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Chapter 1. Introduction

1. Introduction

1.1 Parenteral depot systems

Parenteral depot systems, also known as long-acting injectables or implantable drug
delivery systems (DDS) have a huge potential to improve pharmacotherapy for the benefit
of patients. They can provide a constant concentration of a drug in the target tissue for a
specified duration. These systems enhance patient compliance by reducing the need for
frequent applications. Additionally, these depot formulations can minimize undesirable side
effects associated with the fluctuating drug levels commonly observed with immediate-
release products[1,2]. An ideal parenteral depot system is expected to possess the

following features:

e High degree of biocompatibility and no toxic effects

e Easy application

e Reproducible and predictable drug release kinetics

e Full disappearance during or shortly after completion of drug release (by
degradation and/or erosion)

e Sterility

Preformed implants and microparticles are the most widely used forms of parenteral depot
systems [3,4]. Nonetheless, microparticle systems have certain limitations. These include
complex and expensive production processes, sintering of particles by inappropriate
shipping and storage temperatures, and a more time-consuming and difficult
administration procedure that poses the risk of incomplete dispersion of the microparticles,
syringe clogging, and the likelihood of administering an incomplete dose [5]. In comparison
to microparticles, preformed implants can be manufactured using cost-effective and simple
methods such as Hot Melt Extrusion (HME), enabling large-scale production of the system
[6]. They can be implanted in various parts of the body such as the ear (intracochlear
implant [7]) or eye (intravitreal implant [8]) or be placed directly at the site during surgery
depending on the target organ [9].

The first one to describe a subcutaneously (SC) implanted dosage form was Lafargue [10],
who used a simple form of the trocar to apply implants consisting of gum arabic and
atropine as early as 1861. Almost one century later Folkman and Long [11] added to this
concept the aspect of controlled release by using silastic implants to prolong the

pharmacological effect of different drugs. The first commercially available parenteral

1



Chapter 1. Introduction

controlled DDS was the intrauterine device Progestasert® emerged in the early 1970s [12].
Later on, a SC implanted contraceptive device releasing levonorgestrel over a 5-year period
(NORPLANT®) was developed [13]. Although these products provided prolonged drug
delivery with relatively constant release rates, the need for surgical removal of the spent

devices was a significant drawback.

Investigations of biodegradable polymers of poly(hydroxy acids) for drug delivery
applications began in the 1960s and 1970s, and these polymers continue to be utilized
today. In 1967, Schmitt and Polestina at Davis & Geck (Cyanamid Co.) synthesized
poly(glycolic acid) (PGA) for use as a degradable suture [14]. Ethicon added lactic acid to
the composition, licensed PGA technology from Davis and Geck, and introduced the
degradable poly(lactide-co-glycolide) (PLGA) suture known as Vicryl® in 1974 [15].
Furthermore, implants composed of PLGA have undergone extensive research for various
applications, including the delivery of luteinizing hormone-releasing hormone (LHRH)
analogues. In 1989, the Zoladex® implant was introduced as a PLGA matrix system designed
to deliver the LHRH analogue goserelin for the treatment of prostate cancer, breast cancer,
and endometriosis [16,17]. Typically, preformed implants are manufactured using melt
extrusion and are administered SC using a special application device or through a large
needle. These SC implants generally adopt a cylindrical shape, measuring 10 mm in length
with a diameter of 1 mm, as seen in Zoladex®. These implants are administered via a 16-
gauge needle with an outer diameter of 1.65 mm. Smaller implants are used for eye
diseases, such as Ozurdex® (dexamethasone implant), featuring dimensions of 6 mm in
length and 0.46 mm in diameter [8,18]. Commercially, SC implants are also available in
larger dimensions, such as the non-biodegradable one-year implant Vantas® (histrelin
acetate implant used for prostate cancer treatment), with a length of 35 mm and diameter
of 3 mm [19]. As of today, poly(lactic acid) (PLA) and PLGA stand as the prevailing polymers
employed in the pharmaceutical industry for the manufacture of parenteral depot systems
[20-22].

1.2 Challenges of the available products

As mentioned earlier, currently, PLA and PLGA are the most commonly used polymers in
the pharmaceutical industry to produce parenteral depot systems [20-22]. The initial

clinical application of PLGA implants focused on hormonal peptide therapeutics (e.g. GnrH
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superagonists such as leuprolide, octreotide, buserelin, and others), diabetes GLP-1 peptide,
and growth hormone [23]. PLGA's biodegradability makes it an interesting candidate for a
parenteral depot system, as there is no need to take out the injected implant or formulation
after the release period. This leads to high patient compliance for receiving the drug.
Nonetheless, the degradation of PLGA produces the highly acidic monomers glycolic and
lactic acid, which gives rise to certain distinct drawbacks. As a result, the internal pH in
PLGA implants in vivo might drop to very low pH values. The very first report (using pH-
sensitive nitroxides) on pH values inside preformed PLGA implants showed a time-
dependent drop of pH values with final values of pH 2 [24]. Years later, using Optical
Imaging (OI), pH drops from 7 to 3 were observed for in situ forming implants [25]. Highly
acidic microenvironments (pH 3) were also measured in vitro for microparticles by
Schwendeman et al. [26]. The low pH values can cause autocatalytic polymer degradation

and degradation of various peptides and proteins [27-31].

Drug release profile from PLGA polymer can have multiple phases including (a) an initial
burst phase (b) a lag (or induction), during which there is minimal polymer erosion, and
drug release may be negligible and (c) an active erosion phase, characterized by continuous
polymer mass loss and a sustained drug release pattern [23]. In a study performed by
Mader et al, the release pattern from PLGA implant was examined both in vitro and in vivo.
Their research revealed the formation of an acidic liquid compartment at the core of the
implant due to the accumulation of carboxylic groups. This acidic compartment (pH 4 to pH
2) with low viscosity can exert substantial influences on drug stability, solubility,
bioavailability, pharmacokinetics, and, consequently, therapeutic efficacy. Bulk hydrolysis
has been proposed as the dominating mechanism of release from PLGA implants, leading to
a non-linear and complex release profile [24]. Marketed products frequently exhibit similar

non-linear release profiles [24].

Risperdal Consta® is a PLGA-based controlled-release DDS of Risperidone for the treatment
of schizophrenia. The formulation exhibits an undesirable two-week lag time, as
demonstrated both in vitro and in vivo [32-35] (Figure 1). Consequently, patients are
initially required to take tablets even though the formulation has already been injected [36].
As patients with schizophrenia often struggle with adherence to the therapy, the need for

dual medication should be minimized to enhance treatment efficacy.
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Figure 1. In vivo absorption/release and in vitro release profile of Risperdal Consta® in 10 mM PBS
(Phosphate Buffered Saline). The inserted figure shows a linear correlation between fractions
released in vitro (37 °C) and fraction absorbed/released in vivo [33].

In addition to the mentioned points, the encapsulation of the PLGA implant as a result of the
host inflammatory response is reported by several studies which can compromise the

function of the implant system and hinder the efficacy of the drug [37-39].

Considering the mentioned challenges associated with the PLA and PLGA, exploring
alternative biodegradable materials becomes imperative for the advancement of future
parenteral depot systems. Unfortunately, the selection possibility for biodegradable
materials for the production of parenteral depot systems is rather limited. In the following

section, current efforts to find alternative materials are explained briefly.
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1.3 Current efforts for finding alternative materials

The synthesis of new polymers with less acidic monomers is one of the most extensively
explored approaches to find alternative materials [40]. In a study conducted by Creemer et
al., polyesteramide (PEA) microspheres loaded with triamcinolone acetate were produced
and compared with PLGA microspheres. They noted a more favorable outcome with PEA
microspheres when compared to PLGA [41]. Despite promising results emerging in this
area, it's important to note that the development of new polymers that progress to clinical
phases is highly resource-intensive and time-consuming due to the strong and demanding
regulatory requirements which include acute and chronic toxicity studies in several animal

species.

Lipids are the second major class of chemical compounds utilized in manufacturing DDSs
[42]. They serve diverse roles. For example, they can be used as a carrier or they might have
complementary roles such as an antifriction agent in tablet production [43]. Furthermore,
lipids have been widely investigated for their potential in combination with polymers to
form a controlled release system. In a study conducted by Steiner et al., fatty acid-modified
poly(glycerol adipate) was utilized to produce microparticles loaded with dibenzoyl
thiamine using a solvent evaporation process. Their study demonstrated the ability of
poly(glycerol adipate)-behenic acid microparticles to provide a sustained release of
dibenzoyl thiamine over a two-week period [44]. Lipids have not only been investigated in
combination with polymers but also as standalone components in forming controlled
release systems. Manufacturing lipid implants by compression was the production method
of choice in the early stages of this technology because it was considered fast and
uncomplicated [45,46]. Nowadays, production primarily relies on HME, utilizing either
single- or twin-screw devices. This process facilitates achieving a more uniform distribution
of the drug within the implant in comparison to other methods [47]. However, employing
solid lipids presents certain common challenges, including issues related to polymorphic
transitions and limited enzymatic degradability due to the crystalline structure of lipids
[48]. Additionally, the production of lipid blends with drugs by melting and casting involves
higher temperatures than those used in extrusion processes, which can lead to instabilities
in the active pharmaceutical ingredients (APIs) [49]. As a result, the ongoing research for
alternative materials remains imperative in addressing these challenges. It was therefore
the main aim of the thesis to explore the potential of starch as an alternative to PLGA for the

formation of biodegradable implants.
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1.4 Starch and starch-lipid complexes

Starch is the second most abundant biopolymer on earth and a major energy storage
reserve carbohydrate synthesized in many parts of plants [50]. Starch (nonmodified form)
is in general fully biodegradable. Its degradation in the body produces non-toxic and non-
acidic monomers [51]. Starch-based materials are already clinically used as bioresorbable
medical products for providing hemostasis and preventing postoperative tissue
adhesion [52,53]. It is also a major excipient in the pharmaceutical industry but is mainly
used for oral formulations due to its certain drawbacks such as weak mechanical properties
and rapid degradation in the body over a few days. Therefore, if it can be modified it could
be a valuable alternative to PLA/PLGA, aligning with the principles of green and sustainable

industry.

Starch granules are mainly composed of amylose and amylopectin. Proteins, lipids and
minerals are the minor components of starch [54,55]. The amylose/amylopectin (AM/AP)
ratio in starch granules, alongside their molecular structure, influences starch
processability parameters including the gelatinization temperature, viscosity, gelation and
final product’s characteristics [56]. In general, the ratio of AM/AP and their structural
variability strongly depend on the botanical origin. Conventional starches typically contain
around 70-80% amylopectin and 20-30% amylose, while waxy starches exhibit less than
10% amylose, and high-amylose starches contain more than 40% amylose [55]. Amylose
has a linear structure with a-1,4 glycosidic bonds, whereas amylopectin has a highly
branched structure with a-1,4 and a-1,6 glycosidic bonds. These components produce a
semi-crystalline structure in starch granules, and the crystalline regions are attributed to

the formation and packing of double helices of the branches in amylopectin (Figure 2) [57].


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tissue-adhesion
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Figure 2. The schematic representation of starch hierarchical structures. Amylose binds with
hydrophobic guest molecules and forms V-type crystals. Amylopectin associates to form double
helices and then arranges into A- or B-type crystals. The orderly-packed A- or B-type crystals and
double helices contribute to the formation of lamellar structures that are stacked with amorphous
lamellae and crystalline lamellae. Growth rings and blocklets are semi-crystalline structures with
alternating stacks of amorphous and crystalline lamellae [58].

Starch properties can be modified using chemical or physical modifications [59]. Extensive
research has been conducted on the chemical modifications of starch, encompassing
techniques such as esterification, etherification, crosslinking, grafting, and condensing
reactions. These methods aim to substitute the hydrophilic OH groups of the starch with
hydrophobic groups. Modified starches exhibiting excellent hydrophobicity play an
increasingly vital role in the advancement and utilization of novel biomaterials, particularly
in the fields of packaging and pharmaceutical applications. However, the substantial use of
organic solvents in the chemical modifications of starch is not in line with green and
sustainable chemistry. Consequently, alternative environmentally friendly methods, such as
reactive extrusion, high hydrostatic pressure treatment, and enzyme modification, have
been explored. Nevertheless, these approaches have limitations due to their rigorous
conditions or equipment requirements [60]. Compared to chemical modifications, physical
modifications of starch are simple, cost-effective and eco-friendly [61]. Hence, this study
focuses on the physical modification of starch, aligning with the goals of a greener and more
sustainable production procedure.

Physical modifications of starch have been implemented by changing the temperature,
pressure, humidity and shear stress. When starch granules are heated in the presence of

water and other molecules such as plasticizers, several changes at the molecular and
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structural levels occur. These alterations of the starch structure are related to the granule-
specific gelatinization behavior, which is strongly affected by several inherent
characteristics including granule composition (in particular the AM/AP ratio), granule size,
granule molecular architecture (especially the amylopectin branch chain lengths and
distribution) and molecular weight of amylose and amylopectin molecules [62,63]. The
progress and extent of the thermal gelatinization of starch are also affected by a wide range
of external factors, including temperature, moisture content, heating time, heating rate,
shear stress, presence of further ingredients such as plasticizer, the amount and type of
plasticizer, starch preparation and storage conditions [64,65]. Amylopectin is suggested to
be responsible for granule swelling while the fraction of amylose-lipid complexes may

retard the swelling and induce an increase in gelatinization temperature [62].

The addition of components such as proteins, lipids, and nonstarch polysaccharides
represents another important aspect of physical modifications. Studies have shown that
starch can form complexes with certain lipids such as fatty acids or mono-glycerides, and
this lipid complexation can be facilitated at elevated temperatures through an extrusion
[66,67]. The formation and stabilization of these complexes involve a series of noncovalent
interactions including hydrogen bonds, hydrophobic attractions, and van der Waals forces
[68-70]. The hydrophilic hydroxyl groups of a[1—4] glucan helices are arranged on the
outer surface, whereas methylene groups and the oxygens of the glucosidic bonds line the
inner core forming a hydrophobic cavity that can accommodate suitable ligands.
Comprehensive studies of starch-lipid complexes using techniques such as X-ray diffraction
(XRD), Raman spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and
molecular modelling reveal that the aliphatic chain of the lipid inserts itself into the internal
cavity of the amylose helix. In contrast, the carboxyl group of the fatty acid or the glyceride
moiety of a monoacylglycerol remains exposed on the exterior of the helix due to steric
hindrance and electrostatic repulsions (Figure 3) [71-73].
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Figure 3. Schematic structure of starch-lipid complex at the molecular level (after [74]).

It has been reported that the formation of starch-lipid complexes makes starch more
resistant to enzymatic digestion [75,76]. Introducing lipids into starch is therefore a
rational approach to decrease enzymatic degradation and to slow down the drug release. It
was therefore one goal of the thesis to study the impact of lipid addition on starch-based

implant characteristics.

1.5 Parenteral depot systems characterization methods

For the development of an optimized DDS, it is essential to characterize it with suitable
characterization techniques. The characterization methods can be divided into three main
categories: 1. Methods for the general physicochemical characterization, 2. Methods for the
characterization of the microenvironment (microviscosity, micropolarity, and microacidity)

and 3. Methods for in vivo characterization [3].

1.5.1 Characterization methods for the general physicochemical properties

Differential scanning calorimetry (DSC) is an analytical technique employed to monitor
thermal events, including melting, crystallization processes and the glass transition
temperature. As mentioned earlier, HME is the most used method to prepare the preformed
implants. The formed implant is a solid dispersion in which a drug is dispersed in the
polymeric matrix. The system can have multiple structures depending on the components'
characteristics and the production parameters (Figure 4). It is important to know if the drug

is incorporated as a crystalline solid or in the amorphous form. Many drug molecules

9
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exhibit various polymorphs, each with distinct dissolution kinetics. In most cases, the
polymorphs can be traced by DSC due to their different melting points. The presence or
absence of amorphous drug molecules or distinct polymorphs depends on the production

and storage conditions.

Figure 4. The three possible structures of a drug/polymer solid dispersion where hexagonal
symbols represent drug molecules and curvy lines represent polymer chains. A) The drug is
molecularly dispersed in the polymer matrix. B) crystalline and amorphous drug inside the polymer
matrix. C) a drug-polymer system containing amorphous drug-rich domains dispersed in the
polymer matrix [77].

X-ray diffraction is another widely utilized method in the characterization of solid
dispersions. Using this method, it is possible to confirm the presence of crystalline materials
and identify various polymorphs. Other spectroscopic techniques including infrared (IR),
near-IR (NIR), Raman spectroscopy, Terahertz spectroscopy, or solid-state Nuclear
Magnetic Resonance (NMR) are employed less frequently, but they can provide valuable
insights into the physical state of materials within the DDS [3].

10
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1.5.2 Characterization of the microenvironment (microviscosity, micropolarity, and
microacidity)

The monitoring of the microenvironment is a determining aspect of the optimization of
parenteral depot systems. Frequently, diverse microenvironments coexist within
microparticles or implants. Key components of the microenvironment include
microviscosity, micropolarity, and microacidity. Several potent techniques to obtain
information about microviscosity are based on NMR and Electron Paramagnetic Resonance
(EPR). NMR requires a nuclear spin, while EPR requires the presence of an electron spin.
The majority of the DDSs are EPR-silent. The electron spins can be introduced either
noncovalently as spin probes or covalently attached (e.g., to polymers) as spin labels.
Nitroxides are commonly employed spin probes, offering a wide range of options with
varying hydrophilicities. The spectrum of nitroxide probes results from the anisotropic
interaction of the electron spin with the nuclear spin of the nitrogen molecule. The EPR

spectrum is sensitive to mobility as illustrated in Figure 5.

Starch
23N=3.15 mT MCT
2aN=3.47 mT PBS
1mT : 2ay,

Figure 5. EPR spectrum of TB in starch (powder-like spectrum), Medium-chain triglycerides (MCT)
(less polar environment, shorter distance between the outer lines, 2ay = 3.15 mT) and PBS (polar
environment with longer distance between the outer lines, 2ay = 3.47 mT) [78].

11
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In solid materials, the anisotropic spectrum with broad lines and the dominating centerline
is observed (top spectrum). In liquids, three lines emerge as a result of a partial (viscous
media) or almost complete (low viscous media) averaging of the anisotropy of the hyperfine
splitting. The spacing between these three lines in liquid samples depends on the polarity of
the environment (see dotted line). Larger values are observed in polar media. The different
polarity of the environments is reflected in the different hyperfine coupling constants an.
EPR spectroscopy can also be used to monitor drug release mechanisms. This application is
explained in detail in Chapter 3.1.

In contrast to EPR, NMR spectroscopy and imaging find much broader applications in both
preclinical and clinical research. This preference is attributed to several factors, which
include 1. the higher penetration depth of the frequency, 2. the development of pulsed
methods (challenging to implement in EPR due to the short half relaxation times), and 3. the
use of inherent signals (e.g., protons). The NMR properties are closely linked to the mobility
of molecules. When it comes to solid materials, standard NMR cannot be employed; instead,

solid-state NMR is utilized for characterization [79]

By variation of the NMR sequence, different properties (relaxation times and diffusion
coefficients) can be obtained, including their spatial distribution. In many instances, it's
possible to attribute these signals to distinct molecule groups or segments, such as aromatic
protons from the drug, PEG chains, polymer degradation products, and other excipients.
The low-cost and low-frequency benchtop NMR systems are valuable tools to measure
relaxation times and diffusion coefficients, which change during hydration and release
processes. The information obtained by benchtop NMR is often less specific compared with
high-field NMR but easy to measure and useful. However, it is characterized by its ease of
measurement and practical usefulness. Some instruments also permit imaging [3,80,81]. In
this project, a low-frequency benchtop NMR system has been used to evaluate water
penetration into the system. A detailed explanation is provided in chapter 3.2.

1.5.3 Methods for in vivo characterization

Despite all the efforts to simulate in vivo conditions using in vitro tests, numerous reports
highlight poor correlations between in vitro and in vivo results. These discrepancies arise
from distinct environmental factors, such as varying volumes, the presence or absence of
surface-active components, and differing pH values, as well as the influence of cells and
enzymes on degradation and release processes. For example, implants could be
encapsulated by fibrous tissue and smaller microparticles could be phagocytosed by

macrophages. Therefore, it is important to monitor release processes in vivo. Preferred

12
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methods are noninvasive and provide specific information about important parameters of

drug release. Some methods include EPR, NMR, ultrasound imaging, OI, computed

tomography (CT), and radioactive methods [3]. In this thesis, OI is utilized to evaluate the

fate of the optimized system in vivo. A detailed explanation is provided in chapter 3.3.

1.6 Aim of work

The main objective of the thesis was the development of a starch-based DDS for parenteral

controlled drug release applications as alternative for PLA/PLGA DDS. This objective setting

was focused on the following three pillars:

1.

Identification of suitable starch/lipid mixtures and optimization of processing
parameters of HME.

As mentioned earlier, starch characteristics need to be modified using physical
modifications during the extrusion process. These modifications are strongly
affected by several inherent starch characteristics [62,63]. Therefore, finding an
appropriate type of starch and lipid and optimization of HME parameters to
achieve a controlled release system was a primary step of the thesis. As
mentioned earlier, the addition of the lipid to the system can strongly influence the
structure and the characteristics of extruded products [82]. Therefore, to assess the
effect of the addition of the lipid to the system, the characterization of the system
with and without lipid was the second step of the project. As the rate of water
penetration into the system is a crucial step in the prediction of the release profile
from the system, evaluation of water penetration and swelling of the two
systems using EPR and NMR relaxometry were the further steps of the project.

. Characterization of controlled-release starch-nimodipine implant

Subarachnoid haemorrhage (SAH) is a serious, life-threatening type of stroke where
cerebral vasospasm remains a serious complication and a major cause of death and
disability in these patients. Nimotop® (Nimodipine 30 mg capsule, Bayer) is an FDA-
(Food and Drug Administration) approved drug for the treatment of SAH-induced
vasospasm [83]. Nimodipine (NMD) is a hydrophobic API with very low oral
bioavailability, reported to range from 3 to 30%, exhibiting extensive variability
among patients [84-86]. Therefore, a parenteral depot of NMD with the ability to
release the drug over the desired period is needed. With the aim of achieving a

parenteral depot with the desired characteristics, NMD was loaded in the optimized

13
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14

formulation and subsequently characterized. Most of the analytical techniques
applied for the characterization of solid dispersions only focus on the API. However,
the polymeric carrier contributes to the performance of the formulation to a great
extent. Therefore, the effect of the production process both on NMD and starch
characteristics was studied. The system was characterized with and without the API
using different analytical techniques. Moreover, interactions between starch and
NMD were evaluated using NMR and IR spectroscopy. The possible effects of
NMD on the polymer were also investigated using DSC and SEM. In addition, the
release Kinetics from the systems with different NMD content was studied to
evaluate the impact of drug properties and drug load on the release rate. As the
prepared system is going to be administered parenterally, finding an appropriate
sterilization method was of great importance. Based on ICH guidelines “For those
products intended to be sterile, an appropriate method of sterilization for the drug
product and primary packaging material should be chosen and the choice justified”
[87]. The effect of the chosen sterilization method on the NMD and the polymer
was also investigated using NMR spectroscopy.

. In vivo evaluation of the starch-based implant (Release profile/fate of the

system)

Despite all the efforts to simulate in vivo conditions using in vitro tests, numerous
reports highlight poor correlations between in vitro and in vivo results. Therefore, it
is important to monitor release processes in vivo. Before in vivo studies, the system's
ability to create a controlled release system was proved using various in vitro tests,
and a suitable sterilization method was identified. Surpisingly, there were no
previous reports on the in vivo release profile of parenterally administered starch-
based implants. Optical imaging as a non-invasive and commonly used technique in
the visualization of in vivo processes, was used. Ol necessitates selecting suitable
dyes and their appropriate concentrations to visualize the implant formulation.
Therefore, in this part of the project appropriate fluorescent dyes were selected, the
appropriate concentration for each dye was determined and the SC-injected implant
was visualized. The release kinetics of dyes, namely Indocyanine Green (ICG) and
1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine-lodide(DiR) loaded into
the implant as models of a hydrophilic and hydrophobic drug, were evaluated.

Moreover, the possibility of quantification and evaluation of the release kinetics by
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3-dimensional (3D) reconstructions of the implants was assessed and compared

to 2-dimensional (2D) quantifications in vivo.
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2.1 Overview of journals

Table 1. Overview of journals where peer-reviewed articles were published

Journal Impact factor (2023) 5-year impact factor Publisher

International Journal

6.51 6.05 Elsevier

of Pharmaceutics
Molecular American Chemical
5.36 4.82

Pharmaceutics Society
Journal of Controlled

11.467 10.38 Elsevier

Release

2.2 Peer-reviewed publications

The three publications described in this section were subject to a peer-review publication
process as full research articles. They have been published in the journals listed above
(Table 1). These publications reflect the major part of the experiments that were conducted
in the course of this doctoral thesis. As such, all methods used are described in detail in the

articles and the results acquired were carefully discussed.

In publication I, two aims were achieved: 1. Identification of the appropriate type of starch
and lipid to be implemented in further steps, 2. Optimization of HME parameters to acquire
a homogenous, physically stable implant. The experimental work of this publication can be
divided into two main parts. In the first part, the EPR method is implemented to evaluate
the potential of the system in the formation of a controlled release system. One key benefit
of EPR lies in its remarkable sensitivity to spin probes, even at extremely low
concentrations, typically within the range of 5-10 mM. Given that the introduction of an
active substance can potentially change the system's properties, the method's high
sensitivity and the use of very low concentrations of the spin probe serve to assess the
intrinsic attributes of the carrier with minimal influence from the active substance. Two
spin probes, namely Tempol (TL) and Tempol Benzoate (TB), were loaded into the implants
as a model of hydrophilic and hydrophobic drugs respectively. The release profile of the
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spin probes provides us with valuable information regarding several critical aspects,
including the rate of water penetration into the implant, as well as the micropolarity and
microviscosity within the system. These parameters help us better understand the involved
release mechanisms and predict the release profile of a real drug from the implant. In the
second part of the publication, two antimalarial agents namely artesunate (AS) and
artemether (AM) were loaded into the implants and the implants were characterized with
different methods. The selection of formulation compositions aimed to assess how varying
the lipid amount influences the release profile of the active substance. The results of this
publication provided us with two crucial pieces of information: 1) Starch implant has the
potential to provide a sustained release of a hydrophobic substance if the starch is
gelatinized during the extrusion process. 2) The presence of lipid in the formulation
prevents starch gelatinization at the used temperatures (Due to the thermal sensitivity of
many drugs, it is not desirable to use temperatures higher than 90 °C, the maximum used
temperature in the study for starch implants without API). As the experiments confirmed
the potential of starch implant in the formation of a controlled release system, this system

was chosen for further studies.

Publication II focuses on the comprehensive characterization of starch implants and
nimodipine-loaded implants. The primary objective was to develop a parenteral depot of
NMD for the treatment of SAH-induced vasospasm. For this purpose, NMD was
incorporated into the optimized formulation. To assess the impact of drug load on the
system, two formulations with 20% and 40% NMD were prepared and characterized. NMR
relaxometry was employed to evaluate the water penetration into the systems providing a
better understanding of possible release mechanisms. As NMD has different modifications,
various techniques including DSC, IR and Raman Spectroscopy were applied to investigate
possible changes in these modifications during the extrusion process. Additionally, different
techniques were utilized to assess the potential effects of the API (NMD) on the polymeric
system and vice versa. As the system was designed for parenteral administration, finding an
appropriate sterilization method was of utmost importance. Challenges in finding a suitable
method for the sterilization of the NMD-loaded system have been reported previously due
to the instability of the NMD during the sterilization process [88]. This publication confirms
the ability of the developed system to protect NMD during the production and sterilization

process.

Publication III is a detailed explanation of the in vivo studies with starch implant. To the

best of our knowledge, there were no previous reports and information regarding the in
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vivo release profile of parenterally administered starch implants. In vivo studies were
required to ensure the potential of the system in providing a biocompatible, biodegradable
sustained release system in vivo. In this part of the project, OI as a non-invasive technique
was used. Two fluorescent dyes, namely ICG and DiR, were incorporated into the implants
as a model of a hydrophilic and hydrophobic drug, respectively. The release profiles of the
two substances from the implants were assessed in vitro and in vivo. The in vivo imaging
was performed both in 2D and 3D mode. The 3D mode permitted the 3D reconstruction of
the SC-injected implant. Here, the 3D reconstruction was used for a very small implant with
a regular shape. This can be expanded to the use of 3D reconstruction for the visualization
of in vivo forming implants and to assess the release kinetics in 3D mode from these
systems in the future. The results of this study confirmed the biodegradability and
biocompatibility of the starch implant and its potential to form a controlled release system
for a hydrophobic drug.
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2.2.1 Identification of suitable starch/lipid mixtures and optimization of processing
parameters of HME.

Title: Controlled release starch-lipid implant for the therapy of severe malaria
International Journal of Pharmaceutics

DOI: https://doi.org/10.1016 /j.ijpharm.2022.121879

Link: https://www.sciencedirect.com/science/article/pii/S0378517322004343

Abstract

Parenteral depot systems can provide a constant release of drugs over a few days to
months. Poly(lactic acid) (PLA) and Poly(lactide-co-glycolide) (PLGA) are the most
commonly used polymers in the production of these systems. Finding alternatives to these
polymers is of great importance to avoid certain drawbacks of these polymers (e.g.
microacidity) and to increase the selection possibilities. In this study, different types of
starch in combination with glycerol monostearate (GMS) were developed and investigated
for their physicochemical properties and release characteristics. The noninvasive method of
electron paramagnetic resonance (EPR) was used to study the release kinetics and
mechanisms of nitroxide model drugs. The studies demonstrated the general suitability of
the system composed of high AM starch and GMS to form a controlled release system. For
further characterization of the prepared system, formulations with different proportions of
starch and GMS, loaded with the antimalarial agents artesunate or artemether were
prepared. The implants were characterized with X-ray powder diffraction (XRPD) and
texture analysis. The in vitro release studies demonstrated the sustained release of
artemether over 6 days from a starch-based implant which matches desired kinetic for the
treatment of severe malaria. In summary, a starch-based implant with appropriate
mechanical properties was produced that can be a potential candidate for the treatment of

severe malaria.
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Figure 6. Graphical abstract to Esfahani et al. [78].
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2.2.2 Characterization of controlled release starch-nimodipine implant.

Title: Characterization of Controlled Release Starch-Nimodipine Implant for
Antispasmodic and Neuroprotective Therapies in the Brain

Molecular Pharmaceutics
DOI: https://doi.org/10.1021 /acs.molpharmaceut.3c00618

Link: https://pubs.acs.org/doi/full/10.1021 /acs.molpharmaceut.3c00618

Abstract

Parenteral depot systems can provide a constant release of drugs over a few days to
months. Most of the parenteral depot products on the market are based on poly(lactic acid)
and poly(lactide-co-glycolide) (PLGA). Studies have shown that acidic monomers of these
polymers can lead to nonlinear release profiles or even drug inactivation before release.
Therefore, finding alternatives for these polymers is of great importance. Our previous
study showed the potential of starch as a natural and biodegradable polymer to form a
controlled release system. Subarachnoid hemorrhage (SAH) is a life-threatening type of
stroke and a major cause of death and disability in patients. Nimotop® (nimodipine (NMD))
is an FDA-approved drug for treating SAH-induced vasospasms. In addition, NMD has, in
contrast to other Ca antagonists, unique neuroprotective effects. The oral administration of
NMD is linked to variable absorption and systemic side effects. Therefore, the development
of a local parenteral depot formulation is desirable. To avoid the formation of an acidic
microenvironment and autocatalytic polymer degradation, we avoided PLGA as a matrix
and investigated starch as an alternative. Implants with drug loads of 20 and 40% NMD
were prepared by hot melt extrusion (HME) and sterilized with an electron beam. The
effects of HME and electron beam on NMD and starch were evaluated with NMR, IR, and
Raman spectroscopy. The release profile of NMD from the systems was assessed by high-
performance liquid chromatography. Different spectroscopy methods confirmed the
stability of NMD during the sterilization process. The homogeneity of the produced system
was proven by Raman spectroscopy and scanning electron microscopy images. In vitro
release studies demonstrated the sustained release of NMD over more than 3 months from
both NMD systems. In summary, homogeneous nimodipine-starch implants were produced

and characterized, which can be used for therapeutic purposes in the brain.
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2.2.3 In vivo evaluation of the starch-based implant (Release profile/fate of the

system)

Title: A starch-based implant as a controlled drug release system: non-invasive in

vivo characterization using multispectral fluorescence imaging.
Journal of Controlled Release
DOI: https://doi.org/10.1016/j.jconrel.2023.05.006

Link: https://www.sciencedirect.com/science/article/pii/S016836592300319X

Abstract

Solid implants are parenteral depot systems that can provide a controlled release of drugs
in the desired body area over a few days to months. Finding an alternative for the two most
commonly used polymers in the production of parenteral depot systems, namely Poly(lactic
acid) (PLA) and Poly(lactide-co-glycolide) (PLGA), is of great importance due to their
certain drawbacks. Our previous study showed the general suitability of starch-based
implants for controlled drug release. system. In this study, the system is further
characterized and the release kinetics are investigated in vitro and in vivo by fluorescence
imaging (FI). ICG and DiR, two fluorescent dyes with different hydrophobicity serving as a
model for hydrophilic and hydrophobic drugs, have been used. In addition to 2D FI, 3D
reconstructions of the starch implant were also used to assess the release kinetics in 3D
mode. The in vitro and in vivo studies showed a fast release of ICG and a sustained release
of DiR over 30 days from the starch-based implant. No treatment-related adverse effects
were observed in mice. Our results indicate the promising potential of the biodegradable

biocompatible starch-based implant for the controlled release of hydrophobic drugs.
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3. Results and Discussion

3.1 Identification of suitable starch/lipid mixtures and optimization of
processing parameters of HME

This thesis aimed to develop and characterize a controlled drug release system based on
starch as an alternative for PLA/PLGA polymers. Native starches come from different
botanic origins and therefore, own various physical properties, such as different
gelatinization temperatures. Hence, choosing an appropriate type of starch for the
formation of a controlled release system was an important step in prescreening studies. It
should also be considered that both pressure and temperature of the HME process and the
water content can alter the thermal properties of starch significantly [91-93]. These
parameters affect the mechanical properties of the final product. Therefore, finding an
optimized temperature and extrusion speed, as well as the right water content was another
critical step in prescreening studies. At this stage two criteria were considered for choosing
the appropriate materials: a) Homogeneity of the prepared implant, and b) Physical
stability of the prepared implant at 37 °C in a shaking water bath (50 rpm). Based on these
results high-amylose starch (Amylo-N400®) and glycerol monostearate (IMWITOR 491®)
were chosen. To investigate the effect of the addition of the lipid to the system, two different
implants one containing only starch and the other containing starch and lipid (GMS) (4:3)
were produced by HME with heating zone temperatures of 70, 80 and 90 °C. In the next
step, the capability of the produced systems in the formation of a controlled release system

was evaluated by EPR.

Two spin probes with different hydrophilicities, namely tempol (TL) and tempol benzoate
(TB), were loaded separately into both systems and the release profile of each spin probe
was evaluated. TL and TB were used as models for hydrophilic and hydrophobic drugs
(Figure 9).
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Figure 9. Chemical structure of tempol, and tempol benzoate.

EPR spectra are sensitive to the rotational motion of the spin probes. Polarity and
microviscosity are the parameters that affect the spin probe’s rotational motion and
therefore the shape of the EPR spectra. Higher polarities cause larger distances between the
lines of the spectra. In low viscous media, the spin probes tumble freely resulting in spectra
with three narrow lines of approximately equal height that can be seen in spectra of TB in
PBS. As the viscosity increases, due to slower motions, the lines broaden and the signal
amplitude decreases [94]. In a solution, anisotropic interactions are averaged out and the
line’s widths are narrower compared to less mobile and more viscous systems. In solid
materials, the anisotropy is not averaged and typical “powder spectra” can be recorded
[95,96]. The EPR spectrum of TB loaded implant made of starch shows a “powder like
spectra” due to immobilization of TB inside the solid system. Figure 10 shows the EPR
spectra of TB-loaded implants in the dry state and after different times of exposure to PBS.
The EPR spectra are magnified by the mentioned number next to each signal to make the
comparison easier. A decrease in the signal amplitude of both implants was observed over
two weeks which shows the extended release of the TB from both implants. Comparing the
two implants, it can be seen that the starch-lipid implant shows a slower release rate. This
is probably due to slower water penetration into this system. The release of TB from the
starch implant was almost completed after 14 days. After this time, only a very noisy signal
was observed, due to the very low remaining amount of TB inside the implant. In contrast,
no decrease in the signal amplitude of the starch-lipid implant was observed after the 15th
day. This is probably due to the part of the TB that is trapped in the lipid part of the implant,
which is not released from the system during this in vitro time period.
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Starch implant Starch-lipid implant
Dry Dry
x2.1 4 Days x 1.5 3 Days
W
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1mT 1mT

Figure 10. EPR-Spectra of TB-loaded implants after different times of exposure to PBS.

In the next step, TL as a hydrophilic spin probe was used to assess the water penetration
into the implants in more detail. Figure 11 shows the EPR spectra of the TL-loaded implants
in the dry state and after different exposure times to PBS. The EPR spectrum of the TL in

PBS is shown to make the comparison easier.

Starch implant Starch-Lipid implant
Dry
—\~
5 min
1h 1h
_2h 2h
Tempol in PBS Tempol in PBS
TmT 1mT

Figure 11. EPR-Spectra of TL-loaded implants after different times of exposure to PBS.
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As can be seen in Figure 11 the EPR spectra of the TL-loaded implants in the dry state do
not show a real powder-like spectrum like what was observed in the dry state of TB-loaded
implants. The three broad lines of these spectra show that most part of TL have moderate
mobility (indicating mobility in a viscous environment) even before exposure to buffer. Due
to their different hydrophilicities, TL and TB will localize in different environments in
heterogeneous media. TL is much more hydrophilic. It was therefore assumed that the
three-line spectrum of TL arises from the localization in viscous microregions of high
polarity (e.g. adsorbed water). After exposure of both TL-loaded implants to PBS, a
continuous decrease in the width of all three lines was observed over the whole time

period. These results prove a very fast water penetration into both systems.

These results align with the findings obtained by NMR relaxometry. T2 represents the spin-
spin relaxation time, where a smaller T, value indicates a more rigid system. The
penetration of water into the implant affects the mobility of polymer chains, leading to an
increase in the T, value. Figure 12 shows the T; values for each system before and after
exposure to PBS. As can be seen in the figure, both systems exhibited two distinct T, even in
the dry state, indicating the presence of water in both systems. After exposing the systems
to PBS for 1 h, a noticeable increase in the T values was observed in the part of the system

with a longer T, demonstrating water penetration into both systems.
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Figure 12. The T, values (ms) of each system calculated by fitting mono and double exponential
decay curves.

Based on these results, both the starch implant and starch-lipid implant demonstrated the
potential to be used as a controlled release system for more lipophilic drugs. Hydrophilic

small molecules are expected to be released similar to TL.

In the next step, two antimalarial agents artemether (AM) and artesunate (AS), were loaded
into the systems. To assess the effect of the amount of lipid (GMS) on the system'’s
characteristics, three formulations including starch implant, starch-low lipid implant, and,
starch-high lipid implant were produced and characterized. The heating zone temperatures
were set at 60, 65, and 70 °C, as higher temperatures led to drug degradation. The exact

components of each formulation are shown in Table 2.

Table 2. Composition of investigated formulations in gram.

) Components [g]
Formulation Formulation name High amylose
No g. y GMS Artemether water
maize Starch
1 Starch-AM implant 5 - 5 2.5
2 Starch-AM-Low lipid implant 4 1 5 2
3 Starch-AM-High lipid implant 4 3 7 1
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The prepared implants were characterized using different methods. The complete
characterization of the systems is explained in detail in the first publication. Here, only the
results of the release studies for AM are discussed, as it was the turning point of this project.
As can be seen in Figure 13, the release kinetics were not as anticipated. AM was released
over a longer period of time (6 days) from the starch implant, while the release was

shortened to 3 days in the starch-low lipid implant.

100

—=—Starch-AM
—— Starch-AM-Lipid

0 1 2 3 4 5 6
Time [Days]

Cumulative Artemether released [%]

Figure 13. Cumulative release of artemether from different implants in PBS plus 1% SDS (Sodium
dodecyl sulfate) pH 7.4; n = 3; the error bars indicate the standard deviation.

The release Kkinetics of starch-AM implant match the desired release profile for the
treatment of severe malaria. Per WHO guidelines, artemether is the drug of choice in case
parenteral artesunate is not available [97]. Therefore, this formulation can be a potential
candidate to be used in the treatment of severe malaria. Further studies are needed to

evaluate the system in vivo using appropriate animal models.

Interestingly, the results demonstrated that starch alone has the potential to provide
sustained release of artemether for an even longer duration than formulations containing
lipids. These results clarified that achieving a controlled release system requires specific
alterations to the native structure of starch [78]. These changes primarily occur through
starch gelatinization during the extrusion process. The addition of the lipid to the
formulation can prevent the leaching of granule content during gelatinization, inhibit the
swelling of starch granules during heating and reduce the water-binding capacity of starch
[98-100]. Consequently, achieving gelatinized starch would require significantly higher
temperatures. However, increasing the extrusion process temperature is constrained by
several factors: 1. The length of the mini extruder, which has a significantly shorter

chamber length compared to industrial versions (Using temperatures higher than the lipid's
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melting point can result in lipid separation from the system before complex formation,
causing the lipid to exit the chamber faster than other components), 2. Thermal instability
of many drugs including artemether. As a result, instead of using higher temperatures, it
was decided to continue the investigations with starch-based implants. Figure 14 shows the
SEM image of the starch implant. The SEM image shows the freshly broken surface of the
implant. Looking closer at the breakage surface, it becomes apparent that the starch

granules have undergone gelatinization, causing the granule contents to leak out.

Figure 14. SEM image of the broken surface of the implant.

3.2 Characterization of controlled release starch-nimodipine implant

Subarachnoid haemorrhage (SAH) is a serious, life-threatening type of stroke where
cerebral vasospasm remains a serious complication and a major cause of death and
disability in affected patients. Nimotop® (Nimodipine 30 mg capsule, Bayer) is an FDA-
approved drug for the treatment of SAH-induced vasospasm [83]. NMD inhibits the influx of
calcium ions through voltage-gated L-type calcium channels in vascular smooth muscles,
leading to vasorelaxation [101,102]. It has been demonstrated to dilate blood vessels and
prevent vasoconstriction, particularly in small arterioles with diameters ranging from 70 to
100 um [103,104]. Additionally, NMD elevates adenosine levels in the central nervous
system, leading to the subsequent suppression of the excitatory neurotransmitter
glutamate—a potential neuroprotective mechanism of NMD [105,106]. According to FDA
guidelines, NMD should be administered at a dose of 60 mg (two capsules) every 4 hours for

a continuous 21-day period [36]. As the administration dosing regimen shows, it has very
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low oral bioavailability, primarily due to slow dissolution and decomposition in stomach
acid [84]. NMD oral bioavailability is reported to range from 3 to 30% exhibiting
considerable variability among patients [85,86]. Therefore, there is a need for a parenteral
depot formulation of NMD capable of releasing the drug over the desired duration (Figure
15).

Figure 15. Chemical structure of Nimodipine.

As explained in the previous chapter, the release of artemether, with a log P-value of 3.1,
which is similar to the log P of NMD, was observed over 6 days from the starch-based
system. The investigations clarified that some critical changes in the native structure of
starch are needed to achieve a controlled release system [78]. These changes are mainly
formed by the gelatinization of the starch during the extrusion process. The plasticizer
effect of NMD during the HME process has been previously reported [18]. The possible
plasticizer effect of NMD may enhance the system's cohesiveness through physical

interactions with starch, resulting in a more extended release profile.

The goal of this part of the thesis was to achieve a deeper insight into the system. The aim
was to investigate possible interactions between the drug and the polymer, assess the
impact of the extrusion process on both the polymer and the API and evaluate the potential
effects of the API on the polymer and vice versa. To achieve this, the implants without NMD,
implants containing 20% NMD (NMD-20) and implants containing 40% NMD (NMD-40)
were produced and characterized.

Figure 16 shows the release profile of NMD from both implants. The release from the NMD-
40 implant during the first week of release (32%) was nearly three times higher than that of
the NMD-20 implant (13%). After 101 days, 96.3% of the NMD was released from an NMD-
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40 implant and the release was almost completed, while this value was 83% for the NMD-
20 implant. About 17% of NMD remained inside the NMD-20 system and it did not release
from the implant within this time period. Both systems were further characterized to
identify the factors contributing to the differences in release behavior.
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Figure 16. Cumulative release of NMD from NMD-40 (green) and NMD-20 (black) in PBS plus 1%
SDS pH 7.4; n=3; the error bars indicate the standard deviation.

As previously mentioned, the gelatinization of starch is a crucial requirement for forming a
controlled release system. Looking closer at the SEM images of the samples (Figure 17), it
becomes evident that gelatinization occurred in all three samples but to varying degrees. In
starch implant, leakage of the granule’s content is clear but the granules have retained their
native form. This observation aligns with previous findings by Zhou et al., who reported the
preservation of granule structure in high-amylose-containing starch, even after cooking
processes [107]. However, in the samples containing NMD, most of the granules have
undergone complete gelatinization and a granule with its native form can hardly be seen.
Comparing the structure of the NMD-20 and NMD-40 under low vacuum (to prevent
possible changes in the internal structure), it can be seen that in NMD-40 the granules are
completely destroyed and the formed structure seems similar to the honeycomb structure
of the gelatinized starch gel [108]. The internal structure provides an explanation for the

difference in the release behavior of the two systems. The more porous structure of NMD-
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40 leads to a faster release rate and complete release of NMD from the system, as compared
to NMD-20. We assume that part of the NMD in the NMD-20 system remained inaccessible
to the media, preventing complete drug release from the system.

Figure 17. SEM images of the implants taken under high vacuum (left) and low vacuum (right) (A)
starch implant, (B) NMD-20, and (C) NMD-40.

Considering the observed structure in the samples using SEM, to evaluate the possible effect
of NMD on starch, DSC measurements were performed. Figure 18 shows the DSC curve of
the physical mixture of samples. As can be seen in the DSC curves, there is a broad peak
starting from 40 °C in all three samples. These peaks correspond to water evaporation and
partial gelatinization of starch during the heating cycle. The maximum peaks of
gelatinization are at 76.7, 85.17 and 104.5 °C for NMD-40, NMD-20 and starch-water
samples, respectively. Since water content in all samples was constant and half of the
weight of the starch (starch:water, 2:1), it can be concluded that the presence of nimodipine
lowered the gelatinization temperature of the starch. A similar plasticizing effect of NMD on
polyvinylpyrrolidone/vinyl acetate copolymer has been reported by Zheng et al. [109]. This

result is in line with the observed structure of the samples in SEM images (Figure 17). As
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can be seen in the SEM image, in the starch implant sample many of the granules are still in
their native form after the extrusion process, while the complete gelatinization of starch is

observed in NMD-40 leading to a porous structure.
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Figure 18. Thermograms of samples with different NMD content. Measurements were carried out
with a heating rate of 10 K/min between 25 and 150 °C.

To evaluate possible changes in NMD modifications during the extrusion process, Raman
Spectroscopy and DSC were employed. NMD has two different modifications: Modification I,
the metastable form with a melting point of approximately 124 °C and Modification II, the
stable form with a melting point of around 116 °C [40]. As illustrated in Figure 19, NMD
powder (as received from the company) is predominantly composed of modification I.
Following the extrusion process, a significant change in NMD peaks becomes apparent. It
has been previously reported by George et al. that NMD crystallizes slowly, resulting in the
absence of a crystallization peak during the cooling cycle. However, the crystallization of
glassy NMD during storage at room temperature is not preventable and can lead to the
formation of Modification II crystals which are less soluble [41]. We think that part of the
NMD powder could become amorphous due to the presence of water and high pressure
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during the extrusion process, subsequently forming Modification II crystals during cooling
at room temperature and storage in the fridge. The possible changes in the NMD

modification were also evident through other techniques, including IR and Raman

Spectroscopy.
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Figure 19. Thermograms of different samples (Left). Measurements were carried out with a heating
rate of 10 K/min between 25 and 150 °C. Calculated values of the peak intensity ratio of each sample
at 1347/1642 cm-1 with Raman Spectroscopy. 30 measurements were performed for each sample
(Right).

The differentiation between different polymorphs of the NMD using Raman spectroscopy
has been reported previously [110-114]. Based on previous studies, the intensity ratio of
the NO2 group stretch at 1347 cm-! to the C double bond C stretch of the dihydropyridine
ring at 1642 cm~! was used to distinguish between the three solid states of NMD. These
studies concluded that the values below 0.25 and above 3.5 definitely correspond to
modification I and modification I, respectively. However, determining the modification for
values between 0.25 and 3.5 is more complex, as these values correspond to regions with
submicron crystal sizes and/or amorphous regions [114]. As shown in Figure 19, the
intensity ratio values for all three samples mostly fall between 0.25 and 3.5. Therefore, NMD
in all samples exists in the form of submicron size crystals and/or in its amorphous state. A
slight variation in the dispersion of the calculated values can be observed among the
different samples, consistent with the results of DSC thermograms for the samples after the
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extrusion process. Although it was not possible to quantitatively show the changes in NMD
modifications, the results confirmed the appeared changes in NMD modifications observed

with other methods.

Raman Spectroscopy was also used to confirm the homogeneous dispersion of the API
within the implant. Figure 20 provides an example of Raman measurements. For each group
measurement, a line within the sample was selected and then different points of the line
were measured automatically by the device. A total of 30 measurements were conducted for
each sample. In all measurements obtained from both samples, the characteristic peaks
corresponding to NMD were consistently observed. This confirms the uniform dispersion of
NMD throughout the entire implant. The content uniformity of the implants was also proved

using HPLC analysis based on European Pharmacopeia guidelines (paragraph 2.9.6).

Figure 20. Example of Raman measurements (Left), NMD-40 implant (Right).

As the implant is intended for parenteral administration, finding the appropriate
sterilization method was of utmost importance. Sterilization of NMD-loaded formulations
has been reported by several studies previously, but the stability of the NMD is rarely
investigated after the sterilization process [115,116]. In a study conducted by Zech et al.,
partial degradation of NMD was reported following the electron irradiation sterilization
[88]. In this study, the effect of the electron beam on NMD and the polymer was assessed
using HPLC, IR and NMR spectroscopy.

As demonstrated in Figure 21, in both formulations, NMD-40 and NMD-20, no significant
decrease in the drug content was observed. The slight increase in the NMD content in the
NMD-20 formulation is probably due to water evaporation during the sterilization process.
The stability of the NMD during the sterilization process is further confirmed by NMR and
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IR spectroscopy. The investigation of NMD chemical structure and its polymorphism using
IH-NMR and 13C-NMR has been previously reported by several studies [110,117].
Comparing the NMR spectra of NMD powder and NMD-40 before and after the electron
beam sterilization, it can be seen that the crucial peaks arising from NMD [118] are
detectable affirming the nimodipine stability, during the production and the sterilization
process. As expected for the starch, the peaks corresponding to starch were observable in
both samples [117].

7] After sterilization L “ | |E
e . - ab,d,
i Il Bcfore sterilization ‘IHZ O cen  vel a
— 100 Mo~ 8 i | il
£ 7 5 @ ! 2 1 Lt i 1
= / 7 H.\_,éo. o ;\,T,oﬂ_,_.n_._o_,. . 4
£ 804 o 1\ o ? 5 |
= / / "e e I s B |
B 10"pg 10,1 7 3
E 60 / / 9 ]
B 40 %7 c
g / s I L 1 ol
<]
o 204
£ . . \ [
’ 1 o
0- ] - | . U ‘._,'f"}.. JA_ M
Nimo 20% Nimo 40% T T T T T tremt

Figure 21. Effect of the electron beam on drug content in NMD-20 and NMD-40 implants before
(black) and after (dashed) the sterilization, assessed with HPLC; n=3; the error bars indicate the
standard deviation (Left). tH-NMR spectra of (A) Starch, (B) Nimodipine, (C) Nimo-40, (D) Nimo-40
after electron beam sterilization (Right).

These results were confirmed by IR spectroscopy. As shown in Figure 22, the characteristics
peaks of NMD, C-CHz at 1381 cm™1, NO; group at 1523cm-1, carbonyl group at 1695 cm-,
C=C stretching of dihydropyridine at 1640 cm~1, C=C stretches of the aromatic ring at 1620
cm1 [119,120] were detectable in samples before and after the sterilization process,
confirming the stability of NMD during the sterilization process.
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Figure 22. FTIR spectrum of the samples: A) Starch powder, B) Sterilized starch implant, C) NMD
powder, D) NMD-40 implant, E) Sterilized NMD-40 implant.

In a previous study conducted by Zech et al., a partial degradation of NMD (about 20%) was
reported after the electron beam sterilization of NMD-loaded PLGA nanofibers. As they used
the same sterilization technique and the same HPLC method for the quantification of NMD,
it can be concluded that starch serves as a better polymeric matrix compared to PLGA for
preserving NMD during sterilization. This protective effect of the polymer was also
observed in our prior study, where we employed electron beam sterilization for implants
loaded with fluorescent dyes [90].

3.3 In vivo evaluation of the starch-based implant (Release profile/fate of the
system)

Despite all the efforts to simulate in vivo conditions using in vitro tests, numerous reports
highlight poor correlations between in vitro and in vivo results. Therefore, it is important to

monitor release processes in vivo. As previously explained, the system's ability to create a
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controlled release system was proved using various in vitro tests, and a suitable
sterilization method was identified. Given the proven biosafety of starch by several studies

[121,122], we possessed all the necessary data to commence our in vivo investigation.

Ol is one of the most commonly used non-invasive techniques in the visualization of in vivo
processes. It necessitates selecting suitable dyes and their appropriate concentrations to
visualize the implanted formulation. Therefore, in this part of the project appropriate
fluorescent dyes were selected, the appropriate concentration for each dye was determined
and the SC injected implants were visualized using an In Vivo Imaging System (IVIS). The
fluorescent dyes ICG and DiR were loaded into the implants as examples of hydrophilic and

hydrophobic molecules. The SC-injected implants were evaluated over time with OL.

Figure 23 shows the release of ICG both in vitro and in vivo. The signal intensity is
significantly decreased after the first day, confirming the rapid release of ICG from the
system both in vitro and in vivo. These findings align with the results of the EPR
experiment. Tempol, used as a model of a hydrophilic drug, exhibited rapid solubilization
after exposure to the buffer and displayed a similar release behavior to ICG in vitro [78]. OI
as a more sensitive method than the EPR, enabled us to non-invasively assess the implant's
biodegradability and the release of a hydrophilic drug model from the implant in vivo.
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Figure 23. Kinetics of ICG signals from starch extrudates after: (a) incubation in buffer (in vitro); (b)
injection into mice (in vivo); (Mean+SD, n=7).
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Figure 24 presents the release profiles of the lipophilic dye DiR, both in vitro and in vivo. As
depicted in the figure, DiR signals were detectable for a duration of 30 days. In comparison
to ICG, DiR exhibits a significantly longer release period. The majority of the DiR dye is
released from the system over two weeks, both in vitro and in vivo. These results align with
the findings from the EPR experiment. Tempol benzoate, used as a model of a hydrophobic
drug, demonstrated sustained release over two weeks from the starch implant in vitro [78].
Surprisingly, the in vitro and in vivo release profiles of DiR were very similar, contrary to
our initial expectations. After 4 weeks, the experiment was finished and the implantation
site was examined ex vivo. The implant was completely degraded after 4 weeks, as no
residue of the implant could be observed in any of the mice’s tissue at the injection site
macroscopically. In vitro, the starch extrudate remained as a monolithic extrudate after 4
weeks. These findings suggest complete degradation of the starch in vivo by enzymes, most
likely amylases. Amylases are produced not only by salivary glands, pancreas and liver but
also by other tissues and exist in serum at a normal level. These enzymes break down the
amylose and amylopectin molecules of starch into dextrins, which are further degraded into
fermentable sugars, mainly maltose but also some glucose [123]. The difference in behavior
between in vitro and in vivo environments suggests that nonenzymatic hydrolysis is not the
primary mechanism of starch degradation in vivo, in contrast to PLA and PLGA implants,

where autocatalytic hydrolysis is the primary mechanism for polymer degradation.
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Figure 24. Kinetics of DiR signals from starch extrudates after: (a) incubation in buffer (in vitro); (b)
injection into mice (in vivo); (Mean+SD, n=7).
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The tissue at the injection site was stained with hematoxylin-eosin (H&E). As can be seen in

the picture (Figure 25), no significant changes were observed in the tissue.

Figure 25. The surrounding tissue of the injection site stained with hematoxylin-eosin (H&E).

These results proved the promising potential of the starch-based implant as a
biodegradable and biocompatible system in forming a controlled release system for a

hydrophobic drug.
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4. Summary

PLA and PLGA stand as the predominant polymers in the pharmaceutical industry for the
development of parenteral controlled drug release systems. However, their use is
associated with certain drawbacks including their degradation into highly acidic monomers
and autocatalysis which can lead to degradation of the active substance before release or
non-linear/complex release profiles [24,33]. This thesis aimed to explore an alternative
material for these polymers, to expand the spectrum of options available to the
manufacturers. Starch (nonmodified form) is in general fully biodegradable. Its degradation
in the body produces non-toxic and non-acidic monomers [51]. Starch-based materials are
already clinically used as bioresorbable medical products for providing hemostasis and
preventing postoperative tissue adhesion [52,53]. It is also a major excipientin the
pharmaceutical industry but is mainly used for oral formulations due to its certain
drawbacks including its weak mechanical properties and its fast degradation in the body
over a few days. Therefore, starch as a natural, abundant and cheap polymer could be a
valuable alternative for these materials if it can be modified. Starch properties can be
modified using chemical or physical modifications. Chemical modifications of starch usually
involve using organic solvents which does not align with the principles of green and
sustainable chemistry. Consequently, alternative environmentally friendly methods, such as
reactive extrusion, high hydrostatic pressure treatment, and enzyme modification, have
been explored. Nevertheless, these approaches have limitations due to their rigorous
conditions or equipment requirements [60]. In contrast, physical modifications of starch are
simple, cost-effective and eco-friendly [61]. This study aimed to modify the starch using
physical modifications. In the first part of the thesis, using massive prescreening studies, the
appropriate type of starch was found (high-amylose starch) and the extrusion parameters
and water content (plasticizer) were optimized. In the next part of the project, the potential
of the produced system in the formation of a controlled release system was evaluated using
different techniques. Water penetration into the system and the possible release
mechanisms were evaluated using EPR and NMR relaxometry. Both methods demonstrated
fast water penetration into the starch-based implant leading to rapid and complete release
of hydrophilic molecules from the system, as observed in different in vitro tests explained
within the thesis. The in vitro results confirmed the potential of the starch-based implant in

the formation of a controlled drug release system for hydrophobic substances. NMD is a
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hydrophobic API with a log P value of 3.1 and very low oral bioavailability, which can vary
extensively among patients, ranging from 3% to 30% [85,86]. Therefore, there is a need for
a parenteral depot of NMD capable of releasing the drug over the desired duration. With the
aim of producing a parenteral depot of NMD and assessing the impact of drug load on the
release profile, two different amounts of NMD (20% and 40%) were incorporated into the
starch-based implant. The implants were characterized in detail. NMD was released over 3
months from both formulations. Possible changes in NMD modifications were evaluated
using different techniques including DSC, IR and Raman Spectroscopy. Changes in NMD
modifications were observed in all the mentioned techniques but the quantification of each
polymorph was not possible. The impact of NMD on the starch was assessed using various
techniques. The findings indicated that the presence of NMD in the formulation enhances
the degree of starch gelatinization, and a higher NMD content resulted in a more porous
structure and a faster release profile. As the system was intended for parenteral
administration, finding an appropriate sterilization method was of utmost importance. E-
beam sterilization was found to be an appropriate method for the sterilization of the final
product. The potential of the developed system to protect NMD during the sterilization
process was confirmed using various methods. Animal studies were conducted to
investigate the fate of the implant and the release profiles of fluorescent dyes with different
hydrophilicity /hydrophobicity in vivo. For this purpose, the implants loaded with different
fluorescent dyes were injected SC in mice and imaged at determined time intervals. The
release of ICG as a model of a hydrophilic drug was completed after one day in vivo. This
was expected as previous experiments have demonstrated rapid water penetration into the
system. The release of DiR as a model of a hydrophobic substance was observed over 4
weeks. After 4 weeks, the experiment was finished and the injection site was examined ex
vivo. The implant was completely degraded after 4 weeks, as no residue of the implant
could be observed in any of the mice’s tissue at the injection site macroscopically. In vitro,
the starch extrudate remained as a monolithic extrudate after 4 weeks. These findings
suggest a complete degradation of the starch in vivo by enzymes, most likely amylases.
Amylases are present in serum at a normal level. The amylose and amylopectin molecules of
starch are broken down into dextrins by these enzymes. The dextrins will be further on
degraded to fermentable sugars, mainly maltose but some glucose as well [123]. The
difference in behavior between in vitro and in vivo environments suggests that
nonenzymatic hydrolysis is not the primary mechanism of starch degradation in vivo, in
contrast to PLA and PLGA implants, where autocatalytic hydrolysis is the primary

mechanism for polymer degradation.
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5.

Outlook

The following section will discuss future perspectives in the context of this work based on

the promising results that were acquired within this thesis. Based on the obtained results,

this project can be extended from different aspects:

46

a)

b)

As the potential of the starch-NMD implant in providing sustained release of
nimodipine is proven, and an appropriate sterilization method is found, the next
phase on this project's horizon is the in vivo evaluation of this formulation using
appropriate animal models. Currently, available possibilities are being evaluated to
conduct the animal studies. This study will provide valuable insights into the efficacy

and potential clinical applications of the starch-NMD implant.

In this thesis, the extrusion temperature was chosen to be minimized, with a
maximum limit of 70 °C. The potential benefit of elevating the extrusion temperature
closer to the melting point of the AP], specifically NMD, is intended to be explored.
The objective behind this approach is to induce the formation of an amorphous
dispersed system within the implant. This amorphous state often leads to enhanced
drug solubility and bioavailability. Furthermore, an examination of the possible
inhibitory effect of starch on the recrystallization of NMD will be conducted, as it
could have a significant impact on the long-term stability and efficacy of the implant

in the future.

Shape memory characteristics of starch could be utilized to produce implants for
other clinical purposes. In a study conducted by Beilvert et al. resorbable starch-
based shape-memory stents were produced to keep the salivary duct open after
sialendoscopy surgery [124]. They reported fast degradation of the device due to the
high amount of amylases in the simulated saliva and suggested that such starch
stents might be used in other pathologies implicating restenosis, such as the
esophagus after stricture, but also in the bile duct, urinary tract, or in the trachea.
The shape memory and controlled release features of starch can be merged to
address various clinical needs simultaneously. Further studies are essential to

develop such a system.
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ARTICLE INFO ABSTRACT

Keywords: Parenteral depot systems can provide a constant release of drugs over a few days to months. Poly-(lactic acid)
Cf)ntrolled release (PLA) and Poly-(lactide-co-glycolide) (PLGA) are the most commonly used polymers in the production of these
g“’dehgradable systems. Finding alternatives to these polymers is of great importance to avoid certain drawbacks of these
tarc polymers (e.g. microacidity) and to increase the selection possibilities. In this study, different types of starch in
Glycerol monostearate .. . . . . . .
Artesunate combination with glycerol monostearate (GMS) were developed and investigated for their physicochemical
Artemether properties and release characteristics. The noninvasive method of electron paramagnetic resonance (EPR) was

used to study the release kinetics and mechanisms of nitroxide model drugs. The studies demonstrated the
general suitability of the system composed of high amylose starch and GMS to form a controlled release system.
For further characterization of the prepared system, formulations with different proportions of starch and GMS,
loaded with the antimalarial agents artesunate or artemether were prepared. The implants were characterized
with X-ray powder diffraction (XRPD) and texture analysis. The in vitro release studies demonstrated the sus-
tained release of artemether over 6 days from a starch-based implant which matches desired kinetic for the
treatment of severe malaria. In summary, a starch-based implant with appropriate mechanical properties was
produced that can be a potential candidate for the treatment of severe malaria.

1. Introduction

Parenteral depot systems are potential drug delivery systems for the
treatment of various diseases. They have several advantages compared
to oral administration, because these systems can provide a constant
concentration of the drug for a few days to several months. Many of the
drugs with low water solubility and short half-life are good candidates to
be loaded in these systems (Kempe and Mader, 2012). In the last two
decades, there has been a growing interest in long acting parenteral drug
delivery systems. Currently, various types of parenteral depot systems
are commercially available on the pharmaceutical market. Most of these
products are based on polylactic acid (PLA) and poly(lactic-co-glycolic)
acid (PLGA) polymers. PLA and PLGA are biodegradable polymers.
However, they degrade to acidic monomers which might cause acidic
microenvironments both in vitro (Ding and Schwendeman, 2008) and in
vivo (Mader et al., 1996; Schadlich et al., 2014). In addition to the
development of low PH values inside the degrading polymer matrix,
these acidic monomers can also cause autocatalysis and complex and
nonlinear release profiles. Also, drug inactivation may happen by the
formation of the covalent bond between the drug molecule and the

* Corresponding author.
E-mail address: karsten.maeder@pharmazie.uni-halle.de (K. Mader).

https://doi.org/10.1016/j.ijpharm.2022.121879

produced monomers (Lucke et al., 2002). Hence, finding alternative
biodegradable materials will be beneficial in the formulation of future
parenteral depot systems. Starch, as a natural biodegradable polymer
can be a candidate to replace these polymers.

Starch (nonmodified form) is in general fully biodegradable. Its
degradation in the body produces non-toxic and non-acidic monomers
(Aratjo et al., 2004). Starch-based materials are already clinically used
as bioresorbable medical products for providing hemostasis and to
prevent postoperative tissue adhesion (Kramer et al., 2021; Mendes
et al., 2001). It is also a major excipient in the pharmaceutical industry.
However, there are still some drawbacks in using starch; such as its weak
mechanical properties and its fast degradation in the body over a few
days. Starch properties can be modified by the presence of other mole-
cules and/or the impact of temperature and pressure. Studies have
shown that starch can form complexes with certain lipids (e.g. fatty acids
or mono-glycerides) and lipid complexation can be facilitated at higher
temperatures utilizing the extrusion process (De Pilli et al., 2016). In this
study, the effect of the addition of the lipid to starch and the effect of
temperature and pressure on starch was evaluated to modify starch
characteristics. In addition, the formation of starch-lipid complexes

Received 16 February 2022; Received in revised form 9 May 2022; Accepted 26 May 2022

Available online 29 May 2022

0378-5173/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:karsten.maeder@pharmazie.uni-halle.de
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2022.121879
https://doi.org/10.1016/j.ijpharm.2022.121879
https://doi.org/10.1016/j.ijpharm.2022.121879
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2022.121879&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Esfahani et al.

makes the material more resistant against enzymatic digestion (Cui and
Oates, 1999; Gelders et al., 2005). Introducing lipids into starch is
therefore a rational approach to decrease enzymatic degradation and to
slow down the drug release.

Malaria is a life-threatening disease. Despite recent efforts to reduce
the malaria burden globally, there were an estimated 229 million clin-
ical cases, 2 million severe malaria cases, and approximately 409 000
deaths due to malaria worldwide in 2019 (World Health Organization,
2020). Artesunate (AS) is the WHO first-line treatment of severe malaria
in adults and children. It is a clinically versatile artemisinin derivative
but with an extremely short half-life. Per WHO guidelines, this drug
should be administered several times per day intravenously in case of
treatment of severe malaria. Studies have shown that intravenous arte-
sunate administration is associated with high initial artesunate con-
centrations which subsequently decline rapidly, with typical artesunate
half-life estimates of less than 15 min (Morris et al., 2011). Per WHO
guidelines, parenteral artemether (AM) is an alternative option in case
injectable artesunate is not available (World Health Organization,
2015). Both of these drugs are metabolized to dihydroartemisinin
(DHA), the active metabolite of the drugs, in the human body. Arte-
mether is poorly soluble in water and its parenteral formulation is only
available as a premixed oil-based solution for intramuscular injection
(Esu et al., 2020). Based on a WHO report, intramuscular injection of
artemether results in slow but erratically absorption that leads to a
smaller survival benefit than intravenously applied artesunate (World
Health Organization, 2015). Therefore, finding a system that provides a
sustained release of artesunate or artemether is of great clinical impor-
tance to treat severe malaria. The aim of this study was the preparation
and characterization of a parenteral depot system based on starch and
lipid that can provide a constant release of artesunate or artemether over
a few days to a week for the treatment of severe Malaria.

This study is divided into two main parts. In prescreening studies,
implants with different types of starch in combination with Glycerol
monostearate (GMS) were produced and characterized to find the
appropriate type of starch and lipid to be used. The homogeneity of the
prepared implants and their physical stability in PBS were the criteria
for the selection of the implants for further assessment by Electron
Paramagnetic Resonance (EPR). The implant’s microenvironment,
water penetration into the implants, and release behavior of model
drugs from the implants were assessed with EPR. Based on the obtained
data from prescreening studies, three formulations were chosen to load
antimalarial agents. The prepared implants were characterized by
texture analysis, X-ray powder diffraction, and high-pressure liquid
chromatography (HPLC).

2. Materials and methods
2.1. Materials

Native pea starch (PEA STARCH N-735) and high amylose starch
(MAIZE STARCH AMYLO N-400 (amylose content ~53%)) were kindly
provided by Roquette (Lestrem, France). Hydroxyethyl starch (HES) was
kindly provided by Serumwerk Bernburg (Bernburg, Deutschland).
Glycerol monostearate (Kolliwax® GMS II) was kindly provided by BASF
(Germany). Glycerol monostearate (IMWITOR® 491) was kindly pro-
vided by IOI Oleo GmbH (Germany). Tempol (4-Hydroxy-TEMPO) and
Tempol Benzoate (4-hydroxy-tempo benzoate) were purchased from
SIGMA Aldrich Chemie GmbH (Munich, Germany). Artemether and
artesunate were purchased from abcr GmbH. Olive oil was purchased
from Caelo (Germany). NMP (1-Methyl-2-pyrrolidone) was purchased
from Sigma-Aldrich (USA). Testing media was Phosphate Buffered Sa-
line (Ph.Eur.) plus 1% sodium dodecyl sulfate (SDS), adjusted to pH 7.4.
SDS was purchased from Sigma Aldrich Chemie GmbH (Munich, Ger-
many). Acetonitrile (VWR International, Darmstadt, Germany), Formic
Acid (Merck, Germany) and, double distilled water were used for the
HPLC measurements.

International Journal of Pharmaceutics 622 (2022) 121879
2.2. Prescreening studies

Prescreening studies were conducted to identify the appropriate type
of starch that can form a controlled release system in combination with
lipid (GMS). Also, the temperature and extrusion speed for the HME
process and the amount of water in the formulation were optimized in
prescreening studies. Four different types of starch including HES,
native pea starch, gelatinized pea starch, and high amylose starch in
combination with two commercially available products of Glycerol
monostearate (GMS) namely Kolliwax® GMS II and IMWITOR® 491
were examined. Gelatinized pea starch was obtained by adding water to
pea starch (1 g pea starch:5 g water) and stirring the mixture at 80 °C for
5 min. The preparation was then dried in an oven at 50 °C overnight. The
produced film was cryomilled with two 4 mm grinding media with two
cycles each at 25 Hz for 90 s. The implants were prepared by hot-melt
extrusion (ZE 5 ECO; Three-Tec GmbH; Seon; Swiss) with different
extrusion screw speeds and different temperatures zones, depending on
the formulation’s components. Thermal measurements were also con-
ducted to assess the thermal behavior of the formulation; the data is
shown in the supplementary materials (Fig. S1 and Fig. S2). The ho-
mogeneity of the implants was studied with optical light microscopy on
the micrometer scale. The physical stability of the prepared implants
was assessed by incubating extrudates of 1 cm length in 50 ml PBS, pH
7.4 at 37 °C in the shaker (Memmert GmbH + Co. KG, Schwabach,
Germany). The homogeneity of the prepared implants and their physical
stability in PBS were the criteria for choosing the implants for further
assessment by EPR.

2.3. Optical light microscopy

Light microscopy was used to assess the homogeneity of the prepared
implant on the micrometer scale.

2.4. Hot melt extrusion

The following criteria led to the selection of the excipients and the
processing conditions of extrusion. In general, extrusion the temperature
should not be too high to prevent chemical degradation. However, if the
temperature is too low, no extrusion is possible. Prescreening studies
showed that a minimum temperature of around 60 °C is needed to obtain
homogenous extrudates from starch. As the higher temperature than the
melting point of the lipid may lead to the separation of the solid starch
and the low viscous oily liquid, IMWITOR 491 with a higher melting
point than Kolliwax® GMS 1l was chosen as the lipid component. Water
which was used as a plasticizer plays a significant role in the extrusion
process. Although a certain amount of water is needed to gelatinize the
starch (what makes the extrudates more flexible) and make the extru-
sion possible, an excess amount of water leads to super soft extrudates
which are hard to gather or even the formation of foam-like material.
Also, it should be noted that the formulations containing a high amount
of lipid were only extrudable with a lower amount of water. The water
amount was optimized in prescreening studies. Based on the results of
the prescreening studies high amylose starch (AMYLO N-400®) and
GMS (IMWITOR® 491) were chosen to prepare the implants by hot-melt
extrusion (HME) (ZE 5 ECO; Three-Tec GmbH; Seon; Swiss). The com-
ponents of each formulation and the hot-melt extrusion parameters
(including extrusion screw speed and heating zone temperatures) are
shown in Table 1 and Table 2 respectively. Before extrusion, compo-
nents of each formulation were mixed and filled into the grinding
chamber of a Retsch CryoMill (Retsch, Haan, Germany) together with
two 10 mm grinding media. The cryomilling process scheduled an
automatic pre-cooling phase and 2 milling cycles at 30 Hz for 150 s. Each
cycle was followed by a 30 s lasting cooling phase at 5 Hz. Extrusion dies
with a 1 mm diameter were used. Samples were collected and stored in
opaque falcon tubes between 4° and 8 °C.
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Table 1
Composition of investigated formulations in gram.
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Formulation No Formulation name Components [g]

High amylose maize Starch GMS Artemether Artesunate water
1 Starch implant 4 - - - 2
2 Starch-lipid implant 4 3 - - 1
3 Starch-AM implant 5 - 5 - 2.5
4 Starch-AM-Low lipid implant 4 1 5 - 2
5 Starch-AM-High lipid implant 4 3 7 - 1
6 Starch-AS implant 5 - - 5 2.5
7 Starch-AS-Low lipid implant 4 1 - 5 2
8 Starch-AS-High lipid implant 4 3 - 7 1
GmbH, Darmstadt, Germany) powder diffractometer, equipped with
Table 2 . molybdenum anode (50 kV and 30 mA) and a Ge (11 1) monochromator
Used extrusion parameters. to select the Mo K, radiation at 0.071073 nm. Data of the rotating
Formulation  Temp. Temp. Temp. Screw samples were collected in the transmission mode from 2°-25° in 1° steps
No. ‘;e[‘“(‘:‘]‘g zone ‘;e[“t(‘:‘]‘g zone ‘;ef‘té’]‘g zone  speed for 60 s each using a DECTRIS MYTHEN 1 K Strip Detector. The
Ls diffraction patterns obtained were processed using an STOE WinXPOW
L 70 80 20 140 software package.
2 69 68 67 140
3 60 65 70 140
4 60 65 68 140 2.8. Invitro artemether and artesunate release
5 69 68 67 140
6 60 65 70 140 One centimeter implant of each formulation was weighed and placed
. o o > b in 2 ml vials filled with 1.5 ml PBS plus 1% SDS, pH 7.4 and the vials

2.5. Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) was applied to assess the
model drug release behavior, water penetration and the microenviron-
ment in the blank formulations (No 1 and 2). Tempol and Tempol
Benzoate (TB) were used as models for hydrophilic and hydrophobic
drugs with a concentration of 5 mmol/kg. The implants were incubated
in 50 ml PBS in a shaking water bath (50 rpm) at 37 °C. At determined
time points, the implants were taken out of the PBS and transferred to
the EPR spectrometer. EPR spectra were obtained using an L-Band
spectrometer (Magnettech GmbH, Germany), operating at a microwave
frequency of about 1.1-1.3 GHz, equipped with a re-entrant resonator.
EPR parameters were set to: centre field 49 mT, scan width 12 mT, scan
time 60 s, modulation amplitude 0.0625 mT and modulation frequency
100 kHz. The spectral simulation was used to determine the distribution
of the spin probe between different phases. The software EPRSIM V.4.99
from the Biophysical laboratory EPR centre (Josef Stefan Institute of
Solid State Physics Ljubljana, Slovenia) was used for the evaluation and
simulation of the EPR spectra.

2.6. Texture analysis

The mechanical properties of the implants were studied by a texture
analyzer (CT3-4500, Brookfield-Rheotec, Germany) with the TexturePro
CT V1.6 software. The samples were placed on microscopic slides and
adjusted at the base table (TA-RT-KIT) of the analyzer. The TA7 standard
probe, which resembles a knife-edge, was utilized. The required force to
push the probe with a constant velocity into the samples was measured.
Experiments were conducted at 20 °C with a scan velocity of 0.05 mm/s
and a trigger force of 0.067 N.

2.7. X-ray powder diffraction

XRPD was applied to determine the state of drugs and GMS inside the
implants. As a preparation step for the XRPD measurements, the im-
plants were split into smaller pieces with a scalpel and submitted to
cryomilling (Retsch GmbH, Haan, Germany). After an automatic pre-
cooling phase, samples were milled with two 4 mm grinding media at 25
Hz for 60 s. XRPD was performed on an STOE STADI MP (STOE & Cie

were slightly agitated in a shaker with light protection (Memmert
GmbH + Co. KG, Schwabach, Germany) at 37 °C. Total buffer volume
was withdrawn at regular time intervals and analyzed according to the
described HPLC method. An appropriate volume of fresh PBS plus 1%
SDS was replaced after taking samples. Each experiment was conducted
in triplicate.

2.9. High performance liquid chromatography

HPLC analysis was performed with a Waters Delta 600 system with
717 plus Auto Sampler, 2996 Photodiode Array Detector, and a ZORBAX
Eclipse XDB C8 150x4.6 5 um column. A sample volume of 40 pl was
injected at a flow rate of 1.0 ml/min. The mobile phase was Acetonitrile,
water and formic acid with the ratio of 55:45:0.1 and 60:40:0.1 V/V for
artesunate and artemether respectively. The retention times were 4.4
and 7.9 min for artesunate and artemether respectively. The quantifi-
cation was carried out with a UV/VIS detector at 257 nm. Linear cali-
bration curves (r* > 0.999) were obtained in the range of 50-1000 pg/
ml for both drugs. Masslynx V4.1 software was used to analyze the data.

3. Results and discussions
3.1. Prescreening studies

Starch is a widely used pharmaceutical excipient in its native and its
modified forms (Sasaki et al., 2000). It can be used e.g. as a binder,
disintegrant, diluent, glidant and lubricant (Builders et al., 2013).
Native starches are coming from the different botanic origin and own
therefore various physical properties, such as different gelatinisation
temperatures. Choosing an appropriate starch type for a controlled
release system is, therefore, an important goal of prescreening studies. It
is also to consider that the pressure and the temperature of the HME
process and the water amount, acting as a plasticizer in the formulation
can alter the thermal properties of starch significantly (Bialleck and
Rein, 2011; Castro et al., 2020; Donmez et al., 2021). This affects the
implant mechanical properties. Therefore, finding an optimized tem-
perature and extrusion speed, as well as the right water amount to
prepare implants with appropriate mechanical properties, was another
important goal of prescreening study.

The homogeneity of the prepared implants and their physical sta-
bility in PBS were the main criteria for choosing the right type of starch
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and GMS. Results of prescreening studies did show, that more homog-
enous extrudates were obtained with higher temperatures. GMS (Kolli-
wax® GMS 11) and GMS (IMWITOR® 491) have melting points of 58 °C
and 68 °C respectively. When Kolliwax® GMS 1l was used, high tem-
peratures lead to the separation of GMS from the other components and
its faster exit from the extruder. This was even worse in formulations
with a higher amount of GMS. Therefore, GMS (IMWITOR 491) with a
higher melting temperature was used as a lipid part of the formulation.
Implants made of high amylose starch (AMYLO N-400®) and GMS
(IMWITOR 491) were homogeneous and were physically stable in PBS
for more than a month. Therefore, high amylose starch (AMYLO N-
400®) and GMS (IMWITOR 491) were chosen to prepare the formula-
tions for further studies.

3.2. Hot melt extrusion

Extrusion temperatures depend on the components of each formu-
lation. The melting point of the GMS, homogeneity of the prepared
implant, and drug stability were the determining factors in choosing the
appropriate temperature for the process. If the temperature is too low,
no extrusion is possible at all or inhomogenous extrudates are formed.
High temperatures can cause the formation of separated liquids (for
GMS containing extrudates) and drug degradation (both artemether and
artesunate are heat sensitive). Pure artemether has a melting point in the
range of 86-89 °C (Kuntworbe et al., 2018). In order to prevent drug
degradation, the maximum temperature of 70 °C was used for the for-
mulations containing artemether or artesunate. As mentioned in pre-
screening studies, GMS (IMWITOR 491) with a higher melting point
(68 °C) was used to make the extrusion process possible in higher
temperatures for GMS containing samples. The finally applied process
parameters for HME related to each formulation are listed in the Ma-
terials and Methods section in Table 2.

The starch implants loaded with artesunate (left) and artemether
(right) are shown in Fig. 1.

3.3. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) was applied to evaluate the
model drug release and the water penetration into the implants. A low
frequency spectrometer (1.1 GHz, L-band) was used. L-band has the
advantage of the higher penetrating depth of the irradiation (about
5-10 mm) into water-containing samples in comparison to X-band
(Kempe et al., 2010). Stable nitroxyl radicals (spin probes) with different
physicochemical properties allow the determination of micro-viscosity
and micropolarity (Lurie and Mader, 2005). In this study, Tempol (TL)
and Tempol Benzoate (TB) as models of a hydrophilic (TL) and hydro-
phobic (TB) drug were used. The chemical structures of the spin probes
are shown in Fig. 2.

The interaction with the nitrogen nucleus is the primary interaction
of the unpaired electron in nitroxide spin probes. This interaction is
called “hyperfine interaction’’. Hyperfine interaction produces small
changes in the allowed energy levels of the electron that leads to split-
ting the EPR signal into multiple lines. Tempol and Tempol benzoate
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Fig. 2. Chemical structure of Tempol, (4-hydroxy-2,2,6,6-tetramethylpiper-

idine-N-oxyl, left) and Tempol benzoate (4-Hydroxy-2,2,6,8-tetramethyl-
piperidin-1-oxyl-benzoat, right).

with the predominant 14 N isotope give rise to a three-line EPR spectrum
(Klug and Feix, 2008).

EPR spectra are sensitive to the rotational motion of the spin probes.
Polarity and microviscosity are the parameters that affect the spin
probe’s rotational motion and therefore the shape of the EPR spectra.
Higher polarities cause larger distances between the lines of the spectra.
As can be seen in Fig. 3, the distance between the outer lines in PBS as a

Starch

ZaN=3.15 mT MCT

2ap=3.47 mT PBS

-

1mT T 2ay

Fig. 3. EPR spectrum of TB in starch (powder-like spectrum), MCT (less polar
environment, shorter distance between the outer lines, 2aN = 3.15 mT) and PBS
(polar environment with longer distance between the outer lines, 2aN =
3.47 mT).

Fig. 1. Starch implants loaded with artesunate (left) and artemether (right) with 1 mm diameter.
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polar environment is higher than the distance in medium chain tri-
glyceride (MCT) as a less polar media (Lurie and Mader, 2005). In low
viscous media, the spin probes tumble freely resulting in spectra with
three narrow lines of approximately equal height that can be seen in
spectra of TB in PBS. As the viscosity increases, due to slower motions,
the lines broaden and the signal amplitude decreases (Besheer et al.,
2006). In a solution, anisotropic interactions are averaged out and lines
widths are more narrow compared to less mobile and more viscous
systems. In solid materials, the anisotropy is not averaged and typical
“powder spectra” can be recorded (Evans et al., 2005; Kempe et al.,
2010). EPR spectrum of TB loaded implant made of starch shows a
“powder spectra” due to immobilization of TB inside the solid system.

Fig. 4 shows the EPR spectra of TB loaded implants in the dry state
and after different times of exposure to PBS. The EPR spectra of TB in
different components of the formulations were also obtained to achieve
more details (Fig. S3). The EPR spectra are magnified by the mentioned
number next to each signal to make the comparison easier. A decrease in
signal amplitude of both implants was observed over two weeks shows
the extended release of the TB from both implants. Comparing the two
implants, it can be seen that the starch implant signal amplitude is
almost one third after 9 days, while the signal amplitude of starch-lipid
implant is about half after 15 days of PBS exposure. Therefore, as it was
expected, a longer release time was observed in a formulation contain-
ing lipid (GMS). This is probably due to slower water penetration into
the starch-lipid system in comparison to the starch system. The release of
TB from the starch implant was almost completed after 14 days. After
this time, only a very noisy signal was observed, due to the very low
remaining amount of TB inside the implant. In contrast, no more
decrease in the signal amplitude of starch-lipid implant was observed
after the 15th day. This is probably due to some part of the TB that is
trapped in the lipid part of the implant and it is not released from the
system during this time period in vitro. Therefore, the addition of the
lipid to the formulation could help to have the release of TB over a
longer period of time.

To have a better understanding of the water penetration into the
implant and also to determine the distribution of the spin probe between
different phases, spectral simulations were carried out. The EPR spectra
of TB in different environments and the simulations (dashed line) of the
spectral pattern are shown in the supplementary in Fig. S4. Fig. 5 shows
EPR spectra of TB loaded starch-lipid implant exposed to PBS (black
line) after different exposure times to PBS and simulations (dashed line)
of the mobile and immobile spectral pattern. A superposition of two
species within the spectra was detectable. At all times, some part of TB is
immobilised within the implant and its mobility is so restricted that so-
called powder-like spectra result. In addition, a second species with
higher mobility is observed which shows a three line spectrum with
broad lines. The spectral shape indicates a “moderate” mobility which

Starch implant

—_—

1mT
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means that the molecule is sufficient mobile to give some averaging of
the anisotropic hyperfine splitting. However, the different amplitudes
and broad line widths indicate much less mobility compared to low
viscous systems (e.g. TB in water). After 5 min about 28% of the total
amount of TB in the implant is moderate mobile and 72% of TB is still
immobile. Over time, the amount of partially mobile TB inside the
implant is increased due to the diffusion of water into the implant. Since
the mobile TB is released from the implant into the PBS over time, a
decrease in the amount of mobile TB was observed after 48 h. It should
be noted that the mobile species of TB is still much less mobile compared
to mobile Tempol in the corresponding starch and starch/lipid extru-
dates (Fig. 6). This can be concluded by comparison in the line width of
the two spectra (Fig. 7). The three lines are much broader in TB mobile
species spectra in comparison to the lines of the Tempol loaded implant
spectra. As mentioned previously, slower motions of the spin probe
broaden the lines of the EPR spectra.

In the next step, Tempol, as a hydrophilic spin probe was used to
assess the water penetration into the implants in more detail. The EPR
spectra of TL in olive oil (less polar environment, shorter distance be-
tween the outer lines), NMP and PBS (polar environment with longer
distance between the outer lines) are shown in Fig. S5 (supplementary
materials) as controls to show the effect of environment polarity and
viscosity on TL mobility and 2aN value.

Fig. 6 shows the EPR spectra of the TL loaded implants in the dry
state and after different exposure times to PBS. The EPR spectrum of the
Tempol in PBS is shown to make the comparison easier.

As can be seen in Fig. 6, the EPR spectra of the TL loaded implants in
the dry state do not show real powder like spectra like what was
observed in the dry state of TB loaded implants. The three broad lines of
these spectra show that most part of TL shows moderate mobility
(indicating mobility in a viscous environment) even before exposure to
buffer. Due to their different hydrophilicities, TL and TB will localize in
different environments in heterogeneous media. TL is much more hy-
drophilic and we hypothesised that three line spectrum of TL arises from
the localization in viscous microregions of high polarity (e.g. adsorbed
water). This assumption has been confirmed by the evaluation of the
hyperfine splitting values.

The distance between the first and the third line (2aN) is sensitive to
the polarity of the environment. The 2aN values for both TL loaded
implants in the dry state are 3.43 mT which is close to the 2aN value of
TL in PBS (=3.46 mT), but much higher than the 2aN values for TL in
olive oil (2aN = 3.15 mT) and NMP (2aN = 3.21 mT) (Fig. 7). After
exposure of both TL loaded extrudates to PBS, a continuous decrease in
the width of all three lines was observed over the whole time period, but
the most remarkable change was already observed only after 5 min.

These results prove a very fast water penetration into both systems
(Fig. 7). These results are in line with the results obtained from the EPR

Starch-lipid implant
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Fig. 4. EPR-Spectra of Tempol benzoate (TB) loaded implants. Starch implant on the left, and, starch-lipid implant on the right, after different times of exposure

to PBS.
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Fig. 5. EPR spectra of TB loaded starch-lipid implant exposed to PBS (black) after different exposure times to PBS and simulation (dashed line) of the mobile and
immobile spectral pattern. The figure shows EPR spectra of the implant after: 5 min (a), 15 min (b), 24 h (c¢) and, 48 h (d) exposure to PBS.
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Fig. 6. EPR-Spectra of TL loaded implants (starch implant on the left and starch-lipid implant on the right) after different times of exposure to PBS.

spectra simulation. Both experiments demonstrated a fast water diffu-
sion into the systems in the first 5 min and a subsequent increase in the
amount of solubilized spin probe inside the implant that is released over
time.

Based on the results of EPR experiments, both the starch implant and
starch-lipid implant demonstrated the potential to be used as a
controlled release system for more lipophilic drugs. Hydrophilic small
molecules are expected to be released similar to TL. The EPR spectra of
the TL extrudates prove a fast water penetration and solubilization of
hydrophilic molecules both in GMS loaded extrudates and GMS free
extrudates.

In order to assess the effect of the amount of lipid (GMS) on the

system’s characteristics, three formulations including starch implant,
starch-low lipid implant, and, starch-high lipid implant were produced
and characterized. The exact components of each formulation are shown
in Table 1.

3.4. Texture analysis

Subcutaneous injection is a possible route of administration for the
prepared implants. For subcutaneous injection, it is important to have an
implant with sufficient flexibility and mechanical resistance. A brittle
implant may break during insertion, therefore, sufficient strength is
required to withstand the insertion process. Breakage or cracks in the
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Fig. 7. A: Impact of buffer incubation time on EPR line widths. B: The 2aN
hyperfine splitting values for TL loaded starch implant and starch-lipid implant
in the dry state (2aN = 3.43 mT) and after 5 min exposure to PBS (2aN = 3.46
mT). The 2aN values for TL in olive oil (2aN = 3.15 mT), NMP (2aN = 3.21 mT)
and PBS (2aN = 3.46 mT). Typical standard deviations in the determination of
the 2aN values and the line widths were below 1% and 5% respectively.

implant may lead to faster release of drug and undesirable side effects in
the patient. Different mechanical tests have been reported to assess the
mechanical properties of medical devices. A test similar to the per-
formed test in this study has been done by Lehner et al. to evaluate the
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mechanical strength of intracochlear PLGA based implants for dexa-
methasone release (Lehner et al., 2019). In a study done by Stewart et al.
a three-point bending test was performed to find the maximum force
required to break the 3D printed biodegradable subcutaneous implants
for prolonged drug delivery (Stewart et al., 2020). In this study, the
mechanical properties of the implants were studied by texture analysis.
A small blade was forced to penetrate over a distance of 0.3 mm into the
implant and the resulting force was measured. Fig. 8 shows the force
path diagrams of the different implants. All implants cracked before
reaching the 0.3 mm penetration distance. Testing of starch implants
resulted in a fast increase of force, indicating a higher mechanical
resistance in comparison to lipid containing formulations. The
maximum forces for the artesunate and artemether loaded starch im-
plants were 5.15 N and 4.50 N respectively. The found maximum forces
for lipid containing formulations were much lower than for the starch-
based implants. They were for starch-low lipid and starch-high lipid
implants 0.51 N and 1.98 N for artemether loaded implants, and 2.2 N
and 1.38 N for artesunate loaded implants respectively. These formu-
lations were all cracked before reaching a distance of 0.15 mm. As the
results show, the addition of the lipid to the formulation makes the
implants more brittle. The observed increase in the standard deviations
at the final points of the graph is due to crack formation and breakage of
the implants.

3.5. X-ray powder diffraction

Fig. 9 shows the x-ray pattern of the powdered samples. X-ray dif-
fractograms of powdered samples of starch are shown in the supple-
mentary (Fig. S6). Fig. 9 shows the diffractograms of artesunate, GMS
and the formulations loaded with artesunate on the left and diffracto-
grams of artemether, GMS and the formulations loaded with artemether
on the right. Both antimalarial agents are crystalline powder. The dif-
fractograms show the identical peaks of artesunate (Lisgarten et al.,
2002) and artemether (Luo et al., 1984). The strong diffraction peaks of
artesunate and artemether were observed in all formulations. Therefore,
both drugs exist in their crystalline state in all formulations. The
diffraction patterns of artesunate prove no polymorphic transformation
to the second crystalline form. There are some changes in the diffraction
patterns of artemether loaded starch implant and starch-low lipid
implant. Further studies are needed to prove whether transformation to
another crystalline form of artemether has occurred due to the heat,
pressure and existence of water in the extrusion process (Gao et al.,
2013; Zhang et al., 2011). Observed peaks with 2 Theta values of 8.9,
10.63 and 11.15° in GMS diffractogram correspond to d spacing values
of 0.46, 0.38 and 0.37 nm that are the typical peaks of the beta crys-
talline form of the GMS, usually seen in the raw GMS powder (Himawan
et al., 2006; Metin and Hartel, 2005). The x-ray diffractograms of the

—— Starch-AM
—— Starch-AM-Low lipid
—— Starch-AM-high lipid

]

i
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Fig. 8. Penetration test — Force path diagrams of implants loaded with artesunate (left) and artemether (right) with the same diameter of 1 mm; n = 3; the error bars

indicate the standard deviation.
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Fig. 9. XRPD-diffractograms of powdered samples of artesunate, artesunate loaded implants and GMS (left) and artemether, artemether loaded implants and GMS

(right). The measurements were carried out at room temperature.

physical mixture of the GMS and other components of the formulation
before the extrusion were also obtained which are shown in supple-
mentary materials (Fig. S7 and Fig. S8). The GMS peaks were not clearly
detectable in the physical mixture. Therefore, although the GMS peaks
were not observed after the extrusion process, it cannot be concluded
whether the GMS exist in its beta crystalline state after the extrusion
process.

3.6. In vitro artesunate and artemether release

The release of artesunate and artemether from different formulations
was investigated at 37 °C in PBS pH 7.4. Fig. 10 shows the artesunate
and artemether release kinetics. As can be seen in the graphs, the release
of the artesunate was completed after 2 days in all three formulations.
No significant difference between the release behaviors can be seen. The
addition of the lipid to the formulation did not cause significant changes
in the release behaviour of artesunate. This is probably due to the effect
of lipid (GMS), preventing the full starch gelatinization during the
extrusion process. It might therefore also prevent possible interactions
between the drug and the starch. Further studies are needed to under-
stand the possible interactions between the components of the formu-
lation. The total amount of released artesunate was equal to 3.0 mg +
0.14 mg, 3.0 mg + 0.20 mg and 3.1 mg + 0.31 mg for the starch implant,
starch-low lipid implant and starch-high lipid implant respectively. As
can be seen in the graph, the released amount of the drug has not
reached 100 percent of the loaded drug. This is probably due to the
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hydrolysis of artesunate to dihydroartemisinin during the in vitro study.
Several studies have shown that, in aqueous solutions, artesunate hy-
drolyzes to dihydroartemisinin (DHA), depending on the environmental
conditions, including temperature and pH (Agnihotri et al., 2013; Batty
et al., 1996; Gabriéls and Plaizier-Vercammen, 2004). Simultaneous
quantification of artesunate and dihydroartemisinin in plasma by HPLC
has been done by several studies (Chutvirasakul et al., 2021; Geditz
et al., 2014). DHA co-exists in two forms and is shown as DHA-1 and
DHA-2 in the chromatogram in supplementary (Fig. S9). Related peaks
to DHA were observed in chromatograms of release media of all arte-
sunate loaded implants (Fig. S9). Regarding the formulations loaded
with artemether, the starch-high lipid implant was unstable in PBS plus
1% SDS and it was completely destroyed after a few hours. Therefore,
the release behavior of this formulation was not assessed. Per WHO
guidelines, treatment of severe malaria with artemether starts with a
relatively high initial dose and continues with a maintenance dose for
another 2 days. Both formulations of artemether showed a relatively
high initial release continued with the constant release of the drug over
several days. The drug was released from the starch-low lipid implant in
3 days, while the release was prolonged to 6 days from the starch
implant. The total amount of released artemether from the implants
were equal to 4.0 mg + 0.08 mg and 4.0 mg + 0.02 mg respectively
which is of relevance to the therapeutics dose in preclinical studies in
mice (Lin et al., 1994; Zech et al., 2021). The release profiles of both
formulations match with a desired kinetic profile for the treatment of
severe malaria per WHO guidelines (World Health Organization, 2015).
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Fig. 10. Cumulative release of artesunate (left) and artemether (right) from different implants in PBS plus 1% SDS pH 7.4; n = 3; the error bars indicate the

standard deviation.
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Both Artemether and artesunate metabolize to the same active metab-
olite dihydroartemisinin in the human body. Also, per WHO guidelines
artemether is the drug of choice for the treatment of severe malaria, in
case parenteral artesunate is not available. Therefore, both artemether
loaded implants (starch-AM implant and starch-AM-low lipid implant)
are potential candidates for the treatment of severe malaria.

Based on the obtained data for the release kinetics, the addition of
lipid to the formulations could not provide longer drug release from the
implants. This is probably due to the high amount of drug loading (50%)
that reduced the interactions between the lipid and starch and could also
lead to porogenic effects. Further studies are needed to assess the
possible interactions between the drug, starch and lipid in more detail.
The EPR results and the drug release studies confirmed that the degree of
benefit of combining starch and GMS will depend on (i) the selected
ratio starch/GMS, the (ii) the drug properties and (iii) the drug load. The
best benefit will be for drugs which are molecular dispersed in the lipid
phase. This scenario is expected for lipophilic molecules at low loadings
(e.g. as observed for TB in our study). Solid lipids are, due to their
partially crystalline structure, only able to accommodate a limited
amount of foreign molecules, even if they are hydrophobic. High drug
loadings with hydrophobic drugs will therefore lead to phase separation
and the formation of at least three different domains: (i) phase separated
drug molecules, (ii) GMS phase with drug molecules dissolved and (iii)
starch phase with an expected low amount of hydrophobic drug
molecules.

4. Conclusion

This study investigates the possibility to combine different types of
starch with GMS to produce a parenteral depot system, that can provide
a sustained release of antimalarial agents over a few days to a week. In
prescreening studies, the extrudability of the different starch varieties,
formulated with different GMS proportions, were studied, in order to
choose an appropriate starch, that can form a controlled release system
complying with predefined characteristics. These characteristics include
the implant’s homogeneity, the physical stability in PBS and the release
profile of the drug model (spin probes) from the prepared implant. Also,
the temperature, the extrusion screw speed and the optimal water
amount for the HME were optimized in prescreening studies. These
studies showed the general feasibility to make a controlled release sys-
tem as an implant, using high amylose starch and GMS. EPR studies
confirmed the potential of the prepared system to provide a sustained
release of the drug model over a period of a few days to weeks depending
on the physicochemical properties of the loaded drug model. Therefore,
three formulations including starch, starch-low lipid and starch-high
lipid, loaded with antimalarial agents, artesunate and artemether,
were produced and characterized. The results of the texture analysis
demonstrated that, for both artesunate and artemether loaded formu-
lations, starch implants had the maximum mechanical resistance and the
addition of the lipid to the formulations makes the implant more brittle.
The XRPD confirmed the crystalline state of both artesunate and arte-
mether in all prepared implants. Artemether was released over a longer
period of time in comparison to the artesunate. The release was
completed after 3 days in starch-low lipid implant while it was pro-
longed to 6 days in starch implant. The release kinetics of both implants
match the desired release profile for the treatment of severe malaria.
Artemether and artesunate both metabolize to the same active metab-
olite dihydroartemisinin in the human body. Also, per WHO guidelines
artemether is the drug of choice for the treatment of severe malaria, in
case parenteral artesunate is not available (World Health Organization,
2015). Therefore, both formulations are potential candidates to be used
in the treatment of severe malaria.

In summary, the study shows the general suitability of biodegradable
starch-based implants in forming a sustained release system with desired
mechanical properties.
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ABSTRACT: Parenteral depot systems can provide a constant release of drugs
over a few days to months. Most of the parenteral depot products on the market .
are based on poly(lactic acid) and poly(lactide-co-glycolide) (PLGA). Studies have A  Mp20%
shown that acidic monomers of these polymers can lead to nonlinear release Characterization : o
profiles or even drug inactivation before release. Therefore, finding alternatives for
these polymers is of great importance. Our previous study showed the potential of /
starch as a natural and biodegradable polymer to form a controlled release system.
Subarachnoid hemorrhage (SAH) is a life-threatening type of stroke and a major [ULIGIELE
cause of death and disability in patients. Nimotop® (nimodipine (NMD)) is an

Nimo-20%

FDA-approved drug for treating SAH-induced vasospasms. In addition, NMD has, g e - mosnx

+ Nimo 20%
in contrast to other Ca antagonists, unique neuroprotective effects. The oral —

administration of NMD is linked to variable absorption and systemic side effects. M 7
Therefore, the development of a local parenteral depot formulation is desirable. To

avoid the formation of an acidic microenvironment and autocatalytic polymer degradation, we avoided PLGA as a matrix and
investigated starch as an alternative. Implants with drug loads of 20 and 40% NMD were prepared by hot melt extrusion (HME) and
sterilized with an electron beam. The effects of HME and electron beam on NMD and starch were evaluated with NMR, IR, and
Raman spectroscopy. The release profile of NMD from the systems was assessed by high-performance liquid chromatography.
Different spectroscopy methods confirmed the stability of NMD during the sterilization process. The homogeneity of the produced
system was proven by Raman spectroscopy and scanning electron microscopy images. In vitro release studies demonstrated the
sustained release of NMD over more than 3 months from both NMD systems. In summary, homogeneous nimodipine-starch
implants were produced and characterized, which can be used for therapeutic purposes in the brain.

KEYWORDS: parenteral, controlled release, biodegradable, starch, nimodipine

1. INTRODUCTION potential of starch in forming a parenteral controlled drug
release system for a hydrophobic drug was shown by different
in vitro and in vivo tests.'” Nimodipine (NMD) is a
hydrophobic API with very low oral bioavailability.'' Nimotop
(nimodipine 30 mg capsule, Bayer) is an FDA-approved drug
for the treatment of subarachnoid hemorrhage (SAH)-induced
vasospasms.'~ SAH is a serious, life-threatening type of stroke
where cerebral vasospasm remains a serious complication and a
major cause of death and disability in these patients. Based on
FDA guidelines, 60 mg (two capsules) of NMD should be
administered every 4 h for 21 continuous days.'” As the
administration dosing regimen shows, NMD has very low oral
bioavailability due to slow dissolution and decomposition in
stomach acid."' NMD oral bioavailability is reported from 3 to

Achieving a constant concentration of a drug in the blood or
target tissue is a requirement for the treatment of many
diseases. Many of the orally administered drugs have limited
water solubility or a short half-life, which leads to low oral
bioavailability. Reaching a constant concentration of these
drugs requires a high dose of the drug administered several
times per day. Parenteral depot systems, first introduced in
1981 by Shoupe et al, are designed to provide sustained
release of drugs over several days, weeks, or even years.'
Currently, various types of parenteral depot systems are
commercially available. Poly(lactic acid) and poly(lactide-co-
glycolide) (PLGA) polymers are the dominant polymers used
in the pharmaceutical industry to produce parenteral depot
systems.' > These polymers are biodegradable; however, their

degradation results in the formation of highly acidic monomers Received: July 15, 2023
and nonlinear release profiles.” > This underlines the need to Revised:  September 13, 2023
find alternative materials.”” Starch, as a natural, biodegradable, Accepted: September 14, 2023

and cheap polymer with nontoxic and nonacidic degradation
products, is widely used in the pharmaceutical industry but
mainly for oral drug products.””” In our previous study, the
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30%, which can be extensively variable among patients.'"*

Therefore, a parenteral depot of NMD with the ability to
release the drug over a desired period will be the ideal scenario.
One notable benefit attributed to NMD is its demonstrated
neuroprotective capability. The neuroprotective effect of NMD
against different types of stress-induced neuronal damage
during surgery or various neurodegenerative diseases has been
reported in several studies.”””"”

In our previous study, the release of Artemether (AM), with
the log p-value of 3, the same as NMD, was observed over 6
days from a starch-based system. Our investigations clarified
that some critical changes in the native structure of starch are
needed to achieve a controlled release system.'® These changes
are mainly formed by gelatinization of starch during the
extrusion process. The plasticizer effect of NMD during the
hot melt extrusion (HME) process has been previously
reported.'” The possible plasticizer effect of NMD might
lead to better cohesiveness of the system through physical
interactions with starch and a longer release profile. Exploring
the biodegradability of the system after implantation, our
research group conducted an in vivo study to investigate the
fate of the starch implant. For this purpose, a starch implant
loaded with a hydrophobic molecule as a model of a
hydrophobic drug was injected subcutaneously in mice. The
implant was totally degraded after 4 weeks, with no residual
material observable in the mice’s injection site tissues upon
macroscopic examination.'’ These results suggest complete
degradation of starch in vivo by enzymes, most likely amylases.
Amylases are produced by salivary glands, pancreas, liver, and
other tissues and exist in serum at a normal level.”° Also, the
existence of alpha-amylases in the brain has been suggested by
several recent studies.”'”>’ Hence, we anticipate that the
starch-based implant will undergo biodegradation after
implantation in the brain.

Within this study, NMD-loaded starch implants were
prepared and characterized. To assess the impact of drug
load on the system, two formulations with 20 and 40% NMD
loads were prepared. NMR relaxometry was implemented to
evaluate the water penetration into the system, which helps us
with a better understanding of the possible release mechanism.
As NMD has different modifications, different techniques,
including differential scanning calorimetry (DSC), Raman
spectroscopy, and infrared (IR) spectroscopy, were applied to
investigate possible changes in the modifications during the
extrusion process. In addition, different techniques were
utilized to assess the potential effects of the API on the
polymeric system and vice versa. As the system is designed for
parenteral administration, finding an appropriate sterilization
method was of the utmost importance. Challenges in finding
the appropriate method for the sterilization of the NMD-
loaded system have been reported previously due to the
instability of NMD during the sterilization process.”* The
ability of the developed system to protect NMD during the
sterilization process was evaluated by different techniques.
Furthermore, we tried to gain insights into potential
interactions between the drug and polymer through a variety
of approaches.

2. MATERIALS AND METHODS

2.1. Materials. High amylose starch (MAIZE STARCH
AMYLO N-400) was kindly provided by Roquette (Lestrem,
France). Nimodipine was purchased from BIOSYNTH. The
testing media was phosphate buffered saline (PBS) (Ph.Eur.)

plus 1% sodium dodecyl sulfate (SDS), adjusted to pH 7.4.
SDS was purchased from Sigma-Aldrich Chemie GmbH
(Munich, Germany). Acetonitrile (VWR International, Darm-
stadt, Germany), formic Acid (Merck, Germany), and double
distilled water were used for the high-performance liquid
chromatography (HPLC) measurements.

2.2. Implant Preparation. The implants were prepared by
HME (ZE 5 ECO; Three-Tec GmbH; Seon; Swiss). Water
was used as a plasticizer. The components of each formulation
are listed in Table 1. The heating zone’s temperatures were 60,

Table 1. Composition of the Investigated Formulations

components [g]

formulation no formulation name starch nimodipine Water
1 starch implant 4 2
2 nimo 20% 8 2 4
3 nimo 40% 6 4 3

65, and 70 °C for all formulations with a screw speed of 140
rpm. Before the extrusion, components of each formulation
were mixed and filled into the grinding chamber of a Retsch
CryoMill (Retsch, Haan, Germany) together with two 10 mm
grinding media. The cryomilling process scheduled an
automatic precooling phase and 2 milling cycles at 30 Hz for
150 s. Each cycle was followed by a 30 s lasting cooling phase
at S Hz. Extrusion dies with a 1 mm diameter were used. The
samples were collected and stored in opaque falcon tubes
between 4° to 8 °C. Figure 1 shows the Nimo 40% implant
prepared by HME.

Figure 1. Nimo 40% implant with a 1 mm diameter.

2.3. Release Studies. One centimeter implant of each
formulation (1 cm) was weighed and placed in 20 mL amber
glass vials filled with 20 mL of PBS plus 1% SDS, pH 7.4, and
the vials were slightly agitated in a shaker with light protection
(Memmert GmbH + Co. KG, Schwabach, Germany) at 37 °C.
The total buffer volume was withdrawn at regular time
intervals and analyzed according to the described HPLC
method. The withdrawn media was replaced by fresh PBS and
1% SDS. Each experiment was conducted in triplicate.

2.4. High-Performance Liquid Chromatography. The
HPLC analysis was performed with a Waters Delta 600 system
with 717 plus Auto Sampler, 2996 Photodiode Array Detector,
and a Purospher STAR RP-18 end-capped 250 X 4 column
(Merck KGaA, Germany). A sample volume of 20 uL was
injected at a flow rate of 1.0 mL/min and a column
temperature of 40 °C. The mobile phase was acetonitrile,
water, and formic acid with a ratio of 65:35:0.1. The retention
time was 5.8 min. The quantification was carried out with a
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UV/vis detector at 238 nm. Linear calibration curves (r* >
0.999) were obtained in the range of 1—100 pg/mL of drug in
PBS plus 1% SDS. Masslynx V4.1 software was used to analyze
the data.

2.5. E Beam Sterilization. The implants were sealed in
glass vials under an argon atmosphere. The samples were then
irradiated by a 10 MeV linear accelerator MB 10—30 MP
(Mevex, Stittsville, Ontario, Canada) on a moving tray (95
cm/min). The total dose of 25 kGy was achieved by
administering two separate doses of 12.5 kGy each (beam
current 250 mA, PPS = 450 Hz). Control samples were stored
under an argon atmosphere at 4 °C without sterilization. The
amount of nimodipine in both the control and sterilized
samples was measured via HPLC. '"H NMR, "*C NMR, and IR
spectra of the Nimo 40% sample before and after sterilization
were acquired to monitor possible drug degradation.

2.6. Powder X-ray Diffraction. Powder X-ray diffraction
(PXRD) was applied to determine the state of nimodipine
inside the implants. As a preparation step for the PXRD
measurements, the implants were split into smaller pieces with
a scalpel and submitted to cryo-milling (Retsch GmbH, Haan,
Germany). After an automatic precooling phase, the samples
were milled with two 10 mm grinding media at 25 Hz for 60 s.
PXRD was performed on an STOE STADI MP (STOE & Cie
GmbH, Darmstadt, Germany) powder diffractometer, equip-
ped with a molybdenum anode (50 kV and 30 mA) and a
Ge(111) monochromator to select the Mo Ka radiation at
0.071073 nm. Data of the rotating samples were collected in
the transmission mode from 2—30° in 1° steps for 60 s each
using a DECTRIS MYTHEN 1 K Strip Detector. The
diffraction patterns obtained were processed using an STOE
WinXPOW software package.

2.7. Differential Scanning Calorimetry. DSC measure-
ments for different samples were recorded with a Mettler
Toledo DSC 823e module (Mettler Toledo, Giefen,
Germany) in standard aluminum sample pans. Every sample
was kept at 25 °C for 2 min and then heated to 150 °C with a
10 K/min heating rate. All samples were kept at 150 °C for 1
min and then cooled down to 25 °C and kept at this
temperature for 2 min and then heated up again up to 150 °C
with a 10 K/min heating rate. Data recording and processing of
the first heating cycles were carried out with the software
STARe V15.00 (Mettler Toledo, Gieflen, Germany) as no
thermal events were observed during cooling and the second
heating,

2.8. Fourier Transform IR Spectroscopy. The Fourier
transform infrared (FTIR) spectra were recorded by using a
Bruker FTIR spectrophotometer (Model Vertex 70, Bruker,
Germany) equipped with a DLaTGS detector. Tablets of the
samples were prepared using 1 mg of each sample and 300 mg
of KBr. Measurements were performed in the scanning range
of 400—4000 cm™' at ambient temperature. Measurements
were obtained by using 32 scans at a 2 cm™! resolution.

2.9. Raman Spectroscopy. Raman studies were per-
formed using a Dilor Raman spectrometer (model: LabRam)
equipped with a 632 nm He/Ne laser source and an Olympus
BX41 microscope system. The collection of spectra was
performed at room temperature under the following
conditions: X100 microscope objective, 350 um pinhole size,
250 um slit width, and 10 s exposure time. Thirty
measurements were taken from each sample.

2.10. NMR Relaxometry. The extrudates were cut into
pieces of 1 cm in length and stacked in a 10 mm NMR tube.

The transverse relaxation time (T,) was measured with magic
sandwich echo (MSE) and flame ionization detector sequences
on a Bruker Miniscope mq20 with 20 MHz resonance
frequency and 90° pulse length of 2.8 us at 37 °C.
Measurements were performed primarily on dry samples.
Then, 1 mL of PBS was added to each sample. The second
measurement was done after 1 h of exposure of the sample to
PBS following the elimination of PBS from the tube.

The evaluation of the transverse relaxation was done by
fitting mono and double exponential decay curves:

1. mono exponential: y = Al X exp(—«/tl) + y0
2. double exponential: y = Al X exp(—a/tl) + A2 X
exp(—x/t2) + y0

The fitting was performed using OriginPro 2019.

2.11. NMR Spectroscopy. Samples were dissolved in
deuterated dimethyl sulfoxide (DMSO). 'H and "*C spectra
were acquired with a Bruker AVANCE III 800 MHz
spectrometer and a cryogenic triple resonance probe. The
NMR data were processed using TopSpin 3.6.4.

2.12. Environmental Scanning Electron Microscopy
and Scanning Electron Microscopy. Two different instru-
ments were used to obtain the electron microscopy images. To
prevent possible changes in the internal structure of the system
due to the fast water evaporation, environmental scanning
electron microscopy (ESEM) with low vacuum was used. The
samples were broken into tiny pieces, and the breakage surface
was imaged using an XL 30 ESEM device, with a GSE detector
and 12.0 kV electron beam, in wet modules, under low vacuum
and pressure of 1 mbar. Also, the scanning electron microscopy
(SEM) images of the samples were obtained under high
vacuum using a Gemini 500 from Zeiss Microscopy GmbH to
obtain images with higher resolution. The acceleration voltage
was 1 kV (EHT = 1.00 kV). The imaging was done with
secondary electrons (signal A = SE2).

3. RESULTS AND DISCUSSION

3.1. Water Penetration into the Implant and NMD
Release. NMR relaxometry is a sensitive and fast method that
has been widely used to characterize molecular dynamics in
polymers.”>*® The transverse or spin—spin relaxation time T,
is the dephasing of the magnetization transverse to the static
magnetic field direction (xy-plane).”” MSE is an advanced
refocusing sequence that is often used for avoiding the dead
time problem. MSE can be used in systems with rigid phase
molecular fragments that have mobility in the microsecond-
millisecond range (intermediate-motional effect).”®*” In this
study, the so obtained MSE was fitted with a mono and double
exponential function to calculate the T, of different
components. The weight of each component is then translated
into a rigid proton fraction (part of the system with a shorter
T,) or a mobile proton fraction (part of the system with a
longer T,).” In this study, we used this method to assess the
water penetration into the systems to predict the release profile
of NMD.

As can be seen in Figure 2, in the dry state, NMD 20%
showed two different T,. A longer T, indicates a part of the
system with slower motions due to the existing water in the
system, and the shorter T, corresponds to the rigid part of the
system. NMD 40%, in a dry state, showed a homogeneous rigid
system with a single short T,. After 1 h of exposure of the
systems to PBS, both samples show a significant increase in the
slow motion region with longer T, which corresponds to the
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Figure 2. T, values of each system calculated by fitting mono- and
double exponential decay curves.

part of the system in close contact to water which results in
polymer chains mobility and change in T),. If we look at the T,
values of both systems after exposure to PBS, it can be seen
that the 40% NMD shows a significantly larger T, in
comparison to the 20% NMD. This shows the closer contact
of water molecules to polymer chains in NMD 40% in
comparison to NMD 20%, which is probably due to the more
porous structure of NMD 40%, which is shown in the SEM
image (Figure 12).

100

—+— Nimo 40%
—=— Nimo 20%

Cumulative Nimodipine released %

0 20 40 60 80 100 120

Days

Figure 3. Cumulative release of NMD from NMD 40% (green) and
NMD 20% (black) in PBS plus 1% SDS pH 7.4; n = 3; the error bars
indicate the standard deviation.

This result is in line with the release profile of NMD from
both systems (Figure 3). The release from the 40% drug-
loaded implant during the first week of release (32%) is almost
3 times higher than that from the implant with a lower drug
load (13%). After 101 days, 96.3% of the drug is released from
a higher-loaded implant, and the release is almost completed,
while this value is 83% for the implant with a lower drug load.
We assume that part of NMD in the NMD 20% system
remained inaccessible to the media, and therefore the drug
could not be released from the system completely. However, in
the formulation with a higher drug load, NMD is released

U7/ After sterilization
Il Before sterilization

100 - // /T/

80

60

40

Recovered Nimodipine [%]

20

Nimo 20% Nimo 40%

Figure 4. Effect of the electron beam on drug content in 20 and 40%
implants before (black) and after (dashed) sterilization, assessed with
HPLC; n = 3; the error bars indicate the standard deviation.

almost completely due to the internal porous structure of the
system formed by the complete gelatinization of starch.

3.2. Effect of e Beam on Nimodipine. Sterilization is of
utmost importance and an important requirement for the
development of parenteral drug delivery systems. Sterilization
of NMD-loaded formulations has been reported by several
studies previously, but the stability of NMD is rarely
investigated after the sterilization process.’””” In a study
conducted by Zech et al, partial degradation of NMD was
reported after electron irradiation sterilization.”* In this study,
the effect of the electron beam on NMD and the polymer was
assessed by HPLC, IR, and NMR spectroscopy and mass
spectroscopy (Supporting Information).

3.2.1. High-Performance Liquid Chromatography. As can
be seen in Figure 4, in both formulations, NMD 40 and 20%,
no significant decrease in the drug amount was observed. A
slight increase in NMD amount in the NMD 20% formulation
is probably due to water evaporation during the sterilization
process. The stability of the NMD content during the
sterilization process is also proved by NMR and IR
spectroscopy. In a previous study conducted by Zech et al.,**
partial degradation of NMD (about 20%) was reported after
the electron beam sterilization of NMD-loaded PLGA
nanofibers. As they used the same sterilization technique and
the same HPLC method for the quantification of NMD, it can
be concluded that starch is a better polymeric matrix in
comparison to PLGA for the preservation of NMD during
sterilization. The same protective effect of the polymer was
also observed in our previous study, where we used the
electron beam to sterilize the implants loaded with fluorescent
dyes.'”

3.2.2. Infrared. The starch spectrum shows the common
signals for polysaccharides, with glucopyranose rings with a C—
H band at 2928 cm™!, C—O bands between 1000—1150 cm™},
tightly bounded water signals at 1648 cm™’, and an extremely
broad band at 3297 cm™" corresponding to hydrogen-bonded
hydroxyl groups which are associated with free, inter, and
intramolecular bound hydroxyl groups making up the structure
of starch.”> > The effect of y radiation on starch was evaluated
in a study by Kizil et al.>> by evaluation of the peak between
900 and 950 cm™’, showing the glycosidic bond of the starch.
In this study, electron beam sterilization was used. As can be
seen in Figure S, this peak is detectable in the sample before
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Figure 5. FTIR spectra of the samples. (A) Starch powder, (B) sterilized starch implant, (C) NMD powder, (D) NMD 40% implant, and (E)

sterilized NMD 40% implant.
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Figure 6. "H NMR spectra of (A) starch, (B) nimodipine, (C) nimo
40%, and (D) nimo 40% after electron beam sterilization (top), the
calculated relative integral value of peaks of IH NMR spectrum of the
different samples. (The integration of peak 12 was considered as 1)
(bottom).

and after the sterilization which can be proof of no significant
degradation of starch during the sterilization process. Although
partial degradation of starch is expected due to the broadening
of peaks in the NMR spectrum of the sterilized samples, which
can be caused by the dissolution of smaller starch degradation
products that leads to an increase in the viscosity of the sample
(Figure S). As can be seen in Figure S, the characteristic peaks
of NMD, C—CHj at 1381 cm™', NO, group at 1523 cm™,

g "LJL }[V N NMEﬁwder ]
M )MJAWW NMD 20%
v ’#LMJ’L J}\L LM NMD 40%

5 10 15 20 25 30
2 Theta [degree]

Figure 7. XRPD-diffractograms of powdered samples of NMD, NMD
20% and NMD 40%. The measurements were carried out at room
temperature.

—— Starch-powder-native
—— Starch-extrudate
— Nimo-20%

—— Nimo-40%

_//\— Nimo-powder

111.3°C 125.3°C

/ 127°C

119°C

125°C

Endothermic Heat Flow [w/g]

115.5°C

T T T
40 60 80 100 120 140
T[°C]

Figure 8. Thermograms of different samples. Measurements were
carried out with a heating rate of 10 K/min between 25 and 150 °C.

carbonyl group at 1695 cm™!, C=C stretching of dihydropyr-
idine at 1640 cm™, and C=C stretches of the aromatic ring at
1620 cm™,*®* were detectable in samples before and after the
sterilization process, which proves the stability of NMD during
the sterilization process. Also, no distinct shift was observed in
the peaks, meaning that there were no chemical interactions
between NMD and the starch as was expected. But it should be
noted that the observed N—H stretching at 3300 cm™ in
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Figure 9. DSC curves of samples before and after the extrusion process.
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Figure 10. Thermograms of samples with different NMD load.
Measurements were carried out with a heating rate of 10 K/min
between 25 and 150 °C.

NMD powder is significantly weakened in extruded samples,
which can be proof of hydrogen bonds between the O—H of
the starch and N—H of NMD."’ Looking at the IR spectrum of
the NMD powder, a peak at 1047 cm™" can be seen, which is
significantly weakened in the NMD 40% sample. A study
conducted by Calvo et al. reported this peak as the fingerprint
region for differentiation between two modifications of NMD.
Based on their report, this peak was only observed in mod I of
NMD and was absent in the IR spectrum of mod IL*' The
existence of this peak in NMD powder and its change in the
NMD 40% sample can be due to possible changes in
modifications of NMD during the extrusion process, which
was also observed by DSC.

3.2.3. NMR Spectroscopy. Investigation of NMD chemical
structure and its polymorphism by '"H NMR and "*C NMR has
been previously reported by several studies.””** Comparing
the NMR spectra of NMD powder and NMD 40% before and
after sterilization (Figure 6), it can be seen that the important
peaks arising from NMD™* are detectable, which proves the
nimodipine stability during the production and the sterilization
process. As it was expected for the starch, the peaks of starch
can be seen in both samples.”* The peak of H number 2 of
NMD is covered by the peak of water. Looking closer at the
NMR spectra of the sterilized sample, it can be seen that the
peaks are broader, which is probably due to the partial

degradation of starch into smaller parts, which makes the
dissolved sample more viscous. In all samples, the peak at 2.5
and 3.5 ppm is related to the DMSO. To evaluate possible
changes in NMD peaks after sterilization, the relative
integration of the peaks is calculated and compared (Figure 6).

As can be seen in Figure 6, there were no significant changes
in the peak area after the sterilization process. The slight
changes observed could be due to the precision of the NMR
device. Regarding peak 1, although a decrease in peak intensity
is observed in the NMR spectra of sterilized NMD 40%, the
integrated area shows a larger value due to the broadening of
the peaks in this spectrum and the overlapping of this peak
with the neighboring peak. As no new peaks have appeared in
the NMR spectra, no degradation products have formed. This
result confirms the stability of NMD during the sterilization
process. A similar effect was observed in *C NMR
(Supporting Information).

3.3. X-ray Diffraction. As can be seen in Figure 7, the
crystalline state of NMD was observed in the NMD powder as
it was received and in both samples after the extrusion process.

3.4. Differential Scanning Calorimetry. 3.4.1. Nimodi-
pine State inside the Formulations. NMD has two different
modifications: modification I, the metastable form with a
melting point of around 124 °C, and modification II, the stable
form with a melting point of around 116 °C.*> As can be seen
in Figure 8, the NMD powder is mostly composed of
modification I. After the extrusion process, a significant change
in NMD peaks can be seen. To make the comparison easier,
the DSC curves of the NMD starch mixture before and after
the extrusion are shown in Figure 9. As can be seen in this
figure, the sharp peak of NMD is still clear in the mixture of
NMD and starch before the extrusion process, while it is
replaced by two wide peaks in both formulations after the
extrusion process. As it was previously reported by
Papageorgiou et al, NMD crystallizes slowly, and therefore
no crystallization peak can be seen during the cooling cycle.
But crystallization of glassy NMD during storage at room
temperature is not preventable and can lead to the formation
of mod II crystals which are less soluble.** We assume that part
of the NMD powder could become amorphous due to the
existence of water and high pressure during the extrusion
process, which later formed the mod II crystals during the
cooling at room temperature and storage in the fridge.

In order to get more information about the existing
modifications of NMD in powder and after the extrusion
process, Raman Spectroscopy was used.
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Figure 11. Calculated values of the peak intensity ratio of each sample at 1347/1642 cm™". Thirty measurements were performed for each sample
(top), and the image of the sample under a Raman microscope during measurement (bottom).

3.4.2. Effect of Nimodipine on Starch. Figure 10 shows the
DSC curve of the physical mixture of samples. As can be seen
in the DSC curves, there is a broad peak starting at 40 °C in all
three samples. These peaks are related to water evaporation
and the partial gelatinization of starch during the heating cycle.
The maximum peaks of gelatinization are 76.7, 85.17, and
104.5 °C for nimo-40%, nimo-20%, and starch-water samples,
respectively. As the amount of water in all samples was
constant and half of the weight of the starch (starch/water,
2:1), it can be concluded that the existence of nimodipine
decreased the gelatinization temperature of the starch. Zheng
et al; reported a similar plasticizer effect of nimodipine on
polyvinylpyrrolidone/vinyl acetate copolymer.'” This result is
in line with the observed structure of the sample in SEM
images (Figure 12), where the complete gelatinization of starch
and, as a result, a porous structure of 40% NMD was observed.

3.5. Raman Spectroscopy. The objective of using Raman
spectroscopy was to evaluate the polymorphism of NMD, as

well as its dispersion in a polymer matrix (Starch). The
differentiation between different polymorphs of NMD by
Raman spectroscopy has been reported previously.”>**™** In
these studies, the intensity ratio of the NO, group stretch at
1347 cm™ to the C double bond C stretch of the
dihydropyridine ring at 1642 cm™' was used to differentiate
among the three solid states of nimodipine. These studies
concluded that the values below 0.25 and above 3.5 definitely
correspond to modification II and modification I, respectively,
but the determination of modification for the values between
0.25 and 3.5 is more complicated, and these values correspond
to the regions with submicron crystal size and/or amorphous
regions.”” The results of Raman spectroscopy are listed in
Figure 11. As can be seen in the figure, the intensity ratio value
of all three samples is mostly between 0.25 and 3.5. Therefore,
NMD in all samples exists in the form of submicron size
crystals and/or in its amorphous state. This result is in line
with the SEM image of the NMD sample (Figure SS,
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Figure 12. SEM image of the starch implant taken under high vacuum
(left) and low vacuum (right) (A) starch implant, (B) NMD 20%, and
(C) NMD 40%.

supplementary), where the heterogeneity of the NMD powder
as a mixture of small (below 1 ym) and large crystals could be
observed. Looking closer at Figure 11, a slight change in the
dispersion of the calculated values can be observed between
the different samples, which is in line with the result of DSC
thermograms of the samples after the extrusion process (Figure
8). Although it was not possible to quantitatively show the
change in NMD modifications, the results confirm the
appeared change in modifications observed with other
methods.

Figure 11 (bottom) shows an example of Raman measure-
ments. For each group measurement, a line in the sample was
chosen, and then 15 different points of the line were measured
automatically by the device. In all of the obtained measure-
ments from both samples, the peaks corresponding to NMD
were observed. This proves the homogeneous dispersion of
NMD inside the whole implant.

3.6. Electron Microscopy. Figure 12 shows the SEM
image of the starch implant. As it was previously reported by
several studies, granules of high amylose-containing starch
samples may stay in their native form even after the cooking
process.”’ Looking at the SEM image of the starch implant, it
seems that the granule content is leaked out to a large extent,
but many granules are still in their native form.

Looking at the SEM image of the NMD 20% implant
(Figure 12, B), it can be seen that most of the granules are
completely gelatinized, and a granule with its native form can
hardly be seen. Some large particles can be seen, which are the
drug crystals (Figure SS (Supporting Information), SEM image
of NMD powder).

As can be seen in the SEM image of the NMD 40% implant
(Figure 12, C), the granules are completely destroyed, and the
formed structure seems similar to the honeycomb structure of
the gelatinized starch gel.”' Comparing SEM images of NMD
20 and 40%, the significant effect of NMD on the starch
gelatinization degree during the same extrusion procedure can

be clearly seen. The porous structure of this system can explain
the faster release profile of NMD from this system in
comparison to NMD 20%.

4. CONCLUSIONS

In this study, starch-based implants with different NMD loads
(20% and 40%) were prepared and characterized. Both
formulations showed a sustained release of NMD over 100
days in vitro. Due to the neuroprotective effect of NMD, the
long—release profile of NMD from the system could be
beneficial in the treatment of different brain diseases, including
SAH.">** The system was characterized by different methods
to assess the possible changes in the NMD modifications. DSC
thermograms of both NMD-loaded implants showed signifi-
cant changes in NMD modifications after the extrusion
process. Although quantification of the change between
different modifications of NMD was not possible with different
methods, the observed change in modifications was also
observed by IR and Raman spectroscopy. E beam sterilization
was used to sterilize the implants. HPLC, IR, and NMR
spectroscopy confirmed the stability of NMD during the
electron beam sterilization. This confirms the ability of the
starch-based system to protect NMD and other sensitive active
substances during electron beam sterilization.

In summary, the study shows the suitability of the NMD-
loaded starch implant as a parenteral controlled release system
for local delivery of NMD in the brain. Further studies are
needed to evaluate the formulation using in vivo models.
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ARTICLE INFO ABSTRACT

Keywords: Solid implants are parenteral depot systems that can provide a controlled release of drugs in the desired body
Flugrescence imaging area over a few days to months. Finding an alternative for the two most commonly used polymers in the pro-
In vitro duction of parenteral depot systems, namely Poly-(lactic acid) (PLA) and Poly-(lactide-co-glycolide) (PLGA), is of
In vivo L great importance due to their certain drawbacks. Our previous study showed the general suitability of starch-
Release kinetics . . . .

NIR dyes based implants for controlled drug release system. In this study, the system is further characterized and the

Starch release kinetics are investigated in vitro and in vivo by fluorescence imaging (FI). ICG and DiR, two fluorescent
dyes with different hydrophobicity serving as a model for hydrophilic and hydrophobic drugs, have been used. In
addition to 2D FI, 3D reconstructions of the starch implant were also used to assess the release kinetics in 3D
mode. The in vitro and in vivo studies showed a fast release of ICG and a sustained release of DiR over 30 days
from the starch-based implant. No treatment-related adverse effects were observed in mice. Our results indicate
the promising potential of the biodegradable biocompatible starch-based implant for the controlled release of

Biodegradable implants
Optical imaging

hydrophobic drugs.

1. Introduction

Parenteral controlled release drug delivery systems (CR-DDS) have
gained significant attention during the last decades due to their high
potential to improve drug therapy. CR-DDS can provide a constant
concentration of drugs in the desired area of the body over several days,
weeks, or even months. Currently, Poly-(lactic acid) (PLA) and Poly-
(lactide-co-glycolide) (PLGA) are the most commonly used polymers in
the pharmaceutical industry to produce parenteral depot systems [1-3].
However, these polymers degrade into acidic monomers which might
lead to autocatalytic processes and drug degradation prior to release.
Market products show often nonlinear release profiles with burst release
or lag times [4-6]. Starch as a natural and abundant polymer with non-
toxic and non-acidic degradation products might be a potential alter-
native for PLA and PLGA [7]. Starch is stable in a prolonged period of
storage in the dry state. It is mostly used in solid preparations for oral
delivery such as powders and tablets with various functions such as
diluent, binder, disintegrant and lubricant [8-10]. Versatility in starch
uses coupled with its low cost makes it an attractive excipient in the
pharmaceutical industry [11]. Starch-based materials are already

* Corresponding author.

clinically used as bioresorbable medical products for providing hemo-
stasis [12]. The biosafety of starch in different formulations is proven by
several studies [13,14]. Despite all these advantages, there are certain
limitations in using starch as the main component of a controlled release
system. The most important drawback is its weak mechanical stability
and the rapid biodegradation of starch by amylases in the body [15].
Chemical modification of starch has been widely investigated to slow
down starch biodegradation and to improve its mechanical stability [8].
Physical modifications are simple, cost-effective and eco-friendly
compared to chemical modifications [16]. In our previous study, a
physically modified starch based implant was produced by means of
high temperature and high pressure during the hot melt extrusion pro-
cess. The appropriate mechanical properties of the system were proved
by texture analysis. The in vitro release from the system was assessed by
different methods. The results confirmed the general suitability of the
system in providing a sustained release of a hydrophobic active sub-
stance over a few days to a few weeks [17]. As in vitro release kinetics
might differ from in vivo, the aim of this study was to assess the release
behavior from the implant and the fate of the implant in vivo. As far as we
are concerned, no previous study has reported the fate of parenterally
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administered solid implant based on starch in vivo. There are only a few
techniques to assess the in vivo release kinetics non-invasively. In a
recent study conducted by Collantes et al., radiolabeling as a non-
invasive method is used for intranasal implant studies development.
However, this technique is very expensive and needs special facilities for
the use of radioactive material [18]. Optical imaging (OI) is one of the
most commonly used techniques in the visualization of in vivo processes.
In contrast to radiolabeling which is based on ionizing radiation asso-
ciated with potentially negative side effects, OI uses nonionizing radi-
ation ranging from ultraviolet to infrared light that enables longterm or
repetitive observations [19,20]. Due to the higher penetration depth,
longer wavelengths are preferred. It requires the presence of a suitable
fluorescent molecule with the following desired properties:

- absorption and emission at longer wavelengths for better tissue
penetration of the light

- high quantum yield (high intensity)

- long-term stability (no bleaching)

- long-range of linear correlation between dye concentration and
signal intensity

In this study, the release kinetics from starch implant is investigated
by OI both in vitro and in vivo. The near-infrared (NIR) dyes ICG and DiR
were loaded into the implants as examples of hydrophilic and hydro-
phobic molecules. The NIR dyes have the advantage of fast clearance
from the body and minimal retention in nontargeted organs [21]. ICG is
the only FDA approved NIR dye for clinical studies and DiR is widely
used in preclinical studies [22-24]. The implants were injected subcu-
taneously (SC) in mice and evaluated over time with OI. Also, the pos-
sibility to quantify and assess the release kinetics by 3D reconstructions
of implants was evaluated and compared to 2D OI.

2. Materials and methods
2.1. Materials

The fluorescent dye 1,10-Dioctadecyl-3,3,30,30-Tetramethylindotri-
carbocyanine Iodide (DiR), was purchased from Thermo Fisher Scien-
tific Inc. (Waltham, MA, USA). The starch (MAIZE STARCH AMYLO N-
400) was kindly provided by Roquette (Lestrem, France). Testing media
was Phosphate Buffered Saline (PBS) (Ph. Eur.) plus 1% sodium dodecyl
sulfate (SDS), adjusted to pH 7.4. SDS was purchased from Sigma
Aldrich Chemie GmbH (Munich, Germany). Indocyanine green (ICG)
was purchased from Carl Roth GmbH, Karlsruhe, Germany.

2.2. Preparation of implant

The implants were prepared by a hot melt extruder (HME), (ZE 5
ECO; Three-Tec GmbH; Seon; Swiss). Water was used as a plasticizer
with a ratio of 1 g to 2 g of the starch. Water and starch were mixed
gently and the mixture was used in the extruder. Extrusion die with a
0.3 mm diameter was used. The chamber heating zone’s temperatures
were 70, 80 and 90 °C. The samples were collected and stored in opaque
falcon tubes between 4 and 8 °C.

2.3. Implant characterization

2.3.1. Thermogravimetric analysis

The samples’ moisture content was assessed by thermogravimetric
analysis with a TG 209 instrument (Netzsch, Selb, Germany). The sam-
ples were heated up to 105 °C at a heating rate of 10 K/min and kept at
this temperature for 90 min. Nitrogen was used as a flushing gas with a
flow rate of 20 ml/min.

2.3.2. Differential scanning calorimetry
DSC measurements were recorded with a Mettler Toledo DSC 823e
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module (Mettler Toledo, GieBen, Germany) in standard aluminium
sample pans. Every sample was kept at 25 °C for 2 min and then heated
up to 150 °C with a 10 K/min heating rate. All samples were kept at
150 °C for 1 min and then cooled down to 25 °C and kept at this tem-
perature for 2 min and then heated up again up to 150 °C with a 10 K/
min heating rate. Data recording and processing of the first heating cycle
were carried out with the software STARe V15.00 (Mettler Toledo,
GieBen, Germany) as no thermal event was observed during the cooling
and second heating cycles.

2.3.3. Scanning electron microscopy

The samples were broken into tiny pieces and the breakage surface
was imaged using an XL 30 ESEM device, with a GSE detector and 12.0
kV electron beam, in wet modules, under low vacuum and pressure of 1
mbar to prevent possible changes in the internal structure of the system
due to the fast water evaporation.

2.4. ICG loaded implant preparation

The implants were prepared by a hot melt extruder (HME), (ZE 5
ECO; Three-Tec GmbH; Seon; Swiss). Fluorescent dye, ICG, which was
dissolved in water, was added to the starch to reach the concentration of
8 pg per g of the implant. Water was used as a plasticizer with a ratio of 1
g to 2 g of the starch. Water and starch were mixed gently and the
mixture was used in the extruder. Extrusion die with a 0.3 mm diameter
was used. The chamber heating zone’s temperatures were 70, 80 and
90 °C. The samples were collected and stored in opaque falcon tubes
between 4 and 8 °C.

2.5. DiR loaded implant preparation

The implants were prepared by a hot melt extruder (HME), (ZE 5
ECO; Three-Tec GmbH; Seon; Swiss). Fluorescent dye, DiR, was dis-
solved in Ethanol. The required amount was added to the starch to reach
a concentration of 1.5 pg per g of the implant. The organic solvent was
evaporated under the vacuum. Water was used as a plasticizer with a
ratio of 1 g to 2 g of the starch. Water and starch were mixed gently and
the mixture was used in the extruder. Extrusion die with a 0.3 mm
diameter was used. The chamber heating zone’s temperatures were 70,
80 and 90 °C. The samples were collected and stored in opaque falcon
tubes between 4 and 8 °C.

2.6. DiR loaded MCT oil as a control

A solution of the DiR with the same concentration of 1.5 pg per g of
MCT oil was prepared by simply dissolving the required amount of DiR
in MCT oil. This solution was used as a control for DiR implant to
confirm that the prolonged release of DiR from DiR implant is not due to
retention of the dye in the surrounding tissue at the injection site.

2.7. E-beam sterilization

Electron beam irradiation was chosen as the sterilization process.
The extrudates were irradiated by a 10 MeV linear accelerator MB 10-30
MP (Mevez, Stittsville, Ontario, Canada) on a moving tray (95 cm/min).
The total dose of 25 kGy was achieved by administering two separate
doses of 12.5 kGy each (beam current 250 mA, PPS = 450 Hz).

2.8. Invitro release studies

2.8.1. ICG release

The extrudates were cut into implants with 0.5 cm length and 0.3
mm diameter (n = 6). Each implant was put in one well of a six-well
plate. PBS was used as a release media (4 ml in each well). The plate
was slightly agitated in a shaker with light protection (Memmert GmbH
+ Co. KG, Schwabach, Germany) at 37 °C. Before each imaging, the
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media was withdrawn completely. After the imaging, an appropriate
volume of fresh PBS was replaced. First imaging was carried out from the
implant in a dry state as a DO time point and then repeated on D1/2/4/7.

2.8.2. DiR release

The extrudates were cut into implants with 0.5 cm length and 0.3
mm diameter (n = 6). Each implant was put in one well of a six-well
plate. PBS plus 1% SDS was used as a release media to ensure the sink
condition (4 ml in each well). The plate was slightly agitated in a shaker
with light protection (Memmert GmbH + Co. KG, Schwabach, Germany)
at 37 °C. Before each imaging, the media was withdrawn completely.
After the imaging, an appropriate volume of fresh PBS plus 1% SDS was
replaced. First imaging was carried out from the implant in a dry state as
a DO time point and then repeated on D1/2/4/7/10/14/17/21/24/28/
31.

2.9. In vivo release studies

All animal experiments were approved by local authorities of
Saxony-Anhalt, Germany, and complied with the guidelines of the
Federation for Laboratory Animal Science Associations (FELASA)
[25,26]. Hairless SKH1 mice with albino background were used to avoid
fluorescence signal absorption and scattering by hairs. Mice were kept
under controlled standard conditions (12 h day/night cycle, 24 °C) in
individually ventilated cages in groups of 2-5 individuals with food and
water ad libitum. Mice condition and body weight were monitored over
time. After the experiment, the mice were sacrificed by cervical dislo-
cation. Tissue at the injection site was fixed in 5% formalin in PBS for
histology investigations (FFPE-formalin fixed paraffin embedded). The
FFPE samples were cut into 3 to 4 pm thin tissue sections on a microtome
(Leica Biosystems Nussloch GmbH, Nussloch, Germany). Afterwards,
dewaxation and rehydration were performed in a decreasing alcohol
series from xylene to water. Standard hematoxylin and eosin (HE)
staining followed using a ready-to-use hematoxylin solution and an
acetic-acidic 0.1% eosin solution. After a series of increasing alcohol
solutions from water to xylene, the sections were covered by Entellan©
finally. Microscopic analysis was performed on an Axio Lab microscope
(Zeiss, Jena, Germany) using a bright field. Pictures were taken with
software Axiovision and camera Axiocam MRm (both Zeiss, Jena, Ger-
many) in 10- to 40-fold magnification (Fig. 13) [27].

2.9.1. ICG implant in vivo release

The implants with 0.5 cm length and 0.3 mm diameter were
implanted in anaesthetized mice subcutaneously (SC) in the loose skin
overlying the upper back and shoulders into the nuchal fold. A 24G
needle filled with an implant was inserted firmly through the skin from
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caudal to cranial. When correctly placed, the extrudate was pushed out
of the needle with an ethanol sanitized plunger made out of wire.
Finally, the needle was slowly removed by pulling back with one hand
under slight skin fixation using the thumb and forefinger of the other
hand (n = 7). First imaging was carried out directly after the SC injection
of the samples as a DO time point and then repeated on D1/2/4/7.

2.9.2. DiR implant in vivo release

The implants with 0.5 cm length and 0.3 mm diameter were
implanted in anaesthetized mice SC in the loose skin overlying the upper
back and shoulders into the nuchal fold. The 24G needle filled with an
implant was inserted firmly through the skin from caudal to cranial.
When correctly placed, the extrudate was pushed out of the needle with
an ethanol sanitized plunger made out of wire. Finally, the needle was
slowly removed by pulling back with one hand under slight skin fixation
using the thumb and forefinger of the other hand (n = 7). First imaging
was carried out directly after the SC injection of the samples as a DO time
point and then repeated on D1/2/4/7/10/14/17/21/24/28/31.

2.9.3. DiR solution (MCT) in vivo release

The DiR solution (10 pL) was injected subcutaneously (SC) in the
loose skin overlying the upper back and shoulders into the nuchal fold
(n = 3). First imaging was carried out directly after the SC injection of
the samples as a DO time point and then repeated on D1/2/4/7.

2.10. Fluorescence imaging: data acquisition and analysis

For in vitro and in vivo fluorescence imaging (FI), the IVIS Spectrum FI
system (PerkinElmer, Inc., Waltham, MA, USA) was used. Mice were
anaesthetized by inhalation anaesthesia (initially: 2.5% v/v isoflurane
(Forene, Abbott, Wiesbaden, Germany) in oxygen at 3 L/min, mainte-
nance: 2.5% at 0.3 L/min) in an XGI-8 narcosis system, Caliper Life
Sciences (Runcorn, Cheshire, UK) and imaged at 37 °C in the IVIS
Spectrum FI system. The FI system was equipped with a 150 W quartz
wolfram halogen lamp. Grayscale and FI signals were recorded with a
4.1 megapixel (2048 x 2048) CCD camera at a working temperature of
—90 °C. Analysis of in vitro and in vivo images was performed with Living
Image® software, version 4.7.3.20616, PerkinElmer, Inc. (Waltham,
MA, USA). The imaging was done with an epi-illumination system in
which the source and detectors reside on the same side of the tissue. The
respective experimental parameters are presented in the supplements
(Table S1). For both in vitro and in vivo studies, the region of interest
(ROI) was defined as an ellipsoid area with dimensions of a longitudinal
axis of 1.2 cm and a transversal axis of 0.6 cm. Total radiant efficiency
(TRE) was assessed. It takes into account the exposure time and area,
quantity of detected photons, a fixed spatial angle (steradian) and the

Fig. 1. Image examples obtained with the FLIT sequences acquired in dorsal (mouse) and ventral (mouse phantom) positions.
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Fig. 2. Curves of different sample mass loss (in blue) and temperature of the
chamber (in red) plotted against time. The blue curves show the average value
for each sample (n = 3). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

exposure intensity, allowing quantitative comparisons between different
implants, mice and time points. To determine the background signal of
the mouse body, a region of interest (ROI) was set on the untreated area
at the lower back in the lumbar-sacral region of each mouse. The TRE of
the untreated area (background area) was subtracted from the TRE of
the injection area. In principle, quantification in fluorescence imaging
can be approached only through a combination of light transport
modelling, data normalization and calibration. In this study, the
approach of normalized data was used as the signal has travelled more or
less the same tissue path length and the impact of the normalization is to
approximately cancel out geometrical and heterogeneity effects that
cannot be controlled experimentally [9-11]. For the normalization, TRE
at DO was defined as 1.

2.11. 3D reconstruction of the implant

The Imaging Wizard was used to acquire the Fluorescent Tomogra-
phy (FLIT) sequence. Always four points (surrounding the injection site)
were chosen as the transillumination locations. The low lamp level was
used to acquire the FLIT sequences. The surface of the mouse or phantom
mouse (XFM-2x) was generated automatically by the software. The
XFM-2x Phantom Mouse is made to mimic tissue properties. The colour
of the surface of the phantom emulates the behavior of tissue auto-
fluorescence [28]. The phantom mouse is a good tool to optimize the
sample composition (e.g. dye concentration) and measuring conditions
in vitro to prepare in vivo experiments. It was not made for in vitro release
experiments in pharmaceutics. Best 3D reconstructions were obtained
by Normalized Transmission Fluorescence (NTF) by manual
reconstruction.

As can be seen in Fig. S1, there are two different holes in the mouse
phantom. In order to simulate the subcutaneously injected implant the
upper hole close to the surface of the mouse phantom (in ventral posi-
tion) was used.

As for the in vivo studies the implants were injected in the loose skin
overlying the upper back of the mice, the FLIT sequences were acquired
with a dorsal position whereas a ventral position was used for mouse
phantom (Fig. 1). For the measurement of the signal in 3D fluorescent
sources, a 3D region of interest (ROI) with the dimensions of 5*5*10 mm
was used. The fluorescence yield summed over the 3D ROI (Total pmol
M-! cm-1!) was calculated by the software automatically.

2.12. In vivo release 2D vs 3D

As DiR loaded implant showed a sustained release over a month, this
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Fig. 3. Differential scanning thermograms of starch powder before (Black) and
after (Red) the extrusion process. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

implant was used to assess the possibility of using FLIT 3D reconstruc-
tion in the quantification of in vivo release. To ensure a linear concen-
tration/intensity relation and to monitor the release at a later time point,
two different concentrations of the DiR dye 1.5 and 50 pg/g were used.
The implants were injected subcutaneously as mentioned previously and
the mice were imaged with both epi-illumination (2D) and FLIT (3D).
Imaging was performed directly after the injection as DO and then
repeated on D1/2/5/8/12/15/19/22/26/33/40 for 2D and on D2/5/8/
12/15/19/22/26/33/40 for 3D. FLIT measurement on day 1 was not
performed to prevent mice’s long exposure to anaesthesia gas for three
continuous days. The FLIT measurement takes longer than epi-
illumination (2D).

3. Results and discussion
3.1. Thermogravimetric analysis

As can be seen in Fig. 2, starch powder showed a total mass loss of
12% which corresponds to the water content of the sample. The value is
in the normal range of starch samples [29]. Looking at the starch
implant TGA curve, it can be seen that, the system had a total mass loss
of 20%. As before the extrusion process, water was added to the starch
(1 g water to 2 g starch), it can be concluded that a significant part of the
water is removed from the system during the extrusion process.

3.2. Differential scanning calorimetry

Figure 3 shows the DSC graph of starch powder and starch implant.
The water evaporation peak can be seen in the DSC curve of the starch
powder sample, with the maximum peak around 100 °C. As the starch
implant is gelatinized during the extrusion process and later on retro-
graded during cooling of the implant at room temperature, a thermal
transition peak of retrograded starch can be seen in the starch extrudate
DSC curve with maximum peak around 69 °C [30].

3.3. Scanning electron microscopy (SEM)
The SEM image (Fig. 4) shows the broken surface of the implant.

Looking closer at the breakage surface, it can be seen that the starch
granules are gelatinized and the content of the granules is leaked out.
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Fig. 4. SEM image of the broken surface of the implant: (a) scale bar shows 100 pm; (b) scale bar shows 20 pm.
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Fig. 5. Kinetics of ICG signals from starch extrudates after: (a) incubation in buffer, (in vitro); (b) injection into mice, (in vivo); (Mean + SD, n = 7).
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Fig. 6. Kinetics of DiR signals from starch extrudates after: (a) incubation in buffer, (in vitro); (b) injection into mice, (in vivo); (Mean + SD, n = 7).

3.4. ICG in vitro/in vivo release (2D) both in vitro and in vivo. The in vitro results are in line with the results of
our previous publication, where Electron Paramagnetic Resonance
As can be seen in Fig. 5, the signal intensity is significantly decreased (EPR) was implemented to assess the mobility of the drug models (spin

after the first day, which proves the fast release of ICG from the system probes) and polarity inside the system. This study showed that the water

362



G. Esfahani et al.

z

wv

g

‘é‘ 1.0 L]

]

e

Q 0.8—

2

g

o 0.6

=]

=

T 0.4

N

=

€ o0.2-

2 \E

& 0.0 TTT— .
g T T T T T T T T 1
E 4 0 1 2 3 4 5 6 7 8

Days
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penetration into the starch implant is very fast (a few minutes). There-
fore, the existence of water inside the system leads to fast release of
hydrophilic substance by diffusion from the system. Tempol as a model
of a hydrophilic drug showed fast solubilization after buffer exposure
and a similar release behavior as ICG in vitro [17]. FI as a more sensitive
method than the EPR, enabled us to assess the biodegradability of the
implant and release of a hydrophilic drug model from the implant in vivo
non-invasively.

3.5. DiR in vitro/in vivo release (2D)

Figure 6 shows the in vitro and in vivo release of the lipophilic dye
DiR. As can be seen in the figure, DiR signals could be detected over a
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period of 30 days. Therefore, compared to ICG, the release time of DiR is
much longer. Most part of the DiR dye is released from the system over
two weeks both in vitro and in vivo. The results are in line with the results
of our previous in vitro EPR study, where Tempol Benzoate (TB) as a
model of a hydrophobic drug showed a sustained release over two weeks
from starch implant [17].

The in vitro and in vivo release profiles of DiR are very similar, which
was not expected prior to the experiments. After 4 weeks, the experi-
ment was finished and the implantation side was inspected ex vivo. The
implant was completely degraded after 4 weeks, as no residue of the
implant could be observed in any of the mice’s tissue at the injection site
macroscopically. In vitro, the starch extrudate was still present as a
monolithic extrudate after 4 weeks. These findings suggest a complete
degradation of the starch in vivo by enzymes, most likely amylases.
Amylases are produced not only by salivary glands, pancreas and liver
but also by other tissues and exist in serum at a normal level. The
amylose and amylopectin molecules of starch are broken down into
dextrins by these enzymes. The dextrins will be further on degraded to
fermentable sugars, mainly maltose but some glucose as well [15].
Because of the different behavior in vitro and in vivo, nonenzymatic
hydrolysis is not the major mechanisms of starch degradation in vivo.
This is in contrast to PLA and PLGA implants, where (autocatalytic)
hydrolysis is the major mechanism for polymer degradation.

3.6. DiR in MCT as a control

A possible artifact for the observed kinetics of the DiR could be an
intrinsic strong association of the dye with the surrounding tissue. In this
case, the DiR would remain for prolonged times at the side of injection
(suggesting a “controlled release™), even after the administration of a
solution. Therefore, an oily solution of DiR in MCT was injected as a
control. As can be seen in Fig. 7, DiR signals were detectable for four
days. This finding confirms that the DiR signals observed 4 weeks after
implantation of the starch extrudates are due to the controlled release
properties of the starch matrix and no the intrinsic properties of the DiR
dye.

?
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(b)

Fig. 8. The 3D reconstruction of the ICG loaded implant with different dimensions in the mouse phantom: (a) Implant with a diameter of 0.3 mm and length of 5 mm;

(b)) Implant with a diameter of 0.3 mm and length of 10 mm.
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Fig. 10. The 3D reconstruction of the ICG loaded implant subcutaneously injected in the mouse.

3.7. 3D reconstruction of the implant

3D reconstruction of the fluorescent sources has been widely used in
optical imaging. Several studies have demonstrated the positive corre-
lation between the fluorescence signal intensity and tumor weights and
volume (in our case size of the implant) [31-35]. In this study, this
method was used to assess the fate of the fluorophore-loaded implant
and the release of the fluorescent dyes as drug models from this implant.
A possible problem in the 3D reconstruction of the fluorescent signal is
the appearance of the artifacts due to model mismatch and out-of-plane
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effects [36]. Implants with different diameters were evaluated to assess
the positive correlation between the fluorescence signal intensity and
implant size and also to discriminate between the signal responsible for
the implant and the artifacts. Fig. 8 shows the 3D reconstruction of the
ICG loaded implants with different dimensions in the mouse phantom.

Figs. 9 and 10 show the 3D reconstructions of the SC injected im-
plants in mice.
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Fig. 11. Optical Images of DiR loaded starch implants: 2D imaging (Top), 3D reconstruction of the mouse 2 (Bottom).

3.8. In vivo release 2D vs 3D

Best 3D reconstructions are achieved with high signal intensity. It
was expected that with the lower concentration of the dye (1.5 pg/g),
the 3D measurement was only possible for a short period. We are aware
about the risk of having nonlinear concertation / intensity relations for
the higher concentration (50 pg/g) in the initial release period due to
quenching effects, but nethertheless we did also use this concentration
to prolong the overall measurement period in vivo in the 3D mode which
is less sensitive compared to the 2D measurement. We also applied the
lower DiR concentration of 1.5 pug/g which is in the linear region and
avoids quenching problems. For the higher concentration of 50 pg/g we
expected to see initially a period of increase in signal due to the
quenching effect and then a decrease in signal intensity with the same
behavior as an implant with 1.5 pg/g dye concentration. Fig. 11 shows
the changes in fluorescent intensity assessed by 2D imaging and 3D re-
constructions of the implant in mouse 2.

As can be seen in Fig. 11, the sensitivity of the device in epi-

365

illumination (2D) is much higher than FLIT (3D). Because of this, the
dye release can be assessed for a significantly longer period by 2D im-
aging in comparison to 3D reconstruction. Considering 2D images, the
signal could be detected for 40 days. In contrast, 3D reconstruction of
the implant was only possible for 33 days. Despite the limitation in
sensitivity of the device, as can be seen in Fig. 12, the in vivo release
curve obtained by 3D reconstructions matches the data obtained by 2D
imaging until day 20. On day 25 an increase in signal intensity was
observed in 3D probably due to artifacts which are formed in low con-
centrations of the dye close to the sensitivity limit of the device.
Therefore applicable dye concentration range is much more limited in
3D mode data acquisition in comparison to 2D mode. This fact proves
the need to use 2D measurements always as the established control
method.

3.9. Tolerability of the treatment, body weight and histology

All treatments were well tolerated and no treatment-related adverse
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Fig. 12. Quantification of DiR signals detected in vivo (initial DiR concentration, 50 pg/g): (a) Quantification done by 2D images (epi-illumination). Error bars after
day 20 are within the symbols; (b) Quantification done by 3D reconstructions (Mean + SD, n = 3). A high DiR concentration was used to enable 3D measurements for
prolonged times. The initial increase in signal intensity is due to the decrease of quenching effects.

Fig. 13. The surrounding tissue of the injection site stained with hematox-
ylin-eosin (H&E).

effects were observed. The body weight of all mice involved in the study
was either constant or increasing. Histological samples of the injection
site were rated as normal (Fig. 13).
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4. Conclusion

In this study, the in vitro and in vivo release from starch-based im-
plants is investigated. The model compounds, namely ICG as a model of
the hydrophilic drug and DiR as a model of a hydrophobic drug were
loaded into the implants to assess the release kinetics by FL. The starch
implants were injected SC in mice for further evaluation by FI. No
inflammation or adverse effects were observed at the injection site. The
ICG showed a fast release from the formulation both in vitro and in vivo,
while DiR was released over 30 days. These results are in line with our
previous study, where the EPR, as a non-invasive method, was utilized to
assess the in vitro release kinetics from the formulation and water
penetration into the implant using spin probes as model compounds.
EPR data demonstrated the fast water penetration into the starch-based
implant leading to the fast release of hydrophilic compound (Tempol)
and sustained release of hydrophobic compound (Tempol Benzoate) in
vitro [17]. In addition to the 2D FI, the 3D reconstruction of the implant
was used to assess the release kinetics in 3D. The results of in vivo DiR
release obtained by 3D reconstructed implant match the results obtained
by 2D imaging. In this study, the 3D reconstruction was used for a very
small implant with a regular shape. This can be expanded to the use of
3D reconstruction to assess the release kinetics in 3D mode from in vivo
forming implants in future. After sacrificing the mice, the injection site
was evaluated for the remaining part of the implant. The implant was
completely degraded and no remaining part of the implant was detect-
able by unarmed eyes in any of the mice. In summary, the results prove
the promising potential of the biodegradable biocompatible starch-
based implant in forming a controlled release system for a hydropho-
bic drug.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2023.05.006.
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