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1 INTRODUCTION

1.1 PARENTERAL CONTROLLED DRUG DELIVERY

Controlled drug delivery aims at a steady and sustained drug release within a
therapeutically relevant concentration. The concept of controlled release was introduced in
the 1960s by Judah Folkman who proposed the implantation of silicon rubber capsules as
carriers for prolonged drug release [1]. Controlled drug delivery systems (DDS) offer many
advantages compared to conventional immediate-release dosage forms [2—4]. Through the
maintenance of therapeutic drug levels, adverse side effects are prevented and therefore
therapy efficiency is improved. Furthermore, sustained depot formulations may improve
patient compliance due to less frequent administrations and simpler dosing regimens [5].
Depot formulations with release kinetics from days to years have been developed and

approved worldwide.

Since the majority of new drug candidates are poorly water-soluble and therefore oral
bioavailability is low, the parenteral route of administration is often the only choice [6].
Another advantage of the parenteral administration, i.e. circumvention of the
gastrointestinal tract, is the avoidance of the first pass effect. Therefore, the bioavailability
of drugs with high first-pass metabolisms by the liver is enhanced. Parenteral depot
formulations for controlled drug delivery are most commonly injected intramuscularly or

subcutaneously.

The first commercially available parenteral controlled DDSs was the intrauterine device
Progestasert®in the early 1970s [7,8]. Both medicinal products were based on poly(ethylene-
co-vinyl acetate) (polyEVA) as a rate-controlling membrane (RCM) system. Subsequently,
other RCM products were developed ranging from polymer-based implants (e.g.
Norplant®, Implanon®) to hydrogel-based implants (e.g. Supprelin® LA, Vantas®) and
osmotic pump systems (e.g. DUROS®) [9-13]. These products provided a long-term
delivery of a drug with relatively constant release rates. Their major disadvantage is that
they contain non-biodegradable materials and therefore have to be removed from the body
usually via a surgical procedure after the treatment. The synthesis of the degradable

structures poly(glycolic acid) and subsequently poly(lactic-co-glycolic acid) (PLGA) in the
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1960s laid the foundation of the development of biodegradable polymer DDS for sustained
release [14]. After continuous research conducted in the late 1960s and 1970s, the first
biodegradable depot system (Decapeptyl®) was approved in 1986. Decapeptyl® is a
microparticulate PLGA formulation for the delivery of triptorelin and still on the market
today [3]. Over the last decades, various microparticle- (e.g. Lupron® Depot, Trenantone®)
and implant-formulations (e.g. Zoladex®) made of biodegradable polymers were approved
as injectable DDSs for prolonged controlled drug release [15]. Besides preformed implants,
in situ forming implants like Eligard® were introduced onto the market [16,17]. In situ
forming implants are injectable fluids that solidify after administration at the site of
injection. While recent research works on the development of novel DDSs made from
biodegradable polymers such as nano-fiber matrices and scaffolds, only microparticles,
preformed implants and in situ forming implants reached market maturity until now [18-
22]. An overview of approved biodegradable parenteral depot systems made of
biodegradable polymers is displayed in Table 1. Alongside polymeric depot systems, also
oil-based formulations and micro- or nanosized drug suspensions are commercially
available for sustained release. Exemplary are Haldol® Depot as an oily solution and Invega
Trinza® as a parenteral suspension [23]. In addition, there are a few products based on the

™

multivesicular liposome concentrate DepoFoam™ (e.g. DepoCyte®) which are used for
controlled drug release [24]. Other liposomal products or polymeric nanoparticles are no
characteristic depot formulations due to their limited sustained-release capacities. As
apparent from this short review, the range of systems for controlled drug release is wide.
However, polymeric systems (microparticles, preformed and in situ implants) account for

the majority of commercially available and clinically established biodegradable depot

formulations [23].
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Table 1: Exemplary overview of approved parenteral depot systems made from biodegradable polymers (table
continues on the next pages).

Trade Name Polymer/API Dosing Interval Indication
Vivitrol® PLGA/Naltrexone 1 month Opioid and alcohol
dependence
RISPERDAL® PLGA/Risperidone 2 weeks Schizophrenia
Consta
Parlodel® LAR PLGA-glucose/ 1 month Macroprolactino-
Bromociptine mas
Signifor® LAR PLGA/Pasireotide 1 month Acromegaly/
Cushings disease
Sandostatin® LAR ~ PLGA/Octreotide =~ 1 month Acromegaly
TRELSTAR® PLGA/Triptorelin 1, 3 and 6 months Prostate cancer
Lupron Depot® Poly(lactic acid) 1, 3, 4 and 6 months Endometriosis/
@ (PLA)/Leuprolide Fibrosis/ Central
:g precocious puberty
é‘" (CPP)/Prostate
§ cancer
Triptodur™ PLGA/Triptorelin 6 months CpP
Zilretta® PLGA/ 3 months Osteoarthritis
Triamcinolone
Bydureon Bcise® PLGA/Exenatide 1 week Diabetes type 2
Enantone® PLGA/ 1 month Prostate cancer/
Leuproreline Endometriosis/CPP
Trenantone®/ PLA/Leuproreline 3 months/ Prostate cancer/
Sixantone® 6 months Endometriosis/CPP
Decapeptyl®Depot PLGA/Triptorelin 1 month Prostate cancer/
Endometriosis/CPP
Salvacyl® PLGA/Triptorelin 3 months Men paraphilia




Introduction

Trade Name Polymer/API Dosing Interval Indication
Zoladex® PLGA/Goserelin 1 and 3 months Prostate cancer/
Endometriosis/
Breast cancer
Gliadel® Poly[ (carboxy One-time Cerebral tumor
_,2 phenoxy)]
'%_ propane-sebaic
.S acid]/Carmustine
§ Suprefact® PLGA/Buserelin 2 and 3 months Prostate cancer
E’ OZURDEX® PLGA/ 6 months Macular edema
Dexamethasone
Profact® PLGA/Buserelin 2 and 3 months Prostate cancer
Leuprone® PLGA or PLA/ 1 and 3 months Prostate cancer
Leuprorelin
Atridox® PLA in N-Methyl- 4 months Periodontitis
2-pyrrolidon
(NMP)/
..E Doxycycline
'i Perseris® PLGA in NMP/ 1 month Schizophrenia
g Risperidone
;g Eligard™ PLGA in NMP/ 1,3 and 6 months Prostate cancer
Leuprorelin
Sublocade PLGA in NMP/ 1month Opioid dependence
Buprenorphine

1.2 BIODEGRADABLE POLYMERS

The intensive research on controlled release systems involved the development and
improvement of various carrier materials. Today, a variety of biodegradable polymers is
available [25]. Nevertheless, due to the complex requirements imposed on the different
depot formulations in a physiological environment, the demand for new innovative

materials is still high.
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Biodegradable polymers possess chemical functionalities which are unstable in a
physiological environment. As a result, enzymatic and/or non-enzymatic biodegradation
into biocompatible oligomer or monomer units occurs [26]. Some examples of
biodegradable polymer classes include synthetic polyesters (e.g. PLGA, polycaprolactone
(PCL)), polyanhydrides (e.g. Poly[(carboxyphenoxy) propane-sebacic acid]),
polyphosphazenes, polyurethanes and polyalkylcyanoacrylates. Furthermore, natural
biodegradable polymer classes such as polysaccharides (e.g. chitosan, starch) and protein-

based materials (e.g. collagen, gelatin) are used for drug delivery [25-28].

1.2.1 POLY(LACTIC-CO-GLYCOLIC ACID)

Poly(lactic-co-glycolic acid) (PLGA) is the most widely used biodegradable polymer in
drug delivery and therefore represents the gold standard of degradable polymers (Figure
1). 46% of the presently marketed parenteral depot formulations are based on PLGA [23].
Its widespread use can be attributed to its biodegradability and good biocompatibility [29].
Furthermore, PLGA is commercially available in various molecular weights and with
different lactide/glycolide ratios, hence, variable physicochemical properties. These
different PLGAs feature variable degradation behaviours and drug release profiles [30-32].
The polymer backbone is degraded by ester cleavage through hydrolysis upon contact with
water [33,34]. The corresponding alpha-hydroxy acids, lactic and glycolic acid, are
incorporated into the tricarboxylic acid cycle in vivo and subsequently excreted [35]. They
are therefore physiological well-tolerated and account for the biocompatibility of the
copolymer. Despite these advantages and its extensive use, there is a major drawback to
PLGA. PLGA undergoes bulk erosion, hence, the diffusion of water into the polymer is
more rapid than the ester hydrolysis [36]. Accordingly, polymer degradation occurs
throughout the whole polymer matrix. However, the diffusion of the acidic degradation
products out of the system can be rather slow depending on the diffusion distance and
mobility of the acids. Consequently, the corresponding acids accumulate and the micro-pH
within the polymer matrix drops. Since ester hydrolysis is pH-dependent, the low
micro-pH inside the polymer has an autocatalytic effect on the degradation of PLGA [37-
42]. Changes in the microclimate were demonstrated by different methods and micro-pH
drops from pH 7 to values around pH 2 were detected in vitro and in vivo [43-47]. Acidic

micro-environments can cause instability of proteins, peptides and nucleic acids inside the
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DDS including the covalent bonding of the monomers with amino groups [48-53].
Furthermore, due to the autocatalytic effect, heterogeneous degradation occurs which may
result in complex drug release profiles [33,41,54-57]. Thus, the development of alternative
biodegradable polymers with fewer acidic monomers is required. Poly(glycerol adipate)
(PGA) has the potential to meet the demand and criteria of a versatile polymer matrix as an

alternative to PLGA.

Figure 1: Chemical structure of poly(lactic-co-glycolic acid).
1.2.2 POLY(GLYCEROL ADIPATE)

Poly(glycerol adipate) is a linear polyester synthesized by enzymatic polycondensation
[58]. The regioselectivity of the used lipase (Candida antarctica lipase B) to primary hydroxyl
groups at low temperatures attributes for the formation of linear polymers with pendant
hydroxyl groups [59,60]. In view of environmental sustainability, enzymatic polyester
synthesis is favourable compared to conventional chemical processes. Enzymes are
nontoxic, renewable biocatalysts that are recyclable and allow the avoidance of toxic metal
catalysts. Moreover, mild reaction conditions, e.g. low temperatures, can be achieved for
enzyme-catalyzed reactions [61-63]. Furthermore, it is often possible to use renewable bio-
based monomers as starting raw materials for polyester synthesis. In the case of PGA,
glycerol is used as a starting material. Bio-based glycerol is a by-product of biofuel
production and therefore cheap and widely available [64]. In conclusion, the synthesis of
PGA by an enzymatic-catalyzed reaction is highly selective and in line with the pursuit of

sustainable environment-friendly chemistry.

oﬁ/\o

(0] OH n

Figure 2: Chemical structure of the poly(glycerol adipate) backbone.
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PGA itself is a hydrophilic but not a water-soluble biocompatible and biodegradable
polyester (Figure 2) [65]. Compared to PLGA, the absence of alpha-hydroxy acids in the
backbone avoids the formation of highly acidic micro-environments. Another substantial
advantage over most other linear polyesters such as PGLA is the free hydroxyl group (OH)
per repeating unit. This pendant hydroxyl moiety allows a variety of further modifications
via simple and accessible conjugation chemistry. Due to multiple grafting opportunities
resulting from the free OH-groups, the PGA backbone serves as a starting point for the
synthesis of a class of biocompatible and biodegradable polymers with various

physicochemical properties [66—69].

Functionalized PGA polyesters as a new biodegradable polymer matrix for drug delivery
were first reported by Kallinteri et al. in 2005 [65]. They coupled acyl moieties to the PGA
backbone and obtained an amphiphilic comb-like polymer able to self-assemble into
nanoparticles (NP) in water. Moreover, they were able to incorporate and release
hydrophilic drugs from the NPs and to demonstrate the biocompatibility of these
systems [65,70]. In the early 2010s, the physicochemical properties of fatty-acid modified
PGAs (FA-PGA) and their formation into nanoparticles were intensively studied by a
cooperation between the workgroups around Karsten Mader and Jorg Kressler from the
Martin Luther University of Halle-Wittenberg [67,71-74]. In the course of this research,
Weiss et al. reported the size dependency of the NPs to the substituted fatty acid and gave
insights into the shapes (from spheres to cubes) as well as the internal structure of NPs
made from comb-like polymers. First investigations of the in vivo distribution of the DDS
in mice were conducted as well and good in vivo tolerability of the NPs was
demonstrated [75]. As reported by Animasawun et al. and Wahab et al., the ability to alter
the hydrophobicity of the PGA graft polymers introduces the possibility to increase the
encapsulation efficiency of hydrophobic drugs in NPs [76,77]. Aside from fatty acids, the
coupling of other moieties to the free hydroxyl groups of the PGA backbone was
investigated. Jbeily et al. coupled polycaprolactone to the PGA yielding a PCL-grafted PGA
[78]. Subsequently, the additional grafting of poly(ethylene oxide) to the PCL side-chain led
to the formation of polymersomes and worm-like aggregates [79,80]. Moreover, the
functionalization of PGA with amino acids, cholesterol and polyethylene glycol (PEG) was

conducted to investigate drug-polymer interactions and their influence on NP properties
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[77]. Also, the variation of the PGA backbone was performed to alter the
hydrophobic/hydrophilic balance. Therefore, pentadecalactone, PEG and other functional
diols were inserted into the PGA backbone to introduce additional chemical
moieties [81-84]. Another approach was the synthesis of PGA-drug conjugates firstly
reported by Wersig et al [85,86]. They esterified the free OH-groups of the PGA backbone
with indomethacin (IDMC) and subsequently investigated the drug release from
PGA-IDMC NPs. Later, the workgroup around Garnett successfully prepared nanosized
DDSs from PGA-drug conjugates with methotrexate and mefenamic acid [87,88]. Recently,
the formation of biodegradable PGA networks after the modification of pendant hydroxyl
groups with amine-terminated side groups was published by Alaneed et al. [89]. The wide
range of possibilities to alter the physicochemical properties of functionalized PGAs offers
the opportunity to adjust the polymer to the requirements of the drug and the DDS. While
modified PGA NPs have been studied extensively within the last decade, the potential of
these materials as polymer matrices for depot formulations such as microparticles and
implants has only scarcely been explored so far. The formulation of solid dosage forms such
as microparticles and implants requires solid carrier materials. Due to the viscous nature of
PGAs modified with short acyl chains or unsaturated oleic acid, PGAs substituted with
longer saturated acyl chains (Cis and Cz) were investigated throughout this research

[71,90].

1.3 LIPOPHILIC THIAMINE DERIVATIVES

Thiamine (vitamin B:) is a water-soluble vitamin essential for oxidative energy metabolism
[91]. Its pyrophosphate ester thiamine diphosphate (TPP) is the effective form and a
cofactor for enzymatic reactions. Three enzymatic systems, which are essential for cerebral
glucose metabolism, depend on TPP: The mitochondrial pyruvate dehydrogenase, the
alpha-ketoglutarate dehydrogenase and the cytosolic transketolase [92]. Additionally, non-
coenzymatic functions of thiamine in the nervous system have been reported, e.g. its

interference with structure and function of membranes [93,94].

The thiamine deficiency syndrome is categorized into beriberi and Wernicke-Korsakoff
syndrome [95]. Beriberi affects the cardiovascular system and/or the nervous system and is
primarily caused by malnutrition. The Wernicke-Korsakoff syndrome is associated with

neurological symptoms and is more common in chronic alcoholics and HIV-infected
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patients [96,97]. A thiamine deficiency requires rapid supplementation. If the correction of
the vitamin Bi levels to physiological values is achieved before the development of severe

brain damage, the neurological manifestations may be reversible.

Since thiamine absorption is limited by the low turnover of high-affinity thiamine carriers,
a variety of lipophilic thiamine derivatives was synthesized [91,98]. The majority of these
substances has been developed in the 1950s and 1960s in Japan which suffered from many
beriberi cases in the past. Some of these derivatives are allithiamine, fursultiamine,
sulbutiamine (SBT), benfotiamine and dibenzoyl thiamine (DBT) [91,99]. Compared to the
hydrophilic thiamine, the lipophilic derivatives have a much higher bioavailability [100—
102]. For benfotiamine, for instance, the oral bioavailability was reported to be 360% related
to that of thiamin hydrochloride [103]. In addition to their application as a supplement for
the thiamine deficiency syndrome, other promising pharmacological effects have been
reported for the lipophilic thiamine precursors. Benfotiamine has received attention as a
preventive measure against complications of diabetes [104,105]. Furthermore,
neuroprotective and anti-inflammatory effects have been investigated for DBT and other
thiamine derivatives [99,106-108]. Recently even chemotherapeutic effects have been
suggested in the literature [109]. Moreover, the correlation between low thiamine levels and
the appearance of cleft lip and palate (CL/P) has been investigated [110,111]. K. Scheller et
al. of the University Hospital in Halle reported a prophylactic effect of thiamine

supplementation on teratogenically induced cleft appearance [112].

1.4 AIMS AND OBJECTIVES

The demand for new biodegradable polymers for drug delivery is translating into research
as depicted in Figure 3. Within the last 40 years, the number of publications on
biodegradable polymers has been increasing continuously. The interest in the novel
biodegradable polyester poly(glycerol adipate) emerged during the last 15 years, reflected

in the growing research effort regarding that subject.

This thesis focuses at the exploration of fatty acid-modified PGA as a versatile drug delivery
matrix for sustained and controlled drug release. The lipophilic thiamine derivatives DBT
and SBT were selected as promising APIs for the prophylactic treatment of CL/P in

cooperation with Konstanze Scheller from the Department of Oral and Maxillofacial and



Introduction

Facial Plastic Surgery of the University Hospital in Halle. The present work aims at the

following:

e Characterization of various FA-PGA polymers regarding their suitability for drug
delivery. With respect to this, a particular focus should be on the ability to form
solid depot systems. Based on the bulk polymer characterization, possible
approaches for the formulation of DDS for controlled release of DBT will be
explored.

e Preparation and characterization of various FA-PGA microparticles. Including the
investigation of the preparation process, drug-polymer interactions and the in vitro
release behaviour of DBT.

e Formulation and investigation of FA-PGA implants. In this regard, especially the
in vitro release from a larger geometry compared to the microparticles is of interest.

e Comparison to PLGA as a gold standard of biodegradable polymers for drug
delivery.

e Preparation and implementation of in vivo experiments with the most promising
formulation. The biocompatibility of the formulation should be addressed prior to
the experiment. A suitable study design for the in vivo test via fluorescence imaging

should be developed and executed.
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Figure 3: Literature research for the search terms ,biodegradable polymers for drug delivery” (blue) and
,poly(glycerol adipate)” (red) on PubMed.gov from 1980 to 2020.
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2 MATERIALS

2.1 FATTY ACID-MODIFIED POLY(GLYCEROL ADIPATE)

The synthesis of the different FA-PGAs, as well as the measurements and calculations of
the acylation degree and of the molar masses, were conducted by Prof. Krefsler's research
group at the Institute of Chemistry, Department of Physical Chemistry, Martin Luther
University of Halle-Wittenberg as described in [66]. A simplified reaction scheme is
displayed in Figure 4. During the first reaction step, the polymer backbone was formed by
polycondensation of divinyl adipate and glycerol. This polycondensation reaction was
catalyzed by the regioselective Candida antarctica lipase B (CAL-B), an enzyme that prefers
the condensation process of primary hydroxyl groups [58]. Subsequently, the resulting
linear polyester was modified to various degrees with fatty acid side chains. Therefore, the
pendant free hydroxyl groups of the PGA backbone were grafted with fatty acids, such as
stearic acid (C18:0) and behenic acid (C22:0), via Steglich esterification. Table 2 shows the
PGA-based polyesters investigated in this thesis. The various acylation degrees indicate the
converted OH-groups of the PGA backbone in mol%.

Table 2: PGA and FA-PGAs investigated in this thesis. The ranges for the number average molecular weight

(Mn), the weight average molecular weight (Muw), the polydispersity index (Mw/Mn) and the respective acylation
degrees, and the grafted side chains are given.

Polymer Side Chain Acylation M [kDal®* Mw [kDa]® Mw Mn
Degree [%]* (PDI)®
PGA - - 43-48 73-10.6 1.7-22
PGA-S65 C18:0 63 - 65 10.2-12.3 21.2-265 19-2.6
PGA-590 C18:0 90 - 93 10.2-12.5 221-227 1.8-22
PGA-B45 C22:0 44 - 46 7.6 -8.7 139-178 1.7-2.1
PGA-B75 C22:0 72-78 8.5-11.6 13.8-23.0 1.6-2.0
PGA-B45-S35 (C22:0,C18:.0 44-46,32-36 9.5-10.9 16.8-18.3 1.5-1.9

a Calculated from H'-NMR spectra.
b Obtained from GPC measurements.
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Figure 4: Simplified reaction process of the synthesis of fatty acid-modified poly(glycerol adipate).

2.2 THIAMINE DERIVATIVES

Dibenzoyl thiamine (DBT) and sulbutiamine (SBT) are lipophilic thiamine derivatives. The

chemical structures of these molecules are depicted in Figure 5.

Figure 5: Chemical structures of Dibenzoyl Thiamine (A) and Sulbutiamine (B).
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Both substances are white to almost white crystalline powders, which are solid at room
temperature. The sources of supply, as well as some physicochemical properties, are listed
in Table 3. In order to provide more reliable data, the calculation of the octanol-water

partition coefficient was done by three different calculation software.

Table 3: Molecular weights (Mw), melting temperatures (Tm), octanol-water partition coefficients (logP), and
some additional information of the thiamine derivatives used in this work.

Substance Mw [g/mol] Tw[°C] logP Purity Source

Dibenzoyl 490.57 173 3.671 >98% TCI Deutschland

Thiamine 3.42 —4.992 GmbH  (Eschborn,
4.393 Germany)

Sulbutiamine 702.89 137 2441 >98% TCI Deutschland
3.14 —4.182 GmbH  (Eschborn,
3.833 Germany)

! Calculated by Molinspiration Cheminformatics [113]
2Calculated by VCCLAB [114]
3 Calculated by XLOGP3 [115]

2.3 FLUORESCENT DYES

Table 4: Fluorescent dyes selected for in vivo characterization. Molecular weights (Mw), maximum excitation
(Ex.) and emission (Em.) wavelengths in methanol and sources of supply are given.

Dye Mw [g/mol] Ex.[nm] Em. Source
[nm]
DY-782 879.00 783 800 Dyomics GmbH (Jena,
(Carboxylic acid) Germany)
DiR 1013.41 750 780 Thermo Fisher Scientific Inc.

(Waltham, MA, USA)




Dimethylsulfoxid
Disodium hydrogen
phosphate

Dulbecco's Modified
Eagle’s medium D5796
Dulbecco's Modified
Eagle’s medium D6429

EXPANSORB® DLG 50-2A
EXPANSORB® DLG 50-3A
EXPANSORB® DLG 50-5A
Fetal bovine serum

Glycofurol

Isoflurane  100%

(Forene®)

Kolliphor® HS 15
Methanol
Methylene chloride

NHDF cells

N-Methyl-2-pyrrolidone

(V/V)

Wittenberg, Germany

Carl Roth GmbH & Co. KG

(Karlsruhe, Germany)

Griissing GmbH (Filsum, Germany)
Sigma-Aldrich  Chemie GmbH
(Taufkirchen, Germany)
Sigma-Aldrich  Chemie
(Taufkirchen, Germany)
Merck KGaA (Darmstadt, Germany)

GmbH

Merck KGaA (Darmstadt, Germany)
Merck KGaA (Darmstadt, Germany)

Sigma-Aldrich  Chemie = GmbH

(Taufkirchen, Germany)
Merck KGaA (Darmstadt, Germany)

Abbvie Deutschland GmbH & Co.
KG (Wiesbaden, Germany)

BASF SE (Ludwigshafen am Rhein,

Germany)

VWR International GmbH
(Darmstadt, Germany)

Carl Roth GmbH & Co. KG
(Karlsruhe, Germany)

Institute of Pharmacy, Martin
Luther University Halle-
Wittenberg, Germany

Carl Roth GmbH & Co. KG

(Karlsruhe, Germany)
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2.4 MISCELLANEOUS
Table 5: Further excipients and materials and their suppliers.
Substance Source Remark
3T3 cells Institute of Pharmacy, Martin Provided by the
Luther University Halle- Biomedical Materials
Wittenberg, Germany Group
Acetonitrile VWR International GmbH HPLC Grade
(Darmstadt, Germany)
Aqua demin. Institute of Pharmacy, Martin Produced by ion
Luther University Halle- exchange and reverse

0SMOsis
Purity 299.5%

Purity 99%
For cell culture
For cell culture

Lactide:glycolide
50:50, Mw: 5-20 kDa
Lactide:glycolide
50:50, Mw: 15-40 kDa
Lactide:glycolide
50:50, Mw: 42-65 kDa
For cell culture

Purity >98.0%

For veterinary use
Ph. Eur. quality
HPLC Grade

Purity 99.5%
Provided by the
Biomedical Materials

Group
Purity >99.8%
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Substance Source Remark
Penicillin-Streptomycin Sigma-Aldrich  Chemie = GmbH For cell culture
solution (10000 U/mL and 10 (Taufkirchen, Germany)
mg/mL)

Polyethylene glycol 400 Sigma-Aldrich  Chemie =~ GmbH Purity >99.0%
(Taufkirchen, Germany)

Polyvinyl alcohol 5-88 Merck KGaA (Darmstadt, Germany) Ph. Eur. quality

Potassium dihydrogen Griissing GmbH (Filsum, Germany) Purity 99%

phosphate

Resazurin sodium salt Sigma-Aldrich  Chemie = GmbH Purity 80%
(Taufkirchen, Germany)

Sodium azide Carl Roth GmbH & Co. KG Purity 299%
(Karlsruhe, Germany)

Sodium dodecyl sulfate Sigma-Aldrich  Chemie @ GmbH Purity >98.5%
(Taufkirchen, Germany)

Sodium pyruvate solution Sigma-Aldrich Chemie GmbH For cell culture

(100 mM) (Taufkirchen, Germany)

Sucrose Griissing GmbH (Filsum, Germany) DAB quality

Tempol-d17  (4-Hydroxy- Sigma-Aldrich Chemie = GmbH Purity 95%, spin

TEMPO-d17) (Taufkirchen, Germany) probe

Tetrahydrofuran Carl Roth GmbH & Co. KG Purity 299.9%
(Karlsruhe, Germany)

Triton® X 100 Carl Roth GmbH & Co. KG For cell culture
(Karlsruhe, Germany)

Tween® 20 Carl Roth GmbH & Co. KG Ph. Eur. quality
(Karlsruhe, Germany)

Tween® 80 Carl Roth GmbH & Co. KG Ph. Eur. quality

(Karlsruhe, Germany)
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3 METHODS

3.1 CHARACTERIZATION OF BULK POLYMERS

3.1.1 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

DSC measurements were performed with a PerkinElmer DSC 8000 (PerkinElmer Inc.,
Rodgau, Germany) in standard aluminum pans. A constant nitrogen flow at a rate of
20 mL/min was maintained during the measurements. As a reference, an empty aluminum
pan was used. All samples were heated from -65°C up to 100 °C at a heating rate of
20 K/min. After holding the temperature at 100 °C for two minutes before cooling down
to -65 °C, the cooling/heating cycle was repeated. Glass transition and melting temperatures
were analyzed with Pyris™ software (Version 13.3.1.0014, PerkinElmer). The given data are

taken from the second heating curve, if not stated otherwise.

3.1.2 GEL PERMEATION CHROMATOGRAPHY (GPC)

The molecular weights of the PGA backbone and the FA-PGAs were determined by GPC
on a Viscotek GPCmax VE 2002 using HHRH Guard-17360 and GMHH-N-18055 columns
and VE 3580 refractive index detector (Malvern Panalytical GmbH, Nuremberg, Germany).
All samples were measured at a concentration of 3 mg/mL with tetrahydrofuran (THF) as
a mobile phase. The flow rate was 1 mL/min and the measurement temperature 25 °C. As

a calibration standard polystyrene was used for all measurements.

3.1.3 STABILITY TESTING

Storage stability tests of the bulk polymers were executed over a period of 3 months under
different storage conditions based on the ICH guidelines [116]. To assess long-term
chemical effects accelerated storage conditions were implemented into the study.
Therefore, 6 mg of polymer per timepoint were weighed out into 4 mL screw-cap glass vials
and stored in the fridge at 4 °C and in a Heraeus B 6760 climate chamber (Thermo Fisher
Scientific Inc., Waltham, MA, USA) at 40 °C/ 75% RH. After 1, 3, 7, 28, 56 and 84 days

samples were withdrawn from both storage conditions and analyzed with GPC (see 3.1.2).

3.1.4 STATIC CONTACT ANGLE
The contact angle measurements were performed at 25 °C with a DataPhysics OCA 15+

system (DataPhysics Instruments GmbH, Filderstadt, Germany) on a thin polymer film. For
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the preparation of the film, the polymer melt was smoothed out to a plane surface on a
microscope glass slide at 70 °C. With a dosing rate of 0.5 uL/min, a small drop of water with
a volume of 1 uL was dispensed on the polymer film. After an equilibration time of 30 s,
the measurements were conducted. Each sample was tested with ten drops at different
positions of the polymer film. Contact angle values were calculated with the OCA 15+

software. The Young-Laplace method was chosen for the fitting approximation.

3.1.5 OSCILLATORY RHEOLOGY

The rheological behaviour of the PGA-based polymers was determined with a Malvern
Kinexus Lab+ rheometer (Malvern Panalytical GmbH, Nuremberg, Germany). To simulate
the physiological properties of the polymers at body temperature, the experiments were
conducted at 37 °C. Additionally, the measurements were performed at 23 °C for PGA-S65,
PGA-590 and PGA-B45-535. For the measurements, a plate-plate (parallel plate) geometry

with a plate diameter of 40 mm was used and the gap size was set to be 0.2 mm.

The plate-plate geometry was chosen because loading of the high substituted FA-PGAs
(PGA-B75, PGA-B45-535) to a cone-plate setup could not successfully be done. Due to the
high solidity of the polymers at 37 °C the cone was breaking the polymer bulk integrity.
Consequently, measurements with the cone-plate setup were not possible. Another reason
for the parallel plate setup was that measurements of smaller sample volumes compared to

the cone-plate setup were feasible.

The PGA backbone and the pure stearoyl PGAs were loaded onto the plate geometry at
37 °C. For the polymers containing behenic acid, loading was performed at 70 °C before

equilibrating at measurement temperature.

Firstly an amplitude sweep test was conducted at a set frequency of 1 Hz over a shear strain
range from 0.01% to 100%, to detect the linear viscoelastic region (LVER) of the polymers.
Thereafter, a frequency sweep test at a shear strain within the LVER of 0.015% and over a
frequency range from 0.1 Hz to 10 Hz was performed. The obtained data were evaluated
using the rSpace software for Kinexus (Version 1.75, Malvern Panalytical GmbH,

Nuremberg, Germany).
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3.1.6 ELECTRON PARAMAGNETIC RESONANCE (EPR)

EPR experiments with PGA-B45 and PGA-B45-535 were conducted to gain insight into the
penetration behaviour of water into the polymer and their microviscosity. Since the
FA-PGAs are diamagnetic and EPR silent, the addition of stable free radicals, so-called spin
probes, is necessary. Tempol-d17 (4-Hydroxy-TEMPO-d17) was chosen as a spin probe for
the EPR measurements, due to its sharper signals in comparison to the undeuterated
Tempol. Therefore, a stock solution of the spin-probe Tempol-d17 in methanol was added
to 200 mg of FA-PGA resulting in a Tempol-d17 concentration of 1.0 mmol/kg. The organic
solvent was then removed under vacuum in a vacuum drying oven (VD 53, BINDER
GmbH, Tuttlingen, Germany) at 25 °C for 24 h. Afterward, the dried mixture was milled
using a CryoMill (Retsch GmbH, Haan, Germany) to powder the sample and to ensure
homogeneity. The milling was conducted for 3 x 1.5 min with a vibration frequency of 30 Hz
after pre-cooling the sample to -197 °C with liquid nitrogen for 5 min. Subsequently, the
powdered sample was filled into the sample holder at 70 °C, which is above the melting
temperature of the fatty acid side chains. After cooling down to room temperature, this
resulted in a homogenous sample with a plane surface capping off with the cavity of the

sample holder.

The prepared sample holders were exposed to 20 mL of Serensen’s phosphate-buffered
saline (PBS) pH 7.4 preserved with 0.02 % (w/v) sodium azide in a shaking water bath (SW
23, JULABO GmbH, Seelbach, Germany) at 37 °C and 60 rpm. At defined time points the
samples were withdrawn from the buffer and dabbed carefully with a paper towel to

remove the remaining PBS from the surface.

EPR measurements were carried out with a 1.1 GHz (L-band) EPR spectrometer
(Magnettech GmbH, Berlin, Germany) connected with a re-entrant resonator operating at a
microwave frequency of 1.1 - 1.3 GHz. The sample holders were placed onto a positioning
device (Figure 6) to ensure a reproducible measurement position and measured with the
following parameters: magnetic field center 48.9 mT, scan range 10 mT, scan time 60 s,
modulation amplitude 0.1 mT. Evaluation of the spectra and peak amplitudes was done
with the MultiPlot 2.0 software (Magnettech GmbH, Berlin, Germany). For the calculation

of the order parameter (S-parameter), the software “Nitroxide Spectra Simulation-
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Freeware Version. 4.99-2005" (“Jozef Stefan” Institute, Department of Solid State Physics,

Ljubljana, Slovenia) was used [117].

Figure 6: Sample holder (A) and positioning device (B) used for EPR measurements. The internal dimensions
of the sample holder are 10 mm x 5 mm x 4 mm (length x width x height).

The sample holder and positioning device were designed and 3D-printed for this purpose.
3D printing was performed with a German RepRap X350pro using a PLA filament with a
diameter of 1.75 mm (all German RepRap GmbH, Feldkirchen, Germany). The inner
dimensions of the sample holder were set to be 10mmx 5 mm x 4mm

(length x width x height) which equals a volume of 200 mm?®.

3.2 PREPARATION AND CHARACTERIZATION OF MICROPARTICLES

3.2.1 PREPARATION OF MICROPARTICLES

Microparticles were prepared according to a solvent evaporation method similar to
previously described processes [118][119]. The general setup of the preparation is displayed
in Figure 7.

100 mg of polymer were dissolved in 2 mL methylene chloride (DCM) and injected into
300 mL of 0.5% (w/v) aqueous polyvinyl alcohol (PVA) solution under stirring with a
paddle (75 mm x 19 mm). For the preparation of loaded microparticles, various percentages
(w/w; related to the polymer mass) of the thiamine derivatives were dissolved in the

polymer solution prior to injection.
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The injection was performed using a Syringe Pump Model 11 (Harvard Apparatus,
Holliston, MA, USA) and a 2.5 mL GASTIGHT® syringe equipped with a 23 gauge metal
hub needle (Hamilton Germany GmbH, Graefelfing, Germany) with an injection rate of
5.2 uL/min. Stirring was carried out with an IKA® RW 20 overhead stirrer (IKA Werke
GmbH & Co. KG, Staufen im Breisgau, Germany) at 240 rpm (if not stated otherwise). After
injection, the residual solvent was removed with a rotary evaporator. Subsequently, the
suspension was washed three times with distilled water via centrifugation with a
LABOFUGE® 300 (Heraeus, Hanau, Germany). Eventually, the particles were dried by
lyophilization using a Christ Alpha 1-2 (Martin Christ Gefriertrocknungsanlagen GmbH,

Osterode am Harz, Germany).

Figure 7: Experimental setup of the microparticle preparation process.

3.2.2 LASER DIFFRACTION ANALYSIS

Particle size distribution was determined by laser diffraction analysis with a Mastersizer
2000 equipped with a Hydro 2000 S dispersion unit (both Malvern Panalytical GmbH,
Nuremberg, Germany). Each sample was measured in triplicate in distilled water. The data

were evaluated with the Mastersizer 2000 software (Version 5.60) and the median d(0.5), as
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well as d(0.1) and d(0.9) values, are reported as a volume average in 4.2.2. The d(0.1) and
d(0.9) values describe the upper size limit not reached by 10% resp. 90% of the particles.

Additionally, the span was calculated as a parameter for the distribution width:

_(d(0.9)-d(0.1))

Span d(0.5) (Equation 1)

3.2.3 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron micrographs were taken with a Philips ESEM XL 30 FEG (Philips Electron
Optics, Amsterdam, Netherlands). Before measuring, the samples were sputter-coated with
a layer of chromium (approx. 30 nm) by ion beam deposition to improve the SEM imaging
of non-conductive and beam-sensitive materials. Images were taken under high vacuum

with an acceleration voltage of 2 kV.

3.2.4 DETERMINATION OF DRUG LOADING AND ENCAPSULATION EFFICIENCY BY HIGH-
PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

Drug loading and encapsulation efficiency (EE) of the thiamine derivatives were
determined by high-performance liquid chromatography (HPLC). For the extraction of the
API and to precipitate the polymer, 1 mg of loaded microparticles was dissolved in 1 mL
methylene chloride, added to 9 mL of methanol and agitated on a Reax top apparatus
(Heidolph Instruments GmbH & CO. KG, Schwabach, Germany) at 2000 rpm for 30 s.
Subsequently, the precipitated polymer was separated by centrifugation with an IKA mini
G (IKA-Werke GmbH & CO. KG, Staufen, Germany) at a fixed speed of 6000 rpm for

10 min. Each sample was prepared in triplicate.

Measurements were performed on an HPLC system equipped with a Waters Delta 600
Pump and controller, a Waters 717plus Autosampler, a Waters 2996 Photodiode Array
Detector (Waters Corporation, Milford, MA, USA). DBT was analyzed with an XTerra RP18
(150 mm x 3.9 mm; 5 pum) column (Waters Corporation, Milford, MA, USA) and SBT with
a NUCLEODUR® C18 ISIS (150mm x 3mm; 5 um) column (MACHERY-NAGEL GmbH &

Co. KG, Dueren, Germany) at a column temperature of 30 °C.
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Runs were executed for both APIs by gradient elution with the parameters shown in Table

6. Both substances were detected at a wavelength of 265 nm. DBT was eluted with a

retention time of 12.53 min and SBT with a retention time of 17.05 min.

Table 6: Measuring parameters for the determination of drug loading and encapsulation efficiency of DBT and

SBT by HPLC analysis.
Analyte Dibenzoyl Thiamine
Column XTerra RP18
(150 mm x 3.9 mm; 5 um)
Mobile Phase = A: Water/MeOH - 85/15 (v/v)
B: MeOH
Flow Rate 1 mL/min
Injection 20 pL
Volume
Gradient 0 min - 100% A - 100% B
Elution 10 min

10 min - 100% B

18 min

18 min - 100% B = 100% A
19 min

19 min - 100% A

34 min

Sulbutiamine

NUCLEODUR® C18 ISIS

(150 mm x 3 mm; 5pm)

A: Water/ Mobile Phase B -

80/20 (v/v)

B: MeOH/ACN - 70/30 (v/v) +

0.1% (v/v) TFA

0.4 mL/min

20 uL

0 min
10 min
10 min
18 min
18 min
19 min
19 min
34 min
34 min

35 min

100% A - 100% B

100% B

100% B - 100% A;

0.5 mL/min

100% A; 0.5 mL/min

100% A; 0.5 mL/min

- 100% A;
0.4 mL/min

Subsequently, the encapsulation efficiency was calculated with the following equation

(Equation 2):

EE (%)=

total drug added

(total drug added - non-entrapped drug)
X

100

(Equation 2)



Methods

23

3.2.5 X-RAY POWDER DIFFRACTION (XRD)
X-Ray patterns were acquired with an STOE STADI MP (STOE & Cie GmbH, Darmstadt,

Germany) operating with Mo-Ka radiation (A = 0.071073 nm) and equipped with a curved
primary Ge(111) monochromator and a DECTRIS MYTHEN 1 K strip detector. The rotating
samples were measured in transmission mode from 20 = 5°-41° in 0.5° steps and an
exposure time of 140 s, after powdering of the samples with a CryoMill (Retsch GmbH,
Haan, Germany). The data obtained were evaluated with the STOE WinX"™W software
package. For better graphical visualization, data was depicted from 20 = 5°-20° since the
relevant DBT peaks appear in this area and no peaks were detected in the range from

20°-41°.

3.2.6 IN VITRO RELEASE OF DIBENZOYL THIAMINE

To assess the release behaviour in vitro, 10 mg of microparticles loaded with 6% DBT (w/w)
were placed in 50 mL PBS pH 7.4 containing 0.2% sodium dodecyl sulfate (SDS) and 0.02%
sodium azide for preservation. The samples were agitated in a shaking water bath (60 rpm)
under light protection at 37 °C. In regular time intervals, 1 mL release medium was taken
for analysis and replaced with fresh buffer solution. The withdrawn samples were
centrifuged with an IKA mini G (IKA Werke GmbH & Co. KG, Staufen im Breisgau,
Germany) for 10 min to separate potentially withdrawn particles. Eventually, the samples
were analyzed with an Agilent 1100 Series HPLC system (Agilent Technologies Inc., Santa
Clara, CA, USA) equipped with a NUCLEODUR® C18 ISIS (150mm x 3mm; 5 um) column.
The used HPLC method was the same as described in 3.2.4 but with a flow rate of

0.4 mL/min.

For further evaluation by residual analysis, the general setup was the same. At the time of
sample taking the entire amount of particles was separated by centrifugation with a
LABOFUGE® 300 (Heraeus, Hanau, Germany), washed three times with distilled water and
lyophilized before analyzing it by HPLC (3.2.4). All release experiments were performed

three times.

Previously, the saturation concentration of DBT and the stability of DBT in the dissolution
medium were evaluated. Therefore, 50 mg of DBT were added to 100 mL of PBS pH 7.4

with or without surfactant and stirred with a magnetic stirrer (IKA C-MAG HS 7, IKA
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Werke GmbH & Co. KG, Staufen im Breisgau, Germany) for 48 h. After the centrifugation
of the sample with a LABOFUGE® 300 (Heraeus, Hanau, Germany), the saturation
concentration was detected with the HPLC method described above. As surfactants
Tween® 20, Tween® 80, Kolliphor® HS 15 and SDS in the concentrations of 0.2% (w/w) and
0.5% (w/w) were examined. For the stability testing of DBT in PBS pH 7.4 containing 0.2%
SDS, a DBT solution of 50 pg/mL was stored in a water bath at 37 °C for 14 days. At regular

time intervals, a sample was withdrawn and analyzed via HPLC.

3.2.7 CYTOTOXICITY

Toxicity assays for PGA-B45, PGA-B75 and PGA-B45-535 microparticles were carried out
with 3T3 (mouse embryonic fibroblasts) - and NHDF (normal human dermal fibroblasts) -
cell lines. Therefore, the cells were seeded into 96-well plates (TPP® tissue culture test plate,
TPP Techno Plastic Products AG, Trasadingen, Switzerland) and incubated in 100 pL cell
culture medium at 37 °C and 5% CO: for 24 h in a Heraeus HeraCell CO:incubator (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The composition of the cell culture medium for
the NHDF cells was Dulbecco's Modified Eagle’s Medium D5796 (DMEM, without sodium
pyruvate containing 10% (v/v) fetal calf serum and 1% (v/v) penicillin-streptomycin
solution (all Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). For 3T3 cells DMEM
D6429 (with sodium pyruvate) was used instead of DMEM D5796. Table 7 shows the
quantities of the seeded cells. No cells were seeded in the first of the 12 columns of each

well plate to determine the blank value of the cell culture medium.

Table 7: Cell quantities and concentrations (c) per time point, cell line and well plate size.

96-Well Plate 24-Well Plate

time
cell volume/well ¢ volume/well ¢

point cells/well cells/well
line [mL] [cells/mL] [mL] [cells/mL]

[h]

4; 24 1.0x10* 0.1 1.0x 10° 6.0x10* 0.5 1.2x10°
373

96 5.0x10° 0.1 5.0x 10% 3.0x10* 0.5 6.0 x 10*

4; 24 2.0x10* 0.1 2.0x10° 1.2x10° 0.5 2.4x10°
NHDF

96 5.0x10° 0.1 5.0x 10% 3.0x10* 0.5 6.0 x 10*
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After incubation of the cells for 24 h, 100 uL cell culture medium were added to columns 1
(blank) and 2, whereas column 3 was treated with 100 uL of a 0.05% (v/v) Triton® X 100
solution. Hence, column 2 remained untreated as a negative control of viable cells and
column 3 served as a positive control of completely inhibited cells. The remaining columns
were treated by adding 100 pL of a microparticle suspension in cell culture medium leading
to final polymer concentrations of 1, 5, 10 and 20 mg/mL. Subsequently, the well plates were
incubated for another 4, 24 and 96 h. Each sample was prepared for each time point and cell

line in triplicate.

The determination of the cell viability was done by resazurin reduction assay. Therefore,
20 pL of 440 uM resazurin solution were added to each well and incubated for 2 h.

™

Fluorescence intensities were measured with the Cytation™ 5 cell imaging reader (BioTek
Instruments Inc., Winooski, VT, USA) using the RFP filter set with an excitation wavelength
of 531 nm and an emission wavelength of 593 nm. The cell viability was calculated as a

percentage of the negative control (untreated cells) after subtraction of the blank value.

To determine if the physical pressure of the microparticles on the cells had an impact on
the cell viability, another experimental setup was implemented for the PGA-B75
microparticles (Figure 8). Thus, 3T3 and NHDF cells were seeded into 24-well plates (Table
7) and incubated as mentioned before. 0.5 mL of cell culture medium were added to column
1 (blank) and 2 (negative control) and 0.5 mL of a 0.05% (v/v) Triton® X 100 solution to
column 3 (positive control). Besides, 0.3 mL of culture medium were pipetted into the

™

remaining wells equipped with ThinCert™ cell culture inlays with a pore size of 3 um
(Greiner Bio-One GmbH, Frickenhausen, Germany). A volume of 0.2 mL of the PGA-B75
microparticle suspension in cell culture medium was added into the ThinCerts™ and the
well plates were incubated for 4 and 24 h. The final polymer concentration was 20 mg/mL.
After incubation, the ThinCerts™ containing the microparticles were removed and the
medium was withdrawn completely. 1 mL of 44 uM resazurin solution was added in each

™

well and the fluorescence intensity was measured with the Cytation™ 5 cell imaging reader
as described above. Due to the high amount of polymer necessary for the experiment, the

measurements for each sample were performed only twice for each time point and cell line.
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Figure 8: Experimental setup for toxicity assays with cell culture inserts.

3.2.8 ELECTRON BEAM STERILIZATION

As a sterilization method, electron beam irradiation was chosen. Therefore, PGA-B75, DBT
and PGA-B75 microparticles were irradiated by a 10 MeV linear accelerator MB 10-30 MP
(Mevex, Stittsville, ON, Canada) on a moving tray (95 cm/min). All samples were treated
with a total dose of 25 kGy portioned into two separate doses of 12.5 kGy each. The beam
current was 250 mA at a pulse frequency of 450 Hz with a pulse duration of 8 ps. To assess
polymer degradation and inactivation of the API, GPC measurements (3.1.2) and HPLC

analysis (3.2.4) were performed.

3.2.9 IN VITRO RELEASE OF DIR

For the in vitro release of the fluorescent dye DiR, PGA-B75 was used as a polymer matrix.
Instead of the thiamine derivative, DiR was incorporated as a model drug during the
microparticle preparation. Therefore, 80 uL of a DiR stock solution (0.025 mg/mL DCM)
were added to the polymer solution (50 mg/mL DCM). Further preparation steps were done
according to 3.2.1. The final nominal concentration of DiR in the PGA-B75 microparticles

was 0.002% (w/w). Each sample was prepared in triplicate.

10 mg of DiR loaded microparticles were placed on a Greiner Bio-One ThinCert™
(Frickenhausen, Germany) with a translucent PET membrane (pore size 3 um) in a 24 well
plate. The samples were exposed to 2 mL PBS 7.4 containing 0.2% SDS and 0.02% sodium
azide for preservation and agitated (60 rpm) under light protection in a shaking water bath

at 37 °C. At defined time points the release medium was withdrawn and measured with
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the fluorescence spectrometer as described in 3.2.11. Additionally, the ThinCerts™
containing the microparticles were removed from the well plate and analyzed with the
fluorescence imager according to 3.2.10. Subsequently, the ThinCerts™ were placed back
in the well plate and fresh buffer solution was added. The investigation was terminated

after 85 days consistent with the in vivo release experiment.

3.2.10 FLUORESCENCE IMAGING

In vitro fluorescence imaging was carried out with the Maestro™ in vivo imaging system
(Cambridge Research & Instrumentation Inc., Hopkinton, MA, USA). A near-infrared (NIR)
filter set with a 710 nm to 760 nm excitation filter and an 800 nm long-pass emission filter
was used to detect the DiR signal. The image cubes were acquired in 10 nm steps in the
range of 780 to 950 nm and evaluated with the Maestro™ software (Version 2.10.0). The
exposure time was automatically set to the optimum value (autoexposure) and the total

fluorescence signal was correlated to the respective value by the software.

3.2.11 FLUORESCENCE SPECTROSCOPY

Fluorescence measurements were conducted on a FluoroMax-4 spectrofluorometer
(HORIBA Jobin Yvon GmbH, Bensheim, Germany). The DiR signal was detected by single
point acquisition at an excitation wavelength of 750 nm and an emission wavelength of
780 nm. All samples were measured in a 10 mm quartz cuvette. The obtained data were

analyzed using the FluorEssence™ software (HORIBA Jobin Yvon GmbH, Version 3.8.0.60).
3.2.12 IN VIVO CHARACTERIZATION

3.2.12.1 ANIMAL CARE

All in vivo experiments were approved (Approval No. 42502-2-1529 MLU) by the local
authorities of Saxony-Anhalt, Germany. Furthermore, they complied with the guidelines of
the Federation for Laboratory Animal Science Associations (FELASA). The in vivo studies
were performed on four male and four female hairless, immunocompetent SKH1-Elite mice
(SKH1-Hr'", Charles River, Sulzfeld, Germany) bred by the center for basic research (ZMG)
of the Martin Luther University of Halle-Wittenberg. The initial average age of the mice
was 6 months and they were kept under controlled conditions (12 h light/dark cycle, 24 °C,

65% RH, feed and water ad libitum) in groups of a maximum of five animals.
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3.2.12.2 SAMPLE PREPARATION
Based on the in vitro characterization of the FA-PGA microparticles, PGA-B75 microspheres
were chosen for the in vivo study. Therefore, two different microparticle formulations were

prepared under aseptic conditions.

To study polymer degradation in vivo a fluorescence-labeled PGA-B75-DY782 was used for
formulation A. The preparation of the microparticles was done according to 3.2.1. For the
synthesis of the fluorescent-labeled PGA, 1 mg of fluorescent dye DY-782 was labeled to
100 mg of PGA-B75 by Prof. Krefiler's research group at the Institute of Chemistry (Martin
Luther University of Halle-Wittenberg, Germany) as described in [66]. To purify the
product of synthesis, the polymer was dialyzed against water for 24 h using a dialysis
membrane (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) with a molar mass cut-off of
1 kDa. Subsequently, further dialysis steps against DMF (24 h) and THF (48 h) were

performed and the final product was dried under nitrogen flow.

To study the release behaviour of the DDS in vivo, DiR loaded microparticles
(0.002% (w/w)) were prepared as described in section 3.2.9 (formulation B). Thereby, the

incorporated fluorescent dye DiR was functioning as a model drug.

3.2.12.3 INJECTIONS AND ANESTHESIA

For the injection of the formulations, the mice were divided into two groups. Both treatment
groups (A+B) consisted of four mice (two male and two female). Group A was treated with
the fluorescence-labeled PGA-B75-DY782 microparticles and group B with the DiR loaded
PGA-B75 microparticles.

The mice were anesthetized with 2.5% (v/v) of isoflurane (Forene®, AbbVie Deutschland
GmbH & Co. KG, Wiesbaden, Germany) in oxygen at a flow of 3 L/min with the XGI-8 Gas
Anesthesia System (Caliper LifeScience, Waltham, MA, USA) and MIDMARK® Matrx VIP
3000® Isoflurane Vaporizer (Midmark, Dayton, OH, USA). 200 puL of the microparticle
suspension (20 mg/mL) were slowly injected subcutaneously into the nuchal fold
(24 G cannula). Aqueous sucrose solution 10% (m/v) was used as a dispersant. The mice
were kept in anesthesia (2.5% (v/v), 0.25 L/min), during the multispectral fluorescence

imaging.
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On day 32 of the study, one male mouse of treatment group A had to be removed from the
experiment due to an ocular disease, which was not related to the administered
formulation. Furthermore, one male mouse of treatment group B had to be withdrawn from
the experiment on day 56 due to neoplasia at a bite wound unrelated to the applied
formulation and remote from the injection site. The experiment was conducted for a
maximal period of 84 days as approved by the relevant authorities (Approval No.
42502-2-1529 MLU).

3.2.12.4 MULTISPECTRAL FLUORESCENCE IMAGING

Measurements were performed at defined time points on an IVIS® Spectrum In Vivo
Imaging System (PerkinElmer Inc., Rodgau, Germany) in the epi-illumination fluorescence
mode at auto exposure. To detect the NIR dyes DiR and DY-782 a filter pair with a 745 nm
excitation filter (30 nm bandwidth) and an 800 nm emission filter (20 nm bandwidth) was
used. The four mice were placed on a tempered stage (37 °C) to prevent a decrease of the
body temperature during the measurement. The field of view was set to “D”. Image and
data processing was carried out with the PerkinElmer® Living Image® 4.7.3 software.
Furthermore, the brightness was set to 100, contrast to 1.5 and opacity to 100 using the
“rainbow” color table in reverse scale. The binning was set to 1 and the smoothing to
“none”. To cut off the autofluorescence of the mice the minimum of the color scale was set
to 5.0 x 107 (p/sec/cm?/sr)/(uW/cm?). The maximum of the color scale was set above the
maximal detected radiant efficiency of all taken fluorescence images to 2.0 x 10° or

1.25 x 10'° (p/sec/cm?/sr)/(uW/cm?) for the detection of DY-782 and DiR, respectively.

For the evaluation of the experiment, the intensity values of day 1 were set to 100% since
after 24 hours the system was in balance and reproducible measurements were possible. By
that time the suspension medium was completely absorbed from the mouse tissue and the

microparticles were condensed on the site of injection.
3.3 PREPARATION AND CHARACTERIZATION OF PREFORMED IMPLANTS

3.3.1 PREPARATION OF PREFORMED IMPLANTS

FA-PGA implants were formed with a custom-made heating press (Figure 9) manufactured
by the workshop of Precision Mechanics at the Institute of Chemistry (Martin Luther
University of Halle-Wittenberg). For the preparation PGA-B45, PGA-B75 and PGA-B45-535
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were chosen as a matrix since they are able to form solid implants at both room and body
temperature. Prior to compression, a mixture of powdered FA-PGA and 6% DBT (w/w) was
prepared using a CryoMill (Retsch GmbH, Haan, Germany) with six milling cycles each for
2.5 min at 20 Hz. Thereafter, 40 mg of the mixture were filled in the cylindrical cavity of the
heating press (diameter 5.5 mm) and tempered for 15 min at a temperature above the
melting temperature of the fatty acid side chains. The set temperatures were 41 °C for
PGA-B45-535, 50 °C for PGA-B45 and 53 °C for PGA-B75. After tempering, the polymers
were compressed with a cylindrical Teflon stamp loaded with 1 kg for 5 minutes. The
compressed implants were cooled down for 1 hour at room temperature and finally ejected

from the heating press.

Figure 9: Schematic illustration of the heating press.
3.3.2 LIGHT MICROSCOPY

For visualizing the prepared implants, an Olympus SZX9 reflected-light microscope
equipped with a UC30 camera was used. The pictures were processed with OLYMPUS
Stream Motion software (all Olympus Europa SE & Co. KG, Hamburg, Germany).

3.3.3 TEXTURE ANALYSIS

To analyze the mechanical properties of the FA-PGA implants, the required force to press
a metal cylinder with a constant velocity into the samples was recorded. The measurements
were carried out with a CT3™ Texture Analyzer (AMETEK GmbH / B.U. Brookfield,

Hadamar-Steinbach, Germany). Therefore, the implant was placed onto the sample table
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and compressed by the measurement tool with a velocity of 0.01 mm/s at 23 °C. As a
measurement body, a cylinder with a diameter of 2 mm was used (accessory TA39). The
trigger force was set to be 0.01 N and the target distance 1.0 mm. For data recording and

processing, the accompanying TexturePro CT software (Version 1.7 Build 35) was used.

3.3.4 DETERMINATION OF DRUG LOADING AND DRUG DISTRIBUTION BY HIGH PERFORMANCE
LIQUID CHROMATOGRAPHY (HPLC)

Drug loading and drug distribution in the FA-PGA implants were determined with the
HPLC method described in section 3.2.4. Therefore, the samples were divided into
four fractions (A1, A2, A3 and B) with a scalpel. Subsequently, each fraction was analyzed

separately via HPLC and the standard deviation of the obtained values was calculated.

Figure 10: Schematic illustration of preformed implants divided into fractions A1, A2, A3 and B.

3.3.5 IN VITRO RELEASE OF DIBENZOYL THIAMINE

The in vitro release of DBT from the FA-PGA implants was conducted in 20 mL PBS pH 7.4
containing 0.2% SDS and 0.02% sodium azide for preservation. Therefore, the implants
loaded with 6% DBT (w/w) were placed in 20 mL brown glass vials and incubated with
release medium at 37 °C and mild agitation (60 rpm) in a shaking water bath under light
protection. At predetermined time points, the release medium was fully exchanged with
fresh buffer solution and analyzed via HPLC as described in 3.2.6. The sampling interval

did not exceed three days.
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4 RESULTS AND DISCUSSION

4.1 CHARACTERIZATION OF BULK POLYMERS

4.1.1 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

DSC measurements of the bulk polymers were conducted to investigate the thermal
properties of the various FA-PGAs with particular regard to their physiological application
at 37 °C body temperature. As apparent from the resulting thermograms in Figure 11, PGA
is an amorphous polymer with a glass transition temperature (Tg) at-30.2 °C. By
esterification of the pendant hydroxyl groups of the PGA backbone with fatty acids, comb-
like polymers are obtained. For comb-like polymers, the formation of self-organized
layered structures and a phase separation between the amorphous backbone and crystalline
side chains have been reported [72,120-122]. In that regard, grafting of the backbone with
fatty acids led to the occurrence of endothermic peaks in the heating traces. These
endothermic events are caused by the melting of the acyl side chains and appear gradually
over a temperature range of about 10 °C. Compared to the pure fatty acids, the melting
points of the alkyl side chains occurred at considerably lower temperatures. These
observations are referable to the packing mode and crystal order of the different substances.
Due to the high crystallinity and regularity of the pure stearic- and behenic acid in
comparison to the FA-PGAs, higher energy is required for melting. With both, the increase
in chain length and the acylation degree of the polymer, a more ordered packing mode and
an increase in the crystal order are presumed [123]. Therefore, higher melting temperatures
(Tm) were detected with increasing substitution degree and increasing length of the acyl

side chain. A summary of glass transition and melting temperatures is shown in Table 8

Alongside the endothermic peaks in the heating traces, glass transitions were observed in
the thermograms of the FA-PGAs as well. These temperatures were also dependent on the
acylation degree of the polymer backbone and were increasing correspondingly. Hence, the
increasing T originates from a decrease in the mobility of the polymer chains due to sterical
interferences of the acyl side chains. This phenomenon agrees with previously published
research [85,124]. For PGA-590, the T was not distinctly detectable since the step in the
baseline of the thermograms was becoming less pronounced with higher crystallinity of the

polymers. The presence of both a glass transition and a melting point indicates a



Results and Discussion

33

semi-crystalline behaviour for the FA-PGAs with an amorphous polymer backbone and

crystalline side chains.

5 1
/ i
. 1
7 ;
/ !
b0 30 2 40 0 10 2 Stearic Acid
temperature [°C] : Behenic ACId
o i
"g :
o 3 #
* ‘ PGA-B75
* _M
! PGA-B45
* # PGA-B45-535
#,
’J PGA-590
* 3 PGA-S65
* ; PGA
rrrrrrTrTrTrTrTrTrTrrTrrtrrtrrtngt

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100
temperature [°C]
Figure 11: DSC thermograms of fatty acids, PGA and FA-PGAs. The symbols (*, #) indicate the glass transition

and the melting points in the second heating curves; the vertical dotted line represents body temperature
(37 °C).

The thermal behaviour of the FA-PGAs at body temperature is decisive for the applicability
in vivo as it will presumably influence other properties such as rheological parameters, drug
release and water penetration inside the polymer. For the stearic acid substituted PGAs the
melting temperatures were around 36 °C whereas they were well above 37 °C for the PGAs
containing behenic acid. Based on the melting temperatures of the acyl side chains, it was
questionable if the pure stearoyl PGAs, which are solid at room temperature, are still able
to form solid DDSs in a physiological environment at 37 °C. Therefore, more detailed
investigations of the macroviscosity of these polymers at body temperature were conducted

in the subsequent section (4.1.4).
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Table 8: Glass transition (Tg) and melting temperatures (Tm) of fatty acids, PGA and FA-PGAs.

Substance Tg [°C] Tw [°C]
PGA -30.2 NA
PGA-S65 -15.2 35.8
PGA-S90 ND 36.2
PGA-B45 -8.1 55.8
PGA-B75 -1.6 59.6
PGA-B45-S35 2.3 46.2
Stearic acid NA 75.5
Behenic acid NA 85.7

4.1.2 STABILITY TESTING

A storage stability test was implemented to determine the storage conditions for the bulk
polymers and to gain evidence on possible quality variations under the influence of
temperature and humidity. In addition, it could give a first indication of the shelf life of
future DDSs. The examined storage conditions and the packaging in a container closure
system were based on the ICH guidelines “Stability Testing of New Drug Substances and

Products” [116] which are an essential directory for the pharmaceutical industry.

Therefore, the molecular weight of the bulk polymers was used as a quality parameter
during storage (Figure 12). Concerning the storage in the refrigerator at 4 °C neither PGA
nor the FA-PGAs showed any significant alteration in the molar mass or the polydispersity
index (PDI). Thus, all examined bulk polymers were stable over the testing period of

3 months while stored in the refrigerator.

Exaggerated storage conditions at 40 °C and 75% RH were investigated as well to increase
the rate of possible chemical degradation and to assess the quality of the polymer for longer
storage terms. The results showed that no substantial effects on the molecular weight or
PDI could be detected for the FA-PGAs whereas the pure PGA revealed a decrease of the
number average molar mass and an increase of the PDI between days 7 and 28. These values
imply a higher number of shorter polymer chains and a broader molecular weight

distribution, hence, a higher heterogeneity in the PGA sample. Accordingly, hydrolysis



Results and Discussion

35

triggered by high temperature and humidity could be a probable cause for the degradation
of the polymer backbone. Modification of the backbone with fatty acids delays these effects.
This could be attributed to the higher lipophilicity and the shielding of the cleavable ester
bonds of the backbone by the side chains.
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Figure 12: Number average molar masses (Mn) and polydispersity indices (PDI) of bulk polymers during
storage at two different storage conditions. Columns indicate the Mn, dots represent the PDIL.

Concluding from this data, the storage conditions for PGA were set to 4 °C for a maximum
of 3 months to prevent changes in the molecular weight distribution. Although no changes
occurred for the FA-PGAs even at accelerated conditions, storage conditions were set to be
the same as for PGA. To determine the possible storage duration for the modified PGAs
exactly, further long-term studies at 4 °C have to be conducted. Nevertheless, it can be

stated that the shelf life of these FA-PGAs at 4 °C is above 3 months.

4.1.3 STATIC CONTACT ANGLE

Static contact angle O measurements between water and the polymer surface were
undertaken to examine the influence of the grafting of the PGA backbone on the wettability
of the polymer. The higher the affinity with water the lower the static contact angle. Hence,

low O values correlate to hydrophilic and high 6 values to hydrophobic surfaces.
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Nevertheless, the threshold between hydrophilicity and hydrophobicity is not strictly to be
set at 90° [125]. The hydrophilicity of the polymer is a relevant parameter to estimate its
behaviour during in vitro or in vivo experiments in an aqueous environment and to predict
its interactions with the APL

Table 9: Mean static contact angle values and standard deviations of measurements of water droplets on

FA-PGAs and PGA. Experiments were performed with double distilled water (1 puL) after 30 s of droplet
placement at 25 °C.

Polymer Contact Angle O [°] Standard Deviation [°]
PGA 40.1 4.1
PGA-S65 88.1 0.7
PGA-590 91.5 3.4
PGA-B45 85.1 5.2
PGA-B75 95.8 24
PGA-B45-535 89.1 3.5

The resulting O values are displayed in Table 9. Since the static contact angle is a time-
dependent variable, all measurements were conducted 30 s after droplet placement on the
polymer film to obtain comparable values. PGA showed a rather hydrophilic character with
a mean 0 value of 40.1° due to its free hydroxyl groups. While not water-soluble, it swelled

in water to a high degree [73].

For the FA-PGAs an increase in the O values was observed up to a contact angle of 95.8° for
PGA-B75. Moreover, higher contact angles were detected with increasing substitution
degrees. Grafting of the polymer backbone with acyl side chains reduces the number of free
hydroxyl groups and therefore, the hydrophilic portion of the polymer declines.
Furthermore, the presence of lipophilic substituents in the polymer structure and the low
availability of the remaining hydroxyl groups due to spatial rearrangements reinforce the
change in the © values [124]. Hence, the extent of the decrease in hydrophilicity depends
on the acylation degree of the polymer backbone. Additionally, the surface wettability of
the fatty acid-modified PGAs is also dependent on the length and consequently the

hydrophobicity of the substituted side chain. Consequently, a total 0 increase of 55.7° was
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measured after grafting the PGA backbone with 75 mol% of behenic acid (Cz2) whereas an
increase of just 51.4° was detected for PGA-590 (90 mol% Cis).

4.1.4 MACROVISCOSITY

Rheological measurements were conducted to investigate the macroviscosity of the bulk
polymers. Rheology studies the flow and deformation of matter, thus, allowing to assess
the behaviour of the examined material under physiological stress. Rheological properties
affect the processability of the polymers, i.e. by melt extrusion or 3D printing, and their
resistance to physiological stress, for example during or after injection into the
subcutaneous tissue. The DSC measurements raised the question whether PGA-565 and
PGA-590 are able to form solid DDSs in a physiological environment. To answer that and

to obtain relevant data for planned in vivo studies, the experiments were performed at 37 °C.

The viscosity describes the resistance of the sample to deformation, hence, the relationship
between viscous stress and the deformation rate. It is the most important rheological
characteristic of a material. In oscillatory rheology, the viscosity is given as a function of the
frequency - the complex viscosity n*. For Newtonian fluids, the shear stress is linearly
correlated to the deformation rate. Polymers are mostly non-Newtonian fluids, which show
shear-thinning due to the disentanglement of macromolecules under shear strain. They
combine elastic and viscous characteristics and are therefore described as viscoelastic [126].
The elastic portion of the viscoelastic behaviour is thereby represented by the storage
modulus G’, which indicates the deformation energy stored in the material. G” - the loss
modulus - characterizes the energy lost through internal friction of the flowing material
and therefore the viscous portion. Whether the elastic or the viscous portion predominates
is indicated by the proportion of G" and G [127]. The proportion of storage and loss
modulus is represented by the loss angle d. For ideal-elastic systems, the loss angle is 0°,
while the value is 90° for ideal-viscous materials. Consequently, viscoelastic materials that
combine both characteristics show © values between 0° and 90°, with 45° being the

threshold that indicates equal fractions of viscous and elastic portions.
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Figure 13: Amplitude sweep test at a set frequency of 1 s'. Deformation dependence of loss angle d, complex
viscosity ¥, storage modulus G” and loss modulus G”* at a temperature of 37 °C.

Figure 13 displays an amplitude sweep test performed at a set frequency of 1 s'. For
PGA-B45 and PGA-B75 data are shown up to a deformation of 20% only, since thereafter
the texture broke down completely and the measurement was stopped. The purpose of an
amplitude sweep test is to obtain information about the stability of the sample's structure
while increasing the shear stress. It aims at determining the linear viscoelastic region
(LVER) of the FA-PGAs. Furthermore, it allows the characterization of the rheological
behaviour after the applied stress has exceeded this region, and consequently, yielding of
the internal structure occurs. The region in which the internal sample structure is not
dependent on the amplitude of the deformation and therefore is stable is defined as the
LVER. In the LVER the storage modulus G” and loss modulus G are constant [128]. During
the amplitude sweep, the moduli of all modified PGAs changed their plateau value at a
certain deformation, while the PGA backbone was able to sustain its structure over the
whole range. Furthermore, the loss angle 9, with a value of almost 90°, and the complex
viscosity remained constant for the polymer backbone. This indicates an almost ideal-

viscous behaviour for the PGA which acts virtually like a Newtonian fluid. As stated prior,
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this behaviour is unusual for a polymer and is probably caused by the low molar mass
which is below the entanglement molar mass. The stearoyl PGAs showed linear
viscoelasticity up to 0.1% deformation. For the behenoyl PGAs and the double substituted
polymer, an LVER of up to approximately 0.3% was observed. The values of G" and G"" and
their ratio in the LVER give an idea about the consistency of the material. If the sample has
gel-like or solid characteristics and behaves like a viscoelastic solid at the set frequency the
value of G" exceeds G"’. This applies for PGA-590, PGA-B45, PGA-B75 and PGA-B45-535.

However, if G'<G"’, as for PGA-565, the material is a viscoelastic liquid with fluid

properties.
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Figure 14: Frequency sweep test at 37 °C. The dependence of loss angle d, complex viscosity n*, storage modulus
G’ and loss modulus G”* on the shear rate at a default deformation of 0.015%.

Subsequently, a frequency sweep test was performed to give insight into the time-
dependent behaviour of the material and the inner structure of the polymers (Figure 14).
Thus, the deformation was set at a value of 0.015% which is in the range of the LVER for all
investigated polymers. To measure the inherent material properties, it is essential to keep

the deformation inside the LVER during the measurement, so that the polymer structure
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remains unaltered and comparable results are obtainable. Figure 14 shows that the
non-grafted PGA had a loss angle of almost 90° and a constant complex viscosity over the
whole frequency range. These data are in agreement with the results of the amplitude
sweep test and suggest the properties of a Newtonian fluid for the polymer backbone.
During a frequency sweep the storage modulus G’ is often unsteady for fluid materials,
while it is nearly constant for solid samples. The PGAs grafted with only stearic acid
showed an increase of the storage modulus with higher frequencies, whereas G’ was
virtually frequency-independent for all behenoyl PGAs. Hence, the constant G’ values
indicate a solid-like behaviour for the behenic acid substituted polymers at 37 °C. Moreover,
the d values of PGA-B45 and PGA-B75 were below 45° over the whole frequency range, i.e.
the elastic portion predominates the rheological properties. PGA-565 and PGA-590 on the
other hand showed loss angles above 45° during the experiment and therefore revealed a
highly viscous character. Interestingly, for the double substituted PGA-B45-535, the viscous
properties predominated at low frequencies, hence, at slow changes of stress. However,
there was a shift to an elastic character at higher frequencies. As depicted by the decrease
of the complex viscosity n*, all behenoyl PGAs and to a small degree also PGA-590 showed
shear-thinning. Thereby, the entangled polymer chains disentangle and orientate along the
flow direction. Furthermore, the n* values of the stearoyl PGAs were below the polymer
backbone. This phenomenon could result from the molten acyl side chains, which act as a
lubricant and, hence, facilitate the flow of the polymer chains. Furthermore, this lubricant
effect may also be responsible for the higher loss angle values of PGA-B45-S35 at low
frequencies. This assumption would presuppose that the stearoyl side chains in the double
substituted polymer are partly melting at body temperature. In comparison, the high
complex viscosities of PGA-B45 and PGA-B75 suggest that the acyl side chains, meaning
the crystalline polymer portion, impede the flow of the polymer chains. To flow freely, the
polymer needs space between the individual macromolecules [129]. This free space is
reduced by the crystalline side chains. Additionally, the acyl groups interfere with each

other and therefore high n* values were detected.
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Figure 15: Comparison of loss angle d and complex viscosity n* for PGA-565, PGA-590 and PGA-B45-5S35 at
23 °C and 37 °C during a frequency sweep test at a default deformation of 0.015%.

To evaluate if the high loss angle values and low complex viscosities of PGA-565 and
PGA-590 were actually caused by the melting of the stearoyl side chains, another frequency
sweep test was conducted at 23 °C room temperature inside the LVER (amplitude sweep
test at 23 °C, supplementary data Figure S1). Additionally, the rheological behaviour of
PGA-B45-535 was tested at 23 °C to examine the linkage between the relatively high d
values at low frequencies and the substituted stearic acid. According to the DSC data in
section 4.1.1, the melting temperature of the stearoyl side chains is not reached at that
temperature and therefore they are still in a crystalline state. Figure 15 displays the loss
angles and complex viscosities at 23 °C and 37 °C. The d values at 23 °C were considerably
lower compared to the values at 37 °C. Hence, PGA-565 and PGA-590 showed an elastic
behaviour at room temperature, while the viscous portion predominated at body
temperature. In contrast to the values at 37 °C, the loss angle of PGA-B45-535 was greatly
below 45 °C over the whole frequency range. The complex viscosity values at 23 °C were
above the values at 37 °C for all investigated FA-PGAs, whereby the differences were
considerably higher for PGA-565 and PGA-S90. The obtained rheological data show that
the polymers behaved substantially differently at both investigated temperatures. With
exceeding temperatures above the melting point of the stearoyl side chains, the evaluated
FA-PGAs showed lower complex viscosities and an increase in the viscous portion leading
to higher loss angle values. Furthermore, the low 0 values of PGA-B45-535 at 23 °C
compared to the higher values at 37 °C reveal a partial melting of the stearoyl side chains

at body temperature.
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In summary, the melting of the stearic acid side chains has a crucial influence on the
rheological properties of the FA-PGAs. PGA-565 and PGA-S90 behave fluid-like at 37 °C
and therefore are not able to form completely solid DDSs at body temperature.
Consequently, the form stability after injection into the body cannot be guaranteed, which
reduces the suitability of these polymers for the formulation of microparticles or preformed
implants. Furthermore, the low viscosity is expected to have a large influence on the drug
release as well, considering the higher diffusion coefficients resulting from melting of the
stearoyl side chains. Nevertheless, the pure stearoyl PGAs are still promising materials for
the formulation of other DDSs, such as nanoparticles [71]. The grafting of the PGA
backbone with behenic acid made it possible to control the structure of the material. The
behenoyl side chains increased the elastic portion of the material and led to higher
viscosities. Thus, the behenoyl PGAs are suitable to form solid systems at body

temperature.

4.1.5 WATER PENETRATION AND MICROVISCOSITY

To gain insight into the processes occurring within the polymer during incubation in buffer
at 37 °C EPR measurements were performed. This non-invasive spectroscopic method
allows the detection of paramagnetic compounds inside the sample [130-132]. EPR is based
on the interaction of magnetic moments caused by electrons with externally applied
magnetic fields. The magnetic moment of an electron originates from its “spin”. For suitable
interaction with the electromagnetic field, hence, to be EPR-active, the electron has to be
unpaired. Otherwise, the net magnetic moment would be zero because of the oppositely
orientated spin. EPR-active species include free radicals or metal ions. Therefore, the
nitroxide radical Tempol-d17 was added to the bulk polymers as a spin probe, since these
polymers themselves contain no paramagnetic species and consequently are EPR silent. An
exemplary EPR spectrum of Tempol-d17 in double distilled water is shown in Figure 16.
Information about the local environment of the spin probe are provided from the shape of
the spectrum and the obtained parameters. The splitting of the EPR signal of Tempol-d17
into three lines is called hyperfine splitting and is caused by the interaction of the unpaired
electron with the magnetic spin of the neighbouring nitrogen nucleus. For fast motions of
the spin probe in low viscous environments, e.g. in water, the anisotropy of the hyperfine

interaction is averaged and therefore, similar signal amplitudes (I) for all three peaks are
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observed (Figure 16). With increasing viscosity of the medium, anisotropy becomes visible
because of the slower molecule motion. The peak to peak line widths (AByp) increase for all
peaks, but most dominant for the third line, and therefore, different signal amplitudes are
observed. If the motion is very slow (e.g. in solids), the anisotropy determines the shape of
the spectrum and so-called powder spectra are observed [133]. Moreover, with increasing
polarity of the surrounding of the spin probe, the distance between the three peaks

(hyperfine splitting constant an) increases [134].
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Figure 16: L-Band spectrum of Tempol-d17 in double distilled water at room temperature. I marks the signal
amplitude, an the hyperfine splitting constant and ABpp the peak to peak line width.

In order to examine to which extent water penetrates into the bulk polymer, PGA-B45 and
PGA-B45-535 were investigated in the 3D-printed sample holder (section 3.1.6). The sample
holder ensured consistent positioning during the experiment and water penetration from
just one direction into the bulk. Thus, comparability and interpretability of the

measurements were improved.

Since the preparation of the EPR samples included the melting of the semicrystalline
FA-PGAs, the sample aggregated as a dense solidified polymer melt. A similar structure is
to be expected for FA-PGAs applied as melt-pressed implants (section 3.3.1) or

melt-extruded implants. Hence, the EPR experiments allow conclusions about the water
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penetration behaviour into melt-based FA-PGA formulations. The translation of these
results to microparticle formulations has to be interpreted carefully since the microparticle
preparation was done by a solvent evaporation method (section 3.2.1) and the microparticle
structure may therefore be considerably more porous [135,136]. Due to this consideration
and their utilization for the preparation of the preformed implants, PGA-B45 was chosen
as a behenoyl PGA and PGA-B45-535 was selected to study the influence of the stearoyl

side chain on the penetrability.

PGA-B45 PGA-B45-535

..........

..........

field [mT] >4 field [mT]

Figure 17: EPR spectra of PGA-B45 and PGA-B45-535 samples loaded with Tempol-d17 during incubation in
PBS pH 7.4 at 37 °C at different time points. The appearing mobile signal of the spin probe is highlighted by the
dotted boxes, highly mobile signals are highlighted by the star symbol (*).

Figure 17 displays the L-Band EPR spectra for the investigated FA-PGAs over a period of
21 days. The dry spectra for both PGA-B45 and PGA-B45-535 showed only a broad signal
which can be attributed to the highly, but not completely, immobile Tempol-d17. This was
expected since the motion of the spin probe is restricted in the solid polymer matrix. After
incubation in buffer at 37 °C for seven days, a superposition of small signals with narrow
lines appeared in the PGA-B45 spectrum. These signals remained constant for the
investigated time and indicate an increase in the mobility of the spin probe. Since the mobile
signals were only slightly pronounced and did not increase over time, a clear assignment
to an aqueous environment was not possible. For PGA-B45-535, a superposition of small
and sharp signals appeared already after one day of exposure to phosphate buffer.
Throughout the next 20 days, the peaks became sharper and the signals increased while

remaining generally low. These sharp signals (*) with line widths of 0.1 mT indicate the
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presence of water which increases the mobility of the spin probe. The increase of the mobile
peak amplitude suggests that more water was penetrating the polymer over the course of
the experiment. Furthermore, the release of Tempol-d17 out of the sample led to a decrease

in the signal amplitude of the immobile peak for both polymers.

In summary, both polymers showed increasing mobility of the spin probe during
incubation in PBS at 37 °C. The highly mobile signals in the PGA-B45-S35 spectra can be
assigned to aqueous micro-domains. Overall, the mobile signals constituted only a small
percentage of the total signal, hence, the amount of penetrated water was generally low.
Visually, no swelling of the samples was recognizable. Since PGA-B45-535 has a higher
acylation degree and, according to the static contact angle measurements, higher
lipophilicity compared to PGA-B45, a lower penetrability was expected. The contrary
results suggest that the stearoyl side-chain enhanced the water penetration into the
polymer. Including the results from the DSC measurements in section 4.1.1 and the
rheology experiments from the previous chapter, partial melting of the Cis-side chains of
PGA-B45-535 and consequently, a change in the microviscosity could explain this
phenomenon. Therefore, the order parameter (S-parameter) was calculated from the EPR

spectra to assess changes in the microviscosity of the FA-PGAs.
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Figure 18: (A) Schematic illustration of the range of tumbling motion of the spin probe depending on the
S-parameter, (B+C) Simulated L-Band EPR spectra of Tempol-d17 for different S-parameter values at various
rotational correlation times ().

The order parameter is a measure of the fluidity of the microenvironment in which the spin
probe is incorporated. It indicates the degrees of freedom and the range of the tumbling

motion of the spin probe [137,138]. In a rigid environment (S = 1), the motion is strongly
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restricted. Whereas, S =0 in a homogenous solution with free motion of the spin probe [139].
Figure 18 illustrates the range of the tumbling motion and the spectral changes for different
S-parameters of Tempol-d17. It is depicted that only for rotational correlation times (1)
above 1 ns spectral changes are visible. At faster motions, the anisotropy of the hyperfine
splitting is averaged while signal changes appear for different S-parameters at slower
motions. For an S-parameter of 0.75, almost only the immobile signal is present in the
spectrum at a tcof 10 ns (Figure 18C). For low S-values, relatively broad signals appear,
which correlate to the increasing range of motion of Tempol-d17 in the sample (Figure 18B).
Therefore, shifting of the order parameter reveals changes in the microviscosity of the

sample.

The S-values for PGA-B45 and PGA-B45-S35 during incubation in buffer medium were
derived from the obtained EPR-spectra. In Figure 19 the changes in the order parameter for
the investigated FA-PGAs are depicted. A decrease of the order parameter values for both
polymers is visible. Thus, Tempol-d17 is able to move more freely due to a softening of the
polymer structure throughout the experiment. For PGA-B45-S35 lower values in general
and a rapid decline of the S-parameter were detected. These results support the assumption,
that the stearoyl side chains of the PGA-B45-535 are already partially melting at 37 °C and
therefore lead to a decrease of the microviscosity and an increase of the fluidity of the

sample.
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Figure 19: S-parameter values of PGA-B45 and PGA-B45-S35 samples loaded with Tempol-d17 during
incubation in PBS pH 7.4 at 37 °C.

Based on the presented data, the EPR measurements showed that the water penetration
into the melt-prepared FA-PGA samples is generally low due to the hydrophobic nature of
these polymers. Only small signals appeared throughout the experiment indicating the
presence of water. Despite its higher acylation degree, PGA-B45-S35 revealed higher
penetrability than PGA-B45 because of the partial melting of the stearoyl side chains. The
resulting changes in the microviscosity and the higher fluidity of the PGA-B45-535 at 37 °C
were also observed by the examination of the order parameter. Concerning the
administration of these polymers as DDSs, the differences in water penetration and

microviscosity could likely influence the drug release from the formulation.

4.2 PREPARATION AND CHARACTERIZATION OF MICROPARTICLES

4.2.1 PREPARATION OF MICROPARTICLES

The FA-PGA microparticles were prepared by a solvent evaporation method. Thereby, a
solution of FA-PGA with or without API in methylene chloride was emulsified in an
aqueous continuous phase. The disperse phase was injected with a syringe pump to
accomplish reproducible results. PVA was added to the continuous phase to stabilize the

emulsion and a paddle apparatus was used for stirring to maintain a constant and
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preferably laminar flow. After evaporation of the organic phase, the microparticle
suspension was lyophilized. With this procedure, FA-PGA microparticles could be
obtained for all investigated polymers. Furthermore, the incorporation of thiamine
derivatives was successful. The influence of different process parameters and the
incorporation of the drug on the particle size distribution will be investigated in the

following section.

4.2.2 SIZE DISTRIBUTION

The size distribution of the microparticles was measured by static light scattering also
known as laser diffraction. In laser diffraction scattering intensities are measured as a
function of the scattering angle and the wavelength of the light [140]. It is one of the most
common methods for particle size measurements in the sub-micron to millimeter range due
to its high reproducibility, fast operation and broadly applicable size range [140,141]. The
obtained size distributions are characterized by the d(0.1), d(0.5) and d(0.9) values. Besides,
the span is given as a measure of the width of the distribution (3.2.2, Equation 1). Small
span values indicate narrow size distributions, whereas broad particle size distributions
lead to high span values. The influence of several process parameters and the incorporation
of DBT on the size distribution of the microparticles was investigated in the following

sections.

4.2.2.1 INFLUENCE OF STIRRING SPEED AND POLYMER CONCENTRATION

Various process parameters, such as agitation speed and polymer concentration, can
influence the particle size distribution [119]. The width of the distribution and the size of
the particles, however, have an impact on the drug release and the injectability through
cannulas. For subcutaneous injections, the recommended cannula size is 23 gauge which is
equivalent to an inner diameter of 0.34 mm [142]. Consequently, particle sizes considerably

below 300 um are required to ensure injectability.

To evaluate the effect of these parameters on the particle size of FA-PGA microparticles, the
preparation process was conducted at various agitation velocities (240 rpm, 275 rpm and
300 rpm) and with two different polymer concentrations (50 mg/mL and 25 mg/mL) for
stirring at 275 rpm. The process parameter screening was conducted only with the behenoyl

PGAs since the polymer synthesis is time-consuming and high amounts of polymer were
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needed for the screening experiments. However, a transfer of the obtained results to the

stearoyl PGAs is most probable.

Figure 20 displays a characteristic volume-weighted particle size distribution of
microparticles prepared at a stirring speed of 240 rpm. The distribution graphs indicate that
monomodal size distributions were achieved for all FA-PGAs. Since the particle size
impacts the release behaviour, monomodal size distributions are preferable to achieve
constant and reproducible drug release [143,144]. Besides, monomodal distributions
indicate a controllable preparation method. The particle size distributions remained
monomodal for all FA-PGAs after the adjustment of stirring velocity and polymer

concentration during the process parameter screening.
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Figure 20: Exemplary volume-weighted particle size distribution graphs of PGA-B45, PGA-B75 and
PGA-B45-535 microparticles prepared at a stirring speed of 240 rpm.

The span and d(0.5) values for all screened parameters are shown in Figure 21. A decrease
in the median was observed for all investigated FA-PGA microparticles by increasing the
stirring speed from 240 rpm to 275 rpm. The d(0.5) values of PGA-B45 for example were
reduced from 58.7 um to 45.2 um, which is a size reduction of 23%. For PGA-B75 a reduction
of the d(0.5) value from 71.8 um to 53.0 um and for PGA-B45-535 from 61.2 um to 53.7 um

was measured. This was expected since higher agitations velocities, hence higher energy
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input, lead to an earlier tearing of the droplet from the cannula point and greater

comminution of the disperse phase into small droplets.

With a further increase in the agitation velocity to 300 rpm, no clear additional decrease in
particle size could be detected. A possible explanation is, that either the additional energy
input is not sufficient for additional disruption of the droplets or the surfactant is not able

to stabilize the resulting smaller droplet sizes and re-coalescence is occurring [146,147].

Moreover, the polymer concentration in the disperse phase was decreased with the stirring
speed unaltered at 275 rpm. Thereby, the median values for PGA-B75 and PGA-B45-535
decreased while the d(0.5) value of PGA-B45 remained almost constant. A reduction of the
particle size through a decrease in polymer concentration caused by lower viscosity of the
organic phase has also been reported for PLGA microparticles [148]. Since the reduction of
the polymer concentration did not cause a particle size reduction for all FA-PGAs, the
screening of further stirring velocities with the lower polymer concentration was
renounced. Furthermore, the span values did not change distinctly through the alteration
of the process parameters. For PGA-B45 the span values were in the range of 0.9 to 1.1,
whereas the PGA-B75 and PGA-B45-535 microparticles were slightly narrower distributed

with values around 0.7.
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Figure 21: The influence of stirring speed and polymer concentration on the size distribution of PGA-B45,
PGA-B75 and PGA-B45-S35 microparticles. The columns indicate the d(0.5) values, the dots the width of the
distribution.

In summary, both the stirring speed and the polymer concentration showed an influence
on the particle size. An increase in the stirring velocity from 240 rpm to 275 rpm and a
decrease in the polymer concentration resulted in smaller particle sizes. All microparticles
showed monomodal size distributions and had particle sizes considerably below 300 um to
ensure injectability. This study aims to formulate microparticles for controlled and
sustained release of DBT. Therefore, the stirring speed was set to 240 rpm for the following
experiments, since larger particle sizes generally lead to longer release times. As an
exception, to evaluate the effect of the particle size on the release behaviour in detail
(section 4.2.6), two varying particle size distributions were chosen for the in vitro release
experiments. Consequently, DBT was incorporated in microparticles prepared at 240 rpm
and 275 rpm in the subsequent section. Considering the higher particle yields for 50 mg/mL
compared to 25 mg/mL, 50 mg/mL was chosen as the polymer concentration for both

stirring velocities.
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4.2.2.2 INFLUENCE OF DRUG LOADING

To evaluate whether the loading of DBT influences the size distribution of FA-PGA
microparticles, particles loaded with nominally 6% DBT were prepared and measured via
laser diffraction. A drug load of 6% (w/w) was chosen to assure the amorphous state of the
APIL. The value was based on preliminary microscopic tests. Subsequently, the exact
threshold for the presence of the amorphous state of DBT in the particles was investigated
via XRD (4.2.5). Figure 22 displays the size distribution values of FA-PGA microparticles
loaded with DBT compared to drug-free placebo particles prepared at varying stirring
velocities. The incorporation of DBT into the microparticles considerably increased the
median particle size for the preparation at 240 rpm. An increase of about 20 um was
detected for the behenoyl PGAs, while for PGA-565 and PGA-S90 microparticles the
median particle size more than doubled. These differences could either arise from process
technological distinctions or variations in the molecular alignment of polymer and API As
to that, changes in the viscosity or surface tension of the disperse phase caused by the
addition of DBT to the solution could influence the tearing of the droplet from the cannula
point, hence, the particle size [149]. Furthermore, possible steric interference of the drug
molecule with the polymer side chains and therefore a more expansive inner particle
structure could explain this phenomenon as well. Interestingly, no clear differences
between the median particle sizes of loaded and placebo particles were detected at a stirring
speed of 275 rpm. A possible explanation is that the greater agitation compensates the
physicochemical distinctions of the disperse phases and the tearing of the droplet remains
unaltered by the addition of DBT. Similar results have been published on PLGA
microparticles containing progesterone [150]. The span values of the drug-loaded and
placebo particles did not differ distinctly, hence, the width of the size distribution was not

altered by the incorporation of DBT.
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Figure 22: Influence of loading of nominally 6% DBT on the particle size distribution. The columns indicate the
d(0.5) values, the dots the width of the distribution. Left: Stirring speed of 240 rpm during microparticle
preparation. Right: Stirring speed of 275 rpm during microparticle preparation.

The exact size distribution values of the microparticle formulations used in the following
experiments are shown in Table 10. All FA-PGA microparticles loaded with DBT were still
considerably smaller than 300 um and therefore injectable. However, PGA-B45, PGA-B75
and PGA-B45-535 formed smaller particles with median particle sizes below 100 um, thus,
are favorable for injection. The values suggest that with increasing acylation degree of the
PGA backbone larger particles were formed. By increasing the substitution degree of stearic
acid from 65 mol% to 90 mol%, the median particle size rose from 123.7 um to 128.3 um.
The same effect was observed for behenoyl PGA microparticles. For PGA-B45 a d(0.5) value
of 86.4 um was measured whereas the value increased to 96.5 um for PGA-B75. Similar
effects were also described for the formation of FA-PGA nanoparticles [65,71]. The
influence of the substitution degree on the particle size was observed for both placebo and
drug-loaded particles. However, the length of the acyl group had no distinct effect on the
particle size distribution. The d(0.5) value of the stearoyl PGAs was about 30 um higher
than the one of the behenic acid substituted polyesters. It was anticipated that FA-PGAs
substituted with longer side chains form bigger particles. Against this expectation, the
PGAs grafted with Cx-acyl chains formed smaller particles than the polymers acylated with
Cis-chains. Moreover, the smallest particle sizes were measured for the double substituted
PGA-B45-535. Possible explanations could be varying viscosities and interfacial tensions
during particle preparation or differing packing structures in the particle core, which are

dependent on the type of fatty acid, or the composition of the substituted fatty acid blend.
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Table 10: Size distribution values of FA-PGA microparticles loaded with nominally 6% DBT at a stirring speed
of 240 rpm and 275 rpm.

Stirring Speed: 240 rpm

Polymer d(0.1) [um] d(0.5) [um] d(0.9) [um] Span
PGA-S65 86.6 + 3.1 123.7 +2.2 179.2+11.3 0.748 + 0.104
PGA-S90 90.0+12.9 128.3+9.4 187.8 £ 14.2 0.771 + 0.231
PGA-B45 57.0+5.5 86.4 +6.3 131.6 £8.9 0.865 +0.104
PGA-B75 69.1 +4.4 96.5 +5.4 1349+7.1 0.683 + 0.012
PGA-B45-S35 55.0+5.2 81.2+5.2 119.5+5.8 0.796 + 0.084
Stirring Speed: 275 rpm
Polymer d(0.1) [um] d(0.5) [um] d(0.9) [um] Span
PGA-B45 304+14 489+25 80.3 +5.4 1.020 £ 0.061
PGA-B75 38.0+1.3 53.7+1.9 75.6 £2.7 0.698 + 0.006
PGA-B45-S35 37.6+0.8 54.7 +1.7 80.5 +6.0 0.783 + 0.098
4.2.3 PARTICLE MORPHOLOGY

Particle morphology affects various mechanisms of drug delivery, such as polymer
degradation and the kinetics of the drug release [151-153]. Furthermore, knowing the shape
of the particle is of great importance for the validity of the particle size measurements [154].
Scanning electron micrographs were taken to study the morphology of the FA-PGA

microparticles and to support the results gained by laser diffraction analysis.

The SEM images are shown in Figure 23. As already observed in chapter 4.2.2.2, the
behenoyl PGAs formed smaller microspheres than PGA-565 and PGA-590. It is visible that
all FA-PGAs formed uniformly spherical particles. The evaluation theory of laser
diffraction analysis assumes the particles to be perfectly spherical [140]. Consequently, a
spherical shape is required to obtain valid results. Thus, the results from the size

distribution measurements were confirmed to be valid.

In addition, no defined pore structure was visible on the microparticle surface. The
formation of pores during microparticle preparation is influenced by the rate of solvent
removal and therefore the rate of particle hardening [148]. The rate at which the solvent is

removed correlates with the disperse phase to continuous phase ratio (D/C ratio). Low D/C
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ratios result in fast solvent removal and therefore in lower porosity and smoother surfaces
[155,156]. Thus, the absence of pores on the particle surface complies with the low D/C ratio
of 1/150 during microparticle preparation. However, the absence of pores on the surface

does not imply the general absence of pores inside the polymer matrix.

Moreover, the SEM images indicate an effect of both substitution degree and the fatty acid
on the particle morphology. Higher substitution degrees and therefore higher crystallinity
led to rougher particle surfaces. Hence, PGA-S90 formed microspheres with clearly rougher
surfaces (Figure 23 B) than PGA-565 (Figure 23 A). In addition, the selection of the fatty acid
side chain affected the surface morphology. Behenic acid had a greater impact on the
roughness of the particle surface than stearic acid. Consequently, despite the lower
acylation degree, the PGA-565 microspheres (Figure 23A) remained considerably smoother
than the PGA-B45 particles (Figure 23C). Furthermore, no DBT crystals were detected on
the particle surfaces. This indicates the incorporation of the drug in its amorphous form.
Further investigations regarding API crystallinity inside the microspheres were conducted

in section 4.2.5.
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Figure 23: Representative scanning electron micrographs of FA-PGA microparticles loaded with nominally 6%
DBT. (A) PGA-565, (B) PGA-S90, (C) PGA-B45, (D) PGA-B75, (E) PGA-B45-535.
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4.2.4 ENCAPSULATION EFFICIENCY

Microencapsulation is described as a process of embedding solid particles or droplets of
liquids or gasses in an inert shell, which in turn isolates and protects them from the external
environment [157]. This process is utilized for a variety of reasons such as the protection of
sensitive substances and to achieve controlled release of the encapsulated material. The
extent to which the substance is embedded into the particle is defined as encapsulation
efficiency. Different factors during the microparticle preparation are influencing the
encapsulation efficiency. Some of these factors are the solubility of the polymer and the API
in the organic phase, the solubility of the organic solvent in the continuous phase, the rate
of solvent removal and the interaction between drug and polymer [158,159]. By grafting the
PGA backbone with fatty acids, the physicochemical properties of the polymer change and
therefore the drug-polymer interaction is altered. Consequently, the modification of the
PGA backbone is one possibility to control the encapsulation efficiency. To examine the
effect of the acylation of PGA on the encapsulation efficiency, two vitamin B: derivatives
were incorporated into FA-PGA microparticles. HPLC analysis was used to measure the
drug entrapment. The two thiamine derivatives differ in hydrophilicity (see logP values in

2.2) with DBT being more lipophilic than SBT.

Table 11: Encapsulation efficiencies of Dibenzoyl Thiamine (DBT) and Sulbutiamine (SBT) in FA-PGA
microparticles loaded with nominally 6% (w/w) of APL

Polymer Encapsulation Efficiency [%]

DBT SBT
PGA-S65 78.2+5.5 71.1+44
PGA-590 85.6 £5.9 62.9+6.1
PGA-B45 475+13 66.3+3.3
PGA-B75 84.2 +5.3 77.8 +4.5
PGA-B45-S35 87.8+£3.3 67.5+1.3

Table 11 depicts the encapsulation efficiency values for the investigated FA-PGAs.
Concluding from the obtained values, the entrapment percentages correlate with the
hydrophilicity of the polymer used. For PGA-S90, PGA-B75 and PGA-B45-S35
microparticles, encapsulation efficiencies of >80% were measured incorporating DBT into
the polymer matrix. According to the water contact angle measurements (4.1.3), these

polymers had 6 values around 90° and were the most lipophilic of the investigated
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FA-PGAs. Considering that the water contact angle was measured on the polymer surface,
it is not possible to transfer those values directly to the particle core. However, the general
differences in hydrophobicity of these materials still pertain to the bulk of the particles. For
this reason, it is comprehensible that the encapsulation efficiency of the lipophilic DBT was
the lowest (47.5%) in the most hydrophilic polymer PGA-B45 and that the values increased
with advancing lipophilicity. The maximum encapsulation efficiency of DBT was measured
for PGA-B45-535 (87.8%), even though the three most lipophilic PGAs showed only minor

differences.

The incorporation of the slightly less lipophilic thiamine derivative SBT into the
microparticles confirmed the influence of the polymer's hydrophobic interactions. An
increase of the encapsulation efficiency for the most hydrophilic PGA-B45 to 66.3% was
measured, whereas the values for the more lipophilic FA-PGAs declined. The value of the
previously most suitable PGA-B45-S35, for example, decreased from 87.8% to 67.5%.
Interestingly, the maximum entrapment percentage was detected for PGA-B75 at 77.8%,
although this polymer had the highest water contact angle measured, hence, had the most
lipophilic surface. This example shows, that the direct transfer of the O values from the
surface to the inner particle is not adequate to explain the entrapment of the drug. Other
factors on a molecular level affect the encapsulation efficiency as well, i.e. the molecular
weight of the polymer and potentially steric hindrance caused by the polymer structure
[159,160]. In this particular case, the biggest drop in encapsulation efficiency was measured
for PGA-590 and PGA-B45-535 with 20.3% and 22.7% respectively. These are the
investigated FA-PGAs with the highest acylation degree. As a possible reason, the
esterification of a high amount of free hydroxyl groups in the PGA backbone led to a
reduction in free space for the incorporation of SBT in the polymer matrix. Similar
observations were made for FA-PGA nanoparticles by Kallinteri et al. [65]. The
precondition for this explanation would be that SBT is sterically more demanding than DBT

since this effect was not observed for the incorporation of DBT.

In summary, the grafting of the PGA backbone and therefore the alteration of its
physicochemical properties affected the effectiveness of the incorporation of the two

vitamin B: derivatives. Through the modification of the polymer backbone, it is possible to
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control the affinity of the polymer to the drug, thus, the encapsulation efficiency. The

modification of PGA customized to the requirements of the API is easily conceivable.

4.2.5 X-RAY POWDER DIFFRACTION (XRD)

X-ray powder diffraction measurements were conducted to investigate the physical state of
the drug inside the DDS. XRD is one of the most frequently used and one of the most
conclusive methods for the detection and quantification of crystallinity [161]. Crystalline
materials provoke sharp Bragg peaks in the X-ray diffraction patterns. The absence of these
distinct peaks indicates the presence of an amorphous state [162]. The amorphous state of
a pharmaceutical compound is characterized by the lack of long-range order symmetry
operators (translational, orientational and conformational order) which are found in
crystalline compounds. Hence, the individual molecules exist in a random orientation to
one another and various conformational states [163]. The present physical state of the drug
is of great relevance due to the different dissolution behaviours of crystalline and
amorphous states. An amorphous drug has an improved apparent solubility, hence, an
enhanced bioavailability towards its crystalline counterpart [164,165]. Since a major portion
of new drug candidates developed via high-throughput screening and combinatorial
chemistry is characterized by low aqueous solubility, the amorphization of drugs is an
important strategy for the pharmaceutical industry to improve bioavailability [6,161]. DBT
with a solubility of < 0.1 mg/ml in PBS pH 7.4 is classified as practically insoluble according
to the European Pharmacopoeia [166]. Therefore, the incorporation of DBT in its
amorphous form into the microspheres would be desirable. PGA-B45, PGA-B75 and
PGA-B45-535 microspheres were selected for these measurements as the most promising

FA-PGA candidates for controlled release.

Initially, the characteristic diffraction pattern of DBT and the limit of detection for the
crystalline API in presence of the polymer had to be identified. Therefore, X-ray traces of
DBT and physical mixtures of DBT with the various FA-PGAs in different percentages were
acquired. The results are displayed in Figure 24. As expected, DBT caused a definite
diffraction pattern indicating its crystalline structure. The most characteristic peaks of DBT
appear at 8.4° and 11.1°. These specific Bragg peaks were also detected in the physical
mixtures. The detection limit of DBT in the physical mixtures with PGA-B45 and PGA-B75

was at 10% drug content, whereas it was higher for the mixture with PGA-B45-35 at 15%.
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A possible explanation of the slightly poorer detection limit in PGA-B45-5S35 could be the
high crystallinity of the specific FA-PGA itself. As a result of the semi-crystalline behaviour
of the FA-PGAs, the Bragg reflexes of DBT could be overlapped by the polymer’s diffraction
pattern. Further distinctive peaks in the X-ray traces of the mixtures at 5.3° and 9.7° are
caused by the different FA-PGAs (XRD traces of pure FA-PGAs, supplementary data Figure
S 2). Similar diffraction patterns of stearic acid-modified PGAs were reported by Weiss et
al. [72].
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Figure 24: X-Ray powder diffraction traces of DBT and of physical mixtures of DBT with different FA-PGAs.
The dotted line indicates the most characteristic DBT-peaks.

Subsequently, the threshold for the presence of amorphous DBT in FA-PGA microparticles
was detected. Therefore, the amount of drug incorporated into the particles was increased
until crystalline DBT reflexes appeared in the X-ray traces. Figure 25 displays the diffraction
patterns for the powdered polymeric microparticles. The threshold for the presence of
amorphous DBT is indicated by the lower curves. No sharp Bragg peaks of crystalline DBT
are visible there, which suggests the incorporation of DBT in its amorphous state. With
increasing DBT concentration the characteristic diffraction patterns of DBT at 8.4° and 11.1°
emerged as shown by the second curves in Figure 25. For PGA-B45 and PGA-B75
microparticles, the threshold was detected at 23% and 25% drug loading respectively.

However, signals indicating crystalline DBT appeared already at incorporation
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percentages >16% for PGA-B45-535 microspheres. Consequently, the amorphous state of
DBT had higher stability in PGA-B45 and PGA-B75 functioning as a polymeric matrix than
in the double substituted PGA-B45-535.
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Figure 25: X-Ray traces of powdered FA-PGA microparticles loaded with different amounts of DBT. The lower
curve shows the threshold for the absence of crystalline patterns. (A) PGA-B45, (B) PGA-B75, (C) PGA-B45-535.

The polymer plays a key role in the stability of the amorphous state in a DDS. Several
parameters such as the glass transition temperature, molecular weight, molecular mobility,
and solubility affect the crystallization behaviour of APIs in solid dispersions [163]. The
drug solubility determines the upper limit of drug concentration, in which the drug exists
in a molecularly dispersed state and no crystallization or phase separation will occur [161].
Various drug-polymer interactions, such as hydrogen bonds or Van der Waals forces, are
responsible for the solubility of the drug in the polymer [167,168]. Thus, the hydrogen
bonding between the free hydroxyl groups of the PGA backbone and DBT could be a
possible explanation for the different crystallization behaviours of DBT in the FA-PGAs.
Due to its high acylation degree, PGA-B45-535 has fewer free hydroxyl groups available for

hydrogen bonding. Therefore, the strength of interaction might be not sufficient enough to
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inhibit the crystallization of DBT to the same degree as in the other FA-PGAs.
Consequently, the solubility of DBT in PGA-B45-S35 would be poorer which could explain

the lower threshold for the presence of DBT in its amorphous form.

4.2.6 IN VITRO RELEASE EXPERIMENTS

In vitro release experiments are a valuable tool to assess the release performance of the DDS
under reproducible conditions and to ensure the physiological availability of the drug.
Thereby, in vitro tests provide first insights into the release duration and release rate during
the development of the drug product. Especially for parenteral depot formulations, these
parameters are crucial since a prolonged and controlled drug release is intended. The
results from the in vitro experiments are indispensable for the preparation of release tests
in vivo. To establish some correlation to the release behaviour in vivo a rational approach to
the experiment is essential. Initially, the test parameters had to be determined. Since the test
environment should be as close as possible to the actual release conditions in vivo, the
experiment was conducted at 37 °C body temperature. Furthermore, the selection of release

medium and release duration is discussed in the following sections.

4.2.6.1 SELECTION OF RELEASE MEDIUM
In general, the use of aqueous release media with physiological pH values is recommended

[169-171]. Therefore, phosphate-buffered saline pH 7.4 was chosen.

According to the Noyes-Whitney equation, the rate at which a solid substance dissolves in
its own solution is proportional to the difference between the concentration of that solution
and the saturation concentration (cs) [172]. Hence, it is essential to stay substantially below
¢s during the release experiments in order to maintain constant drug dissolution rates.
Therefore, it is vital to comply with the so-called “sink” conditions to detect realistic release
rates [173,174]. Sink conditions are maintained if the drug concentration in the medium
does not exceed 10% to 30% of cs [169]. Especially for poorly water-soluble drugs with low
saturation concentrations the preservation of perfect sink conditions during the study is
difficult. Due to the poor solubility of DBT in PBS pH 7.4, the modification of the release
medium was necessary. Different approaches, such as the use of partially organic media,
biphasic systems or the addition of surfactants to the release medium, have been pursued

[175-177]. Since the use of organic release media seems to be questionable, the saturation
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concentration of DBT in PBS pH 7.4 with the addition of different surfactants was
determined [178].
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Figure 26: Saturation concentration of DBT in PBS pH 7.4 with different additives.

The results are displayed in Figure 26. Due to its low cs of 1.6 pg/mL, DBT is classified as
practically insoluble in PBS pH 7.4 according to the European Pharmacopoeia [166]. The
poor solubility made a conventional release experiment within sink conditions effectively
impossible. Therefore, Tween® 20, Tween® 80, SDS and Kolliphor® HS 15 in two different
concentrations were added to improve solubility. All surfactants increased the saturation
concentration of DBT, except for the addition of 0.2% Kolliphor® HS 15. As expected, higher
detergent concentrations had a greater impact on cs. The most effective additive was SDS,
which increased the solubility of DBT to 119.1 pug/mL for 0.2% of SDS and to 283.5 ug/mL
for 0.5%. Therefore, SDS was chosen for the solubility enhancement of DBT. Besides, the
addition of SDS to the dissolution medium has already been investigated in the literature
and has been recommended for in vitro release experiments of sparingly water-soluble
drugs [176,178,179]. The enhancement of c¢s to 119.1 pug/mL was sufficient to maintain sink
conditions (< 10% cs) during the whole study with the aforementioned experimental setup
(section 3.2.6). Therefore, the lowest suitable SDS concentration (0.2%) was chosen in

accordance with FDA- and EMA-guidelines [170,171].
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4.2.6.2 SELECTION OF SAMPLING TECHNIQUE AND DURATION OF RELEASE EXPERIMENTS

Release experiments of microparticulate DDSs raise the problem of sample taking. For the
withdrawal of the sample, the microparticles have to be separated from the release medium.
The most common sampling methods are the dialysis method and the sample and separate
(SAS) method [180,181]. Regarding the SAS method, the microparticles are added directly
to the buffer medium and are separated by filtration or centrifugation before sample taking.
It allows a direct and rather precise measurement of the in vitro release. In the case of the
dialysis method, the microparticle suspension is introduced into a dialysis bag which is
placed in the release medium. Drug release is measured due to diffusion through the
dialysis membrane into the buffer. The dialysis method has the advantage of physical
separation between particles and medium but can be misleading due to the membrane
diffusion kinetics [143]. Therefore, the SAS method was chosen as a sampling technique for
this study, and the sample was withdrawn after allowing the particles to sediment. The
major drawback of this method is that it is hardly possible to accomplish total buffer
replacement. Consequently, the drug is constantly in contact with the release medium,

hence, the stability of the drug has to be guaranteed for the time of the experiment.

To determine the maximum duration of the release experiments, the stability of dissolved
DBT in the release medium had to be assessed. Figure 27 exhibits the stability of DBT in
PBS pH 7.4 containing 0.2% SDS at 37 °C. After 24 h the concentration started to decrease
which reveals the instability of DBT in its solvent. On day four the DBT concentration had
dropped to 87.5% and on day 14 only 57.3% of the initial concentration was measured.
Consequently, the conventional experimental setup was not suitable for long-term
measurements due to the poor stability of DBT in the release medium. As a compromise
between the validity of the results and the gained insight into the release rate of the
microparticles, a release duration of four days was agreed on. To enable the measurement
of the release over a longer period, a residual analysis was conducted for the most
promising formulations. In this approach, the microparticles are removed from the release
medium completely and the residual drug amount inside the microparticles can be
analyzed. Therefore, it is possible to elude the stability problems of DBT. Since the residual

analysis is a destructive technique it requires large amounts of microparticles. For this
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reason, the sampling frequency was set to be lower and not every formulation was

investigated this way.
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Figure 27: Stability of DBT in PBS pH 7.4 + 0.2% SDS at 37 °C.

4.2.6.3 IN VITRO RELEASE OF DIBENZOYL THIAMINE

The in vitro release of DBT was investigated for FA-PGA microparticles with different size
distributions to assess the influence of particle size on the release rate. Therefore, particles
were prepared with different stirring velocities, larger particles at 240 rpm and smaller

particles at 275 rpm, as mentioned in 4.2.2.2.

Release profiles of particles prepared at 240 rpm are shown in Figure 28. Major differences
in the release patterns of the FA-PGAs became apparent. The stearoyl PGA microparticles
showed a fast drug release and liberated DBT within the first two hours completely.
However, extended periods of drug release were observed for the polymers modified with
behenic acid. The high release rates of PGA-565 and PGA-S90 can be explained by the
melting of the stearic acid side chains of the polymer backbone at 37 °C (see DSC
measurements 4.1.1) which led to a softening of the polymer structure. As a consequence,

the water penetration into the particle increases, and higher diffusion coefficients occur. As
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already expected, the quick drug release diminishes the suitability of the stearoyl PGAs for

the formulation of parenteral depot systems.
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Figure 28: In vitro release of FA-PGA microparticles loaded with nominally 6% DBT in PBS pH 7.4 + 0.2% SDS
over a period of four days at 37 °C. The microspheres were prepared with a stirring velocity of 240 rpm.

A prolongation of the drug release was achieved through grafting of the PGA backbone
with behenic acid. For low substitution degrees, the release period was only extended
slightly, whereas higher substitution percentages led to a considerably longer drug release.
PGA-B45 microparticles showed a drug release over a prolonged time span compared to
the stearoyl PGAs despite the lower acylation degree. Nevertheless, PGA-B45 released DBT
within the first 24 hours probably due to its comparatively high hydrophilicity. Examining
the higher substituted PGA-B75 it became apparent that the increase in the acylation degree
of the polymer affects the release behaviour distinctly. The PGA-B75 microspheres released
only 47.3% of the total DBT amount during 96 h and showed the lowest release rate of the
investigated FA-PGA microparticles. Regarding PGA-B45-535, the DBT release was
completed after 72 hours. Despite its overall higher acylation degree of 80%, a shorter

period of drug release was observed compared to PGA-B75. This observation suggests that
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the stearic acid acts as a release accelerator in the double substituted polymer due to its
lower melting temperature. The partial melting of the fatty acid side chains was already
discussed in the rheology and EPR section and could be the reason for higher diffusion
coefficients inside the polymer matrix. Therefore, it is possible to regulate the release
behaviour by simultaneous grafting of different fatty acids. Furthermore, the visible decline
of the release curves after the complete DBT release can be attributed to the poor stability

of DBT in the release medium.
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Figure 29: Residual drug content of PGA-B75 microparticles loaded with nominally 6% DBT after incubation at
37 °C in PBS pH 7.4 + 0.2% SDS. The microspheres were prepared with a stirring velocity of 240 rpm.

Figure 29 illustrates the results obtained from the residual analysis. It shows that the
PGA-B75 microparticles released the API over a period of 14 days. No distinctive burst
release could be detected for the PGA-B75 particles with either method. The general release
patterns of both methods coincide. Small variations in the exact values originate from the
stability problems of DBT in the conventional experimental setup. To assess whether
degradation processes influenced the drug release from the microspheres, PGA-B75
particles were incubated in PBS pH 7.4. Subsequently, the molar mass was analyzed via
GPC to conclude about potential ester hydrolysis. As displayed in Figure 30, no
degradation occurred during the experiment. No distinct changes could be observed in the
molecular weight and PDI respectively. Due to the relative stability of ester bonds in

aqueous media (tos = 3.3 years) in vitro and the high lipophilicity of PGA-B75, this is not
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surprising [182]. Therefore, the influence of degradation on the in vitro release behaviour of
PGA-B75 microspheres can be excluded. Hence, presumably diffusion processes through

the polymer matrix or pores account for the release profile to a large degree.
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Figure 30: Degradation behaviour of PGA-B75 microspheres prepared at 240 rpm over 14 days incubated in
PBS pH 7.4 at 37 °C. The columns indicate the number averaged molecular weight (Mn), the dots represent the
PDL

To investigate the effect of the particle size on the release behaviour of FA-PGA
microparticles, PGA-B45, PGA-B75 and PGA-B45-535 microspheres were also prepared
with a stirring velocity of 275 rpm. The stearoyl PGAs were excluded from this study due

to their high release rate in the previous experiment.

Figure 31 summarizes the results of the in vitro release of DBT from FA-PGA microparticles
with smaller particle sizes. It was observed that the release rate increased considerably for
all investigated polymers due to the reduction of the particle size. The PGA-B45 particles
(dos=48.9 um) released DBT within three hours completely while the drug release for the
bigger particles (dos= 86.4 um) ended at 24 hours. For PGA-B45-S35 the release duration
was decreased from three days to two days. While the PGA-B75 microspheres with a
median particle size of 96.5 um released only 47.3 % DBT over four days, the smaller
particles (dos =53.7 um) liberated 84.6 % within the same time interval. Due to the instability
of DBT in the buffer medium, the value was afterward rectified to 100% by the residual
analysis (Figure 32). An increase in the release rate with decreasing particle size was also
mentioned in the literature [148,149,183]. The longer release periods for larger FA-PGA

microparticles are probably resulting from a smaller cumulative surface, hence, less
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interaction with water. Furthermore, the distance for the drug to diffuse out of the particle

is greater for larger particle diameters.
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Figure 31: In vitro release of FA-PGA microparticles loaded with nominally 6% DBT in PBS pH 7.4 + 0.2% SDS
over a period of four days at 37 °C. The microspheres were prepared with a stirring velocity of 275 rpm.

In summary, the release profile of DBT from FA-PGA microparticles was affected by the
selection of the fatty acid and the substitution degree. Stearoyl PGA microspheres released
the drug faster than the behenoyl PGA particles. With increasing substitution degree, the
release rate decreased. The simultaneous substitution of the two fatty acids allows
accelerating the release of the lipophilic DBT compared to an equally substituted behenoyl
PGA. Therefore, the release rate can be adjusted without reducing the substitution degree,
hence, the encapsulation efficiency. Furthermore, it is possible to regulate the release rate
through the particle size distribution. Smaller particles showed faster drug release.
Moreover, the in vitro release was not influenced by degradation but merely by diffusion

processes based on the data for PGA-B75.
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Figure 32: Residual drug content of PGA-B75 microparticles loaded with nominally 6% DBT after incubation at
37 °C in PBS pH 7.4 + 0.2% SDS. The microspheres were prepared with a stirring velocity of 275 rpm.

4.2.7 COMPARISON TO PLGA

Poly(lactic-co-glycolic acid) (PLGA) copolymers are the most extensively studied
commercially available biodegradable polymers. The possibility to alter the ratio of
lactic acid/glycolic acid and the molecular weight of these macromolecules made PLGA the
most widely used biodegradable polymer with variable physicochemical properties [184].
Nevertheless, PLGA has some disadvantages such as the potential formation of a highly
acidic pH-microclimate and complex degradation and release profiles [43,44,182,185,186].
Therefore, constantly new biodegradable materials such as modified PGA are investigated
as alternatives for PLGA. To assess the release behaviour of FA-PGA microparticles in a
greater context, the in vitro release of DBT out of PLGA microspheres was conducted for

comparison. The PLGA microparticles were prepared as stated in section 3.2.1.

Table 12 summarizes the main characteristics of the PLGA microparticles loaded with 6%
DBT. Microparticles were prepared with three different EXPANSORB® polymers varying
in molecular weight. All investigated PLGAs had a lactic acid/glycolic acid ratio of 50/50.
The measured size distributions of the PLGA particles were similar to the FA-PGA
microspheres. This is important for the comparability of the in vitro release experiments
since the particle size affects the release rate as discussed previously. Median particle sizes

between 82.8 um and 116.7 um were detected for the PLGA microspheres. All PLGA
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copolymers showed good encapsulation efficiencies comparable with the higher

substituted FA-PGAs.

Table 12: Characteristics of different PLGA microparticles loaded with nominally 6% DBT. The number
averaged molecular weight (Mn) of the polymers and the size distribution parameters d(0.5) and span as well
as the encapsulation efficiency (EE) of the microparticles are given.

Polymer M [Da]? d(0.5) [um]® Span® EE [%]¢

DLG 50-2A 6046 105.7 +11.8 0.772+0.120 78.3£5.5

DLG 50-3A 13554 116.7 +10.6 0.675 + 0.012 90.7 £3.5

DLG 50-5A 27370 82.8 8.8 0.682 +0.014 84.6 2.9
2Obtained from GPC data

®Measured with laser diffraction analysis
¢Determined via HPLC analysis
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Figure 33: In vitro release of PLGA microparticles loaded with nominally 6% DBT in PBS pH 7.4 + 0.2% SDS
over a period of four days at 37 °C.

Figure 33 displays the in vitro release of DBT from PLGA microparticles over four days.
DLG 50-2A with a molecular weight of 6.0 kDa showed the highest release rate and released
DBT within three days. With increasing molecular weight, the release rate decreased. For
DLG 50-3A microparticles (Mn = 13.6 kDa) a short lag phase of at least six hours was
detected. After 96 h 55.8% of DBT were released. The PLGA copolymer (DLG 50-5A) with

the highest molecular weight of 27.4 kDa showed no DBT release during the experiment.
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For DLG 50-3A and DLG 50-5A microparticles, a residual analysis was performed to
investigate the release behaviour over a longer time span (Figure 34). The DLG 50-3A
microparticles released DBT within seven days. Including a lag phase of four days, the DBT

release of DLG 50-5A was virtually completed after ten days.
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Figure 34: Residual drug content of PLGA microparticles loaded with nominally 6% DBT after incubation at
37 °C in PBS pH 7.4 + 0.2% SDS.

In many cases, a triphasic release profile is reported for PLGA microparticles [31,57,187].
An initial burst release is followed by a lag phase and a secondary release phase. The three
phases are caused by initial drug diffusion, followed by matrix hydration and finally bulk
degradation. The causes for burst release are diverse. A frequent reason for this is the
release of API trapped on the particle surface especially observed for high drug loadings
[188]. In this particular case, no distinct burst release was detected, hence, the release
patterns were biphasic. This could be explained by the low drug loading percentage of 6%
which did not provoke the attachment of DBT on the particle surface. The lag phase is
dependent on the hydration of the polymer matrix. While for DLG 50-2A microparticles no
lag phase was observed, increasing periods without drug release were detected for
DLG 50-3A and DLG 50-5A. Consequently, the lag phases increased depending on the
molecular weight of the polymer. The influence of molecular weight on the degradation
and release behaviour of PLGA particles has been extensively discussed in the literature

[189-192]. Hydration of the polymer and the rate of degradation decrease with increasing
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molecular weight. Therefore, longer lag phases are observed for longer PLGA chains. After
hydration, the drug release is affected by diffusion through the polymer matrix and
degradation processes. The slight increase in the release rate of DLG 50-2A and DLG 50-3A
after 24 to 48 hours could indicate the beginning of polymer degradation. However, all
PLGA microparticles showed rather constant and linear release profiles except for the

respective lag phases.

Compared to the FA-PGA microparticles the PLGA microspheres showed a more linear
drug release. Constant drug release rates are favourable to avoid non-therapeutic
concentrations and peaks in the drug plasma curves. Future research could aim at the
modulation of the release patterns of FA-PGA microparticles towards a near zero-order
kinetic. The adjustment of the composition of the acyl side chains or the influence of the
release behaviour through hydrophilic residues (e.g. PEG) is conceivable. However, for the
FA-PGA microspheres, no lag phases were observed. Therefore, a constant drug release
was possible which is preferable to achieve a direct therapeutic effect after the application
of the DDS. Furthermore, the PGA-B75 microparticles released DBT over a longer period
than the PLGA formulations. Even DLG 50-5A, which had the highest molecular weight of
all investigated polymers, revealed a release duration of only six to seven days. Moreover,
it showed the longest lag phase. Certainly, it is possible to achieve a longer release by
adjusting the lactic acid/glycolic acid ratio of PLGA towards the lactic acid but that would
presumably prolong the lag phase simultaneously. Despite its considerably lower
molecular weight (approx. 10 kDa), the longer release duration of PGA-B75 could be
explained by its higher lipophilicity compared to the PLGA formulations.

To summarize, the advantages and disadvantages of PLGA are well known. Regarding the
release behaviour, small modulations towards a more linear drug release could consolidate
the position of FA-PGA as an equivalent alternative for PLGA. Especially the PGA-B75
microparticles revealed promising in vitro results regarding constant DBT release over long

periods.

4.2.8 CYTOTOXICITY
Cytotoxicity is an important parameter for the assessment of the biocompatibility of

materials. Concerning prospective in vivo applications, the biocompatibility of the FA-PGA
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microparticles had to be evaluated in vitro beforehand. For that reason, a resazurin
reduction assay was performed. Thereby, the non-fluorescent blue resazurin is reduced to
the fluorescent red resorufin in mitochondria of living cells [193,194]. By comparing the
measured fluorescence intensity of the treated cells to the signal intensity of untreated cells
conclusions can be drawn about cell death. The determination of cell death after direct or
indirect contact with the material is one of the most valuable measures for toxicity [195,196].
To assess the cytotoxic properties of the microparticle formulations the resazurin reduction
assay was conducted on two different cell lines - mouse embryonic fibroblasts (3T3) and

normal human dermal fibroblasts (NHDF).
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Figure 35: Cell viability of NHDF cells after incubation with different concentrations of FA-PGA microparticles
for 4 h, 24 h and 96 h. Cell viability was determined fluorometrically by a resazurin reduction assay. The
negative control value (untreated cells) was set as 100%.

Figure 35 displays the cell viability of NHDF cells after incubation with different
concentrations of FA-PGA microparticles over 96 h. For the lowest investigated
concentration of 1 mg/mL, no decrease in cell viability was detected. Higher concentrations

affected the viability of the cells. At a concentration of 10 mg/mL, the half-maximal



Results and Discussion

75

inhibitory concentration was exceeded for PGA-B45 particles after 96 h. The half-maximal
inhibitory concentration (ICso) is the concentration needed to reduce cell viability by 50%.
ICs0 values are used to evaluate the cellular response to the material [197,198]. All
investigated FA-PGA microparticles reduced the cell viability to <50% at a concentration
of 20 mg/mL. PGA-B75 and PGA-B45-535 showed similar cytotoxic properties while PGA-
B45, which has the lowest acylation degree, affected the cell viability the most. This
observation coincides with research conducted on the hemolytic activity of modified PGA
nanoparticles in vitro [67,86]. As a possible explanation, the larger quantity of free hydroxyl
groups increased the amphiphilic character of the polymer. Furthermore, it was observed
that the cell viability values initially decreased and increased in many cases subsequently.
That implies that the cells were able to recover after initial stress. Moreover, at the lowest
particle concentration, cell viability values over 100% were detected. The metabolization of
the polymer by the cells resulting in enhanced cell activity and proliferation could possibly
explain that phenomenon. Similar observations were made by Weiss et al. regarding

stearoyl PGA nanoparticles [67].
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Figure 36: Cell viability of 3T3 cells after incubation with different concentrations of FA-PGA microparticles for
4h, 24 h and 96 h. Cell viability was determined fluorometrically by a resazurin reduction assay. The negative
control value (untreated cells) was set as 100%.

The investigation of cytotoxic effects on 3T3 cells revealed a similar pattern (Figure 36).
Accordingly, the reduction of the cell viability was dependent on the particle concentration.
While a concentration of 1 mg/mL did not impact the cells, the viability decreased with
increasing concentration. Again, the PGA-B45 microparticles had the greatest effect.
Regarding PGA-B45-S35, the 3T3 cells responded less strongly and the ICsoc was not
exceeded even for the higher concentration. For PGA-B45 and PGA-B75 a concentration of

10 mg/mL led to a reduction of the cell viability below 50%.

Although some of the results correlate with previously published data, the general
cytotoxicity of the investigated FA-PGA microparticles was considerably higher. Previous
in vitro studies on PGA nanoparticles showed no negative effects on cell viability [65,67,86].
That raised the question of whether the viability of the cells was only impacted by the
material itself or if other experimental parameters had an effect as well. This was

investigated in the following.
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Figure 37: Exemplary images of NHDF cells and PGA-B75 microparticles after incubation for 96 h. Different
particle concentrations are displayed: (A) 1 mg/mL, (B) 5 mg/mL, (C) 10 mg/mL, (D) 20 mg/mL. The white bar
represents a distance of 1 mm.

Figure 37 displays exemplary microscopic images of the experimental setup. For the lower
concentrations, an intact cell layer is visible below the microparticles. It becomes apparent
that the cells are completely overlain by the microparticles at higher concentrations. These
images suggest that by direct contact physical pressure is applied which could cause
mechanical damage to the cells. Consequently, the mechanical damage would be
misinterpreted as a cytotoxic effect [195,199]. To investigate this assumption an indirect

™

approach with cell culture inserts (ThinCerts™) was chosen. Thereby, the cell material is
physically separated from the particles by a permeable membrane but still in close contact
with the test material. The indirect approach was conducted for the highest investigated
particle concentration (20 mg/mL). Due to the high amount of material required for this

setup, the test was only performed twice for each formulation, timepoint (24 h, 96 h) and

cell line.
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Figure 38: Cell viability of NHDF and 3T3 cells after incubation with 20 mg/mL of FA-PGA microparticles for
24 h and 96 h. ThinCerts™ were used to physically separate the particles from the cells. Cell viability was

determined fluorometrically by a resazurin reduction assay. The negative control value (untreated cells) was
set as 100%.

Figure 38 summarizes the cell viability results for the indirect approach. It becomes
apparent that the effect of the FA-PGA microparticles on the cell viability was minor. For
the NHDF cells, no distinct negative effect could be detected. The results obtained for the
3T3 cells might suggest a slight decrease in cell viability to approximately 85% to 90% after
96 h. Still, the effect was minor compared to the cytotoxic properties observed for direct
cell-particle contact. Consequently, the physical pressure of the particles on the cells
exaggerated the reduction of cell viability which therefore has to be interpreted carefully.
The disparity between the two approaches suggests that the physical pressure led to either
mechanical damage or a cell response due to insufficient gas or nutrient supply [200]. To
conclude, based on the results from the indirect experimental approach FA-PGAs were well
tolerated by the used cell models. The available literature data support this assessment
[67,86]. Therefore, the FA-PGA microparticles were evaluated as drug delivery systems

with good biocompatibility suitable for further in vivo investigations.

4.2.9 IMPACT OF ELECTRON BEAM STERILIZATION

A prerequisite for the application of parenteral DDSs is the sterility of the dosage form.
According to EMA and FDA guidelines, steam sterilization, dry heat sterilization,
ionization radiation sterilization and gas sterilization are the recommended sterilization
methods [201,202]. Sterilization treatments involving high temperatures, i.e. dry heat and
steam sterilization, are generally not suitable for polymeric microparticles. Thereby, glass

transition or melting temperatures are exceeded and form stability can not be guaranteed.
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Gas sterilization, most commonly with ethylene oxide, is due to potentially toxic residues
only acceptable if no other method is available and is therefore mainly used for packaging
materials [203]. Following the decision tree of the EMA guidelines, ionizing radiation is the
most suitable sterilization method for the FA-PGA microparticles. Radiation sterilization
by gamma radiation or electron beam (e-beam) is performed with radiation doses of
> 25 kGy. Since the transferred energy during sterilization can cause changes in the particle
properties, the effect of the irradiation has to be investigated [204-206]. Since e-beam
radiation provides higher dosing rates than gamma radiation, shorter exposure times can
be set, thus, potential degradation of polymer and API is reduced [207,208]. Therefore,

e-beam radiation with a dose of 25 kGy was chosen as a sterilization method.

Following the in vitro release experiments (section 4.2.6.3), PGA-B75 microparticles were
selected as the most promising candidate for translation into in vivo testing. Consequently,
the impact of electron beam sterilization on the molecular weight of PGA-B75, the content
of DBT and the in vitro release behaviour of the microparticles had to be assessed. Figure 39
summarizes the results of the effect of sterilization on molecular weight and drug content.
As depicted the e-beam irradiation affected the molecular weight distribution of PGA-B75.
The PDI of the polymer increased, hence, the weight distribution became broader. This is
also visible in the individual average molecular weights. The number averaged molecular
weight (Mn) decreased from 8.9 kDa to 7.7 kDa due to irradiation, which indicates an
increasing number of short polymer chains. On the contrary, the weight averaged
molecular weight (Mw) of the sterilized sample increased from 15.4 kDa to 35.5 kDa
compared to the non-sterilized sample. This implies longer and more massive polymer
chains were detected in the sterilized samples. These changes in Mnand Mw are caused by
the high energy transfer during sterilization. More precisely, radicals produced by ionizing
radiation promote chain scission and crosslinking and therefore broaden the molecular
weight distribution of the polymer [209-213]. Moreover, changes in the solubility of
PGA-B75 were detected. After sterilization, insoluble residues were observed in DCM.
Presumably, crosslinking led to insoluble polymer portions with high molecular weights.
Regarding DBT, the sterilization process did not affect the API. No API degradation did
occur either for the pure DBT or the microparticles. Recapitulating, electron beam radiation

impacted the molecular weight of PGA-B75 while DBT remained unaffected.
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Figure 39: Impact of electron beam sterilization. Left: Influence on the weight (Mw) and number (Mn) averaged
molecular weight and weight distribution (PDI) of PGA-B75 bulk polymer. Right: Drug content of pure DBT
and PGA-B75 microparticles loaded with nominally 6% DBT after sterilization.

Additionally, the influence of the changes induced by e-beam sterilization on the in vitro
release behaviour of PGA-B75 microparticles was investigated. Therefore, release
experiments according to 3.2.6 were conducted. It became apparent that the irradiation did
not affect the general release pattern of the microspheres (Figure 40). However, on average
the e-beam sterilization led to a slight acceleration of the DBT release. Furthermore,
considerably increased standard deviations were observed for the sterilized microparticles.
The alteration of the release profile can be explained by the changes in the molecular weight
distribution. Similar observations regarding the effect of irradiation on the release profile
of microparticles are mentioned in the literature [205,214,215]. Due to the broadening of the
molecular weight distribution, the deviations in the drug release increased. Moreover, the
partial degradation of the polymer caused by the sterilization process led to a slight increase

in the release rate.
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Figure 40: In vitro release of sterilized PGA-B75 microparticles loaded with nominally 6% DBT in PBS pH 7.4 +
0.2% SDS at 37 °C compared to non-sterilized particles.

In summary, e-beam radiation affected the properties of the microparticles. The broadening
of the molecular weight distribution caused changes in solubility and release behaviour of
the particles. This is concerning since the variability caused by the sterilization process is
opposed to a controlled and consistent drug release. Therefore, e-beam radiation was
assessed as inadequate for the sterilization of PGA-B75 microparticles. According to the
decision tree of the EMA guidelines, the microspheres were prepared under aseptic

conditions for further in vivo investigation.

4.2.10 IN VITRO RELEASE OF DIR

In view of the following in vivo investigations, the in vitro release of DiR from the PGA-B75
microparticles was assessed. Accordingly, the fluorescent dye DiR was incorporated into
the microparticles as a highly lipophilic drug model. The evaluation of the quantitative
release of a fluorescent dye can be challenging due to various effects influencing the
fluorescence intensity. For example, solvent interactions, quenching effects and
photobleaching can affect the obtained fluorescence signal [216]. To eliminate possible
quenching effects, the range of concentration with a linear relationship between the amount
of DiR and the total fluorescence intensity was detected prior to the experiment.

Additionally, a DiR standard was measured along with the samples to identify potential
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photobleaching. No bleaching was detected throughout the experiment. To improve the
validity of the in vitro release investigation, two different measurement approaches for the
detection of the DiR release were selected. The decrease in fluorescence intensity inside the
microparticles was measured with the Maestro™ imaging system and the amount of DiR
released to the medium was detected with the FluoroMax-4 spectrofluorometer (see

methods section 3.2.10 and 3.2.11.).
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Figure 41: In vitro release of DiR from PGA-B75 microparticles in PBS pH 7.4 + 0.2% SDS over 85 days. The
decrease in fluorescence intensity of the microparticles measured with the Maestro™ and the released amount
of DiR obtained from fluorescence spectroscopic measurements are displayed.

Figure 41 summarizes the results obtained from the two measurement approaches. Within
85 days, the fluorescence intensity of the microparticles decreased to 28.3% which equates
to 71.7% released DiR. A slightly higher release rate was observed for the first four days
before it slowed down and stayed rather constant for the remaining period. The
determination of the amount of DiR in the buffer medium revealed that 2.1 ng were
released after 85 days. Both measurement approaches led to an almost identical release
pattern with an initially higher liberation rate and a subsequent constant release.

Consequently, the results obtained from the two methods confirm each other. Compared
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to the liberation of DBT from PGA-B75 microparticles, the release rate of DiR was
considerably lower. The low release rate of DiR can be attributed to its higher lipophilicity
(logP = 17.4) and therefore lower solubility in water [217]. Hence, the strong hydrophobic
interactions with the lipophilic PGA-B75 resulted in long release durations. The slow
liberation of DiR compared to the also lipophilic DBT highlights the impact of the API's
physicochemical properties on the release profile. Therefore, the generalization of drug
release from FA-PGA particles is not possible and each API has to be assessed individually

regarding its release behaviour from the DDS to collect valid data.

4.2.11 IN VIVO FLUORESCENCE IMAGING

The research on novel DDSs aims ultimately at the administration of the drug product
in vivo. This transfer from in vitro to in vivo is very challenging. Since in vitro investigations
struggle to reproduce the physiological environment accurately, in vivo results often differ
from the findings in vitro. Complex enzymatic degradation processes and other interactions
between the drug formulation and its environment at the site of injection can only be
exposed in vivo. Therefore, in vivo fluorescence imaging experiments were conducted on
SKH1-Hrt" mice. Hairless SKH1 mice were selected since their lack of hair and skin
pigmentation makes them favourable for fluorescence imaging [218]. Following the
previous in vitro characterization, PGA-B75 microparticles were chosen as the most
promising controlled release formulation to gain some insight into the behaviour of
FA-PGA particles in vivo. To visualize the microspheres at the injection site, NIR fluorescent
dyes DiR and DY-782 were chosen for the investigation. Due to low absorption and tissue
autofluorescence of the NIR range in vivo, the utilization of NIR dyes allows to minimized
background interference and to improve penetration depth [219,220]. DiR was incorporated
into the PGA-B75 microspheres as a lipophilic drug model to study the release behaviour.
Furthermore, to observe polymer degradation, DY-782 was covalently bound to PGA-B75
and subsequently, microparticles were prepared with the dye-labeled PGA-B75-DY782.

Eventually, the microparticle formulations were injected into the nuchal fold of the mice.
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Figure 42: In vivo fluorescence imaging of PGA-B75-DY782 microparticles in SKH1-Hr"" mice over 84 days. The
two female mice are shown on the left side of the images, the two male mice on the right.

An overview of the fluorescence images obtained for the PGA-B75-DY782 microparticles
over 84 days is given in Figure 42. No considerable decrease in the radiant efficiency was
observed. The microparticles were well tolerated by all mice and no signs of inflammation
or edema were detected over the course of the experiment. On day 32 one male mouse had
to be withdrawn from the study due to an ocular disease not related to the microparticle
administration. Figure 43 displays the evaluation of the fluorescence intensities over time.
Considering the standard deviations, no distinct trend was detected over the 84 days and
the fluorescence signal remained almost constant. One of the challenges for in vivo imaging
is the positioning of the mice in the same posture for each measurement. Small variations
in the mouse position and changes in the mouse body itself affect the detected fluorescence
signal unavoidably. Due to that, high standard deviations occurred in some cases.
However, the fluorescence intensity did not decrease distinctly. Since the fluorescent dye is

labeled covalently to the polymer via esterification, a signal decrease would imply a
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degradation of the ester bond and subsequent diffusion of the dye out of the microparticle.
Therefore, the constant fluorescence signal indicates that the polymer was still intact after

84 days and no distinct degradation occurred.
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Figure 43: In vivo fluorescence intensity of PGA-B75-DY782 microparticles. Filled symbols represent the average
fluorescence intensity, empty symbols indicate the measured intensity value of each respective mouse.

Figure 44 shows fluorescence images of mice after the application of PGA-B75
microparticles containing DiR as a lipophilic drug model at different time points. A
decrease in fluorescence intensity is visible over 84 days. Again, no indication for irritation
or inflammation of the skin around the injection site was visible, hence, the microspheres
were well tolerated. One male mouse had to be removed from the experiment due to
neoplasia at a bite wound located at the right flank away from the injection site. Therefore,
the removal was incoherent with the administered microparticle formulation. The
evaluation of the fluorescence intensity in Figure 45 displays the clear decline of the signal.
After 84 days, the release of DiR was almost completed and residual fluorescence intensity
of 4.3% was measured. Potential bleaching effects on the intensity decline can be excluded
due to in vitro bleaching tests conducted as mentioned in 4.2.10. Compared to the in vitro
release of DiR in the previous section, the release was considerably faster in vivo. While it
took 47 days to release 50% of DiR in vitro, more than 50% of DiR were released after 14 days

in vivo. The faster release can be attributed to various physiological processes. For example,
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the pressure in the subcutaneous tissue and the animal movement, as well as immune
responses and histological alterations, can influence the drug release [3,221]. Other
potential factors influencing the release rate are enzymatic degradation and protein
adsorption [31]. The general release pattern of the in vivo release of DiR was similar to the
in vitro release of DBT (section 4.2.6.3) and showed a decrease in the release rate during the
experiment. This decrease in the release rate was not visible for the in vitro release of DiR
but would have most likely occurred with further progression of the release. Since

diffusional mass transport plays a major role in the API/dye release out of the microspheres,

the decrease in release rate is explainable by Fick’s second law of diffusion [222,223].
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Figure 44: In vivo fluorescence imaging of PGA-B75 microparticles loaded with DiR in SKH1-Hr"" mice over 84
days. The two female mice are shown on the left side of the images, the two male mice on the right.



Results and Discussion

87

O
—H— average

O  mouse #1
JO0 - oo i gy o

]
] A mouse #3
A0y ... < mouse#d
80 5 f

BO o B

4047 Bed
204 St g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

fluorescence intensity [%]

time [d]

Figure 45: In vivo release of DiR from PGA-B75 microparticles. Filled symbols represent the average fluorescence
intensity, empty symbols indicate the measured intensity value of each respective mouse.

After the termination of the experiment, the mice were dissected to exclude internal
irritations caused by the formulation and to observe the particles visually at the site of
injection. Although the dissections were within normal limits and no physiological changes
were detected, it was discovered that the particles were encapsulated by connective tissue.
An exemplary image of the injection site during dissection is shown in Figure 46. The
encapsulation by a fibrous capsule can be attributed to the foreign body reaction and is a
common response of the host following the implantation of biomaterials [29,224-226]. The
extent of that response is influenced by several factors including the size, surface
topography, shape, charge and stiffness of the material. It should be mentioned that this
capsule could act as an additional barrier and could impact the release and degradation

behaviour of the DDS [224].

Figure 46: Exemplary image of the microparticle injection site after termination of the experiment. The red circle
indicates the tissue capsule surrounding the microparticles.
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4.3 PREPARATION AND CHARACTERIZATION OF PREFORMED IMPLANTS

4.3.1 PREPARATION OF PREFORMED IMPLANTS AND TEXTURE ANALYSIS

Besides microparticles, implants gained commercial importance as parenteral controlled
drug delivery systems [22,227]. Implants are categorized into preformed implants and
in situ forming implants. In situ forming implants (ISFI) are administered as injectable fluids
and are solidified at the injection site by cross-linking, gelation or phase separation [228].
While the administration of ISFIs is less painful and less invasive, the main obstacles of the
formulation of biodegradable in situ forming implants are the control of the implant’s shape
and the toxicity of the solvents used. Preformed implants are commonly prepared via melt
extrusion and are cylindrically shaped. Both implant types are mostly administered
subcutaneously as a depot formulation. As apparent from the characterization of the
microparticles, the size of the DDS affects the release of the API from the formulation.
Moreover, the shape of the dosage form has an impact on the drug release as well [223,229].
To investigate the properties of an FA-PGA dosage form with a larger geometry compared
to microparticles, implants were prepared and characterized. Due to their favourable
physicochemical properties at 37 °C, PGA-B45, PGA-B75 and PGA-B45-S35 were selected
as polymeric matrices. As mentioned earlier, one of the main concerns about ISFIs is the
toxicity of the organic solvent used for the preparation of the injectable fluid. Organic
solvents with acceptable biocompatibility profiles are NMP and dimethyl sulfoxide
(DMSO) [228,230]. Nonetheless, high amounts of organic solvent can cause unwanted local
irritations, thus, the solvent percentage in the formulation should be as low as possible.
Since the solubilities of all behenoyl PGAs in DMSO were very low (<0.2%) and only
PGA-B45-535 had an acceptable solubility in NMP (approx. 38%, supplementary data
Figure S 3), the preparation of preformed implants was selected as the preferred approach.
Due to the high polymer amounts necessary for melt extrusion, the preformed implants
were prepared with the heating press (schematic illustration see Figure 9). The preformed
implants are shown in Figure 47. Regularly shaped cylindrical implants with diameters of
5.5 mm and heights of 1.6 mm were obtained for all investigated FA-PGAs. The visual
appearance of the implants did, however, slightly differ. While the highly substituted
PGA-B75 and PGA-B45-S35 were white, the low substituted PGA-B45 was more

transparent. Due to temperatures above the melting points of the side chains during
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preparation, the powdered polymer is compressed to a dense matrix with even surfaces.
The faint pattern on the surface can be attributed to the texture of the Teflon stamp which

transferred to the implant.

PGA-B45-535 PGA-B45 PGA-B75

Figure 47: (A): Optical appearance of preformed implants prepared with different FA-PGAs.
(B-C): Microscopic images of the surface of (B) PGA-B45-S35, (C) PGA-B45 and (D) PGA-B75 implants.
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Figure 48: Exemplary penetration depth - force graphs of FA-PGA preformed implants obtained from texture
analysis.
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To obtain further information about the mechanical properties of the FA-PGA implants
texture analysis was performed. Figure 48 displays characteristic compression curves of the
investigated polymers. Evident from the individual curves, the force increased with
advancing penetration until the peak maximum before rapidly decreasing. The sharp

decline in force was caused by the breakdown of the implant’s structure.

The peak force in the compression curves is indicative of the hardness of the sample
[231,232]. Table 13 summarizes the obtained values for the maximal forces during
compression. It is obvious that the maximum force, and therefore the hardness, is affected
by the esterification degree of the backbone and the selection of the side chain. By increasing
the portion of behenoyl side chains from 45% to 75% the peak force more than doubled.
Despite the overall higher acylation degree, a slightly lower hardness was measured for the
double substituted PGA-B45-535 compared to PGA-B75. This indicates that stearic acid had
less impact on the peak force than behenic acid which is explainable by the shorter carbon

chain. Similar results were obtained by the rheological measurements in section 4.1.4.

Table 13: Peak forces of FA-PGA implants during compression test measured with the Texture Analyzer.

Polymer Maximum Force [N]
PGA-B45 13.6 £1.7
PGA-B75 28.4+39
PGA-B45-535 23.6+1.7

In summary, the modification of the PGA backbone influenced the mechanical properties
of the implants. The hardness increased with increasing esterification degree. Thereby, the

shorter Cis-side chain impacted the hardness to a lesser degree than the Cx-substituents.

4.3.2 DETERMINATION OF DRUG DISTRIBUTION

During the preparation process of the preformed implants, the powdered polymer and DBT
were mixed before compression in the heating press. Therefore, the mixing process
(6x/2.5 min/20 Hz) is determining the homogeneity of the drug distribution inside the DDS.
The drug distribution inside the implant is an important parameter since the release
properties are affected by it. The effect of the drug distribution on API release has been

discussed in both traditional and advanced dosage forms [233-236]. Homogeneous drug
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distribution in the respective dosage form is generally favourable to achieve a reproducible
and uniform release. In order to assess the effectiveness of the mixing process, the drug
distribution inside the implant was investigated. Therefore, the compressed implant was
divided into four fractions as displayed in chapter 3.3.4 (Figure 10). For each fraction, the
drug content was measured individually and the standard deviation was calculated. The
values are presented in Table 14. Relative standard deviations below 5.0% were achieved
for all polymeric implants. These values indicate a homogeneous distribution of DBT inside
the dosage form. Therefore, the preparation of uniform implants with the aforementioned

process parameters was successful.

Table 14: Relative standard deviation of the drug distribution inside the implants calculated from the DBT
content of four different implant fractions.

Polymer Relative Standard Deviation [%]
PGA-B45 47+1.1
PGA-B75 4.0+25
PGA-B45-535 29+24

4.3.3 IN VITRO RELEASE OF DIBENZOYL THIAMINE

The same issues as for the microparticle release (section 4.2.6) had to be resolved first in
order to investigate the in vitro release behaviour of the FA-PGA implants. Based on these
previous investigations, phosphate buffer pH 7.4 containing 0.2% SDS was selected as the
release medium to assure sink conditions. Compared to microparticulate systems, the
sampling technique for release studies on implants is straightforward. The larger geometry
allows the complete exchange of the buffer medium during sampling without damaging
the DDS. Due to the complete medium exchange, the contact time of API and buffer is
reduced and the low stability of DBT in the medium is less problematic. Therefore, the
duration of the experiment can be extended in comparison to the microparticles. To avoid
API degradation in the buffer medium short sampling intervals were maintained for the

duration of the experiment.
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Figure 49: In vitro release of FA-PGA preformed implants loaded with 6% DBT in PBS pH 7.4 + 0.2% SDS over
a period of 170 days at 37 °C.

As apparent from the release curves in Figure 49, the release patterns of PGA-B45 and
PGA-B75 were almost identical during the first 30 days of the experiment. Thereafter, the
release rate of PGA-B45 increased slightly. The lowest release rate was observed for
PGA-B75 which released 44.5% DBT throughout the experiment. The slower release of
PGA-B75 compared to PGA-B45 is explainable by the higher esterification degree and
therefore higher lipophilicity of PGA-B75. PGA-B45 and PGA-B75 showed almost linear
release profiles whereas a decrease in the release rate was detected for PGA-B45-535 after
approximately 20 days. The PGA-B45-535 implants showed the highest release rate over
the course of the experiment. After 170 days 65.8% of the incorporated amount of DBT were
released. Interestingly, PGA-B45-S35 revealed the fastest release of the investigated
FA-PGAs despite its high amount of acylated OH-groups. A possible explanation for this
is the disparity in microviscosity of the FA-PGAs as discussed in 4.1.5. Due to the
substituted stearic acid, PGA-B45-S35 revealed a higher internal fluidity at 37 °C. Therefore,
diffusion out of the polymer matrix is increased and higher release rates were observed. No
clear burst release was observed for the investigated FA-PGA implants. During the release,
the preformed implants did not disintegrate, hence, diffusion and not erosion was the
prevailing factor of the DBT release. Moreover, no visible swelling was observed. That

indicates only small amounts of water penetrating the implant which was also observed
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during the EPR investigation. Compared to microparticulate-based formulations the
release of DBT was considerably prolonged for the preformed implants. One reason is the
larger geometry which results in longer diffusion paths and a smaller specific surface area.
Furthermore, the preparation method impacts the release duration as well. Due to the
solvent evaporation method, microparticles tend to form more porous structures than
expected for implants prepared via melt extrusion or melt compression [135,136,148].
Higher structural density hinders the penetration of water into the DDS and therefore

prolongs the drug release by diffusion [41,237,238].

In summary, the release behaviour of the implants was affected by the esterification degree
of the PGA backbone and the selection of the substituted fatty acid. Furthermore, the
FA-PGA implants showed a considerably longer DBT release than the microparticles. The
extension of the release period can be attributed to the larger geometry and the different
preparation method. Therefore, it is possible to prolong the release period of DBT from

weeks to months by adjusting the geometry of the DDS.
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5 SUMMARY AND PERSPECTIVES

In recent years extensive research has been performed on the synthesis of new drug
substances and the formulation of various drug delivery systems for controlled drug
release. The increasing interest in these dosage forms and the variety of therapeutic
applications led to the need for new biodegradable polymers as drug matrices.
Furthermore, biorefinery and sustainable chemistry have currently become an increasing
focus of attention. Poly(glycerol adipate) as a novel biodegradable polyester meets all these
requirements. The free pendant hydroxyl groups of the PGA backbone allow the
modification of the polymer and therefore the adjustment of its characteristics. Through the
esterification of the backbone with different fatty acids, fatty acid-modified PGAs with

varying properties were obtained.

Stearoyl-, behenoyl- and stearoyl-behenoyl-PGAs were characterized regarding their
physicochemical characteristics. These modifications of the rather hydrophilic PGA
backbone led to a clear increase in hydrophobicity resulting in lipophilic FA-PGAs. It has
been shown that the lipophilicity of these polymers is substantially affected by the
substitution degree and the selection of the fatty acid. DSC measurements revealed the
semi-crystalline nature of the bulk polymers and the dependence of the thermal behaviour
on the acylation of the polymer backbone. The stearoyl PGAs showed melting of the side
chains below 37 °C body temperature, thus, their ability to form solid DDS in a
physiological environment was questioned. Subsequently, these findings were supported
by rheological measurements. The results obtained by oscillatory rheology confirmed that
the stearoyl PGAs behave fluid-like at 37 °C. By comparison of the rheological properties
at 23 °C and 37 °C, this fluid-like behaviour could be effectively attributed to the melting of
the stearoyl side chains. Therefore, the form stability of stearoyl PGA systems after injection
into the body cannot be guaranteed. By grafting the backbone with behenic acid the
rheological properties could be adjusted and polyesters that were solid at body temperature
could be obtained. Regarding the double substituted PGA-B45-535, partial melting of the
stearoyl side chains was ascertained. For that reason, the microviscosity of PGA-B45-S35
was impacted at 37 °C. EPR measurements detected a lower microviscosity for the double
substituted PGA compared to the less acylated PGA-B45. Consequently, water penetration

into PGA-B45-535 was increased even though it has a higher lipophilicity than PGA-B45.
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Based on the results obtained from the bulk polymer characterization, microparticles and
preformed implants were prepared as DDS for controlled drug delivery of DBT. The
lipophilic vitamin B: derivative DBT was selected as a promising API for the prophylactic
treatment of cleft lip and palate in a cooperative research study with the University Hospital

of the Martin Luther University of Halle-Wittenberg.

The main focus of this thesis was the preparation and comprehensive characterization of
FA-PGA microparticles. Microspheres with monomodal size distributions were prepared
with a solvent evaporation method. It was possible to obtain different particle sizes by
adjusting the process parameters. Furthermore, the particle sizes were dependent on the
substitution degree of the FA-PGA. Higher substitution degrees led to larger particles. The
median particles sizes of the microspheres loaded with DBT ranged, depending on the
respective polymer, from 81-128 um. Thus, injectability by standard cannula sizes could be
ensured. From a process technological point of view, it would be interesting to examine the
local flow conditions in the stirring vessel for example by computational fluid dynamics
simulations in the future. That, in combination with an in-process particle size analysis,
could give deeper insights into the microparticle formation and the influence of the stirring
velocities on the particle size. Subsequently, the particle morphology was investigated by
SEM. All FA-PGAs formed spherical particles without pores or DBT crystals visible on the
particle surface. Based on this, the examination of the internal particle structure and
porosity by micro-CT or fractography would be valuable for future research. To determine
the impact of the PGA modification on the encapsulation efficiency, in addition to DBT the
slightly more hydrophilic vitamin B: derivative SBT was incorporated into the
microparticles. The differences in hydrophobicity of the FA-PGAs detected via contact
angle measurements translated to the encapsulation efficiency. In general, the more
lipophilic DBT was more efficiently incorporated in the more lipophilic FA-PGAs while the
incorporation of SBT revealed higher efficiencies for the less hydrophobic polymers. This
highlights the possibility to tailor the polymer properties to the API by adjusting the
acylation degree and the substituted side chain. Furthermore, the crystallization behaviour
of the API inside the polymer matrix was dependent on the physicochemical properties of
the FA-PGA used. As observed from XRD measurements, DBT was incorporated in its

amorphous form up to drug loads of 16% to 25%. In that regard, the stability of the
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amorphously embedded DBT was the highest in the PGA-B75 microparticles. The physical
state of the API inside the dosage form is directly influencing the release behaviour. The
evaluation of the in vitro release of DBT was conducted within sink conditions in PBS pH
7.4 containing 0.2% SDS at 37 °C. Due to the low stability of DBT in the release medium,
both a conventional approach and a residual analysis were conducted to extend the
duration of the release experiment. It became apparent that the melting of the stearoyl side
chains at 37 °C in PGA-565 and PGA-5S90 led to a quick DBT release within two hours. By
esterification of behenic acid to the PGA backbone, the release rate could be decreased. The
substitution degree had a crucial impact on the release duration from the microparticles.
PGA-B75 microspheres revealed the most sustained DBT release of the investigated
FA-PGAs with a release duration of 14 days. Further, it would be interesting to investigate
the influence of higher drug loads on potential burst release from the particles and the
release behaviour of more hydrophilic drugs such as SBT. Compared to PLGA the behenoyl
PGA microparticles revealed a more continuous DBT release without lag phases. Especially
PGA-B75 microspheres showed advantageous release behaviour over long periods.
Nevertheless, more linear release profiles were detected for the PLGA microparticles.
Therefore, the additional coupling of other substituents to the FA-PGA could be an
interesting approach to modify the release kinetics in the future. Throughout this thesis, the
behenoyl PGAs emerged as the most promising FA-PGAs regarding the transfer to in vivo
administration. In the steps towards in vivo experiments, the focus was therefore laid on the
behenoyl FA-PGAs, especially on PGA-B75. In preparation for the in vivo tests, the
cytotoxicity of the microparticle formulations on NHDF and 3T3 cells was evaluated.
Initially, an experimental approach with direct particle-cell contact was chosen. It became
apparent that this setup was not suitable to obtain valid results since the physical pressure
on the cells could be misinterpreted as a cytotoxic effect. Hence, an indirect approach with
cell culture inlays was conducted. In that case, the FA-PGA microparticles were well
tolerated by both cell lines and no distinct cytotoxic effects were detected. Product sterility
is a precondition for the administration in vivo. Therefore, the impact of e-beam sterilization
on PGA-B75 was assessed. Due to changes in the molecular weight distribution of the
polymer, alterations in the release behaviour of DBT occurred after sterilization.

Consequently, e-beam sterilization was assessed as unsuitable and the formulations were
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prepared aseptically. In vivo studies on SKH1 mice were conducted with two different
PGA-B75 microparticle formulations for 84 days. DiR was incorporated into the particles as
a lipophilic drug model to assess the release from the dosage form. Additionally, the
fluorescence dye Dy-782 was covalently bound to the PGA backbone to investigate the
degradation behaviour. The fluorescence signal intensity of the PGA-B75-Dy782
microparticles did not considerably change throughout the experiment which indicates that
no noticeable degradation happened during this period. For the PGA-B75 microspheres
containing DiR a decrease in fluorescence intensity occurred. After 84 days about 4% of the
initial signal was detected at the site of injection. Compared to the evaluation of the DiR
release in vitro by fluorescence imaging and fluorospectroscopic measurements, an
accelerated release was detected in vivo. These differences can be attributed to various
physiological processes which influence the drug release in vivo. The investigated FA-PGA
formulations were both well tolerated by all animals and no signs of irritation or
inflammation were observed. Investigations regarding the in vivo release and
bioavailability of DBT would be the next step towards the transfer into clinical

administration.

Finally, preformed implants were prepared to assess the properties of the behenoyl PGAs
in a DDS with a larger geometry. The implants were manufactured by melt compression
with a heating press. The mechanical properties of the different FA-PGA implants were
assessed by texture analysis. Regarding the in vitro release behaviour of the implants,
considerably longer release durations were observed compared to the microparticles. After
170 days 45% to 65% of DBT were released depending on the substitution degree and the
selection of the fatty acid. This can be attributed to the larger geometry of the dosage form
and the varying method of preparation. Despite its high substitution degree, PGA-B45-535
showed an increased release rate. The lower microviscosity and increased water
penetration observed by EPR measurements could explain this phenomenon. The
preparation of FA-PGA implants by melt extrusion and their investigation in vivo would be

the next step towards the application of FA-PGA implants in the clinical praxis.

Overall, the modification of PGA with various fatty acids offers the flexibility to adjust the
polymer to the requirements of the API or the application form. Within this work, the

suitability of FA-PGAs as materials for the development of depot DDSs has been
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demonstrated. It has been shown that it is possible to optimize the encapsulation
efficiencies and release profiles through the alteration of the polymer’s physicochemical
properties. The in vitro and in vivo results of this study are very promising and show the
wide range of applications for these polymers in drug delivery - from microparticles to
implants. The here proposed research ideas and further improvement of the polymers

could consolidate the position of FA-PGA as an equivalent alternative for PLGA.
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Figure S1: Amplitude sweep test for PGA-565, PGAS-90 and PGA-B45-S35 at a set frequency of 1 s’.
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Figure S 2: XRD traces of powdered PGA-B45, PGA-B75 and PGA-B45-535.
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DEUTSCHE ZUSAMMENFASSUNG

In den letzten Jahren wurde intensiv an der Synthese neuer Wirkstoffe und der
Formulierung verschiedener Darreichungsformen zur kontrollierten Wirkstofffreisetzung
geforscht. Das zunehmende Interesse an diesen Darreichungsformen und die Vielfalt der
therapeutischen Anwendungen fiihrten zu einer gesteigerten Nachfrage nach neuen
biologisch abbaubaren Polymeren als Wirkstoffmatrices. Dariiber hinaus riicken die
Bioraffinerie und nachhaltige Chemie derzeit zunehmend in den Fokus der Forschung.
Poly(glyceroladipat) (PGA) als neuartiger biologisch abbaubarer Polyester erfiillt all diese
Anforderungen. Die freien Hydroxylgruppen des PGA-Grundgeriists ermdglichen die
Modifizierung des Polymers und damit die Anpassung seiner Eigenschaften. Durch die
Veresterung der Polymerkette mit verschiedenen Fettsdauren wurden fettsauremodifizierte

PGAs (FA-PGAs) mit unterschiedlichen Eigenschaften erhalten.

Stearoyl-, Behenoyl- und Stearoyl-Behenoyl-PGAs wurden hinsichtlich ihrer physikalisch-
chemischen Eigenschaften charakterisiert. Die Modifikationen des eher hydrophilen
PGA-Grundgeriists fiithrten zu einer deutlichen Erhéhung der Hydrophobie und damit zu
lipophilen FA-PGAs. Es zeigte sich, dass die Lipophilie dieser Polymere wesentlich durch
den Substitutionsgrad und die Auswahl der Fettsaure beeinflusst wird. DSC-Messungen
gaben Aufschluss iiber die teilkristalline Natur der Bulk-Polymere und die Abhdngigkeit
des thermischen Verhaltens von der Acylierung des Polymerriickgrats. Die Schmelzpunkte
der Seitenketten der Stearoyl-PGAs lagen unterhalb von 37 °C Korpertemperatur, was ihre
Fahigkeit zur Bildung von festen Darreichungsformen in einer physiologischen Umgebung
in Frage stellte. Diese Annahme wurde durch rheologische Messungen bekréftigt. Die
Ergebnisse der Oszillationsrheologie bestatigten, dass sich die Stearoyl-PGAs bei 37 °C
fliissigkeitsartig verhalten. Durch Vergleich der rheologischen Eigenschaften bei 23 °C und
37 °C konnte dieses Verhalten tatsdchlich auf das Schmelzen der Stearoylseitenketten
zuriickgefiihrt werden. Daher kann die Formstabilitdt von Stearoyl-PGA-Systemen nach
Injektion in den Korper nicht garantiert werden. Die Modifizierung des Riickgrats mit
Behenséaure fiihrte zu einer Veranderung der rheologischen Eigenschaften. Die erhaltenen
Polymere waren bei Korpertemperatur fest. Beziiglich des doppelt substituierten
PGA-B45-535 wurde ein teilweises Schmelzen der Stearoylseitenketten bei 37 °C

festgestellt. Dies beeinflusste die Mikroviskositdt des Polymers. EPR-Messungen ergaben
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eine niedrigere Mikroviskositat fiir das doppelt substituierte PGA im Vergleich zum
weniger acylierten PGA-B45. Aus diesem Grund wurde, trotz der hoheren Lipophilie
verglichen mit PGA-B45, eine verstirkte Penetration von Wasser in PGA-B45-535

beobachtet.

Basierend auf den Ergebnissen der Polymercharakterisieung erfolgte die Herstellung von
Mikropartikeln und vorgeformte Implantaten als Drug-Delivery-Systeme (DDS) fiir die
kontrollierte Wirkstofffreisetzung von Dibenzoyl Thiamin (DBT). Das lipophile Vitamin
Bl-Derivat DBT wurde in einer kooperativen Forschungsstudie mit dem
Universitatsklinikum der Martin-Luther-Universitat Halle-Wittenberg als
vielversprechender Wirkstoff zur prophylaktischen Behandlung von Lippen-Kiefer-

Gaumenspalten ausgewdhlt.

Der Schwerpunkt dieser Arbeit lag auf der Herstellung und umfassenden
Charakterisierung von FA-PGA-Mikropartikeln. Spharische Mikropartikel —mit
monomodalen Grofsenverteilungen wurden mit einem Losungsmittel-
verdampfungsverfahren hergestellt. Durch Anpassung der Prozessparameter konnten
unterschiedliche Partikelgrofien erzielt werden. Auflerdem waren die Partikelgrofien vom
Substitutionsgrad des FA-PGA abhangig. Hohere Substitutionsgrade fiithrten zu grofieren
Partikeln. Die mittleren Partikelgrofien der mit DBT beladenen Mikropartikeln lagen je
nach Polymer zwischen 81 pum und 128 um. Somit konnte die Injizierbarkeit durch
Standardkaniilengrofien sichergestellt werden. Die Partikelmorphologie wurde mittels
SEM untersucht. Alle FA-PGAs bildeten kugelférmige Partikel ohne sichtbare Poren oder
Wirkstoffkristalle auf der Partikeloberflache. Diesbeziiglich wére die Untersuchung der
inneren Partikelstruktur und Porositat mittels Mikro-CT oder Fraktographie interessant fiir
zukiinftige Forschungen. Um den FEinfluss der PGA-Modifikation auf die
Verkapselungseffizienz zu bestimmen, wurde zusatzlich zu DBT das etwas hydrophilere
Vitamin Bl-Derivat Sulbutiamin (SBT) in die Mikropartikel eingeschlossen. Die
Unterschiede in der Hydrophobie der FA-PGAs, die iiber Kontaktwinkelmessungen
nachgewiesen wurden, iibertrugen sich auf die Einkapselungseffizienz. Im Allgemeinen
wurde das lipophilere DBT effizienter in die lipophileren FA-PGAs eingeschlossen,
wahrend der Einschluss von SBT hohere Einschlusseffizienzen fiir die weniger

hydrophoben  Polymere ergab. Dies unterstreicht die Moglichkeit, die
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Polymereigenschaften durch Modifikation des Acylierungsgrades sowie der Seitenkette an
den Wirkstoff anzupassen. Weiterhin wurde anhand von rontgendiffraktometrischen
Untersuchungen beobachtet, dass DBT bis zu einer Arzneistoffbeladung von 16% bis 25%
in seiner amorphen Form eingeschlossen wurde. Das Kristallisationsverhalten des
Wirkstoffes innerhalb der Polymermatrix war abhédngig von den physikalisch-chemischen
Eigenschaften des verwendeten FA-PGAs. Die Stabilitit des amorph eingebetteten DBT
war diesbeziiglich bei den PGA-B75-Mikropartikeln am hochsten. Anschliefiend, erfolgte
die in vitro-Freisetzung von DBT unter Sinkbedingungen in PBS pH 7,4 mit 0,2 % SDS bei
37 °C. Aufgrund der geringen Stabilitdt von DBT im Freisetzungsmedium wurden sowohl
ein konventioneller Ansatz als auch eine Riickstandsanalyse durchgefiihrt. Dadurch konnte
die Dauer des Freisetzungsexperiments verlangert werden. Es zeigte sich, dass das
Schmelzen der Stearoylseitenketten bei 37 °C in PGA-565 und PGA-590 zu einer schnellen
DBT-Freisetzung innerhalb von zwei Stunden fiihrte. Durch Veresterung von Behensaure
an das PGA-Riickgrat konnte die Freisetzungsrate verringert werden. Des Weiteren hatte
der Substitutionsgrad einen entscheidenden Einfluss auf die Freisetzungsdauer aus den
Mikropartikeln. PGA-B75-Mikrosphdren zeigten, mit einer Freisetzungsdauer von
14 Tagen, die am ldngsten anhaltende DBT-Freisetzung der untersuchten FA-PGAs.
Verglichen mit PLGA kam es bei den Behenoyl-PGA-Mikropartikeln zu einer
kontinuierlicheren DBT-Freisetzung ohne Lag-Phasen. Somit zeigten insbesondere die
PGA-B75-Mikrosphdren tiiber lange Zeitraume ein vorteilhaftes Freisetzungsverhalten.
Dennoch wurden fiir PLGA-Mikropartikel linearere Freisetzungsprofile festgestellt. Daher
konnte die zusatzliche Koppelung anderer Substituenten an das FA-PGA ein interessanter
Ansatz sein, um die Freisetzungskinetik zukiinftig zu modifizieren. Wahrend dieser Arbeit
haben sich die Behenoyl-PGAs als die vielversprechendsten FA-PGAs im Hinblick auf die
Ubertragung auf eine in vivo-Verabreichung herausgestellt. Bei den Vorbereitungen auf die
in vivo-Experimente lag der Fokus daher auf den diesen Polymeren, insbesondere auf
PGA-B75. Zur Vorbereitung des in-vivo Tests wurde die Zytotoxizitat der Mikropartikel-
Formulierungen auf NHDF- und 3T3-Zellen bewertet. Zunédchst wurde ein experimenteller
Ansatz mit direktem Partikel-Zell-Kontakt gewahlt. Es zeigte sich, dass dieser Aufbau nicht
geeignet war valide Ergebnisse zu generieren, da der physikalische Druck auf die Zellen

als zytotoxischer Effekt fehlinterpretiert werden konnte. Aus diesem Grund wurde
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nachfolgend ein indirekter Ansatz mit Zellkultureinsatzen gewahlt. In diesem Fall wurden
die FA-PGA-Mikropartikel von beiden Zelllinien gut vertragen und es konnten keine
ausgepragten zytotoxischen Effekte festgestellt werden. Da die Sterilitat der Mikropartikel
eine Voraussetzung fiir die Verabreichung in vivo ist, erfolgte anschlieffend eine Bewertung
der Auswirkungen von einer Elektronenstrahlsterilisation auf PGA-B75. Aufgrund von
Verdnderungen der Molekulargewichtsverteilung des Polymers kam es nach der
Sterilisation zu Verdanderungen im Freisetzungsverhalten von DBT. Folglich wurde die
Elektronenstrahlsterilisation als nicht geeignet bewertet. Die Formulierungen wurden
daraufhin aseptisch hergestellt. Die In vivo-Studien an SKH1-Mdusen erfolgten mit zwei
verschiedenen PGA-B75-Mikropartikelformulierungen. DiR wurde als lipophiles
Wirkstoffmodell in die Partikel eingeschlossen. Die Beurteilung der Freisetzung aus der
Darreichungsform erfolgte anschliefend iiber 84 Tage. Zusitzlich wurde der
Fluoreszenzfarbstoff Dy-782 kovalent an das PGA-Riickgrat gebunden, um das
Abbauverhalten des Polymers zu untersuchen. Die Fluoreszenzsignalintensitdt der
PGA-B75-Dy782-Mikropartikel blieb wahrend des gesamten Experiments nahezu konstant,
was darauf hinweist, dass wahrend dieses Zeitraums kein merklicher Abbau stattfand. Bei
den PGA-B75-Mikrosphdren die DiR enthielten trat eine Abnahme der
Fluoreszenzintensitat auf. Nach 84 Tagen wurden etwa 4% des anfanglichen Signals an der
Injektionsstelle festgestellt. Im Vergleich zur Auswertung der DiR-Freisetzung in vitro,
welche durch Fluoreszenzbildgebung und fluorospektroskopische Messungen erfolgte,
wurde in vivo eine beschleunigte Freisetzung nachgewiesen. Diese Unterschiede konnen
auf verschiedene physiologische Prozesse zuriickgefithrt werden, welche die
Wirkstofffreisetzung in vivo beeinflussen. Die untersuchten FA-PGA-Formulierungen
wurden von allen Tieren gut vertragen und es konnten keine Anzeichen von Reizung oder
Entziindung beobachtet werden. Eine Untersuchung der in wvivo Freisetzung und
Bioverfiigbarkeit von DBT wire der néchste Schritt zur Uberfithrung der FA-PGAs in die

klinische Anwendung.

Zuletzt erfolgte die Herstellung von Implantaten mittels Schmelzkompression, um die
Eigenschaften der Behenoyl-PGAs in einem DDS mit grofserer Geometrie zu bewerten. Die
mechanischen Eigenschaften der verschiedenen FA-PGA-Implantate wurden anschliefsend

mittels Texturanalyse bewertet. Im Vergleich zum in vitro Freisetzungsverhalten der
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Mikropartikel konnten bei den Implantaten deutlich ldngere Freisetzungsdauern
beobachtet werden. Je nach Substitutionsgrad und Auswahl der Fettsaure betrug das
freigesetzte DBT nach 170 Tagen 45% bis 65% der Ausgangsbeladung. Dies ist auf die
grofiere Geometrie der Darreichungsform und die unterschiedliche Herstellungsweise
zuriickzufiihren. Trotz seines hohen Substitutionsgrades zeigte PGA-B45-535 eine erhShte
Freisetzungsrate. Die bei EPR-Messungen beobachtete niedrigere Mikroviskositdt und
erhohte Wasserpenetration konnten dieses Phidnomen erkldren. Die Herstellung von
FA-PGA-Implantaten durch Schmelzextrusion und deren Untersuchung in vivo waren die

néchsten Schritte hin zur Anwendung in der klinischen Praxis.

Insgesamt bietet die Modifizierung von PGA mit verschiedenen Fettsduren die
Moglichkeit, das Polymer an die Anforderungen des Wirkstoffs oder der
Darreichungsform anzupassen. Im Rahmen dieser Arbeit wurde die Eignung von FA-PGAs
als Materialien fiir die Entwicklung von Depotsystemen nachgewiesen. Es hat sich gezeigt,
dass es moglich ist, die Verkapselungseffizienzen und Freisetzungsprofile durch die
Verdanderung der physikalisch-chemischen Eigenschaften des Polymers zu optimieren. Die
in vitro- und in vivo-Ergebnisse dieser Studie sind sehr vielversprechend und zeigen das
breite Anwendungsspektrum dieser Polymere als Darreichungsform — von Mikropartikeln
bis hin zu Implantaten. Die hier vorgeschlagenen Forschungsideen und die weitere
Verbesserung der Polymere konnten die Position von FA-PGAs als gleichwertige

Alternative zu PLGA festigen.



Acknowledgements XXXVI

ACKNOWLEDGEMENTS

Mein Dank gilt jedem, der mich bei der Entstehung dieser Arbeit unterstiitzt hat und mir

mit Rat und Tat zur Seite stand.

Allen voran danke ich meinem Doktorvater und Betreuer Prof. Dr. Karsten Mader fiir die
Moglichkeit, diese Forschungsarbeit in seiner Arbeitsgruppe anfertigen zu diirfen und fiir
das mir entgegengebrachte Vertrauen. Weiterhin bedanke ich mich fiir die Unterstiitzung
bei der Bearbeitung dieses Themas sowie seine menschliche und unkomplizierte Art,

welche eine angenehme Zusammenarbeit ermoglichte.

Zudem danke ich der gesamten Arbeitsgruppe Pharmazeutische Technologie fiir die

schone gemeinsame Zeit.
Besonderer Dank gilt aufserdem:

e Prof. Jorg Krefiler fiir die wertvollen Ratschldge bei der Bearbeitung dieses Themas
und der hervorgegangenen Publikationen sowie fiir die Co-Betreuung im Rahmen
meines Stipendiums.

e Razan AlAneed fiir die Synthese der Polymere und die hervorragende
Zusammenarbeit an wissenschaftlichen Fragestellungen.

e Frank Syrowatka fiir die elektronenmikroskopischen Aufnahmen.

e Prof. Dr. Kurt Merzweiler und Dr. Christoph Wagner fiir die Arbeit am
Rontgendiffraktometer.

e Dr. Wolfgang Knolle fiir die Elektronenstrahlsterilisation der Proben.

e Dr. Hendrik Metz fiir die Unterstiitzung bei den EPR-Messungen.

e Dr. Tom Wersig fiir die Einfiihrung in das Thema und die Unterstiitzung bei allen
weiteren wissenschaftlichen oder privaten Fragestellungen.

e Dr. Christopher Janich fiir die Unterstiitzung zu Beginn der Promotion.

e Dr. Marie-Luise Trutschel fiir die Unterstiitzung bei den EPR- und Rheologie-
Messungen sowie fiir die regelmafligen Aufmunterung der AG durch das
Bereitstellen von SiifSigkeiten.

e Dr. Henrike Lucas fiir ihren taglichen Einsatz fiir die AG, fiir die Organisation des
Praktikums und allem was damit zusammenhdngt. Auflerdem fiir die

Unterstiitzung bei den Fluoreszenzmessungen, den Cytotoxizititstests und den in



Acknowledgements XXXVII

vivo Experimenten. Und zu guter Letzt fiir die wissenschaftlichen und privaten
Diskussionen und die angenehme Zusammenarbeit.

e Manuela Woigk fiir ihre beispielhaften HPLC-Kenntnisse und ihren Arbeitseinsatz,
der den Laboralltag erleichterte.

e Kerstin Schwarz fiir die Unterstiitzung bei den DSC-Messungen.

e FEric Lehner fiir die gemeinsame Betreuung der Modernen AF im Praktikum, das
Probelesen der Arbeit, die wissenschaftlichen Diskussionen und die zahlreichen
Fufiballabende.

e Benedikt Gottel fiir die wissenschaftliche Zusammenarbeit wahrend der gesamten
Promotion, die gemeinsame Betreuung der Praktikumsstation Fliissigen AF, sowie
fiir die schone gemeinsame Zeit im Labor und dariiber hinaus.

e Anastasios Nalbadis und Johannes Albrecht fiir das Probelesen der Arbeit und fiir
die zahlreichen wissenschaftlichen und privaten Diskussionen beim Kaffeetrinken.
Auflerdem fiir die schone Zeit in Halle und ihre Freundschaft.

e FEike Busmann fiir die Hilfestellungen beim Thema Origin und allen weiteren
wissenschaftlichen Problemen sowie die schonen gemeinsamen Jahre innerhalb
und auflerhalb des Biiros.

e Dr. Janet Dehmer fiir das Korrekturlesen und die sprachliche Aufwertung der

Arbeit.

Abschlieflend mochte ich meiner Familie danken. Meinen Eltern fiir die bedingungslose
und andauernde Unterstiitzung und die Ermoglichung meines Studiums. Besonderer Dank
gilt meiner Verlobten Felicia und meinem Sohn Aaron fiir ihre Liebe und Geduld. Vielen
Dank, dass ihr mich immer unterstiitzt und motiviert habt und mir in anstrengenden Zeiten

den Riicken freigehalten habt. Ohne euch wére das nicht moglich gewesen!



Curriculum Vitae XXXV
CURRICULUM VITAE
PERSONAL DETAILS
Name: Jonas Steiner
Date of birth: 06.03.1991
Place of birth: Wiirzburg
EDUCATION AND WORK EXPERIENCE
Since 08/2021 QC Manager
Novartis Deutschland GmbH, Rudolstadt, Germany
08/2017 - 07/2021 Ph.D. student
Department of Pharmaceutical Technology and

06/2017
12/2016 - 02/2017

05/2016 - 11/2016

11/2015 - 04/2016

10/2011 - 04/2017

09/2001 - 07/2010

Arnstadt, den 20.12.2021

Biopharmaceutics (Prof. Dr. K. Méder),

Martin Luther University of Halle-Wittenberg, Germany
Approbation as pharmacist

Pharmacist in training

Aspen Pharmacare, Port Elizabeth, South Africa
Pharmacist in training

Glocken-Apotheke, Wiirzburg, Germany
Pharmacist in training

Aspen Germany, Bad Oldesloe, Germany
Pharmacy student

Leipzig University, Leipzig, Germany

A-levels (Abitur)

Riemenschneider-Gymnasium, Wiirzburg, Germany

Jonas Steiner



Publications XXXIX

PUBLICATIONS

RESEARCH PAPERS

J. Steiner, R. Alaneed, J. Kressler, and K. Mader, “Fatty acid-modified poly(glycerol adipate)
microparticles for controlled drug delivery,” J. Drug Deliv. Sci. Technol., vol. 61, no. August,

p- 102206, Feb. 2021.
BOOK CHAPTERS

M. H. Bilal, R. Alaneed, ]. Steiner, K. Mader, M. Pietzsch, and J. Kressler, “Multiple grafting

4

to enzymatically synthesized polyesters,” in Methods in Enzymology, vol. 627, Academic

Press Inc., 2019, pp. 57-97.
ABSTRACTS AND POSTERS

J. Steiner, V. Weiss, M. Bilal, R. Alaneed, ]. Kressler, K. Mdder; “Nanoscale drug delivery
systems based on novel fatty acid-modified poly(glycerol adipate)”, 22nd annual meeting,

Controlled Release Society Local Chapter 2018, Halle (Saale), Germany

J. Steiner, V. Weiss, M. Bilal, R. Alaneed, ]. Kressler, K. Mdder; “Fatty acid-modified
poly(glycerol adipate) as a versatile matrix for biodegradable drug delivery systems”, 11th
World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology 2018;

Granada, Spain

J. Steiner, V. Weiss, M. Bilal, R. Alaneed, J. Kressler, K. Mader; “The preparation and
characterization of biodegradable FA-PGA nanoparticles for parenteral drug delivery”,

23rd annual meeting, Controlled Release Society Local Chapter 2019, Leipzig, Germany

J. Steiner, V. Weiss, R. Alaneed, J. Kressler, K. Mader; “Fatty acid-modified poly(glycerol
adipate) as a new biodegradable polymer for parenteral drug delivery”, 46th annual

meeting, Controlled Release Society 2019, Valencia, Spain



Publications

XL

J. Steiner, T. Wersig, V. Weiss, R. Alaneed, ]. Kressler, K. Mader; “Modified poly(glycerol
adipate) as a versatile platform for parenteral drug delivery”, 1st Doktoranden- und

PostDoc-Konferenz, ProMatLeben Polymere, Berlin, Germany



Selbststandigkeitserklarung XLI

SELBSTSTANDIGKEITSERKLARUNG

Hiermit erkldre ich an Eides statt, dass ich die vorliegende Arbeit selbststandig und ohne
fremde Hilfe angefertigt und keine anderen als die angegebenen Quellen und Hilfsmittel
benutzt sowie die den verwendeten Werken wortlich oder inhaltlich enthommenen Stellen

als solche kenntlich gemacht habe.

Ferner erkldre ich, dass ich mich mit dieser Dissertation erstmals um die Erlangung eines
Doktorgrads bewerbe. Die vorliegende Arbeit ist weder im Inland noch im Ausland in
gleicher oder dhnlicher Form einer anderen Priifungsbehdrde zum Zweck einer Promotion

oder eines anderen Priifungsverfahrens vorgelegt worden.

Arnstadt, den 20.12.2021

Jonas Steiner



