to 14000 Da. The
pendant hydroxyl groups are 90-95 % secondary.

~_ - (CHy) 0\/’\/0\\
OH
O O
- - n
Figure 2. Chemical structure of poly(glycerol adipate) repeating unit.
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These free pendant hydroxyl groups are the major advantage over most other
commercial polyesters such as PLGA. The free OH- groups allow further modification of
the polymer backbone in order to create graft polymers with tailored physicochemical
properties. Poly(glycerol adipate) is a hydrophilic, but not water soluble. Further glycerol
based polymers are polyglycerols, where the secondary hydroxyl group was used for
hyperbranching which leads to dendrimers [71]. These dendrimers are biocompatible but
not biodegradable due to the ether bonds. In contrast, poly(glycerols) is based on ester

bonds and therefore biodegradable [72].

The potential of PGA as DDS was first demonstrated in 2005 by Kallinteri et al. [72].
They used acyl- modified poly(glycerol adipate) for the preparation of biodegradable
nanoparticle formulations with incorporated water soluble drugs [73]. Because
poly(glycerol adipate) is biocompatible [72] and biodegradable it is well suited as
promising platform for DDS, such as PGA-drug conjugates. Moreover, in the sense of
economics, the scale up has already been published which underlines the high potential
of PGA as platform for DDSs [74].

1.5 POLY(GLYCEROL ADIPATE) GRAFT POLYMERS

A well-studied possibility for the modification of the PGA backbone is the grafting with
fatty acids. The group around Garnett was the first who grafted the PGA backbone with
caprylic acid and stearic acid respectively (in the range of 20 to 100 mol% with respect to
the pendant hydroxyl groups), through an acid chloride catalyzed esterification reaction
in 2005 [72]. Moreover, they presented promising results for cell viability and release
profiles for **I-deoxy-uridine. In 2008, the same group incorporated the hydrophilic drugs
dexamethasone phosphate (DXMP) and cytosine arabinose (CYT-ARA) in Cg-PGA NP
(20, 40 and 100 %) and showed varying drug release over 25 days depending on the
degree of grafting [73]. At the same time, the physicochemical properties of caprylic acid
modified PGA had been published [75]. At the beginning of the 2010s, the research
groups around Karsten Mader and Jorg Kressler, from Halle (Saale) extended research
in cooperation in the field of fatty acid modified poly(glycerol adipate). Weiss et al.
extended the spectrum of used fatty acids (lauric-, stearic- and behenic acid) and
reported, that the texture of the polymers can be tuned from viscous to solid depending
on the chain length of the fatty acids and the degree of grafting. Moreover, nanopatrticles

haven been produced successfully with interesting, partly cube like structures [76,77].
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Promising results for these polymers in vitro were obtained [78]. In 2012, stearic acid
modified PGA was used as NP platform with various NSAR’s incorporated. The drug
loading was very low (1-2 %) and a controlled release over two weeks was reached with
a high initial burst release of about 20 % [79]. Later, the group working with Kressler
focused on possibilities to tune the degree of crystallinity by varying the substituents
such as poly(ethylene oxide) (PEO) or poly(e-caprolactone) (PCL) or diblock copolymer
sidechains of both [80,81]. Also first in vivo trials were carried out by Weiss et al. Stearic
acid modified PGA nanoparticles were prepared containing non-covalently bound DiR, a
lipophilic fluorescent dye. In a second experiment, PGAS NP’s were coated with the
forementioned HPMA attached with the fluorescent dye DY676. In this study the given
nanoparticles were well accepted by mice. Interestingly, fluorescence signals were
obtained in the bones for non-coated PGAS NP. Besides, NP accumulation in the
ovaries and the adrenal glands could be confirmed [82,83]. Recently, the scientists from
Halle (Saale) achieved a patent for poly(dicarboxylic acid multi-oil esters) based drug

delivery systems [84].

1.6 INDOMETHACIN

Indomethacin is an indolic acid derivative and potent inhibitor of both cycloxygenase-1
(COX-1) and cyclooxygenase-2 (COX-2). Therefore, indomethacin has many

applications. The most important areas are summarized in Table 3.

Table 3. Important applications for indomethacin.

Application area Source
Acute gout [85]
Persistent ductus arteriosus [86]
Hemicrania continua [87]
Pericarditis (CORP-2) [88]
Dysmenorrhea [89]
Juvenile idiopathic arthritis [90]
Rheumatoid disease [91,92]
Ocular inflammation [93,94]
Glioblastoma* [95,96]

* preclinical
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1.7 RESEARCH OBJECTIVES

The search for new polymers, especially polymer drug conjugates, for advanced drug
delivery continues all the time and it is not over yet. The large demand is reflected in the

drastically increasing number of publications within the last 20 years (Figure 3).

[ "polymer conjugate”
350 | " ; "
I "polymer drug conjugate
300
5 250
-Q -
E
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c
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® 150
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o 100 H
R ‘ ‘ ‘ | ‘ ‘ ‘
P ||||||||||||
1970 1980 1990 2000 2010
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Figure 3. Comparative “pubmed” literature search for the terms “polymer conjugate”
(green) and “polymer drug conjugate (pink) from 1970 to 2018.

Aim of the present work was the development of various DDSs based on PGA-drug
conjugates. The potent and versatile drug indomethacin (Table 2) was selected as a

promising candidate for these trials. This work focused on the following aspects:

e Synthesis of poly(glycerol adipate)-indomethacin conjugates with different
degrees of modification. In this regard, the chemical structure (determined via *H-
NMR- and IR-spectroscopy), molecular weight distribution (GPC), drug loading
(*H-NMR and HPLC-UV) as well as the physiochemical properties are of

particular interest.

e Based on the results mentioned under the previous point one, it should be

estimated what possibilities are given for the formulation of innovative DDS.

e Production and examination of preformed implants in vitro. Especially the

release behavior under various conditions (buffer pH 7.4, acidic and enzymatic
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influence) and the behavior in water (EPR) should be addressed. The release
should be compared with non-covalently incorporated indomethacin-PGA

mixtures.

o Development of nanoscale DDS based on the synthesized polymers. Therefore,
detailed size measurements have to be carried out by dynamic light scattering,
nano tracking analysis and electron microscopy. For these formulations, a
release profile (in vitro) should be created, depending on the degree of
modification. Therefore, a special and innovative release cell is to be developed,

which is universally valid for nanoscale DDS.

e Preparation of PGA-IDMC based microparticles with subsequent
characterization of the particle size using static light scattering, electron
microscopy and light microscopy. Additionally the release behavior in vitro should
be inspected.

e Selecting promising formulations for in vivo experiments

¢ In vitro cytoxicity and hemolytic assay, in comparison to free indomethacin, of
the selected formulations to determine biocompatibility in preparation for the in

Vivo ftrials.

e Selection of suitable fluorescent dyes for multispectral fluorescence imaging,

covalently and non-covalently labeled. Final bio distribution study in vivo.

A schematic illustration of the presented dissertation is shown in Figure 4.
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SYNTHESIS OF POLY(GLYCEROL ADIPATE)

IDMC CONJUGATES

SYNTHESIS OF POLY(GLYCEROL ADIPATE)-

Contactangle
« Macroviscosity

BULK POLYMER PREFORMED IMPLANTS NANOPARTICLES MICROPARTICLES
+ 'H-NMR « Preparation « Preparation + Preparation
ATR-IR + In vitrorelease + PCS + SLS
« GPC « EPR « NTA + Light microscopy
- DSC - TEM - SEM
+ TGA « Zeta potential + EPR
+ X-ray diffraction EPR * Invitrorelease

In vitro release
Hemolytic acitivity
Cytotoxicity assay
« Fluorescence

labelling

IN VIVO DISTRIBUTION

Figure 4. Structure of experimetal work of this thesis.
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2 MATERIALS

2.1 INDOMETHACIN

Indomethacin (Figure 5) is a white or yellow crystalline powder. Indomethacin belongs to
the group of no-steroidal anti-inflammatory drugs of the aryl acetic acid type. Further
representatives of this group are acemetacin as well as diclofenac potassium and
diclofenac sodium. The substance is described in the Ph.Eur., USP and JAP:
Indomethacin is mainly present in two crystalline modifications with melting points of
155 °C and 162 °C [97]. Indomethacin is nearly insoluble in water (767.5 pg/ml at pH 7.2)
[98]. One part of the substance dissolves in 50 parts of ethanol, 40 parts of diethyl ether
or 30 parts of trichloromethane. In neutral or weakly acidic medium, indomethacin
(pka = 4.5) is stable, in alkaline media it degrades to p-chlorobenzoyl [99]. Indomethacin
(purity 100.2 %, Batch 1205002-01) was purchased from Euro OTC Pharma GmbH

(Bonen, Germany).

HO,

Cl

O

/

Figure 5. Chemical structure of indomethacin.
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2.2 FLUORESCENT DYES

The near-infrared fluorescent dye DY-782 (carboxylic acid derivate) was purchased from
Dyomics (Dyomics GmbH, Jena, Germany) and was used for the covalent labelling of
PGA-IDMC 50 %. Moreover, the lipophilic carbocyanine dye DiOC4(7) (DIR)
(ThermoFisher Scientific, Waltham, USA) was used for non-covalent labelling of PGA-
IDMC 100 % NP. The chemical stuctures and some important properties of the
mentioned dyes are shown below in Figure 6.

DiR

My 879.0 g/mol My 1013.41 g/mol
Ex: 783 nm Ex: 750 nm
Em: 800 nm Em: 780 nm

Figure 6. Chemical structures and relevant properties of the used fluorescent dyes.
The excitation and emission maxima are displayed for measurements in ethanol.
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2.3 SYNTHESIS MATERIALS

Table 4. Organic solvents, reagents and further materials used for the syntheses of the
polymer backbone and the drug conjugates.

Substance Source Purity/ Remark
Aqua bidest. Institute of Pharmacy, Martin- Produced by double
Luther-University, distillation

Halle-Wittenberg, Germany

Brown Glass Vial Infochroma AG, Switzerland For the release

experiments

Dichloromethane (DCM) Carl Roth, Germany >99.9 %
Calcium hydride Sigma-Aldrich, Germany 95 %

Diethyl ether Carl Roth, Germany >99.5 %
4-(Dimethylamino)pyridine Carl Roth, Germany 299 %

Divinyl adipate (DVA) TCI Chemicals, Japan =99 %
Glycerol Grussing GmbH, Germany DAB, waterfree
Hydrochloric acid Carl Roth, Germany 37 %

Lipase B from Candida Antarctica Sigma-Aldrich, Germany > 5000 U/g

(Novozyme 435)
Methanol VWR Chemicals HPLC grade

N-(3-dimethylaminopropyl)-N'- Carl Roth, Germany =99 %
ethylcarbodiimide hydrochloride (EDC-HCI)

Phosphorus pentoxide Carl Roth, Germany =99 %
Sodium hydrogen carbonate Carl Roth, Germany =99 %
Carl Roth, Germany 299.9 %

Tetrahydrofuran (THF)

2.4 FURTHER EXCIPIENTS AND MATERIALS

Table 5. Further excipients and materials and their origin and application area (table
continues on the next pages).

Substance Source Purity/ Remark

A549 DSMZ, Germany For cytotoxicity assay

(Human lung carcinoma cells)
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Acetic acid
Acetonitrile
AlamarBlue®

Aqua ad injectabilia

Biomaterial Hemolytic Assay Kit

DiR

D15PCU
(3-Carboxamido-2,2,5,5,-
tetramethyl-di»>-pyrroline-1-oxyl-
1-15N)

Dimethylsulfoxide D6

Disodium hydrogen phosphate

Dulbecco’s modified eagle
medium (DMEM)

Dulbecco’s phosphate buffered
saline (DPBS) 10x

Fetal Bovine Serum (FBS)

FlexiPor® membrane

Forene® 100 % (v/v)

Gastight® syringes

HD-PMI

HelLa cells
(Human cervix adenocarcinoma

epithelial cells)

Carl Roth, Germany
VWR Chemicals
Invitrogen GmbH, Germany

B. Braun, Germany

Haemoscan, Netherlands

ThermoFisher Scientific,
USA

Sigma-Aldrich, Germany

Carl Roth, Germany

Carl Roth, Germany

Sigma-Aldrich, Germany

Sigma-Aldrich, Germany

Sigma-Aldrich, Germany

SmartMembranes, Gemany

AbbVie, USA

Hamilton Germany GmbH,

Germany

Institute of Chemical Kinetics

and Combustion, Russia

DSMZ, Germany

100 %
HPLC grade
Used for cytotoxicity assay

For cytotoxicity and

hemolytic and in vivo tests

LOT #: 170831

For the hemolytic assay

Lipophilic fluorescent dye for
multispectral

fluorescence imaging

99 %

Spin probe, used for nanoparticle
EPR measurements

M, 395.7 g/mol

M; 184.24 g/mol
99.8 Atom %D
"H-NMR solvent

>98 %
HPLC eluent buffer

Cell culture

Used 10-fold diluted

Cell culture

Material: aluminum oxide
Pore size: 20 nm

Diameter: 20 mm

Anesthesia of the mice during the in

Vivo experiments

1;2.5;10 ml

Spin probe, used for microparticle

EPR measurements

Used for in vitro cytotoxicity

experiments
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Hematocrit sealant set

Isopropyl alcohol

Kolliphor P 188
(Poloxamer 188)

Lipase from

Pseudomonas sp.

LLC-PK1 cells
(Pig kidney epithelial cells)

Micropipettes 50 pl

Omnican®F

Osmofundin® 15 % N

Parafilm® M PM-922

Poly(vinyl alcohol)

Sodium acetate
Sodium azide
Sodium chloride

Sodium dihydrogen phosphate
dihydrate

Sodium dodecyl sulfate

Spectra/Por® 7 Dialysis Tubing

Sterican cannulas
Sterile filter

D-Tempol
(4-Hydroxy-TEMPO-d17)

Brand GmbH, Germany

Sigma-Aldrich, Germany

BASF SE, Germany

Sigma-Aldrich, Germany

DSMZz, Germany

Brand GmbH, Germany

B. Braun, Germany

B. Braun, Germany

Pechiney Plastic Packaging
Inc., United States of America

Sigma-Aldrich, Germany

Carl Roth, Germany
Merck, Germany
Grussing, Germany

Carl Roth, Germany

Sigma-Aldrich, Germany

Spectrum, Inc; United States

of America
B. Braun, Germany
VWR, Germany

Sigma-Aldrich, Germany

To close the micropipettes during

the EPR (L-band) measurements
>99.5%

LOT #: WPCI522B

LOT #: SLBM5366V
= 15 units/mg
For enzymatic release studies

Used for in vitro cytotoxicity

experiments

For the EPR measurements (X-
band)

Injection syringes (needle
30Gx1/2") used for the in vivo
distribution/elimination experiments

Carrier solution used for the in vivo

distribution/elimination experiments

Sealing

LOT #: 28F-0159
Average molecular weight 10000

g/mol

> 99 %
Synthesis grade
99.5%

> 99 %
HPLC eluent buffer

98 %

MWCO 1kDa
For polymer purification

23G x 31/8”
Material: PES, RC

M; 189.35 g/mol
Spin probe, used for preformed

implant EPR measurements
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Tetramethylsilane

Trichlormethane D1

Well plate

Sigma-Aldrich, Germany

Carl Roth, Germany

Greiner BioOne GmbH,

Germany

>99 %
'H-NMR standard

99.8 Atom %D, stab. with
Ag
'H-NMR solvent

96 wells

2.5 MISCELLANEOUS LABORATORY EQUIPMENT

Table 6. Overview of used laboratory equipment

Equipment

Manufacturer

Remark/ Use

Christ Alpha 2-4
Centrifuge 5810 R
Centrifuge Minispin
CryoMill

HERAsafe™ Clean Bench

Epoch 2 Microplate

Spectrophotometer

IKA C-MAG HS 7
Magnetic stirrer

Portamess® 911 pH Electrode
Thermomixer compact
MS2 Minishaker

Syringe Pump 11 Elite

Vacuum oven VD 53

Water bath shaker

Martin Christ, Germany
Eppendorf, Germany
Eppendorf, Germany

Retsch Technology; Germany
Heraeus Instruments, Germany

BioTek Instruments Inc., United

States of America

IKA Werke, Germany

Knick, Germany
Eppendorf, Germany
IKA Werke, Germany

Harvard Apparatus, United

States of America
Binder, Germany

GFL, Germany

Lyophilization
Centrifugation
Centrifugation
Cryogenic grinding
Hemolytic activity assay

Cytotoxicity Assay

Dissolution, Preparation of nano-

and microparticles

pH measurements

Sample preparation, heating
Dissolution, sample preparation

Preparation of nano- and

microparticles
Storing of polymer samples

Heating of samples
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3 METHODS

3.1.1 SYNTHESIS OF POLY(GLYCEROL ADIPATE)

Poly(glycerol adipate) was synthesized as described by Kallinteri et al. [72] from glycerol
and DVA (Figure 7). Glycerol (11.5 g, 0.12 mol) and DVA (23.8 g, 0.12 mol) were placed
into an oven dried and nitrogen-purged two-necked 250 ml round bottom flask.
Subsequently, 15 ml of anhydrous THF were added. A 150 ml Soxhlet extractor (105 g
molecular sieve 5 A, 100 ml anhydrous THF) with an attached condenser was positioned
on top of the flask. The mixture was stirred by vigorous magnetic stirring and slowly
heated up to 50 °C. Finally, the enzyme (0.71 g, 2 % (m/m)) was added. The pressure
was reduced gradually to 300 mbar in order to induce the evaporation process. The
reaction conditions were maintained for 10 hours. After the reaction, the mixture was
diluted with 35 ml THF and the enzyme removed by filtration. The solvent was removed
by rotary evaporation under reduced pressure at 60 °C. In order to deactivate remaining
enzymes the residue was finally heated up to 95 °C for 1 h [100]. Finally the polymer was
precipitated three times in cold diethyl ether and used for the next step without further
purification. Residual solvents were removed by storing the polymers in a vacuum drying

oven (Binder VD E2.1, Fa. Binder GmbH, Tuttlingen, Germany) for seven days.

0 0
HO/\(\OH . /\OJK(CHZ) o X
OH
A) (®)

THF dry
Argon atmosphere
10h

\/o (CHTM(O\/V\/O (CHTZT/O\/'\/OH °
OH OH +
o o o 0 /\OH = H)k T
n

©) (D)
Figure 7. Synthesis of the poly(glycerol adipate) backbone (C) by using glycerol (A)
and divinyl adipate (B). The ethenol by-product disappears as a gas after convertion into
acetaldehyde (D).
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3.1.2 CONJUGATION CHEMISTRY

The conjugation (Figure 8) was carried out via modified Steglich esterification [101] as

follows:

Indomethacin (for 100 mol% conjugation 1.78 g, [5 mmol]; for 50 mol% conjugation 0.89
g, [2.5 mmol]; for 25 mol% conjugation 0.445 g, [1.25 mmol]), EDC-HCI (for 100 mol%
conjugation 1.43 g, [7.5 mmol], for 50 mol% conjugation 0.72 g, [3.75 mmol]; for 25 mol%
conjugation 0.36 g, [1.88 mmol]) and DMAP as catalyst (for 100 mol% conjugation 60
mg, [0.5 mmol]; for 50 mol% conjugation 30 mg, [0.25 mmol]; for 25 mol% conjugation 15
mg, [0.125 mmol]) were placed into an oven dried and nitrogen-purged two-necked
round bottom 50 ml flask. 15 ml of anhydrous DCM were added under stirring with the
magnetic stirrer. The preparation was cooled down to 0 °C with an ice bath. Afterwards a
solution of PGA (1.0 g, 5 mmol with respect to the OH groups) in 10 ml anhydrous DCM
was added dropwise over 30 mins. The solution was stirred at 0 °C for additional 30 min.
The ice bath was removed and the mixture kept being stirred at room temperature for
24 h. The reaction took place in a fume hood with cloud windows to protect the light-
sensitive indomethacin. The preparation was diluted with 25 ml DCM and extracted three
times with diluted hydrochloric acid (10 %), saturated sodium hydrocarbonate solution
and demineralized water in order to remove the remaining DMAP, EDC-HCI,
indomethacin and urea - byproducts. The organic layers were collected and dried over
anhydrous sodium sulfate under vigorous stirring. The solvent was removed by rotary
evaporation under reduced pressure at 40 °C. The polymeric residues were precipitated
in cold methanol. Finally, the polymer was collected in 5 ml anhydrous DCM and dialyzed
(Spectra/Por® 7, 1 kD) over 3 days with frequent solvent exchange yielding a yellowish

viscous/solid (depending on the degree of grafting) polymer.



METHODS 21

HO. o)
o}
N hlr(:l’ N oS
P~ \/\/
/\N/C/ IL\ +
Cl o

(A) DMAP (B) /

DCM dry
Room temperature
30 min

N

N*—H

-

HN—C

Poly(glycerol adipate)
DCM dry

Room temperature

24 h

(CHZ)A CHz

Ja_ ok
@%{

(D) (E)

Figure 8. Synthesis of poly(glycerol adipate)-indomethacin conjugates via Steglich
esterification. (A) EDC-HCI; (B) indomethacin; (C) reactive o-acylisourea intermediate;
(D) water soluble isourea by-product; (E) poly(glycerol adipate)-indomethacin conjugate.

o:(‘)

The fluorescent dye DY-782 (Figure 6) was covalently bond as follows (Figure 9):

100 mg [0.25 mmol with respect to the OH-groups] of PGA-IDMC 100 % were placed in
an argon purged oven-dried 25 ml round bottom flask. Dry DMF, one crystal of DMAP
and 0.2 mg EDC-HCI [0.001 mmol] were added. The mixture was cooled down to 0 °C
with the help of an ice bath. Finally, 0.2 mg DY-782-NHS-ester [0.21 pmol] were
dissolved in 1 ml dry DMF and added to the mixture dropwise over 1 h. The reaction was

carried out at room temperature over 24 h. After the reaction, DMF was removed by
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vacuum evaporation. Finally, the polymer was collected in 5 ml anhydrous DCM and
dialyzed (Spectra/Por® 7, 1 kD) over 3 d with frequent solvent exchange yielding a

greenish viscous polymer.

(A) [e] ] OH ] (o)
‘i:\o/\f\o)‘\/\/\& Qv M
N

N

c DMAP

DMF dry

/° EDC-HCI
DY-782-NHS-ester
Room temperature
24 h

(B) [¢] ] R1\O ] (o)
%Oﬂ/\ow \)\/ M
N

N

Cl

o)

/

Figure 9. Synthesis of poly(glycerol adipate)-indomethacin 100 %-DY-782 conjugates
via Steglich esterification. (A) PGA-IDMC 50 %; (B) PGA-IDMC 100 %-DY-782;
R; represents the fluorescent dye DY-782.
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3.2 METHODS FOR PHYSICOCHEMICAL
CHARACTERIZATION OF BULK POLYMERS

3.2.1 'H-NUCLEAR MAGNETIC RESONANCE

Successful conjugation reactions of poly(glycerol adipate) with different amounts of
indomethacin amounts were proven by nuclear magnetic resonance. *H NMR spectra
were acquired using a Gemini 2000 spectrometer (Varian, Palo Alto, USA) operating at
400 MHz. All bulk polymers (20 mg/ml) were measured in deuterated chloroform CDCl;
(stabilized with silver). Tetramethylsilane was used for internal calibration with complete
proton decoupling. The NMR spectra were interpreted using the MestReC v.4.9.9.6
program (Mestrelab Research, Santiago de Compostela, Spain). With the same software
the solvent as well as tetramethylsilane peaks were removed. The esterification degree
of OH groups in PGA was calculated from the *H NMR spectra integrals of the peaks b
and d in Figure 19 according to the following Equation (1) for 100 mol% grafting,
comparable to Bilal et al. [102].

(Equation 1)

o'l o
e

3.2.2 DETERMINATION OF THE DRUG CONTENT

In addition to the calculations using the 'H-NMR spectra (Section 3.2.1), the
indomethacin content of the PGA-indomethacin conjugates were analyzed by
UV/VIS spectroscopy. Measurements were carried out on an Agilent 1100 series
HPLC system (Agilent Technologies, Santa Clara, USA) with an HP UV Detector
(Hewlett-Packard Company, Palo Alto, USA) attached to prevent evaporation of
DCM. The system was used without column and the the polymeric solution (0.1
mg/ml in DCM) was directly analyzed. The absorption was measured four times
at Amax = 318 nm. The calibration was carried out in the following steps: 1, 5, 10,
15, 20, 25, 30, 35, 40, 45 and 50 mg/ml. The drug content was calculated using

the calibration curve.
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3.2.3 GEL PERMEATION CHROMATOGRAPHY

Poly(glycerol adipate) and its synthesized PGA-IDMC conjugates were characterized by
GPC. The measurements were performed on a ViscotekGPCmax VE 2002 using HHRH
Guard-17360 and GMHHR-N-18055 columns and a refractive detector (VE 3580 RI
detector, Viscotek). THF was used as eluent. The concentration of each sample was 3
mg/ml. The flow rate was 1 ml/min. Polystyrene was used as calibration standard. All

samples were filtered prior to the measurement through a 0.22 um PES filter.

3.2.4 STATIC CONTACT ANGLE

Contact angle values were measured at 25 °C using a Kriss G10 apparatus (Kriss
GmbH, Hamburg, Germany) with a zoom lens (Jenoptik, Jena, Germany) attached,
operating at 1:6.5 magnification (Figure 10). Samples were prepared by coating
microscopy glass slides. A thin polymer layer was prepared through solvent evaporation
from 7.5 % (w/w) solutions of polymers in dichloromethane. The measurements were
carried out as follows: The coated glass slides were placed on the object table and a
small drop of water (8 ul) was placed onto the polymer film with a syringe attached with a
flat needle. Measurements were performed in triplicate immediately after spotting a drop

of water and after an equilibration time of 2 min.

Figure 10. Setup of the static contact angle measurements using the Kriiss G10 (left).
On the right, glass slide covered with a thin polymer film of PGA-IDMC 25 %.
Measurements were carried out at room temperature in triplicate.
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3.2.5 DIFFERENTIAL SCANNING CALORIMETRY

The DSC measurements for PGA and the PGA-IDMC conjugates were recorded on a
Differential Scanning Calorimeter 200 (Netzsch, Selb, Germany). If not stated otherwise,
closed aluminum standard pans (pierced lid) were used. An empty aluminum pan was
used as reference. Every sample was cooled down to -25 °C and kept at this
temperature for 20 mins. The sample was then heated up to 100 °C with a rate of
5 K/min, kept at this temperature for 20 min and cooled down to -25 °C afterwards with a
rate of -5 K/min. During all measurements a constant inert gas (nitrogen) flow of 10 I/min

was upheld.

3.2.6 X-RAY DIFFRACTION

Wide angle X-ray scattering was performed on a STOE STADI MP (STOE & Cie GmbH,
Darmstadt, Germany) powder diffractometer, equipped with a cobalt anode (40 kV and
30 mA) and a Ge (111) monochromator to select the Co K, radiation at 0.1788965 nm.
Data of the rotating samples were collected in the transmission mode from 28 = 4-45° in
0.5° steps for 60 s each. Prior to the X-ray analysis, the samples were powdered using a
CryoMill (Retsch GmbH, Haan, Germany).

3.2.7 ATTENUATED TOTAL REFLECTION INFRARED
SPECTROSCOPY

Infrared spectra were recorded on a Bruker IFS 28 equipped with a Sensir ATR unit
(Bruker, Billerica, United States) attached with MIR — DTGS detector operating from
4000-400 cm™. The spectral resolution was 0.5 cm™. Software OPUS 4.2 was used to

analyze the data. All samples were measured at room temperature.

3.2.8 OSCILLATORY RHEOLOGY

Viscosity measurements of visco-elastic materials were frequently performed using
oscillatory rheometry. The rheological behavior of the described polymers was analyzed
by oscillatory rheology using a Physica MCR 301 oscillating rheometer (Anton Paar
GmbH, Graz, Austria) equipped with a cone-plate geometry (Figure 11). The plate
diameter was 24.982 mm. The cone angle was 1.003°, gap size 0.048 mm. Resulting
from the gap, the sample volume was about 200 pl and placed directly on the plate.

When the gap was closed to measurement position, excess polymer was removed. The
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measurements were carried out at 37 °C in order to simulate the polymer behavior at
physiological temperature. The following samples were investigated: PGA, PGA-IDMC
25 %, 50 % and 100 %. First of all a deformation test was carried out at a radial
frequency of 1 Hz (equals 6.28 rad/s) with a strain range from 0.01 % to 100 %, in order
to determine the linear visco-elastic range (LVR). In the range the polymer structure
remained intact. The results indicated that a deformation over the entire amplitude range
was within the linear viscoelastic range. The following parameters were used for the
subsequent frequency sweep tests: strain (y): 1 %, frequency range: 0.1 — 10 Hz (equals
0.628 to 628 rad/s). The data were analyzed using the Rheoplus software (Anton Paar,

Austria).

Figure 11. Setup of the oscillating rheometer, attached with temperature chamber (1)
adjusted to 37 °C. On the right, cone plate geometry with polymer film (2).

3.2.9 PREPARATION OF PREFORMED IMPLANTS

Polymeric implants were prepared using a custom-made heating press (Figure 12). The
heating press was developed and manufactured by fine mechanics factory (Institute of
Chemistry, Martin-Luther-University, Halle/Saale). 50 mg of each polymer were placed in
the cylindrical channel (diameter 5.5 mm). The temperature was adjusted to 25 °C. The
probes were tempered with an equilibration time of 10 mins. Afterwards, the polymers
were compressed using a cylindrical stamp (diameter 5.5 mm, polytetrafluorethylene).
The Teflon stamp was loaded with 2 kg. Compression time was 2 mins to obtain
yellowish, cylindrical implants with 5.5 mm diameter and 2.8 mm edge thickness. The
implants were stored under light protection at 4 °C in the fridge until they were used.
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Figure 12. Schematic illustration of the used heating press.

3.2.10 ELECTRON PARAMAGNETIC RESONANCE OF
PREFORMED IMPLANTS

Electron paramagnetic resonance is a powerful non-invasive tool to get further
information about the insights of PGA-IDMC NP during release and storage in buffer.
This method, also known as electron spin resonance, enables the investigation of the

behavior of incorporated spin probes.

Electron paramagnetic resonance was carried out to get more information about the
microviscosity and the kinetics of the penetration of release medium in vitro. Therefore,
100 mg of PGA-IDMC 25, 50 and 100 % were dissolved in dichloromethane (DCM). The
spin probe D-Tempol (4-Hydroxy-TEMPO-d17) was added to the polymer solutions as a
stock solution. The mixtures were poured into PFTE coated petri dishes and DCM was
removed under vacuum conditions using a vacuum oven dryer (VG 53, Binder GmbH,
Germany) attached with a NZ 2C NT vacuum pump (Vacuubrand, Germany). The drying
time was 24 h. Subsequently, 50 mg of each polymer conjugate was used for the
preparation of preformed implants according to the procedure described above
(Section 3.2.9). Finally, the preformed implants contained 0.25 mmol/kg D-Tempol
relating to the polymer mass. 2 ml Eppendorf Tubes® (Eppendorf GmbH, Germany) were
perforated with 20 small holes (diameter 2 mm) to guarantee optimal wetting of the
samples. The preformed implants were placed into the modified Eppendorf Tubes®, both
were inserted into 20 ml brown glass vials (Infochroma Ag, Zug, Switzerland). At last, 10
ml of PBS pH 7.4, acetate buffer pH 4.75 and 0.9 % (w/v) aqueous NaCl solution
containing lipase from Pseudomonas sp. was added in each vial respectively. The

implants, as well as the release medium were measured in regular intervals.
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For the measurements, the implants were withdrawn from the Eppendorf tubes and dried
carefully from the outside using a paper towel. The samples were placed in a custom-
made sample holder.

A PTFE sample holder was used to guarantee reproducibility of the sample position
(Figure 13). Measurements were carried out using an L-band spectrometer (Magnettech
GmbH, Berlin, Germany) operating at a microwave frequency of 1.1-1.3 GHz equipped
with a reentrant resonator. Measurement parameters were set as follows: field center
49.5 mT, scan range 10 mT, scan time 600 s, modulation amplitude 0.0625 mT. The
peak amplitudes of the obtained spectra were analyzed with the MultiPlot 2.0 software

(MagnetTech, Berlin, Germany).

Figure 13. Schematic illustration of the PTFE sample holder used during the EPR
measurements (L-band) of preformed implants. Top view (left) and cross view at the
sample position with schematic preformed implant (right).

3.2.11 IN VITRO RELEASE

The preformed implants were produced according to the previousl described procedure
(Section 3.2.9). The samples were placed in Spectra/Por® 7 dialysis tubes (Spectrum,
Inc; United States of America) with a MWCO of 1kD, and were exposed to 70 ml of pH
7.4 phosphate buffer, pH 4.75 acetate buffer and enzyme solution respectively and
distressed in a shaker with light protection (Memmert GmbH + Co. KG, Schwabach,
Germany) at 37 °C. For enzymatic release studies lipase from Pseudomonas sp. was
dissolved in sterile 0.9 % (w/v) sodium chloride solution to a concentration of 4 mg/cm?
and stored at -20 °C. This stock solution was diluted to an enzyme concentration of 0.17
mg/ml for the release tests. During the enzymatic release studies the pH value was kept
at 7.0 with 0.01 M sodium hydroxide solution to ensure adequate enzyme activity. For
monitoring purposes, PGA was blended with unbound indomethacin using a CryoMill
(Retsch GmbH, Haan, Germany) corresponding to the covalently bound drug contents
described in Table 7. Samples were taken at regular time intervals, filtered through

Rotilabo® PES sterile syringe filter 0.22 pym (Carl Roth, Karlsruhe, Germany) and
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analyzed according to the described HPLC method (Section 3.5). Appropriate volumes of
phosphate buffer were replaced after taking samples and the dialysis tubes were
changed during each sampling. At the same time as the release studies, the stability of
indomethacin in the used release media (PBS, acidic conditions, enzyme) was
investigated. This should prevent any falsification of the obtained results. Therefore,
saturated indomethacin solutions in pH 7.4 phosphate buffer, pH 4.75 acetate buffers
and enzyme solution were prepared and the recovery was determined in additions to the

release studies by means of HPLC (Section 3.5).

3.3 NANOPARTICLES

3.3.1 PREPARATION OF NANOPARTICLES

Nanoparticles were prepared according to an optimized interfacial deposition method
[72,103,104] (Figure 14). 10 mg of each polymer were dissolved in 1 ml of THF which
was then dropped into the aqueous phase using a syringe pump (Pump 11 Elite, Harvard
Apparatus, Holliston, Massachusetts, United States of America) into 15 ml of double
distilled water, using a 1.0 ml GASTIGHT® syringe (Hamilton Germany GmbH, Planegg -
Martinsried, Germany). The syringe was equipped with a Sterican® 23G x 3 1/8* needle
(B. Braun Melsungen AG, Melsungen, Germany). The injection flow was adjusted to 0.01
ml/min (total injection time 100 mins). The agueous phase contained between 0.1 and
0.5 % (w/w) of Poloxamer 188 or PVA as stabilzers and was filtered through a 0.2 ym
polythersulfone filter (VWR International GmbH, Darmstadt, Germany) prior. The polymer
solutions were injected under continuous stirring with 800 rpm using a magnetic stirrer
(20mm x 7 mm) at room temperature. Remaining THF was removed by rotary
evaporation (water bath T = 30 °C, 600 mbar, t = 24 h) to obtain 1 % (m/v) dispersion.
The dispersions were stored at 8 °C and protected from light.
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Figure 14. Schematic illustration of the nanoparticle preparation process.

3.3.2 METHODS FOR PHYSICOCHEMICAL AND SIZE
CHARACTERIZATION

3.3.2.1 PHOTON CORRELATION SPECTROSCOPY

Particle size measurements by PCS were carried out using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, United Kingdom). All nanoparticle dispersions were
diluted with 0.2 um (PES, VWR International GmbH, Darmstadt, Germany) filtered
double distilled water to a polymer concentration of 0.1 mg/ml. The measurements were
performed in the backscattering mode at 173° to prevent multiple scattering events. Each
sample was measured 5 times in the automatic mode with 12-17 runs each and 180 s
were given to equilibrate at 25 °C. Z-average diameters and polydispersity indices (PDI)

were calculated by the Zetasizer software 6.30.

3.3.2.2 NANO TRACKING ANALYSIS

Nano tracking analysis is a unique and innovative technique for sizing particles from 10
to 1000 nm (depending on the refractive index of the particles). This method was first
commercialized in 2006 [105]. NTA combines the properties of light scattering and
Brownian motion to obtain particle size distributions of nanoparticle dispersions and is
especially suitable where the resolution of bright field microscopes are limited due to the
Abbe limit. A laser beam, available in different wavelengths, passes through a flat glass
and impacts on the suspended nanoparticles in the sample chamber. The particles
scatter the light which can be visualized through a microscope. Additionally, the
microscope can be equipped with a charged coupled device (CCD), electron multiplied

charged coupled device (EMCCD) or high-sensitivity complementary metal-oxide-
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semiconductor (CMOS) camera, which captures a video sequence of the moving
particles. Therefore, the particle movement caused by the Brownian motion can be
visulised either via microscope oculars or through the camera. Subsequently, the image
analysis software determines the distance traveled (in two dimensions) by every single
particle regarding to the particle center (Figure 15). From this, the hydrodynamic particle
diameter can be calculated using the Stokes-Einstein equation (Equation 2). Brownian
motion is three-dimensional, the visualization of the particle movement just two-

dimensional. Therefore, a modified Stokes-Einstein Equation (Equation 3) is used [106].

_ kT (Equation 2)
—6mmy,
2 — 2rBT Equation 3
(x,y) pyspp (Eq )
D Diffusion constant
Kp Boltzmann constant
(x,v)? Mean-squared speed of a particle
T Temperature
n Dynamic viscosity of the dispersion medium
Th Hydrodynamic radius of the patrticle

In contrast to the dynamic light scattering the size of every single patrticle is calculated,
that makes the NTA superior especially for samples with broad or multimodal particle
size distributions [106]. However, the small number of measured particles (40-70) is the

greatest disadvantage of the NTA in contrast to DLS due to its statistical power.

The particle size measurements were carried in 0.2 ym filtered double distilled water.
The particle concentration was adjusted to 60 particles within the field of vision
(2100 ym x 80 ym x 10 ym), which equates a dilution of 1 to 100000 in comparison to the
samples used during the PCS measurements. Five different positions of each sample
were measured for 30 s at 25 °C. A NanoSight NS300 (Malvern Instruments, Malvern,
United Kingdom) equipped with a red laser beam (642 nm) was used for the described
measurements. Particle movements were visualized by a sSCMOS camera. The resulting

hydrodynamic diameters were calculated with the corresponding software NTA 3.1.
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Figure 15. Schematic illustration of the nano tracking analysis (NTA) measurements
using the NanoSight NS 300.

3.3.2.3 TRANSMISSION ELECTRON MICROSCOPY

The negative stains were prepared by placing 3 pl of the dispersion, diluted to 10 mg/ml,
onto a Cu grid coated with a Formvar® film. Excess liquid was blotted off with blotting
paper and the grids were washed with double distilled water. Subsequently, the samples
were stained with one drop of 1 % (w/v) aqueous uranyl acetate solution. The residual
liquid was drained after 1 minute and the samples were air dried. The dried samples
were investigated with a Zeiss EM 900 transmission electron microscope (Carl Zeiss
SMT, Oberkochen, Germany), operating at an acceleration voltage of 80 kV equipped
with a slow scan camera (Variospeed SSCCD camera SM-1k-120, TRS, Moorenweis,

Germany).

3.3.2.4 ZETA POTENTIAL MEASUREMENTS

Zeta potential measurements were carried out on a Zetasizer Nano-ZS (Malvern
Instruments, Malvern, United Kingdom) using a laser Doppler anemometry. All
nanoparticle dispersions were diluted with sodium chloride (5 mM and 10 mM), sodium
citrate (56 mM and 10 mM), 1:10 Sdrensen’s phosphate buffer (pH 4.9 and 6.8) to
0.1 % (w/v) polymeric content. All sample dispersions were incubated at 25 °C in the

appropriate buffer for 4 h to ensure charge equilibration. The measurements were carried
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out with three runs each at 25 °C, with 18 — 24 runs on average. The equilibration time
before each measurement was 180 s. The zeta potential was calculated from the
electrophoretic mobility using the Helmholtz-Smoluchowski Equation (4) [107].

{=E (4%77> (Equation 4)

Zeta potential
dynamic viscosity of the dispersion medium

dielectric constants of the dispersion medium

m ™ S N

electrophoretic mobility

3.3.3 HEMOLYTIC ACTIVITY

Hemolytic activity was assessed using a Biomaterial Hemolytic Assay Kit (Haemoscan,
Groningen, Netherlands). 6 ml of RBCs concentrate were defrosted; 5 ml wash buffer
was added and gently mixed by end-over-end tumbling in a centrifuge tube. Afterwards,
the mixture was centrifuged at 400xg (Centrifuge 5810 R, Eppendorf Ag, Hamburg,
Germany) for 10 mins. The supernatant was withdrawn. This procedure was repeated
once more. Then, 2 ml of dilution buffer were added, mixed and centrifuged at 400xg and
the supernatant was withdrawn again. This step was repeated twice with 5 ml dilution
buffer. Finally, the pellet was re-suspended with 5 ml dilution buffer. Nanoparticle
samples (10 mg/ml) as well as 60 yM agueous indomethacin solutions were prepared
resulting in an isotonic dispersion by adding sucrose 10 % (w/v). Isotonic sucrose
solution was used as zero value and 2 % (w/v) of agqueous sodium dodecyl sulfate
solution as total hemolysis. The samples were prepared by mixing 0.5 ml sample with 0.5
ml RBC suspension and incubated at 37°C in a water bath (GFL® Labortechnik GmbH,
Burgwedel, Germany) for 60 minutes. Residual RBCs were removed by centrifugation at
4000xg (Minispin, Eppendorf AG, Hamburg, Germany). 20 pl of the supernatant were
finally mixed with 180 pl assay buffer in a well of a microtiter plate. The hemoglobin
absorption was measured at 380 nm using an Epoch 2 Microplate Spectrophotometer
(BioTek Instruments Inc., Winooski, Vermont, United States of America). The calibration
was carried out using a 10 mg/ml hemoglobin stock solution. The percentage of

hemolysis was calculated according to Equation (5) below [108].
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(Equation 5)

3.3.4 CYTOTOXICITY

A549 (human lung carcinoma), HelLa cells (human cervix adenocarcinoma epithelial
cells) and LLC-PK1 cells (pig kidney epithelial cells) were cultured in 75 cm? tissue
culture flasks in Dulbecco’s modified eagle medium (DMEM) adjusted to contain 4.5
mg-ml™ glucose, 10 % (m/v) FBS at 37 °C and 5 % (v/v) CO,. The cells were grown
~90 % confluent and were split regularly three times a week. For the experiments, cells
in the range of passages 10-20 were used.

A549, Hela and LLC-PK1 cells were seeded into 96-well plates (Cellstar, Greiner
BioOne GmbH, Frickenhausen, Germany) at a density of 1-10%-1.1-10* cells/well 24 h
before incubation with the nanoparticles. The cells were washed once with PBS. Then
the nanoparticles were added to the cells (0.5 — 40 pg per well). For the cytotoxicity
assay, the same plates were used and 100 pL of a 2 % (m/v) alamarBlue®/PBS solution
(Invitrogen GmbH, Darmstadt, Germany) were added to every well. The plates were
incubated for 1 h at 37 °C and 5 % (v/v) CO,. The fluorescence signal was measured
using a BMG 10 filter (Aex = 544 nm, Ay, = 590 Nm) with a fixed gain. Viabilities above

100 % were set to 100 %. All measurements were performed six times (n = 6).

3.3.5 INVITRO RELEASE

Release studies were performed with a self developed apparatus, illustrated
schematically in Figure 16. The apparatus consists of a custom made vacuum-tight
Erlenmeyer flask. Via a rubber seal a 5 ml luer-lock glass syringe, containing the
nanoparticle dispersion (5 ml; 1 mg/ml) stabilized with 0.5 % (w/v) Poloxamer 188, can
be directly attached to the system. Core unit is the FlexiPor® aluminum oxide membrane
with an average pore diameter of 20 nm, which separates the released indomethacin
(solubility 800 ug/ml at pH 7.4) from the remaining nanospheres. The release system
was gently stirred using a magnetic stirrer. Samples (1 ml) were taken periodically under
reduced pressure (300 mbar) directly into a HPLC auto sampler brown glass vial.
Afterwards, the sample volume was substituted. Prior to the release experiments the

recovery rate of indomethacin was determined to judge the impact of undesired
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adsorption processes. The quantification of released indomethacin was carried out
according to the subsequent described HPLC method (Section 3.5).

Vacuum-tight Erlenmeyer
flask

5 ml Fortuna® Optima glass

0 syringe (Luer lock) with
nanoparticle dispersion and
magnetic stirrer

e Rubber seal

Polycarbonate syringe filter
holder attached with
FlexiPor® aluminium oxide
membrane

e 1 ml autosampler vial

e Vacuum adapter
0 a Agitator

Figure 16. Schematic illustration of the release apparatus.

3.4 MICROPARTICLES

3.4.1 PREPARATION OF MICROPARTICLES

The microparticles were prepared using a modified oil-in-water (O/W) solvent
evaporation technique [109]. The setup ist schematically illustrated in Figure 17. 100 mg
of each polymer were dissolved in 2.5 ml dichloromethane. The polymeric solution was
injected into 100 ml of 5.0 % (w/v) aqueous Poloxamer 188 solution. The aqueous phase
was vigorously stirred with 500 rpm using a RW 20 agitator (Janke & Kunkel, IKA®
Labortechnik, Staufen im Breisgau, Germany) equipped with a blade stirrer
(40 mm x 6 mm). The injection was carried out using a syringe pump (Pump 11 Elite,
Harvard Apparatus, Holliston, Massachusetts, United States of America) equipped with a
2.5 ml GASTIGHT® syringe (Hamilton Germany GmbH, Planegg - Martinsried,
Germany). The syringe was equipped with a Sterican® 23G x 3 1/8" needle (B. Braun
Melsungen AG, Melsungen, Germany). The injection flow was adjusted to 0.01 ml/min
(total injection time 100 minutes). The total injection time was 250 minutes. Afterward,
the dispersion was stirred for additional 120 min. After sedimentation the supernatant
was withdrawn and the microparticles were transferred into a 15 ml centrifuge tube
(VWR International GmbH, Darmstadt, Germany), double distilled water was added, and
gently centrifuged (Labofuge 300, Heraeus GmbH, Hanau, Germany) with 400 rpm for 2

mins, the supernatant was withdrawn repeatedly. This process was repeated twice.
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Finally, the microparticles were frozen in liquid nitrogen and residual water or solvents
were removed by lyophilization (Christ Alpha 2-4, Martin Christ, Germany)
(Section 3.7.2).

Hamilton GASTIGHT syringe,
a ! 2.5 ml polymer solution
0.01 ml/min
> double distilled water
containing 5 % (w/v)

Poloxamer 188

- w

Figure 17. Schematic illustration of the microparticle preparation process.

3.4.2 METHODS FOR PHYSICOCHEMICAL AND SIZE
CHARACTERIZATION

3.4.2.1 STATIC LIGHT SCATTERING

Measurements of the particle size distribution were carried out by laser diffractometry
using a Mastersizer 2000 (Malvern Instruments, Malvern, United Kingdom) equipped with
a Hydro 2000 S dispersion unit. The samples were measured with an average laser
obscuration of 2.0 % in double distilled water. For each sample 5 runs were measured
and the data were evaluated by the Mastersizer 2000 software (version 5.60). The Mie
theory was the basis for the calculation of the particle size assuming spherical [110].

3.4.2.2 MICROSCOPY

For the visualization of the prepared microparticles two different microscopes were used.
An Olympus SzX 9 reflected-light microscope (Olympus Europa Holding GmbH,
Hamburg, Germany) was used to get an overview of the particles. For detailed pictures
and single size measurements an Axiolab transmitted-light microscope (Carl Zeiss

Microlmaging GmbH, Géttingen, Germany) was used.
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3.4.2.3 SCANNING ELECTRON MICROSCOPY

Size and shape of the prepared microparticles were investigated using scanning electron
microscopy (SEM). Prior to the measurements the microparticles were coated with a 15
nm chromium layer via ion beam sputter. This is a common method to improve the
imaging of electrically non-conducting sample materials in the SEM. The measurements
were carried out on a XL30 ESEM FEG (FEI, Hillsboro, United States of America). The
images were taken at low acceleration voltage of 1 keV or 2 keV using the secondary
electron signal (SE image).

3.4.3 IN VITRO RELEASE

The in vitro release of indomethacin from PGA-indomethacin microparticles was carried
out as follows: 10 mg of microparticles made out of PGA-indomethacin 50 and 100 %
were placed in a 10 ml brown glass vial (Infochroma AG, Zug, Switzerland). Afterwards,
5 ml of PBS pH 7.4, acetate buffer pH 4.75 and lipase from Pseudomonas sp. (stock
solution in 0.9 % (w/v)) was added respectively. The samples were stored at 37 °C under
light protection and were shaken in a water bath under light protection
(Memmert GmbH & Co. KG, Schwabach, Germany). Samples were taken using a
Hamilton Gastight® syringe (Hamilton GmbH, Héchst, Germany) attached with a PES
sterile filter to prevent removal of small particles. Half of the release medium was
exchanged at pre determined timepoints. The released indomethacin was quantified
every three days during the first month, once a week thereafter. The quantification was
carried out using the HPLC method described below (Section 3.5). 50 pl were injected

into the column.

3.5 HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY

A modified United States Pharmacopeia (USP29) method was used to quantify the
released indomethacin.

A high-performance liquid chromatography (HPLC) system, equipped with a Merck
Hitachi L-6200A Intelligent Pump, D-6000 Interface, AS-4000 Intelligent Auto Sampler,
L-4200 UV/VIS Detector (all Merck Hitachi, Tokyo, Japan) was used. Separations were
carried out using a LiCrospher® 100 RP-18 5 um column (Merck Millipore, Billerica,
Massachusetts, USA) and a mobile phase of 70 % (v/v) phosphate buffer (0.01 M
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sodium hydrogen phosphate / 0.01 M disodium hydrogen phosphate) / 30 % (v/v)
acetonitrile. Runs were carried out at 1 ml/min over 10 mins and the absorption at
318 nm was recorded. Injection volume was 50 pl. The retention time of indomethacin

was 4.6 min.

3.6 INVIVO CHARACTERIZATION

3.6.1 ANIMAL CARE

All in vivo experiments complied with the regional regulations and guidelines and were
approved (Approval No. 505.6.3-42502-2-1456 MLU) by the Animal Ethics Committee of
the state Saxony-Anhalt (Germany) and the commissary of animal protection of the
Martin-Luther-University Halle (Germany). Male as well as female immunocompetent and
euthymic SKH1-Hr"™ were used because hair would have disturbed the multispectral
fluorescence measurements. The mice were kept under controlled conditions (12 h
light/dark cycle, 24 °C and 65 % relative humidity). Feed and water were provided ad
libitum. They were kept in groups of two or three mice per cage. Initially, they had an

average age of 6 months.

3.6.2 INJECTIONS AND ANESTHESIA

Formulations were injected using a mouse restrainer. 100 ul of each formulation was
injected slowly into the vena caudalis mediana. Afterward mice were anesthetized initially
with 2.5 % (v/v) of isoflurane (Forene®, AbbVie, North Chicago, USA) in oxygen (flow
3 I/min). The mixture was generated by a VIP 3000® Veterinary Vaporizer (Midmark,
Dayton, USA). During the multispectral fluorescence imaging the mice were kept in
anesthesia (2.5 % (v/v), flow 2.0 ml/min) and were imaged in groups of five mice. Group
(A) consisted of 5 mice (3 female and 2 male), group (B) consisted of 4 mice (2 female
and 2 male). Group (A) was treated with 100 pl of PGA-IDMC 100 % NP dispersion
containing DIR (0.25 % (w/w)). One male and one female mouse of group (B) were
treated with 100 pl fluorescence labelled PGA-IDMC-DY782 NP dispersion. The two

others remained untreated as control group.
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3.6.3 SAMPLE PREPERATION

Based on the biological characterization in vitro PGA-IDMC 100 % based NP have been
chosen for the biodistribution and elimination study in vivo. The nanoparticles have been
prepared as follows:

10 mg of PGA-IDMC 100 % were dissolved in 875 pl of dry THF and 125 pl of a DIR THF
solution (2 mg/ml) were added, the solutions were mixed carefully using a MS2
Minishaker (IKA Werke, Staufen im Breisgau, Germany). Finally the nanoparticles were
prepared according to the procedure previously described (Section 3.3.1). Aqueous

mannitol solution 5 % (m/v) was used as dispersant.

Anymore, 900 pul of a PGA-IDMC 100 % solution in THF (10 mg/ml) were mixed with 100
pl of a PGA-IDMC 50 %-DY-782 conjugate solution (10 mg/ml). The solutions were
carefully mixed as described above. Lastly, the nanoparticles were prepared according to
procedure outlined above (Section 3.3.1). Agueous mannitol solution 5 % (m/v) was used

as dispersant.

3.6.4 MULTICPECTRAL FLUORESCENCE IMAGING

Biodistribution and elimination studies of the PGA-IDMC 100 % based NP were
performed on an IVIS® Spectrum In Vivo Imaging System (Perkin Elmer, Waltham, USA)
equipped with a small animal gas anesthesia system (XGI-8, Caliper LifeSciences,
Waltham, USA). The biodistribution and elimination was studied based on fluorescence
[82]. The near infrared tracer DiR was incorporated into the polymers and DY-782 was
covalently bound. The imaging system contained a xenon lamp as light source. The
suitable wavelength (745 nm) was filtered by a narrow band excitation filter (30 nm
bandwidth). The emission light was selected by narrow band emission filter (800 nm)
with a bandwidth of 20 nm. The filtered fluorescence light was detected by a precooled
(-90 °C) CCD camera (13.5 micron pixels, 2048 x 2048). Data analysis was carried out

using the corresponding software Living Image® (version 4.5.2.).

3.7 MISCELLANEOUS LABORATORY EQUIPMENT

3.7.1 CRYOMILLING

Cryomilling was conducted by using a CryoMill (Retsch GmbH, Haan; Germany).
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1 g of each sample was placed in a 5 ml stainless steel grinding jar and two steel balls
with 2 mm diameter were added. The samples were precooled to -197 °C using liquid
nitrogen for 2 mins. Afterward, milling was performed for 1.5 mins at 15 CPS. This cycle
was repeated four times. Finally, the milled samples were removed after room

temperature was reached.

3.7.2 LYOPHILISATION

Freeze-drying was carried out on a Christ Alpha 2-4 freeze dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osteroder am Harz, Germany) equipped with a
Vaccubrand RC 6 vacuum pump (Vaccubrand GmbH, Wertheim, Germany). Prior to
freeze-drying the samples were rapidly frozen with liquid nitrogen at -196°C. The drying
period was chosen to be 24 h. The chamber was evacuated to 0.05 mbar, corresponding

to -48 °C on the sublimation curve of ice [111].

3.7.3 MICROSCOPY

Size and swelling behavior of preformed implants and microparticles were studied using
an Olympus SZX9 reflected light microscope or an Axiolab (Carl Zeiss Microlmaging
GmbH, Goéttingen, Germany) transmitted light microscope equipped with a UC30 camera
(Olympus Optical Co., Hamburg, Germany).

Pictures were analyzed with OLYMPUS stream motion (Olympus Optical Co., Hamburg,
Germany).

3.8 SOFTWARE

This thesis was written in Microsoft Word 2010 (Microsoft Corporation, Redmond, USA).
Literature was managed in Citavi 5 (Swiss Academic Software GmbH, Wadenswil,
Suisse). If not stated otherwise, graphs were generated in OriginPro 8G (OriginLab
Corporation, Northampton, USA). Chemical formulas were drawn in ChemBioDraw Ultra
12.0 (PerkinElmer, Corporation, Waltham, USA). Graphics and images were created, set

or edited in Microsoft PowerPoint 2010 (Microsoft Corporation, Redmond, USA).
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4 RESULTS AND DISCUSSION

4.1 SYNTHESES AND CHARACTERIZATION OF THE
BULK POLYMERS

Lipases (triacylglycerol lipase; EC 3.1.1.3) are enzymes and generally known for their
hydrolytic activity. In vivo, they catalyze the hydrolysis of fatty acid glycerol esters. Also,
the opposite direction of this reaction can be catalyzed by enzymes leading to polyesters.
Condensations are based on four basic reactions (dehydration, alcoholysis, acidolysis
and intermolecular esterification), which all lead to esters. The three latterly mentioned
reactions can be summarized as transesterification. Lipase catalyzed ester synthesis
using polycondensation can catalyze all four reactions. Therefore, enzymes are
promising and efficient catalysts for the in vitro syntheses of polyesters [112-118]. CALB
(Candida antarctica) is an efficient catalyst for dehydration catalyzed esterification. When
the lipase is immobilized on an acrylic resin it is easier to remove after the synthesis.
Commercially it is called for example Novozym 435. The structure of CALB was first
determined in 1993 and a year later by Uppenberg et al. [68]. CALB is composed out of
317 amino acids. The active center consists of Ser-His-Asp catalytic triad in its active
site. The mechanism of the catalytic effect was summarized by Shiro Kabayashi in 2010
[69]. For the synthesis of poly(glycerol adipate) the mechanism of the reaction is as
follows. In brief, divinyl adipate is interacting with the active site of the enzyme leading to
an enzyme substrate complex followed by acylation and splitting of vinyl alcohol. In the
last step (deacetylation) the new ester is formed. Therefore, this reaction is called
transesterification. Like any other condensation, this polycondesation is reversible and
the removal of byproducts affects the yield of the products positively. The vinyl alcohol
converts directly into acetaldehyde by tautomerization during the reaction and
disappears instantly. Therefore, the yield of the reaction is very high. There have also
been reports of successful scale up experiments with yields of 200 kg polymer using this
reaction [119]. The most important fact for the aim of this thesis is that the reaction
proceeds regioselectively with preference for primary alcohols of the glycerol. This yields
to linear polyesters with free pendant hydroxyl groups at its backbone which enables
further derivatization at the secondary hydroxyl group with indomethacin in order to

create poly(glycerol adipate)-indomethacin conjugates.



RESULTS AND DISCUSSION 42

The coupling of indomethacin to the linear poly(glycerol adipate) BB was carried out
using EDC-HCI and the Steglich catalyst DMAP [120]. In contrast to other carbodiimides,
EDC-HCI as well as the urea by product are water-soluble and can be easily removed
after the reaction. Reactions carried out with other carbodiimides such as DCC headed in
remaining urea by-products which was difficult to remove completely.

4.1.1 CHEMICAL STRUCTURE

'H-NMR spectroscopy is a common method for fast structure analysis of dissolved
organic compounds, pharmaceutical ingredients, polymers and proteins [121]. The
location and splitting of the individual signals is crucial for the structure elucidation of
organic molecules [122]. Moreover, *H-NMR spectroscopy is a powerful tool for the
calculation of the degree of grafting [102].

'H-NMR spectra were recorded of PGA, PGA-IDMC 25, 50 and 100 % (mol) as well as of

free indomethacin in CDCl; and shown in Figure 19.
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Figure 18. Chemical structure of the PGA-IDMC conjugate. The corresponding
structural features of the backbone were denoted by letters, those of indomethacin by
numbers and were used in the following descriptions.
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Figure 19. *H-NMR spectra of PGA, different PGA-IDMC conjugates bulk polymers and
free indomethacin measured at room temperature in CDCl;. The magnetic resonance
signals are signed corresponding to the positions of the protons in the chemical formula
of Figure 18 above. For better clarity, the peaks belonging to the indomethacin were
highlighted in green and those of the backbone in gray. (solvent peaks are not shown)

The protons around a chemical shift of 4 ppm (Figure 19; c,e,f,g) belong to the glyceride
repeating units of the polymer backbone [70]. The peak region from 5.0 — 6.0 ppm
(Figure 19, d) is important to assess the presence or absence of secondary ester
moieties. The absence of this peak indicates that the PGA backbone is linear and has no
branches due to esters of secondary alcohol groups. With increasing grafting the
mentioned secondary ester moiety peak at a chemical shift of 5.25 ppm (Figure 19, d)
and the integral increases as well. The peaks in the high field of the spectrum at 2.3 and
1.5 ppm (Figure 19, a and b) represent the methylene groups of adipic acid repeating
units. Upon closer examination of the peak complex “-c,e,f,g-” it is noticeable that with
increasing degrees of substitution the peaks become more separated (c from e, f and g)
and, when almost completely modified with indomethacin, a double multiplet consisting
of only “c” remains. Furthermore, the hydroxyl group peak of free indomethacin in the low
field is missing for the grafted polymers. It was confirmed that there was no free

indomethacin incorporated in the polymer samples. The remaining peaks, labelled with
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“1-8” are representatives of indomethacin protons. As already mentioned, the degree of
grafting can be determined using *H-NMR spectroscopy. Therefore, the integrals of the
methine groups of triple esterified glycerol (Figure 19, d, 8=5.25 ppm) were compared
with the ones of the methylene peak (Figure 19, b, 8=1.5 ppm) [123]. The ratio of the
integrals is 1 to 4 for 100 % (mol) of grafting according to the Equation 6 below.

(Equation 6)

o'l o
e B

Using the previously described syntheses, PGA-indomethacin conjugates with grafting
between 23 and 92 mol% could be synthesized (Table 7). As an additional method, the
content of indomethacin was determined by UV/VIS spectroscopy (Section 3.2.2). Prior
to the quantitative measurements, it was examined whether the absorption maxima of
bond and free indomethacin showed any shift (Figure 20). Comparing the values for
PGA-indomethacin 25 mol% it is noticeable that the real content of active substance is
higher than the theoretically expected one. There is the possibility of unbound, dispersed
indomethacin. For PGA-indomethacin 50 mol% conjugation theoretically and real drug
content were nearly equal, merely the *H NMR calculated value was slightly lower. As
expected the theoretical value for PGA-indomethacin 100 mol% could not be reached,
because of the sterically hindrance of the conjugation with increasing grafting.
Furthermore, chain branching due to reaction of secondary hydroxyl groups during the
PGA synthesis cannot be excluded completely [124].

1.0 — free indomethacin

- - indomethacin conjugated to PGA
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Figure 20. Comparison of UV/VIS absorption spectra (200-750 nm) of free (black line)
and covalently bond indomethacin (PGA-IDMC 100 %) (dashed line) recorded in dry
DCM at room temperature.

Thus not all theoretically available OH groups could be derivatized. To summarize,

UV/VIS and NMR spectroscopy are suitable to quantify the drug loading and the
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conjugation degree, respectively. UV/VIS spectroscopy is the prefered method, because
it is fast, cheap and easy to perform. Furthermore the '‘H NMR method is more
susceptible to inferences by the various options setting the integration limits. Since the
syntheses were almost quantitative with the molecular ratios used, the three different
polymers, for the sake of simplicity, are referred to below as PGA-IDMC 25, 50 and
100 % or low, medium and high modified. The indication of the mass share of
indomethacin is more relevant for practice; the degree of derivatization was therefore

converted into % (w/w) (Table 7).

Table 7. Content of indomethacin in percent (w/w) of grafted PGA determined via
'H-NMR and UV/VIS spectroscopy in comparison to theoretically calculated values,
assuming ideal reactions.

Theory 'H-NMR UV/IVIS
Polymer

% (w/w) % (w/w) % (wW/w)
PGA-IDMC 25 % 30.7 28.3 35.6
PGA-IDMC 50 % 47.0 42.3 46.9
PGA-IDMC 100 % 63.9 58.8 54.1

In order to gain further insights into to the structure of the synthesized conjugates, the
polymers and indomethacin were investigated using ATR FT-IR spectroscopy. IR
spectroscopy is based on the following principles: By absorbing radiation from the
infrared spectral range, the atoms in molecules are excited to mechanical vibrations.
There are essentially two different vibrations. On the one hand the vibrations along the
bond axis (valence or stretching vibrations) and on the other hand vibrations with
deformation of the bond angle (deformation vibration). The molecular vibrations of certain
groups of atoms are particularly characteristic and can be used for structural analysis.
Therefore, infrared spectroscopy is particularly suitable for the identification of functional
groups. In addition, there are so-called fingerprint regions of a spectrum which are
characteristic for the entire molecule. Moreover, vibration spectroscopy is still a common
method for the characterization of polymorphs as well as the investigation of crystalline
states [125,126,127]. It is known that indomethacin has two monotropic polymorphic
states, the stable y form as well as the metastable a form. Furthermore, the amorphous
state exists [128,129]. Infrared spectra were recorded for all polymers, to find out which
form of indomethacin is present and to understand structural changes during

conjugation. The spectra, with highlighted characteristic peaks, are shown in Figure 21.
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Figure 21. ATR FT-IR spectra of poly(glycerol adipate), indomethacin and different
conjugates measured at 25 °C between 650 and 400 cm™. For better clarity, the peaks
belonging to the indomethacin were highlighted in green and those of the backbone in

gray.
Indomethacin has three different important structural features, which are illustrated in
Figure 21 and in Table 8 with “1-3". Particularly noteworthy is the broad band of a
hydrogen bonded hydroxyl group. The shape of this wide band is different for a, y and
amorphous indomethacin. Accordingly, the used indomethacin is the stable vy-
indomethacin [125]. The peaks marked 2 and 3 can be attributed to the two carbonyl
functions of indomethacin (benzoyl and acid/ester). It is striking that the amid peak
(Table 8, number “2”) remains unchanged. In contrast, the asymmetric peak of the free
carboxylic acid (Table 8, number “3”) in the course of the co-conjugation changes its
shape; a successful esterification can be derived from this. The most important change
occurs in the range of secondary hydroxyl groups (Figure 21, number “4”). With
increasing degree of esterification, this broad peak disappears as well as the broad
hydroxyl peak of the free indomethacin acid (Figure 21, number “1”). Considering the
measuring accuracy, the results of the *H-NMR can be confirmed and the esterifications
were successful. Furthermore, it can be stated that no unbound indomethacin is

dispersed in the polymer.
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Table 8. Wavenumbers and assignments of the various functional groups mentioned in
Figure 21. Highlighted in grey are the important peaks and regions caused by structures
of the poly(glycerol adipate) backbone.

Area Wavenumber [cm™] Assignment
Broad hydroxyl stretching region of the carboxylic
1 2500 — 3400 . Y y g. J Y
acid group of indomethacin
2 1630 — 1695 Benzoyl stretch of indomethacin
3 1717 - 1730 Asymmetric carbonyl stretch of indomethacin
4 3250 — 3750 Stretching area of free secondary hydroxyl goups
Symmetric and asymmetric stretching of carbon-
5 2800 — 3000
hydrogen bonds
Stretching of carbon-oxygen-carbon bonds of the
6 1100
esters bonds
7 1730 Carbonyl stretch of the ester bond

4.1.2 MOLECULAR WEIGHT

The molecular weights as well as the PDIs of the synthesized polymers were
investigated by GPC (gel permeation chromatography). GPC is also referred to as size
exclusion chromatography (SEC). This type of chromatography differs from other liquid
chromatographic methods, because the sample molecules do not interact (adsorption,
distribution) with the column material. The separating material which is used is a porous
gel with defined pore sizes. The separation is based on the different intrusion possibility
of sample molecules of different sizes in the pores. Molecules that are too large are
excluded (size exclusion) and exit from the column as first [130]. In general, with
increasing degree of conjugation, M,, M,, and the PDI are increasing (Table 9). Between
two and three polydispersity indices are typical for branched polymers [131]. The
esterification using EDC-HCI follows a random pattern. Hydrolytic degradation due to
residual water and lipase, reactions between monomers and oligomers may cause the
ascending polydispersity indices as well as the smaller M, of PGA-IDMC 25 % in
comparison to the poly(glycerol adipate) backbone. As expected, the retention volume
slightly decreased with increasing molecular weight (Figure 22). Thus, large molecules

are excluded first from the column.
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Table 9. Results of the molecular weight (M, and M,) analysis by GPC. Sample
concentration was 3 mg/ml and the calibration was carried out using polystyrene.

Polymer M, [Da] Mw [Dg] PDI Retention volume [ml]
PGA 3838 8575 2.2 8.1
PGA-IDMC 25 % 3304 9586 2.9 8.07
PGA-IDMC 50 % 5678 14518 2.6 7.82
PGA-IDMC 100 % 6153 19603 3.2 7.78

——PGA

- - - PGA-IDMC 25 %
----- PGA-IDMC 50 %
-~ - PGA-IDMC 100 %

60 65 70 75 80 85 90
Retention Volume [ml]

Figure 22. GPC traces of grafted and non-grafted PGA. THF was used as eluent.
Column material was poly(styrene-co-divinylbenzene).

4.1.3 DIFFERENTIAL SCANNING CALORIMETRY

At the DSC, heat effects from the sample due to heat conduction from the oven to the
sample are expressed by thermal resistances in the temperature differences between
sample and reference. Furthermore, the heat flow can be determined quantitatively. The
DSC measures the difference between the heat flows to the sample crucible and a
reference crucible. The heat flow difference between sample and reference is
proportional to the temperature difference. DSC allows the investigation of exothermic

and endothermic processes; therefore it is used for the identification, purity testing and
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characterization of substances, for example to determine the glass transition, the
proportion of crystalline components or the melting curves of polymers [132]. The
analysis of polymorphic or pseudo-polymorphic drugs is also a common field of

application.

Aim of the DSC measurements was the investigation of the change in thermal behavior
of the polymer backbone in comparison to grafted poly(glycerol adipate). Furthermore,
physical mixtures of PGA and indomethacin were examined. Poly(glycerol adipate) is an
amorphous polymer and the glass transition temperature was found to be -23.7 °C which
is comparable to previously published research [80]. Indomethacin is polymorphic and
the y modification was used. It can be noted that indomethacin has a glass transition
temperature around 46 °C and the melting point was about 163 °C (Figure 22). The
tendency of crystallization of drug melts can be separated into three different classes
[133]. It could be confirmed that the y indomethacin form belongs to class (lll), and

therefore shows no crystallization from the melt.
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Figure 23. DSC thermograms showing the thermal behavior of PGA (continuous line)

and free indomethacin (dashed line) as bulk materials. The measurements were carried
out with a heating/cooling rate of 5 K/min.
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Similar to the poly(glycerol adipate) backbone, the three grafted polymers are
amorphous and showed no first order phase transition (Figure 24). It is obvious that the
glass transition temperature is increasing from the PGA backbone to PGA-IDMC 100 %
due to the sterical hindrance resulting in lower segmental mobility. These observations
coincide with those of the macroviscosity measurements (Section 4.1.5).

g1
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g [... Ty=16°C e
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Figure 24. DSC thermograms showing the thermal behavior of PGA-IDMC 25 % (dotted
line), PGA-IDMC 50 % (dashed line) and PGA-IDMC 100 % (continuous line) as bulk
materials. The measurements were carried out with a heating/cooling rate of 5 K/min.

It was reported, that indomethacin and nifedipine are soluble or partly soluble in different
polymers like polyvinyl pyrrolidone (PVP), polyvinyl acetate (PVAc) and their co-polymer
(PVP/VA) [134]. To be sure that the observed shifts in the glass transition temperatures
are due to covalently bound indomethacin, physical mixtures of PGA and indomethacin
were prepared by cryo-milling (Section 3.7.1) in the ratio (w/w) of PGA to indomethacin
equal to PGA-IDMC 25 and 100 %. Indomethacin is a hydrophobic drug; it should be less
soluble in hydrophilic PGA. The results are shown in the following table (Table 10).
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Table 10. Glass transition temperature (Ty) and melting points (T,,) of PGA, PGA-IDMC
conjugates and physical mixtures (PM) of PGA and indomethacin. The data were
collected by DSC measurements carried out at 5 K/min.

Sample Ty [°C] Tm [°C]
PGA -23.7 N/A
Indomethacin 46.1 163.7
PGA-IDMC 25 % 16 N/A
PGA-IDMC 50 % 36.8 N/A
PGA-IDMC 100 % 51 N/A
PGA-IDMC PM 25 % -0.1 138.9
PGA-IDMC PM 100 % 185 153.1

For both physical mixtures clear melting peaks of indomethacin, induced by the presence
of crystals could be observed. Nevertheless, a shift of the melting temperature of
indomethacin as well as of the glass transition temperature of PGA was noticeable, due
to polymer-drug interactions. It is also conceivable that there was an amorphization or
conversion of indomethacin into a modifiaction by mechanical action. However,
published research [135] showed that the y modification is stable in short milling cycles,

which was also used for the reasons mentioned above.

4.1.4 X-RAY DIFFRACTION

Another analytical method for the determination of polymorphs is the powder X-ray
diffraction. As already mentioned the used indomethacin occurs in the y form and is
stable over short cryo-milling cycles. In order to support the obtained results of the DSC
(Section 4.1.3), for all polymers and indomethacin powder, X-ray diffractograms were
recorded. Figure 25 shows the diffraction patterns of the four mentioned polymers and
indomethacin. Indomethacin (y form) shows five main reflexes at 11.6° (A), 16.8° (B),
19.6° (C), 21.9° (D) and 26.7° (E) (Figure 25) which confirm the literature data [136]. The
poly(glycerol adipate) backbone shows a slight and broad reflex at 20° (Figure 25, black
line). This reflex might be caused by free carboxylic acid groups. These free functional
groups may be responsible for a semi-crystalline organization of the polymer [137]. It has
been observed that fatty acid modified poly(glycerol adipate) showed crystalline reflexes
in the WAXS [77]. In contrast, indomethacin modified PGA is totally amorphous,

independent from the degree of grafting. These results coincide with those of the DSC
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measurements (Section4.1.3), where no melting peak could be recorded and only a

glass transition was observed.
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Figure 25. X-ray diffraction of powdered samples of indomethacin, poly(glycerol adipate)
and indomethacin grafted PGA, directly after preparation. The measurements were
carried out at room temperature. Characteristic peaks of y indomethacin are marked with

(A)-(B).

4.1.5 MACROVISCOSITY

Rheology is a study of flow and deformation of matter. The most important parameter for
describing is viscosity, which is termed as the resistance to flow, and defined as
relationship between stress and the deformation rate. Polymers show almost non-
Newtonian behavior with shear thinning due to entangled macromolecules which begin to
disentangle and orientate along the flow direction. Due to their structure they are more
often viscoelastic in nature so the properties lie between the ones of elastic solids and
viscous fluids [138]. Rheology is an excellent tool to characterize non-Newtonian material
in order to control the parameter for further processing (e.g. extrusion) or forecasting the

behavior at certain conditions, for example in vivo.

Judging only from the first impression, the four previously investigated polymers show
differences in their shape and viscosity. It appears that with an increasing modification

degree the viscous PGA becomes increasingly solid in texture.
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Therefore, the macroviscosity was determined by exposing PGA and its three different
conjugates to well-defined mechanical strain as described above.

The key attention has to be turned to the behavior of these polymers in vivo, therefore
the measurements were carried out at 37 °C ensuring that the T, of low and medium
modified PGA is still achieved (Section 4.1.3). The differentiation between ideal-elastic
and ideal-viscous systems is given as follows: In the case of ideal-plastic systems the
loss angle & (relationship between deformation and shear stress) is 0° because of the
proportional connection of the displacement of the cone displacement and the
counteracting force of the system. In contrast ideal-viscous systems show a loss angle &
of 90°. In practice, the properties are mostly between these two states, this is seen as a
time-dependent relationship between the stress and the strain while deforming polymers.
Storage modulus G’ (elastic modulus) represents the part of energy stored in the polymer
upon stress, loss modulus G” (viscous modulus) in contrast expresses energy which is
lost through dissipation [138]. The relationship between G’ and G” indicates whether the
polymer behavior is more elastic or viscous at distinct conditions. To study only intact
polymer structures, the first step was therefore to figure out from which deformation the
polymer flows or the structure is destroyed. All samples were placed on a stationary plate
and were deformed by oscillating cone geometry (Figure 11). Figure 26A shows the

determined loss angle as a function of the deformation (shear rate 1 s™).

Grafted and non-grafted PGA showed an almost constant loss angle over the whole
deformation range. PGA (6=90°) shows ideal-viscous behavior. In contrast, the polymers
become more elastic with increasing modification degree. For example, PGA-
indomethacin 100 % (6=78°) possesses 86 % viscous and 14 % elastic proportions.
Therefore, no synthesized PGA-indomethacin conjugate shows ideal-elastic or ideal-
viscous behavior. As expected, these polymers are viscoelastic, as are most
macromolecules. Viscosity is the most important rheological parameter for describing
flow. The complex viscosity describes the resistance to flow and is the relationship
between defined stress and deformation rate. Results of complex viscosity n* studies
(Figure 26B) confirm the loss angle results, namely that all investigated polymers have a
wide viscoelastic range (LVR). Interestingly, the complex viscosity n* increases with
growing molecular weight, for example n* of high modified PGA is 250-fold higher than n*
of non-grafted PGA. To make a polymer flow the chains must have enough free space.
This space is decreasing with increasing grafting due to the space claiming Indomethacin

with its aromatic structures and large pendant groups [139]. Particularly noticeable is the
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shear sensitive behaviour of PGA-IDMC 50 % from a deformation of 0.1 % and more
(Figure 26B).
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Figure 26. Deformation dependence of loss angle & (A), complex viscosity n* (B),
storage modulus G” (C) and loss modulus G” (D) for PGA and different grafts. The
measurements were carried out at 37 °C and a default shear rate of 1 s™.

Figure 27 summarizes the results of the frequency sweep tests. The results of the
deformation sweep tests showed that is irrelevant at which deformation the frequency
tests are carried out (linear viscoelastic range). A constant deformation of 1 % was set
and the shear rate was gradually increased. As expected, PGA behaved differently
compared to the grafted polymers during the frequency sweep test.

PGA behaved almost like a Newtonian fluid, viscosity is therefore a material constant
and independent from deformation and shear rate.

The loss angle & of PGA remained consistent over the whole range but marginally lower
in comparison to the deformation sweep tests. As a result, PGA behaved viscous-
elastically under shear stress. PGA-IDMC 25 %, 50 % and 100 % showed shear thinning
behavior, the macromolecule chains which are possibly entangled began to orientate
along the flow direction with increasing shear rate. Hence, shear viscosity of polymers is

strongly dependent on the shear rate.
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A typical shear viscosity curve consists of four phases: 1% Newtonian plateau (no shear
viscosity), transition area, shear thinning and transition to the 2™ Newtonian plateau
(high shear rates) [139]. These theoretical phases are hard to determine, because very
high shear rates are necessary to disentangle all polymer chains [140,141].

Figure 27B shows the shear thinning of the three different polymers. At low shear rates a
small range of Newtonian plateau (zero shear viscosity) is directly turning into a transition
area indicating the beginning of shear thinning. A considerable increase of the storage
modulus G” is noticed compared to the loss modulus G” (Figure 27C). The polymers
shift therefore from viscous-dominated to elastic-dominated behavior. Both curves are
approximating each other over the frequency sweep. This is a typical behavior of
polymers which often leads to a so called cross-over point [139], which is dependent on
molecular weight, architecture and molecular weight distribution. In conclusion, due to
the different polymer structures the rheological properties are very different and grafted-
PGA is not comparable to non-grafted. The displayed results give a first impression of
the macroviscosity but also create space for further investigations for example
temperature, time-temperature, wider shear rate range dependence or study of

microviscosity which is described in the EPR section at a later stage.
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Figure 27. Shear rate dependence of loss angle & (A), complex viscosity n* (B), storage
modulus G’ (C) and loss modulus G” (D) for PGA and different grafts. The
measurements were carried out at 37 °C and a default deformation of 1 %.
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4.1.6 STATIC CONTACT ANGLE

The hydrophilicity is an important parameter for the polymer’s interaction with the
environment. Contact angle 6 measurements were carried out in order to investigate the
wettability properties of the new polymers. These should help to predict the hydrophilicity
and the behavior in water during in vitro release studies or in the human body. It is very
important to strictly adhere to the measurement times because of the time dependency
of the static contact angle 8. The measurements were carried out directly after spotting
the water drop on the polymer film and the contact angle of the same probe was
measured 2 mins later to show to different time points otherwise the static contact angle
measurements are just a snap-shot. The short time interval was chosen because of the
rapid change of the contact angle especially during the measurements of the PGA films
because of its hydrophilicity and ability to swell although it is not water-soluble [142].

These resulting 6 values are summarized in Table 11.

Table 11. Mean static contact angle values (x SD) of water (8 ul) against poly(glycerol
adipate) and PGA-IDMC conjugates with different degree of grafting as bulk. All
polymers were used as small films. Measurements were carried out at room temperature
directly and after 2 mins of droplet placement (n=3).

Polymer O[°]; t=0min O[°]; t=2min
PGA 55+0.5 10+ 2.0
PGA-IDMC 25 % 62+0.9 55+1.1
PGA-IDMC 50 % 79+0.6 73+0.8
PGA-IDMC 100 % 90+1.0 87+0.4

PGA is an amorphous polymer which is not water soluble but it swells to a considerable
extent [142]. The 0O value for the PGA polymer backbone of the current study is
comparable to the value published by Taresco et al. [70]. It was expected that polymers
with higher indomethacin substitution degrees are more hydrophobic due to the
decreased number of free —OH groups and the introduction of hydrophobic groups.
Indeed, the contact angles increased from 55° to 90° (time point O min) and from 10° to
87° (time point 2 mins) from the unmodified PGA backbone to PGA-indomethacin 100 %
(Table 11). These results agree with the observed swelling behavior in water. Low
modified PGA swelled to about 20 %, but polymers with higher modification degrees did

displayed hardly any swelling. The time dependent change of the contact angle 6 was
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quite different. Due to its high hydrophilicity, PGA was almost entirely wetted after 2 min.
For the polymer conjugates with indomethacin, the contact angle 6 did changed more

slowly and, depending on the degree of grafting, to a much smaller extent.

4.1.7 PREFORMED IMPLANTS

The preformed implants were prepared using the heating press showed in Figure 12.
50 mg of each polymer were pressed. The preformed implants are shown in Figure 30
below. The diameter of the implants is determined by the used press (5.5 mm for all used
polymers). However, there are differences in the resulting height. For the same mass,
the height of the PGA-IDMC 25 % implants is 3.3 mm, the heights for medium and highly
modified PGA-IDMC are similar and 4.6 and 4.4 mm respectively. The visual appearance
is also different and clearly visible in Figure 30. The implants out of PGA-IDMC 50 and
100 % are light yellow and solid, whereas the PGA-IDMC 25 % molding is much softer
and somewhat less transparent, these observations are in line with the rheological
measurements (Section 4.1.5) and may be caused by the exceeded glass transition

temperature of PGA-IDMC 25 % at room temperature.

PGA-IDMC 100 % PGA-IDMC 50 % PGA-IDMC 25 %

Figure 28. Optical appearance of preformed implants out of different poly(glycerol
adipate)-indomethacin conjugates, directly after preparation.

4.1.7.1 INVITRO RELEASE

The determination of the in vitro drug release is important to assess the therapeutic
benefit of the synthesized prodrug and to plan and prepare further in vivo experiments.
The dialysis tube method was therefore chosen. The implants were placed in the dialysis
tubes described above (Section 3.4.3, p. 37), in order to separate released indomethacin

from the remaining implant. Another advantage of this method is that the bags float in the
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release medium and the implants can be wetted evenly from all sides. However, this
release system also has disadvantages that have been critically discussed in the past. It
was debated whether the release from the DDS is determining the release speed or the
release from the dialysis bag [143,144]. Another important component that can impact
the release rate is the volume of the release medium. Perfect sink conditions would be
desirable, which would mean an infinite volume of release medium. In vitro, these
conditions cannot be achieved. So one chooses the volume that the released
concentration of the drug is less than 10 % of the saturation concentration or the full
dose of drug should be dissolvable in 20-30 % of the media volume [145]. Due to the
covalent bonding between indomethacin and poly(glycerol adipate) there was no initial
burst release, in contrast to the described data by Thompson et al. for ibuprofen
conjugated to poly(glycerol-adipate-co-w-pentadecalactone) [146]. This allows the
conclusion that indomethacin is quantitatively bound. Furthermore, the degree of drug
loading could be considerably increased by using the PGA backbone. The release in pH
7.4 phosphate buffer is generally very slow (Figure 30B). However, slight differences
between the individual polymers become apparent. The low modified polymer showed
the highest rate of release, the highly modified polymer shows the lowest rate, due to the
decreasing hydrophilicity (Section 4.1.6) which is associated with poor wettability. The
space keeping indomethacin molecules hinders the attack of water. Another reason for
the slow release rate is the ester bond used for coupling of indomethacin. Ester bonds
are hydrolysable (tos = 3.3 yrs) but in contrast to other bonds such as poly(ortho esters)
(tos = 4 h) or poly(anhydrides) (to5 = 0.1 h) they are relatively stable in aqueous media at
neutral pH [147]. For PGA-IDMC 25 %, only about 0.7 % (w/w) of indomethacin could be
released within 28 days. Similarly low release rates have already been reported by Qian
et al for poly[N, N-bis(2-hydroxyethyl) naproxenamide-co-sebacate] (PNSC) [148]. As a
control experiment, the release of indomethacin from PGA/IDMC physical mixtures (PM)
was investigated, which contained the same amount of active ingredient as the prepared
conjugates. A similar release pattern was observed for all samples in the case of the
physical mixtures of the PGA backbone with different indomethacin loads (Figure 30A, p.
61). After a small burst of a few percent (<10 %), an almost linear release profile was
observed. The release was completed within 20 days. The PGA cylinders did not
disintegrate during the release, hence, diffusion and not erosion is a key factor for
indomethacin release from the physical mixtures. Ester hydrolysis can be catalyzed
either acidic or by base [149]. Because inflammatory microenvironments [150] are often

slightly acidic, release experiments were conducted at pH 4.75. Due to the reduced pH
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value, the ester cleavage is increased, so after 28 days up to 16 % could be released
(Figure 30C). Because enzymes might also contribute to the drug release in vivo,
indomethacin release from the polymer conjugates in the presence of lipase in vitro was
studied. Lipase from Pseudomonas spez. was chosen with reference to the results
published by Marten et al. [151]. They described well hydrolytic activity of the enzymes
for aliphatic polyesters at pH 7.0 at 37 °C, therefore it was important to keep the pH
always in an appropriate range. The slight pH difference in contrast to the phosphate
buffered trials was acceptable. The presence of lipase caused a clear acceleration of the
release rate (Figure 30D). Around 25 % (substitution degrees 25 and 50 %) or around
45 % (PGA-indomethacin 100 %) of the drug were released within one month. It can
therefore be concluded, that indomethacin release from the PGA-drug conjugates is very
slow at neutral conditions. Lower pH-values and enzymes accelerate the release rate
clearly. Overall, the release rates are promising for in vivo applications. The active

ingredient was stable over the entire observation period (Figure 29).
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Figure 29. Stability of indomethacin in different media monitored over 30 days at room
temperature under light protection.
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Figure 30. Cumulative release % (w/w) of indomethacin from PGA-indomethacin
physical mixtures in pH 7.4 phosphate buffer (A), PGA-indomethacin conjugates with
different modification degrees in pH 7.4 phosphate buffer (B), pH 4.75 acetate buffer (C)
and pH 7.0 sodium chloride solution containing lipase from Pseudomonas sp. (D). The
release was carried out at 37 °C, over 28 days. Note the difference scaling of the y-axis.

4.1.7.2 ELECTRON PARAMAGNETIC RESONANCE

To get a deeper insight into the release mechanisms EPR measurements were
performed (Section 3.2.10). Therefore, the hydrophilic spin probe 4-Hydroxy-TEMPO-
d17 (Figure 31) was incorporated into the preformed implants.
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Figure 31. Chemical structure of 4-Hydroxy-TEMPO-d17.

The number of lines in the EPR spectrum depends on the number and type of nuclei

interacting with the unpaired electron. A typical EPR spectrum is shown in Figure 32 with
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the relevant parameter for the subsequent evaluation of the spectra. The spectra are
usually recorded as first derivative.

AT A | \ s

[mT]
Figure 32. In vitro L-Band EPR spectrum of 4-Hydroxy-TEMPO-d17 in double distilled

water at room temperature illustrating the typical EPR parameter A (signal amplitude), ay
(hyperfine splitting constant) and AB,, (peak to peak line width).

The hyperfine splitting (ay) provides information about the local environment of the spin
probe and increases with increasing polarity [152]. Further information about the local
environment of the incorporated spin probe give the amplitudes of mobile and immobile
peak, it becomes larger with increasing mobilty of the spinprobe. Moreover, the peak to

peak line width (ABy,) becomes smaller with increasing mobility.

In following the L-Band EPR spectra of PGA-IDMC 25, 50 and 100 % preformed implants
(containing 4-Hydroxy-TEMPO-d17) exposed to three different release media over 240 h
are shown. At time 0 h, directly after incorporation, the spin probe is immobile and
caused strong line broadening due to the restricted motion in a highly viscous
environment [153] showing one large amplitude (Figure 33 - Figure 35, 0 h, triangle
symbol). In the further measurements an external standard (N15PCM, Figure 33 - Figure
35, star symbol) was used for potential semi-quantitative calculations. For
PGA-IDMC 25 % preformed implants, a slight and wide mobile peak of 4-Hydroxy-
TEMPO-d17 appeared due to the ingress of buffer after 6 h (Figure 33A). In the further
course of the measurements it is obvious, that the mobile peak appears not sharp over
the whole period. The mobile peak remains asymmetrically and wider than the peak of

the internal standard, therfore it is likely that a large amount of incorprated spin probe
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remained immobile after 240 h. The signals are generally weak. For PGA-IDMC 50 %
preformed implants the starting point is similar. The ingress of buffer caused an increase
of mobility of the incorporated spin probe already after 6h (Figure 33B). In contrast to the
above mentioned observations, all peaks appear very sharp (Figure 37) and all
amplitudes are nearly equal already after 6 h up to 240 h. Also for PGA-IDMC 100 % the
incorporated spin probe became mobile already after 6 h (Figure 33C). Over the entire
measurements the shape of the peaks at the different times remained similar and the
amplitudes of the incorparated spin probes are larger than those of the internal standard
at any time. Even after 240 hours, a large proportion of spin probe remained immobile. In
addition, the release medium was studied using an X-Band spectrometer and no

spinprobe signal could be detected.
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Figure 33. EPR spectra (L-band) of 4-Hydroxy-TEMPO-d17 loaded preformed implants
of PGA-IDMC grafts with different degrees of modification exposed to PBS pH 7.4 over
240 h. The measurements were carried out using 3-carbamoyl-proxyl-1->N (N15PCM)
as external standard at room temperature. The star marks the peak of N15PCM, square
mobile and triangle immobile lines of 4-Hydroxy-TEMPO-d17.
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Figure 34. EPR spectra (L-band) of 4-Hydroxy-TEMPO-d17 loaded preformed implants
of PGA-IDMC grafts with different degrees of modification exposed to lipase from
Pseudomonas spez. over 240 h. The measurements were carried out using
3-carbamoyl-proxyl-1->N (N15PCM) as external standard at room temperature. The star
marks the peak of N15PCM, square mobile and triangle immobile lines of

4-Hydroxy-TEMPO-d17.
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Figure 35. EPR spectra (L-band) of 4-Hydroxy-TEMPO-d17 loaded preformed implants
of PGA-IDMC grafts with different degrees of modification exposed acetate buffer pH
4.75 over 240 h. The measurements were carried out using 3-carbamoyl-proxyl-1-°N
(N15PCM) as external standard at room temperature. The star marks the peak of
N15PCM, square mobile and triangle immobile lines of 4-Hydroxy-TEMPO-d17.
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Figure 36. Time dependent amplitude ratios of PGA-IDMC 25, 50 and 100 % preformed
implants containing 4-Hydroxy-TEMPO-d17 exposed to PBS pH 7.4 (A), lipase from
Pseudomonas spez.(B) and acetate buffer pH 4.75 (C) over 240 h. The ratios are based
on the L-Band EPR spectra presented in Figure 33 - Figure 35 (star peak and triangle
peak). Amplitude 1 and 2 were chosen as shown.

Another important parameter to investigate the behaviour of incorporated spin probe is
the evaluation of the amplitude ratios (Figure 36) based on the above shown EPR
spectra (Figure 33 - Figure 35). The amplitude ratio is large, when the spin probe is
mobile and largest for high modified PGA. 4-Hydroxy-TEMPO-d17 incorporated in PGA-
IDMC 25 % became slowly mobile what is shown by a small amplitude ratio after 240 h
and hardly detectable mobile peaks in the L-Band spectra (Figure 33 - Figure 35).
Moreover, the peak width ABpp is small and constant over the whole period of the

experiment (Figure 37).
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Figure 37. Time dependent line width ABpr of PGA-IDMC 25, 50 and 100 % preformed
implants containing mobile 4-Hydroxy-TEMPO-d17 exposed to PBS pH 7.4 (A), lipase
from Pseudomonas spez.(B) and acetate buffer pH 4.75 over 240 h. The data are based
on the L-Band EPR spectra presented in Figure 33 - Figure 35.The line width ABpr was
calculated from the shown peak.

Based on the presented data, the following assumptions can be made. PGA-IDMC 25 %
is the most hydrophilic polymer (Section 4.1.6). Possibly the spin probe is dissolved in a
mixture of polymer and buffer and therefore the mobility is less, exposed by a low
amplitude ratio (Figure 36) and in general weak signals (Figure 33 - Figure 35). PGA-
IDMC 50 % has hydrophilic and lipophilic domains causing the the ingress of buffer and
thus a fast mobility of incorporated spin probe. PGA-IDMC 100 % is the most lipophilic
polymer. Buffer can still penetrate into the preformed implant but is phase separated
from the polymer. This results in a clearly mobile spin probe combined with a large
proprtion of immobile spin probe.
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4.2 NANOPARTICLES

The combination of a small size (e.g. Nano-Drug Delivery Systems (Nano-DDS)) and
controlled release is difficult to achieve, even with solid particles. For example, diffusion
coefficients of many drugs in poly(lactide-co-glycolide) (PLGA) are around 10™? cm?/s
[154-156] and much higher in polymers with lower glass transition temperatures (e.g. in
polycaprolactone 10® cm?/s) [157]. According to the Einstein-Smoluchowski equation
with the assumption of a diffusion coefficient of 2¥*10™* cm?s, drugs diffuse in average in
PLGA within 100 s a distance of 200 nm. However, it takes them more than 11 days to
travel a distance of 20 um. Therefore, diffusion controlled release is reasonable for
PLGA microparticles, but unlikely for nanoparticles. Controlled release from Nano-DDS
can be achieved either by a very strong association of the drug with the carrier or by
means of a very low solubility, where the release is dissolution controlled by the low
value of the saturation concentration, which triggers the rate of dissolution according to
the Noyes-Whitney formula. This principle has been transformed into clinical practice
with the liposomal encapsulation of poorly soluble doxorubicin sulfate [158]. The poorly
soluble drug salt forms a nanosuspension inside the liposomes with a rigid shell of
saturated phospholipids (partially PEGylated). A strong association of the drug with the
carrier which withstands the numerous possibilities of alternative interactions within a
complex in vivo environment is hard to achieve by non-covalent interactions. However,
the formation of covalent bonds offers an excellent opportunity. The field of polymer
based systems for parenteral controlled release applications is dominated by polylactide
(PLA) and poly(lactide-co-glycolide) (PLGA). Both polymers are not optimal candidates
for polymer drug conjugates due to the lack of functional groups in the polymeric
backbone [159,160]. Covalent linkage of drug molecules is only possible at the end
groups of the polymer chains and therefore, the loading capacity is poor. Problems of
PLA/PLGA DDS which are derived from the highly acidic monomers lactic and glycolic
acid include (i) autocatalytic polymer degradation with difficult to control drug release
rates, (i) formation of highly acidic microenvironments (up to pH 2) inside the DDS which
favors drug degradation prior to release. For these reasons, the search is constantly
going on to formulate various active ingredients as conjugates with new polymers.
Examples include biodegradable polyesters containing ibuprofen and naproxen as
pendant groups [161] or salicylic acid-based polymers (SAA) which are hydrolytically

degradable into salicylic acid and adipic acid [162].
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Alternative linear biodegradable polymers with attractive and tunable properties can be
obtained by enzymatic linkage of polyols and dicarboxylic acids. For example,
poly(glycerol adipate) (PGA) is a promising and biodegradable platform for new
nanoparticulate DDSs [72]. PGA is a linear polyester with free pendant hydroxyl groups
which remain after the enzymatic esterification of the primary alcohol groups of glycerol
with adipic acid. They give the opportunity for further functionalization. So far, the
research for grafted poly(glycerol adipate) derivatives was focused on fatty acid modified
PGA [72,76,77,79,142,163]. Very recently also amino acid modified poly(glycerol
adipate) derivates have been reported as promising candidates for pharmaceutical
applications [164]. Weiss et al. presented a wide spectrum from lauric to behenic acid
modified graft copolymers in 2012. They reported that the texture of these polymers can
be tuned from viscous to solid depending on the chain length of the fatty acid and the
degree of grafting. Furthermore, nanoparticles (NPs) have been produced successfully
with interesting, partly cube like structures and an internal substructure similar to a cubic
phase [76,77]. Also first in vivo tests were carried out by Weiss et al. 2018. Stearic acid
modified PGA nanoparticles were prepared containing a non-covalent, physically
dispersed lipophilic fluorescence dye DiR. In a second group the PGAS NPs were coated
with  N-(2-hydroxypropyl)methacrylamide (HPMA) covalently attached with the
fluorescence dye DY676. The nanoparticles were well tolerated by mice after
intravenous injection. Interestingly, fluorescence signals were obtained in the bones for
non-coated PGAS NP. Besides, PGAS NPs accumulated in the ovaries and the adrenal
glands [82,83], confirming similar observations made for PLGA nanoparticles and
nanocapsules [82,83]. Due to their biodegradability and biocompatibility PGA DDSs are
therefore a valuable contribution to the field of polymer therapeutics for parenteral
application. This statement is confirmed by the experiments of Suksiriworapong et al.
which demonstrated promising results for the first nanoscaled poly(glycerol adipate)-

anticancer conjugate with methotrexate [165].

The first PGA based drug conjugate was described in 2009 [146]. In this study, ibuprofen
was conjugated to poly(glycerol-adipate-co-w-pentadecalactone). A burst release
between 13-18 % was observed. Recently the synthesis and characterization of the first
poly(glycerol adipate)-drug conjugate [166], which increases the drug load in relation to
the above mentioned poly(glycerol-adipate-co-w-pentadecalactone) derivates was
described. In this study, indomethacin was covalently bound to the PGA backbone and
afterwards a precise characterization was carried out including first release studies from

the bulk polymer [166]. Indomethacin is an indolic acid derivative and potent inhibitor of
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both cycloxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). Therefore, indomethacin
has many applications. Best known is the antiphlogistic effect [91], which is the reason
for the wide use of the drug to treat rheumatoid arthritis [92]. Moreover, it was also
reported that indomethacin nanoparticle formulations reduced the corneal toxicity of
indomethacin eye drops, which are used after cataract extraction in order to decrease
postoperative inflammation [94]. A new polymer based nanopatrticle formulation with high
loading of indomethacin might be a precious contribution to this important field of
application. In addition to that, also antitumor activities [96,167] have been reported.
Bernardi et al. developed indomethacin nanocapsules using poly(e-caprolactone) and
capric/caprylic triglyceride for the treatment of glioblastoma in 2009. The use of this
potential drug is highly limited by its side effects like gastrointestinal lesions after oral
application [168]. Therefore, the development of additional advanced parenteral
indomethacin delivery systems is highly desirable to develop further options for the
above mentioned fields of application. With respect to the most suitable particle sizes for
passive accumulation in inflamed tissue and the safety for intravenous injection, particles

sizes below 300 nm were envisaged [169-171].

Ideally, drug conjugation enhances bioavailability and plasma half-life. The drug should
be protected against enzymatic degradation or unspecific cellular uptake by modified
pharmacokinetics (PK) in the whole body at the same time. Moreover, the conjugation
should lead to reduced antigenic activity and the possibility to prepare advanced drug
delivery systems. In 2012, stearic acid modified PGA was used as NP platform for the
incorporation of different anti-inflammatory drugs. The drug loading was very low (1-2 %
(w/w)) and a controlled release over two weeks was reached, with a high initial burst of
about 20 % [79]. The focus of the current study was the preparation and characterization
of nanoparticles of indomethacin PGA conjugates with different degrees of drug
substitution. Laser based particle sizing (PCS and NTA), zeta potential and TEM
measurements were carried out to characterize the nanoparticles. Biological
characterization included cell viability and hemolytic activity. Indomethacin is known for
its high hemolytic activity [172]. Due to this, the application is limited to oral, dermal and
rectal administrations. It was therefore the aim to develop a non-hemolytic prodrug for
intravenous application. Moreover, first release experiments were carried out over
15 days. In vitro release studies of Nano-DDS are not trivial because of the difficulty to
separate the released drug from the Nano-DDS. A special setup (using nonporous

aluminum oxide membrane with a high porosity) was developed to overcome the
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limitations of dialysis based release studies (e.g. the slow drug diffusion through the

membrane).

4.2.1 PREPERATION OF NANOPARTICLES

PGA-IDMC based nanopatrticles have been prepared by modified interfacial deposition
method [103]. Fatty acid modified poly(glycerol adipate) nanoparticles could be prepared
without any surfactants, just by using a modified interfacial deposition method [76].
Attempts to apply this method with PGA-IDMC as part of this thesis were not successful.
Therefore, Poloxamer 188 and poly(vinyl alcohol) were chosen as emulsifiers. Already
small contents were sufficient to prepare nanoparticles. The preparation of hanopatrticles
was optimized further and made reproducible by the use of a syringe pump as already
described in detail (Section 3.3.1).

4.2.2 PHOTON CORRELATION SPECTROSCOPY

PGA-indomethacin nanoparticles were prepared using an interfacial deposition method
[103]. Fatty acid modified poly(glycerol adipate) nanospheres could be prepared without
any surfactants, just by a modified interfacial deposition method [76]. Furthermore, the
influence of the emulsifier concentration on the particle size (Figure 38) was investigated.
It was possible to produce nanoparticles with narrow size distributions in the range of
160 to 220 nm, which is in the desired size range (below 300 nm). The described
particles were slightly larger than stearic acid modified poly(glycerol adipate) NPs (100 —
130 nm) [78] and comparable to the recently described z-averages for 10 %MTX-PGA
NPs in pH 7.4 medium (around 200 nm) [165]. Larger particle sizes were observed for
Poloxamer stabilized nanospheres made out of PGA-IDMC 25 mol% and PGA-IDMC 50
mol% (Figure 38). In contrast to highly modified PGA, the lower and medium grade
substituted poly(glycerol adipate) polymers swell in water due to their higher
hydrophilicity [166]. These lower substituted polymers show higher surface activity [166]
and they are expected to be present at a higher degree at the interface, which might
decrease the stabilization at the interface. PVA was, in contrast to Poloxamer, able to
stabilize also the low and medium substituted polymers. Most likely, it has a higher
affinity to the interface and a lower degree of exchange between the interface and the
aqueous bulk phase. Recently it has been observed that Poloxamer or Tween stabilized
PLGA nanoparticles are digested by lipase, but PVA stabilized PLGA nanoparticles are

not [173]. Most PDI values were between 0.1 and 0.2 which indicates narrow size
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distributions. These values were comparable to other PGA based nanoparticle

formulations [165].

Poloxamer 188

1400 0.7
_ PGA-IDMC 25 %
1200 | los
1000 * Los
E
C
‘o 800 { Loa
) 1
&
5 600 o3
N
8 400 0.2
O ] L
200 . - L] Loa
0 T T T T T 0.0
0.1% 0.2% 0.3% 0.4 % 0.5%
1400 - 07
PGA-IDMC 50 %
1200 + 0.6
1000 Los
3
=
> 800 Loa4
o
o
[
5 600 4 Los
® T [
S 400 o2
[ [ .
200 = ’_‘ Lo1
0 T T T T T 0.0
0.1% 0.2% 0.3% 0.4 % 0.5%
1400 4 0.7
PGA-IDMC 100 %
1200 los
1000 - los
E
=
‘o 800 Lo
g
[}
& 6004 o3
N
w
O 400 - oz
L] . 1
[] . L]
200 L B o4
0 T T T T [ T 0.0
0.1% 0.2% 0.3% 0.4 % 0.5%

Figure 38. PCS z-average and PDI
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In addition to the particle size directly after preparation (Figure 38), the particle stability
after lyophilization and subsequent storage over 4 weeks in the fridge (5°C) was
investigated (Figure 39). The aim was the development of a ready to use formulation.
Therefore, PGA-IDMC NP with different degrees of modification were prepared as
already described (Section 3.3.1) and sucrose 10 % (w/v) was added as cryoprotectant
[174,175] and isotonizing additive. Lyophilization is a common method for sensitive
materials. Therefore, the samples were rapidly frozen with liquid nitrogen under the
eutectic temperature; the cryoprotectant prevents the particles from collapsing.
Afterwards the formulations were lyophilized according to the procedure described above
(Section 3.7.1). After 4 weeks at 5 °C and light protection, the particles were redispersed
in double distilled water and size was measured again using dynamic light scattering. All
formulations could be redispersed quantitatively and no cake could be observed.
Accordingly, the formulations can be regarded as stable over the monitored time. The

formulations can therefore be stored dry and resuspended immediately before the

application.
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Figure 39. PCS z-average and PDI of Poloxamer 188 0.3 % (w/v) stabilized PGA-IDMC
NP with different degrees of grafting directly after preparation (dark gray bars and black
boxes) and after lyophilzation, followed by storage at 5 °C for 4 weeks (light gray bars
and white boxes).
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4.2.3 NANO TRACKING ANALYSIS

Nanoparticle tracking analysis calculates the particle size of the diffusion track of each
single particle, according to the modified Stokes-Einstein Equation (Section 3.3.2.2).
Therefore, it is a complementary method for particle size measurement of the selected
formulations. Selected results are shown in Figure 40. The greatest advantages of the
NTA are the high peak resolution, low influence of large particles on the results and the
individual particle sizing in contrast to the DLS. On the other hand an experienced
operator is required and the measurements are less reproducible [106]. Nanoparticle
tracking analysis (NTA) was used as a complementary method of particle sizing. NTA
calculates the particle size of every single particle using the diffusion track via a modified

Stokes-Einstein equation [106,105]. The results are shown in Figure 40.
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Figure 40. Particle number weighted size distribution of PGA-IDMC nanoparticles with
different degrees of grafting stabilized with 0.4 % PVA (B and D) and Poloxamer 188 (A
and C) respectively. Particle size measured with NTA (C and D); Particle size measured
using DLS (A and B).

In the study, the results of NTA and photon correlation spectroscopy are in good

agreement which gives confidence to the results of both methods.
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4.2.4 ZETAPOTENTIAL MEASUREMENTS

The Zeta potential of Poloxamer 188 stabilized PLA nanospheres changed to positive
values after dilution with slightly acidic buffer for incubation (1:10 Sorensen buffer pH
4.9) due to protonated carboxyl end groups [176]. A positive zeta potential was also
observed in our samples for the 0.3 % Poloxamer stabilized PGA-IDMC 25 %
nanospheres in Sérensen buffer pH 4.9 (Figure 41, left column 4). Incubation of the
same hanosphere composition in Sérensen buffer pH 6.8 leads to a negative zeta
potential (Figure 41, left column 5). These observations indicate that the environmental
pH is very important for these particular samples. Other Poloxamer stabilized samples
and all PVA containing samples are less dependent on the pH, because both Sérensen
buffers led to similar zeta potential values (Table 1-6 in Supplement). Striking is the very
negative zeta potential (between -40 and -50 mV) of PGA-IDMC 50 % nanoparticles
stabilized with 0.3 % Poloxamer 188 (Figure 41). These values are comparable to the
published data for stearic acid modified PGA nanospheres which could be produced
without any surfactant [78]. It is also surprising that this compaosition, despite the highly
negative zeta potential had the highest particle size and lowest stability.

Zeta potential measurements do not measure the charge of the particle surface, but the
charge difference between the shear plane and the bulk liquid. The zeta potential
depends on the charge distribution on the particle and the thickness of the shear plane.
Surfactants might influence both parameters. The highly negative zeta potential might
result from the adsorption of Poloxamer molecules which increase the thickness of the

shear plane.

PVA has been used widely in biodegradable nanospheres formulations (0.5 to 10 %
(w/v)) and is known to have a high shielding effect and almost neutral zeta potentials
[177,178]. PVA itself is not biodegradable, it is adsorbed on the surface of the
nanospheres and cannot be removed completely from the particle surface by washing
[179]. Therefore, very low amount of PVA was used to prepare stable nanosphere
dispersions. Already 0.1 % (w/v) PVA (Table 2, 4 and 6, supplementary data) was
sufficient and the zeta potential was almost neutral indicating a PVA saturated particle
surface. The near neutral zeta potential of all PVA stabilized samples shows the high

affinity of PVA to the nanosphere interface.
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Figure 41. Zeta potential of PGA-IDMC conjugate NP stabilized with 0.3 % (w/v)
Poloxamer 188 or PVA, respectively. The measurements were carried out at 25 °C in
different buffer solutions (marked with 1-6). Equilibration time was 180 s in the
Zetamaster.

4.2.5 TRANSMISSION ELECTRON MICROSCOPY

Particle size and shape were investigated through negatively stained samples using
transmission electron microscopy. Heavy atoms scatter electrons more than light one,
uranyl acetate was therefore used for contrasting. Uranyl acetate gives finer grain than
those using others, except uranyl format [180]. Moreover it is stable for more than one
year [181].

The information of the particle shape in particular is essential for the interpretation of the
particle size data because the described methods assume spherical particles.
Furtermore particle shape is very important for the in vivo distribution and interactions
with cells. The spherical shape of poly(glycerol adipate) based nanoparticles was
reported previously [72]. Later on, non-spherical shapes were found for stearic acid

modified poly(glycerol adipate) [76]. All prepared nanoparticles appeared spherically
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which is the most common structure of particulate systems, due to minimized surface
energy (Figure 42). Only for nanoparticles produced of low modified PGA-IDMC (Figure
42A and B) non-spherical particles were found. This could be caused by the soft polymer
texture which was described before [166]. Moreover, aged nanoparticles of selected
samples were investigated. Therefore, the aqueous nanoparticle dispersions were stored
in fridge for one week. These particles (Figure 42C and F, white arrows) showed
irregularities on the surface, which could be caused by degradation of the polymer.
Furthermore, it is noticeable that the contrast for these particles was weaker. They also
appeared brighter. Under ideal conditions, the stain agent should not react with or bind
with specimen. For this case, the background of the image appears dark and the
particles brighter [182,183]. However, the staining agent will be bound to negatively
charged molecules such as indomethacin or free carboxy groups or for example proteins,
lipids and nucleic acid phosphate groups which was published before [184]. In this case,
the conditions are reversed and the background appears brighter and the image darker
and it should be more aptly called “positive staining” [182]. Comparable positive stained
images have already been published for PGA-S85 based nanoparticles [77]. During
aging, indomethacin is released (Section 4.2.7), which is negatively charged in solution
and is able to bound positively charged uranyl. The free indomethacin is located outside
of the particle, therefore the particles appear as classic negatively stained image and the
surrounding appears darker, where free indomethacin is suspected. In general,
nanoparticles from medium and high modified poly(glycerol adipate) showed spherical
shape, therefore it can be concluded from this that the prior shown particle data
displayed correct results. Furthermore, spherical particles are preferable for the
application in vivo because of their linear flow within blood vessels [185]. At this point, it
should be mentioned that transmission electron micrographs show only two-dimensional
projections and the preparation techniques always have a big influence on the particle

orientation.
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100.nm

Figure 42. Transmission electron micrographs of negatively stained (uranyl acetate)
PGA-indomethacin nanoparticles. (A) and (B) PGA-IDMC 25 %; (C) and (F) aged
(one week) PGA-IDMC 25 %; (D) and (E) PGA-IDMC 50 %, (G-l) PGA-IDMC 100 %.
Note the different scale bars.
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4.2.6 HEMOLYTIC ACTIVITY AND CYTOXOCICTY ASSAY

With regard to the further development and future intravenous administrations and for
comparison with the non-conjugated drug, the hemolytic activity of the nanosphere
formulations and the free drug were determined by incubating freshly separated RBCs
with nanopatrticle dispersion (1 mg/ml) or 1 mM indomethacin solution (in PBS) for 1 h at
37°C. Assuming total indomethacin release in the NP dispersions, the indomethacin
concentrations for the grafted polymers would be as follows: PGA-IDMC 25 % equal to
1 mM IDMC, PGA-IDMC 50 % equal to 1.31 mM IDMC, PGA-IDMC 100 % equal to
1.51 mM IDMC. Hemolytic activity was determined as a proportion of total hemolysis
triggered by 2 % (w/v) agueous SDS solution (positive control). The value of PBS
(negative control) was set as zero. The evaluation of the results is based according on
ASTM F756-08 standards [186]. Hemolysis is classified as follows, non-hemolytic 0-2 %,
slightly hemolytic 2-5 % and hemolytic >5 % of released hemoglobin. Therefore,
nanospheres based on PGA-IDMC 50 mol% and 100 mol% are non-hemolytic, NP
based on low modified poly(glycerol adipate) are between slightly hemolytic and
hemolytic (Figure 43). The nanoparticles made out of the polymer backbone and the
solution of free indomethacin, were hemolytic. Furthermore, it is interesting to note that
the hemolytic activity decreased with increasing drug loading. This could be caused by
the reduced amount of free hydroxyl groups leading to a decreasing amphiphilic
character which was reported in a similar way before for fatty acid modified poly(glycerol
adipate) derivate [78]. Therefore, especially nanoparticles made out of highly modified
poly(glycerol adipate) are promising because they combine high drug loads with low
hemolytic activity.
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Figure 43. Hemolytic activity of PGA nanoparticle dispersion (1mg/ml), PGA-IDMC
conjugates with different degree of grafting (1 mg/ml) and free indomethacin 1mM
(IDMC) as a proportion of total hemolysis (measured after incubation with 2 % SDS
solution), data represent means + standard deviation (SD); n=3. Measurements were
carried out at 380 nm.

To achieve a greater diversity of the cytotoxicity of the PGA based nanoparticles the
tests were carried out using three different cell types (human lung carcinoma cells
(A549), human cervical cancer cells (HeLa) and cells from the kidney of sus scrofa (LLC-
PK1)). As described above, nanoparticle dispersions were added to the wells. After
incubation for 24 h at 37°C, alamarBlue® was added and the incubation was repeated for
1 h. Non-treated cells served as negative control and were defined to have 100 %
viability. Cells treated with dimethyl sulfoxide (DMSQ) served as a positive control, set to
zero percent. The amount of fluorescence is proportional to the number of living cells and
corresponds to the cells metabolic activity. Therefore, nonviable cells have a lower
metabolic activity and thus generate a lower signal than healthy cells. AlamarBlue® was
chosen because of the previously reported improved sensitivity and performance when

compared to MTT assays [187].
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High cell viability over the tested range was observed for all polymer conjugates (Figure
44). The polymer conjugates, especially the highly modified polymers combine high drug

load, low hemolytic activity and low in vitro toxicity in various cell lines.

The cytotoxicity of free indomethacin is discussed differently in the literature. Some
reports indicate high cytotoxic effects [172], others indicate low cytotoxic effects
[188,189]. The reasons remain unclear. Therefore, cell viability studies for free
indomethacin (0.1 — 40 ug/well) using the three mentioned cell lines were conducted. For
free indomethacin a clear decrease of cell viability of all three cell lines was visible at
higher amounts of the free drug (Figure 45). Cell viabilities were below 40 % for all three
cell lines. Polymer conjugates showed much higher values (80-100 % survival for 40 ug

polymer loadings).

A comparison of the free drug with the polymer conjugates could be based on the total
mass. However, this would imply different drug contents due to the different drug
loadings. Therefore, cell toxicity was plotted against the indomethacin load (Figure 45).
In the case of A549 cells, advantages of the drug conjugates were observed for drug
loads larger than 10 pg (Figure 45). Also the results of the LLC-PK1 cells indicated a
higher toxicity of the free drug. The results with the HelLa cells are less conclusive.
Reasons might be the different sensitivity of the cells and the scattering of the data.
However, the main goal of this study was the development of an i.v.-injectable
nanodispersion of a biodegradable indomethacin polymer conjugate with controlled
release properties and low toxicity and hemolysis. Whether or not the toxicity of the
conjugated drug is different from free indomethacin is interesting, but of secondary
importance as long the drug conjugates are nontoxic. Based on the good results of the
hemolysis test and the cell toxicity study, it was concluded that the PGA-IDMC

nanodispersions are suitable candidates for further in vivo investigations (Section 4.2.9).
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Figure 44. Cell viability of A549 cells (top, left), HeLa cells (bottom, left) and LLC-PK1
cells (bottom, right) after 24 h incubation with PGA and different PGA-IDMC conjugate
nanoparticles in different amounts. Cell viability was determined after incubation with

alamarBlue® via fluorescence. Mean values and standard deviation are shown (n=6).
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Figure 45. Cell viability of A549 cells, HeLa cells and LLC-PK1 cells after 24 h
incubation with PGA and different PGA-IDMC conjugate nanospheres in different
amounts (total polymer mass). Cell viability was measured after incubation with

alamarBlue® via fluorescence. Mean values and standard deviation are shown (n=6).
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4.2.7 IN VITRO RELEASE STUDY

In general, the evaluation of drug release from nanocarriers is difficult, due to the
challenging separation of the free drug from the carrier. Most commonly, dialysis
methods are used. The main disadvantage of the dialysis is the fact, that very often the
overall kinetic is determined not by the drug release process from the Nano-DDS, but by
the permeation kinetics through the dialysis membrane. Several scientists applied
pressure to force the transport through the membranes and to come closer to a real
release kinetic [190-192]. As a result, very fast release kinetics has been observed. A
disadvantage of polymeric membranes is their sensitivity to solvents and pressure. A
search was carried out for alternative materials with the following properties: (i) high
porosity with defined nanopores; (i) resistant against solvents and (iii) pressure
resistance. The most systems are based on ultrafiltration. Based on these experiences, a
release system for nanocarriers was developed. The construction of this device is
described in detail above (Section 3.3.5). The core is the FlexiPor® nanoporous (20 nm)

aluminum oxide membrane (SmartMembranes GmbH, Halle/Saale, Germany) which is

shown in detail in Figure 46.

Figure 46. ESEM micrographs of a FlexiPor® 20 nm membrane prior to use. Side view

(A and B), back side (C) and front side (D). Back and front side were measured with a tilt
of 45°,
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Drug adsorption to the membrane might be high because of the high surface area of the
membrane which results from the high porosity and the small pore size. Two defined
aqueous indomethacin solutions (8.5 and 12 uM) were filtered subsequently through the
membranes. Indomethacin was quantified by HPLC. The recovery of 100 % could not be
reached (Figure 47). Thus it is obvious that indomethacin is partly adsorbing on the
membrane surface (Figure 47, left). Therefore, we could observe an increasing recovery
rate with an increasing amount of filtered solution. This effect was independent from the
investigated concentration of the stock solution, based on this the release results were

corrected according to the recovery rates (Figure 47, right).
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Figure 47. Recovery of indomethacin after filtration of two different indomethacin
solutions, through a FlexiPor® 20 nm membrane (left) and cumulative indomethacin
release of PGA-IDMC nanoparticles with different substitution degree in pH 7.4
phosphate buffer over 15 days (n=3).

Very low release rates have been observed with the bulk polymers in vitro (below 1 % of
cumulative release over 30 days) [166]. Relative to the bulk polymers, the release rate
from the nanospheres was higher, but still controlled and without any burst (Figure 12).
This can be explained by the higher surface of nanospheres in contrast to preformed
implants. The obtained release rates are comparable to the results reported for MTX-
PGA NPs, where 17 % were released over 30 days in PBS pH 7.4 from 30%MTX-PGA
NPs using a dialysis bag model [165]. Thereby, the surface for the hydrolysis of the ester
bonds is much higher. Due to the higher hydrophilicity, the release rate is increasing with
decreasing substitution degree. Furthermore, it should be mentioned that enzymes may
have contributed to the release because the experiments could not be carried out under
sterile conditions. However, the samples did not show any sign of bacterial growth, due

to the preservation with sodium azide 0.02 % (w/v). The obtained release rates are low,
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but recently published data of the release of covalently bond MTX from MTX-PGA NP
[165] proofed an increase of the release rate by the influence of enzymes. This would

lead to more clinical relevance.

The results described in this chapter (Section 4.2.7) have been developed in cooperation
with Richard Krombholz during his practical year at the Martin-Luther-University, Halle
(Saale) (11/2016 — 04/2017).

4.2.8 IN VIVO FLUORESCENCE IMAGING

To date, no poly(glycerol adipate) based drug conjugate has been applied in vivo.
Therefore, the knowledge about the in vivo performance is very limited and can only be
assumed from previously reported data of stearic acid modified poly(glycerol adipate)
NPs [82]. The PGA-IDMC 100 % NPs performed especially well in the prior in vitro
cytotoxicity tests in three different cell lines as well as in the hemolytic assay
(Section 4.2.6). Therefore, these nanoparticle formulations were selected for first in vivo
distribution studies using noninvasive in vivo fluorescence imaging. Distribution studies
of both groups were performed in female as well as male hairless SKH1 mice. DR is a
lipophilic fluorescent dye and frequently used in previous studies on parenterally
administered PLGA nanoparticles [83] and microparticles [193]. The results for the
distribution of physically marked DiR PGA-IDMC 100 % nanopatrticles are given in the
following Figure 48. As expected, high fluorescence signals were detected in the liver
already directly after injection (Figure 48, yellow arrow). This is a typical behavior for
nanoparticulate formulations [194-196]. Mouse 4 showed no fluorescence signal in the
liver due to high amount of formulation administered in the tissue during the intravenous
application. The injection site showed high fluorescence signal intensity over the entire
observation period. Therefore, the signals from other organs or regions could be hardly
detected after a certain time due the automatically adjusted exposure time of the camera.
The injection sites have been covered for the images captured after 48 and 72 h using a
black plastic plate detect low signals from the liver also. However, fluorescence imaging
is necessary for more detailed information about other involved organs and tissues ex

Vivo.
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Figure 48. Distribution of PGA-IDMC 100 % nanoparticles containing DiR in SKH1-Hr™
(female — three mice from the left (1-3), male — two mice on the right (4,5)). The images
were captured in four different orientations: left lateral side, dorsal side, right lateral side,
and ventral side (from left to right). The biodistribution was analyzed directly after
injection (0 h) and after 24 h, 48 h and 72 h.Orange frame indicates the injection site,
yellow arrow the fluorescence signal in the liver.

However, the distribution of DY-782 labelled PGA-IDMC 100 % NPs was more complex.
DY-782 was chosen due to its NIR excitation wavelength as well as the possibility for
covalent attachment to remaining free hydroxyl groups of PGA-IDMC 100 %. The dye
was coupled using the same chemistry (Steglich esterification) which was used for the
conjugation of indomethacin to the poly(glycerol adipate) backbone. The fluorescent dye
DY-782 can therefore be regarded as a model drug and give indications for the release
of indomethacin in vivo. The results are given in the following Figure 49. Learning from
the DiR based experiments, the injection sites were covered from the beginning using
the black plastic plate mentioned above. In contrast to DiR labelled NPs, the formulation
showed a rapid accumulation in the kidneys (Figure 49, red arrows), the liver (Figure 49,
yellow arrow), the lungs (Figure 49, orange arrow) as well as in the lymph nodes (Figure
49, green arrows). Especially the accumulation in the kidneys was reported prior for PGA
based polymeric nanoparticles [82], but also for HPMA based nanoscale formulations
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[197]. It is striking that strong fluorescence signals emanate from the kidneys, but no
fluorescence could be observed in the bladder. That indicates a specific interaction
between the fluorescent dye and the kidneys or between the polymer-conjugate and the
kidneys. On the other hand, it is possible that the ester bond between DY-782 and
polymer backbone is very rapidly enzymatically cleaved and the fluorescent dye is
extremly rapidly renally eliminated. Urination of the mice cannot be controlled. Thus,
there is the possibility, that no bladder signal could be observed due to the above-
mentioned fact. However, the fluorescence intensity in the mentioned organs decreased
rapidly after 24 h and it is therefore very likely that elimination occurs more often via the
kidneys. Since differences in the distribution between the two groups were found, one
mouse per group and sex were autopsied at the end of each experiment. Also two
untreated (one male and one female) mice were autopsied and the autofluorescence of

each tissue was subtracted from the treated ones.
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Figure 49. Distribution of PGA-IDMC 100 % nanopatrticles containing covalently bound
DY782 in SKH1-Hr"™ (female on the left, male on the right). The images were captured in
four different orientations: left lateral side, dorsal side, right lateral side, and ventral side
(from top to bottom).The biodistribution was analyzed directly after injection (0 h), and
after 24 h. Untreated mice of both sexes were additionally monitored after 24 h (gray
scale images).The arrows indicate the following organs: red = kidneys; yellow = liver;
orange = lungs; green = lymph nodes.
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4.2.9 EXVIVO FLUORESCENCE IMAGING

During the ex vivo experiments all decisive organs were examined and rinsed before
fluorescence imaging using phosphate buffer pH 7.4 to remove blood or excreta from the
tissue in order to prevent autofluorescence. The extracted organs are schematically and
clearly presented in Figure 50 (DIR NPs, below) and Figure 53 (DY-782 NPs). The
highest fluorescence signal for DiIR marked PGA-IDMC 100 % NPs was found in the
liver, especially in female mice (Figure 51, A2) and a little lighter in male mice (Figure 52,
A2). Even very high intensity could be observed in the spleen, at this point especially in
male mice (Figure 52, A3). The accumulation of nanopatrticles in the spleen is already

known [82,198] and could be confirmed by the experiments carried out.
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Figure 50. Schematic illustration of the position of examined tissue after autopsy of
SKH1-Hr"™ mice (male and female) treated with DiR marked PGA-IDMC 100 % NPs.
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Particularly eye-catching is the strong fluorescence signal in the uterus and especially in
the ovaries (Figure 51; F2). This effect of nanoscale formulations has also been
discovered before [199-202] and remains an exciting observation. Schédlich et al.
provided interesting data about accumulation in detail [83]. The described enrichment in
tertiary follicles, or in cells of the corpus luteum which could be proven by the unequal
distribution of the fluorescence signal. There were presumptions that this is a dye

specific phenomenon, however this was refuted very recently by Weiss et al. [82].
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Figure 51. Ex-vivo fluorescent images from extracted female SKH1-Hr"™ mouse organs,
72 hours after treatment with DiR marked PGA-IDMC 100 % NPs (lines A-F).
Autofluorescence of organs of untreated female SKH1-Hr"™ (lines G-I) was subtracted
from the treated mice. The liver (A6) was covered with a black plastic plate for one
measurement in order to get higher fluorescence due to the automatically adjusted
exposure time.
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They provided data showing accumulation in the ovaries using the fluorescent dye
DY-676 and steric acid modified PGA NPs.
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Figure 52. Fluorescent images from extracted male SKH1-Hr"™ mouse organs, 72 days
after treatment with DiR marked PGA-IDMC 100% NPs (lines A-F). Autofluorescence of
organs of untreated female SKH1-Hr™ (lines G-I) was subtracted from the treated mice.
The liver (A6) was covered with a black plastic plate for one measurement in order to get
higher fluorescence due to the automatically adjusted exposure time.

The comparison of the distribution of particles, the two mentioned labeling options was
the starting point of the present results. The results of the DY-782 marked female (Figure
54) and male (Figure 55) are shown in the images below. The more complex distribution
from the in vivo imaging (Figure 49) could be confirmed ex vivo. In turn, signals were
found in the liver (Figure 54 and Figure 55, A2), but in contrast to the DIR experiments
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they were much lower. There was no fluorescence detectable in the spleen. The highest
fluorescence intensity for this formulation was found in the kidneys (Figure 54 and Figure
55, B2). As there was no signal present in the bladder the polymer or the cleaved dye
probably interaced with the tissue of kidneys. Various properties have already been
mentioned so far which influence the cumulation in the kidneys. For example, high
degree of grafting by drugs [203—205], functional groups or negative charge [206,207] of
the nanopatrticle formulations. Another component of the reticuloendothelial system are
the lungs. Several articles have already reported that nanoparticles also accumulate in
this tissue after intravenous administration. For example (methyl-2-14C-methacrylate)

nanoparticles [194] or **C-polyhyxyl cyanoacrylate nanoparticles [208].
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Figure 53. Schematic illustration of the position of examined tissue after autopsy of
SKH1-Hr" mice (male and female) treated with DY-782 modified PGA-IDMC 100 % NPs.
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Figure 54. Fluorescent images from extracted female SKH1-Hr"™ mouse organs,
72 hours after treatment with DY-782 modified PGA-IDMC 100 % NPs (lines A-F). Auto-
fluorescence of organs of untreated female SKH1-Hr"™ (lines G-1) was subtracted from
the treated mice.
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Figure 55. Fluorescent images from extracted male SKH1-Hr"™ mouse organs, 72 hours
after treatment with DY-782 modified PGA-IDMC 100 % NPs (lines A-F). Auto-
fluorescence of organs of untreated female SKH1-Hr™ (lines G-I) was subtracted from
the treated mice.
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In addition to the signals from the kidneys, the highest intensities were found in the lungs
(Figure 54 and Figure 55, C1). However, this behavior could not be confirmed with this
intensity in the experiments with DiIR marked particles. Further experiments have to be
carried out to clarify whether this is a dye-specific phenomenon or not. Another possibility
is that the autopsy was performed after 24 h (DY-782 NPs) or 72 h (DIR NPs). Perhaps
the accumulation in the lungs is very fast, followed by a rapid decline. As already

mentioned further investigations are necessary at this point.

The question of whether an accumulation could also be confirmed with covalently labeled
nanoparticles proved to be intriguing. In comparison to the previous experiments, no
accumulation in the ovaries (Figure 55, C7) could be observed. However, clear signals
could be found in the uterus (Figure 55, C7), which are comparable in their intensity to
those from the liver (Figure Figure 55, A2). This may be due to the shorter circulation
time of the DY-782 marked nanopatrticles. In addition, a time-dependent investigation of
the accumulation in the individual organs would be a desirable object for further

research.

In conclusion, the mentioned formulations were well tolerated by mice throughout the

experimental period, confirming the obtained in vitro results (Sectio 4.2.6) now in vivo.

The evaluation of the test animals was carried out based on a prepared score sheet as

per the German animal protection law (8 31 Abs. 1 Satz 2 Nr. 1d TierSchVersV).

4.3 MICROPARTICLES

The dominating field of polymer therapeutics and especially the polymer-drug conjugates
is the use as nanoscale DDS [4]. With the growing interest for new areas of application
and diseases, such as infections [209] and inflammation [210] such as rheumatoid
arthritis [211], there is also a need for innovative formulations outside the nanoscale
range. NSAIDS are important drugs for the therapy of osteoarthritis and are often locally
applicated directly into the synovial joint. To prevent mass phagocytosis, the application
of microparticles is preferred [91]. In order to determine the potential of the PGA-IDMC
conjugates for versatile applications, microparticles were produced and characterized in

addition to the above described nanoparticles (Section 4.2).

The microparticles were prepared according to the oil-in-water method described above
(Section 3.4.1) and involved several critical parameters that had to be taken into

consideration during production:
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e the polymer solution must be injected directly into the aqueous phase

e the blade stirrer must be adjusted to ensure decentralized stirring in the beaker

¢ the blade stirrer must be adjusted just a few millimeters above the bottom of the
cup

e PTFE beaker

e vigorous stirring and slow injection

e aqueous 5 % (w/v) Poloxamer 188 solution

Under consideration of these core parameters it was possible to prepare microparticles
out of PGA-IDMC 50 and 100 %.

4.3.1 STATIC LIGHT SCATTERING

Static light scattering is a basic method for particle size measurements of microparticle
formulations. The resulting particle size distributions are usually characterized by Dq 1),
D05 D.gy and mean values [212]. The evaluation was carried out using the Fraunhofer
theory, since the particles are not transparent and significantly larger than the
wavelength (450 and 633 nm) of the light used during the measurements [213].
Therefore, no refractive indices of particles and dispersion medium are needed. Figure
56 shows the results of the characterization using SLS. The volume weighted particle
size distribution of both polymers showed that the preparation of micropatrticles, using the
method described above, was successful. The cumulative distribution curve of PGA-
IDMC 100 % (Figure 56, black line) is noticeable steeper than the one of PGA-IDMC
50 % (Figure 56, red line). Accordingly, PGA-IDMC 100 % shows a narrower particle size
distribution. However, both batches displayed a fraction of small particles in range
between 2 and 20 um, maybe caused bye the frequent washing in order to remove the
stabilizer Poloxamer 188 (Section 3.4.1). PGA-IDMC 50 %, unlike PGA-IDMC 100 %,
has an additional small fraction in the large size range between 800 and 2000 pm. A
possible reason for this may in turn be the difference in hydrophilicity of the two
mentioned polymers which has already caused slight differences in the size of
nanoparticles (Section 4.2.2). The comparison of the characteristic particle indices (Table
12) clarifies the great difference between the two microparticle species. Both polymers
have a relatively broad particle size distribution. However, the gap between D1 and
D(.g) is lower and therofore the particle size distribution is narrower. These results will be
confirmed in the following chapters by data of light microscopy and electron microscope

images.
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Table 12. Particle size distribution of PGA-IDMC based MP with different degrees of
modification. Data was determined by static light scattering under the assumption of
spherical particles.

Sample De.1y D) D.9) Du.3)
PGA-IDMC 50 % MP 49.6 um 112.6 um 282.8 ym 140.8 pm
PGA-IDMC 100 % MP 39.7 um 81.2 um 147.8 um 87.7 um
100
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Figure 56. Particle size distribution of PGA-IDMC 50 % MP (red line) in comparison
to PGA-IDMC 100 % (black line) based microparticles determined by static light
scattering.
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4.3.2 LIGHT MICROSCOPY

Prior to the electron microscopy, light microscopy was used to get an overview over
particle size and shape of the nanoparticles. A selection is shown in the following Figure
57.

-1

Figure 57. Light microscopic images of PGA-IDMC 100 % MP using a reflected light
microscope.

All particles appeared spherical and yellowish which suggests that the laser-based size

measurements were evaluated correctly.

4.3.3 SCANNING ELECTRON MICROSCOPY

The results obtained by static light scattering should be supported by scanning electron
micrographs. Scanning electron microscopy is a common method for studying size and
morphology of microparticles [214]. The following Figure 58 and Figure 59 show the
results of the SEM measurements for PGA-IDMC 100 %, which were selected due to
their narrower size distribution acoording to the SLS results (Section 4.3.1). All particles
appeared spherical, which is important for the correct evaluation of the results of static
light scattering (Section 4.3.1). The fraction of small particles from the SLS
measurements (Figure 56) could also be confirmed by the electron micrographs (Figure
58D and G). They are therefore particles, and not non-covalently bound indomethacin
crystals. Moreover, the images provide interesting insights into to morphology of the
particles. To study the nuclear structure of these particles, some were destroyed with a
razor blade. These images are shown in Figure 59. Methylene chloride is a very
desirable organic solvent which is often used for the preparation of microparticles using

the O/W-method due to its low water solubility [215]. This normally leads to a fast
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precipitation and regular surface due to the fast efflux of the organic solvent. Although
methylene chloride was used as organic solvent, the morphology of the examined
particles deviates from this general case. Due to the high Poloxamer 188 concentration
of the aqueous phase (5 % (w/v), the solubility of methylene chloride in water is
increased and as a result a proportionate amount of water was used (1:20). Therefore,
the polymer formed a shell-like structure around the particles with a hollow core (Figure
59G) [216]. Finally, the solvent was extracted from the core which led to the obvious
structure. In general, solubilizers such as the water soluble PVP [217] and Pluronic®
F127 [218] are known as extractable porogens. Moreover, during preparation and
electron microscope measurements the particles were stored under vacuum conditions.
This might also contribute to the very porous structure due to evaporation of residual

solvents.
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Figure 58. Electron scanning micrographs of intact PGA-IDMC 100 % based
microparticles, directly after preparation. The measurements were carried out under
vacuum conditions.
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Figure 59. Electron scanning micrographs of damaged PGA-IDMC 100 % based
microparticles. The microparticles were damaged arbitrarily using a razor blade. The
measurements were carried out under vacuum conditions.
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4.3.4 IN VITRO RELEASE

A determination of the indomethacin release in vitro for this microparticle-based DDS is
necessary to be able to estimate the potential for later application in vivo. The following
Figure 60 (below) shows the cumulative release of indomethacin over a period of three
months. The release experiments were carried out in the style of the preformed implants
(Section 3.2.11) in three different release media. The release rate in buffer (Figure 60A)
is again very slow. Compared to preformed implants (Section 4.1.7.1) and nanopatrticles
(Section 4.2.7), the micropatrticle release rate lies in between. It can be assumed that the
release rate depends on the surface of the DDS. Therefore, it is decreasing from
nanoparticles, over microparticles to preformed implants. It is striking that the release
rate is independent of the degree of modification for the release in buffer (Figure 60A). In
the acidic environment, as well as under the influence of enzymes, a similar behavior

emerges as for the previously described preformed implants (Section 4.1.7). The release
is significantly accelerated.
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Figure 60. Cumulative release % (w/w) of indomethacin from PGA-indomethacin
microparticles with different degree of modification in pH 7.4 phosphate buffer (A), pH 7.0
sodium chloride solution containing lipase from Pseudomonas sp. (B) and pH 4.75
acetate buffer (C). The release was carried out at 37 °C over three months.
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5 SUMMARY AND PERSPECTIVES

The interest in polymer drug conjugates as a new platform for innovative drug delivery
systems is steadily increasing. The potential of poly(glycerol adipate) as a basis for the
development of drug conjugates was investigated within this work. Due to its high
therapeutic relevance for various diseases, indomethacin has been selected as a
suitable candidate for the synthesis of drug-grafted PGA derivates.

The linear polyester PGA was synthesized via an enzymatic polytranscondensation,
using lipase from candida antarctica (CALB), from glycerol and divinyladipate. This
esterification is selective on primary hydroxyl groups. Using the pendant OH-groups of
poly(glycerol adipate) further modifications can be carried out. In a second synthesis step
a simple, one-step reaction (Steglich esterification) was presented within this work for the
covalent coupling of indomethacin. No complex linker or previous modification of drug on

the one hand or backbone polymer on the other hand was necessary.

In the course of this work, indomethacin PGA conjugates with 25, 50 and 100 mol%
grafting were synthesized and comprehensively characterized. The structural change of
the various polymers depending on the degree of polymerization was investigated by ‘H-
NMR and ATR-FT-IR. Here especially the proportional decrease of the OH peaks with
increasing degree of substation was shown. Moreover, the degree of grafting could be
calculated by the comparison of the integrals of methylene and methine groups of the
poly(glycerol adipate) backbone. This method was verified afterwards by UV
spectroscopy. In this way, very high levels of drug loading (35.6 — 54.1 % (w/w)) were
demonstrated which are all promising candidates for application in nano- and microscale
dosage forms. The thermal properties of the new polymers were investigated by means
of DSC. In this case, a shift of the glass transition from -23.7 °C (PGA backbone) to 51°C
(PGA-IDMC 100 %) due to the space keeping branches, and no melting peaks for
indomethacin could be observed. The backbone polymer as well as the three conjugates
are amorphous, whereas the pure substance indomethacin is crystalline, as shown by X-
ray diffraction measurements. The molecular weight distribution of these polymers was
characterized in detail by GPC. All polymers showed a narrow molecular weight
distribution with a PDI between 2.2 and 3.2 which is typical for brached polymers and a
general increase of molecular weigth with increasing degree of grafting. In connection
with this, a development from almost Newtonian fluid (PGA) to more and more

viscoelastic polymers could be observed. These aspects of macroviscosity were mapped
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by oscillatory rheology. Furthermore, the new polymers were first formulated as
preformed implants. They were pressed into small cylinders with a specifically developed
heating press. Subsequently, first release investigations, in phosphate buffer pH 7.4,
acetate buffer pH 4.75 and 0.9 % aqueous sodium chloride solution contain lipase from
Pseudomonas spez., were carried out. In comparison, physical mixtures of PGA and
indomethacin were prepared and exposed to phosphate buffer pH 7.4. After 30 days, the
conjugates released just about 0.7 % of indomethacin. However, under acidic conditions
(16 % after 30 days) or in the presence of enzyme (40 % after 30 days) the release rate
was clearly accelerated due to the cleavage of the ester bonds. In comparison, the
physical mixtures behaved completely differently. The total amount of indomethacin was
already released after 15 days in phosphate buffer pH 7.4. The release behavior is
further confirming that indomethacin is covalently bound. The release data are very
promising, as there are slightly acidic pH values and enzymes, especially in inflamed
tissue, and the polymers provide for a controlled release over a long period of time.

In the second part of this thesis, it was examined whether nanoscale drug delivery
systems can be produced from the new material. It was possible to prepare
nanoparticles using all three conjugates via an optimized solvent displacement method.
Just small amounts of stabilizer (below or equal 0.5 % PVA or Poloxamerl188) were
necessary. The particle size of all systems was characterized in detail by dynamic light
scattering as well as nanopatrticle tracking analysis. Most nanoparticle formulations could
be prepared in in the size range of 160-220 nm and narrow particles size distribution
(PDI below 0.2). Moreover, selected formulations could be freeze dried, stored for 4
weeks (fridge) and redispersed, with just slight changes of the particle size. Additionally,
the appearance was investigated by TEM, showing spherical particles. Release
experiments were also carried out in vitro for these drug delivery systems. A new release
cell was developed. The centerpiece is a porous aluminum membrane with a pore size of
20 nm, which makes it possible to separate the released drug from the drug delivery
system. The sampling was carried out under reduced pressure and the substitution of the
sample volume was fast and easy. The developed release cell is original and universally
applicable for various nanoscale drug delivery systems. Using this release cell, the
release from PGA-IDMC NPs stabilized with 0.5 % Poloxamer was monitored over 15
days in phosphate buffer pH 7.4. During this period, a controlled and almost linear
release rate was achieved. At the end of the experiment 13 % for PGA-IDMC 25 %, 10 %
for PGA-IDMC 50 % and 2 % for PGA-IDMC 100 % were released. These values are

much higher than those of the preformed implants, which can be attributed to the
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enlarged surface. Again, the release rate was different between the various polymers,
probably due to the decreasing wettability with increasing degree of grafting. Preparatory
for the in vivo tolerability and distribution studies, hemolytic and cytotoxic activities were
investigated for selected formulations. The toxicity was tested with three different cell
lines. Two human cell lines (A549, HelLa) and one animal cell line (LLC-PK1). The cell
culture experiments assessed the tolerance of the cells against PGA-IDMC NPs
independent from the degree of grafting. The behavior towards red blood cells was more
complex. The hemolytic activity decreased with increasing amounts of drug, due to the
reduced number of free hydroxyl groups associated with decreasing amphiphilic
character. PGA-NPs showed about 10 %, PGA-IDMC 25 %-NPs 5 %, PGA-IDMC 50 %-
NPs about 2 % and PGA-IDMC 100 % NPs almost no hemolytic activity. Accordingly, the

latter were selected for further characterization in vivo.

In an explorative in vivo experiment, the distribution and tolerability of PGA-IDMC 100 %
NPs was investigated. For this purpose, the lipophilic fluorescent dye DiR was
incorporated into the nanoparticle formulation. Distribution of nanoparticles was
monitored over three days in five mice (two male, three female) via noninvasive
fluorescence imaging. The images prove that the formulations were eliminated by the
liver. In a second group, consisting of two animals (male and female), the behavior of
PGA-IDMC 100 % NPs was examined which were previously covalently labeled with the
fluorescent dye DY-782 via a cleavable ester bond like indomethacin is coupled. After
24 h, clear signals in kidneys, lungs, liver as well in lymph glands were detected. This
may be due, to the rapid cleavage of the ester bond and the elimination of the
fluorescent dye. However, one mouse of each group and sex was eventual autopsied
and the accumulation in the organs was examined in detail ex vivo. For the DiR labeled
particles, the most intense signals were found in the liver and in the ovaries. The latter
confirms previous reports on the accumulation of nanocarriers [82,83]. DY-782 marked
NPs accumulated in kidneys, lungs, spleen as well as in the uterus. Accumulation in the
ovaries could not be observed, which may be due to the autopsy after 24h. Maybe the
accumulation in the ovaries needs more time. The time-dependent accumulation of
nanocarriers is an intriguing approach for further research. In conclusion, it can be stated
that the tested formulations were well tolerated by all animals, which was evaluated

using a developed score sheet.

The dominating field of application for polymer therapeutics are nanoscale DDSs.

However, especially for the treatment of inflammations such as osteoarthritis DDSs with
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larger particles are highly desirable. Therefore, the possibility to produce microparticles
was examined in a third section. For example, during the therapy of osteoarthritis the
formulation is injected direct in the synovial joint. The use of microparticles is therefore
preferred to prevent mass phagocytosis. Within this work microparticles were prepared
using an oil-in-water solvent evaporation techniques from PGA-IDMC 50 % and 100 %.
The obtained micropatrticles were freeze dried and patrticle sizes between 87 (PGA-IDMC
100 % MP) and 140 um (PGA-IDMC 50 % MP) were determined by static light
scattering. Both particle species had broad particle size distributions. Therefore, the
production needs further optimization. The round shape as well as the particle size was
confirmed by light microscopy. To get an impression from the detailed structure from
particle surface and core, electron scan micrographs were prepared. All particles showed
a highly porous structure which gives the impression that the microparticles consist of
nanoparticles. The high amount of stabilizer (5 % (w/w) Poloxamerl88) is known as
porogen. Furthermore, the small particle fractions from the static light scattering
measurements could be confirmed by ESEM. In fact, they are actually polymer
microparticles and not unbound indomethacin crystals. Finally, release studies in three
different media were also carried out for these formulations. After three months just 3 %
of indomethacin was released from both particle species in phosphate buffer pH 7.4, the
release rate is therefore slower than for nanoparticles which may be due to the larger
surface. The release rate could be accelerated by adding enzymes from Pseudomonas
spez., so 30-40 % could be released after three months. Even under acidic conditions,
similar behavior to that of preformed implants could be observed (13-20 % after three

months).

Within this work, the first PGA-drug conjugate was successfully synthesized and
comprehensively characterized. There are many possibilities for producing innovative
drug delivery systems from this new polymer. First preliminary tests showed the
successful formulation as in situ forming implant, which should be subject of further
research. Furthermore, the promising first animal experiments provide space for the
treatment of inflammatory diseases such as pancreatitis. The development of suitable
animal models would be the next step in preclinical research. On the chemical side, there
are almost limitless possibilities. To name only a few, there would be the possibility to
introduce diverse linkers and to couple active ingedients via other bonds than esters in
order to control the drug release. Furthermore, the grafting of fatty acids and active
ingredients to the same backbone could have interesting effects on release and polymer

properties.
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A SUPPLEMENTARY DATA

Table 1. Zeta potential of Poloxamer 188 stabilized poly(glycerol adipate)-indomethacin
25 % based nanoparticle measured in different diluents at 25 °C. The equilibration time
was 6 h. Measurements were carried out in triplicate.

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 25 % 0.1 % Poloxamer 188 Sodium chloride 5 mM 1.1+06
Sodium chloride 10 mM -51+£05
Sodium citrate 5 mM -24.3+0.6
Sodium citrate 10 mM -19.7+x11
1:10 Sorensen buffer pH 4.9 7.2+0.5
1:10 Soérensen buffer pH 6.8 -22.8+25
PGA-IDMC 25 % 0.2 % Poloxamer 188 Sodium chloride 5 mM -1.5+0.3
Sodium chloride 10 mM -21+0.1
Sodium citrate 5 mM -23+05
Sodium citrate 10 mM -22+04
1:10 Soérensen buffer pH 4.9 0.7+0.1
1:10 Sorensen buffer pH 6.8 -3.2+05
PGA-IDMC 25 % 0.3 % Poloxamer 188 Sodium chloride 5 mM 34+03
Sodium chloride 10 mM -20+x04
Sodium citrate 5 mM -22+5.0
Sodium citrate 10 mM -25.6 +0.7
1:10 Sérensen buffer pH 4.9 149+0
1:10 Sérensen buffer pH 6.8 -16.2£0.6
PGA-IDMC 25 % 0.4 % Poloxamer 188 Sodium chloride 5 mM 6.3+0.6
Sodium chloride 10 mM 0.0+0.6
Sodium citrate 5 mM -43.0+2.0
Sodium citrate 10 mM -422+1.4
1:10 Sérensen buffer pH 4.9 225+04
1:10 Sérensen buffer pH 6.8 -24.8+0.8
PGA-IDMC 25 % 0.5 % Poloxamer 188 Sodium chloride 5 mM -8.8 £5.6
Sodium chloride 10 mM -10.7+1.2
Sodium citrate 5 mM -38.3+0.3
Sodium citrate 10 mM -32.3+15
1:10 Sorensen buffer pH 4.9 38+14
1:10 Soérensen buffer pH 6.8 -24.3+0.7
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Table 2. Zeta potential of poly(vinyl

equilibration time was 6 h. Measurements were carried out in triplicate.

alcohol) stabilized poly(glycerol adipate)-
indomethacin 25% based nanoparticle measured in different diluents at 25 °C. The

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 25 % 0.1 % PVA Sodium chloride 5 mM -1.7+£0.2
Sodium chloride 10 mM -3.3+0.3
Sodium citrate 5 mM -3.3£0.2
Sodium citrate 10 mM -3.3+0.3
1:10 Sorensen buffer pH 4.9 -0.5+0.2
1:10 Soérensen buffer pH 6.8 -3.3+05
PGA-IDMC 25 % 0.2 % PVA Sodium chloride 5 mM 0.7+x0.2
Sodium chloride 10 mM -22+04
Sodium citrate 5 mM -1.5+£0.0
Sodium citrate 10 mM -28+0.1
1:10 Soérensen buffer pH 4.9 -0.2+0.1
1:10 Soérensen buffer pH 6.8 -2.7+0.3
PGA-IDMC 25 % 0.3 % PVA Sodium chloride 5 mM -09+£0.1
Sodium chloride 10 mM -22+05
Sodium citrate 5 mM -1.0+0.1
Sodium citrate 10 mM -19+0.1
1:10 Sérensen buffer pH 4.9 -0.5+£0.2
1:10 Sorensen buffer pH 6.8 -24+04
PGA-IDMC 25 % 0.4 % PVA Sodium chloride 5 mM -0.8+£0.2
Sodium chloride 10 mM -1.7+05
Sodium citrate 5 mM -1.2+0.2
Sodium citrate 10 mM -16+04
1:10 Sorensen buffer pH 4.9 -04+0.2
1:10 Sorensen buffer pH 6.8 -2.1+£0.10
PGA-IDMC 25 % 0.5 % PVA Sodium chloride 5 mM -05+£0.1
Sodium chloride 10 mM -1.5+0.1
Sodium citrate 5 mM -0.3+0.2
Sodium citrate 10 mM -1.6+0.2
1:10 Sorensen buffer pH 4.9 -0.1+£0.2
1:10 Soérensen buffer pH 6.8 -19+04
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Table 3. Zeta potential of Poloxamer 188 stabilized poly(glycerol adipate)-indomethacin
50 % based nanoparticle measured in different diluents at 25 °C. The equilibration time
was 6 h. Measurements were carried out in triplicate.

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 50 % 0.1 % Poloxamer 188 Sodium chloride 5 mM -1.4+0.6
Sodium chloride 10 mM -1.8+0.2
Sodium citrate 5 mM -3.2+04
Sodium citrate 10 mM -1.8+0.0
1:10 Sorensen buffer pH 4.9 -0.7+£04
1:10 Soérensen buffer pH 6.8 -65+1.1
PGA-IDMC 50 % 0. 2 % Poloxamer 188 Sodium chloride 5 mM -1.7+£0.2
Sodium chloride 10 mM -1.5+£0.2
Sodium citrate 5 mM -10.3+1.9
Sodium citrate 10 mM -46+0.6
1:10 Soérensen buffer pH 4.9 -05+0.1
1:10 Soérensen buffer pH 6.8 -1.0+0.2
PGA-IDMC 50 % 0.3 % Poloxamer 188 Sodium chloride 5 mM 45711
Sodium chloride 10 mM -46.6 + 0.8
Sodium citrate 5 mM -54.8+0.8
Sodium citrate 10 mM -50.8+1.9
1:10 Sérensen buffer pH 4.9 -46.5+0.8
1:10 Sorensen buffer pH 6.8 -55.3+0.6
PGA-IDMC 50 % 0.4 % Poloxamer 188 Sodium chloride 5 mM -9.6+0.7
Sodium chloride 10 mM -6.0+0.5
Sodium citrate 5 mM -12.7+0.9
Sodium citrate 10 mM -99+1.2
1:10 Sorensen buffer pH 4.9 -8.2+0.9
1:10 Sorensen buffer pH 6.8 -142+15
PGA-IDMC 50 % 0.5 % Poloxamer 188 Sodium chloride 5 mM -27+04
Sodium chloride 10 mM -7.0+17
Sodium citrate 5 mM -10.3+1.7
Sodium citrate 10 mM -3.3+0.7
1:10 Sorensen buffer pH 4.9 -6.1+1.3
1:10 Soérensen buffer pH 6.8 -23+0.3
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Table 4. Zeta potential of poly(vinyl

equilibration time was 6 h. Measurements were carried out in triplicate.

alcohol) stabilized poly(glycerol adipate)-
indomethacin 50 % based nanoparticle measured in different diluents at 25 °C. The

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 50 % 0.1 % PVA Sodium chloride 5 mM 0.8+0.2
Sodium chloride 10 mM -1.5+0.3
Sodium citrate 5 mM -22+0.0
Sodium citrate 10 mM -1.2+0.8
1:10 Sorensen buffer pH 4.9 -0.5+0.2
1:10 Soérensen buffer pH 6.8 -1.7+0.1
PGA-IDMC 50 % 0.2 % PVA Sodium chloride 5 mM -1.5+£01
Sodium chloride 10 mM -0.7+£0.2
Sodium citrate 5 mM -0.5+£0.2
Sodium citrate 10 mM -0.8+0.2
1:10 Soérensen buffer pH 4.9 -0.5+0.2
1:10 Soérensen buffer pH 6.8 -04+0.1
PGA-IDMC 50 % 0.3 % PVA Sodium chloride 5 mM -0.8+0.2
Sodium chloride 10 mM -1.6+£0.2
Sodium citrate 5 mM -0.5+0.2
Sodium citrate 10 mM -0.2+0.1
1:10 Sérensen buffer pH 4.9 -1.2+0.3
1:10 Sorensen buffer pH 6.8 -0.9+0.2
PGA-IDMC 50 % 0.4 % PVA Sodium chloride 5 mM -06+0.1
Sodium chloride 10 mM -06+0.1
Sodium citrate 5 mM -14+0.1
Sodium citrate 10 mM -1.2+0.2
1:10 Sorensen buffer pH 4.9 -04+01
1:10 Sorensen buffer pH 6.8 -0.3+0.1
PGA-IDMC 50 % 0.5 % PVA Sodium chloride 5 mM -1.7+£0.1
Sodium chloride 10 mM -1.2+0.2
Sodium citrate 5 mM -0.2+0.0
Sodium citrate 10 mM -0.0+0.0
1:10 Sorensen buffer pH 4.9 -0.3+0.0
1:10 Soérensen buffer pH 6.8 -1.2+0.1
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Table 5. Zeta potential of Poloxamer 188 stabilized poly(glycerol adipate)-indomethacin
100 % based nanoparticle measured in different diluents at 25 °C. The equilibration time
was 6 h. Measurements were carried out in triplicate.

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 100 % 0.1 % Poloxamer 188 Sodium chloride 5 mM 6.3+19
Sodium chloride 10 mM 50+04
Sodium citrate 5 mM -7.0+£04
Sodium citrate 10 mM -41+05
1:10 Sorensen buffer pH 4.9 6.3+0.4
1:10 Soérensen buffer pH 6.8 0.8+0.2
PGA-IDMC 100 % 0.2 % Poloxamer 188 Sodium chloride 5 mM 56+05
Sodium chloride 10 mM -16+0.1
Sodium citrate 5 mM -41+0.6
Sodium citrate 10 mM -1.9+0.2
1:10 Soérensen buffer pH 4.9 6.8+0.6
1:10 Soérensen buffer pH 6.8 -2.1+0.1
PGA-IDMC 100 % 0.3 % Poloxamer 188 Sodium chloride 5 mM 6.0+0.2
Sodium chloride 10 mM 3.6+0.1
Sodium citrate 5 mM -55+04
Sodium citrate 10 mM -26+04
1:10 Sérensen buffer pH 4.9 -4.3+0.3
1:10 Sorensen buffer pH 6.8 -1.1+£0.3
PGA-IDMC 100 % 0.4 % Poloxamer 188 Sodium chloride 5 mM 45+0.2
Sodium chloride 10 mM 26+05
Sodium citrate 5 mM -1.6+0.2
Sodium citrate 10 mM -05+0.2
1:10 Sorensen buffer pH 4.9 79+0.3
1:10 Sorensen buffer pH 6.8 -0.2+0.0
PGA-IDMC 100 % 0.5 % Poloxamer 188 Sodium chloride 5 mM 6.6 +0.5
Sodium chloride 10 mM 3.2+0.1
Sodium citrate 5 mM -45+0.3
Sodium citrate 10 mM -0.9+0.2
1:10 Sorensen buffer pH 4.9 7.4+0.6

1:10 Soérensen buffer pH 6.8 09+0.2
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Table 6. Zeta potential of poly(vinyl

equilibration time was 6 h. Measurements were carried out in triplicate.

alcohol) stabilized poly(glycerol adipate)-
indomethacin 100 % based nanoparticle measured in different diluents at 25 °C. The

Zeta potential

Sample Emulsifier Diluent
[mV]
PGA-IDMC 100 % 0.1 % PVA Sodium chloride 5 mM -26+0.2
Sodium chloride 10 mM -1.5+0.3
Sodium citrate 5 mM -25+0.0
Sodium citrate 10 mM -2.3+0.8
1:10 Sorensen buffer pH 4.9 -0.8+0.2
1:10 Soérensen buffer pH 6.8 -1.0+0.1
PGA-IDMC 100 % 0.2 % PVA Sodium chloride 5 mM -4.6 £ 0.60
Sodium chloride 10 mM -0.7+£0.2
Sodium citrate 5 mM -1.0+£0.1
Sodium citrate 10 mM -29+05
1:10 Soérensen buffer pH 4.9 -1.4+0.3
1:10 Soérensen buffer pH 6.8 -0.6+0.1
PGA-IDMC 100 % 0.3 % PVA Sodium chloride 5 mM -0.8+0.2
Sodium chloride 10 mM -26+0.1
Sodium citrate 5 mM -28+0.3
Sodium citrate 10 mM -0.8+0.1
1:10 Sérensen buffer pH 4.9 -04+0.1
1:10 Sorensen buffer pH 6.8 -29+0.2
PGA-IDMC 100 % 0.4 % PVA Sodium chloride 5 mM -29+0.3
Sodium chloride 10 mM -25+0.2
Sodium citrate 5 mM -0.6+0.1
Sodium citrate 10 mM -14+04
1:10 Sorensen buffer pH 4.9 -0.9+0.0
1:10 Sorensen buffer pH 6.8 -28+0.3
PGA-IDMC 100 % 0.5 % PVA Sodium chloride 5 mM -04+£0.3
Sodium chloride 10 mM -1.0+0.1
Sodium citrate 5 mM -29+0.3
Sodium citrate 10 mM -27+x04
1:10 Sorensen buffer pH 4.9 -0.2+£0.0
1:10 Soérensen buffer pH 6.8 -0.8+0.1
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B DEUTSCHE ZUSAMMENFASSUNG

Das Interesse an Polymer-Wirkstoffkonjugaten als neuartige Plattform fir innovative
Drug-Delivery-Systeme nimmt stetig zu. Im Rahmen dieser Arbeit wurde das Potenzial
von Poly (glycerol-adipat) als Grundlage fur die Entwicklung von Wirkstoffkonjugaten
untersucht. Aufgrund seiner hohen therapeutischen Relevanz fir eine Vielzahl von
Erkrankungen wurde Indomethacin als geeigneter Kandidat fir die Synthese von

Wirkstoff-modifiziertem PGA ausgewahlt.

Der lineare Polyester PGA wurde Uber eine enzymatische Polytranskondensation unter
Verwendung von Lipase aus Candida antarctica (CALB) aus Glycerol und Divinyladipat
synthetisiert. Diese Veresterung ist selektiv fur primare Hydroxylgruppen. Unter
Verwendung der anhangenden sekundaren OH-Gruppen von PGA kénnen weitere
Modifikationen durchgefihrt werden. In einem zweiten Syntheseschritt wurde eine
einfache, einstufige Reaktion (Steglich Veresterung) zur kovalenten Kupplung von
Indomethacin angewendet. Hierbei wurde weder ein komplexer Linker, noch eine

vorherige Modifikation des Arzneistoffes oder des Polymers notwendig.

Im Rahmen dieser Arbeit wurden Indomethacin-PGA-Konjugate mit 25, 50 und
100 mol% synthetisiert und umfassend charakterisiert. Die Strukturdanderung der
verschiedenen Polymere in Abhéngigkeit vom Polymerisationsgrad wurde mittels ‘H-
NMR und ATR-FT-IR untersucht. Gerade hier war die proportionale Abnahme der OH-
Peaks mit steigendem Modifikationsgrad auffallig. Darliber hinaus konnte der
Substitutionsgrad durch den Vergleich der Integrale von Methylen- und Methingruppen
des PGA-Rickgrats berechnet werden. Diese Methode wurde anschlief3end durch UV-
Spektroskopie verifiziert. Auf diese Weise wurden sehr hohe Arzneimittelbeladungen
(35,6 - 54,1 % (m/ m)) nachgewiesen, die vor allem fir die Anwendung in nano- und
mikroskaligen Arzneiformen vielversprechend sind. Die thermischen Eigenschaften der
neuen Polymere wurden mittels DSC untersucht. In diesem Fall konnte eine
Verschiebung des Glastibergangs von -23,7 °C (PGA-Riickgrat) auf 51 °C (PGA-IDMC
100 %) aufgrund der raumgreifenden Aromaten, und keine Schmelzpeaks fir
Indomethacin beobachtet werden. Das Hauptkettenpolymer sowie die drei Konjugate
sind amorph, wohingegen die Reinsubstanz Indomethacin kristallin ist, wie
Roéntgenbeugungsmessungen zeigten. Die Molekulargewichtsverteilung dieser Polymere
wurde im Detail durch GPC charakterisiert. Alle Polymere zeigten eine enge

Molekulargewichtsverteilung mit einem PDI zwischen 2,2 und 3,2; was flr verzweigte
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Polymere typisch ist, und eine allgemeine Zunahme des Molekulargewichts mit
zunehmendem Substitutionsgrad. In diesem Zusammenhang konnte eine Entwicklung
von fast Newtonschen Fluiden (PGA) zu mehr und mehr viskoelastischen Polymeren
beobachtet werden. Diese Aspekte der Makroviskositdt wurden durch oszillierende
Rheologie nachgewiesen.

Daruber hinaus wurden die neuen Polymere zuerst als vorgeformte Implantate formuliert.
Sie wurden mit einer speziell entwickelten Heizpresse in kleine Zylinder gepresst.
AnschlieRend wurden erste Freisetzungsuntersuchungen in Phosphatpuffer pH 7,4,
Acetatpuffer pH 4,75 und 0,9 %-iger wassriger Kochsalzlésung, welche mit Lipase aus
Pseudomonas spez. enthielt, durchgefiihrt. Im Vergleich dazu wurden physikalische
Mischungen von PGA und Indomethacin hergestellt und Phosphatpuffer pH 7,4
freigesetzt. Nach 30 Tagen setzten die Konjugate nur etwa 0,7 % Indomethacin frei.
Unter sauren Bedingungen (max. 16 % nach 30 Tagen) oder in Gegenwart von Enzym
(max. 40 % nach 30 Tagen) war die Freisetzungsrate aufgrund der Spaltung der
Esterbindungen jedoch deutlich beschleunigt. Im Vergleich dazu verhielten sich die
physikalischen Mischungen véllig anders. Die Gesamtmenge an Indomethacin wurde
bereits nach 15 Tagen in Phosphatpuffer pH 7,4 freigesetzt. Das Freisetzungsverhalten
ist eine weitere Bestatigung, dass Indomethacin tatsachlich kovalent gebunden wurde.
Die Freisetzungsdaten sind sehr vielversprechend, da es insbesondere in entziindetem
Gewebe leicht saure pH-Werte und Enzyme gibt und die Polymere eine kontrollierte

Freisetzung Uber einen langen Zeitraum ermdglichen.

Im zweiten Teil dieser Arbeit wurde untersucht, ob aus dem neuartigen Material
nanoskalige Arzneiformen hergestellt werden konnen. Es war moglich, Nanopartikel
unter Verwendung aller drei Konjugate Uber eine optimierte Losungsmittelextraktions-
Methode herzustellen. Geringe Mengen an Stabilisator (< 0,5 % PVA oder
Poloxamer188) waren notwendig. Die Partikelgréf3e aller Systeme wurde detailliert durch
dynamische Lichtstreuung und Nanopartikel-Tracking-Analyse charakterisiert. Die
meisten Nanopartikelformulierungen waren im GréRenbereich von 160-220 nm und einer
engen PartikelgréRenverteilung (PDI < 0,2) herstellbar. Dartber hinaus konnten
ausgewahlte Formulierungen gefriergetrocknet, fir 4 Wochen gelagert (Kuhlschrank)
sowie redispergiert werden, mit leichten Anderungen der PartikelgroRRe. Zusatzlich wurde
die Partikelform mittels TEM untersucht, wobei sphérische Partikel nachgewiesen

wurden.
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Fur diese Arzneistofftragersysteme wurden auch Freisetzungsuntersuchungen in vitro
durchgefiuihrt. Zuvor wurde eine neuartige Freisetzungszelle entwickelt. Das Herzstiick ist
eine pordse Aluminiummembran mit einer Porengréf3e von 20 nm, die es ermdoglicht, den
freigesetzten Wirkstoff vom Wirkstofftragersystem zu trennen. Die Probenahme wurde
unter vermindertem Druck durchgefiihrt. Dabei zeichnete sich die Substitution des
Probenvolumens durch seine einfache Handhabbarkeit aus. Die entwickelte
Freisetzungszelle ist neu und universell fir verschiedene nanoskalige
Arzneistragersysteme anwendbar. Unter Verwendung dieser Freisetzungszelle wurde
die Freisetzung von mit 0,5 % Poloxamer stabilisierten PGA-IDMC-NP Uber 15 Tage in
Phosphatpuffer pH 7,4 durchgefuhrt. Innerhalb dieser Beobachtungszeitkonnte wurden
nahezu lineare, kontrollierte Freisetzung beobachtet werden. Am Ende des Experiments
wurden 13 % Wirkstoff aus PGA-IDMC 25 %, 10 % aus PGA-IDMC 50 % und 2 % aus
PGA-IDMC 100 % freigesetzt. Diese Werte sind viel hoher als die der vorgeformten
Implatate, was auf eine vergrof3erte Oberflache zuriickzufuhren ist. Wiederum war die
Freisetzungsrate = zwischen den  verschiedenen Polymeren unterschiedlich,
wahrscheinlich aufgrund der abnehmenden Benetzbarkeit mit zunehmendem
Substitutionsgrad. Vorbereitend fir die in vivo Vertraglichkeits- und Verteilungsstudien
wurde die hamolytische und cytotoxische Aktivitat flr ausgewahlte Formulierungen
untersucht. Die Toxizitat wurde mit drei verschiedenen Zelllinien getestet, zwei humane
Zelllinien (A549, HeLa) und eine tierische Zelllinie (LLC-PK1). In den Zellkulturversuchen
wurde die Vertraglichkeit der Zellen gegen PGA-IDMC NP unabhangig vom
Derivatiserungsgrad nachgewiesen. Die hamolytische Aktivitdt dagegen nahm mit
zunehmender Wirkstoffmenge ab, und zwar aufgrund der reduzierten Anzahl freier
Hydroxylgruppen, die mit abnehmendem amphiphilen Charakter verbunden ist. PGA-NP
zeigten etwa 10 %, PGA-IDMC 25 % NP 5 %, PGA-IDMC 50 % NP etwa 2 % und PGA-
IDMC 100 % NP nahezu keine hamolytische Aktivitdt. Dementsprechend wurden die

letzteren zur weiteren Charakterisierung in vivo ausgewahlt.

In einem explorativem in vivo Experiment wurden die Verteilung und Vertraglichkeit von
PGA-IDMC 100% NP untersucht. Zu diesem Zweck wurde der lipophile
Fluoreszenzfarbstoff DiR in die Nanopartikelformulierung eingearbeitet. Die Verteilung
der Nanopartikel wurde Uber drei Tage in funf Mausen (zwei mannlich, drei weiblich)
mittels nichtinvasiver Fluoreszenzbildgebung untersucht. Die Ergebnisse zeigen, dass
die Elimination vor allem Uber die Leber erfolgt. In einer zweiten Gruppe, bestehend aus
zwei Tieren (mannlich und weiblich), wurde das Verhalten von PGA-IDMC 100 % NP

untersucht, die zuvor kovalent mit dem Fluoreszenzfarbstoff DY-782 iber eine spaltbare
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Esterbindung (analog zur Indomethacinkopplung) wurden. Nach 24 h konnten deutliche
Signale in Nieren, Lunge, Leber sowie in den Lymphknoten nachgewiesen werden. Dies
ist auf die schnelle Spaltung der Esterbindung und die Eliminierung des
Fluoreszenzfarbstoffs zurlickzufihren. Abschliel3end wurde eine Maus jeder Gruppe und
jedes Geschlechts autopsiert und die Akkumulation in den Organen ex vivo detailliert
untersucht. Fur die DiR-markierten Partikel wurden die intensivsten Signale in der Leber
und in den Ovarien gefunden. Letzteres bestatigt die bisherigen Berichte Uber die
Akkumulation von Nanotrégern [81, 82]. DY-782 markierte NPs, akkumulierten in den
Nieren, Lungen, der Milz sowie im Uterus. Eine Ansammlung in den Eierstdcken konnte
nicht beobachtet werden, was aufgrund der Autopsie nach 24 Stunden zeitliche
Ursachen haben kodnnte. Mdoglicherweise benétigt die Ansammlung in den Eierstécken
mehr Zeit. Die zeitabhangige Akkumulation von Nanotransportern ist ein anhaltender
Ansatz fur weitere Forschungen. Zusammenfassend kann festgestellt werden, dass die
getesteten Formulierungen von allen Tieren gut vertragen wurden, was anhand eines

entwickelten Bewertungsbogens festgestellt wurde.

Polymertherapeutika finden meist als nanoskalige Arzneistofftrdgersysteme
Verwendung. Insbesondere fiir die Behandlung von Entziindungen wie Osteoarthritis
sind DDS mit gréReren Partikeln jedoch sehr wiinschenswert, da hier der Abbau durch,
zum Beispiel durch Phagozytose, reduziert werden kann. Daher wurde in einem dritten
Abschnitt die Moglichkeit zur Herstellung von Mikropartikeln untersucht. Zum Beispiel
wird wahrend der Therapie von Osteoarthritis die Formulierung direkt in das
Synovialgelenk injiziert. Die Verwendung von Mikropartikeln ist bevorzugt, um eine
gesteigerte Phygozytose zu verhindern. Im Rahmen dieser Arbeit konnten Mikroteilchen
unter Verwendung eines Ol-in-Wasser-Losungsmittelverdampfungsverfahrens aus PGA-
IDMC 50% und 100 % hergestellt werden. Die erhaltenen Mikropartikel wurden
gefriergetrocknet und die Partikelgrol3e zwischen 87 (PGA-IDMC 100 % MP) und
140 ym (PGA-IDMC 50 % MP) wurde durch statische Lichtstreuung bestimmt. Beide
Partikelarten hatten eine breite PartikelgroRenverteilung. Daher muss die Produktion
weiter optimiert werden. Die runde Form sowie die TeilchengréRe wurden durch
Lichtmikroskopie bestatigt. Um einen Eindruck von der detaillierten Struktur von der
Partikeloberflache und dem Kern zu erhalten, wurden Elektronenmikroskopaufnahmen
angefertigt. Alle Partikel zeigten eine hochpordse Struktur, die den Eindruck erweckt,
dass die Mikropartikel aus Nanopartikeln bestehen. Die hohe Menge an Stabilisator (5 %
Poloxamer188) ist als porogen bekannt. Darlber hinaus konnten die Kkleinen

Partikelfraktionen aus den statischen Streulichtmessungen durch ESEM bestétigt
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werden. Tatsachlich handelt es sich um Polymer-Mikropartikel und nicht um
ungebundene Indomethacinkristalle. SchlieRlich wurden fir diese Formulierungen auch
Freisetzungsstudien in drei verschiedenen Medien durchgefuhrt. Nach drei Monaten
wurden nur 3 % Indomethacin aus beiden Partikelspezies, in Phosphatpuffer pH 7,4,
freigesetzt, die Freisetzungsgeschwindigkeit ist daher langsamer als flr Nanopartikel,
was auf die groRere Oberflache dieser zuriickzufiihren sein kann. Die Freisetzungsrate
konnte durch Zugabe von Enzymen aus Pseudomonas spez. beschleunigt werden, so
dass 30-40 % nach drei Monaten freigesetzt wurden. Ebenso unter sauren Bedingungen,
konnte ein &hnliches Verhalten wie bei vorgeformten Implantaten beobachtet werden
(13-20 % nach drei Monaten).

Im Rahmen dieser Arbeit wurde das erste PGA-Wirkstoffkonjugat erfolgreich synthetisiert
und umfassend charakterisiert. Erste Vorversuche zeigten die erfolgreiche Formulierung
als in situ bildendes Implantat, was Gegenstand weiterer Untersuchungen sein sollte.
Darlber hinaus bieten die vielversprechenden ersten Tierversuche, Raum fir die
Behandlung von entzindlichen Erkrankungen wie Pankreatitis. Die Entwicklung von
geeigneten-Tiermodellen ware der nachste Schritt in der praklinischen Forschung. Auf
der chemischen Seite gibt es fast unbegrenzte Méglichkeiten. Um nur einige zu nennen,
die Mdglichkeit, verschiedene Linker einzufiihren und Wirkstoffe tiber andere Bindungen
als Ester zu koppeln, um die Wirkstofffreisetzung zu kontrollieren. Dartiber hinaus kénnte
die Derivatisierung mit Fettsduren in Kombination mit aktiven Substanzen auf dasselbe
Ruckgrat interessante Auswirkungen auf die Freisetzung- als auch auf die

Polymereigenschaften haben.
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